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With the increasing problem of fluoride pollution, it is urgent to find an efficient method to remove fluoride
(F7). In this study, a new material goethite—montmorillonite-sorbent (GMS) was prepared and added into
the electrocoagulation (EC) reaction to form a new pathway (EC/GMS) for the removal of fluoride.
Scanning electron microscopy (SEM), Brunauer—Emmett—Teller (BET), Fourier-transform infrared (FT-IR),
X-ray photoelectron spectroscopy (XPS) and other characterization methods were used to analyze the
properties of GMS. The fluoride removal performance and mechanism of EC/GMS was studied. The
results showed that GMS could provide numerous adsorption sites. EC/GMS could achieve a high
removal efficiency of 95.98% and lower energy consumption of 0.58 kW h m~> for 60 min. EC/GMS
could achieve a removal efficiency of 99.47% after optimization by single-factor experiments and RSM-
BBD optimal experiments. Meantime, the removal rate of the EC/GMS still reached over 87% after six
cycles. The kinetic analysis indicated that the degradation pathways could also achieve a high removal
rate for high fluoride-containing concentration solutions within a short time. The stretching vibration of
C—-F and C-0 and the existence of F~ revealed that the electrophoresis of the electrodes, adsorption of
GMS, and co-precipitation of flocs were the main removal pathways, and the accelerating effect
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DOI: 10.1035/d1ra08503d between the electrocoagulation and adsorption process was addressed. This study provides a new

rsc.li/rsc-advances pathway for removing fluoride from aqueous environments.

of north-western China and some rural areas without a cen-
tralised water supply, fluoride pollution is more prominent and
difficult to solve. Therefore, the demand for improved water
quality and guaranteed safety is fundamental for developing

1. Introduction

Fluoride (F7) is an anion that occurs naturally in groundwater,
and commonly originates from weathered rocks that contain

fluorine-containing minerals, such as fluorite, fluorspar, cryo-
lite, apatite, and wollastonite." However, the erosion and
weathering of fluoride minerals and the discharge of industrial
wastewater exacerbate fluoride pollution.> The intake of F~
within the allowable range is beneficial to human health and
life activities, and can maintain the health of teeth and bones.?
However, prolonged exposure to an environment containing
excessive F can cause tooth and bone fluorosis, muscle
fibrosis, low haemoglobin levels, thirst and structural changes
in DNA.>** More than 260 million people worldwide use water
in which the F~ content exceeds the limit.® In the remote areas
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water treatment science and technology.”

Currently, the main technologies that remove fluorides,
include reverse osmosis,*® nanofiltration,'*"* precipitation-
coagulation,**** electrocoagulation,”**” adsorption>'®** and
ion-exchange.”*** The first three methods are rarely used for
fluoride removal because of unmet discharge requirements,
membrane pollution, and cumbersome treatment. Compara-
tively, electrocoagulation performs well for the removal of
pollutants.”*** Several studies have used continuous electro-
chemical reactions to investigate the removal of fluoride,
achieving a removal efficiency of 80% or more."”**** However,
electrocoagulation has limitations, such as high-energy
consumption and cumbersome sludge treatment.”*** As pollu-
tion worsens and the standards of sewage discharge become
stricter, electrocoagulation often needs to be combined with
other technologies to meet the treatment requirements.* In
previous studies, electrocoagulation and membrane separation
were combined.®*' However, membrane fouling has restricted
the popularization and application of this method. Based on
comparison of factors such as the site, operation, and operating
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costs, adsorption is considered to be the most economical and
effective technology for the decentralised reduction of fluoride
pollution.”?*>** Many studies have evaluated the efficacy of
adsorption for the removal of fluoride, and the results showed
that new composite adsorbents, prepared by various methods,
had good adsorption capacity for fluoride, indicating that
adsorption can effectively remove fluoride from water.>*>3>3*
Narayanan N. V. et al. used batch stirring electro-flocculation
reactor, the feasibility of Fe-aluminium electrode combined
with granular activated carbon adsorption to remove hexavalent
chromium in synthetic wastewater.®® Malakootian M. et al.
investigated the differences in the decolourization ability and
operating cost of indigo carmine in aqueous solution between
four different commercial activated carbon combined with
electrocoagulation technology and traditional electro-
coagulation technology. Under lower current density and
working time, the energy consumption of traditional electro-
coagulation is 3.41 kW h kg™, while the energy consumption of
EC/GAC strengthening technology is only 1.35 kW h kg~ * for 90
minutes.*® Although the synthesised adsorbents have a large
specific surface area, the high cost of these materials limits
their practical application.’” Compared with these synthetic
materials, goethite is a low-cost ore mineral that is available in
large quantities in China. Studies have shown that although
natural goethite is a promising adsorbent for removing pollut-
ants from water,***° it has a low specific surface area, resulting
in a relatively low adsorption rate. Considering these limita-
tions, namely the cost and adsorption capacity, herein, natural
goethite, montmorillonite and soluble starch were used to
develop a new adsorbent (GMS) with a higher specific surface
area. There are few studies about the removal of fluoride from
water by electrocoagulation and adsorption coupling method.
So, the GMS were put into the EC reaction to produce a new
fluoride removing pathway (EC/GMS). With this approach,
electrocoagulation and adsorption can be coupled to improve
the removal efficiency and accelerate the reaction velocity.

In this study, a batch reactor integrated electrocoagulation
and adsorption is set up and an adsorbent is prepared from
modified particulate goethite. The removal capacity of the
electrocoagulation (EC) and electrocoagulation-adsorption (EC/
GMS) systems is compared, and response surface methodology
is used to analyse the optimal operating conditions for EC/GMS.
To provide a theoretical reference for future research, the
mechanism of fluoride removal via EC/GMS is clarified and the
interaction between electrocoagulation and adsorption is also
discussed.

2. Materials and methods
2.1 Raw materials

Goethite was purchased from the Hubei Wande Chemical Co.,
Ltd (the content of goethite =99%). The main materials used
were montmorillonite (MMT), soluble starch, sodium fluoride
(NaF), sodium chloride (NaCl), hydrochloric acid (HCIl), and
sodium hydroxide (NaOH). And the above reagents are all
analytical pure.
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2.2 Preparation of adsorbent

To prepare the absorbent, goethite was mixed with montmo-
rillonite in a ratio of 2 : 1, after which soluble starch was added
to approximately half of the total dose. The mixture was rubbed
into spherical particles with a uniform size after adding
deionised water. The particles were placed in a muffle furnace at
700 °C for 60 min to obtain the goethite-montmorillonite
sorbent (GMS).

2.3 Experimental device

A reactor in which electrocoagulation and adsorption were
combined was used to investigate the effect of EC/GMS for
treating fluorinated water (Fig. 1). The device consisted of
a plastic measuring cup with an effective volume of 1000 mL
and a clear water tank. In the reaction cell, two Al electrodes
were used as the anode and cathode, separated by a distance of
1 cm, and the adsorbent was placed at the bottom. In the
experiment, the anode and cathode were connected to a DC
power supply model (MS-155D). Sodium fluoride and deionised
water were used to prepare fluorinated water (300 mL) for
treatment, while NaCl was used as the electrolyte in the reaction
cell for the removal of fluoride. The experiments were per-
formed at room temperature.

2.4 Characterization method

Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDX) (FEI Quanta 650, FEI Company, U. S.
A.) were used to analyse the surface morphology and elemental
compositions of the particles before and after sintering. X-ray
diffraction (XRD) (Ultima-IV, Rigaku, Japan), the Brunauer-
Emmett-Teller (BET) method (Micromeritics Instrument Ltd,
Corp., USA) and Fourier-transform infrared spectroscopy (FT-
IR) (Thermo Fisher, USA) were used to record the crystalline
texture, specific surface area, and surface properties of GMS. X-
ray photoelectron spectroscopy (XPS) (Thermo Scientific Esca-
lab250Xi) and Fourier-transform infrared spectroscopy (FT-IR)
(Thermo Fisher, USA) were used to analyse the elements,
valence states, and other properties on the surface of the EC-

Power Supply
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Modified
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Sorbent

Magnetic

Fig.1 Experimental device.
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2.5 Response Surface Methodology (RSM)

To optimise the combination with the best removal rate, the
data processing software, Design-Expert11.0, was used to design
the response surface method. The RSM-BBD method was used
to evaluate the effects of three factors, namely the electrolysis
time, initial pH, and current density on the rate of fluoride
removal from fluorinated water. Seventeen experiments were
designed, and the central point was repeated five times. Three
levels were set: high (-1), medium (0), and low (—1). The enco-
ded variables and the level of response of the surface method
were shown in Table S1.7 The experimental data were fitted and
analysed by using the software.

2.6 Experimental methods

NaCl (1 M) and the electrodes were placed in the configured
fluoride-containing solution (300 mL). Samples were taken every
10 min after the power supply was switched on. The reaction was
performed in two modes: EC (without adsorbent) and EC/GMS
(add adsorbent). The electrolysis time, initial pH (5, 6, 7, 8,
and 9, respectively), current density (6, 12, and 24 mA cm 2,
respectively), adsorbent dosage (5, 10, and 15 g, respectively),
and initial fluoride concentration (5, 10, and 15 mg L7,
respectively) were controlled to evaluate the efficacy of EC and
EC/GMS for removing fluoride. A WS100 portable fluoride ion
concentration meter was used to measure the concentration of
fluoride in the sample. HCI and NaOH (1 mol L™, respectively)
were used to adjust the pH of the solution. The removal rate of
fluoride was calculated from eqn (1).

R =(Cy— C)ICy x 100% (1)

where R is the removal rate after the reaction time ¢ (%); C, and
C, are the initial concentration and concentration of F~ after
time ¢ (mg L"), respectively. The energy consumed in the
reaction was calculated using eqn (2).

“before

before

View Article Online

RSC Advances

Egc = 1000Pt/(60V log(Co/C,)) (2)
where Egc is the electric energy required to remove 1 cubic
meter of pollutant (kW h m™?) per unit volume, P is the rated
power (kW), V is the volume of the reaction solution (L), and C,
and C, are the initial concentration and the concentration (mg
L") at time ¢, respectively.

To determine the removal mechanism and reaction rate of
the pollutant, kinetic analysis was performed with different
initial concentrations of fluoride. Based on this analysis, the
removal of fluoride followed a pseudo-first-order model, as
shown in eqn (3).

In(Co/C)) = —kt (3)
where C, is the initial concentration of fluoride, C; is the
concentration at time t; the rate constant (k (min~")) was ob-
tained from the plot of In (Co/C,) vs. ¢.

3. Results and discussion

3.1 Comparison of EC and EC/GMS for the removal of
fluoride

3.1.1 Characterization of the adsorbent. As shown in Fig. 2,
SEM and EDX analyses are used to examine the microstructure
and elemental composition of GMS before and after modifica-
tion. Analysis of the surface topography (Fig. 2a and b) reveal
that there are many surficial pores on the GMS after firing.
Additionally, the surficial roughness of the GMS is relatively
high, which suggests that the material provided a large number
of adsorption sites. Between 50-500 nm microspheres cover the
surface of the GMS after firing. Studies have shown that these
microspheres help improve the porosity of the adsorbent,
considering that there are more adsorption sites on the surface
of the GMS.* In addition, the EDX results (Fig. 2c and d) show
that O, Si, Al, Fe, and other elements are uniformly distributed
on the surface of the GMS, which enhance the efficacy of fluo-
ride removal.”? The increased carbon content indicate that parts
of the materials are carbonised during firing.

bj-

Fig. 2 SEM (a and b) and EDX (c and d) images of GMS before and after modification.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) XRD patterns,
modification.

The XRD pattern of GMS in Fig. 3a shows that the main
crystalline phases are goethite, montmorillonite and non-
tronite.*”® The characteristic peaks represent iron oxide, potas-
sium calcium iron phosphate, calcium manganese phosphate,
and calcium oxide, respectively. The XRD pattern of GMS show
low-intensity peaks and broadening of the diffraction peaks
after modification. These changes correspond to the small
particulate sizes and low crystallinity of the modified goethite.
The FT-IR spectra of GMS before and after modification are
shown in Fig. 3b. The peak at 3392 em™" is related to the
hydroxyl group on the surface of the GMS, which become
weaker after firing, possibly due to decomposition of water and
some hydroxides during the high-temperature calcination. The
peaks at 2931 cm~ ' and 2876 cm ', corresponding to the
asymmetric stretching vibration of the sp® hybridised ~-CH; and
-CH,- groups, indicate that there are few aliphatic hydrocar-
bons.** The peaks at 1799 cm ' and 1639 cm ™' correspond to
the stretching vibrations of the C-O and C=0 bonds, respec-
tively.* The peak at 1426 cm™ " corresponds to the bending
vibration of the C-H bond in the vinyl group C=CH,.* The
peaks at 1035 cm™ " and 873 em ™" correspond to the symmetric
stretching vibrations of the Si-O and Si-O-Si bonds, respec-
tively. The peak at 556 cm ™" corresponds to the vibration of the
Fe-O bond (haematite).*” The adsorption of nitrogen and the
pore size distribution curve are used to characterise the specific
surface areas of GMS before and after modification. Fig. 3c
shows that the N, adsorption-desorption isotherms are type-II,
which confirm that GMS is a multilayer adsorbent. The data in
Fig. 3d indicate that the sorbent has a mesoporous structure on
the nanoscale, where the pore size distribution is centred

7478 | RSC Adv, 2022, 12, 7475-7484
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(b) FT-IR spectra, (c) N, adsorption—desorption isotherms, and (d) pore size distribution of GMS before and after

between 2 and 30 nm. Table 1 shows that the surface area and
pore volume of GMS after modification are 128.1656 m”> g~ ' and
0.2475 cm® g~ ', respectively, indicating that GMS should
provide numerous adsorption sites and should be effective for
fluoride adsorption.

3.1.2 Influence of electrolysis time. The electrolysis time is
a crucial factor that can affect the fluoride removal efficiency of
the sorbent.”® To prepare the test (simulated) water sample
(fluoride concentration of 10 mg L"), deionised water and
a standard solution of fluoride were used. The current density,
electrolyte concentration, loading of GMS, and pH were set to 12
mA cm 2, 1 M, 15 g, and 7, respectively. The fluoride removal
rate is shown in Fig. 4a. The experimental results show that the
removal rate increased as the electrolysis time increased. The
fluoride removal rate via electrocoagulation was 93.08% after
120 min. The removal efficiency improved with time because of
the significantly higher amounts of aluminium oxides.
Furthermore, the coprecipitation of fluoride and aluminium
hydroxide formed aluminium fluoride hydroxide complexes
[AL,F,,(OH)3,_,]* (eqn (4)). This reaction enhanced the removal
of fluoride during adsorption because F~ replaced the
OH group in the Al,(OH)s, flocs***> (eqn (5)). The addition of

Table 1 BET data

BET surface area Pore volume Average pore

GMS (m*g™) (em® g™ diameter (nm)
Before modification 107.4174 0.1577 7.9557
After modification 128.1656 0.2475 6.2204

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08503d

Open Access Article. Published on 07 March 2022. Downloaded on 12/9/2025 11:04:19 AM.

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

(cc)

View Article Online

100 100 100
e o s—t—8—%
a . o nna b e ] c e d I
u . ] ” — os -
. o
804 o A 80 &~ 0 X ? =—EC
" Pe P ] ¥ 0 * EC/GMS
. " . a $
S o 3 8 2 > F o0
= 604 o604 & 60 4 o
2 2 2 - 2
E . & ¢ = = .
s s = P g
2 3 3 284
£404 ¢ £ 40 w £404 o S .
2 e / ] . & '
. . 1 .
.
0 | EC 204 # = 6mA/cm’ 204 =— 6mA/cm? 804 s
—F ) .
¢ 12mA/em* * 12mA/em”
s EC/GMS 2 . A L
4 18mA/cm 4 18mA/cm’ a2
0 T T T T T 0 T T T T T T 0 T T T T 7 T T T T T
0 20 10 60 80 100 120 0 20 40 60 80 100 120 0 20 40 60 80 ) 6 7 8 9
Time (min) Time (min) Time (min) pH
100 35 100 -
o =1 f , * $ .Jh
e ' = g . ¢ 144 . [_JEc/Gms
v
3.04 $ il P Jec
] = . =g L
804 = 804 . g124 N -
r s =
5 2.54 ¥ & . o =
= & = b . %104
9 g
<60 = 60 | > g g
Py 8 2.0 2 B,
E i 2 g o Zos+ I
E g 3 Y 3
3 3 =154 3 ¥ s 2
g404 7 v £40 8064
5 i o s
2 ' | 1 v o !
. 0 1.04 ) . J &
= =Smg/L / » c;=5mgL, k=0.053min", R*=0.991 ” N I(g) 5044
204 ® ¢=10mg/l 4 ® ¢~ 10mgL, k=0.05Imin”, R*=0994| 20 o 8
a—c.=15mg/l 0.5 Z ) v—15g
Cg=1omg/ 9 v A ¢, =15mgl, k=0.049min", R*=0.989| . 20g 024
/ T T T T T T T p T T T T T T T T T T 0.0 T T T
0 10 20 30 40 50 60 10 20 30 40 0 60 0 10 20 30 40 50 60 10 20 30 40 50 60

T'ime (min) Time (min)

Fig. 4

Time (min) Time (min)

(a) Influence of electrolysis time for EC and EC/GMS; (b) influence of current density for EC; (c) influence of current density for EC/GMS;

(d) influence of pH for EC and EC/GMS; (e) influence of initial fluoride concentration of EC/GMS; (g) influence of adsorbent loading on EC and EC/
GMS; (f) kinetic analysis at different concentrations; and (h) comparison of energy consumption of EC and EC/GMS.

GMS during EC also resulted in a faster and higher removal
efficiency. A fluoride removal of 96% was achieved after 60 min.
The highest fluoride removal and reaction rate were achieved
when GMS was added because of the simultaneous use of
electrocoagulation and adsorption. So, it seemed that there was
an accelerating effect between the electrocoagulation and
adsorption process. The adsorption of GMS, chemical adsorp-
tion, and coprecipitation between a small amount of ferric
hydroxide (eqn (6)) and fluoride, and between aluminium
hydroxide and fluoride resulted in the removal of fluoride.*
Defluoridation of the iron flocs was similar to that of the
aluminium flocs.

nAlP~ — 3n — m)OH™ — mF~ — ALF,,(OH)s,_,» (4)
Al,(OH)s, — mF~ — AlF,,(OH)3,_,, — mOH~ (5)
Fe(OH); — 3F~ — FeF; — 30H (6)

3.1.3 Influence of current density. The formation and
evolution of flocs are directly related to the current density
applied to the reactor. According to Faraday's law, increasing
the current between the electrodes will result in greater coagu-
lation. Several tests were performed at different current densi-
ties of 6, 12, and 18 mA cm > to study the effect of the current
density on the fluoride removal efficiency.”® To perform these
tests, the loading of GMS, the electrolyte concentration, pH, and
fluoride concentration were set to 15 g, 1 M, 7, and 10 mg L™,
respectively. Fig. 4b and c shows that the fluoride removal rate
stabilized at 60 min and 110 min during EC and EC/GMS,

© 2022 The Author(s). Published by the Royal Society of Chemistry

respectively. Notably, the removal rate increased faster during
EC/GMS. The percentage of fluoride that was removed increased
to more than 90% and 95% for both processes when the applied
current density was 12 mA cm™ 2, which allowed the final fluo-
ride concentration to meet the standards of drinking water.
Considering the operating costs, 12 mA cm™ > was chosen as the
optimal condition for the removal of fluoride.

3.1.4 Influence of initial pH. The pH of the solution is
a significant factor during electrocoagulation, which affects the
efficiency of fluoride removal. The pH affects the formation of
Al(OH); flocs because aluminium hydroxide is amphoteric. In
the pH range of 5-9,* positively charged aluminium hydroxide
species such as AI(OH)*~, AI(OH)*", and Al,(OH),*~ are formed,
which have a large capacity for adsorption and net catching
reactions.”® However, at pH > 10, the predominant species is
Al(OH)*", which has a low adsorption capacity. At low pH, the
main species is AI>~, which cannot effect coagulation, whereas
at pH 6-7, solid Al(OH); is the most prevalent.** Therefore, the
pH of the electrolyte can affect the removal efficiency. Conse-
quently, experiments were performed to determine the most
favourable initial pH for the removal of fluoride. For these
experiments, the current density, electrolyte concentration,
adsorbent dosage, and fluoride concentration were set at
12mAcm 2, 1M, 15g,and 10 mg L', respectively. The effect of
the initial pH on the removal efficiency is shown in Fig. 4d. The
variation of the removal rate was similar for EC and EC/GMS;
when the initial pH increased from 5 to 9, the fluoride
removal efficiency first increased and then decreased. The
highest removal rate was achieved at an initial pH of 7. Fig. 4d
shows that at pH 7, the removal rates after a treatment period of
60 min were close to 95.39% and 87.69% for EC and EC/GMS,

RSC Adv, 2022, 12, 7475-7484 | 7479
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respectively. This result is consistent with the conclusion of
previous studies.'*** The results indicate that as the pH
changed, the speciation of aluminium changed to remove
fluoride from water. Zhao et al.>® used electrospray ionisation
(ESI) mass spectrometry to understand the effect of pH on the
formation and decomposition of polymeric aluminium species.
They found that at pH 6.4, the amorphous flocs of Al(OH); were
the final product of the polymerisation and decomposition. In
the pH range of 6-7, fluoride was mainly removed by electro-
static attraction and coprecipitation.’”” Thus, the subsequent
experiments were conducted in the pH range of 6-7.

3.1.5 Influence of initial fluoride concentration. Fig. 4e
shows the change in the fluoride concentration during EC/GMS
when the current density, electrolyte concentration, adsorbent
dosage, and pH were set at 12 mA cm 2, 1 M, 15 g, and 7,
respectively. As shown in Fig. 4e, the fluoride removal efficiency
was 97.49, 96.63, and 93.88% when the initial fluoride
concentration was 5, 10, and 15 mg L™ ", respectively.’>*® This
trend, which is similar to that obtained by Zhu et al,*
demonstrates that as the concentration increased, the removal
rate gradually decreased. Additionally, EC/GMS was also highly
suitable for treating water with a high concentration of fluoride,
where the final fluoride concentration met the standard for
drinking water. Furthermore, Fig. 4f shows that the primary
reaction kinetics constant was 0.053, 0.051, and 0.049 min*
when the initial fluoride concentration was 5, 10, and
15 mg L™, respectively. The primary reaction kinetics constant
for the removal of fluoride became smaller as the initial fluoride
concentration increased, which means that a higher concen-
tration could reduce the reaction rate. Owing to the increased
fluoride concentration, the solution required sufficient
aluminium ions to remove fluoride. As time progressed, more
amorphous aluminium hydroxide precipitated as the addition
of aluminium cations increased, which promoted aggregation
of the pollutant. Therefore, with sufficient time, higher fluoride
removal efficiency was achieved for the remediation of water
containing fluoride at high concentrations.

3.1.6 Influence of adsorbent dosage. Fig. 4g compares the
evolution of the fluoride removal efficiency using simple EC and
EC/GMS with different loadings of GMS (5-20 g) over 60 min.*
Compared to simple EC, the addition of 5 g of GMS to the
electrocoagulation cell slightly increased the removal of fluo-
ride. This slight increase is attributed to insufficient addition of
GMS to the solution. As the loading increased, the removal rate
also increased. When 15 g of GMS was added, the removal of
fluoride increased by more than 96% after an electrolysis time
60 min, when compared to a removal rate of 74% for simple EC.
An increase in the available adsorption surface area and sites
after GMS was added likely explains this result. A further
increase in the GMS loading beyond 15 g did not more further
increase the removal rate because almost all the ions were either
bound to GMS or to the aluminium/iron flocs, which estab-
lished equilibrium between the ions. A dosage of 15 g was
optimal, considering the cost.

3.1.7 Energy consumption of EC and EC/GMS. To further
verify the energy consumption of EC and EC/GMS, the energy
consumption of both processes was calculated. In order to
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calculate the energy consumption at different time, the corre-
sponding current density and voltage are recorded every ten
minutes, and the recorded value is substituted into the eqn (2)
to obtain the energy consumption. Fig. 4h shows the change in
the energy consumption with the electrolysis time. When GMS
was added, the energy consumption was reduced, which
increased the pH of the solution.> After 1 h of wastewater
treatment, the fluoride removal rate and the energy consump-
tion were 95.98% and 0.58 kW h m ™ for EC/GMS, and 82.65%
and 1.03 kW h m~* for EC, respectively. Considering economic
factors, such as the reaction time and removal efficiency, EC/
GMS was more suitable than EC. EC/GMS required a shorter
reaction time and achieved a higher removal efficiency when
compared to EC.

3.2 RSM for optimization of the key parameters

To further explore the interaction of various factors and develop
an optimal combination scheme, the Box-Behnken design
(BBD) was used to evaluate the correlation between different
factors and the removal of aqueous fluoride during EC/GMS; to
implement the BBD, the results of the single factor test were
used. The data processing software, Design-Expert 11.0, was
used to design the response surface method. In this method,
the removal rate of fluoride was the response variable, while
time, current density, and initial pH were the three independent
operating factors (Table S1t). The test scheme and results are
listed in Table S2.1

Removal rate (%)

B: Current density

A Time
Removal rate (%)

CipH

A Time

Removal rate (%)

CipH

cpH o 8 Curent densty

B: Current density

Fig. 5 Contour and surface plots showing the relationship between
the removal of fluoride (%) and independent parameters: (@ and b)
time—current density, (c and d) time—initial pH, and (e and f) initial pH—
current density.
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Based on the BBD, the removal of fluoride ranged from 57.5
to 97.42% for the experimental combination. A regression
model equation (eqn (7)) was used to fit the experimental data,
and was used to analyse and predict the optimal level for
improving the removal rate.

Y =95.51 — 12.394 — 5.48B — 5.57C — 1.944B
—0.0874C — 0.48BC — 9.734% — 4.42B*> — 10.48C* (7)

The variance (ANOVA) of the quadratic response surface
model is shown in Table S3.7 In this model, the value of P <
0.0001 indicates that the obtained level was extremely signifi-
cant, while the missing term, P = 0.5249 > 0.05, was not
significant, which indicates that the simulation was good.*® The
adjusted regression coefficient (Ryq; = 0.9947) was close to R?,
which indicates that the model explained 99.47% of the change
in the response values. The fit of the equation was good and
could be used to optimise the analysis and predict the test
results. The F-value revealed that the influence of the three
operational factors on the removal rate of fluoride decreased in
the order, time > initial pH > current density.**

The response surface diagram shows the optimal level of
a single operating parameter, which was derived from the
interaction between two independent factors (Fig. 5a-f). Ellip-
tical shapes were generated due to perfect interactions between
the optimal predicted values and various parameters.®* Fig. 5a
and b show the effects of the time and current density on the
removal of fluoride. The removal rate increased and then sta-
bilised, but the surface had a greater degree of curvature for
time than for the current density, which indicates that time had

View Article Online
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a greater impact on the removal rate than the current density.
Comparatively, the contour maps of these variables became
elliptical, which indicates that the interaction of these variables
influenced the removal rate.® The effect of the time and initial
pH on the removal is shown in Fig. 5¢ and d. The relatively flat
surfaces indicate that both of these variables largely influenced
the removal rate. The variation of the removal rate was similar
to that in the single-factor experiment. The contour maps
confirmed that the interaction of these variables influenced the
removal rate. Fig. 5e and f shows that the initial pH and current
density first increased the removal rate, which then decreased
as the initial pH and current density increased. The contour
maps similarly confirmed that the interaction of these variables
influenced the removal rate. All the plots showed an optimal
removal rate of 99.1334%.

The BBD was used to predict the optimal experimental
conditions for the removal of fluoride using EC/GMS. These
optimal experimental conditions (79.919 min, 6.724, and 11.303
mA cm %) afforded a removal efficiency of 99.47%. To check the
accuracy of the BBD, three groups of parallel experiments were
conducted to predict the optimal conditions. The average
percentage of fluoride removed was 98.19%, which differed
from the predicted value by 1.28%. Therefore, the RSM-BBD
model showed good predictive power, which indicates that it
was useful for optimising the parameters.

3.3 Analysis of mechanism and reusability of method

3.3.1 FT-IR and XPS analysis of the flocs, GMS, and elec-
trodes. To determine the functional groups responsible for the
adsorption of fluoride, FT-IR analysis in the range 400-

Bl e e e ) a o b
400 | GMS-before Ny f\\ v
350 v
2300 :
2 =
% GMS-after 2876 1057/ 4 =
E 250 h ni’m i
€ flocs-EC/GMS g M s 2
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z ; g
o ; E
£ 150 i ] Na
100 flocs-EC i F c Al
] Cl
50 H 1116
3441 1643 1074
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(a) FT-IR spectra of the EC flocs, EC/GMS flocs, and GMS before and after reaction, (b) XPS survey scan of flocs after EC/GMS process, (c)

Al 2p spectrum of flocs after EC/GMS process, and (d) F 1s spectrum of flocs after EC/GMS process.
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Table 2 XPS analysis of the surface of the electrodes and GMS

Atomic

concentration (%) Cl2p F1s TFe2p Nals Al2p Cls
Anode 3.62 1.58 0.80 2.88 52.57 38.56
Cathode 2.77 0.80 1.11 1.45 50.91 42.96
GMS 2.54 3.05 8.42 1.80 25.75 58.43

4000 cm ™! was performed on the GMS, EC, and EC/GMS flocs.
The results are shown in Fig. 6a. The characteristic peaks of
GMS before and after reaction were observed at 1428 cm™?,
1057 cm ™Y, and 876 cm ™!, associated with the vibration of the
C-O bond of the carbonate (CO;) groups. Ion exchange and
electrostatic interactions were two processes for fluoride
removal; these processes occurred when GMS dissolved the
carbonate, resulting in its release.®*** The disappearance of the
C-H peak at 2876 cm ™' indicates that the C-H bonds were
broken and GMS was involved in the reaction. The peak at
1074 cm ™" correspond to the stretching vibration of the C-F
bond which proved the adsorption of F~ by GMS. The spectra of
EC and EC/GMS were similar. However, the spectrum of EC
exhibited a lower intensity. Broad peaks were observed at
3441 cm ' and 1116 cm ™, corresponding to the stretching
vibrations of O-H and M-OH (where M is the metal).” The
peaks at 1643 cm™ ' and 1074 ecm ™! correspond to the stretching
vibrations of the C=0 and C-F bonds, respectively. These
spectra showed that the hydroxyl group is the main functional
group responsible for the removal of fluoride and the existence
of fluoride on the flocs.

XPS was used to identify the elemental composition of the
surface of the flocs after EC/GMS process (Fig. 6b-d). In addi-
tion to the C 1s, O 1s, Na 1s, Cl 2p, and Al 2p peaks of the
solution, the full-spectrum scan of the flocs showed an obvious
F 1s peak around 680 eV, indicating the removal of F~
(Fig. 6b).° The Al 2p XPS profile of the flocs displayed three
characteristic peaks at 73.2, 73.4, and 74.2 eV, which indicated

+ |
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oto O Flotation
- o
Vo O—F Aly Fyy (OH)3
9 O—H, AR+ e
v o OF N i
66 0o V0 eeeeee 4  me o
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----- ne ‘ '}l:(g):;):" Fi(OH)s <
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Fig. 7 Schematic illustration of the fluoride removal mechanism by
EC/GMS.
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Fig. 8 Reusability of EC/GMS for the removal of fluoride.

the presence of Al, A", and Al(OH),, respectively®’ (Fig. 6c).
Specifically, the presence of AI*” and Al(OH); suggests that the
removal of fluoride depended on chemical adsorption and co-
precipitation. The peak at 685.7 eV showed that ionic fluoride
was the only fluoride species that was removed® (Fig. 6d). The
flocs were removed when F~ replaced the OH™ group of [AL,(-
OH)s,]. Additionally, the fluoride and hydroxide ions co-
precipitated with AI*~ ions to form [Al,F,,(OH)s,_,,]. XPS was
used to analyse the Al electrodes and GMS after defluoridation.
The results of this analysis proved that ionic fluoride existed on
the surficial layers (Table 2). The results also demonstrate that
electrophoresis of the electrodes and adsorption of the GMS
remove fluoride.*” The FT-IR and XPS results proved some of
these fluoride removal pathways as shown in figure: (i) chemical
adsorption and co-precipitation with other ions; (ii) adsorption
of GMS; (iii) electrophoresis of the electrodes. Combined with
the previous experimental results that obtained from the
influence of electrolysis time and mechanism analysis, it is
believed that the addition of electrophoresis, adsorption and
other processes may accelerate the electrocoagulation process
(Fig. 7).

3.3.2 Reusability of EC/GMS. To explore the reusability
of EC/GMS in fluoride removal, the experiment was repeated
six times under the optimal combination of conditions
(electrolysis time = 80 min, initial pH = 6.724, current density =
11.303 mA cm™ >, initial fluoride concentration = 5 mg L', and
adsorbent dosage = 15 g). As shown in Fig. 8, the removal rate
remained above 87% after six cycles, which was higher than that of
the simple EC. This result indicates that the reusability of the
sorbent is good. The mechanical test revealed that the hardness of
GMS decreased with numerous repetitions, which affected the
determination of the fluoride concentration.

4. Conclusions and perspectives

EC/GMS, a coupled method, was developed and used for the
removal of fluoride from water. SEM-EDX, FT-IR, BET, and XRD
analyses confirmed that modified GMS had good fluoride
adsorption and removal properties. The addition of GMS can
reduce costs when compared to the simple EC, which requires

© 2022 The Author(s). Published by the Royal Society of Chemistry
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more energy consumption and a longer electrolysis time. EC/
GMS could achieve a faster removal efficiency when compared
to EC at the same electrolysis time, pH, and current density.
Single-factor experiments and RSM-BBD optimization experi-
ments revealed that EC/GMS achieved a removal efficiency of
99.47%. Evaluation of the reaction kinetics with different fluo-
ride concentrations showed that the removal rate of the device
was quick for solutions that contained a high and low concen-
tration of fluoride. The electrodes, GMS, and flocs were also
characterised. Electrophoresis of the electrodes, adsorption of
GMS, and co-precipitation of flocs were the main processes by
which fluoride was removed. The reuse performance of this
method was also good.

Nowadays, one of the most significant challenges is to
develop adequate technologies for fluoride treatment. There-
fore, it is essential to guarantee an appropriate operation with
high volume and flow rate for aqueous solutions to expand the
EC/GMS technology for the welfare of humans and the
environment.
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