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HIGHLIGHTS

GRAPHIC ABSTRACT

* Gas diffusion electrode (GDE) is a suitable setup
for practical water treatment.

¢ Electrochemical H,O, production is an econom-
ically competitive technology.

* High current efficiency of H,O, production was
obtained with GDE at 5-400 mA/cm”.

* GDE maintained high stability for H,O, produc-
tion for ~1000 h.

* Electro-generation of H,O, enhances ibuprofen
removal in an E-peroxone process.
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ABSTRACT

This study evaluated the feasibility of electrochemical hydrogen peroxide (H,0O,) production with gas
diffusion electrode (GDE) for decentralized water treatment. Carbon black-polytetrafluoroethylene
GDEs were prepared and tested in a continuous flow electrochemical cell for H,O, production from
oxygen reduction. Results showed that because of the effective oxygen transfer in GDEs, the electrode
maintained high apparent current efficiencies (ACEs,>80%) for H,O, production over a wide current
density range of 5400 mA/cm”, and H,O, production rates as high as ~202 mg/h/cm” could be
obtained. Long-term stability test showed that the GDE maintained high ACEs (>85%) and low
energy consumption (< 10 kWh/kg H,0,) for H,O, production for 42 d (~1000 h). However, the
ACEs then decreased to ~70% in the following 4 days because water flooding of GDE pores
considerably impeded oxygen transport at the late stage of the trial. Based on an electrode lifetime of
46 days, the overall cost for H,O, production was estimated to be ~0.88 $/kg HZOE including
an electricity cost of 0.61 $/kg and an electrode capital cost of 0.27 $/kg. With a 9 cm” GDE and
40 mA/cm” current density, ~2-4 mg/L of H,O, could be produced on site for the electro-peroxone
treatment of a 1.2 m’/d groundwater flow, which considerably enhanced ibuprofen abatement
compared with ozonation alone (~43%—59% vs. 7%). These findings suggest that electrochemical
H,0, production with GDEs holds great promise for the development of compact treatment
technologies for decentralized water treatment at a household and community level.

© Higher Education Press 2020

1 Introduction

Yang et al., 2018; Zhang et al., 2019). Currently, H,O, is
produced almost exclusively by the anthraquinone process

Hydrogen peroxide (H,O,) is an indispensable chemical
for a variety of advanced oxidation processes (AOPs) that
are commonly used in water treatment, such as the Fenton
(Fe**/H,0,), ultraviolet/H,O, (UV/H,0,), and peroxone
(O3/H,0,) processes (Lu et al., 2018a; von Gunten, 2018;
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on an industrial scale (Campos-Martin et al., 2006; Zhou
et al., 2019). The anthraquinone process is a large-scale
centralized production process that requires massive
infrastructure and significant energy input. To minimize
transportation costs, the crude H,O, obtained from the
anthraquinone process is usually purified, concentrated,
and then marketed as aqueous solutions with ~30 wt.%—
70 wt.% H,0,. However, concentrated H,O, is explosive
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and corrosive (Yang et al., 2018). The risks involved in the
transport and storage of concentrated H,O, stocks thus
have considerably limited the application of H,O,-based
AOPs in some cases, such as decentralized water treatment
(Barazesh et al., 2015; von Gunten, 2018; Yang et al.,
2018). Therefore, it is highly desired that H,O, can be
produced on site and on demand during water treatment in
an energy-efficient, environmental friendly, and safe way.

Electrochemical H,O, production from two-electron
oxygen reduction reaction (ORR) has been considered a
promising approach to produce H,O, on site for water
treatment (Wang et al., 2018b; Yang et al., 2018). The in
situ production of H,O, avoids the transport and storage of
H,0, stocks and can thus considerably enhance the safety
and flexibility of H,O,-based AOPs. Over the past years, a
variety of electricity-driven AOPs (EAOPs) have been
developed based on the in situ generation of H,O, from
ORR, for example, the electro-Fenton (E-Fenton) (Brillas
et al., 1996; Oturan et al., 1999), electro-peroxone (E-
peroxone) (Yuan et al., 2013), and electrochemically
driven UV/H,O, (E-UV/H,0,) processes (Barazesh
et al., 2015; Frangos et al., 2016). A great number of
bench- and pilot-scale studies have demonstrated that these
EAOPs can generally achieve similar or even better water
treatment performance compared with their conventional
counterparts (Brillas et al., 2009; Turkay et al., 2017b;
Wang et al., 2018b). Therefore, it has been expected that
these EAOPs will play an increasingly important role in
future urban water systems if they can be successfully
scaled up (von Gunten, 2018; Wang et al., 2018b; Yang
et al., 2018).

While much progress has been made on electrochemical
H,0O, production, its technoeconomic feasibility for
practical water treatment has yet to be evaluated (Yang
et al., 2018; Zhou et al.,, 2019). To be economically
competitive, the cost of electrochemical H,O, production
must be competitive with that of the conventional way of
H,0, supplying (i.e., purchasing, transport, and storage of
H,0, stocks for water treatment). The cost of electro-
chemical H,O, production includes mainly two parts, the
energy consumption of electrolysis operation and the
capital cost of electrodes (Yang et al., 2018). The reported
energy consumption of H,O, production vary significantly
in literature, e.g., from ~3.1 to 60 kWh/kg H,O, (Sheng
et al., 2014; Yu et al., 2015; Lu et al., 2017; Pérez et al.,
2019). Based on the electricity price of ~0.066 $/kWh
(USEIA, 2016), these energy consumptions translate to
~0.20-4.0 $/kg H,0O,. In comparison, the market price of
H,0, stock fluctuates between ~0.7 and 1.2 $/kg on
100 wt.% product basis (Ciriminna et al., 2016). Notably,
while some studies have shown that H,O, could be
electrochemically produced at considerably lower electri-
city costs (e.g., 0.1-0.3 $/kg H,O,) than the market price
of H,O, stock (Barazesh et al., 2015), the current densities
used in these studies (e.g., ~0.4—1.5 mA/cm?) are probably
too low for practical applications, where high current

densities (several tens to hundreds of mA/cm?) are desired
to obtain high H,O, production rate, minimize electrode
surface (and capital cost), and construct compact electro-
chemical reactor (Wang et al., 2018b; Yang et al., 2018;
Chaplin, 2019). This information suggests that the
electricity cost of H,O, production needs to be more
relevantly evaluated under realistic operating conditions of
water treatment. Moreover, to the best of our knowledge,
the capital cost of electrode for H,O, production has not
been evaluated in previous studies.

More importantly, for decentralized water treatment, the
electrode must be able to maintain high stability for H,O,
production over long-term operation and varying operating
conditions (Zhou et al., 2019). Because of their low cost,
high selectivity for two-electron ORR, and other favorable
characteristics (e.g., chemical resistance and non-toxicity),
carbonaceous materials are generally considered the most
relevant catalysts for electrochemical H,O, production in
water treatment applications (Lu et al., 2018b). Various
carbon-based electrodes have been developed for H,O,
electro-generation in EAOPs, for example, carbon felt,
carbon black-polytetrafluoroethylene (CB-PTFE), acti-
vated carbon fiber, and reticulated vitreous carbon (Brillas
et al.,, 2009; Turkay et al., 2017a; Wang et al., 2018b).
These carbon-based electrodes generally exhibit good
stability in short-term trials (e.g., laboratory-scale multi-
cycle batch tests) (Sheng et al., 2014; Yu et al., 2015;
Zhang et al., 2016). However, the time frame of the short-
term trials is typically just several to several tens of hours,
which are too short to draw convincing conclusions on the
long-term stability of electrode. As the long-term stability
of electrode is critical for maintaining robust water
treatment performance and minimizing the capital cost of
electrode, longer time trials are needed to evaluate this
critical issue for practical applications.

The main objective of this study was to evaluate the
technoeconomic feasibility of electrochemical H,O, pro-
duction for practical water treatment applications. A
continuous electrochemical cell was developed to produce
H,0,; under realistic operating conditions water treatment.
The effects of electrode configurations and major process
parameters (e.g., current density, interelectrode distance,
flow rate, and conductivity) were investigated system-
atically. The stability of electrode for H,O, production was
evaluated in a long-term trial (~1100 h). Finally, the
feasibility of electrochemical H,O, production for micro-
pollutant abatement in groundwater by the E-peroxone
process was evaluated.

2 Materials and methods
2.1 Chemicals and water sample

Sodium sulfate, potassium titanium oxalate, anhydrous
alcohol, and concentrated sulfuric acid were purchased
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from Beijing Chemical Works Co., China. H,O, solutions
(30 wt.%) were shipped from Sigma-Aldrich. Ibuprofen
was purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China) and used as a model for ozone-resistant compound.
Carbon black (CB) powder (Vulcan XC-72, Cabot Corp.,
USA) and polytetrafluoroethylene (PTFE) dispersion
(60 wt.%) were purchased from Hesen electric Co. Ltd.,
Shanghai, China. A groundwater sample was collected in
the north-west suburban of Beijing (see Table 1 for the
water quality parameters).

Table1 Water quality parameters of the groundwater used in this study

Parameters Value
pH 7.57
DOC (mg/L) 1.60
HCO; (mg/L) 302
CO5> (mg/L) -
CI' (mg/L) 30.5
SO4> (mg/L) 56.6
Na™ (mg/L) 21.1
Ca*" (mg/L) 64.5
Mg?* (mg/L) 30.2
Conductivity (uS/cm) 806

2.2 Electrode preparation

Carbon black-polytetrafluoroethylene (CB-PTFE) electro-
des were prepared following the procedure described
previously (Wang et al., 2012). Appropriate amounts of
Vulcan XC-72 CB powder, PTFE dispersion, and
anhydrous alcohol were mixed in an ultrasonic bath for
15 min. The mixture was then gently heated to evaporate
alcohol at 80°C. The resulting CB-PTFE paste was
compressed to form a sheet with a thickness of ~0.5 mm
in a press. Next, two pieces of the CB-PTFE sheet, together
with a nickel mesh in their middle as the current collector,
were compressed at a pressure of 20 MPa for 5 min,
followed by calcination at 350°C for 1 h to form the CB-
PTFE electrode. Vulcan XC-72 was one of the most
commonly used carbon materials for preparing CB-PTFE
electrodes, whose properties have been well characterized
in a number of previous studies (Assumpgao et al., 2011;
Valim et al., 2013; Stoerzinger et al., 2015).

For H,O, electro-generation, the prepared CB-PTFE
electrodes were either directly submerged in electrolytes
aerated with an oxygen (O,) gas (i.e., in the traditional
submerged and aerated electrode (SAE) configuration, see
Fig. 1(a)), or assembled with a gas chamber (3 cm x 3 cm
x 2.4 cm) to form a gas diffusion electrode (GDE), which
were then submerged in electrolytes to produce H,O,
using O, fed in the gas chamber as O, source for ORR (see

Fig. 1(b)).

2.3 Electrochemical H,O, production

Electrochemical H,O, production experiments were con-
ducted in a continuous flow electrochemical cell (8.8 cm x
8 cm x 10 cm) with a three-electrode system (see
Fig. 1(c)). The cathode was the CB-PTFE electrode in
the SAE or GDE configuration (exposed area of 3 cm X
3 c¢m). The anode was a platinum mesh (exposed area of
3 cm x 3 cm). During the experiments, the cathodic
potentials were monitored using a saturated calomel
electrode as the reference electrode. The selected ground-
water was amended with 0.05-0.1 mol/L Na,SO,, then
continuously fed into the bottom of the electrochemical
cell and discharged at the top. The flow rate was regulated
between 5 and 40 mL/min, which corresponds to a
hydraulic residence time (HRT) of 80 and 10 min in the
cell.

During electrochemical H,O, production with the SAE
cathode, a pure oxygen gas (99.9%) was continuously
acrated in the electrochemical cell using a fine bubble
diffuser at varying flow rates between 0.25 and 2.0 L/min.
In contrast, no oxygen aeration was applied during
electrochemical H,O, production with the GDE cathode.
Rather, the pure oxygen gas was passed through the gas
chamber at a constant flow rate of 0.25 L/min, whereby
oxygen in the gas chamber can diffuse in the micropores of
CB-PTFE matrix to react with H* from the electrolyte and
electron from the electrode to yield H,O,. During the
experiments, the solution was vigorously agitated with a
magnetic stirring bar to achieve homogeneous solution.

The apparent current efficiency, energy consumption,
and electrode capital cost for H,O, production are
calculated using Egs. (1), (2), and (3), respectively.

t
I’lFf CHZOZth
n=—"" % 100%, (1)
3.6 x 348 f Jdr
t
S f JUdr
EC=—"" %107, )
f ,Ci,0,0d1
P S
Celectrode _ Te]ectrode > 103, (3)
f , Cy0,0dt

where 7 is the apparent current efficiency for H,O, electro-
generation (%), n is the number of electrons consumed for
converting 1 mol of O, to H,O, (2 electrons), F is the
Faraday constant (96485 C/mol), Q is the flow rate of
water (m*/h), CH,0, is the concentration of H,0, (mg/L),
S is the cathode area (cm?), ¢ is the electrolysis time (h), j is
the cathodic current density (mA/cm?), EC is the energy
consumption of H,O, production (kWh/kg), U is the cell
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Fig. 1 Scheme of (a) electrochemical cell with the submerged and a
and (c) the electro-peroxone system for groundwater treatment.

voltage (V), Calectrode 18 the electrode capital cost for H,O,
production ($/kg), Peicctrode 18 the cost per unit cathode area
($/cm?), T is the lifetime of electrode (h).

2.4 Micropollutant abatement by ozonation and the
E-peroxone process

To evaluate the effects of electrochemical H,O, production
on water treatment, a pilot scale E-peroxone system was
developed by combining the electrochemical cell and an
ozone system, then tested for micropollutant abatement in
the selected groundwater (see Fig. 1(c) for the scheme of
the system). The groundwater in the water tank was
added with 100 pg/L ibuprofen (as a model compound for
ozone-resistant micropollutant), then continuously fed
into the bottom of the ozone column (10 cm i.d., 120 cm
height, effective volume of 8.3 L) at a flow rate of 50 L/h
(833 mL/min, corresponding to a HRT of 10 min in the
column). Meanwhile, a side stream of the groundwater
(20 mL/min, amended with 0.1 mol/L Na,SO,) was passed

erated electrode (SAE) and (b) the gas diffusion electrode (GDE),

through the electrochemical cell for H,O, production at a
current density of 40 mA/cm? and HRT of 20 min. The
electrochemical cell effluent was then continuously fed in
the ozone reactor to mix with the mainstream groundwater.
Simultaneously with the electro-generation of H,O,, an
ozone-containing oxygen gas (O; = 18.7 mg/L) was
produced by passing a pure oxygen gas (99.9%) through an
ozone generator (OLS8OF/DST, Ozone services, Canada),
and then continuously bubbled into the ozone column at a
constant flow rate of 0.25 L/min. The E-peroxone
treatment was operated with a HRT of 10 min. The treated
groundwater was then discharged at the top of the ozone
column.

2.5 Analytical methods

H,0, concentration was measured using the potassium
titanium (IV) oxalate method (Sellers, 1980). O3 concen-
trations in the inlet gas and off gas of the ozone column
were followed using ozone analyzers (BMT 964, Ozone
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Systems Technology International Inc., Germany). Ibu-
profen concentrations were measured with an ultraperfor-
mance liquid chromatography/tandem mass spectrometry
(Agilent LC1290/QQQ6460, Agilent, USA) using the
protocol described by (Yao et al., 2018).

3 Results and discussion

3.1 Comparison of SAE and GDE for H,O, production

Figure 2(a) shows the evolution of H,O, concentrations in
the electrochemical cell effluent during electrolysis with
the SAE cathode (HRT of 10 min). During the experi-
ments, applied current densities were stepwise increased
every 30 min to evaluate the effects of current density on
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H,0, production. When a low current density of 5 mA/cm?
was applied, H,O, concentrations in the cell effluents were
generally the same (~5 mg/L) regardless of the oxygen
flow rates (0.25-2.0 L/min). However, as the current
densities were stepwise increased, H>,O, concentrations
exhibited different dynamics for the samples aerated with
varying flow rates of oxygen. Specifically, when the
current density was increased to 10 mA/cm?, H,0,
concentrations increased similarly to ~9.5 mg/L for the
samples aerated with 0.5-2.0 L/min O,, but decreased
abruptly to<1 mg/L for the sample aerated with
0.25 L/min O,. Similar abrupt drops in H,O, concentra-
tions and ACE for H,O, production were also observed for
the samples aerated with 0.5, 1.0, and 2.0 L/min O, as the
current densities was stepwise increased to 15, 20, and
25 mA/cm?, respectively (Figs. 2(a) and 2(b)).
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Fig. 2 Evolution of H,O, concentrations and apparent current efficiency for H,O, during electrolysis with the submerged and aerated
electrode (a and b) and with gas diffusion electrode (c and d). Reaction conditions: HRT = 10 min, water flow rate = 40 mL/min,
electrolyte = 0.1 mol/L Na,SOy, electrode area=2 cm x 2 cm for the SAE and GDE, O, flow rates = 0.25-2 L/min for the SAE and 0.25

L/min for the GDE.
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The results shown in Fig. 2(a) indicate that oxygen flow
rates have a significant influence on electrochemical H,O,
production with the SAE cathodes. Due to oxygen
aeration, numerous oxygen microbubbles are generated
in the solution. Some oxygen microbubbles, together with
dissolved oxygen (DO), can then diffuse to the cathode
surface to supply O, for ORR to H,O, (Tang et al., 2018;
Zhou et al., 2019). The CB-PTFE e¢lectrodes used in this
study have a high selectivity for two-electron ORR to
H,0, (Wang et al., 2015). When ORR at the cathode is
limited by applied current densities rather than by O, mass
transfer, high ACEs for H,O, production (e.g., >90%) can
generally be obtained with the CB-PTFE electrode (Wang
et al., 2015). Figures 3(a) and 3(b) show that when a low
current density of 5 mA/cm* was applied, similar H,O,
concentration (~5 mg/L) and high ACEs (generally >95%)
were obtained irrespective of the flow rate of oxygen
aeration. These observations suggest that ORR is current
limited under the test conditions. However, as current
densities are progressively increased, ORR to H,O, may
change from current limited to oxygen mass transfer
limited (Xia et al., 2017). When there are insufficient
quantities of O, in the cathodic diffusion layer to accepted
electrons transferred at the cathode, side reactions such as
further reduction of H,O, to H,O are promoted, which will
result in significant decreases in H,O, concentrations and
ACEs for H,O, production (Xia et al., 2017). Overall, the
results shown above indicate that although increasing the
flow rates of oxygen aeration can result in more oxygen
microbubbles in the solution and thus enhance oxygen
transfer to the cathode, this approach is not an effective
way to supply O, to the SAE cathode. Therefore,
electrochemical H,O, production can only be
stably operated at relatively low current densities (<20
mA/cm?) with the SAE cathodes even when high flow rates
of oxygen were aerated.

In contrast to the SAE electrode, H,O, concentrations
increased monotonically with increasing applied current
densities up to 400 mA/cm? (the highest current density
our DC power could supply) during electrolysis with the
GDE cathode (Fig. 2(c)). In GDEs, oxygen in the gas
chamber can diffuse in the porous CB-PTFE matrix, then
react with H" and electron at a gas-electrode-liquid
interface inside the electrode to yield H,O,, which then
diffuses to the bulk electrolyte in the electrochemical cell
(Zhou et al., 2019). The supply of O, through the porous
structure and the formation of three-phase interface greatly
enhance O, mass transfer and electron transfer between the
multiple phases (Tang et al., 2018; Zhou et al., 2019).
Therefore, significantly higher current densities can be
applied during electrochemical H,O, production with the
GDE cathode without being subjected to O, mass transfer
limitation.

Note that Fig. 2(d) shows that with increasing current
densities from 5 to 400 mA/cm? the ACEs for H,O,

production decreased gradually from ~100% to ~78%
during electrolysis with the GDE cathode. These decreases
can be mainly attributed to the accelerated decomposition
of cathodically generated H,O, by anodic oxidation at
higher H,O, concentrations (see the effects of HRT on
H,0, production for further discussion) (Brillas et al.,
2009; Xia et al., 2017).

For practical applications, the rate of H,O, production
(mass of H,O, produced per unit time and per unit cathode
surface area) must be able to meet the required H,O, doses
in water treatment (Eq. (4)). Meanwhile, as shown in
Eq. (5), the rate of H,O, production is directly proportional
to current density and ACE for H,O, production.

D
r= Dm,0,.0w 10°, @)
S
122400/
= 5
r=—"A1, ®)

where r is the mass of H,O, produced per unit time and per
unit cathode area (mg/h/cm?), Dy o, is the required H,O,

dose for water treatment (mg/L), Qw is the flow rate of
water that needs to be treated (m?/h), S is the cathode area
(cm?), j is the current density (mA/cm?), 7 is the apparent
efficiency for H,O, electro-generation (%).

The SAE configuration is prone to suffer from O, mass
transfer limitation and can therefore be only stably
operated at relatively low current densities even when a
high flow rate of oxygen was aerated (e.g., <20 mA/cm?
with 2.0 L/min oxygen aeration, see Fig. 2(a)). Therefore,
the highest rate of H,O, production obtained during
electrolysis with the SAE cathode was only ~11.2 mg/h/
cm® (see Fig. 3 inset). This means that large electrode
surface area will be needed to produce required H,O,
doses when scaling up this process for decentralized water
treatment applications (Eq. (4)). For example, based on the
highest H,O, production rate obtained during electrolysis
with the SAE cathode, at least a ~0.9—9 m? cathode surface
area is needed to produce 10 mg/L H,0, in a 10-100 m*/h
water flow. The requirement of large electrode surface
increases not only the capital cost of the electrodes
(Eq. (3)), but also the difficulty in the construction of
compact electrochemical reactor for practical applications.

In contrast, the GDEs allow H,0, to be efficiently
produced at significantly higher current densities
(Figs. 2(c) and 2(d)), and H,O, production rates as high as
~202 mg/h/cm? could be obtained during electrolysis with
the GDE cathode (see Fig. 3). Consequently, a 0.05-0.5 m?
GDE is sufficient to produce the required H,O, dose
(10 mg/L) in the aforementioned water flow (10—
100 m*/h). This result suggests that GDEs are a more
feasible electrode configuration for the development of
compact electrochemical reactors for practical water
treatment applications.
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3.2 Electrochemical H,O, production with GDE

3.2.1 Effects of current density

Figure 4(a) shows that with increasing applied current
densities from 10 to 100 mA/cm?, H,O, concentrations in
the electrolytic cell effluent increased almost linearly
during electrolysis with the GDE cathode. Adjusting
current densities can thus offer a convenient and flexible
way to control the H,O, doses for water treatment.
However, cell voltages increased concomitantly with
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increasing current densities (Fig. 4(b)). Consequently, the
energy consumption for H,O, production increased from
5.2 to 17.8 kWh/kg as the current densities were increased
from 10 to 100 mA/cm? (Fig. 4(b)).

It is noted that the sales price of H,O, stocks is ~0.7—
1.2 $/kg H,0, (Ciriminna et al., 2016), which corresponds
to ~10.6—18.2 kWh/kg H,O, based on the electricity price
of 0.066 $/kWh (USEIA, 2016). Therefore, to be
competitive with the market price of H,O, stocks, the
energy consumption of electrochemical of H,O, produc-
tion needs to be controlled below ~10-18 kWh/kg H,0,.
Under the test conditions, this goal can be achieved by
controlling the current densities lower than 50-100 mA/
cm? (see Fig. 4(b)). Note that by optimizing operating
conditions (e.g., reducing the interelectrode distance
between the anode and cathode), higher current densities
can be used without exceeding the target energy
consumption (see discussion of Fig. 5).

Overall, the results presented above indicate that while
higher current densities are desired to reduce the size and
capital cost of electrodes and electrochemical cell, the
electricity cost of H,O, production increases with increas-
ing current densities. Therefore, applied current densities
need to be carefully controlled to balance the trade-off
between capital cost and electricity cost of electrochemical
H,0O, production.

3.2.2 Effects of interelectrode distance

By combining Egs. (1) and (2), the energy consumption for
H,0, production can be expressed as:

nkFU

EC=— .
= 122400,

(6)

According to this equation, the energy consumption for
H,0, production is directly proportional to the cell voltage
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Fig. 4 (a) H,O, concentrations and ACEs for H,O, production, (b) cell voltage and energy consumption for H,O, production as a
function of applied current densities during electrochemical H,O, production with the GDE cathode. Reaction conditions: HRT = 10 min,
water flow rate = 40 mL/min, electrolyte = 0.1 M Na,SO,, electrode area= 3 cm x 3 cm, interelectrode distance =2 cm.
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and inversely proportional to the ACE for H,O, produc-
tion. As shown in Fig. 4(a), ACEs for H,O, production
changed insignificantly within the tested current density
range of 10-100 mA/cm?. This observation suggests that
the increased energy consumption of H,O, production at
higher current densities is mainly caused by the increase of
cell voltages (see Fig. 4(b)).

To get more information on the cell voltages, the
potential profile in the electrochemical cell was measured
using multimeters (Qiang et al., 2002) and is shown in
Fig. 5(a). The cell voltage (the potential drop between the
cathode and anode) is composed of three parts, the
potential drops at the cathode- and anode-solution interface
and the Ohmic drop in the solution. Note that because a
reference electrode was placed between the anode and
cathode to measure the cathodic potential, the anode and
cathode had to be separated by a minimal interelectrode
distance of ~1.5 cm, and most experiments were conducted
with an interelectrode distance of 2 cm in this study. Due to
the large interelectrode distance, the Ohmic drop in the
solution (3.67 V) constituted a major fraction (~68.9%) of
the cell voltage (5.33 V), whereas the potential drops at the
anode- and cathode-solution interface constituted a minor
fraction (23.6% and 7.5%, respectively). Because the
electrolyte was homogeneous in the electrochemical cell,
the Ohmic drop in the solution obeys the Ohm’s Law and is
directly proportional to the interelectrode distance.
Figure 5(b) shows that as the interelectrode distance was
decreased from 3 to 1.5 cm, cell voltages decreased almost
linearly from ~6.82 to 4.93 V (R*> = 0.998). By
extrapolation, it is estimated that the cell voltage could
be further reduced to ~3.65 V when an interelectrode
distance of 0.5 cm is used, which will decrease the energy
consumption for H,O, production to 6.3 kWh/kg (com-

pared with 9.5 kWh/kg with an interelectrode distance of
2 c¢m). This result indicates that minimizing the interelec-
trode distance is critical for energy-efficient H,O, produc-
tion when designing the electrochemical reactors for
practical water treatment.

3.2.3 Effects of conductivity

To evaluate the effects of solution conductivity on
electrochemical H,O, production, the selected ground-
water was amended with varying quantities of Na,SOy4
(0.025-0.5 mol/L), then fed in the electrochemical cell for
H,0, production. Figure 6(a) shows that the ACEs for
H,O, production remained almost constant (~90%) when
the conductivity was varied between 4.9 and 49.6 mS/cm.
In contrast, cell voltages decreased considerably with
increasing the solution conductivities (Fig. 6(a)), which in
turn decreased the energy consumption of H,O, produc-
tion (Fig. 6(b)).

The results shown above indicate that solution con-
ductivities have an important impact on the energy
consumption of H,O, production. To economically
produce H,O, at relatively high current densities, the
solutions must have sufficiently high conductivities. For
example, Fig. 6(b) shows that for a current density of
40 mA/cm?, conductivities higher than 4.9-14.4 mS/cm
are required to keep the energy consumption of H,O,
production lower than the sales price of H,O, stocks (~10—
18 kWh/kg). The conductivities of different water matrices
vary significantly, e.g., ranging from typically < 1 mS/cm
for most drinking water and municipal wastewater to>50
mS/cm for some industrial wastewater, landfill leachate,
and membrane concentrates (Wang et al., 2012; Barazesh
et al., 2015; Wang et al., 2018a). The results shown herein
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Fig. 5 (a) Potential profile in the electrochemical cell, (b) cell voltages and energy consumptions for H,O, production as a function of
interelectrode distance during electrochemical H,O, production with the GDE cathode. Reaction conditions: HRT = 10 min, water flow
rate = 40 mL/min, electrolyte = 0.1 mol/L Na,SOy, electrode area= 3 cm x 3 cm, current density = 40 mA/cm?>.
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suggest that for water matrices that have high conductiv-
ities (e.g., >20 mS/cm), high current densities can be
applied to produce H,O, directly in the water to be treated.
However, direct production of H,O, in low-conductivity
water matrices (e.g., drinking water and municipal waste-
water) may not be economically feasible at the high current
densities desired for practical applications (Barazesh et al.,
2015; Wang et al.,, 2018a; Yao et al., 2018). A more
feasible way is possibly to produce high-concentration
H,0, in electrolytes in a separate electrochemical cell, then
feed the cell effluent to the water to be treated (see
discussion below).

3.2.4 Effects of HRT

To evaluate the effects of HRT on electrochemical H,O,
production, the flow rate of the groundwater (amended
with 0.1 mol/L Na,SO,) was varied between 5 and
40 mL/min, which results in a HRT of 10-80 min in the
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electrochemical cell. Figure 7(a) shows that as the HRTs
were increased from 10 to 80 min, H,O, concentrations in
the effluent increased from ~94 to 349 mg/L. However, the
ACEs for H,O, production decreased considerably from
~98% to 46% with increasing the HRTs (Fig. 7(a)). Due to
the significant decreases in ACEs (cell voltages did not
change much with varying HRTs), the energy consumption
for H,O, production increased from ~8.6 to 17.4 kWh/kg
as the HRTs were increased from 5 to 80 min (Fig. 7(b)).

The above results indicate that HRT has complex
implications on the performance of electrochemical H,O,
production. On the one hand, increasing HRTs can result in
higher H,O, concentrations in the electrochemical cell
effluent (Fig. 7(a)). Thus, smaller volumes of the cell
effluent will be needed to supply the required H>O, doses
for subsequent water treatment. This is helpful to reduce
the salt consumption for preparing the electrolyte solutions
and the residual salt concentrations in the final effluent
after water treatment. On the other hand, as H,O,
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Fig. 7 Evolution of (a) H,O, concentrations and ACEs for H,O, production, (b) cell voltages and energy consumption for H,O,
production as a function of HRT during electrochemical H,O, production with the GDE cathode. Reaction conditions: water flow rate =
5-40 mL/min, electrolyte = 0.1 mol/L Na,SQy, electrode area= 3 cm X 3 cm, current density = 40 mA/em?.
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concentrations increase in the electrochemical cell, side
reactions such as H,O, decomposition by anodic oxidation
are enhanced (Xia et al., 2017), which results in a decrease
in the ACEs and an increase in the energy consumption of
H,O, production (Fig. 7(b)). By installing proton-
exchange membrane to separate the cathodic and anodic
compartment, the destruction of cathodically generated
H,0, by anodic oxidation can be prevented. Nevertheless,
this approach increases the complexity and cost of
electrochemical cell, and therefore is not employed in the
present study. Overall, the results shown in Fig. 7 suggest
that for practical applications, HRT needs to be optimized
to balance the trade-off among the different factors and
thus achieve better overall performance of water treatment.

3.2.5 Stability of electrode

To evaluate the stability of GDE cathodes, a new GDE
cathode was made and then tested for continuous
electrochemical H,O, production for 46 days (~1100 h).
Figure 8(a) shows that H>O, concentrations in the effluent
decreased gradually from ~186 to 166 mg/L during the first
42 d (~1000 h). However, they then exhibited a quick
decrease during the last 4 d. Meanwhile, it was observed
that some water had penetrated the CB-PTFE electrode to
the gas chamber on the 46th d. Hence, the experiment was
stopped thereafter. Despite some fluctuations, cell voltages
showed a general slow increasing trend from initially ~5 to
finally 5.5 V during the 46 d trial (Fig. 8(b)). Due to the
changes in the ACEs for H,O, production and cell
voltages, the energy consumption of H,O, production
increased gradually from ~8.3 to 9.8 kWh/kg during the
first 42 d, then increased quickly to 12.6 kWh/kg during
the last 4 days (Fig. 8(b)).

The results shown in Fig. 8 demonstrate that in the long
run, the performance of the GDE cathode for H,O,
production deteriorates. This deterioration can be possibly
attributed to several events that occur gradually during
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electrochemical H,O, production. A few studies have
indicated that upon H,0, exposure and/or negative
polarization, some active sites of two-electron ORR on
the carbon surface (e.g., pyridinic-N groups) will be
gradually transformed to inactive or less active sites (e.g.,
pyrodonic-N) (Wang et al., 2019; Xia et al., 2020).
Moreover, due to the high cathodic pH and migration of
calcium ions in the groundwater, calcium carbonate
(CaCOs;) precipitations formed gradually on the surface
and inside the porous structure of the CB-PTFE cathode
during the long-term trial (see SI Fig. S1). The CaCO;
scaling may block some active sites of ORR on the
electrode and thus lead to gradually declined efficiencies of
the electrode for H,O, production. Furthermore, due to the
formation of CaCOj; precipitations in the porous CB-PTFE
structure, the hydrophobicity of the GDE decreases
(Warsinger et al., 2015; Rezaei et al., 2018), which
facilitates water seepage into the pores of the electrode
under cathodic polarization conditions (Sheng et al., 2014)
and eventually led to water penetration to the gas chamber
on the 46th day. The flooding of pores in the CB-PTFE
structure considerably impedes oxygen transport in the
GDE cathode, thus leading to the quick decrease of H,O,
production at the late stage of the long-term trial
(Fig. 8(a)).

Despite the gradual deterioration, the GDE cathode
maintained a good performance for H,O, production
(ACEs = 85%, energy consumption < 10 kWh/kg) for 42 d
(~1000 h) (Fig. 7). Based on the costs of raw materials
(carbon black, PTFE dispersion, and nickel mesh) used to
make the CB-PTFE electrode, the cost per unit electrode
area is calculated to be ~0.0067 $/cm* (see SI for the
calculation detail). With a total production of ~0.225 kg
H,0, over the electrode lifetime, the capital cost of
the electrode for H,O, production is thus estimated to be
~0.27 $/kg H,0, (Eq. (3)). Meanwhile, the average energy
consumption for H,O, production is ~9.3 kWh/kg
(equivalent to 0.61 $/kg) during the 46 d trial. Therefore,
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Fig. 8 Evolution of (a) HO, concentrations and ACEs for H,O, production, (b) cell voltages and energy consumptions for H,O,
production during electrochemical H,O, production with the GDE cathode. Reaction conditions: HRT = 20 min, water flow rate =
20 mL/min, electrolyte = 0.1 mol/L Na,SO,, electrode area= 3 cm X 3 cm, interelectrode distance = 2 cm, current density = 40 mA/cm?
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the overall cost of H,O, production is estimated to be
about 0.88 $/kg H,O, under the tested conditions. These
data suggest that besides avoiding the risks linked to H,O,
transport and storage, electrochemical H,O, production
can be an economically competitive alternative to the
conventional way of H,O, supplying (0.7-1.2 $/kg
(Ciriminna et al., 2016)). In addition, the results also
suggests that the capital cost of electrode can constitute a
non-negligible fraction (~30% herein) of the overall cost
for H,O, production and thus should be taken into account
when evaluating the economic feasibility of electrochemi-
cal H,O, production for practical applications.

3.3 Electrochemical H,O, production for water treatment

To evaluate the feasibility of electrochemical H,O,
production in the context of decentralized water treatment,
the electrochemical cell was combined with a pilot
ozonation system for micropollutant abatement in the
selected groundwater (see Fig. 1(c) for the scheme). Due to
its low background conductivity (Table 1), directly
producing H,0, in the selected groundwater is unecono-
mical at high current densities required for practical
applications (see discussion in Section 3.1). Moreover,
adding salts (e.g., Na,SO4 or NaCl) to raise the
conductivity of the whole water flow that needs to be
treated is also impractical because this approach consumes
large amounts of salts and results in high concentrations of
residual salts in the treated water. Therefore, a side stream
of the groundwater (20 mL/min) was amended with 0.1 M
Na,SOy, then passed through the electrochemical cell for
H,0, production. With a current density of 40 mA/cm?
and HRT of 20 min, the electrochemical cell produced
~166 mg/L H,0, in its effluent (Fig. 8(a)). A varying
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fraction of the cell effluent (10-20 mL/min) was then fed to
the ozone column to mix with the mainstream groundwater
(833 mL/min), followed by ozonation treatment (HRT =
10 min). With the dilution factor of ~42.7-84.3, the H,O,
doses were about 2.0-3.9 mg/L in the ozone column,
and the residual Na,SO, concentrations were ~168.4—
332.6 mg/L in the ozonation effluent. In comparison, the
suggested taste threshold of Na,SO, in drinking water is
250 mg/L (WHO, 2011). These data indicate that for
practical applications, high dilution factors are desired to
minimize the residual salt concentrations in treated water.
Otherwise, an additional desalination process will be
needed to reduce the salt concentrations to below the
regulated concentrations (Lin et al., 2020), resulting in an
increase in the overall treatment process.

Figure 9(a) shows that when no electrochemical cell
effluent was fed in the ozone column, ozonation alone
abated only ~7% of ibuprofen spiked in the selected
groundwater. In contrast, the abatement efficiency of
ibuprofen was considerably increased to ~43%—59%
when 10-20 mL/min of the cell effluent was fed in the
ozone column. The low abatement efficiency of ibuprofen
by ozonation alone can be mainly attributed to the low
reactivity of ibuprofen with ozone (ko3 = 9.6 M'-s™!
(Huber et al., 2003)). Moreover, as shown in SI Fig. S2,
while ~3.8 mg/L O3 was transferred from the bubbled O3/
O, gas to the groundwater during ozonation alone, only
~0.8 mg/L O3 decomposed in the ozone column (i.e.,
3.0 mg/L of the transferred O3 dose remained in the ozone
column effluent). This observation indicates that the
selected groundwater had a high ozone stability, which
results in natural Oz decomposition to hydroxyl radicals
(*OH) a slow process in the groundwater (Wang et al.,
2018a; Yao et al., 2018). Consequently, ibuprofen abate-

0.5

3 Energy for O, generation

04} == Energy for H,0, electro-generation

Ego (kWh/m?®)

0 2.0 3.0 3.9
(ozonation)
H,0, dose (mg/L)

(b)

Fig. 9 (a) Ibuprofen abatement efficiency, (b) Ego of ibuprofen abatement as a function of H,O, doses during ozonation and the E-
peroxone treatment of the selected groundwater. Operating conditions of electrochemical cell: HRT = 20 min, water flow rate =20 mL/
min, electrolyte = 0.1 mol/L Na,SOy,, electrode area= 3 cm x 3 cm, interelectrode distance= 2 cm, current density = 40 mA/cm?.
Operating conditions of ozone column: HRT = 10 min, water flow rate = 833 mL/min, flow rate of electrochemical cell effluent= 10—
20 mL/min, O3/O, gas flow rate = 0.25 L/min, gas phase O; concentration = 18.7 mg/L.
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ment by *OH oxidation is insignificant during ozonation
alone.

In comparison, the combination of electrochemical
H,O, production with ozonation (i.e., the E-peroxone
process) considerably enhanced ibuprofen abatement
(Fig. 9(a)). These enhancements can be mainly attributed
to the accelerated O; transfer and transformation to *OH by
electro-generated H,O, (Wang et al., 2018b; Yao et al.,
2018). As shown in SI Fig. S2, under the same Oj3-
containing gas bubbling conditions, the transferred ozone
doses increased from ~3.8 mg/L during ozonation alone to
~5.0-5.2 mg/L during the E-peroxone process fed with
10-20 mL/min electrolyzer effluent. In addition, the
decomposed O; doses increased significantly from
~0.8 mg/L O3 during ozonation to 4.6-5.0 mg/L O;
during the E-peroxone process. These observations
indicate that the feeding of H,O,-containing electroche-
mical cell effluent significantly accelerates O transfer and
decomposition in the ozone column. Besides accelerating
O5 decomposition to *OH, the *OH yield (moles of *OH
formed per mole of O; consumed) from the reaction of O
with H,O, (~50%) is also generally higher than those from
natural O3 decomposition in water matrix (~10%—30%)
(von Sonntag and von Gunten, 2012; Wang et al., 2018a).
Due to the H,0,-enhanced O5 transformation to *OH, the
E-peroxone process can considerably enhance ozone-
resistant micropollutant abatement by *OH oxidation
compared with ozonation alone (Wang et al., 2018b).

Based on the decomposed O; doses (i.e., ozone doses
actually consumed in the zone column) and energy
consumption for H,O, production, the electrical energy
demand to abate ibuprofen concentration by 1 order in 1 m*
of water (Ego (Bolton et al., 2001)) is calculated and
shown in Fig. 9(b) (see SI for the calculation detail).
Despite the extra energy consumption for H,O, produc-
tion, the Erg values of the E-peroxone process (0.294—
0.360 kWh/m?) is generally comparable or slightly lower
than that of ozonation alone (0.343 kWh/m®). This finding
indicates that the energy consumption for H,O, production
can be adequately compensated by the higher efficiency of
the E-peroxone process for micropollutant abatement
(Wang et al., 2018b; Yao et al., 2018).

The above results show that with a 9 cm? GDE cathode,
typical H,O, doses applied in H,O,-based AOPs (~3 mg/L
(Barazesh et al., 2015)) can be produced on site for the
treatment of 1-2 m?/d water flow, which is sufficient for the
daily use at a household level. In addition, due to the
accelerated O transfer and decomposition by electro-
generated H,O, (SI Fig. S2), significantly smaller ozone
contactors can be used during water treatment by the E-
peroxone process than by conventional ozonation (Yao
et al., 2018). These findings suggest that electrochemical
H,0, production holds great promise for the development
of compact treatment technologies for decentralized water
treatment systems at a household and community level or
even larger scale applications (Barazesh et al., 2015; von

Gunten, 2018; Wang et al., 2018b).

Besides the E-peroxone process, electrochemical H,O,
production has been used to drive other EAOPs such as the
E-Fenton, photoelectro-Fenton, and E-UV/H,0, processes
for water and wastewater treatment (Brillas et al., 2009;
Barazesh et al., 2015; Frangos et al., 2016). Recently, there
are an increasing number of pilot-scale studies that have
evaluated the feasibility of these EAOPs for small-scale
water and wastewater treatment (Plakas et al., 2016;
Salmerdn et al., 2018; Yao et al., 2018; Alcaide et al.,
2020). The promising results shown in these studies
suggest that because of their own characteristics, the
various H,O,-based EAOPs may fit well into different
niches in the future water treatment systems. For example,
the E-Fenton process may provide a particularly suitable
way to treat acid wastewater because of its high energy
efficiency of *OH generation at low pH. In contrast, the E-
peroxone process is more suitable to treat waters with
circumneutral and basic pH due to the faster reaction of O
with H,O, at elevated pH. Therefore, these H,O,-based
EAOPs may together constitute an important component of
next generation technologies for decentralized water
treatment systems.

3.4 Implications

It is noted that the electrode materials and operating
conditions employed in this study are far from being ideal.
The catalyst, Vulcan XC72 carbon black, has a high
selectivity but low activity for two-electron ORR to H,O,
(Assumpgao et al., 2011; Yang et al., 2018). Many studies
have shown that by tailoring with metals, metal oxides, and
other materials, the activity of Vulcan XC72 for ORR can
be considerably enhanced, thus reducing the cathodic
overpotential during electrochemical H,O, production
(Valim et al., 2013; Stoerzinger et al., 2015; Paz et al.,
2018). In addition, anodes with higher oxygen evolution
activity can be used to decrease the overpotential of anode
(Chen et al.,, 2017). Furthermore, by minimizing the
interelectrode distance, the Ohmic drop in the solutions can
also be substantially reduced (see Fig. 5(b)) (Pérez et al.,
2019). This information indicates that there is still large
room for the improvement of the system to reduce the cell
voltages and thus energy consumption of H,O, production.

The lifetime of the prepared GDE cathode (~46 d) still
needs to be considerably extended to ensure stable long-
term operations and to reduce the capital and maintenance
cost for electrode replacement. To this end, several
measures may be taken, for example, enhanced hydro-
phobic treatment of the electrode and periodic polarity
reversal operation to mitigate CaCO;5 scaling and retard
water penetration. Additional studies will be conducted to
evaluate these measures and to further enhance the
economic competitiveness of this technology for practical
water treatment.

In addition, the results of this study demonstrate that the
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events that cause electrode deterioration (e.g., calcium
carbonate precipitation and water penetration) occur only
gradually during electrochemical H,O, production. There-
fore, the deterioration of electrode performance is a slow
process, especially in the first several days (Fig. 8). The
commonly used short-term stability tests that are con-
ducted within a typical time frame of several to several tens
of hours are unlikely to perceive such slow changes in the
electrode performance (Sheng et al., 2014; Yu et al., 2015).
More studies are needed to evaluate the electrode lifetime,
the mechanisms and control strategies of electrode
deterioration over longer time periods and realistic
operating conditions for water treatment.

4 Conclusions

This study confirms the technoeconomic feasibility of
electrochemical H,O, production for practical water
treatment. Because of the effective oxygen transfer in the
GDE, high current densities (several tens to hundreds of
mA/cm?) can be applied to efficiently produce H,O, with
apparent current efficiencies generally >85% during
electrolysis with the GDE cathodes. This allows compact
electrochemical reactors to be developed for practical
applications such as decentralized water treatment at a
household and community level. The overall cost of
electrochemical H,0O,, including the electrode capital cost
and electricity cost, was estimated to be ~0.88 $/kg under
the test conditions and can be further decreased by
optimizing the electrodes, electrochemical cell, and
operating conditions. By combining H,O, electro-genera-
tion with ozonation, the E-peroxone process considerably
accelerated water treatment process and enhanced ozone-
resistant micropollutant abatement compared with ozona-
tion alone. These results indicate that electrochemical
H,0, production holds great promise for the development
of compact treatment technologies for future urban water
systems.
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