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Abstract: The demand for fresh water is increasing daily, requiring industries to take action to reduce
the need for fresh water. Winemaking industries represent a massive hydric impact by combining
the water consumed and the high volume of wastewater produced. The sun-driven photooxidation
process has been widely employed in removing wastewater pollutants. This work employed four
photosensitizers, Rose Bengal, AlPcS4, ZnPcS4, and TPP, for water reuse in cellars. A secondary
effluent has been investigated as a water matrix. Of all the photosensitizers (PS) employed, ZnPcS4

showed better chemical oxygen demand (COD) (23%) and phenolic (TPh) (81%) removal. The effect
of pH and concentration was also assessed for ZnPcS4. The phenolic content removal was found to
be highly dependent on the solution’s pH, as alkaline solutions improve the singlet oxygen quantum
yield where the use of a pH = 11 reached 42% and 81% of COD and TPH removal. However, a pH
higher than 7 showed higher PS bleaching than pH = 7. Three different PS concentrations were
evaluated: 3 × 10−6, 5 × 10−6, and 1 × 10−5 mol/L. The optimal PS concentration was found to be
5 × 10−6 mol/L.

Keywords: AOP; photooxidation; photosensitization; wastewater treatment; water reuse; winemaking

1. Introduction

The wine industry has a significant environmental impact, particularly in water use,
energy consumption, greenhouse gas emissions, and waste generation, which must be
reduced [1,2]. During the production process, many steps are involved, as presented in
Figure 1, from which residues and wastewater are produced with different compositions
and quantities.

Water is a critical resource in wine production, and its availability is often limited
in dry areas. In these regions, the reuse of wastewater can be an attractive option to
reduce the demand for freshwater. However, the quality and quantity of wastewater
produced during wine production can vary significantly, making it challenging to plan
and design wastewater treatment systems [3]. The characteristics of the wine produced,
the industrial facilities, the country, and the technological resources available influence
water consumption [2,4,5]. For instance, red wine production increases by 50–60% of the
water consumption compared to the production of white wine. Small- or medium-sized
wineries producing a small amount of wine have a very high water consumption ratio [3].
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In addition, the volume of water consumed is proportional to the harvest time, and larger
wineries can better manage the consumption of this resource.
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During the transformation process, the volume of wastewater produced is calculated
between 0.5 to 14 L per liter of wine produced, with an estimated water consumption of
1 to 4 L per liter of wine [6,7].

According to the International Organization of Vine and Wine, in 2022, wine produc-
tion of 260 million hectoliters was estimated, with a prevision for Portugal of 6.7 million
hectoliters [8], allowing us to predict that during the 2022 harvest season, between 6.7 to
26.8 million hectoliters of water were consumed, and between 3.35–93.8 million hectoliters
of an acidic, phytotoxic and with high organic matter wastewater, however biodegradable,
were produced [9,10]. If the produced wastewater were reused, it would be possible to
reduce the water footprint of the winemaking industries.

Due to the enormous amount of wastewater generated and its seasonality, the wine
sector needs low-cost alternative treatments to treat wastewater from wineries and promote
reuse. If the biological effluent is reused, there will be a greater possibility of coming into
direct contact with humans and the production process. Thus, it is necessary to be more
careful with the composition of the effluent that will be reused, decreasing the emission
limits and including new parameters, namely microorganisms that may negatively affect
the human organism [6].

Over the last few years, winery wastewater treatment has been deeply investigated,
aimed at implementing cost-effective wastewater treatments and waste valorization fol-
lowing the circular economy guidelines [11,12]. It was found that it is possible to obtain
platform chemicals, biofuels, heat and energy, and antioxidants [7,13,14]. Due to the
biodegradability of this wastewater, biological treatments have been employed, such as
anaerobic and aerobic, where the removal efficiency of chemical oxygen demand (COD)
was higher than 80% [15]. Using physicochemical techniques, such as precipitation, sed-
imentation, coagulation, electrocoagulation, advanced oxidation processes (AOPs) and
membrane, was also reported. However, process combinations are necessary to increase
the efficiency of removal of both recalcitrant organic compounds and ecotoxicity, with a
simultaneous reduction of investment and operational costs [4,5,10,15].

The Ioannou et al. [10] study shows that physicochemical treatments are effective for
the pretreatment of winery wastewater, reducing total suspended solids (TSS), turbidity,
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and a part of the organic content. It also reported that biological treatments are effective in
reducing the high organic load; nevertheless, they are not enough to reach the limits stated
in the European Directive 91/271/EEC [16]. It is concluded that combining advanced
oxidation processes (AOPs) and biological treatment can lead to a higher level of COD
reduction than any single-stage treatment under the same operating conditions. AOPs as
post-treatment of biological processes were found to be the most effective combination
for winery effluent treatment, permitting almost complete purification compared to AOPs
used as a pretreatment. That combination presents advantages, as chemical pretreatment
can protect microorganisms used in biological processes of different toxic and inhibitory
compounds. In addition, the use of biological pretreatment can reduce the cost of chemi-
cal treatments while providing flexibility in the residence time necessary to increase the
mineralization of organic compounds pretreatment [4,17]. Besides energy and value-added
products, wastewater reuse is a key factor in “closing the loop” of the circular economy in
industries [18,19], proving to be a sustainable resource and able to improve the production
of the culture and reduce the need for inorganic/synthetic fertilizers [18,20,21]. However,
industrial applications can also be an alternative, as the obtained wastewater follows the
directives established by the European Union [22]. Typically, effluent from the wine in-
dustry undergoes physical pretreatment, followed by biological treatment. However, it
may undergo a tertiary treatment depending on its contamination. To meet water reuse
quality standards, it is essential to implement a sequence of treatments that can efficiently
eliminate chemical/organic contaminants and microorganisms [23].

AOPs use one or a combination of chemical oxidants, such as hydrogen peroxide
(H2O2) or ozone (O3), to oxidize complex organic molecules. The oxidation of these organic
molecules occurs through an attack by free radicals, which may vary depending on the type
of oxidant used. Reactive oxygen species (ROS) generation relies on the increase of catalysts
or energy sources such as solar or artificial energy (ultraviolet radiation) that are used.
Sunlight-induced photochemical reactions involving ferric ions or carboxylate complexes in
the environment result in the formation of hydrogen peroxide and its subsequent catalytic
decomposition into a hydroxyl radical (•OH), leading to the oxidation of organic substances
in aquatic environments [24].

Traditionally, harsh chemicals or physiochemical techniques have achieved water
disinfection for reuse. However, an alternative method called Photosensitized Oxidation
(PO) has been proposed for wastewater disinfection and removal of pollutants. This
technique utilizes solar light to trigger a reaction that disinfects the water and eliminates
contaminants. PO represents a promising alternative to conventional methods, as it offers a
more environmentally friendly and sustainable approach to water treatment [25].

Singlet oxygen (1O2) is primarily generated through the irradiation of molecular
oxygen in the presence of photosensitizer pigments, such as Rose Bengal or methylene
blue, during the photosensitized oxidation processes (POPs) [26]. Both •OH and 1O2
play a crucial role in the degradation of pollutants in surface waters. In addressing the
global water scarcity problem, harnessing solar energy for water treatment presents a
promising sustainable solution. Over the past few years, considerable endeavors have been
undertaken to create and experiment with innovative water treatment technologies that
operate on solar power [27,28].

Tai et al. [29] investigate the solar-induced generation of singlet oxygen and hydroxyl
radicals in sewage wastewaters. The authors used various methods, including spectropho-
tometry and electron spin resonance spectroscopy, to measure the production of these
reactive species under different solar radiation conditions. The authors suggest that these
reactive species may play an important role in the degradation of organic pollutants in
wastewater treatment systems.

POPs are conducted in aqueous solutions with the direct action of visible radiation
and with the participation of a photosensitizer, a compound quickly energetically excited
by solar radiation. However, it is central to identify the appropriate photosensitizer for
each wastewater to achieve greater efficiency [30,31].
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In the POP, the photosensitizer (PS) is usually activated when a photon with a key
energy level is elevated, producing a short-lived molecule known as a singlet excited pho-
tosensitizer (PS1

*). With the energy photon moving back to lower energy states, an excited
photosensitizer occurs in the triplet state (PS3

*), which has a longer lifetime, allowing
different types of reaction mechanisms to occur: type I (radical photooxidation) or type II
(photooxidation by oxygen singlet (1O2)), as presented in Figure 2.
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With the type I mechanism, the photosensitizer molecule absorbs a photon of light
and becomes excited. The excited photosensitizer then interacts with a molecule in the
solution, transferring an electron and creating a radical cation. This radical cation can then
react with other molecules in the solution, creating a chain reaction that ultimately leads to
the oxidation of pollutants. In the type II mechanism, the photosensitizer molecule absorbs
a photon of light and becomes excited. The excited photosensitizer then interacts with
oxygen molecules in the solution, transferring energy and creating singlet oxygen. This
singlet oxygen can then react with organic compounds in the solution, breaking them down
and oxidizing them [32].

In both procedures, once the energy transfer has occurred, the PS returns to its ground
state and can reabsorb photons from the radiation again. However, after a certain number
of absorption and energy emission cycles, the photosensitizer undergoes photobleaching:
it loses the ability to absorb energy, and consequently, the formation of oxygen singlets and
oxidation of organic compounds are no longer available [30,33].

The use of POP for wastewater treatment, e.g., phenol and organic matter oxidation or
water disinfection associated with bacteria inactivation, has been reported in the literature.
Due to its potential, it can be utilized as a treatment method against pathogens and toxic
organic pollutants in wastewater [26,34,35].

The POP can occur in a homogeneous or heterogeneous reaction. The homogenous
reaction takes place when the photosensitizer is dissolved in the substrate. This process
promotes efficient energy transfer leading to faster reaction rates. As both are present in
the same phase, there is more chance that the energy will transfer from the photosensitizer
to the substrate. The process becomes easier to control since the concentration of PS can be
adjusted. Heterogenous POP can also occur when the PS is immobilized in a solid matrix,
such as polymers or silica. The main advantage of the heterogeneous POP is the facility to
recover the PS, as it is in a different phase [36].

This study aims to identify the most effective photosensitizer (PS) for removing resid-
ual COD and TPh from winery wastewater while optimizing the operational conditions.
In addition, it is planned to conduct further research to assess the performance of both
homogeneous and heterogeneous photosensitization. The photosensitive oxidation process
aims to treat effluents by degrading organic matter and disinfecting them to ensure their
safety for reuse. The disinfection capacity of this process was discovered in 1993. Tratnyek
et al. [37] found that effluents from textile industries exposed to sunlight for 200 min
inhibited E-coli colonies’ growth. Faust et al. [38] studied the production speeds of 1O2
when chromophore PS with a simple structure called Rose Bengal (RB) and methylene blue
(MB) aided by sunlight were employed. Comparing the two photosensitizers, RB led to a
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higher production speed of 1O2 due to higher quantum yield, presenting a higher capacity
to oxidize organic compounds than MB. Despite the favorable results, RB and MB showed
high photobleaching, making their reuse almost impossible.

The growing evolution of chemical synthesis has brought new and more complex
PS, namely phthalocyanine and porphyrin derivatives. Thus, Ozoemena et al. [39] used
and synthesized phthalocyanines associated with sulfonates or carboxyl groups, such as
zinc tetra-phthalocyanines (ZnPcS4) and aluminum tetra-sulphthalocyanines (AlPcS4) or
zinc octacarboxyl-phthalocyanines (ZnOCPc) and aluminum octacarboxyl-phthalocyanines
(AlOCPc), respectively. The most efficient photosensitizer to decompose 4-chlorophenol
was AlPcS4, whose degradation reached 65% [39]. In addition, AlPcS4 did not suffer any
bleaching during the assay and can be reused in a heterogeneous phase. Zhang et al. [40]
studied the 1O2 generation rate when using titanium phthalocyanines. These PS presented
values of quantum yields between 76% and 85%. Many photons in the radiation were used
to excite oxygen and, thus, form oxygen singlets. Therefore, it is concluded that this species
of a low lifetime may have a greater capacity to oxidize organic compounds.

The destruction of persistent pollutants, such as parabens, was investigated by
Gryglik and Gmurek [41] using tetra-replaced photosensitizers such as AlPcS4 and tetra-
sulphatophyteporphyrin (TPPS4) with the variation of the type of radiation, i.e., wave-
length. Initially, the tests were performed with simulated radiation through Xenon lamps,
as the glass and water made for the cooling jacket worked as UV. The results showed that
the photosensitized oxidation process effectively degraded the parabens mixture, with
more than 90% degradation achieved within 120 min of irradiation. The authors also
investigated the effects of various parameters on degradation efficiencies, such as initial pH,
hydrogen peroxide concentration, and irradiation time. Overall, the study provides insights
into a potential method for removing parabens from wastewater using photosensitized
oxidation, which could have important implications for environmental and human health.

The immobilized photosensitizer has been evaluated more recently as a heterogeneous
POP, allowing for PS reuse. Foszpańczyk et al. [31] used AlPcS4, supported in chitosan, to
remove phenolic compounds. The authors then tested the effectiveness of immobilized
PS in the degradation of various phenolic compounds under visible light irradiation. The
results showed that the catalysts were effective in promoting the degradation of the phe-
nolic compounds (50%), with the extent of degradation depending on the type of catalyst
used and the specific phenolic compound. The study highlights the potential of using
photosensitizing catalysts incorporated into chitosan for the heterogeneous oxidation of
phenolic compounds, which has important implications for the development of sustainable
wastewater treatment technologies. The article provides valuable insights into the mecha-
nisms underlying the degradation process and offers a new approach to addressing the
challenges associated with phenolic compound removal in wastewater treatment systems.

Porphyrins have been studied for the degradation of micropollutants. Neves et al. [42]
used H2TF5PP as a photosensitizer to remove metoprolol from wastewater treated with
a biological process. Using simulated solar radiation, the authors evaluated the effect of
homogeneous and heterogenous conditions. The author reached 90% metoprolol degrada-
tion after 12 h. During the heterogeneous reaction, with the porphyrins immobilized in
silica, the source light was evaluated as well, both simulated and real sunlight. Authors
reached similar results in both assays, showing that the removal efficiency of metoprolol is
unaffected by the immobilization or the light source.

Also, the phenol removal after the reaction was only 50%. Aimeur et al. [43] studied
phenol photodegradation using free phenalenone (PN) and immobilized it on halloysite
nanotubes using ultraviolet or visible radiation. The author evaluated the effect of pH,
initial phenol, and PN concentration, as well as the light intensity and source (UV or visible).
Their study concluded that pH values highly affect phenol degradation. Under pH 12,
it is possible to achieve a complete transformation of phenol within 120 min under UV
irradiation, while visible irradiation would require 300 min for the same transformation.
The degradation rate through photolysis was greater when using free PN than using
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a supported photosensitizer. The primary pathway for phenol photodegradation was
through a type II mechanism, with a potential contribution from a type I mechanism.

Therefore, this work will study a wine effluent that has undergone biological treatment
(secondary effluent) and will undergo advanced oxidation treatment to improve the water
quality for future reuse. Four different PS will be evaluated, as well as the pH effect and PS
concentration on phenolic (TPh) and organic matter (COD) removal.

2. Materials and Methods
2.1. Analytical Methods

Chemical Oxygen Demand (COD) was determined by employing the standard Closed
Reflux Colorimetric Method 5220 D as established in the Standard Method; Total Suspend
Solids (TSS) and Volatile Suspend Solids (VSS) were calculated using the 2540 B, D, and E
also defined in the Standard Method [44]. To determine the total phenolic content (TPh),
the Colorimetric Folin and Ciocalteu method was employed. It is based on the reduction
of a phosphomolybdic-phosphotungstic acid complex by phenolic compounds, resulting
in a blue-colored complex that can be quantified using a spectrophotometer, where the
quantity of phenolic compounds in the sample can be calculated based on a standard curve
generated using known concentrations of a standard phenolic compound, such as gallic
acid [45]. The removal efficiency was determined with Equation (1).

Removalefficiency(%) =
Concentrationinitial − Concentrationfinal

Concentrationinitial
× 100 (1)

Each PS absorbs radiation with a specific wavelength, measured by the absorbance
of AlPcS4, ZnPcS4, TPP, and RB at 675 nm, 765 nm, 515 nm, and 547 nm, respectively. The
concentration of PS was monitored using photometric methods, where the absorbance
of a sample was measured in a cuvette of 2 mL against the wastewater sample before
adding PS [39,46]. Monitoring the PS concentration over reaction time allows access to
PS bleaching.

2.2. Photosensitizers and Wastewater

For this work, four PS were evaluated, namely, Rose Bengal (RB) (Fluka), Al(III)
phthalocyanine chloride tetrasulfonic acid (AlPcS4) (a mixture of Regio isomers, Frontier
Scientific, Newark, DE, USA), Zinc(II) phthalocyanine tetrasulfonate tetrasodium salt
(ZnPcS4) (Frontier Scientific, Newark, DE, USA), and Tetraphenylporphyrin (TPP), to
remove total phenolic content (TPh) and Chemical Oxygen Demand (COD).

Complex compounds like phthalocyanines and porphyrins are used as photosensi-
tizers in photosensitive oxidation processes. Dyes, such as Rose Bengal, are also being
investigated for their potential use. Phthalocyanins are a group of macrocyclic and aro-
matic organic compounds with a wide range of applications, particularly in photochemistry.
While all transition metals can form coordination complexes with phthalocyanines, only
zinc, aluminum, and titanium form complexes that react with solar radiation, producing
metallophthalocyanins [47,48].

The emission of energy by the photosensitizer and the subsequent excitation of molec-
ular oxygen in wastewater to singlet oxygen are influenced by the degree of sulfation. The
negative charge of phthalocyanines enables their solubility in water, but it is important to
ensure they are in their monomeric form to prevent cluster formation. By reducing their ag-
gregation, sunlight can more efficiently excite the photosensitizer. Therefore, it is essential
to synthesize phthalocyanine complexes that are both soluble and in their monomeric form
when in contact with water [39,47,48].

The central ion’s nature plays a crucial role in the effectiveness of photosensitizers.
Heavy metal ions or paramagnetic metal ions increase the photosensitizer’s yield as a
triplet but reduce its lifetime in the singlet state. When phthalocyanines or porphyrins are
used to sensitize a photo-redox reaction, the active sensitizer that initiates the reaction is
the photosensitizer in the triplet state. Therefore, a longer triplet state lifetime for the photo-
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sensitizer is beneficial, as it increases the likelihood of diffusion shocks between the excited
photosensitizer and potential inhibitors. Organic compounds containing double bonds,
such as phenolic compounds, are potential inhibitors that compete with the photosensitizer
by absorbing solar radiation [48].

Figure 3 shows the absorption spectra of zinc and aluminum phthalocyanine are
very similar, with both photosensitizing agents behaving the same when in contact
with radiation.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 16 
 

 

The emission of energy by the photosensitizer and the subsequent excitation of 
molecular oxygen in wastewater to singlet oxygen are influenced by the degree of 
sulfation. The negative charge of phthalocyanines enables their solubility in water, but it 
is important to ensure they are in their monomeric form to prevent cluster formation. By 
reducing their aggregation, sunlight can more efficiently excite the photosensitizer. 
Therefore, it is essential to synthesize phthalocyanine complexes that are both soluble and 
in their monomeric form when in contact with water [39,47,48]. 

The central ion’s nature plays a crucial role in the effectiveness of photosensitizers. 
Heavy metal ions or paramagnetic metal ions increase the photosensitizer’s yield as a 
triplet but reduce its lifetime in the singlet state. When phthalocyanines or porphyrins are 
used to sensitize a photo-redox reaction, the active sensitizer that initiates the reaction is 
the photosensitizer in the triplet state. Therefore, a longer triplet state lifetime for the 
photosensitizer is beneficial, as it increases the likelihood of diffusion shocks between the 
excited photosensitizer and potential inhibitors. Organic compounds containing double 
bonds, such as phenolic compounds, are potential inhibitors that compete with the 
photosensitizer by absorbing solar radiation [48]. 

Figure 3 shows the absorption spectra of zinc and aluminum phthalocyanine are very 
similar, with both photosensitizing agents behaving the same when in contact with 
radiation. 

 
Figure 3. Molecular structure and absorption spectrum of ZnPcS4 (a) and AlPcS4 (b) (data from 
software PhotochenTM [49]). 

The molecular structure of porphyrins, like phthalocyanines, includes a porphyrin 
skeleton (C20H14N4) consisting of a heterocyclic aromatic ring with at least two different 
chemical elements at its vertices [50–52]. The most common porphyrins have symmetrical 
groups attached to the aromatic ring, such as tetraphenyl porphyrin (TPP), presented in 
Figure 4. These molecules are sensitive to changes in acidity and can break their 
coordination bond with metal ions. Porphyrins are also soluble in water and can be 
modified by sulfation or carboxylation, which affects their solubility. Compared to the 
phthalocyanine family, porphyrins have lower light absorption and do not extend into the 
near-infrared zone of visible radiation. They only absorb 37% of available solar radiation 
when exposed to sunlight [48]. However, porphyrins have a longer lifespan in the triplet 
state than phthalocyanine, which makes them more efficient in exciting molecular oxygen 
and producing oxygen singlets. This property makes them favorable for use as 
photosensitizers, despite their lower absorption of solar radiation [47].  

Figure 3. Molecular structure and absorption spectrum of ZnPcS4 (a) and AlPcS4 (b) (data from
software PhotochenTM [49]).

The molecular structure of porphyrins, like phthalocyanines, includes a porphyrin
skeleton (C20H14N4) consisting of a heterocyclic aromatic ring with at least two different
chemical elements at its vertices [50–52]. The most common porphyrins have symmetrical
groups attached to the aromatic ring, such as tetraphenyl porphyrin (TPP), presented in
Figure 4. These molecules are sensitive to changes in acidity and can break their coordina-
tion bond with metal ions. Porphyrins are also soluble in water and can be modified by
sulfation or carboxylation, which affects their solubility. Compared to the phthalocyanine
family, porphyrins have lower light absorption and do not extend into the near-infrared
zone of visible radiation. They only absorb 37% of available solar radiation when exposed
to sunlight [48]. However, porphyrins have a longer lifespan in the triplet state than ph-
thalocyanine, which makes them more efficient in exciting molecular oxygen and producing
oxygen singlets. This property makes them favorable for use as photosensitizers, despite
their lower absorption of solar radiation [47].
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Like phthalocyanine and porphyrin, Rose Bengal’s complex molecular structure is
depicted in Figure 5. However, its absorption spectrum absorbs radiation with a wavelength
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of up to 600 nm, with the highest peak of absorption occurring at 547 nm. Nonetheless,
Rose Bengal is an efficient photosensitizer, as it has a high quantum yield and transfers
energy effectively to molecular oxygen in the triplet state, producing oxygen singlet. The
increased generation of oxygen singlet makes it effective for oxidizing and decomposing
organic matter in the effluent. Rose Bengal is used at a maximum concentration of 10−5 M
when degrading chlorophenols, an endocrine-disrupting compound, to avoid aggregation
and decrease in quantum yield. However, this photosensitizer requires an alkaline solution
and is not very stable, undergoing self-degradation during irradiation, also known as
photobleaching [53].
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PhotochenTM [49]).

The wastewater was collected from the treated wastewater storage tank of a conven-
tional activated sludge wastewater treatment plant of a winery facility in the Ribatejo region
of Portugal and stored at a temperature of 4 ◦C. Table 1 presents the average wastewater
characterization.

Table 1. Average characterization of the wastewater after biological treatment.

COD
(mg O2/L)

BOD
(mg O2/L)

TSS
(mol/L)

TPh
(mg/L) pH

125 ± 65.0 17.8 ± 5.23 26.6 ± 5.35 21.9 ± 1.90 7.45 ± 0.45

2.3. Experimental Methodology

A glass reactor with a cylinder volume of 0.5 L was utilized. An air bomb supplied
the oxygen with an airflow of 4.5 L/min. Before being added to the reactor, the wastewater
pH was adjusted to the desired value by adding sodium hydroxide (NaOH) or sulfuric
acid (H2SO4). The aerator was connected, and an established amount of PS solution was
introduced according to the desired PS concentration. This process was carried out carefully
to avoid direct contact with the reactional medium and solar radiation. After starting the
stopwatch, an initial sample was removed, and the reactor was placed directly in contact
with sunlight. Pasteur pipettes of 3 mL were used to collect samples, and 9 mL of sampling
were collected during the assay time (180 min).

3. Results and Discussion

The experimental work was divided into three main sections. Firstly, the sunlight
degradation effect in the wastewater (photolysis) was evaluated by putting the wastewater
under direct sunlight. After that, the photooxidation of each PS at constant pH and PS
concentration was evaluated. Finally, the effect of initial pH on the photooxidation and the
initial concentration of PS was studied.
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3.1. Photolysis

The reactor was filled with wastewater and put under direct sunlight to assess the
solar effect on COD and TPh degradation. The assay was duplicated, with an average solar
radiation of 501 W/m2. Figure 6 presents the effect of sunlight on the degradation of COD
and TPh.
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From Figure 6, one can perceive that the COD shows a slight variation (≈11%) during
the 180 min of the experiment when compared with the TPh (≈32%). The observed variation
can be attributed to dissolved organic matter (DOM), which can act as a sensitizer in indirect
photodegradation. This process generates reactive species that can effectively mineralize
phenolic compounds [26,46,54]. As presented in Mostafa and Rosario-Ortiz’s [34] study,
when exposed to solar radiation, the organic matter in wastewater shows a higher rate
of singlet oxygen formation than the one usually reported for the natural organic matter
(NOM) present in aquatic systems. Therefore, the organic matter in the wastewater can
absorb solar radiation, reaching the excited state of triplet organic matter and promoting
singlet oxygen production [55]. O’Connor et al. concluded that the organic matter for
wastewater is able to improve the yield production of 1O2 and more energetic triplet excited
states than NOM [55].

3.2. Photooxidation

After assessing the sunlight effect, four photosensitizers were used to evaluate which
one had the best performance in removing those pollutants (COD and TPh). Each assay was
duplicated on different days to maintain the same starting time for both. Table 2 presents
the working conditions in each assay concerning the PS used, its molar concentration, the
initial wastewater pH, and the average solar radiation.

Table 2. Working conditions for each assay.

Assay PS [PS]
(mol/L)

Wastewater
pH

Average Solar Radiation
(W/m2)

A1 ZnPcS4

5 × 10−6 7.00

623
A2 AlPcS4 480
A3 RB 590
A4 TPP 444

Figure 7 shows each assay’s COD, TPh variation, and PS concentration over time.
From Figure 3b, the COD degradation did not show a wider variation, as in Figure 3c,
where the TPh removal is noticeable for all assays. Assays A1 and A3 demonstrated higher
levels of COD removal, with values of 23% and 20%, respectively. Additionally, A1 and A3
showed TPh removal rates of approximately 81% and 76%. Those removals can be related
to the high singlet oxygen quantum yield associated with the RB photosensitizer and the
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addition of Zn since heavy metals are expected to increase the singlet oxygen quantum
yield [30,56], but also to increase the solar radiation. Based on the Miller study [53], the
most significant decline in PS concentration over time resulted in a 53% reduction in RB
concentration after one hour of the experiment. A similar decrease of 48% was observed in
the current study after a one-hour treatment, whereas the ZnPcS4 maintained more or less
the same over time.
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Regarding the other experiments, the COD removal was similar for the A2 and A4
experiments. A2 showed a similar TPh removal to assay A3 (76%), whereas A4 presented
approximately 50% removal. Regarding the variation of PS concentration, A2 presented a
constant PS concentration value, whereas A4 showed a reduction of 18% in its concentration.
The higher TPh removal for assays A1, A2, and A3 follows previous studies showing that
using PS with RB, Zn, and Al improved the phenol mineralization compared with other
PS [30,57,58]. Agreeing with the Al-Nu’airat et al. [59] study, the reaction of phenol with
only 1O2, as the presence of •OH and phenoxy intermediates, was not found, leading to a
conclusion that the 1O2 effectively degraded phenolic compounds.

3.3. The Effect of Initial Wastewater pH on the Photooxidation Process

As a result of the optimal outcome obtained in assay A1, the ZnPcS4 was utilized
exclusively as the PS in subsequent experiments. The assays A5 to A7 evaluated the
Ph effect on COD and TPh removal. Table 3 presents the working conditions during
those assays.

The COD and TPH removals for assays A5 to A7 are presented in Figure 4, as well as
the variation of PS concentration.



Sustainability 2023, 15, 6861 11 of 16

Table 3. Working conditions for assays A5 to A7.

Assay PS [PS]
(mol/L)

Wastewater
pH

Average Solar Radiation
(W/m2)

A5
ZnPcS4 5 × 10−6

7.00 623
A6 3.00 310
A7 11.0 436

The pH effect is noticeable in COD and TPh removal. From Figure 8b, it is possible to
conclude that a higher value of pH promotes a higher degradation of COD (42%) and TPh
(81%). This finding is consistent with previous studies which indicated that lower pH values
reduced the activity of the photooxidation process, leading to lower removal rates [57].
In Figure 8c, one can observe the pH effect on the phenol degradation. Previous studies
reported that the TPh degradation strongly relies on the solution pH, as its degradation
rate increases with the pH value [58]. As reported by Aimeur et al. [43], using a pH of
12 improved the phenol degradation, reaching complete phenolic compounds removal. In
the first minutes of the reaction, the removal of TPh reaches its maximum for assay A7.
Assay A6 needs the total experimental time to reach the maximum TPh removal (69%). The
pH effect on phenolic compounds removal was also studied by Wenk et al. [54], where
authors stated that phenol degradation is highly dependent on Ph values. According to the
author’s findings, as the pH of the system increased from 0 to 10, the redox potential of TPh
also increased. The same is visible during this work, as the pH increase highly influences
the phenol removal.
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Another visible effect of the change in pH is the bleaching of the PS: the higher the pH
of the solution, the more degradation the PS presents (Figure 8a). For assay A6, where the
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pH used was 3, the PS concentration was almost constant during the assay, mainly due to
the difficulty of PS dissolution in an aquatic acid medium. Due to that, the PS concentration
increased due to non-homogenous samples. By analyzing those results, a pH near 7 is
preferable, as the PS bleaching is lower compared with higher pH values, and the reached
TPh removals were almost the same (81%).

3.4. The Effect of the Initial PS Concentration on the Photooxidation Process

To optimize the photooxidation process, the PS concentration must be taken into
account. The following assay set was established to access the PS concentration effect in
COD and TPh removal. Table 4 presents the operating conditions of those assays.

Table 4. Operating conditions for assays A8 to A9.

Assay PS [PS]
(mol/L)

Wastewater
pH

Average Solar Radiation
(W/m2)

A8
ZnPcS4

5 × 10−6

7
623

A9 3 × 10−6 378
A10 10 × 10−6 436

Figure 9 shows the COD and TPh removal under different PS concentrations and the
PS concentration during the assays. The results obtained from the experiment revealed that
the COD removal rates for all the assays were relatively similar (as shown in Figure 5b).
However, it is worth noting that after a 30-min exposure to sunlight, a minor decrease in
COD removal was observed for assay A10 (approximately 30%). It took a longer duration
of 180 min for this assay to achieve the highest possible COD removal rate, which was
measured at 40%.
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Upon conducting the experiment on phenolic compounds, it was observed that after a
duration of 30 min, the removal rates for assays A8, A9, and A10 reached 70%, 50%, and
90%, respectively (as depicted in Figure 9c). Notably, the assay with low PS concentration
(A9) exhibited higher PS bleaching than the other assays. In particular, during the initial
30-min duration of the experiment, assay A8 did not display any signs of PS bleaching
(as demonstrated in Figure 9a), which contrasts with the observations made for assays A9
and A10.

This fact agrees with what was stated by Aimeur et al. [43]; phenol degradation was
not affected by molar ratios of [PS]/phenol ≥ 1; otherwise, for ratios lower than 1, the
kinetics of phenol degradation decrease.

Once the main goal of the work is to recover the treated wastewater, it is important to
evaluate the toxicological effect of the zinc compounds. Some authors have studied the neu-
rotoxicity of zinc, showing promising results [60–62]. Besides affecting neuronal signaling,
Morris and Levenson concluded that zinc-mediated neurotoxicity is also associated with
regulating mitochondrial function and energy production. Additionally, the aggregation
of amyloid beta peptides in Alzheimer’s disease is another mechanism that contributes to
this phenomenon [60]. Another application of metalled porphyrins and phthalocyanines is
used in photodynamic therapy, where zinc showed promising results [63,64]. However,
as the matrix used in this study may contain other substances, neurotoxicological studies
with this matrix need to be conducted.

4. Conclusions

Using photosensitizers activated by sunlight presents a promising alternative for
removing residual pollutants from wastewater that has undergone prior biological wastew-
ater treatment. In this study, various photosensitizers (PS) were tested for their effectiveness
in removing chemical oxygen demand (COD) and total phenols (TPh) from wastewater.
Rose Bengal and ZnPcS4 were found to be the most effective, achieving removal rates of
20% and 76% for COD and 23% and 81% for TPh, respectively. However, it was observed
that Rose Bengal had a lower photostability compared to ZnPcS4.

The effects of pH and PS concentration on the removal of TPh were further investigated
using ZnPcS4. It was found that the removal of TPh was highly dependent on the pH
of the solution, with alkaline solutions being more effective due to an improved singlet
oxygen quantum yield, which enhances the oxidation rate. At a pH lower than 7, the
removal of COD and TPh was lower, at 9% and 69%, respectively. However, at a higher pH,
the removal of COD and TPh improved significantly, reaching 42% and 81%, respectively.
Nonetheless, the degradation of the PS was observed to be higher at pH levels other than 7.
Therefore, it is recommended to maintain a pH of approximately 7 for optimal performance.

Regarding the effect of PS concentration, it was observed that a molar concentration
of 5 × 10−6 mol/L demonstrated the best overall performance for the removal of TPh.
These findings provide valuable insights into the optimization of solar-based wastewater
treatment systems, which can potentially help mitigate environmental pollution. They
promote water reuse, reducing the water footprint of winemaking industries.
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