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A B S T R A C T   

Iron electrocoagulation is designed for sustainable high-efficiency and high-flexibility water purification appli-
cations. Recent advances reported that hydroxyl radicals (•OH)-based oxidative transformation of organic 
contaminants can occur in iron electrocoagulation. However, there is still a lack of mechanistic understanding 
the production of •OH in bicarbonate electrolyte, which presents a critical knowledge gap in the optimization of 
iron electrocoagulation technology towards practical application. Combined with contaminant degradation, 
radical quenching experiments, and spectroscopic techniques, we found that •OH was produced at rate of 16.1 
μM•h − 1 during 30-mA iron electrocoagulation in bicarbonate electrolyte through activation of O2 by Fe(II) 
under pH-neutral conditions. High yield of •OH occurred at pH 8.5, likely due to high adsorbed Fe(II) that can 
activate O2 to enhance •OH production. Mössbauer and X-ray photoelectron spectroscopy measurements sub-
stantiated that Fe(II)-adsorbed lepidocrocite was the dominant solid Fe(II) species at pH 8.5. A process-based 
kinetic modeling was developed to describe the dynamic of •OH production, Fe(II) oxidation, and contami-
nant degradation processes in iron electrocoagulation. Findings of this study extend the functionality of elec-
trocoagulation from phase separation to •OH-based advanced oxidation process, which provides a new 
perspective for the development of electrocoagulation-based next generation sustainable water purification 
technology.   

1. Introduction 

Iron electrocoagulation has gained increasing interest in recent years 
for the purification of drinking water, wastewater, and groundwater 
with simple design and operation (Bae et al., 2022; Bicudo et al., 2021; 
Heffron et al., 2019b; Kim et al., 2021; Pan et al., 2017; Tian et al., 
2018). Iron electrocoagulation has long been considered as a phase 
separation technology. Heavy metals (Cao et al., 2017), organics (Zhu 
et al., 2005), and colloids (Hakizimana et al., 2017) were typically found 
to be removed by the mechanisms of adsorption, coprecipitation, 
physical enmeshment, charge neutralization, and complexation. In 
addition, reductive transformation mechanism can also occur in iron 

electrocoagulation for its effective reduction of high-valence heavy 
metals (e.g., Cr(VI)) and organic pollutants (Dubrawski and Mohseni, 
2013; Pan et al., 2016; Patel et al., 2011). 

Oxidative transformation of contaminants has also been increasingly 
recognized in iron electrocoagulation (Bocos et al., 2016; Delaire et al., 
2016; Heffron et al., 2019a; Kim et al., 2021; Tanneru and Chellam, 
2012). By controlling redox conditions (oxic vs anoxic), current, and pH, 
iron electrocoagulation can produce diverse conditions of aqueous Fe(II) 
and a suite of Fe(II)-containing solids (Dubrawski et al., 2015). Such 
species of Fe(II) are important players in reactive oxidizing species 
(ROS, e.g., •O2

− , H2O2, •OH, and Fe(IV)-O) formation under ambient 
conditions (eqs 1‒4) (Bataineh et al., 2012; Fang et al., 2013; Li et al., 
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2021; Qian et al., 2019). 

Fe(II) + O2→Fe(III) + •O2
− (1)  

Fe(II) + •O2
− + 2H+→Fe(III) + H2O2 (2)  

Fe(II) + H2O2→Fe(III) + •OH + OH− (3)  

Fe(II) + H2O2→Fe(IV) − O + H2O (4) 

While the advanced oxidation phenomena have been reported in iron 
electrocoagulation, there is still a lack of mechanistic undsertanding the 
production of reactive oxidizing species, particularly •OH, in the context 
of environmental application. Previous studies applying iron electro-
coagulation have mainly focused on the demonstration of the effect of 
operational variables on contaminant removal performance and the 
production of solid products (Baran et al., 2018; Govindan et al., 2020; 
Maher et al., 2019), and these have not attempted to explore the kinetics 
and mechanims of •OH production. Although our recent work provided 
substantial knowledge on the oxidizing capacity of an iron electro-
coagulation system for organic contaminant transformation, these 
studies were conducted using simple sulfate and chloride-based elec-
trolyte solutions (Qian et al., 2019). To our knowledge iron electro-
coagulation had not previously been revealed for •OH production in 
electrolyte composition containing bicarbonate. Bicarbonate is a major 
anion of groundwater in many locations around the world (Aghazadeh 
and Mogaddam, 2010; Gan et al., 2014; Sappa et al., 2014; Stamatis 
et al., 2006; Sun and Liu, 2010). In addition, bicarbonate has a signifi-
cant impact on the interaction of Fe(II) and O2 (King, 1998). As ex-
pected, the Fe(II)-O2 reactions in iron electrocoagulation play a pivotal 
role in the formation of •OH as their interaction is a prerequisite for •OH 
production (eqs 1‒4). It is foreseeable that the presence of bicarbonate 
could alter Fe(II) speciation and subsequent Fe(II) oxidation and mo-
lecular oxygen activation, affecting the yield of •OH production and 
contaminant transformation. 

Understanding the dynamics of •OH and Fe speciation using direct 
measurements alone is challenging due to rapid rates of •OH and Fe(II) 
oxidation under ambient conditions. Dynamic simulation model is a 
quantitative tool for integrating complex data sets and providing their 
quantitative interpretations in a reaction-based framework (Pham and 
Waite, 2008; Steefel et al., 2005). Previous studies developed a highly 
constrained dynamic model that could identify As(III) oxidation and 
removal mechanism in iron electrocoagulation across a range of oper-
ating conditions (Delaire et al., 2017; Li et al., 2012). Our recent work 
established a kinetic model in an iron electrocoagulation system to 
predict Fe(II) oxidation and •OH production under various experimental 
conditions (Qian et al., 2019). However, these models either consider 
solely dissolved Fe(II) contributing to •OH production or lack the 
state-of-the-art formalisms to cope with contaminant transformation. 

Building on our recent works (Qian et al., 2019; Zhang et al., 2019), 
the objective of this study was to fundamentally investigate the pro-
duction mechanism of •OH in iron electrocoagulation systems in bi-
carbonate electrolyte. In pursuit of this objective, we first examined the 
oxidative transformation of a probe pollutant (i.e., aniline) and quan-
tified the •OH using benzoate as a probe. We then used a combination of 
wet chemistry and spectroscopic techniques to identify the reaction in-
termediates and Fe species generated in iron electrocoagulation at 
different pH. We ultimately developed a process-based kinetic modeling 
to describe •OH production, Fe(II) oxidation, and contaminant degra-
dation processes in iron electrocoagulation. Knowledge gained from this 
study provided important insights into the •OH production in iron 
electrocoagulation, which is critical for predicting contaminant trans-
formation when applying for water purification. 

2. Experimental methods 

2.1. Chemicals 

Aniline (99.5%), 2,2-bipyridine (BPY, 99.5%), N,N‑diethyl-p-phe-
nylenediamine (DPD), benzidine, and p-benzoquinone were purchased 
from Sinopharm Chemical Reagent Co., Ltd, China. Sodium benzoate 
(99.5%), p-aminophenol (98%), and p-hydroxybenzoic acid (p-HBA, 
99%) were bought from Aladdin Biochemical Technology Co., LTD 
(Shanghai, China). Sodium bicarbonate, ferrous sulfate, 1,10-phenan-
throline, and ammonium acetate were provided by Xilong Scientific 
Corporation Ltd (Guangdong, China). Methane (HPLC grade) was pur-
chased from Fisher, Inc. 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), 
peroxidase (POD, 113 units/mg) and ferric nitrate (≥98%) were ob-
tained from Sigma-Aldrich (Shanghai, China). Superoxide dismutase 
(SOD, 2500–7000 U/mg) was provided by Bomei Biotechnology. All 
other chemicals were at least analytic reagents. Deionized (DI) water 
with resistivity of 18.2 MΩ•cm− 1 was used for all experiments. 

2.2. Batch experiments 

Electrocoagulation experiments were performed in an undivided 
700-mL glass cell consisted of two pieces of Fe(0) plate (1.5 × 8.0 cm2, 
99% purity) with a distance of 2.0 cm. The reactor was filled with 
NaHCO3 electrolyte, aniline or sodium benzoate stock solutions to a 
total volume of 500 mL. The selection of 10 mM HCO3

− is to mimic the 
bicarbonate concentrations typical encountered in groundwater condi-
tions (see Table S1). The pH range of 6.5‒8.5 was chosen because it 
encompasses the conditions at various groundwater remediation sites. 
At pH 8.5, 10 mM NaHCO3 was used as a buffer. At pH 6.5 and 7.5, a 
flow of CO2 gas (99%) was bubbled through the solution to maintain the 
constant pH during electrocoagulation experiments. Bubbling of CO2 
had negligible impact on chemical equilibrium of reactions under the 
conditions tested (King, 1998; Li et al., 2012). Aniline (11 μM) and so-
dium benzoate (10 mM) were used as probes for •OH production. The 
resulting solution was vigorously mixed by a magnetic stir bar at a high 
speed of 1000 rpm to improve atmospheric O2 influx and room tem-
perature. All reactors were wraped in aluminum foils to exclude the 
photochemical reactions that might produce ROS. Prior to each exper-
iment, the Fe(0) electrodes were cleaned mechanically and soaked in 
diluted acid to remove any passive film. For oxic experiments, the 
reactor was exposed to air through a hole of 12 mm diameter, and the 
electrolytes were air-equilibrated for at least 30 min before electrolysis. 
For anoxic experiments, N2 (99.999%) was continuously and vigorously 
purged through the solution throughout the electrocoagulation experi-
ments to exclude dissolved oxygen (DO). The electrocoagulation reac-
tion was initiated by appling a constant current of 2.5 mA•cm− 2 to the 
iron electrodes using a DC power supply (GPS-2303C, Taiwan Good-
will). All experiments were operated at least in duplicate. 

2.3. Chemical analysis 

For each samping event, a volume of suspension was removed from 
the reactor and filtered immediately through a 0.22-μm nylon mem-
brane for the quantitation of aniline and its degradation intermediates, 
cumulative concentration of •OH, dissolved Fe(II), and H2O2. Aniline 
and its degradation intermediates were analyzed by a FL2200 HPLC 
(Fuli Instruments) equipped with an UV–Vis detector and an Shimadzu 
InertSustain C18 column (5 μm, 4.6 × 250 mm). The mobile phase was a 
mixture of methanol and water (60:40, v/v) with a flow rate of 1 mL/ 
min and a detection wavelength of 230 nm. Benzoate was a specific 
probe of •OH since the oxidation products were o-, m- and p-HBA, and 
the concentration of p-HBA was proportional to the accumulative •OH 
yield by a conversion factor of 5.87 (Joo et al., 2005; Mopper and Zhou, 
1990; Zhou and Mopper, 1990). The factor was confirmed to be 
appropriate for the iron electrocoagulation systems in our previous work 
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(Qian et al., 2019). The p-HBA concentration was measured by the HPLC 
with the same column at a detection limit of 0.1 μM. The mobile phase 
was a mixture of 0.1% trifluoroacetic acid and acetonitrile (70:30, v/v) 
at a flow rate of 1 mL/min and a detection wavelength of 255 nm. The 
production of •OH was further validated by electro spin resonance (ESR) 
spectrophotometer (JOEL JES-FA200) at room temperature using DMPO 
(100 mM) as the spin trap. The ESR signal was cumulated 3 times to 
improve signal to noise ratio. The operating conditions were as 
following: magnetic field 326 ± 5.0 mT width, field modulation 0.1 mT, 
sweep time 30 s, microwave frequency 9141 MHz. H2O2 was detected by 
a modified N,N‑diethyl-p-phenylenediamine (DPD) method at 551 nm, 
where Fe(II) was screened by 2,2-bipyridine and Fe(III) was complexed 
by EDTA (Katsoyiannis et al., 2008). The detection limit of H2O2 was 0.1 
μM. Total Fe(II) was detected after extracting in 0.5 M HCl for 20‒24 h, 
followed by filtration (Park and Dempsey, 2005). Dissolved and total Fe 
(II) were measured using a ferrozine method at a wavelength of 562 nm 
(Viollier et al., 2000). Adsorbed Fe(II) was obtained from the difference 
between total Fe(II) and dissolved Fe(II) (Park and Dempsey, 2005). DO 
was detected by a portable DO analyzer (Leici JPB-607A, Shanghai). 

2.4. Solid characterization 

Solid samples were collected from suspensions during and after 
electrocoagulation for X-ray powder diffraction (XRD), Transmission 
Electron Microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
and Mössbauer measurements. The suspensions were centrifugated, 
freeze-dried, and then stored in an anoxic glovebox filled with Ar 
(99.999%). XRD spectra was collected on a D8-FOCUS X-ray diffrac-
tometer with Cu Kα radiation (Bruker, German). TEM images were taken 
using a transmission electron microscope under 200 kV (Tecnai G2 F20). 
High-resolution XPS was collected on a PHI 5000 Versaprobe III spec-
trometer (ULVAC-PHI) equipped with a monochromatic Al Kα source 
using a pass energy of 58.7 eV. The binding energy was calibrated using 
the adventitious carbon C 1 s XPS peak at 284.8 eV. Mössbauer spectra 
were collected at 15 K using a conventional spectrometer (Germany, 
Wissel MS-500) equipped with a 57Co(Rh) source in constant accelera-
tion mode. The velocity was calibrated with a 7 μm α-Fe foil. Recoil 
software and Voigt-based models were used for the spectra fitting. 

2.5. Modeling approach 

Numerical modeling was performed using MIN3P, a process-based 
reactive transport code capable of coupling advective-diffusive flow, 
homogeneous and heterogeneous biogeochemical reactions (Mayer 
et al., 2002). The code has been used extensively in chemical species 
transformations, including the investigation of Fe(II)-O2 systems asso-
ciated with contaminant degradation processes (Jeen et al., 2007; 
Masue-Slowey et al., 2011). Additional details of numerical implement 
can be found in the Section I of the Supplementary Materials (SM). 

The complex chemical processes operating within our experiments 
are translated into a chemical reaction network constrained within a set 
of kinetic and equilibrium parameters (Table S2). Reaction #1 describes 
the Fe(II) dosing from Fe anode by Faraday’s law, consistent with pre-
vious modeling studies (Qian et al., 2019). Reactions #2‒4 represent 
dissolved Fe(II) oxidations following the Haber-Weiss mechanism 
(Haber and Weiss, 1932). Although different Fe precipitates coexist, 
only FeOOH is considered to set as main Fe precipitate due to limited 
quantitative information on Fe precipitates, with Reactions #6–7 
referring to previous model studies (Kinsela et al., 2016; Qian et al., 
2019). Adsorbed Fe(II) (“Fe2+-FeOOH”) oxidation is included due to 
adsorption on FeOOH (Reaction #8), and its oxidation is assumed to 
follow the same pattern as dissolved Fe(II) oxidation (Reactions #9‒12) 
(Kinsela et al., 2016). Reaction #13 represents aniline (C6H5NH2) 
degradation to p-benzoquinone (C6H7NO). Finally, benzoate oxidation 
to HBA (Reaction #14) is included. In accordance with the conceptual 
model, 16 aqueous components are required to describe the relevant 

chemical reactions: H+, Na+, CO3
2− , Fe2+, Fe3+, O2(aq), •O2

− , H2O2, •OH, 
FeOOH(aq), FeOOHi, Fe2+-FeOOH, C6H5NH2, C6H7NO, benzoate, HBA, 
and a mineral phase represented by FeOOH(s). On the basis of the 
WATEQ4F (Ball and Nordstrom, 1991) and MINTEQA2 (Allison et al., 
1991) databases, 18 additional aqueous complexes are identified and 
included in the model. Additionally, equilibrium partitioning of O2 and 
CO2 between the gas phase and the aqueous phase is considered in the 
model. 

The chemical reactions (reactions 1‒14, Table S2) are partially or 
fully limited by the availability of substrates, terminal electron accep-
tors, and inhibitors. The traditional linear rate formulation does not 
adequately describe the non-linear effects of chemical species (e.g., 
contamination degradation) (Rittmann and McCarty, 2012). In this 
context, a multiple Monod kinetic expression (eq. (5)) is used to describe 
the rate of chemical species transformations in the reaction network: 

Rk = − kk

∏Nc

j=1;ok,j∕=0

(
CT

j

)ok,j ∏Nc

j=1;Kin
kj>0

Kin
kj

Kin
kj + CT

j

[

1 −
IAPk

Kk

]

, j = 1,Nc (5)  

where Rk [mol L − 1 s − 1] is the rate of kth reaction, Cj
T [mol L − 1] is the 

total concentration for component j. The total concentration terms can 
be envisioned as mass balance equations for the components and they 
implicitly include all equilibrium reactions (i.e.: CT

j = Cc
j +

∑Nx
i=1vx

ijC
x
j ,

j = 1,Nc; Cj
c [mol L − 1] and Ci

x [mol L − 1] are the concentration of the 
components j as species in solution and aqueous complex i, respectively, 
and vx

ij defines the stoichiometric coefficient). ok,j defines the reaction 
orders with respect to the total concentration. Kin

kj is the inhibition 
constant [mol L − 1]. IAPk defines the ion activity product and Kk is the 
equilibrium constant for solid phase dissolution and precipitation. In 
general, all kinetic parameters were based on previous studies, but in 
some cases were calibrated to achieve the observed chemical evolution 
during the batch experiments (Table S2). The changes in the chemical 
species can be described using the following mass balance equation: 

dCT
j

dt
=

∑Nkin

k=1
vkjRk, j = 1,Nc (6)  

where vi,j is the stoichiometric coefficient of species j in reaction k. A set 
of mass balance equations for chemical species are listed in Table S3. On 
the other hand, the equilibrium reactions for aqueous complexation and 
gas dissolution-exsolution can be described by the law of mass action 
and are provided in the Section II and IV of SM. Additionally, all equi-
librium reactions and associated thermodynamic data for aqueous 
components, aqueous complexes, equilibrium gas partitioning with 
water are provided in the Section III (Tables S4‒S5) and Section IV 
(Tables S6) of SM. 

All simulation cases are summarized in the Table S7. The initial 
conditions used for the experiments were used for model simulations 
(Table S8). Model kinetic parameters were either directly constrained by 
previous literature, whenever available, or calibrated using a trial-and- 
error approach. Detailed explanation of calibrated parameters was 
provided in Table S2. Finally, the input and database files, as well as the 
selected output files for kinetic modeling, are provided as files as part of 
the SM. 

3. Results and discussion 

3.1. Identification of hydroxyl radical production in bicarbonate 
electrolyte 

We first investigated the production of •OH by evaluating the 
oxidative transformation of a refractory organic contaminant, aniline, 
by electrocoagulation under the conditions of 10 mM NaHCO3 and pH 
8.5. Note that the electrolysis was performed during the entire 240 min 
at 2.5 mA•cm− 2 (Fig. 1a). We found that 39 ± 1% of aniline was 
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removed in an oxic electrocoagulation system within 240 min (Fig. 1a). 
During the oxic electrocoagulation, O2 from air dissolves spontaneously 
into the solution that could oxidize Fe(II) generated from the anode. DO 
rapidly dropped from initial 8.5 ± 0.2 mg/L to 4.7 ± 0.2 mg/L within 
30 min and then remained stable for the remainder of the experiment 
(Fig. S2). This indicates an equilibrium achieved between the atmo-
spheric O2 influx and consumption of Fe(II) oxidation. In contrast, an 

insignificant abatement (<5%) of aniline was obtained in the anoxic 
electrocoagulation, suggesting the necessity of DO for aniline abatement 
and insignificant adsorption on the precipitates. Control experiments 
indicated that coagulation using Fe(III) salts removed <5% of aniline 
(Fig. 1a), further ruling out the significant contribution of adsorption 
and co-precipitation mechanisms to aniline removal. However, the 
removal percentage of aniline was 8% by Fe(II) dosing, and further 
improved to 22% as the addition divided by 8 times (Fig. 1a). At pH 8.5, 
the rate of Fe(II) oxidation by dissolved oxygen was fast with half-lives 
on the order of few minutes. These results indicated that the reaction of 
Fe(II) with molecular oxygen might be important for aniline removal 
and that the multiple additions of Fe(II) improved the efficiency. HPLC 
analysis suggested more peaks appeared for the aniline degradation 
samples during electrocoagulation compared to initial aniline solution 
(Fig. 1b). A careful inspection of the retention times with standard 
compounds indicated the formation of p-aminophenol, p-benzoquinone, 
and benzidine (Fig. 1b). The formation of these degradation in-
termediates could be recognized as an evidence of •OH attacking 
(Brillas et al., 1998). 

To clarify the nature of reactive oxidants, several probe compounds 
were used to quench the degradation of aniline (Fig. 1c). In addition to 
•OH, interactions between Fe(II) and O2 may produce an array of other 
reactive oxidants that include •O2

− , H2O2, and Fe(IV)-O (Keenan and 
Sedlak, 2008). Quenching experiments have been extensively utilized to 
distinguish the species of dominant reactive oxidants during the oxida-
tion processes (Fang et al., 2013; Keenan and Sedlak, 2008; Maher et al., 
2019; Tong et al., 2014; Wang et al., 2015). SOD has been used as an •O2

−

scavenger in the electrochemical system (Kim et al., 2021; Wang et al., 
2015). However, the inhibitory effect of SOD on the degradation of 
aniline was found to be insignificant (about 19% abatement) during the 
iron electrocoagulation (Fig. 1c). The addition of SOD rapidly catalyzes 
the dismutation of •O2

− into H2O2 and O2 (eq (7)) (McCormick and 
Thomason, 1978). Thus we suggest that •O2

− may not be the main 
oxidant for aniline. 

2 • O−
2 + 2H+ ̅→

SOD H2O2 + O2 (7) 

We also investigated the degradation of aniline in electrocoagulation 
by employing excess 2-propanol and ethanol. Previous studies suggested 
that 2-propanol can be regarded as a selective probe for •OH, while 
ethanol reacts with •OH and Fe(IV)-O to form acetaldehyde (Keenan and 
Sedlak, 2008). Aniline degradation decreased from 39% to 9% in the 
presence of both ethanol and 2-propanol (Fig. 1c), suggesting that the 
main oxidant for aniline was presumably to be •OH. Compared to •OH, 
Fe(IV)-O is a weaker oxidant, as indicated by the lower oxidizing ability 
(standard reduction potential for Fe(IV)-O/Fe(III)= ~2.0 V/SHE versus 
•OH/H2O= 2.8 V/SHE) and lower second-order rate constant for 
organic compounds (k = 8.0 × 101 to 3 × 105 M − 1 s − 1 versus ~109 M 
− 1 s − 1) (Jacobsen et al., 1998; Qian et al., 2019). While Fe(IV)-O was 
reported to be the key reactive species for As(III) oxidation in iron 
electrocoagulation (Li et al., 2012), our recent work provided compel-
ling evidence that organic degradation was most likely induced by •OH 
(Qian et al., 2019). 

To further confirm the •OH production, we used benzoate to quan-
tify the dynamic of •OH produced in iron electrocoagulation. This is 
because oxidation of benzoic acid to p-HBA can be utilized as a probe 
reaction, due to its weak adsorption on Fe precipitates and slow further 
oxidation by •OH (Qian et al., 2019; Zhang et al., 2016). The rate of 
cumulative •OH concentration reached about 16.1 μM•h − 1 at pH 8.5 
(Fig. 2a), which is much higher than the values of 11.2 μM•h − 1 at pH 
7.0 in a NaCl-Na2SO4 electrolyte (Qian et al., 2019). Interestingly, the 
cumulative •OH was well correlated with the degradation of aniline 
(R2=0.90, Fig. 2b), corroborating the domination of •OH for aniline 
degradation. As a complement to •OH measurements, ESR/DMPO spin 
trapping experiments provided further evidence supporting the pro-
duction of •OH during iron electrocoagulation, as the ESR spectrums 

Fig. 1. (a) Time course results of the proportion of aqueous aniline remaining 
in the reactor during oxic electrocoagulation (EC), anoxic EC, 250 mg/L Fe(II) 
as FeSO4 dosing by one time or 8 times, and 250 mg/L Fe(III) coagulation, 
respectively. (b) Multiple HPLC peaks during the oxic EC, where three products 
were identified to be p-aminophenol, p-benzoquinone, and benzidine. (c) 
Quenching experiments with SOD (25–70 U/mL), ethanol or 2-propanol (both 
100 mM) during the oxic EC. Experimental conditions unless specified: pH =
8.5, [NaHCO3] = 10 mM, [aniline]0 = 11 μM, and I = 2.5 mA•cm− 2 during the 
240-min iron electrocoagulation. 
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showed 1:2:2:1 characteristic peak of DMPO–OH (hyperfine couplings 
αN=αH=14.9) that was in line with the spectra of the Fenton reaction 
(Fig. 2c). 

3.2. Mechanism of hydroxyl radical production 

(a) Role of H2O2. Theoretically, H2O2 may be produced through 
either two-electron dioxygen reduction (O2 → H2O2) on cathode (Kim 
et al., 2021) or one-electron molecular oxygen activation (consecutive 
one-electron transfer: O2 → •O2− → H2O2) pathways (Wang et al., 
2015). To distinguish the relative contribution of these pathways, the 
anode chamber and cathode chamber were separated by a salt bridge in 
a divided electrocoagulation system (Fig. S3). Results illustrated that no 
H2O2 detected in the cathode chamber, while the instantaneous H2O2 
concentration increased to approximately 1.4 μM at 3 h in the anode 
chamber (Fig. 3). These observations demonstrated that one-electron 
molecular oxygen activation pathway was the main source of H2O2 
during iron electrocoagulation. As one of the ROS generated from the Fe 
(II)-O2 reactions, H2O2 itself could not oxidize aniline (Fig. S4) but 
acting as one of the key intermediates for •OH production in the iron 
electrocoagulation system. 

(b) Effect of pH. It has been reported that the production of •OH in 
the reaction of Fe(II) species with O2 and the subsequent organic 
oxidation strongly depend on solution pH (Katsoyiannis et al., 2008). We 
thus examined the influence of pH on aniline degradation, •OH pro-
duction, and Fe(II) species. We interestingly found that the removal of 
aniline after 240 min reaction was increased from 19% to 24% and to 
39% as the solution pH increased from 6.5 to 7.5 and to 8.5, respectively 
(Fig. S5). We chose the low-end (pH 6.5) and high-end (pH 8.5) condi-
tions to explore the mechanism of •OH production. The observation of 
aniline oxidation was quantitatively consistent with the production of 
•OH, as shown in Fig. 4a, where cumulative •OH at pH 8.5 was almost 
double of that at pH 6.5. Similar to our observations, previous studies 
also found that the greater oxidation efficiency of As(III) and Mn(II) 
occurred at pH 8.5 compared to 6.5 during iron electrocoagulation in 
bicarbonate electrolytes (Li et al., 2012; van Genuchten and Pena, 
2017). However, a decrease of •OH yield was reported in the homoge-
neous Fenton reaction as the solution pH was increased from 7.0 to 8.0 
(Qian et al., 2019). These observations may reflect the different gener-
ation mechanism of reactive oxidants. The effect of bicarbonate on the 
Fe(II) oxidation and •OH production during iron electrocoagulation will 
be dissucussed later. 

Fig. 2. (a) Cumulative •OH during the oxic electrocoagulation (EC) and anoxic 
EC. (b) Relationship between cumulative •OH and aniline abatement. (c) ESR 
spectra during the iron EC in the presence of 100 mM DMPO. Experimental 
conditions unless specified: pH = 8.5, [NaHCO3] = 10 mM, [benzoate]0 = 10 
mM, and I = 2.5 mA•cm− 2 during the 240-min iron electrocoagulation. 

Fig. 3. Production of H2O2 in anode and cathode chamber during the divided 
electrocoagulation tests. Two cells containing 500 mL NaHCO3 (10 mM) were 
used as the anode chamber and cathode chamber, which connected by a salt 
bridge prepared by 2% agar in saturated K2SO4. A constant current of 2.5 
mA•cm− 2 was applied during the test. The pH was controlled at 8.5 in 
both chambers. 
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The dissolved Fe(II) concentration was increased to 8.3 mg/L within 
30 min and then gradually decreased to 0.8 mg/L at pH 6.5, whereas 
essentially no Fe remained as dissolved Fe(II) (detection limit <0.03 
mg/L) for all samples at pH 8.5 (Fig. 4b). In stark contrast, the adsorbed 
Fe(II) at pH 8.5 inceased to 5.3‒7.1 mg/L after 30 min, almost double of 
that at pH 6.5 (Fig. 4c). During the iron electrocoagulation, oxidation of 
Fe2+ produced from the iron anode led to the formation of Fe(III)- 
oxyhydroxides (e.g., α and γ-FeOOH). At pH 6.5, the dissolved Fe(II) 
accumulated initially and then decreased in the later period due to 
accelerated oxidation by FeOOH (Tamura et al., 1980; Tanneru and 
Chellam, 2012). At pH 8.5, the oxidation of Fe(II) in bicarbonate solu-
tion was fast with a half-life of about 1 min (Kim et al., 2021; King, 1998; 
Millero et al., 1987). The fast rate of Fe(II) adsorption on FeOOH 
resulted in the undetectable Fe2+ in the solution at pH 8.5 (Liger et al., 
1999; Vikesland and Valentine, 2002). Since the oxidation rate of 
adsorbed Fe(II) increased with increasing FeOOH concentration 
(Tamura et al., 1980), the fast Fe(II) oxidation limited its accumulation 
on the surface of FeOOH in the later stage of the reactions. 

Fig. 4d illustrated a linear correlation between the cumulative •OH 
and oxidized Fe(II) at both pH 6.5 and 8.5. As expected, the correlation 
slope at pH 6.5 (8.1 ± 0.1 μM •OH per mM Fe) was much lower than that 
at pH 8.5 (14.7 ± 1.8 μM •OH per mM Fe). The slope at pH 8.5 indicates 
the yield of 14.7 μM •OH upon oxygenation of 1 mM Fe(II). This value is 
higher than previous electrocoagulation systems using Na2SO4–NaCl as 
electrolyte, showing a correlation slope of 10.7 at pH 7.0 (Qian et al., 
2019). Further comparison shows that the yield of •OH upon Fe(II) 
oxygenation reported in our study is similar to prior studies using 
reduced clay minerals under pH-neutral conditions (Cheng et al., 2016; 
Yuan et al., 2018), pointing to the critical role of Fe(II) oxidation for •OH 
production in the iron electrocoagulation systems. 

(c) Effet of bicarbonate. To reveal the role of bicarbonate, the gen-
eration of •OH in different electrolytes (NaHCO3, Na2SO4, NaCl) was 
explored (Fig. 5a). For the three electrolytes, the order of •OH 

production was NaHCO3 > Na2SO4 ≈ NaCl. The most striking result was 
that more than twice as high •OH production in NaHCO3 compared to 
those in Na2SO4 and NaCl at pH 8.5. Consistent with the production of 
•OH, great promotion of aniline removal was also observed for the bi-
carbonate electrolyte (Fig. S7). Such high •OH production in bicar-
bonate may be attributed to the enhanced oxidation and surface 
complexation of Fe(II) by carbonate. As shown in Fig. S8a, the main 
specie of Fe(II) was Fe2+ at pH 6.5, while the dominated Fe(II) species 
included Fe(CO3)(aq), Fe(CO3)(OH)− , and Fe(CO3)2

2− at pH 8.5. For 
comparison, Fe2+ dominated the Fe(II) species across the pH range of 
6.5‒8.5 for Na2SO4 and NaCl electrolytes (Figs. S8b-c). The rate of Fe(II) 
oxidation by molecular oxygen can be boosted by the complexation of 
carbonate, as the estimated rate constants follow k(Fe(CO3)2

2− ) > k(Fe 
(CO3)(OH)− ) > k(FeOH+) > k(Fe2+) (King, 1998; Pham and Waite, 
2008). This notion is further supported by the low dissolved Fe2+ con-
centrations observed in bicarbonate electrolyte compared to Na2SO4 and 
NaCl electrolytes (Fig. 5b). At a high pH, Fe(II) oxidation rate was 
predominantly controlled by the oxidation of Fe(CO3)2

2- and Fe(CO3) 
(OH)− (Pham and Waite, 2008). It has been reported that the high 
reactivity of Fe(CO3)2

2− facilitated the electron transfer from Fe(II) to O2 
(Caldeira et al., 2010; Pham and Waite, 2008). Furthermore, the car-
bonate species can cover a large fraction of sorption sites on FeOOH, and 
the coverage increased with increasing pH from 6 to 9 (Appelo et al., 
2002; Villalobos and Leckie, 2001). The enrichment of carbonate 
decreased the surface charge of FeOOH (Evans et al., 1979), which could 
enhance the sorption of Fe(II) by the formation of Fe(II)-carbonate 
ternary complexes on FeOOH solids (Vikesland and Valentine, 2002). 
Thus, the formation of high reactive adsorbed Fe(II)-carbonate com-
plexes might contribute to the high yields of •OH in bicarbonate elec-
trolyte at pH 8.5. 

(d) Characterization of iron solid species. Recent advances proposed 
that the adsorbed Fe(II) on FeOOH solids could be an important mo-
lecular oxygen activation pathway for •OH production (Qian et al., 

Fig. 4. (a) Cumulative •OH, variations of (b) dissolved Fe(II) (Fe(II)diss) and (c) adsorbed Fe(II) (Fe(II)ads), and (d) relationship between cumulative •OH and 
oxidized Fe(II) at pH 6.5 and 8.5 during the iron electrocoagulation process. Experimental conditions: [BA]0 = 10 mM, [NaHCO3] = 10 mM, and I = 2.5 mA•cm− 2 

during the 240-min iron electrocoagulation. pH variation during the electrolysis was controlled within 0.1 units (Fig. S6). 
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2019). To confirm the presence of adsorbed Fe(II) in our study, the solid 
Fe particles formed during electrocoagulation was characterized by 
XRD, TEM, Mössbauer, and XPS. XRD patterns showed that the domi-
nant iron minerals formed at pH 8.5 was lepidocrocite (Fig. S9), 
consistent with our previous study at comparable conditions (Pan et al., 
2017). TEM images exhibited a “hedgehog-like” structure that was 
similar to lepidocrocite formed at pH 8.5 in bicarbonate electrolyte 
(Fig. S10). Mössbauer spectra collected at pH 6.5 (Fig. 6a) exhibited a 
prominent Fe(III) sextet consistent with goethite (Latta et al., 2012), 
which suggests a thorough oxidation of Fe(II) in the precipitates 
(Dubrawski et al., 2015; Govindan et al., 2020). For the solid samples 
collected at pH 8.5, however, deconvoluting the Mössbauer spectra only 
lead to a new Fe(III) sextet (Table S9), as reflected by center shift (CS=
0.50 mm/s), hyperfine field (H = 43.1 T), and a broad collapsed feature 
(CS= 0.65 mm/s, H = 29.5 T) (Fig. 6b). The Fe(III) sextet, which was 
comprised of 55% of the total area, could be assigned to lepidocrocite 
(Cheng et al., 2020), in coincidence with the XRD measurements 
(Fig. S9). Comparison of the collapsed feature parameter (CS= 0.65 
mm/s) with previous reports in the reference (Notini et al., 2018) sug-
gested that the collapsed feature was possibly due to the presence of 
adsorbed Fe(II). 

To gain further insights into the surface Fe(II) species, XPS was used 
to indentify the iron oxides generated during the iron electrocoagulation 
at pH 6.5 and 8.5. As shown in Fig. 6c and Fig. S11, the Fe 2p3/2 spectra 
of pH 8.5 and pH 6.5 both had a board peak near 711.0 eV, suggesting 

mainly surface Fe(III) species (Qiu et al., 2017). Based on the results of 
Mössbauer spectra, surface Fe(III) species were fitted by goethite 
(α-FeOOH) and lepidocrocite (γ-FeOOH) with multiple peak structures 
in the Fe 2p3/2 spectra of pH 8.5 and pH 6.5, respectively (Biesinger 
et al., 2011). In addition, two peaks at 708.3 eV and 709.3 eV (full wide 
at half maximum (FWHM) value of both 1.2 eV) were figured out in the 
Fe 2p3/2 spectra, which could be assigned to a Fe(II)-O specie (Grosve-
nor et al., 2004; McIntyre and Zetaruk, 1977). The O 1 s spectra 
collected at pH 8.5 was fitted well by two peaks at 530.0 eV and 531.5 
eV (Fig. 6d), ascribed to lattice oxygen binding with Fe (Fe-O) and O–H 
bonding, respectively (Ai et al., 2013; McIntyre and Zetaruk, 1977). The 
content of Fe(II)-O specie from the 60 min sample collected at pH 8.5 
(9.1%) was almost double of that at pH 6.5 (4.7%) in Fe 2p3/2 spectra 
(Table S10). Similarly, much higher precentage of Fe-O specie was 
observed for sample collected at pH 8.5 in O 1 s spectra (Tables S11). 
The C 1 s spectra showed a higher peak at 288.9 eV for sample collected 
at pH 8.5 compared to pH 6.5 (Fig. S12), suggesting a higher content of 
-CO3 species on the surface (Heuer and Stubbins, 1999). These obser-
vations corroborated the surface complexation of Fe(II) and carbonate 
on FeOOH. Taken together, both Mössbauer and XPS measurements 
provided direct evidence for the dominant of adsorbed Fe(II) at pH 8.5 
during the iron electrocoagulation process. We expected that the acti-
vation of O2 by Fe(II) adsorbed on FeOOH may be a pivotal mechanism 
responsible for •OH production in the iron electrocoagulation systems, 
which is supported by our recent work showing that 
lepidocrocite-sorbed Fe(II) particles dominated •OH production using 
NaCl-Na2SO4 electrolytes in iron electrocoagulation (Qian et al., 2019). 

3.3. Process-based kinetic modeling 

According to the above mechanisms uncovered for •OH production, 
a process-based kinetic modeling was further used to provide additional 
insights into the dynamic processes affecting chemical species trans-
formation. First, the kinetic model was evaluated for the dynamics of Fe 
(II) oxidation and •OH production in iron electrocoagulation. Simula-
tion results were overall matched with the observed results for •OH, 
dissolved Fe(II), and adsorbed Fe(II) at pH 6.5 and 8.5 (Figs. 4a-c). 
Among the reaction networks, the steps for one-electron transfer to yield 
superoxide (Reactions #2 and #9 in Table S2) were identified as the 
rate-limiting step (Pham and Waite, 2008; Qian et al., 2019), so the rate 
constants (k2 and k9) were the slowest. The k2 (0.25 M − 1s− 1) was higher 
than the value reported in sulfate and chloride system (Qian et al., 
2019), which further suggests the acceleration of Fe(II) oxidation in the 
presence of bicarbonate. In addition, the rate constants of k2, k3, k4, k5, 
k9, k10, k11, and k12 were higher at pH 8.5 than that at pH 6.5, which is 
consistent with the high oxidation rate of Fe(II) observed at high pH. 

To further investigate the relative contributions of dissolved Fe(II) 
and adsorbed Fe(II) to •OH and other possible reactive oxidants (i.e.: 
H2O2 and •O2

− ) production at different pH conditions, a system mass 
balance was performed. Simulation results showed that adsorbed Fe(II) 
was the predominant contributor to reactive oxidants production at 
different pH conditions. At pH 6.5 and 8.5, the adsorbed Fe(II) 
contributed 82.7% and 87.4% of •OH production, respectively, while 
the dissolved Fe(II) contributed slightly (Fig. S13). Additionally, 
adsorbed Fe(II) at pH 8.5 contributed to •OH production more than that 
at pH 6.5. These results also suggest that adsorbed Fe(II) oxidation was 
predominant at a high pH with progressive adsorbed Fe(II) generation in 
iron electrocoagulation. Taken together, model simulations confirmed 
that •OH can be produced through Fe(II) oxygenation, which is 
consistent with experimental observations that adsorbed Fe(II) oxida-
tion contributed to •OH production under conditions tested. 

The developed kinetic model also provides insight into aniline 
degradation. As the first step, we performed a simulation of aniline 
degradation that did not consider a competitive effect of bicarbonate. 
The model failed to capture the aniline concentrations over the entire 
simulation period (data not shown). Alternatively, we considered a new 

Fig. 5. (a) Cumulative •OH and (b) variations of dissolved Fe(II) (Fe(II)diss) in 
different electrolyte during the iron electrocoagulation process. Please note that 
the data of cumulative •OH obtained in Na2SO4 electrolyte at pH 6.5 was 
overlapped with that in NaCl electrolyte at pH 8.5. Experimental conditions 
unless specified: [BA]0 = 10 mM, pH = 8.5 or 6.5, and I = 2.5 mA•cm− 2 during 
the 240-min iron electrocoagulation. 
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degradation formulation by adding a CO3
2− competition term into the 

rate expression of aniline (equation 8 in Table S3). Fig. 1a clearly shows 
a good agreement between the observed and simulated results for ani-
line degradation, suggesting the improvement of the model’s capability 
to simulate the observed aniline concentrations. Although high con-
centration of bicarbonate competes with contaminants for the •OH, our 
observation also showed promotion of •OH production by bicarbonate. 
The combination effect still enabled the treatment efficiency in bicar-
bonate electrolyte higher than other systems (Fig. S7). We acknowledge 
that the introduction of a CO3

2− competition term may not adequately 
describe the compex effect of bicarbonate. Future modeling studies 
could address additional complexity by considering a more detailed 
chemical reaction network and identifying controlling effects (i.e., 
promotion and competition effects). 

4. Conclusion 

This study to our knowledge is the first to provide new mechanism 
evidence for the presence of advanced oxidation phenomena during the 
treatment of organic pollutants in iron electrocoagulation using bicar-
bonate electrolyte. We demonstrated that organic pollutant could be 
oxidized by •OH generated through activation of O2 during iron elec-
trocoagulation in bicarbonate electrolyte at pH 6.5‒8.5. High oxidizing 
capacity of iron electrocoagulation occurred at pH 8.5 in bicarbonate. 
The production of •OH in bicarbonate was much higher than that in 
Na2SO4 and NaCl at pH 8.5. Enhanced •OH production can be attributed 
to the enhanced oxidation and surface complexation of Fe(II) by 

bicarbonate. The dynamic of •OH production, Fe(II) oxidation, and 
contaminant degradation processes in bicarbonate at pH 6.5 and 8.5 can 
be described by a process-based kinetic modeling. Both experimental 
and simulation results shed light on the importance of adsorbed Fe(II) on 
•OH production under the tested experimental conditions. Application 
of iron electrocoagulation system would be promising for micro-
pollutants removal from groundwater with alkalescent bicarbonate (e. 
g., karst groundwater). The oxidizing capacity of iron electrocoagulation 
systems would be regulated by optimizing the operation conditions and 
electrode configuration. The combination of iron electrocoagulation 
with electro-Fenton process and renewable photovoltaic technology 
provides new perspective to develop effective and sustainable green 
methods for water treatment. We realize that the real groundwater en-
vironments are more complexed than the systems presented, more work 
is ongoing to extend the framework developed here to evaluate the 
production of •OH and subsequent oxidation of contaminants in actual 
groundwater environments. 

Appendix A. Supplementary data 

Additional information includes numerical implementation (Section 
I), equilibrium reactions for aqueous complexes (Section II), Chemical 
database for kinetic and equilibrium reactions (Section III), equilibrium 
reactions for gaseous phase (Section IV), Overview of simulation cases 
(Section V), and Initial conditions for components (Section VI), Figs. S1‒ 
S13, and Tables S1‒S11. 

Fig. 6. Mössbauer spectra at 15 K for the Fe precipitates collected at (a) pH 6.5 and (b) pH 8.5 after 60 min electrolysis during iron electrocoagulation. Fitting and 
calculated Mössbauer parameters were presented in Table S9. High resolution XPS spectra of (c) Fe 2p3/2 and (d) O 1 s for Fe precipitates collected at pH 6.5 and pH 
8.5 after 60 min electrolysis during iron electrocoagulation. The percentages of Fe and O species were illustrated in Tables S10 and S11. 
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