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Abstract
Naphthalene (NAPH) and phenanthrene (PHEN) are two of the most abundant polycyclic aromatic hydrocarbons (PAHs) found
in nature, and they are considered in the list of US EPA priority pollutants. The contribution of this research lies in the
comprehensive analysis of a strategy for the coupling of electro-oxidation (EO) and biodegradation in a submerged membrane
bioreactor (SMBR) with the objective to remove PAHs, using NAPH and PHEN as model compounds. The electrochemical
degradation of NAPH and PHEN in aqueous synthetic solution has been carried out using two different anodes: Ti/IrO2 and Ti/
SnO2. The effects of EO operating parameters (current density, reaction time, and pH) on the NAPH and PHEN removals were
investigated applying 23 factorial design with both electrodes. Additionally, the EO effluents were analyzed for COD, NH4-N,
and biodegradability (respirometry tests). The highest removals of both compounds were reached with Ti/IrO2 anode, at acidic
conditions (pH of 2), current density of 50 mA cm−2, and electrolysis time of 60 min. However, the Ti/SnO2 anode allowed
greater reduction of the biomass inhibition, which means that the enhancement of the EO effluent biodegradability was reached;
therefore, this electrode was selected for the coupled EO–SMBR system, applying the operating conditions that improved the
biodegradability of the effluent. The EO process allowed NAPH and PHEN removal efficiencies of 96 ± 5% and 94 ± 3%,
respectively. The membrane bioreactor was operated with organic load of 0.6 ± 0.1 gCOD gVSS−1 d−1, hydraulic retention time
of 6 h, and solid retention time of 30 d, obtaining average COD, NH4-N, NAPH, and PHEN removals of 98±0.5%, 91±6.4%,
99.1±0.96%, and 99.7±0.4% respectively. The sorption of phenanthrene onto the biomass had a low contribution, 0.9±0.2%,
concluding that biodegradation was the main removal mechanism in the bioreactor. The coupled system EO–SMBR allowed
high NAPH and PHEN removal efficiencies of 99.99±0.01 and 99.99±0.02%, respectively.
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Introduction

The main input sources of polycyclic aromatic hydrocarbons
(PAHs) in the environment are anthropogenic as they are by-
products of deficient combustion of fossil fuels and organic
matter, waste incineration, fuel-burning cookstove, petroleum
refining and petrochemical processes, car exhausts, and in the

production of coke, asphalt, coal tar, and black carbon
(Forsgren 2015). PAHs may also be emitted directly to the
receiving water bodies via municipal and industrial wastewa-
ter discharges, stormwater runoff, and road dust and through
accidental spilling of hydrocarbons and oils and leaching from
creosote-impregnated wood (Busetti et al. 2006; Fatone et al.
2011; Zhang et al. 2013).

Naphthalene (NAPH) and phenanthrene (PHEN) were se-
lected as model compounds for this study as they are two of
the most abundant PAHs found in nature, and therefore, they
are frequently used as indicators for monitoring PAH-
contaminated wastes (Tian et al. 2012). NAPH structure con-
sists of a fused pair of benzene rings, which is a derivative of
crude oil and coal tar, also used for the fabrication of insecti-
cides, plastics, dyes, resins, wood preservatives, lubricants,
and fuels (Sharma and Lee 2015). PHEN is an organic com-
pound constituted by three benzene rings, employed in the
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synthesis of dyes, explosives, drugs, and phenantroquinone
(Larrañaga et al. 2016). Since their toxicity and environmental
persistence are known, both compounds are considered in the
list of US EPA priority pollutants (Keith and Telliard 2005).
Their occurrence and fate in aquatic environments are influ-
enced by their physicochemical properties (Dabestani and
Ivanov 1999). According to Mojiri et al. (2019), NAPH and
PHEN have been found at levels ranging from 40 to 47,000
and 33 to 6,495,000 ng L−1, respectively, in water and waste-
water. NAPH and PHEN physicochemical properties are
shown in Table S1 of the supplementary material.

Advanced oxidation processes (AOPs) are characterized by
the generation of highly reactive oxidant species that can min-
eralize the organic contaminants. These processes are useful
as pre-treatment of biological process to oxidize toxic and
hardly biodegradable pollutants or as a post-treatment for
polishing before discharging to a receiving body (Urtiaga
et al. 2018). Among these processes, there are electrochemical
methods, which have gained interest in the last years for the
treatment of wastewater contaminated with PAHs (Gargouri
et al. 2014; Rajasekhar et al. 2021). Electro-oxidation (EO) is
the most popular electrochemical process for the degradation
of organic compounds in wastewater. This technology has
become a promising method for the oxidation of toxic and
bio-refractory compounds found in wastewater due to its high
efficiency and mild operating conditions (ambient tempera-
ture and air pressure). The EO reactors are compact and easy
to automate; the process does not produce waste streams and
is relatively low-cost (Martínez-Huitle et al. 2015; Garcia-
Segura et al. 2018), mainly when the reactors are powered
by renewable energy sources (Ganiyu et al. 2020).

During the electrochemical treatment, organic compounds
are oxidized by direct transfer of electrons on the surface of
the anode or indirectly by the production of oxidants such as
hydroxyl radical (·OH) or active chlorine species (Martínez-
Huitle et al. 2015). According to the reaction mechanisms
presented in the electro-oxidation process, the anode materials
have been classified into two main groups: active and non-
active (Martínez-Huitle and Ferro 2006). The active anodes
(Ti/IrO2, Ti/RuO2, or Ti/Pt) can transform the pollutants to
intermediate products. Nevertheless, the non-active ones [Ti/
PbO2, Ti/SnO2, or boron-doped diamond (BDD)] can pro-
mote a complete oxidation of the organic compounds to
CO2. The first reaction occurring in both kinds of anodes is
the oxidation of water molecules (Eq. (1)) leading to the for-
mation of adsorbed ·OH radicals on the anode surface (M)
(Martínez-Huitle and Ferro 2006; De Battisti and Martínez-
Huitle 2018):

M þ H2O→M �OHð Þ þ Hþ þ e− ð1Þ

Depending on the nature of the anode, an active anode
surface interacts strongly with ·OH, and then a so-called oxide

or superoxide (MO) may be formed (Eq. (2)), where the redox
couple MO/M acts as a mediator in the oxidation of organic
compounds (R) according to Eq. (3):

M �OHð Þ→MOþ Hþ þ e− ð2Þ
MOþ R→M þ RO ð3Þ

Contrarily, a non-active anode surface interacts weakly
with ·OH, allowing a nonselective oxidation of organic con-
taminants, so a complete oxidation could be reached (Eq. (4)):

aM �OHð Þ þ R→M þ mCO2 þ nH2Oþ xHþ þ ye− ð4Þ

On the other hand, the oxidation of organic compounds by
electrochemical methods may induce the formation of by-
products more toxic and bio-recalcitrants than the original
compounds, especially when active chlorine species are pro-
duced (Martínez-Huitle et al. 2015). For this reason, the de-
termination of the optimal conditions of the process (elec-
trodes material, current density, electrolysis time, pH of the
medium, and ionic composition) must be supported by eco-
toxicological assays (such as based on the growth inhibition of
algae or plants, the mortality of crustaceans, and the inhibition
mobility of Daphnia magna) (Mendonça et al. 2014) or bio-
degradability tests (aerobic or anaerobic systems) (Xiao et al.
2015).

Concerning biological processes for wastewater treatment,
a submerged membrane bioreactor is defined as a system in-
tegrated by an activated sludge process with a submerged
membrane ultrafiltration or microfiltration module for the
sludge separation (Judd 2016). The submerged membrane
bioreactor (SMBR) has proven to be very effective in the
treatment of municipal and industrial wastewater (Sabrina
et al. 2013; Ma et al. 2018). Some advantages of this process
are as follows: good control of the biological activity (high
concentration of biomass and high solid retention time); a
possibility to apply high organic rates; smaller plant size com-
pared with conventional systems; effluent free of suspended
solids, with low turbidity; and free of viruses and bacteria
(Judd 2016). SMBR can provide an appropriate medium for
the biodegradation of PAHs due to the high amount of bio-
mass in the mixed liquor and to the high solid retention time.
These conditions allow better acclimation of the microorgan-
isms to toxic and bio-recalcitrant compounds, improving its
capacity of degradation compared with conventional biologi-
cal systems (Mohammad et al. 2015; Alkmim et al. 2017).

The combination of EO followed by a biological treatment
is a strategy gaining interest for wastewater treatment
(Carboneras et al. 2018; Trellu et al. 2016). According to
Mousset et al. (2020), there are three main advantages of this
combination: non-selectivity towards organic compound oxi-
dation, allowing its application to almost any kind of waste-
water; EO is able to avoid the accumulation of toxic by-
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products due to the high degradation rates; high current effi-
ciencies can be reached when the wastewater contains high
concentrations of organic compounds.

The present work focuses on the coupling of electro-
oxidation and biodegradation in a submerged membrane bio-
reactor for the removal of polycyclic aromatic hydrocarbons,
using NAPH and PHEN as model compounds. The electro-
chemical degradation of NAPH and PHEN in aqueous solu-
tion has been carried out by anodic oxidation using two dif-
ferent anodes (Ti/IrO2 and Ti/SnO2). The effect of the operat-
ing parameters’ current density, reaction time, and pH on the
EO performance was investigated through 23 factorial design.
Then, biodegradability levels before and after the electro-
chemical treatment (at different operating conditions) were
determined by respirometric tests. Finally, the capacity of a
combined EO–SMBR was evaluated for COD, NH4-N,
NAPH, and PHEN removals.

Materials and methods

Experimental setup

A rectangular electrochemical reactor elaborated of acrylic
was used, with an effective volume of 2.3 L. The tested anodes
were plane electrodes of Ti/IrO2 or Ti/SnO2; the cathode was
stainless steel (316 L) with plane configuration, vertically
placed in front of the anode with an inter electrode gap of
1.3 cm. All electrodes had a geometric area of 110 cm2 (10
× 11 cm). The current input was supplied by a DC power
source, Sorensen DLM40-15 (40 V–15 A). As turbulence
promotor, the system was provided with a recirculation loop
assembled with a digital Masterflex peristaltic pump. All as-
says were conducted in batch mode under galvanostatic con-
ditions and at room temperature (25 °C).

The SMBR was made of acrylic, and it had a cylindrical
shape with an effective volume of 1.5 L. It had a submerged
polysulfone ultrafiltration membrane module of hollow fiber
(molecular weight cut-off of 100 kDa and surface area of
0.042 m2) General Electric®. The SMBR was constituted of
a vacuometer to measure the transmembrane pressure, two
Masterflex digital peristaltic pumps, and two solenoid valves
for the cycle control. The cycles’ permeate backwashing was
semiautomated by a control panel. The diagrams of the exper-
imental setup of EO and SMBR are shown in Fig. 1 and Fig. 2,
respectively.

Synthetic wastewater

Naphthalene (C10H8) and phenanthrene (C14H10), obtained
from Sigma-Aldrich®, were dissolved in methanol
(CH3OH) and diluted with tap water to have an initial concen-
tration of NAPH and PHEN of 5 and 1 mg L−1, respectively.

The organic fraction of the synthetic wastewater was mainly
composed by methanol. For the maintenance of microbial
metabolism, it was necessary to add macro- and
micronutrients to ensure adequate performance of aerobic bac-
teria. Ammonium chloride (NH4Cl) and potassium hydrogen
phosphate (K2HPO4) were added to get a C/N/P mass ratio of
100:5:1. The addition of micronutrients was based on
Mijaylova and Esquivel (2016). Furthermore, 0.01 M sodium
sulfate (Na2SO4) was added as supporting electrolyte to in-
crease the water’s conductivity. All the reactives used were
J.T. Baker® analytic grade. A characterization of synthetic
wastewater is shown in Table 1.

COD, chemical oxygen demand; NH4-N, ammonia nitro-
gen; Cl−, chlorides; SO4

−2, sulfates; TDS, total dissolved
solids

Experimental procedure

Electro-oxidation assays

In order to determine the effect of the operational parameters
on NAPH and PHEN removal efficiencies by electro-
oxidation process, a 23 factorial design in duplicate (16 ran-
domized experiments) was performed. Galvanostatic EO as-
says were conducted at initial pH of 2 and 8 (factor A), elec-
trolysis time (te) of 20 and 60 min (factor B), and current
density (j) of 10 and 50 mA cm−2 (factor C), maintaining a
constant recirculation flow rate (Qr) of 4 L min−1, using both
Ti/IrO2 and Ti/SnO2 anodes (coded factors are shown in
Table S2 in supplementary material). The statistical analysis
was carried out by using the software Design–Expert® v11.
Before each experiment, the electrodes were washed with 5%
(v/v) HNO3 and rinsed with tap water to remove the deposits
from the surface that could decrease the process efficiency.
The specific energy consumption (SEC), defined as the
amount of energy consumed per unit mass of the removed
organic pollutants during the electro-treatment, was calculated
using Eq. (5) (Garcia-Segura et al. 2017):

SEC ¼ EIte
1000VsRC0

ð5Þ

where E is the cell potential (V); I is the current intensity (A);
te is the treatment time (h); Vs is the volume of the electrolytic
solution (L); R is the removal percentage of each pollutant
(decimal); and C0 is the initial concentration of the pollutant
(mg L−1). SEC units are kWh mg−1 pollutant.

Biodegradability tests: respiration inhibition

The aim of these assays was to evaluate the biodegradability
of synthetic wastewater with NAPH and PHEN before and
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after electrochemical treatment at different operating conditions.
The biodegradability tests were based on the respiration rate of an
activated sludge consortium, using the Organisation for
Economic Co-operation and Development 209 method (OECD
2010). The tests were done by duplicating with non-acclimated
activated sludge taken from the bioreactor of a domestic waste-
water treatment plant (WWTP). The exposure of the activated
sludge consortium to the test sample was performed in a vessel
with an effective volume of 1.5 L, at room temperature, and
ensuring a dissolved oxygen (DO) concentration of 6 mg L−1.
The respiration rate was measured after 30 min of exposure.
These measurements were done in 1 L plastic flask with cap,
having immersed a Hach electrode model SensION Dissolved
Oxygen Probe. During the DO measurements, the solution was
mixedwith amagnetic bar. Also, two blank controls (without test
sample and only with mineral solution) were used at the begin-
ning and the end of the assays to evaluate the biomass respiration

without an inhibitor compound. Tests with cupric sulfate
pentahydrate (CuSO4•5H2O) as a reference substance of inhibi-
tion of the total respiration and an abiotic control (determination
of abiotic oxygen consumption by reducer compounds) were
performed.

The inhibition percentage (I %) of the test sample can be
calculated with Eqs. (6) to (8):

I% ¼ 1−
2SOURts

SOURc1 þ SOURc2

� �
� 100 ð6Þ

SOUR ¼ OUR
MLVSS

ð7Þ

OUR ¼ d DO½ �
dt

ð8Þ

where SOURts is the specific oxygen uptake rate of the test
sample (mgO2 gVSS

−1 h−1) and SOURc1 and SOURc2 are the

Fig. 1 Experimental setup of
electro-oxidation process. (1)
Power supply, (2) anode, (3)
cathode, (4) electrochemical
reactor, (5) peristaltic pump

Fig. 2 Experimental setup of
submerged membrane bioreactor.
(1) Control panel, (2) bioreactor,
(3) ultrafiltration membrane
module, (4) fine bubble diffuser,
(5) permeate peristaltic pump, (6)
backwashing peristaltic pump, (7)
vacuometer, (8) solenoid valve,
(9) effluent tank
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specific oxygen uptake rate of the two blank controls (mgO2

gVSS−1 h−1), respectively. OUR is the oxygen uptake rate
(mgO2 h

−1) and is defined as the slope of oxygen consumption
profile. MLVSS is the concentration of mixed liquor volatile
suspended solids in test.

Coupling electro-oxidation process and submerged
membrane bioreactor

The coupled EO–SMBR systemwas operated during 29 days.
The electrochemical experiments were conducted under gal-
vanostatic conditions in batch regime, using Ti/SnO2 anode
and stainless steel cathode. Daily, three batches of EO were
carried out to ensure a continuous operation of the SMBR.

The SMBR was filled with acclimated activated sludge
obtained from the WWTP. The biomass acclimatization was
carried out in a batch bioreactor, containing 10 L of activated
sludge (MLVSS of 2500 mg L−1), controlling a food to mi-
croorganism ratio (F/M) at 0.05–0.15 gCOD gVSS−1 d−1 and
a hydraulic retention time (HRT) of 24 h. The performance of
the process was stabilized at day 30, reaching a COD removal
greater than 80%. The SMBR influent was adjusted to pH 7
with 0.5 M H2SO4 to guarantee a well metabolic activity and
growthing of the biomass. The DO in the reactor was main-
tained at 4 mg L−1 to ensure the oxygen requirement of the
microorganisms for both organic matter degradation and nitri-
fication. In accordance with the results of previously per-
formed hydraulic tests, the selected operational conditions
were a permeate flux of 5.95 L m−2 h−1 (flow rate of 6 L
d−1) and backwashing flux of 17.1 L m−2 h−1. Backwashing
was applied to reduce clogging of the ultrafiltration membrane
and maintain subcritical operational conditions. The perme-
ation and backwashing times were 5 min and 15 s, respective-
ly. As a fouling control strategy, every 2 weeks, chemical
cleaning of the membrane module was performed submerging
it in a 6.7-mM sodium hypochlorite solution for 30 min (Judd
2016). The operating conditions of the EO–SMBR are sum-
marized in Table 2.

Analytical methods

A Hach® multi-parameter model SensION 156 was used for
the measurement of pH, temperature, and DO in the samples.
The COD were performed following Hach closed reflux/
spectrophotometric method. The determination of the total
suspended solids (TSS) and volatile suspended solids (VSS)

in SMBR was based on standard methods (APHA 2005). The
NAPH and PHEN concentrations were determined by gas
chromatography coupled to a mass spectrometer detector
(GC-MS), using CGVarian® CP-3800, with a HP-5ms col-
umn (0.25-mm diameter, 30-m long, and 0.25-μm film thick-
ness), and MD Saturn 2200, based on the US EPA method
8270-D. The GC column temperature was programmed as
follows: it was first maintained at 90 °C for 2 min, then heated
at a rate of 10 °C min−1 up to 140 °C, then heated at a rate of
20 °C min−1 up to 250 °C (held for 1 min), and finally heated
at a rate of 20 °C min−1 up to 300 °C. The temperature was
maintained at 260 °C. The carrier gas was helium, and the
injection flow was 1 mL min−1.

Results and discussion

Effect of operational conditions: NAPH and PHEN
electro-oxidation assays

The results from the factorial design and the duplicates, as
well as the predicted responses, and the SEC are shown in
Table 3. Furthermore, the analysis of variance (ANOVA)
and Pareto charts for NAPH and PHEN are presented in
Tables S3 and S4 and Fig. S1, respectively (supplementary
material).

According to the ANOVA (Table S3) and Pareto chart
(Fig. S1a), pH and te were the most statistically significant
factors which influenced NAPH removal (above the
Bonferroni limit), followed by j and the interaction pH–j (be-
tween the Bonferroni and t-value limits). Furthermore, the
coefficient of determination (R2) and the adjusted coefficient
of determination (R2

adj) were 0.9300 and 0.8775, respectively,
indicating that the statistical model provides a good prediction
for NAPH removal with Ti/IrO2 within the proposed experi-
mental range.

From the ANOVA and Pareto chart for PHEN removal
with Ti/IrO2 (Table S4 and Fig. S1b), pH, te, and j, as well
as the triple interaction between them, had the major influence
on PHEN removal (above the Bonferroni limit). The double
interactions pH–te and pH–j were also significant but with
moderate influence (between the Bonferroni and t-value
limits). The coefficients R2 and R2

adj were 0.9461 and
0.8922, showing the adequate fitting of the statistical model.

The statistical models for the removal of NAPH and PHEN
with Ti/IrO2 anode are shown in the Eqs. (9) and (10). These

Table 1 Chemical and physical parameters of synthetic wastewater

COD (mg L−1) NH4-N (mg L−1) Cl− (mg L−1) SO4
−2 (mg L−1) TDS (mg L−1) Conductivity (μS cm−1) Temperature (°C)

865 29 75 1352 1724 3355 25
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linear equations can be used to predict the removal of NAPH
and PHEN during the electro-oxidation process, as shown in
Table 3:

YNAPH ¼ 77:75−7:88 pHþ 6:00 te−3:88 j

þ 1:38 pH te−3:75 pH jþ 2:13 te j ð9Þ
YPHEN ¼ 82:25−5:75 pHþ 3:88 te þ 3:25 j−2:63 pH te

þ 1:75 pH jþ 2:62 te j ð10Þ

The 3D surface response plots for the removal of NAPH
and PHEN are shown on Fig. 3, and as it can be seen, the
greatest NAPH and PHEN removals were obtained at pH 2
and 60 min of the reaction time, applying a current density of
50 mA cm−2. This can be attributed to the direct oxidation by
·OH radicals at the anode surface and also to the mediated
oxidation trough strong oxidants electrogenerated from chlo-
ride (Cl−) ions added to the synthetic solution. The production
of oxidants (·OH radicals and active chlorine species) with this
anode was previously reported in our workgroup (García-

Espinoza et al. 2018). At the anode surface, Cl− ions could
be oxidized to produce active chlorine species, such as
hypochlorous acid (HClO, E° = 1.49 V/SHE), species that
predominates at pH between 2 and 6.5 in accordance with
Eqs. (11) to (13) (Kraft 2008).

Regarding electrolysis at alkaline conditions (pH = 8), the
removal of NAPH and PHENwas lower than the one obtained
in the assays at acidic conditions, which may be mainly due to
the generation of hypochlorite ion (OCl−, E° = 0.89 V/SHE ),
which is a species that prevails at pH 8, and it has lower
oxidation power compared to HClO:

2Cl−→Cl2 aqð Þ þ 2e− ð11Þ
Cl2 aqð Þ þ H2O→HClOþ Cl− þ Hþ ð12Þ
HClO⇄Hþ þ ClO− ð13Þ

In other study (Yaqub et al. 2014), a Ti/IrO2 anode was
evaluated for the degradation of 16 PAHs at concentrations on
the order of 10 μg L−1, 0.017 M NaCl as supporting electro-
lyte, applying a current density of 3.33 mA cm−2, pH of 3–9,

Table 2 Summary of EO–SMBR
operating conditions Operating parameter Value Unit

EO

Current density (j) 50 mA cm−2

pH 8 -------------

Electrolysis time (te) 60 Min

Recirculation flow rate (Qr) 4 L min−1

SMBR

Hydraulic retention time (HRT) 6 Hour

Solids retention time (SRT) 30 Day

Concentration of mixed liquor volatile suspended solids (MLVSS) 5000 mg L−1

Food to microorganism ratio (F/M) 0.6 gCOD gVSS−1 d−1

Hydraulic flow rate (Q) 6 L d−1

Transmembrane pressure (TMP) 7–40 kPa

Table 3 Summary of the experimental and predicted removals in the electro-oxidation of NAPH and PHEN with Ti/IrO2 anode

Exp. No. Parameters NAPH degradation (%) SEC PHEN degradation (%) SEC

pH te (min) j (mA cm−2) Rem 1 Rem 2 Predicted % (kWh mg−1 NAPH) Rem 1 Rem 2 Predicted % (kWh mg−1 PHEN)

1 2 20 10 86 78 83.25 1.96 × 10−4 80 78 82.62 1.21 × 10−3

2 8 20 10 70 77 72.25 2.68 × 10−4 78 75 72.87 1.64 × 10−3

3 2 60 10 90 89 88.25 4.93 × 10−4 93 95 90.37 3 × 10−3

4 8 60 10 85 78 82.75 7 × 10−4 65 68 70.12 5.44 × 10−3

5 2 20 50 82 78 78.75 2.41 × 10−3 88 80 80.37 1.46 × 10−2

6 8 20 50 56 47 52.75 5.69 × 10−3 71 77 77.62 2.54 × 10−2

7 2 60 50 94 90 92.25 6.03 × 10−3 98 95 98.62 3.67 × 10−2

8 8 60 50 70 76 71.75 1.1 × 10−2 88 90 85.37 5.76 × 10−2
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and 4 h of electrolysis time. NAPH and PHEN were easily
oxidized, reaching a complete removal. Herrada et al. (2018)
reported removal efficiencies of 93 and 86% for NAPH and
PHEN, respectively, in a synthetic solution with 2-μMNAPH
or PHEN and 0.05 M Na2SO4, by using Ti/IrO2–Ta2O5 at
66.66 mA cm−2 and neutral conditions, attributing its degra-
dation to the ·OH-mediated oxidation at the surface of the
DSA® electrode.

Concerning the experiments with Ti/SnO2 anode, Table 4
shows the factorial matrix, experimental and predicted re-
sponses, and the SEC. Besides, Tables S5 and S6 and Fig.
S2 added in the supplementary material show the ANOVA
and Pareto charts for NAPH and PHEN, respectively.

Results of the ANOVA (Table S4) and Pareto chart (Fig.
S2a) for NAPH removal with Ti/SnO2 anode indicated that
the three factors (pH, te, and j) and the double interaction
between them are statistically significant (p-value < 0.05),
being the factors pH, te, and j, those that represent the greatest

effect on the removal of the pollutant (above the Bonferroni
limit). Contrarily, the ANOVA (Table S5) and Pareto chart
(Fig. S2b) showed that only te, pH, and the interaction be-
tween pH–j were significant for PHEN removal with Ti/
SnO2 anode. The statistical models were adequately fitted,
showing the next linear Eqs. (14) and (15). As well, the coef-
ficients R2 and R2

adj were 0.9138 and 0.8491 for NAPH and
0.8702 and 0.7981 for PHEN, respectively, confirming the
validity of the statistical models. The 3D surface response
plots for the removal of NAPH and PHEN with Ti/SnO2 an-
ode are shown in Fig. 4:

YNAPH ¼ 76:25−4:63 pHþ 6:25 te þ 4:5 j

þ 2:88 pH te þ 2:88 pH j−3:75 te j ð14Þ
YPHEN ¼ 89:31−2:81 pH

þ 3:19 te−0:1875 j−2:06 pH j−1:06 te j ð15Þ

Fig. 3 3D surface response plots for the removal of PAHs as a function of time and pH at j = 50 mA cm−2 by using Ti/IrO2 anode. a NAPH; b PHEN.

Table 4 Summary of the experimental and predicted removals in the electro-oxidation of NAPH and PHEN with Ti/SnO2 anode.

Exp. No. Parameters NAPH degradation (%) SEC PHEN degradation (%) SEC

pH te (min) j (mA cm−2) Rem 1 Rem 2 Predicted % (kWh mg−1 NAPH) Rem 1 Rem 2 Predicted % (kWh mg−1 PHEN)

1 2 20 10 75 73 72.125 2.23 × 10−4 85 86 86 1.22 × 10−3

2 8 20 10 52 47 51.375 3.76 × 10−4 85 85 84.5 1.41 × 10−3

3 2 60 10 81 88 86.375 5.11 × 10−4 96 94 94.5 2.91 × 10−3

4 8 60 10 77 81 77.125 7.5 × 10−4 93 92 93 4.05 × 10−3

5 2 20 50 82 80 82.875 2.26 × 10−3 94 90 91.875 1.26 × 10−2

6 8 20 50 70 81 73.625 3.74 × 10−3 79 85 82.125 2.20 × 10−2

7 2 60 50 80 86 82.125 6.79 × 10−3 96 94 96.125 3.77 × 10−2

8 8 60 50 80 85 84.375 9.87 × 10−3 83 90 86.375 5.89 × 10−2
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According to Fig. 4a, the highest removal efficiency for
NAPH was obtained at acidic pH, 60 min electrolysis time,
and applying the highest current density (50 mA cm−2).
However, it can be noticed in Fig. 4b that the increase of
current density did not allow an increment of PHEN removal,
even at acidic conditions and 60 min of electrolysis. This
behavior could be related to the applied current density (japp).
If j

app
is higher than the limiting current density (jlim), the pro-

cess is in a regime of mass transfer control. On the contrary, if
japp is smaller than jlim, the process is in a regime of charge
transfer control (Montiel et al. 2021). Therefore, it can be
assumed that under these operational conditions, the electro-
chemical reaction was limited by the mass transport rate of
pollutants towards the anode, explaining the restricted degra-
dation rate. On the other hand, the oxygen evolution reaction
(OER) as shown in Eq, (16) could also take place, competing
with the ·OH radical production and decreasing the efficiency
of the electrochemical process (Martínez-Huitle and Ferro
2006). Thus, the hydrodynamic and the electrode kinetic
should be considered to enhance the performance of the elec-
trochemical reactor. Similar behavior was reported by Tran
et al. (2009), in the electro-oxidation of PAHs from a synthetic
wastewater of the wood industry, applying current densities of
4 to 23 mA cm−2 and obtaining that there were no notable
differences in the removal of PAHs at current densities greater
than 15 mA cm−2. In addition, they also found that EO at
alkaline conditions does not favor the removal of PAHs:

M OH:ð Þ→Mþ 1

2
O2 þ Hþ þ e− ð16Þ

Comparing the performance of both kind of anodes (active
and non-active), Ti/IrO2 anode showed the highest removal
for both compounds, at acidic conditions (pH = 2), current

density of 50 mA cm−2, and electrolysis time of 60 min, with
an average removal of 92.0±2.8 and 96.5±2.1 % for NAPH
and PHEN. IrO2 based dimensionally stable anodes are
known to be good electro-catalysts for active chlorine produc-
tion, even better than BDD anodes (Kraft 2008), possibly
contributing to the higher NAPH and PHEN degradation.
Furthermore, the specific energy consumption for NAPH
and PHEN removal at the best operational conditions was
slightly smaller with Ti/IrO2 anode (6.03 × 10−3 kWh mg−1

NAPH and 3.67 × 10−2 kWh mg−1 PHEN) than the values
obtained with Ti/SnO2 anode (6.79 × 10−3 kWh mg−1 NAPH
and 3.77 × 10−2 kWh mg−1 PHEN). CO2 emissions related to
energy consumption for PAH removal (based on the equiva-
lence reported by Levihn (2014), for natural gas as energy
source used to generate electricity) are 2.4 g CO2 mg−1

NAPH and 14.7 g CO2 mg−1 PHEN for Ti/IrO2 anode. For
Ti/SnO2, CO2 emissions are 2.7 g CO2 mg−1 NAPH and
15.1 g CO2 mg−1 PHEN.

Immediate inhibition tests of electro-oxidation
effluent

The results of inhibition tests using the different anodes, pH,
and constant current density of 50 mA cm−2 are shown in
Table 5. The blank controls showed an average SOUR of
9.14 mgO2 gVSS

−1 h−1, when the typical SOUR for a con-
ventional activated sludge process is in the range of 6–12
mgO2 gVSS−1 h−1 (Yoon 2015). This demonstrates a good
activity of the biomass used for the tests. The test performed
with the synthetic wastewater only, without any treatment,
and after 30 min of exposure, indicated 49 ± 5% inhibition.
It should be noted that the synthetic wastewater showed a
greater inhibition even than the obtained with cupric sulfate

Fig. 4 3D surface response plots for the removal of PAHs as a function of time, pH, and current density by using Ti/SnO2 anode. a NAPH; b PHEN
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(33.9%), which is widely known as an inhibitory compound
of microorganism metabolism in biological wastewater treat-
ment systems (Ochoa-Herrera et al. 2011). As it can be ob-
served, the highest inhibitions in the solutions after EO were
obtained at acid conditions (pH = 2) with Ti/IrO2 anode. This
behavior can be attributed to the formation of highly toxic
organic chlorinated by-products or other chlorine species like
chlorate (ClO3

−) and perchlorate (ClO4
−), where chlorate can

be formed electrochemically (Eq (17)) (Martínez-Huitle et al.
2015), chemically resulting in perchlorate (Eqs. (18) to (19))
(Zöllig et al. 2015):

Cl− þ 3H2O→2ClO−
3 þ Hþ þ 6e− ð17Þ

ClO−
3 þ HClO⇄ HCl2O4½ �− ð18Þ

HCl2O4½ �−⇄ClO−
4 þ Cl− þ Hþ ð19Þ

At pH of 5, the average inhibitions obtained using Ti/IrO2

and Ti/SnO2 anodes were 45 ± 5 and 42 ± 5%, respectively,
showing a non-significative improvement. At this pH value,
HClO is in redox equilibrium with ClO− (Eq. (14)), which can
be oxidized to produce ClO3

− (Eq. (20)) (Lan et al. 2017),
possibly contributing to the lower biodegradability:

6ClO− þ 3H2O→2ClO−
3 þ 4Cl− þ 6Hþ þ 3

2
O2 þ 6e− ð20Þ

In other study, the presence of highly toxic by-product
hydrazine (N2H4) was reported in the electro-oxidation of ar-
tificial urine with NaCl as supporting electrolyte by IrO2 an-
ode (Eq. (21)) (Li et al. 2015). Hence, the presence of chlo-
rides and free ammonia in the synthetic wastewater could have
promoted the electrochemical generation of N2H4:

ClO− þ 2NH3→N2H4 þ Cl− þ H2O ð21Þ

The lowest inhibition was obtained at pH of 8 and using Ti/
SnO2 anode, accomplishing 31 ± 5 inhibition percentage. As it
can be deduced, the non-active anode could have induced a
deeper oxidation via ·OH radicals (E° = 2.8 V/SHE), reducing
the toxicity of the treated water and increasing the activated
sludge oxygen consumption as a physiological response of the
microorganisms. The OD consumption profiles during the
immediate inhibition tests of electrochemically treated at pH
= 8 and Ti/SnO2 anode, synthetic wastewater (without elec-
trochemical treatment), and a blank control are shown in Fig.
5. In this figure, the increase of the SOUR from 5.07 mgO2

gVSS−1 h−1 (in the synthetic wastewater) to 6.42 mgO2

gVSS-1 h-1 (after de EO treatment) can be observed, demon-
strating an improvement in the biodegradability of the
solution.

Coupled EO–SMBR process: organic matter and am-
monia removal

The performance of the coupled EO–SMBR process is illus-
trated in Fig. 6. Accordingly to the results of the immediate
inhibition tests, EO treatment step was carried out using Ti/
SnO2 anode, applying the operating conditions that improved
the biodegradability of the effluent (j = 50 mA cm−2, te = 60
min, pH = 8, andQr = 4 Lmin−1). The EO’s influent COD and
NH4-N concentrations were 865 ± 76 and 29.3 ± 2.9 mg L−1,
respectively. For EO assessment, COD and NH4-N removals
of 15 ± 4% and 8 ± 4% were reached, respectively, during the
29 days of operation, obtaining an effluent COD of 732 ±
68 mg L−1 and NH4-N of 27 ± 2.4. This results showed a
non-significative removal of organic matter and ammonia,

Table 5 Results of immediate inhibition tests

Test SOUR (mgO2 gVSS
-1 h-1) Inhibition %

Blank control 1 8.9 ± 0.9 -------------

Blank control 2 9.4 ± 0.9 -------------

Abiotic control 0 -------------

Cupric sulfate
(58 mg L−1)

10.6 No inhibition was detected

Cupric sulfate
(180 mg L−1)

6 33.9

Synthetic wastewater without electrochemical treatment 4.7 ± 0.9 49 ± 5

Ti/IrO2 pH = 2 4.2 ± 0.7 55 ± 3

pH = 5 5 ± 0.1 45 ± 5

pH = 8 5.2 ± 0.7 44 ± 2

Ti/SnO2 pH = 2 5.4 ± 0.03 41 ± 6

pH = 5 5.4 ± 1 42 ± 5

pH = 8 6.3 ± 0.2 31 ± 5
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indicating that methanol was not oxidized efficiently using the
Ti/SnO2 anode, which may be due to its low electrocatalytic
activity for the oxidation of alcohols or to the deactivation of
the SnO2 layer in the anode surface because of the formation
of methanol by-products, as reported for Ti/IrO2 anode (Foti
et al. 1999; Hu et al. 2008). However, the main objective of
the electrochemical pre-treatment was not to decrease all the
content of organic matter and ammonia but to degrade the
highest percentage of PAHs (NAPH and PHEN), increasing
the biodegradability of the synthetic solution. The improve-
ment of the biodegradability of the synthetic solution could
enhance the performance of the subsequent biological treat-
ment, removing completely the residual PAHs.

Throughout the operation, SMBR conditions were main-
tained at F/M ratio of 0.6 ± 0.1 gCOD gVSS−1 d−1, ammonia
loading rate of 0.45 ± 0.09 gNH4-N gTSS −1 h−1, HRT of 6 h,
and solid retention time (SRT) of 30 d through an appropriate
control of the influent flow rate and excess sludge. The bio-
mass concentration measured as mixed liquor total suspended
solids (MLTSS) and mixed liquor volatile suspended solids
(MLVSS) in the bioreactor were 5810 ± 677 and 4907 ±
528 mg L−1, respectively, demonstrating a stable growth

during the period of the experiment. As it can be seen in
Fig. 6, since the first day of assessment, COD and NH4-N
removals were above 95 and 80%, respectively, reaching an
average of 98 ± 0.5% for COD and 91 ± 6.4% for NH4-N
during the evaluation period. Although short HRT was ap-
plied, high COD and NH4-N eliminations were obtained.
This fact can be linked to the electrochemical pre-treatment,
which allowed a stable operation of the biological process.

Coupled EO–SMBR process: NAPH and PHEN removal

Related to the PAH concentration in the synthetic wastewater,
NAPH and PHEN were 5146 ± 3384 and 810±675 μg L−1,
respectively. The coupled EO–SMBR process performance
on PAH removal during the 29 days of operation is shown
in Fig. 7. As it can be observed, EONAPH and PHEN remov-
al efficiencies were 96 ± 5 and 94 ± 3%, respectively (Fig. 7a).
These results suggest that EO process was not efficient for the
global removal of organic matter; however, the degradation of
specific compounds such as NAPH and PHEN can be reached
as a pre-treatment step. Besides, the SMBR process was fed
with the effluent of EO containing 229 ± 299 and 49 ± 60 μg
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Fig. 6 EO and SMBR performances: a COD removal efficiencies; b NH4-N removal efficiencies
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L−1 of NAPH and PHEN, respectively. After the biological
treatment, PAHs in SMBR effluent were 0.43 ± 0.5 μg L−1 for
NAPH and 0.06 ± 0.07 μg L−1 for PHEN, corresponding to
the removals of 99.1 ± 0.96% for NAPH and 99.7 ± 0.4% for
PHEN (Fig. 7b) for the period of the experiment. Hence, the
coupled EO–SMBR process allowed obtaining NAPH and
PHEN global removals of 99.99 ± 0.01 and 99.99 ± 0.02%,
respectively.

At the end of the 29 days of assessment, the concentration
of NAPH and PHEN in biomass was measured with the pur-
pose of evaluating the influence of sorption of PAHs on its
removal at the biological process. The GC-MS analysis
showed that 0.00383 μg g−1 of NAPH and 0.01282 μg g−1

of PHEN were present on solids, which means that sorption
contribution to the removal of PAHs was only 0.9 ± 0.2%,
demonstrating that biodegradation was the main NAPH and
PHEN removal mechanism.

It is interesting to compare these results with those obtained
under different experimental conditions. Mijaylova and
Esquivel (2016) evaluated the removal of NAPH and PHEN
in synthetic wastewater with three submerged ultrafiltration
membrane bioreactors. In this work, both PAHs were
completely biodegraded at HRT and SRT of 8 h and 10 d,
respectively, and a F/M ratio of 0.25 gCOD gVSS−1 d−1.
Nevertheless, the increase of F/M ratio to 0.34 gCOD
gVSS−1 d−1 and the decrease of HRT and SRT to 6 h and 21
d reduced PAH biodegradation till 72 and 60% for NAPH and
PHEN, respectively. They concluded that the organic load,
HRT, and STR were important factors for NAPH and PHEN
removals. Furthermore, it was found that 0.19 μg g−1 of
PHEN remained sorbed onto the biomass even at the best
operating conditions. In other study accomplished by Fatone
et al. (2011), the occurrence, removal, and fate of 16 PAHs,
including NAPH and PHEN, were compared in full-scale ac-
tivated sludge systems and membrane bioreactors. It was con-
cluded that PAH removal in the membrane bioreactor systems
was only 56–94% and 77–88% for NAPH and PHEN, respec-
tively, at SRT from 200 to 500 d. Our results showed an

SMBR stable operation and a consistent performance on the
removal of organic matter, ammonia, and PAHs, inferring that
EO was a good pre-treatment for the biological process. This
behavior can be attributed to the ·OH-mediated electrochem-
ical oxidation of PAHs and their transformation to less bio-
recalcitrant by-products (indirectly proved in the biodegrad-
ability tests), additionally to the SRT in SMBR which provid-
ed an appropriate biomass acclimatization and biodegradation
rates, in spite of relatively high F/M applied. Also, it is known
that the long SRT allows an enrichment of slow-growing bac-
teria such as nitrifying bacteria, clearly presented in the
SMBR due to the high ammonia removals, which could have
contributed to the biotransformation of the aromatic com-
pounds (Dawas et al. 2014).

Conclusions

This research has evidenced the effectiveness of coupling an
electro-oxidation process and submerged membrane bioreac-
tor for naphthalene and phenanthrene removal in a synthetic
wastewater. Electro-oxidation allows effective simultaneous
degradation of both polycyclic aromatic hydrocarbons. The
naphthalene degradation showed a significant dependence of
pH, electrolysis time, and current density using both anodes,
Ti/IrO2 and Ti/SnO2. The tree factors were statistically signif-
icant for phenanthrene removal with the Ti/IrO2 anode; how-
ever, only pH and the treatment time were significant for the
phenanthrene removal with Ti/SnO2 anode. Under optimal
conditions (pH of 2, current density of 50 mA cm−2, and
electrolysis time of 60 min), the active dimensionally stable
anode Ti/IrO2 demonstrated better naphthalene and phenan-
threne degradations compared with the ones obtained with the
non-active Ti/SnO2 anode. However, the specific energy con-
sumption for naphthalene and phenanthrene removal was
slightly smaller with Ti/IrO2 anode than the values obtained
with Ti/SnO2. The results of the performed immediate inhibi-
tion tests indicated that there was an enhancement of the

Fig. 7 NAPH and PHEN removals: a EO removal efficiencies; b SMBR removal efficiencies
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biodegradability after the electro-oxidation using Ti/SnO2 an-
ode at pH of 8, reaction time of 60 min, and current density of
50 mA cm−2. In contrast, the biomass respiration was lower
when Ti/IrO2 anode was used, which can be attributed to the
generation of toxic chlorinated by-products. Therefore, the
coupled system electro-oxidation–membrane bioreactor was op-
erated with the Ti/SnO2 anode, applying the operating conditions
that improved the biodegradability of the effluent, and the
electro-oxidation process allowed naphthalene and phenanthrene
removal efficiencies of 96 ± 5% and 94 ± 3%, respectively. The
membrane bioreactor was operated with an organic load of 0.6 ±
0.1 gCOD gVSS−1 d−1, HRT of 6 h, and solid retention time of
30 d, obtaining average COD, NH4-N, naphthalene, and phen-
anthrene removals of 98 ± 0.5%, 91 ± 6.4%, 99.1 ± 0.96%, and
99.7 ± 0.4%, respectively. The sorption of phenanthrene onto the
biomass had a low contribution, 0.9 ± 0.2%, concluding that
biodegradation was the main removal mechanism in the biore-
actor. The integration of electro-oxidation process and sub-
merged membrane bioreactor allowed global naphthalene and
phenanthrene removals of 99.99 ± 0.01 and 99.99 ± 0.02%,
respectively, and an important reduction on COD and ammonia
of 98.3 ± 0.4 and 91.5 ± 5.8%, respectively. The contribution of
this research lies in the comprehensive analysis of a strategy for
the coupling of electro-oxidation and biodegradation in a sub-
mergedmembrane bioreactor with the objective to remove naph-
thalene and phenanthrene.
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