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1. Description of the Problem

Emerging pollutants, by definition, are associated with substances whose risks to the health
of animals and human population are not yet clear, many of them are part of commercial
products that are used daily at the domestic and industrial level. In general, they are found
in low concentrations in the environment, but despite this, they could cause damage to
organisms, especially through contact or continuous consumption, as occurs with fish that
live in polluted rivers. In addition, it has been previously reported that some emerging
pollutants are persistent under normal conditions in the environment and are not removed
by conventional wastewater treatment and water purification processes For the study, the
photosensitizer to be synthesized will be used in the degradation of emerging pollutants
Bisphenol A and Triclosan, which have been monitored and found by the GDCON group in

raw waters and in purification plants(Zapata & Pefiuela, 2012).

The Bisphenol A has been reported as an endocrine disruptor, with estrogenic activity, even
at concentrations of 1mg/m3. The Bisphenol A is estrogenic compounds can have harmful
effects on living organisms, as they can alter the natural hormonal balance in men and
women (Careghini, et al. 2014). This compound, has been used abundantly in the
manufacture of plastics for more than fifty years, which has produced a continuous dumping
of water resources and therefore the exposure of animals and even human population to
this toxic substance (Staples et al., 1998). On the other hand, the Triclosan is an
antimicrobial agent widely used in many personal care products such as soaps, detergents,
toothpastes, disinfectants, cosmetics, and pharmaceuticals. It has been proven to be an
endocrine disruptor for aquatic organisms (Latch et al., 2003), and some recent findings
even indicate that it blocks lipid biosynthesis in bacteria, specifically inhibiting the enzyme

enol-acyl reductase (Ying & Kookana, 2007).

Progress has been made in the study of treatment systems to eliminate emerging pollutants,
such as the use of membranes, reaching yields of 54% (Pal et al., 2010) for removals with
activated carbon, activated sludge, coagulation and chlorination, with efficiencies ranging

between 20% and 60%, in which pH plays an important role (Bolong et al., 2009).

In advanced oxidation processes, reactive species such as the hydroxyl free radical
originate, are originated oxidizes refractory organic pollutants at high reaction rates
(Andreozzi, 1999) (Gogate & Pandit, 2004) (De la Cruz et al., 2013). By combining advanced

oxidation with biological processes such as those reported by (Oller et al., 2011), such as
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the combination of ozone with native strains of microorganisms present in active sludge

have achieved removals of emerging pollutants of 95%, however, Enzyme induction is highly

sensitive to temperature, salinity, pH, oxygen concentration, redox potential, the

concentration and nature of various substrates, nutrients, and the presence of toxic

substances.

The GDCON group has used the ferric ion and humic substances as photosensitizers in the
degradation of triclosan (Martinez-Zapata et al., 2013), as well as other treatment methods,
such as membrane technology, Fenton and biological processes to the removal of emerging
pollutants (Londofio & Pefiuela, 2015)(Zuniga et al., 2015).

The questions were, ¢Are 6-methoxyquinoline ligand coordination complexes good
photosensitizers to degrade Bisphenol A and Triclosan, present in waters? In terms of

efficiency, ¢is it comparable to other established chemical methods?

The above, taking into account that 6-methoxyquinoline is a good singlet oxygen
photosensitizer, but easily oxidizable, so the use of metal complexes is presented as a
strategy to improve its stability and preserve its photophysical properties (Villa-Pérez et al.,
2015). The aim is then to synthesize new materials that, through the generation of singlet
molecular oxygen, can be used to efficiently degrade emerging pollutants and this method

is efficiency terms is a good option comparative with other methodologies.
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2. Objectives

2.1 General Objective
To evaluate the photodegradation of Bisphenol A and Triclosan compounds using as a

photosensitizer a product of the synthesis of the ligand 6-methoxyquinoline with transition
metals, establishing its potential photosensitizing activity of singlet molecular oxygen in

relation to the oxidant of the persulfate ion.

2.2 Specifics Objectives
# To synthesize and characterize the coordination compound of 6-metoxiquinoline

ligand starting from transition salts, determining the structure, thermal stability,
photophysical properties, and photosensitizing capacity.

# To evaluate the best degradation conditions for each pollutant, taking into account
the initial concentration ratio of the pollutant, concentration of the 6-metoxiquinoline
ligand coordination compound, pH and UV irradiation time in the photodegradation
process.

# To determine the percentage of degradation and mineralization for each emerging
contaminant using both the 6-metoxiquinoline ligand coordination compound and the
persulfate.

# To identify some of the intermediates generated during photodegradation for each
contaminant in the presence of the 6-metoxiquinoline ligand coordination compound

and persulfate.
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3. Chapter 1: Synthesis of Coordination Compounds Like 'O, Generators
3.1 Introduction for The Coordination Compounds

The organometallic compounds are generally defined as a compound having at least one
metal- carbon bond. Usually, these compounds are generally prepared by two general
methods: reactions using elemental metals and reactions of already formed chemical
compounds(Komiya, 1997).

One the most characteristics of this kind of the compounds is the electronegativity and
electronic structure, specifically in the transition metal organocompounds that are generally
covalent and to be unstable because of the intrinsic instability of transition metal-carbon o-
bond; the apparent instability usually arises from low energy pathways for decomposition

via B- hydrogen elimination, reductive elimination, oxidation, hydrolysis etc.

In this chapter, the synthesis reactions for the preparation of photosensitizers were carried
out as part of the research objectives. For this, initially various experiments reported in the
literature were carried out, which consequently led to the optimization of the reaction
conditions of these compounds under environment conditions. Among the most significant
characterization analyzes like as DRIFT, Raman, TGA, DSC, STEM, physical tests and
some experiments that allowed to evaluate the bactericidal capacity of these obtained

compounds stand out.

3.2 Conceptual Framework

3.2.1 Ruthenium synthesis mechanism

The first report on Ru-halide-DMSO compounds was prepared by James et al. (1971) which
described the product RuCl(DMSO). with geometry where chlorides located in position
trans. Then, reactivity of this compound was included (Evans et al., 1973) and finally Mercer
and Trotter (1975) reported for this compound results of single-crystal X-ray investigation
(Alessio, 2004).

There are reports that suggested Ru (ll)-Halide- sulfoxide precursor from hydrated RuCls
with hot DMSO (120 °C-150 °C) induce the reduction Ru (Il) with formation of cis, fac-
RuClz(DMSO-S)3(DMSO-0) in high yield, shown in the figure 1. The treatment of RuCls in
DMSO at 70 °C yielded the kinetic isomer trans-RuCl>(DMSO-S)sand its isomer. Finally, the
treatment of RuCls*nH,O with DMSO at room temperature was found to be a less soluble

isomer and an isomer to thermodynamic product in hot DMSO was obtained (Alessio, 2004).
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Figure 1. Mechanism of the Ru (Il)-Halide- sulfoxide precursor (Alessio, 2004).

In some cases, these compounds act as precursors to synthesize new compounds, that is

to say, these intermediate structures can be incorporated with Nitrogen ligands or Nitrogen

heterocycles at room temperature(Gutierrez et al., 2003). In figure 2 (A), it is shown how the

substitution reaction occurs, however, being in the middle of ethanol or methanol, they can

be coordinated so that the central atom is Ruthenium and the location of the ligands is similar

to a monomer as shown in figure 2(B).
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Figure 2. Mechanism of the synthesis of the Ru (ll)-Halide- sulfoxide precursor with N-ligand. (Alessio, 2004)
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There are several examples where this kind of compounds are synthesized for different
applications such as catalytic application, for selective oxidative cleavage of olefins to
aldehydes (Manikandan et al., 2016) or aldehyde to amide conversion for N-alkylation and
transfer hydrogenation reactions (Prakash & Viswanathamurthi, 2014). Specifically, the
ruthenium complexes are excellent representatives of transition metal complexes that
strongly adsorb visible light, since they can also act as light sensitizers, and the records for
the water oxidation performance has been set for this family of complexes (Xue et al., 2015)
and it is possible to establish that these compounds form dimers that confer stability and
better photochemical properties (Puntoriero et al., 2011).

3.2.2 The Zinc, Manganese and Gold synthesis mechanisms

The manganese compounds with the oxidation state ranging from -3 to 7 are known to be
the most stable, specifically those of Mn (ll). Specifically, for the coordination chemistry,
there are Manganese () complexes bonded with Nitrogen, an example is 1,3,5-triaza-7-
phosphadamantane (PTA) in which the metal coordinates (Mn) to a Nitrogen. The most
interesting is the requirements for nitrogen versus phosphorous coordination, because the
hard-soft acid base (HSAB) theory said that there is preference for phosphorous center but
in this case, was possible stablished that preferred coordinate with the Nitrogen atom, in the

figure 3, shown the mechanism (Frost et al., 2006; Karlsson et al., 2011).

I i
= )'N
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[7 H—‘] Acetone Xe, |--“GH'-’

MnXo(H0)y + 2 N N ™ ‘Mn
Ethanaol F | =
x=c,Br LN/ H 0™ | X

7 )

N-r__u_,_.- P
LN/

Figure 3. Synthesis of Mn(OH2)2PTA2X2, Where X: Cl or Br.(Karlsson et al., 2011)

The zinc complex has been limited for its low reactivity as compared to the other
organometallic compound and generally employed in organic synthesis without isolation
(Komiya, 1997). However, the organozinc complex has a significant importance as
photosensitizer, an example of this are the zinc phthalocyanine complexes because their

appreciably long triplet lifetimes constitute a great advantage for the number of diffusional

Page 16



Evaluation of the photodegradation of Bisphenol A and Triclosan, in the presence of 6- methoxyquinoline ligand coordination
compounds as singlet oxygen photosensitizers, compared to the use of the persulfate ion

encounters between the triplet excited state and ground state molecular oxygen increases

with the lifetime of the excited state (Gurol et al., 2007).

In the case of the gold complex, found as inorganic salts such as AuCl and AuCls, are of
great importance because of its participation in the synthesis coordination compounds and
because it provides excellent proprieties such as reactivity, stability, and, more recently,
selectivity. The actual catalytic species is the putative cationic gold () complex [Au(L)] *
(where L is a phosphorus-based species or N-heterocyclic carbene, NHC). The early gold
systems bear phosphine and phosphite ligands. More recently, the use of NHC as ligands
for gold has rapidly gained popularity, because, these two-electron donor ligands combine
strong o-donating properties with a steric profile that allows for both stabilization of the metal

center and enhancement of its catalytic activity (De Frémont et al., 2005).

An example of this kind reaction is the proposal for (Nolan, 2011), where a series of
[Au(NHC)CI] complexes was initially synthesized under the silver oxide route developed to
generate [Ag(NHC)CI] complexes which that are used as NHC transfer agents when reacted
with the [Au(DMS)CI] precursor (DMS = dimethyl sulfide) of the free NHC in a simple ligand
substitution reaction. Other route is possible with silver, this reaction happens in situ by
combining a [Au(L)CI] (L=phosphine or NHC) complex with a silver additive which acts as a

halide abstractor, the mechanism is shown in the figure 4.

.ﬂ

H,C lﬂgz.
SNeepy—o R R
/ 2, [Aursr-ﬂe;cl]

H,C
i
Figure 4. General reaction with N-heterocyclic carbene.(De Frémont et al., 2005)

3.2.3 Characterization Techniques for The Synthesis Products

To establish its thermal stability, the thermogravimetric analysis (TGA) technique was
used, which allows to know the thermal stability of the synthesized compounds, it is worth
remembering that this is a measure that relates the loss of mass as a function of
temperature, therefore, it is important to know until the temperature range the structure does
not present mass losses and consequently it is not altered in composition. Similarly, the
differential scanning calorimetry (DSC) analysis was performed for the morphological

analysis of the samples, in order to analyze the glass transition temperature (Tg) that
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occurs in vitreous materials, polymers and other amorphous inorganic materials was
performed, this state is considered as the intermediate state between the molten and rigid
state of the material. When being observed, this last parameter can be established if the
material has amorphousness. On the other hand, when establishing the way in which the
peak is projected in the thermogram, it is possible to propose the potential transformations
and, consequently, the types of transition that occur in the sample, in the Figure 8 below
proposed by (Granados Cristancho, 2015) showing some of these transformation
processes.

The analysis of IR and RAMAN spectroscopy, the capacity of certain molecules is used at
certain frequencies to generate movements of vibrational character, in the case of the
average IR, which is of special interest for organic molecules generate signals at frequencies
ranging from 4000-400 cm™ In the case of the analysis by RAMAN, its principle is related to
the irradiation of a sample with a monochromatic light laser. During the irradiation, a
spectrum of the scattered radiation is generated with an angle of 90 degrees. In the majority
of organic compounds including organometallics do not show a substantial difference in the
IR and RAMAN, however, some signals generated in the fingerprint region that are neither
visible in the IR, nor in the analysis by RAMAN, can be determined with greater clarity being

these signals part of the elucidation of the new compounds (Douglas et al., 2001).

Finally, for the morphological determination and composition, Transmission Electron
Microscopy (TEM) analysis was performed, in which there is an incidence of an electron
beam, which crosses the sample (by adsorption of energy), forming the image by contrast
in size and volume. For this analysis, an additional attachment of the technique called
Scanning Transmission Electron Microscopy (STEM) was used. In this case, the sample
is scanned and the transmitted/scattered electrons give information on the volume and

morphology of the material (Shibata et al., 2010).

The TEM technique, explained in Figure 5, provides additional information about the
crystalline structure of the sample which may be nanometric or powder; one of the best-
known strategies to establish the shape of a polycrystal at random. It is done by rotating the
axes producing a set of nested spheres which, when intersected, are compared to the Ewald
Sphere. These will be reflected in the rings that are engraved and keep a common pattern
between them. It should be remembered that the distance of the electron beam to each of
the patterns is inversely proportional to the crystalline space. In the case of amorphous

solids, forming an image will show a spot of white dots against a dark background (Williams
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& Carter, 2013). It is important to shown that TEM is an excellent technical to find

nanopatrticles, this aspect is of critical importance for these compounds and their

applications.

Figure 5. On the left, the Ray diagram showing hollow-cone illumination conditions, the angle are always
scattered on axis for the formation the image. On the right, the explanation of the scanning of the convergent
probe for STEM image formation using two pairs of scan coils between the C2 lens (usually switched off) and

the upper-objective polepiece(Williams & Carter, 2013).

3.3 Materials and methods

3.3.1 Reagents and Equipment

For carrying out the synthesis of the compounds, in the case of the ruthenium compound,
RuCl3.3H20O (Merck brand at 68%) and the (CH3).SO (Dimethyl sulfoxide-DMSO sigma
Aldrich brand at 99%). In the case of the manganese complexes, MnCl, (Sigma Aldrich at
299%) and in the case of the gold complex AuCl (Alfa Aesar at 99 %). In all case, the ligand
used was the 6-methoxyquinoline (Alfa Aesar at 98 %). The solvent used was ethanol
HPLC/spectrophotometric grade (Merck 299.5%).

In the case of the equipment used for the characterization of synthetizing compounds, for
the IR analysis Perkin EImer Spectrum Two FT-IR ATR was used; and for the RAMAN
analysis spectrometer Horman Jobin Yvon confocal, Model Labram HR was used, in both
cases, for looking the functional groups and the changes of the synthesis reaction. Then, for
the characterization of the new compounds, the solubility test was analyzed, and for the
morphological characterization the scanning transmission electron microscope (STEM) was

used in the equipment of Transmission Electronic Microscope TMP Tecnai F20 Super Twin.
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For the thermogravimetric characterization, Thermogravimetric Analysis (TGA) was

performed with Marca T. An Instruments, TGA Q500 model and Differential Scanning

Calorimeter (DSC) TA Instruments, Q100 model. The SpectraGryph 1.2 software® was

used in order to translate the signals obtained for the analysis.

3.3.2 Synthesis of organometallic compounds

3.3.2.1 Synthesis of the ruthenium complex with 6-methoxyquinoline

For the preparation of the intermediate complex RuClz(DMSQ)4, 2.00 g RuCls « 3H20 in
12.5 mL of ethanol were used in refluxed for 5 hours at 78 °C Then, filtered and rotary
evaporator (Evans et al., 1973; Alessio et al., 1988; Alessio et al., 1991). Then, 1.5mL of
Dimethyl sulfoxide (DMSOQO) were added at 140 °C for 6 hours in reflux. After cooling to room
temperature, the formation of the microcrystals is increased. It was washed with 15 mL of
acetone cold four times (Brastos et al., 2010), put the solid previously washed and dried in
a desiccator for seven days in the dark, the summary procedure is shown in Figure 6. The

expected reaction for the formation of the intermediary is shown in Figure 7.

200 g RuCY, » 34,0 + 125 ml of othandl

Giresen solufion + 1.5mL of DMSD

Mhcrocrysias + splulion

Sokd
AuCLIDMSO),

Figure 6. Summary procedure for the synthesis of the Ruthenium complex with 6-methoxyquinoline.
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Figure 7.Intermediary coordination compounds (Alessio et al., 1988).

For the preparation of the intermediate complex with 6-methoxyquinoline, 99.5 mg of
RuCl>(DMSO), were dissolved in 10 mL of ethanol for 2 hours in reflux at 78 °C. Then, 60uL
of the 6-metoxyquinoline were added, and the reflux continued for 1 hour at 78 °C. When
this step was finished, the product was put in a cold bath for 40 minutes and finally washed
with 15 mL of cold acetone for four times. the proposed mechanism of the synthesis reaction

is shown in Figure 8.

Figure 8. Reaction of the intermediate coordination compound with 6-methoxyquinoline (proposed by the
author)

3.3.2.2 Synthesis of The Manganese And Gold Complex With 6-Methoxyquinoline

For the manganese reaction in solid phase, 0.0178 g of MnCl, and 50 pL of 6-
methoxyquinoline were added; then, in an agate mortar, the mixture was made
homogeneous, after that it was placed in the vacuum desiccator for 3 days, until the mixture
was completely dry. After that, the sample was scraped and rinsed with benzene to clean
the obtained solid. In the case of the liquid mixture, the same amount of salt was weighed,
and 10 mL of HPLC grade ethanol was added and shaking by sonication to favor the
dissolution; later, 50 uL of 6-methoxyquinoline was added and mixed for 30 minutes; after
this time, the solution was left at rest for 8 days (this is the time needed for the formation of

the crystals); then, it was rinsed with benzene and dried at room temperature for 8 days. In
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the figure 9 the summary procedure for the synthesis of manganese chloride with 6-
methoxyquinoline is shown, and the Figure 10 shows that the proposed chemical structure

has 2 molecules ligands, and the metal is the central atom.

Solid Phase Synthesis Liguid Phase Synthesis

0.0178 g of MnCL + 50 pl of G-methoxyquinaine 0.0178 g of MaCL, + 10mL ethanc!

Dizsoheo lor shaling
STy SOmRC AL

Mix & 50 pl ol G=mathoxyquinokng

Mixod lor 0 minules
are] wng bl Al past for B day

Sodid product + impusises

Washed wilh barrerss and deed
& oo iemperaluro lor 8 days

Wy

Figure 9. Summary procedure for the synthesis of manganese chloride with 6-methoxyquinoline.

CH,

2 + Cl— Mn —Cl

\

/

Figure 10. Reaction of the formation coordination compounds between manganese chloride with 6-
methoxyquinoline. (proposed by the author)

On the other hand, the gold reaction in solid phase, was weighed 0.0178 mg of the AuCl
and 25 pL of 6-methoxyquinoline was added; then, in an agate mortar the mixture was made
homogeneous; after that, it was placed in the vacuum desiccator by 8 days, until the mixture

was completely dry. After that, the sample was scraped and washed with benzene to clean
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the obtained solid. In the case of the liquid mixture, the same amount of salt was weighed,
and 10 mL of HPLC grade ethanol was added and shook by sonication to favor the
dissolution; then, 25 pL of 6-methoxyquinoline was added and mixed for 2 minutes; after
this time, the solution was left at rest for 15 days (this is the time needed for the formation
of the crystals); then, it was rinsed with benzene and dried at room temperature for 8 days.
In the figure 11 the summary procedure for the synthesis between gold chloride and 6-
methoxyquinole is shown, and in the figure 12 it is shown the proposed chemical structure
of 2 molecule ligands and the metal is the central atom.

Solid Phase Synthesis Liquid Phase Synthesis

D.OTTA g of the AuCl + 25 pl ol B-mathoxyquinoling 0.0 T8 g of AuCl+ 10 mL alhansl
N

% ____.-"-

A
Solid produot
Figure 11. Summary procedure for the synthesis of gold chloride with 6-methoxyquinoline

H.C-0

Figure 12. Reaction of the formation coordination compounds between gold chloride with 6-methoxyquinoline.
(proposed by the author)

3.3.2.3 Antibacterial activity tests

A sterile swab was soaked in the previously prepared bacterial solution. Sowing was carried
out in grass on the surface of the Petri dish with Mueller Hinton agar culture medium in order

to achieve a homogeneous growth of bacteria. Subsequently, 20 pyL of each of the crude
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extracts were deposited on 6 mm diameter MN 827 ATD discs, which were placed on the

bacteria lawn. In order to allow diffusion into the agar before bacterial growth, the boxes

were stored inverted at 4 °C for 2 hours and then incubated at 36 °C, between 18 and 24

hours. Tetracycline was used as a positive control at a concentration of 2 mg/disk. Inhibition

values will be reported as total diameter (disc diameter + inhibition diameter).

3. 4 Results and analysis

3.4.1 Synthesis and Characterization Synthesis Product

It is important to note that the times in this optimization were longer than proposed by the
methodology reported by (Alessio et al., 1988), because factors such as environmental
conditions may modify the times to which all the allusive modifies the evidence of the
existence of a reaction. After obtaining the green sample with an oily appearance, dimethyl
sulfoxide (DMSO) is added; the smallest amount possible of this reagent should be added
in stoichiometric terms because, when there is an excess, it was experimentally noted that

it did not allow the precipitation of the formed complex.

For the development of phase Il of the reaction, there were some complications because
this ligand choice is less reactive for the Nitrogen position in comparison with other ligands
(De Frémont et al., 2005); for this reason, the synthesis product was delayed for its
obtention. However, the order in which the reactive was included in the reaction affected the
results, for example, for the 6-metoxiquinoline, it was necessary to add it drop by drop for
20 minutes, at this moment the color changed from yellow to orange. The formation of the

new compound is evidenced in Figure 13.

E)

| oy - —

e .\’“"( ' |
M

Figure 13. Reaction step of RuCl2(DMSO)2(6-OMeQ)2. Source: the author

For the preparation of the manganese and gold complexes, two methods were applied: Solid
and liquid phase shown in the Figure 14 and 15. In the first methodology, the salt was

mashed then input the 6-metoxyquinoline and continued mashed. With this methodology,
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the changes happen depending on the strength applied during the process of maceration.

At this moment, there is no literature that shows this methodology; in the second method,

10 mL of ethanol were used, the salts were dissolved and the reaction happened; in both

reactions, the physical characteristics were the same.
- o .1

Figure 14 . Synthesis of the manganese with 6-methoxyquinoline (complex) by maceration. Source: Author.

Figure 15. Synthesis of the gold with 6-methoxyquinoline (complex) by liquid mechanism. Source: Author

3.4.2 Characterization of the organometallic compounds obtained
Initially, all the analysis was for the characterization of materials for its application, however,
all the results were focused at analysis of bulk and are not specifically for the specifically

chemistry structure, our priority is to ensure that the compounds were obtained.

First, tests of solubility were carried out and it was found that the compounds have particular
characteristics. In the case of RuClz(DMSO).(60MeQ),, it is soluble in ethanol/dimethyl
sulfoxide, moderately soluble in hot water but insoluble in benzene, acetone, hexane and
acetonitrile; in the case MnCl;(60MeQ)-, it is soluble in ethanol and hot water but insoluble
in benzene, acetone, hexane and acetonitrile. Finally, AuCl(60MeQ)s;, was moderately
soluble in hot water and ethanol and insoluble in benzene, acetone, hexane and acetonitrile.

Some results about the test, conducted in the laboratory are shown in Figure 16, the
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solubility in water prevent these compounds to be fixed in polymeric materials such as

silicones.

Figure 16. Solubility test for the synthetized compounds. Source: Author

In the case of the analysis of functional groups that are associated with the explanation of
changes between reactants and products. Two analyzes were performed on the IR and
RAMAN analysis as a complementary technique. As shown in Figure 17, the IR analysis
took both the precursors (the salts and the ligand) as well as the reaction products. In the
latter, it is perceived the appearance of characteristic signals of the ligand, 6-
methoxyquinoline. For the ruthenium complex, the findings (Allan & Dahyrnple, 1991) are
taken as reference. The signal around spectrum bands due to the aliphatic and aromatic C—
H groups is observed in the 3100-2800 cm™ region and signal between 1340-1260 cm*
associated to aromatic amines in double bond of C-N, characteristic signals of 6-
methoxyquinoline (6-OMeQ). Then, the signals like ring vibrations (1623, 1572 and
1500 cm™) were shifted to a higher wavenumber in the complex spectrum, indicating the
binding of the gold and manganese to the nitrogen atom of the quinolinic ring (Villa-Pérez et
al., 2015). In the case of the ruthenium complex, in 1575 cm™ and 1502 cm* associated with
the vibration of the ring. In the case of the strong signal, 1230 cm™ is associated to the signal
of the C=0 present in the structure, these signals were evident within the spectrum of the
IR shown; however, when analyzing the band that is at 1596 cm™, it showed a tendency to

disappear both in the solution before and after filtering, so the formation of the new
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compound is affirmed. However, it is proposed to explore in the 200 cm™ region to confirm

what was stated by (Allan & Dahyrnple, 1991) in their investigation.
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Figure 17. IR Spectrum of the reactants and product of the synthesis reactions

For the analysis of RAMAN shown in the Figure 18, the signals (1623, 1572 and around
1500 cm™?) were shifted to a higher wavelength after complexation according to the N-donor
coordination with the metal center in the formation of the new complex of AuCI(6-OMeQ)s
according to the 6-methoxyquinoline spectrum. The signals relationship in 271 and 260 cm™
were assigned to the symmetric modes Au-Cl and their interaction. Another signal is at 113
cm™ could be associated the Au—N bond (Villa-Pérez et al., 2015).

Other results were associated with the signals from v(XY) to 347 cm™ and the signal v(XY2)
is 171 cm™ (Nakamoto, 2006). In the case of the manganese complex shown in the figure
19, no result is evident, because the laser used to obtain the RAMAN analysis deteriorates
the sample, so this result corroborates those obtained in thermal stability. Then, In the case
of Ruthenium complex shown in the figure 20, the signal around 221 cm™ is assigned at N-
Ru-N bending. Another signal is around 277 cm? is related to Ru-N stretching, which

demonstrates that the complex was formed (Chiu et al., 2014).
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Figure 18. RAMAN Spectrum of AuCl(6-OMeQ)z
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Figure 19. RAMAN Spectrum of MnCl2(6-OMeQ)2
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Figure 20. RAMAN Spectrum of RuClz(6-OMeQ)2
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In the thermogravimetric analysis for AuCl(6-OMeQ)s, shown in figure 21, it was observed
that in the first loss observed was (6.53 % at 187.67°C) is associated with the loss of mass
by presence organic solvent traces such as benzene, ethanol, acetone or mixes of them.
The second mass loss (14.83 % at 208.74 °C) is possibly associated with the loss of the 6-
metoxyquinoline ligands (Villa-Pérez et al., 2018a). Finally, the remaining AuCl decomposes
above 245-300°C to produce Au(0), the results shown was 5.10% at 265.13% (Otto et al.,
2014).

In the case of the MnClz(6-OMeQ). complex, shown in figure 22, the first loss of 1.76% at
110.06 °C is possibility associated with the presence traces of water and traces of the
benzene that may remain in the sample (Smith & Matheson, 1938); then, the next loss of
(19.99% at 149.69 °C) is associated with the loss of mass by presence organic solvent
traces such as benzene, ethanol, acetone or mixes of them. Other loss mass on the
thermogram (41.87 % at 283.29 °C) is possible presence remaining of MnCl, (Abdelrazek et
al., 2012). Finally, the next mass loss (around 592 °C) is related to the melting temperature

of the manganese salt and its decomposition.
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Figure 21. Thermogram TGA of the AuCI(6-OMeQ)z complex.
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Figure 22. Thermogram TGA of the MnCl2(6-OMeQ)2 complex.

Particularly, in the analysis of the AuCI(6-OMeQ); complex proposed in Figure 23, the
formation of crystalline phases is evidenced: Exothermic peaks in 192.45 °C (with an
enthalpy of decomposition of 28.24 J/g) related to water vaporization (Ferreira et al., 2019).
For the MnCl,(6-OMeQ). complex shown in Figure 24, a glass transition at 115.09 °C is
evidenced, so it is presumed immediately that it does not have a crystalline phase. Then,
the next transition temperature was of 153.76 °C (with an enthalpy of 52.11 J/g), by the
shape of the observed peak, crystallization is evidenced in isothermal conditions, that is why
it is related to the findings of the TGA, and very related to the presence of the salt of the

decomposition reaction and, consequently, the salt present in the sample.
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For the morphological analysis, it is evident in the micrograph of AuCl (6-OMeQ)s that the
formation of the new compound occurs through the formation of polycrystals (marked with a
size of 54.37 nm), and the generation of byproducts of the reaction (13.49 nm), which are
considered gold nanoparticles, as a consequence of the excess salt present in the
development of the reaction aspect that is visible in the agglomerate, shown in Figure 25.
The formation of polycrystalline phases is also evident based on the diffraction analysis,
because of the poor definition of the rings; however, the information that is available is not
enough to determine the structure required for analysis computations that allow establishing

clearly the crystal structure.

In Figure 26, the complex MnCl; (6-OMeQ). showed an opaque imaging in this micrograph;
the micrographic for the MnCl; appears to be globular, resembling agglomerates of fibrous,
thinner particles (Varin et al., 2017). However, compared to the result of this complex, it has
a different structure; in this micrographic it is shown whether this complex is amorphous
thanks to its presence because MnCl, segregated into interlamellar or intercrystalline

regions reduces the degree of crystallinity (Abdelrazek et al., 2012).

100 1/nm

Operator: UdeA ‘ ifi W perator: UdeA ! )
Figure 25. Micrographs of the AuCl(6-OMeQ)s. On the right the agglomerate formed as a product of the
reaction is observed, the formation of gold nanoparticles is evidenced as a by-product of the reaction. On the

left, the formation of a polycrystalline phase is preliminarily evidenced.
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100 1/hm

Operator: UdeA

Figure 26. Micrographs of thé MnCl2(6-OMeQ)2. On the left showed particles like stars of size micrometer. On
the right, shown the Rx Analysis, the complex is amorphous because the ring showed low definition and
opaque.

Finally, the antibacterial test results obtained are shown in Figure 27. In a clockwise
direction, AuCl is found first, then 6-OMeQ and finally the complex formed by both AuClI (6-
OMeQ)s. There is no antimicrobial activity for either AuCl or 6-OMeQ); likewise, no effect is
shown on the B. Cereus strain; however, in E. Coli, a very sharp small halo (~ 9 mm) can
be observed, accounting for the activity of the complex on this strain. Given that gram-
negative bacteria, such as E. Coli, have a double cell membrane (one external and the other
cytoplasmic), it could be concluded that the synthesized AuCIl(6-OMeQ)s complex has a
potential antimicrobial effect and, if a higher concentration is achieved in the solution, one
could speak of a greater bactericidal activity. For the other compounds no antibacterial

activity was found.
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Figure 27. Antibacterial susceptibility tests for AuCl (6-OMeQ)s complex.
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4. Chapter 2: Photosensitization Process
4.1 Introduction the Photosensitization Process
The photochemical reactions occur thanks to the presence of photons energy, which should
be enough to break a specific chemical bond or otherwise induce a reaction. With the
increase of light intensity, the reaction rate increases, that is, it requires energy to trigger a
reaction, this energy is greater than the energy per photon of light of a certain wavelength
(Lu & Ogilby, 1987) (DeRosa & Crutchley, 2002).
Specifically, singlet molecular oxygen is considered a powerful electrophile agent that can
react with a pair of electrons of an electron-rich heteroatom (Pospisil et al., 2008) . A clear
example of this type of compounds are those that contain nitrogen in their structure or in
effect coordination compounds that have this type of ligands, and that contain transition
metals at the ligand for the transfer by transfer of electrons from the molecular orbital with
metal character to those with ligand character for charge transfer (MLCT) (Seneviratne et
al., 2002) or vice versa Ligand-to-Metal Charge Transfer (LMCT) (Gross & Kaim, 1987) both
are able to react favorably for the formation of singlet oxygen, a species of great interest for
this research.
Particularly, the singlet molecular oxygen (*O.) is a reactive oxygen species which is
considered as the lowest electronically excited state of molecular oxygen (LUMO) and is
generated exclusively by photosensitization. This deficient species of electrons
(electrophile), with diamagnetic character (singlet multiplicity) and with an excess of energy
of 22.5 Kcal/mol? (94.2 KJ/mol?) with respect to its basal state, can participate in chemical
reactions that, for the molecular oxygen in the triplet basal state, are forbidden by the
spin(DeRosa & Crutchley, 2002). The average life of the species depends on factors such
as viscosity this may be due to the inhibition for the collision deactivation of singlet oxygen
in highly viscous solvents; the polarity, temperature and even the mole fraction of water
present in the solution (Miyoshi et al., 1982), and the reactions with 1O, are given by charge

transfer or energy transfer (DeRosa & Crutchley, 2002)(Payéan Aristizabal, 2015).

4.2 Conceptual Framework

As shown in Figure 28, the pair of electrons that enter the orbital n* occupy two different
antibonding orbitals two excited: the first excited state 10, (*Ag) and second excited state
10,(*%g), which differ according to the anti-binding =, giving it a paramagnetic character. By
applying energy in the form of radiation they can pair, thus moving to a first excited level for

which 22 Kcal/mol is required and if more energy is applied (37 Kcal/mol) can go to a second
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level of excitation, if no reaction occurs it is possible that it undergoes a decay and the

oxygen passes to its state of triplet that is more stable, generating with it a band of emission

of luminous energy (1260 and 760 nm)(DeRosa & Crutchley, 2002).
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Figure 28. States orbital assignment of singlet orbital

Within the processes of photosensitization carried out at laboratory scale are by continuous
irradiation and by pulsed excitation. However, this research has a special interest in
photosensitization reactions, which require oxygen, radiation of an adequate wavelength
that is capable of transferring energy to a photosensitizing material, and by intersystem
crossing (ISC) it manages to transfer the energy to the oxygen present in triplet state (basal)
and take it to the singlet state. The half-life of the triplet state is greater than the singlet
state’s one and this excited state can react in one or two mechanisms; this is shown in the
figure 29:

Photosensitizer s
Oxygen
Chemical Reactions (Type Il)
Free radical, REDOX

%
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~107%
~150k. i Superoxide
Energy /o 95kJ
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' Chemical Reactions (Type Il)
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Figure 29. Excited states of oxygen.(DeRosa & Crutchley, 2002)
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Type I: the mechanism that involves the abstraction of a hydrogen atom or transfer of
electrons between the excited sensitizer and the substrate, the generation of free radicals.
These radicals can react with oxygen to form a kind of active oxygen such as the superoxide

anion radical, as evidenced by the following shown in the Eq. 1:
hU N K AN
P(S,) >P(S,)—=5P(T )eq. 1

Type Il: in this case, the singlet oxygen is generated by the energy transfer during the

collision of the excited triplet sensitizer with oxygen, as shown in the Eq. 2:
3 Ken 1
P(T1) + Oz ’P(So) + Oz Eq 2

Where P is the photosensitizer, ground state So, Si excited first singlet state, T first excited
triplet state, constant K;sc rate associated with the crossing between systems and K, is the
velocity constant for energy transfer, 20, and O,. Competing with the reactions shown in
equations 1 and 2 are radiative and non-radiative mononuclear processes and the equation

3 at 6 shown the quantum yield of O, production (¢,) is defined as
P(T,)——P(S,)+/V &q3
P(T1)¢)P(So) Eq 4
P(T)+0, —£P(S,)+0, £q5

P(T,)+02 —=—P"+ 0 &q6

The way in which every proton fraction adsorbs a photosensitizer at a wavelength is called
guantum yield (Werner et al., 1984). Which is defined by (DeRosa & Crutchley, 2002) and

shown in the equation 7:

OD=0.0 =0 ke [0, | Eq 7
T TTRe T K 4k, +k, [0, ] a

Where,
®,: Quantum yield of singlet formation

CDT : Quantum yield of triplet formation

(Den : Efficiency of the transferred energy
K.,: Velocity constant of the transferred energy

K,: Sum of the velocity constants from the P (T1) of the Oxygen K., + Ky, + Kot

Page 37



Evaluation of the photodegradation of Bisphenol A and Triclosan, in the presence of 6- methoxyquinoline ligand coordination
compounds as singlet oxygen photosensitizers, compared to the use of the persulfate ion

For the determination of quantum yields Wilkinson et al., (1993) mention in their research
the use of techniqgues such as luminescence, calorimetric technical irradiation, loss of
absorbance or fluorescence; however, the commonly known technique is the determination
using a tracer and a reference photosensitizer.

There are structural factors affecting 'O, generation, for example, effects of halogenated
substituents. These results demonstrating that increasing the atomic mass of the halogen
induced a decrease of the quantum vyield as well as the rate of fluorescence, whereas
internal conversion was enhanced. Other reason explained by the authors, is the effect of
radical substituent increase; in the triplet quantum yield, the lifetimes were long enough to
facilitate T1 to 30, energy transfer (Jeong & Choi, 2016). Moreover, the singlet oxygen
molecular can be detected directly, by measuring typical singlet oxygen phosphorescence
at 1270 nm; in such case, EPR spectroscopy can be used when singlet oxygen is trapped
by a species able to generate a stable radical; or indirectly, using chemical probes that react
with singlet oxygen producing compounds that are the detected species (Pibiri et al., 2018).
Another option is the commercial Singlet Oxygen Sensor Green (SOSG), the principle is the
presence of singlet oxygen, SOSG produces an endoperoxide (SOSG-EP) and green
emission from the fluorescein moiety is turned on; nevertheless, the first inconvenient is the

production of triplet excited states, thus affecting the measurement (Pedersen et al., 2014).

4.2.1 Photosensitizers

According to (Garcia-Fresnadillo, 2001), the concept of the photosensitizer is associated
with a molecule or group of compounds that have specific characteristics, which are related
to:

1. Intense absorption of UV-VIS light (preferably in the visible region between 400 and
750 nm) with molar absorption coefficients (g) greater than 10* Mt cm.

2.High efficiency or quantum vyield in the inter-system crossing (®isc), step from the excited
state singlet (S;) to excited state triplet (T1), proximity to 100 %, and an energy gap between
S: and T; of the photosensitizer higher than the energy difference between the excited and
basal singlet states in molecular oxygen (> 95 KJmol?), so that there is an efficient energy
transfer from the photosensitizer to the oxygen.

3. Long lifetimes of the excited state (t), in the order of ys or higher, in order to allow enough
time for the collision between the photosensitizer molecules and the oxygen molecules

present in the medium.
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4. The high quantum yield of singlet oxygen production (®,) in different condition. The
number of events that occur from singlet oxygen production divided by the number of
photons absorbed by the photosensitizer and per unit of time should be as high as possible.
In general, good photosensitizers have (®x) values close to unity.

5. Thermal and photochemical stability. In order to avoid the decomposition of the
photosensitizer molecules, even by the photogenerated singlet oxygen itself.

6. Ability to be immobilized in polymeric supports in an affordable way, in order to facilitate

the development of applications.

4.2.1.1 Organic Photosensitizers

These compounds have been widely used for photodynamic therapy against cancer and
since its inception they emerged as its main application(Fernandez et al.,1997). The
anthraquinones was studied as photosensitizers for antiparasitic photodynamic inactivation

shown the lowest toxic activity against fibroblasts(Dimmer et al., 2019).

At a general level, the organic photosensitizers are compounds which main characteristic is
being donors or electron-rich structures which are visualized. The main advantage of
photooxidation with dye sensitizers is the use of two resources: Solar photons in the visible
range for photoexcitation of the dye and oxygen in the air. For this reason, photosensitizing
oxidation occurs in nature, participating to some extent in the restoration of equilibrium in
the destroyed environment (Gryglik et al., 2007). Due to this the range of dyes applied in the
processes of photosensitization remains in continuous search for the wide application of the
same, within the most applied dyes are Rose Bengal, phenalenone and methylene blue
(Garcia-Fresnadillo, 2002).

Within the visible examples of dye in environmental applications, was reported by Gryglik et
al. (2007) uses Bengal Rose (RB) as a photosensitizer in a homogeneous aqueous solution
and with a sensitizer immobilized in non-soluble carrier water for the removal of 2-
chlorophenol compounds that are widely used in industry and daily life, and have caused
considerable damage and threat to ecosystems, which, at the end of the publication, showed

that the contaminant was adsorbed on the material that was fixed in a polymer.

Other application was shown (Piwowar et al., 2015) on five selected amine-derivatives of
phenothiazine were electropolymerized on an ITO/glass substrate and then used in the
daylight-activated process to produce in situ singlet oxygen which degrades phenol in a

solution. The phenothiazines were immobilized in a simple electrochemical procedure in an
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acidic solution which led to the formation of an ultrathin transparent polymeric film, all films

obtained on the ITO substrate including azure A (AA), azure C (AC), methylene blue (MB),

toluidine blue (TBO), and thionine (Th). The results shown that e highest efficiency at a level

of 51.4% and 45.4% was found for the AC/ITO and MB/ITO layers.

Finally, other dyes in the Eosin Y which has stood out for being with laser applications,
fluorescent tags for use in molecular biology and for potential photosensitizing biological
activity and photosensitizer (Meallier et al.,, 1999). In the actually, was developed to
immobilize ecofriendly dye inside a porous metal-organic framework (MOF) built from Eosin
Y with [Cd,(COO),(u,-H,0)] secondary building units for the first time. The MOF exhibited

efficient photocatalytic activity for H2 evolution under visible-light irradiation which was

approximately 31 times the photocatalytic efficiency of Eosin Y(J. Wang et al., 2018).

4.2.1.2 Inorganic Photosensitizers

In this family of compounds, inorganic photosensitizers have been considered at some metal
oxides by photocatalytic activation of dissolved oxygen, and it is possible to generate 10,. A
clear example is a research of Buchalska et al. (2010) where the photoactivity in the suntan
lotions was evaluated, providing evidence on generated species reactive of oxygen,
specifically, radical hydroxyl and singlet molecular oxygen, which can be produced quite
efficiently. For example, there are others studies reported using Zinc oxide (Wang et al.,
2004), Bi(V)/Bi(lll) composites for the degradation of Bisphenol A (Zhang et al., 2015) and
some reactive chemistry such as potassium perchromate (Peters et al., 1976) among other

things.

4.2.1.3 Organometallic photosensitizers

Among the multiple applications of these compounds, which stand out as catalysts in
chemical reactions (Cho et al., 2002) (Martinez et al., 2005) (Rigo et al., 2014), their capacity
has also been demonstrated for photosensitizer applications in water treatment, whereby
the photosensitive material is fixed on a polymer surface in solid phase, studies reveal that
using polymers such as silicone preserve the fluorescence signals so it is very convenient
to fix it on these materials (lu & Ogilby, 1987).

There are studies that assure that the coordination compounds with transition metals, as
described by Allan & Dahyrnple (1991); however, the type of compounds of greatest

environmental interest are the Ruthenium compounds which are able to take advantage of

Page 40



Evaluation of the photodegradation of Bisphenol A and Triclosan, in the presence of 6- methoxyquinoline ligand coordination
compounds as singlet oxygen photosensitizers, compared to the use of the persulfate ion

the visible part of the solar spectrum. Due to their ability to be, as strongly adsorbed visible

light (Fuller et al., 2003), very characteristic of complexes with transition metals, they can

also act as photosensitizers generating interaction with ruthenium production of oxidation

reactions with water. As stated by these authors, there are three key components in water

oxidation: light absorption unit-photosensitizer, water oxidation catalyst and a sacrificed

electron acceptor (Xue et al., 2015).

Several compounds that may have photosensitizing capacity have been proposed, so the
possibility of including metals which demonstrate that they can generate singlet oxygen has
been studied. Within the range of compounds synthesized with this property stand out the
coordination compounds with ruthenium (which is characterized by complexes that are
stable, inert, soluble in water, and have long luminescence lifetimes) are extremely valuable
as optical sensors and luminescent probes for the investigation of heterogeneous
microsystems, or as probes for biological systems (Garcia-Fresnadillo et al., 1996) (Yin et
al., 2017) (Kitajima et al., 2018)(Teixeira et al., 2020). In the patent presented by Orellana
Moraleda et al. (2006) it is shown Ruthenium complexes based photosensitizers and their

efficiency in water disinfection (Villén et al., 2006).

Diez-Mato et al. (2014) show the results for the removal of three pollutants: Ibuprofen,
paracetamol and bisphenol A using a photosensitizing material consisting of tris(4,7-
diphenyl-1,10-phenanthroline)ruthenium(ll) chloride, immobilized in a porous poly
(dimethylsiloxane) inert support using ultra-pure water and river water at different conditions;
in this case the removal range for ibuprofen was (40%-100%); for Bisphenol A it was (70%-
80%); and finally, for paracetamol was (20%-35%). The difference in the results depends of

the matrix composition.

4.2.2 Singlet molecular oxygen in the environment

Naturally, the oxygen is detected in the basal state as a triplet stated, considered at lowest
state of energy, but it needs to gain energy for the change at the excited state (exactly
94 KJ/mol). The singlet state can be generated in solution directly or by energy transfer from
excited photosensitizers. The characteristic of the singlet state is that it has a E° (}02/0,")
versus Normal Hydrogen Electrode (NHE) at pH 7.0 of 0.65 V (Koppenol & Butler, 1985);
the steady-state concentration in sunlit natural waters is of 102 to 10 M; and a lifetime in
pure water (pH 7.0) is around of 4 ps (Burns et al., 2012). It is possible to obtain the species,

but it depends on the photosensitizer and the proper lighting.
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In the atmosphere it is possible to find the singlet oxygen for the reaction between ozone,

and it does absorb some near-surface solar UV at wavelengths < 320 nm showed in the

equation 8 (Larson & Marley, 1999). The other source of tropospheric energy transfers from

other electronically excited molecules to ground-state oxygen; this is explained in the

equation 9 (Zafiriou et al.,1984).
1
O,+hv —» "0,+0gq s

*NOZ+3OZ - N02+102 Eq 9

The 0O, exists in lakes, oceans and other phases such as ice (Momzikoff et al.,1983; Bower
& Anastasio, 2013); but specifically, in natural waters its lifetime may be shorter due to the
presence of additional quenchers, such as dissolved organic matter (DOM), that can be
produced and scavenged continually by the small quantity of DOM present in the medium:
Triplet-state excited organic matter (30M"), singlet oxygen 'O, and radical hydroxyl (OH®)
(Zepp et al., 1977);(Paul et al., 2004);(Bodhipaksha et al., 2015) and (Porras et al., 2016).
The reaction involving single oxygen is too quick to be significant in natural waters; for this
reason, the best way to understand the consumption of oxygen is to use quenching
processes, such is the case of the study reported by Wolff et al. (1981), where itis mentioned
that the formation of singlet oxygen in natural waters by the presence of humic and fulvic
acids generates a photochemical excitation that leads to a transfer of energy to triplet
oxygen. In this investigation, the authors used the 2,5-dimethyl furan, which confirms the
formation of by-products; in this case, a direct relation of the Total Organic Carbon with the

singlet oxygen formed was demonstrated.

Other studies reported by Werner R. Haag et al. (1984) and (W R Haag & Hoigne, 1986)
shows the use of furfuryl alcohol as a singlet oxygen quencher, evidencing that it is a
chemical type quencher with proven high efficiency for the entrapment of singlet oxygen,

however, the action of UV light is effective for the treatment of humic acids in natural waters.

In fact, there are some research papers that indicate that there is an accelerating effect on
the rate of decomposition caused by the humic substances. This effect was associated with
the photosensitized capacity of humic substances to facilitate energy transfer from an

excited humic state to the ground state of the pollutant (Porras et al., 2016).

Page 42



Evaluation of the photodegradation of Bisphenol A and Triclosan, in the presence of 6- methoxyquinoline ligand coordination
compounds as singlet oxygen photosensitizers, compared to the use of the persulfate ion

4.3 Materials and Methods

4.3.1 Reagents and Equipment

For the preparation the calibration curves were used Bisphenol A brand sigma Aldrich 100%

purity, Triclosan Carlo Erba 100% purity; 9,10-dimethylanthracene sigma Aldrich 99%; eosin

Y sigma Aldrich at ~99% purity; Perinaphthenone Sigma Aldrich at 97% purity and 1,3-

Diphenylisobenzofuran Sigma Aldrich at 97% purity.

For the construction of the calibration curve of Bisphenol A was taking a stock solution of
1003 mg/L, the Triclosan was 1050 mg/L; for the eosin Y the stock solution of 540mg /L, for
the Perinaphthenone was 1.3mg/L; for the 1,3-Diphenylisobenzofuran was 0.59mg/L and
9,10-dimethylanthracene  was 210 mg/L. The solvent used was ethanol
HPLC/spectrophotometric grade (Merck 299.5%).

The equipment used was the spectrophotometer Perkin EImer Lambda 35. The lamps used
in the experiments had different wavelengths: UV lamp, halogen and LED lamp that covered
the UV/VISIBLE range, important for this research. For the execution of the experiments,
the samples were taken at 2 mL in cell quartz with a capacity of 3 mL, disposed inside the
compartment using a laboratory-made metallic support equipped with a water inlet and outlet
that generated a controlled temperature inside the compartment. Every sample was situated
in front of the lamp and were shook the whole duration, to ensure that the light interacted
with the analyte for the irradiation times. All of the experiments were carried out at a distance

of 7 cm with a height of 21.5 cm, as shown in Figure 30.

Figure 30. Experimental assembly for irradiations. Source:Author
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4.3.2 Determination of Calibration Curves

For the preparation of the calibration curves, a spectral scan was initially made to establish

the maximum wavelength of each of the reagents to be used. Then, to establish the linear

range of the study, the criterion was not to exceed 1.5 absorbances, according to the Beer-

Lambert law; this principle was applied for all pollutants, photosensitizers and trappers.

4.3.3 Determination of The Quantum Yields for The Synthetized Photosensitizer

The evaluation of the synthesized complexes was performed by stationary deactivation,
using a reference photosensitizer, which in this case at Eosin Y (EO) 0.42 as reported in
the literature(Wilkinson et al., 1993). The actinometer used is 9,10-dimethylanthracene
(DMA). The kinetic measures of the actinometer consumption were compared in the
presence of the reference photosensitizer and the coordination compound formed, such as

explained in the equation 10:

(¢ )eorpe _ Kerpcomper £ 10

(¢)e0 exp EO
In the development of the experiment, both photosensitizers must have a common
absorbance zone. In the case of the targets, it was possible to evaluate that there are no
interferences for the components of the mixtures which developed the photosensitizer-

deactivator and coordination-deactivator compound.

4.3.4 Determination of complex formation and kinetics parameters
For the determination the Benesi-Hildebrand equation (Benesi & Hildebrand, 1949), which
assumes that having high concentrations of one of the components of the binary mixture

tends to predominate those species, dissolving the complex formed.

To demonstrate the possibility of quantifying with the formation of the mixture, the spectral
scanning was initially performed in the range UV/VISIBLE. Later, binary mixtures were
prepared with the pollutant (acting as scavenger), particularly Bisphenol A and Triclosan and
the photosensitizer at fixed concentration (around 0.4 Absorbances), specifically eosin Y.
However, with these values, it was possible to obtain Ae, whichrepresents the change in
value between £7¢, and ¢ can be derived from the intercept while a complexing constant

(Ka) that can be calculated from the slope.

Finally, for the determination of the kinetic parameters, an analysis of the decay curves was
carried out as the fixed concentration of the photosensitizer, actinometer and the

contaminant. In the case of BPA, a system with DFBF/PNF and TCS the system was
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DMA/EO, which were previously analyzed individually and mixed, the principle of analysis

was that they did not exceed 0.4 Abs.

4.4 Result and Discussion

4.4.1 Calibration curves

For the analysis of quantum yields and photosensitizing properties of the complexes
obtained, it is necessary to corroborate the molar extinction coefficients of all the
components involved in the photosensitization reactions. The importance of using ethanol
as a reference solvent is that, in this solvent, the half-life of the species is greater, so it is
useful to perform the base trials using this solvent as a reference. In Figure 31 and 32 the
linear range and the molar extinction coefficient of both pollutants is shown. Bisphenol A
(BPA) has a reported molar extinction coefficient of 3.213 L cm™mol*(Maroto et al., 2011)
and Triclosan (TCS) 4.700 L cm*mol? (X. Yang et al., 2016). On the other hand, the
standard photosensitizers that were Eosin Y (EO) ¢ ~ 10° (Kira et al., 2006)' shown in Figure
33. Perinaphtenone (PNF), shown in Figure 34; the trapped 1,3-diphenylisobenzofuran
(DFIBF) 24.320 L cm™mol? shown in Figure 35 (X. F. Zhang & Li, 2011) and 9,10-
dimethylanthracene (DMA), shown in Figure 36 were finally checked.
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Figure 31. BPA calibration curve in UV-VIS Spectrophotometer. Taking a stock solution of [1003 mg/L].
Additions of 30 pL of the stock solution, working solvent: Ethanol.
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Figure 32. TCS calibration curve in UV-VIS Spectrophotometer. Taking a stock solution of [1050 mg/L].
Additions of 30 yL of the stock solution, working solvent: Ethanol.
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Figure 33. EO calibration curve in UV-VIS Spectrophotometer. Taking a stock solution of [540mg /L]. Additions
of 5 L of the stock solution, working solvent: Ethanol.
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Figure 34. PNF calibration curve in UV-VIS spectrophotometer. Taking a stock solution of [1.3mg/L]. Additions
of 5 L of the stock solution, working solvent: Ethanol.
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Figure 35. DFIBF calibration curve in UV-VIS Spectrophotometer. Taking a stock solution of [0.59mg/L].
Additions of 10 yL of the stock solution, working solvent: Ethanol.
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Figure 36. DMA calibration curve in UV-VIS Spectrophotometer. Taking a stock solution of [210 mg / L].
Additions of 10 yL of the stock solution, working solvent: Ethanol.

4.4.2 Complex Formation

Spectral scanning of the components was carried out individually using the working solvent,
as shown in the Figure 37, with the purpose of knowing the range in which it is possible to
check the actinometer without effects on the mixture, thus establishing where they absorb
the compounds of interest (contaminant). In this analysis it was possible to determine that
the BPA and the TCS absorb in the region that is between 270-280 nm; so, through this
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technique it is required to make individual analyzes; in the case of PNF, it absorbs in the
region of 360 nm; however, it has a small portion that adsorbs in the region of the pollutants;
and for EO, which has a maximum wavelength at 527 nm, it presents a similar portion where
adsorb the other photosensitizer. In addition, the DFIBF has appropriate characteristics as
an actinometer, since when the species is present, their consumption predominates over
other possible reactive oxygen species that are present in the reaction; however, it also has
signals that may be overlapping with the rest of the compounds present in reaction, so it is
decided to monitor the reactions in the region of ~ 420 nm to ensure that there is no
interference with the rest of the signals associated with the presence of other compounds.

In addition, it is evident that there is formation of complexes in the region that ranges from
320-220 nm, since in that region EO has an absorption peak that is mixed with the maximum
wavelength band of BPA, and the result shown in the Figure 38 and 39 in mixed with EO
like standard photosensitizer, in this case, is not necessary to calculate the K, because the

contribution is the smallest.
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Figure 37. Spectral scanning of Bisphenol A (BPA), Triclosan (TCS), Eosin Y (EO), Phenalenone (PNF), 1,3-
diphenyl isobenzofuran (DFIBF) ~ 0.4 Abs. Ethanol working solvent
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Figure 38. Complex formation between EO + BPA. Additions of BPA were 30uL of the stock solution of
1003ppm. Ethanol working solvent
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Figure 39. Complex formation between EO + TCS. The TCS additions were 30uL of the 1050ppm stock
solution. Ethanol working solvent.

4.4.3 kinetics Parameters

For photodegradation experiments, the UV-Visible spectrophotometry technique was used,
since it is the most versatile and economic photochemical reaction monitoring technique,
and since the purpose of this first stage was to know some photosensitizing properties, such
as the measure the concentration of the half-life of the species; for this, the behavior of the
contaminants must be analyzed directly and with photosensitizers/standard actinometers

that ensure a correct measurement and its effects.
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In table 1, the direct consumption of every component that participates in the reaction in 10

minutes using UV Lamp with concentration between 0.4-0.6 Abs is shown. These results

demonstrate that, for the BPA, TCS and PNF are not affected by the light. In the case of

DFBF, it had a consumption of 9.4%, for this reason the suggested work times is less 10

minutes.

Table 1. Direct consumption of the components directly for the UV lamp

Reactive % consumption
BPA 0.0
TCS 0.0
DFIBF 9.4
DMA 1.5
PNF 0.0
EO 2.1

Source: the author
Particularly, the DFIBF, even though it is not an actinometer exclusive to the specie however
it has been widely used in the analysis of singlet molecular oxygen. In the Figure 40 and the
Figure 41, shown the consumption of the actinometer with photosensitizer (blank) and the

effect of the pollutant at different concentrations is shown.

(X 1000,0)
8 - T T T ™ 10200 Variables
C E —e— Blank
C - —— 1.0Abs
75 8 —o— 2.0Abs
- Jdow —+— 2.5Abs
7E ]
65 — 8200
6 ]
C —{ 7200
551 ]
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0 50 100 150 200 250 300

time
Figure 40. Curve the second order for BPA. Photosensitizer: PNF actinometer: DFIBF.
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Figure 41. Curve the second order for TCS. Photosensitizer: EO actinometer: DMA.

The R2for all decay curves were between 0.9846 — 0.9907 for the BPA and in the case for
the TCS this value is around 0.9906, which demonstrate that to be bimolecular reaction, the

order in the second.

4.4.4 Quantum Yield of Synthesized Complexes

The selected monitoring zone was at 397 nm, the area where the DMA is absorbed (showed
in Figure 42), the lamp used for the analysis was the Rayonet lamp with Us4o filter at distance
of 2cm in ethanol. The determinations were made in the Perkin Elmer lambda 35
spectrophotometer. The results obtained for the MnCl, (60MeQ). complex were 0.672,
which is consistent with other complexes synthesized with the same ligand which was 0.595
(Payéan, 2015).

Mn Rend.LnAO/At = -0,00140507 + 0,0000838864*time
0’ 15 T T T T T T 1]

Mn Rend.LnAO/At
T
L

0,03 - —

0 . 1 1 1 1 1 1]
900 1200 1500 1800
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Figure 42. Ln Ao/A vs time (min) of DMA consumption, in the presence of the photosensitizer MnCl2 (60MeQ)2

Page 51



Evaluation of the photodegradation of Bisphenol A and Triclosan, in the presence of 6- methoxyquinoline ligand coordination
compounds as singlet oxygen photosensitizers, compared to the use of the persulfate ion

In the case of the result obtained for the AuCl (60MeQ)s, acetonitrile was used (the reported

quantum vyield is 0.57) (Figure 43), due to the poor solubility of the complex arising from the

presence of nanoparticles of gold, by-product of the synthesis reaction. It was carried out

under the same conditions mentioned above, the Rayonet lamp with Uz filter at distance

of 2 cm, the result was 0.6 for the quantum field, if is probable that this result has an

incongruence value, due to its poor solubility.

Au Rend.LnAO/At = 0,0117415 + 0,000746723*Au Rend.time
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Figure 43. Ln Ao/A vs time (min) of DMA consumption, in the presence of the photosensitizer AuCl (60MeQ)3

5. Chapter 3: Parameters that Affecting the Photodegradation

5.1 Introduction for the Photodegradation

The emerging pollutant are defined as synthetic or natural chemical substances that are not
commonly monitored in the environment but have the potential to enter the environment and
cause known or suspected adverse effects for the environment and/or human health
(Geissen et al., 2015). In some cases, the release of emerging contaminants to the
environment that has been occurring for a long time may have not been identified until new
detection methods were developed. In other cases, the synthesis of nhew chemicals or
changes in the use and disposal of existing chemicals can create new sources of emerging
pollutants.

There are different ways to classify the emerging compounds, among which the most
prominent is associated with its relation with the application and with a possible emission
source (Gil et al., 2012), among which pharmaceutical products for personal care, industrial

additives, food additives and flame retardants stand out, among others.
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In other studies, such as that presented by (Noguera-Oviedo & Aga, 2016), an association
between emerging pollutants with wastes of anthropogenic and natural chemical products
such as pharmaceutical products and personal care products and their metabolites, illicit
drugs, the artificial nanomaterials, and antibiotic resistance genes is evidenced. Although
there is a rapid progress in the instruments for its determination and quantification, there is
a concern about the toxicity of these compounds, which includes its presence in the
environment and the need to assess its ecological risks along with its original compounds.
This leads to the need to innovate with new treatment methodologies in order not to favor
degradation by-products, and instead, the total mineralization of these compounds.

This chapter deals with some general aspects about the study pollutants, subject to the
study, experimental design, factorial design with points at the center, in order to establish
the best operating conditions, at laboratory scale, for the photosensitized degradation of
bisphenol A (BPA) and triclosan (TCS), for both photosensitizers: EO (standard) and
ZnCl»(60MeQ). (synthesized photosensitizer), the variables taken for the experimental
design were chosen based on previous studies and supporting literature.

Later, for the optimization studies it was established that, at pH 5 and at 0.00104 mM
photosensitizer concentration equivalents at 0.7Abs, 20% removals were obtained in the
case of EO with BPA. Then, using the same photosensitizer, but with Triclosan, it was
possible to establish photodegradation up to 56% at the same pH but at a temperature of
50°C, associating this result with the increase in temperature generated, and an increase in
speed being reflected in the results obtained. Later, when analyzing the contaminants using
the coordinated compound, BPA, a removal was obtained at pH 5.0, and at 0.00119 mM
photosensitizer concentration, a 26.7 % photodegradation was obtained and, finally, at a
temperature 50°C and a pH 6, yielding a photodegradation percentage of 52.3%. It was not
possible to establish mineralization through the methodology due to the complexity of the

matrix having all the components of the reaction in a homogeneous system.

5.2. Conceptual Framework

5.2.1 Physicochemical properties of Bisphenol A and Triclosan

For BPA, the chemical name is 4,4-dihydroxy-2,2-diphenylpropane (Figure 44), it is widely
used in the industry as an intermediate of polycarbonate and epoxy resins, flame retardants
and, within its application as an end product, it is used in electrostatic paint, protective
coatings, automotive lenses, GBZ protective window, compact discs, optical lenses and

electronic parts encapsulation, among others (Staples et al., 1998).
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H,C CH,

OH
HO

Figure 44. Chemical structure of BPA

Some properties are molar mass 228.291 g/moal, its formula is C1sH1602, its composition is
C (78.92%), H (7.06%), O (14.02%), its solubility in water is 0.150 mg/mL in any pH, the pKa
is 9.78 and Polarizability 26.59 A.

On the other hand, for the Triclosan, its chemical name is 5-chloro-2-(2,4-dichlorophenoxy)
phenol (Figure 45), it is widely used as an antimicrobial agent, antibacterial agent,
bactericide, disinfectant and fungicide, and it is found in hand soap, dish-washing products,
laundry detergents and softeners, plastics (e.g., toys, cutting boards), toothpaste, pesticides
(as an inert ingredient) among others (Hughes & Denver, 2006). Its molar mass is
289.54 g/mol, its composition is C (49.78%), H (2.44%), Cl (36.73%), O (11.05%), it has a
low solubility in water (in pH between 1-10, it is zero) and its pKa is 7.68.

OH Cl

Cl Cl

Figure 45. Chemical structure of triclosan

5.2.2 Bisphenol A and Triclosan behavior in the environment

There are several sources of entry of BPA into the environment, however, the most common
way of entry are discharges such as surface waters and atmosphere, this situation probably
occurs during the processing and handling of BPA during its manufacture and is shown in
the Figure 46 (Michatowicz, 2014), in which the several inputs of this pollutant in the
environment are explained. Another option is from the products that contain small amounts
of unreacted BPA or that are converted to BPA under specific conditions (Staples et al.,

1998); however, the degradation half-life of BPA in soils ranges from 1 to 10 days depending
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on soil composition and temperature. For this reason, it is not considered a Persistent
Organic Pollutant (POP), but its presence in sediments and urban ecosystems underlines
the necessity to decrease both plastic pollution and BPA production consecutively (Legeay
& Faure, 2017), the reason is because of their physicochemical properties and its capacity
to adsorb into sediments and to accumulate in tissues subject to rapid metabolism (D. Chen
et al., 2016); nevertheless, the BPA also shows estrogenicity and this situation is the most
significant environmental problem. It has been mention in several research papers that the
Bisphenol A has a weak toxicity to aquatic biota, for example, the LCs values are 1.1 mg/L
for shrimp and 1.0 + 3.1 mg/l for green algae (Yamamoto et al., 2001); however, the main

problem is the effect in the environment, as small quantities may cause widespread effects.

In addition, when the triclosan is released into the environment, the compound may undergo
photodegradation or biodegradation such as methyl triclosan (methylation), dioxins,
chloroform, and other chlorinated compounds which are potentially more toxic. Recently, the
methyl triclosan has been found in wastewater treatment and its lipophilicity increases,
meaning that it will be more likely to bioaccumulate in fatty tissue and it is not likely to
photodegrade (Hughes & Denver, 2006).

water and effluents S
Atmosphere Food and drinking
waste dumps water

Tudustrial activit VI " !
Twdustrial activity. contaminated manufactured

combustion of plastic . - bottles

products

drivking (+ap) water

Figure 46. Environmental exposure of BPA. Source: Author
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5.2.3 Toxicity of Bisphenol A and Triclosan in Living Beings

The concept “endocrine disruptor” was mentioned in the 1990s and is associated with the
change in organs, reproductive toxicology, and the ecosystem (Colborn et al., 1993).
Endocrine disrupting chemicals (EDCs) are defined as the natural and/or synthetic
compounds that may affect endocrine systems of fishes and other aquatic animals. These
compounds can generate a variety of adverse effects of EDCs on the endocrine systems.
These effects may be cumulative, they may only appear in subsequent generations, and
then the resulting effects may be irreversible. Mostly, the EDCs are some synthetic organic
chemicals being introduced to the environment by anthropogenic activities, but they can also
be naturally generated estrogenic hormones and therefore are ubiquitous in aquatic

environments receiving wastewater effluents (Jiang et al., 2013).

According to previous studies, in the presence of BPA, the affections that are caused when
encountering living beings become estrogenic, carcinogenic and anti-androgenic causing
feminization of men as part of the side effects and it was also identified as an obesogenic
alongside pesticides, heavy metals and polychlorinated biphenyl (PCBs) (Legeay & Faure,
2017). In the animals, BPA is transformed in vertebrates during oxidation (including
hydroxylation) reactions. Those reactions are catalyzed by microsomal enzymes
(monooxygenases) at presence of cytochrome Pso (Michatowicz, 2014); lignolitic fungi have
shown capability to degrade because they effectively utilize aromatic substrates of natural
origin (including lignin and phenolics) (Loffredo et al.,2012). In the figure 47, postulated
metabolic pathways leading to the production of a variety of metabolites from the
transformation of the BPA is shown; however, if the substituent is salt or glucuronide, the
possible by product will not have any problem, but in another situation, when the BPA suffers
an oxidation or other carbon group is added, the estrogenic power increases (D. Chen et
al., 2016).
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Figure 47. Postulated metabolic pathways leading to the production of a variety of metabolites in the BPA
degradation. Source: (D. Chen et al., 2016)

On the other hand, the triclosan is highly toxic to some aquatic organisms, especially fish,
and can bioaccumulate (Martinez-Zapata et al., 2013). In both cases, they are considered
endocrine disruptors because of the damage they cause to living beings when they come
into contact; they are also considered chemosensitizers, antineoplastic drugs, similar to the
problems that organochlorine compounds show when entering into the environment
(Daughton & Ternes, 1999)(Moldovan, 2006).

5.2.4 Advanced Oxidation Processes (AOP) applied to the photodegradation of
bisphenol A

The Advanced oxidation processes-AOPs is based on the in-situ generation of strong
oxidants for the oxidation of organic compounds. This includes processes based on hydroxyl
radicals (*OH), which constitute the majority of available AOPs; but also, processes based
on other oxidizing species. In advanced oxidation processes, reactive species such as the
hydroxyl free radical, which oxidizes refractory organic pollutants at high reaction rates
(Andreozzi, 1999). The combined processes of advanced oxidation with biological are
reported asthe combination of ozone with native strains of microorganisms presentin active
sludge have reached removals of 95 % emerging contaminants (Oller et al., 2011); however,
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enzymatic induction is very sensitive to temperature, salinity, pH, oxygen concentration,

redox potential, the concentration and nature of various substrates, nutrients and the

presence of toxic substances.

Within the different studies carried out for its elimination, the ozonation method has been
reported (Garoma & Matsumoto, 2009) (Deborde et al., 2008) although they present positive
results, the issue of the formation of byproducts derived from degradation remains a subject

of revision.

Research has also been conducted with Fenton (Poerschmann et al, 2010) and Photo
Fenton (Katsumata, 2004),(Rodriguez et al., 2010), and it has reported a comparative study
with the Fenton reagent and the TiO, doped with Fe (lll), the latter showing the better
performance. However, in some treatments, organic byproducts are produced. More
sophisticated processes such as sonochemistry through ultrasound have been used,
showing positive results in the degradation of BPA (Torres et al., 2007). Other studies have
shown that the degradation efficiency of BPA using 6- and a-MnO, PHMSs was more than
90 % in the presence of ozone within 30 min reaction time. The probe tests for reactive
oxidative species (ROSs) displayed that BPA degradation by catalytic ozonation is
dominated by "O,™ and "OH in our present study (Tan et al., 2017); it was also found that the
BPA was mineralized within 60 min with a removal 97.6 % process under optimal conditions
(Moussavi et al., 2018) and finally, the use of other products such as a-Fe,O; material it
could be demonstrated that this material is efficient for the photocatalytic degradation of BPA
with 91 % of BPA (30 mg/L) was degraded by using 1 g/L a-Fe»O3 within 6 h under the
simulated sunlight irradiation (Ye et al., 2019). The research evidences the relationship with
the photodegradation using singlet molecular oxygen combination with solar energy
employing a photosensitizing material consisting of tris(4,7-diphenyl-1,10-phenanthroline)
ruthenium (Il) chloride, immobilized in a porously (dimethyl siloxane) inert support. The
results showed that, for the BPA, a conversion percentage of 80 % was presented in ultra-
pure water (Diez-Mato et al., 2014), this result showed that technology is a proper strategy
for the removal of this kind of pollutant.

5.2.5 Advanced Oxidation Processes (AOP) applied to the photodegradation of

Triclosan

The triclosan degradation using photolysis has been reported in periods of 4 to 8 days,

demonstrating that degradation is possible (Aranami & Readman, 2007); however, it has
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also been demonstrated that photolysis degradation products are obtained with greater
recalcitrance than triclosan, since cyclization occurs that produces greater stability (Latch et
al.,2003). In the study reported by (Ying & Kookana, 2007), it was shown that, from active
sludge, the degradation of triclosan is possible, obtaining removal percentages between
72% and 93%, however, and also the adsorption of these showed compounds in the
sewage. The batch experiments conducted on ultrapure and natural water showed that the
TCS had a fast-paced oxidization (>90 % at ~5 min) (Rozas et al., 2017).

Finally, some studies have proven that the TCS is photodegraded for the singlet molecular
oxygen, using Bismuth oxyhalides an outstanding visible-light driven semiconductor
photocatalyst, the results showed that the singlet oxygen played critical part in the TCS
degradation (Chang et al., 2019).

5.2.6 Persulfate like advances oxidation process

In the early 1940s, Lawrence J. Heidt conducted studies on the behavior of work and the
effect of contact with light, this research with persulfate photolysis, where photochemical
efficiency is presented at a wavelength of 254 nm, the six-dimensional formation of a mole
of persulfate by Einstein absorbed, suggesting that the formation of the persulfate species

is possible if it is irradiated at said wavelength (Heidt, 1942).

Subsequently, evidence was shown that potassium persulfate decomposes thermally in
aqueous solutions by two reactions: asymmetrical rupture of the O-O bond to form two
sulfate free radicals which disappear by reaction with water to liberate oxygen and an acid-
catalyzed reaction involving the unsymmetrical rupture of the O-O bond of the HS,Og ion to
form sulfur tetroxide (Kolthoff & Miller, 1951).

The Peroxydisulfate or called persulfate has been subject to research for its ability to
degrade recalcitrant organics compounds, its activation is possible by heat, transition
metals, ultraviolet (UV) light at 254 nm forming the highly reactive sulfate radical with a
potential redox (E°= 2.60 V) and nonselective specie, a great reason for its use in an

environmental remediation (Matzek & Carter, 2016).

There is some research that carried out on the removal of the BPA (at concentration of
0.22 mM) with “electro/Fe®'/peroxydisulfate” process, wherein the effects of initial pH,
electrolyte concentration, Fe3" concentration, peroxydisulfate (PDS) concentration and
current density were studied. The significant finding was almost completely removed after

60 min reaction and a TOC removal efficiency of 94.3% was achieved when the reaction
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time was extended to 120 min (Lin et al., 2013). Other study reported that it was generated
by the activation of persulfate with ferrous ion for the removal of BPA (88uM) (X. Jiang et
al., 2013), the important conclusion is the addition of Fe?* had a significant impact on BPA,
a removal of 97% and the highest removal rate of TOC (85%) at 2 h. Finally, the thermally
activated persulfate oxidation process to treat aqueous BPA solution was subject to
research (Olmez-Hanci et al.,2013). The effect of temperature (40—-70-C), initial pH (3.0-
11.0) and persulfate concentration (0—20 mM) at initial concentration of BPA (88 uM), the
results were reflected in the acute toxicity with Vibrio Fischer, and indicated the inhibitory
effect of 88 uM BPA solution originally, then the results showed 58 % removal, which
increased to 84% after 30 min and decreased to 22% after 90 min hot persulfate treatment
that could be attributed to the formation and subsequent disappearance of oxidation

products.

On the other hand, the persulfate as oxidant has been used for the degradation of the
triclosan. A research was conducted in which generating persulfate (PS) activated by
transition metals (Fe?*, Co?*, Cu?* and Ag*) was evaluated to destroy TCS, the results
showed that the oxidants by themselves did not show any decomposition of TCS, while the
reactivity of sulfate radicals generated from the oxidant/metal conjugations were highly
effective in oxidizing and mineralizing TCS (Nfodzo & Choi, 2011). In their research, Gao et
al. (2016) shown the TCS degradation to be pH dependent, in acidic conditions was
beneficial but the performance was found under neutral condition (around pH 7); moreover,
the initial concentration for both reactants was of 0.155 mM K,S,0g and TCS 0.031 mM with
a molar ratio of 1:0.5 (TCS:PS), this relationship was obtained from the previous
experiments where the initial concentration of TCS was considered a relevant variable.
Other variables generated effects in the degradation process by temperature (40°C —70°C),
using the initial concentration of TCS (50 ppm), the results shown an increase in the
degradation when the PS doses increased (18.8 mM). Other finding was that at less than
20 °C, degradation of TCS (around 8%) was present in the following 360 minutes, and then,
the reaction started (L. Chen et al., 2019).

5.3. Materials and Methods

5.3.1 Reagents and Equipment Used for Monitoring and Quantifying Emerging
Contaminants

The reagents used for the execution of this objective were: BPA brand sigma Aldrich at

100% purity, triclosan Carlo Erba 100% purity. For the preparation of the buffer solutions,
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the NaH.PO, salts of the Sigma Aldrich brand were used at 99% purity, Sigma Aldrich

Na;HPO. at 99% purity; Na.COs Sigma Aldrich at 99% purity, NaHCO3; Sigma Aldrich at

99% purity and KCI Sigma Aldrich at 99 % purity. Finally, for the persulfate test, K,S,0s salt

was used at 99 % purity brand Sigma Aldrich.

In the case of the equipment used in the development of contaminant monitoring, the Perkin
Elmer UV-Visible Spectrophotometry Lambda 35. Then, for the optimization results, an
Agilent Technology HPLC high efficiency chromatography equipment was used by means
of a gradient method using ACN: H>O at minute 0, 70:30; minute 1, 50:50; minute 2, 40:60;
minute 4, 20:80; minute 8, 40:60; minute 9, 50:50; and minute 11-12, 70:30. The column

used was a Cig Zorbax 4.6 x 150 mm 35-micron column.

5.3.2 Experimental Design for Determination of Parameters for Singlet Molecular

Oxygen (*Oy) for Bisphenol A and Triclosan.

The initial concentration of the study pollutants and the reaction time were proposed as a
constant (0.15 mM), since, in initial experiments, the effect of the initial concentration of the
contaminant was no significant incidence (these conclusions derived of the parameters
kinetics studied in the chapter 2). Another constant parameter is the time, because in the
preliminary kinetics were demonstrated that at 14 minutes was enough time for the complete

reaction.

For the screening a 2* factorial design with two points in the center was used and all the
experiments were by triplicate. In the table 2 shown in the studied range for the preliminary
factors, with this range did the experimental design, is shown in table 2. For the response

variable is called the percentage of photodegradation and it is expressed as:

% Photodegradation:c" C_Cf x100% Eq 11

f

Where C; is the initial concentration and Cyis the final concentration. Subsequently, the
results of the screening analysis evidenced that the levels of improvement were not
sufficient, therefore, the optimization was required through the Response Surface Method
(RSM) (H. Gutierrez & De la vara, 2012); The experimental design was developed using the
statistical tools of Statgraphics® software. For the experiments, for the temperature was
used the thermostatics bath with temperature control and the pH were prepared buffer
acetate and phosphate respectively. The experimental assembly for irradiations is shown in
the figure 28.
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For the experiments with the standard photosensitizer was used the halogen lamp; in the
case with the complex photosensitizer was used the UV Lamp, in both case without filter

maintaining the same distance and height.

Table 2. Experimental design screened for the initial experiments
Factors Low level High Level
Eosin Y concentration - standard photosensitizer (mM) 0.0036(0.4 Abs) 0.0054(0.6 Abs)
ZnCl2(60MeQ)2 complex photosensitizer (mM) ~ 0.00059(0.4 Abs)  0.00089(0.6 Abs)
Temperature (°C) 25 40
pH 6 9

The working concentrations for the photosensitizers were different since it depended on the
solubility in the solvent and that it was in a concentration range that was between 0.4-0.6

absorbance unity.

5.3.3 Experimental design of parameters for triclosan and bisphenol A persulfate A
For the experimental design of persulfate, it was assumed that the initial concentration was
not a significant variable in the process, for this reason, it was used as comparation method
and did not depend on the initial concentration(0,15mM) at the same time frame (14
minutes). The rest of the factors were selected for the several researches reported (Olmez-
Hanci et al., 2013) (Matzek & Carter, 2016). In the Table 3 shows the study ranges for the
three variables of interest, the pH values will be controlled with buffer solutions, lamp was
germicidal.

For the screening a 2* factorial design with two points in the center was used and all the

experiments were by triplicate.

Table 3. Experimental design screened for the initial experiments

Factors Low level High Level
Concentration K2S20s (mM) 5 20
Temperature (‘C) 25 40

pH 6 9

5.3.4 Determination of Intermediate Products and Mineralization Of Bisphenol A and
Triclosan

For the analysis of the BPA, SPE cartridges were used (Oasis HLB, 6 mL, 250 mg) pre-
conditioned with 3 mL of methanol, 5 mL of ultrapure water and 2 mL of 0.1 N hydrochloric
acid. Then, the sample was passed through the SPE cartridges at a flow rate of 5 mL/min.
The elution of oxidation intermediates trapped in the SPE cartridges carried out twice with
2.5 mL acetonitrile. After pre-conditioning and before elution, the SPE cartridges were dried

under vacuum for 15 min to ensure the total vaporization of water. The pH for the extraction
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was set close to 2.0 to ensure that acidic intermediates were uncharged, and therefore could

easily be absorbed on the material of SPE cartridges (Molkenthin et al., 2013).

For the triclosan, 100 mL of reaction suspensions were used. Then, the samples were
adjusted to a pH value of about 2 with 1 M HCI and saturated with NaCl. Intermediate
products were extracted by vigorous shaking with 3 x 10 mL dichloromethane. Each extract
was passed through an anhydrous Na;SO. column to remove water. The extract was
concentrated under a gentle nitrogen stream and re-dissolved in 1 mL methanol. Each final
extract was then filtered through a 0.22 pm nylon syringe filter, into a 2 mL amber glass vial
which was kept at -20°C until analysis (B. Yang et al.,, 2011). Finally, the GC

chromatography was used for the analysis of these compounds.

For the analysis of TOC of the sample solution, it was measured with Teledyne tekmar
Apollo 9000 with nondispersive infrared detector (NDIR). The detection limit of the
instrument and the quantification limit is 1,0 mg C/L. These sample were analyzed in the
GDCON Laboratory.

5.3. Results and Analysis

5.3.1 Experimental Design and Optimization for the Bisphenol A and Eosin Y

The following combination of experiments executed in the stipulated order were yielded,
together with the results obtained in each combination of experiments, which are reported
in Table 4, being the better results at pH 6, temperature 25°C and a photosensitizer

concentration of 0.0036 mM (0.4 Abs).
Table 4. Screening design for eosin Y and BPA

pH mM Temperature Phot. pH mM Temperature Phot.
Photosensitizers (°C) (%) Photosensitizers (°C) (%)
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 0.0000
6.0 0.4 25.0 3.2464 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 0.0000 7.5 0.5 325 0.0000
9.0 0.4 25.0 0.0000 7.5 0.5 325 0.0000
9.0 0.6 25.0 3.0230 6.0 0.6 40.0 0.0000
6.0 0.6 25.0 0.0000 9.0 0.4 40.0 0.0000
9.0 0.6 40.0 0.0000 6.0 0.4 25.0 3.4131
7.5 0.5 325 0.0000 6.0 0.4 40.0 0.0000
7.5 0.5 325 0.0000 9.0 0.4 25.0 0.0000
6.0 0.6 40.0 0.0000 9.0 0.6 25.0 3.0549
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 0.0000
6.0 0.4 25.0 3.9970 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 0.0000 7.5 0.5 325 0.0000
9.0 0.4 25.0 3.2464 7.5 0.5 325 0.0000
9.0 0.6 25.0 0.0000 6.0 0.6 40.0 0.0000

Constants: irradiation time 840 sec; Initial concentration of the contaminant: 0.15mM. The pH values will be controlled with
buffer solutions; Lamps: halogen
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Later, in order to verify the statements made in the preliminary analysis claiming that the
data had a normality and independence in the errors; that, in addition, the factorial model is
suitable for the experiment; and also, to demonstrate that the variances are homogeneous
with each other, the analysis was carried out of variance (ANOVA) supported by the
statistical coefficient of determination (R?), which are reported in table 6. The objective of
this analysis is to compare the treatments in terms of their population means and their
variances with respect at the equality of the treatments, therefore the fundamental
hypothesis are shown in the equation 12 and equation 13 is to test when the k treatments
are compared:

HO:Tl =Ty = =T = 0 Eq 12
Hy:t; # 0 for some i Eq 13

Where 1; is the treatment effect i on the response variable, If H, is accepted, it is confirmed
that the effects on the response of the k treatments are statistically null (equal to zero) and
if H, is rejected, it is concluded that at least one effect is different from zero. Specifically, in
the table 6 shown information about the effect of this experiment, for example, in the column
of source is related with the factors that participated in the experiment: pH, temperature,
photosensitizer concentration and its interactions, block indicate the error between the

repetitions and finally, the errors are related with the effect the errors in the measurements.

Then, in the next column called sum of squares, which is a measurement of the total
variability existent in the observations (sum of treatments squares + sum of error squares)
that's mean measurements the difference between treatments. If there is a lot of variation
between the observations of each treatment, then the sum of squares will tend to be large,
in the specific case of table 6 and its results, the values are very small, except for the
temperature and the interaction between the concentration of the photosensitizer and the
pH.

Subsequently, it analyzed the means square, it is an estimate of the source of variability, in
which the mean square of treatments and the mean square of the error are related.
Specifically, in this value it is appreciated, that if Hy is true, both values that make up the
mean squares estimate the variance, these values should be in coherence with the sum of
squares. Based on these results obtained where it is known that the sum of squares of the
error and the sum of squares of the treatment are independent variables, the F, statistic is

constructed following an F distribution; if the F; is small, H, is accepted, thus for a level 95%
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significance. Table 5 shows the result in the p-value where p(F > F,), as the significance

value is less than 0.05, H, is rejected for the temperature variables and the relationship

between the concentration of the photosensitizer (p-value: 0.0002), and the temperature (p-

value: 0.0002), so it is accepted that at least for these mentioned variables participate in the

photodegradation process. In the case of the statistics, it is evidenced that the R? was

62.18%, which suggests the need to perform a second optimization phase.

Table 5. ANOVA of design for Eosin Y and BPA

Source sum of squares DF mean square F-reason p-value
A: pH 0.0555 1 0.0555 0.06 0.8061
B: temperature 16.9317 1 16.9317 18.79 0.0002
C: Photosensitizer 0.0555 1 0.0555 0.06 0.8061
AB 0.0555 1 0.0555 0.06 0.8061
AC 16.9317 1 16.9317 18.79 0.0002
BC 0.0555 1 0.0555 0.06 0.8061
block 20.7281 1 0.9012
Total error 54.8137 23
Total (corr.) 0.0555 29

R-square = 62.18 percent

In chemical terms, it is possible that the temperature effect is due to the photobleaching of
eosin Y (from 36 °C) and this directly affects the efficiency of the reaction (Herculano et al.,
2013). Other effect is between pH and concentration of the photosensitizer, which is positive
for this kind of reactions, because initially, in acidic pH, the photosensitizer maintains the
same microspecies in an environmentrich in the radical species it favors the photosensitized
reaction. This result is consistent with In the Pareto diagram and analysis of main effects

shown in the figure 48 and 49.
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Figure 48. Pareto diagram of the process of photodegradation of BPA with Eosin Y photosensitizer
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Figure 49. Graph of main effects in the process of photodegradation of BPA with Eosin Y as a Photosensitizer

Specifically, the optimization Response Surface Method (RSM) was used to find the
combination of levels in the factors that show the optimum value on the response or the
optimum direction of the movement in that is possible to experiment in the future. If the
model does not explain the 70% minimal of the behavior of the model us not correct the
optimization(Gutierrez & De la vara, 2012). The proposal of this research is to explore

treatments may be localized over direction to maximum response from the initial design.

Then, based on the screening results as a reference, the decision was made to decrease
by establishing for the pH range to (5 —6) in order to be consistent with natural water
conditions. In the case of the concentration of the photosensitizer, a new range of
concentration was established that maintained linear behavior 0.6-0.8 Abs equivalents
(0.0054mM-0.0072mM) at constant temperature (25°C). In the table 6 shown the

optimization result for the Eosin Y and Bisphenol A is shown.

Table 6. Response Surface Method (RSM) for Eosin Y and BPA

pH Abs Photosensitizers P(r:/g)t. pH Abs Photosensitizers P(ﬁ/?))t.

5.0 0.8 20.6392 5.5 0.8 15.0059
6.0 0.7 13.0493 5.0 0.6 17.0172
5.5 0.7 9.4816 6.0 0.6 15.5365
5.5 0.7 9.5264 5.0 0.7 20.5420
5.5 0.6 17.1983 6.0 0.6 15.1378
5.5 0.7 9.5128 5.5 0.7 9.9587
5.0 0.8 19.3827 5.5 0.8 15.8305
5.0 0.7 20.3510 6.0 0.7 13.6547

Lamp: halogen, distance 7 cm height 21.5 cm, fixed variable: 0.6 ppm BPA and temp: 25°C as constant

Table 7. ANOVA of Optimization design for Eosin Y and BPA

Source sum of squares DF mean square F-reason  P-value
A: pH 30.6097 1 30.6097 4.76 0.0569

B: photosensitizer 7.82449 1 7.82449 1.22 0.2984
AA 92.3998 1 92.3998 14.38 0.0043

AB 3.4416 1 3.4416 0.54 0.4829

BB 46.3638 1 46.3638 7.22 0.0249
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block 1.39249 1 1.39249 0.22 0.6526
Total error 57.8246 9 6.42496
Total (corr.) 241.4280 15

R-square = 76.05 percent

Statistically, the ANOVA shown in the table 7 was carried out, and based on the results, the
variability in the photodegradation process could be established. After reviewing the result
of the R%is 76.05%, it is concluded that the optimization can be considered better explaining
the process of the photodegradation. It's possible to obtained better removal with pHs lower
but the majorly the natural water doesn’t have a pH so low. However, the R-Square is better
than the screening experiments (R2: 62%). In addition, chemically, the photodegradation
process are better at more acidic pH the chemistry structure having two OH groups
(conferring greater acidity) and being protonated are more susceptible to being
oxidized(Alnaizy & Akgerman, 2000).Other potential reason was explained with the high
concentration about of an environment rich in the radical species which favors the

photosensitized reaction.

The Eq 14 that explains the optimization of the model is: Removal,7o= 866.791 — 235.285*pH
— 577.277*Photosensitizer + 19.9358*pH"2 + 17.4232*pH*Photosensitizer +

351.193*Photosensitizer*2. This result was shown in the figure 50.
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Figure 50. Response surface estimated of the optimized model of Eosin Y — BPA

5.3.2 Experimental design and optimization for the Triclosan and Eosin Y
For the screening experiments for the triclosan and Eosin Y were used the same variables

which in the methodology were used. The results were shown in the table 8. Initially, at pH 6
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and 25°C, a degradation percentage of around 8.6% was obtained, preliminary, and judging

by the results obtained, it could be evidenced that the concentration of photosensitizer is not

a significant variable in the process, since the same results were obtained at both high and

low concentrations of photosensitizer.

Table 8. screening design for Eosin Y and Triclosan
Abs (°C) (%) Abs (°C) (%)

pH Photosensitizers  Temperature Phot. pH Photosensitizers  Temperature  Phot.
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 8,6706
6.0 0.4 25.0 8.4214 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 0.0000 7.5 0.5 325 0.0000
9.0 0.4 25.0 0.0000 7.5 0.5 325 0.0000
9.0 0.6 25.0 0.0000 6.0 0.6 40.0 0.0000
6.0 0.6 25.0 8.5341 9.0 0.4 40.0 0.0000
9.0 0.6 40.0 0.0000 6.0 0.4 25.0 8,5803
7.5 0.5 325 0.0000 6.0 0.4 40.0 0.0000
75 0.5 325 0.0000 9.0 0.4 25.0 0.0000
6.0 0.6 40.0 0.0000 9.0 0.6 25.0 0.0000
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 8,6409
6.0 0.4 25.0 8.6880 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 0.1907 7.5 0.5 325 0.0000
9.0 0.4 25.0 0.0000 7.5 0.5 325 0.0000
9.0 0.6 25.0 0.0000 6.0 0.6 40.0 0.0000

Constants: irradiation time 840 sec; Initial concentration of the contaminant: 0.15mM. The pH values will be controlled with
buffer solutions; Lamps: halogen

Table 9. ANOVA of design for Eosin Y and Triclosan

Source sum of squares DF mean square F-reason P- value
A: pH 111.4820 1 111.4820 104.73 0.0000
B: Photosensitizer 0.0000 1 0.0000 0.00 0.9946
C: temperature 109.8440 1 109.844 103.19 0.0000
AB 0.0000 1 0.0000 0.00 0.9946
AC 109.8440 1 109.844 103.19 0.0000
BC 0.0050 1 0.0050 0.00 0.9460
block 0.0176 2 0.0089 0.01 0.9917

Total error 22.3543 21 1.0644

Total (corr.) 353.5480 29

R-square = 93.68 percent

A = +
a0 =4

AC
C: temperature
BC
.||
B: Photosensitizer |
0 2 4 ‘ 8 10 12
standardized effect
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Figure 51. Pareto diagram of the photodegradation process of Triclosan with Eosin Y as a photosensitizer
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Figure 52. Graph of main effects in the photodegradation process of Triclosan with Eosin Y as a
Photosensitizer

In the case of the analysis for triclosan with Eosin Y in the photodegradation process, the
pH and temperature variables had a negative effect, but their interaction was positive for the
experiments, this result indicated that modifying these variables may yield better results,

which is shown in Figures 51 and 52.

From the chemical point of view, the chemistry structure has only one OH group and one
chloride group, which provides acidity; therefore, the acidic medium allows the subsequent
reactions and, with respect to the temperature, it promotes the OH-initiated transformation
of TCS. However, this slight increase in the temperature constant rate implies that the
reaction was actually dependent on diffusion-controlled processes and independent of
chemical reaction-controlled processes (Y. Gao et al., 2014). Also, the statistics of the test
were of 93.68% of the variability, with 95% reliability, shown in Table 9. This result does

explain the photodegradation.

Although it is possible to think that the best option for the optimization is the decrease of
temperature, the interaction of both variables has a major influence. So, in this research the
increase of temperature and decrease of pH was proposed as a strategy to know the
characteristics of the reaction that occurred. Table 11 shows the results about the

photodegradation.

For this reason, a new range of pH and temperature values was taken, considering the
bibliographic references (Gallard & von Gunten, 2002; Rule et al., 2005), in the case of the
pH of 5 to 6 and a temperature between 40 °C-50 °C; in the case of the photosensitizer, the
concentration was constant, because in the screening it could be established that it was not

significant in the experiment.
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The results of the photodegradation process are shown in Table 10, in which it was found
that at pH 5 and a temperature of 50°C, it was possible to degrade up to 56%, which is an
excellent result considering that, when developing experiments in homogeneous systems,
photobleaching is a significant (Herculano et al., 2013).However, it is important to note that
the high percentages are not necessarily associated with the oxidation of triclosan, these
high temperatures may have favored other reaction routes, and consequently the

degradation percentages are higher.

Table 10. Response Surface Method (RSM) design for Eosin Y and Triclosan

pH Temperature (°C) (%) pH Temperature (°C) (%)
Phot. Phot.
5.5 45.00 20.6674 5.5 50.00 24.9648
55 45.00 20.2213 5.0 50.00 56.9027
55 45.00 20.8917 6.0 40.00 0.0000
6.0 50.00 17.6039 5.0 40.00 16.5709
5.0 45.00 34.3153 6.0 40.00 0.0000
5.5 40.00 0.0000 5.0 50.00 56.9320
5.0 40.00 16.1376 6.0 50.00 9.1968
6.0 45.00 9.1819 5.0 45.00 20.1871

Lamp: halogen, distance 7 cm height 21.5 cm, constant:0.6 ppm TCS Photosensitizer conc. ~ 0.0054 mM

Table 11. ANOVA of Optimization design for Eosin Y and Triclosan

Source sum of squares DF mean square F-reason P- value
A: pH 1690.03 1 1690.03 31.06 0.0003
B: temperature 1746.28 1 1746.28 32.09 0.0003
AA 3.06672 1 93.074 0.06 0.8177
AB 269.323 1 223.65 4.95 0.0532
BB 34.421 1 26.3071 0.63 0.4469
block 2.11503 1 2.34507 0.04 0.8481
Total error 489.755 9 7.48386
Total (corr.) 4305.99 15

R-square = 88.63 percent

According to the ANOVA of the optimization process reported in Table 11, it is evident that
the two variables taken in the optimization were highly significant the pH and temperature,
with R? of 88.63% in comparation with the screening results, this vale is lower. Therefore,
as a recommendation for other investigations, it is suggested to lower the pH values even

more in order to obtain a higher value in the percentage of photodegradation.

The surface design obtained is shown in Figure 53 which is explained with the Eq 15:
Removalygs = 145.961 + 35.7465*pH + 3.4238*temperature + 3.9493*pH"2 -
2.3209*pH*temperature + 0.1323*temperature”2.
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Figure 53. Response surface estimated of the optimized model of Eosin Y — Triclosan

5.3.3 Experimental Design and Optimization for the Bisphenol A and ZnCl;(60MeQ)-

For the photodegradation process using coordination compounds, it was not possible to use
the synthetized compounds because the synthetized reaction, its optimization and
subsequent characterization were very late experimentally. This situation could be delaying
the results of the research. Thus, a complex characterization by the GIAFOT group was
performed and chosen, which is known for its crystalline structure and great benefits in terms
of quantum vyield and low costs for obtaining it, specifically the complex of Zinc
(ZnC2oCI2N202H1g) and from now on ZnClx(60MeQ). will be noted (Villa-Pérez et al., 2018b).
However, this compound was synthetized based on the reported methodology for the

research papers.

The parameters of analysis were reported in the methodology, in the table 12 shown the
results for all screening experiments, it is evidenced that at higher temperatures (~40°C)

and at a high concentration of the photosensitizer was 0.0089mM (0.6 Abs).

Table 12. Screening design for ZnCl2(60MeQ)2 and BPA
mM (°C) Phot. mM (°C) (%)

pH Photosensitizers  Temperature (%) pH Photosensitizers Temperature Phot.

9.0 0.4 40.0 0.0000 6.0 0.6 25.0 0.0000
6.0 0.4 25.0 0.0000 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 0.0000 7.5 0.5 32.5 0.0000
9.0 0.4 25.0 3.2005 7.5 0.5 32.5 0.0000
9.0 0.6 25.0 0.0000 6.0 0.6 40.0 15.1808
6.0 0.6 25.0 0.0000 9.0 0.4 40.0 0.0000
9.0 0.6 40.0 0.0000 6.0 0.4 25.0 0.0000
7.5 0.5 32.5 0.0000 6.0 0.4 40.0 0.0000
7.5 0.5 32.5 0.0000 9.0 0.4 25.0 3.1956
6.0 0.6 40.0 15.5775 9.0 0.6 25.0 0.0000
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 0.0000
6.0 0.4 25.0 0.0000 9.0 0.6 40.0 0.0000
6.0 04 40.0 0.0000 7.5 0.5 325 0.0000
9.0 0.4 25.0 3.2392 7.5 0.5 32.5 0.0000
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9.0 0.6 25.0 0.0000 6.0 0.6 40.0 15.4302

Constants: irradiation time 840 sec; Initial concentration of the contaminant: 0.15 mM. The pH values will be controlled with
buffer solutions; Lamps: UV

The table 13 shows the ANOVA test, where the variable for pH, temperature and

concentration of the photosensitize and its interactions, have a high level of significance

reflected in the results of the p-values. When analyzing the R? statistic, it is evident that it

represents 87% of the variability of the experiment, which can be refined with an optimization

method.

As explained in previous experiments, Bisphenol A by having two OH groups in the structure
can favor oxidation reactions thanks to the effects of protonation, therefore, at acidic pH the
reactions are favored (Gerdes et al., 1997)(Alnaizy & Akgerman, 2000). Secondly, with
regard to the concentration of the photosensitizer, as there is an environment rich in this
compound, it can favor the yields obtained; finally with respect to the temperature, due to
the characteristics of the reaction and taking into account that at this temperature, the
compound does not suffer any affectation, it may be that it is an endothermic reaction, that
is to say, that having a medium with saturation of the species radical, the temperature
increases this speed, but not significantly so that it avoids the ISC favoring the

photodegradation reaction, these results are shown in Figure 54 and 55.

Table 13. ANOVA of design for ZnCl2(60MeQ)2 and BPA

Source sum of squares DF mean square F-reason P- value
A: pH 55.6724 1 55.6724 14.31 0.0011

B: Photosensitizer 55.6724 1 55.6724 14.31 0.0011
C: temperature 55.6724 1 55.6724 14.31 0.0011
AB 129.846 1 129.846 33.37 00000

AC 129.846 1 129.846 33.37 0.0000

BC 129.846 1 129.846 33.37 0.0000

block 0.00646 2 0.00323 0.00 0.9992

Total error 81.7166 21 3.89127
Total (corr.) 638.277 29

R-square = 87.20 percent
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Figure 54. Pareto diagram of the process of photodegradation of BPA and the ZnCl2(60MeQ)2 as a
photosensitizer
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Figure 55. Graph of main effects in the process of photodegradation of BPA and the ZnCl2(60MeQ)2 as a
photosensitizer

Subsequently, the optimization analysis was used for the concentration of photosensitizer
in a range 0.00089 mM (0.6Abs) - 0.00119 mM(0.8Abs) and pH (5-6), in the case of the
temperature it was constant, although the study temperature does not affect the composition
of the ZnCl, (60MeQ): (Villa-Pérez et al., 2018b). For operational purposes the modification
of the afore mentioned variables was proposed. These results were in average around 26%,
which is shown in the table 14. For this result, the combination of an acidic pH and a high
concentration of the photosensitizer continue to be one of the most predominant reasons in
the results obtained, since thanks to protonation, oxidation is favored added with a suitable
medium so that there is an abundance of the species derived from a high concentration of

the photosensitizer which are significant factors for this type of reaction.
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Table 14. Response Surface Method (RSM) for ZnClz(60MeQ)2 and BPA

pH Abs (%) pH Abs (%)
Photosensitizer Phot. Photosensitizer Phot.
6.0 0.7 12.6623 5.0 0.8 26.4352
6.0 0.7 12.7056 5.0 0.7 20.7365
5.5 0.6 15.3268 5.0 0.6 16.5576
6.0 0.8 15.2731 5.5 0.7 18.8641
55 0.6 15.4125 5.0 0.6 16.5089
55 0.8 24.9922 6.0 0.6 14.8711
6.0 0.8 15.4523 5.0 0.8 26.7183
6.0 0.6 14.9617 5.0 0.7 20.7733

Lamp: UV, distance: 7 cm height: 21.5 cm, constant:0.6 ppm TCS temperature:40°C

In the ANOVA test, as shown in the table 15, the variables chosen that have a high
significance through a statistical test was 95.31% in comparation with the screening
experiment (87.19%), although the optimization was not achieved, it was sought to maintain

the conditions of pH that adjusted to the reality of natural waters.

The Eq 16 explained the model: Photodegradation =-317,847 + 109,714*pH + 121.823*Abs
— 7.54315*pH"2 — 47.986*pH*Abs + 124.234*Abs"2. The Response surface is shown in the

figure 56.
Table 15. ANOVA of Optimization design for ZnCl2(60MeQ). and BPA

Source sum of squares DF mean square F-reason P- value
A: pH 124.407 1 124.407 74.63 0.0000
B: Photosensitizer 107.403 1 107.403 64.43 0.0000
AA 11.1879 1 11.1879 6.71 0.0292
AB 46.0531 1 46.0531 27.63 0.0005
BB 4.85564 1 4.85564 291 0.1221
block 093769 1 0.93769 0.56 0.4724

Total error 15.0023 9 1.66692

Total (corr.) 319.589 15

R-square = 95.31 percent
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Figure 56. Response surface estimated of the optimized model of ZnCl2(60MeQ)2 and BPA

In general, when comparing the degradation results of eosin with respect to ZnCl,(60MeQ)z,
it is evident that the results are quite competitive among them, since for EO vyielded it was a
value of around 20% and with ZnCl,(60MeQ). was 26%; however, among the benefits of
the latter, its low susceptibility to photobleaching and its susceptibility to temperature stand

out.

5.3.4 Experimental Design and Optimization for the Triclosan and ZnCl;(60MeQ):

The results screening design for the triclosan are shown in the table 16 where better results
are evidenced at pH 6 and photosensitizer concentration of 0.00059 mM (0.4 Abs) with a
percentage of around 11%, preliminary. In these experiments, it is possible to demonstrate
that the pH is a significantly variable, which is favored by acidic medium because the
phenolic compounds, such as triclosan, are generally more reactive upon deprotonation,
this effect occurs because O- from phenolate triclosan is better at activating the aromatic
ring toward substitution reactions than OH from triclosan(Rule et al., 2005). Then, the
temperature contributes in the photo-transformation reactions taking into account the
previous studies reported relate to triclosan. Finally, with the initial concentration of the
photosensitizer, it is evident that the higher its concentration, the effectiveness decreases,
and it is possible that a reaction between the triclosan and the photosensitizer occurs

(Gallard & von Gunten, 2002). The conclusions were obtained from of the Figure 57 and 58.

Table 16. Screening design for ZnCl2(60MeQ)2 and Triclosan

pH mM (°C) (%)  pH mM (°C) (%)
Photosensitizers  Temperature Phot. Photosensitizers  Temperature Phot.
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 0.0000
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6.0 0.4 25.0 7.3982 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 11.2322 7.5 0.5 325 0.0000
9.0 0.4 25.0 0.0000 7.5 0.5 325 0.0000
9.0 0.6 25.0 0.0000 6.0 0.6 40.0 4.2707
6.0 0.6 25.0 0.0000 9.0 0.4 40.0 0.0000
9.0 0.6 40.0 0.0000 6.0 0.4 25.0 7.5954
7.5 0.5 325 0.0000 6.0 0.4 40.0 11.1817
7.5 0.5 325 0.0000 9.0 0.4 25.0 0.0000
6.0 0.6 40.0 4.2363 9.0 0.6 25.0 0.0000
9.0 0.4 40.0 0.0000 6.0 0.6 25.0 0.0000
6.0 0.4 25.0 7.8182 9.0 0.6 40.0 0.0000
6.0 0.4 40.0 11.2109 7.5 0.5 325 0.0000
9.0 0.4 25.0 0.0000 7.5 0.5 32.5 0.0000
9.0 0.6 25.0 0.0000 6.0 0.6 40.0 4.5429

Constants: irradiation time 840 sec; Initial concentration of the contaminant: 0.15 mM. The pH values will be controlled with
buffer solutions; Lamps: UV
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Figure 57. Pareto diagram of the photodegradation process of Triclosan and the ZnCl2(60MeQ): as a

photosensitizer
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Figure 58. Graph of main effects in the photodegradation process of Triclosan and the ZnCl2(60MeQ)2 as a
photosensitizer

In the ANOVA variance analysis of the experiment shown in the table 17, it is evident that

both study variables have high significance and its interactions. In relation to the statistics,
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the model represents 90.9% of the variability, which allows us to affirm that an optimization

model could be necessary to find the best photodegradation conditions.

Table 17. ANOVA of design for ZnCl2(60MeQ)2 and Triclosan

Source sum of squares DF mean square F-reason P- value
A: pH 201.182 1 201.182 104.12 0.0000
B: Photosensitizer 78.4336 1 78.4336 40.59 0.0000
C: temperature 23.7266 1 23.7266 12.28 0.0021
AB 78.4336 1 78.4336 40.59 0.0000
AC 23.7266 1 23.7266 12.28 0.0021
BC 0208488 1 0.20849 0.11 0.7458
block 0.01311 2 0.00656 0.00 0.9966

Total error 40.5778 21 1.93228

Total (corr.) 446.302 29

R-square = 90.908 percent

For the optimization, the range of PH (5-6) was proposed and the temperature between (40
°C - 50 °C) and initial concentration of the photosensitizer of 0.00059 mM (0.4 Abs) were
used as constant. Preliminarily, these results, shown in the table 18, are coherent with the
EO results since the higher value may involve other reactions that are not necessarily

caused by oxidation; in this case, it is better to check the intermediary’s products.

Table 18. Response Surface Method (RSM) by ZnCl2(60MeQ)2 and Triclosan

Temperature (°C) pH (%) Phot. Temperature (°C) pH (%) Phot.
40 5.00 46.4690 40 5.50 0.0000
45 5.50 20.9047 50 5.00 52.6805
40 6.00 0.0000 45 5.50 20.8333
45 6.00 0.0000 40 5.50 0.1810
45 5.00 16.6868 40 5.00 46.0485
50 6.00 0.0000 45 5.50 20.9780
50 5.50 16.0841 50 6.00 52.3613
45 5.50 20.9585 45 6.00 0.0000

Lamp: UV without filter, distance 7 cm height 21.5 cm, fixed variable: 0.6 ppm TCS
The ANOVA shown in the table 19 demonstrates that, for this optimization, it is less than
the screening tests, because the statistic test is lesser (before 90.90% adjusted and later
78.96%). For future research projects, it is possible to put a constant temperature and
change the pH and initial concentration of the photosensitizer. However, for this model, the

pH had a significant effect in the reaction.

For this proposed model of optimization proposal in the Eq 17 is: Removalzss= 962.305 —
0.45459*temperature - 306.57*pH + 0.0265181*temperature”2 -
0.169903*temperature*pH + 24.7249*pH"2 shown in the Figure 59.

Table 19. ANOVA of Optimization design for eosin Y and Triclosan

Source sum of squares DF mean square F-reason P- value
A: temperature 197.414 1 197.414 1.42 0.2640
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B: pH 3716.48 1 3716.48 26.72 0.0006

AA 1.69285 1 1.69285 0.01 0.9146

AB 0.93633 1 0.93633 0.01 0.9364

BB 141.927 1 141.927 1.02 0.3388

bloques 24.6489 1 24.6489 0.18 0.6837

Error total 1251.99 9 139.11
Total (corr.) 5951.65 15
R-square = 78.96 percent
Removal283
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Figure 59. Response surface estimated of the optimized model of ZnCl. (60MeQ) — Triclosan

5.3.2 Experimental Design of Persulfate and Triclosan/Bisphenol A
With the persulfate oxidation method, a comparative methodology was considered
necessary. The analysis was based on the assumption that the initial concentration is not a

significant variable in the photodegradation process.

In Table 20 of the experimental design of the photodegradation of BPA in the presence of
persulfate, it is evidenced that, at basic pH (~ 9), a temperature of 25°C and a concentration
of 20 mM, itis possible to reach a photodegradation of around 5%. At pH < 7 sulfate radicals
are the dominant reactive species, however, hydroxyl and sulfate radicals participate equally
in reactions at neutral pHs, the reaction that happen are shown in the equation 18 and 19
(Matzek & Carter, 2016):

S0;+ H,0-S0%+0H + H* Eq 18
SO;+0H~ - S0%+0H Eq 19

So, for this reason, the reaction was promoted, because the hydroxyl radical was formed at

this pH. Other variable is the persulfate concentration, the higher szog' concentration to

generate more specie SO, and better photodegradation(X. Jiang et al., 2013). Finally, at
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this temperature is not thermal activate for the species 8205', near 40°C, only 20% of BPA
could be susceptible by transformation (Olmez-Hanci et al., 2013).However, the combination

of these three variables are important in the photodegradation process, such as those shown

in the Figure 60 and 61.
Table 20. Screening design for persulfate and BPA

°C % °C %
pH mM Persulfate Temr(Jer)ature P(ho)t. pH mM Persulfate Temr(Jer)ature P(ho)t.
9.0 20.0 40.0 0.0000 9.0 20.0 25.0 4.9455
6.0 20.0 40.0 0.0000 6.0 5.0 40.0 0.0000
6.0 5.0 25.0 0.0000 9.0 5.0 40.0 0.0000
7.5 12.5 32.5 0.2868 7.5 12,5 325 0.3542
6.0 20.0 25.0 0.0000 9.0 5.0 25.0 0.0000
9.0 20.0 25.0 4.8379 9.0 20.0 40.0 0.0000
6.0 5.0 40.0 0.0000 6.0 20.0 40.0 0.0000
9.0 5.0 40.0 0.0000 6.0 5.0 25.0 0.0000
7.5 12.5 32.5 0.3475 75 12.5 325 0.3137
9.0 5.0 25.0 0.0000 6.0 20.0 25.0 0.0000
9.0 20.0 40.0 0.0000 9.0 20.0 25.0 4.8442
6.0 20.0 40.0 0.0000 6.0 5.0 40.0 0.0000
6.0 5.0 25.0 0.0000 9.0 5.0 40.0 0.0000
7.5 12.5 32.5 0.3280 7.5 125 325 0.3130
6.0 20.0 25.0 0.0000 9.0 5.0 25.0 0.0000

Constants: irradiation time 840 sec; Initial concentration of BPA: 0.15mM; the pH values will be controlled with buffer
solutions; Lamp: germicidal with filter glass; distance:7 cm

The results of the ANOVA shown in the table 21 of this analysis reflect the behavior of the
variables within the experimental design. Both the individual variables and their interactions
are evident, in the statistical test, it is the 85.16%, so, it is important to choose the variables

in order to proceed to the optimization.

Table 21. ANOVA of design for persulfate and BPA

Source sum of squares mean square F-reason P- value
A: pH 8.91528 8.91528 20.10 0,0002
B: Conc. persulfate 8.91528 8.91528 20.10 0,0002
C: temperature 8.91528 8.91528 20.10 0,0002
AB 8.91528 8.91528 20.10 0,0002
AC 8.91528 8.91528 20.10 0,0002
BC 8.91528 8.91528 20.10 0,0002
block 0.00162 0.00082 0.00 0.9982

Total error 9.31561 0.44360

Total (corr.) 62.8089

R-square = 85,16 percent
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Figure 60. Pareto diagram of the photodegradation process of BPA and persulfate as oxidant
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Figure 61. Graph of main effects in the oxidation process of BPA and persulfate as oxidant

For the screening design for the Triclosan, the condition reported in the methodology was
taken. These results were reported in the table 22. For the triclosan, and according to studies
reported, the photodegradation at acidic pH is more effective because: First, to promote the
interaction, SOj is less reactive but mainly through electron transfers; but the hydroxyl
radical abstracting H from C-H, N-H or O-H bonds and adds to C=C double bonds or
aromatic rings that could be other products and influence in the photodegradation. the other
reason is that it is higher than 7.6, the ionized form of TCS and formed other microspecies
(L. Chen et al., 2019). These effects are shown in the Figure 62 and 63.

Table 22. Screening design for persulfate and TCS

°C % °C %
pH mM Persulfate Temé)erzature P(ho)t. pH mM Persulfate Teméer?’;\ture P(ho)t.
9.0 20.0 40.0 2.4787 9.0 20.0 25.0 1.2077
6.0 20.0 40.0 2.7444 6.0 5.0 40.0 2.7723
6.0 5.0 25.0 0.0000 9.0 5.0 40.0 1.1012
7.5 12.5 325 0.0000 7.5 12.5 325 0.0000
6.0 20.0 25.0 2.6553 9.0 5.0 25.0 1.1002
9.0 20.0 25.0 1.2447 9.0 20.0 40.0 2.4741
6.0 5.0 40.0 27717 6.0 20.0 40.0 2.7865
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9.0 5.0 40.0 1.1506 6.0 5.0 25.0 0.0000
7.5 12.5 325 0.0000 7.5 12.5 325 0.0000
9.0 5.0 25.0 1.1362 6.0 20.0 25.0 2.6543
9.0 20.0 40.0 24751 9.0 20.0 25.0 1.2281
6.0 20.0 40.0 2.7767 6.0 5.0 40.0 2.7758
6.0 5.0 25.0 0.0000 9.0 5.0 40.0 1.1586
7.5 12.5 325 0.0000 7.5 12.5 325 0.0000
6.0 20.0 25.0 2.6525 9.0 5.0 25.0 1.1038

Constants: irradiation time 840 sec; Initial concentration of TCS: 0.15mM; the pH values will be controlled with buffer
solutions; Lamp: germicidal with filter glass; distance:7 cm

The ANOVA results shown in table 23 are clear with the comparison between the graphical
analyses, because, for the experiment of persulfate with triclosan, the most influence is for the
concentration of the persulfate and the temperature, in this case the statistical test was 45%, so,

the optimization is necessary.

Table 23. ANOVA of design for persulfate and TCS

Source sum of squares DF mean square F-reason P- value
A: pH 1.8875 1 1.88748 1.92 0.1807
B: Conc. persulfate 6.3116 1 6.3116 6.41 0.0194
C: temperature 6.4926 1 6.4926 6.59 0.0179
AB 0.5376 1 0.5376 0.55 0.4681
AC 0.9791 1 0.9792 0.99 0.3300
BC 0.7694 1 0.7694 0.78 0.3867
block 0.0006 2 0.0003 0.00 0.9997

Total error 20.676 21 0.9846

Total (corr.) 37.6545 29

R-square = 45.09 percent
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Figure 62. Pareto diagram of the process of photodegradation of BPA and persulfate as oxidant
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Figure 63 Graph of main effects in the oxidation process of BPA and persulfate as oxidant

Consequently, in the optimization phase, it was not possible to establish the effect of
degradation, since when analyzing the initial concentration, the reaction occurred. It could
be determined that the concentrations of work carried out in other investigations were in the
range of around 50 ppm for triclosan (L. Chen et al., 2019) and for BPA of 20 ppm (Olmez-
Hanci et al., 2013). These concentrations are well above the scope of this research

(0.1 ppm-1 ppm); therefore, they cannot be considered this comparable method.

5.4 Degradation Byproducts and Mineralization of the Process Photosensitization for
The Bisphenol A and Triclosan using the ZnCl2(60MeQ):

Applying the methodology mentioned in the section 4.2, and understanding the
methodological limitations, it was possible to obtain the degradation of some products for
bisphenol A such those shown in the Figure 64 allusive to 4-isopropenylphenol as
hydroxylation sub product of BPA (T. Zhang et al., 2015). In the figure 65 shown the

photodegradation of the BPA for oxidation is shown.
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Figure 64. Mass spectrum 4-isopropenylphenol
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Figure 65. Mechanism of degradation of Bisphenol A

The other by-products found in the GC/MS analysis were diethyl phthalate and dibutyl

phthalate, shown in the figure 66 and 67, which propose a possible radical route for the

degradation. Firstly, the radicals attack the aromatic ring, and phenoxyl BPA is produced,;

then it forms the phenoxyl and isopropenylphenol radicals. Later, it is transformed into its

quinone, to shape intermediate aromatics

that are formed through oxidative skeletal

rearrangement, hydroxylation, dehydration and ring cleavage products (S. Yang et al., 2018)
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Figure 67. Mass spectrum of dibutyl phthalate
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Finally, regarding the degradation of triclosan, the transformation was evidenced by the

formation of a quinoline derivative shown in figure 68 (B. Yang et al., 2011). However, the

losses of chlorines in the structure make triclosan a more oxidizable molecule and

consequently with a greater probability of photodegradability.
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Figure 68. Mass spectrum of 6-cloroquinoline

6. Conclusions

The synthesis products exceeded the expectation valued in the research, given that three
new compounds were obtained, two of which could be established by characterization
analysis that were synthesized in a satisfactory manner, because, for the characterization
technical and the change respect at the reactants and products. Specifically, in the case of
the manganese complex, it was considered amorphous, and that the thermal stability of the
manganese complex is too low, so, when placed in severe conditions of pH and temperature,

it cannot be considered a good photosensitizer in a specific condition.

In the case of the gold complex, AuCI(60MeQ)s, it is considered one of the main novelties
of this research, given that the complex showed in the STEM analysis that it has a crystalline
phase, and it was possible to demonstrate the formation of nanoparticles, a great gain of
this compound, given that this confers characteristics of insolubility (aspect that was evident
in the determination of quantum yield). Having this great feature means it can be fixed in
polymers for the immobilization of this, which increases the interest in its use for scaling.
With respect at the photosensitizing capacity, was possible to demonstrated that the reaction

in the second order, own speeds bimolecular reactions.

In the evaluation of the best condition in the photodegradation process, it was possible to
establish parameters in similar condition at natural water; in the case of the Bisphenol A

treated with EO, the parameters were: at pH 5 and initial concentration of 0.00104 mM and
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constant temperature (25 °C); in the case of using ZnCl,(60MeQ). with BPA were pH 5.0
and Initial concentration of the photosensitizer of 0.00119 mM(0.8 Abs) at constant
temperature (40 °C); in the case of Triclosan with EO were pH 5 and temperature of 50 °C
at initial concentration of photosensitizer of 0.0054 mM; in the case of triclosan with
ZnCly(60MeQ). were 50 °C and a pH of 6.0 and initial concentration of the photosensitizer
of 0.00059 mM (0.4Abs) as constant; in the case of the persulfate for the Bisphenol A and
Triclosan, it was not possible to establish the best condition because the reaction occurred
so fast that it could not be monitored, taking into account that the concentration was very
low; therefore, in relation to efficiency, undoubtedly persulfate has better characteristics in
With respect to the percentage of the photodegradation for the BPA with EO, it was around
20% and with respect to ZnCl(60MeQ). the percentage of the photodegradation it was
26%; in the case of Triclosan with EO it was around 56%; and for ZnCl,(60MeQ) it was
around 52%. In both cases, the percentage was similar and competitive. Regarding
ZnCl,(60MeQ)., there is an advantage because photobleaching rate is low as it is not
susceptible to temperature or changes in pH and the light, which makes difficult coloring.
For the mineralization, it was not possible to make complex mixes between the
photosensitizer, pollutants and buffers; therefore, to determine these values, it is suggested
that heterogeneous systems or other complementary techniqgues be made that are not

affected by the matrix effect.

Then, for the intermediary byproducts, it could be demonstrated that 4-isopropenylphenol
was obtained as product of the oxidation. The other products were possibly obtained from

the radical reactions obtained.

Finally, as a recommendation, it is important to continue investigating the synthesized
complexes and their potential applications in the case of the gold compound, since its
bactericidal application is known. With the photodegradation conditions, trying several
variables such as pH may improve optimization. In relation to persulfate, working at such
low concentrations of pollutants should be considered, making sure to use measurements

over time that allow more information about the photodegradation process.
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7. Related Academic Productivity

e Financed project: Degradacién fotosensibilizada del Bisfenol A usando complejos
de coordinacién con el ligando 6-metoxiquinolina, en solucién e inmovilizados.
Universidad Nacional de Colombia — Medellin campus, 2016.

¢ Financed project: Sintesis y caracterizacion de compuesto de coordinaciéon de un
metal de transicién con el ligando 6-metoxiquinolina y evaluacién de su capacidad
fotosensibilizadora con potencial aplicacién para el tratamiento y desinfeccion de
aguas. Fundacion para la Promocion de la Ciencia y la Tecnologia, 2017.

e Speaker in 67th Canadian Chemical Engineering Conference, 2017.

e Speaker in 3" lberoamerican Conference on Advanced Oxidation Technologies (llI
CIPOA) and 2nd Colombian Conference on Advanced Oxidation Processes (Il
CCPAOX), 2017.

¢ 4-nonylphenol: effects, quantification and methods of removal in superficial and
drinking water. Revista de Investigacion Agraria y Ambiental, 2020.

e Spectrophotometric Determination Profile of Bisphenol A in The Photodegradation

Process with Singlet Molecular Oxygen. Revista Ciencia en Desarrollo, 2020.
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