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This study aimed to enhance solar disinfection (SODIS) by the photo-Fenton process, operated at natural pH,
through the re-utilization of fruit wastes. For this purpose, pure organic acids present in fruits and alimentary
wastes were tested and compared with synthetic complexing agents. Owing to solar light, complexes between
iron and artificial or natural chelators can be regenerated through ligand-to-metal charge transfer (LMCT) during
disinfection. The target complexes were photoactive under solar light, and the Fe:Ligand ratios for ex situ pre-
pared iron complexes were assessed, achieving a balance between iron solubilization and competition with
bacteria as a target for oxidizing species. In addition, waste extracts containing natural acidic ligands were an
excellent raw material for our disinfection enhancement purposes. Indeed, lemon and orange juice or their peel
infusions turned out to be more efficient than commercially available organic acids, leading to complete inac-
tivation in less than 1 h by this novel "fruto-Fenton" process, i.e. in the presence of a fruit-derived ligand, Fe(II)
and H»O». Finally, its application in Lake Leman water and in situ complex generation led to effective bacterial
inactivation, even in mildly alkaline surface waters. This work proposes interesting SODIS and fruit-mediated
photo-Fenton enhancements for bacterial inactivation in resource-poor contexts and/or under the prism of cir-
cular economy.

1. Introduction widespread than chemical contaminants (WHO/UNICEF 2015). Water

problems are worsening in these areas. Indeed, it is predicted that close

Water scarcity and contamination are two water issues that are
tightly correlated (Daoudy et al., 2022; WHO/UNICEF, 2015). The
continuous growth of the population worldwide will endanger this finite
resource, with exponentially increasing water demand, together with an
increase in contaminant concentration in wastewater effluents. In
resource-poor contexts, where there is a lack of infrastructure and
traditional wastewater treatment plants (WWTP), biological contami-
nants, including bacteria, viruses, and protozoan parasites, are far more

* Corresponding authors.

to 230 million Africans will soon face water scarcity, and up to 460
million will be living in water-stressed areas (Daoudy et al., 2022;
McGuigan et al., 2012). Household water treatment and storage (HWTS)
interventions, such as solar disinfection (SODIS), represent a valid
alternative to traditional treatments, such as boiling, chlorination, and
filtration, and have gained popularity over the past 10 years (Chatique
and Rott, 2021; Garcia-Gil et al., 2021; Giannakis et al., 2016; Ubom-
ba-Jaswa et al., 2010). Indeed, boiling water requires energy; hence,

E-mail addresses: giulio.farinelli@umontpellier.fr (G. Farinelli), stefanos.giannakis@upm.es (S. Giannakis).

https://doi.org/10.1016/j.watres.2024.121518

Available online 24 March 2024

0043-1354/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).



G. Farinelli et al.

firewood, if used on a large scale, will increase deforestation in rural
areas where the latter is already a problem. Moreover, disinfection by
chlorine compounds is often rejected by consumers because of unde-
sirable tastes and odors; hence, there is a lack of confidence in the
proposed drinking water (Wegelin et al., 1994). However, SODIS ad-
dresses water disinfection using solar light; hence, UV rays that can kill
pathogens trigger intracellular oxidative reactions and genome damage
(Cabiscol et al., 2000; Giannakis et al., 2016; Halliwell and Aruoma,
1991; Lloyd et al., 1997; Mitchell et al., 2014; Sinha and Hader, 2002).
However, this can be further optimized. In this direction, solar-assisted
advanced oxidation processes (AOPs) present great disinfection poten-
tial (Clarizia et al., 2017; Coha et al., 2021), since SODIS is the baseline
and main enhancement of various AOPs. Specifically, the photo-Fenton
process (Fe?/H,05/hv), could result in promising applications for
resource-poor communities, compared to other AOPs that use compli-
cated equipment and expensive reagents (Fernandes et al., 2020; Maz-
har et al., 2020; Polo-Lépez and Sanchez Pérez, 2021; Roccaro et al.,
2009; Ruales-Lonfat et al., 2015; Spuhler et al., 2010). This process
generates highly reactive hydroxyl radicals according to the following
principal reaction (Eq. (1)), with Eq.2 being the bottleneck, the kineti-
cally limiting step in the regeneration of Fe>* to Fe?" (Koppenol, 2001):

Fe*t ‘Fl‘1202—>F€3Jr + OH + HO* (@)

Fe** + Hy0,~Fe*" +HO; + H* @

Irradiation accelerates the process (i.e., the photo-Fenton process),
allowing faster regeneration of Fe?! (Giannakis et al., 2016; Spuhler
et al., 2010). The process pH was perceived as the limiting factor for
photo-Fenton systems because FeOH?", the most photoactive Fe>" hy-
droxy complex, is predominant at low pH (2.8) (Spuhler et al., 2010) and
much lower at higher pH (Ruales-Lonfat et al., 2015; Spuhler et al.,
2010). Iron organo-complexes, which absorb light in the solar spectrum
and are stable at environmental pH can mitigate the pH dependency of
traditional photo-Fenton systems (Ahile et al., 2021; U.J. 2020; De Luca
et al., 2014; Gomes Junior et al., 2018; Papoutsakis et al., 2015). EDTA,
EDDS, NTA, citrate, and others have resulted in effective organic ligands
in near-neutral photo-Fenton processes (De Luca et al., 2014; Pulgarin
et al., 2022; A. 2020; Sun New Haven, CT), where the reduction takes
place through ligand-to-metal charge transfer (LMCT) between the
organic ligand and iron, with the ligand acting as the sacrificial electron
donor (Eq. (3) shows the reaction scheme (Oller et al., 2011; Roca et al.,
2011)). Other biodegradable photo-Fenton catalysts reported in the
literature act in the same fashion (Fiorentino et al., 2018). One of the
products is the oxidized ligand R°®, which can react with the dissolved
oxygen present in water to produce further ROS according to Eq. (4)
(Roca et al., 2011).

[Fe(RCOO)** + hv—Fe** + R* + CO, 3)

R+ 0,50, +CO, @

However, synthetic ligands, such as EDTA, EDDS, and NTA, are
neither cheap nor easy to access in rural areas and developing countries,
and some of these compounds have been identified as harmful (Guil-
hermino et al., 1997; Ruales-Lonfat et al., 2016). On the other hand,
natural ligands such as citric, tartaric, ascorbic, malic, and quinic acids
are cheaper than synthetic ones, biodegradable, and potentially easier to
access in developing countries, but their pure forms may still be difficult
to find in those areas. Fortunately, the fruits contain natural ligands.
Fruits and their parts are cheaper and easier to obtain than pure
chemicals and are one of the major by-products of the food industry. For
instance, in South Africa, 44 % (by mass) of food waste consists of fruits
and vegetables (Nahman and de Lange, 2013).

The idea of using agro-industrial by-products to enhance an existing
process is in line with current global issues, such as overproduction and
overconsumption in industrialized countries, along with the lack of
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resources in developing countries (Manrique-Losada et al., 2022). Citrus
fruits are particularly rich in organic acids, which have been assessed
previously, and effectively enhance the photo-Fenton process in various
contexts (Villegas- Guzman et al., 2017). According to Flores et al., 2.4 g
of organic acids per 100 g of fruit weight (FW) are present in oranges;
hence, citric acid (CA), malic acid (MA), glutamic acid (GA), and quinic
acid (QA) are also found (91.3 wt%, 5.8 wt%, 2.2 wt%, 0.6 wt%,
respectively) (Flores et al., 2012). Also, in lemon 5.5 g of organic acids
for 100 g FW, hence citric acid, malic, glutamic, and quinic acids are
present (93.6 wt%, 4.1 wt%, 1.4 wt%, 0.8 wt%, respectively) (Flores
et al., 2012). Ascorbic acid (AA) is also found in citrus fruits (Scherer
et al., 2012). Other than citric acid, other organic compounds, such as
flavonoids or tannic acids, may also play a role in the LMCT process;
however, citric acid is the predominant complexing agent in lemons and
oranges (Garcia-Ballesteros et al., 2016). It is now clear that there is an
untapped resource that can potentially enhance SODIS in a
bio-compatible way while moving towards the direction of sustainable
reuse of resources.

This work developed an applicable procedure to efficiently use
organic acids from fruit by-products and promote LMCT for the
enhancement of the photo-Fenton process to kill pathogens in drinking
water in resource-poor contexts. This study presents a systematic com-
parison of different ligands and their iron complexes with insights into
their molecular structures and roles in improving their bacterial disin-
fection capacity. First, characterization of the photoactivity of the
complexes is provided and explained via the ligand conditional binding
constant Kf’ at different pH values (i.e., 3 and 7). Furthermore, the
investigation shows improved disinfection results of the solar “fruto-
Fenton” process (from the Greek: “gppoUto” = fruit) with LMCT, using ex-
situ prepared ligands with pure forms of natural organic acids (CA, AA,
TA, GA, QA, MA), synthetic ligands (EDTA, NTA, EDDS), or directly the
pure fruit juice and their peels extract as source of organic acids ligands.
Finally, validation by disinfection of E. coli-spiked alkaline Lake Leman
(surface) water occurred effectively, even with in-situ ligand prepara-
tion, mild reagent addition, and moderate temperature/irradiation
conditions.

2. Materials and methods
2.1. Chemicals

Etylenediaminetetraacetic acid (EDTA), Ethylenediamine-N,N’-dis-
uccinic acid (EDDS), and Titanium(IV) oxysulfate solution 1.9-2.1 %
were purchased from Fluka. Sodium hydroxide 0.1 M was supplied by
Riedel de Haén. All other chemicals used in this study were purchased
from Sigma-Aldrich. MilliQ water (Millipore Elix Advantage 3, Millipore
AG) is used for the preparation of the aqueous solutions (15.8 MQ cm).

2.2. Analytical methods

A UV-VIS spectrophotometer (UV-1800, Shimadzu) was used to
measure the absorbance spectra of the complexes at different pH values
and ratios to determine the photoactivity of the iron-acid complexes. A
total organic carbon analyzer (TOC-V¢gy, Shimadzu) equipped with an
automatic sample injector (ASI-V, Shimadzu) was used for TOC mea-
surements. The evolution of the iron concentration during bacterial
inactivation was measured using the ferrozine method, and the absor-
bance was recorded at 562 nm (Viollier et al., 2000). The measurement
of the concentration of HyO» consisted of 20 pL of titanium (IV) oxy-
sulfate added to 1 mL of sample and the absorbance was recorded at 410
nm,; the detection limit of this method is 0.1 mg/L (Ruales-Lonfat et al.,
2016) (according to Regulation (EU) 528/2012 concerning the making
available on the market and use of biocidal products, a lower amount
than 0.1 mg/L of HyO5 is considered acceptable for drinking water).
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2.3. Microbial methods

All disinfection experiments are carried out using wild-type Escher-
ichia coli strain K12 (Deutsche Sammlung von Mikroorganismen und
Zellkulturen, DSMZ No. 498) as model bacterial species. This strain is
non-pathogenic and allows for a good approximation of fecal indicator
bacteria. E. coli strain storage is assured in cryo-vials containing 20 %
glycerol at —20 °C (replaced yearly). Bacterial pre-cultures were ob-
tained by spreading 20 uL of the strain onto Plate Count Agar (PCA;
Merck), followed by 24 h incubation at 37 °C (Heraeus Instruments). A
grown colony was then re-plated and spread on a new PCA-containing
Petri dish and incubated for an additional 24 h at 37 °C. This 48-h
process results in a “mother plate, ” which is stored at 4 °C and can be
used for approximately two weeks.

To prepare the bacterial stock solution from the master plate, Luria-
Bertani (LB) broth was prepared (10 g tryptone, 5 g yeast extract, and 10
g NaCl in 1 L distilled water), followed by autoclaving (15 psi, 121-124
°C, 15 min). A colony from the master plate was inoculated into a sterile
flask containing sterilized LB broth. Bacterial growth was performed as
previously described by Giannakis et al. (2022). Briefly, E. coli grown
overnight, reaching their stationary phase, were centrifuged and washed
twice with sterile saline solution (0.8 % NaCl and 0.08 % KCI), with a
final (stock) concentration of approximately 10° CFU/mL. Appropriate
dilutions were obtained before experimentation in water (10% CFU/mL
starting concentration).

Bacterial population evolution was monitored, with 1-mL samples
regularly withdrawn and spread-plated on PCA medium. Before plating,
the samples were properly diluted to ensure measurable counts of col-
onies (ideally 15-150 colonies per plate). Colony-forming units were
manually counted after 24 h of incubation at 37 °C. This method resulted
in a detection limit of 10 CFU/mL for the undiluted samples.

2.4. Experimental setup

The experiments were run by ensuring simulated solar light exposure
with a bench-scale solar simulator (Suntest CPS, Hereaus), employing a
1500-W air-cooled xenon lamp with infrared and UV-C cut-off filters.
The light intensity applied within the experiments (700-900 W/m?) was
monitored using a pyranometer and corresponds to daylight intensity in
the areas candidate for SODIS (Samoili et al., 2022). The 700 and 900
W/m? irradiance values refer to the global irradiance measured by the
pyranometer in the > 300 nm range. This includes a large portion of
UVB and all UVA wavelengths. The solar simulators used in this study
can be equipped with different combinations of filters to simulate
extreme, natural daylight and indoor conditions. This study used the
daylight combinations and the 700-900 W/m? ranged from 27.6 + 2.3
to 36.1 & 1.8 W/m? UV in the 290-390 nm range measured by a pyr-
anometer. These values were in the range of 24-36 W/m?, close to the
range encountered in Almeria, south of Spain, during the summer (Attar
et al., 2023; Gualda-Alonso et al., 2022; Pichel et al., 2023). Before each
experimental run, the reactors were sterilized by autoclaving (FVG3,
Fedegari Autoklaven AG). After each experiment, the reactors were
washed using acid to ensure iron removal, ethanol to remove any other
contaminants, and finally, rinsed with abundant quantities of deionized
water.

In lake water experiments, an intensity of 700 W/m? was selected to
delineate the contribution of the ligand-mediated process to bacterial
inactivation, with less pronounced solar effects. The experiments were
conducted by placing 500-mL plastic (PET) bottles in a water-cooled
bath containing E. coli-spiked, unprocessed Lake Leman water (with-
drawn at St. Sulpice Water Treatment Station, Switzerland).

2.5. Experimental strategy

The experiments were performed using Milli-Q water and lake water.
In the MilliQ water experiments, 100 mL of water containing
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approximately 10® CFU/mL of E. coli was prepared and exposed to
various experimental conditions by changing the iron:ligand ratio (Fe:L,
1:1,1:2, and 1:5) and the type of organic ligand. Note that an iron:ligand
ratio of 1:5 was chosen to evaluate the eventual beneficial or detrimental
role of the ligand radical formed during the LMCT mechanism, but it was
not chosen to optimize the stability of the complex. The Fe:L complexes
were prepared ex situ (i.e., in a separate graduated flask) by mixing an
iron and ligand solution for 5 min (Farinelli et al., 2020), using an iron
concentration of 1 mg/L. The complex was subsequently added to the
reactor along with bacteria and HyO2 (Scheme 1a). The Fe:L ratio is
intended as a molar ratio with the molarity of the ligands computed with
respect to 1 mg/L of iron ions, unless otherwise stated. Ten mg/L of
H,0, were added to each experiment. The pH was measured before
(with only the ligand) and at the end of each experiment (after two-hour
inactivation by the photo-Fenton process, vide infra). Lake water tests
were executed with both ex situ prepared Fe:L (as previously mentioned)
and in situ formed ligands. In the latter case, L and Fe were directly
mixed in the reactor with lake water, followed by the addition of bac-
teria and HyO5 to the same reactor (see Scheme 1b).

Furthermore, in the lake water experiments, fruit (lemon and or-
ange) juice and their peel infusions were used instead of an iron ligand.
The calculations to determine the correct quantity of juice or infusion to
dose in the reactor to obtain an Fe:L concentration of 1:2 are explained
in Eq. (5) and 6. For simplicity, citric acid was used as the reference
ligand for the calculations. Table 1 lists the results of the calculations.
The computed amount of fruit juice or infusion was added to the solution
as described in the ex situ process, replacing the ligand of synthetic
origin.

TOC(‘im'f acid in juice
TOCt'itrit' acid "1:2"

_ TOC_/’uice'%Eitrif acid in fruit — Dilution factor (5)
TOC('im'r' acid "1:2"

Volume to add into the reactor = 7‘/0_1”"_16 reacior (6)
Dilution factor
Fruit juice was obtained by compression of the lemon and orange
halves. The peel extract was obtained by boiling the peels of the two
oranges or two lemons for 30 min in 1 L of water. The application of fruit
peels is convenient compared to that of fruit juice because peels are food
waste that can be recycled rather than disposed of.

3. Results and discussion
3.1. Iron-ligand photoactivity

To understand the occurrence of an LMCT process under irradiation,
it is crucial to gain insights into the evolution of the elements to be
employed, namely their photoactivity. In this study, we used iron ions
and their complexes with organic ligands to promote bacterial disin-
fection in the presence of HyO, under simulated sunlight (900 W/m?).
Therefore, it is important to understand the photoactivity of the singular
elements, namely iron ions, ligands, as well as their complexes. First, the
absorbance of solutions of Fe(II) and Fe(III) at 5 mg/L was measured
(only for the absorbance tests, see Sla, b in the Supplementary Infor-
mation (SI)). Both the ions were photoactive in the region between 250
and 550 nm. Furthermore, by increasing the pH, the spectra of Fe(II)
increased and the Fe(IIl) spectra decreased; hence, Fe(II) hydroxides
were more photoactive, while Fe(III) hydroxides were less photoactive.
In addition, the absorbance of the ligand solution was investigated, and
all the ligands absorb between 200 and 300 nm (see Slc, d in the SI). AA
and TA exhibited the highest absorbance. Indeed, these two ligands have
the highest ability to stabilize the electron; hence, the radical species,
owing to more stable resonance structures compared to the others (Clark
et al., 2007; Pan et al., 2013) (see S2 in the SI for further details).
Therefore, the following investigations will focus more on AA, TA, and
CA, but investigate the GA, QA, and MA complexes. CA serves as a
reference, being the most studied in the literature and the most
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Scheme 1. Preparation, process, and experimental setup of each preparation and experimentation condition.

Table 1
Calculations of juice quantities added to the reactor.

Citric acid content [%)]®! TOC juice (or infusion) [mg/L]

TOC citric [mg/L]

Dilution factor Reactor volume [mL] Volume to add [mL]

Lemon juice 92 1434
Orange juice 90.37 1221
Lemon infusion 92 784
Orange infusion 90.37 773

1319.24
1103.39

126.61 100 0.790

105.89 100 0.944
721.28 68.03 100 1.47
698.56 68.03 100 1.47

abundant in fruits (Pulgarin et al., 2020; Ruales-Lonfat et al., 2016;
Seraghni et al., 2012). The complexes with the first three ligands were
studied with both Fe(II) and Fe(IlI) at different molar ratios (1:1, 1:2,
and 1:5) and pH values (5, 6, 7, and 8) (see Fig. 1). All other complexes
were observed only at pH 7 with an Fe(ILIII):Ligand ratio of 1:1 (see
Fig. 2).

Fig. 1 shows a 3D plot of the absorbance at a specific wavelength as a
function of pH and iron:ligand (Fe:L) ratio. The wavelength selected was
the one where the highest absorbance of the species was observed. For
the CA and TA complexes, the absorbance tended to increase with
increasing pH, while the Fe:L ratio did not have a significant effect.
Consistent with the absorbances detected in Figure Sla, b at high pH (7
and 8), the Fe(II) complexes absorb more than those with Fe(III), and the
opposite occurs at lower pH values (5 and 6). The same inversion does
not occur in the case of AA complexes, likely because of the predominant
influence of AA on the absorbance, independent of the central metal. On
the other hand, the Fe:L ratio had a significant influence on the AA
complexes for both Fe(II) and Fe(III). This is due to the free ascorbic acid
present at a high ratio, and its higher ability, compared to the other

ligands, to stabilize an excited state or radical forms, resulting in higher
absorbance (Pan et al., 2013).

Fig. 2 shows that all complexes were more photoactive in the UVB
and UVA regions. However, they also exhibit photoactivity in the visible
range. Specifically, the Fe(II) complexes had a higher absorbance than
those with Fe(IIl) in all cases. Nevertheless, all complexes can absorb
solar irradiation and may be used for SODIS enhancement. However, the
key to the successful application of ligand-mediated enhancement
would be to employ containers with as high UV transparency as possible,
since the visible light absorption of the complexes is very weak (Gar-
cia-Gil et al., 2020; Ozores Diez et al., 2020).

Along with the absorbance of the complexes, their quantum yield is
an important parameter to gain insights into the relative ability of the
ligand to transfer the charge to iron. According to the literature, the
quantum yield of the target complexes range from 0.25 to 0.91, and is
widely influenced by pH, stoichiometry, and the quality of the matrix.
(Abida et al., 2006; Abrahamson et al., 1994; Kocot et al., 2006; Li et al.,
2010; Sima and Makanova, 1997) Since this study aim to evaluate the
ability of extracts of fruit waste to enhance SODIS and not the ability of
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Iron + ascorbic acid, 260 nm

Il FeS04 + ascorbic acid
[ FeCI3 + ascorbic acid

b)

Iron + tartaric acid, 270 nm

Acid:iron ratio 1

‘ I FeS04 + tartaric acid
[ FeCI3 + tartaric acid

Fig. 1. 3D plots of the absorbance as a function of pH and the Fe:L molar ratio for the three complexes with iron(II) and iron(III). A) iron-citric acid; B) iron-ascorbic
acid; and C) iron-tartaric acid. [Fe>*3*] = 5 mg/L.
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0.0
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—— Fe(ll):CA 1:1
—— Fe(ll):AA 1:1
—— Fe(ll):TA 1:1
—— Fe(ll):GA 1:1
—— Fe(ll):QA 1:1
—— Fe(ll):MA 1:1

I
250

I I I
300 350 400 450

Wavelength (nm)

500

Absorbance (a.u.)

1.0

pH 7 b)

0.8 —

—— Fe(Ill):CA 1:1
—— Fe(lll):AA 1:1
—— Fe(lll):TA 1:1
——Fe(ll):GA 1:1
— Fe(ll):QA 1:1
—— Fe(lll:MA 1:1

0.6 —

250 300 350

Wavelength (nm)

400 450 500

Fig. 2. Absorbance spectra for A) Fe(I)-ligand and B) Fe(IIl)-ligand complexes at pH 7 with a 1:1 molar ratio. [Fe*"31 =5 mg/L; The notation CA, AA, TA, GA, QA,
MA is for citric acid, ascorbic acid, tartaric acid, glutamic acid, quinic acid, and malic acid respectively.

the ligands to lead LMCT, a holistic assessment of the relationship be-
tween the quantum yield and all the reaction parameters is not pre-

sented here.
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3.2. Insights into the ligand’s conditional binding constant (Kf’) and
LMCT mechanism

When a catalytic process occurs through an organometallic species, it
is also important to evaluate the thermodynamics of the interaction
between the central metal and its organo-ligand, and hence, its condi-
tional binding constant (Kf’). Kf’ is the force constant of the complexes
depending on the pH of the solution and is strictly correlated to the pKa
of the target ligand (Farinelli et al., 2020). Fig. 3 shows the Kf’ values of
the Fe(II) complexes at pH 3 and 7. Fe(Il) was selected as the reference
central ion because photoactivity experiments provided the most
promising results for the latter. Kf’ values were computed as described in
the SI (Supplementary Text S1). The synthetic ligands (EDTA, EDDS,
NTA) showed the highest ability to complex iron at pH 7, but the
strength of the EDTA and EDDS complexes decreased at lower acidic pH
values. AA resulted in the ligand with the minor ability to stabilize Fe(II)
in solution. However, despite their generally lower ability to complex
iron, natural ligands are less susceptible to the pH of the solution. This
makes the natural ligand complexes more versatile in varied environ-
ments and, hence, potentially more applicable.

Insight into the strength of the complex in solution is extremely
important to elucidate the ability of the ligand to perform electron
transfer. Indeed, it is reasonable to imagine a dichotomy between the
ability of the ligands to maintain iron in solution and their ability to
stabilize the radical species hence, to perform LMCT. Fig. 4 shows a
plausible schematic representation of bacterial inactivation pathways in
the presence of ligands.

The ligands facilitate the photo-Fenton reaction as they are photo-
active under solar light and initiate several Fenton-related actions
(Giannakis et al., 2016). Fig. 4 shows that the mechanism of reduction
includes the superoxide/hydroperoxide radical formation (0®~/HO®)
and Hp0, which can further synergically initiate the
photo-Fenttowardsard bacterial inactivation (Giannakis et al., 2016;
Pulgarin et al., 2020; Ruales-Lonfat et al., 2016).

There are two mechanisms of iron regeneration under light: via
either an inner or an outer electron transfer mechanism (Ciesla et al.,
2004). First, [Fe>*-L,] is excited to the [Fe®*-L,]* state, and i) via the
inner-sphere mechanism, L®" is formed, and [Fe?-L,.1]; in reaction
with another ligand and oxygen, the parent [Fe®*-Ly,] is regenerated, or
ii) via an electron donor (which gets oxidized) and the reaction of
[Fe2+-Ln] with molecular oxygen (Ciesla et al., 2004). Solar light is
sufficiently energetic to overpass the ligand-to-metal charge transfer
(LMCT) band only if the organic ligand is easily oxidized, thus easily
stabilizing the radical form. The one-electron oxidation of the bidentate
ligand generated within the process requires a second electron transfer
to return to stable oxidation states, which can react either by a) with the

o " EJKr (pHT)
¥ 5 Kf (pH 3)
€
T 1E7
S
[2]
S 100000
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g 1000
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Fig. 3. Kf’ computed at pH 7 and 3 for a variety of complexes with Fe(II). See SI
for the computing procedure. Please note that data related to glutamic acid
were not available in the consulted database.
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parent Fe>*-L complex, b) with oxygen, creating a superoxide radical
anion, or ¢) with other oxidants in the matrix (Ciesla et al., 2004; Sima
and Makanova, 1997). The unstable superoxide radical anions lead to
H»0; formation or induce a reduction that can cause biological damage.
Therefore, it is clear that the ligand plays an important role in facili-
tating the catalytic photo-Fenton cycle, initiating additional pathways
towards bacterial inactivation (Chatique and Rott, 2021; Giannakis
et al., 2016). The correlation between the Kf* of the complexes and their
inactivation efficacy was further underlined in this study.

3.3. Bacterial inactivation with natural ligands

Fig. 5a and b show preliminary tests to understand the best operating
conditions in terms of central ions and Fe:L ratio, compared with SODIS
and classic photo-Fenton efficacies. In agreement with the literature,
Fig. 5a shows the photo-Fenton (and photo-Fenton-like) processes with
both Fe(II) and Fe(III), leading to a faster inactivation compared to their
constituents. In addition, the process with only Fe(Il) is faster than that
with Fe(III), which is likely due to the ease of the Fenton reaction when
Fe(II) diffuses through the cell because iron already has the oxidation
state required for the Fenton reaction (Eq. (1)) (Braun, 2001). In line
with this, Fe(IIl) is not able to diffuse through the cell membrane but
requires specific transport mechanisms (Giannakis et al., 2016; Mey
et al., 2021). Therefore, Fe(II) was selected as the central ion for the
subsequent experiments.

Fig. 5b aims to define the best Fe:L ratio using AA as a reference
ligand. The graph shows that when only the ligand was present, a clear
decrease in the inactivation rate occurred with an increase in the Fe:L
ratio. This indicates that the organic ligand competes with the reaction
between bacteria and reactive oxygen species (ROS). Conversely, HoO»
enhanced the kinetics of inactivation with a concomitant increase in the
Fe:L ratio, facilitating the ligand-enhanced photo-Fenton process. This
behavior can be explained by an LMCT mechanism, which helps in the
recycling of Fe(II) from Fe(III) while simultaneously maintaining the
ions in solution. Therefore, the ligand plays a dual role in iron recycling
and solubilization; hence, a higher amount than the ligand is required.
This agrees with the explanation proposed by de Luca et al., who sug-
gested that the supplementary ligands allow to avoid iron precipitation
(De Luca et al., 2014). Figure S3 in the SI also shows AA as an example
and further confirms the beneficial contribution of higher amounts of
ligands in the presence of HyO». Figure S3a shows lower residual HoO»
concentrations with 1:2 and 1:5 ratios; hence, its higher consumption
and higher Fenton activity indiscriminately targeted bacteria and li-
gands. Likewise, the residual dissolved iron concentration (Figure S3b in
SI) is higher when increasing the amount of ligand, due to the AA
complexation, which keeps more iron ions in solution available for the
Fenton reaction, which in turn leads to faster inactivation. The optimum
balance between ligand consumption by ROS and enhanced bacterial
inactivation lies in a 1:2 Fe:L ratio in the presence of HyO». Therefore,
this ratio was chosen for subsequent experiments.

Fig. 5¢ shows the results of the inactivation tests with iron ligand
complexes in the absence of Hy0,. Overall, the complexes only
marginally enhanced inactivation compared to the standard process
(only Fe?"). Meanwhile, Fig. 5d describes the ligand-mediated photo-
Fenton process, and Fig. 5 in its entirety, shows that the ligands have a
great influence on the inactivation performance when dosed at the op-
timum ratio. An efficient LMCT process requires both dissolved free iron
and ligands in solution to allow multiple synergistic disinfection
mechanisms, as shown in Fig. 4 (Giannakis et al., 2016). In this respect,
the iron ions need ligands to remain in solution at near-neutral pH;
hence, the ligand should have an adequate Kf to stabilize iron.
Conversely, LMCT requires a free ligand in solution to allow recycling of
Fe(II) during the Fenton process through its radical structure (Giannakis
etal., 2016). Therefore, the ligand cannot create a too strong interaction
with iron otherwise it will not be free in solution, and at the same time,
its structure should be able to stabilize the radical to persist in solution
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Fig. 4. Schematic of the bacterial inactivation pathways of the solar photo-Fenton process with complexed Fe (Fe:L), with emphasis on LMCT events. The figure is
based on info from previous literature (Hou et al., 2016; Ruales-Lonfat et al., 2016).

and increase the efficiency of LMCT. The enhanced photo-Fenton pro-
cess with AA in Fig. 5b shows the optimum balance between the
above-mentioned factors owing to its ability to adequately stabilize iron
at near neutral pH but with a low Kf’ (see Fig. 3) and its highly stable
radical form involved in the LMCT. Generalizing this phenomenon, the
ligands’ effect on the photo-Fenton process (Fig. 5d) follows, in its
majority, the trends of Kf* in Fig. 3.

3.4. Bacterial inactivation with synthetic ligands

EDTA, EDDS, and NTA are well-known iron ligands that were tested
for comparison with previously tested natural ligands. First, the toxicity
of these acids to bacteria was tested (in the dark, with no iron). Figure S4
in the SI shows that the bacterial concentration is stable with all ligands;
hence, they are not directly toxic to bacteria at the selected levels of
experimental conditions.

Figs. 6a and 6b show the inactivation experiments with Fe(II) and Fe

(1), respectively, using EDTA, EDDS, and NTA as ligands, in the absence
of HpO,. The results showed a detrimental effect of the synthetic ligands
on bacterial inactivation in both cases. The slow inactivation kinetics are
likely due to the behavior of the ligands as reactive species targets
competing with bacterial inactivation. Specifically, EDTA has the
highest starting TOC and the lowest inactivation activity, whereas for
EDDS and NTA, the balance between Kf* and TOC reduction (see below
in the text and Fig. 3) is in favor of the former because EDDS is more
active. It is also noteworthy that the solar Fe-L enhanced process with
synthetic ligands did not lead to a higher inactivation compared to that
with organic acids. Hence, the baseline of the natural processes with
acids is an enhancement itself.

Conversely, Figs. 6¢ and 6d show that the synthetic ligands have a
beneficial effect on disinfection when tested in the presence of HyOo,
which is corroborated by previous studies (De Luca et al., 2014; Sima
and Makanova, 1997). This behavior can be attributed to the high Kf* of
iron at near-neutral pH, which is one of the necessary conditions for
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Fig. 5. a) Standard experiments for bacterial inactivation (solar light only, solar + H20, Solar + FeZ", Solar + Fe3*, Solar + H,0, + Fe?*, and solar + H,05 + Fe®).
The initial conditions were [Fe?t3+] =1 mg/L, [H20,] = 10 mg/L, and 900 W/m?. b) Bacterial inactivation with iron(Il)-ascorbic acid complexes at three different
molar ratios (1:1, 1:2, and 1:5). Initial conditions: [Fe** 1 =1 mg/L; [H20,] = 10 mg/L; 900 W/m?. Figures c) and d) represent bacterial inactivation with iron(II, III)-
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H,0. Initial conditions: [Fe?*, Fe?*] = 1 mg/L; [H,0,] = 10 mg/L; 900 W/m?,

efficient LMCT. However, competition between the TOC of the ligand
and disinfection efficiency could still be observed because the process
with NTA, which had the lowest starting TOC (see Fig. 7), was the most
efficient with both Fe(II) and Fe(IIl). These results further corroborate
the higher influence on the process of the ligand and its amount
compared to the influence of the central ion.

The highest efficiency of the process promoted by NTA is again
corroborated by dissolved iron and consumption of HyO, (see
Figure S5b, c in the SI), which indicates a higher Fenton activity in that
case. Interestingly, Figure S5b shows that the Fe(III)-NTA system
maintained a constant amount of dissolved iron in all the treatments,
suggesting that NTA can complex all the iron ions present in the bulk and
release them by LMCT. However, in the presence of iron(Il), the con-
centration of dissolved iron decreased at the beginning of the process.
This is possibly due to the diffusion of Fe?* ions through the cell. It is
also interesting to note that with EDTA and EDDS, the TOC was only
reduced by ~50 % compared with 70-90 % in the case of natural li-
gands. Indeed, organometallic complexes, such as those involved in this
study, are generally less susceptible to oxidative reactions; hence, the
equilibrium of the free ligand with its complexed form protects the
former from drastic degradation due to the generated ROS. This occurs

because if the ligand is bound to a central metal, it will be less electro-
negative and, hence, less prone to attack by electrophilic ROS species.
Indeed, EDTA and EDDS presented the highest Kf’ at near-neutral pH,
namely, the operative conditions of this investigation (see below in the
text). Therefore, they can properly stabilize iron in solution, thus pre-
serving the degradation of the ligand.

3.5. Fruit juice and peel infusion as additives to enhance bacterial
inactivation: the “fruto-Fenton” process

Figs. 8a and b present the results with fruit juice or infusion,
respectively, used instead of pure organic ligands to promote a natural
organic ligand-assisted photo-Fenton bacterial inactivation (“fruto-Fen-
ton”). In this study, lemons and oranges were used to obtain fruit juices
and peel infusions. Fig. 8a shows a better inactivation of lemon juice
than orange juice, and with both fruits, the inactivation was faster when
Fe(II) was used instead of Fe(III), corroborating the previous results in
this investigation. The high H,O5 consumption in both cases with lemon
and orange juice confirms the high Fenton reaction activity (see Fig. 8c,
d) in either bacterial inactivation or TOC reduction. Fig. 8c shows a
higher presence of dissolved iron in lemon juice than in orange juice,
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which likely explains the higher efficiency of the former compared to the
latter (Moncayo-Lasso et al., 2012). This result also implies that lemon
juice has the highest ability to keep iron ions in solution. In addition, in

the case of fruit juice, the efficiency of inactivation is mostly related to
the chelating agents (acids present in the juices) rather than to the
oxidation state of the iron, as can be seen with the evolution of the total
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infusions were dosed, as mentioned in Table 1. Evolution of c) total dissolved iron, and d) H,O- total dissolved iron concentrations in the photo-Fenton process for

bacterial inactivation with iron-synthetic acid complexes (EDTA, EDDS, and NTA).

dissolved iron concentration (see Fig. 8c).

Fig. 8b shows the results of lemon and orange infusions from fruit
peels. The advantage of this process is that it uses food waste instead of
juice, which is a high-value product. In this case, the oxidation state of
iron has a greater influence on inactivation than the chelating agents.
With Fe(II), both lemon and orange infusions led to complete inactiva-
tion after 60 min, whereas with Fe(IIl), complete inactivation was ach-
ieved only after 80 min. In both cases, lemons were slightly more
effective than oranges, in line with the experiments with the juices.

In addition to the initial TOC, Fig. 7 shows the final values, where a
higher TOC decrease in experiments with lemon juice than orange juice
during the reaction time was observed. As mentioned, even though TOC
elimination is beneficial for drinking water requirements, it means that
lemon juice competes more with bacterial disinfection. However, since
the inactivation is more efficient with lemon than orange juice and there
is a higher concentration of dissolved iron over time with the former, it
follows that the mixture of chelating agents from lemon juice has a
higher ability to stabilize iron in solution and lead to an efficient LMCT.
The higher disinfection efficiency, along with the higher ability to sta-
bilize iron, may also be due to the presence of other non-detectable
organic agents such as flavonoids or tannic acids that play a role in
LMCT (Garcia-Ballesteros et al., 2016). These results demonstrated that

10

lemon juice can be effectively applied, leading to an efficient
fruto-Fenton process.

3.6. Suitability of the proposed treatment for drinking water

Naturally, the question that arises in experiments using acids as
enhancements, even if they are natural organic acids, is the evolution of
the pH of the matrix. The pH can influence iron dissolution and, in turn,
lead to a more efficient photo-Fenton application. For this purpose, the
pH of the water was monitored throughout the process. Fig. 9 shows that
the pH did not change significantly during inactivation. Any ligand
addition in Milli-Q water leads to a starting pH between 4.5 and 5,
except for EDTA and EDDS, which lead to a pH of approximately 7.
These values can partially explain the activity, considering that Milli-Q
water has a starting pH <6; hence, the reduction was within the acidic
range. We do note, however, that Milli-Q water has virtually no buffer
capacity and may be subject to higher pH variations than natural waters.

In addition, according to the World Health Organization, a health-
based guideline value for pH is not necessary, although values as low
as 4 are recommended (World Health Organization, 2007). This
recommendation is to be considered as orientative; lemon and orange
juices are weak acids and their consumption does not require control,
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constant over the process, with a variation of less than one unit.

even if the pH of lemon juice itself is 2.4 (World Health Organisation,
2007), or, for example, the pH of a very well-known brand of
dark-colored fizzy refreshment is around 2.5. The final pH values of the
inactivation systems without ligands (solar/Fe(II)/H30, and solar/Fe
(II1)/H505) were 4.85 and 4.50, respectively. The pH range reached
during these experiments is acceptable for drinking water.

Besides the pH, the addition of acids increases the TOC, which is an
undesirable component in drinking water, while acting as a target for
ROS and hindering bacterial inactivation. To this end, the TOC was
monitored during the bacterial inactivation experiments (Fig. 7a). In all
cases, TOC was clearly reduced; however, its reduction has a contro-
versial effect. The TOC reduction is beneficial because a decrease in the
organic matter concentration is a requirement, for instance, in drinking
water treatment. However, the observed reduction in DOM further
confirmed the competition between ligands and bacteria, which even-
tually led to a decrease in inactivation efficiency. Here, in the less active
cases, namely CA, AA, TA, and GA, a = 90 % TOC reduction was
observed, thus a higher competition of the ligand against bacterial
inactivation. Conversely, with GA and MA, the TOC reduction was less
than 70 %, and inactivation was faster. Even though the same compe-
tition is involved when the complexes facilitate disinfection in the
presence of Hy0s, this effect is apparently mitigated because the balance
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favors bacterial inactivation in most cases (see Fig. 5b), which is
therefore likely due to an LMCT mechanism.

Figs. 10a and 10b corroborate the faster photo-Fenton inactivation in
the presence of AA, with higher HoO, consumption and higher residual
dissolved iron. This corresponds to effective Fenton reaction activity and
faster bacterial inactivation. In general, a correlation between the higher
consumption of HoO5 and higher residual dissolved iron was found for
all ligands. This indicates that these acids avoid the precipitation of iron,
thus leading to more Fe?! available for the Fenton reaction and a higher
H204 consumption through this process, even if the ligand is also a
target. However, the trend is less clear when observing bacterial inac-
tivation itself because the phenomena involved are multiple and not
easy to correlate with HoOy/iron consumption.

Finally, it is worth taking into account the potential of bacterial
regrowth. The presence of readily biodegradable organic acids consti-
tutes an excellent source of carbon for bacterial metabolism, in contrast
to natural organic matter, for example, in a river, which is predomi-
nantly not so easily biodegradable, and/or a residual of physicochemical
and biogenic processes. In our assay, we kept the samples with CA and
AA in the dark for 24 h after treatment to assess risk, but no regrowth
was observed. However, given that this was assessed only in two acids,
Milli-Q water, and only for 24 h, the outcome is not definitive, and a
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larger-scale study would be called for, especially if long-term storage of
water is envisioned.

As a provisional conclusion, we suggest that the fruit ligand-
containing version of the photo-Fenton process has notably high per-
formance without compromising water in terms of TOC and pH. How-
ever, given the fact that the experiments were performed in Milli-Q
water and, consequently, without the buffer effect and lower pH, and in
UVB-transparent glass reactors under stirring, it might be beneficial to
assess the feasibility and performance of the process in natural water
treatment.

3.7. Ligand-mediated photo-Fenton disinfection in lake leman water

Figs. 11a and 11b show the results of SODIS and fruto-Fenton-
assisted SODIS in the water of Leman Lake, in 500-mL PET bottles
without agitation. The results show that the matrix has a detrimental
effect on the SODIS and photo-Fenton processes, compared with the
results shown in Fig. 5. The higher natural pH of the matrix (8.3-8.5 vs.
<6 in MQ), along with the presence of numerous organic elements,
could reasonably affect the performance of a pH-dependent radical
process, and these results have to be taken as a benchmark for the ma-
trix. Indeed, by lowering the pH, the efficiency increased with an opti-
mum pH of 6 (see Fig. 11b). This U-shape trend of disinfection efficiency
compared to the pH in the lake water is likely due to the presence of
NOM, which can act both as an iron ligand or a strong radical scavenger
depending on the interaction with the central metal, and hence on the
pH.

Figure S6 in the SI shows that the ex situ addition of the iron:ligand
complexes (specifically with CA and AA) does not exert a significant
beneficial effect on disinfection. In addition, the higher the increase in
the amount of ligand (ranging from 1:2 to 1:10), the lower the disin-
fection efficiency. Hence, the matrix effect strongly affects the actual
application of the fruto-Fenton process. Therefore, the strategy for a
potentially “real,” field application of this process had to be adapted.

Fig. 12 shows an assessment of different iron:CA and iron:H30> ra-
tios, along with the in situ and ex situ complex preparation. Fig. 12a
shows that the in-situ preparation of the complex has a beneficial effect
on the efficiency of disinfection compared to the normal PF process. It
also shows that an iron:CA ratio of 1:1 is the optimum value. Fig. 12b
shows the effect of double the amount of iron (2 ppm compared to 1 ppm
previously used), whose results were overall beneficial.

In summary, Fig. 12 shows that an in situ preparation of the complex
can speed up the inactivation rates, and by doubling the amount of iron,
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the process is further enhanced because a lower amount of ligand is
needed to enhance bacterial inactivation. These results pave the way for
effective application of the fruto-Fenton process under field conditions.

4. Conclusions

This study provides a holistic interpretation and correlation of the
ligands’ molecular structures and thermodynamic properties (Kf') with
their efficacy in bacterial disinfection. The possibility of applying the
treatment even at alkaline pH in natural surface waters and the use of
low-cost, easy-to-use, and sustainable elements, such as fruit extracts,
satisfies the acceptance criteria for resource-poor communities and
holds potential for further field implementation.

The conclusions drawn from this study are as follows:

The less efficient variations in the ligand-mediated processes in the
absence of HyO, were those with synthetic acids (EDTA, EDDS, and
NTA), regardless of whether Fe(II) or Fe(III) was used. For the photo-
Fenton processes with Fe(II), all ligands promoted complete inacti-
vation between 60 and 80 min, except for citric acid (100 min) and
lemon juice (45 min). This indicates that natural organic acids are as
effective as synthetic acids, which are well known to enhance the
photo-Fenton process. More importantly, the efficacy of the fruit
extracts is in the same order of magnitude, which constitutes a great
find with a view to a possi application.

e From Table 2 we can state that the higher the Kf* is, less efficient the
photo-Fenton process with Fe(II) will be, from a general standpoint.
However, multiple factors must be considered and correlated with a
more rigorous case-by-case interpretation of the results. For instance,
the starting TOC by the ligand can be a target for reactive species
competing with bacterial disinfection, but at the same time, is a
necessary evil. An optimum amount of ligand that may keep iron in
solution at near neutral pH and allow efficient LMCT has to be
selected; this study defined 1:2 as the optimum Fe:L ratio. Further-
more, the higher the photoactivity of the ligand, the higher its ability
to stabilize the radical species in its molecular structure, leading to
an efficient LMCT.

Balancing all the abovementioned factors and the viability of the
ligands, this investigation concludes that AA is the best pure ligand for
enhancing photo-Fenton inactivation. Nevertheless, fruit extracts
resulted in an effective 6-logU decrease in E. coli, which is very
encouraging from the perspective of efficient solar bacterial inactivation
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Fig. 11. a) Effect of photo-Fenton and its constituents on disinfection of Leman Lake water. The pH drops 0.3 units after the addition of Fe(II) (from 8 to 7.7) and 0.2
units after the addition of Fe(III) (from 8.3 to 8.1). b) Effect of pH on the efficiency of the photo-Fenton process with Fe(II) for water disinfection. After the addition of
Fe(ID), the pH changed from 5 to 5.2, from 6 to 6.6, from 7.1 to 7.3, and from 8 to 7.
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Fe(ll):H202 = 2:10 ppm
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Fig. 12. a) Effect of iron:CA ratio after in-situ preparation during a PF/Fe(II) process using 1 and 10 ppm of iron and H,O,, respectively. The pH conditions before
and after the addition of iron were stable at near-neutral pH. b) Effect of the increase in the iron amount on the iron:CA ratio and disinfection efficiency. The amounts
of iron and H;0, were 2 ppm and 10 ppm, respectively. The pH conditions before and after the addition of iron were stable at near-neutral pH.

Table 2

Summary of the most relevant results of the bacterial inactivation time (min)
under the different conditions tested and compared with Kf* at pH 7 for each
iron-ligand complex. The iron-acid ratio was 1:2 for each ligand. The table
presents the most promising results in red, while the reference inactivation time
without ligands is bolded.

Only solar 180 min

light

Solar + H20, 180 min

Ligand Kf" (pH Fe(1D) Fe(ID+ Fe(IID) Fe(IlD+

7) H,04 H>0,

- 120 min 90 min 180 min 90 min

Citric acid 6.0E3 120 min 100 min 120 min 100 min

Malic acid 4.0E2 100 min 80 min

Quinic acid 2.8E2 120 min 80 min

Tartaric acid 1.7E2 >120 80 min 100 min 100 min
min

Ascorbic acid 7.2E-5 120 min 60 min

Glutamic acid - 80 min 80 min

EDTA 5.3E11 >120 80 min >120 80 min
min min

EDDS 5.9E6 >120 80 min >120 60 min
min min

NTA 2.7E6 >120 60 min >120 60 min
min min

Lemon juice 45 min 60 min

Orange juice 60 min 100 min

Lemon 60 min 80 min

infusion
Orange 60 min 80 min
infusion

with natural and biodegradable products in challenging contexts. In
addition, fruit extracts are the most viable elements to be employed in
this enhanced, fruto-Fenton bacterial inactivation process, since fruit
juice is easy to access and peel infusions allow the recycling of waste
material. Specifically, the photo-Fenton process with lemon juice
showed fast bacterial inactivation (45 min), high HoO5 consumption, a
good ability to chelate iron (thus avoiding its precipitation), and a
important TOC decrease in TOC. Therefore, ideal conditions for efficient
disinfection are met.
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