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The aim of this study was to investigate the effect of the diffusion layer of a gas diffusion cathode (GDC) on
H,O, production to enhance carbamazepine removal using the electro-Fenton process. The diffusion layer
was made by carbon black and polytetrafluoroethylene with sodium sulfate (Na,SO,4) as a pore former.
Different ratios of Na,SO,4 to carbon black (w/w) (i.e., 0%, 50%, 100%, 150%, and 200%) in the diffusion
layer were tested. With an increase of the ratio, the average pore size in the diffusion layer and the
electro-activity in the GDC increased simultaneously, which resulted in a higher mass transfer coefficient
of oxygen and H,O, production. In an undivided cell with platinum as the anode and 5.0 g L~ Na,SO4,
as the electrolyte, a maximum H,O, concentration of 630 mg L~ was achieved within 120 min in the
GDC with the ratio of 150%. With an initial carbamazepine concentration of 50 mg L™! and a current
density of 5.0 mA cm™2
355 mg L™* h™%, respectively. The removal rates in this study were much higher than those in the

, the maximum carbamazepine removal efficiency and rate reached 71% and
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Accepted 5th May 2017 literature (35.5 vs. 0.03-10.0 mg L™ h™?), mainly attributable to the diffusion layer modified by the pore

former, which accelerated oxygen transfer and boosted H,O, production. The results from this study

DOI: 10.1039/c7ra037939 should be useful to remove carbamazepine from wastewater treatment using the electro-Fenton (EF)
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1. Introduction

As effective methods for recalcitrant organic pollutant degra-
dation in wastewater treatment, advanced oxidation processes,
such as photocatalytic oxidation, Fenton, and ozonation," have
been applied. Highly reactive species such as hydroxyl radicals
can be produced with strong oxidation capability to decompose
many kinds of organic pollutants in the oxidation processes.
The electro-Fenton (EF) process is a promising method to
combine hydroxyl radicals produced in the Fenton reaction with
electrochemistry.> Compared with the conventional Fenton
process, the advantages of the EF process are as follows. On-site
production of H,0, can eliminate the potential risk of trans-
portation and storage for H,O,. The Fenton reaction can be
automatically controlled and easily maintained. The Fe*" cata-
lyst can be regenerated at the anode (Fe** + e~ — Fe®) and
excess sludge can be minimized.>* Degradation of many
refractory organic pollutants, such as phenol,® 4-chlorophenol,®
and perfluorooctanoate,” has been examined using the EF
process. However, one of key limitations of EF applications is
the low concentration of oxygen dissolved in the solution

Guangdong Provincial Key Laboratory of Environmental Pollution Control and
Remediation Technology, School of Environmental Science and Engineering, Sun
Yat-sen University, Guangzhou 510275, China. E-mail: liugl@mail.sysu.edu.cn

This journal is © The Royal Society of Chemistry 2017

process with improvement of pore structure in the diffusion layer of GDC.

according to the production reaction of hydrogen peroxide (O, +
2¢” +2H" - H,0,).**

Usage of the gas diffusion cathode (GDC) is a promising way
to accelerate oxygen diffusion and H,0, production.** The GDC
is usually composed of three layers, that is, a diffusion layer,
a current collector layer, and a catalyst layer.” Because of high
specific surface area and porosity of the diffusion layer, oxygen
gas can efficiently pass through the diffusion layer and reach
the interface between the catalyst layer and electrolyte, resulting
in low energy consumption and high production of H,O,.
Therefore, the pore structure of the diffusion layer plays an
important role in oxygen transfer, which has been studied for
the fuel cells.*® Because of low costs, carbon black and poly-
tetrafluoroethylene (PTFE) have been commonly used as the raw
materials to make the diffusion layer.* PTFE is used the binder
of carbon black to form many pores as gas channels.® Carbon-
and PTEF-based GDC has been applied to remove refractory
organics from solutions in the EF process.>'®

As one of typical pharmaceuticals and personal care prod-
ucts, carbamazepine (CBZ) has been widely used." The total
consumption of CBZ is about 1014 t in the world each year,
which accounted for 96% of the total pharmaceutical
consumption in 2007." However, overdose and metabolites of
CBZ may result in damage of human's liver and emopoietic
systems.'* CBZ has an amide structure that is stable and diffi-
cult to be degraded. The benzene ring of CBZ is a closed
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conjugate system and form 7 bond, resulting in high stability of
CBZ.** Moreover, the Henry coefficient of CBZ is as low as 1.09 X
10~ Pa m® mol " so that CBZ cannot be efficiently removed by
the physical methods, such as air stripping treatment.**'® The EF
process has been utilized to degrade CBZ."”'®* Komtchou et al."’
demonstrated that 66% of 12 mg L™' CBZ was removed within
120 min in the EF process under a current density of 1.8 mA
cm 2 (0.2 A). A new material of carbon fiber coupled with cobalt
phthalocyanine has been used as the cathode in the EF process,
resulting in 97% of CBZ removal within 120 min."” However, CBZ
removal rates in the EF process are still low. For example, a CBZ
removal rate of 4.0 mg L™" h™"' with the EF process has been
reported,’” which is only 40% of that in the Fenton-like process.”
To enhance the EF process, several strategies have been devel-
oped, including new catalysts, new configuration, etc.*****
Nevertheless, the idea using the diffusion layer morphology to
enhance the EF process on the recalcitrant organic pollutant
removal has not been examined as far as we know.

The objective of this study was to investigate the effect of
improved pore structure in the diffusion layer on H,O,
production to enhance CBZ degradation using the EF process.
Different morphology and porosities of the diffusion layer with
sodium sulfate (Na,SO,) as the pore former were characterized.
Production of H,0, and CBZ degradation in the EF process were
determined. The mechanism of the effect of diffusion layer on
the CBZ degradation was discussed.

2. Experiment
2.1 GDC preparation

The diffusion layer was prepared with Na,SO, as the pore
former as follows.*** Carbon black (EC-300], Ketjenblack,
Japan) of 1200 mg was mixed with each of different Na,SO,
dosages to obtain mass ratios of Na,SO, to carbon black of 0%,
50%, 100%, 150%, and 200%. Each mixture was added with 30
mL of ethyl alcohol and stirred with ultrasonic treatment for
30 min. A PTFE emulsion (60 wt%, Hesen electric Co. Ltd.,
Shanghai, China) of 2800 mg was then added slowly into the
mixture with agitation and ultrasonic treatment for 30 min.
After excess alcohol evaporated at room temperature, the final
mixture with dough-like was rolled on the stainless steel mesh
(90 meshes, length x width x thickness = 8 cm x 4 cm x 0.2
mm) and formed 0.8 mm thickness of diffusion layer. The
catalyst layer in the GDC was prepared as the same as the
diffusion layer, except with a mass ratio 3 : 1 of carbon black to
PTFE without Na,SO, addition. The catalyst layer was formed by
rolling on another side of the stainless steel mesh. The GDC was
boiled in the deionized water for 10 min and repeated for three
times to remove Na,SO, in the diffusion layer. Finally, the GDC
was dried at 105 °C for 12 h. A GDC without Na,SO, addition
was sintered at 450 °C for 30 min and taken as the control. The
total thickness of GDC was about 1 mm.

2.2 Reactor setup and operation

Undivided reactor was constructed with a cube plexiglass
(4 cm x 4 cm x 4 cm). A hole in diameter of 3 cm was made in
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the cube plexiglass with an effective volume of 28 mL (diam-
eter x length = 3 cm x 4 cm). The GDC had an effective area
of 7 cm? with a diameter of 3.0 cm. The distance between the
anode and cathode was 4 cm. The length and diameter of the
Pt anode were 3.3 cm and 0.5 mm, respectively. A Na,SO,
solution of 5 ¢ L™" as the supporting electrolyte and a current
density of 50.0 A m~ > were used throughout all the tests. A
solution of 50 mg L™' CBZ was used in the undivided reactor
for the experiments.

2.3 Measurements and calculations

The diffusion layer morphology was observed using a Field
Emission Scanning Electron Microscope (FESEM, JSM-6330F,
Electron Corp., Japan). Porosities of the diffusion layer on the
stainless steel meshes were determined using an automatic
specific surface area and porosity analyzer (ASAP, 2020 (M),
Micromeritics Corp., USA). Pore structures and distributions in
the diffusion layers were determined using the N, sorption-
desorption method.

Oxygen transfer in the diffusion layer was measured in
a sealed glass bottle with 100 mL of 5 g L™ " Na,SO, solution.
The diffusion layer with an effective surface area of 7 cm” was
installed at one side of the glass bottle as the separator
between the Na,SO, solution inside and the air outside.
Before the tests, the Na,SO, solution was aerated by pure N, at
least 15 min to keep the dissolved oxygen concentration <1 mg
L~ '. Then dissolved oxygen concentrations in the Na,SO,
solution were recorded with a dissolved oxygen meter (YSI
550A, Xylem Inc., USA). The mass transfer coefficient of
oxygen was calculated as follows:**>**

k() = _AKI In (QTIC‘Z) (1)
where Vis the liquid volume in the sealed gas bottle (100 mL), A
is the projected surface area of the diffusion layer (7 cm?), and
C: and C, are the saturated oxygen concentration (mg L™') and
dissolved oxygen concentration (mg L") in the sealed gas bottle
at time ¢, respectively. The linear sweep voltammetry (LSV)
measurement was carried out using an electrochemical station
(CHI 660C, Shanghai Chenhua Inc., China). The calomel elec-
trode, Pt anode, and the GDC were used as the reference elec-
trode, the counter electrode, and the working electrode,
respectively. The scan range was from 0.0 to —2500 mV with
a scan rate of 10 mV s~'. Before the LSV measurements were
carried out, the reactors including the GDCs were fulfilled with
the electrolyte at least for 24 h to reach a stable balance among
electrolyte, oxygen, and the GDCs.

The H,0, concentration was determined by the colorimetric
standard method.”® The CBZ concentration was determined
with a high pressure liquid chromatograph (HPLC, P230II,
Dalian Yilite analytic Instrument Co. Ltd., China). The mobile
phase was the acetonitrile solution (50%, v/v). The CBZ removal
efficiency was estimated by

C— C
0

E = 100% (2)
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where E is the CBZ removal efficiency (%), and C, and C; are the
initial and final CBZ concentrations (mg L"), respectively. The
CBZ removal rate was calculated by
G —C
ot

R (3)
where R is the CBZ removal rate (mg L " h™") and ¢ is the
reaction time (h).

3. Results and discussions
3.1 Characterization of gas diffusion layer in the cathode

The SEM images on the surface morphology of diffusion layers
using different Na,SO, dosages as pore former are shown in
Fig. 1. With increase of the ratios of Na,SO, to carbon black
from 0% to 200%, the surface morphology in the diffusion
layers became coarser and more porous. As shown in Fig. 2, the
ranges of pore sizes from 4 to 80 nm were similar among the
different diffusion layers. However, the proportions of larger
pores (>20 nm) were greater in the diffusion layers with higher
amount of Na,SO,. The characteristics of the diffusion layers
with the different ratios of Na,SO, to carbon black are listed in
Table 1. Average pore sizes in the diffusion layers with the
different ratios of Na,SO, to carbon black were in the order of
19.3 nm (200%) > 18.7 nm (150%) > 18.1 nm (100%) > 17.5 nm
(50%) > 17.1 nm (CK) > 16.6 nm (0%). Total porosities in the
different diffusion layers changed from 10.1% to 29.1% with

kY  x208,000 1pm WD17mm 1pm WD17mm

kY x20,000 1pm WD17mm S 15.0kV  x20,000 1pm WD17mm

1pm WD17mm

1pm WD17mm 15.8kV  x20,000

Fig. 1 SEM images on morphology of the diffusion layer for (A) the
control check, and with ratios of Na,SO4 to carbon black of (B) 0%, (C)
50%, (D) 100%, (E) 150%, and (F) 200%.
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Fig. 2 The pore size distributions of the diffusion layer with different
content of pore former for (A) the control, and with ratios of Na,SO4 to
carbon black of (B) 0%, (C) 50%, (D) 100%, (E) 150%, and (F) 200%.

increase of the ratios. The result of increase of pore sizes and
porosities in the diffusion layers with the Na,SO, amount was
consistent with those reported in the polymer electrolyte fuel
cells (PEFCs).>**” Pores in the diffusion layers of the fuel cell
could be increased by adding 20% (wt%) ammonium slat as
pore former.** With increase of sucrose dosages from 25 to 75
(w/o) as pore former in the diffusion layer of the fuel cell, the
porosity of diffusion layer increased from 36% to 50%.%”

The k, values increased with the ratios of Na,SO, to carbon
black, that is, 19.1 x 10™* cm s~ " (200%) > 18.0 x 10 * cm s *
(150%) >17.2 x 10 * cm s~ ' (100%) > 17.0 x 10 * cm s~ " (50%)
>15.8 x 10" em s~ (CK) > 15.2 x 10™* cm s~ (0%). The &,
values were linearly correlated to the porosities (with a correla-
tion coefficient R = 0.973), indicating that the mass transfer
capacity of oxygen was attributable to the porosity in the
diffusion layers. However, a severely water leakage in the
diffusion layer occurred when the ratio of Na,SO, to carbon
black increased to 300% (data not shown). To keep a stable
H,0, production, the maximum ratio of Na,SO, to carbon black
was kept at 200% (w/w) in the following tests. The k, values in
the diffusion layer was much higher than those in cation
exchange membrane (0.94 x 10™* cm s~ ') and ultrafiltration
membrane (0.19 x 10~ * em s~ ),? suggesting that the diffusion
layer made by carbon black had higher oxygen transfer capacity
than those by other materials. The k, values in this study were

RSC Adv., 2017, 7, 25627-25633 | 25629
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Table 1 Characteristics of the diffusion layers with different ratios of
Na,SO,4 to carbon black

Ratio of Na,SO, to Total porosity Average pore

carbon black (%) size (nm)
0% 10.1 16.6
50% 20.2 17.5
100% 24.1 18.1
150% 27.3 18.7
200% 29.1 19.3
Control check 15.3 17.1

comparable to the mass transfer coefficient (27.0 x 10~* cm
s~ 1) in the electrochemical generation of H,0,.> Moreover, the
heat treatment (300-500 °C) of carbon black could increase
carbon-oxygen surface groups on the carbon black particles and
improve the lap shear strength of the adhesive joint between
carbon black and adhesive.*®

3.2 Performance of gas diffusion cathode

The linear sweep voltammetry measurements in different GDCs
are shown in Fig. 3. With the different ratios of Na,SO, to
carbon black (w/w) in the diffusion layer, GDCs showed
different oxidation and reduction activities with the same
catalyst layers. At the potential of —2.0 V, the maximum current
reached —0.171 A using the GDC with the ratio of 200%. GDCs
with the ratios of 150% and 100% had almost the same current
of —0.162 A. The maximum current of —0.117 A was obtained in
the GDC with the ration of 0%. The result demonstrated that
Na,S0, as pore former could enhance the activity of GDC, which
was consistent with those with other pore-forming agents, such
as (NH,),C,0,4, NH,HCO;, NaCl, and PEG-200, reported in the
literature.* Large average pore sizes and high mass transfer
coefficients in the diffusion layers could result in high oxida-
tion-reduction activity of GDCs according to the diffusion layer
characteristics mentioned above.

As shown in Fig. 4A, the H,0, concentrations increased with

the operation time under the current density of 5.0 mA cm ™2,

0.0
01 A
<
c
It
£ 150%
3 -0.2 -
e 100% 50%
0% cK
_0-3 T T T T
25 20 -15 10  -05 0.0

Potential (V)

Fig. 3 Linear sweep voltammetry measurement on the gas diffusion
cathode with different ratios of Na,SO4 to carbon black.
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Fig. 4 (A) H,O, concentration and (B) current efficiency in the elec-

trochemical cell using the gas diffusion cathode with different ratios of
Na,SO4 to carbon black.

The GDCs with the ratios of 150% and 200% had almost the
same H,0, concentration of 630 mg L' within 120 min. The
H,0, concentrations were 427, 562, and 601 mg L™ with the
ratios of 0%, 50%, and 100% within 120 min, respectively. The
CK had higher H,0, concentration than that with 0% Na,SO,
within 120 min (550 vs. 427 mg L™'). The current efficiencies
increased from 29% to 38% with the ratios from 0% to 50%
within 120 min (Fig. 4B). However, the current efficiencies were
not significantly improved and kept in a range of 38%-42% with
the ratios from 50% to 200% within 120 min. The H,O, concen-
trations and current efficiency in this study were comparable to
those in other H,0, electrochemical generation processes using
GDCs.**** Nevertheless, our results demonstrated that the pore
former could improve the H,0, production in the electrochemical
process, which should be important for the EF application in
practice.

3.3 CBZ degradation in the electro-Fenton with different
GDCs

Under the condition of current density of 5.0 mA cm > and

456 g L' ferrous sulfate, the CBZ removal efficiencies
increased with the running time in the EF process (Fig. 5A). The

This journal is © The Royal Society of Chemistry 2017
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maximum CBZ removal efficiency reached 71% using the GDC
with the ratio of Na,SO, to carbon black of 150% within 60 min,
which was much higher than that with 0% (44%) (Fig. 5B). The
CBZ removal efficiencies were 62%, 67%, and 69% with the
ratios of 50%, 100%, and 200%, respectively. The CBZ removal
of the control (56%) was lower than that with the Na,SO,
addition, indicating that the pore former could enhance the EF
process. The ratio of 200% resulted in lower CBZ removal than
150%, probably because of excess oxygen competition with CBZ
during the EF process.”® Our results demonstrated that high
concentration of CBZ (e.g. 50 mg L™ ') could be efficiently
removed in the EF process. A control test showed that the
adsorption of CBZ on the GDC was 9.8 + 0.5% within 60 min.
Therefore, the CBZ removal in the EF process was mainly
attributed to the oxidation by hydroxyl radicals.

Table 2 compares the CBZ removal results based on the
Fenton, electro-Fenton and Fenton-like processes. While the
CBZ removal efficiencies with the different processes were
comparable, the CBZ removal rates in this study were much
higher than those in the literature.'”*>**** The highest CBZ
removal rate reached 35.5 mg L' h™ " using the GDC, which was
about five and nine times higher than those using the Fenton-
like process with the initial CBZ concentration of 15 mg L™*
and 100 mM H,0, (7.5 mg L™ " h™")* and the electro-Fenton
process (4.0 mg L' h™"),"” respectively. Full dosage of H,O,
was added at the beginning of the Fenton or Fenton-like
process.'>**** The CBZ removal could take several hours via
the Fenton or Fenton-like process, indicating that H,O, was
consumed gradually. However, residual H,O, could compete
with CBZ for exhausting the hydroxyl radical (eqn (4))** and
hinder high CBZ removal rate:

Table 2 The comparison on the CBZ removal using different Fenton process

Initial concentration Current density ~ Reaction time  Removal = Removal rate
Methods of CBZ (mg L™%) Cathode catalyst (mA ecm™?) (min) (%) (mgL™"h™")  Ref.
Fenton process 0.1 — — 180 84 0.03 33
Fenton-like 15 — — 120 ~100 ~7.5 34
process
Fenton-like 10 — — 60 100 10.0 19
process
Electro-Fenton 12 Carbon felt cathode 1.8 120 66 4.0 17
12 4.4 120 62 3.7
12 8.9 120 57 3.4
12 17.7 120 53 3.2
Electro-Fenton 5.9 CoPc-CF* — 120 97 2.9 18
Electro-Fenton 50 Carbon black with 5.0 60 44 22.0 This study
(0% Na,SO,) diffusion layer
Electro-Fenton 50 5.0 60 62 31.0
(50% Na,S0,)
Electro-Fenton 50 5.0 60 67 33.5
(100% Na,S0,)
Electro-Fenton 50 5.0 60 71 35.5
(150% Na,S0,)
Electro-Fenton 50 5.0 60 69 34.5

(200% Na,S0,)

% CoPc-CF: carbon fiber coupled with cobalt phthalocyanine.

This journal is © The Royal Society of Chemistry 2017
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H202 + 'OH — HOZ. + Hzo (4)

In the electro-Fenton process with carbon felt or carbon fiber
coupled with cobalt phthalocyanine (CoPc-CF) as cathode,"”*®
without a diffusion layer in the cathode, the H,O, concentration
in the solution is usually pretty low. Fox example, the maximum
H,O0, concentration was 1.44 mg L' after 120 min operation at
the current density of 17.7 mA cm™> (2.0 V) in the electro-Fenton
with carbon felt cathode.”” Only 3.54 mg L™' of the H,0,
concentration was produced after 30 min operation in the
electro-Fenton with CoPc-CF cathode with an applied voltage of
2.5 V.*® However, because of high oxygen transfer coefficient in
the diffusion layer of GDC, the H,0, concentrations reached
150 mg L~ within 20 min and 630 mg L™" within 120 min
operation in this study. The H,0, concentrations gradually
increased with the operation time, which reduced the chance of
excess H,0, accumulation and thus the reaction of eqn (4)
might not occur. Therefore, high CBZ removal rate could be
achieved in our electro-Fenton with GDC. Nevertheless, the CBZ
removal varies with different conditions, including initial CBZ
concentration, type of catalysts, current density, electrolytes,
and others.7"'*3%* It was difficult to make accurate comparison
under the different conditions.

The GDC in the EF process is different from that in fuel cells,
such as the proton exchange membrane fuel cell.*** Since the
catalyst layer in the GDC in the EF process faces to aqueous
solution, the diffusion layer in the EF should prevent the elec-
trolyte leakage through the cathode.***” The specific require-
ment in the diffusion layer may limit the design of the pore
structure of the diffusion layer using pore former, which should
be further explored. Moreover, the life-time of the diffusion
layer with pore former still needs to be investigated.

4. Conclusions

Different ratios of Na,SO, to carbon black in the diffusion layer
were investigated in the EF process for H,O, production and
CBZ removal. With increase of the ratios, the average pore size
in the diffusion layer and the oxidation and reduction activity in
the GDC increased simultaneously, resulting in high mass
transfer coefficient of oxygen and H,0, production. Under the
current density of 5.0 mA em 2, the maximum H,O, concen-
tration of 630 mg L' was achieved with the ratio of 150%
within 120 min. With the initial CBZ concentration of 50 mg L™
and 5.0 mA cm 2, the maximum CBZ removal efficiency and
rate reached 71% and 35.5 mg L™ h™*, respectively, using the
GDC with the ratio of 150% within 60 min. Our experimental
results demonstrated that the pore former can be used to
optimize the pore structure of diffusion layer and to enhance
the EF performance to CBZ removal in wastewater treatment.
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