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• Schwertmannite is synthesized from 
AMD using a coupled electrochemical 
system. 

• The system involves anodic Fe(II) 
oxidation and cathodic alkaline 
production. 

• High currents result in schwertmannite 
high in SSA and amounts of –OH groups. 

• •OH plays a dominant role in acceler-
ating Fe(II) oxidation at high currents. 

• Schwertmannite recovered from real 
AMD is a powerful sorbent for arsenic 
species.  
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A B S T R A C T   

The increasing need for sustainable acid mine drainage (AMD) treatment has spurred much attention to strategic 
development of resource recovery. Along this line, we envisage that a coupled electrochemical system involving 
anodic Fe(II) oxidation and cathodic alkaline production will facilitate in situ synthesis of schwertmannite from 
AMD. Multiple physicochemical studies showed the successful formation of electrochemistry-induced schwert-
mannite, with its surface structure and chemical composition closely related to the applied current. A low current 
(e.g., 50 mA) led to the formation of schwertmannite having a small specific surface area (SSA) of 122.8 m2 g− 1 

and containing small amounts of –OH groups (formula Fe8O8(OH)4.49(SO4)1.76), whereas a large current (e.g., 
200 mA) led to schwertmannite high in SSA (169.5 m2 g− 1) and amounts of –OH groups (formula 
Fe8O8(OH)5.16(SO4)1.42). Mechanistic studies revealed that the reactive oxygen species (ROS)-mediated pathway, 
rather than the direct oxidation pathway, plays a dominant role in accelerating Fe(II) oxidation, especially at 
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high currents. The abundance of •OH in the bulk solution, along with the cathodic production of OH− , were the 
key to obtaining schwertmannite with desirable properties. It was also found to function as a powerful sorbent in 
removal of arsenic species from the aqueous phase.   

1. Introduction 

Acid mine drainage (AMD), which results from chemical/biological 
oxidation of sulfide minerals (e.g., pyrite) upon exposure to oxygen, 
water, sunlight, and bacteria [7,13,41], represents a worldwide envi-
ronmental concern. It contains elevated concentrations of protons (H+), 
ferrous/ferric iron (Fe(II)/Fe(III)), sulfate (SO4

2− ), and a variety of other 
metals depending on the mineral sources, and severely damages 
downstream water quality and soil ecology if not treated. The most 
widely used method to remediate AMD is lime neutralization, which 
precipitates Fe and heavy metals by alkali addition [53,57]. Despite its 
simplicity and ease of operation, this method has unavoidable short-
comings: production of large-quantity sludge needing further disposal 
and loss in reaction efficiency due to precipitation coating on lime 
particles, both of which ultimately add to operational costs. The 
increasing requirement for sustainable AMD treatment has stimulated 
research to develop new methods of recovery of valuable solid products. 
The recovery of Fe and SO4

2− from AMD by forming schwertmannite (an 
excellent and environmentally-friendly adsorption material for heavy 
metals) has recently attracted much attention because of its environ-
mental and economic benefits [65]. The commonly-adopted approach to 
schwertmannite synthesis from AMD is via biological oxidation of Fe(II) 
by Acidithiobacillus ferrooxidans, which is cost-effective but 
time-consuming [29]. The addition of H2O2 to oxidize Fe(II) to obtain 
schwertmannite is a rapid process [45], but requires transport and 
storage of high-cost H2O2. Moreover, the H2O2-involved chemical pro-
cess yields schwertmannite with a lower specific surface area (SSA) than 
via biological oxidation [6,39,45], a critical characteristic determining 
its adsorption capacity. 

This study offers a promising method of electrochemical production 
of high-SSA schwertmannite in a short time. The principle lies in the 
coupling of anodic and cathodic reactions, during which Fe(II) oxidation 
(Eq. (1)) [10], surface •OH production (Eq. (2)) [48], and O2 evolution 
(Eq. (3)) [48,54] reactions at the anode side and Fe(III) reduction (Eq. 
(4)) [33] and OH− generation (Eq. (5)) [26] reactions at the cathode side 
can be paired to facilitate on-site production of high-value schwert-
mannite (Eq. (6)) [32]. It is hypothesized that the localized high pH in 
the vicinity is not only conducive to the formation of schwertmannite, 
but also affords the alkaline environment that induces Fe(II) oxidation 
by dissolved O2 through a series of one-electron transfer reactions (Eqs. 
(7)–(10)) [20,25]. These reactions would allow the continuous forma-
tion of diverse reactive oxygen species (ROS, such as •O2

− , H2O2, and 
•OH), which play significant further roles in mediating Fe(II) oxidation 
to schwertmannite [60]. It can thus be inferred that both direct anodic 
oxidation and ROS-involved oxidation contribute to Fe(II) conversion to 
solid-phase Fe(III), but the extent of the contribution of each remains 
unknown. Moreover, it is of interest to determine whether the 
morphology, SSA, and chemical composition of schwertmannite are 
closely linked to the oxidation pathway.  

Fe(II) → Fe(III) + e− (1)  

2H2O → –––HO• + H2O + H+ + e− (2)  

2H2O → 4H+ + O2 + 4e− (3)  

Fe(III) + e− → Fe(II)                                                                        (4)  

2H2O + 2e− → 2OH− + H2                                                              (5)  

8Fe(III) + xSO4
2− + (16 − 2x)OH− → Fe8O8(OH)8− 2x(SO4)x + 8H+ (6)  

Fe(II) + O2 → Fe(III) + •O2
− (7)  

Fe(II) + •O2
− + 2H+→ Fe(III) + H2O2                                               (8)  

Fe(II) + H2O2 → Fe(III) + •OH + OH− (9)  

Fe(II) + •OH → Fe(III) + OH− (10) 

The primary objectives of this study are therefore i) to demonstrate 
the concept of a coupled anodic-cathodic process for schwertmannite 
recovery from AMD with high efficacy and ii) to elucidate the role of in- 
situ generated ROS on controlling schwertmannite with desirable 
characteristics. Because the applied current density is a key variable 
influencing the extent and rate of direct anodic Fe(II) oxidation, anodic 
oxygen evolution, and cathodic OH− generation, which together deter-
mine the type and level of ROS, attempts were made to establish the 
relationship between the current density and schwertmannite proper-
ties. The disclosure of such dependence was obtained with the help of a 
series of physicochemical characterizations. To further confirm these 
findings, tests with real AMD samples were conducted and assessments 
of the resulting schwertmannite materials for As(III)/As(V) adsorption 
were performed. 

2. Material and methods 

2.1. Chemicals and electrode materials 

Iron sulfate heptahydrate (FeSO4•7H2O), anhydrous sodium sulfate 
(NaSO4), sodium formate (NaCOOH), tertiary butanol (TBA), benzoic 
acid (BA), and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) were pur-
chased from Aladdin Industrial Corporation (Shanghai, China). The As 
(III) and As(V) stock solutions were prepared by dissolving dehydrated 
arsenic oxide (As2O3) and disodium hydrogen arsenate heptahydrate 
(Na2HAsO4•7H2O) in deionized (DI) water, respectively. All other re-
agents were of at least analytical grade and used without further puri-
fication. A mixed metal oxide (MMO) electrode (IrO2–RuO2/Ti; Changli 
Specialty Metals Ltd., Shanxi, China) and stainless-steel plate electrode 
(304 type, Zhong Run Hongfa Stainless Steel Co., Ltd., Shenzhen, China) 
were employed in electrochemical reactors (both electrodes have a size 
of 30 × 30 mm with a thickness of 1 mm). DI water was used throughout 
this study. 

2.2. Batch experiments 

The constant-current electrolysis experiments were performed in an 
undivided cylindrical glass electrolytic cell having an effective volume 
of 300 mL. An MMO electrode and a stainless-steel plate electrode were 
placed with a gap of 15 mm in the electrochemical reactor, which was 
powered by a DC power supply (GPD2303S, GWINSTEK, Suzhou, 
China). The simulated AMD was composed of 500 mg L− 1 Fe(II) and 4 g 
L− 1 SO4

2− , and had an initial pH of 3.0. The real AMD sample was 
collected from Dabaoshan (Shaoguan, Guangdong province, China). The 
main water quality characteristics are shown in Table S1. To examine 
the effect of the current on the performance of Fe(II) oxidation, the 
current applied to the circuit was varied from 10 to 250 mA. For com-
parison, similar electrolysis tests were also conducted in divided cells, in 
which the anode and cathode chambers were separated by an anion- 
exchange membrane (AEM, AMX, Astom Co., Tokyo, Japan), a cation- 
exchange membrane (CEM, CMX, Astom Co., Tokyo, Japan), or a bi-
polar membrane (BPM, BP-1E, Astom Co., Tokyo, Japan). All the elec-
trochemical experiments were carried out at a temperature of 25 ±
0.5 ◦C, and the electrolyte pH was not adjusted at any time during the 
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process. The liquid samples were taken with syringes at regular intervals 
and immediately filtered by a 0.22 µm membrane for further analysis. 
The solid samples were obtained from the suspension by successive 
vacuum extraction, freeze drying, and grinding, and were stored at 4 ◦C 
for further physicochemical characterization. 

To determine the contribution of ROS to Fe(II) oxidation in AMD, 
probe and scavenging experiments were conducted in the same reactor. 
BA was used as a probe to quantify the steady-state concentration of •OH 
[27]. NaCOOH and TBA were used as scavengers to extinguish 
surface-bound •OH [9] and bulk •OH [60], respectively. The adsorption 
experiments were conducted at pH 3.0 in a 100 mL conical flask, which 
was oscillated on a horizontal vibrator at 180 rpm and 25 ± 0.5 ◦C. The 
solution contained 0.01 g schwertmannite and varying initial concen-
trations of As(III)/As(V) at 1, 10, 20, 30, 40, and 50 mg L− 1. All tests 
were repeated in triplicate. Average results are reported throughout the 
study. 

2.3. Physicochemical characterizations 

The crystalline structures of the solid products were characterized by 
X-ray diffractometer (XRD, Bruker D8 Advance diffractometer, Almelo, 
The Netherlands) with Cu Kα, λ = 0.15418 nm, with the XRD patterns 
collected at a step of 0.026 using a scanning rate of 2◦ min− 1 from 10◦ to 
70◦. The functional groups were determined by Fourier-transform 
infrared spectroscopy (FTIR, Bruker VERTEX 70, Waltham, MA, USA). 
The morphology and particle size of the samples were examined through 
field emission scanning electron microscopy (SEM, Merlin, Zeiss Co., 
Berlin, Germany). Mössbauer spectra were collected at 13 K in trans-
mission mode and a WSS-10 Mössbauer spectrometer (WissEL GmbH, 
Germany) equipped with a closed cycle cryostat (SHI-850, Janis 
Research Co., Wilmington, MA, USA). All spectra were calibrated 
against 7 µm α-Fe(0) foil and fitted using Mosswinn software. The SSA of 
the samples was measured using Micromeritics ASAP 2460 BET appa-
ratus (Micromeritics ASAP 2460, USA). The Fe K-edge X-ray absorption 
spectra were obtained in transmission mode at beamline 17C at the 
National Synchrotron Radiation Research Center (NSRRC). The ob-
tained XAFS data was processed in Athena (version 0.9.26) for back-
ground, pre-edge line, and post-edge line calibrations. The Fourier 
transformed fitting and liner combination fitting (LCF) were carried out 
using Artemis (version 0.9.26) [44]. 

2.4. Analysis and calculations 

The concentrations of Fe(II) and total Fe (TFe) were detected at 510 
nm using the 1,10-o-phenanthroline analytical method with a UV–vis 
spectrophotometer (UV-2550, Shimadzu, Kyoto, Japan). Bulk solution 
pH was monitored using a pH meter (Leici PHB-4, INESA Scientific In-
strument, Shanghai, China). A pH electrode (Ø 3 mm, LabSen, Shanghai, 
China) was placed close to the cathode (~ 1.0 mm) to identify the dy-
namic change of localized pH in its vicinity. The concentration of BA was 
detected using a high-performance liquid chromatograph (HPLC, LC- 
20AT, Shimadzu, Kyoto, Japan). The EPR experiments were performed 
using a spectrometer (EMX-10/12, Bruker, Karlsruhe, Germany). 
Determination of total arsenic and As(III) species was carried out using 
hydride generation atomic fluorescence spectrophotometry with a 
detection limit of 0.1 μg L− 1 (AFS-PF6, Purkinje General Instrument 
Corp., Beijing). Linear sweep voltammetry (LSV) measurement was 
conducted with an electrochemical workstation (CHI760e, Chenhua 
Instruments, Shanghai, China) under the three-electrode mode (MMO, 
Pt mesh, and saturated calomel electrode were used as the working, 
counter, and reference electrodes, respectively). The simulated AMD 
was used as the electrolyte with a scan rate of 10 mV s− 1. 

The Coulombic efficiency (CE, %) of Fe(II) oxidation was defined as 
the ratio of the theoretical coulombs calculated from the specific amount 
of Fe(II) oxidized to Fe(III) to the coulombs actually applied to the 
electrode (Eq. (11)). 

CE =
n × F × (Co − Ct) × V
1000 × 56 × 60 × I × t

× 100 (11)  

Where n is the number of electrons required per mol of Fe(II) oxidized; F 
represents the Faraday constant (96,485.3 C mol− 1); C0 and Ct refer to 
the concentrations (mg L− 1) of the Fe(II) at the reaction times of 0 and t 
(s), respectively; V is the volume of the reactor; I is the current (A); t is 
the electrolytic time (min);56 is the molar mass of Fe (g mol− 1), and 60 
is a unit conversion factor (60 s min− 1). The specific energy consump-
tion (SEC, kWh g− 1 (Fe solid)) was calculated via Eq. (12): 

SEC =
U × I × t

60 × m
(12)  

where U is the applied voltage (V); I is the average current (A); t is the 
electrolytic time (min); and m refers to the quantity of Fe solid (g). 

3. Results and discussion 

3.1. Efficient Fe(II) and SO4
2− removal and recovery by the coupled 

anodic-cathodic process 

To verify the importance of anodic-cathodic coupling for Fe(II) 
removal, an undivided cell and two divided cells (with AEM or CEM as 
the separation membrane) were constructed, and the time courses of Fe 
(II) concentration in these electrochemical reactors were evaluated. As 
illustrated in Fig. 1a, negligible removal of Fe(II) was seen under the 
open-circuit condition, indicating that very little Fe(II) oxidation by 
dissolved O2 occurs at pH 3.0. The slowness of the reaction between Fe 
(II) and O2 in the acidic pH region has been testified in previous studies 
[23,52]. When the same current density (i.e., 200 mA) was applied for 
180 min, the undivided system with the paired anodic-cathodic re-
actions enabled significantly greater Fe(II) removal from the aqueous 
phase (371.0 mg L− 1 Fe(II)) than the divided system equipped with AEM 
and CEM (134.4 and 153.9 mg L− 1 Fe(II) removal). This considerable 
difference is considered to be due to supplemental OH− resulting from 
the cathodic water electrolysis reaction [26]. The increasing alkaline 
induced the hydrolysis of Fe(II) to form Fe species with higher reduc-
ibility (e.g. Fe(OH)+, Fe(OH)2, and Fe(OH)3

− ) [24,50]. These species can 
be more easily oxidized by dissolved O2 even the bulk pH solution was 
maintained at a highly acidic value. Fig. S1a provides evidence that the 
bulk pH values in the undivided cell declined with a lower rate than 
those in the divided cells (AEM & CEM) due to continuous OH− gener-
ation from the cathode and its diffusion into the solution. The localized 
alkaline pH favorable to solid Fe formation was indicated by the 
preferred coverage of Fe precipitates on the cathode surface (Fig. S2). 

The current applied to the circuit determines both the anodic and 
cathodic reactions, being an important factor affecting Fe(II) removal 
and recovery. It is apparent from Fig. 1b that the rate of Fe(II) disap-
pearance was highly dependent on the current intensity. Increasing the 
current from 50 to 200 mA drastically enhanced the Fe(II) oxidation 
efficiency from 36.3 % to 74.2 % after 180 min. A further increase to 
250 mA did not distinctly augment the amount of removed Fe(II). This 
was attributed to sluggish mass transfer at a large current, a phenome-
non frequently reported with respect to many anode electrocatalysts for 
oxygen evolution [8,35]. The disappearance of Fe(II) was found to obey 
the apparent first-order kinetic law, and the rate constant rose from 
2.78 × 10− 3 (50 mA) to 1.02 × 10− 2 min− 1 (200 mA). Taking into ac-
count the fairly narrow pH range (from 2.3 to 3.0) throughout the 
electrolysis test (Fig. S1b), it can be deduced that the valence of Fe in the 
solid phase was + 3 instead of + 2 (because Fe(OH)2 does not precipi-
tate in this pH range [49]), and that Fe(II) oxidation is a prerequisite for 
the precipitation. It is generally recognized that under acid conditions 
(e.g., pH at 2.5–4.5), the Fe(III) solid was most likely in the form of 
schwertmannite particularly in the presence of SO4

2− [2,46,59]. Fig. 1c 
supports that a fraction of SO4

2− was removed from the aqueous phase, 
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with the larger quantities obtained at high currents. The accumulated 
weight of the solid was quantified and displayed in Fig. 1d. The higher 
current led to a larger yield, closely consistent with the amounts of Fe(II) 
and SO4

2− eliminated from the solution. Overall, the data shown in Fig. 1 
validate the conclusion that the coupled anodic-cathodic process is 
effective in phase transformation of Fe(II) and SO4

2− , and that the rate is 
dependent on the current. 

The CE and SEC provide information on the extent of electrons uti-
lized for the desirable reactions. As shown in Fig. S3, the divided system 
with AEM or CEM exhibited remarkably decreased CE values and 
enhanced SEC values compared to the undivided system, again sup-
porting the prominent role of cathodic alkaline in facilitating Fe(II) 
oxidation. When the current increased from 50 to 200 mA, it is antici-
pated that more electrons would participate in oxygen evolution reac-
tion, resulting in the reduction in CE. However, the CE at 200 mA was 
18.94 %, even slightly higher than 17.38 % at 50 mA; it thus can be 
deduced that the electrogenerated oxygen should be indirectly involved 
for Fe(II) conversion to Fe(III) solid (this point will be discussed in a later 
section). The current rose from 200 to 250 mA led to decreased CE, 
reflecting less amounts of electrons contributing to Fe(II) removal. Note 
that the measured CEs were relatively low, which can be further 
improved by promoting alkaline production via increasing the number 
of the cathodes for future studies. The increase in CE and the decrease in 
SEC was of high relevance for all the conditions. The coupled anodic- 
cathodic system at 200 mA appears to have the minimum SEC value 
of 0.017 kWh g− 1, equivalent to an estimated cost of 12.5 Chinese Yuan 
(CNY) per ton of Fe solids (taking into account the average electric price 
of 0.6 CNY kWh–1). This was much lower than 76.5 CNY per ton Fe 
solids roughly calculated from the chemical method (based on the H2O2 

price of 10.0 CNY kg–1), manifesting the economic benefit of the elec-
trochemical method. 

3.2. Comparisons of the physicochemical properties of electrosynthesized 
iron precipitates 

A series of physicochemical characterizations was conducted to 
elucidate the differences between the electrosynthesized iron minerals 
in surface morphology, chemical structure, and elemental composition. 
For comparisons, the chemically synthesized iron oxide (with the help of 
H2O2 oxidation) was subjected to the same characterizations. It is 
noticeable from Fig. 2 (inset pictures) that the exterior color changed 
from yellow to brown with increasing current, implying variations in 
surface structure and composition of different samples. The SEM images 
in Fig. 2 show that the as-obtained iron solids were composed of sphe-
roidal particles with rough surfaces, differing from the hedgehog-like 
surface morphology obtained by biosynthesis [15]. The particle size 
from electrosynthesis was smaller than that obtained by chemical syn-
thesis, and decreased with increasing current (especially from 50 to 
100 mA). In the XRD patterns (Fig. 3a), all the solid samples exhibited 
the typical diffraction peaks of schwertmannite (JCPDS 47-1775). 
However, despite the appearance of one distinct peak, the intensities 
of other peaks were quite weak due to the metastable nature of 
schwertmannite. It is also difficult to distinguish the presence of other 
amorphous minerals (like ferrihydrite) from XRD patterns. Nevertheless, 
the Mössbauer spectra in Fig. 3b show six-line subspectra (sextets) in all 
the electrosynthesized samples as well as that produced by H2O2, which 
are characteristics of schwertmannite [22,40,51]. No other subspectra 
were discerned (Table S2), suggesting a high purity of schwertmannite. 

Fig. 1. (a) Time courses of Fe(II) concentration in different electrochemical systems at 200 mA. Effects of current on time courses of (b) Fe(II) concentration, and (c) 
SO4

2− concentration, and (d) accumulated weight of the solid produced in the coupled anodic-cathodic reaction system. Experimental conditions: initial pH = 3.0, 
initial Fe(II) concentration = 500 mg L− 1, and initial SO4

2−
= 4000 mg L− 1. 
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Despite evidence for schwertmannite formation in all cases, its 
chemical structure may differ between samples. As depicted in the FTIR 
curves (Fig. 3c), the absorption bands at 980, 1050, 1125, and 
1200 cm− 1 are attributed to the S–O stretching vibration in SO4

2− [56], 
and the absorption band at 700 cm− 1 belong to the Fe–O stretching vi-
bration [2,62]. One can see that the ~ 3291 and 1626 cm− 1 peaks 

ascribed to O–H stretching vibration [3] have different intensities. 
Increased O–H band intensity is seen in the samples with elevated cur-
rents. This observation indicates that the electrosynthesized schwert-
mannite contained a greater amount of O–H groups than H2O2-produced 
schwertmannite, which was more manifest at a higher current. The 
fitting of O(1s) XPS signals (Fig. S4) with O1, O2, and O3 respectively 

Fig. 2. SEM images of solid samples obtained under different conditions: (a) H2O2, (b) 50 mA, (c) 100 mA, and (d) 200 mA. The inset shows the sample photos.  

Fig. 3. (a) XRD patterns, (b) Mössbauer spectra, (c) FTIR, (d) N2 adsorption-desorption isotherms, and (e) LCF of the measured EXAFS spectra of solid samples 
obtained under different conditions. (f) Magnitude (|χ(R)|) of Fourier transforms of K-edge EXAFS spectra. 
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corresponding to S–O, Fe–OH, and Fe–O bonds also reveals that the 
proportion of Fe–OH in schwertmannite increased in the order of 
200 mA > 100 mA > 50 mA > H2O2-produced samples. The SSA of 
schwertmannite was calculated by the N2 adsorption-desorption iso-
therms (Fig. 3d), which was highly dependent on synthesis conditions. 
The electrochemistry-induced schwertmannite had an SSA of 18.19 m2 

g− 1, consistent with results in the literature [39,45], significantly higher 
than that produced by H2O2. By contrast, the SSAs of electrosynthesized 
schwertmannites were 122.8, 165.5, and 169.5 m2 g− 1, with applied 
currents of 50, 100, and 200 mA, respectively. This trend accords well 
with the SEM observation, as smaller particles up to the nanometer scale 
were generated at higher currents. After determining the amounts of Fe 
and SO4

2− in schwertmannite, the stoichiometric formulas were obtained 
(Table S3). Schwertmannite obtained from chemical and electro-
chemical synthesis at 50, 100, and 200 mA could be respectively 
expressed as Fe8O8(OH)4.01(SO4)2.00, Fe8O8(OH)4.49(SO4)1.76, 
Fe8O8(OH)5.03(SO4)1.49, and Fe8O8(OH)5.16(SO4)1.42, suggesting 
increasing –OH content with increasing applied current, which made the 
smaller particle size of schwertmannite (see Section 3.4 for details). The 
stoichiometry molar ratio of Fe/S in these formulas did not conform to 
the molar ratio of Fe(II) and SO4

2− removed from the aqueous solution. 
This is due to the fact that the schwertmannite produced in solution can 
absorb SO4

2− [5,55]. It is also observed that the increase in the current 
provoked an elevated molar ratio of Fe/S (Table S3), which should be 
responsible for the difference in the color of schwertmannite [66]. 

Structural differentiation at the atomic level was further explored by 
the EXAFS spectra and their fitting results (Table S4). The pure 
schwertmannite mineralogy was supported by the LCF of the measured 
EXAFS spectra obtained at different currents using H2O2-synthesized 
schwertmannite as the standard, which indicated a 100 % similarity 
(Fig. 3e). The local atomic environment around central Fe was illus-
trated by the Fe K-edge EXAFS spectroscopy (Fig. 3f). The peaks at 1.5 Å 
(R + ΔR) in |χ(R)| are ascribed to the nearest O shell, with a Fe–O dis-
tance of ~ 1.97 Å corresponding to the Fe–O bond length [11]. The 
peaks at ~ 2.60 Å and ~ 3.35 Å (R + ΔR) are assigned to the edge- and 
corner-sharing Fe shells at the Fe-Fe distances of ~ 3.01 Å and 
~ 3.44 Å, respectively [11,67]. As the applied current increased, the 
two Fe–Fe peaks became more pronounced. The third coordination of Fe 
detected in such cases was considered to be the consequence of the 
compression of interplanar spacing. The results of XRD in Fig. 3a also 
evidenced a smaller interplanar spacing in schwertmannite generated 
from high currents, as indicated by the positive shift of the peak at 35.2◦. 
The reduction in interplanar distance may result in more Fe atoms 
available in the schwertmannite crystal, which ultimately attracts more 
–OH groups being attached. These results collectively demonstrate that 
the current significantly altered the intrinsic chemical structure of 
schwertmannite, with higher contents of –OH species attained at 
increasing currents. 

3.3. Identification of ROS and its role in enhancing Fe(II) oxidation at 
high currents 

The enhancement of Fe(II) oxidation with increasing current is 
explained in terms of the reaction pathways, which generally include 
direct and indirect oxidation mediated by ROS. The dominance of one 
over the other is heavily dependent on the current applied onto the 
anode, which determines the occurrence of direct Fe(II) oxidation and/ 
or anodic •OH electrogeneration (a prerequisite for anodic oxygen 
evolution). The LSV results (Fig. S5) show that there was a distinct 
anodic peak at 0.49 V (vs. SCE) attributed to Fe(II) oxidation, which 
happens significantly ahead of the oxygen evolution reaction at poten-
tials larger than 1.20 V (vs. SCE). This suggests that Fe(II) is thermo-
dynamically susceptible to direct oxidation at lower currents associated 
with lower potentials. However, for the currents at 10 and 25 mA, tiny 
amounts of Fe(II) were oxidized at pH 3 (Fig. S6), indicating sluggish 
kinetics even at the potentials of 0.52 and 1.14 V (vs. SCE), respectively. 

For the investigated currents of 50, 100, and 200 mA, the relevant po-
tentials at the anode were recorded to be 1.56, 1.85, and 2.34 V (vs. 
SCE), respectively, substantially surpassing the potential of 1.20 V. This 
suggests that both anodic Fe(II) and water oxidation reactions can take 
place; the latter reaction presumably leads to the generation of surface- 
bound •OH and O2 (Eqs. (2) and (3)). It is likely that both direct electron 
transfer and indirect mediation by surface-bound •OH can trigger the 
transformation of Fe(II), resulting in the formation of Fe(III) precipitate 
at pH 3 (Ksp of FeIII(OH)3 is 2.0 × 10− 15). Despite the retardation of the 
reaction between aqueous Fe(II) and O2, the adsorbed Fe(II) on the Fe 
(III) solid is more susceptible to being oxidized by O2, owing to the 
decreased redox potential of (–––Fe(III)/–––Fe(II)) [28], ultimately 
yielding the generation of •O2

− , H2O2, and •OH via the Haber-Weiss 
reaction (Eqs. (7)–(9)) [25,47]. These ROS, in turn, facilitate the 
oxidation of both aqueous and adsorbed Fe(II). It should be noted that 
no H2O2 was detected throughout the electrolysis process, when the 
electrolyte did not contain Fe(II). This indicates that the possible 
reduction of dissolved oxygen at the stainless state cathode did not 
contribute to H2O2 formation. 

The presence of •O2
− and •OH was confirmed by DMPO-probed EPR 

tests (Figs. 4a–c). For short-time treatment (i.e., 1 min) under all of the 
electrolysis conditions, the sextet signal was clearly visible, consistent 
with the literature concerning Fe(II) oxidation by dissolved oxygen to 
the generation of •O2

− [30,42,64]. When p-benzoquinone (PBQ), a good 
scavenger of •O2

− , was added, the intensities of sextet peaks under all the 
conditions were attenuated (Fig. S7), confirming that the peaks are 
characteristic of DMPO-OOH adducts. It is interesting to observe that the 
5 min operation resulted in the appearance of legible signals of 
DMPO-OH adducts in all cases and that the signals of DMPO-OOH ad-
ducts completely vanished at an applied current of 200 mA. Further 
extension of the reaction time to 10 min caused the disappearance of 
DMPO-OOH peaks for all currents investigated. The intensities of 
•OH-relevant peaks increased with increasing current, indicative of 
increasing •OH levels. 

To provide more compelling evidence to support this view, BA, a 
probe that has been used effectively to determine the steady-state con-
centration of •OH [27,61], was used to quantify and compare •OH 
concentrations in the electrolysis system with different applied currents. 
To distinguish the contribution of interfacial electron transfer to the 
anodic conversion of BA, reference experiments were conducted in the 
absence of aqueous Fe(II) and benchmarked with those containing Fe 
(II). Fig. 4d shows that the first-order rate constants of kBA in the absence 
of Fe(II) in relation to 50, 100, and 200 mA were 7.60 × 10− 4, 
8.56 × 10− 4, and 9.74 × 10− 4 min− 1, respectively. The involvement of 
Fe(II) significantly increased the rate constants at high currents (e.g., 
1.45 × 10− 3 min− 1 for 100 mA and 1.89 × 10− 3 min− 1 for 200 mA), but 
only slightly increased the rate constant at 50 mA (e.g., 9.85 × 10− 4 

min− 1), as shown in Fig. 4e. These results suggest that the interfacial 
oxidation plays a predominant role in the case of 50 mA, and that the 
bulk oxidation mediated by •OH should be the main pathway with 
increasing currents. By subtracting the contribution of interfacial anodic 
oxidation, the steady-state concentrations of •OH were estimated to be 
5.24 × 10− 14, 1.38 × 10− 13, and 2.13 × 10− 13 M corresponding to 50, 
100, and 200 mA, respectively (Fig. 4f), reinforcing the conclusion that 
increased current is conducive to the generation of •OH. It is particularly 
noted from Fig. S8 that a further increase in the current at 250 mA 
yielded 2.16 × 10− 13 M •OH comparable to that (2.13 × 10− 13 M) ob-
tained at 200 mA. This result is closely linked to the insignificant 
improvement in the oxidation of Fe(II) oxidation because of the 
mass-transfer limitation at the increasing current [8,35]. 

Scavenging experiments were conducted to further investigate the 
main pathways involved in Fe(II) oxidation at different currents. 
Formate and TBA, which are capable of quenching surface-bound •OH 
and bulk •OH, respectively, were selected to determine the main 
contribution to Fe(II) oxidation. Considering that surface-bound •OH 
generated from water electrolysis is an essential precursor to the 

Z. Huang et al.                                                                                                                                                                                                                                  



Journal of Hazardous Materials 451 (2023) 131075

7

production of other ROS available in bulk solution, direct anodic 
oxidation was regarded as the main contributor to the remaining pro-
portion of Fe(II) removal after formate extinction. It is observable from  
Fig. 5a that the presence of either formate or TBA slightly inhibited Fe 
(II) oxidation at 50 mA, supporting a prominent role for direct electron 
transfer in converting Fe(II) to Fe(III). On the contrary, the addition of 
formate or TBA had a pronounced effect on impeding Fe(II) removal at 
100 and 200 mA (Figs. 5b and 5c). The more severe inhibition by 
formate reflects that the indirect oxidation process via ROS (i.e., •OH) 
exerts a crucial role in facilitating Fe(II) conversion. The lesser extent of 
TBA quenching is expected, based on the fact that the production of bulk 
•OH originated from Fe(II) oxidation via the Haber-Weiss reaction. 
Moreover, careful comparisons of the data in Fig. 5 indicate that direct 

oxidation contributed to Fe(II) removal, but the degree of its contribu-
tion was highly sensitive to the applied current, although variances 
between higher currents made little difference. These results, in com-
bination with the data from EPR tests and BA-probe experiments, 
collectively demonstrate that •OH-induced indirect oxidation occurring 
far away from the anode surface plays a predominant role in boosting Fe 
(II) conversion to Fe(III) at high currents. 

3.4. Interpretations of the resulting schwertmannite with lower particle 
size and higher abundance of –OH groups 

The schwertmannite formed at higher currents with lower particle 
size and more –OH groups is interpreted with respect to two important 

Fig. 4. EPR spectra captured by DMPO for the detection of reactive species in the undivided electrochemical system at a current of (a) 50 mA, (b) 100 mA, and (c) 
200 mA. Plots of first-order decay of BA (d) without and (e) with 500 mg L− 1 Fe(II). (f) Calculated steady-state concentration of •OH. Experimental conditions: initial 
pH = 3.0, initial Fe(II) concentration = 500 mg L− 1, and initial BA concentration = 10 μM. 

Fig. 5. Effects of scavengers on Fe(II) oxidation in the undivided electrochemical system at a current of (a) 50 mA, (b) 100 mA, and (c) 200 mA. Experimental 
conditions: initial pH = 3.0, initial Fe(II) concentration = 500 mg L− 1, and initial scavenger concentration = 10 mM. 
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driving forces: ROS-mediated Fe(II) oxidation and increased alkalinity 
in the vicinity of the cathode. Previous studies have shown that the 
nucleation and growth mechanism governs the formation of iron(III) 
(hydr)oxides as a consequence of Fe(II) oxidation [6,16,37], in which 
the competition between nucleation and growth processes determine the 
size of oxide particles. At a low current (e.g., 50 mA), Fe(II) oxidation 
mainly happens surrounding the interface of the anode; as such, the 
amount of nuclei is limited and the prolonged reaction time causes their 
continuous growth, leading to the formation of larger particles. By 
contrast, at a high current (e.g., 200 mA), the •OH-induced Fe(II) 
oxidation mostly occurs in the bulk solution, which creates more 
numerous nuclei, thus making the aggregated particles smaller and SSA 
larger. Given the fact that –OH groups are engaged in the formation of 
schwertmannite, the cathodically generated alkaline is critical in 
accelerating its production with higher –OH content. Despite the 
decrease in bulk pH values from 3.0 to 2.4 in all cases, the localized pH 
in the vicinity of the cathode increased with current (Fig. S9), owing to 
more vulnerable OH− generation from water electrolysis. This dramat-
ically increased cathode pH promotes Fe(II) conversion to schwert-
mannite containing elevated amounts of –OH. To verify this, a reference 
experiment was conducted with the divided cell with a BPM, which has 
the merit of continuously supplementing OH− to the anode side 
(Fig. S10a), due to the heterolytic water dissociation in the membrane 
interface under a reverse bias condition [19,34]. Fig. S10b shows that 
this scenario exhibited good Fe(II) removal performance, comparable to 
the undivided system. Also, the resulting schwertmannite had a higher 
proportion of –OH groups, in accordance with the stoichiometric for-
mulas obtained from the undivided reactor at 200 mA. 

To summarize, Fig. 6 illustrates the Fe(II) oxidation pathways in the 
coupled anodic-cathodic system, which differ depending on the extent of 
applied current and accordingly control the size and composition of the 
resulting schwertmannite. Direct Fe(II) oxidation by the anode pre-
dominates at lower currents, and proceeds at a lower rate, resulting in 
the formation of schwertmannite with larger particle size, smaller SSA, 
and decreased amounts of –OH groups. On the other hand, the higher 
current induces excessive formation of O2 (at the anode), which is dis-
solved in solution and activated by Fe(II) to initiate a series of reactions 
that generate •O2

− , H2O2, and •OH. The availability of higher levels of 
bulk •OH, in turn, enables the acceleration of Fe(II) oxidation to Fe(III). 
The involvement of bulk •OH in oxidizing Fe(II) and the burst of OH−

generation (at the cathode) under a higher current are the keys to the 
formation of schwertmannite with smaller size, larger SSA, and more 
–OH groups. 

3.5. Recovery of schwertmannite from real AMD using the coupled 
anodic-cathodic system and its application for As(III)/As(V) adsorption 

Toward practical application of these electrochemical methods to 
environmentally-friendly treatment of AMD, further efforts were made 
to verify the effectiveness of the coupled anodic-cathodic system for the 
recovery of schwertmannite from real AMD. Fig. 7a shows a schematic 
diagram of the electrochemical processes adopted for AMD treatment. 
Prior to schwertmannite formation, a pretreatment electrolysis step was 
employed with the purposes of separating/recovering Cu(II) from the 
aqueous phase and enabling reduction of Fe(III) available in the AMD 
sample to Fe(II). It should be noted that the single anodic-cathodic 
process without the involvement of this pretreatment step did not 
cause successful precipitation of schwertmannite, because the cathodic 
Cu reduction severely inhibited cathodic alkaline production from water 
electrolysis. The 3-h batch operation caused nearly complete removal of 
the Cu(II) and Fe(III) that had been subjected to cathodic reduction. 
Fig. S11 shows the coverage of high-purity Cu on the cathode, sug-
gesting a promising approach for Cu recovery from AMD. Upon this 
processing, the concentration of Fe(II) significantly increased from 24.3 
to 223.1 mg L− 1, again confirming the necessity of the pretreatment 
step. Afterwards, the coupled anodic-cathodic system enabled formation 
of precipitates having typical schwertmannite features, as shown in the 
XRD patterns (Fig. S12). Similar to the operation on the simulated AMD, 
the higher current for treating real AMD was preferred because of 
smaller particle size (Fig. S13). It is apparent that Al and Si were 
included in the solid in addition to Fe, S, and O (Fig. S14); their incor-
poration into schwertmannite was likely caused by the substitution of Fe 
by Al [18,38] and the formation of complexes and polymers by silicic 
acid at the surface [12,14,17]. 

The conversion percentage of Fe(II) to schwertmannite for one-time 
operation at 200 mA was 24.76 %, suggesting a considerable number of 
Fe(III) remained in the solution. The relatively low conversion efficiency 
was also reported in previous studies [21,31] and can be explained by 
the insufficient supply of OH− that was chemically bonded with Fe(III) 
(this species was rapidly electrogenerated in a large quantity). The 
multi-cycle operation of the treated AMD via the sequent Fe(III) 
reduction-Fe(II) oxidation steps (illustrated in Fig. 7a) can substantially 
enhance the proportion of Fe(II) converted to Fe(III) solid. Table S5 lists 
that the total Fe(II) recovery efficiency increased with the increasing 
cycle number and reached 90.29 % upon 4-cycle operation. Also, it is 
revealed that the stainless steel cathode can withstand the high-acid 
condition due to the cathodic protection and the system exhibited 
long-term stability, as the TFe recovery efficiency did not deteriorate 
after 10 consecutive experiments (Fig. S15). The recovery of schwert-
mannite from real AMD using the coupled anodic-cathodic system was 
also demonstrated under the continuous-flow mode, as illustrated in 
Table S6. It is noticeable that the treatment capacity increased with the 
decreasing flow rate, with higher extents of Cu, Fe, and SO4

2− removal at 
a flow rate of 1 mL min− 1 as compared to 5 mL min− 1. 

Schwertmannite has a high capacity for adsorption to As(III)/As(V), 
owing to the exchange of arsenic species with the surface groups of 
–––Fe–OH/OH2 available in schwertmannite [58]. To confirm that the 
electrochemistry-produced schwertmannite is a sorbent for As(III)/As 
(V) and that the adsorption capacity is highly sensitive to the intrinsic 
structure of schwertmannite, comparisons of As(III)/As(V) sorption ki-
netics and isotherms were conducted between the schwertmannite 
samples synthesized with the chemical method (H2O2 addition) and the 
electrochemical methods at different currents. The results of kinetic 
experiments in Fig. S16 show that the adsorption of As(III) and As(V) on 
all the schwertmannite samples followed a similar pattern: a very steep 
rise within 120 min, a slow increase up to 240 min, and reaching a 
relatively stable level from 240 to 360 min. These profiles fit well with a 
pseudo-second-order kinetic model, implying that the fixation of arsenic 
species by schwertmannite was by chemisorption [1,46]. However, 
there was much variation in the equilibrium amount of As(III)/As(V) 

Fig. 6. Proposed mechanisms of Fe(II) oxidation and schwertmannite forma-
tion in the coupled anodic-cathodic process: effect of the applied current. 
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uptake. As expected, the schwertmannite obtained at high currents 
significantly increased the adsorption of As(III)/As(V) because of larger 
SSA and elevated contents of –OH groups. Moreover, adsorption of As(V) 
was faster and had more capacity than for As(III). Such a difference can 
be explained in terms of the different acidic properties; arsenic acid is a 
stronger acid than arsenous acid, which thereby favors removal of As(V) 
by anion-exchange [36]. 

The equilibrium adsorption isotherms shown in Figs. 7b and 7c can 
be useful in predicting the adsorption capacity of electrosynthesized 
schwertmannite. The adsorption of As(III)/As(V) onto all of the inves-
tigated materials was precisely simulated with the Langmuir isotherm 
model (Table S7), suggesting the mechanism of monolayer adsorption 
[1,46,58]. It is noticeable that the electrogenerated schwertmannite 
outperformed the chemically synthesized schwertmannite in terms of 
remarkably enhanced As(III)/As(V) adsorption. For instance, the 
maximum adsorption capacity of arsenic species was attained with the 
200 mA-induced schwertmannite, with a value of 23.81 and 
92.80 mg g− 1 in relation to As(III) and As(V), respectively. On the other 
hand, these values associated with H2O2-induced schwertmannite 
distinctly declined to 9.75 mg g− 1 for As(III) and 21.22 mg g− 1 for As 
(V). It should be also emphasized that 23.81 mg g− 1 obtained at pH 3 
was higher than the reported values corresponding to whether the 
schwertmannite was biologically or chemically prepared [4,43,63]. 
These findings imply that the electrochemical strategy for in situ 
schwertmannite production is more advantageous to the traditional 
H2O2-induced chemical method, including the avoidance of using 
external oxidants and the extraordinary adsorption capability of the 
resultant materials. 

4. Conclusions 

This study presented a straightforward and convenient electro-
chemical method of coupling anodically-formed ROS with cathodically 
generated alkaline to facilitate Fe(II) oxidation and thus promote re-
covery of schwertmannite from AMD. This method offers some benefits 
over the conventional chemical method because it was capable of syn-
thesizing schwertmannite with high SSA and abundant –OH groups, 
desirable properties that make it a promising sorbent. The mechanistic 
studies showed that the morphological characteristics and chemical 
structure of schwertmannite were highly dependent on the amount of in- 
situ generated ROS (i.e., •OH) available in the bulk solution, which is 
closely linked with the extent of current applied to the circuit. For 
example, at a low current, Fe(II) oxidation mainly occurs surrounding 
the anode surface and proceeds at a low rate. The unreacted Fe(II) ions 
can thus accumulate on the nuclei before they undergo oxidation and 
aggregation processes to form large particles. At a high current, 
continuous generation of O2 is achieved, which is further dissolved in 
the solution and reacts with Fe(II) to produce a series of ROS. Thus, most 
Fe(II) ions are consumed during the nucleation process, resulting in 
smaller size and greater SSA in the eventual particles. In addition, the 
increasing current caused an increase in the localized pH in the vicinity 
of the cathode, which prompted the formation of schwertmannite with 
the involvement of more –OH groups. Importantly, tests with real AMD 
demonstrated the effectiveness of the coupled anodic-cathodic system 
for synthesis of schwertmannite that is a promising sorbent for removal 
of As(III)/As(V) from the aqueous phase. 

Fig. 7. (a) Schematic diagram of the electrochemical processes adopted for sustainable AMD treatment and resource recovery. Adsorption behaviors of (b) As(III) 
and (c) As(V) on electrochemistry-resulted schwertmannite synthesized from real AMD. Experimental conditions: 2 mA for Phase I, 200 mA for Phase II, initial 
arsenic concentration (Ce) varied from 1 to 50 mg L− 1, and sorbent (i.e., schwertmannite) dose = 10 mg. qe is the amount of arsenic species adsorbed per weight 
of sorbent. 
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Environmental Implications 

Sustainable acid mine drainage (AMD) treatment with resource re-
covery has attracted increasing attention in recent years. Herein, we 
demonstrate that a coupled electrochemical system involving 
anodically-formed reactive oxygen species with cathodically generated 
alkaline facilitates in situ synthesis of schwertmannite from AMD. We 
discover that the •OH-mediated pathway rather than the direct oxida-
tion pathway, plays a dominant role in accelerating Fe(II) oxidation 
especially at high currents, which is beneficial to the formation of 
schwertmannite high in SSA and amounts of –OH groups. Importantly, 
we show that schwertmannite electrosynthesized from real AMD func-
tions as a powerful sorbent in removal of arsenic species. 
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