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A solar photoelectro-Fenton (SPEF) plant containing a filter-press FM01-LC flow reactor in series with a compound par-
abolic collector (CPC) as photoreactor, operating in batch recirculation mode, was simulated using a parametric model.
The degradation of 10 dm® of solutions of the heterocyclic antibiotic erythromycin (ERY) in 0.050 mol dm’ Na,SO, at
pH 3.0 was used for validation. The filter-press reactor contained a platinized titanium plate anode and a graphite-felt
cathode that produced H,O, from the reduction of dissolved oxygen (0.24 mmol dm ). Trials were performed under po-
tentiostatic and galvanostatic conditions with predominance of H,0O, production, minimizing H, evolution reaction. The
effect of initial catalyst (Fe%) concentration, current density (j), initial antibiotic concentration as dissolved organic car-
bon (DOC) and volumetric flow rate on the ERY mineralization was studied. Good agreement between simulations and
experimental DOC decays was obtained. Mineralization current efficiencies and specific energy consumptions were also
determined. The best performance under galvanostatic conditions was found for 0.225 mmol dm® ERY (100 mg dm’
DOC), 0.50 mmol dm > Fe**, volumetric flow rate of 3.0 dm® min~" and j,, = 0.16 mA cm ™2, reaching 69% mineraliza-
tion with current efficiency of 75% and specific energy consumption of 0.059 kWh (g DOC) ™. Six organic by-products
were identified by gas chromatography-mass spectrometry, whereas final short-chain carboxylic acids like formic and
oxalic acid were detected by ion-exclusion high-performance liquid chromatography. The initial N atom of ERY was
predominantly converted into NO5™ ion, although NH," ion was formed as well.
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1. Introduction

Erythromycin (ERY, C;,Hg;NOy3, M =733.93 g mol ") is one of
the most widely used macrolide antibiotics, being produced by the
actinomycete Saccharopolyspora erythraea. ERY has a macrocyclic
lactone ring structure (see formula in Fig. 1) that prevents bacterial
growth by binding to the 23S ribosomal RNA, inhibiting protein syn-
thesis. Macrolide antibiotics have relatively broad-spectrum effects on
Gram-positive and Gram-negative bacteria [1,2]. ERY is widely used
not only in humans, but also in food-producing animals to control bac-
terial diseases and promote animal growth [3,4].

Water pollution by ERY arises from emission from production
sites, direct disposal of drugs in households and hospitals, and excre-
tion after drug administration to humans and animals [5-7]. The por-
tion of an ERY dose in humans excreted via urine varies from 0.02 to
20% [8], being 15% via feces [9]. This active compound may nega-
tively affect the microbial community in the biological treatment units
of wastewater treatment plants (WWTPs) [1]. Traces of ERY from
ng dm™ to ug dm ™ have been found in WWTP effluents [10] due to
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its low biodegradability, poor photodegradability under natural condi-
tions and high solubility in water (1.34 g dm ) [11,12]. This antibiotic
has also been detected in rivers in Europe [13], USA [14] and China
[15]. Wan et al. [15] found that ERY affects the growth, metabolism
and photosynthesis of one species of cyanobacteria. Moreover, an in-
hibitory action of ERY over liver metabolic process of fishes has been
reported [16,17]. In humans, it is harmful to the colonic microflora,
similarly to other broad-spectrum antibiotics [18].

To avoid the adverse effects of ERY, potent methods have to be
developed for its removal from wastewater. Poor destruction of this
antibiotic has been found by photolysis under simulated solar irra-
diation [11], ozonation [19,20] and in anaerobic sequencing batch
reactors [21]. Better performance has been obtained by using ad-
vanced oxidation processes (AOPs), which are potent chemical, pho-
tochemical, photocatalytic, electrochemical and photoelectrochemical
technologies that allow the in-situ production of hydroxyl radicals (
*OH) [22-25]. The high standard reduction potential of this radical
(E°=2.80 V vs SHE) ensures its non-selective attack over most or-
ganics, yielding CO, in some cases. Michael-Kordatou et al. [26] re-
ported 37% and 63% of ERY degradation by *OH and sulfate radi-
cals, respectively, in secondary WWTPs with 100 pg dm > of the an-
tibiotic using a UV-C-assisted AOP. Karaolia et al. [27] described
that a membrane bioreactor followed by solar Fenton oxidation al-
lowed the removal of 95% ERY from an influent with 92 ng L.
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Fig. 1. Molecular structure of erythromycin (ERY, 1).

Other AOPs like Fenton oxidation [28,29] and TiO, photocatalysis
[30] have also yielded good results. Moreover, an electrochemical
AOP (EAOP) such as anodic oxidation (AO) with a boron-doped di-
amond (BDD) anode led to complete removal of 77.5 mg L ! of this
antibiotic in 1 mol dm * sulfate medium by employing a current den-
sity () of 37.5 mA cm 2 [20]. However, the application of EAOPs
based on Fenton’s reaction chemistry like electro-Fenton (EF), photo-
electro-Fenton (PEF) and solar PEF (SPEF) to wastewater containing
ERY has not been reported so far.

The EF process is the most popular EAOP based on the H,0, gen-
eration by cathodic reduction of O, injected to the treated solution via
reaction (1). Efficient H,0O, production is obtained at carbonaceous
cathodes including activated carbon fiber [31], graphite felt [32], car-
bon felt [33-36] and carbon-polytetrafluoroethylene (PTFE) gas (O,
or air) diffusion [37-42]. The oxidation power of electrogenerated
H,0, is upgraded by the addition of a small quantity of Fe’' to pro-
duce Fe’ and *OH in the bulk from the well-known Fenton’s reaction
(2) at optimum pH near 3. The method is advantageous compared to
classical Fenton because of the propagation of this reaction by reduc-
tion of Fe*" to Fe?" at the cathode from reaction (3) [22-25]:

Oy T2H' +2¢ — H,0, (1)
H,0, + Fe*' — Fe*" + *OH + OH" @)
Fe*' +e — Fe?' 3)

In an undivided cell, physisorbed M(*OH) is also formed at the
surface of a large O,-overpotential anode M from water oxidation by
reaction (4) at high applied current. Truly free (i.e., loosely adsorbed
to M) heterogeneous radicals can only be formed at non-active anodes
like PbO, and BDD. Organics are then attacked by both, M(*OH) and
*OH radicals, although the latter is more effective to remove aromatic
products [22-25].

M+H,0 - M(*OH)+H' +¢ 4)

The degradation of organics can be accelerated by irradiating the
solution with UVA light from either a commercial lamp in PEF or
sunlight in SPEF [43,44]. This radiation causes the photolysis of
Fe(OH)*" species, the pre-eminent Fe(III) species at pH near 3, to re-
generate Fe?* enhancing the *OH production via reaction (5), as well

as the photolysis of many intermediates including the photodecar-
boxylation of Fe(III) complexes with final carboxylic acids from reac-
tion (6) [22-25]:

Fe(OH)*" + hv — Fe*" + *OH 5)

Fe(OOCR)?" + hv — Fe*" + CO, + R* (6)

In previous work, we have shown some of the interesting fea-
tures of the SPEF approach to efficiently degrade pharmaceuticals
[38,41,42]. Now, our interest is to demonstrate its viability to destroy
pollutants with different chemical structures, thus pointing toward the
future industrial scale-up for treating real wastewater discharged by
pharmaceutical companies. For this, the SPEF process needs to be
modeled from an electrochemical engineering point of view, which
has not been addressed yet.

The experimental characterization and modeling of the reaction en-
vironment in electrochemical flow reactors is mandatory to control
homogeneous fluid flow [45], mass transport to and from electrode
surface [46] and current and potential distribution [46,47], aiming to
prevent parasitic reactions that impact negatively on the current effi-
ciency and energy consumption [45]. Furthermore, the modeling of
EAOPs is also needed to enhance the reaction kinetics. The numeri-
cal simulation can also be a powerful tool to devise new reactors for
EAOPs, thus contributing to a smarter scale-up.

There are several chemical engineering studies dedicated to mod-
eling the degradation of persistent organic pollutants upon use of pho-
tocatalytic AOPs [48-51]. For example, Wols et al. [50] used com-
putational fluid dynamics (CFD) to develop a kinetic model for the
removal of a mixture of pharmaceuticals, including ERY. However,
the SPEF process involving the coupling of an electrochemical reactor
and a solar photoreactor has not been modeled yet.

This paper presents a theoretical model for the SPEF mineraliza-
tion of ERY solutions in 0.050 mol dm > Na,SO, at pH 3, operat-
ing in batch recirculation mode. A global parametric model to sim-
ulate the transient mineralization rate of ERY (including the formed
by-products and intermediates), in terms of total dissolved organic
carbon (DOC) decay, was conceived. This model takes into account
the transport phenomena in the well-engineered filter-press FM01-LC
electrochemical flow reactor [45,52], coupled in series with a CPC
photoreactor, with a reservoir containing 10 dm? of the antibiotic so-
lution. The equations were numerically solved using the finite element
method and theoretical DOC concentration trends were validated with
experimental data. The FM0O1-LC reactor was equipped with a pla-
tinized Ti plate anode and a graphite-felt (GF) cathode where the dis-
solved oxygen (0.24 mmol dm ) was reduced to H,0, via reaction (1)
[53]. The effect of Fe*" concentration, applied j, ERY concentration
and volumetric flow rate on the antibiotic mineralization was exam-
ined. Higher concentrations than those found in the aquatic environ-
ment were tested in order to clearly show the viability of SPEF for
its removal. Intermediates were detected by gas chromatography-mass
spectrometry (GC-MS) and generated short-chain aliphatic carboxylic
acids were quantified by high-performance liquid chromatography
(HPLC). The transformation of the initial N atom of ERY was as-
sessed as well.

2. Description of the SPEF flow plant
Fig. 2 shows a scheme of the setup of the recirculation SPEF flow

plant with an FMO1-LC electrochemical reactor coupled to a CPC
photoreactor and a mixing reservoir that contains 10 dm® of the elec-
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Fig. 2. Setup of the flow system employed for the SPEF treatment of ERY.

trolytic solution. The solution was pumped by a centrifugal pump to
pass through the FM01-LC and CPC before returning to the reservoir.

The characteristics of the FM01-LC reactor are given in Table 1
and a scheme has been presented elsewhere [45]. Many researchers
have used this versatile laboratory-scale reactor to quantify the im-
portance of reaction environment in fundamental studies and to de-
velop industrial applications [45,52]. The FMO1-LC was equipped
with a platinized Ti plate anode (purpose made following the Pe-
chini method) and a GF cathode, with 0.4 cm thickness and
10-100 x 10> Q" cm ™" electrical conductivity, provided by ROOE
Group. A stainless steel plate of 4.0 cm in height, 16.0 cm in length
and 0.3 cm in thickness was used as cathodic collector. The elec-
trical contact between stainless steel and GF was ensured by glu-
ing them with conducting carbon cement (Leit-C from Agar Aids). A
polypropylene routed mesh, promoter type D [45], was used as turbu-
lence promoter between the anode and cathode.

The CPC photoreactor had a concentration factor of 1 and con-
sisted of 4 acrylic tubes with an irradiated volume of 1.4 dm®. It was
mounted on an aluminum frame platform tilted 21° and oriented to the
south to directly collect the sun rays at the University of Guanajuato
(latitude: 21.03°N, longitude: 101.25°W). The CPC photoreactor was
rigorously designed and constructed by us according the required de-
sign criteria [54-56].

Table 1
Dimensions of the FMO01-LC electrochemical reactor.

Electrode height (B) 4.0 cm

Electrode spacing (S) 0.55 cm

Electrode length (L) 16 cm

Volumetric area GF (a) 517 cm’!

Platinized Ti plate anode area 64 cm?

Turbulence promoter Plastic mesh D; DC® and DL’=11 mm
0.83 of overall voidage

Graphite felt (GF) 0.4 cm (thickness), 0.97 (porosity)

# Internal dimension of the short diagonal of the mesh.

® Internal dimension of the long diagonal of the mesh.

3. Mathematical model for SPEF treatment of organics in a flow
plant with ideal flow pattern deviations in batch recirculation
mode

Addressing the mass transport, current and potential distributions
in three dimensional electrodes, as is the case of the GF employed
here, is a complex task, since the velocity fields and mass transport
effects cannot be directly calculated [45]. One way to quantify them
in 3D electrodes is by means of parametric models, which propose
partial differential equations in one dimension in transient state [57].
The mass transport equations, in parametric models, include axial dis-
persion parameters that are experimentally obtained by analysis of the
residence time distribution (RTD) considering ideal flow deviations
such as stagnant and low velocity zones, channeling and recircula-
tion of the flow, among others [45]. In this context, here we expand
a parametric model to describe the mineralization of ERY (including
the formed by-products and intermediates) in a SPEF flow plant.

The DOC decay from ERY solutions treated in this work obeys the
complex SPEF process, which involves several reaction steps and ki-
netic constants such as the electrogeneration of H,0,, the Fenton’s re-
action, photocatalytic reactions and hydroxylation/dehydrogenation of
the compounds leading to the formation of complex organic by-prod-
ucts and radicals during the mineralization, among others [22-25]. In
order to construct a model that describes the gradual depletion of the
DOC over time in batch recirculation mode, we utilized: (i) the dis-
persion model expression for the FMO1-LC, (ii) the dispersion model
with a global reaction rate term for the CPC, and (iii) the mass balance
equations in the continuous stirred tank (CST) in transient regime. The
following assumptions were considered:

(i) The FMO1-LC behaves as a flow-by electrochemical reactor in
which the production of H,O, from reaction (1) and the regener-
ation of Fe*" from reaction (3) occur at the GF, whereas the mas-
sive O, evolution reaction (OER) takes place in the platinized
Ti anode. In the model, the mineralization of ERY, and formed
by-products and intermediates within the reactor are neglected
because: (a) heterogeneous M(*OH) radicals are not formed at
the anode due to the low j used [58], and (b) the contribu-
tion by H,0, is very small compared to SPEF reactions [59].
The later assumption is also considered owing to the very short
residence times in the FMO1-LC at the flow rates applied
(0.56 <t <0091 s).

(i1) The use of a turbulence promoter type-D in the FM01-LC im-
proves the mixing; therefore, the DOC variation only depends on
the axial coordinate (1D).

(iii) The model assumes the liquid bulk phase and O, gas formed at
the anode of the FMO1-LC as a pseudo-homogenous phase since
the turbulence promoter type-D quickly breaks the gas bubbles.

(iv) The CPC is considered the heart for SPEF because the degrada-
tion of organics can be accelerated by simultaneous irradiation
with UV light coming from sunlight favoring the photolytic reac-
tions (5) and (6), as previously reported by some of us [42]. The
dispersion model with a global mineralization rate term for the
CPC is considered.

(v) The CPC volume (1400 cm®) is very large compared with the
FMO1-LC (35 cm®). The residence times in the CPC, at the flow
rates studied here, varied between 22.72 and 36.55 s, which are
higher than those in the FMO1-LC. This corroborates the pre-
dominance of the DOC mineralization in the CPC photoreactor
of the plant.

(vi) The reservoir tank is considered a perfectly mixed CST.
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(vii) The SPEF flow plant system is isothermal.

The mass balance for the FMO01-LC reactor considers an ideal flow
pattern deviation, which can be described by a plug flow with ax-
ial dispersion model. A 1D partial differential mass balance equation
(y-coordinate) can then be expressed as follows [57]:

aC, 0°C, Uy 9C,

=D 11—
ot @ 9y2 e 0dy 0

where C| is the DOC value of the solution, ¢ is the time of the miner-
alization experiment, D, is the axial dispersion coefficient (i.e., lon-
gitudinal dispersion coefficient) obtained from the RTD experiments
in the FMO1-LC [60], Uy, is the mean inflow velocity at the entrance
of the cell and ¢ is the void fraction of the GF. D, allows quantifying
the non-ideal flow deviations such as the retro-mixing degree during
the flow stream.

The mass balance for the CPC photoreactor considers the reaction
term as a global mineralization rate involving the ERY oxidation via
homogeneous *OH in the bulk and formed by-products and intermedi-
ates in terms of the DOC concentration. A differential mass balance in
the CPC yields the following partial differential equation:

oC,

EY = VYux ax2 ox app (8)

where C, is the DOC value of the ERY solution inside the CPC, ¢ is the
time of the mineralization experiment, D,,, is the axial dispersion co-
efficient obtained from the RTD experiments in the photoreactor [60],
Uy, is the mean inflow velocity at the entrance of the CPC, k,y,, is the
apparent global kinetic constant and # is the reaction order.

Finally, the differential mass balance within the CST, neglecting a
reaction term, can be expressed as follows [57]:

oC, 0Q
— = Z(C,(t.L) - Cy)
o vy ? 0 ©)

where V' is the reservoir volume, Q is the volumetric flow rate, C, is
the DOC value of the solution at the outlet of the CPC photoreactor,
feeding the reservoir, and C,, is the outlet DOC value at time ¢ from
the reservoir, feeding the FM01-LC reactor. It is important to highlight
that he reservoir acts as a mixer tank and thus, C;, has the same value
in all the points.

Egs. (7)-(9) were solved via finite element method using the
boundary conditions for a closed-closed vessel system [61], as
schematized in Fig. 3 for the SPEF flow plant used. For the FM01-LC
reactor, the boundary conditions to solve Eq. (7) are as follows:

Aty=0C, =G,
aC,

Aty=H,— =0
dy

where H is the electrode height. To solve Eq. (8) for the CPC, the
boundary conditions are:

Atx=0,C, = C, (1, H)

oG,

At x=L,—=
ox

=0

where L is the total CPC photoreactor length. The solution of Eq. (9)
for the CST requires the following initial boundary conditions:

At1=0, Cy(0) = C*

where C* is the initial DOC value. It is important to remember that
the CST acts as a perfect mixer; thus, C is assumed to be the same in
any point inside the reservoir including the outlet. In order to obtain a
complete solution of the mathematical model, it is necessary to set the
following initial conditions for Egs. (7) and (8):

Att=0, C,(0,y)=C*

Att =0, Cy0,x)=C*

In this parametric model, the reaction order that better fitted the
experimental DOC-time curves was n =0, as determined after sev-
eral simulation trials. Table 2 summarizes the electrolyte properties
and parameters used in the numerical simulation. Table 3 collects the
dispersion modules for the FMO1-LC and CPC reactors used in the
numerical calculations, based on RTD analysis in each reactor [60].
Table 4 shows the k,,, values obtained from numerical fitting of the

app
experimental DOC-time plots. It is important to highlight that real ef-

[

CPC

N

'_-Hacl._'l]
T =

FMO01-LC

€----mmm--->

y=0 6=c¢c [

Ca= Cl(t,H)

)

Fig. 3. Boundary conditions adopted in the numerical calculations of the parametric model.
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Table 2
Electrolyte properties and transport parameters used in the numerical simulation at
293 K.

Dispersion coefficient of the FMO1-LC, 62.5cm’s”! (at2.3 dm’® min”")

Daxl

151.4 cm?s ! (at 3.0 dm? minfl)
296.5 cm*s ' (at 3.7 dm® min")
224 cm® s (at 2.3 dm® min ")
745 cm®s ™' (at 3.0 dm® min ')
1310 cm? s (at 3.7 dm’ minﬁl)
23.95cms ! (at2.3 dm? minfl)
31.25cms ! (at 3.0 dm® min ")
4229 cms ' (at 3.7 dm® min")
13.1cms ' (at 2.3 dm® min")
17.6 cms ' (at 3.0 dm® min")
222cms’! (at 3.7 dm’ minﬁl)

Dispersion coefficient of the CPC, D,,,

Mean inflow velocity at the FMO1-LC, Uy,

Mean inflow velocity at the CPC,Uj,

Solution volume, V¢ 10,000 cm®
Total CPC photoreactor length, L 407 cm
FMO1-LC electrode height, / 16 cm

Graphite porosity, & 0.97

DOC initial concentration, C* 4.165 x 10"° mol cm * (50 mg dm )
8.33 x 10 mol cm ™ (100 mg dm™>)
1.25 x 10°° mol cm™ (150 mg dm>)

Table 3
Dispersion modules for the FMO01-LC and the CPC at different volumetric flow rates
[60].

FMO1-LC CPC
O (dm® min") Dt/ U H Dyo/UysL
23 0.17 0.042
3.0 0.30 0.104
3.7 0.47 0.145

fluents are composed of several types of emerging pollutants. Hence,
from the engineering standpoint only the high reduction of DOC (mea-
sured as soluble TOC) or COD or BODj allied to a low energy de-
mand, deserves special attention for practical purposes. This is the rea-
son to develop the present model in terms of the total content of DOC
during the SPEF process. Therefore, the monitoring of ERY concen-
tration over time was out of the scope of this paper.

The parametric global model was solved using COMSOL Multi-
physics® 5.1 software considering 40,700 lineal elements, and em-
ploying a workstation with 2 Intel® Xeon 2.3 GHz processors and

Table 4

96 GB of RAM. Simulation run times were typically around 90 s and
the numerical error was below 0.001%.

4. Experimental
4.1. Chemicals

Erythromycin was of analytical standard grade purchased from
Sigma-Aldrich and was used as received. Anhydrous Na,SO, used
as background electrolyte and heptahydrated FeSO, used as catalyst
for Fenton’s reaction were of analytical grade supplied by Fermont.
Solutions were prepared with deionized water and their pH was ad-
justed with analytical grade H,SO, purchased from Sigma-Aldrich.
Carboxylic acids and other chemicals and solvents of either HPLC or
analytical grade were supplied by Sigma—Aldrich, Fermont and Fluka.
All standard solutions and mobile phases were prepared with high-pu-
rity HPLC water supplied by Sigma-Aldrich.

4.2. Mineralization experiments in the SPEF flow plant

The electrolyte was recirculated using a Little Giant 4AMDHC
non-submersible centrifugal pump at volumetric flow rates (Q) of 2.3,
3.0, and 3.7 dm® min, adjusted with a flowmeter, whereas the solu-
tion temperature was kept at around 35 °C. All connections, tubes and
pipes were made of PVC hydraulic plastic.

Oxygen gas was continuously supplied via air sparging into the
reservoir with an air diffusion ceramic connected to a Dewalt D55168
air compressor at a constant pressure of 0.7 bar, reaching a maximum
of concentration of 7.8 mg dm> (0.25 mmol dm ). Under such ex-
perimental conditions, the solution was saturated with O, for H,O,
generation from reaction (1). The dissolved O, content was deter-
mined with a Hanna HI 9142 dissolved oxygen meter. The current was
supplied by a BK Precision 1621 A power source, which directly dis-
played the potential difference between the electrodes. The electrode
potentials were measured against a saturated sulfate reference elec-
trode (SSE), inserted into a Luggin capillary, using an Agilent 34410
high impedance multimeter. All electrode potentials in this work are
referred to the standard hydrogen electrode (SHE).

Prior to each mineralization experiment, H,O, was previously gen-
erated into the 0.050 mol dm > Na,SO, solution for 2 h without solar
radiation, reaching a maximum H,0O, concentration of 50.3 mg dm?
at j=0.16 mA cm > and constant O =3.0 dm® min"'. This method-

ology

Global apparent pseudo-zero-order kinetic constants, along with their R-squared, under different experimental conditions, as obtained from Figs. 4a, 5a, 6a and b. The space-time

yields evaluated at the end of the electrolyses are also presented.

Fig. 4a Fig. 5a
2+ .
[Fe ] -3 Kapp -3 -1 2 Pt / -2 Kapp -3 -1 2 pst
(mmol dm ~) (molcm ~ 8 ) R (gdm s ) (mA cm ©) (molcm “s ) R (gdm s )
0.25 20x%107° 0.98 25x%x107* 0.075 1.1x107° 0.99 12x10*
0.50 40x107 0.97 28x107* 0.14 25%107° 0.92 3.1x107*
1.00 25x107° 0.96 3.9x107* 0.16 3.0x107° 0.98 3.5x107*
0.18 25%107° 0.93 29x107*
0.23 1.1x107 0.98 1L1x107*
Fig. 6a Fig. 6b
3. Fapy 3 -1 2 Pst DOG, -3 Fapp 3 - 2 Pst
(dm” min ) (molcm ~s ) R (gdm”s ) (mg dm °) (molcm ~s) R (gdm s )
23 20x10* 50 2.1x%107 0.98 21x10°*
3.0 3.0x107° 0.98 3.5%107* 100 3.0x107° 0.98 3.5x107*
3.7 40x10* 150 24x107 0.92 3.0x107*

* The values at 2.3 and 3.7 dm® min"" are not shown because of the unclear linear trend.
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was based on one our most recent works [59]. The H,0, concentra-
tion was determined using the light absorption of the titanic-hydrogen
peroxide colored complex at A =408 nm [62], using a Perkin Elmer
Lambda 35 UV/Vis spectrophotometer. After H,O, pre-accumulation,
a given amount of the drug was added to the solution and dissolved
upon several minutes of recirculation, thereafter running the electrol-
ysis. The SPEF trials were carried out for 300 min in sunny days dur-
ing the autumn of 2015. The average daily UV solar irradiation inten-
sity from 300 to 400 nm was around 55 W m 2, as determined by a
weather station located at the University of Guanajuato.

4.3. Apparatus and analytical procedures

The solution pH was determined with a Hanna HI991300 pH-me-
ter. The samples withdrawn from treated solutions were alkalinized
to stop the *OH production and hence, the mineralization process.
They were filtered with 0.45 um PTFE filters before analysis. The
mineralization of ERY solutions was monitored from their DOC re-
moval, determined on a Tekmar Torch TOC analyzer. Reproducible
DOC values with an accuracy of £1% were obtained by injecting
40 pL aliquots into the analyzer. Generated carboxylic acids were de-
tected by ion-exclusion HPLC using a Perkin Elmer Flexar LC fit-
ted with an Agilent Hi-Plex H 8 pm, 300 mm x 7.7 mm (i.d.), col-
umn at room temperature and coupled with a Flexar photodiode ar-
ray detector set at A =210.0 nm. These measurements were performed
by injecting 20 pL samples into the LC using 5 mmol dm H,S0O,
as mobile phase at 0.6 cm® min". Ton-exclusion chromatograms ex-
hibited peaks related to oxalic, maleic, oxamic, fumaric and formic
acids at retention times of 7.6, 9.6, 10.9, 14.7 and 19.8 min, respec-
tively. Analysis of NO; by ion chromatography was carried out by
injecting 100 pL aliquots into the above LC, equipped with a Hamil-
ton PRP-X110, 150 mm % 4.1 mm (i.d.), anionic column at room tem-
perature and coupled to an Adept Cecil CE4710 conductivity detector.
A mixture of a 4 mmol dm > p-hydroxybenzoic acid, 0.1 mmol dm >
NaSCN and 2.5% methanol at pH 8.5 was circulated at 1 cm® min !
as mobile phase. The NH," content was determined with an Alpkem
Flow Solution IV flow injection system through colorimetric analysis
based on the standard indophenol blue reaction.

Intermediates formed at 30 and 120 min of the SPEF degradation
of a 0.225 mmol dm > ERY solution in 0.050 mol dm > Na,SO, at pH
3.0 andj=0.16 mA cm 2 were identified by GC-MS. About 100 cm’
aliquots were lyophilized or extracted out with CH,Cl, (3 x 25 Cm3).
After lyophilization, the residue was dissolved in 1 cm’® of ethyl ac-
etate, whereas after CH,Cl, extraction, the organic volume was re-
duced to about 1 cm? after drying over anhydrous Na,SO, followed by
filtration. GC-MS analysis of concentrated samples was carried out on
an Agilent system composed of a 6890N GC with a 7683B series in-
jector and a 5975C MS in EI mode at 70 eV. The GC was fitted with
a non-polar Teknokroma Sapiens-X5 ms 0.25 um, 30 m x 0.25 mm
(i.d.), column. The temperature ramp was: 36 °C for 1 min, 5 °C min "
up to 325 °C and hold time 10 min. The temperature of the inlet,
source and transfer line was 250, 230 and 300 °C, respectively. The
analysis was always made by splitless (0.7 min) injection. A
NISTO05-MS library was used to interpret the mass spectra.

5. Results and discussion

5.1. Effect of catalyst content on the SPEF process under
potentiostatic conditions

A first series of experiments in the SPEF flow plant was per-
formed by comparatively degrading 10 dm® of a 0.225 mmol dm™>
(100 mg dm * DOC) ERY solution in 0.050 mol dm > Na,SO, with
catalytic Fe*" concentration between 0.25 and 1.00 mmol dm > at pH
3.0and 0=3.0 dm® min"! for 300 min. These trials were run at a con-
stant cathodic potential (E_,;) of —0.35 V vs SHE in order to ensure a
constant H,0O, production without H, evolution reaction (HER), fol-
lowing the recommendations widely explained in our recent publica-
tion focused on the optimization of H,0, electrogeneration [53].

Fig. 4a exemplifies the practically linear DOC decays with elec-
trolysis time determined for the above experiments. The mineraliza-
tion rate was enhanced when the Fe*" content was increased from 0.25
to 0.50 mmol dm™>, as expected if larger amounts of *OH are gener-
ated from Fenton’s reaction (2) due to the presence of a higher quan-
tity of catalyst. In contrast, further increase to 1.00 mmol dm > Fe*'
caused a progressive drop in DOC abatement at each given time. This
can be accounted for by the gradually larger extent to which the para-
sitic reaction (10) is given, which entails a large consumption of gen-
erated *OH by the excess of Fe?" ion added, thus decelerating the min-
eralization process [22-25]. Note that, despite the much larger rate
constant of reaction (10) compared to that of Fenton’s reaction (2), the
former one is significant only once the production rate of H,O, from
reaction (1) becomes insufficient to consume the excessive amount of
Fe®'. The best performance was then obtained at an optimum concen-
tration of 0.50 mmol dm > Fez+, attaining 78% DOC reduction at the
end of the trial.

Fe? + *OH — Fe’" + OH~ (10)

Assuming that the total cold combustion of ERY (including formed
by-products and intermediates) leads to the formation of CO, and
NO; as major ion, as will be discussed below, its theoretical total
mineralization reaction can be written as follows:

C37HgNO 5 + 64 H,0 — 37
CO,+NO; +195H + 194 ¢ (11

Although a large number of protons was produced, the solution pH
remained almost constant because of their consumption in H,0, elec-
trogeneration from reaction (1).

The mineralization current efficiency (MCE, in %) was then esti-
mated from Eq. (12):

n FV{ADOC)
% MCE = — >~ ¢ 100

m Q, (12)

where n is the number of electrons involved in the mineralization
process (=194 from reaction (11)), F is the Faraday constant
(96,487C mol "), Vs is the solution volume (in dm?®), A(DOC),y, is the
experimental DOC abatement (in g dm™ ), m is the total mass of car-
bon (in g) per mol of ERY and O, is the applied charge at electroly-
sis time ¢ (in C). The specific energy consumption per unit DOC mass
(ECpoc) was determined as follows:
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Fig. 4. Change of (a) DOC, (b) mineralization current efficiency and (c) specific en-
ergy consumption per gram of DOC with electrolysis time for the SPEF treatments
at different Fe?" concentrations: (A) 0.25 mmol dm, (m) 0.50 mmol dm™ and (o)
1.00 mmol dm . Trated solution: 100 mg dm > DOC of ERY (0.225 mmol dm> ERY)
with 0.050 mol dm ° Na,SO, at pH = 3.0. Volumetric flow rate Q = 3.0 dm’® min"'. Po-
tential applied to the graphite-felt (GF) cathode £, =—0.35 V vs SHE. Solid lines (—)
of Fig. 4a correspond to the theoretical trends obtained from the parametric model with
the graphed parameter (C,) being the DOC.

2.7x 107" E.y O,
VgA (DOC)..y,

ECpoc(kWh(g DOC)™!) =
(13)

where 2.7 x 107 is a conversion factor for units homogenization (in
kWh/Ws) and E is the potential difference between the anode and
cathode (in V).

Fig. 4b corroborates that 0.50 mmol dm " Fe?" is the optimum cat-
alyst concentration to perform the SPEF experiments. The use of this
Fe?" content yielded the highest MCE values between 80% and 106%
throughout all the experiment, with a final value of 84%. In contrast,
much lower current efficiencies around 50-60% and 63-76% were ob-
tained at 0.25 and 1.00 mmol dm >, respectively, at times longer than
90 min. Note that MCE values >100% are feasible in SPEF because
only the electrical contribution is considered in Eq. (12) and thus,
the positive action of sunlight enhances the degradation at zero cost.

Higher mineralization current efficiencies gave rise to lower ECppc
values, as presented in Fig. 4c. For the optimum 0.50 mmol dm > Fe”",
an ECpoc = 0.059 kWh (g DOC) ! was finally obtained.

Another important figure of merit to evaluate the performance of
the system is the space-time yield (STY), pgr, defined in this case as
the experimental DOC abatement per unit time [63]:

A(DOC)

pst =
st (14)

where 7 is the spatial time of the system (Vg/Q, in s). Table 4 shows
the pgr values for the different experimental conditions from Fig. 4a,
showing that the best performance in terms of STY was obtained at
0.50 mmol dm > Fe**, confirming the above conclusion for ECp.

5.2. Effect of operation parameters on the SPEF process under
galvanostatic conditions

To better clarify the SPEF treatment of ERY solutions in the solar
flow plant, the influence of important operation parameters like j, QO
and antibiotic concentration was assessed. The applied ;j is a key op-
eration variable in the EAOPs because it determines the quantity of
generated oxidants. The influence of this parameter was ascertained
by means of a second series of experiments with a 0.225 mmol dm’
ERY solution at an optimum 0.50 mmol dm > Fe®" concentration at
pH 3.0 by applying j values of 0.14, 0.16, and 0.18 mA cm 2 (1.9, 2.1
and 2.3 A), corresponding to £, values between —0.4 and —0.1 V vs
SHE. This potential range favors the H,O, formation from reaction
(1) and avoids the parasitic HER, which takes place at £, <—0.4 V
vs SHE [53]. Two additional trials were conducted at 0.075 and
0.23mA cm 2 (1 and 3 A) related to Eg, values less negative than
—0.1 V vs SHE and more negative than —0.4 V vs SHE, respectively.
In all these experiments, a Q = 3.0 dm® min " was utilized.

Fig. 5a shows the DOC depletion vs electrolysis time for the above
trials. As can be seen, DOC was more rapidly removed by increas-
ing j from 0.075 to 0.16 mA cm 2, as expected if more H,0, is gradu-
ally produced, therefore enhancing Fenton’s reaction (2). This allows
the production of a greater amount of *OH in the bulk that can attack
a larger quantity of organics, eventually upgrading the mineralization
process. So, under these conditions, the O, reduction to H,0, via reac-
tion (1) prevents the the parasitic HER [53]. In contrast, Fig. 5a high-
lights a progressive and dramatic drop of the DOC abatement when
further grew to 0.18 and 0.23 mA cmfz, which might be attributed to
the achievement of E, values <—0.4 V vs SHE, which increasingly
promotes the parasitic HER ending in lower amounts of accumulated
H202.

Fig. 5b and c depicts the MCE and ECp values determined for
the experiments of Fig. 5a. The highest mineralization current ef-
ficiencies between 74% and 110% and lowest specific energy con-
sumptions between 0.041 and 0.063 kWh (g DOC) ' were found for
0.16 mA cm 2, leading to the highest DOC removal of 69%. The MCE
values at 0.075, 0.14, 0.16, 0.018 and 0.23 mA cm 2 at the end of
the SPEF treatments were 58%, 77%, 75%, 62% and 18% respec-
tively, whereas the corresponding ECpc values were 0.063, 0.058,
0.059, 0.077 and 0.286 kWh (g DOC) ", respectively. Finally, Table
4 shows the STY values at the end of electrolysis from the data of
Fig. 5a, where it can be seen that the best STY value was obtained at
0.16 mA cm 2, confirming what was previously discussed. All these
results indicate that the SPEF treatment of a 0.225 mmol dm > ERY
solution in 0.050 mol dm > Na,SO,4 at pH = 3.0 under galvanostatic
conditions becomes optimal operating with 0.50 mmol dm > Fe’' at
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Fig. 5. Variation of (a) DOC, (b) mineralization current efficiency and (c) specific
energy consumption per gram of DOC with electrolysis time for the SPEF treat-
ments at cathodic current densities of: (0) 0.075 mA cm 2, (A) 0.14 mA cm 2, (m)
0.16 mA cm 2, (o) 0.18 mA cm? and (o) 0.23mA cm 2. Treated solution:
100 mg dm > DOC of ERY with 0.050 mol dm * Na,SO, and 0.50 mmol dm > Fe**
at pH = 3.0. Volumetric inflow rate O = 3.0 dm® min". Solid lines (—) of Fig. Sa cor-
respond to the theoretical data obtained from the parametric model considering
Cy =DOC. Only three simulated curves are represented because quite similar calcula-
tions were found for 0.075 and 0.23 mA cm’z, as well for 0.14 and 0.18 mA cm 2.

j=0.16 mA cm . However, similar MCE and ECpoc values were
found for a lowerj = 0.14 mA cm 2, although reaching a smaller DOC
decay of 62% (see Fig. 5a). This suggests a larger consumption of
*OH at increasing H,O, concentration by parasitic reactions
(15) and (16) [22-24]:

*OH — H,0, (15)

H,0, + *OH — HO,* + H,0 (16)

It is worth mentioning that in all the above trials the solution pH
decayed slightly up to a final value near 2.7-2.8, probably by the pro-
duction of acidic products like short-linear aliphatic carboxyl acids
[22-25]. The protons generated upon mineralization of ERY as shown
in reaction (11) may also contribute to such slight pH decay.

Fig. 6a depicts the DOC-time plots obtained for a
0.225 mmol dm > ERY solution with 0.50 mmol dm ™ Fe?" at pH 3.0
and j=0.16 mA cm? at O values ranging between 2.3 and
3.7dm* min L. A large improvement of the mineralization rate could
be observed when Q rose from 2.3 and 3.0 dm® min™!, which can be
associated with an enhancement of mass transport of oxygen and pro-
tons to yield H,0O, by reaction (1). At a higher Q of 3.7 dm® min",
however, this trend was inverted, probably due to the concomitant de-
crease in the residence time inside the electrochemical reactor that
causes a drop of H,O, production and, consequently, of the SFEP
process efficiency. This latter assumption considers that in the CPC
photoreactor the mineralization process mainly occurs by the action
of *OH formed in the bulk, being strongly determined by the amount
H,0, produced in the FMO1-LC reactor. The final MCE at 2.3, 3.0
and 3.7 dm’® min~" were 58%, 75% and 71%, respectively, with ECp
values of 0.077, 0.059 and 0.062 kWh (g DOC) !, and psr values of
0.0002, 0.00035 and 0.0004 g dm > s~". It is important to mention that,
in Fig. 6a, the best electrolysis in terms of DOC depletion and MCE
was obtained at 3.0 dm® min .

The above assays revealed that the influence of hydrodynamics on
DOC decay is not so significant, although it is true that the best lin-
ear DOC versus time trend was obtained at Q of 3.0 dm?® min™! for the
SPEF process in the solar flow plant. This value, along with the opti-
mum ones of 0.50 mmol dm > Fe?* and j = 0.16 mA cm 2, were used
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Fig. 6. (a) DOC decay vs electrolysis time for the SPEF treatment of a
0.225 mmol dm > ERY solution at Q values of: (A) 2.3 dm® min ", (m) 3.0 dm® min!
and () 3.7 dm® min™". Electrolyte: 0.050 mol dm™~ Na,SO, with 0.50 mmol dm Fe**
at pH = 3.0. The cathodic current density was 0.16 mA cm 2. (b) DOC removal with
electrolysis time for the SPEF experiments with initial DOC of: (A) 50 mg dm3, (m)
100 mg dm > and (e) 150 mg dm >, at O = 3.0 dm® min"". Solid lines (-) are the theo-
retical data determined from the parametric model taking C, = DOC. The curves at 2.3
and 3.7 dm® min~" were not modeled because of the unclear linear trend.
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to assess the effect of the antibiotic concentration between 0.112 and
0.337 mmol dm > on its mineralization trends. As shows Fig. 6b, a
lower mineralization was attained at growing ERY concentrations,
as expected by the smaller removal of pollutants at higher organic
load by similar constant quantities of oxidants produced under the
same conditions. Although DOC was reduced by 85%, 69% and 40%
at raising antibiotic contents of 0.112, 0.225 and 0.337 mmol dmf3,
a larger quantity of DOC was destroyed when going from 0.112
and 0.225 mmol dm >, which agrees with the obtained values of PsT
(Table 4). This was reflected in the corresponding enhancement of
MCE from 46% to 75% and decrease of ECpnc from 0.093 to 0.059
kWh (g DOC) 1. In contrast, the MCE value of the 0.337 mmol dm >
solution decayed to 65% with an ECpoc=0.071 kWh (g DOC) .
These results indicate that the reaction rates of parasitic reactions
(10), (15) and (16) were minimal at 0.225 mmol dm. Consequently,
the experimental characterization of the SPEF treatment of ERY so-
lutions in 0.050 mol dm > Na,SO, at pH 3.0 revealed optimum con-
ditions for 0.225mmoldm™> antibiotic concentration with
0.50 mmol dm™> Fe*" at j=0.16 mA cm > and Q=3.0 dm® min ',
giving rise to 69% mineralization with MCE of 75%, ECpoc of
0.059 kWh (g DOC) " and pg of 0.00035 g dm > s™" at 300 min.

5.3. Comparison of the parametric model with experimental results

Figs. 4a, 5a, 6a and b shows the simulated DOC-time plots as
solid lines determined from the proposed parametric model. Disper-
sion modules for both reactors, which were experimentally obtained
by RTD analysis [60], are shown in Table 3. Apparent pseudo-zero-or-
der kinetic constants determined according to the model are summa-
rized in Table 4 including the linear regression coefficient, R, be-
tween theoretical and experimental data. Fig. 4a shows close agree-
ment between theoretical and experimental results operating under po-
tentiostatic conditions with an £, = —0.35 V vs SHE to produce H,0,
in the FMO1-LC, avoiding the parasitic HER [53]. When the SPEF
process operated under galvanostatic conditions (Figs. 5a, 6a and b)
the model did not show a perfect agreement. In Fig. 5a, which assesses
the effect of j, significant deviations can be observed for 0.14 and
0.18 mA cm * between 90 and 150 min, owing to the variations of £,
giving rise to similar experimental data. In Fig. 6a, which shows the
effect of hydrodynamics on DOC decay, the simulation became worse
when the SPEF process operated at 2.3 and 3.7 dm® min!, with a very
similar experimental trend to that obtained at 0.14 and 0.18 mA cm?
(Fig. 5a). This behavior indicates that under such hydrodynamic con-
ditions the parasitic HER takes place at a large extent, inhibiting the
degradation of ERY. However, at 3.0 dm’® min!, the model presents
close agreement with the experimental DOC-time plot (solid line).
Also, good agreement was obtained between the model and experi-
ments during the effect of antibiotic content, as can be seen in Fig. 6b.
From the analysis of the above figures, one can conclude that the pro-
posed parametric model, in terms of mass balance equations of ERY,
could fit well when the H,O, production is favored and parasitic HER
is minimized, always considering a constant sunlight radiation. Wor-
thy mentioning that the linear regression coefficients were comprised
between 0.92 < R* < 0.99; in our opinion these values of R’ are accept-
able in such SPEF process because the stochastic experimental point
deviations, from the linear DOC versus time plots depicted in Figs. 4a,
Sa, 6a and b, are attributed to the sunlight radiation variation (during
the 8 h of the experiments). A more robust parametric model that in-
cludes the effect of H,0, concentration as a function of sunlight radia-
tion and j and should be taken into account for future research at large
scale.

It is important to remark that the parametric model developed here
was designed to understand and correlate the experimental DOC de-
cay with time (including formed by-products and intermediates). In
other words, this model allowed determining the global apparent reac-
tion term of the DOC in the solution, without the contribution of the
non-ideal flow deviations in the FM01-LC and CPC reactors. In this
global apparent reaction term, *OH is presupposed as the most pow-
erful oxidant, although slower reactions with other weaker oxidizing
species like H,O, and HO,* is feasible. This first approach should also
serve as a starting point the scale-up of the SPEF process, which will
be performed in near future.

5.4. Identification and time course of intermediates and released
inorganic ions

Table 5 summarizes the characteristics of six intermediates de-
tected by GC-MS during short electrolysis times of the SPEF treat-
ment of a 0.225mmoldm> ERY solution with 0.05 mol dm™
Na,SO, and 0.50 mmol dm > Fe*" at pH 3.0, j=0.16 mA em? and
0=3.0 dm® min"!. The degradation of ERY (1) yields four hetero-
cyclic by-products (compounds 2, 3, 4 and 6), the aromatic methyl es-
ter derivative 5 and the tertiary aliphatic amine 7. All these small com-
pounds are formed from the cleavage of the multiple C-C bonds of
the complex structure of the ERY molecule under the action of *OH,
followed by internal cyclization to yield some of the heterocyclic and
aromatic structures. These by-products have not been detected in a re-
cent study on an enzymatic degradation of ERY [64].

Subsequent degradation of compounds 2-7 is expected to give a
mixture of final short-chain aliphatic carboxylic acids [22-25]. This
fact was corroborated by ion-exclusion HPLC analysis of the above
treated 0.225 mmol dm > ERY solution, which revealed the formation
of maleic, fumaric, oxamic, oxalic and formic acids. The two former
acids are oxidized to oxalic and formic [37-43], whereas oxamic acid
proceeds from the destruction of N-intermediates like the aliphatic
amine shown in Table 5. Oxamic, oxalic and formic acids are final
by-products that are directly mineralized to CO,. Under the present
experimental conditions, all detected acids form Fe(III) complexes to
large extent [22,23,44].

Only traces of maleic, fumaric and oxamic acids
(<0.002 mmol dm ) were detected during the electrolysis. In contrast,
formic and oxalic acids were largely accumulated in the solution. Fig.
7a illustrates a maximum content of 0.415 mmol dm > for formic acid
at 120 min of electrolysis, which was significantly reduced to a fi-
nal value of 0.085 mmol dm . In the case of oxalic acid, it was ac-
cumulated to a smaller extent up to 0.144 mmol dm . This behavior
can be accounted for by the efficient removal of Fe(Ill)-formate and
Fe(IlI)-oxalate complexes upon the action of UV light of the incident
solar radiation over the CPC photoreactor via reaction (6) [43,44].
A mass balance of all these acids at 300 min indicated that they ac-
counted for 4.5 mg dm > DOC out of the 31 mg dm > contained in the
final solution. This means that about 85% of its organic content is due
to other unidentified by-products that are hardly removed by *OH and
solar radiation. Further research is needed to ensure that this unknown
remaining of DOC is harmless to living beings. This should involve
toxicological and BODjs analysis, which were beyond of the scope of
this paper.

The fate of the initial N atom of the 0.225 mmol dm > ERY so-
lution upon SPEF treatment was assessed. NO; and NH," were the
unique inorganic ions detected, with preferential formation of the for-
mer ion, as proposed in reaction (11). Fig. 7b shows a progressive ac-
cumulation of NO; ™ up to 0.072 mmol dm >, as a result of the contin-
uous mineralization of N-intermediates. A final NH," concentration of
0.047 mmol dm * was found. The sum of the N content of such inor-
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Table 5

Intermediates identified by GC-MS during the SPEF treatment of erythromycin (1) at pH 3.0 in the recirculation plant.

Electrochimica Acta xxx (2017) XXX-XXX

Number Chemical name Molecular structure (min) Main fragmentation ions (m/z)
2 1-(2,4-Dimethyl-3-furyl)ethanone (0] CHj 13.3 138,123 67,43
N
HeC S CH,
0
3 3-Hydroxy-2,6-dimethyl-4H-pyran-4-one H4C (0] CH; 13.4 140, 125 111, 97, 85, 69, 43
\[]‘IOH
(0]
4 Dehydroacetic acid Hac 0] /O 17.7 168, 153 125,111, 98, 85, 43
m/CHiS
o} 0]
5 3,5-Dihydroxymethylacetic acid methyl ester Hac\ 20.3 182,123,43
(0]
HO OH
6 2-Furancarboxylic acid 0 20.5 112,95, 39
o}
\ /) OH
7 N,N-Dimethyl-1-o0l-2-pentanamine HgC\ /CH3 22.0 131, 87,72, 56, 44
N

# Retention time.

ganic ions represents a 53% of its initial value, suggesting that a sig-
nificant quantity of refractory N-intermediates are accumulated in the
final solution. Some volatile N-species may also be formed, although
their contribution is probably of minor importance.

6. Conclusions

It has been shown that the ERY solutions in acidic sulfate medium
can be mineralized by the powerful SPEF process using a 10 dm” so-
lar flow plant with a FMO1-LC reactor coupled to a solar CPC pho-
toreactor. Under potentiostatic conditions at E.,, =—0.35V vs SHE,
which ensured constant H,0, production, a 0.225 mmol dm? antibi-
otic solution with optimum 0.50 mmol dm > Fe?" content treated at
0=3.0dm’ min"' underwent 78% of mineralization with 84% of
MCE, 0.059 kWh (g DOC)7l of ECpoc and space-time yield of
0.00028 g dm > s ! at 300 min. Under galvanostatic conditions, the
optimal treatment of a 0.225 mmol dm > ERY solution was achieved
at 0.16 mA cm 2 and 3.0 dm® min, finally reaching 69% of miner-
alization, 75% of current efficiency, 0.059 kWh (g DOC)7l of ECpoc

and space-time yield of 0.00035 g dm s . Four heterocycles and
one aromatic by-product, along with a tertiary aliphatic amine, were
formed by *OH attack, thereby yielding five final carboxylic acids
with predominance of formic and oxalic. The initial N atoms were
pre-eminently mineralized to NO;  ion, although a significant propor-
tion of unidentified N-intermediates were also formed. The parametric
model allowed determining the global apparent reaction term of the
total DOC decay by SPEF, assuming *OH as the most powerful ox-
idant and disregarding the contribution of non-ideal flow deviations
in both reactors. The model was validated under potentiostatic condi-
tions, whereas it worked adequately at constant current when the H,0,
production was favored over the HER. However, a more robust model
including the H,0, concentration vs j and sunlight radiation should be
conceived in future research, as a first approach for the scale-up of the
SPEF flow plant.
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