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High-efficiency removal of As(ii) from groundwater
using siderite as the iron source in the

electrocoagulation processy

Haitao Yu,® Junfeng Li, ©*2® Wenying Qu,®® Wenhuai Wang?® and Jiankang Wang®®

Electrocoagulation technology, due to its simplicity and ease of operation, is often considered for treating

arsenic-contaminated groundwater. However, challenges such as anode wear have hindered its

development and application. This study aims to develop a siderite-filled anode electrocoagulation
system for efficient removal of As(n) and investigate its effectiveness. The impact of operational
parameters on the removal rate of As(il) was analyzed through single-factor tests, and the stability and

superiority of the device were evaluated. The response surface methodology was employed to analyze

the interactions between various factors and determine the optimal operational parameters by
integrating data from these tests. Under conditions where the removal rate of As reached 99.3 £+ 0.37%,
with an initial concentration of As(in) at 400 ug L™, current intensity at 30 mA, initial solution pH value at
7, and Na,SO4 concentration at 10 mM. The flocculant used was subjected to characterization analysis
to examine its structure, morphology, and elemental composition under these optimal operational

parameters. The oxidation pathway for As(i) within this system relies on integrated results from direct
electrolysis as well as "O,~, "OH, and Fe(v) mediated oxidation processes. The elimination of arsenic
encompasses two fundamental mechanisms: firstly, the direct adsorption of As(i) by highly adsorbent
flocculants like y-FeOOH and magnetite (FesO4,); secondly, the oxidation of As(i) into As(v), followed by
its reaction with siderite or other compounds to generate a dual coordination complex or iron arsenate,
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thus expediting its eradication. The anodic electrocoagulation system employing siderite as a filler

exhibits remarkable efficiency and cost-effectiveness, while ensuring exceptional stability, thereby

DOI: 10.1039/d4ra027169

rsc.li/rsc-advances arsenic removal.

1 Introduction

Arsenic (As) is a metallic substance that poses a carcinogenic
risk to human health.** It occurs naturally in both organic and
inorganic forms.* In contrast to organic arsenic, the toxicity of
inorganic arsenic makes it a significant concern for scientific
research.” Human activities often contribute to high concen-
trations of arsenic in the environment, resulting from excessive
mining and smelting, untreated discharge of industrial waste-
water, as well as widespread use of arsenic and its compounds.®
Consequently, water bodies are increasingly affected by severe
arsenic pollution, posing a substantial threat to global
populations.”?
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providing robust theoretical underpinnings for the application of electrocoagulation technology in

Compared to As(v), As(u) exhibits higher toxicity and
mobility, making the removal of As(m) from arsenic-
contaminated groundwater a pressing issue for societal devel-
opment.”'® Various water treatment techniques, including
coagulation,’>**  adsorption,” biological process™ ion
exchange,”'® and membrane separation'”*®* have been
proposed for remediating arsenic-contaminated groundwater.
However, these technologies face practical challenges due to
their high cost, maintenance requirements, and potential for
secondary pollution. Electrocoagulation technology was initially
reported by the United Kingdom in 1889 for sewage treatment
and was later adopted in the United States in 1946.'>*° Never-
theless, limitations such as significant capital investment and
inadequate electrode replacement hinder its practical applica-
tion.”"** Flores®® demonstrated a total arsenic removal rate of
92% using an aluminum electrode-based continuous flow
electrocoagulation system at pH 7.5 with a velocity of 1.8 cm s~
and current density of 6 mA cm 2. Similarly to electro-
coagulation methods, Ghurye and Clifford* propose that
adsorption following chemical oxidation is a more effective
approach for arsenic removal. However, in most cases of
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electrocoagulation processes utilizing sacrificial anodes for
contaminant removals lead to frequent anodic replacements
during practical applications; improper electrode replacement
often disrupts device operation.

Siderite, a widely distributed iron mineral with excellent
adsorption properties, predominantly consists of ferrous
carbonate.” It plays a pivotal role in environmental pollution
control due to its remarkable attributes including cost-
effectiveness, high adsorption capacity, eco-friendliness,
stability, and recyclability.”® The surface activity of siderite
enables the efficient adsorption of heavy metal ions and
radioactive elements while catalyzing the degradation of
organic pollutants.””*® Moreover, it forms complexes with water
contaminants for purification purposes and facilitates REDOX
reactions. Despite previous investigations on siderite's efficacy
in removing water arsenate and arsenate through adsorption
processes,*** limited studies have explored its potential as an
iron source for electrocoagulation reactions.

In summary, arsenic contamination in natural water bodies
poses a threat to human health. The existing treatment tech-
nology for arsenic-contaminated water needs to be acknowl-
edged and addressed systematically. While previous studies
have explored the removal of arsenic and arsenate from water
through electrocoagulation, limited research has utilized iron
minerals as the iron source for the electrocoagulation reaction,
leaving the effect and mechanism of As(ur) on arsenic in water
unclear. Although using siderite-filled anodes can address
issues such as anode loss and difficult electrode replacement
encountered in traditional electrocoagulation processes, there
is a lack of investigation into its application for treating arsenic-
containing water. In conclusion, this paper conducts experi-
mental research on a siderite-filled anode electrocoagulation
system to optimize electrocoagulation technology for removing
As(m) from water while effectively addressing limitations asso-
ciated with traditional methods. This study provides new
insights into treating As(ur) and heavy metals in water.

This study aims to establish an electrocoagulation system
with a siderite-filled anode for efficient treatment of As(m)
pollutants in water, based on the electrocoagulation water
treatment technology. The specific research objectives are to:

(1) Construct the siderite-filled anode electrocoagulation
system and determine factors that influence As(ur) removal.

(2) Optimize the operational parameters for the removal of
As(m) from groundwater through a response surface method
(RSM).

(3) Elucidate the oxidation pathway and removal mechanism
of As(ur) through comprehensive characterization techniques
including scanning electron microscopy (SEM), X-ray fluores-
cence analysis (XRF), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and X-ray photoelectron spec-
troscopy (XPS). These analyses provided insights into the
morphology, structure, and elemental composition of the floc-
culated products. Subsequently, a series of chemical tests was
conducted to investigate the oxidation path of As(um) in the
electrocoagulation process. Finally, the oxidation removal
mechanism of As(m) in the electrocoagulation water treatment
process was clarified.
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In general, this study can better solve the problem that the
anodes are not easy to replace due to the click loss of electro-
coagulation technology, and provide theoretical guidance and
practical reference for the treatment of arsenic contaminated
groundwater by electrocoagulation.

2 Materials and experimental

2.1. Chemicals and equipment

The chemical reagents utilized in this study are presented in
Table S1.f H,SO, and NaOH were employed for sample pH
adjustment during experimentation. The instruments and
models employed for testing purposes are detailed in Table S2.7

2.2. Electrocoagulation process

In this study, natural siderite was incorporated into the
conventional electrocoagulation process as the iron source for
the electrocoagulation reaction, and a siderite-filled anode
electrocoagulation system was developed.

The test apparatus described herein involves overflow of the
reaction mixture from the upper reactor into the lower beaker,
followed by recirculation of the reaction liquid back to the
upper reactor via a peristaltic pump, thus establishing a closed-
loop circulation system. The specific configuration of the
experimental setup is depicted in Fig. 1. The upper reactor
consists of a cylindrical plexiglass column with a volume of 350
mL. Hollow cylinders made of titanium ruthenium mesh are
positioned within this reactor as anodes, while natural siderite
particles serve as both fillers inside these anodes and sources of
iron for facilitating electrocoagulation reactions. Two pure
aluminum electrode plates are symmetrically arranged on
either side of each anode (with respect to its center) to function
as cathodes for promoting electrocoagulation reactions. A
cylindrical plexiglass column with a volume of 250 mL is con-
nected beneath this reactor to collect overflow liquid from
above; subsequently, under peristaltic pump action, solution
from this lower plexiglass column is returned to bottom region
of upper reactor to achieve arsenic removal from solution
samples being treated hereunder experimentally conducted
conditions.

Siderite particle

| Overflow outlet

Titanium coated
ruthenium anode

peristaltic pump

_

L[] GL =
L J -
Dc power supply

Fig. 1 Schematic representation of an electrocoagulation reaction
apparatus.
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2.3. Design of experiment

In order to investigate the impact of various operational
parameters on the removal efficiency of As(m), different factors
were analyzed while keeping other influencing variables
constant. The specific experimental design is as follows: the
initial As(m) ranges explored in single-factor experiments were
200, 400, 600, 800, 1000 ug L~ '; current intensity ranges of 10,
20, 30, 40, 50 mA; the initial pH range is 3, 5, 7, 9, 11; electrolyte
(Na,S0,) concentration ranges of 5, 10, 15, 20 mM; peristaltic
pump cycle rate range is 0, 50, 100, 150 mL min . The effect of
phosphoric acid concentration 0, 1, 5, 15 mg L™, silicate
concentration 0, 5, 10, 50 mg L™ " and humic acid concentration
0,1, 5,10 mg L' on the removal rate of As(m). The run time of
each experiment was keeping 60 minutes. Instantaneous
sampling technology was used to collect samples every 1, 3, 5,
10, 15, 30, 45, and 60 minutes for testing, and samples were
filtered through a 0.45 pm filter to determine the concentrations
of As(m) and total arsenic. To minimize experimental errors,
each test was repeated three times.

To investigate the long-term operational stability and arsenic
removal efficiency of the systems in removing As(m) from water
and better simulate its application in actual operations, cyclic
experiments were conducted. Before each set of experiments,
fresh simulated groundwater was injected into the reactor, and
the experiment was repeated six times, with no replacement of
the siderite particles inside the anode. Although the stability of
long-term repeated operation of the experimental device cannot
be obtained by conducting six cycle tests, it is sufficient to show
that the device has a relative sense of operation stability. Lastly,
to investigate the system's ability to remove arsenic from real
groundwater, the ability of the systems to remove arsenic from
real groundwater under optimal operating conditions was
explored. The purpose of this study was to explore the process of
removing As(m) from water by adding siderite particles to the
anode to dissolve and release iron sources, so the effect of
cathodic dissolution on electrocoagulation reaction was not
considered.

2.4. Method of analysis

The total iron concentration in the solution was determined
using the phenanthroline spectrophotometric method. The
absorbance was measured at a wavelength of 510 nm using
a purple spectrophotometer. The concentrations of As(m) and
total arsenic in the solution were determined using atomic
fluorescence spectrophotometry. Electron spin resonance (ESR)
was used to detect ‘OH and ‘O, in the system. Scanning elec-
tron microscopy (SEM) was used to observe the surface
morphology of siderite and flocs. X-ray fluorescence spectros-
copy (XRF) was used to analyze the chemical composition of
siderite and flocs. X-ray diffraction (XRD) was used to analyze
the properties and structure of flocs. Fourier-transform infrared
spectroscopy (FTIR) was used to distinguish the chemical
structure of flocs. X-ray photoelectron spectroscopy (XPS) was
used to determine the valence states of As and Fe in the
precipitate.
Arsenic removal rate (Re%) was calculated by eqn (1):*'
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COC;OG x 100% (1)

Re =
where C, is the concentration of arsenic before the reaction, C;
is the concentration of arsenic after the reaction, pg L™".

2.5. Data processing

The Design expert 10.0.3 software for data analysis was utilized
to conduct multiple regression fitting on the test data, with A
representing current intensity, B denoting initial pH, and C
indicating peristaltic pump cycle rate. The actual arsenic
removal rate was considered as the response variable for per-
forming multiple regression fitting on these parameters while
analyzing the interaction among different factors to obtain the
predicted optimal operating parameters.

3 Results and discussion

3.1. Influence of various factors on As(u) removal efficiency

3.1.1 Initial As(m) concentration. Fig. 2a examines the
effects of different initial arsenic concentrations on arsenic
removal performance. As can be seen from the figure, arsenic
removal rates exceed 98%, and at initial arsenic concentrations
of 200-600 pg L™, arsenic removal rates are 99.6 & 0.75%, 99.3
+ 0.37%, and 99.11 + 0.54%, respectively. The residual arsenic
content of the solution in the discharge water was all reduced to
less than 10 pg L™". In the case of an initial arsenic concen-
tration of 800-1000 ug L™ ", the residual arsenic concentrations
in the solution are 14.98 ug L™ " and 16.80 ug L™, respectively, at
which point the remaining arsenic is As(v). The reason for the
high arsenic concentration in the effluent may be due to the fact
that the dissolved iron source is not sufficient to adsorb the
arsenic concentration under the assumption that the amount of
iron source released by the system is constant in the case of
a constant flow size. Therefore, when treating water with a high
concentration of arsenic, there will be a situation where the
flocculant cannot completely adsorb arsenic within a fixed time.

3.1.2 Initial pH. The effects of pHs of 3, 5, 7, 9 and 11 on
arsenic removal performance were investigated in Fig. 2b.
When pH < 7, the removal rate of arsenic increases with the
increase of pH. At pH > 7, the removal rate of arsenic decreases
as pH increases. At different pH, the removal rate of arsenic can
be ordered aspH=7>pH=5>pH=9>pH =3>pH =11. At
pH = 7, the removal rate of arsenic reached the maximum of
99.3 £ 0.37%. This may be because the iron hydroxide produced
in the electrocoagulation reaction process will mainly exist in
the form of fibritite, its conductive point is about pH = 7.0, at
pH = 7, the electrostatic attraction between As(v) and Fe,O;.

At pH < 7.0, As(v) and the surface of iron hydroxide are
positively charged, resulting in the adsorption of iron hydroxide
for As(v) is reduced due to electrostatic repulsion. Although the
removal rate of As(v) is relatively slow when the pH is too low or
too high, the removal rate is 97.35 & 1.75% at pH = 5, and 96.78
+ 1.53% at pH = 9, and the final removal rate of arsenic is
roughly the same. This shows that the electrocoagulation
reaction can work effectively over a wide pH range, and in
theory, enough iron hydroxide can be produced to completely

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Effect of (a) initial As(i) concentration; (b) initial pH; (c) pH changes before and after reaction; (d) Na,SO,4 concentration; (e) intensity of

current; and (f) rate of circulation on As(ii) removal.

remove arsenic from the solution. However, at pH 9.0-11.0, the
removal rates of arsenic are 96.78 + 1.53% and 68.83 + 1.85%,
respectively. The reason for the decrease in the removal rate of
arsenic may be that the proportion of Fe(OH); produced at this
time decreases, and some iron ions generate Fe(OH),,** which
leads to a sharp decline in the removal rate of arsenic at this
time. In addition, as shown in Fig. 2c, the effluent pH of the
solution will stabilize in a weakly alkaline range after the reac-
tion at different pH, which indicates that the electrocoagulation
reaction can effectively adjust the effluent pH of the
solution.’*3*

3.1.3 Current intensity. Fig. 2d shows the effect of different
current intensities on arsenic removal performance. The
removal rate of arsenic increases with the increase of the
current intensity, and the removal rate of arsenic is 97.46 +
0.56% and 98.57 £ 0.75% when the current intensity is 10 mA

© 2024 The Author(s). Published by the Royal Society of Chemistry

and 20 mA, respectively. When the current intensity is 30 mA,
the removal rate of arsenic is 99.3 + 0.37%, when the current
intensity is 30 mA, the reaction basically reached equilibrium,
at this time the concentration of arsenic in the solution (2.80 pg
L") is much lower than 10 pg L™". When the current intensity is
40 mA and 50 mA, the removal rate of arsenic is 99.37 4+ 0.23%
and 99.36 £ 0.86%, respectively. After 30 mA, the improvement
of As(m) removal rate was negligible with the increase of current
intensity. The increase of current intensity has little effect on
As(m) removal rate. Considering the effect of removal rate and
economy, the current intensity of 30 mA was adopted in all
subsequent experiments.

3.1.4 Initial Na,SO, concentration. The electrolyte
concentration often determines the conductivity of the solution,
and adding a certain amount of Na,SO, to the solution will
improve the conductivity of the solution. As shown in Fig. 2e,

RSC Adv, 2024, 14, 19206-19218 | 19209


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02716g

Open Access Article. Published on 14 June 2024. Downloaded on 11/17/2025 9:16:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the removal rates at Na,SO, concentrations of 5, 10, 15 and
20 mM were 98.97 £+ 0.56%, 99.3 £+ 0.37%, 98.89 £ 0.54% and
98.83 £ 0.85%, respectively. With the increase of electrolyte
concentration, the removal rate of As(ur) showed a trend of first
increasing and then decreasing. However, the overall removal
rate of arsenic did not change significantly. The highest removal
rate was observed when the concentration of Na,SO, was
10 mM. An electrolyte is a substance that speeds up sediment
formation and stabilizes the interaction between the reac-
tants.*® The concentration of the electrolyte tends to affect the
charge distribution between the ions in the electrocoagulation
reaction and thus affect the electrocoagulation result. The
presence of electrolytes can effectively reduce the surface
tension of the solution, making the reaction easier to carry out.
The increase of electrolyte concentration will destroy the anode
surface and the passivation film formed on the siderite surface,
thus promoting the electrocoagulation reaction. However, when
the electrolyte concentration was higher than 10 mM, the
removal rate of As(m) did not improve significantly. Too much
electrolyte may inhibit other interionic reactions in the water,
but as can be seen from the figure, the effect is small. It showed
that the supporting electrolyte addition had no significant effect
on As removal efficiency and energy consumption. Therefore,
the optimal Na,SO, concentration used in this experiment is
10 mM.

3.1.5 The influence of peristaltic pump circulation rate. In
the electrocoagulation experiment, the oxidation reaction of
Fe(u) largely depends on the availability of dissolved oxygen. In
order to explore the effect of dissolved oxygen on the removal
rate of arsenic, the experiment uses peristaltic pump as the
linker, which changes the free dripping of the solution under
different peristaltic pump rates, thus affecting the performance
of the electrocoagulation reaction. As shown in Fig. 2f, with the
increase of peristaltic pump rate, the removal rate of arsenic in
the solution showed a trend of first increasing and then
decreasing. When the peristaltic pump circulation rate was 0,
50, 100 and 150 mL min~*, the removal rate was 78.97 + 0.56%,
97.02 % 0.64%, 99.33 + 0.37% and 97.67 + 0.52%, respectively.
Therefore, it can be determined that when the peristaltic pump
rate is 100 mL min ™", the removal rate of arsenic reaches the
best. In the electrocoagulation reaction, increasing the contact
with the air can promote the electrocoagulation reaction.***” In
the electrocoagulation reaction, the gas produced by the reac-
tion may participate in the reaction and promote the electro-
coagulation reaction, thus accelerating the electrocoagulation
efficiency. Contact with gas can affect the progress of electro-
coagulation reaction.

3.1.6 The influence of phosphoric acid concentration.
Under different phosphate concentrations, the removal rate of
As(m) decreased with the increase of phosphate ion concentra-
tion, indicating that phosphate has obvious inhibitory effect on
the removal of arsenic. As shown in Fig. 3a, at different phos-
phate concentrations, the final removal rates of arsenic were
99.30 + 1.65%, 90.38 £ 0.96%, 72.83 £ 1.51%, 55.85 £ 1.67%,
respectively. Arsenic in nature mainly reacts with iron, manga-
nese, aluminum and so on to form oxides or hydroxides, which
exist in sediments or soil in water bodies. In addition, arsenic

19210 | RSC Adv, 2024, 14, 19206-19218
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and phosphorus belong to Group V of the periodic table of
chemical elements, have similar chemical properties, and
therefore have similar chemical transformation processes.

The coexistence of ions in water may promote or inhibit the
adsorption of arsenic by the flocs produced by the electro-
coagulation reaction. Generally, the content of phosphorus in
water is higher than that of arsenic in water. Previous studies
have shown that competitive adsorption of phosphorus and
arsenic often occurs in soil,*® which also leads to a great
reduction of the maximum adsorption capacity of the adsorbent
for arsenic in the treatment process.*® Phosphate is considered
to be the most competitive ion with arsenic in water. The
deprotonated oxygen-containing anion formed by phosphate in
water occupies the adsorption site on the surface of iron oxide,
thus inhibiting the adsorption behavior of arsenic. In the elec-
trocoagulation reaction, As(m) is usually oxidized to As(v) by
electrolysis and oxidation of active free radicals. The chemical
structure dissociation constant of phosphate (PO,*") is similar
to that of arsenate (AsO,’”). Therefore, in the electro-
coagulation system filled with siderite anode, when there are
phosphoric acid and arsenate at the same time, there is bound
to be competitive adsorption on the surface of iron oxide, which
will also lead to the reduction of arsenic removal rate.

3.1.7 The influence of the concentration of silicate. In
order to investigate the effect of different concentrations of
silicates on the removal rate of As(m) in electrocoagulation
system filled with siderite anode. The results are shown in
Fig. 3b, and the results show that the silicate has an inhibitory
effect on the removal of As(m). With the increase of the
concentration of silicate ion in water, the removal rate of As will
continue to decrease. However, compared with phosphoric
acid, silicate has less influence on As(ur) removal rate in water.
The removal rates of arsenic were 99.3 + 1.86%, 98.83 + 2.03%,
97.68 + 0.65% and 88.45 + 2.44%, respectively, at different
concentrations of silicate.

The removal of arsenic in electrocoagulation system filled
with siderite anode, in which the anions come from silicates
and phosphates. The concentration of these two anions can
reach 10-70 mg L' (measured in Si0,), which is much higher
than the arsenic concentration in groundwater, so they will
adsorb and participate in the treatment process of arsenic in
groundwater. First of all, both phosphates and silicates have an
inhibitory effect on the removal of arsenic, mainly because they
can form a chemical reaction similar to that of phosphate and
silicates with iron oxides with As(v), leading to a reduction in
the adsorption site, thereby reducing the removal rate of
arsenic. In addition, phosphates and silicates will also prevent
the formation of iron hydroxide flocs through oxidation with
Fe(u). This finding has important theoretical guiding signifi-
cance and practical application value for the effective removal of
arsenic from groundwater.

3.1.8 Influence of humic acid concentration. Humic acid is
a range of organic materials accumulated by the remains of
plants and animals, mainly plants, through decomposition and
transformation by microorganisms, and a series of chemical
changes on the Earth's surface. The main organic matter in
natural drinking water is humic acid, the content of humic acid

© 2024 The Author(s). Published by the Royal Society of Chemistry
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in the general water source is about 10 mg L™, the higher the
content, the worse the water quality. Humic acid due to the
existence of a large number of free radicals on its surface such
as carboxyl, hydroxyl, carbonyl and other active free radicals, its
physiological activity makes humic acid cause harm to the cone.
Humic acid is electronegative in water, easy to complex with
trace elements in water, especially heavy metals, to produce
more toxic substances, and can also lead to water-insoluble
compounds become easily soluble, so that its migration
ability in water is improved.

When the initial concentration of As(m) in water is 400 pg
L', the current intensity is 30 mA, the pH is 7, the electrolyte
(Na,SO,) concentration is 10 mM, and the peristaltic pump rate
is 100 mL min?, the effects of different concentrations of
humic acid (0, 1, 5, 10 mg L") in electrocoagulation system
filled with siderite anode on the removal rate of arsenic were
investigated. As shown in Fig. 3c, humic acid at different
concentrations had obvious inhibition on arsenic removal. The
removal rates of As(m) under different humic acid concentra-
tions were 99.30 + 1.21%, 84.10 + 1.52%, 81.36 £ 0.98%, 63.41
+ 1.69%. The removal rate of arsenic was greatly reduced in the
electrocoagulation reaction of humic acid, which may be due to
the competition between humic acid and As(v) at the surface
adsorption points, and the formation of soluble and colloidal
Fe(m)-HA complexes inhibited the precipitation of iron oxides/
hydroxides.

© 2024 The Author(s). Published by the Royal Society of Chemistry

3.2. The response surface method was used to optimize the
test parameters

3.2.1 The establishment of response surface model. The
experimental Design*’ and test results obtained by the response
surface method are shown in Table S3.1 Multiple regression
fitting is performed on the test data by using the Design expert
10.0.3 data analysis software. The current intensity, initial pH
and peristaltic pump cycle rate are set as A, B and C, respec-
tively, and the actual arsenic removal rate is taken as the
response value to perform multiple regression fitting on the
parameters. The coefficient and significance test results of the
regression model are shown in Table S4.f The quadratic
multinomial regression model is obtained, as shown in eqn (2) :

Y=9875+22344x Bx C+1.22+2.62x AB — AC + 6.09
X 5.84 x BC —12.84 x A> — 139 x B> —13.89 x (* (2)

After the regression model is obtained, further regression
analysis is carried out on the actual arsenic removal rate model
and regression coefficient. The results are shown in Table S4.7
From Table S4,f it can be seen that P < 0.001 (extremely
significant) and its missing item P = 0.0848 > 0.05 (insignifi-
cant) of the regression model, indicating a good degree of fitting
of the model and the corresponding regression value of the
regression equation can be predicted. At the same time, the
regression coefficient of the model B> = 0.9892, and the
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adjusted R*> = 0.9754 (greater than 0.8000), indicating that
97.54% of the data can be explained by the model, indicating
that the reliability of the equation is high.

As shown in Fig. S1,T the actual and predicted values of each
factor on the removal rate of arsenic are almost distributed in
a straight line with the results of the response values and the
test values, the actual values of the 17 groups of tests are close to
the response values, indicating a good fit. Residual analysis is
used to obtain the difference between the test value and the
response value, and can be used to investigate the reliability of
the model and data. As shown in Fig. S2(a),} the number of
values corresponding to the residual and response values is
randomly distributed around the zero line, and the floating
range of the residual value is within +6, indicating a high
degree of fit and small error. As can be seen from the residual
value based on the predicted removal rate of arsenic in
Fig. S2(b),T if the residual value and the normal distribution
value are basically in a straight line, the confidence degree of
the data is high, indicating that the residual follows the normal
distribution. In summary, it indicates that the model has good
fitting and rationality, and can be used to optimize the process
conditions of arsenic removal rate.

3.2.2 Analysis and verification of response surface model.
Then, according to the regression equation, the shape of
response surface curve and contour map were investigated to
analyze the effects of current intensity, initial pH and peristaltic
pump cycle rate on the actual As(ur) removal rate. The response
surface curves and contours can well reflect the interaction
between the independent variables. By observing the steepness
of the slope of the response surface graph, we can determine the
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degree of influence between the two response variables on the
response value. The steeper the response surface graph, the
more obvious the interaction between the two response vari-
ables. The effects of current intensity (4), initial pH (B) and cycle
rate (C) on the actual arsenic removal rate can be obtained by
analyzing Fig. 4a and b, b and e, and c and f.

The effect of the interaction between current intensity and
pH on the actual arsenic removal rate is shown in Fig. 4a. On the
AB interaction surface, the slope of the actual arsenic removal
rate increases first and then decreases with the change of
current intensity and pH. When the current intensity is 25-35
mA and pH is about 6-8, the actual arsenic removal rate is the
highest. The response surface diagram is also consistent with
the results of ANOVA in Table S4.7

The influence of the interaction between current intensity
and cycle rate on the actual arsenic removal rate is shown in
Fig. 4b. In AC interaction surface, the slope of the actual arsenic
removal rate increases first and then decreases with the
increase of current intensity; when the current intensity is low,
the slope of the actual arsenic removal rate increases first and
then gently with the increase of cycle rate; when the current
intensity is high, the slope of the actual arsenic removal rate
increases first and then gently. The slope of the actual arsenic
removal rate increases first and then decreases with the
increase of the cycling rate, which indicates that there is
a significant interaction between the current intensity and the
cycling rate. When the current intensity is 25-35 mA and the
cycle rate is about 70-130 mL min ", the actual arsenic removal
rate is the highest. The curve diagram is also consistent with the
results of variance analysis in Table S3.t
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Fig. 4 Response surface plot (a—c) and contour lines (d—f) of the combined effect of intensity of current, initial pH, and rate of circulation on

As(i) removal.
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The interaction of pH and circulation rate has an impact on
the actual arsenic removal rate as shown in Fig. 4c. In the BC
interaction surface, with the increase of circulation rate, the
actual arsenic removal rate increases first and then decreases;
when the circulation rate is low, the slope of the actual arsenic
removal rate increases first and then becomes gentle with the
increase of pH; when the circulation rate is high, the actual
arsenic removal rate increases first and then becomes gentle.
The slope of the actual arsenic removal rate increases first and
then decreases with the increase of the cycling rate, indicating
that pH and the cycling rate have a strong interaction. When pH
is 6-8 and the cycling rate is about 70-130 mL min ", the actual
arsenic removal rate is the largest. The plots were also consis-
tent with the ANOVA results.

After the experiment, according to the obtained regression
equation model, the optimal operating conditions for the
prediction were as follows: current intensity is 30.682 mA, pH is
6.710, cycle rate is 102.449 mL min~". According to the actual
conditions of the experiment, the conditions are revised to
current intensity is 30 maA, initial pH is 7, cycle rate is 100
mL min~'. Under the optimal conditions, three parallel tests
determined that the actual removal rate of arsenic was 99.332 +
0.568%, which was within 5% of the predicted removal rate of
99.205%, confirming the good correlation between the pre-
dicted value and the experimental value, indicating that the
optimal operating parameters optimized by the response
surface method were reasonable.

3.3. Characterization of flocs

3.3.1 SEM and XRF analysis. The surface morphology and
element content analysis of the flocs are shown in Fig. 5a and b.
The surface of the flocs is irregular particles with relatively loose
particle distribution and porous structure, which is conducive
to the adsorption of arsenic. XRF analysis is usually used to
determine the composition and content of the group elements
in the floc. It can be seen from Fig. 5c and d that XRF elemental
analysis indicates that the oxides that may exist in the floc are
Fe;0,, Al,03, As,03, etc. The main elements in the floc are iron,
oxygen, carbon, arsenic, etc. After inspection, the content of the

EDS HEEI 14

0 5 10 15 20

Fig. 5 SEM (a and b) and XRF (c and d) characterization of flocculants.
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main elements is 64.50% oxygen, 18.90% iron, 12.40% carbon
and 4.20% arsenic respectively. According to the scanning
electron microscope image, arsenic was uniformly distributed
in the floc, and the proportion of iron content was high, indi-
cating that a large number of iron flocculants could be
produced in the reaction to adsorb arsenic. It can be concluded
that the removal of arsenic is mainly based on the adsorption of
iron precipitates. In addition, the oxygen content contained in
the floc is high, it can be inferred that some floc exists in the
form of oxides or hydroxides.

3.3.2 FTIR Analysis. Subsequently, FTIR analysis is per-
formed on the floc in the wave number range of 500 cm™ " to
4000 cm ™" to obtain the infrared spectrum of the floc absorp-
tion. As shown in Fig. 6a, a new characteristic peak appears at
the wavelength of 562.63, which is caused by Fe-O vibration of
Fe;0, minerals in the iron-containing floc.** The wave number
peak at 1124.29 is due to the asymmetric stretching of Fe-C-O,
indicating a chemical bond formed by the reaction between the
arsenic and the iron floc in solution. In addition, 818 to
1128 cm ™' is the vibration absorption band of fibritite, and 585
to 632 cm ™" may be the stretching vibration absorption band of
As(u1)-0.** There are O-H bonds in the floc, and it is speculated
that there may be hydrogen bonds and OH connections in the
floc. The characteristic peaks at 1638.70 and 3460.10 cm '
indicate that there are hydrogen bonds in the product to be
connected with OH. The characteristic peak at 2965.50 cm™*
indicates the presence of C-H bond in the product. The results
show that there are many strong peaks in the electrocoagulation
system filled with siderite anode, which is sufficient to indicate
the presence of pure crystal components in the flocs, which is
consistent with the results obtained by XRF analysis.

3.3.3 XRD analysis. The XRD pattern of the sediment phase
analysis is shown in Fig. 6b. The weak diffraction peak and
relatively dim diffraction peak in the flocculant directly detected
at room temperature indicate that the crystallinity of the floc-
culant is low. Through analysis, it is assumed that the crystal-
lization peak of arsenic is the main peak, but the peak is not
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Fig. 6 Flocculants characterization: (a) the XRD analysis; (b) FTIR
analyses; (c). XPS spectrum of Fe 2p; (d). XPS spectrum of As 3d.
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obvious. The characteristic diffraction peak at 26 = 56.728°
corresponds to y-FeOOH (PDF# 76-2301). Subsequently, after
calcination at 900 °C for 2 h, it was found that the diffraction
peak at this time was still not obvious, which may be due to the
temperature at this time still did not reach the conditions for
the production of crystallization of iron elements, at this time
the crystallization peak of Fe,O; mainly exists in the floc, the
peak is still not obvious, so it is concluded that the floc is more
stable, not easy to crystallization. Therefore, it can be concluded
that the electrocoagulation system filled with siderite anode has
a strong adsorption capacity for arsenic pollutants during the
sedimentation process.

3.3.4 XPS analysis. X-ray photoelectron spectroscopy (XPS)
is a commonly used material characterization method, which
can accurately analyze the elements and their valence states on
the surface of materials. It can be used to analyze the surface of
micron films or other types of materials, and has good theo-
retical application effect. In this study, this technique was used
to analyze the floc produced by the electrocoagulation reaction.

The analysis of the valence states of arsenic and iron in the
sediment with XPS, as shown in Fig. 6¢, can be found in the Fe
2p spectrum of XPS, which consists of Fe 2p and Fe 2p,/; orig-
inal Fe 2p,,, spectra. Consisting of 6 peaks, respectively, formed
by two asymmetric peaks centered on the binding energies of
710.64 eV and 724.27 €V in the figure.**** In addition, it can be
inferred by comparison that the material with a peak Fe 2P;, of
711.20 eV may be magnetite (Fe;O,), ferritic hematite (y-
FeOOH), or hematite («-Fe,O3)* and the peak at 712.30 eV and
726.00 eV is Fe(u).*® The peaks at 710.20 eV and 723.90 eV belong
to As(m),** and the peaks at 719.40 eV and 732.60 eV correspond
to satellite peaks.” In the As 3d image of XPS Fig. 6d, it can be
seen that most of the arsenic is in the form of As(m), so it can be
concluded that most of the As(i) is oxidized to As(v).

3.4. Oxidation of As(m)

In order to explore the oxidation path of As(m) in the electro-
coagulation reaction, the contribution of each free radical to the
electrocoagulation reaction is determined by the electrolytic
direct oxidation (without adding siderite), the oxidation of
arsenic after adding siderite, and the possible active free radi-
cals ("OH, Fe(wv)) in the quenching reaction process.

As shown in Fig. 7, the oxidation path of As(ur) under the
optimal operating parameters is explored, and the removal rate
of arsenic in the solution after 10 min is shown under different
conditions (direct oxidation by electrolysis, oxidation of arsenic
after adding siderite, quenching of ‘OH, and oxidation of
arsenic after quenching of Fe(w)).

Under the optimal operating parameters, the direct reaction
in the electrocoagulation device with siderite filled anode
without siderite was found that the oxidation rate of arsenic
reached 78% within 10 min. The results show that the direct
oxidation of electrode has great contribution in the electro-
chemical reaction. Then siderite was added to continue the
reaction, and it was found that the oxidation rate of arsenic at
10 min was 87.79%, which indicated that siderite was also
involved in the oxidation of arsenic. Then methanol was added
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Fig. 7 Oxidation rate of As(i) at 10 min after addition of quencher.

to the solution as the quenching agent of "OH, and it was found
that the oxidation rate of arsenic was reduced by 3.39% within
10 min. When dimethyl sulfone was added as Fe(iv) quenching
agent, the oxidation rate of arsenic was reduced by 4.14%. This
indicates that "OH and participate in the oxidation of As(im).

In addition, the electrocoagulation system filled with siderite
anode is powered by a peristaltic pump, which increases the
oxygen content in the reaction liquid by overflow. After O, is
introduced into the system, Fe(un) will be rapidly oxidized.
According to the above experimental phenomena, it is specu-
lated that the electrocoagulation system filled with siderite
anode is very likely to occur electrofenton reaction.*”** However,
the mechanism of the electrofenton reaction is complex and
controversial. In this study, ‘OH and ‘O, in the solution were
detected by electron spin resonance spectroscopy. The results
were shown in Fig. S3 and S4,t and four characteristic peaks
were found in the solution respectively. This also confirmed the
existence of "OH and ‘O, in the solution to oxidize As(im).

It was also proved that "OH was formed during the reaction
in the electrocoagulation system filled with siderite anode. This
can be interpreted as: due to the presence of O,, will oxidize eqn
(3) rapidly. Similarly, the production of ‘OH will be accompa-
nied by the production of ‘O, (ref. 49) and H,0, (ref. 50) eqn
(4). Under the condition of pH = 7, the formation of Fe(v)** in
the electrocoagulation reaction is also very likely to exist, As
shown in eqn (5) and (6), during the reaction process, the
oxidizing agent generated will oxidize As(m) in the system to
As(v)* eqn (7)-(10).

Fe’" + 0, —» Fe** + 05~ (3)
Fe?* +'0,” + 2H" — Fe** + H,0, (4)
Fe’* + H,0, — Fe** + "OH + OH~ (5)

Fe** + H,0, — Fe** + 20H™ (6)
As*T —2e” - As™* 7)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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As*" +2°0,7 + 2H' — As® + 2HO,~ (8)
As** +2°0H — As’* + 20H- (9)

2Fe* + As™ — 2Fe’ + As™* (10)

In summary, the oxidation of As(u) in electrocoagulation
system filled with siderite anode is the comprehensive result of
direct electrolysis of electrode, O, ", "OH and oxidation of Fe(w).

3.5. The removal mechanism of As(m)

In the electrocoagulation system filled with siderite anode, the
introduction of siderite replaces the supply of iron ions in the
previous electrocoagulation process using iron as anode.
Therefore, it is not difficult to surmise that the presence of iron
ions in the reaction system will have a certain impact on the
reaction effect. Because of its high catalytic activity and affinity
for arsenic, iron-based materials usually oxidize As(m) to As(v)
rapidly in heterogeneous Fenton systems. As(v) is then removed
from the water by adsorption and industrial precipitation on
the surface. Therefore, the oxidation path of As(m) is discussed
in detail here.

In this paper, there may also be oxidation of As(m) due to the
release of iron ions from siderite.”® Therefore, in order to
explore whether there is such a phenomenon, we have explored
the oxidation pathway of As(m) in the previous article. In the
results of exploration, we can find that Fe(wv) is produced in the
system, which does have a certain impact on the oxidation of
As(m).** Therefore, the existence of siderite has also been
confirmed in the system occurred a class - Fenton reaction, Fe(u)
under the action of oxygen reaction to produce Fe(m), at the
same time the generation of ‘O,~, "0, may react As(ur) oxida-
tion to As(v); in addition, in the process of system reaction, the
system will continue to release Fe(u), the generated Fe(u) and
the previous generation of ‘O, and electrolysis of H" continue
to react to generate H,O,; the Fe(u) in the system will continue
to undergo a reaction with H,0, to produce Fe(wv).® This may
result in an Fe(wv) reaction path in the system. Therefore, Fe(i)
in the system will be partially converted to Fe(iv) and participate
in the oxidation of As(m). Secondly, when H,0, exists in the
system, part of Fe(u) will be oxidized to Fe(m) under its action,
and in this reaction process, there will be the generation of “OH.
"OH will also react with As(m) to oxidize it to As(v). In order to
verify the existence of the above content, the quenching test and
the detection of the presence of “OH were carried out previously,
which confirmed the correctness of the above statement.
Therefore, we can conclude that there are four oxidation paths
of Fe(u) in the system: Fe(u) reacts with oxygen, Fe(u) reacts with
‘0,” and H', reacts with Fe(n) reacts with H,0O, to produce
Fe(m), and reacts with Fe(i1) and H,O, to produce Fe (). In this
process, the ‘O, , ‘OH, Fe(iv) generated in the system will
continue to react with As(u) in the system, thus oxidizing part of
the system As(m) to As(v). Lakshmanan et al. believe that in
ferroelectric flocculation system, low voltage direct current is
applied to the low carbon steel plate immersed in the electrolyte
to promote the oxidation of Fe(0) on the iron anode to Fe(u), and
the reduction of H,O to H, (g) on the iron cathode.*® In situ
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formed Fe(n) is further oxidized by dissolved O, in bulk solution
to form an insoluble Fe(m) (oxygenated) oxide in addition,
reactive intermediates (i.e. O, oxidation of Fe(u) to produce "OH,
and ‘O,~, and Fe(wv)) oxidizes As(m) to As(v), which adsorbs
more readily than As(ur). This is also consistent with the results
obtained in this study.

As(u1) removal mechanism is shown in the Fig. 8. Therefore,
in the electrocoagulation system filled with siderite anode, the
oxidation path of As(m) can be divided into the following four
types: (1) electrolytic direct oxidation; (2) indirect oxidation of
'0,7; (3) indirect oxidation of 'OH; and (4) indirect oxidation of
Fe(v). Through a series of characterization analysis of the floc,
the main mechanism of removing As(m) in water by the elec-
trocoagulation system filled with siderite anode is obtained as
follows: under the stimulation of the current, siderite releases
a large amount of Fe(u), and Fe(u) will then be oxidized by the
system into Fe(ur) substances, that is, ferritic hematite (y-
FeOOH), magnetite (Fe;0,) and Fe(OH);. Part of As(m) in water
will be oxidized into As(v) through the above several ways,
because the pH is neutral conditions, so As(m) in water will exist
in the form of H3AsO; and H,AsO, As(v) will exist in the form of
H,AsO, , HAsO,>  and AsO,’”. As(m) is oxidized to As(v),
FeAsO, complex is easily formed and removed by precipitation.
v-FeOOH and Fe(OH); produced by oxidation of Fe(u) will
accelerate the settlement of suspended matter in solution. The
iron flocculant produced by the reaction is flocculated and
precipitated together with the arsenate in the water, thus
achieving the purpose of removing arsenic.

Under the action of the anode, siderite steadily releases
Fe(u), which is further oxidized to form y-FeOOH. Since the
solution has both As(ur) and As(v) in the process of reaction, it is
speculated that the electrocoagulation reaction mainly has two
mechanisms to remove As(m) : first, As(ur) in the electro-
coagulation system in the electrocoagulation system filled with
siderite anode is directly removed by the flocculant with strong
adsorption capacity such as ferritic hematite (y-FeOOH),
magnetite (Fe30,4), and the second is As(m) is oxidized to As(v),
and then the formation of bicoordination complex or iron
arsenate with fiber iron ore and is removed.

3.6. Stability test of the device

For mature water treatment technology, an important param-
eter that can be recognized is the long-term stability of the water
treatment device. Compared with the traditional electro-
coagulation process, which uses the iron electrode as the iron
source directly to provide the iron source for the electro-
coagulation reaction, this study adopts the method of siderite
releasing iron ions under the electrochemical action of the
anode to continuously provide the iron source for the electro-
coagulation reaction. There may be insufficient iron source
supply. Therefore, it is very necessary to determine the stability
of repeated operation of the electrocoagulation device through
tests.

The stability of iron flocculant produced by electrolysis of
siderite is the key factor of arsenic removal in electro-
coagulation system filled with siderite anode during long-term
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Fig. 8 Mechanism of the siderite electrocoagulation process in removing As(in).

operation. In order to accurately evaluate the influence of this
factor, the cycle experiment was carried out under the optimal
operating parameters, and the siderite was not replaced during
the cycle experiment. Due to the limitation of the iron content of
siderite itself, it was found in the pre-experiment that with the
increase of the number of tests, the content of iron ions visible
to the naked eye in the solution decreased significantly, and the
concentration of iron ions decreased after about 3-5 times, so
the number of cyclic experiments was determined to be 6
groups. As shown in Fig. 9a, as the number of cycles increased,
the removal rate of arsenic decreased from 99.30 + 0.37% to
98.60 + 0.45%, but overall the removal rate of arsenic was
relatively stable. After 6 cycles, the residual concentration of
arsenic in the effluent was 5.60 & 1.8 ug L', which was in line
with the concentration range stipulated by the World Health
Organization.

After a series of cyclic tests, the system demonstrated its
capability to maintain a high arsenic removal efficiency, largely

attributed to the precise determination of optimal operating
parameters. Additionally, the study found that the introduction
of oxygen (O,) into the system via overflow contributed to
enhanced arsenic removal efficiency.* Experimental compari-
sons between th system and an electrocoagulation (EC) system
without overflow were conducted, the experimental setup (no
peristaltic pump) as shown in Fig. S5a.f With the results
depicted in Fig. S5bt showing a significant increase in arsenic
removal rate under overflow conditions. Specifically, the
residual arsenic concentrations in the effluent were 2.8 + 1.48
pg L™ and 14.17 + 2.85 pg L™ " for the overflow and no-overflow
conditions, respectively. Fig. S5cf examined the changes in
As(v) concentration over time, revealing an initial increase fol-
lowed by a decrease, peaking at around 10 minutes. In the
system, the peak concentration of As(v) occurred slightly earlier
and was slightly higher compared to the no-overflow condition.
This suggests that overflow accelerates the oxidation of As(ur) to
As(v) and also promotes the oxidation of Fe(u), thereby
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Fig. 9 Siderite electrocoagulation process actual operation test: (a) six
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cycles of experiments; (b) the treatment of actual groundwater.
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hastening the formation of coagulants and enhancing the
removal of arsenic.

3.7. Removal test of As(m) in actual groundwater

In order to evaluate the removal efficiency of As(u) in actual
water by the electrocoagulation system filled with siderite
anode, the initial pH of the water sample was 6.70-8.50 and the
conductivity was 1739 uS cm™' based on the actual local
groundwater. After detecting the arsenic content in the actual
groundwater, a certain amount of As(mr) was added to obtain the
As(m) exceeded the standard groundwater based on the actual
groundwater, of which the initial As(ur) concentration was 50 pg
L.

In this study, real groundwater samples with an As(m)
concentration of 50 pg L™ " were treated under optimal condi-
tions to validate the practical application potential of the elec-
trocoagulation system filled with siderite anode in treating
high-arsenic groundwater. The experimental results indicated
that the system achieved an arsenic removal efficiency of
96.48% =+ 0.27%. The valence state of arsenic in the treated
water was converted to As(v), with the concentration reduced to
1.76 + 0.14 pg L™, significantly below the World Health Orga-
nization's standard of 10 pg L™ ". These findings demonstrate
the effectiveness of the system in removing excessive arsenic
from groundwater. Compared to the removal rate of 99.3%
under laboratory conditions, there was a slight decrease in the
removal efficiency in the field application, which could be
attributed to the lower initial concentration of arsenic in the
actual groundwater and the influence of other ions present in
the groundwater,”” such as phosphate and silicate ions.*
Nevertheless, the system maintained a high level of arsenic
removal from groundwater, demonstrating its ability to effec-
tively remove arsenic from actual groundwater sources.

4 Conclusions

The present study investigates the incorporation of natural
siderite into an electrocoagulation system for enhanced
removal efficiency and mechanism elucidation of As(ui). The
specific findings are as follows:

(1) The operation parameters are optimized using the
response surface method based on a single factor experiment.
the optimal conditions for the system were determined: initial
As(m) concentration of 400 pg L™ ", current intensity of 30 maA,
pH = 7, and Na,SO, concentration of 10 mM, under which the
removal rate of arsenic can reach 99.3% =+ 0.37%.

(2) The oxidation of As(u) involves direct electrode oxidation
to produce reactive oxidants, followed by coagulation and
adsorption removal. The pathways for As(u) oxidation include
direct electrolytic oxidation and reactive oxygen species oxida-
tion(possibly “O, ", ‘OH, and Fe(wv)).

(3) After six consecutive cycles of testing, the arsenic removal
rate decreased slightly from 99.30% =+ 0.37% to 98.60% =+
0.45%, showing overall stability in arsenic removal efficiency.

(4) When treating real groundwater with high arsenic
content, the removal rate reached 96.48% =+ 0.27%, and the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effluent arsenic concentration was 1.76 + 0.14 pg L, signifi-
cantly below the World Health Organization's standard of 10 pg
L~'. This indicates that the system can effectively remove
excessive arsenic from groundwater.

In summary, this study successfully developed an environ-
mentally friendly, highly efficient, and stable method for
removing arsenic from groundwater, providing innovative ideas
and theoretical support for the application of electro-
coagulation technology in treating arsenic-containing ground-
water. This device provides a reference and technical support
for removing As(m) from water in remote areas. It offers
important experimental evidence and theoretical guidance for
the field of water treatment technology, having a profound
impact on advancing and improving existing water treatment
methods.
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