
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 5
:4

1:
51

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Degradation of fl
aCollege of Water Conservancy and Archit

Shihezi, 832000, Xinjiang, PR China. E-mai
bKey Laboratory of Cold and Arid Regions

Production & Construction Corps, Shihezi, 8

† Electronic supplementary informa
https://doi.org/10.1039/d4ra01359j

Cite this: RSC Adv., 2024, 14, 13711

Received 22nd February 2024
Accepted 17th April 2024

DOI: 10.1039/d4ra01359j

rsc.li/rsc-advances

© 2024 The Author(s). Published by
uoride in groundwater by
electrochemical fixed bed system with bauxite:
performance and synergistic catalytic mechanism†

Xiangxu Meng,a Junfeng Li, *ab Wenying Qu,ab Wenhuai Wang,ab Xueting Fenga
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Fluoride pollution in water has garnered significant attention worldwide. The issue of fluoride removal

remains challenging in areas not covered by municipal water systems. The industrial aluminum electrode

and natural bauxite coordinated defluorination system (IE–BA) have been employed for fluoride removal.

The experiment investigated the effects of pH, current density, and inter-electrode mineral layer

thickness on the defluorination process of IE–BA. Additionally, the study examined the treatment

efficiency of IE–BA for simulated water with varying F− concentrations and assessed its long-term

performance. The results demonstrate that the defluorination efficiency can reach 98.4% after

optimization. Moreover, irrespective of different fluoride concentrations, the defluorination rate exceeds

95.2%. After 72 hours of continuous operation, the defluorination rate reached 91.9%. The effluent

exhibited weak alkalinity with a pH of around 8.0, and the voltage increased by 2.0 V compared to the

initial moment. By analyzing the characterization properties of minerals and flocs, this study puts forward

the possible defluorination mechanism of the IE–BA system. The efficacy of the IE–BA system in fluoride

removal from water was ultimately confirmed, demonstrating its advantages in terms of defluorination

ability under different initial conditions and resistance to complex interference. This study demonstrates

that the IE–BA technology is a promising approach for defluorination.
Introduction

Approximately 300 million people worldwide are affected by
uoride contamination in drinking water sources. Large
amounts of uoride accumulate in groundwater due to the
natural dissolution of uorine-containing minerals and rocks.1

Excessive uoride content in drinking water leads to severe
impacts on human health, including cancer, brain damage,
skeletal disorders, and neurological diseases.2 Therefore, the
World Health Organization recommends that the uoride
concentration in drinking water should not exceed 1.5 mg L−1.3

However, in certain regions of the world, economic constraints
have led to public health issues. Therefore, in the absence of
alternative water sources, the removal of uoride from
groundwater remains the only solution for residents in areas
with high uoride content.1

Currently, there are various methods for deuoridation,
including chemical precipitation,4 coagulation–sedimentation,5
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adsorption,6 membrane separation,7 ion exchange,8 and elec-
trochemical methods.9,10 The aforementioned techniques have
various drawbacks. For instance, coagulation–sedimentation
and precipitation methods require a signicant amount of
chemical agents and multiple pH adjustments during the
treatment process, leading to the generation of a considerable
quantity of secondary pollutants and a substantial amount of
waste materials;11 The adsorption method for uoride removal
requires pre-treatment steps and has a long processing time.
Additionally, its deuoridation efficiency decreases aer
regeneration cycles;12 The production cost of membranes is
high, and the requirement for skilled labor is a major drawback
of membrane treatment methods.13 The electrochemical
method remains the preferred approach due to its simplicity of
operation, and high removal efficiency.14,15 Iron and aluminum
are commonly used electrode plates in electrochemistry.16 The
abundant aggregation of metal hydroxides, also known as the
“web catching and sweeping” method, is used to remove uo-
ride in water.17 However, previous research has demonstrated
that the Electrooccu (EC) process using aluminum electrodes
is more effective in removing uoride from water compared to
the EC process using iron electrodes.18

There is ample evidence to suggest that electrochemical
technology involves inducing the production of acids and bases
through electrochemical water splitting in the separation
RSC Adv., 2024, 14, 13711–13718 | 13711
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Fig. 1 Schematic diagram of IE–BA system device.
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zone.19,20 In the anode region, the acidic environment hinders
the formation of aluminum hydroxide, thereby affecting the
removal efficiency of uoride ions. To address this issue, we
have opted to ll the inter-electrode space with natural
minerals, which not only neutralize the acid generated at the
anode but also release metal ions.

Previous studies have shown that bauxite, a natural mineral,
exhibits promising potential in uoride removal from water.
The mechanism of uoride adsorption onto bauxite is
a complex process involving particle diffusion, physical
adsorption, chemical adsorption, and structural trans-
formations.21 Various methods such as thermal activation, acid
treatment, doping, and immobilization have been explored to
enhance the deuorination efficiency of bauxite.22–24 Regret-
tably, there is limited research on the combination of electro-
chemical technology and the use of bauxite for uoride removal
from water.

Therefore, the main aim of this study is to advance the
current understanding the degradation of uoride in ground-
water by electrochemical xed bed system with bauxite being
packed between aluminum electrodes. The objectives were to:
(i) investigate the feasibility of using alumina ore for con-
structing an electrochemical xed bed to remove uoride from
water through systematic characterization and analysis of the
physicochemical properties of the ore; (ii) explore the inuence
of different operating conditions on uoride removal in the IE–
BA system; (iii) propose a uoride removal mechanism for the
IE–BA system by comparing the changes in physicochemical
properties of the alumina ore before and aer reaction and
analyzing the characterization results of the ocs. This study
aims to evaluate the effectiveness and potential applications of
the IE–BA technology, providing a theoretical basis for its
optimization and practical use.
Materials and methods
Materials

The required synthetic solutions were prepared using CaCl2
0.337 mg L−1, MgSO4 0.1572 mg L−1, NaNO3 0.013 mg L−1, NaCl
0.400 mg L−1 and NaF. All the aforementioned chemicals were
of analytical grade, purchased without further purication from
Sinopharm Chemical Reagent Co., Ltd. The solutions were
prepared using deionized water. The natural alumina ore was
sourced from Zhengyuan Refractory Materials Factory in
Yangquan City, Shanxi Province. Aluminum alloy material
(AU4G) was used for both electrodes.
Experimental setup

A laboratory-scale IE–BA uoride removal system, as depicted in
Fig. 1, was established. The experimental setup consisted of
a cylindrical acrylic reactor with an open top, height of 200 mm
and inner diameter of 80 mm, used for batch reaction tests. The
empty bed volume of the reactor was 1004 mL. Two aluminum
electrode plates, each with a length of 15.0 cm and a width of
5.6 cm, were employed as the anode and cathode. Aluminum
ore with a diameter of 2–5 mm was lled between and around
13712 | RSC Adv., 2024, 14, 13711–13718
the electrode plates, with the upper edge of the electrodes
submerged in the packed ore particles. When the reactor was
lled with the catalyst, the effective volume of the solution in
the reactor was 270 mL. The current density was calculated as
the ratio of the current to the total surface area of the anode (84
cm2). The power supply operated in constant current mode and
was provided by a DC power source (MAISHENG, MS-155D,
China). The solution feed was driven by a peristaltic pump
(Kamoer, DIPUMP 550, China).

The experimental procedure

First, an Energy-Dispersive Spectroscopy (EDS) analysis was
conducted on the natural bauxite ore to determine its chemical
and mineral composition. Subsequently, the uorine removal
potential of IE–BA was investigated under the conditions of
a thickness of 2.0 cm between the electrode plates, a current
density of 0.3 mA cm−2, and an initial pH of 8.0. Furthermore,
the effect of different initial pH levels on the deuorination
performance was studied by introducing simulated water con-
taining 10.0 mg L−1 F− into IE–BA at a current density of 0.2 mA
cm−2, with pH values ranging from 6.0 to 10.0 pH adjustment
was achieved using 0.1 M NaOH and 0.1 M H2SO4.

The inuence of different forms of Al3+ under different pH
conditions was simulated using Visual MINTEQ 3.1 to help
explain the experimental results. Subsequently, the effect of
different current densities (0, 0.1, 0.2, 0.3 mA cm−2) on uoride
removal was investigated in simulated water containing
10.0 mg L−1 F− under the optimal pH conditions. Moreover, the
effect of different thicknesses of inter-electrode mineral layers
(0.5, 1.0, 1.5, 2.0 cm) on uoride removal was studied under the
optimal pH and current density conditions. Batch experiments
were conducted to determine the optimal operating conditions,
and the IE–BA's uoride removal efficiency was systematically
investigated under varying initial uoride concentrations (10,
20, 30, 40, and 50 mg L−1) to assess its resistance to initial
concentration uctuations. A continuous 72 hours run test was
employed to evaluate the long-term performance of the IE–BA
system in terms of uoride removal. Aer the experimental
phase, a Scanning Electron Microscopy (SEM) analysis was
conducted on the minerals within the system, and a compre-
hensive examination using SEM, EDS, and Fourier Transform
Infrared Spectroscopy (FTIR) was performed on the ocs
recovered from the water. This rigorous analysis aimed to
elucidate the underlying mechanism of uoride removal by the
IE–BA system.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The electrodes were polished using 400-grit sandpaper,
degreased with ethanol, and rinsed with deionized water prior
to each experiment. The bauxite was washed three times with
distilled water and then cleaned in an ultrasonic cleaner for 10
minutes before being naturally dried and placed between the
electrodes and around the electrodes. A 1 ml sample was taken
from the ltered liquid through a 0.45 mm lter membrane for
analysis. Aer the experiment, the minerals between the elec-
trodes and the sludge in the liquid were collected and subjected
to identication and analysis. The entire experimental proce-
dure was conducted within a fume hood for safety and
controlled conditions.
Analsyes and calculations

High-resolution scanning electron microscopy (FEI, Quanta
650FEG) was employed to analyze the surface morphology and
elemental composition of minerals and sludge. X-ray uores-
cence spectroscopy (XRF, ARL Perform) was used, and Fourier-
transform infrared spectroscopy (Thermo FTIR, Nicolet 6700)
was performed to obtain the infrared spectra of the generated
sludge within the wavenumber range of 500–4000 cm−1. The
uoride concentration was measured using a uoride ion
concentration meter (Shanghai Sanxin WS100).

The removal efficiency of F− was calculated using eqn (1).

r ¼ 1� C1

C0

� 100% (1)

In the equation, r represents the removal efficiency of F−, c1
denotes the residual concentration of F− in the solution (mg
L−1), and c0 represents the initial concentration of F− in the
solution (mg L−1).
Results and discussion
Characteristics of raw bauxite material

The crystal structure and chemical composition of the original
bauxite ore were determined using EDS and XRF, as shown in
Fig. 2. Fig. 2a reveals the presence of elements, such as Al, Fe, Ti,
and S in the bauxite ore. Furthermore, Fig. 2b displays the
content of Al2O3, SiO2, Fe2O3, TiO2, K2O, CaO, MgO, SrO, SO3,
Fig. 2 (a) EDX image, (b) XRF image, (c) element distribution map.

© 2024 The Author(s). Published by the Royal Society of Chemistry
P2O5, and other constituents, which account for 48.32%,
34.35%, 6.93%, 4.83%, 2.38%, 1.03%, 0.75%, 0.57%, 0.55%,
0.23%, and 0.07%, respectively. Additionally, the distribution of
elements such as Al and Fe throughout the mineral is uniform
(Fig. 2c). These results indicate that Al2O3 and SiO2 are the main
substances in bauxite ore and can serve as an IE–BA alumina
source.

Investigation into the deuorination potential of IE–BA

To investigate the deuorination efficiency of IE–BA, a column
reactor was rst constructed, and the removal effect of uoride
was explored on a laboratory scale (Fig. 3a). Simulated water
containing 10 mg L−1 of uoride and an initial pH of 8.0 was
used. The results demonstrated that, under the conditions of
a current controlled at 39 mA and a plate spacing of 2.0 cm
without the addition of bauxite, the removal efficiency reached
80.5% with a residual concentration of 1.94 mg L−1. When
bauxite was added, with the current controlled at 0 mA, the
removal efficiency was 51.1% with a residual concentration of
4.88 mg L−1. Moreover, with a current control of 39 mA, the
removal efficiency signicantly increased to 93.0%, accompa-
nied by a notably lower residual concentration of 0.70 mg L−1.
These ndings indicate the promising deuorination potential
of IE–BA.

During the operation of IE–BA, the generation of Fe ions was
detected in the solution. This is attributed to the acid dissolu-
tion of the electrochemical system, which causes the mineral to
release Fe. Previous studies have indicated that the presence of
Fe can enhance the deuorination efficiency, and uoride ions
can also increase the removal rate of iron.25 This could also be
one of the factors contributing to the higher deuorination
efficiency achieved by IE–BA.

Inuence factors of deuorination efficiency in IE–BA

pH. The inuence of pH values on electrochemical
deuorination is signicant.26 As natural water bodies typically
exhibit weak alkalinity, the impact of pH (6.0, 7.0, 8.0, 9.0, 10.0)
on deuorination efficiency was investigated, as shown in
Fig. 3b. With an increase in pH value, the removal rate exhibited
a trend of initially increasing and then decreasing. The highest
removal rate of 96.0% was achieved at a pH of 7.0, with
a residual uoride concentration of 0.40 mg L−1. At pH 6.0, the
removal rate was slightly lower than at pH 7.0, reaching 92.8%,
with a residual uoride concentration of 0.72 mg L−1. The
lowest removal rate of 90.1% was obtained at pH 10.0, with
a residual uoride concentration of 0.99 mg L−1. To aid in
interpreting the experimental ndings, the different forms of
Al3+ in various pH conditions were simulated using Visual
MINTEQ 3.1, as depicted in Fig. S1.†

Initially, the concentration of uoride ions in the water
rapidly decreased, followed by a slower decline towards the end
of the electrochemical process. This phenomenon can be
attributed to the initially high mass transfer rate, as numerous
available vacant sites exist on the oc responsible for uoride
adsorption.15 This removal kinetics may be associated with the
promotion of water oxidation.27,28 Interestingly, there is
RSC Adv., 2024, 14, 13711–13718 | 13713
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Fig. 3 (a) Investigation into the defluorination potential of IE–BA (with initial F− concentration of 10.0 mg L−1, initial pH of 8.0, electrode spacing
of 2.0 cm, and current of 39 mA). (b) Examines the impact of initial pH on defluorination efficiency (with initial F− concentration of 10.0 mg L−1,
electrode spacing of 2.0 cm, and current of 39 mA). (c) Explores the influence of electrode spacing on defluorination efficiency (with initial F
concentration of 10.0 mg L−1, pH of 7.0, and current of 39 mA). (d) Evaluates the effect of current on defluorination efficiency (with initial F−

concentration of 10.0 mg L−1 initial pH of 7.0, electrode spacing of 1.0 cm) and electrode spacing.
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a phenomenon of a pronounced second decrease in residual F−

levels in water. Unlike the initial occurrence, this could be
attributed to the accumulation of alkalinity, resulting in
a morphological change of Al and the generation of more F−

colloid particles with a positive charge, favorable for anion
adsorption.29 It is evident that this phenomenon occurred at the
9th minute when pH reached 6.0 and 7.0. However, this
phenomenon appeared aer 24 minutes under the conditions
of pH 8.0 and 9.0, but did not occur at pH 10.0. It is favorable for
the IE–BA system to produce more metal ions when the initial
pH is weakly acidic or neutral, but an excessively alkaline
environment is not conducive to the formation of colloidal Al3+

for the removal of F− from water.30 In summary, under the
initial pH condition of 7.0, there was a signicant decrease in
the concentration of F− during the removal process, and the
nal concentration was also lower than the residual concen-
trations under other pH conditions. Therefore, a pH of 7.0 was
chosen as the initial condition for further experiments investi-
gating other factors.
Thickness of the interelectrode mineral layer

The thickness of the interelectrode mineral layer is an impor-
tant operational parameter in electrochemical reactions, as it
signicantly affects the electrochemical removal of pollutants.
13714 | RSC Adv., 2024, 14, 13711–13718
The inuence of different thicknesses of the interelectrode
mineral layer (0.5 cm, 1.0 cm, 1.5 cm, 2.0 cm) on uoride
removal efficiency was investigated under the conditions of
initial pH of 7.0, uoride concentration of 10.0 mg L−1, and
current density of 0.2 mA cm−2, as shown in Fig. 3c. The
residual uoride concentration in water initially decreased and
then increased with an increase in the thickness of the inter-
electrode mineral layer. The best removal efficiency for uoride
was observed with a thickness of 1.0 cm, aer 42 minutes of
reaction, the residual uoride concentration in water was
0.13 mg L−1, corresponding to a removal rate of 98.7%. When
the thickness of the interelectrode mineral layer was 0.5 cm and
1.5 cm, the uoride removal efficiency was similar, with removal
rates exceeding 95.0% (96.8% and 97.0% respectively), and the
residual uoride concentrations in water were 0.31 mg L−1 and
0.29 mg L−1 respectively. A slight decrease in the uoride
removal efficiency was observed when the thickness of the
interelectrode mineral layer was 2.0 cm, with a removal rate of
94.4% and a residual uoride concentration of 0.56 mg L−1.

One possible reason for this phenomenon could be the
inadequate thickness of the interplate mineral layer (0.5 cm),
which hampers the diffusion of cations. A suitable thickness of
the interplate mineral layer would enhance the hydrolysis of
metal cations, resulting in the formation of stable ocs that
adsorb uoride ions, thereby decreasing the residual uoride
© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration in water.29 However, excessive thickness of the
mineral layer (1.5 cm, 2.0 cm) diminishes the interaction
between uoride ions and hydroxyl polymers, leading to
decreased mass transfer efficiency and consequently impacting
deuoridation effectiveness.31 Furthermore, an increase in the
distance between electrodes promotes the formation of passive
anodic lms, thereby elevating ohmic resistance and impeding
oc formation.32 Some studies have also suggested that
a reduction in local concentration and electrostatic attraction
leads to lower removal rates.29

Current density

The F− solution with a concentration of 10 mg L−1 was treated
using the IE–BA process with an inter-electrode mine layer
thickness of 1.0 cm and different current densities (0, 0.1, 0.2,
0.3 mA cm−2). The results are shown in Fig. 3d. Under no
current condition (0 mA), the residual F− concentration was
4.88 mg L−1 with a removal rate of 51.2%. When the current was
increased to 13 mA (0.1 mA cm−2), the residual F− concentra-
tion decreased to 1.19 mg L−1 with an improved removal rate of
88.1%. With the current of 26mA (0.2 mA cm−2), the residual F−

concentration further decreased to 0.16 mg L−1, demonstrating
a removal rate of 98.4%. Interestingly, when the current was
increased from 26 mA (0.2 mA cm−2) to 39 mA (0.3 mA cm−2),
the residual F− concentration increased to 0.24 mg L−1 and the
removal rate decreased to 97.6%, which represented a 0.8%
decline compared to the previous condition.

With an increase in the applied current intensity, the
concentration of dissolved metal ions in water also increases.
Consequently, a greater amount of ocs can remove F− from the
water.17 However, this process is limited by the current density.
Exceeding this value results in an excessive dosage of coagulant
and can cause the rupture of ocs due to gas bubbling, ulti-
mately reducing the removal efficiency of pollutants.33 Excessive
metal ions can also impact water quality and human health, as
well as lead to unnecessary energy consumption, making it
economically unfeasible for the removal of F from water
through IE–BA. Therefore, a current of 26mA (0.2 mA cm−2) was
chosen as the optimal operational condition.

Evaluation of operational effectiveness

In a batch experiment, the nearly optimal conditions for
deuorination using the IE–BA system were investigated. This
nding will more easily meet the demand for resource recovery
as a household device and promote the application of the IE–BA
system in sparsely populated regions. In natural water bodies,
the concentration of uoride (F−) is not xed. To assess the
capability of the IE–BA system to resist variations in water
quality, simulated water containing different concentrations of
F− (10 mg L−1, 20 mg L−1, 30 mg L−1, 40 mg L−1, 50 mg L−1) was
introduced into the system, and the deuorination effectiveness
was determined, as shown in Fig. 4a. In batch experiments, the
deuorination efficiency was found to consistently exceed
95.2% across different concentrations.

To validate the system's feasibility for practical applications,
a continuous operation test was conducted by introducing
© 2024 The Author(s). Published by the Royal Society of Chemistry
a solution containing 10 mg L−1 of F− over a duration of 72
hours (Fig. 4b). The system demonstrated effective removal,
with a nal concentration of 9.19 mg L−1 and a residual
concentration of 0.81 mg L−1, resulting in a removal rate of
91.9%. Throughout the operation, the treated water maintained
a weak alkaline pH. However, over time, the voltage increased
by 2.0 V, leading to a slight increase in energy consumption
(Fig. 4c).

Exploring the characteristics of minerals and sludge and the
mechanism of uoride removal in the IE–BA system.

The characterization of the minerals before and aer the
reaction, as well as the produced sludge, was conducted to gain
a deeper understanding of their characteristics, assess their
further utilization, and validate the hypothesized uoride
removal mechanism in the IE–BA system. The surface
morphology of the generated sludge was revealed through SEM
images (Fig. 5c and d), which displayed irregular agglomerates
of particles. In addition, the EDS analysis shown in Fig. 5b
conrmed the presence of uorine, aluminum, iron, and other
elements in the sludge. The FTIR analysis of sludge, performed
in the wavenumber range of 400–4000 (Fig. 5a), revealed peaks
at 3470 and 1638, which are likely attributed to the presence of
O–H stretching.34,35 Peaks at 1010 and 1526 represent the pres-
ence of O–H bending and Al–O bond stretching, respectively.33,36

A peak at 610 indicates the presence of Al–F–Al bond,15 while the
peak at 1638 is attributed to the presence of O–H.37 A compar-
ison of the SEM images of the minerals before and aer the
reaction reveals a layered structure on the surface of the raw ore
(Fig. 5e and d). In contrast, the surface of the reacted bauxite
exhibits a porous structure (Fig. 5g and h), which may be
attributed to the electrochemical reaction-generated H+. Addi-
tionally, the surface exhibits agglomerated substances resem-
bling ocs.

These characterizations provide valuable and comprehen-
sive information regarding the microstructural changes before
and aer mineral reactions, as well as the chemical composi-
tion of the sludge. This allows us to elucidate the mechanism of
uoride removal through the IE–BA process. In conjunction
with the use of Al as an electrode material in electrochemical
reactions, the IE–BA system can encompass the following
aspects:11,38,39

Anode:

2H2O / 4H+ + O2[ + 4e− (2)

2Al(s) / 2Al(aq)
3+ + 6e− (3)

Reaction in bauxite solution:

Al2O3(s) + 6H+ / 2Al(aq)
3+ + 3H2O (4)

Cathode:

10H2O + 10e− / 10OH− + 5H2[ (5)

Reaction in aqueous solution:

H+ + OH− / H2O (6)
RSC Adv., 2024, 14, 13711–13718 | 13715
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Fig. 4 (a) The effect of initial concentration on fluoride removal efficiency (with initial pH of 7.0, electrode spacing of 1.0 cm, and current of 26
mA). (b) Long term operation test of IE–BA system for fluoride removal (with initial F− concentration of 10.0 mg L−1, initial pH of 7.0, electrode
spacing of 1.0 cm, and current of 26 mA). (c) Changes in pH and voltage over time.

Fig. 5 Characterization characteristics analysis of sludge (a) FTIR plot,
(b) EDS plot. SEM images (c) and (d) of natural bauxite, (e) and (f) of
reacted bauxite, and (g) and (h) of sludge.

Fig. 6 Schematic diagram depicting the acid hydrolysis of bauxite and
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Al(aq)
3+ + OH− / Al(OH)2+ (7)

Al(OH)2+ + OH− / Al(OH)2
+ (8)

Al(OH)2
+ + OH− / Al(OH)3 (9)

Al(OH)3 + OH− / Al(OH)4
− (10)
13716 | RSC Adv., 2024, 14, 13711–13718
nAl(aq)
3+ + mOH− + (3n − m)F− / AlnOHmF(3n−m)(s) (11)

The proposed mechanism for this phenomenon, as illus-
trated in Fig. 6, is typically based on the electrolysis of H+ and
OH− in a typical electrochemical system generated at the anode
and cathode, respectively (eqn (2) and (5)), and their recombi-
nation to maintain the system's pH (eqn (5)). As a result, the pH
of the electrolyte solution remains relatively unchanged.
However, in the IE–BA process, a signicant portion of H+ ions
are consumed by the bauxite particles, while Al3+ is released into
the solution from the bauxite (eqn (4)). Additionally, Al (s) also
releases Al3+ through electrochemical reactions (eqn (3)). As the
electrochemical reaction progresses, the generation of H+ and
OH− ions becomes limited, leading to the accumulation of OH−
the fluoride removal mechanism in the IE–BA system.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ions in the solution. The generation of Al3+ and OH− ions
triggers the formation of numerous monomeric and polymeric
hydroxy metal compounds (eqn (7)–(10)), such as Al(OH)2

+,
Al2(OH)2

4+, Al(OH)4
− and Al(OH)2+,40,41 and higher polymeric

species like Al6(OH)15
3+, Al7(OH)17

4+, Al8(OH)20
4+, Al13(OH)34

5+,
and Al8O4(OH)24

7+.
According to the kinetics of complex precipitation, these

substances further transform into amorphous Al(OH)3(s).42,43

This complex, Al(OH)3(s), is believed to have the capacity to
adsorb uoride.44 Additionally, these newly formed metal
hydroxide compounds possess strong affinity for adsorbing
pollutant ions, accompanied by a large surface area. Through
processes such as occulation, adsorption, sweep occulation,
and co-precipitation, they eventually settle as sludge at the
bottom of the reactor (eqn (11)).30,45,46
Conclusions

In this study, the innovative combination of electrochemical
acid-base zone and the characteristics of alumina dissolution in
acid and the formation of metal ions hydroxide oc in alkaline
solution were adopted. A new deuorination system, named IE–
BA, was developed by cleverly integrating inexpensive alumina
with an electrochemical system. The reactor utilizes industrial
aluminum electrodes in conjunction with abundant and low-
cost natural alumina to remove F− from water. The analysis of
the physicochemical properties of alumina conrmed its
feasibility as an aluminum source for the IE–BA system. The IE–
BA system demonstrates strong resistance to pH interference
and can improve the uoride removal efficiency by appropri-
ately increasing the current density under a suitable ore layer
thickness. By optimizing the experimental conditions, it was
found that at an initial pH of 7.0, an ore layer thickness of
1.0 cm, and a current density of 0.2 mA cm−2 (26 mA), the
removal rate of F− can reach 98.4%. The deuorination rate of
the IE–BA system can exceed 95.2% at different initial concen-
trations. Aer continuous operation for 72 hours, the deuori-
nation rate remained at 91.9%. The effluent pH was weakly
alkaline (pH = 7.99), and the voltage increased by 2.0 V
compared to the initial state during system operation. These
results demonstrate that the IE–BA system has the advantages
of adjustable exibility, adaptability, and strong load resistance.
Thus, it holds the potential for automation and remote control
and can be applied to remove F− from water in decentralized
households, military facilities, and remote areas that are not
connected to the municipal water supply network.
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