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Abstract: The removal of pharmaceutical and personal care products (PPCPs) from water and
wastewater is of great significance for eco-system safety. In this study, an electrochemical ceramic
membrane bioreactor (ECMBR) was developed for removing seven groups (24 kinds in total) of
PPCPs from real wastewater. In the presence of an electric field (2 V/cm), the ECMBR could enhance
the removal efficiencies for most targeted PPCPs without having adverse impacts on conventional
pollutant removal and membrane filtration. The ECMBR achieved higher removal efficiencies for
fluoroquinolones (82.8%), 3-blockers (24.6%), and sulfonamides (41.0%) compared to the control
(CMBR) (52.9%, 4.6%, and 36.4%). For trimethoprim, ECMBR also significantly increased the removal
to 66.5% compared to 15.6% in CMBR. Furthermore, the exertion of an electric field did not cause
significant changes in microbial communities, suggesting that the enhanced removal of PPCPs should
be attributed to the electrochemical oxidation of the built-in electrodes in the ECMBR.

Keywords: pharmaceutical and personal care products; electrochemical membrane bioreactor;
advanced oxidation process; membrane filtration; wastewater treatment

1. Introduction

The large quantity of consumed pharmaceutical and personal care products (PPCPs) due to
the growth of the world’s population, the rapid progress of urbanization, and the outbreak of
infectious diseases [1-3] will inevitably lead to the occurrence of them in water and wastewater [4-7].
The persistent existence of PPCPs in the water environment may result in the development of
antibiotic-resistant bacteria (ARB) and genes (ARG), causing a potent risk for human health [8,9].
Therefore, the removal of PPCPs from contaminated water is of great significance for the safety of the
water eco-system.

Current wastewater treatment plants, mostly employing conventional activated sludge (CAS)
processes, are not designed for micropollutant removal and thus could not achieve an efficient removal
of PPCPs [10,11]. Membrane bioreactors (MBR), combining membrane separation with biological
treatment technology, could enhance PPCP removal due to their high biomass concentration and
large sludge retention time [12,13]. However, the removal efficiency is still unsatisfactory due to the
toxicity of PPCPs to microorganisms and the inefficiency of membrane rejection (low molecular weight
nature of PPCPs). Therefore, the development of alternative technology is needed for achieving a more
efficient removal of PPCPs.
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Recently, electrochemical advanced oxidation processes (EAOPs) have attracted much attention
for the removal of refractory organic matter [14-18]. The EAOP processes rely on direct electron
transfer (DET) or reactive oxygen species (ROS) for pollutant removal [19-21]. However, for real
applications major obstacles still exist for EAOP processes: (i) the coexistence of other abundant
organic matter significantly affects the removal efficiency of low-concentration PPCPs due to the
non-selectivity of ROS; (ii) particulate and colloidal substances can accumulate on the electrodes,
thus compromising their electrochemical properties. These inherent drawbacks need to be addressed
for their potential applications in real wastewater treatment. Recent studies mainly use synthetic
municipal wastewater for investigating the degradation behaviors and mechanisms of PPCPs [21-24].
Reports on the treatment of real wastewater by novel EAOP technologies are scarce.

To solve the drawbacks, we developed an electrochemical ceramic membrane bioreactor (ECMBR)
by integrating the EAOP process into an MBR using a ceramic membrane module with built-in
electrodes for PPCP removal from real wastewater. We hypothesize that: (i) the microorganisms in the
ECMBR could degrade the coexisting biodegradable organic matter and the residual PPCPs would
be oxidized by electrochemical oxidation, and (ii) membrane separation could protect the internal
electrodes against fouling. The performance of the ECMBR was studied for removing seven groups
(24 kinds in total) of PPCPs from real wastewater. Microbial communities were analyzed to identify
the potential influence of exerting an electric field on microbial behaviors. Our results demonstrate
that the ECMBR has a great potential to be used for PPCP removal from water and wastewater.

2. Materials and Methods

2.1. Chemicals

In total, 7 groups involving 24 kinds of PPCPs were analyzed in this study: (i) sulfonamides (SAs):
sulfadiazine (SDZ), sulfathiazole (STZ), sulfamerazine (SMR), sulfamethazine (SMN), sulfamethoxazole
(SMX), sulfisoxazole (SFX), sulfamethizole (SML), and sulfadimethoxine (SDM); (ii) fluoroquinolones
(FQs): norfloxacin (NOR), ofloxacin (OFL), ciprofloxacin (CIP), enrofloxacin (ENR), and lomefloxacin
(LOM); (iii) macrolides (MLs): clarithromycin (CLA), roxithromycin (ROX), tiamulin (TIA), tylosin
(TYL), and azithromycin (AZN); (iv) 3-blockers: atenolol (ATE), metoprolol (MET), and propranolol
(PROP); (v) stimulants: caffeine (CAF); (vi) dihydrofolate reductase inhibitors: trimethoprim (TMP);
(vii) antiepileptics: carbamazepine (CBZ). The physicochemical properties of the target PPCPs are
documented in Table S1.

All the chemicals used were of analytical grade unless stated otherwise. The PPCPs used for
analysis were purchased from Aladdin (Shanghai, China) and Macklin (Shanghai, China). Three internal
standards (CAF-13C3, SMN-13C¢, and OFL-D3) were obtained from Bepure (China, Beijing). Citric acid,
ethylene glycol, SnCl4-5H,0, SbCl3, Lay;O3, ethanol, ascorbic acid, Nay-EDTA, HPLC-grade MeOH,
and formic acid were supplied by Aladdin (China). Milli-Q water (18.2 M()/cm) was used for preparing
all the solutions in this experiment. Titanium meshes were purchased from Hebei Anheng (China).
Commercial ceramic membrane was purchased from Ceraflo (Singapore).

2.2. Fabrication of Electrochemical Ceramic Membrane Module

A Ti/SnO,-Sb-La electrode using titanium mesh (pore size = 170 um, dimension = 6 cm X 8 cm) as
a substrate was prepared by the sol-gel method [20,25]. Briefly, the raw titanium mesh was degreased
in 10 wt% NaOH for 60 min, rinsed with distilled water twice, and then etched in boiling 10 wt% oxalic
acid for 30 min, followed by rinsing twice again. The precursor solution was prepared by dissolving
SnCly-5H,0: SbCl3: LapOs with the molar ratio 9:1:0.1 into a solution containing citric acid and ethylene
glycol with the molar ratio 140:30. Finally, the titanium mesh was coated with the solution prepared
above, dried at 120 °C, and heated at 450 °C for 10 min. This coating and heating process was repeated
10 times, followed by heating at 500 °C for 2 h.



Water 2020, 12, 1838 3of 14

The electrochemical ceramic membrane module (effective filtration area 96 cm?) was assembled by
the following steps (shown in Figure 1). In brief, a pristine titanium mesh was installed vertically in the
middle of a polyvinyl chloride (PVC) frame (dimension = 6 cm X 8 cm X 2 cm) and served as the cathode,
and then two pieces of Ti/SnO,-Sb-La electrode were fixed on both sides of this frame to serve as the
anodes. The distance between the anode and cathode was set at 1 cm, with the anodes and cathode
connected to a DC power supply (Zhaoxing, China) via titanium wires. Finally, an electrochemical
ceramic membrane module (effective filtration area = 96 cm?) was assembled by attaching two pieces
of ceramic membrane onto the PVC frame via an epoxy resin adhesive.
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Figure 1. Schematic of (A) the fabrication process of the Ti/SnO,-Sb-La electrode and (B) assembly of
the electrochemical ceramic membrane module; (C) schematic of electrochemical ceramic membrane
bioreactor (ECMBR) for wastewater treatment.

2.3. Experimental Setup and Operating Conditions

An ECMBR with an effective volume of 0.5 L was operated with an electric field (2 V/cm). The cell
potential was 2 V and the average current intensity was 0.54 mA in the ECMBR. The inoculum
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sludge (~6.9 g/L) was collected from an MBR operated in Quyang Municipal Wastewater Treatment
(WWTP). An air diffusion tube connected to an air pump was installed at the bottom of reactor with an
aeration intensity of 100 m3/(m?-h) for supplying oxygen required by the microorganisms and scouring
membrane surface for the fouling control. Peristaltic pumps (Lange, China) were used to withdraw
the effluent from the membrane module at a constant membrane flux of 25 L/(m?h). The hydraulic
retention time (HRT) and sludge retention time (SRT) were set as 5 h and 30 days, respectively. Notably,
the HRT in the permeate side of the membrane module (where electro-oxidation occurs) was 0.48 h.
The sludge concentrations in ECMBR and CMBR were 5.54 + 1.63 g/L and 5.40 + 1.54 g/L, with no
significant difference between them (p > 0.05). The intermittent operation mode—i.e., 10 min filtration,
2 min pause—was used for mitigating the membrane fouling. The membrane module was cleaned
by 0.5% NaOCl solution when the trans-membrane pressure reached about 30 kPa. Wastewater from
Quyang WWTP, Shanghai, China, was used as the feed water for the ECMBR. A conventional MBR
(CMBR) was also operated with the same operating conditions but without an electric field, and was
used as a control for comparison.

2.4. Analytical Methods

2.4.1. Membrane Characterization

Scanning electron microscope (SEM) and energy dispersive mapping (EDS) (54800, Hitachi,
Tokyo, Japan) were applied to observe the surface morphologies and elemental distribution of the
Ti/SnO,-Sb-La electrode. Linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy
(EIS) measurements were used to characterize the electrochemical properties of both the Ti/SnO,-Sb-La
electrode and pristine titanium mesh in a three-electrode system using an electrochemical workstation
(CHI 660D, Shanghai Chenhua Co. Ltd., Shanghai, China). The average pore size of the ceramic
membrane was determined by the bubble point method. The water contact angle of the membrane
was measured by the sessile drop method. The water permeability was measured using a filtration cell
under a constant pressure of 3 kPa.

2.4.2. Analysis of PPCPs

Solid phase extraction-ultra performance liquid chromatography-tandem mass spectrometry
(SPE-UPLC-MS/MS) was used to determine the concentrations of PPCPs [10,26]. Detailed information
about the analytical method is provided in Section S1 and Table S2. Briefly, samples were collected in a
pre-cleaned amber glass bottle, followed by filtration through glass microfiber filters (0.7 um, Whatman,
UK) at a pH adjusted to 3.0 with 40% H,SO,. After adding 1 mL 25 g/L of ascorbic acid, 0.1 g of
Nay;EDTA, and internal standards, the samples were extracted by flowing past a pre-conditioned HLB
cartridge (500 mg/6 mL CNW). Then, the cartridges were rinsed by 5 mL 5% (v/v) of methanol aqueous
and 5 mL of Milli-Q water, dried under vacuum for 10 min, and eluted by 10 mL of MeOH. Finally,
the eluate was collected with a 10 mL glass tube, dried under a stream of N in a 40 °C water bath,
and adjusted to 1 mL with 40% methanol aqueous. The resulting extract was filtered through 0.2 um
polyether sulfone (PES) filters for a UPLC-MS/MS analysis. The recovery rates of the PPCPs ranged
from 72% to 134% based on the detected concentration and the original spiked concentration [27].

2.4.3. Microbial Community Analysis

Sludge samples in ECMBR and CMBR were collected at 0 day (start-up) and 100 days (the end of
the operation). The samples were sent to Majorbio (Shanghai, China) for sequencing on an Illumina
Miseq platform using procedures presented in Section S2. Flash was used to overlap the paired-end
reads after quality filtering conducted on Trimmomatic using the Sliding Window approach. Anidentity
threshold of 0.97 was used to cluster the sequences into different operational taxonomic units (OTUs)
using UPARSE (version 7.1, http://drive5.com/uparse/), and chimeric sequences were identified and
removed using UCHIME. The rarefaction curves, Chao, Shannon index, and Good’s Coverage were
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determined by MOTHUR according to the standard procedures [28]. The taxonomy of each 16S rRNA
gene sequence from the OTUs was analyzed by the RDP Classifier (http://rdp.cme.msu.edu/) and
unite pipeline, respectively, with a confidence threshold of 70%. A microbial diversity analysis was
performed using the Majorbio I-Sanger Cloud Platform (www.i-sanger.com).

2.4.4. Other Items

The chemical oxygen demand (COD) and ammonium (NH,*-N) in the influents and effluents and
the mixed liquor suspend solids (MLSS) in the system were measured according to the Standard method
(APHA, 2012). The trans-membrane pressure was determined by a mercury manometer. A Pearson
correlation analysis was used to test the significance of difference among the results, and p < 0.05 is
considered to be significantly different.

3. Results and Discussion

3.1. Characterization of Membrane and Electrodes

As shown in the SEM image of the Ti/SnO,-Sb-La electrode (Figure 2A), the pre-treated titanium
mesh was uniformly covered by an SnO,-Sb-La layer. EDS mapping (Figure 2B) indicates that Sn,
Sb, and La elements were present on the electrode surface, confirming the successful coating of the
SnO,-Sb-La layer. The anodic polarization potential of the Ti/SnO,-Sb-La anode was close to 2.0 V,
while the cathodic polarization potential of the titanium mesh was near —1.8 V based on an LSV analysis
(Figure 2C). The diameter of the semicircle (Figure 2D) was defined as the charge-transfer resistance (RCT)
of the electrodes [25]. The RCT of the Ti/SnO,-Sb-La electrode and the titanium cathode was 176.9 () and
199.4 ), respectively. The average pore size of the ceramic membrane was 0.8 pm (Figure S1). The average
pure water permeability of the conductive membrane was 331.7 + 6.2 L/(m?-h-kPa) (Figure S2), and the
water contact angle was 37.5° + 4.7° (Figure S3). The SnO,-5Sb layer can improve the electrochemical
efficiency for the decomposition of organic pollutants, and the doped rare earth elements La can mitigate
the drawback of the short service life of the SnO,-Sb electrodes [29,30]. The above-mentioned results
showed that the electrodes had favorable electrochemical properties which could be incorporated into
the electrochemical membrane module.
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Figure 2. (A) SEM image and (B) EDS mapping of the Ti/SnO,-Sb-La electrode; (C) linear sweep
voltammetry (LSV) and (D) Nyquist plot of electrochemical impedance spectroscopy (EIS) of Ti/SnO,-Sb-La
electrode in a 5 mM Na,SO; solution.
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3.2. Performance of MBR Systems

The two reactors, operated in parallel, were used for the treatment of real wastewater. Figure 3A,B
illustrate the removal performance of COD and NH4*-N in the ECMBR and CMBR systems. The removal
efficiency of the COD in the ECMBR was 87.7% =+ 6.9%, which was similar to that in the CMBR
(88.7 £ 6.7%) (p > 0.05). Similarly, the NH,;*-N removal efficiency (98.3 + 1.5%) in the ECMBR also had
no significant difference compared to that in the CMBR (98.2 + 2.0%) (p > 0.05). The results showed
that the presence of electric field had no adverse effects on the removal of the COD and ammonium,
because (i) the electric field (2 V/cm) was relatively low [28,31] and (ii) the anodes and cathode were
built in the electrochemical ceramic membrane module.
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Figure 3. Performance of the MBR systems. (A) NH;*-N and (B) COD removal in ECMBR and
conventional MBR (CMBR); (C) the evolution of trans-membrane pressure in the two MBRs.
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The evolutions of trans-membrane pressure in the two MBRs are illustrated in Figure 3C. It can be
observed that the trans-membrane pressure increase rates were almost the same (1.97 + 0.20 kPa/day
for ECMBR and 1.97 + 0.19 kPa/day for CMBR). It showed that the presence of an electric field did
not affect the membrane fouling rate. This result is different from that reported in literature [25,31,32],
which is mainly associated with the location of the electrodes. In our study, built-in electrodes
were used with the objective of the electrocatalytic oxidation of residual PPCPs after biodegradation.
Therefore, the electrochemical effects could not well utilized for controlling the surface fouling of the
ceramic membranes.

3.3. Occurrence and Removal of PPCPs

The concentrations of 24 kinds of PPCPs detected in the influent are listed in Table S3. In the
influent, the most abundant PPCP was CAF, with concentrations in the range of 12,127.6~19,273.7 ng/L,
which has also been reported to be frequently detected at the pg/L level in municipal wastewater in
China [26,33] and worldwide—e.g., in the USA [34] and Spain [35]. FQs were the dominant antibiotic
in the influent, with a high concentration (3926.8~5969.2 ng/L), followed by MLs (417.8~4703.8 ng/L)
and SAs (632.2~3576.6 ng/L). Two kinds of pharmaceuticals—antiepileptic CBZ (119.7~473.3 ng/L) and
dihydrofolate reductase inhibitor TMP (194.9~552.8 ng/L)—were also detected in the influent. It was
also found that OFL and MET were the predominant pharmaceuticals, with median concentrations
of 3540.2 and 3609.7 ng/L, respectively. Moreover, SMX, SDZ, STZ, CIP, NOR, CLA, ROX, AZN, TIA,
and TMP were also abundant PPCPs in the influent, with median concentrations higher than 200 ng/L.
The concentrations of most PPCPs are in agreement with the range reported in the literature [10,33,36-38],
while the concentration of MET is two times higher than the highest values reported previously [33,38],
possibly due to several hospitals located in the service area of the WWTP.

The removal efficiencies of seven groups of PPCPs in ECMBR and CMBR are shown in Figure 4A
(the sum of all the PPCP concentrations in each group). In general, the ECMBR enhanced the removal of
PPCPs compared to CMBR. For FQs, the median removal efficiencies in ECMBR and CMBR were 82.8%
and 52.9%, respectively. The ECMBR also achieved higher removal efficiencies of (3-blockers (24.6%)
and SAs (41.0%) compared to 3-blockers (4.6%) and SAs (36.4%) on average in CMBR. Although the
removal of MLs was not favorable in the two reactors, the ECMBR exhibited a slightly higher removal
of MLs. For CAF, as a purine alkaloid, the CMBR had already achieved a high removal efficiency and
the electrochemical oxidation in the ECMBR could not further degrade the CAF. The microorganisms
enriched in activated sludge, such as pseudomonas, can effectively remove CAF by over 90% from
wastewater [39]. In contrast, although TMP was not efficiently degraded in CMBR due to its antibiotic
nature [40], the ECMBR significantly enhanced the removal of TMP to 66.5% compared to 15.6% in the
CMBR. Both the ECMBR and the CMBR had low removal efficiencies for CBZ, indicating its resistance
to both biotransformation and electrochemical oxidation [41].

For further elucidating the removal efficiencies of each PPCP, the seven groups were analyzed
down to each PPCP level—i.e., 24 kinds of PPCPs in total. The removal efficiencies of 24 kinds of
PPCPs in ECMBR and CMBR are shown in Figure 4B,C. The removal efficiency of the target PPCPs
differs significantly due to their structural and/or physicochemical characteristics [33]. The removal
efficiencies of FQs ranged from high to low: OFL > LOM > ENR > NOR > CIP, with efficiencies
63.0%, 41.8%, 28.3%, 12.3%, 6.4% in the CMBR and 92.4%, 47.6%, 48.0%, 34.3%, 32.1% in the ECMBR,
respectively. It is obvious that the removal efficiency of FQs was enhanced by the electric field.
The carboxyl group might facilitate the sorption of FQs [42,43] to the anodes for further electrocatalytic
oxidation. Furthermore, the removal performance might be also dependent on their own structural
features. The removal efficiencies of OFL and NOR were improved by 29.3% and 27.9% due their
relatively simple structure in the ECMBR compared to the CMBR. The similar structure of CIP and
ENR, both of which have cyclopropane rings, results in the similar enhancement with 19.8% and 19.7%
in the ECMBR [44]. LOM, containing the -F group, has a strong stability, and the presence of the electric
field only increased its removal by 5.8% on average.
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Figure 4. (A) Removal efficiencies of 7 groups of pharmaceutical and personal care products (PPCPs)
in the ECMBR and CMBR. In each group, the sum of all the PPCP concentrations is regarded as
the concentration of the group. Removal efficiencies of target PPCPs in the ECMBR and CMBR:
(B) fluoroquinolones (FQs), MLs, and b-blockers; (C) SAs, CAF, CBZ, and TMP.
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The removal efficiencies of MLs, a class of antibiotics with 12-16 carbon lactone rings in their
molecular structure, were improved clearly by the electrochemical oxidation in the ECMBR. In this study,
the median removal efficiencies of CLA and ROX were enhanced by 16.3% and 37.9%, respectively,
with the introduction of an electric field, while the values of AZN, TYL, and TIA were increased slightly
(5.4%, 5.8%, 6.6%, respectively). In view of their structural features (CLA and ROX with 14 carbon
lactone rings, AZN with 15 carbon lactone rings, and TYL and TIA with 16 carbon lactone rings),
a larger carbon lactone ring make it harder to degrade by electrochemical oxidation in the ECMBR.
For (-blockers, PROP and ATE exhibited a high resistance to electrochemical oxidation due to the
presence of phenyl and amide groups, while the removal efficiency of MET was increased from 3.4% to
23.6% in the ECMBR [45].

For SAs, the ECMBR achieved slightly enhanced removal efficiencies for most kinds of SAs
except SDM and SFX—for instance, SDZ (42.5% in ECMBR vs. 31.8% in CMBR), SML (68.1% vs.
61.8%), SMN (32.1% vs. 25.4%), SMR (66.5% vs. 53.9), SMX (8.20% vs. 5.56%), and STZ (60.2% vs.
52.3%). A Pearson correlation analysis showed that the enhancement of SA degradation had negative
correlations with logKew (r = —0.808, p < 0.05), indicating that the SAs with a high hydrophilicity
facilitated the degradation by electrooxidation in the ECMBR. The mechanisms lying behind need
further investigation. Overall, the ECMBR system significantly improved the removal efficiency of
most of the PPCPs in this study with a slight increase in energy consumption (1.08 x 1072 kWh/m?),
indicating its great potential for industrial application.

3.4. Microbial Community Analysis

[lumina Miseq was used to analyze the microbial communities in ECMBR and CMBR at 0 day
(Inoculum) and 100 days. After overlapping and quality control, 229,399 sequence amplicons with
an average length of 416.47 bp in the V3-V4 region were obtained. The sampling coverage for these
three samples is above 0.99 (Table S4), indicating that Illumina Miseq sequencing was able to detect
most of the OTUs in this study [46]. The OTUs were clustered to 964 (ECMBR) and 853 (CMBR) at a
distance of 3%. The total number of OTUs estimated by the Chaol estimator was 1112 (ECMBR) and
1014 (CMBR) at a 3% distance, suggesting that the ECMBR had a higher microbial richness than CMBR
due to the introduction of the electric field. The ECMBR also exhibited a higher microbial diversity
than the CMBR, with a higher Shannon diversity index (5.08 in ECMBR vs 4.59 in CMBR).

As illustrated in Figure 5, the ECMBR in general had similar microbial structures to the CMBR.
At the phylum level, 10 phyla accounted for over 99.9% of the abundance of the microbial community
in these samples. Compared to the inoculum, the relative abundance of Proteobacteria in both the
ECMBR and the CMBR increased and dominated microbial communities in the MBRs. The relative
abundance of Proteobacteria in the ECMBR was 57%, slightly lower than that in the CMBR (60%).
The relative abundance of Actinobacteria and Chloroflexi was decreased in both of the MBRs; however,
the ECMBR always had a higher abundance (10% and 7%, respectively) compared to the CMBR
(7% and 5%, respectively). The relative abundance of Bacteroidetes was maintained at around 14% in the
ECMBR, while it increased to 16.7% in the CMBR. To further understand the evolutions of microbial
communities in both MBRs, two predominant phyla were chosen to analyze their compositions at the
class level (Figure 5B,C). In general, the ECMBR showed similar microbial communities to CMBR
(Figure 5B,C), suggesting that a low electric field would not significantly affect the microbial community
in the ECMBR. The enhanced removal of PPCPs should be potentially attributed to the incorporation
of electrochemical oxidation in the MBR.



Water 2020, 12, 1838 10 of 14

100 a-Proteobacteria
T others
— —— Inoculum B
( B Nitrospirae N ——ECMBR (
L ——CMBR
- Acidobacteria
[0 verrucomicrobia Unclassified B-Proteobacteria
80 Firmicutes
- Planctomycetes

o y .

N W Saccharibacteria

o

~ B Chiorofiexi

-

=] 60 Actinobacteria

< B X
o [0 Bacteroidetes

g I Proteobacteria i " 5-Proteobacteria
2 Bacteroidia o

o =t (C)
. Z 40 ~ —— CMBR

=
=

) Unclassified Cytophagia

0 Sphingobacteriia Flavobacteriia

Inoculum ECMBR CMBR

Figure 5. (A) Relative abundance of the bacteria of Inoculum, CMBR, and ECMBR at the phylum level.
Phyla making up less than 0.1% are defined as “others”. (B,C) Relative abundance of the predominant
phylogenetic groups of Inoculum, ECMBR, and CMBR at the class level. Relative abundance was
calculated as the number of sequences affiliated that taxon divided by the total number of sequences
per sample (%).

3.5. Mechanism for the Enhanced Removal of PPCPs in ECMBR

In the ECMBR, the PPCP degradation is mainly associated with oxidation by ROS (e.g., HyO,
and HO:) and active chlorine during the electrochemical process (see Equations (1)—(6)) [28,47,48].
Equations (1)—(3) are anodic oxidation reactions, Equations (4) and (5) are cathodic reactions, and
Equation (6) is initiated in the bulk solution. The ROS were measured in the electrochemical reactor,
with the quantity of ROS 98.1 times that of the control group (Figure S4). The concentration of H,O,
in the ECMBR system was 160.2 + 13.3 umol/L, and the concentration of Clt was 80.1 + 0.85 pmol/L
(Figure 54).

H,O — HO-+H't+e, 1
HO-+ CI- — HOCI + 7, 2)
2ClI~ — Clp (aq) +2e7, 3)
O +2H' +2e — 2H,0;, 4)
e +H,Op, — HO-+OH, (5)
Cl (aq) + H,0 2 HOCl+H*+Cl". (6)

The enhanced degradation mechanism of PPCPs in the ECMBR system is shown in Figure 6,
which is mainly attributed to: (i) the electrochemical membrane module can intercept large particles
and colloids by the physical retention of ceramic microfiltration membrane, thereby protecting the
electrodes against fouling and prolonging the serve life of the electrodes; (ii) the activated sludge
could degrade most of the biodegradable dissolved organic matter and residual organic pollutants like
PPCPs, which are difficult to biodegrade, and enter the electrochemical ceramic membrane module
through the membrane filtration; (iii) oxidants such as Clt (HOCI/OC1™) and ROS (H,O; and HO-)
produced by the electrodes can oxidize PPCPs in the membrane compartment, thereby achieving a
higher electrochemical efficiency.
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Figure 6. Schematic of the mechanisms for PPCP removal in the ECMBR.

4. Conclusions

An ECMBR with built-in electrodes was developed for removing PPCPs from real wastewater.
The results demonstrated that in the presence of an electric field (2 V/cm), the ECMBR could enhance
the removal efficiencies of most targeted PPCPs without having adverse impacts on conventional
pollutant removal and membrane fouling. Furthermore, the exertion of the electric field did not cause
significant changes in the microbial communities, suggesting that the enhanced removal of PPCPs
should be mainly attributed to the electrochemical oxidation by the built-in electrodes in the ECMBR.
The results highlight the potential of using ECMBR for removing PPCPs from contaminated water.
Further investigation on the removal performance of PPCPs using a pilot-scale ECMBR is needed for
promoting its applications in the advanced treatment of wastewater.
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CMBR and ECMBR in the batch tests (1 = 3), Table S1: physical-chemical properties and molecular structures of
target PPCPs, Table S2: Operational parameters of tandem MS and LOQs of target PPCPs in wastewater, Table S3:
Concentrations of target PPCPs in Influent of EMBR and CMBR, Table S4: Richness and diversity estimators of the
bacteria phylotypes in the two MBR systems.
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