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Commercial solutions of paraquat (PQ) herbicide were treated by solar corrosion Fenton processes (SCF). A
borosilicate reactor was packed with a coiled filament of annealed iron wire to different reactor volume/filament
surface area ratios (V,/Ap). A cylindrical parabolic concentrator was designed to concentrate UV light. The
response surface methodology was used to determine the optimal process conditions using a Box-Behnken design
in the removal of PQ, COD, and TOC. The independent variables used in this study were: HyO, concentration
(500, 1500, and 2500 mg L’l), hydraulic retention time (HRT) (20, 30, and 40 min), and V,/Af (3:1, 6:1 and

9:1em® cm?). Solution pH was adjusted to 2.8. The optimal conditions for the removal of PQ were:
2248.7 mg L~ of HyO,, an HTR of 28 min, and Vi/As of 3.4:1. These yielded a 99.9 % removal of PQ, 100 %
removal of COD, and 96.7 % of TOC. Toxicity was 100 % removed with 700 mg L' of Hy0,. CFD indicated
operating fluid velocity and turbulence contributed to maintaining an adequate Fe? *.

1. Introduction

Paraquat dichloride (PQ) is extremely toxic to humans and animals.
It is used in agriculture as an herbicide that induces oxidative stress in
cells; its neurotoxicity likely arises from a balance in the redox state of
affected cells [1]. The United States Environmental Protection Agency
(EPA) and the Environmental Risk Management Authority (ERMA) of
New Zealand describe paraquat as toxic chemical for humans, plants,
and animals [2,3], and it is also very ecotoxic to aquatic systems [4]. It is
widely used in more than 130 countries [1,5]. Farmers apply PQ at a
concentration of up to 0.5 % per hectare, depending on the type of crop
according to the manufacturer’s specifications [5,6]. Concerns about
long-term exposures are related to its possible accumulation in the food
chain [7]. It has been found to cause hepatotoxicity in Cyprinus carpio L.
(common carp) at concentrations between 1.5-3.2 mg L! [8]. PQ ac-
cumulates in lungs at up to 6-10 times its plasma concentration, causing
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damage to the respiratory system [1].

Removal of pollutants from agroindustry wastewaters is a priority
[9]. Conventional chemical and biological treatments are not suffi-
ciently effective [8-10] because it is not biodegradable by microor-
ganisms and is considerably recalcitrant [11-13].

Recently, the isolation of microorganisms from the rhizosphere of
soils with a history of PQ application has been proposed. These organ-
isms adapted to particular conditions, were isolated and achieved re-
movals between 70 % and 86 % of a 100 mg L~ solution [14]. Removal
efficiencies of 54.2 %, 54.1 % and 70.7 % of a 100 mg L~ solution were
obtained by the microorganism with 12 days of treatment under
controlled conditions of pH, temperature and concentration of nutrients
[15]. Microbial remediation is the process of transforming highly toxic
compounds into low-toxic or non-toxic products after a series of
domestication, enrichment, screening and culturing of the strains;
however, these could not produce ideal effects under field conditions
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[14].

Other non-biological mechanisms such as magnetic nanosorbents
biopolymers to increase PQ adsorption [16], degradation by photo-
catalysis using carbon nitride that removes 70 % in 10 h of treatment at
an initial concentration of 10 ppm of reactive PQ [17], have been
evaluated.

Advanced oxidation processes (AOPs) are effective in the degrada-
tion of organic pollutants [6,10]. For example, some authors report that
after 3 h, there is 4% and 91 % removal of TOC through photolysis and
photocatalysis respectively [15]. Applying electrochemical processes,
79 % yields have been obtained after 1.5h of treatment using Pt/steel
electrodes [16].

Other methods such as photocatalysis with ZrO,/TiO5 have obtained
84 % removal with 240 min of radiation [17], and TiO; nanostructures
with 84.4 % removal in a 5h of treatment, respectively [18].
Electro-Fenton and photoelectro-Fenton, anodic oxidation, and classic
Fenton methods show 94 %, 97 %, 64 % and 51 % COD removal,
respectively, for the degradation of PQ [19]. However, there are long
reaction times (i.e., 50-400 min), while the current intensity applied in
the electro-Fenton process was 400 mA. Although the removal efficiency
is high, some processes require a prolonged reaction time, which results
in higher electrical energy consumption. This can be related to the
characteristic of the structure of the PQ, which is highly persistent [13].

Fenton processes have been widely used in the degradation of
persistent organic compounds such as drugs and herbicides, improving
biodegradability and reducing the toxicity of the treated effluent [7,14,
15]. The main reactions are (Eq.1-6) [20-23]:

Fe** + H,0,—Feé** + «OH + OH™ @
OrgH + +OH—-Org" +H + «OH—-CO, + H,0 + ions (2)
*OH + H,0, > HO; + H,0 (3
Fe** + «OH— Fe** + OH~™ 4
Fe** + HOy— Fé** + 0, + H' 5)
-OH + -OH—H,0, (6)

Photo-Fenton and solar-Fenton processes improve the removal effi-
ciency of pollutants due to the photoreduction of Fe® * to Fe? *, which
increases the generation of the hydroxyl radical following Eq. 7 [16,17]:

Fe** + H, O+ hv —» Fe** + -OH + H' @

Roongkarn et al., (2016) reported removal efficiencies of 43.7 %,
65.9 %, and 75.8 % for heterogeneous Fenton at initial PQ concentra-
tions of 60, 80, and 100 ppm, respectively, within 30 min at pH 3, with
iron nanoparticles. In the same process, the presence of UV light pro-
vided by a 10-Watt lamp at 254 nm wavelength improves removal to
99.7 %, 84.9 %, and 69.9 % at initial concentrations greater than 100,
180, and 300 ppm, respectively, where the photo-Fenton process shows
greater efficiency [24-25].

Fenton reactions are highly efficient at pH ~ 3 [16,19]. These re-
actions involve the addition of ferrous ions and salts, or consumption of
electrical energy for the electrogeneration of Fe?t [26-27]. Some
methods use the acid corrosion process of metallic iron sheet surfaces in
the oxidation of organic compounds [28]. Corrosion of the metal
significantly increases at pH 1.5-3, which enables the in-situ release of
iron and the occurrence of Fenton oxidation. Under acidic conditions,
the metallic iron surface corrodes spontaneously as described in Eq. 8
[29], which can be more severe at high peroxide concentrations [30].

Fe® + 2H" — Fe** + H, ®

Under acidic conditions, electrical energy is not required for the
release of the Fe?* as in an electro-Fenton processes, and the oxidation
potential of the hydroxyl radical is highly favored in the oxidation
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reaction [31]. Galvano-Fenton is another process that uses the electrical
potential differential between two metal plates (Cu-Fe) for the in-situ
release of Fe?", reducing the addition of salts and the use of external
electrical energy [32-33].

Photo corrosion of metals is possible by UV radiation at long expo-
sure times; this phenomenon may contribute to the release of Fe2* [34].
This is possibly due to two reactions mainly with photon-generated
holes (h'), and one that involves the decomposition of water to mo-
lecular oxygen (Oz) and protons (Eq. 9) [35-39] here, an aqueous me-
dium could accelerate corrosion. In the presence of oxygen, light
increases pitting corrosion by promoting the cathodic reaction on the
metal surface caused by a positive photovoltage (Eq. 10). The other
process directly involves the oxidation of Fe° to Fe®t (Eq. 11) [34].

4H,0 + 8h"— 20, + 8H" 9
Fe’ +3H,0 + O, +3h" -50H + Fe*" + H' (10)
Fe® + 2ht— Fe** an

The geometry and hydrodynamic design of reactors is a major factor
in their performance. A computational fluid dynamics (CFD) simulation
has been used to characterize the flow pattern, to understand the hy-
drodynamic distribution and residence time, and to obtain the velocity
and turbulence profiles [28,36-38]. The turbulence affects the speed of
a reaction and studying them has enabled establishment of criteria to
improve the design of reactors. It has been shown that some mechanisms
promoting turbulence improve the oxidation rate in electrochemical
processes [40-42]. CFD has been widely used for the modeling and
improvement of diff ;erent process equipment, such as reactor, heat
exchangers and centrifugal pumps, among others [43].

The novelty in this study was the development of the new Solar
Corrosion Fenton (SCF) reactor. This was proposed using the zero valent
iron photo corrosion in a cylindrical parabolic concentrator (CPC),
promoting the in situ the release of the catalyst without the addition of
salts or the use of electrical energy for the oxidation of PQ. The amount
of metallic Fe exposed to photo corrosion, peroxide doses, hydraulic
retention time (HRT), and solar UV irradiation times were evaluated for
PQ oxidation through a surface response methodology. CFD study was
carried out to verify the influence of the components on the flow field
and turbulence.

2. Materials and methods
2.1. Reagents

Commercial PQ solutions (Gramoxone ®) were used at 100 mg L 'in
deionized water, as this is the maximum recommended dose [5] and it
was evaluated in different studies [14]. The pH of the solutions was
adjusted to 2.8 with 2 M HSO4.

2.2. Analytical methods

The concentration of PQ was analyzed by high-performance liquid
chromatography (HPLC) using a UV-vis detector and a Zorbax SB C18
column (250 x 4.6 mm, 5pm, Agilent Technologies) as the stationary
phase, maintained at 30°C with a mobile phase of 95 % 10 mM
ammonium acetate, 1% phosphoric acid, and 5% acetonitrile, in iso-
cratic solution with water-grade HPLC at a flow rate of 1 mL min . The
detection wavelength was at 260 nm. The peak was found at a retention
time of 2.1 min. An Agilent Technologies 1260 Infinity HPLC was used
for all the experiments.

The commercial PQ solution and the treated samples were charac-
terized to enable the comparison of results. The pH, electrical conduc-
tivity (EC), and total dissolved solids (TDS) were measured with a
HANNA HI 2550 potentiometer [44]. The total organic carbon (TOC),
total inorganic carbon (TIC), and total carbon (TC) were determined by
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the non-purgeable organic carbon method on a Shimadzu VCPH with a
detection limit =0.05mg L! [15]. The biochemical oxygen demand
(BODs) and iron concentration were determined according to standard
methods [45]. The chemical oxygen demand (COD) was determined by
an alternative peroxide-based method [46]. The final pH was adjusted to
8.5 (with 1 M KOH), and the samples were centrifuged to avoid Fe in-
terferences. Absorbances at 254 nm were used as an aromaticity indi-
cator. Samples were normalized to a dilution of 1:10 using a 1 cm quartz
cell and a HACH DR 6000 spectrophotometer [47]. Fe* concentrations
were analyzed using the 110-phenanthroline ferrous colorimetric
method at 510 nm, and Fe3* was calculated as the difference from total
Fe. The dose and residual peroxide (H202) concentration were adjusted
using the iodometric method [48]. The HACH TNT-831 method was
used for ammoniacal nitrogen (N-NHs).

Lactuca sativa seeds were used to evaluate the toxicity and determine
the effective average concentration (ECsg) required to inhibit the
germination and hypocotyl growth (< 2cm) of 50 % of the exposed
seeds, after 120 h compared to the controls [49]. PROBIT tests [50] were
applied in the statistical program Statgraphics Centurion XVLIIL.

2.3. Solar corrosion fenton process (SCF)

Fig. 1 shows the experimental unit used. The 20 cm long, 2cm @
Kimax borosilicate reactor showed an 88 % transmittance at 340 nm.
The volume of the borosilicate reactor (V) (64 + 0.2 cm®) was packed
with a coiled iron filament of annealed Fe wire to different surface area
(Ap to volume (V;/A) ratios. A cylindrical parabolic concentrator (CPC)
with a 70° inclination was designed to concentrate solar UV light and
improve the sludge precipitation due to wear and pitting of the iron
filament. The CPC was built with Miro-Sun® sheet with a 93 % reflec-
tance. The SCF reactor was operated in the continuous mode, at different
HRT, and H20, was continuously dosed.

Fig. 1. Experimental solar Fenton reactor: a) influent, b) static mixer, c)
peroxide feed, d) borosilicate reactor, e) Fe filament, f) reflective sheet,
g) effluent.
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2.4. Fe released by acid corrosion

In order to measure the corrosion rate of the filament, the SCF
reactor was fed with deionized water at pH 2.8 (adjusted with 0.4 M
H3S04) to avoid the formation of iron oxides and promote Fenton re-
actions [31], and packed with V;/Ay ratios (cm3:cm’2) of 3:1, 6:1 and
9:1. The Fe?" thus released was quantified from 0—40 min of HRT, in the
batch mode.

2.5. Statistical optimization process of the SCF system

A Box-Behnken design was used to determine the optimal conditions
in the removal of PQ, COD, and TOC. The independent variables (fac-
tors) used in this study were the HyO2 concentration at 500, 1500 and
2500 mg Lt (H202/PQ molar ratios: 38, 113 and 189 respectively);
HRT at 20, 30 and 40 min (Reynolds numbers of 2.9, 1.9 y 1.4 respec-
tively); and V/Asratios of 3:1, 6:1 and 9:1. The initial pH was adjusted
to 2.8 and was not controlled during the process; the final pH was also
measured. The software Statgraphics Centurion XVILII was used for
design, mathematical modeling and optimization of the operational
parameters of the SCF system. The response surface methodology (RSM)
was used to verify the influence of the different factors and their in-
teractions during the process response [51] and to optimize operating
conditions to a 99 % removal of PQ. The levels of independent variables
are displayed in Table 1. Fifteen experiments were conducted in two
blocks and three center point, in aleatory order.

2.6. Effect of UVA radiation on the reaction rate

The SCF reactor was operated in the continuous mode in optimized
conditions, with and without solar radiation; when the reactor was
operated in the dark mode, it was referred to as the Corrosion Fenton
(CF) system. Samples were taken at 5—30 min of operation, and the final
concentrations of PQ, CT, and COD were determined. The results were
fitted to the Behnajady-Modirshahla-Ghanbery (BMG) model [7,22] and
the second order model which was then used to calculate the kinetic
constants (Egs. 12 and 13):

Second-order kinetic model:

= (Cokt + 1) (12)
BMG model:
t
= ——+1 1
¢ ((m+bz)+ )CO a3

where Cy is the initial concentration and C; is the final concentration of
PQ, COD and TOC at reaction time t; k is the reaction rate constant of the
second order kinetic model; and m and b are the reaction rate constants
from the BMG kinetic model. The software Statistica 10 StatSoft® was
used to adjust the experimental data to the models and calculate the
kinetic constants.

UVA radiation was monitored using a Vantage Pro2 weather station

Table 1
The experimental values and level of independent variables.
Factor Units Symbol  Level Experimental Response
values
Hydraulic min A -1,0, 20, 30, 40 PQ removal
retention time 1 (%)
(HRT)
Ratio (V/Af cm?® B -1,0, 3:1, 6:1, 9:1 COD
ratios) cm 2 1 removal
(%)
H,0, doses mg C -1,0, 500, 1500, TOC
Lt 1 2500 removal

(%)
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equipped with a Vantage Pro 6490 UV spectrum sensor having a spectral
response of 280-360nm, a resolution of 0.1-0.19 MEDS (minimal
erythemic doses), and a 5% accuracy [44]. The energy accumulated by
the CPC was estimated using Eq. 14 [13]:

A,
Quvan = Quvan—1 + Aty UVAG‘"V 14)
t

Here, Quvan is the accumulated energy (in J LN, Quva,n-1 is the pre-
viously accumulated energy (in J L™1), At is the sampling time (s),
UV, is the average solar UVA radiation measured during the At = t,—
tp.1 period in Wm‘z, A; is the illuminated collector surface area of the
parabolic concentrator (in mz), and V, is the total reactor volume (in L).

2.6.1. Infrared spectroscopy

The raw and treated samples were used to record IR spectra with an
Affinity-1 S Shimadzu IR spectrophotometer in the wavenumber range
of 500—4500 cm ™! using a transmission cell for liquids. The spectra
were smoothed with a factor of 4 on a scale of 1-16 [52].

2.7. Effect of the H202:PQ ratio

Different HyO4:PQ relationships were evaluated for the removal and
toxicity of PQ (C¢/Cop) (ratios of 0.4, 2.5, 5.9, 10, 17 and 22.5). The SCF
reactor was operated in the continuous mode under optimized condi-
tions with solar radiation.

2.8. Effect of the reactor components

To determine the contribution of each component of the SCF system
to the removal of 100 % of PQ, a ratio of HyO2:PQ of 22.5 and an HTR of
28 min in continuous operation were applied to: a) solar radiation only
(photolysis), b) solar radiation with peroxide dosing (H202/solar UV),
and c) without solar radiation with packed iron filaments (CF). All
conditions were compared to the SCF reactor. Samples obtained from
the CF and SCF processes were characterized.

2.9. Computational fluid dynamics (CFD) of the reactor

Hydrodynamic analyses were carried out using Ansys Fluent© 19.1
software. The simulation of the reactor considered the experimental
optimal operating condition of the flow rate and used the same geometry
as the laboratory model. The general process for CFD analysis consists of
four general stages: creation or establishment of the control domain
(fluid) using CAD tools, spatial discretization of the domain (meshing),
the establishment of equations, boundary conditions, and solution
schemes, and finally postprocessing for visualization and analysis of the
results. The reactor geometry was drawn using the AutoCAD© and
SolidWorks© programs, and it was subsequently imported into the
ANSYS program for analysis. To analyze the prototype of the SCF
reactor, the recommendations issued by the National Aeronautics and
Space Administration (NASA) in the NPARC Alliance Verification and
Validation file were used to guarantee the accuracy of the numerical
analysis.

The CFD analysis was used to verify the influence of the components
on the flow field and turbulence as well as to verify the design and thus
the transfer of mass in order to improve the time and removal efficiency.
The optimal geometry of the mixer was established to guarantee the
effect of turbulence over the entire length of the reactor in accordance
with the optimal design characteristics. The simulation was performed
considering the optimal SCF operating conditions, standard atmospheric
pressure, inlet temperature of 20 °C and outlet temperature of 82 °C, and
water density of 998.2kg m~>. The mesh was made with 0.25mm
tetrahedral elements in size with of 1 mm. The minimum orthogonal
quality of the mesh was 0.16. The average quality of the elements was
0.8. These values verify good overall mesh quality according to the
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recommended 0.1-1.0 scale where 1 represents the maximum mesh
quality [37]. The most important conditions, models, solution diagrams
and parameters established for CFD simulation are presented in the
Supplementary materials A.

3. Results and discussion
3.1. Characterization of the paraquat solution

A commercial herbicide (Gramoxone®) solution with 104.6 mg L!
of paraquat was used for all tests, with a COD of 1277 mgL~! and BODs
of 6.4 mg L’l, a biodegradability index (BI) of 0.0050 (Table 2), TOC of
93.5mgL~! and NH3-N of 0.26mgL~!. The difference between the
concentration of PQ (active ingredient), TOC and COD, is due to the
presence of other additives in the commercial herbicide [22].

The COD measured (1277 mg L’l) shows that the concentration of
PQ (104 mgL™!) has an organic load approximately 10 times than ex-
pected, where other compounds present in the commercial herbicide
such as surfactants, colorants, diluents, humectants and stabilizers
contribute to a higher organic load. As the manufacturer indicates, 25 %
of its composition is the active ingredient and 75 % are inert ingredients
[6].

Biological treatments are not very effective in the removal of organic
compounds with a very low BI [33]. Biological methods are normally
susceptible to toxic compounds, which decrease microbiological activity
[53]. The average inhibitory toxicity of the solution (Ecsy) was
25.1 mg Lt PQ (Table 2), and therefore this concentration is sufficient
to prevent germination and growth of half the population of exposed
seeds. However, the concentration of inhibitors depends on the species
exposed. Kanno et al., (2019) showed that there is a difference between
the susceptibility of different cell lines to PQ and their resistance and
inhibition [54]. Other studies indicate that 0.5-1.0 mg L1 of PQ were
specific to inhibit the activity of liver enzymes in fish, and the effect
depends on the exposure time [55], which may suggest bioaccumulation
processes.

3.2. Fe®' released: effect of corrosion

The concentration of Fe?* released by the SCF reactor is shown in
Fig. 2; it shows that the concentration is directly proportional to the
exposure time. The maximum concentrations released were 78.8, 69.7
and 23.7 mg L' of Fe*™ when the Vi/Ay ratios were 3:1, 6:1 and 9:1

Table 2
Physicochemical characterization, toxicity and operational conditions.
Parameter Units PQ solution SCF CF
pH 2.8+0.0 4.1+0.2 3.2+0.0
EC s cm™? 186.3 + 1.6 246.4+0.3 124.2+ 1.4
Paraquat mg L} 104.6 +2.3 0.1+0.0 30.1+0.7
BODs mg L} 6.4+0.5 12+0.7 8.4+1.1
BODs/ COD 0.0050 + 0.0 0.2058 + 0.0 0.0461 + 0.0
COD mg L~} 1277.0+107.5 58.3+0.3 182.4+1.6
NH3-N mg L~} 0.26 4 0.02 5.0+0.1 0.48 +0.02
TC mg L~! 93.6 + 4.4 69.1+0.5 69.80 + 0.3
TIC mg L~} 0.3+0.1 21.7+0.1 5.9+0.1
TOC mg L~} 93.5+ 4.6 47.4+0.5 63.9+0.2
Toxicity Ecso mg 25.1+1.5 0.0+0.0 0.0 +0.0
L—l
SUVA at 1.0340 + 0.0 0.0773+0.02  0.1942 +0.02
254 nm
Fe mg L} 0.0+0.1 66.0 +0.3 7.7 +0.2
Fe?* mgL~! 0.0 +0.0 62.1+0.4 41+0.1
Fe3* mg L7} 0.0+0.1 4.0+0.1 3.6+0.1
Residual H,0,  mg L™} - 7.2+3.4 289.2 +27.3
Ratio Hy0,: - - 36.2 547.1
Fez+
Ratio HyO5: PQ - - 22.5 22.5
Ratio PQ: Fe*™ - 1.6 24.3
Quva kJL™! - 1554.7 0.0
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Fig. 2. Fe®" released by acid corrosion at three different Vi/Ay ratios (em®
cm™2): 3:1(@), 6:1(c) and 9:1(m).

respectively, with a hydraulic retention time of 40 min. In addition, the
results showed that the amount of Fe?™ released is dependent on the
amount of packed iron filament, because there is a greater surface area
of the filament exposed to corrosion (21, 11 and 7 cm? respectively).
Namkung et al., (2010) demonstrated that total Fe release by acid
corrosion increases steadily over time.

At 20 min of HRT a significant difference in the release of Fe" is
observed between the relations 3:1 and 6:1 (Fig. 2). For this reason,
during the optimization process, the selected times were 20, 30, and
40 min. Santo et al., (2011) evaluated the removal of PQ using a classic
Fenton (CF) process using 27.9 mg L1 of Fe?". In an electro-Fenton
process, 11.2mgL™! of Fe>™ [19] and 11.8 mgL ™! of Fe?" were used
in the photo-Fenton process [13]. Therefore, the release of ferrous ions
obtained by the SCF reactor is above the minimum used by other authors
in the removal of PQ.
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3.3. Optimization of the SCF process

3.3.1. PQ removal

Table 3 shows the experimental matrix design for SCF optimization,
where the main variables studied were HRT, V;/Ayratios (cm® em—2) and
H0; concentration. The response variables were %PQ, %COD and %
TOC removals; in addition, the consumption was also monitored.

To study the interaction of the different variables in the optimization
of the SCF process, response surface plots were constructed. Fig. 3 shows
the response surface for the removal of PQ from a commercial formu-
lation. In a), the interaction between V,/Ay ratio (cm®cm~?) and H50,
concentration is presented. At a higher concentration of HyO,, the
removal increases because a greater amount of hydroxyl radicals is
generated (Eq.1). When the V,/Ayratio decreases and a larger amount of
Fe filament is packed, a maximum efficiency is obtained with a lower
concentration of HyO». This is possible according to Eqs. 1 and 7, where
radical formation is catalyzed by ferrous ions [21].

Fig. 3b shows the HRT and Hy0; interaction where the maximum
efficiency is obtained by increasing the peroxide dosage. According to
the analysis of variance (ANOVA) in Table 1B (Supplementary material),
the HRT factor does not have a significant effect on the removal of PQ,
because P is greater than 0.05. The HRT and the V;/Ayratio interaction is
presented in Fig. 3c, and shows that when the ratio volume:surface
decreased, the PQ removal increased. However, the ANOVA (Table 1B
Supplementary material) indicates that the interaction does not have a
significant effect on herbicide removal with a probability p > 0.05. The
equation and the adjustment of the response surface model are pre-
sented in Supplementary material B.

The optimal conditions for the removal of PQ in the SCF reactor
were: 2248.7 mgL ™! of hydrogen peroxide with a molar ratio of 170
H304:PQ, an HTR of 28 min and a volume: surface area ratio of 3.4:1.
These conditions resulted in 100 % removal of PQ, as determined by
HPLC (Table 4 and Fig, 3). The optimal conditions of the SCF process to
obtain the 100 % of removal of PQ result in an excessive reagent con-
sumption; however, the high concentration of generated radicals allows

Table 3
Experimental matrix design for optimization of SCF.
Factor Response
Run # Block
HRT (min) Ratio (cm® ecm™2) H,0, (mg LhH % PQ removal % COD removal % TOC removal Consumption of HyO05 (%)

1 1 20 3:1 1500 99.9 87.0 63.3 98.7
2 1 40 3:1 1500 99.9 85.8 68.2 99.4
3 1 20 9:1 1500 91.1 81.0 77.9 100.0
4 1 40 9:1 1500 88.8 91.5 77.6 100.0
5 1 20 6:1 500 58.0 34.0 39.3 90.0
6 1 40 6:1 500 39.5 38.4 41.0 100.0
7 1 20 6:1 2500 99.9 75.5 78.0 92.3
8 1 40 6:1 2500 99.9 99.6 79.1 96.9
9 1 30 3:1 500 99.9 80.6 71.3 100.0
10 1 30 9:1 500 37.0 35.6 47.1 100.0
11 1 30 31 2500 99.9 92.9 90.2 76.8
12 1 30 9:1 2500 90.4 93.7 97.5 91.5
13 1 30 6:1 1500 86.6 75.1 68.5 99.9
14 1 30 6:1 1500 81.5 78.0 73.2 99.9
15 1 30 6:1 1500 95.0 76.5 72.9 99.9
16 2 20 31 1500 99.9 91.0 64.8 99.4
17 2 40 31 1500 99.9 85.3 65.8 99.4
18 2 20 9:1 1500 92.2 78.3 71.6 100.0
19 2 40 9:1 1500 86.2 90.7 75.7 100.0
20 2 20 6:1 500 57.5 36.6 43.7 100.0
21 2 40 6:1 500 58.6 39.7 44.0 100.0
22 2 20 6:1 2500 99.9 77.2 80.0 88.4
23 2 40 6:1 2500 99.9 100 82.6 96.1
24 2 30 31 500 99.9 81.4 71.0 100.0
25 2 30 9:1 500 40.4 34.6 43.9 100.0
26 2 30 31 2500 99.9 92.8 88.9 84.6
27 2 30 9:1 2500 91.0 93.6 95.9 88.7
28 2 30 6:1 1500 88.2 72.9 71.1 99.9
29 2 30 6:1 1500 75.7 72.9 73.0 99.9
30 2 30 6:1 1500 88.2 91.0 73.0 99.9
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Fig. 3. Surface response plots for PQ removal determined by HPLC, a) interaction between the V,/Af ratio and H0,, b) interaction between HRT and H»0; and c)

interaction between HRT and Ratio.

Table 4
Optimum conditions found, using design expert program.

Response H,0, (mg L™ HRT (min) Ratio (cm® cm™?)

% removal(Observed) % removal (Predicted) Molar ratio(H202:PQ) R? STD
% removal PQ 2248.7 28.0 3.4:11 99.9 93.8 170.0 0.8749 8.7
% removal COD 2456.6 29.3 8.8:1 100 93.9 185.7 0.9224 7.2
% removal TOC 2451.6 29.2 8.8:1 96.7 100.0 185.3 0.9369 2.0

for significant reduction of treatment time (28 min), which results in the
reduction of the consumption of electrical energy.

Trové et al., (2013) obtained a removal of 64.6 % of commercial PQ
by applying a photo-Fenton process with an initial concentration of PQ
50 mgL’l, 11.8mg L' of Fe2+, and 188.1 mg L7 of H303 in 60 min of
treatment time.

Dhaouadi et al., (2009), achieved a 94 % PQ removal during its

treatment at an initial concentration of 20mgL~! with the electro-
Fenton process; 200 mA were applied for 60 min, with 0.2mM of
Fe?". Badli et al., (2017), studied the photocatalysis using a ZrOy:TiOy
ratio of 20:80, with 0.3 g of catalyst in 250 mL. This approach yielded
84.4 % of PQ degradation with the application of UV radiation for
240 min, at 15 ppm of the PQ herbicide [56]. On the other hand, Zahedi
et al., (2015) used applied photocatalysis with Ti,O nanoparticles to
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obtain 84.4 % PQ removal in 5 h of visible light radiation with an initial
concentration of 10 ppm and pH 5.8. Cartaxo et al., (2015) applied an
electro oxidation process, obtaining 79 % of PQ removal in 1.5h and 64
% in 3 h of electrolysis, using Pt/steel and CosFeO4/CoyFeO4 electrodes
respectively at 0.1 A, in 100 mL of solution.

3.3.2. COD removal

The performance of the SCF reactor in COD removal is shown in
Fig. 4 a—c, where the interactions of the evaluated factors are observed.
The factor that had the greatest effect on COD removal was the con-
centration of dosed HyO» (Table 2A), according to ANOVA. The highest
removal efficiency (Table 4: 100 % + 7.2) was obtained with a higher
ratio volume: packed filament surface (Fig. 4a). As shown in Fig. 2, this
high ratio corresponds to the lowest Fe?* concentration.

The initial value of the COD of the commercial herbicide used in this
research was 1277 mg L1 (Table 3). In the optimization tests, 100 %
was removed in 29.3min with a V;/Ay ratio of 8.8:1 and a dose of
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2456.6 mg L~! of Hy0,, with a molar ratio of 185.7 H304:PQ (Table 4
and Fig. 4). The initial concentration of COD was higher than in other
investigations, and the treatment time was significantly shorter. How-
ever, the concentration of HoO5 used was considerably higher. In the
commercial herbicide, there are other organic compounds such as sur-
factants and dyes, that also consume hydroxyl radicals; consequently, a
greater amount of H>O, must be dosed.

The HRT:H,0, interaction shows that the percentage of peroxide
consumption increases with increasing treatment time, as show in
Table 3. The percentage of HoO2 consumption increases with increasing
time; in the tests, a low concentration of residual H,O5 was observed.

In the HRT and V;/Ayratio interaction, there was no significant effect
on COD removal (Fig. 4c) according to the ANOVA in Table 2A. It is
possible that this lack of effect is due to the high concentration of Fe?*
and the reaction time. The equation and the adjustment of the response
surface model are presented in Supplementary material B.

Dhaouadi and Adhoum (2009) evaluated an electro-Fenton process
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Fig. 4. Surface response plots for COD removal: a) interaction between V,/A¢ratio and H,Os, b) interaction between HRT and H,0, and c) interaction between HRT

and V,/Ay ratio.
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with a removal efficiency of 94 % of COD (CODy = 38.6 mg L)) of an
analytical grade PQ (PQo = 20mgL™!) solution, using an Fe>" con-
centration of 11.2mgL™}, and current intensity of 100 mA for 480 min.
The SCF process is attractive for improving the removal of the
contaminant at higher concentrations, without using electrical energy
and in a significantly shorter time.

3.3.3. TOC removal

Fig. 5a shows the interaction between V,/As ratio and H20,, where
the maximum TOC removal efficiency was achieved using a higher
concentration of HyO,. The highest removal efficiency was 96.7 % + 2
(Table 4) using a peroxide concentration of 2451.6 mg L%, with a molar
ratio of 185.3 H202:PQ, 29.2 min, and a V;/Ay ratio of 8.8:1 (Table 4).
Marien et al., (2018), evaluated the removal of PQ by photolysis and
photocatalysis, using SiC foams with P25-TiO, nanoparticles deposited
by immersion and obtained 4 and 91 % of TOC removed after 3h of
treatment, respectively [15]. The optimal time in the SCF process is
significantly shorter; however, to obtain a greater efficiency the amount
of peroxide used must be higher.

Table 3B (Supplementary material) indicates that the HRT:Hy0o
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interaction (Fig. 5b) does not have a significant effect on the response
variable (TOC), because p > 0.05. HRT has a directly proportional effect
on the Fe" content; however, it does not have a significant effect on the
removal of TOC. The interactions represented in Figs. 5b-c do not pre-
sent a significant effect on TOC removal, and therefore a uniform
behavior is observed. In addition, the ANOVA shows that peroxide
concentration is a strongly influential factor (p = 0.00) in the removal of
TOG; it increases with increasing peroxide dose.

The interaction HRT:V;/Ay ratio (Fig. 5¢) does not have a significant
effect on the response variable (TOC) (Table 3B: p = 0.2731). However,
these two factors have a directly proportional effect on Fe?' content
(Fig. 2), and the TOC removal efficiency decreases when the release of
iron increases. Other authors have used concentrations of 11.2, 11.8 and
27.9mg L~ ! of Fe®* to remove of PQ through Fenton reactions [7,9,31].

3.4. Kinetics

The kinetic parameters in the degradation of PQ under optimal
conditions were fitted as a function of the second order reaction and
BMG models [9]. This model has been applied in Fenton reactions [6,7,
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Fig. 5. Surface response plots for TOC removal: a) interaction between the V,/A¢ ratio and H;0,, b) interaction between HRT and H,0, and c) interaction between

HRT and the V,/Af ratio.
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18,32]. Table 5 shows the kinetic constants and the correlation co-
efficients (R%). The second order model does not present a good fit
compared to the BGM model; the latter was the best model for describing
removal in the SCF process. The kinetic constants m and b (Table 5)
indicate the initial removal rate and the theoretical maximum removal
[9] of PQ, TOC and COD. A low value of m indicates a rapid removal, so
the SCF process was more efficient in removing PQ and TOC. In its first
stage, the BMG model describes the maximum rate of PQ removal, which
may be related to the reduction of the pyrimidine group, followed by the
degradation of the carboxylic acids formed [57-59]. The SCF process
allowed a 100 % degradation at an initial concentration of 100 mg L™}
PQ (Table 4) in 28 min of treatment with doses of 2248.7 mg L7! Hy0,
with 62.1 mgL™? iron released at a ratio of 3.4:1 cm®cm™. The final
mathematical expression obtained for the initial removal rate and the
maximum theoretical removal as a function of the m and b constants are
presented in the Supplementary materials, Table C1.

Badli et al., (2017) determined the kinetic constants in the degra-
dation of PQ through a photocatalytic process using ZrO5/TiOy. The
fitted model was pseudo first order, k =0.0056min"!, with a
Co=15ppm and a total time of 180 min. Although the kinetic models
are different, the treatment time was significantly shorter in the SCF
process. The efficiency of the process may be related to the design,
volume, and type of solar concentrator used.

The constant m in the removal of PQ and TOC was significantly lower
in the SCF process (0.4713 and 1.7891 respectively) than in the CF
(2.3683 and 2.6971 respectively) (Table 5), because of the solar radia-
tion improves the reaction rate, increasing the generation of hydroxyl
radicals [60-63]. However, for COD the constant m was higher in the
SCF process, which shows that the reaction rate was lower than in the CF
process. According to the results shown in Table 2 the release of Fe was
significantly higher in the SCF process where the formation of
by-products [63,64] and the high concentration of Fe, could possibly
favor the formation of organometallic complexes [33], which increased
the COD in the SCF process, even though iron was precipitated and
removed from the sample. The formation of by-products is supported by
the high values of the constant m in the removal of TOC (1.7891)
compared to the removal of PQ (0.4713) in the SCF process, which in-
dicates that the mineralization rate is slower.

3.5. Effect of solar UV light

Fig. 6 shows the effect of UV-A radiation on the elimination of PQ,
COD and TOC from the commercial herbicide evaluated at 30 min of
operation. The best fitted model was BMG and the accumulated energy
obtained in the SCF process was 1554.7 kJ L™1. PQ removal was stable
after 10 min, with and without the presence of UV-A radiation; however,
solar radiation improves removal efficiency between 10-30 % at pH 2.8.
In this way, Umar et al., (2010) concluded that the efficiency in COD
elimination from a photoelectro-Fenton process is 10 % higher
compared to an electro-Fenton. The accumulated energy obtained has a
direct effect on the removal of pollutants [47], and therefore 1554.7 kJ
L1 (Table 2) was necessary for 100 % removal of the PQ, which will

Table 5
Kinetic parameters and determination coefficient for PQ, TOC and COD removal
in a Gramoxone herbicide.

Second BMG
order -
Parameter ~ Processes  kp (L mg™ R? m b R?
min™) (min)
Paraquat SCF 0.0047 0.9773  0.4713 1.1548  0.9985
CF 0.0015 0.9488  2.3683 1.3390  0.9916
TOC SCF 0.3909 0.9697 1.7891 1.0673 0.9727
CF 0.0837 0.8805  2.6971 1.5955  0.9910
coD SCF 0.0005 0.9976  1.6449 0.9755  0.9981
CF 0.0005 0.9884  0.4590 1.1020  0.9981
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Fig. 6. Kinetics fitted by the BGM model (red line), of a) PQ, b) COD, and c)
TOC removal; experimental data of solar UV light (o with solar UV light, @
without solar UV light) and accumulated energy (black line).

depend strongly on the weather station [33]. Other authors have ob-
tained 64 % removal of a 50 mgL ™! solution of commercial PQ by a
photo-Fenton process, obtaining an accumulated energy of 642kJ L1 in
60 min of treatment by dosing 188.1 mg L ™! of H,0, at pH 2.5-2.8 and
Fe? of 11.8 mg Lt13].

The highest percentage of PQ degradation occurs in the first 10 min
of reaction; however, a longer time and more accumulated energy are
necessary to reach the optimum value, possibly due to the presence of
byproducts and other organic compounds in the commercial herbicide
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[22]. The effect of UV light on COD removal (Fig. 6b) resulted in sig-
nificant changes after 15 min of reaction, where the presence of UV light
improves the removal by 10 %. The removal of TOC (Fig. C) improved
between 20-30 % with the presence of solar UV light; the maximum
removal is obtained at 25 min of reaction, when the accumulated energy
was greater. The results of this research show a 94.5 % removal of TOC
(Fig. 6¢) with an accumulated energy of 2021 kJ L1 Trové et al., (2013)
obtained an 89 % TOC removal with an accumulated energy of 1284 kJ
L L. The high energy obtained by the SCF reactor may be related to the
volume of operation; the accumulated energy was calculated at different
A./V; ratios under the same effect of solar radiation (Supplementary
material Fig. 1D). According to Eq. 14, at a lower volume the greater the
accumulated energy. To achieve high energy, the A./V; ratio must be >
1.

The amount of Fe?* released depends directly on the HRT and the
amount of Fe filament packed (Fig. 2). Optimization tests indicated that
a time of 28 min of HRT was necessary to remove 100 % of the PQ,
obtaining an amount of 62.2mgL™! of Fe?' released which was
consistent with the expected results of Fig. 2 which shows that the Fe
dose remained constant. Finally, a H,05:Fe" ratio of 36.2 was signifi-
cantly lower than that obtained in the CF process (Table 2), which could
strongly influence the removal efficiency. The difference between the
total Fe released may be related to the effect on UV-A radiation. Ac-
cording to Burleigh et al., (2003), the SCF process could favor a photo
corrosion of the metal. Although this phenomenon has been reported in
prolonged time exposures, it is possible that the CPC and the charac-
teristics of the problem solution accelerated the release. The greater
amount of total Fe released could be promoted by photo corrosion (Egs.
9-11) and to a lesser extent by acid corrosion.

Fig. 6¢ shows a slight increase in TOC at 15 min when solar radiation
(SCF) is applied. This may be related to the formation of iron hydrox-
ocomplexes between Fe?" and the by-products of PQ degradation that
can increase TOC value. After this time, the complexes are broken and
the mineralization continues, thus decreasing the TOC concentration
[331].

3.5.1. FT/IR spectra

Fig.7 shows the infrared spectra of the PQ standard, Gramoxone
herbicide and treated samples under the optimal conditions of the SCF
and CF reactor. a) The main PQ standard bands were observed at 3520
and 3344cm™! that represent the stretching vibration of aromatic
amines (N—H), at 2960 and 2925 cm ! that represent the stretching of
the C—H of aromatic rings, at 1640 cm! representing the stretching of
C=N and C—N bonds, at 1513 cm ! representing weak deformation of
CH3-N" bonds, and at 1986, 1860, 1730 and 847 cm ™! that represent
the deformation of para-substituted aromatic rings of the herbicide [28,
34].

b) Gramoxone herbicide exhibits characteristic bands of the PQ STD
centered at 3520, 3347, 2960 and 2925 cm™! for sp> C—H stretching
with a displacement in relation to the standard, at 1679 and 1513
(stretching of C=N and C—N bonds, respectively), and at 1923, 1870,
1735 and 879 cm™!. The bands between 2700 and 2400 may indicate
the presence of -SH or bisulfate ion bonds due to the pH of the sample
adjusted with sulfuric acid [41]. The difference between the signals
shown by the standard and the commercial herbicide may be due to the
presence of other adjuvant organic compounds [42].

In the SCF treatment sample (Fig. 7¢), the signals at 3344 cm ™! and
1640 cm™! decrease in intensity. The absence of the signals at 1860 and
847 cm ™! shows the rupture of the link in the para- position of the ar-
omatic ring. It is possible that, under the experimental conditions
evaluated, the partial decomposition of PQ occurred. This was probably
due to rupture of the main structure allowing the formation of short
chain compounds such as carboxylic acids [11]. This is due to the spe-
cific UVA of the SCF treatment (Table 2) which decreases dramatically,
qualitatively indicating the degradation of ring structures. Although the
intensity in the signals of aliphatic groups decreased, it is possible that
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Fig. 7. Infrared spectra of a) standard PQ, b) Gramoxone (pH 2.8), c¢) SCF
treatment (pH final 4.1) and d) CF (pH final 3.2) treatment. Experimental
conditions: 2248 mg L™! H,0,, V/A ratio of 3.4:1, HRT 28 min, initial pH 2.8.

the increase in BODs (Table 2) may be due to the decrease in toxicity and
the formation of easily biodegradable structures [33]. The 3292 cm !
signal indicates a high concentration of NH, (Fig. 7 c¢) due to the
stretching of NH; from primary amines. It is possible that the degrada-
tion of the herbicide allows the release of ammoniacal nitrogen form
which increases its value from 0.26 to 5 mg L1 (Table 2). Finally, the
effect of solar UV light allows the degradation of the PQ structure with
greater efficiency. In the CF treatment (Fig. 7 d) the signals of the aro-
matic p-substituent position decrease (1929, 1854, 1748, 839 cm’l), but
they remain as aliphatic groups (2966 and 2909 cm™!) and the links
C=N (1516 cm™ ") and C=C bonds (1640 cm’l), which are also present.
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3.6. Effect of the H02:PQ ratio in the toxicity removal

Under optimal conditions, the effect of the HyO5:PQ ratio was eval-
uated for the removal of PQ and toxicity. The results are presented in
Fig. 8. A total of 90 % of PQ removal was obtained with a ratio of 10,
using 1200 mg L~ of H,0,. To obtain a complete removal (100 % PQ),
2248 mg L~! of HyO would be necessary. The difference may be due to
the presence of other adjuvant organic compounds that are mixed with
the active substance and that are present in the commercial herbicide. In
the degradation process they also consume radicals [7,36], and thus the
degradation reactions are possibly removing other organic compounds
and byproducts of the PQ oxidation.

However, 100 % of the toxicity was removed at a 5.9 HO5: PQ ratio,
adding 700mgL~! of Hy0,. Therefore, a lower concentration was
necessary. Based on the biological model used in the toxicity tests, a
concentration greater than 25.1 mg L! (Table 2) of PQ (ECsp) is
necessary for a 50 % inhibition in Lactuca sativa seeds. Thus, when the
concentration is below this threshold, the toxic effect of PQ is completely
removed.

According to Trové et al., (2013), 87 to 33 % toxicity was removed
from the inhibition of Artemia saline mobility when the concentration of
PQ (Co = 50mgL™!) was reduced. By removing 89 % of TOC, the
toxicity was reduced to 20 %. Consequently, the sensitivity in the her-
bicide toxicity response is different in each species. In Vibrio sp, a greater
susceptibility has been observed upon reduced enzymatic activity of
superoxidase dismutase [60,61]. Gonzalez-Cuna et al., (2016), demon-
strated that microbial communities are susceptible to changes in the
predominant species when they are subjected to different concentrations
of herbicides. Therefore, evaluations with other living organisms must
be carried out and adapted to particular conditions.

3.7. Effect of the components

Fig. 9 shows the removal of PQ through photolysis (solar UV only),
H20y/solar UV, CF, and SCF, where 0.5 % removal is obtained by
photolysis in the absence of iron and hydrogen peroxide. Therefore, the
Gramoxone herbicide showed high persistence against the photolytic
effect using CPC, although some authors claim that the PQ is photo-
chemically decomposed by ultraviolet radiation in aqueous solution [62,
63]. Possibly some of the adjuvant components in the herbicide
formulation may improve the solubility and stability of the active
ingredient [36,38], which confers high persistence to the photolysis
treatment. The HyOy/solar UV system in the absence of catalyst (i.e., by
corrosion), only achieved 21 % PQ.

On the other hand, corrosion Fenton (CF) in the absence of UVA light
at pH 2.8 achieved a 71 % PQ removal in 28 min.

Finally, SCF achieved 100 % PQ removal because solar UV radiation
allows photoreduction of the catalyst by increasing the formation of
radicals. The SCF reactor operated with 28 min of HRT, a dose of
2248 mg L~! of HyO, and a Vi/As ratio of 3.4:1, and this combination

100 L L o 1

90 - --% removal Toxicity -o- C/C, r 09

80 - F 0.8
= 704 F 0.7
3
£ 60 1 F 0.6
I3} s
2 50 L 059
£ 50 0.5 S
®
& 40 A r 0.4
X 30 - r 03

20 F0.2

10 F 0.1

0 T T T T -0
0 5 10 15 20
Ratio H,0,:PQ

Fig. 8. Toxicity removal at different ratios HyO5:PQ.
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Fig. 9. PQ removal by SCF reactor components.

yielded a 100 % removal of Gramoxone PQ. Due to the greater amount
of the peroxide dosed (Table 2), the reactor design enabled an increased
production of hydroxyl radicals, which increases the removal efficiency
and the treatment time, using natural UV light and by metallic corrosion.
Iron was dosed in-situ, and so additional iron salts were not necessary.

3.8. CFD model

The results of the CFD hydrodynamic analysis are shown in Fig. 10 A.
The outline of total velocity in the reactor is presented from the inlet to
the outlet. The velocity at the inlet (which is approximately 0.5 mm s %)
increases in the static mixer area to 1 mm s~ L. This effect allows the flow
to mix before entering the reactor with turbulence, ensuring the contact
of the dosed peroxide with the PQ solution. The speeds are lower inside
the reactor due to the increase in the diameter of the reactor [64].
Therefore, the geometry of the SCF reactor does not cause a significant
increase in flow patterns and turbulence. Removal efficiency may be
largely related to the system’s ability to generate hydroxyl radicals.

Increasing turbulence could increase mass transfer, and this possibly
improves reaction rates [52]. However, an excessive turbulent pattern
can result in areas with a higher catalyst concentration by surface
detachment of the pit by corrosion [27], which could influence the
generation of areas of high iron release. An excessive catalyst concen-
tration can contribute to sludge formation, increase total dissolved
solids, increase COD and electrical conductivity [26]. In a photo-Fenton
process, the high concentration of Fe?! contributes to reducing the
transmission of UV light [53]. Therefore, a homogeneous distribution of
turbulent flow such as the one presented in Fig. 10 B contributes to an
adequate release of Fe?" throughout the reactor, without reducing the
removal efficiency. Fig. 10 C shows the contour of Reynolds number of
the flow into the reactor. The scale of color and values indicates that the
flow maintains its turbulence in a range approximately of 5-6 and this
guarantees the homogeneous distribution of flow pattern, avoiding
zones with excessive or null turbulence.

4. Conclusions

The SCF process allows the removal of 100 mg L' of commercial PQ
in an aqueous solution, with 2248 mg L~! of Hy0, dosed in 28 min with
a Vy/Ayratio of 3.4:1, with a molar ratio H202:PQ of 170. An accumu-
lated energy of 1554kJ L™! allowed the degradation of 100 % of PQ.
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Fig. 10. Isometric view of the reactor. A) Streamlines of flow velocity in the reactor; B) Streamlines of flow for the turbulence kinetic energy: a) influent, b) static
mixer, c¢) Fe filament, d) effluent; C) Contour of Reynolds number (lateral view).

When the energy was increased to 2021 kJ L1, a 94 % TOC removal was
achieved, and a greater accumulated energy improved the mineraliza-
tion. To remove the toxicity (Ec50), 700 mg L' of H,0, was dosed and
1200 mgL~! of H,0, were necessary for a 90 % removal of PQ. It is
possible that the adjuvants present in the commercial herbicide are
responsible for increasing oxidant consumption. Photocorrosion is the
main contributor mostly to the in situ release of Fe?*, and the flow
pattern contributes to a homogeneous concentration. Kinetic parameters
indicate that the SCF process increases the rate of degradation of PQ, so a
shorter time was necessary. Solar radiation favors the consumption of
H»03 and high radical formation of HO®. The SCF system uses sunlight to
increase the reaction rate in the degradation of PQ, which reduces the
treatment time and consumption of electrical energy. CFD indicated that
operating speed and turbulence contributed to maintaining an adequate
Fe" concentration.
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