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H I G H L I G H T S

• A system was proposed to remove or-
ganic pollutants and produce energy.

• High TOC and TN removal efficiencies
up to 96.6% and 86.1% were
achieved.

• A concentration of 5.0mM H2O2 was
generated in the cathode chamber.

• Dopamine on the cathode played a
critical role in enhancing H2O2 pro-
duction.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Saline wastewater
Perfluorinated compounds
Energy recovery
Photocatalytic oxidation
Flocculation

A B S T R A C T

A novel solar-wastewater-energy recovery system was presented to simultaneously remove refractory organic
pollutants from saline wastewater and produce energy. To accomplish this goal, a two-chamber cell was fab-
ricated. The anode chamber integrating photo-oxidation and flocculation was developed by using a TiO2 na-
notube array (TNA) and Al foil. A dopamine modified carbon felt (DPA/CF) electrode was located in the cathode
chamber to produce H2O2 by the two-electron reduction of O2 with electrons generated on the anodes. Under
sunlight irradiation, the TNA photoanode initiated the degradation of perfluorodecylamine (PFDA) as typical
refractory pollutant and selectively transformed its organic nitrogen to N2 and NO3

− with yields of 87% and
12%, respectively. Compared with PFDA removal efficiency using single flocculation, the efficiency was im-
proved by more than 5 times (ca. 96.6%) in the combined process of photo-oxidation and flocculation·H2O2

production was also achieved using the DPA/CF cathode, obtaining a high concentration of 5.0 mM.
Furthermore, this study revealed that the reversible reaction between dehydrogenation and hydrogenation on
polydopamine accomplished the catalytic reduction of O2 to H2O2. The present study proposes a new approach
involving energy recovery in saline wastewater treatment for an energy-sustainable society.

1. Introduction

Water and energy shortages are the two most serious problems

regarding the sustainability of human society in the future [1]. Was-
tewater treatment is an energy-intensive process. For example, waste-
water treatment uses 3% of the electricity expenditure in the U.S. [2].
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Recovering energy from wastewater treatment has received significant
attention in recent decades, which can solve water and energy
shortages simultaneously and realize a sustainable society [3]. En-
deavors in this field mainly included the development of anaerobic
fermentation technology (AFT) and microbial fuel cells (MFCs) [4,5].
AFT can produce biomass energy sources such as biogas (hydrogen and
methane) and alcohol (bioethanol and biobutanol) [6]. In MFCs, elec-
trons are extracted from organic pollutants by exoelectrogenic bacteria
attached on the anode, which are then transferred to the cathode to
produce electrical energy during wastewater treatment [7,8]. On the
other hand, hydrogen peroxide (H2O2) is also a green fuel for power
generation instead of biogas or alcohol due to its clean emissions, safe
storage and high energy density [9]. H2O2 can be converted into elec-
tricity through various types of fuel cells [10]. Therefore, H2O2 pro-
duction derived from wastewater treatment would have great en-
vironmental and energy significance.

However, the effluents from electroplating, textile, tannery, and
papermaking industries often contain high salinity (> 1wt%) and re-
fractory organic pollutants (ROPs), which pose great challenges for
wastewater treatment [11,12]. Generally, traditional biotechnology
would be inhibited by high-salinity water due to the severe environ-
ment; furthermore, the biotechnology may be inefficient for biore-
fractory ROPs [13,14]. Physicochemical methods often require more
energy and reagents and thus are not adequately economical for ROPs
treatment except for solar photocatalysis [15]. However, it is difficult to
completely mineralize ROPs due to the limited sunlight intensity. Some
studies also integrated photocatalytic oxidation with other methods
such as ultrasound, electrochemistry, and ozonation to improve the
removal performance of ROPs from saline wastewater [16,17]. In fact,
saline water has high conductivity, which makes it possible to develop
electrochemical methods to treat ROP-containing wastewater [18]. For
example, Cl− frequently appearing in saline wastewater is beneficial to
the indirect oxidation of ROPs via electrogenerated reactive chlorine
species (RCS, including Cl2, %Cl and HOCl/%OCl) [19]. Therefore,
weakly polar ROPs can be oxidized into small-molecule polar com-
pounds such as carboxylic acids [20], which could be easily removed by
adsorption due to the effect of electrostatic attraction.

In addition, perfluorinated compounds (PFCs) have been ex-
tensively used in chromium plating, water resistant textiles, firefighting
foams, paper and fabric protection and have become the common
components of salt wastewater from these related industries [21].
Generally, PFCs contain a fully fluorinated alkyl chain and functional
groups such as carboxylates, sulfonates, ethylamines, or phosphonates
[22]. Due to the high C–F bond energy (≈110 kcal/mol), PFCs possess
strong chemical stability. These properties make them persistent,
bioaccumulative and ubiquitously distributed in aquatic environments.
Thus, as the two most typical PFCs, perfluorooctane sulfonate (PFOS)
and perfluorooctanoate (PFOA) have been limited or forbidden by the
Stockholm Convention on Persistent Organic Pollutants or relevant
regulations in the USA, Canada, and Germany [23]. Recently,
1H,1H,2H,2H-perfluorodecylamine (PFDA, NH2(CH2)2C8F17 in Scheme
S1) as a new suitable alternative of PFOS/A has been used in the pro-
duction of plated hardware, pesticides, waxes and coating materials
[24]. However, PFDA, a PFC, is still resistant to biotic and abiotic de-
gradation; further technology research is necessary on the complete
removal of PFDA from related wastewater.

In this work, a novel solar-wastewater-energy recovery (SWER)
system was assembled, including an independent anode chamber and a
cathode chamber, for treatment of saline wastewater containing PFDA.
The anode chamber innovatively integrated photocatalytic oxidation
using a TiO2 nanotube array (TNA) electrode and Al flocculation to-
gether to remove PFDA completely; the cathode chamber employed a
new dopamine modified carbon felt (DPA/CF) electrode to produce
H2O2 using O2 reduction by electrons transferred from the anodes. As a
result, simultaneous PFDA removal and H2O2 production were realized
in this system. The photocatalytic oxidation triggered the PFDA

degradation, and Cl‾, as a typical salt component, catalyzed the anodic
reactions, which in turn facilitated the production of H2O2 in the
cathode reaction. At the same time, the flocculation initiated by anodic
dissolution of Al accomplished the complete removal of the PFDA de-
gradation products. On the basis of the proof-of-concept demonstrated
here, the PFC removal and energy recovery in the SWER system for
saline wastewater treatment provide an ideal solution to construct a
wastewater disposal facility for an energy-sustainable society.

2. Methods

2.1. Electrode preparation

The DPA/CF cathode was prepared by self-polymerizing dopamine
(DPA) on the surface of carbon felt (CF, JLTT6, Tetan, China) in alka-
line solutions. First, the CF (7 cm×5 cm) was alternately conditioned
by 1M HNO3 and acetone for 12 h, was washed with distilled water
until the pH of the washings ranged from 6.5 to 7.5, and finally was
dried under vacuum at 60 °C for 6 h. To modify the conditioned CF with
DPA, a piece of CF was immersed in 50ml of Tris-buffer solution
(10mM, pH=8.5), in which was dissolved a varying amount
(0.0–7.5 g) of hydrochloride dopamine (98%, Ark Pharm USA). Then,
the reaction mixture was stirred magnetically for 24 h at room tem-
perature (25 ± 3 °C). Finally, the prepared DPA/CF was washed with
deionized water several times until the pH of the filtrate ranged from
6.5 to 7.5. The as-synthesized DPA/CF cathode was dried under a va-
cuum at 60 °C for 6 h.

The TNA photoanode was synthesized by a hydrothermal process
using methods by Zhao [25]. Al foils with a thickness of 2.5mm (99.9%
purity) were supplied by Asone (Japan). Before use, Al foils were po-
lished to remove the oxide film.

2.2. SWER system operation

The SWER unit had two independent chambers with the installed
anodes and cathode, which were separated by an inexpensive con-
ductive carbon membrane (Fig. S1). The SWER unit with a cover was
equipped with a quartz window (5 cm×5 cm) on the anodic side for
light introduction. The working volume of each chamber was 180ml
(6 cm×6 cm×5 cm). A two-anode system with a TNA photoanode
and an Al anode was structured in the anode chamber, whereas a DPA/
CF cathode was used in the cathode chamber. The dissolved oxygen
(DO) concentration was maintained at an equilibrated condition by
aeration at the bottom of the cathode chamber with a flow rate of 0.5 L/
min. The effective area of all electrodes was 5 cm×5 cm. The elec-
trodes were fixed vertically and parallel to each other in the corre-
sponding chamber, connected using copper wires. On the anodic side, a
300W Xe lamp setup (SXE 300, Perfect Light, China) was used to
provide solar light irradiation (light intensity 100mW/cm2, 1 sun il-
lumination). The synthetic wastewater containing different amounts of
NaCl (0–300mM) and 1mM PFDA was used in the anode chamber and
0–300mM NaCl was used in the cathode chamber. The pH was adjusted
by 10mM HCl or 10mM NaOH.

2.3. Chemical analyses

All samples from anolyte were filtered by 0.45 μm syringe filters
(PTFE membrane) prior to analysis. The concentration of total organic
carbon (TOC) was measured with a TOC analyzer (vario TOC,
Elementar, Germany). Ammonia nitrogen (NH4

+) was analyzed fol-
lowing the Nessler method. The total nitrogen (TN) was monitored by a
TN analyzer (IL500, Hach, USA). The F−, NO2

−, NO3
−, and HCOO−

ion concentrations were determined using ion chromatography
(Dionex, USA). The concentration of H2O2 generated in the cathode
chamber was determined by iodometric titration [26]. The RCS was
quantified by the N,N-diethyl-p-phenylenediamine method. The
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oxidative radicals were measured by electron spin resonance (ESR,
A300-10/12, Bruker, Germany) spectroscopy coupled with a spin
trapping technique.

The concentrations of perfluorocarboxylic acids (C4–C8) as inter-
mediates were measured by high-performance liquid chromatography
(HPLC, Shimadzu LC-20AT, Japan) equipped with a UV detector; 25 μL
of the sample was injected into a C18 column
(4.6 mm×250mm×5 μm) with a 20mM NaH2PO4 (pH=2)/acet-
onitrile mobile phase (50/50, v/v) at a flow rate of 1ml min−1.

Electrode surface morphologies were characterized by a scanning
electron microscope (SEM, HITACHI SU8010, Japan). X-ray diffraction
(XRD) patterns of the electrodes were obtained using an X-ray dif-
fractometer (XPert Pro MPD) with Cu Kα radiation. The chemical state
and surface composition of the DPA/CF cathode were analyzed by X-ray
photoelectron spectroscopy (XPS, PHI Quantera SXM, ULVAC-PHI,
Japan) using a Kα X-ray source.

The dynamic floc size in the flocculation process was measured with
a laser particle size analyzer (Mastersizer 3000, Malvern, UK). The zeta
potential of the Al hydroxide floc was measured by a Zetasizer Nano
ZS90 (Malvern Instruments, UK). After the coagulation experiment, the
metal hydroxide floc suspension was filtered with a 0.22 μm glass fiber
membrane, and the floc was dried in a vacuum freeze dryer. The XPS of
the dried floc was analyzed by the mentioned X-ray photoelectron
spectrometer.

Linear sweep voltammograms (LSVs) of the cathode were measured
using a three-electrode setup connected to an electrochemical work-
station (CHI 660E model, Chenhua, China). The carbon electrode (CF or
DPA/CF), a Pt plate, and a saturated Ag/AgCl/KCl electrode acted as
the working electrode, counter electrode and reference electrode, re-
spectively. LSVs were measured at a scan rate of 50mV s−1 in the range
from −1 to +0.3 vs Ag/AgCl. Electrochemical impedance spectroscopy
(EIS) analyses of the cathodes were conducted at a DC voltage of
−0.5 V vs. Ag/AgCl with a frequency ranging from 1Hz to 100 kHz.

3. Results and discussion

3.1. Design concept of the SWER system

To achieve ROP removal and energy recovery in saline wastewater,
a novel SWER system with two independent chambers was designed as
illustrated in Fig. 1 and assembled to simultaneous remove PFDA and
produce H2O2. The anode chamber selected TNA as the photoanode due
to its strong sunlight response, easy processing, and nontoxicity, which
could promote the oxidation of Cl‾ as a typical component in saline

wastewater to RCS through the photoholes generated by solar irradia-
tion. PFDA was determined as the target compound in saline waste-
water because it is refractory as new PFCs to substitute for PFOA/S and
contains organic nitrogen. PFDA is difficult to entirely mineralize by
RCS, so the design of double anodes was innovatively applied for
complete PFDA removal using Al foil as another anode. During system
operation, the foil would dissolve and form Al flocs to adsorb the polar
intermediates of PFDA through flocculation. For the cathode chamber,
carbon felt (CF) was chosen as a cathode substrate to electrogenerate
H2O2 due to its large specific surface area, high strength and con-
ductivity [27]. In addition, DPA possesses a large number of nitrogen
functional groups and phenol hydroxyl groups, which can achieve self-
polymerization at an alkaline pH to produce polydopamine [28].
Therefore, this property improves the DPA practicability and reliability
on an industrial scale. As a result, DPA was used to modify CF to en-
hance its electrode performance in this system. Through this design,
H2O2 would be produced by the two-electron reduction of O2 with
electrons generated from the photoanode and dissolution of the Al
anode.

With these considerations, a TNA photoanode was synthesized and
characterized. SEM images of the TNA revealed its regularly arranged
tube structure with nanotubes ∼60 nm in diameter and ∼580 nm in
length (Fig. S2a and S2b). The typical anatase crystalline phase for the
prepared TNA was confirmed by the XRD analysis (Fig. S2c). The ab-
sorption onset of the TNA photoanode was at approximately 386 nm,
which was consistent with the band gap energy of crystallized anatase
(Eg=3.2 eV, corresponding to λ=387 nm) (Fig. S2d). The chemical
structure of the as-synthesized cathode was also studied with SEM and
XPS (Fig. S3). The surface of the pristine CF was relatively smooth,
whereas the surface of the synthesized DPA/CF was rough. Further-
more, the pristine CF surface was mainly composed of C, but the atomic
molar ratio of N 1 s to C 1 s reached 0.118 on the DPA/CF cathode,
which was close to the theoretical value of 0.125 for DPA. These results
confirmed that the in situ spontaneous self-polymerization of DPA on
the CF surface was successfully achieved. Based on these character-
istics, the TNA photoanode and DPA/CF cathode could be employed as
effective electrodes for the following experiment.

3.2. Removal of PFDA by the SWER system

3.2.1. PFDA removal in different process
First, the anode performance on PFDA removal was investigated. In

the anodic chamber of the SWER system, the removal efficiencies of
TOC and TN reached 96.6% and 86.1%, respectively, through the sy-
nergistic effect of photocatalytic oxidation and flocculation (TNA-Al/
Chloride) (Fig. 2a) under the optimum pH of 6 (Fig. S4). In the TNA-Al/
Chloride process, the main degradation intermediates of PFDA included
perfluorononanoic acid (PFNA), shorter-chain perfluorocarboxylic
acids (s-PFCAs), nitrogen compounds, the ion HCOO‾ and F‾. The
concentration of PFNA, HCOO‾ and F‾ increased rapidly in the first 3 h
and then drastically decreased from their peak values of 0.67, 0.72, and
0.33mM, respectively (Table 1). To further reveal the relationship be-
tween the Al anode and PFDA removal, the change in zeta potentials,
which indicates the density of electrical charges on particle surfaces of
hydroxide flocs, was investigated in the flocculation process using an Al
anode (Fig. S5). At the initial stage of the flocculation process, the zeta
potential of the Al hydroxide flocs was slightly negative and then in-
creased to a zero point at approximately 120min and remained posi-
tive. As the pKa values of PFNA, s-PFCAs, and HCOOH were approxi-
mately 2.5 to 3.8 [29–31], all values were lower than the solution pH in
these experiments. Therefore, PFNA, s-PFCAs, and HCOOH mainly ex-
isted in their deprotonated forms, which could be easily adsorbed by
the positively charged flocs and effectively removed with the formed
precipitate [32,33]. The XPS spectrum also further confirmed the ex-
istence of carbon and fluoride in the flocculation sludge after TNA-Al/
Chloride process (Fig. S6), which indicated that fluoride compounds

Fig. 1. Schematic illustration of the novel solar-wastewater-energy recovery
(SWER) system to simultaneously remove perfluorinated compounds (PFCs)
and produce H2O2 in salinity wastewater treatment.
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were adsorbed on the Al hydroxide flocs. These results were consistent
with the sorption mechanism of PFOS and PFOA by flocculation in
previous studies [34–36].

As a contrast, the removal of PFDA by flocculation alone was in-
vestigated; the TNA photoanode was replaced by a titanium plate with
the same area for use as a control group (Al/Chloride) in the SWER
system (Fig. 2b). As a result, only small amounts of TOC and TN were
simultaneously removed via the single flocculation process. In fact, the
formation of flocs in the Al/Chloride process could be divided into the
following three stages: slow dissolution of Al, rapid formation of flocs,
and stabilization of flocs (Fig. S7). In the first 3 h, Al dissolved from the

anode and then generated Al3+(aq) ions (Eq. (1)). Al3+(aq) ions could rapidly
hydrolyze to monomeric and polymeric species such as Al(OH)4−, Al
(H2O)63+, Al(H2O)5OH2+, Al(OH)2+, Al(OH)2+, Al2(OH)24+,
Al6(OH)153+, Al7(OH)174+, Al8(OH)204+, and Al13O4(OH)247+ under a
mild pH range (Eq. (2)) [37,38]. Subsequently, the flocs could rapidly
form with a significant increase in floc size. In fact, the removal effi-
ciency of TOC and TN was positively correlated with the formation rate
of flocs. During the first 3-h reaction, the values of TOC and TN were
relatively unchanged, and no substantial floc growth was observed.
After the 3-h reaction, the removal efficiencies of TOC and TN rapidly
increased to 15% and 18%, respectively, consistent with rapid floc

Fig. 2. Time-profile changes in total organic carbon (TOC) and total nitrogen (TN) in anode chamber using different anodes: (a) TiO2 nanotube array (TNA)
photoanode and Al anode (TNA-Al/Chloride), (b) titanium plate and Al anode (Al/Chloride), (c) graphite paper and TNA photoanode (TNA/Chloride) in NaCl
solutions, and (d) graphite paper and TNA photoanode in an equal molar concentration of Na2SO4 (TNA/Sulfate). The anodic chamber was filled with the same
solution (sulfate or chloride at 200mM, pH at 6) containing 1mM 1H,1H,2H,2H-perfluorodecylamine under simulated 1 sun illumination.

Table 1
Main intermediates of 1H,1H,2H,2H-perfluorodecylamine (PFDA) degradation in the TNA-Al/Chloride process. Units: mM.

Time (h) PFDA PFNA s-PFCAs TN NH4
+ NO3

− NO2
− HCOO− F−

C7F15COOH C6F13COOH C5F11COOH

0 1.00 0.01 N N N 1.08 N N N N N
1 0.47 0.47 0.05 N N 0.81 0.27 0.03 N 0.24 0.03
2 0.30 0.61 0.05 0.01 N 0.67 0.38 0.11 N 0.49 0.16
3 0.11 0.67 0.12 0.05 N 0.48 0.39 0.14 N 0.72 0.33
4 0.05 0.32 0.03 0.01 N 0.35 0.27 0.16 N 0.58 0.21
5 N* 0.15 0.02 0.03 N 0.27 0.21 0.12 N 0.34 0.14
6 N 0.14 0.01 0.01 N 0.20 0.15 0.13 N 0.11 0.12
7 N 0.07 0.03 0.01 N 0.19 0.09 0.11 N 0.10 0.11
8 N 0.07 0.03 0.02 N 0.15 0.03 0.10 N 0.03 0.08

* 'N' represents 'None', which was not detected.
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formation.

→ ++ −Al(s) Al (aq) 3e3 1

+ ↔ ++ − +Al (aq) nH O Al(OH) nH (aq)3
2 n

3 n 2

On the other hand, the effect of the photocatalytic oxidation on TOC
and TN removal efficiency without flocculation was also investigated to
only evaluate the contribution of photolysis, in which the Al anode was
replaced with graphite paper (TNA/Chloride). As shown in Fig. 2c, the
removal efficiency of TN could reach 82.4%; however, only 24.9% of
TOC was removed by the photocatalytic process. The concentration of
PFNA as an intermediate increased rapidly and reached its maximum
value at 3 h and then slightly decreased (Table S1). However, the
HCOO‾ ion and fluoride ion increased continuously during the 8-h re-
action. In addition, NH4

+ was detected after 1-h of irradiation in the
TNA/Chloride process, which should be the primary product during the
degradation of PFDA rather than NO2

− and NO3
−. This result was

consistent with the report of Calza et al. [39] that nitrogen-containing
compounds without hydroxylated nitrogen were predominantly con-
verted to NH4

+ instead of NO3
−. After 8-h of irradiation, the TN re-

moval efficiency achieved 87.0%, and the residual nitrogen was NO3‾,
which implied that NH4

+ was selectively transformed to N2 (87.0%)
and NO3

− (12.1%).
Subsequently, in the above TNA/Chloride system, the effect of Cl‾

on the removal efficiency of TN and TOC was further investigated
(Fig. 2d). As a control, the same molar concentration of Na2SO4

(200mM) was used as an electrolyte (TNA/Sulfate) in the anodic
chamber. The PFDA decomposition in the TNA/Chloride and TNA/
Sulfate processes followed pseudo-first-order kinetics with the rate
constants of 0.66 h−1 and 0.08 h−1, respectively (Fig. S8). Therefore,
the decomposition rate constant of PFDA in the TNA/Chloride process
was 8.3 times higher than that in the TNA/Sulfate process. As illu-
strated in Fig. S9, it can be found that %OH was the dominant oxidative
radical in the TNA/Sulfate process (Eq. 3–4), while the oxychloride
radical (%OCl) was the dominant radical species in the TNA/Chloride
process (Eq. 5–7) [40,41]. Fig. S9 also indicated that the increase of Cl‾
concentration improved the intensity of corresponding oxidative radi-
cals. Correspondingly, the removal efficiency of TN and TOC increased
significantly with the increase of Cl‾ concentration in the range of
0–200mM, further increase the Cl‾ concentration did not significantly
influence the removal of TN and TOC (Fig. S10). In addition, the time-
profiled removal of TN and production of nitrate in the TNA/Chloride
process were quite different from those in the TNA/Sulfate process
(Fig. 3). Moreover, N2 was found to be the main degradation product of
organic nitrogen in PFDA for the TNA/Chloride process; however,
NO3

− was the final product for the TNA/Sulfate process. Fig. S11a
indicated that RCS was formed and reached 4.1mM of the maximum
concentration in the TNA/Chloride process. Generally, RCS exist in the
form of HClO and/or •OCl in acidic solutions. To ascertain the roles of
RCS on TN removal, organic nitrogen was degraded with an initial
HClO concentration of 4.1 mM in the TNA/Chloride process without
light irradiation. It was found that equal molar HClO resulted in a lower
TN removal efficiency (Fig. S11b). These results indicated that •OCl was
the main oxidative radicals in the TNA/Chloride process for organic
nitrogen gasification; moreover, •OCl could selectively transfer organic
nitrogen to gas N2. The transformation of organic nitrogen and am-
monia nitrogen to N2 in this system was similar to the breakpoint
chlorination reaction [42]. Compared with traditional breakpoint
chlorination, the SWER system can be used for organic nitrogen re-
moval due to its high efficiency for TN removal of PFDA without the
extra chlorine cost.

+ → + ++ −hv h eTiO TiO2 2 3

+ → + ∙+ +hH O H HO2 4

+ →− +h2Cl 2 Cl2 5

+ → + ++ −Cl H O HOCl H Cl2 2 6

+ → + ∙+ +hHOCl H OCl 7

3.2.2. The PFDA removal mechanism in the TNA/chloride process
Based on the above comparison of different reaction systems and

intermediate analyses, the removal mechanism of PFDA was proposed
in the SWER system. Under solar light irradiation on the TNA photo-
anode, the oxidative radicals were generated and oxidized the PFDA
into PFNA, HCOO− and NH4

+ (Eq. (8)). A small quantity of PFNA was
further oxidized into s-PFCAs and fluoride. The deprotonated com-
pounds (PFNA, s-PFCAs, and HCOO‾) could be efficiently adsorbed
onto the positively charged flocs generated by the Al anode, which were
finally removed in the formed precipitate (Eq. (9)). These explained the
high TOC removal efficiency in the synergistic process (Fig. 2a) than
that in the single flocculation (Fig. 2b) or in the single photocatalytic
oxidation (Fig. 2c). NH4

+ ions were attacked by %OCl radicals, and a
series of reaction intermediates (NH2Cl, NHCl2 and NOH) were gener-
ated. Chloramines were also formed and participated in the cyclic re-
actions between Cl− and •OCl in the photocatalytic process (Eqs. 5–7
and 10–13). In addition, a small amount of NH4

+ was oxidized to NO3
−

(Eqs. (14) and (15)) by •OH generated in the chloramines conversion
processes (Eqs. (10) and (11)).
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Fig. 3. The time-profiled removal of total nitrogen (TN) and production of ni-
trogen compounds in the TNA/Chloride process (a) and TNA/Sulfate process
(b). The anodic chamber was filled the same solution (sulfate or chloride at
200mM, pH of 6) containing 1mM 1H,1H,2H,2H-perfluorodecylamine under
simulated 1 sun illumination.
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+ ∙ + → + +

+

C F (CH ) NH 6 OCl 3H O C F COOH HCOOH NH Cl

5HOCl
8 17 2 2 2 2 8 17 4

8

+ → − ↓+−
−
−C F COOH Al(OH) Al(OH) OOCF C H O8 17 n

3 n
(s) n 1

4 n
17 8 2 9

+ ∙ → + ∙ ++ +NH OCl NH Cl HO H4 2 10

+ ∙ → + ∙NH Cl OCl NHCl HO2 2 11

+ → + ++ −NHCl H O NOH 2H 2Cl2 2 12

+ → ↑ + + ++ −NNHCl NOH HClO H Cl2 2 13

+ ∙ → + ++ − +NH 6HO NO 4H O 2H4 2 2 14

+ ∙ → +− −NO 2HO NO H O2 3 2 15

3.3. Production of H2O2

3.3.1. Effect of dopamine concentration
For the cathode chamber, the performance of H2O2 production was

explored using a DPA(5 wt%)/CF cathode. The effect of dissolved do-
pamine on H2O2 production was first evaluated without cathodes. The
results shown in Fig. S12 indicated that the hydrochloride dopamine
solution (5 wt%) under O2-equilibrated conditions could not produce
H2O2. Then, without O2 (under N2-equilibrated condition), negligible
production of H2O2 on DPA(5 wt%)/CF also indicated that DPA func-
tioned as a catalyst. In addition, the effect of O2 concentration on H2O2

yield for DPA(5 wt%)/CF was less significant than that of bare CF (i.e.,
12% of reduction for H2O2 yield with DPA(5wt%)/CF cathode com-
pared to 38% of reduction with bare CF when the solution was air-
equilibrated instead of O2-equilibrated) (Fig. S13). This result indicated
that higher O2 reduction efficiency was obtained by DPA modification.
The aforementioned results suggested that the main role of DPA on the
DPA/CF cathode was catalysis, which led to the increase in the H2O2

yield.
As shown in Fig. 4a, the amount of DPA modified onto CF has an

important effect on the H2O2 production; the maximum H2O2 produc-
tion was achieved with CF modified by DPA (5 wt%) solution. For the
DPA(5 wt%)/CF cathode, the kinetic rate was dramatically increased to
3.0 times higher than that of bare CF, from 0.21 to 0.66mMh−1 (Fig.
S14). However, further increasing the DPA concentration led to a slight
decrease in H2O2 production. In fact, excessive DPA content caused
relatively low dispersion of DPA on the CF matrix and weak adhesion of
the composite to the surface of CF, thereby decreasing the catalytic
performance of the cathode. Similar results have been observed using
other organic compounds such as hydrazine hydrate for the oxygen
reduction reaction [43]. It was found that the chemical modification by
hydrazine hydrate not only enhanced the two-electron transfer process,
but encouraged the H2O2 decomposition process, which would be im-
peded the accumulation of H2O2, and then resulted in a drop of H2O2

production [43].
In addition, DPA could not only accelerate H2O2 formation but also

decelerate H2O2 decomposition in different conditions [44]. Therefore,
we separately evaluated the rate constants for H2O2 formation (Kf; mM
min−1) and decomposition (Kd; min−1) in this system using zero-order
and first-order kinetics [45,46].

= − −
K
K

K t[H O ] {1 exp( )}f

d
d2 2 16

The estimated Kf and Kd values are summarized in Fig. 4b, which
fitted the data in Fig. 4a and Fig. S15 (decomposition of H2O2 in the
cathode chamber) according to Eq. (16). For the DPA/CF cathode, Kf

values increased up to 1.8–3.0 times compared to that of bare CF
(0.21 mMh−1). At the same time, Kd values decreased 4.1–5.2 times
compared to that of bare CF (0.047 h−1). In the case of DPA(5 wt%)/CF,
the Kf value was the greatest at 0.62mMh−1, and the Kd value was the

smallest at 0.012 h−1, accounting for the highest H2O2 yield. The above
results indicated that the modification of CF by DPA can increase for-
mation rate of H2O2 and reduce its decomposition rate in this system.

3.3.2. Effect of initial pH
The effect of pH on H2O2 production using a DPA(5 wt%)/CF

cathode was also investigated, as shown in Fig. 4c. When the aqueous
pH values were 3.0, 5.0, 7.0 and 9.0, the concentrations of the produced
H2O2 were 4.3, 5.0, 4.8 and 4.2 mM, respectively. There was a slight
decrease in H2O2 production while the pH was above 5. The optimal pH
for H2O2 production was 5.0 in this system. The obtained result was
consistent with the report of Ozcan et al. when using a carbon sponge
electrode [47]. They showed that when the solution pH increased from
2 to 5, the H2O2 production slightly increased; further increase of the
solution pH would cause the decrease of H2O2 production [47]. In fact,
as H2O2 was generated with the O2 reduction through protons and
electrons at the cathode surface, low pH was beneficial to H2O2 yield
(Eq. (17)). However, a high concentration of H+ also accelerated the
decomposition rate of H2O2 (Eqs. 18 and 19).

+ + →+ −O 2H 2e H O2 2 2 17

+ + →+ −O 4H 4e 2H2 2 18

+ + →+ −H O 2H 2e 2H O2 2 2 19

3.3.3. Effect of NaCl concentration
The effect of NaCl concentration (0–300mM) on H2O2 production

was also investigated using the DPA(5wt%)/CF cathode (Fig. 4d). It can
be seen that the H2O2 yields increased from 2.9mM to 5.4 mM when
the NaCl concentration increased from 0 to 200mM. When the NaCl
concentration exceeded 200mM, the H2O2 yield slightly declined.
Correspondingly, when the NaCl concentration increased from 0 to
300mM, Kf values increased from 0.28 to 0.64mMh−1. The increase of
NaCl concentration can enhance the electron transfer from DPA(5 wt
%)/CF cathode to O2, which can further promote the H2O2 production.
A high concentration of NaCl adversely affected and increased the Kd

values (0.018 h−1), resulting in the decomposition of H2O2. Also, a
scavenging effect of OH• by Cl– was found at the higher concentration of
100mM [48], which enhanced the decomposition of H2O2.

3.3.4. Electrochemical analyses
Subsequently, LSV measurements were used to further testify the

charge transfer process from anode to DPA(5 wt%)/CF for O2 reduction
under N2 or O2 equilibrated conditions. The LSV curves of CF in Fig. 5a
displayed no peak under N2-equilibrated conditions. However, in the
presence of O2, there was a significant increase in the O2 reduction
current along with a shift in the reduction peak potential (shifted from
−0.55 V Ag/AgCl for CF to −0.43 V Ag/AgCl for DPA/CF) on the
DPA(5 wt%)/CF cathode. These results indicated that DPA could facil-
itate the O2 reduction [49]. In the EIS analyses (Fig. 5b and Fig. S16),
the CF cathode exhibited a large hemisphere with data fitting to a
single-capacitance Randles circuit. In contrast, the DPA(5 wt%)/CF
cathode led to two incomplete hemispheres in the Nyquist plot that fit
well to a double-capacitance Randles circuit. The first hemisphere
corresponded with the reaction of DPA with O2 to produce H2O2 and
form DPAO2 under O2-equilibrated conditions; the second hemisphere
suggested the reduction of DPAO2 to DPA with transferred electrons
from the anodes. Based on the electrochemical measurements, the H2O2

formation involved with two-step reactions was proposed in Scheme 1.
In addition, the cumulative resistance of DPA(5 wt%)/CF, the sum of R1

(for DPAO2 reduction) and R2 (for H2O2 formation), were much smaller
than those of CF (Table. S2). The aforementioned results further con-
firmed that DPA promoted the process of H2O2 production in the SWER
system.
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3.3.5. Stability analysis of the cathode
Finally, to investigate the structural stability of the DPA(5 wt%)/CF

cathode, repeated tests for H2O2 production were conducted seven
times under the same conditions. It can be seen that repeated use of
DPA(5 wt%)/CF resulted in a negligible change in H2O2 production
(Fig. S17a) and that the TOC in the cathode chamber had no significant

change after repeated cycles (Fig. S17b). These results indicated that
the DPA(5wt%)/CF cathode was stable as an electro-catalyst and could
be applied in the production of H2O2 in saline wastewater treatment.
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Fig. 4. (a) H2O2 production on a DPA/CF cathode as a function of the dopamine loading onto carbon felt at pH 5. (b) Formation rate constants (Kf, black symbols) and
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representative potential of −0.5 V (vs. Ag/AgCl) in 0.5M (pH=7.0) phosphate buffer solution under O2 equilibrated condition.
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3.4. Discussion

In this study, the SWER system for PFCs removal and energy re-
covery is very promising in saline wastewater treatment. Compared
with previous studies on electrocoagulation or other physicochemical
methods for organic pollutant removal [50,51], photocatalytic oxida-
tion can convert organic nitrogen into the desired N2 due to Cl‾ con-
tribution from high salinity wastewater and degrade refractory PFCs; at
the same time, photocatalytic oxidation can further enhance the floc-
culation efficiency of organic pollutants by decomposing nonpolar/
weakly polar organic matter to polar organic matter at a mild pH.

On the other hand, H2O2 in solution can be used for power gen-
eration, as it has advantages of clean emissions and high energy density
[52]. The SWER system with a DPA(5 wt%)/CF cathode can simulta-
neously produce H2O2 for saline wastewater treatment. In addition, the
H2O2 yield reached 5.0 mM in this system, which was much higher than
the results in photocatalytic reports [53,54]. The produced H2O2 may
be used directly as a green fuel in various fuel cells for power genera-
tion, which only emit O2 and water [52,55]. At present, the energy
conversion efficiency of a single-compartment H2O2 fuel cell can reach
ca 50% [9].

4. Conclusions

This proof-of-concept experiment successfully demonstrated a novel
SWER system with two chambers for ROPs removal coupled with H2O2

production from salinity wastewater treatment. High TOC and TN re-
moval efficiencies up to 96.6% and 86.1% were achieved in the anodic
chamber integrated photocatalytic oxidation and flocculation, and a
concentration of 5.0 mM H2O2 was simultaneously generated in the
cathodic chamber. DPA on the DPA(5 wt%)/CF cathode played a cri-
tical role in significantly enhancing H2O2 production, which ac-
celerated formation kinetics and decelerated decomposition kinetics for
H2O2 in the SWER system. On the basis of the proof-of-concept de-
monstrated here, the superior organic pollutants removal and high-ef-
ficiency energy recovery of SWER system in salinity wastewater treat-
ment can provide practical solution to the construction of an ideal
wastewater disposal facility in energy-sustainable society.
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