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Abstract

A novel electrochemical system with corroding electrode of iron (Fec) inserted 

between boron-doped diamond (BDD) anode and carbon felt (CF) cathode, named

BDD-Fec-CF system, was initially constructed and investigated in the present study. 

In this system, p-nitrophenol (p-NP) degradation was significantly enhanced in a wide 

pH range of 3~11 compared with BDD anode with CF cathode system (BDD-CF) and 

BDD anode with stainless steel (SS) cathode system (BDD-SS), respectively.

Especially under acidic conditions, COD removal efficiency in BDD-Fec-CF system 

was achieved 89.1%, which was only 35.2% in BDD-SS system under the same 

conditions. The excellent performance under acidic conditions was mainly attributed 

to Electro-Fenton reaction. Hydroxyl radicals were formed by reaction between Fe2+

released from Fec electrode and H2O2 generated by dissolved oxygen reduction at CF 

cathode. Under alkaline conditions, flocs were formed to remove p-NP by coagulation 

besides anode oxidation, electro-generated oxidants and Fe(VI) oxidation. The fate of 

Fe ions was examined whose releasing rate was influenced by strength of electronic 

field and pH of solution. Under acidic conditions, Fe2+ released from Fec was oxidized 

into Fe3+ and then was adsorbed and reduced at CF cathode. Under alkaline conditions, 

flocs were formed by reaction between Fe2+ and hydroxyl which came from oxygen 

reduction.

Keywords: Boron-doped Diamond; Corroding Electrode of Iron; p-nitrophenol; 

Electrochemical Oxidation; Electro-Fenton.
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1. Introduction

Electrochemical oxidation has become the most promising technology for 

treating wastewater containing bio-refractory organic pollutants because it is 

environmentally friendly, oxidation efficient, easy to control, and universally applied 

[1-5]. The anode material is a key factor to improve the effectiveness and efficiency 

of an electrochemical oxidation system. Many materials have been investigated

including Pt [6], IrO2 [7], RuO2 [3], PbO2 [8], SnO2 [9] and boron-doped diamond 

(BDD) anodes [2]. Because of several unique technological properties, such as an 

extremely wide potential window, corrosion stability in aggressive media, inert 

surface with low adsorption properties, and strong oxidation capability, the BDD 

anode system has been widely used to treat wastewater containing surfactants, 

herbicides, dyes, and endocrine disrupting chemicals [10-12].

In order to improve the oxidation ability, Electro-Fenton systems have been 

constructed for effective pollutants degradation. The basic principle of a 

Electro-Fenton system is shown below (Eqs. 1 and 2).

O2 + 2 H+ + 2 e- H2O2                  (1)

Fe2+ + H2O2 + H+ Fe3+ + ·OH + H2O (2)

H2O2 is generated in situ by reducing dissolved oxygen on carbonaceous cathode 

materials, such as graphite felt [13], ordered mesoporous carbon [14], carbon 

nanotubes [15], active carbon fiber [16], and carbon felt (CF) [17]. More OH is

expected to be produced in the presence of Fe2+ according to Eq. (2), which 

significantly improves the oxidation ability of the system. Avoiding some limitations 
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of the classical Fenton reaction, such as the risk related to transport and storage of 

H2O2, the Electro-Fenton system with a BDD anode and a CF cathode has been 

successfully applied in organic pollutants degradation. For instance, Isarain-Chavez et 

al. [18] utilized an Electro-Fenton system to degrade the -blocker metoprolol tartrate 

by adding 0.5 mmol Fe2+ and 80% of total organic carbon was removed in 360 min. 

Another study [19] showed that the concentration of sulfachloropyridazine (SCP) was 

reduced from 0.21 mmol to 0 mmol after 40 min during Electro-Fenton degradation of 

SCP after adding 0.2 mmol Fe2+. 

Although the Electro-Fenton systems with a BDD anode and a CF cathode had 

superior performance for bio-refractory organic pollutants degradation, some 

drawbacks have hampered its large-scale application: (i) the pH value of the solution

for this method is very narrow, usually should be controlled at 3. (ii) Fe2+ need to be 

added into Electro-Fenton systems to catalyze H2O2 into OH and the high cost of 

ferrous salts ran up the cost of this method. (iii) A large amount of iron mud is 

inevitably produced. Pignatello et al. [20] reported that Fe(III) oxyhydroxides was 

formed during the Electro-Fenton reaction. Therefore, it is imperative to develop a 

novel way to introduce Fe2+ into the BDD anode system to perform at its best without 

external investment. 

In this study, a novel electrochemical system with BDD anode, CF cathode, and a 

sheet of iron was constructed (BDD-Fec-CF). The iron was defined as corroding

electrode (Fec), which was inserted between the anode and cathode without electronic 

charge connection. Fe2+ can be released into the system under the affection of 
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electronic field and solvent environment. The performance and mechanisms of the 

BDD-Fec-CF system for p-nitrophenol (p-NP) degradation was explored under 

different pH conditions [21]. The oxidation ability of each part in the system such as 

anode, electro-generated oxidants, Electro-Fenton and Fe(VI) was quantified. The fate 

of Fe in the system was also analyzed by evolution of the amount of Fe2+, Fe3+ and 

total Fe under different current densities and pH conditions. Phenolic compounds are 

widely used in metallurgy, petroleum, chemicals, textiles, dye printing, paper making, 

and pharmaceuticals [22-24] and are persistent, highly toxic, non-biodegradable, and 

discharged into the environment without being handled properly [25-27]. Therefore,

p-NP was selected as the model organic compound to be removed by the BDD-Fec-CF

system in this study.

2. Experimental

2.1 Chemicals

All chemicals were analytical grade and purchased from Sigma-Aldrich. Sodium 

sulfate was used as supporting electrolyte. Sulfuric acid and sodium hydroxide were 

used for pH adjustment. Solutions were prepared by ultrapure water obtained from 

Milli-Q Integral system (resistivity > 18 M cm-1) (Millipore Corp. Bedford, MA, 

USA) at room temperature. BDD anode was bought from CONDIAS GmbH (Itzehoe, 

Germany) with a size of 20 mm × 20 mm × 1 mm. Stainless steel (SS) sheet 

(Liduboyi Technologies, Beijing, China) and CF (Sigma-Aldrich) with the same size

were used as cathode, respectively. Iron sheet (Liduboyi Technologies, China) with 

the same size was used as Fes. Before electrolysis, CF electrode was soaked in NaOH 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

(4.5 M) and HCl (5 M) for 10 min respectively and then washed by ultrapure water 

for three times.

2.2 Bulk Electrolysis

Bulk electrolysis of all p-NP was performed in a reactor under galvanostatic 

conditions with the current density of 20 mA cm-2. The bulk electrolysis was 

processed under room temperature (25 ). BDD electrode was used as anode with SS 

and CF used as cathode, respectively. Fec with the same size was inserted between the 

anode and the cathode without electronic charge. The gap between two electrodes was 

set to be 10 mm. The concentration of p-NP was 1 mM, with 0.2 M Na2SO4 used as 

supporting electrolyte. 250 mL solution was stirred with a magnetic stirring bar during 

electrolysis. Samples were collected at each interval time and prepared for analysis. 

2.3 Analytical methods

p-NP was quantified by high performance liquid chromatography (HPLC) 

(Shimadzu Scientific Instruments, Tokyo, Japan) with a ZORBAX SB-C18 analytical 

column (4.6 mm × 250

the mixture of methanol and ultrapure water with ratio of 60%:40% and flow rate was 

controlled at 1 mL min-1. Column temperature was controlled at 25 . The 

wavelength for the UV detector was set to 314 nm for p-NP detection. Chemical 

oxygen demand (COD) was measured by the potassium dichromate titrimetric method 

with a COD digestion instrument (INESA, Shanghai, China) at 150 for 2 h.

Flocs were analyzed by Fourier transform-infrared (FT-IR) spectroscopy 

(VERTEX 70; Bruker, Billerica, MA, USA) and embedded in KBr pellets at a 
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scanning wave range of 4,000~400 cm-1. The X-ray photoelectron spectroscopy (XPS) 

analyses (ESCALAB 250) were performed with an Mg K source (Thermo Scientific, 

Waltham, MA, USA) and recorded in the range of 0~1,300 eV.

Intermediates of p-NP degradation were identified by gas chromatography (GC) 

(Agilent 6890; Agilent Technologies, Palo Alto, CA, USA) and mass spectrometry 

(MS) (Agilent 5973). Separation was achieved by an HP-5MS column (0.25 mm × 30 

as followings: helium was used as carrier gas 

with flow rate of 1 mL min-1; injector temperature was set 280 ; oven temperature 

was initially 40 and kept for 10 min, then increased to 300 by the rate of 5

min-1 and held for 5 min. The effluent from the GC column was connected to the MS.

The spectra were obtained by EI mode with 2,000 eV ionization energy and 35~500 

amu scan for 2 s. The degradation products were identified by comparation with the 

mass spectra library stored in the MS system.

N,N-Dimethyl-p-nitrosoaniline (RNO) was used as a spin trap for hydroxyl 

radicals [18] and it was measured by a UV-vis spectrophotometer (V-750, JASCO, 

Tokyo, Japan) at 440 nm. The volume of electrolyte was 250 mL, which contained 0.2 

M Na2SO4 and 3 × 10-5 M RNO. Electrolysis was performed under room temperature 

(25 ) with constant current density of 20 mA cm-2 for 20 min. The pH value of 

electrolyte solution was adjusted by 5 M H2SO4 and 5 M NaOH, respectively. The 

solution was stirred with a magnetic stir bar.

I-/I2 assays were performed to measure electrogenerated oxidants. The volume of 

electrolyte was 250 mL, which contained 0.2 M Na2SO4. Electrolysis was performed 
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with constant current density of 20 mA cm-2 under room temperature (25 °C) for 20 

min. BDD electrode was used as anode and SS was used as cathode. The gap between 

electrodes was set to be 10 mm. Sample with the volume of 10 mL was collected from 

the electrolysis cell every 5 min. 5 mL of HCl and 10 mL of 0.01 M KI (1:1) were 

added into the sample immediately. After that, the sample was stored in the dark for 

15 min. Finally, 0.005M Na2S2O3 was used to titrate the amount of I2 with the indictor

of starch. The concentration of electrogenerated oxidants (CEO) was calculated using 

the following equation:

2 2
2 3 2 3

2
( )

4

SO S O

EO

sampl e

V C
C mMO

V
(3)

where VS2O3
2- is the volume of Na2S2O3 solution used for titration (in mL), CS2O3

2- is 

the concentration of Na2S2O3 solution (in mM), V sample is the volume of collected 

sample (in mL), and 4 is a factor for charge conservation (1 mol O2 mol-1 e-1 /4 mol S 

2O3
2- e-1)

Fe ions were determined by the ferrozine method. A fuchsia complex was formed 

by Fe2+ and ferrozine (1 mmol), which was detected at 562 nm with a UV-vis 

spectrophotometer. The amount of Fe2+ was determined by the concentration of the 

fuchsia complex. Fe3+ was first reduced to Fe2+ with ascorbic acid and then measured 

by the ferrozine method to calculate the amount of total Fe. Furthermore, the amount 

of Fe3+ can be estimated by the difference between total Fe and Fe2+.
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3. Results and discussion

3.1 p-NP and COD degradation performance

Three systems of BDD anode with SS cathode (BDD-SS), BDD anode with CF 

cathode (BDD-CF) and BDD-Fec-CF were constructed and compared in a wide pH 

range. The pH value was set to be 5.6 (original pH value of p-NP solution), 3 and 11 

with 1 mM p-NP, 0.2 M Na2SO4, and a current density of 20 mA cm-2 for bulk 

electrolysis (Figure 1). 

p-NP removal efficiency was also monitored for 5 h at 0 mA·cm-2 to distinguish

the effect of CF cathode adsorption (Supporting Information Figure S1), which 

demonstrated that adsorption of p-NP on CF cathode was negligible.

[Figure 1]

Figure 1 (a) showed degradation of p-NP under original conditions as a function 

of electrolysis time. p-NP was rapidly removed in BDD-CF and BDD-Fec-CF systems 

in 2 h. However, in BDD-SS system, after 5 h of electrolysis still 8% p-NP was left.

The comparation of COD decrease was shown in Figure 1 (b). Results showed

that after 5 h of electrolysis, COD removal efficiency in BDD-SS system was 53.7%.

However, the removal efficiency was achieved 64.5% in BDD-CF system. The 

promotion was mainly due to generation of H2O2 at CF cathode (Eq. 1) [28].

Furthermore, COD removal efficiency in BDD-Fec-CF system was also improved, 

which reached 68.8% after 5 h electrolysis. The enhancement was mainly due to a 

Fenton-like reaction between Fe2+, which was released from Fec electrode, and H2O2

generated at CF cathode. The Fenton-like reaction occurred under original conditions
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was not as strong as that under acidic conditions, but still had contribution for COD 

decrease [29].

Under acidic conditions of pH 3, p-NP was completely removed in only 1 h in 

BDD-CF and BDD-Fec-CF systems as shown in Figure 1 (c), which was mainly due 

degradation (Eq. 1 and Eq. 2) [30]. Still 10% 

p-NP was left after 5 h electrolysis in BDD-SS system.

89.1% of COD was removed after 5 h electrolysis in BDD-Fec-CF system

(Figure 1 (d)), which improved 20.3% compared with original conditions. In BDD-CF 

system, COD mineralization rate was 68.2% after 5 h electrolysis. Which was similar 

with original conditions. However, in BDD-SS system, only 35.2% of COD was 

removed, which was much lower than that of 53.6% under original conditions. This

phenomenon demonstrated that under acidic conditions BDD anode oxidation of p-NP

was reduced while Fenton reaction significantly enhanced the oxidation ability of the 

system. Current efficiency (CE) of the three systems was also analyzed (Supporting 

information Figure S2). Affected by p-NP concentration, CE decreased along with 

electrolysis time and the highest value was achieved at the first electrolysis hour [31]. 

In BDD-Fec-CF system, the highest value of CE was 79.1%, which was much higher 

than that of 49.8% in BDD-CF system and 32.2% in BDD-SS system.

The behavior of the BDD-Fec-CF system under alkaline conditions (pH=11) was 

investigated with many flocs generated. The removal percentages of p-NP and COD 

were analyzed with flocs dissolved in H2SO4 (5 M) or removed by centrifugation, 

respectively. After 5 h of electrolysis, 99.9% p-NP and 88.5% COD were eliminated 
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with flocs removed by centrifugation (Figure 1 (e) and Figure 1 (f)). When flocs were 

dissolved by H2SO4, COD mineralization decreased to 81.4%, which meant the flocs 

coagulation played an important role on COD removing. However, the mineralization 

rate of COD in the BDD-Fec-CF system with flocs dissolved was still 8.8% higher 

compared with BDD-CF system, in which COD removal percentage achieved 72.6% 

after 5 h electrolysis. The higher mineralization rate of BDD-Fec-CF system was 

mainly due to oxidation by Ferrate (Fe(VI)) formed under alkaline condition. Ferrous 

released from the iron anode can be further oxidized into Fe(VI) under alkaline 

conditions in electrolysis systems, which has strong oxidation ability for organic 

compounds [32]. In BDD-SS system, electrochemical oxidation was only due to BDD 

anode oxidation with the degradation efficiency of p-NP 89.2% and COD 37.4% after 

5 h of electrolysis.

3.2 Degradation contribution identification

Based on the present study, the BDD-Fec-CF system removed organic 

compounds efficiently in a wide pH range with varied degradation mechanisms. The 

anodic oxidation (AO), electro-generated oxidants (EO), Electro-Fenton (EF), 

coagulation, and Fe(VI)-oxidation were observed in the BDD-Fec-CF system under 

original, acidic, and alkaline conditions. In order to identify the contributions of each 

oxidation component, COD removal percentage in different systems was compared 

and used as the index. All the results were shown in Figure 2.

[Figure 2]

First, the contribution of anodic oxidation was identified. In BDD-SS system, 
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COD removal was only due to anode oxidation. At cathode, hydrogen was formed

by hydrogen ions reduction. Therefore, the COD removal percentages by anodic 

oxidation (CODAO = CODBDD-SS) were 53.7% (original conditions), 35.2% (acidic 

conditions), and 37.4% (alkaline conditions), respectively (Figure 2). These results

suggested that the contribution of anodic oxidation for p-NP under the original

conditions was stronger than that under acidic or alkaline conditions, which was

consistent with previous study [33]. 

Second, the oxidation ability of EO was identified by the difference of COD 

removal percentages between BDD-SS and BDD-CF systems. Many kinds of 

oxidants, such as H2O2, were produced at CF cathode. Therefore, both anodic 

oxidation and EO existed in BDD-CF system. The contributions of EO (CODEO =

CODBDD-CF CODBDD-SS) were 10.8% (original conditions), 33% (acidic conditions), 

and 35.2% (alkaline conditions), respectively.

Third, Electro-Fenton oxidation enhanced the oxidation ability in BDD-Fec-CF 

system under original and acidic conditions. However, it was difficult to identify the 

exact quantity of H2O2 attended the Electro-Fenton reaction, especially under original 

conditions [34]. Thus, the difference of COD removal efficiency between 

BDD-Fec-CF system and BDD-CF system didn t represent the Electro-Fenton 

affection, but the improvement for oxidation ability by Electro-Fenton reaction 

(CODEF = CODBDD-Fes-CF CODBDD-CF). The improvement calculated by COD 

decrease were 4.3% (original conditions) and 20.9% (acidic conditions).

Fourth, the contribution of coagulation for COD decrease was identified by 
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comparing the COD removal percentages after flocs centrifugation and dissolution

(CODFlocs = CODflocs centrifuged CODflocs dissolved). The results showed that COD removal 

percentages were 88.5% with flocs centrifugated and 81.4% with flocs dissolved,

which indicated contribution of coagulation for COD removal was 7.1% in

BDD-Fec-CF system under alkaline conditions.

Finally, based the difference of COD removal percentages between BDD-Fec-CF 

system with flocs dissolved (81.4%) and BDD-CF system (72.6%) under alkaline 

conditions, Fe(VI)-oxidation was proposed to be existed in the system. The formation 

and detection for Fe(VI) in electrochemical systems under alkaline conditions have 

been extensively reported before (Eq. (4)), which has been identified as a green

oxidant for drinking water and wastewater treatment [35, 36].

Fe + 8 OH- FeO4
2- + 4 H2O + 6 e- (4)

The contribution of Fe(VI)-oxidation was calculated (CODFe(VI) = CODflocs dissolved

CODBDD-CF) to be 8.8% in BDD-Fes-CF system under alkaline conditions.

In summary, the aforementioned mechanisms of anodic oxidation, 

electro-generated oxidants, Electro-Fenton, coagulation, and Fe(VI)-oxidation in the 

BDD-Fec-CF system were identified and quantified in terms of contributions to COD 

removal percentages in a wide pH range of 3~11(Figure 2). Anodic oxidation was the 

main action under the original conditions due to the strong oxidation ability of the 

BDD anode. The joint actions of Electro-Fenton and electro-generated oxidants also 

had great contribution especially under acidic conditions. The synergies of flocs 

coagulation and Fe(VI)-oxidation enhanced COD removal under alkaline conditions.
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3.3 Electro-generated oxidants and intermediates

The production of OH and electro-generated oxidants in the BDD-Fec-CF 

system were quantified under different pH conditions (Figure 3). Concentration 

of ·OH was analyzed by the RNO method and electro-generated oxidants was 

measured by I-/I2 assays. As shown in Figure 3(a), OH increased gradually with 

electrolysis time under all pH conditions. Especially under acidic conditions, OH

achieved the highest concentration because of the Electro-Fenton reaction. However, 

under original and alkaline conditions, Fenton reaction was hampered and the 

concentration of OH was lower [37]. 

[Figure 3]

Electro-generated oxidants including H2O2 and peroxodisulfates (S2O8
2-) were

also analyzed in BDD-Fec-CF system. S2O8
2- was formed by oxidation of sulfates 

(SO4
2-) at BDD anode, which could be further decomposed into sulfate radicals (SO4

-)

(Eq. (5)) [38]. As shown in Fig 3(b), the concentration of electro-generated oxidants

increased with reaction time under all pH conditions. , the highest 

concentration was still achieved under acidic conditions, which was mainly due to the 

high concentration of H2O2 formed at the CF cathode (Eq. (1)) [39, 40]. A lot of 

oxidants formed under acidic conditions was consistent with the rapid mineralization 

of p-NP in the BDD-Fec-CF system.

Fe2+ + S2O8
2- Fe3++ SO4

2- + SO4
- (5)

Intermediates of p-NP degradation were analyzed by GC-MS (Supporting 

Information Table S1) and the primary degradation pathway was proposed 
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(Supporting Information Figure S3). Hydroquinone and p-benzoquinone were formed

and their formation indicated that carbon atom connected with -NO2 was attacked by 

oxidants first. This result was consistent with previous research which pointed out that 

carbon atom connected with -NO2 had the highest electron density among the benzene 

ring [41]. The concentrations of hydroquinone and p-benzoquinone were analyzed 

during electrolysis by HPLC (Supporting Information Figure S4). As results, their 

concentrations increased first along with the disappearance of p-NP and then they 

were decomposed for further mineralization.

3.4 Fate of Fe ions in the BDD-Fes-CF system

In BDD-Fec-CF system, the behavior of Fe ions can be divided into three steps

under acidic conditions (Figure 4). First, Fe2+ was generated from Fec electrode and 

the releasing rate was influenced by strength of the electric field and pH value of 

solution. Under the effect of electric field, electrons were redistributed in Fec

electrode, which were concentrated towards BDD anode side. At the same time, a 

large amount of H+ was reduced to H2 at the Fec electrode surface when pH of the 

solution was adjusted to 3 (shown in Eq. (6)). Second, Fe2+ was oxidized into Fe3+ by 

dissolved oxygen as reported by Divager (Eq. (7)) [42]. Therefore, both Fe2+ and Fe3+

existed in the solution. Finally, Fe2+ and Fe3+ were absorbed on the CF cathode and 

Fe3+ was reduced to Fe2+ due to its negative charge and large porous surface according 

to Long (Eq. (8)) [43].

[Figure 4]

The concentrations of Fe2+ and Fe3+ at different current densities as a function of 
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electrolysis time were analyzed under acidic conditions (Figure 5 (a) and (b)). Fe2+

and Fe3+ were generated and their concentrations increased with time even without 

current supply because of the reaction of Eq. (6). Concentration of dissolved oxygen 

was saturated during the reaction by stirring with a magnetic stir bar (Supporting 

Information Figure S5), which would oxidize Fe2+ to Fe3+ immediately (Eq. (7)). After 

5 h reaction, the concentration of Fe2+ reached 1.62 mM, whereas that of Fe3+ reached 

3.32 mM. The amount of Fe2+ to Fe3+ both increased with the electric field 

strengthened by increasing current density. When current density increased from 0 to 

20 mA cm-2, concentration of Fe2+ was promoted from 1.62 to 2.19 mM after 5 h 

reaction. In the meantime, Fe3+ accumulated from 3.32 to 4.2 mM in the solution.

Fe + 2 H+ Fe2+ + H2 (6)

4 Fe2+ + O2 + 4 H+ 4 Fe3+ + 2 H2O     (7)

After releasing from Fec electrode, Fe2+ and Fe3+ were not stable in the solution 

and will further reacted with CF cathode. In order to analyze the amount of Fe2+ and 

Fe3+ attached to CF cathode, the cathode was washed with H2SO4 (5 M) and the 

amounts of Fe2+ and Fe3+ were shown in Figure 5(c). Most of the iron ions attached on 

CF cathode were Fe2+ with only a few Fe3+ ions existed, which consisted of the 

reaction shown in Eq. (8). Meanwhile, the amount of iron ions accumulated on CF 

cathode was also related with the current density and their quantity increased with 

increasing current density. After 5 h reaction, the quantity of Fe2+ and Fe3+ were 4.02 

mM and 0.29 mM at the cathode with a current density of 20 mA·cm-2, respectively.

Fe3+ + e- Fe2+ (8)
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The pH of the BDD-Fes-CF system increased along with reaction time, which 

was supported by the consumption of H+ (Eq. (6)). The pH value was also affected by 

the strength of electronic field, which increased with increasing current density at the 

same electrolysis time (Figure 5(d)). This phenomenon agreed with the effect of 

electronic field on Fe2+ releasing. Both Fe2+ and Fe3+ were generated in the 

BDD-Fec-CF system which catalyzed H2O2 into OH (Fenton Reaction).

Consequently, the oxidation capacity of the BDD-Fec-CF system under acidic 

conditions was greatly enhanced.

[Figure 5]

Unexpected, p-NP removal efficiency in BDD-Fec-CF system under alkaline 

conditions was comparable with that under acidic conditions. The efficient 

degradation was mainly due to the generation of flocs. Influenced by electronic field, 

electrons were redistributed and concentrated towards the anode side in Fec (Figure 4). 

Then, O2 was reduced into OH- at the same site (Eq. (9)). Fe(OH)2 was formed by the 

reaction between Fe2+ and OH- as shown in Eq. (10). Furthermore, Fe(OH)3 was 

produced by the reaction of Fe(OH)2 and O2 (Eq. (11)). During the experiment, a thick 

reddish layer of flocs was attached on the side of Fec electrode towards CF cathode. 

These flocs are speculated to be a mixture of Fe(OH)2 and Fe(OH)3.

O2 + 2 H2O + 4 e- 4 OH- (9)

Fe2+ + 2 OH- Fe(OH)2 (10)

4 Fe(OH)2 + O2 + 2 H2O 4 Fe(OH)3 (11)

Besides flocs, Fe(VI), which has been demonstrated to be efficient for 
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mineralizing organic compounds, was also formed in the BDD-Fec-CF system under 

alkaline conditions. Sun et al. [44] used sponge iron as an anode, and the 

electrochemically generated Fe(VI) was capable of degrading more than 70% phenol 

within 45 min at pH 9. However, because of the large surface area of the flocs, most 

of Fe(VI) was adsorbed on the flocs and could not be separated in the BDD-Fec-CF

system. For this reason, the mineralization of Fe(VI) was verified according to the 

difference on COD removal between BDD-Fec-CF system with flocs removed and 

BDD-CF system, which has been discussed in above degradation mechanism section 

(Figure 2).

In order to determine the quantity of iron ions released into the system under 

alkaline conditions, the entire system was soaked in H2SO4 (5 M) solution for 3 h 

after 1 h electrolysis. All of the flocs were dissolved and quantified by the ferrozine 

method. The results showed that almost 12.9 mM iron ions were released after 1 h 

electrolysis without current supply and their concentration grew with current density 

increasing (Figure 6).

[Figure 6]

The flocs that formed during electrolysis process were analyzed by XPS 

(Supporting Information Figure S6) and FT-IR (Supporting Information Figure S7) to 

further confirm their compositions. The two XPS peaks at 725 and 711 eV with a peak 

area ratio of 2:1 were assignable to Fe 2p1/2 and Fe 2p3/2, which was consistent with 

a previous report [45]. It is confirmed that the flocs were mainly composed of iron 

oxides. Other atoms in the flocs, such as C, N, and O, indicated that the flocs also 
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contained aggregations of organic compounds.

The peak of FT-IR spectra at 3,450 cm-1 corresponding to -OH was due to the 

substituent group of -OH on p-NP. The peak at 1,639 cm-1 was a double bond (C=C)

in benzene ring, and the peak at 1,118 cm-1 belonged to C-O in p-NP molecular 

structure. The characteristic peak corresponding to the stretching vibration of the 

Fe O bond was the peak at 618 cm-1. These results confirmed that the flocs were a 

mixture of iron oxides and organic compounds, demonstrating that the flocs 

contributed to organic pollutant removal.

4. Conclusions

The performance of p-NP degradation was significantly improved in 

BDD-Fec-CF system in a wide pH range of 3~11. Under acidic conditions, 

Electro-Fenton reaction between Fe2+ was released from Fec electrode and H2O2 

generated at CF cathode enhanced the oxidation ability. Under alkaline conditions, 

flocs composed by Fe(OH)2 and Fe(OH)3 were formed to remove organic compounds 

by coagulation. The releasing rate of Fe2+ from Fec was influenced by both of strength 

of electronic field and pH of the electrolyte. Joint action of anodic oxidation, 

electro-generated oxidants oxidation, Electro-Fenton reaction under acidic conditions, 

as well as coagulation and Fe(VI)-oxidation under alkaline conditions has improved

p-NP degradation in the BDD-Fec-CF system, which made it more efficient for 

wastewater treatment compared with traditional electrochemical oxidation system.
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Figure Captions:

Figure 1 Evolution of p-NP residual percentage (a), COD residual percentage (b) 

under original pH condition (pH=5.6); evolution of p-NP residual percentage (c), 

COD residual percentage (d) under an acidic pH condition (pH=3); and evolution of 

the p-NP residual percentage (e), COD residual percentage (f) under an alkaline pH 

condition (pH=11) in the BDD-Fec-CF system compared with a traditional 

electrochemical systems (BDD-SS) and (BDD-CF). Initial p-NP concentration: 1 

mmol; electrolyte: 0.2 M Na2SO4; 250 ml; constant current density was 20 mA cm-2.

Figure 2 Oxidation contributions identification for BDD-Fec-CF system by COD 

degradation efficiency under original, acidic and alkaline conditions. AO: anodic 

oxidation; EO: oxidation of electro-generation groups, EF: Electro-Fenton, Fe(VI): 

oxidation by ferrate (Fe(VI)). Flocs: removed by coagulation.

Figure 3 Concentration of OH (a) and other electro-generated oxidants (b) under 

different pH conditions of original (pH=5.6), acidic (pH=3), and alkaline (pH=11) in 

BDD-Fec-CF system. The error bars represent the standard deviation of the three

group of repeated experiments. Electrolyte: 0.2 M Na2SO4; 250 mL; constant current 

density: 20 mA cm-2.

Figure 4 Behavior of Fe ions in BDD-Fec-CF system.

Figure 5 Evolution of Fe2+ concentration (a) and Fe3+ concentration (b) in aqueous 

solution; Fe2+ and Fe3+ absorbed on carbon felt cathode (c) and pH values under 

different current densities with electrolysis time (d) in the BDD-Fec-CF system under 

acidic conditions. Electrolyte: 0.2 M Na2SO4; 250 mL. 

Figure 6 Concentration of total Fe ions in BDD-Fec-CF system under alkaline 

conditions after 1 h of electrolysis under different current densities. Electrolyte: 0.2 M 

Na2SO4; 250 mL.
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