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ARTICLE INFO ABSTRACT

Editor: Jorge Bedia Nano-zero valent iron particles (NZVI) have been used for the pesticide pirimicarb degradation under simulated
solar radiation. These particles have been synthesized by extracts from agro-industrial residues, namely vineyard
and blueberry pruning, black tea and algae, so they can be labelled as “green-NZVI”. The physico-chemical
properties of these green-NZVI were compared to those of NZVI synthesized with NaBH4. The usage of agro-
industrial residues as reducing agent not only provided better performant NZVI but also evade the usage of
harmful reagents. Indeed, this process is not only within circular economy, and environmentally friendly, but
also defeats the degradation performance of the widely reported photo-Fenton process with Fe* catalyst. 96.5 %
pirimicarb degradation was achieved under simulated solar radiation within 15 min with 0.08 mM H0, and
0.16 mM NZVI synthesized with black tea extract. Further, the developed process was optimized in terms of
reagents concentration and natural antioxidant extract used for NZVI synthesis, which demonstrated a strong
effect on pirimicarb degradation due to the differences on natural phenolic compounds present on them. The
pirimicarb degradation pathway was analysed, confirming the successful pesticide degradation. In terms of HyO2
concentration, it can be reduced by its sequential addition in time. Under optimal conditions, even real effluents
can be successfully degraded.
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1. Introduction hydroxides precipitation [4]. Meanwhile, NZVI can gradually supply

FeZ* for the Fenton process, serving as an additional degradation

Nano-zero valent particles (NZV), specifically of iron (NZVI), have
been receiving a lot of attention as an easy and non-selective agent for
eliminating organic matter [1,2] due to a series of oxidation and
reduction reactions. These reactions make the usage of NZVI to be
labelled as an Advanced Oxidation Process (AOPs). Indeed, NZVI have
demonstrated activity on the self-generation of hydroxyl radicals (HO"),
which attack quickly and non-selectively the organic matter. This hap-
pens by the natural behaviour of NZVI in an oxygenated environment
(Eq. (1)) [2] where NZVI generate the Fenton reagents and conse-
quently, the Fenton reaction occurs (Eq. (2)) [3]. Thus, NZVI act as a
continuous supplier of the Fenton catalyst (Fe?h) (Eq. (1)), allowing the
achievement of similar rates of degradation when compared to homo-
geneous Fenton processes [1], without any of its disadvantages
including environmental concerns and experimental difficulties such as
the excessive iron content which is related to sludge generation and iron
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mechanism and after the treatment, they can be eliminated from the
bulb solution and even reused [2,4]. However, some of the self-
generated HyO, can react with Fel (NZVI) (Eq. (3) working as a sup-
plier of Fe?t, but leading to HyOy diminution [5]. This is why some
authors have explored the alternative of adding additional H,O5 [2,5,6].

Fe® + 0, + 2H' = Fe?t + H,0, @
Fe* 4+ Hy,0, - Fe** 4+ HO' + HO™ (2)
Fe® + H,0, + 2H" - Fe** + H,0 )

Moreover, the addition of radiation can enhance the process per-
formance due to (i) the direct photolysis of the target pollutant or its by-
products, (ii) the homolytic breakage of H;O (attained by UVC radia-
tion) [6], (iii) the regeneration of Fe2* from the spent Fe3t (produced
during the Fenton process, Eq. (2) which leads to both HO" generation
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and Fe?" constant supply (photo-Fenton process) (Eq. (4) [7] and iv) the
breakage of the iron complexes with both organic matter or hydroxides
which may be formed throughout the Fenton process [3].

Fe** + H,0 + hv — Fe?* + HY +HO' 4)

However, NZV are usually synthesized by the reduction of the cor-
responding cations by using harmful chemicals, such as NaBH4 [2,8]
which generates toxic, corrosive (BO%) and explosive (Hy) compounds
[9]. Other approach for NVI synthesis is based on calcination processes
under N, atmosphere [10], which is an expensive and complex process
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for practical applications. The usage of antioxidant extracts, prepared
from agro-industrial residues, for the reduction of metal salts to produce
NZV is proposed as an economic, quick and environmentally friendly
solution [9]. Thus, the synthesis of NZVI becomes more viable, and
simultaneously, agro-industrial residues are revalorized. This aligns
with the principles of circular economy and prevents the accumulation
of these residues on large areas of land that could be used for more
profitable objectives. Indeed, other authors have tested the utilization of
tree leaves extracts [11], mango peel extracts [12] or grape leaves ex-
tracts [13]. Nevertheless, NZVI have been mainly used for the
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Fig. 1. SEM image of NZVI with element distribution (A) and EDS results (B). Element SEM images (C-H). TEM images with x15,000 (I), x25,000 (J) and

x50,000 (K).
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degradation of dyes [12,14] or metals [9] and have never been used for
pirimicarb degradation although this pesticide is extensively used [15].

Thus, to test the performance of the above-mentioned processes,
pirimicarb pesticide was used as model pollutant. Pesticides degradation
is an issue of high priority due to their stable structure even under
adverse environmental conditions, indeed, they are persistent, possess
elevated toxicity (they are mean to fight against live organisms) and
they are highly manufactured (they are used for coping with the
extensive food demand) [7].

The aim of this research is to study the NZVI activity under simulated
solar radiation, which has been poorly studied (Fig. 1-SM: Supplemen-
tary Material). The effect of different parameters, such as H,O, addition,
catalysts dosage, treatment time and matrix influence, was studied in
order to attain an efficient pirimicarb degradation. What is more, the
unreported characterization and comparison of the reduction activity of
different agro-industrial residues for NZVI generation has been assessed.
The attained particles showed different physico-chemical properties
than those synthesized by traditional NaBH4. The green-NZVI showed
different performance on pirimicarb degradation due to the organic
compounds present of those extracts, which are consequently deter-
mined. The degradation mechanism was deeply studied, by analysing
pirimicarb by-products generation and scavengers’ experiences. Finally,
the treatment of a real wastewater and NZVI reuse was accomplished.

2. Materials and methods
2.1. Reagents and samples

Pirimicarb analytical standard (99.6 %) and FeCls-6H20 (98 %), 7-
hydroxicoumarin were acquired from Sigma-Aldrich were purchased
from Sigma-Aldrich and H20, (30 %) was bought to LabChem. Scav-
enger reagents, namely 2,2,6,6-tetramethylpiperidin-1-yl) oxidanyl:
TEMPO, sodium azide, coumarin and ethylenediamine tetraacetic acid:
EDTA (all of them 99 %) were acquired from Sigma-Aldrich. Milli-Q
water was attained from Millipore purification system (18.2 mQ.cm
resistivity). The black tea was purchased from Tetley®, the brown
(Fucus spiralis) and green (Ulva spp.) algae were collected from Porto
beaches and vineyard and blueberry pruning were donated from local
producers (Porto, Portugal).

2.2. NZVI synthesis

The NZVI were synthesized by the reduction of iron cations with the
natural antioxidant extract. The antioxidant extracts were prepared by
the addition of 2 g of the selected material into 100 mL of deionized
water. This mixture was placed in a shaker at 80 °C for 20 min, filtered
and stored in darkness conditions up to three days.

On the other hand, a FeCl3 solution 0.1 M was prepared. The quantity
of the antioxidant extract required for NZVI synthesis depends on its
nature. For instance, and as starting point, to synthesize NZVI, 1 mL of
the black tea extract was added for each 0.004 mmol of iron (40 pL of
FeCls solution (0.1 M)). This synthesis was done directly on the reactor
vials, so once the particles are generated, the degradation process starts.

For comparison aims, NZVI were also synthesized by the typical
addition of NaBHj4. For that, a 0.5 M NaBH, solution was done on NaOH
0.1 M at 5 °C, in order to maintain NaBH4 stability, avoiding Hj liber-
ation. This solution was replaced as soon as bubbles were noticed on the
containing bottle. For the NZVI synthesis, the ratio 40 pL FeCls 0.1
M:100 pL NaBH4 solution was kept, maintaining, approximately the
addition of 10 times more NaBH4 to ensure proper Fe*3 reduction [16].

2.3. Degradation set-up
11 mg/L of pirimicarb was used as the model working solution. The

degradation experiences were done on 40 mL reactor vials where 25 mL
of a solution of pirimicarb, FeCls, antioxidant extract and HyO2 were
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added (further explanations on SM). The glassy reactor vials (2.7 cm
diameter x 7 cm high, 40 mL of capacity) were closed with silicone taps
which allowed a slight volume modification as gases may be generated
through the degradation process and evaporation can occur, due to
temperature increase. The tubes were placed in aluminium foil, used as
flat parabolic collector and the radiation was given by a solar simulation
lamp (400-740 nm, 600 W from Toplanet) which was placed at 10 cm
from the glass tubes (Fig. 2-SM).

Validation experiences were done using as working matrix tap water
and real wastewaters from a Wastewater Treatment Plant (Tui, Guil-
larei). Thus, primary (physically treated) and secondary (physical and
biologically treated) wastewaters were used as matrix, and their char-
acterization is shown in Table 1-SM.

2.4. Analysis

2.4.1. NZVI characterization

SEM and EDS were measured using JEOL JSM6010LA equipment.
TEM spectra was made with the electronic microscope JEOL JEM1010
(200 kv) (CACTI, University of Vigo).

Fourier transform infrared spectroscopy (FTIR) was attained using
the FTIR Nicolet-6700 (Thermo) whereas Raman was measured with
Horiba Jobin Yvon HR800UV spectrophotometer (633 nm). X-Ray
Diffraction spectroscopy (XRD) was measured using the XPert Pro
(PANalytical) diffractometer (CACTI, University of Vigo).

UV-Vis spectra was measured using the spectrophotometer. With
that, Tauc relation (Eq. (5) was used for calculating band gap of NZVI.
Where «a is the adsorption coefficient, h is Planck constant, V is the light
intensity and Eg is the band gap [17].

(@hV)N = C(hV — E,) (5)

The electrochemical characterization was done using Nova Autolab
(Methrom) equipment. For that, an electrochemical cell of 100 mL of
NaOH 1 M was used. Using Pt wire as counter electrode, HgCl, as
reference electrode, and Ni foam (1 cmz) as working electrode where
0.25 mg NZVP were deposited. The deposition was made from a
dispersion of NZVP (0.5 mg) in EtOH (500 pL) and Nafion (30 pL). This
mixture was homogenized by an ultrasonic probe (Bandelin Sonopuls)
and drop-deposited (515 pL) on Ni foam. Under this conditions, Cyclic
Voltammetries (CV) and Electrochemical Impedance Spectroscopy
(EIS), with the attainment of Nyquist graphs, were attained.

Inductive Coupled Plasma (ICP) using the Agilent Technologies se-
ries AA (CACTI, University of Vigo) was used for measuring the iron
leaching after the degradation process. The pH of point of zero charge
(pHpzc) was measured following a modified previous procedure [18].
Thus, 5 beakers were prepared with 10 mL on NaNO3 0.1 M at different
initial pH by the adjustment with NaOH or HNOs. In each beaker, 20 mg
of NZVI were added and the system was left 24 h under magnetic stirring
(600 rpm). After that, the pH was measured and the representation of
initial pH vs. pH variation provided a line where the pHpyc was attained
by the interception of this line on the x axis.

2.4.2. Pirimicarb measurement

The chromatographic separation was achieved using the HPLC-DAD
Agilent 1260 with a Luna C;g column (150 mm x 4.6 mm, 5 pm) from
Phenomenex (30 °C) using a previous method [19] with slight modifi-
cations detailed on SM.

2.5. Process evaluation

2.5.1. Process selection

To begin with, a comparison of the pirimicarb degradation under
different photo-based conditions was carried out. For that, traditional
photolysis and photo-Fenton (Hy0, + Fe?") processes were assessed.
Moreover, photo-Fenton-NZVI was evaluated, that is the photo-Fenton
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Fig. 2. Absorbance spectra of NZVI (A) and Tauc plot (B).

process using NZVI of iron source instead of Fe?*. For the synthesis of
NZVI, tea extract was added, and consequently, its influence on degra-
dation was independently assessed, as well as that of HyO, and the
combination of tea extract with HyO,. Moreover, the performance of
NZVI under radiation was also tested (without H,O, addition). More-
over, the photoactivity of “old NZVI” was tested, that is NZVI which
were synthesized, filtered and storaged instead of synthesized in situ on
the reactor tubes as aforementioned described (Section 2.2). Out of the
optimal process, the comparison of the pirimicarb degradation under
darkness conditions was also made.

2.5.2. Process optimization

H»0; concentration effect was studied (0.005-0.08 mM) fixing NZVI
concentration at 0.16 mM). Likewise, NZVI concentration was optimized
(0.04-2.88 mM) keeping H205 concentration at 0.02 mM. Subsequently,
the NZVI synthesis process was studied with different agro-industrial
residues, by optimizing the required volume of extract for achieving
complete Fe3* reduction using the spectrophotometer (Thermo Scien-
tific, evolution 300) and measuring the extract colour change at 596 nm.
The augmentation on absorbance is directly related to NZVI generation
(black colour). Therefore, when the absorbance starts to decay, is the
point where no more NZVI are generated and the iron solution
(yellowish) only dilutes the black colour (NZVI concentration). Then,
the NZVI synthesized with various extracts were used for pirimicarb
degradation under the optimal conditions on terms of HyO9 and NZVI
concentration.

2.5.3. Extracts phenolic content and antioxidant activity characterization

In order to understand the attained results and to explain the
degradation capability of the NZVI synthesized with different agro-
industrial residues extracts, a deep characterization was done as
described in detail by Moreira et al. [20]. Thus, the antioxidant activity
and the phenolic composition of the extracts prepared from the agro-
food wastes were characterized by different spectrophotometric and
chromatographic assays (SM).

2.5.4. Degradation mechanisms

2.5.4.1. Scavenger experiences. To understand the generation of oxidant
species throughout the treatment, scavenger experiences were done. For
that, 2 mM of TEMPO, sodium azide, coumarin or EDTA were added to
the reactor vials in order to quench different reactive species. The
observed reduction in degradation performance compared to experi-
ments without scavenger addition is directly related to the influence of
the scavenged substance on the degradation process [21].

2.5.4.2. Hydroxyl radical generation. HO" generation was measured by
mixing 200 pL sample with 2 mL solution of coumarin (2 mM) which
reacts with 29 % of the produced HO', producing 7-hydroxicoumarin
which exhibits fluorescence at a wavelength of 455 nm [22]. This
fluorescence emission was measured using the Jasco FP-8300 fluorim-
eter. By establishing a calibration curve, it was possible to determine the
concentration of HO" in the reaction mixture.

To achieve this, degradation experiments were conducted by repli-
cating the experimental set-up, but replacing the pirimicarb solution
with deionized water. Consequently, the addition of the antioxidant
extract along with FeCl3 0.1 M solution facilitated the in situ synthesis of
the desired NZVI. These NZVI generated HO' themselves, and samples
were collected at regular intervals to assess the concentration of them
over time.

2.5.4.3. By-products. The generated by-products were measured at
CACTI on University of Vigo with the HPLC-MS (Hewlett-Packard
5989B) with a ZORBAX Eclipse XDB-C18 column (Agilent), flowing the
procedure detailed on SM.

3. Results and discussion
3.1. NZVI characterization

3.1.1. FTIR

The generation of radicals by NZVI is noticed on FTIR spectra (Fig. 3-
SM-A), where the peaks between 3,700 and 2,500 cm ™! are caused by
the stretching of the formed H-O bonds [13]. Moreover, the signal be-
tween 400 and 800 cm ! has been related to Fe-O stretching on Fe3O4
which intensity is diminished by the presence of organic molecules from
the green NZVI synthesis [14]. At 1630 cmla peak related to adsorbed
water is found [1]. The remaining tea extracts can be detected on C = O
and C-OH bonds appearing at, respectively, 1,681 and 1,061 em L

3.1.2. SEM and TEM

SEM images (Fig. 1) demonstrate the successful synthesis of NZVI,
where a structure of Fe is formed within the remaining organic content
of the reducing agent. Moreover, oxygen can be clearly detected,
demonstrating HO" were formed and ended up by forming HO- bonds. P
and Cl are also detected due to the usage of the natural extract and FeCls
as precursors. Moreover, the homogeneous distribution of the elements
(Fig. 1-C:H) indicates a successful synthesis.

Regarding TEM images (Fig. 1-I:K), particle size is around 200-500
nm, due to agglomeration which is common in NZVI [23] and favours
their separation from the treated effluent, working as an heterogeneous
catalyst. The attained NZVI showed amorphous shape which may be due
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Table 1
Pirimicarb intermediates analysed during the photo-Fenton-NZVI treatment.
Compound  Structure Main peaks Reference
(m/2)
I 137 195, 239 This study,
= [15,35]
N
R \N)\T/
\N/K0
I 275 This study, [50]
=
|N
)\ =0
o \N T
\N/K0
I 154, 166 This study, [15]

=

X
o N
\Tko

v 123,98, 72
=
N
HO N T

\% 123, 140

PN

HO N NH,

This study,
[33,65]

This study, [15]

VI N 98 This study, [66]

to the quick synthesis process and the fact oxygen bounds metal oxides,
forming more nucleation sites [14]. Indeed, other authors have pre-
sented spherical structures after NZVI synthesis with NaBH4 because of
this being a slower synthesis process. These amorphous structures can
promote more easily the degradation process due to a higher available
surface area (although BET is almost insignificant on NZVI [24]).

3.1.3. XRD

XRD results demonstrate the non-crystalline structure of NZVI
(Fig. 3-SM-B) which may be explained by the rapid synthesis process and
the presence of an heterogeneous organic content on the antioxidant
extract [24]. Indeed, it has been reported the obtaining of amorphous
XRD profile for green-synthesized NZVI [11,24].
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3.1.4. Band gap

The UV-Vis spectrum of NZVI was measured (Fig. 2-A) where one
can detect the small peak at 270 nm which is characteristic of NZVI [8].
It can be seen on the normalized absorbance spectrum how even though
maximum absorbance peaks are placed at the UV range, visible signal do
not drop under 30 %, meaning NZVI keep adsorbing on the visible range,
which make them to be also activated under visible radiation. Indeed,
applying Tauc formula (Eq. (5), different band gaps were calculated,
between 1.3 and 4.5 eV (Fig. 2-B). This defeats previous data on NZVI
performance where visible adsorption was negligible [12] or where
unique band gaps were attained [17]. Thus, the green and quick syn-
thesis hereby proposed may promote an enhancement when compared
to these previous studies where NaBH,4 was used as reduction agent. This
is in concordance with other authors who have reported the presence of
multiple band gaps on structures with defects [25] which is related to a
quick synthesis process and the presence of different organic molecules.

3.1.5. Electrochemical characterization

Latest studies have previously presented electrochemical studies for
the characterization of NZVP. For instance, Arularasu et al. [14] used
EIS to characterize green synthesized NZVI and Pirsaheb et al. [26] have
measured CVs of their NZVI, as the electrochemical behaviour indicates
the suitability of this catalyst to be used as a degradation tool [14].

CV results are shown on Fig. 3-A where a pre-oxidation peak appears
at 1.55 V, demonstrating some H" accumulation takes place, although at
high potentials, leaving the degradation pathway as the spontaneous
reaction [27]. Indeed, it can be seen how a pre-reduction peak appears at
1.48 V, demonstrating those particles act as highly reductive catalysts
[26]. Tafel slope is related to the speed of the reduction reactions, the
small value attained demonstrates a high current response for a given
potential [28], indicating a good electron transfer [29]. Fig. 3-B dem-
onstrates NZVI provide a unique arc on the Nyquist plot, establishing a
single relaxation process is happening with an increase on the boundary
resistance, caused by oxygen adsorption on the n-type conductivity
surface [14].

3.1.6. Point of zero charge

The pHpyzc of NZVI resulted 3.89 (Fig. 4-SM). Usually, this type of
particles possesses a neutral pH. In this case, the acidification of the
structure can be caused by the presence of organic acids on the black tea
extract (section 3.2.2.3).

3.2. Process evaluation

3.2.1. Process selection

The comparison of several photo degradation processes was carried
out. Initially, the simulated solar degradation of pirimicarb was tested
and it was undetectable during 15 h. Then, several NZVI experiences and
its controls were carried out (Fig. 4) fixing NZVI at 0.16 mM and H50; at
0.08 mM, if added.

The synergistic combination of NZVI and photolysis was evaluated.
For that, the previously used black tea extract was employed as reduc-
tion agent of the FeCls. As it can be seen, NZVI caused 23 % pirimicarb
degradation thanks to the self-generation of HO" (section 3.2.5.2). HyO2
addition increased pirimicarb degradation from 23 % to 97 %. This can
be explained by the Fenton process (that is the reaction between Fe?*
and Hy02 which produces HO® which degrade organic matter [3]) or due
to Fe® (NZVI) which also promote Fenton-like reactions [1]. This process
would be named photo-Fenton-NZVI (NZVI + Hy0; on Fig. 4).

To understand the influence on pirimicarb degradation of HoO5 and
black tea extract, their individual effect was also evaluated. As it can be
seen on Fig. 4, photo-H202 caused around 35 % degradation due to the
generation of some radicals with radiation, as it has been reported that
H30, self-decomposition does not generate radicals [1]. The addition of
the black tea extract leaded to 9.5 % pirimicarb degradation (Fig. 4),
which may be caused by the presence of some photoactive organic
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Fig. 4. Pirimicarb degradation after 15 min under simulated solar radiation with 0.16 mM Fe, 0.08 mM H,0, and 1 mL of black tea extract on the required

experiences.

compounds which generate oxidant species (section 3.2.2.3). The com-
bination of both black tea extract and HyO5 leaded to 24.7 % pirimicarb
degradation indicating a 10 % detriment when compared to HyO- alone
(Fig. 4). This can be caused by the antioxidant behaviour exhibited by
the compounds present on black tea extract [30], acting as HyO5
scavenger.

The NZVI synthesis is immediate and usually it is made on the bulk
solution (so-called in situ). However, the approach of synthesizing the
particles separately (ex situ) and adding them to the pirimicarb solution
(so-called “old NZVI” in Fig. 4) was also tested with the addition of
H,0,. This approach results in a pirimicarb degradation reduction of
around 40 %, demonstrating that the direct in situ synthesis is not only
easier to apply, but also more effective. This is related to the fast self-
oxidation of NZVI, and thus, synthesis and application should be as
close as possible [31].

Moreover, the obtained results were also compared with the typical
homogeneous photo-Fenton process (labelled Fe + Hy05 on Fig. 4). As it
can be observed, the pirimicarb degradation only reached 56 %, high-
lighting the fact Fe?" is converted to Fe>* which results in the Fenton
process performance to drop [3] when compared to photo-Fenton-NZVI.

Taking into consideration the obtained results, the best performance
was attained with photo-Fenton-NZVI. This process has the potential of
degrading almost completely (96.5 %) pirimicarb within 15 min. This

process was compared to dark Fenton-NZVI (Fig. 5-SM-A), confirming
the powerfulness of this solar-photo-Fenton-NZVI process. Under dark-
ness conditions, the degradation reached a maximum 60 % degradation
after 10 min. This can be caused by an excess of Fe>* and Fe hydroxides
which could be, respectively, regenerated and broken by radiation [3,7]
on the photo-Fenton-NZVI process. Indeed, other authors have demon-
strated the degradation enhancement of the photo-Fenton-NZVI process
when compared to Fenton-NZVI. Thus, dark Fenton usually gets to
steady degradation rates (Fig. 5-SM) [32] due to the disappearance of
H50, and Fe?" as time passes, caused by HyO, conversion into HO" and
HO™ thought the Fenton reaction and the generation of Fe hydroxides
and organic complexes [4,6]. Indeed, a previous study carried out by
Bao et al. [16] demonstrated the Fenton degradation with NZVI was
initially fast and then the degradation was slower, due to the limitation
of the Fenton reagents. Those results are in concordance with the kinetic
studies made (Fig. 5-SM-B), where Fenton-NZVI process showed two
kinetics trends whereas photo-Fenton-NZVI process reported a constant
degradation increase. There, pseudo-first order kinetic model fitted well
the data, due to the effect of HO" concentration on the degradation
process [33]. The kinetic constants (table 2-SM) highlight the initial
(2.5 min) faster pirimicarb degradation of the Fenton-NZVI process. This
higher degradation rate when compared to photo-Fenton-NZVI can be
caused by the H,O5 or NZVI decomposition under radiation application.
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Nevertheless, Fenton-NZVI process achieved, after the initial 2.5 min, a
steady degradation rate, whereas solar radiation on the photo-Fenton-
NZVI keep the process going due to NZVI activation and Fe complexes
breakage [3].

3.2.2. Process optimization

3.2.2.1. Hy02 concentration. Photo-Fenton-NZVI process was conse-
quently selected as the optimal process. Then, HO, concentration effect
was studied, which was varied between 0.005 and 0.08 mM. With this,
the process was optimized working at HoO5 concentrations far below
those previously reported [36-38]. As noticed on Fig. 5-A, the increase
on H,05 concentration led to a higher pirimicarb degradation, due to its
direct relationship with HO" generation [39]. H3O2 is an unstable and
explosive reagent, difficult to storage and transport [40] which utiliza-
tion is mean to be reduced; therefore, HyO, concentrations higher than
0.08 mM were not even assessed. Considering this and the high catalytic
behaviour of NZVI [2], in the present study, 0.02 mM was set as working
H20; concentration to avoid an excess of it and to have the opportunity
of optimizing the process by other means.

H50, addition enhances the process due to the initial radical’s gen-
eration. Moreover, the remaining iron on the solution can lead to the
photo-Fenton process. Indeed, Tsai et al. [34] tested the 10 mg/L pir-
imicarb degradation under simulated visible radiation (similar condi-
tions to this study) without HoO5 addition by using Pt/AgInS; and they
needed 24 h to attain almost complete pirimicarb degradation. Thus,
even though Hy0, usage should be reduced, the addition of 0.08 mM in
this research enabled to reduce the pirimicarb degradation time to 15
min. This is in concordance with Vidot et al. [41] who defended the
importance of the iron content stating that using three times Fe>* con-
centration with regard to HyO concentration ensures the complete
conversion of the latter into HO" during the Fenton reaction.

3.2.2.2. NZVI concentration. NZVI concentration effect was evaluated
from 0.04 to 2.88 mM at 0.02 mM of H50-. These concentrations were
also far below the NZVI concentrations used on degradation processes
[38,42], reducing then the iron leaching below 0.11 ng/L. According to
the results expressed in Fig. 5-B, increasing the NZVI concentration from
0.04 to 0.16 mM caused a gradual 24 % enhancement on pirimicarb
degradation, which can be explained by the augmentation of active sites
[43] and the possibility of decomposing more Hy0; into HO" [2]. These
results are in concordance with Li et al. [39] who also detected a 12 %
increase on 2,4-dichlorophenol degradation when augmenting 4 times

Pirimicarb degradation (%)
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the NZVI dosage. These authors highlighted how the higher amount of
NZVI favoured the HO' generation. However, increasing the iron con-
centration from 0.16 to 2.88 mM, leaded to a pirimicarb degradation
reduction of 85 %. This phenomenon can be explained by an excess of
catalyst which not only leaded to radiation scattering but also to NZVI
agglomeration causing a limitation on mass transfer [43].

Moreover, taking into account that HyO is being added, the effect of
the photo-Fenton process should also be considered as it has been re-
ported that high iron concentrations lead to competitive reactions with
H50,, diminishing the degradation performance [44]. Another draw-
back of an excess of iron concentration is related to the fact that HO" can
be consumed by the excess of NZVI [2].

Additionally, the use of lower iron concentrations favours the anti-
oxidant compounds present on black tea extract to behave as pro-
oxidants, and in the case of high iron concentrations, the iron chela-
tion and antioxidant behaviour of the extract is more evident [41]. This
can be explained by the fact that some chelants of Fe™ and Fe>* favour
the Fe?" presence and others its solubilisation [45]. Demir-Duz et al.
[44] worked with a slightly higher iron concentration (10 mg/L = 0.17
mM) and considered their degradation process to be green enough to be
applied in the future. Likewise, Yu et al. [46] used much more NZVI
(approximately 6 mM NZVI = 0.35 g/L) for achieving 99.38 % degra-
dation of the pesticide. Their process took half an hour, demonstrating a
slower degradation rate which may be caused by the NZVI being trapped
on biochar, or the usage of NaBH, as reducing agent, causing structural
NZVI modifications and impeding the pro-oxidants of the natural ex-
tracts used in this study. Consequently, the hereby selected optimal iron
concentration (0.16 mM) is low enough to be fitted into the zero-
discharge concept. Nevertheless, NZVI can be separated through filtra-
tion or centrifugation avoiding the drawbacks of working in homoge-
neous mode, although the degradation performance is comparable.

Even though 0.16 mM of NZVI was selected as optimal working
concentration, tests with the higher iron concentration were done in
order to know if naturally iron polluted effluents, such as the ones
coming from the steel company [47] or mines [48] could be used for
NZVI synthesis and subsequent degradation processes. Indeed, the pro-
cess performance with 2.88 mM of NZVI can be enhanced with higher
H30, concentrations (0.5 mM or 1 mM of Hy03) resulting in a pirimicarb
degradation of 77.8 and 100 %, respectively. This demonstrates that
different iron sources can be used for NZVI synthesis and that the sub-
sequent degradation can be buffered by H202 concentration
modifications.
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3.2.2.3. Antioxidant extract selection. In order to assess the plausible
synthesis of NZVI with other agro-industrial wastes, a deep comparison
and characterization of the selected extracts was done and the results are
explained on SM.

3.2.3. Kinetic studies

Afterwards, a kinetic study was performed in order to study the
degradation behaviour and to stablish the best treatment time, consid-
ering oxidation processes based on radical generation are usually quite
fast [47-49].

As can be observed in Fig. 9-SM, under the optimal conditions
(blueberry pruning extract with 0.02 mM H303 and 0.16 mM iron), 15
min were enough to achieve 82 % of the maximum degradation
accomplished in 3 h. Indeed, Fenton-based processes do not have the
potential to continue over time being almost complete after the first 30
min [47-49], although radiation application favours a slight continuity
on the degradation process. Moreover, increasing the HoO, concentra-
tion to 0.08 mM would have enhanced the process continuity (Fig. 5-
SM).

As it can be noticed through Table 4-SM analysis, data is better
adjusted in this case to a second-order kinetic. The higher degradation
capacity of NZVI synthesized with blueberry pruning extract, as well as
the higher pro-oxidant behaviour of this extract when compared to black
tea extract (Fig. 5-SM) may favour the two-degradation pathways:
Fenton reaction and active nZVI degradation. Similar results were
already reported by Marcelo et al. [49] who degraded reactive blue 4
with NZVCu and the degradation profile with time was also adjusted to a
second-order kinetic. The hereby attained degradation rate for pir-
imicarb is much better than the previously reported for the degradation
of similar compounds. For instance, Chong et al. [43] attained a value of
0.006702 min ! (compared to the hereby attained 0.015 min_l) for the
nitrobenzene degradation with NZVZn coupled to ultrasounds. Also, Li
et al. [39] tried to degrade 2,4-dichlorophenol employing higher H,O4
and NZVI concentrations (10 and 9 mM, respectively) and reported a

kinetic constant of 0.0036 min .

3.2.4. Validation

3.2.4.1. Comparison with previous studies. The attained pirimicarb
degradation rates defeat previous reported results (Table 5-SM). In fact,
the catalyst efficiency was calculated by the amount of pirimicarb (mg)
degraded per time (min) and quantity of catalyst (g), so the data can be
discussed homogeneously. As it can be seen, NZVI on this optimized
photo-Fenton-NZVI process present very competitive results. Indeed,
only our previous study defeats the catalyst efficiency [33]. On that case,
pirimicarb degradation was much faster due to the application of an
external electrochemical field at acid pH and with homogeneous Fe3* as
catalyst. The implementation of NZVI at a neutral pH, eliminating the
need for an electric field, lowers the overall costs of application. This
brings the application of this process closer to reality. On the other cases,
the hereby reported data present progress towards future economically
feasible usages. Hence, this catalyst efficiency (73.85 mg/g-min) defeats
the data reported by Wu et al. [35]. These authors used BiVO4 with an
extremal Hy05 concentration (30 mM) to attain in 4 h almost complete
pirimicarb degradation (10 mg/L) under simulated visible light. Their
catalyst may be less photoactive than the NZVI employed in the present
study as, even after having optimized the process, their pirimicarb
degradation was slower under similar conditions. Similarly, Tsai et al.
[34] required 24 h for 85 % degradation of a 10 mg/L pirimicarb so-
lution under visible degradation with a Pt/AgInS, catalyst, which makes
the process more expensive due to the usage of rare elements and the
complex synthesis process. Another example was brought by Chen et al.
[15] who used ZnMoOy4 to activate PMS and photodegrade pirimicarb.
Nevertheless, the achieved efficiency was much lower (0.54 mg/g-min)
even though they used UV radiation and higher oxidant concentrations.
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Likewise, Alfaya et al. [50] got low catalytic efficiencies due to the long
treatment times required to achieve complete pirimicarb degradation.
Those results could have been improved by the coupling of visible ra-
diation and the addition of an antioxidant extract, using the mine sludge
they employed to generate NZVI.

Considering this is the first study when NZVI are used for pirimicarb
degradation, other studies related to green-NZVI have been listed for
comparison aims. Indeed, several works are based on the degradation of
bromothymol blue with green-NZVI and the catalytic efficiency was
extremely high. This can be related to their higher HyO concentration
or the fact bromothymol blue may be easier to degrade, considering
pirimicarb has been reported as a highly stable pollutant [15] (Table 5-
SM). Otherwise, the other studies attained a much lower efficiency
which can be related to the process synthesis. In fact, Wang et al. [51]
synthesized NZVI with eucalyptus leaves, obtaining NZVI which showed
a spherical shape whereas ours had a sharper structure, which may
favour mass transfer and the degradation process. This difference can be
caused by the lower reduction activity of the leaves extract, making the
synthesis process slower [46].

3.2.4.2. Comparison with NZVI synthesized by NaBH4 reduction. In order
to assess the differences between the environmentally friendly process
(reduction with blueberry pruning extract) and the typical NaBH4
reduction for NZVI synthesis, both NZVI-extract and NZVI-NaBHj,
respectively, were compared for pirimicarb degradation (Fig.10-SM). As
it can be noticed, 20 % of degradation enhancement was attained with
the green-NZVI. Thus, these particles not only are inexpensive to syn-
thesize and environmentally friendly, but also more active. This better
performance on the pirimicarb degradation can be caused by the
aforementioned effect of the pro-oxidant compounds on the extract
(section 3.2.2.2). Moreover, the usage of a different reducing agent may
affect the physico-chemical properties of the attained NZVI. Thus a deep
characterization and comparison of NZVI-extract and NZVI-NaBH4 was
carried out.

To begin with, PZC of the new NZVI-NaBHy particles was assessed
(Fig. 11-SM). PZC was determined to be 5.64, much higher than the 3.89
of the NZVI-extract. This can be caused by the generation of hydroxide
groups during the synthesis process (Eq. (7) [16].

Fe?t + 2BHj + 6 H,0 — Fe + 2B(OH); + 7 H, )

This disparity on the PZC may cause variations on the interaction of
the NZVI with pirimicarb considering its speciation with pH (Fig. 12-
SM). The initial working solution had a pH of 5, consequently, pir-
imicarb would be both neutral and positively charged. At this working
pH, NZVI-extract would be positively charged (because of their PZC to
be below working pH) and NZVI-NaBH4 may be slightly negatively
charged. This can favour a significant pirimicarb adsorption into NZVI-
NaBH4, which might interfere on mass transfer and consequently
degradation performance (Fig. 10-SM) [52]. Oppositely, some authors
have alleged this catalyst-pollutant adsorption is beneficial to get higher
degradation rates, and thus, the fact that AOPs are more efficient at acid
pH can counteract this advantageous effect [53,54]. Indeed, Nguyen
et al. [54] degraded more easily the positively charged crystal violet dye
at acid pH although their photo-Fenton catalyst (AgaMoO4/MIL-101
(Fe)/Ag composite) had a PZC of 6.4. Thus, the catalyst would be
positively charged, causing catalyst-pollutant repulsion which the au-
thors defended was favourable considering the acid environment for
FeZ* liberation for their photo-Fenton process.

Nevertheless, this pirimicarb adsorption into NZVI is difficult to
assess, considering NZVI have themselves redox capacity for pollutants
degradation. After 30 min contact of 11 mg/L of pirimicarb with 0.16
mM of NVZI-NaBH4 or NVZI-extract, a pirimicarb reduction of, respec-
tively 12.3 % and 5.9 % was attained, demonstrating qualitatively NZVI-
NaBH4 show some adsorption capacity, considering their catalytic
performance is worse than NZVI-extract (Fig. 10-SM). Thus, the
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differences on pirimicarb degradation with both NZVI can be related to
their PZC.

Additionally, XPS analysis were done (Fig. 6). Survey spectra shows a
higher Fe content on NZVI-NaBH,4 which is related to a clean signal
which is covered by organic compounds on the NZVI-extract. Fe
deconvolution show different Fe 2p peaks, related to Fe2t (710.1 eV))
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and Fe3t (712.0 V) [10] due to superficial passivation [55,56]. The
oxygen content is higher on NZVI-extract, which is related to a higher
oxidative behaviour, considering NZVI generate HO" and other
oxygenated radicals which are anchored to the NZVI-extract surface.
Indeed, O deconvolution show the main O peak on NZVI-extract is
associated to organic O and it shows some adsorbed water (534.3 eV)
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Fig. 6. XPS survey and deconvolution spectra for NZVI-extract and NZVI-NaBH, catalysts.
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due to its positively charged surface (PZC = 3.89) which attracts water
adsorption. On the case of NZVI-NaBHy, Fe-O peak (529.9 eV) is clearly
noticed because of NZVI presence [57] whereas on NZVI-extract, the
organic content hinders the proper detection. Indeed, Yang et al. [56]
detected this Fe-O peak after their NZVI were used, damaging the sur-
face and favouring Fe-O detection. C deconvolution shows a richer C
state mixture on the NZVI-extract surface due to the variety of organic
compounds present on the antioxidant extract.

FTIR and Raman spectra were made in order to determine the
different functional groups on NZVI-extract and NZVI-NaBH,4 (Fig. 7).
Significant differences were found on the Raman spectra. Thus, NZVI-
NaBHy depicted a broad peak (1,200-1,700 em™1) due to carbon-based
vibrations [10]. Thick peaks at 210 and 382 cm ! indicate the presence
of a- FeoO3 [58].

FTIR spectra showed slight differences on both NZVI although the
iron hydroxide peaks (890-1,025 cm™') [10] are noticeable on both
NZVI. O—H vibrations (3400 and 1650 cm ! peaks are related to water
adsorption on NZVI surface [17], which is more significant on NZVI-
extract due to its acidic character (PZC = 3.89). A broader peak can
be detected on NZVI-NaBH4 between 1,300 and 1390 ecm™! which is
related to FeOOH vibrations [59], which is more noticeable than in
NZVI-extract due to the lack of organic matter on the former.

Some structural differences can be found on SEM images (Fig. 8)
when comparing both synthesis processes. NZVI-extract have a sharper
structure whereas NZVI-NaBH, showed the previously reported spher-
ical structure [5]. This irregular NZVI-extract structure allows the
presence of more nucleation sites [14] as it can be noticed when
comparing TEM images (Fig. 1 and Fig. 13-SM). Other authors have
noticed the differences on the NZVI shape depending on the reducing
agent [60]. The fact that NZVI-extract are more amorphous favoured the
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Fig. 7. Raman (A) and FTIR (B) spectra of both NZVI synthesized with blue-
berry pruning or NaBHy.
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pirimicarb degradation (Fig. 10-SM), due to the presence of more active
sites [24].

Finally, UV-VIS spectra was measured, and the differences can be
seen of Fig. 14-SM-A. As it can be seen, NZVI-NaBH,4 seem to have a
broader NZVI peak when compared to NZVI-extract. Moreover, when
comparing band gap measurement (Fig. 2-B vs Fig. 14-SM-B), NZVI-
extract have several bands gaps, demonstrating its plausible activation
with different wavelengths due to their defects [25] (aforementioned
demonstrated on the irregular SEM images). Moreover, NZVI-extract
present much higher band gaps, reaching 4.5 eV instead of the unique
1.5 eV of NZVI-NaBHy4. This is related to the fact that NZVI-extract are
different than NZVI-NaBH4 (Fig. 8) considering structural modifications
affect the optical properties [60].

3.2.5. Degradation mechanism

3.2.5.1. Scavenger experiences. Scavenger reactions were carried out to
stablish the active species on pirimicarb degradation with the photo-
Fenton-NZVI process. Thus, to the previously studied system (0.16
mM Fe and 0.02 mM H30,) 2 mM of scavenger species were added,
ensuring the complete trapping of the targeted substances. Thus, TEMPO
was added to quench superoxide radicals, coumarin for hydroxyl
radical, EDTA for the holes generated on photocatalysts [21] and so-
dium azide for singlet oxygen quenching [61].

The results demonstrate the main species causing pirimicarb degra-
dation are HO', taking into account the 95 % detriment when these
species are not available on the bulb solution (Fig. 9). This was expected,
considering it is a photo-Fenton-like process, where NZVI promote its
performance [2,3] and HO' are successfully generated. The effect of
superoxide radicals (O3"/ HO3) on AOPs is also considerable [6]. On this
case, 67 % of degradation reduction was observed when eliminating
these oxidants from the system. This is related to the Fenton process,
where the generation of O3" following equations (8) and (9) take place
due to the available HyO, and the produced Fe3* [3]. Moreover, NZVI
can also promote the generation of superoxide radicals [4]. These spe-
cies are less powerful than HO" although they also contribute the global
Fenton performance [62].

Fe** + H,0, — Fe?* 4+ HO5 + H (8)

)]

Singlet oxygen (10,) also has a role on pirimicarb degradation,
demonstrating the non-radical pathway can also contribute on the
pesticide degradation. These species can be generated due H,O, cata-
lytic activation [62]. Indeed, Lu et al. [55] also noticed Oy on their
NZVI/H202 system when degrading the antibiotic norfloxacin.

Lastly, NZVI had a slight behaviour as photocatalyst, as it has been
previously reported [57,63] and confirmed on this study (Fig. 5-SM).
This fact can be established considering the trapping of the holes with
EDTA caused a 15 % pirimicarb degradation detriment.

HO® + H,0, —» HO5 + H,O

3.2.5.2. Hydroxyl radical generation. Considering the ability of NZVI to
generate HO' that facilitate the degradation of pesticides [64] and that it
has been proved HO', are the main degradation species (section 3.2.5.1)
the quantification of this specie was conducted. As it can be seen on
Fig. 15-SM, the HO" generation is practically instantaneous, as AOPs are
extremely quick [3,62], and then the generated quantity is slightly
reduced and kept constant during 3 h. This oxidant stability is due the
cyclic regeneration that is caused by this photo-Fenton-NZVI process
with NZVI (Eq. (1)-(4), 6 and 8) and has been previously demonstrated
on the increasing pesticide degradation within time (Fig. 5-SM).

3.2.6. Degradation pathway

In order to corroborate pirimicarb degradation and to understand the
degradation mechanisms, degradation by-products where measured
(Table 1) and the proposed degradation pathway is presented on Fig. 16-
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NZVI-NaBH,

Fig. 8. SEM images of both NZVI-extract and NZVI-NaBH, catalysts.
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Fig. 9. Pirimicarb degradation with 0.16 mM NZVI and 0.02 mM H,0, when
adding different quenching reagents.

SM. Pirimicarb modification is based on the introduction of HO" on
nucleophilic atoms (N-dimethyl group), attaining compound II [50]. The
introduction of the carbonyl bond may weaken the nearby bonds,
favouring the elimination of methyl and carbonyl groups, attaining
compound III. From pirimicarb molecule, compound IV can be attained
by the dimethylcarbamate group breakage [65]. This rupture takes place
on the aldehyde bond, due to its weakness caused by the strong
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electronegativity of surrounding O groups. Compound IV can suffer N-
dealkylation (compound V) [50]. After this, subsequent breakages and
even radical recombination produce compound VI and the carboxylic
acids detected by HPLC-DAD (Fig. 16-SM), demonstrating the successful
pirimicarb degradation.

3.2.7. Catalyst recycling

The reusability of the synthesized particles was done by the subse-
quent addition of blueberry pruning extract and 0.02 mM H»O5, (Fig. 17-
SM). On the second batch a slight degradation increase could be noticed
which can be related to the iron leaching (0.11 ng/L) favouring homo-
geneous photo-Fenton process and the reduction of the oxidized iron
species generated during the first batch. However, as the subsequent
batches took place, the degradation performance decreases, demon-
strating the NZVI are spent and maybe agglomerated, impeding their
activity [23]. In fact, in these cases iron leaching was below detection
limit. Considering the inefficient NZVI reusability and the small initial
iron quantity added on this study, new iron solution should be added in
each batch (section 3.2.8).

3.2.8. Inlet effluent

The pollutant degradation in the presence of other matrixes was
tested (Table 6-SM). As expected, the degradation process was less
efficient due to matrix interferences. Indeed, the real wastewater treated
has a conductivity of 1 mS/cm and a total solid content of 19 mg/L. In
addition, tap water and real wastewater have several ions, such as Ca2+,
Mg%", Na*, KT, HCO3, CI" and SOF, whose presence may prevent the
contact of the organic matter with NZVI and iron hydroxides [1].
Nevertheless, those ions overcome the slight toxicity of NZVI due to
electrostatic repulsion of the NZVI with microorganisms in those high
conductivity effluents [67].

In order to increase the process performance, a subsequent addition
of iron solution (0.16 mM), blueberry pruning extract and 0.02 mM
H50,, was done. This was based on the subsequent addition of fresh
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reagents on other oxidative process, such as the Fenton and photo-
Fenton processes. Indeed, Demir-Duz et al. [44] have previously re-
ported that a new Hy05 addition after the whole photo-Fenton process
enhanced by 27 % the difficult degradation of real refinery wastewater.
These authors mentioned that some compounds present on real waste-
water can scavenge HyO» and make this subsequent addition necessary.
Other photo-Fenton studies have evaluated the effect of a new addition
of iron, and for Arana et al. [68] it was an alternative to reduce drasti-
cally the treatment time for the photo-Fenton degradation of ethylene
glycol.

In the present study, the reported approach reveals to be an efficient
process. In fact, after the subsequent addition of reagents, the pirimicarb
degradation was considerably enhanced and after the third addition,
pirimicarb degradation surpassed 75 % (Table 6-SM) in all the matrixes.
As the degradation cycles pass, the degradation process seems easier
which can be related to the easier degradation of the pirimicarb by-
products, such as carboxylic acids or the opened pirimicarb ring
(Fig. 16-SM). Another alternative when working with more complex
effluents could be the increase of H;O, concentration as it was demon-
strated in this study (section 3.2.2.1) and reported in another AOPs, such
as the photo-Fenton degradation performed by Arana et al. [68] who
stablished a ratio between the H,O, addition and the total organic
content (TOC) of the effluent (8.5 mol HyO5/mol TOC). In fact, in this
study the ratio is widely lower (0.003) considering the selected HyO2
concentration (0.02 mM) and the TOC of the initial effluent (6.3 mg/L,
when using distilled water). Moreover, other approaches have been re-
ported to enhance NZVI performance, such as the usage of ultrasounds
which not only favours the generation of radicals due to cavitation but
also favours the dispersion of NZVI [43]. In any case, the successful
degradation of pirimicarb in different matrixes is unlikely to be related
to the iron leaching as it was found to be below 3.5 % in every batch,
reaching a maximum of 0.31 ng/L on the third batch of distilled water.
The leaching was even lower when working with tap water and real
wastewater (0.30 and 0.28, respectively), fact which can be attributed to
metal complexation due to the salts and organic matter present on these
matrixes. In any case, these values are far below the allowed liberation
limits (2 mg/L) [69], making this process future usage feasible.

In future research, all the referred alternatives might be considered
for the successful treatment of real matrixes in a potential scale-up. It is
worth mentioning that the usage of higher HyO, concentrations is a
quick process for attaining complete pirimicarb degradation, although it
was demonstrated that the subsequent addition of NZVI, antioxidant
extract and H2O5 favours the generation of more oxidants and thus the
overall Hy0, concentration required is much smaller. Indeed, 0.04 mM
of HpO2 have been required for complete pirimicarb degradation (2
batches) in the Milli-Q matrix (Table 6-SM), whereas 0.08 mM were
required for attaining the same degradation in an individual spick
(Fig. 4).

4. Conclusions

Several processes based on NZVI have been assessed. Under simu-
lated solar irradiation, in situ synthesized NZVI have better performance
than the widely reported homogeneous photo-Fenton process. More-
over, the NZVI synthesis have been assessed with different natural ex-
tracts (black tea, blueberry and vineyard pruning, and algae) and even
with traditional NaBH4. From the tested extracts, only brown algae
demonstrated to be not suitable for pirimicarb degradation due to its low
reduction capability. Small iron quantities were needed (0.16 mM) for
attaining the highest pirimicarb removal rate. Concerning the HyO5
addition, it is proportional to the degradation degree, although 0.02 mM
was fixed as working value to avoid an excess of environmentally un-
friendly reagents on the bulb system. Pirimicarb by-products were
detected, demonstrating the successful degradation of the pesticide. The
NZVI reuse showed some limitations which can be overlooked consid-
ering the low NZVI concentration used and the inexpensive and green
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synthesis process required for their synthesis. As expected, working with
more complex matrixes (tap water or real wastewater) reduces the
process performance, although it can be overcome by the sequential
addition of fresh reagents. Thus, the proposed process has the mallea-
bility for being adapted to different inlet conditions. This process fits
within the circular economy as it favours the degradation of an emerging
pollutant with the usage of solar radiation and real wastes which would
be, otherwise, landfilled.
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