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Abstract 

The traditional electro-Fenton (EF) has been facing major challenges including 

narrow suitable range of pH and non-reusability of catalyst. To overcome these 

drawbacks we synthesized FeIIFeIII-layered double hydroxide modified carbon felt 

(FeIIFeIII LDH-CF) cathode via in situ solvo-thermal process. Scanning electron 

microscopy/Energy Dispersive X-Ray Spectroscopy (SEM/EDS) mapping and X-ray 

photoelectron spectroscopy (XPS) analysis of FeIIFeIII LDH-CF illustrated the uneven 

distribution of Fe atom and existence of secondary phases such as Fe(OH)3, Fe2O3, 

etc., on the modified cathode. Cyclic voltammetry and linear sweep voltammetry were 

operated to explore the electrochemical characterization of FeIIFeIII LDH-CF cathode. 

The apparent rate constant of decay kinetics of ofloxacin (OFC) in heterogeneous EF 

with FeIIFeIII LDH-CF (0.18 min-1) was more than 3 times higher than that of 

homogeneous EF with 0.1 mM Fe2+ (0.05 min-1) at current density of 9.37 mA cm-2. A 

series of experiments including evolution of solution pH, iron leaching, OFC removal 

with trapping agent (tertiary butyl alcohol) and quantitative detection of •OH were 

conducted to explore the degradation mechanism in heterogeneous EF, demonstrating 

the dominant role of •OH generated by anodic oxidation (BDD(•OH)) and surface 

catalyst (•OH) via FeII/FeIII on LDH cathode for organics degradation, as well 

contributing to high efficiency and good stability at neutral pH. Besides, formation 

and evolution of aromatic intermediates, carboxylic acids and inorganic ions (F–, 

NH4
+ and NO3

–) were identified and followed during OFC mineralization by 

high-performance liquid chromatography (HPLC), gas chromatography–mass 

spectrometry (GC-MS) and ionic chromatography analyses. These findings allowed 

proposing a plausible degradation pathway of OFC by hydroxyl radicals generated in 
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the process.  

 

Keywords: Surface catalysis; Heterogeneous electro-Fenton; FeIIFeIII LDH-CF; 

Ofloxacin; Reusability  

 

1. Introduction 

Presence of pharmaceuticals in the environment became a hot topic due to the 

serious problems caused to environmental safety and human health. Besides, these 

compounds have been detected in wastewater, ground waters and drinking waters at 

various concentrations in the range of μg L-1 to ng L-1 [1, 2]. Among pharmaceuticals, 

antibiotics are largely used since they play an important role in health care and cure 

systems for both human and animals. Ofloxacin (OFC), as one of the most common 

used antibiotic, especially for the cure of pneumonia, gonorrhea, skin infections, 

bronchitis and infections of the prostate, constitutes considerable threat to 

environment due to its extensive occurrence and genotoxic properties [3-5]. On the 

other hand, the conventional wastewater treatment methods are unfortunately 

inefficient in removing antibiotics, in general, and OFC specifically from water [6, 7]. 

As one of the most used eco-friendly electrochemical advanced oxidation 

processes, the electro-Fenton (EF) combining electrochemistry and classical Fenton 

reaction, has drawn much attention due to its environmental friendly character and 

great oxidation/mineralization efficiency against persistent organic pollutants. Indeed, 

this process generates hydroxyl radicals (•OH), a highly strong oxidant species, from 

the reaction between electrochemically produced H2O2 via oxygen reduction reaction 
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(eq. (1)) and externally added catalyst (Fe2+) according to Fenton reaction (eq. (2)). 

Fe2+ consumed in Fenton reaction is then electrochemically regenerated from 

reduction of Fe3+ formed in eq. (2) [8-11]. Thereby, the recycle reaction (eq. (3)) 

between Fe3+ and Fe2+ guarantees the continuous generation of •OH.  

O2 + 2H+ + 2e–  H2O2           (1) 

Fe2+ + H2O2  Fe3+ + OH– + •OH         (2) 

Fe3+ + e–  Fe2+             (3) 

In Fenton reaction and related processes, the optimum pH range is around 3 

(2.8-3.0). Therefore, the solution pH has a great influence on the efficiency of EF 

process. At pH > 4, there is catalyst lost by precipitation under Fe(OH)3, while at low 

pH, H2O2 is protonated to form hydroperoxonium (H3O2
+) ion (eq. (4)), which is less 

reactive with Fe2+ [10] and leads to a decrease in process efficiency.  

H2O2 + H+  H3O2
+            (4) 

Aiming to overcome these drawbacks, heterogeneous EF with natural iron 

containing minerals (goethite, magnetite, pyrite, chalcopyrite, etc.) as solid catalysis 

has been explored for the treatment of wastewater [12-16]. Various iron-containing or 

transition metal oxides as heterogeneous catalysts used alone or effectively combined 

with microporous and mesoporous support materials have also become research 

hotspots, with exhibiting remarkable catalytic activity and good reusability[17-19]. 

However, the use of this kind of solid catalysts involves their separation after 

treatment. On the other side, the complicated preparation routes and operation 

conditions for the synthetic electrode limit the development of practical applications 
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[20, 21]. Besides, leaching of metallic catalyst considered toxic such as Cu or Co has 

detrimental effect on environment during heterogeneous EF process[22]. In addition, 

it turns out that the super ability of contaminants adsorption would weaken the 

catalytic degradation in heterogeneous EF with micro/mesoporous material supporters 

[23]. Therefore, it is a challenge to develop kinds of cost efficient electrodes with 

nontoxic metals as catalyst meanwhile extending the applicable range of pH solution 

in heterogeneous EF process for wastewater treatment. 

Recently, outstanding mineralization of organics have been reported as a result 

of both homogeneous EF and surface catalyzed heterogeneous EF [24]. In this study, 

heterogeneous FeIIFeIII-layered double hydroxide (FeIIFeIII LDH) modified carbon felt 

(CF) cathode was prepared via solvothermal process with deposition of FeIIFeIII. The 

performance of heterogeneous EF with FeIIFeIII LDH-CF cathode was overall 

evaluated and the mechanism of organics mineralization was deeply explored at 

neutral pH solution. Electrochemical characterizations such as cyclic voltammogram 

(CV), linear sweep voltammetry (LSV) and catalytic activity of FeIIFeIII LDH-CF 

were evaluated and compared with unmodified carbon felt cathode. Boron-doped 

diamond (BDD) thin film electrode was chosen as anode because of its high 

oxidation/mineralization power in organic pollutants removal due to the generation of 

high amounts of heterogeneous hydroxyl radicals (BDD(•OH)) (eq. (5)) during the 

process[25, 26].  

BDD + H2O  BDD(•OH) + H+ + e–        (5) 

Heterogeneous EF using BDD/FeIIFeIII LDH-CF was successfully applied to the 
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mineralization of aqueous OFC solution, including mineralization efficiency and 

energy consumption studies and reusability test. Finally, formed oxidation 

intermediates and end-products were analyzed and a plausible mineralization pathway 

for OFC by hydroxyl radicals was proposed. 

 

2. Materials and methods 

2.1. Chemicals 

CF was bought from Alfa Aesar. The chemicals for preparation of FeIIFeIII LDH 

cathode including iron(II) sulfate heptahydrate (FeSO47H2O) (> 99% purity), iron(III) 

nitrate nonahydrate, Fe(NO3)39H2O (98% purity), urea CO(NH2)2 (≥ 99.0 % purity), 

ammonium fluoride (NH4F) (99% purity) were provided by Sigma Aldrich. Analytical 

grade OFC (C18H20FN3O4, CAS no: 82419-36-1, MW: 361.1 g mol-1, 99.9% purity) 

was purchased from Alfa and was chosen as target pollutant without further 

purification. Acetonitrile and phosphoric acid were used as mobile phase of HPLC. 

Potassium titanium (IV) oxalate, dimethyl sulfoxide and 2,4-dinitrophenylhydrazine 

were used for measurement of •OH. Phenanthroline and hydroxylamine hydrochloride 

were used for detection of Fe2+ and total Fe in solution. Tertiary butyl alcohol (TBA) 

was chosen as trapping agent of •OH. Anhydrous sodium sulfate (Na2SO4, 99-100% 

purity) was used as supporting electrolyte in all of the experiments. Experimental 

solutions were prepared with deionized water and solution pH was adjusted with 

H2SO4 (1 M) and NaOH (1 M). 
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2.2. Preparation and characterization of FeIIFeIII LDH–CF electrode 

The FeIIFeIII LDH modified CF cathode was synthesized via in situ 

solvo-thermal process using Teflon lining autoclave containing mixture solution of 

FeSO47H2O (25 mM), Fe(NO3)39H2O (12.5 mM), NH4F (125 mM) and Co(NH2)2 

(0.5 M) and 90 mL deionized water [27, 28]. The CF (4×8 cm2) was pretreated with 

concentrated HNO3, and subsequently cleaned via ultrasonication with acetone, 

ethanol and deionized water successively and then transferred into the Teflon-lined 

autoclave for hydrothermal treatment at about 100 oC. The mass-loading of FeIIFeIII 

was measured from the weight difference before and after the growth and calculated 

to be 0.15 g. 

LSV was used to compare the electrochemical behavior of raw CF and FeIIFeIII 

LDH-CF cathodes with the CHI660D workstation (from Shanghai Chenhua 

Corporation) at a scan rate of 50 mV s-1 in a three-electrode cell system. The raw CF 

or FeIIFeIII LDH-CF cathode was used as the working electrode, respectively, a 

platinum sheet was chosen as the counter electrode and a saturated calomel electrode 

as the reference electrode. The measures were operated at ambient temperature. 

Electroactive surface area is often recognized to be related to the surface 

chemistry of carbon-based electrodes [29-31]. In order to measure the electroactive 

surface areas of FeIIFeIII LDH-CF and unmodified CF cathodes, CV experiments  

were carried out in saturated O2 solution and the calculation was done according to 

Randles-Sevcik equation (eq. (6)) [32, 33] 

1 1 1

5 2 2 2
PI  = 2.69 10 A D  n  υ  C             (6) 
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Where IP is the peak current (A), n is the number of electrons involving in the 

redox reaction (n=1), A is the area of the electrode (cm2), D is the diffusion coefficient 

of the molecule in solution (7.610-6 cm2 s-1), C is the concentration of the probe 

molecule in the bulk solution (110-5 cm3) and v is the scan rate (0.01 V s-1).  

The structure of the synthesized FeIIFeIII LDH-CF cathode was analyzed by 

X-ray photoelectron spectroscopy (XPS) (Krato-ultra DLD, Shimazduo). Surface 

morphology of FeIIFeIII LDH-CF cathode was analyzed by scanning electron 

microscopy (SEM, SHIMADZU SS-550) and energy dispersive X-ray spectroscopy 

(EDS) using instrument GENESIS (from EDAX, China) respectively. 

2.3. Electrochemical cell 

The experiments were carried out in a 250 mL open reactor containing 0.1 mM 

OFC and stirred by magnetic bar in the bottom, meanwhile with aeration at flow rate 

of 0.75 L min-1 to make sure the saturated oxygen condition. All the electrodes had a 

surface area of 4×8 cm2. BDD electrode was used as anode and the prepared FeIIFeIII 

LDH-CF or unmodified CF were used as cathode. 230 mL OFC (0.1 mM) solution 

containing 50 mM Na2SO4 as electrolyte was adjusted to pH 7. All of the experiments 

were carried out triplicate and operated at ambient temperature.  

2.4. Instruments and analytical procedures 

The concentration decay of OFC was monitored by HPLC (U3000, Thermo 

Scientific, USA) on a C18 column (3 μm, 3.0 mm (i.d.), 100 mm) with diode array 

detector (wavelength at 288 nm). The analytical conditions were as follows: the 
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mobile phase was 15% acetonitrile, 1% phosphoric acid and 84% water with a flow 

rate of 0.3 mL min-1. The evolution of TOC of 0.1 mM OFC solution (21.6 mg L-1 

TOC theoretically) during treatment was measured by TOC analyzer (Analytikjena 

multi N/C 3100, Germany) to assess the mineralization rate of OFC in heterogeneous 

EF process, and the mineralization current efficiency (MCE) of OFC solution during 

the electrochemical degradation process was calculated according to following 

equation [34, 35]: 

s exp

7

n F V  Δ(TOC)
MCE(%) =   100

4.32  10 m I t



           (7) 

Where n is the number of electrons consumed per OFC molecule and was taken 

as 74 according to mineralization reaction presented in eq. (8) assuming that the 

majority of N contains in OFC molecule was released as NH4
+ [36], F represents the 

Faraday constant (96485 C mol-1), △(TOC)exp 
 means the TOC decay at t time, Vs is 

the volume of electrolyte solution (L), 4.32×107 represents a conversion factor to 

homogenize units (3600 s h-1 × 12000 mg of C mol-1), I is the current applied (A), t is 

the electrolysis time (h) and m is the number of carbon atoms (18) of OFC. 

C18H20FN3O4 + 32H2O  18CO2 + F– + 3NH4
+ +72H+ + 74 e–    (8) 

Besides, energy consumption (EC) is another parameter should be taken into 

consideration to evaluate the performance of cathode relating the cost effectiveness of 

organics degradation process, which was measured in the unit of kWh energy per g 

TOC removal and calculated as following [37]: 
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t s

U I t
EC = 

(ΔTOC)  V
 

             (9)

 

where U, I, t are the average cell voltage (V), the current applied (A) and the 

electrolysis time (h), respectively and Vs is the solution volume (L). 

Additionally, the concentration of ˙OH generated during the electrochemical 

process was measured from its reacted with dimethyl sulfoxide trapping and 

2,4-dinitrophenylhydrazine reagent forming a kind of corresponding hydrazone 

(HCHO-DNPH), and was quantitatively detected by HPLC described above with a 

diode array detector set at 355 nm [38, 39].  

Besides, the organic intermediate products of OFC degradation in 

heterogeneous EF were identified and detected by GC-MS (Agilent, 7890 A/5975 C, 

USA) with a HP-5MS column (30 m, 0.25 mm × 0.25 μm) and an electrospray 

ionization source with helium gas as the carrier gas at flow rate of 1.0 mL min-1. The 

operation condition of GC-MS was set as: initial column temperature was 55 oC for 3 

min, and increased to 300 oC with 10 oC min-1 and held for 5 min at this temperature.  

Short-chain carboxylic acids formed during the mineralization process were 

identified and detected by HPLC (Agilent, 1260, USA) with a Carbomix H-NP10 

column (6.0 μm, 7.8×300 mm) at wavelength of 210 nm. H2SO4 (0.25 mM) was 

chosen as mobile phase at flow rate of 0.6 mL min-1.  

The concentration of H2O2 was detected via the potassium titanium (IV) oxalate 

method at wavelength of 400 nm with UV-Vis spectrophotometer (UV795 Shanghai 
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Instrument Analysis Co. Ltd). Concentration of Fe2+ leached to the solution was 

determined by spectrophotometric method at 510 nm via its complex with 

phenanhroline and with addition of hydroxylamine hydrochloride for total iron 

detection. 

 

3. Results and discussion 

3.1. Characterization of synthesized FeIIFeIII LDH-CF cathode 

The morphology of prepared FeIIFeIII LDH-CF cathode was observed by SEM 

and the results were shown in Fig. 1. It can be seen that each strand of the CF was 

covered with amounts of formed dense particles of FeIIFeIII LDH, which can be 

observed clearly via the magnified image of Fig. 1(b) and Fig. 1(c). Besides, a small 

part of FeIIFeIII LDH-CF (inset of Fig. 1(b)) was taken out and analyzed by EDS 

mapping test and the scanning result of Fig. 1(f) shows the inhomogeneous 

distribution of Fe atoms on the surface of CF. 

The SEM/EDS results of FeIIFeIII LDH-CF were presented in Figs. 2(a) and 2(b). 

Two sample spots were taken without particles covering. The data analyzed of dots 1 

and 2 show that there are only carbon and oxygen elements exist in these two sites. 

Fig. 2(b) depicted the scanned results of samples with deposited particles on FeIIFeIII 

LDH-CF. The contents of Fe exist in space 1 and 2 were shown as 5.4% and 3.9%, 

which also illustrates the uneven distribution of Fe atom on FeIIFeIII LDH-CF.  

The crystalline phase of modified FeIIFeIII LDH-CF was detected by XRD, and 

the diffraction patterns are shown in Fig. 2(c). Layered structure of hydrotalcite-like 
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phase was represented by diffraction peaks at 2θ values of 6°, 12°, 18° and 22°. 

Distinct peaks between 30° and 55° 2θ indicating the extensive crystal growth. The 

diffraction peaks at 22°, 32° and 35° 2θ corresponding to the existence of secondary 

phases in the modified CF cathode including Fe(OH)3, Fe2O3 and maghemite Fe2O3, 

and 62° 2θ indicates the transformation between Fe(OH)3 and Fe2O3 [24, 40]. Besides, 

the diffraction peaks around 24° and 43° 2θ are ascribed to the carbon content of 

FeIIFeIII LDH-CF [24]. 

XPS presented the chemical composition of raw CF and FeIIFeIII LDH-CF (Fig. 

2(d)) and contents of atoms were showed in Table 1. The atomic carbon content of CF 

significantly decreased after modification with FeIIFeIII LDH, which was only half of 

the raw one. Obviously, the content of Fe2p increased from 0.9% to 34.4%, 

illustrating the successful modification compared to raw CF, as well as the detected 

elements such as Fe (2p3, 2p1) and increasing nitrogen content. Especially, the peaks 

of Fe 2p3, Fe 2p1 around 720 eV and 732 eV, respectively, can be split into Fe 2p3/2 

(711 eV) and Fe 2p1/2 (725 eV).  

 

3.2. Electrochemical characterization of synthesized FeIIFeIII LDH-CF cathode 

LSV of FeIIFeIII LDH-CF and raw CF electrodes were depicted in Fig. 3(a). The 

current density of FeIIFeIII LDH-CF (7.9 mA cm-2) was two times higher of the raw 

CF (3.9 mA cm-2) in O2 saturated solution at a scan rate of 50 mV s-1 with providing 

more potential of accelerating electrons transfer rate during electrochemical oxidation 

process. Also, the CV curves of raw CF and FeIIFeIII LDH-CF cathodes were carried 
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out in 10 mM [Fe(CN)6]
3-/[Fe(CN)6]

4- solution (Fig. 3(b)), and a 2.5-fold increase of 

the peak current was observed on FeIIFeIII LDH-CF, proving much more active sites 

compared to unmodified one. The electroactive surface areas were calculated to be 42 

cm2 (raw CF) and 127 cm2 (FeIIFeIII LDH-CF) according to eq. (6). The 3 times 

improvement of electroactive surface area would contribute to a higher rate of 

electrochemical reactions on the cathode. 

In order to further explore the electrocatalytic activity of modified cathode, a 

series of comparative experiments were operated for the decay kinetics of target 

pollutants OFC (0.1 mM) with raw CF and FeIIFeIII LDH-CF under different current 

densities ranging from 3.12 to 12.5 mA cm-2 (Figs. 3(c) and 3(d)). It should be pointed 

out here, in the homogeneous EF process with raw CF, the concentration of Fe2+ was 

0.1 mM，which was optimized as the most proper concentration of Fe2+ in previous 

study [9], in contrast, no additional iron ion was added in the heterogeneous EF with 

FeIIFeIII LDH-CF. In both cases the removal efficiency and decay kinetics of OFC 

increased with the increasing current density. The results in Fig. 3(c) show that the 

complete disappearance of OFC obtained at 50 min and 60 min with 12.5 mA cm-2 

and 9.37 mA cm-2 in EF with raw CF cathode, while in the heterogeneous EF with 

FeIIFeIII LDH-CF, OFC was completely disappeared at 30 min under same conditions 

of current density (9.37 and 12.5 mA cm-2). What is more, the total disappearance of 

OFC was achieved at 40 min with 6.25 mA cm-2 with FeIIFeIII LDH-CF cathode (Fig. 

3(d)) while it needed 50 min with a current 2-times larger with raw CF cathode (Fig. 

3(c)). The comparative results of apparent rate constant (kapp) values of decay kinetics 
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of OFC in different systems were presented in Table 2. As can be seen from this Table, 

the kapp values in heterogeneous EF with FeIIFeIII LDH-CF cathode were 

approximately 3 times of the results in homogeneous EF with raw CF at current 

density of 3.12, 6.25 and 9.37 mA cm-2, which was in agreement with the 

performances showed in Figs. 3(c) and 3(d), demonstrating again the high efficiency 

of FeIIFeIII LDH-CF cathode for OFC degradation. 

 

3.3. Mineralization performance of FeIIFeIII LDH-CF in heterogeneous EF 

As it is evident, the formation of certain intermediate products would lead to 

various environmental pollutions during the treatment of organics by advanced 

oxidation processes [41, 42]. In this context and aiming to explore the performance of 

heterogeneous EF with FeIIFeIII LDH-CF for in complete mineralization of OFC 

solution, TOC removal experiments were conducted for 8 h and results are depicted in 

Fig. 4. Fig. 4(a) shows that OFC and its intermediate products could be completely 

removed at 8 h electrolysis with current densities of 12.5 mA and 9.37 mA cm-2, while 

TOC removal efficiency was 88% and 71% at 8 h with current densities of 6.25 and 

3.12 mA cm-2, respectively. The inset depicts the evolution of MCE% during the 

mineralization process of OFC solution, which attained their peak values at early 

stage of the mineralization experiment with different current densities. Afterwards, the 

MCE% values kept diminishing with increasing current densities until the end of 

treatment time (8 h). This can be explained by the generation of less easily oxidized 

short-chain carboxylic acids as well as the reduction of concentration of OFC in the 

solution slowing down mass transport rate to BDD anode [9, 43, 44]. Also, it can be 
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observed that the trend of MCE% with increasing current density was opposite to the 

evolution of TOC with obtaining the highest values at 3.12 mA cm-2 because of 

enhancement of the wasting reactions such as H2 evolution at cathode and O2 

generation at anode with high current densities, which also rose the EC during the 

mineralization process (Fig. 4(b)). The EC increased as current density increasing 

from 3.12 to 12.5 mA cm-2, reaching to 0.74, 1.38, 2.05 and 3.16 kWh (g TOC)-1 at 

treatment time of 8 h with current density of 3.12, 6.25, 9.37 and 12.5 mA cm-2, 

respectively. 

Additionally, the comparative experiments of TOC degradation, MCE% and EC 

values evolution in homogeneous EF with raw CF at current density of 9.37 and 12.5 

mA cm-2 were studied and presented in Figs. 4(c) and 4(d). It is evident that the 

performance of TOC removal efficiencies in heterogeneous EF with FeIIFeIII LDH-CF 

were much outstanding compared to homogeneous EF with raw CF. The comparative 

plots of MCE% and EC evolution as the function of electrolysis time also proved the 

cost-efficient characteristic of FeIIFeIII LDH-CF for wastewater treatment. 

 

3.4. Mechanism of OFC mineralization with FeIIFeIII LDH-CF 

During mineralization process of OFC solution in heterogeneous EF with 

FeIIFeIII LDH-CF cathode, the degradation efficiency can be regarded as a combined 

contribution of three parts: i) the anodic oxidation via BDD(•OH) generated at the 

surface of BDD anode (eq. (5)), ii) oxidation by homogeneous •OH generated via the 

reaction of H2O2 with Fe2+ leached from FeIIFeIII LDH-CF (eq. (2)), and 

heterogeneous catalysis process via FeII/FeIII on surface of FeIIFeIII LDH-CF cathode. 



16 
 

Therefore, pH plays an important role in degradation and mineralization of organic 

pollutants, especially in the heterogeneous EF with solid catalysts [45].  

The results of pH evolution and concentration of Fe2+ and total Fe leached in 

solution were detected (with initial solution pH adjusted to 7). The results in Fig. 5(a) 

depict that a sharp decreasing of pH occurred at the early stage of OFC mineralization 

in heterogeneous EF with FeIIFeIII LDH-CF, which can be attributed to the gradual 

formation of carboxylic acids during the mineralization of OFC [10, 25], and then pH 

slowly increased from 4.5 to 4.7. After 4 h treatment of OFC solution, the pH value 

kept constant (pH 4.7) until the end of electrolysis time of 8 h. Meanwhile, the 

concentration of Fe2+ and total Fe leached from FeIIFeIII LDH-CF during 

mineralization of OFC were reported in Fig. 5(b). The results depict that 0.2 mg L-1 

Fe2+ and 0.32 mg L-1 total Fe were detected at treatment time of 8 h, demonstrating 

the non-significant contribution of the effect of Fe2+/Fe3+ catalytic cycle for 

generation of homogeneous •OH in solution.  

Further, the yield of H2O2 generation and quantities of •OH in heterogeneous EF 

with FeIIFeIII LDH-CF and homogeneous EF with raw CF (with addition of 0.1 mM 

Fe2+) were identified at different time at pH 7. The comparative results in Fig. 5(c) 

demonstrate that the amounts of •OH generation in heterogeneous EF with FeIIFeIII 

LDH-CF cathode was much higher than that in homogeneous EF with 0.1mM Fe2+. 

This unexpected high concentration of •OH in heterogeneous EF seems inconsistent to 

the amounts of Fe2+ leaching in solution and the low concentration of H2O2 generation 

on the cathode. The main reason is because of the loss of catalyst by precipitation in 
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homogeneous EF at pH 7, the other can be attributed to the high catalytic activity of 

FeIIFeIII LDH on modified CF cathode with activating H2O2 to •OH for organics 

degradation. 

Inevitably, the anodic oxidation would make contribution to OFC degradation 

[10, 46] with heterogeneous BDD(•OH) formed at the surface of BDD anode [41]. 

Comparatively, FeIIFeIII LDH-CF was replaced by stainless steel, thus eliminating the 

contribution of homogeneous •OH in solution. The results in Fig. 5(d) present that 

degradation efficiency of 52% was attained in AO with stainless steel cathode, 

illustrating that more than 40% contribution to OFC oxidation was made by metal 

oxides catalyzed process in heterogeneous EF with FeIIFeIII LDH-CF cathode. Besides, 

TBA was added into solution as trapping agent of •OH in heterogeneous EF with 

FeIIFeIII LDH-CF cathode at pH 7. The removal efficiency significantly decreased 

from 100% to 34% at 20 min, demonstrating the dominant role of •OH for OFC 

removal. 

According to the analysis above, a mechanism for OFC destruction in 

heterogeneous EF with FeIIFeIII LDH-CF was proposed. The significant removal 

efficiency of heterogeneous EF with FeIIFeIII LDH-CF at pH 7 was mainly due to the 

surface catalyzed process occurring at the solid-liquid interface, avoiding the 

formation of iron hydroxide precipitation at this pH in contrast to homogeneous EF. 

The contribution of •OH to OFC mineralization is mainly from two sources: 

heterogeneous BDD(•OH) via anodic oxidation and surface iron oxides catalysis by 

 FeII/FeIII cycle. The in-situ generated H2O2 on FeIIFeIII LDH-CF could be 
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decomposed to •OH via heterogeneous Fenton reaction according to eq. (10). 

FeIII─OH formed at the cathode surface is then electrochemically reduced to 

FeII─OH ((eq. 11)). FeIII─OH also could directly react with H2O2 to form a kind of 

surface complex product of H2O2 (  FeIII─OH(H2O2)s), which may undergo a 

reversible ground-state electron transfer and to be further activated to FeII─OH (eq. 

(12)-(14)). Therefore, in neutral pH solution, the rate of reaction (14) would be 

accelerated to catalyze the formation of homogeneous •OH via eq. (10) [24, 45] with 

formation of an additional oxidant HO2
• (E° = 1.70 V/SHE); thus providing more 

potential process for the treatment of industrial wastewater at neutral or alkaline pH. 

FeII─OH + H2O2  FeIII─OH + •OH + OH–           (10) 

FeIII─OH + e–  FeII─OH                         (11) 

FeIII─OH + H2O2  FeIII─OH(H2O2)(s)           (12) 

FeIII─OH(H2O2)(s)  FeII─OH(HO2
•)(s) + H+        (13) 

FeII─OH(HO2
•)(s)  FeII─OH + HO2

•               (14) 

 

3.5. Reusability of FeIIFeIII LDH-CF cathode for OFC removal 

Generally, the stability and reusability of FeIIFeIII LDH-CF significantly related 

to the pH of solution. At neutral or alkaline condition, the stability of LDH is hardly 

affected [47]. The results of decay kinetics of OFC and TOC decay for 6 cycles were 

presented in Fig. 6. It is necessary to note that after each experiment the cathode was 

mildly washed and the treated OFC solution was replaced by fresh one. In terms of 
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decay kinetics, the complete degradation of 0.1 mM OFC was always attained in 1 h 

over 6 cycles (Fig. 6(a)), exhibiting excellent stability of the catalytic activity of 

FeIIFeIII LDH-CF cathode for reusability. Similarly, 96% and 95% removal efficiency 

of TOC were obtained for the first two cycles after 6 h, and about 84% of TOC 

degradation efficiency was observed after 6 cycles. The 12% reduction in TOC 

removal efficiency confirms a slight loss of the catalytic activity of FeIIFeIII LDH-CF 

cathode for recycle, which can be attributed to the outstanding stability of LDH 

particles on modified cathode at neutral pH solution.  

 

3.6. Evolution of carboxylic acids and inorganic ions 

The oxidative degradation of OFC and its intermediates along with oxidative 

cleavage of aromatic organics leads to the formation of a variety of short-chain 

carboxylic acids, which have been reported to be resistant to the attack by OH and 

usually need very long time for complete mineralization [37, 48]. The identification of 

carboxylic acids generated during mineralization of OFC solution and their evolution 

in heterogeneous EF with FeIIFeIII LDH-CF cathode at pH 7 are depicted Fig. 7(a). 

Acetic, maleic, formic, fumaric, oxamic and oxalic acids detected at retention time of 

9.3, 10.4, 13.2, 14.5, 15.6 and 15.8 min, respectively. Maleic and formic acids were 

detected at trace level (< 0.05 mM) during the process and were not presented in Fig. 

7(a). All of the carboxylic acids were accumulated quickly at the first stage of 

treatment time, and subsequently their concentration decreased with the increasing 

electrolysis time. With BDD anode, the peak value of oxalic acid concentration (0.27 
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mM) was obtained at approximately 120 min. It is generally regarded as the final 

organic acids before the end of complete mineralization of pollutants and intermediate 

products [9, 49]. Maximum concentrations of acetic (0.11 mM) and oxamic (0.09 mM) 

acids were attained at 60 min. These results are consistent with the results of TOC 

removal Fig. 4(a). 

Generally, the identification and evolution of inorganic ions (corresponding to 

heteroatoms present in mother pollutant) constitute an important reference signal for 

mineralization of organic pollutants. OFC contains F and N atoms that can be 

oxidized to inorganic ions F–, NH4
+, NO2

– and NO3
–. The evolution of F–, NH4

+ and 

NO3
– was presented in Fig. 7(b), while NO2

– was not detected in this study. As can be 

seen, the concentration of F– generated increased rapidly and reached the maximum 

value at the first 2 h, afterwards kept constant along with treatment time until 8 h. The 

quasi-constant quantity of F– (0.1 mM) was in accordance with the theoretical value 

of F atom in OFC molecule. The amounts of NH4
+ detected continuously increased 

with treatment time and attained 0.21 mM at the end of 8 h, whereas the result was 

different in the case of NO3
–. The concentration of NO3

– firstly increased with 

electrolysis time reaching the maximum value of 0.09 mM at 4 h, and then slowly 

diminished until the end of treatment, which was consistent to the results already 

reported [50]. Since the oxamic acid was not detected at 8 h (it is completely removed 

at 4 h), the sum of NH4
+ and NO3

– was calculated as 0.26 mM, reaching 86.7% of the 

total nitrogen contents of 0.3 mM, the maximum concentration of N in initial solution. 

The slight difference can be attributed to the generation of undetected gases (N2, N2O5, 
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NOx) at the cathode via reduction of NO3
– [50, 51]. 

 

3.7. Reaction pathway for the mineralization of OFC during EF with FeIIFeIII 

LDH-CF cathode 

Based on the OFC transformation products (OTPs) detected by HPLC and 

GC-MS (Table 3), a plausible degradation pathway of OFC in heterogeneous EF has 

been proposed as shown in Fig. 8. The carboxyl group of OFC molecule was attacked 

by •OH with generation of OTP 1 (which was not detected in this study, probably 

because of its quick transformation; but has been reported in previous study [52, 53]) 

via decarboxylation reaction, which was in agreement with the results already 

reported. Indeed carboxyl group is prone to the reaction with OH because of its 

negative charge (since OH is an electrophilic species) [54]. OTP 2 was formed from 

cleavage of piperazinyl group via further attack of •OH. Meanwhile, OTP 3 was 

produced via defluorination, which was then further attacked by •OH via breaking of 

piperazinyl ring and causing dealkylation, with the formation of OTP 4. The 

subsequent progressive oxidative degradation undergoes oxidative cleavage of 

aromatic ring, leading to the formation of carboxylic acids (OTP 5-9) before 

completely mineralized to CO2, H2O and inorganic ions (NH4
+ and NO3

–). 

 

4. Conclusions 

In this study, synthesized FeIIFeIII LDH-CF cathode was prepared and its 

performance was tested in EF process at neutral pH without adding Fe2+ (catalyst of 
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conventional EF) for OFC degradation as target pollutant. It was proved that the 

heterogeneous EF with modified cathode could improve the removal efficiency of 

organic pollutant compared to homogeneous EF at pH 7. Complete TOC removal was 

attained at 8 h electrolysis with applied current density of 9.37 mA cm-2. A series of 

designed experiments proved that surface iron oxides catalysis via  FeII/FeIII 

contributes to the significant performance of heterogeneous EF for organics removal 

at pH 7 with great stability. Formation and evolution of short-chain carboxylic acids 

and complete release of inorganic ions during mineralization process confirmed the 

outstanding behavior of FeIIFeIII LDH-CF cathode for effective treatment of water 

containing OFC as organic pollutant at neutral pH conditions. 
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Table captions 

 

 

Table 1: The contents of different elements in raw CF and FeIIFeIII LDH-CF cathodes. 

 

 

 

 

 

 

Table 2: Values of the apparent rate constant, kapp (min-1) for decay kinetics of OFC with raw CF and 

FeIIFeIII LDH-CF cathode.  

 

 

  

Cathode C1 s (%) O1 s (%) N1 s (%) Fe2p (%) 

Raw CF 75.11 23.71 0.27 0.91 

FeII FeIII LDH-CF 39.92 23.91 1.82 34.35 

Cathode   3.12 mA cm-2  6.25 mA cm-2 9.37 mA cm-2  12.5 mA cm-2 

CF (0.1 mM Fe2+)  0.01 0.04 0.05 0.09 

FeII FeIII LDH-CF  0.03 0.11 0.18 0.19 
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Table 3: Intermediate products identified using HPLC and GC-MS analyses during the 

mineralization of OFC in heterogeneous EF with FeIIFeIII LDH-CF cathode: J: 6.25 mA cm-2, pH: 

7, V: 230 mL, [Na2SO4]: 50 mM 

 

Compound Molecular mass 

(g mol-1) 

Molecular structure Retention time 

(min) 

Analytical technique 

 

OTP 2 

 

261 

 

 

20.7 

 

GC-MS 

 

OTP 3 

 

360 

 

21.7 GC-MS 

 

OTP 4 

 

326 

 

25.1 GC-MS 

OTP 5 60 

  

9.3 HPLC 

OTP 6 116 

   

10.4 HPLC 

OTP 7 90 

  

15.8 HPLC 

OTP 8 116 

 

14.5 HPLC 

OTP 9 89 

 

15.6 HPLC 
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Figure captions 

 

Figure 1 SEM images of FeIIFeIII LDH-CF cathode with different resolutions (a-c) 

and SEM-EDS-mapping of FeIIFeIII LDH-CF (d-f). 

 

Figure 2 SEM image and EDS analysis of FeIIFeIII LDH-CF cathode without Fe 

particles (a) and with depositing Fe (b), XRD detection of FeIIFeIII LDH-CF (c), XPS 

characterization of raw CF and FeIIFeIII LDH-CF cathodes (d). 

 

Figure 3 Linear sweep voltammetry (LSV) of the raw CF and FeIIFeIII LDH-CF 

cathodes (a), Cyclic voltammetry (CV) detection of electrocatalytic activity towards 

Fe(III)/Fe(II) redox couple (b), Decay kinetics of OFC with raw CF (c) and FeIIFeIII 

LDH-CF (d) electrodes: [OFC]: 0.1 mM, J: 6.25 mA cm-2, pH: 7, V: 230 mL, 

[Na2SO4]: 50 mM, [Fe2+]: 0.1 mM ( only in EF system with raw CF) 

 

Figure 4 Effect of current density on TOC removal and evolution of EC during OFC 

mineralization in heterogeneous EF with FeIIFeIII LDH-CF cathode (a,b) and 

homogeneous EF with raw CF cathode (c,d) : [OFC]: 0.1 mM, J: 9.37 mA cm-2, pH: 7, 

V: 230 mL, [Na2SO4]: 50 mM. 

 

Figure 5 The evolution of pH (a), amounts of Fe2+ and total Fe leached (b) during the 

process of OFC mineralization in heterogeneous EF with FeIIFeIII LDH-CF, 

comparative amounts of H2O2 generation and detected •OH in homogeneous and 

heterogeneous EF(c), degradation efficiencies of OFC in heterogeneous EF, with 

addition of •OH scavenger (tertiary butyl alcohol, TBA) and anodic oxidation with 

stainless steel (SS) cathode (d): [OFC]: 0.1 mM, J: 6.25 mA cm-2, pH: 7, V: 230 mL, 

[Na2SO4]: 50 mM. 

 

Figure 6 The stability and reusability of FeIIFeIII LDH-CF electrode for the decay 
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kinetics of OFC (a) and TOC removal (b): [OFC]: 0.1 mM, J: 6.25 mA cm-2, pH: 7, V: 

230 mL, [Na2SO4]: 50 mM. 

 

Figure 7 Evolution of carboxylic acids (a) and inorganic ions (b) during the process 

of OFC mineralization in heterogeneous EF with FeIIFeIII LDH-CF: [OFC]: 0.1 mM, J: 

9.37 mA cm-2, pH: 7, V: 230 mL, [Na2SO4]: 50 mM. 

 

Figure 8 Reaction pathway proposed for OFC degradation in heterogeneous EF. 
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Fig. 3 
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Fig. 4 

 

Fig. 4 (d): The point for 0.5 h seems to be wrong. The deviation is very high 

(experimental error!). You can delete this point from the figure. 
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Fig. 5 

 

Fig. 5 (c): unit ? mg per what volume ?, mg / L ? 
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Fig. 6 
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Fig. 7 
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