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ABSTRACT

Electrode fouling is a problem that commonly occurs during electro-oxidation water purification. This
study focused on identifying the fouling behavior of Pt electrode associated with the formation of
polymeric layer during electro-oxidation of phenol. The in situ electrochemical measurements and
non-destructive observation of the electrode morphology were reported. The results demonstrated that
the electrode fouling was highly dependent on thermodynamic process of electrode that was controlled
by anode potential. At anode potential lower than 1.0 V vs SHE, the direct electro-oxidation caused the
electrode fouling by the formation of polymeric film. The fouling layer decreased the
electrochemically active surface area from 8.38 cm” to 1.57 cm”, indicated by the formation of
polymeric film with thickness of 2.3 um, increase in mass growing at a rate of 3.26 pug/cm”/min. The
degree to which the anode was fouled was independent of anion in the electrolyte. In comparison, at
anode potential higher than 2.7 V vs SHE, the anions (e.g., chloride) could exert a major influence to
the behavior of electrode fouling. The presence of chloride was shown to mitigate the fouling of
electrode significantly through preventing the formation of polymeric film by active chlorine (e.g., Cle
and Cl,) produced from anodic oxidation of chloride. Since chloride is the most abundant anionic
species existing in both natural and engineered water system, this study not only offers a deep insight
into the mechanism of electrode fouling, but also suggests strategies for anti-fouling in the presence of
chloride in electro-oxidation process.

© Higher Education Press 2020

1 Introduction

et al., 2020). However, electrode fouling on the anode
surface impedes the practical applications of electroche-
mical oxidation. For example, the electro-oxidation of

Electrochemical oxidation represents a prominent technol-
ogy in the widespread of application of decentralized water
and wastewater purification (Martinez-Huitle and Ferro,
2006; Wang et al., 2020). As electrons play a role of clean
reagent, electrochemical wastewater purification has
become competitive by its efficient and environmentally
compatible process (Tang et al., 2014; Xu et al., 2018; Qi
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organic compounds on a boron-doped diamond (BDD)
electrode leads to a decrease in current decay of more than
80% from the initial 4.1 mA/cm? to the steady-state
0.6 mA/cm? due to the formation of polymeric film on the
electrode surface during long-term operation (Iniesta et al.,
2001).

According to previous reports, the major causes of
electrode fouling are attributed to the electro-oxidation of
phenolic compounds and formation of a passivating film
on the electrode surface (Gattrell and Kirk, 1992; Ferreira
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et al., 2006; Gao and Vecitis, 2012). When using
electrochemical oxidation to treat realistic wastewater
containing similar species such as sulfamethazine (Bar-
houmi et al., 2016), tetrabromobis phenol A (Hou et al.,
2018), tetracycline (Barhoumi et al., 2017), phenacetin
(Xiao and Zhang, 2016) and orange G dye (Almeida et al.,
2015), these compounds can be oxidized to produce
phenolic compounds that potentially trigger electrode
fouling.

In addition to organic pollutants themselves, the anions
(e.g., CI', SO4*) in realistic wastewater at concentration in
a wide range from hundreds (surface water) to thousands
(industrial wastewater) of milligrams per liter may
constitute important factor that affects the electrode
fouling. In electrochemical advanced oxidation process,
oxidation is mainly mediated by active intermediates like
hydroxyl radicals (OH¢) and active chlorine (e.g., Cle, Cl,,
HCIO). So far, a number of studies investigated the
electrode fouling in the inert electrolyte. For example,
Iniesta et al. reported the BDD electrode could be fouled by
electrochemical oxidation of phenol in perchlorate (Iniesta
et al., 2001). Zhi et al. and Chang et al. also demonstrated
the fouling of BDD in the presence of sulfate that proposed
possible reaction pathways for phenol electro-oxidation
(Zhi et al., 2003; Chang et al., 2006). Kawde et al. reported
the influence of glassy carbon electrode surface fouling for
phenolic pollutant determination with phosphate electro-
lyte (Kawde et al., 2013). But there has been few report of
electrode fouling caused by organic pollutants in the
presence of chloride and insight the effect of active
chlorine. Besides that, since the mechanism of electro-
chemical oxidation is controlled by operating parameters
such as current density and anode potential, it will be
highly desirable to identify fouling mechanism under
different electrochemical conditions. Last, challenges
remain in observing the morphology of fouling film on
the anode because the pretreatment procedures may cause
the morphological damage of fouling structure using
scanning electron microscopy (SEM). Therefore, a parti-
cular emphasis should be placed on characterization of
electrode fouling by using in situ electrochemical mea-
surement and microscopy technology.

The present study mainly focused on characterization of
electrode fouling by using in situ electrochemical tests and
nondestructive observation of electrode surface in the
presence of chloride. First, we carried on the electro-
chemical analysis to identify the fouling behavior of Pt
electrode during electro-oxidation of phenol. Second, the
fouling layer on the surface of Pt electrode was identified
qualitatively and quantitatively by using in situ nondes-
tructive surface three-dimensional topographies, electro-
chemical quartz crystal microbalance (EQCM) and Fourier
transform infrared spectroscopy (FTIR) measurement.
Last, the effect of anions on electrode fouling was
discussed during electrochemical indirect oxidation of
phenol. The methods developed here for characterizing

electrode fouling can be extended to other anode materials
not examined here.

2 Materials and methods
2.1 Electrochemical measurements

All the electrochemical measurements were performed
using an electrochemical workstation (CHI 760E, CH
Instruments Inc., China) with a standard three-electrode
system. Experiments were conducted in batch-mode in a
100 mL quartz glass cylindrical electrolytic cell. A Pt foil
electrode and stainless steel were used as working
electrode and counter electrode, respectively, both with
an exposed geometric area of 1 cm? that placed vertically in
the center of the cell. A single-junction saturated Ag/AgCl
electrode was used as the reference electrode. Experiments
used 0.1 mol/L sodium chloride (NaCl, Aladdin Reagent
Company, China) or 0.1 mol/L sodium sulfate (Na,SOy,
Aladdin Reagent Company, China) as background electro-
lyte (pH= 740.4) at 25°C. The fouled Pt electrode was
obtained during electrochemical reacting with 2.0 mmol/L
phenol (C¢HeO, Tianjin Kermel Chemical Reagent Co.
Ltd, China) containing 0.1 mol/L NaCl at 1.0 V vs SHE
within 100 min. The cyclic voltammetry (CV) data was
recorded between 0.0 and 1.0 V vs SHE with a scan rate of
0.1 V/s. The square wave voltammetry (SWV) was
obtained between —0.2 and 1.5 V vs SHE with 25 mV
amplitude and 15 Hz frequency. For electrochemical
impedance spectroscopy (EIS) measurement, the
potential bias was set 1.0 V or 2.7 V vs SHE with a
frequency range of 100 kHz to 0.1 Hz. The in situ
measurements of Pt electrode mass change were conducted
using electrochemical quartz crystal microbalance
(EQCM) (QCA922, Princeton, USA). The schematic of
electrochemical cell using EQCM measurement was
shown in Fig. S1.

2.2 Scanning white-light interferometry for characterization
of fouling layer

The fouling layer on Pt electrode surface was observed and
measured in situ by using a scanning white light
interferometry (SWLI) (NewView 8000, Zygo, USA)
based on light interference patterns from a white-light
source (Xenon). The SWLI integrated the test results of
sub-nanometer film thickness with 3D metrology, and
showed imaging of the same area of sample (e.g., 84 um x
84 pm). The outstanding advantages of SWLI were the in
situ, non-contacting, quantitative measurement that
avoided damage or contamination of the electrode sample.
During the electrochemical oxidation phenol process, the
anode samples were observed every 20 min by using
SWLI. Other analytical methods were shown in detail in
Text S1.
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3 Results and discussion

3.1 Electrochemical analysis of electrode fouling

Initially, the SWV was used to investigate the electrode
fouling process. As shown in Fig. 1(a), there was no
observation of phenol oxidation peak for blank experiment
in the absence of phenol. When the phenol (2.0 mmol/L)
was added after the second scan, a strong oxidation current
(0.47 mA) could be obtained at+1.03 V vs SHE,
indicating direct oxidation of phenol on the electrode
surface. However, the unpolished Pt electrode produced a
current of 0.16 mA, accounting for 66% decline on the
oxidation peak after the uninterrupted third scan. This peak
was shifted slightly to more negative potential (4 0.98 V
vs SHE), likely due to the formation of a non-conductive
passivating layer on the electrode surface. In the absence of
the phenol, re-scanning the same unpolished electrode
resulted in disappearance of the oxidation peak, and a new
peak of 0.28 mA at 0.05 V vs SHE was observed. These
results indicated the formation of stable fouling film on the
electrode surface. The electroactive film was likely to be
responsible for the formation of a new oxidation peak
(Kawde et al., 2013). We further studied the extent to
which the anode was fouled by estimating the electro-
chemically active surface area (ECSA) of Pt electrode
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based on CV (Fig. 1(b)). According to the method shown
in Supporting Information Text S2, the calculations gave
the total charges of 1.76 x 107 C for pristine Pt electrode
(ECSA of 838 cm?) and 3.29 x 10* C for fouled Pt
electrode (ECSA of 1.57 cm?), respectively. The 5.33-fold
decrease in ECSA clearly suggested inactivation of Pt
electrode by fouling layer.

Figure 1(c) shows the chronoamperometric results of
direct oxidation of phenol obtained at potential of 1.0 V vs
SHE. In this case, the impact of NaCl electrolyte appeared
to be slight, as no additional current could be detected after
adding 0.1 mol/L NacCl into supporting electrolyte. On the
contrary, we observed a sharp increase in current up to
4.0 mA upon the addition of phenol (2.0 mmol/L),
followed by a rapid current decay. When we continued
to add phenol, no further increase in current could be
found, indicating that the Pt electrode surface was almost
passivated by fouling layer that prevented electrode from
contacting with phenol. The similar phenomena could also
be observed when Na,SO, was used as electrolyte
(Fig. S2). These results indicated that the anionic species
might not exert a major influence on electrode fouling
controlled by direct electron transfer oxidation at low
potential. We further investigated the electrode fouling
using EIS, the technology being useful particularly for the
fouling film that was non-conductive (Qader et al., 2019).
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Fig. 1 (a) Square wave voltammetry (SWV) measurements in the presence and absence of 2.0 mmol/L phenol in 0.1 mol/L NaCl
supporting electrolyte at pH 6.81+0.5. (b) Cyclic voltammograms (CV) curves of pristine (red line) and fouled (blue line, inset) flat Pt
electrode for ECSA measurement in 0.5 mol/L H,SO, supporting electrolyte. (c) Typical chronoamperometric response of Pt electrode to
step-by-step injection of phenol containing with 0.1 mol/L NaCl (pH 6.8+0.5) at 1.0 V vs SHE. (d) Nyquist plots of Pt electrode after
electrolysis with 2.0 mmol/L phenol in 0.1 mol/L NaCl (pH 6.8+0.5) at 1.0 V vs SHE.
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As shown in Fig. 1(d) and Table 1, the EIS curves for
fouled Pt electrode had two obvious semicircular loops at
high-frequency region (10 MHz) and low-frequency
region (173.2 Hz) that represented charge transfer
resistance and interface resistance, respectively. This result
indicated the formation of a new interface, the fouling layer
deposition with 692.8 Q, between the Pt electrode and
electrolyte (Chen et al., 2008). Compared with the new
electrode (128.4 Q), the increased resistance (564.4 Q) of
fouled electrode indicated the increase in charge-transfer
resistance of electrode/fouled layer/electrolyte interface.

3.2 Characterization of fouling layer by EQCM and SWLI

The CV curves (Fig. 2(a)) of Pt electrode illustrate the
presence of anodic oxidation peak with 10.6 pA current at
approximately + 0.96 V vs SHE on the first cycle, and a
reduction peak was also found at approximately + 0.46 V

vs SHE. To our knowledge, phenol oxidation was an
irreversible process, so the reduction peak should be
contributed to reduction of Pt surface (Juodkazis et al.,
2014). In the subsequent scans, the current finally
decreased to 1.3 pA, accounting for 87% decline on the
oxidation peak, indicating the formation of stable fouling
film on the electrode surface, which was good agreement
with the above SWV results. Meanwhile the disappeared
reduction peak appeared to declare the same result. The
simultaneous mass change responses were recorded by
EQCM in Fig. 2(b). The mass increase observed in each
forward scan was due to Pt surface oxidation and fouling
layer growth, while the mass loss in the backward scan was
associated to oxide reduction and anion desorption (Yang
et al., 2010). For the second to fourth cycle, their potential
and mass variation were similar with in the first cycle
shapes, but the mass variation persistently increased by
2.66 pg with four potential cycles according to Sauerbrey

Table 1 Parameters used for fitting the impedance results for the Pt electrodes

Experimental conditions Rs (Q) Rer () CPE, (uF) Reta (Q) CPE, (uF)
Prisitne Pt electrode 20.38 128.4 102.3 - -
1.0 V (vs SHE) with NaCl 21.12 109 126.2 692.8 235.1
2.7 V (vs SHE) with Na,SO, 27.17 22.5 339 146.1 130.7
2.7 V (vs SHE) with NaCl 25.42 125.8 121.6 - -
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Fig. 2 (a) CV curves and (b) mass change during CV test for 2.0 mmol/L phenol in 0.1 mol/L NaCl supporting electrolyte. (c) Mass
change of Pt electrode during electrolysis of 2.0 mmol/L phenol in 0.1 mol/L NaCl at 1.0 V vs SHE. (d) Schematic illustration of
concentration profile of phenol close to the electrode surface.
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equation (Supporting Information Text S3). Moreover, the
surface mass of Pt electrode (Fig. 2(c)) increased 63.9 ng
during 100 min electrochemical reacting that was a strong
evidence for the fouling layer growth. Figure 2(d) shows
the simplified concentration profile of phenol being close
to the electrode surface. The presence of a fouling layer
could act as a barrier to prevent contact between pollutants
and electrode surface to affect electrochemical oxidation.

To get access to in situ observation of fouling film
growing in Pt electrode surface, we used SWLI to record
the change of morphology of electrode in Fig. 3. SWLI is a
power technique for providing three-dimensional metrol-
ogy of surface with a vertical resolution of 0.01 nm. More
importantly, there is no damage to morphology of the
tested surface because of noncontacting measurement. As
the defect sites on the electrode surface are non-electro-
active (Meng et al., 2017), the thickness of defect sites is
defined as the base plane (6 = 0 nm), against which the
thickness of fouling film (J) growing on the non-defect
surface is measured and recorded. Figure S3 shows the
base plane of defect sites of all the electrode samples with
areas in blue color. With electrolysis of 100 min, the
fouling film was growing gradually on the Pt electrode
surface, indicated by the stepwise increase in surface
roughness and concurrent increase in thickness of film
from 6= 0.41 pm (0-20 min), to 6= 0.56 pm (20—40 min),

0=0.37 um (40-60 min), 6 = 0.57 pm (60—80 min) and
finally 6 = 0.40 pm (80—100 min). This clearly indicated
the deposition of fouling film growing on electrode during
electrolysis. Further electrochemical reaction tended to the
formation of denser and thicker film that uniformly
covered the Pt electrode surface. As shown in Fig. S4,
the thickness of fouling film was positively related to
electrolysis time, reaching the maximum of §=2.31 um at
the end of 100 min. This is in good agreement with the
results obtained from EQCM measurement, accounting for
the increase in mass to m = 63.9 pg on of Pt electrode
(0.196 c¢cm?; Fig. 2(c)). Then the corresponding rate at
which the mass of fouling layer increased (k) was
estimated to be 3.26 pg/cm*/min. Based on 6 =2.31 um,
surface density of 326.0 ug/cm? and geometric anode area
of 1.0 cm? the volumetric density of fouling film on
average could be estimated to be 1.41 g/cm?. This value
appeared to be in line with the density of organic
polyphenol-like substances such as poly tannic acid and
poly pyrogallol whose volumetric density was in the range
of 1.30-1.59 g/cm® (Sousa et al., 2018; Wu et al., 2019).

3.3 Characterization of functional groups of fouling layer
by FTIR

Next, FTIR was used to characterize the functional groups
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Fig. 3 Time course of 3D topographies of Pt electrode surface and surface height curves during electrolysis of 2.0 mmol/L phenol in

0.1 mol/L NaCl electrolyte at 1.0 V vs SHE within 100 min.
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involved in the fouling layer. As illustrated in Fig. 4, the
peak strength of all the functional groups detected was
increased with electrolysis time from 0 min to 100 min,
indicating temporal growth of fouling layer on Pt
electrode. The appearance of quinone groups with a
characteristic C = O vibration at wavelength of 1640—1660
cm™' should be assinged to the polyphenol produced from
direct oxidation or indirect oxidation of phenol by
intermediates (Hawkridge and Pemberton, 2003). The
characteristic peaks at 1579 c¢m™' and 1490 cm!
represented the aromatic C-C stretching vibrations,
corresponding to the polyphenol related to polyester with
the benzene rings contacted by C-C links (Gattrell and
Kirk, 1992). The strong peak located at 1214 cm™
corresponded C-O stretching vibration, indicating that
the polymer was composed of polyphenol because of the
aromatic ether chain structure (EZerskis and Jusys, 2001).
It provided another possibility that structure of polymer. In
addition, the peak found at 834 cm™' was attributed to a C-
H stretching vibration, and peaks at 755 cm™" and 693 cm™!
could be relative to the oxidative intermediate products of
phenol (Volkov et al., 1980) such as pyrocatechol and
hydroquinone. As illustrated schematically in Fig. S5,
when a positive potential is applied, the phenate anions
transfer one electron to anode with the formation of phenol
radicals that can further combine with each other to
generate phenoxy phenol or dihydroxyl benzene (Volkov
etal., 1980; Zhi et al., 2003). It is assumed that both dimers
remain to have the characteristics of phenol to follow the
same oxidation route until the coating layer covers the
anode surface (Iniesta et al., 2001; Ferreira et al., 2006;
Bao et al., 2010).
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Fig. 4 FTIR spectra during electrolysis of 2.0 mmol/L phenol in
0.1 mol/L NacCl electrolyte at 1.0 V vs SHE within 100 min.

3.4 Effect of chloride on electrode fouling

We examined the effect of electrolyte (i.e., NaCl and
Na,S0O,4) on electrode fouling during electrochemical
oxidation at potential of 2.7 V (vs SHE), the potential
sufficiently high for electrolysis of water and chloride. As
shown in Figs. 5(a) and 5(b), the electrode fouling behaved

in a completely different manner for NaCl and Na,SO,
electrolyte. The increased current was seen to be always
related to addition of phenol in the presence of NaCl. On
the contrary, during the electrolysis in the absence of
chloride, the current was found to increase persistently to a
stable level until the third-cycle phenol addition. The
ongoing addition of phenol led to a gradual decrease in the
current from 26.4 mA to 24.4 mA within a time of 400 s
and the Pt electrode was no longer sensitive to concentra-
tion of phenol, suggesting that the electrode surface was
passivated by phenol. The charge-transfer resistance of Pt
electrode was almost unchangeable (125.8 Q; Fig. 5(c) and
Table 1), indicating no formation of fouling film in the
presence of chloride at potential higher than 2.7 V (vs
SHE). In comparison, owing to the absence of chloride, the
interfacial resistance (Rcto) caused by fouling layer was
146.1 Q, a value 13.9% greater than that in the presence of
chloride (Fig. 5(d)). The FTIR spectra also confirmed these
results shown in Fig. S6 because of the difference in
functional groups on anode surface after oxidation in NaCl
and Na,SO,. The two likely explanations for this
discrimination should be the role of the formation of gas
(O, and Cl,) or the production of active species responsible
for damage of polymeric fouling layer formed by
electrochemical polymerization of phenol.

To verify above hypothesis, the role of the formation of
gas was further discussed. The oxygen evolution potential
and chlorine evolution potential of Pt were observed at
1.35 V and 1.42 V (vs SHE) in Fig. S7(a). Thus, the
experiments were conducted at 1.7 V vs SHE that potential
could only produce gas without active species. Figure S7
(b) observed that the results were similar to that of low
potential (1.0 V) direct oxidation, indicating that the
generation of chlorine or oxygen could not effectively
prevent the electrode fouling. This indirectly supported
that active species were responsible for damage of
polymeric fouling layer during indirect oxidation. Further-
more, the XPS analysis was carried out to examine the
surface chemical compositions and valence states of Pt
electrode during electrolysis. As shown in Fig. 6(a), the
strong peaks located at binding energy of 74.8 eVand 71.5
eV was assigned to metallic Pt. Following electrolysis in
NaCl electrolyte, additional characteristic peaks appeared
at binding energy of 72.0 eVand 75.5 eV (Pt*") and a weak
peak at 78.0 eV (Pt*") (Fig. 6(b)) (Li et al., 2013).
Significantly, the characteristic peak of Cl at binding
energy of 199.8 eV was observed on the electrode surface
after repeated cleaning (Fig. 6(c)). The XPS spectra
displayed the similar results in Na,SO, electrolyte except
for chlorine in Fig. S8. This experimentally confirmed the
electrochemical formation of chloride complexes in
chloride-containing electrolyte on the Pt electrode accord-
ing to Egs. (1) and (2) (Li et al., 2011)

Pt +4Cl" —PtCl; +2e
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Fig. 5 Chronoamperometric response of Pt electrode to step-by-step injection of phenol at 2.7 V vs SHE in (a) 0.1 mol/L NaCl and
(b) 0.1 mol/L Na,SO,. Nyquist plots of Pt electrode after electrolysis of 2.0 mmol/L phenol in (¢) 0.1 mol/L NaCl and (d) 0.1 mol/L

Na,SO,4 at 2.7 V vs SHE.

E® = 0.758V(vs.SHE) (1)
Pt + 6Cl" —PtClg + 4e
E° = 0.742V (vs.SHE) )

In comparison, the reaction in chloride-free electrolyte
might be described as Egs. (3) and (4) (Arslan et al., 2005).

Pt + H,O—>PtO + 2H" 4 2e~

E° = 0.98V (vs.SHE) 3)
PtO + H,0—PtO, + 2H" + 2¢~
E° = 1.045V (vs.SHE) 4)

In reality, Pt electrode tended to react with chloride other
than with water, preliminarily due to the lower redox
potential required for chlorine evolution and chlorination.
In addition, the strong adsorption of chloride on the
electrode surface might retard the electrochemical reaction
between water and Pt.

We next examined the active species by using DMPO as
a spin trap agent followed by ESR measurement. As shown
in Fig. 6(d), there was no observation of definable ESR
peak of DMPO-adduct at low potential (1.0 V vs SHE)
with and without chloride, indicating the thermodynamic

impossibility of both oxygen (1.23 V vs SHE) and chlorine
evolution (1.36 V vs SHE). The samples collected from
higher potential (2.7 vs SHE) without chloride yielded
quartet lines with peak strength of 1:2:2:1, which clearly
indicated typical signals of DMPO-OH adduct and thus
OHe formation (Jiang et al, 2016; Lu et al., 2020).
Notably, the seven-line ESR peaks were seen in the
presence of chloride, which provided an experimental
verification for the formation of Cle radicals as the main
intermediate active species (Li et al., 2016). Based on
external standard agent TEMPOL (Fig. S9), OHe and Cle
radicals concentration could be quantified as 43.7 pmol/L
and 40.4 umol/L. According to previous reports, OHe is a
non-selective strong oxidant that reacts with organic
moieties at the rate constants being close to diffusion-
controlled rates (Lee and von Gunten, 2010). However, Cle
belongs to an oxidant that is more selective to react only
with electron-rich moieties via single-electron transfer
oxidation, H-abstraction, addition to unsaturated C-C
bonds, and attacking active sites of organic polymer
(Grebel et al., 2010). Therefore, this may provide the most
likely explanation to the reason why the presence of
chloride ions allow the mitigation of electrode fouling at
higher potential.

3.5 Implications

This study provides a demonstration of electrode fouling in
the solution containing phenol and chloride. The electro-
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Fig. 6 High-resolution XPS spectra of (a) pristine and (b) fouled Pt electrode, and (c) CI 2p after electrolysis of 2.0 mmol/L phenol in
0.1 mol/L NaCl electrolyte at 2.7 V vs SHE. (d) ESR spectra with DMPO serving as trapping agent after 10 min electrolysis.

oxidation of phenol proceeded via direct electron transfer
process in the potential region of water stability (1.0 V vs
SHE) on Pt surface, which resulted in electrode fouling
caused by the formation of polymeric film. The direct
electro-oxidation was found to be less dependent on anions
in the electrolyte. In the presence of chloride, the electrode
fouling caused by direct oxidation could be addressed by
applying higher potential (2.7 V vs SHE) under which the
active chlorine was produced (Cl-). Lower potential
appeared to accelerate the electro-polymerization process
because the generation of phenol radicals was much easier
than that at high potential. Dimer of phenoxy phenol had
the lowest steric hindrance, making it easily couple with
other active species. In reality, the electrode fouling is a
very complex process that may be influenced by several
factors such as the nature of electrode, organic pollutants,
working potential and the type and concentration of
anions. Within this context, this study suggests the macro-
scale mechanisms of electrode fouling, and thus offers a
possibility to optimize operating parameters to prevent the
electrode fouling. In addition to Pt electrode, we also
preliminarily tested Ti4O;, PbO, and Ti/RuO, serving as
anode for electrode fouling research by typical chron-
oamperometric response. As shown in Fig. S10, the
various electrodes may have different current response to
pollutants due to the otherness of internal structure (plate
or porous) or electrochemistry performance. But anyway,

the electrodes always have the trend of being fouled during
the direct oxidation. Therefore, the methodology reported
in this study may be also available for further investigating
the fouling of other types of anode material in electro-
oxidation process to better treating more complex realistic
wastewater.

4 Conclusions

The present study demonstrated the electrode fouling
during electro-oxidation water purification by using in situ
electrochemical measurements and non-destructive obser-
vation of the electrode morphology, and the major
conclusions could be drawn as follows. The electrode
fouling was highly dependent on thermodynamic process
of electrode that was controlled by anode potential. At
anode potential lower than 1.0 V vs SHE, the direct
electro-oxidation caused the electrode fouling by the
formation of polymeric film. The degree to which the
anode was fouled was independent of anion in the
electrolyte. In comparison, at anode potential higher than
2.7 V vs SHE, the anions (e.g., chloride) could exert a
major influence to the behavior of electrode fouling. The
presence of chloride was shown to mitigate the fouling of
electrode significantly through preventing the formation of
polymeric film by active chlorine (e.g., Cl* and Cl,)
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produced from anodic oxidation of chloride. Since chloride
is the most abundant anionic species existing in both
natural and engineered water system, this study not only
offers a deep insight into the mechanism of electrode
fouling, but also suggests strategies for anti-fouling in the
presence of chloride in electro-oxidation process. The
methods developed here are also available for characteriz-
ing the electrode fouling of other anode materials not
examined in this study.
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