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Abstract

Model solutions of bisphenol A (BPA) in 0.050 M Na.SOs at pH 3.0 have been treated by the
electro/Fe?*/persulfate process. The activation of 5.0 mM persulfate with 0.20 mM Fe?* yielded
a mixture of sulfate radical anion (SO4°") and *OH, although quenching tests revealed the
prevalence of the former species as the main oxidizing agent. In trials run in an IrOz/carbon-
felt cell, 98.4% degradation was achieved alongside 61.8% mineralization. The energy
consumption was 253.9 kWh (kg TOC)%, becoming more cost-effective as compared to cells
with boron-doped diamond and Pt anodes. Carbon felt outperformed stainless steel as cathode
because of the faster Fe?* regeneration. All BPA concentration decays agreed with a pseudo-
fist-order kinetics. The effect of persulfate, Fe?* and BPA concentrations as well as of the
applied current on the degradation process was assessed. Two dehydroxylated and three
hydroxylated monobenzenic by-products appeared upon SOs*~ and *OH attack, respectively.
The analogous treatment of BPA spiked into urban wastewater yielded a faster degradation and
mineralization due to the co-generation of HCIO and the larger *OH production as SO4*~ reacted

with CI-.

Keywords: Carbon-felt cathode; Emerging contaminant; Hydroxyl radical; Persulfate; Sulfate

radical anion; Water treatment
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1. Introduction

Bisphenol A (BPA) is a well-known endocrine disruptor with severe impact on human
fertility (Rochester, 2013; Matuszczak et al., 2019). It is present in a large variety of industrial
and personal care products such as plastics, resins, lotions, cleaners, body creams and shampoos
(Bhatnagar and Anastopoulos, 2017). BPA is highly soluble in water (300 mg L* at 25 °C,
Careghini et al., 2015) and, consequently, it has been detected in natural water and wastewater
at concentrations between 1.3 and 370 ug L™, in landfill leachates up to 17 mg L™ and in sewage
sludges, sediments and biosolids up to 95 mg kg™ (Corrales et al., 2015; Petrie et al., 2015).
The development of technologies for the destruction of BPA in aqueous effluents is then
mandatory, aiming to avoid its hazardous effects on living beings.

Physicochemical methods like adsorption (Bhatnagar and Anastopoulos, 2017) and
chemical ones including ozonation (Umar et al., 2013), photo-Fenton (Molkenthin et al., 2013)
and, more recently, activated persulfate (S,0s>~, PS) have been applied to remove BPA from
water. PS activation consists in its conversion into sulfate radical anion (SO4*"). Ozone (Yang
etal., 2016), H.02/Fe?* (Khandarkhaeva et al., 2019), H202/FesO4 (Xu et al., 2019), H.02/zero
valent iron (Girit et al., 2015; Wu et al., 2020), FesOs-a-MnO; (Dong et al., 2019) and Fe?*
(Jiang et al., 2013; Kang et al., 2018) behave as effective activators. Reaction (1) accounts for
the production of SO4*~ from PS and Fe?*. This radical can be partially deactivated by Fe?* via
reaction (2) (YYang, 2015; Matzek and Carter, 2016). Reaction (3) between PS and an organic
molecule R also originates SO4°~ (Matzek and Carter, 2016). A remarkable feature of SO4*~ is
its ability to generate *OH, either via reaction (4) at pH < 7 or reaction (5) in alkaline medium
(Devi et al., 2016; Matzek and Carter, 2016). It has been established that the predominant

species is SOs*~ at pH < 7 and *OH at pH 12, whereas none of them prevails at pH 9 (Romero
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et al., 2010; Akbari et al., 2016). Moreover, SO4*~ can dimerize to form S,0s?>" according to

parasitic reaction (6).

S:0¢%> + Fe** — Fe* + SOs~ + S04 (1)
SOs + Fe?* — S04+ + Fe** 2)
$,0¢> + R — 250, +R° 3)
S04~ + H,0 — SO + *OH + H* (4)
SOs~ + OH~ — SO+ + *OH (5)
2S04~ — S,0¢% (6)

S04~ is a strong oxidant with a standard reduction potential (E®) of 2.44 V|SHE, slightly
lower than E° = 2.73 V|SHE shown by *OH. However, this is counterbalanced by its much
longer lifetime, making feasible its fast reaction with aromatic compounds (Armstrong et al.,
2015; Wojnéarovits and Takacs, 2019). The removal of BPA from aqueous solutions has been
studied by electrochemical advanced oxidation processes (EAOPs) like electrochemical
oxidation (EO), electro-Fenton (EF) an photoelectro-Fenton (PEF). These EAOPs involve the
generation of *OH and their immediate action on organic pollutants (Martinez-Huitle et al.,
2015; Moreira et al., 2017; Lanzalaco et al., 2018; Brillas, 2020; dos Santos et al., 2020). In
EO, the effectiveness of different anodes like boron-doped diamond (BDD) (Murugananthan et
al., 2008; Cui et al., 2009), B-doped graphene (Wu et al., 2019), doped SnO; (Cui et al., 2009),
Pt (Li et al., 2016) and dimensionally stable anodes (DSA) (Cui et al., 2009) has been
investigated. The quickest BPA removal was achieved with non-active BDD anodes because
of the higher quantity of physisorbed *OH produced from water discharge via reaction (7)
(Panizza and Cerisola, 2009; Oturan and Aaron, 2014; Galia et al., 2016). Thus, Murugananthan

et al. (2008) found that 20 mg L BPA in a 0.10 M NazSO4 solution at pH 6 treated by EO with
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BDD were completely mineralized after 12 h at a current density of 35.7 mA cm, yielding

phenol, hydroquinone and p-benzoquinone as by-products.
M + H,0 — M(*OH) + H* + e (")

EF process also ensured a large mineralization of BPA solutions, owing to the contribution
of homogeneous *OH formed from Fenton’s reaction between added Fe?* and electrogenerated
H.0> (Gbzmen et al., 2003; dos Santos et al., 2016, 2018a; Chmayssem et al., 2017). A faster
degradation was reported by Burgos-Castillo et al. (2018) when solutions of 150 mL containing
0.556 mM BPA in 0.050 M NazSO4 and 0.50 mM Fe?* at pH 3.0 were treated by PEF with a
BDD anode, a carbon-PTFE air-diffusion cathode and a 6 W UVA lamp at 33.3 mA cm for
360 min.

More recently, Ding et al. (2020) enhanced the EO treatment of BPA in sulfate medium by
employing a divided cell to activate PS in the anodic compartment. For solutions with 5 uM
BPA, 0.030 M NazSOs and 1 mM PS treated at 5 mA cm for 30 min, they reported a similar
degradation near 50% regardless of the anode material. The production of oxidants (SO4*~ and
*OH) was thus analogous using BDD or DSA. Under these conditions, SO4*~ can be formed
via: (i) reaction (8), as PS is activated by *OH formed from reaction (7), and (ii) SO4>~ oxidation

at the anode from reaction (9) (Matzek and Carter, 2016; Luo et al., 2017; Liu et al., 2018).

S$,082 + *OH — HSO4s + S04 + %0, (8)

SO4> — SO~ + e 9)

Another interesting approach within the electrochemical routes, which has been only
examined by few authors, consists in the simultaneous promotion of the cathodic Fe®*
electrogeneration in an undivided cell. In such system, SOs*~ can be produced by direct
reduction of PS at the cathode via reaction (10), whereas Fe?* is regenerated as Fe*" is reduced

via reaction (11). This accelerates the SO4*~ generation from reaction (1), although Fe?* can be
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partly oxidized to Fe3*at the anode from reaction (12) (Wu et al., 2012; Devi et al., 2016; Matzek
and Carter, 2016). This approach has been tested to treat acidic BPA solutions, obtaining an
effective degradation but poor mineralization using DSA/stainless steel (SS) (Lin et al., 2013)
and graphite/graphite (Yang, 2015; Akbari et al., 2016) cells. Worth noting, 3D cathodes, which
have a much larger electroactive surface area, have never been employed to this purpose. This
type of material could largely improve the kinetics of reaction (11), eventually upgrading the
direct formation of SO4*~ from reaction (1) and the indirect generation of homogeneous *OH
from reaction (4). Among such 3D cathodes, carbon felt seems suitable due to its low cost and

large ability to regenerate Fe?* in acidic medium (Sirés et al., 2007; EI-Ghenymy et al. 2014).

S:08 + & — SO2 + SOs™ (10)
Fe¥* + e — Fe? (11)
Fe?* —» Fe¥* + e (12)

The aim of this work is to study of the degradation and mineralization of BPA in acidic
sulfate medium, in the presence of PS and Fe?*, upon electrolysis in an undivided cell equipped
with a DSA (Ti/lrO;) anode and a carbon-felt cathode, so-called electro/Fe?*/PS process.
Comparative assays were made to show the benefits of combining PS and Fe?" with the 3D
cathode. The performance of cells equipped with a BDD or Pt anode and an SS cathode was
analyzed as well. The effect of the concentrations (BPA, PS and Fe?") and applied current (1),
on the performance of the process was evaluated. The main by-products formed were detected
by gas chromatography-mass spectrometry (GC-MS). Finally, the viability of the

electrochemical process was corroborated by treating BPA in urban wastewater.

2. Materials and methods

2.1. Chemicals and aqueous matrices
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Commercial BPA (CisH1602, M = 228.29 g mol™, > 99% purity) was supplied by Sigma-
Aldrich. Methanol and tert-butanol used as radical scavengers were of analytical grade,
purchased from Sigma-Aldrich. NazSO4, Na2S20s and FeSO4+7H20 were of analytical grade,
supplied by Prolabo, Sigma-Aldrich and Fluka, respectively. The initial pH was adjusted to 3.0
with H2SO4 (98% purity) purchased from Merck and analytical grade NaOH purchased from
Panreac. Analytical solutions were prepared with ultrapure water (Millipore Milli-Q, resistivity
>18.2 MQ cm). All the other chemicals used for analysis were of analytical or HPLC grade
provided by Merck and Panreac.

To carry out the electrolytic assays, BPA was spiked into aqueous matrices with the
following composition:

0] Ultrapure water containing 0.050 M NaSO4 at pH 3.0, showing a specific

conductivity of 7.1 mS cm™.

(i) Urban wastewater obtained from the secondary effluent of a wastewater treatment

plant, with pH 7.3, conductivity of 1.29 mS cm™ and total organic carbon (TOC) of

11.8 mg L* (detailed composition reported by Ye et al. (2020)).

2.2. Electrolytic treatments

The electrolytic experiments were made in an undivided glass cell (6 cm diameter and 250
mL capacity), which was able to keep the solution temperature at 35 °C thanks to water
recirculated through an external water circuit. All the assays were made with a solution volume
of 130 mL and magnetic stirring. The anode of 3 cm? was either a BDD thin film onto Si
purchased from NeoCoat, a Pt foil (99.99% purity) provided by SEMPSA or an IrO,-based
(DSA-0) plate purchased from NMT Electrodes. The piece was centered in the cell, surrounded
by a 30 cm? carbon felt cathode supplied by Carbon-Lorraine. In some assays, a 3 cm? SS (AISI
304) sheet was used as the cathode. The distance between the anode and cathode was always 1

cm. Note that the trials were made in the absence of air sparging, aiming to limit the H,O>
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electrogeneration. An Amel 2049 potentiostat-galvanostat was utilized to supply a constant I to
the electrodes, whereas the cell voltage was continuously monitored with a digital multimeter.
Before the tests, all the anodes and cathodes were cleaned by means of a polarization in a 0.050

M NaSOs solution at pH 3.0 and 200 mA for 360 min.

2.3. Analytical procedures

The instruments utilized for the pH and conductivity measurements and the determination
of the anion and cation concentrations in the urban wastewater sample have been reported in
our recent work (Ye etal., 2020). The PS concentration was obtained following the colorimetric
method described by Liang et al. (2008), using a Shimadzu 1800 UV/vis spectrophotometer set
at L = 484 nm. The Fe?* concentration was determined from the red complex formed with 1,10-
phenanthroline using the same spectrophotometer, set at A = 510 nm. The total iron content of
the solutions was obtained using ascorbic acid to reduce Fe** to Fe?*.

The aliquots collected from treated solutions were diluted with methanol to stop the
degradation process and filtered with 0.45 um PTFE Whatman filters to determine the BPA
concentration by reversed-phase HPLC. This analysis was carried out by injecting 10 pL into
a Waters system composed of a 600 liquid chromatograph coupled to a 996 photodiode array
detector set at A = 290 nm. The chromatograph was fitted with a BDS Hypersil C18, 250 mm
x 4.6 mm, column at 25 °C, and a 40:60 (v/v) acetonitrile/water (KH2PO4 10 mM, pH 3) mixture
was eluted as mobile phase at 1.0 mL min™. In the chromatograms, a well-defined peak for
BPA was displayed at retention time (tr) of 4.2 min.

For monitoring the solution mineralization, the above filtered aliquots were immediately
injected into a Shimadzu VCSN TOC analyzer. Average values from experiments made in
duplicate are discussed in this work, and figures show the error bar related to the 95%

confidence interval.
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Taking into account that the overall mineralization for BPA can be written as shown in Eq.

(13), involving a number of consumed electrons (n) of 72 (Burgos-Castillo et al., 2018):

CisH1602 + 28H0 — 15CO, + 72H* + 72~ (13)

and based on the experimental TOC abatement (A (TOC)exp, in mg L) for a given test at current
I (in A) and time t (in h), the mineralization current efficiency (MCE, in %) was estimated as
follows (dos Santos et al., 2018b, 2018c):

nkFVv A(TOC)exp
% MCE = 100 (14)
4.32x10" m I t

where F denotes the Faraday constant, V is the solution volume (in L), m is the number of
carbon atoms of the BPA molecule ( = 15) and a constant has been included to convert units.
The specific energy consumption per unit TOC mass (ECroc, in kWh (kg TOC)?) was
calculated as suggested by Steter et al. (2016).

The primary by-products of BPA degradation were identified by electrolyzing a BPA
solution in an IrO2/carbon-felt cell. The resulting organics were extracted with CH.Cls, and the
resulting volume was dried over anhydrous Na>SOg, filtered and reduced to about 1 mL in order
to be analyzed by GC-MS. To do this, the same equipment and procedure described in earlier
work was utilized (Steter et al., 2016). The chromatographic separation was made with a polar
HP INNOWax 0.25 um, 30 m x 0.25 mm, column and the compounds were identified by

comparing their mass spectra with those listed in the NIST05 MS database.

3. Results and discussion

3.1. Treatment of BPA solutions using PS, Fe?* and a carbon-felt cathode
Some blank assays were performed with solutions that contained 0.140 mM BPA (25 mg
Lt TOC) in 0.050 M NazSOs medium at pH 3.0 and 35 °C. An IrOz/carbon-felt cell was

employed, giving rise to the EO process at | = 100 mA. The initial pH 3.0 was selected because

9
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it is optimal for oxidation processes involving Fe?* (Yan et al., 2019). In these trials, no
significant pH changes were found over time. Fig. 1a shows a very poor and similar degradation
rate when the solutions were treated by EO in the absence of PS and Fe?* and the presence of
either 5.0 mM PS or 0.20 mM Fe?*. Table 1 shows that 19-22% BPA removal was achieved in
the three cases after 60 min of electrolysis. This allows inferring that the main oxidant was the
weak IrO2(*OH) species formed from reaction (7), whereas PS yielded much lower amounts of
oxidizing agents, i.e., the rate of reactions (8) and (10) was rather insignificant. Furthermore, it
is clear that the contribution of *OH potentially formed from Fenton’s reaction with cathodically
generated H>O> can be disregarded, as expected from the absence of O sparging during the
experiments. In contrast, a very rapid BPA decay can be observed as a result of the
electro/Fe?*/PS treatment (Fig. 1a), attaining 98.4% abatement at the end of the treatment (see
Table 1). This quicker degradation can be accounted for by the large production of SO4°~ from
activated PS via reaction (1), which can be partially transformed into homogeneous *OH via
reaction (4). In that process, the target molecule was then mainly oxidized by these radicals,
playing IrO2(*OH) a relatively minor role.

The concentration decay in the above trials was analyzed in detail by simple kinetic
equations. Fig. 1b depicts the good linear profiles obtained when a pseudo-first-order reaction
was considered. This kind of behavior suggests the formation of a small but steady quantity of
oxidizing species in each treatment. The pseudo-first-order rate constants (k1) determined from
such analysis are collected in Table 1, being always associated to excellent squared correlation
coefficients (R?) > 0.99. The ki-values for the three mild EO processes were quite similar,
varying between 0.0034 and 0.0040 min, which confirms that the oxidation was caused
mainly by IrO2(*OH). Nevertheless, the ki-value obtained in the electro/Fe?*/PS treatment was

26.9-31.6-fold greater, as corresponded to the much greater reactivity of SOs*~ and

homogeneous *OH.

10
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The mineralization of the same solutions was monitored by measuring their TOC removal.
Fig. 1c presents the change of the normalized TOC decay with time during the above
experiments. Since the mineralization process involves the overall destruction of all the
intermediates, it is considerably slower than the degradation of the target pollutant (Burgos-
Castillo et al., 2018). Thus, the three first EO processes yielded less than 8% TOC abatement
at 60 min, whereas the electro/Fe?*/PS one allowed reaching a larger mineralization of 61.8%.
This means that in the latter process, IrO2(*OH), SO4*~ and homogeneous *OH not only reacted
rapidly with BPA but also caused the gradual degradation of its oxidation products.

From these results, the MCE values were calculated from Eq. (14) and their time course is
shown in Fig. 1d. Insignificant current efficiencies < 3% were found in the three mild EO
treatments, in agreement with the scarce mineralization achieved (see Fig. 1c). Conversely, in
the case of the electro/Fe?*/PS process, the MCE values were much greater, although the
efficiency dropped down progressively from 44.0% at 10 min to 21.6% at 60 min. This trend
can be explained by the appearance of more recalcitrant products and the lower organic load as
the electrolysis proceeded (Thiam et al., 2015; Steter et al., 2016).

Another parameter of interest, the energy consumption, was determined as well. The data
of Table 1 evidence a cell voltage (Ecen) of 5.1 V in all these trials, representing a consumption
of 3.92 kwWh m™. To better characterize the performance of the treatments, the ECroc value at
60 min was calculated from Eq. (15). The lowest ECroc (253.9 kWh (kg TOC)™) arouse from

the electro/Fe?*/PS process.

3.2. Effect of the anode and cathode material in the electro/Fe?*/PS process

Once demonstrated the effectiveness of generated SO4*~ and *OH to remove BPA upon
application of the electro/Fe?*/PS process, the influence of the M(*OH) nature was assessed by
replacing the anode material (M). The electrolysis of the 0.140 mM BPA solution in acidic

sulfate medium was made in the presence of 5.0 mM PS and 0.20 mM Fe?* at 100 mA, using a
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non-active BDD or an active Pt anode, the latter with an expected oxidation power similar to
that of the IrO.-based anode (Panizza and Cerisola, 2009; Martinez-Huitle et al., 2015). In Fig.
2a, the quicker BPA degradation using Pt as compared to IrO- is evidenced, which is further
enhanced with BDD. Total removal was achieved after 40 and 50 min using BDD and Pt,
respectively, whereas the use of the DSA led to 98.4% decay at 60 min (see Table 1). This
agrees with the much higher oxidation power of generated BDD(*OH), when compared to
Pt(*OH) and IrO2(*OH) (Steter et al., 2016). The different oxidation ability of these electrodes
can also be observed from the good pseudo-first-order kinetic analysis of the concentration
decays presented in the inset panel of Fig. 2a. Based on the data of Table 1, the ki-value
increased 1.50 and 1.69 times using Pt and BDD, respectively, confirming the superiority of
the BDD anode.

The positive effect of replacing the IrO,-based anode by Pt or BDD for improving the BPA
removal was corroborated when the TOC decay was determined (data not shown). After 60 min
of electrolysis, 63.1% and 70.7% mineralization were achieved using those anodes, related to
MCE values of 22.0% and 24.7%, respectively, becoming better than 61.8% mineralization and
21.6% MCE determined for the DSA. However, the ECroc values (301.8 kWh (kg TOC)* with
Pt and 365.6 kWh (kg TOC)* with BDD) were high as compared to 253.9 kwWh (kg TOC)™*
calculated in the IrOz/carbon-felt cell, as result of the higher Ecen of their cells (see Table 1).
Therefore, although the BDD anode yielded a quicker degradation and mineralization, the 1rO.-
based anode turned out to be more cost-effective. This was the best anode to run the
electro/Fe?*/PS treatment because of the minor influence of the physisorbed M(*OH) originated
at the anode in this type of system, being the generated SO4°~ the predominant oxidant.

On the other hand, several authors have proposed the use of SS as the cathode for PS
activation promoted by an effective Fe?* regeneration via reaction (11) (Wu et al., 2012). To

clarify if the 3D carbon-felt cathode can provide a better oxidation ability to the electrolytic

12
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system, the effect of the cathode over the electro/Fe?*/PS process performance was examined.
Fig. 2b shows that, in the absence of current supply, the BPA decay caused by a mixture of 5.0
mM PS + 0.20 mM Fe?* was only 14.2% at 60 min, suggesting that the extent of reaction (1)
between the two species to form SO4°~ was very limited, probably due to the rapid decay of
Fe?* concentration. This assumption was confirmed by analyzing the change of PS and iron
ions content during this treatment, which is depicted in Fig. 2c and 3a, respectively. As can be
seen in Fig. 2c, the PS concentration dropped down rapidly for 30 min (10.6% decay), and more
slowly up to 60 min (14.5% decay at that time), accounting for a total loss of 0.70 mM. In
agreement, Fig. 3a makes in evidence the overall oxidation of Fe?* to Fe** in about 30-40 min,
thus justifying the little effectiveness of PS activation to destroy the target molecule.

Fig. 2b highlights a positive effect on BPA degradation when SS was used as the cathode
connected to the IrOz-based anode. The BPA disappearance reached a 31.0% at the end of that
electro/Fe*/PS treatment. This enhancement, as compared to the previous trial without current
supply, can be ascribed to the Fe?* regeneration from reaction (11) at the SS surface, originating
a larger content of oxidants SOs*~ and homogeneous *OH from reactions (1) and (4).
Accordingly, a faster PS destruction can be observed in Fig. 2c, attaining a 28.7% (1.43 mM).
Worth noting, this effect was much more remarkable using the 3D carbon-felt cathode, since
98.4% of the initial compound was removed (see Fig. 2b). for this experiment, Fig. 2c shows a
drastic decay of 92.7% (4.63 mM) of the initial PS concentration (5.0 mM), which explains the
rapid degradation and mineralization found for the BPA solution. The quicker PS disappearance
with carbon felt confirms its ability to electroregenerate Fe?*. This phenomenon was confirmed
by measuring the high Fe?* content remaining in the bulk at the end of the electrolysis, as can
be seen in Fig. 3a. This ion decayed from an initial concentration of 0.20 mM to a minimal of
0.085 mM at 30 min, whereupon it gradually increased up to 0.126 mM. Fe?* was oxidized to

Fe3* via reactions (1), (2) and (12), but its continuous cathodic regeneration via reaction (11)

13
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prevailed. Based on these results, it is evident that the 3D carbon-felt cathode outperforms the
SS one to regenerate Fe?*, and its combination with a relatively cheap IrO,-based anode gives

rise to the most promising electro/Fe?*/PS process.

3.3. Identification of oxidizing agents

The nature of the oxidizing agents produced in the electro/Fe?*/PS treatment of acidic BPA
solutions was ascertained in two independent trials by adding tert-butanol or methanol as
scavengers to the IrOz/carbon-felt cell containing an acidic BPA solution with Na»;SOa, PS and
Fe?*. The former is known to react selectively with homogeneous and heterogenous hydroxyl
radical, whereas methanol reacts with both, hydroxyl radicals and sulfate radical anion.

Fig. 3b highlights that the BPA concentration was reduced by 62.3% when tert-butanol
was present in the solution, whereas after methanol addition, it only decreased by 11.0%.
Considering that in the absence of scavengers, this content decayed by 98.4% (see also Table
1), whereas in the simple EO process without PS and Fe?*, IrO2(*OH) led to 21.6% abatement,
one can infer, as a first approach, that the SO4*~ and homogeneous *OH contributed to 51.3%
and 14.5% of the overall BPA degradation, respectively. This means that the amount of
generated oxidizing agents increased in the sequence: homogeneous *OH < IrO2(*OH) < SO,*".
The main oxidant in this process is SOs*~ produced from reaction (1) and, for this reason, the
Fe?* regeneration at the cathode becomes crucial to achieve a fast pollutant removal. This
radical can also be a source of *OH from reaction (4), contributing to the attack onto the
organics. However, parasitic reactions like (2) and (6) can limit the decontamination that is

finally achieved, thus being necessary to optimize the operation conditions.

3.4. Effect of operation parameters on BPA degradation using an IrO/carbon-felt cell
The effect of key variables, namely PS, Fe?* and BPA concentrations and applied I, on the

performance of the electro/Fe?*/PS process at pH 3.0 was examined. The assays lasted for 60
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min as maximal, since it was found that practically all PS was consumed at that time (see Fig.
2¢). The normalized concentration-time plots obtained in these runs are shown in Fig. 4a-d. The
excellent linear correlations found in all cases assuming a pseudo-first-order kinetics are
presented in the inset panels, whereas the ki-values obtained, alongside the R? (usually > 0.99),
are summarized in Table 1.

The influence of PS content between 1.0 and 10.0 mM was studied by electrolyzing a 0.140
mM BPA solution with 0.20 mM Fe?* at 100 mA. Fig. 4a highlights the gradually greater
concentration abatement as the PS content became higher. The lowest PS concentration only
yielded a 60.0% degradation (see Table 1), whereas overall removal was achieved at 30 min
using 10.0 mM PS. Table 1 also shows that the rise of ki-value within the selected concentration
range was roughly linear. This suggests that the degradation process was governed by reaction
(1), which originates the main oxidant SO4°~ and, concurrently, *OH via reaction (4). These two
species acted on the initial pollutant and its oxidation products.

The effect of the Fe?* concentration within the range of 0.05-0.50 mM when treating 0.140
mM BPA solutions with 5.0 mM PS at 100 mA was less clear. A gradual increase in the
degradation rate of the pollutant as the Fe?* content was risen can be observed in Fig. 4b. At
0.05 mM Fe?*, 85.5% of the target molecule disappeared at 60 min, whereas total BPA decay
was already reached at 40 min using 0.50 mM (see Table 1). This tendency is expected if the
larger presence of Fe?* regenerated from reaction (11) accelerates the generation of oxidizing
agents from reaction (1). However, a 4.5-fold increase of the ki-value was associated to a
tenfold rise in Fe?* concentration (see Table 1), suggesting a progressive drop of the relative
proportion of regenerated Fe?* from reaction (1). Here, it can be presumed that parasitic
reactions (2) and (12) that consume the Fe?* are gradually favored as its content increases. Since

an excessive amount of this ion is detrimental, owing to the need of iron hydroxide sludge
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management once the treated effluent must be neutralized before discharge, 0.20 mM Fe?* was
considered an optimal for BPA removal.

For solutions with 5.0 mM and 0.20 mM Fe?" treated at 100 mA, the increase of BPA
concentration from 0.070 to 0.280 mM decelerated its degradation, as can be observed in Fig.
4c. Total disappearance was reached at 30 min when treating the most diluted solution. The ki-
value underwent a drastic reduction from 0.1941 min (see Table 1). A deeper analysis of the
data of Fig. 4c allows deducing an upgrading of the oxidation power of the electrolytic system
as the BPA concentration became higher. For example, at 30 min, when the 0.070 mM BPA
solution was completely degraded, concentrations removed attained 0.134 and 0.196 mM when
starting with 0.140 and 0.280 mM, respectively. The effective destruction of this compound
indicates the attack of greater amounts of oxidizing agents, thanks to the decrease in rate of
their parasitic phenomena like reaction (2).

The effect of the supplied current was analyzed by applying from 25 to 200 mA to a cell
containing a 0.140 mM BPA solution with 5.0 mM PS and 0.20 mM Fe?*. Fig. 4d depicts an
enhancement of the degradation rate with increasing | and thus, the initial pollutant was
completely abated in 30 min at 200 mA whereas it attained a 97.7% reduction at 25 mA. This
behavior was also evidenced from the increased ki-value, from 0.0634 to 0.1607 min™, within
the | range (see Table 1). This represents a 2.5-fold rise of ki related to an 8-fold growth of I,
resulting from the gradually greater consumption of | in parasitic reactions, including the
conversion of a larger proportion of IrO2(*OH) into O gas at the anode (Panizza and Cerisola,
2009). Despite this, the oxidation ability of the system was actually upgraded, since greater
quantities of IrO2(*OH) and Fe?* were formed via reactions (7) and (11), respectively, favoring
a larger production of SO4*~ and homogeneous *OH from reactions (1) and (4). The value of
100 mA can be considered as optimal, since practically all PS was consumed at 60 min (see

Fig. 2c). Lower | values yielded a similar degradation at that time (see Table 1), being expected
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that they consumed less PS and hence, that the final mineralization was smaller. However, the

energy consumption could also be smaller due to the lower Ecen (see Table 1).

3.5. Identification of primary by-products and proposed degradation route for BPA

The primary by-products originated from the electro/Fe?*/PS treatment of a solution with
0.140 mM BPA, 0.050 M Na,S04, 5.0 mM PS and 0.20 mM Fe?* at pH 3.0, 35 °C and 100 mA
after 15 min were identified by GC-MS. Table SM-1 summarizes the characteristics of BPA
(compound 1), two dehydroxylated benzene derivatives (compounds 2 and 3) and three
hydroxylated benzene by-products (compounds 4-6). It has been documented that in the
presence of activated PS, BPA can be dehydroxylated to yield 4,4-(propane-2,2-
diyl)dibenzene. The subsequent cleavage of this molecule and BPA at the the vulnerable C-C
bond between the two benzene rings generates some monobenzenes (Lin et al., 2017; Ma et al.,
2018). This behavior has been confirmed in our system, clearly evidencing the existence of two
parallel initial degradation routes for BPA, as proposed in Fig. 5. The first one involves the
attack of SO4*-, causing the dehydroxylation of 1 followed by the cleavage of the central C-C
bond to yield 2, which is subsequently oxidized to 3. The formation of 2 and 3 using activated
PS has been reported by Lin et al. (2017), whereas only 3 has been detected by Ma et al. (2018).
The second route corresponds to the attack of *OH and produces the cleavage of 1 to generate
a mixture of 4 and 5. Further hydroxylation of 5 leads to 6. . Compound 4 can also be formed
from hydroxylation of 2. The production of these three hydroxylated benzenes has been
described by Ding et al. (2020) by means of EO with activated PS using a BDD anode. The two
latter benzenes were found by Burgos-Castillo et al. (2018) using several EAOPs that generated

*OH on site.

3.6. Treatment of BPA spiked into urban wastewater
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The assessment of the electro/Fe?*/PS process performance was extended to urban
wastewater. This matrix contains two components such as ClI~ and natural organic (NOM) due
to the presence of humic, fulvic and tannic acids, which can affect the oxidation power of the
electrochemical system. The assays were made by spiking 0.140 mM BPA into urban
wastewater, whose pH was adjusted to 3.0 in order to compare with the trials made in sulfate
medium. The electrolyses were made in an IrOz/carbon-felt cell at 100 mA for 60 min.

Fig. 6a shows that, under EO conditions, the pollutant concentration decayed gradually to
attain a removal of 45.1%. This value was much greater than 21.6% obtained in the analogous
treatment in sulfate medium (see Table 1). Such an enhancement can be related to the

production of active chlorine (HOCI) from the anodic oxidation of CI- according to reactions

(15) and (16) (Thiam et al., 2015). HOCI competes with IrO2(*OH) to attack BPA.

2Cl- — Cly + 2¢ (15)

Cl, + H,0 - HOCI + CI- + H* (16)

When 5.0 mM PS was added to the above wastewater sample, a quicker concentration
reduction was found (78.9%, see Fig. 6a), being also clearly greater than 18.6% determined in
the homologous treatment in sulfate medium (see Table 1). This behavior suggests the direct

attack of PS on NOM, producing additional amounts of SO4*~ via reaction (3). In the presence

of ClI~, SO4*~ can produce the strong oxidant *OH according to reactions (17)-(19) (Lutze at al.,

2015).

SO~ + CI- — SO + CI* (17)
Cl* +H,0 — HOCI* + H* (18)
HOCI* S *OH + CI- (19)

In the electro/Fe?*/PS treatment with 5.0 mM PS and 0.20 mM Fe?*, the BPA content was

completely abated in 40 min (see Fig. 6a), outperforming the trial made in sulfate medium (see
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Fig. 1a). This enhancement can then be ascribed to the simultaneous oxidation by IrO.(*OH),
S0O4*-, homogeneous *OH and HOCI. Based on the large SO4°~ production from reaction (1), a
large *OH generation is expected from reactions (17)-(19).

The good agreement of the above content decays with a pseudo-first-order kinetics is
presented in Fig. 6b. In the electro/Fe?*/PS treatment, the ki-value in urban wastewater was 1.5-
fold higher than that determined in sulfate medium (see Table 1), confirming the occurrence of
greater amounts of oxidizing agents in the actual wastewater. As a result, the contaminated
urban wastewater with 36.8 mg L* TOC was more largely mineralized. The mineralization
attained 69.3%, which partly involved the degradation of NOM. The ECroc in this matrix was
higher as compared to the sulfate medium (289.5 kWh (kg TOC)?') due to the lower

conductivity.

4. Conclusions

The electro/Fe?*/PS process with an IrO/carbon-felt cell is very effective for the
degradation of acidic BPA solutions. This technology outperformed the EO due to the large
production of SO4°~, which was more abundant than homogeneous *OH. The combined action
of these oxidants and IrO>(*OH) led to 98.4% degradation with 61.8% TOC removal after 60
min of electrolysis using 5.0 mM PS and 0.20 mM Fe?* at 100 mA. Almost all PS was consumed
during the treatment. BDD anode performed better than Pt and IrO», but it was led cost-
effective. The 3D carbon-felt cathode became much more efficient than SS for Fe*
regeneration. It can thus be concluded that the IrO./carbon-felt cell is the most adequate to run
the electro/Fe?*/PS process. All the concentration decays agreed with a pseudo-first-order
kinetics. The oxidation power of the electrolytic system was enhanced at higher BPA content
and applied I. Two dehydroxylated benzene derivatives were formed upon SO4* attack on
BPA, whereas three hydroxylated benzene by-products resulted from the action of *OH. The

19



435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

degradation and the mineralization in urban wastewater were much quicker than in sulfate
medium due to the additional generation of HCIO. Our results suggest the attack of PS on NOM,

producing extra SO4°".
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Figure captions

Fig. 1. (a) Normalized concentration decays, (b) pseudo-first-order kinetic analysis for each
decay, (c) normalized TOC evolution and (d) mineralization current efficiency vs. electrolysis
time during the treatment of 130 mL of solutions containing 0.140 mM BPA and 0.050 M
Na,SO4 at pH 3.0, 100 mA and 35 °C, using a stirred cell equipped with a 3 cm? IrO,-based
anode and a 30 cm? carbon-felt cathode. Method: (V) EO, (M) EO with 5.0 mM PS, (A) EO

with 0.20 mM Fe?* and (@) electro/Fe?*/PS with 5.0 mM PS and 0.20 mM Fe?*,

Fig. 2. (a) Effect of (V) BDD, (A) Pt and (@) IrO2-based anode on the normalized BPA
concentration abatement and its pseudo-first-order kinetics for the electro/Fe?*/PS treatment of
130 mL of solutions containing 0.140 mM BPA, 0.050 M Na;SOs, 5.0 mM PS and 0.20 mM
Fe?* at pH 3.0, 100 mA and 35 °C using a carbon-felt cathode. (b) Treatment of the same
solution: (M) without current supply and (@) with an IrO./SS cell. (c) Normalized PS
concentration vs. time for the assays (M) without current supply and with the (@) IrO./SS and

(@) IrO2/carbon-felt cell.

Fig. 3. (a) Time course of (#,$) Fe?" and (A,A) Fe** concentrations during the treatment of
solutions of 130 mL containing 0.140 mM BPA, 0.050 M NazSOs, 5.0 mM PS and 0.20 mM
Fe?" at pH 3.0 and 35 °C. Method: (<,A) Without current supply; (@, 4) electro/Fe?*/PS
process with an IrOz/carbon-felt cell at 100 mA. (b) Effect of scavengers on the normalized
BPA concentration removal during the electro/Fe?*/PS treatment of the solution described in

(@): (¥) 500 mM methanol, () 500 mM tert-butanol and (@) without scavengers.

Fig. 4. Effect of experimental variables on normalized BPA concentration decay and its pseudo-
first-order kinetics for the electro/Fe?*/PS treatment of BPA in 0.050 M Na,SO4 medium at pH
3.0and 35 °C, using an IrOz/carbon-felt cell. (a) [BPA]: 0.140 mM; [PS]: (®) 2.0 mM, (@) 5.0

mM and (A) 10.0 mM; [Fe?*]: 0.20 mM; 1 = 100 mA. (b) [BPA]: 0.140 mM; [PS]: 5.0 mM;
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[Fe*]: (¥) 0.05 mM, (#) 0.10 mM, (@) 0.20 mM and (A) 0.50 mM; | = 100 mA. (c) [BPA]:
(A) 0.070 mM, (@) 0.140 mM and (V) 0.280 mM:; [PS]: 5.0 mM:; [Fe?*]: 0.20 mM; | = 100
mA. (d) [BPA]: 0.140 mM; [PS]: 5.0 mM; [Fe?*]: 0.20 mM:; | = (@) 25 mA, (M) 50 mA, (@)

100 mA and () 200 mA.
Fig. 5. Initial stages of the degradation route of BPA in the electro/Fe?*/PS treatment.

Fig. 6. (a) Normalized BPA concentration decays for the treatment of 130 mL of solutions
containing BPA spiked at a concentration of 0.140 mM into urban wastewater at pH 3.0 and 35
°C, using an IrOz/carbon-felt cell at 100 mA. Method: (A) EO, () EO with 5.0 mM PS and
(V) electro/Fe**/PS with 5.0 mM PS and 0.20 mM Fe?*. (b) Kinetic analysis assuming a

pseudo-first-order reaction for BPA.
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Table 1

Percentage of degradation and apparent rate constant for concentration decay. alongside the corresponding
R-squared values, determined during the treatment of 130 mL of BPA solutions in 0.050 M Na>SOa4
medium and urban wastewater at pH 3.0 and 35 °C under different experimental conditions using a carbon-

felt cathode.

Anode [BPA] [NazS:0s] [Fe*'] I Ecen % Degradation ki R?
(mM) (mM) (mM) (mA) (V) (time (min)) (min™)

0.050 M NazSO4

BDD 0.140 5.0 0.20 100 8.4 100 (40) 0.1817 0.998
Pt 0.140 5.0 0.20 100 6.2 100 (50) 0.1617 0.995
IrOz-based 0.140 - - 100 5.1 21.6 (60) 0.0034 0.992
0.140 5.0 - 100 5.1 18.7 (60) 0.0040 0.998
0.140 - 0.20 100 51 20.9 (60) 0.0038 0.992
0.070 5.0 0.20 100 5.1 100 (30) 0.1941 0.984
0.140 1.0 0.20 100 5.1 60.0 (60) 0.0157 0.996
0.140 2.0 0.20 100 5.1 87.3 (60) 0.0332 0.992
0.140 5.0 0.05 100 5.1 85.5 (60) 0.0353 0.998
0.140 5.0 0.10 100 5.1 92.4 (60) 0.0531 0.993
0.140 5.0 0.20 25 3.1 97.7 (60) 0.0634 0.996
0.140 5.0 0.20 50 4.3 98.6 (60) 0.0796 0.996
0.140 5.0 0.20 100 5.1 98.4 (60) 0.1078 0.995
0.140 5.0 0.20 200 8.2 100 (30) 0.1596 0.993
0.140 5.0 0.50 100 5.1 100 (40) 0.1607 0.992
0.140 10.0 0.20 100 5.1 100 (30) 0.1722 0.998
0.280 5.0 0.20 100 51 87.0 (60) 0.0343 0.989
0.560 5.0 0.20 100 5.1 57.1 (60) 0.0138 0.996
Urban wastewater
IrO2-based 0.140 - - 100 9.6 45.1(60) 0.0094 0.993
0.140 5.0 - 100 9.6 78.9 (60) 0.0255 0.986
0.140 5.0 0.20 100 9.6 100 (40) 0.1576 0.993
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