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The disinfection performance of a ﬂow-through electrode system (FES) was systematically evaluated
using different carbonized (C1, C2, and C3) and corresponding graphitized (G1, G2, and G3) carbon ﬁber
felt (CFF) electrodes. The physicochemical and electrochemical properties were characterized to identify
the differences among CFFs. Graphitized CFFs (gCFFs) can achieve complete inactivation of Escherichia
coli (>6 log) at the voltage of 3 V and ﬂux of 120e3600 L/(m2 h) for high conductivity and chemical
stability, while carbonized CFFs (cCFFs) only achieved around 1 log removal with obvious carbon
corrosion. For the gCFFs, G1 (>6 log removal) with higher conductivity, better graphite structure, and
larger surface area (related to ﬁber diameter and density) presented better disinfection performance at
the ﬂow rate of 30 mL/min than G2 (~3 log) and G3(~1 log). Furthermore, no regrowth and reactivation of
bacteria occurred during the storage under visible light illumination after FES treatment. Three parallel
FESs with G1 were operated continuously for one week (24 h per day, 7 days) treating the solution with
an E. coli concentration ranging from 106 to 107 CFU/mL at the applied voltage of 3 V and the ﬂow rate of
20 mL/min. No live bacteria were detected in the efﬂuent of any of these three FESs. In-situ sampling
experiments demonstrated that the inactivation of bacteria on anode was the dominant mechanism for
FES treatment, which can be attributed to the sequential adsorption, direct-oxidation and desorption
process on anode, instead of indirect oxidation by generating chemical oxidants. In addition, hydroxide
ion generated from cathode reaction enhanced anode adsorption and inactivation of bacteria by
providing alkaline environment. Combining the analysis results of material properties and disinfection
performance, the gCFF-based FES was suggested to be a low-cost, high-efﬁciency, and safe alternative for
future water disinfection.
© 2019 Published by Elsevier Ltd.
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1. Introduction
The pathogen inactivation is of great importance for public
health and environmental concerns (Fan et al., 2018; Shannon et al.,
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2008), mainly by the conventional disinfection technologies, such
as chlorination (Du et al., 2017; Gallard and Gunten, 2002) and
ultraviolet (UV) radiation (Hijnen et al., 2006). However, it has been
revealed that the active chlorine species, such as Cl2, HClO, and
ClO, inevitably generate toxic and carcinogenic disinfection
byproducts (DBPs) with organic contaminants during the disinfection (Chu et al., 2016; Tang et al., 2014). Although UV can
effectively avoid the formation of chlorinated DBPs, high-level energy consumption and regrowth of bacteria via photoreactivation/
dark repair preclude its wide application (Guo et al., 2012; Li et al.,
2017). To address these issues, there is a critical need to develop an
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alternative disinfection technology that can inactivate bacteria with
less potential DBPs formation and energy consumption.
The electrochemical disinfection has been studied for its environmental compatibility, easy operation and onsite generation of
disinfectants (Diao et al., 2004; Huang et al., 2016; Wouters et al.,
2001). The mostly accepted mechanisms of electrochemical disinfection are electric ﬁeld destruction (such as electroporation (Huo
et al., 2016; Liu et al., 2013)), direct oxidation by anode and indirect oxidation by the production of disinfectants, such as hydroxyl
radicals ($OH) and chlorine on anode, and hydrogen peroxide
(H2O2) on cathode (Cotillas et al., 2015; Jelena and Sedlak, 2015;
Laxman et al., 2015). Among them, the generation of disinfectants
may require a high applied voltage, which possibly results in the
formation of the DBPs and high energy consumption.
Reactor conﬁguration and electrode materials are the key factors to determine the electrochemical disinfection efﬁciency. Twodimensional (2D) plate electrodes are well studied in ﬂow-by or
sequencing batch modes (Battisti et al., 2018; Ghasemian et al.,
2017; Jin et al., 2019), but the limited electrode surface area leads
to weak mass transfer function. In turn, high voltage and/or long
residence time are required to guarantee the disinfection efﬁciency,
which result in the high energy consumption. Therefore, a ﬂowthrough reactor based on three-dimensional (3D) electrodes with
high surface area is explored to improve mass transfer, resulting in
enhanced convection of bacteria to the electrode surface, and
achieving excellent disinfection performance at the low voltage
with less energy consumption and generation of free chlorine and
its potential DBPs (Gao and Vecitis, 2012; Huo et al., 2018b; Liu
et al., 2015).
On basis of this reactor conﬁguration, nanomaterial electrodes,
such as copper-oxide-nanowire-assisted (CuONW) copper foam
(Huo et al., 2016) and carbon nanotube (CNT) ﬁlter (Rahaman et al.,
2012), are applied successfully for bacterial inactivation. For
instance, Huo et al. (2016) fabricated a CuONW 3D-copper foam
electrode, which inactivated bacteria at a low applied voltage of 1 V
and short hydraulic retention time (HRT) of 7 s by the mechanism
of electroporation. However, the durability of the copper foam
electrodes was limited by the poor stability of the CuONW under
mechanical erosion and chemical corrosion. The anodic CNT ﬁlter
was also investigated to effectively remove bacteria and virus at the
voltage of 3 V under the ﬂux of 140 L/(m2 h). But the nanoscale pore
structure restricted the disinfection performance of CNT ﬁlter by
low ﬂux and easy fouling. In addition, the manufacturing cost of
nanomaterials should be taken into consideration. Hence, a
concern of future use of the ﬂow-through reactor is to explore an
economical and stable electrode material.
Carbon ﬁber felts (CFFs) are considered as an ideal porous
electrode for its high void space fraction (>90%), chemical stability,
~ eda et al., 2017; Huong Le et al.,
conductivity, and low cost (Castan
2017; Smith et al., 2015). The CFFs are manufactured by various
micro-ﬁber substrates through thermal treatment into carbonized
CFFs (below 1500  C) and graphitized CFFs (over 2000  C). They
have been extensively applied as anode to induce direct oxidation
of organics, or as cathode to generate H2O2 for electro-Fenton re~ eda et al., 2017; Huong Le et al., 2017; Jie et al., 2014)
actions (Castan
and to electro-adsorb heavy metal ions, such as Pb (II) (Brandon
et al., 2003) and Cr (VI) (Abda et al., 1991). A few studies have
proved the highly efﬁcient E. coli removal using CFF cathode and
anode (Liu et al., 2019; Zhou et al., 2018). However, there are many
types of CFFs which can be commercially produced on the market,
and limited relevant study has been conducted to compare the
difference of inactivation performance among them, and evaluate
the main material properties related to disinfection.
Here in this study, we constructed a ﬂow-through electrode
system (FES) by using six different carbonized and graphitized CFF

materials as electrodes. The physicochemical properties of the CFF
electrodes were characterized and compared systematically by
scanning electron microscopy (SEM) analysis, Brunauer-EmmettTeller (BET) speciﬁc surface area analysis, elemental analysis,
Raman spectrum, and thermogravimetric analysis (TGA). Also,
these CFFs were compared at the applied voltage of 3 V and ﬂow
rate of 1e50 mL/min toward a representative bacterium, Escherichia
coli (E. coli), from the aspect of disinfection performance, energy
consumption, and electrode stability. The in-situ sampling experiment, live/dead staining experiment, and SEM analysis for the
E. coli and CFF electrodes before and after disinfection were carried
out to evaluate the disinfection contribution and function of these
CFF cathodes and anodes. The results can offer sound suggestions
for future researches on pathogen inactivation through carbon
ﬁber-based ﬂow-through electrode systems.
2. Methods and materials
2.1. Carbon ﬁber felt (CFF) electrodes
Six carbon ﬁber felts (CFFs) were utilized as ﬂow-through
electrodes, and they were classiﬁed into carbonized CFFs (cCFFs)
produced at around 1000e1500  C (named as C1, C2, C3) and the
corresponding graphitized CFFs (gCFFs) fabricated over 2000  C
(named as G1, G2, G3). G1 (2200  C) and C1 (1200  C) were obtained from Jingu Carbon Material Co., Ltd (Liaoning, China). G2
(2200  C) and C2 (1100  C) were purchased from Jing Long Te Carbon Co., Ltd (Beijing, China). G3 (2000  C) and C3 (1500  C) were
acquired from Qingdao Carbon Fiber Co., Ltd (Qingdao, China). The
carbon ﬁber felts were cut into cylinder with 2.5 cm in diameter
and 0.47 ± 0.01 cm in thickness as electrodes. The electrodes were
pretreated by wetting and washing with ultrasonic cleaning using
1:1 ethanol and deionized (DI) water for 5 min to remove residual
impurities, washed thoroughly with DI water, and stored in DI
water until use.
2.2. Construction of the ﬂow-through electrode system (FES)
The ﬂow-through electrode cell made of plexiglass was
described previously (Liu et al., 2019). Speciﬁcally, the inner
diameter of each electrode chamber was 2.5 cm and the height was
4.7 mm (Fig. S1). The cylindrical CFF electrodes were served as both
cathode and anode, and settled into the electrode chamber with a
quantitative ﬁlter paper (pore diameter 20e25 mm) as the insulating layer. The electrode was connected with a DC power supply
(DG1718E-5) by titanium wires. The inﬂuent was pumped into the
FES by a peristaltic pump, and treated by the sequential cathodeanode under different ﬂow rates.
2.3. Characterization of CFF electrodes
The morphology of electrode samples was imaged with ﬁeld
emission scanning electron microscopy (JEOL JSM-7001F FE-SEM,
Japan) at an operating voltage of 20 kV. The ﬁber diameter was
measured with Image J to calculate the average diameter of ﬁbers in
SEM images. The speciﬁc surface area was analyzed by the
Brunauer-Emmett-Teller (BET) method with Autosorb-IQ2-C
(Quantachrome Instruments, USA). Autopore IV 9510 (Micromeritics, USA) was applied to characterize the void space fraction.
The true density, namely the density of the carbon ﬁber material
excluding the pore volume, was measured by the gas pycnometry
method with AccuPyc 1330 (Micromeritics, USA). Elemental
composition was tested with Euro EA3000 elemental analyzer
(EuroVector S. p.A., Italy). The thermogravimetric analysis (TGA)
and derivative thermogravimetric (DTG) curves were obtained with
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STA449F3 Jupiter (Netzsch, German) and the samples were heated
from the room temperature to 950  C at 10  C/min. Raman spectra
were examined using inVia Reﬂex Raman microscope (Renishaw,
UK) with the excitation laser of 532 nm. The resistance (R) of the
electrode was measured with a digital multimeter (UNI-T UT39C)
and the conductivity (s) was calculated using the formula s ¼ L/RS,
where L was the length, and S was the cross-sectional area.
2.4. Electrochemical disinfection and analysis
Escherichia coli (CGMCC 1.3373) as a model pathogen, provided
by Institute of Microbiology, Chinese Academy of Science, was
cultured to the log phase (16 h) in 37  C. The cells were harvested
and washed with 10 mM NaCl twice by centrifugation (HITACHI
RX2 series, 14500 rpm for 10 min at 4  C), and resuspended in
10 mM NaCl solution to obtain a desired concentration of approximately 106e107 CFU/mL. Each water sample was ﬂowed through
the FES equipped with the prepared CFF electrodes at different ﬂow
rates from 1 to 50 mL/min (ﬂux of 120e6000 L/(m2 h)) and an
applied voltage of 3 V. The long-term operation experiment was
conducted at the ﬂow rate of 20 mL/min and the applied voltage of
3 V with three parallel experiments. The standard plate counting
method was used to measure the bacterial concentration. The
water samples before and after disinfection were collected in
autoclaved centrifugal tubes, diluted serially, plated in triplicate
and incubated at 37  C for 18 h. The bacterial concentrations of the
inﬂuent (N0) and efﬂuent (N) were compared to determine the log
removal by the formula log(N0/N). All disinfection experiments of
each sample were performed at least three times, providing error
bars unfolding the standard deviation of ﬁgures. The morphology of
E. coli before and after the FES treatment was imaged with FE-SEM
(Hitachi SU8220, Japan) and details of the bacterial sample pretreatment were described in Supporting Information (SI).
The storage experiment was designed to investigate whether
the bacteria after FES treatment will regrow. Water samples with
106-107 CFU/mL E. coli passed the FES equipped with G1 electrodes
at the applied voltage of 3 V with the ﬂow rate of 30 mL/min and
50 mL/min. Treated and untreated samples were collected and
stored in 10 mM NaCl solution in a constant temperature incubator
at 25  C for 0, 1, 2, 4, 6, 12 h under visible light illumination. In
addition, the staining experiment with ﬂuorescence microscope
was carried out to identify the ﬂow scouring effect on the
desorption process, which was described in Supporting
Information.
The hydrogen peroxide (H2O2) concentrations were determined
€
spectrophotometrically by the iodide method (Ozcan
et al., 2008)
and the absorbance of the solution was measured with SpectraMax
M5 (Molecular Devices, USA) at 350 nm. The concentrations of total
carbon in the samples were determined using a total organic carbon analyzer (TOC-VCPH, Shimadzu, Japan). A three-electrode system with two CFF electrodes and an Ag/AgCl reference electrode
was used to describe the open-circuit potential (OCP), and electrochemical impedance spectroscopy (EIS) with Zennium Pro
electrochemical workstation (Zahner, German). The staining
experiment was applied to explain the live/dead condition of bacteria using LIVE/DEAD BacLight Bacterial Viability and Counting Kit
(Thermo Fisher, USA) with SYTO 9 and PI dye. Staining samples
were examined with ﬂuorescence microscopy after around 30 min
storage in the dark.
3. Results and discussion
3.1. Characteristics of CFF materials
The physicochemical properties of cCFFs and gCFFs are listed in
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Table 1. The SEM morphology of the CFF materials is shown in
Fig. S2. In general, the CFFs produced from the same substrate
showed the similar ﬁber shape, and the diameter of gCFFs
(8e20 mm) was smaller than that of the corresponding cCFFs
(10e25 mm), for example, G1 (~9.3 mm) < C1 (~18.6 mm). The CFF
samples possessed high void space fraction (91e95%). The microscale ﬁber and high void space fraction guaranteed the high contact area for micro-sized E. coli, and the large void space between
carbon ﬁbers led to high-efﬁciency mass transfer. The low speciﬁc
surface area and few micropores in ﬁbers ensured that most of the
surface area was for the E. coli inactivation. In addition, the cCFFs
had approximately the same true density, while the true density of
gCFFs followed the order G1 (1.96 g/cm3) > G2 (1.85 g/cm3) > G3
(1.33 g/cm3), which was related to the graphite structure.
As shown in Table 1, among CFF electrodes, the cCFFs contained
around 15 wt% of elemental O, H, and N with C contents of around
85 wt%, while the gCFFs were mainly composed of elemental C with
over 99 wt%. The Raman spectra of as-prepared CFF samples are
shown in Fig. S3. The cCFFs were observed as amorphous carbonaceous materials with only two broad peaks at 1340-1360 cm1
for the disordered carbon structure (D band) and 1580-1600 cm1
for graphitic carbon (G band) (Sadezky et al., 2005). However, the
CFFs, which were fabricated and graphitized at the temperature
over 2000  C, had an obvious 2D band (2680-2690 cm1) for the
ideal graphitic lattice. The integrated intensity ratio (ID/IG) of the
gCFFs was further compared to identify the degree of graphitization,
and
their
values
followed
an
order
of
G2
(1.22) < G1(1.32) < G3(1.47), which indicated that G1 and G2 had
more highly ordered graphite structure than G3.
As shown in Fig. S4, the graphitic lattice also led to the thermal
stability of gCFFs, which the temperature of graphitized carbon ﬁbers (over 700  C) that started to degrade and decompose under
static air atmosphere was signiﬁcantly higher than that of
carbonized carbon ﬁbers (below 670  C). Among the gCFFs, the
weight loss peaks of G1 and G2 (~815  C) in DTG versus T were
higher than that of G3 (~700  C) due to the higher degree of
graphitization. In addition, the gCFFs achieved higher conductivity
than cCFFs obviously, which was according to the better ordered
graphite structure. The conductivity of G1 and G2 was two times
larger than that of G3, which was coincident to the results that G1
and G2 had better graphite structure in Raman spectra and higher
weight loss peak in DTG curves.
3.2. Disinfection performance of CFF electrodes
The electrochemical disinfection performance of CFF electrodes
was carried out at a voltage of 3 V, using electrolyte concentration
of 10 mM NaCl with E. coli of around 106e107 CFU/mL, at the ﬂow
rate from 1 mL/min to 50 mL/min (equivalent to the ﬂux of
120e6000 L/(m2 h)). As presented in Fig. 1(a), the removal of E. coli
using cCFF electrodes (C1, C2, and C3) was very poor, less than 1 log.
While, the gCFFs (G1, G2, and G3) exhibited much superior disinfection performance, and achieved more than 6 log removal (no
detectable live E. coli) at the ﬂow rate below 30, 20, and 1 mL/min,
respectively.
Generally, the steady-state current increased incrementally
with the increase of ﬂow rate, indicating that the high ﬂow rate can
enhance the mass transfer and improve the contact between reactants and electrode surface (Fig. 1(b)). It was worth noting that
the current of cCFFs was higher than that of the corresponding
gCFFs. The possible reason was attributed to side reactions of carbon corrosion/oxidation, instead of bacterial inactivation. Thus, the
total carbon (TC) concentration of the inﬂuent and efﬂuent after
FES treatment with different CFF electrodes was plotted versus the
operation time at the voltage of 3 V and the ﬂow rate of 30 mL/min
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Table 1
The physicochemical properties of gCFFs (G1, G2, G3) and cCFFs (C1, C2, C3).
Sample Diameter (mm) Void space fractionb (%) Speciﬁc surface area (m2/g) True densityc (g/cm3) Conductivity (S/m) Elemental composition

ID/IG

C (wt.%) H (wt.%) O (wt.%) N (wt.%)
G1
G2
G3
C1
C2
C3
a
b
c

9.3 ± 0.6
17.3 ± 1.3
11.6 ± 1.0
18.6 ± 2.7
21.3 ± 2.0
12.0 ± 1.0

95.1
93.3
91.2
91.8
92.3
94.0

0.646
0.233
0.613
0.199
0.149
0.222

1.96
1.85
1.33
1.93
1.95
1.99

633.1
628.6
310.3
190.4
97.7
38.5

99.5
99.5
99.8
87.2
86.2
85.2

0.082
0.033
0.102
0.800
0.870
1.237

UDa
UD
UD
2.53
3.46
7.80

UD
UD
UD
7.29
8.35
2.39

1.32
1.22
1.47
e
e
e

UD: under detection limit.
Void space fraction¼ (Vtotal e Vﬁber)/Vtotal, where Vtotal is the volume of divided material, and Vﬁber is the volume of solid materials excluding open and closed pores.
True density is the density of the ﬁber material excluding the volume of any open and closed pores.

in Fig. 2. Signiﬁcant TC (0.3e0.8 mg/L) was detected in the efﬂuent
of the FES with C1, C2, and C3, which was ascribed to the oxidation
of CFF electrodes (Maass et al., 2008; Gao et al., 2015). Limited TC
was observed in the efﬂuent using gCFFs as electrodes, indicating
that the gCFFs exhibited relatively promising electrochemical stability at 3 V. Combining the results of disinfection performance and
TC concentration in the efﬂuent, it was showed that cCFF electrodes
were not the appropriate choice for electrochemical disinfection.
In addition, the viability of E. coli after FES treatment during
1e12 h storage under visible light illumination was investigated
using G1 as the electrodes. As shown in Fig. 3(a), E. coli cells were
inactivated completely at the applied voltage of 3 V and ﬂow rate of
30 mL/min, and there was no E. coli regrowth after the inactivation
during storage. Although considerable E. coli cells were still alive
after the treatment at 50 mL/min at the beginning, the concentration decreased gradually and 80% bacterial cells became inactivated
during storage, compared with the E. coli in untreated samples
(~20%) (Fig. 3(b)). It was revealed that the FES treatment caused
irreversible damage to E. coli cells.
Furthermore, the disinfection performance during long-term
and continuous operation was also investigated at the voltage of
3 V and ﬂow rate of 20 mL/min to evaluate the stability and effectiveness of FES with G1 electrodes. As shown in Fig. 4, the FES
enabled the complete inactivation (no live bacteria detected in the
efﬂuent by the standard plating method) for at least 7 days
(continuous operation, 24 h per day), which guaranteed the possibility for future application of long-term operation.

Fig. 1. Electrochemical disinfection performance of FES using gCFFs (G1, G2, and G3)
and cCFFs (C1, C2, and C3) as electrodes at different ﬂow rate or ﬂux. (a) Log removal of
E. coli at the applied voltage of 3 V. (b) The current during FES treatment at the applied
voltage of 3 V.

Fig. 2. The total carbon (TC) concentration from the oxidation of CFF electrodes within
90 min operation at the voltage of 3 V and the ﬂow rate of 30 mL/min.
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Fig. 4. The long-term operation of FES using G1 electrodes at the applied voltage of 3 V
and the ﬂow rate of 20 mL/min with three parallel experiments. The dashed line
indicated that all bacteria were inactivated (no live bacteria detected). The dashed line
had slight ﬂuctuation during long-term operation because the concentration of E. coli
in the inﬂuent was varied when the samples were acquired and measured by the
standard plating method.

3.3. Identiﬁcation of the key parameters of CFFs for high-efﬁciency
disinfection

Fig. 3. Changes of E. coli concentration during storage within 12 h. (a) The change of
concentration without and with G1-based FES treatment at the applied voltage of 3 V
with the ﬂow rate of 30 mL/min and 50 mL/min during storage. (b) The change of E. coli
viability without and with G1-based FES treatment at the applied voltage of 3 V with
the ﬂow rate of 50 mL/min.

The open circuit potential (OCP) and electrochemical impendence analyses (EIS) were carried out to analyze the electrochemical
properties. The OCP for both cathode and anode of gCFF electrodes
was displayed versus the applied voltages from 0.5 V to 3 V (Fig. 5).
The anode potential (vs. Ag/AgCl) of three electrodes was similar
around 1.0e1.1 V at the applied voltage of 3 V and potential shifted
more to cathode, which cathode potential of G1, G2, and G3
was 1.72, 1.58, and 0.87 V respectively. The potential drop of
G3 was over 1 V, which was evidently higher than G1 and G2,
possibly due to much lower conductivity of G3. The result was also
conﬁrmed by electrochemical impendence analyses (Fig. S5). The

The energy consumption was further calculated for gCFFs using
the formula (Energy ¼ Voltage  Current/Flow rate, Wh/m3) under
condition of the applied voltage of 3 V with over 6.6 log removal
(undetectable live E. coli) in the efﬂuent. Thus, the energy consumption for G1, G2, and G3 was 37.7, 40.6, and 102.5 Wh/m3 at the
ﬂow rate of 30, 20 and 1 mL/min respectively. As shown in Table S1,
the energy consumption of FES (5.7e34. 2 Wh/m3 per log) was
comparable to that of low-pressure UV (LP UV) system
(2e148.5 Wh/m3 per log), and signiﬁcantly lower than that of UVLED system (50-10,000 Wh/m3 per log). However, there was no
sign of photoreactivation after gCFF-based FES treatment, which
was superior to LP UV.
By synthesizing the results above, gCFF electrodes had the potential for bacterial inactivation in FES treatment. Therefore, gCFFs
were further used to recognize the main physicochemical properties inﬂuencing their disinfection performance, and also to analyze
their disinfection mechanism in the following parts.
Fig. 5. Anode and cathode potential in V vs. Ag/AgCl as a function of total cell potential
applied from 0.5 to 3 V. The electrolyte was 10 mM NaCl with 106e107 CFU mL1 E. coli.
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high frequency region of EIS plot was semicircular (Tan et al., 2018).
The diameter of the semicircle of three electrodes was following
the order, G1 (~10 U) < G2 (~20 U) < G3 (~40 U), which showed that
the charge transfer resistance of G3 was obviously higher than G1
and G2. The conductivity of G3 was relatively low for its poor
graphite structure in coincidence with the electrochemical properties, restricting the disinfection performance.
The physicochemical properties of G1 and G2 were similar according to the analysis results of elemental composition, Raman
spectra, and TGA. The main parameters for their difference of
disinfection efﬁciency can be attributed to surface area for the
electrochemical reactions which mainly related to the ﬁber diameter and true density. The surface area of G1 and G2 was further
calculated by equations (1) and (2) with the assumption of smooth
and uniform ﬁber cylinder, and negligible base area of ﬁber cylinder
compared with the side area.
S ¼ 2prL

(1)

M ¼ rV ¼ rpr2L

(2)

where S was the surface area per electrode (cm2/electrode), r represented the average semidiameter of ﬁbers (cm), L was the average
length of ﬁbers (cm), M was the average weight of each electrode
(g), r was the true density of carbon ﬁber (g/cm3). The surface area
of G1 and G2 was estimated to be 501 and 375 cm2/electrode,
indicating that G1 electrodes can provide more surface area for the
adsorption and oxidation-inactivation of E. coli.
Combining the results of disinfection performance and physicochemical analysis, it can be revealed that the higher conductivity
of gCFFs could reduce potential drop during electrochemical process, and the larger surface area could offer more reaction sites for
direct oxidation, which guaranteed the high-efﬁciency performance of FES disinfection.
3.4. Disinfection mechanism of the FES using gCFF electrodes
The electrochemical disinfection mechanism was considered
due to the synergistic effect of direct anode oxidation, and indirect
effect resulting from the formation of radicals on the cathode and
anode (Drogui et al., 2001; Feng et al., 2004). In attempt to identify
the complex electrochemical process of FES disinfection, an in-situ
sampling experiment was designed (Fig. 6(a) (inserted)) using the
needle to withdraw the water sample only treated by cathode at the
voltage of 3 V and ﬂow rate of 30 mL/min. From Fig. 6(a), the
removal percentage of E. coli after cathode treatment using G1, G2,
and G3 was relatively low, around 31%, 21%, and 13% respectively.
However, after further treatment by the sequential anode, the
removal of bacteria in the efﬂuent was over 6 log (undetectable live
E. coli) for G1, over 3 log (around 99.96%) for G2, and around 1 log
(around 86%) for G3. These results indicated the main disinfection
occurred on the anodes.
To further conﬁrm the disinfection contribution of the anodes,
the efﬂuent and cathode-treated inﬂuent samples for the FES with
G1 electrodes were taken after 10 min continuous operation and
analyzed with staining experiment. Water samples were mixed
with green-ﬂuorescent SYTO 9 dye and red-ﬂuorescent PI dye
(Fig. 6(b)-(d)). The SYTO 9 can stain both live and dead bacteria and
PI can only stain dead bacteria with compromised membrane. As
compared with the total amount of E. coli (Fig. 6(b)), limited E. coli
was inactivated after cathode treatment (Fig. 6(c)) indicating the
limited disinfection performance via indirect oxidation by cathode.
The number of PI-stained dead bacteria in the efﬂuent (Fig. 6(d))
was nearly equivalent to the number of live cells in the inﬂuent
(Fig. 6(b)), which was coincident with the disinfection result (over 6

log removal) above.
The possible anode inactivation mechanism may be direct
oxidation and indirect oxidation by generating of oxidant. For indirect oxidation mechanism, the production of chemical oxidants
near anode surface may be hydroxyl radical or free chlorine. The
hydroxyl radical was unlikely to appear for its high anode potential
required (over 2 V) (Trellu et al., 2018; Vecitis et al., 2011). Free
chlorine (Eq. (3), 1.15 V vs Ag/AgCl) was possibly produced in FES
treatment. Thus, the 10 mM NaF was selected as electrolyte for its
high oxidation potential of F (Eq. (4), 2.66 V vs Ag/AgCl) to conﬁrm
whether the function of free chlorine is signiﬁcant. The disinfection
performance under 10 mM NaF was compared to the inactivation
performance under 10 mM NaCl at the applied voltage of 3 V. As
shown in Fig. S6, there were no differences between two electrolytes at the ﬂow rate of 20 mL/min (over 6 log removal and undetectable live bacteria) and negligible differences at 40 and 60 mL/
min.
In addition, the colorimetric DPD method with detection limit of
10 mg/L as Cl2 was used to measure the concentration of free chlorine in the efﬂuent. However, the free chlorine was not detectable,
indicating that the concentration was below 10 mg/L. These results
implied the FES disinfection process was independent to indirect
oxidation by generation of free chlorine and the main mechanism
was attributed to the anode direct oxidation.

Cl2 þ 2e 42Cl E0 ¼ 1:15 V vs Ag=AgCl ð3:5 M KClÞ

(3)

F2 þ 2e 42F E0 ¼ 2:66 V vs Ag=AgCl ð3:5 M KClÞ

(4)

To further explore the anode direct oxidation process, the
efﬂuent samples after 1, 3, 5, 10, and 15 min treatment using G1
were collected, and also analyzed by staining experiment using
ﬂuorescence microscope as shown in Fig. S7(a)-(f). It was shown
that the proportion of dead bacteria stained by PI was gradually
increasing and stabilizing on 10 min operation, which was nearly
equal to the amount in inﬂuent (Fig. S7(g)). Meanwhile, there were
no live bacteria detected using the standard plate counting method
through the whole operation. It was supposed that adsorption,
oxidation and deposition process existed at this disinfection system. The SEM images (Fig. 7(a), (b)) also showed the adsorption
process obviously that the E. coli cells were adsorbed on carbon
ﬁbers at the voltage of 3 V and the ﬂow rate of 30 mL/min.
The additional staining experiment with ﬂuorescence microscope was carried out to identify the ﬂow scouring effect on the
desorption process (detailed method in SI). As shown in Fig. S8, the
number of E. coli cells attached on electrodes after 2 min ﬂushing
process with sterilized 10 mM NaCl at the ﬂow rate of 30 mL/min
and applied voltage of 3 V was signiﬁcant less than that on the
electrodes with only 1 min ﬂushing process, which demonstrated
that the ﬂow scouring effect with high ﬂow rate can lead to E. coli
desorption effectively and guarantee the FES for long-term disinfection. As shown in Fig. 7(c)-(d), the morphology of live E. coli in
the inﬂuent was plump and the cells of dead E. coli were dehydrated
and shriveled after FES treatment using G1 as the electrode,
possibly due to the change of cell membrane permeability, which
was also veriﬁed by previous staining experiment because only
membrane-compromised cell can be stained by PI dye. It was
demonstrated that the CFF-based FES can cause the irreversible
damage to bacterial cells, which was in accordance with the results
above of no bacterial regrowth during storage (Fig. 3).
In addition, the disinfectants generated during cathode treatment may be OH and H2O2 according to the following reactions
(Eqs. (5)e(7)), which were also conﬁrmed by in-situ sampling
experiments.
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Fig. 6. The disinfection performance under in-situ sampling experiment at the voltage of 3 V and ﬂow rate of 30 mL/min. (a) The log removal of E. coli in cathode-treated inﬂuent
samples and efﬂuent samples by G1, G2, and G3 electrodes separately. Schematic diagram of the method for acquiring in-situ samples (inserted). (b) Fluorescence microscope image
of SYTO 9-stained E. coli in the inﬂuent sample. (c) Fluorescence microscope image of PI-stained E. coli in the cathode-treated inﬂuent sample using G1. (d) Fluorescence microscope
image of PI-stained E. coli in the efﬂuent sample using G1.

Fig. 7. SEM image of the E. coli on the G1 ﬁbers and in the water samples. (a) The E. coli. adsorbed on the G1 ﬁbers at the voltage of 3 V and ﬂow rate of 30 mL/min under
450  magniﬁcation. (b) The E. coli adsorbed on the G1 ﬁber at the voltage of 3 V and ﬂow rate of 30 mL/min under 6000  magniﬁcation. (c) The morphology of live E. coli in the
inﬂuent sample under 25,000  magniﬁcation. (d) The morphology of dead E. coli in the efﬂuent sample after 3V, 30 mL/min treatment using G1 as the electrode under
25,000  magniﬁcation.
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2H2 O þ 2e 4H2 þ 2OH E0 ¼ 1:033 V vs Ag=AgCl ð3:5 M KClÞ

water near cathode (Zhang et al., 2015), then E. coli can be absorbed
on the sequential anode and inactivated via direct oxidation.

(5)
4. Conclusion

O2 þ 2H2 O þ 4e 44OH E0 ¼ 0:196 V vs Ag=AgCl ð3:5 M KClÞ
(6)
O2 þ 2H2 O þ 2e 4H2 O2 þ 2OH E0
¼ 0:351 V vs Ag=AgCl ð3:5 M KClÞ

(7)

As shown in Fig. 8(a) and (b), for the cathode-treated inﬂuent
samples, the H2O2 concentration followed an order of
G1(51 mM) < G3 (79 mM) < G2 (94 mM), and the bulk solution pH
showed an order G1(10.08) > G2 (10.04) > G3 (9.74). Combing the
disinfection performance, it was presumed that OH was dominant
for cathode disinfection process. In this study, the short hydraulic
residence time (~4.6 s) was not sufﬁcient for H2O2 disinfection (Jin
et al., 2019), implying that H2O2 had few direct effects on bacterial
inactivation. Additionally, OH led to the negative charge of E. coli
(isoelectric point around 4.6 (Huo et al., 2018a)) for the alkaline

The FES assembled with carbonaceous CFFs as the electrodes
was effective for the inactivation of E. coli, wherein the gCFF electrodes (>6 log removal) outperformed the cCFF electrodes (<1 log
removal) at a low operational voltage (3 V) with high ﬂux
(120e3600 L/(m2 h)). The better performance of gCFFs was
attributed to the physiochemical properties of higher conductivity
and chemical stability. The optimization of gCFFs on the physiochemical properties (higher conductivity and surface area) could
achieve higher inactivation, and thus the FES assemble with G1 (>6
log) showed higher log removal of E. coli than G2 (~3 log) and G3
(~1 log) at the ﬂow rate of 30 mL/min.
Furthermore, no regrowth and reactivation of bacteria occurred
during the storage under visible light illumination after FES treatment. The stability of FES assembled with G1 was demonstrated
during the continuous operation for one week (24 h per day, 7 days)
at the applied voltage of 3 V and the ﬂow rate of 20 mL/min. No live
bacteria were detected in the efﬂuent of any of the parallel FESs.
The CFFs electrodes achieved the inactivation dominantly by
direct oxidation on anode rather than the indirect oxidation of
generating oxidative reagents (hydroxyl radical or free chlorine). In
addition, cathode enhanced anode adsorption and oxidation performance by the generation of hydroxide ion to provide alkaline
environment. Therefore, the disinfection mechanism can be the
synergistic effects of adsorption, direct-oxidation and desorption.
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