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C-SAAoa particles synthesized by simple and low-cost calcining industrial solid waste
aluminium ash combined with waste oxalic acid modification process show excellent
performance in fluoride removal speed and adsorption capacity. Their adsorption capacity
on fluoride was determined at about 180.57mg/g at pH 3.0, which was among the highest
reported values in the literature. It was determined that the adsorption mechanism of
fluoride on C-SAAoa particles followed mechanisms such as ion exchange, electrostatic
action, and the surface - OH groups played a major role in the fluoride removal process.
C-SAAoa particles can effectively remove fluoride, even in the presence of a certain
concentration of competing anions. At the same time, the material possesses good cycling
performance, and can still maintain 78.9% of the initial adsorption capacity in the
longitudinal for eight recycles. Therefore, it may have the potential to become a
promising adsorbent as a supplement to industrial solid waste resource-based
utilization processes and also for fluoride removal in small-scale treatment facilities or
wastewater with high fluoride concentrations.
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1 INTRODUCTION

With the rapid development of the global chemical industry, the three industrial wastes (Lopez et al.,
2022) and the sustainable development of resources (Constenla-Villoslada et al., 2022) have become
one of the issues that are highly valued by all sectors of society, and at the same time have led to an
increase in environmental problems (Wood and Wilcox, 2022). In the context of global
industrialization, the large-scale production of solid waste (Huber et al., 2022) continuous
consumption of resources have a significant impact on the natural environment and hinder
sustainable development (Cortés et al., 2022). Because aluminum is second only to iron in terms
of global metal demand, aluminum production is one of the major sources of solid waste (Wu et al.,
2022). Aluminum ash is a hazardous solid waste formed by the reaction between molten aluminum
and air during aluminum smelting and is divided into primary aluminum ash (Kashef-Haghighi
et al., 2015) and secondary aluminum ash (SAA) (Aly et al., 2021). Primary aluminum ash contains
nearly 80% aluminum and is usually recovered by remelting. The slag produced in this process is
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called SAA. According to statistics, each ton of aluminum in the
electrolysis, melting, casting and waste recycling process produces
about 30–250 kg of SAA, while the utilization rate of SAA in
China is only 40–50% (Zhu et al., 2022), and the production of
SAA is also much greater than the consumption rate. About 95%
of SAA ends up in landfills or is discarded near factories (Lee
et al., 2022), posing a serious threat to the environment and
human health.

In recent years, it has been recognized that the stabilization and
recycling of waste is necessary to obtain the sustainability of the
manufacturing process (Peters et al., 2019). The research of
converting solid waste into adsorbent is one of the work of
recycling resources. But today, research on the comprehensive
utilization of SAA has mainly focused on inorganic materials such
as construction and refractory materials (Bespolitov et al., 2021).
For example, the formulation of non fired brick made of secondary
aluminum ash was studied (Ni et al., 2022). Therefore, Further
research in this field is warranted and the wider application of SAA
needs to be further developed for better disposal and utilization of
solid waste resources (Zhou et al., 2011).

Waste oxalic acid is produced by the bleaching process during
pulping, paper making (Subbotina et al., 2021), textile and dyeing
industries (Mu et al., 2022). The composition of waste oxalic acid
(Levins and Smart, 1984)is very different from that of ordinary
domestic wastewater (Li et al., 2022a) such as groundwater (Xie et al.,
2022a) and municipal sewage (Larsson and Flach, 2021). It showed
characteristic very low pH, high arsenic ion content, and other
harmful ions. The existing waste acid treatment in industry (Hassan
et al., 2021) mainly uses arsenic removal and neutralization
processes, and there is still a indicated considerable room for
improvement in terms of arsenic removal efficiency, stability of
solid waste generated after arsenic removal (Silva and Mello-
Castanho, 2007), and disposal cost (Lee et al., 2004).

Fluoride is an important element in flora and fauna (Ko et al.,
2022). However, toomuch fluoride may inhibit plant metabolism,
respiration and photosynthesis (Zhou et al., 2022). Excessive
fluoride can also lead to dental fluorosis (Morris et al., 2022)
and cause harm to the human body. Therefore, according to the
World Health Organization (WHO, 2011) emission standards,
the concentration of fluoride in drinking water should be targeted
less than 1.5 mg/L (Gulegoda et al,. 2022), while the Chinese
drinking water standard is 1.0 mg/L (Huang et al., 2022). More
than 60 million people in more than 20 provinces in China have
excess fluoride in their drinking water (Xiao et al,. 2022). In order
to achieve major discharge targets for pollutants, many
technologies have been reported for the removal of fluoride
ions from wastewater (Alhassan et al., 2022), including
chemical precipitation, ion exchange, reverse osmosis,
nanofiltration, electro flocculation, and electro adsorption.
Among them, adsorption technology (Ji et al., 2022) is the
most commonly used technique due to its ease of operation,
low price and adaptability. Adsorption materials are the key part
of adsorption techniques (Xie et al., 2022b).

Although researchers have made great efforts in finding better
fluoride adsorbents (Raghav et al., 2021), it is still challenging to
develop effective and low-cost fluoride adsorbents. Considering
the resource utilization of solid waste (Ge et al., 2022), the use of

solid waste as a raw material for defluoridation and resource
utilization of solid waste and the development of new
environmentally functional materials based on solid waste
(Kong et al., 2022) is an imperative strategy. Since solid waste
is used as a raw material, the resulting adsorbent material can
reduce the generation of solid waste and can contribute to
sustainable development (Ullah and, Arslan, 2022). In this
sense, this study proposes the concept of cheap, high-
performance solid waste-based adsorbent materials to define
adsorbent materials that consider resource recycling in the
synthesis process. Recently, in order to solve the above
problems, some researchers have been searching for new
sources of materials. For adsorbent material sources, available
solid wastes include SAA (Abbas et al., 2004), carbide slag (Yuan
et al., 2018), carbon black (Wang and Cann, 2002), which can
provide Ca2+, Al3+, and other metal ions to produce adsorbent
materials. Synthesis of zeolites A and X from two industrial
wastes: Crushed stone powder and aluminum ash (Kuroki
et al., 2019). Preparation of nanofiber porous materials coated
with aluminum ash by cellulose for effective adsorption of
fluoride (Mahfoudhi and Boufi, 2020). Researcher (Yang et al.,
2019) synthesis of Na-X zeolite from low aluminum coal fly ash:
Characterization and high efficient As (V) removal. Meanwhile,
the modification of SAA by using waste acids reduces the cost of
waste acid treatment on the one hand, and slows down the
pressure of SAA stockpiles on the other hand. Overall, many
studies in this field have shown the feasibility of using cheaper
and more readily available industrial solid waste aluminum ash as
a favorable precursor for the production of advanced porous
adsorbent materials in a highly feasible, economic and
environmentally friendly manner (Long et al., 2022). This
strategy allows the rational use of solid waste, thus reducing
the environmental pollution (Yang et al., 2022a). However,
studies on this direction are still scarce so far. Therefore,
further study in this field is demanded.

In this paper, the precursor of fluoride adsorbent was prepared
by calcination treatment of industrial solid waste aluminum ash,
and waste acid was selected as the modifier. Different acid/
aluminum molar ratios were investigated to determine the
optimal ratio for fluoride removal. At the same time, different
concentrations of waste acids are also used to improve the
adsorption capacity. The properties of the related materials
were investigated using SEM, EDS, XRD and FTIR. A number
of adsorption experiments such as pH, adsorption isotherms, and
adsorption kinetics have been carried out. The mechanism of
adsorption was also elucidated. It provides a feasible route for the
high value-added resource treatment of industrial solid waste
aluminum ash and waste oxalic acid, and at the same time solves
the problem of the source of high-performance fluoride removal
adsorbent materials and reduces their treatment costs.

2 MATERIALS AND METHODS

2.1. Materials
Sodium fluoride, sodium chloride, sodium bromide, sodium
nitrate, sodium sulfate, sodium phosphate, hydrochloric acid,
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and sodium hydroxide were purchased from China Tianjin
Zhiyuan Fine Chemical Co., Ltd (analytical grade). The
aluminum ash (SAA) is taken from the electrolytic aluminum
plant in Qujing Fuyuan, China, and the waste acid is taken from
Beihai Printing & Dyeing Co., Ltd. in Shaoxing, Zhejiang, China
(the main component is oxalic acid). Adjustment of solution
pH with hydrochloric acid and sodium hydroxide as well as
ultrapure water (conductivity: 18 MΩ) used throughout the
process.

2.2. Preparation of C-SAA
The industrial solid waste SAA was placed in a muffle furnace at
400, 500, 600, 700, 800, 900°C and 1,000°Cfor 2 h and then
decreased stepwise to room temperature. The cooled SAA was
processed by ball-milled and sieving (200 mesh). Take C(X°C)-
SAA to remove fluoride, X = temperature of calcination.

2.3. Waste Oxalic Acid Modified C-SAA
Oxalic acid (concentrations of 0, 1, 2, 3, 3, 4, 5, 6%) was soaked for
12 h under sonication, then placed in a vacuum drying box at
60°C for 6 h to complete the modification of waste oxalic acid to
C-SAA (C-SAAoa (Y%)).

2.4. Related Characterization
The compositions of the crystal structure were clarified using
XRD (Rigaku ultimate 4, RIGAKU Co., Japan). The surface
morphology of materials was determined by SEM (JSM-5800,

Japan JEOL). The specific surface area of the materials were
measured by BET (ASAP 2020,Micromeritics Co., United States)
calculations. In addition, FTIR (IRTracer-100, SHIMADZU Co.,
Japan) spectra analysis was used to investigate the surface
functional groups, recording in the range of 500–4,000 cm−1.

2.5. Adsorption Experiments
Sodium fluoride were dissolved in ultrapure water to prepare a
stock solution containing F (1,000 mg/L). Then, the
concentration of the fluoride solution for the experiment is
100 mg/L. The conditions for these primary adsorption
experiments were performed using 50 mg of adsorbent at
pH 3.0 for 2 h OrionCHN090 fluoride ion selective electrode
(Ortiz-Gomez et al., 1021) ere used to detect the concentration of
fluoride. The fluoride removal efficiency (Riddell et al., 2022)was
calculated using the following equation：

Qt � V(Co − Ct)/m (1)
where Co (mg/L) and Ct (mg/L) are the initial and periodical
fluoride ion concentrations in the fluoride ion solution,
respectively. V (L) is 0.1 L and m (g) is the mass of the
adsorbent.

Waste acid and sodium hydroxide in pH = 1–13 are used as
modifiers, different pH values were determined. To better
understand the adsorption process, adsorption isotherms from
10 to 1,000 ppm were studied at different temperatures (30, 40,
50°C). The obtained data were fitted to the Langmuir model
(Zhang et al., 2022a) and the Freundlich model (Qu et al., 2022a).
These models were shown as follows：

Langmuir model:
Ce

Qe
� 1
Qmax•b

+ Ce

Qmax
(2)

Freundlich model : ln(Qe) � ln(Kf) + 1
n
ln(Ce) (3)

FIGURE 1 | (A) The calcination temperature of modified SAA, (B) fluoride removal effects of modified SAA with different concentrations of oxalic acid.

TABLE 1 | Specifific surface area of SAA、C-SAA and C-SAAoa.

Sorbent BET surface area Pore diameter (nm) Pore volume

SAA 191.09 m2/g 14.05 0.11 cm3/g
C-SAA 276.12 m2/g 16.07 0.15 cm3/g
C-SAAoa 335.38 m2/g 18.36 0.17 cm3/g
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In Eq. 2 and Eq. 3: Qe (mg/g) is the equilibrium adsorption
capacity, Qmax (mg/g) is the maximum adsorption capacity; Ce

(mg/L) is the equilibrium arsenic concentration; b is the
Langmuir adsorption constant; Kf is the Freundlich empirical
constant; n is related to the heterogeneity of the adsorption
energy site and intensity. The adsorption kinetics were studied
for different temperatures (30, 40, 50°C) with reaction times
ranging from5 to 240 min. Pseudo-first and pseudo-second
order models were applied for the adsorption kinetic studies
(Li et al., 2022b). Substituting these model equations into Eqs.

Pseudo − first − order equation : ln(Q − Qe) � InQ − K1t (4)
Pseudo − second − order equation : t/Qe � 1/K2Q

2 + t/Q2 (5)
h � K2Q

2 (6)
In Eq 4 and Eq. 5 and Eq. 6:
Co and Ct (mg/L) represent the initial concentration and

concentration of fluoride ions at time t, respectively. V (L) is
the volume of the solution, m (g) is the weight of the adsorbent;
Qe (mg/g) is the theoretical adsorption capacity at equilibrium, K1

(1/min) and K2 (g/(mg·min) are the pseudo-first-order and
pseudo-second-order removal rate constants, respectively; Qe

(mg/g) is the adsorption capacity at equilibrium, Ce (mg/L) is
the equilibrium concentration of fluoride ions, and Q (mg/g) is
the maximum adsorption capacity of the adsorbent.

Different concentrations of anions were added to the fluoride
solution (10, 30, 50, 100, 300, 500, mg/L). The anions included
PO4

3-, SO4
2-, CO3

2-, NO3
−, CH3COO

−, and Cl−, showing the role
of coexisting anions. Different concentrations of acid were used to
estimate the recovery of the adsorbent material (Zeng et al,.
2022a) (0.1–8%). The regeneration performance of the material
was studied for eight cycles (Yang et al., 2022b). Both C(X°C)-SAA
and C-SAAoa were applied to a batch of adsorption experiments
to determine the performance of this modification.

3 RESULTS AND DISCUSSION

3.1. Effect of Calcination Temperature and
Oxalic Acid
To demonstrate the effect of different calcination temperatures
on the adsorption of fluoride by SAA, the effective of adsorption
at different temperatures are presented in Figure 1A. The results
showed that the adsorption amount increased rapidly with the
increase of calcination temperature. The moderate increase in
temperature significantly improved the removal of fluorine by
SAA (Aumeier et al., 2022). When the calcination temperature is
too high, the adsorption capacity decreases. The high temperature
causes the original structure of SAA to be destroyed, and the
substances in SAA melt and accumulate on the surface of the

FIGURE 2 | (A) SAA,(B)C-SAA, (C) SAAoa Nitrogen adsorption-desorption curve and (D) SAA, (E) C-SAA, (F) SAAoa pore size distribution curve.
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material or block the pores (Xu et al., 2022), resulting in a
decrease in the specific surface area of the material (Yang
et al., 2022c) and thus a decrease in the adsorption capacity.
These results are displayed in Table 1. Due to the doping of oxalic
acid, the O-atom content was increased after the modification.
BET trial showed (shown in Figure 2) that calcination increased
the specific surface area (276.12 m2/g) relative to SAA
(191.09 m2/g), while C(X°C)-SAA had a larger specific surface

area, which was favorable for F− to have sufficient adsorption
site (Zhang et al., 2022b). Meanwhile, the specific surface of
C-SAAoa was increased to 335.38 m2/g. The pore size ranges
from 0 to 40 nm and has mesoporous (Lv et al., 2022)properties,
possessing certain adsorption advantages. Due to the addition of
oxalic acid, the pore size and pore volume slightly increased
(Bani-Atta, 2022). Interestingly, the best adsorption capacity of

FIGURE3 | (A) SEM images and EDS spectra of C-SAA before adsorption, (B) SEM images and EDS spectra of C-SAAoa before adsorption, (C) SEM images and
EDS spectra of C-SAA after adsorption, (D) SEM images and EDS spectra of C-SAAoa after adsorption.

FIGURE 4 | The XRD spectra of SAA、C-SAA andC- SAAoa.

FIGURE 5 | The FTIR spectra of SAA、C-SAA and C-SAAoa.
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C(X°C)-SAA reached (144.38 mg/g) when the temperature of
calcination was 800°C. Therefore, C(800°C)-SAA, referred to as
C-SAA in this paper, is used in the following experiments.

In addition, the adsorption capacity of modified C-SAA based
on the surface strengthening effect of oxalic acid is shown in
Figure 1B. It can be clearly seen that the oxalic acid-modified
C-SAA showed different degrees of improvement in the
adsorption capacity of fluorine compared to the unmodified
material. The main reason is that the introduction of oxalic
acid increases the amount of M-OH on the surface of C-SAA,
increasing the probability of fluorine ion exchange with-OH
through ion exchange (Karmakar et al., 2016). The removal
capacity of fluorine increased with the increase of oxalic acid
concentration. The maximum fluoride removal capacity was
reached at 2% oxalic acid concentration. When the oxalic acid
concentration continued to increase and was greater than 2%, the
fluoride removal capacity remained basically the same. The
results showed that C-SAA was completely modified when the
mass fraction of oxalic acid was 2%, and the adsorption capacity
was about 180.42 mg/g. Considering the amount of oxalic acid
and its modification effect, an oxalic acid solution with a mass
fraction of 2% can be considered as a chemical impregnation
modifier (Zhao et al., 2022) for modified C-SAA, which is referred
to as C-SAAoa in this paper (as the nomenclature in 2.2 and 2.3).

3.2. Characterization of SAA、C-SAA and
C-SAAoa
To understand the changes of oxalic acid action, SEM-EDS plots
of C-SAA and C-SAAoa before and after fluoride adsorption are
shown in Figures 3A–D. The surface of the material was rough
and presented as a multidimensional lamellar stacking structure
(Li et al., 2021a) (Figure 2A), and the modified material showed a
dispersed distribution (Figure 2B). After adsorption, the material
has a spherical cluster structure (Zhang et al., 2022c). EDS
analysis demonstrated that the main constituent elements of

C-SAA are C, O and Al. The XRD results of C-SAA and
C-SAAoa are shown in Figure 4. Diffraction peaks
corresponding to Al2O3 are found at 2θ = 25.58°, 35.129°,
37.782°and 43.369° (Fujita et al., 2022) (JCPDScard74-1895),
indicating the presence of Al2O3 in the material. C-SAA
retained its original crystal structure after oxalic acid
impregnation. And at 14.89° and 47.36°, two faint new
diffraction peaks appeared, which may be oxalic acid hydroxyl
groups generated on the surface of the modified material
(Lubkowicz et al., 2022).

The infrared spectra of these materials are shown in Figure 5.
C-SAA has characteristic peaks at 3,313, 3,092, 1,644, 1,157,
1,075, 737, 609 and 479 cm−1 before adsorption, which
corresponds to the absorption peaks at 3,296, 3,094, 1,640,
1,164, 1,071, 751, 630 and 484 cm−1 for γ-AlOOH (Bai et al.,
2021) mentioned in the literature. The modified C-SAAoa
material showed absorption peaks at 3,309, 3,095, 1,623, 1,167,
1,080, 743, 606 and 483 cm−1. After modification by oxalic acid
impregnation, the material was displaced at the position of the
original absorption peak (Karmakar et al., 2016) of C-SAAoa,
confirming the formation of the modified C-SAAoa. Due to
calcination at 800°C, the material was displaced at the position
of the original absorption peak of C-SAA, confirming the
formation of C-SAA. The absorption peak at 1,075 cm−1

belongs to the characteristic peak of Al-OH (Zhang et al.,
2022d), indicating that calcination led to the hydroxylation of
thematerial surface (Wang et al., 2022a) and that C-SAA is rich in
hydroxyl sites. C-SAAoa also has a sharp absorption peak at
1,071 cm−1, which belongs to the characteristic peak of Al-OH,
indicating that the modified C-SAAoa is rich in hydroxyl sites (Li
et al., 2021b). C-SAAoa showed a sharp new absorption peak at
1,315 cm−1 belonging to C=O (Qu et al., 2022b), indicating the
possible presence of hydroxy oxalate on the surface of C-SAAoa.

3.3. Effect of pH
The effect of initial solution pH on C-SAA and C-SAAoa on
F−adsorption is shown in Figure 6. In fluoride ion removal
studies using C-SAA and C-SAAoa, pH exerted a large
influence on the process. When the pH was two to three, the
adsorption amount of C-SAA was about 154 mg/g and the
adsorption amount of C-SAAoa was about 180 mg/g. When
the pH was increased from 3 to 7, the adsorption of C-SAA
decreased from 154 mg/g to 104.28 mg/g and the adsorption of
C-SAAoa decreased from 180 mg/g to 125.93 mg/g. The

FIGURE 6 | Effect of pH on fluoride removal by C-SAA and C-SAAoa.

TABLE 2 | Isotherm parameters for the Freundlich model at different temperatures
about C-SAA and C-SAAoa.

Temperature (°C) KF n R2

C-SAA
30 4.244 1.716 0.9493
40 5.527 1.679 0.9594
50 7.334 1.648 0.9637

C-SAAoa

30 13.497 2.251 0.9869
40 15.595 2.083 0.9880
50 18.096 1.979 0.9892
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adsorption capacity of these materials decreases sharply at pH =
7–11. These materials have good fluoride removal properties over
a wide pH range (Hosseini et al., 2020), and the acidic pH favors
fluoride adsorption. Then other adsorption experiments were
performed at pH = 3. Compared with C-SAA, the adsorption
capacity of modified C-SAAoa in pH = two to seven was increased
by 14–23%. The effect of pH on fluoride removal mainly includes
the effects of competitive adsorption (Zhu et al., 2010)and
electrostatic attraction (Hamilton et al., 2022). The higher
adsorption of the material at acidic pH is mainly due to the
competitive adsorption of OH− and less electrostatic adsorption
of H+ (Zhang et al., 2022e). Thus, it promotes the exchange of
ionophores between F− and Me-OH (Wang et al., 2022b). With
the increase of pH, the competitive adsorption of F− and OH−

resulted in a decreasing trend of adsorption. That is, the higher
the concentration of OH−, the more obvious the competitive
adsorption effect. The addition of oxalic acid can significantly
increase the electrostatic attraction and will successfully weaken
the competitive adsorption (Karmakar et al., 2016), which
corresponds to the zeta potential of C-SAA and C-SAAoa.

3.4. Adsorption Thermodynamics
To further investigate the effect of initial fluoride ion
concentration on fluoride ion removal, we performed

adsorption thermodynamic experiments on C-SAA and
C-SAAoa. We fitted the experimental data using the
Langmuir and Freundlich models, respectively. It is obvious
from Figure 7 that the Freundlich model is more suitable than
the Langmuir model for this experimental data. The relevant
thermodynamic parameters of the Freundlich model are shown
in Table 2. The high values of regression coefficients for C-SAA
and C-SAAoa (R2 = 0.9493–0.9892) indicate that the
experimental results are consistent with the Freundlich
adsorption isotherm. This may be due to the fact that
different adsorption sites on the material surface have
different adsorption energies (Chen et al,. 2022a), further
illustrates a correlation with oxalic acid modification of
C-SAA. The major hydroxyl sites (Zhang et al., 2022e) on
the surface of C-SAA and C-SAAoa, such as Al-OH and
M-OH, have different adsorption energies. In addition, the n
values obtained from the fitted curves were all greater than 1,
indicating a strong affinity (Li et al., 2021b) (F−) between the
adsorbent and the adsorbate. This indicates that the adsorption
process is not simple physical adsorption, but chemisorption
with the formation of stable chemical bonds (MF) (Liao et al.,
2022). The n-value of C-SAAoa is greater than the n-value of
C-SAA, indicating that the fluoride concentration had a greater
effect on C-SAAoa. As the temperature of the experiment

FIGURE 7 | Adsorption isotherm models of fluoride on C-SAA (A) the Langmuir model; (B) the Freundlich model; adsorption isotherm model of fluoride on
C-SAAoa(C) the Langmuir model; (D) the Freundlich model.
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increases, the KF values also increased, indicating that
temperature has a facilitative effect on the adsorption
process, further demonstrating that the adsorption process is
a heat-absorbing reaction (Cao et al., 2022). The higher the
value of KF, the stronger the combined ability reflected.
Therefore, the binding of fluorine to C-SAAoa is easier than
that of C-SAA.

3.5. Adsorption Kinetics
The adsorption kinetics were studied by the effect of adsorption
reaction time on the defluorination of C-SAA and C-SAAoa. The
results are shown in Figure 8. The faster adsorption rate
(Querejeta et al., 2022) of fluoride ions in the material can be
found by Figures 8A,D. During the first 30 min, the adsorption
process was very rapid (Zeng et al., 2022b). The adsorption
capacity of C-SAA increased dramatically, reaching 89.70,
95.78 and 100.50 mg/g, respectively. The adsorption capacities
of C-SAAoa reached 112.12, 119.73 and 125.62 mg/g in 30 min,
respectively. Although the adsorption rate slowed down in
30 min~1h, it still maintained a high adsorption rate. The
adsorption rate leveled off in 1–2 h and reached adsorption
equilibrium in about 2 h. The equilibrium adsorption amounts
of C-SAA were 144.46, 148.43 and 152.34 mg/g, respectively. The
equilibrium adsorption amounts of C-SAAoa were 180.57,

185.54 and 190.43 mg/g, respectively. As apparent from
Figure 8, with the increase of temperature, the adsorption rate
accelerates and the equilibrium adsorption amount increases
(Davarpanah et al., 2022). Therefore, it can be concluded that
the process of C-SAA and C-SAAoa defluorination is a heat
absorption process (Hou et al., 2022). Compared with the
equilibrium adsorption capacity of C-SAA, the fluoride
removal capacity of C-SAAoa was increased by 15–25%.
Pseudo-first-order kinetics model and pseudo-second-order
kinetics model were used to fit the data. The fitting results are
shown in Figures 8B,C,E,F. The data match the pseudo-second-

FIGURE 8 | (A) Adsorption kinetics of fluoride on C-SAA; (B) the pseudo-fifirst-order model on C-SAA; (C) the pseudo-second-order model on C-SAA; (D)
adsorption kinetics of fluoride on C-SAAoa; (E) the pseudo-fifirst-order model on C-SAAoa; (F) the pseudo-second-order model on C-SAAoa.

TABLE 3 | Kinetic parameters for the pseudo-second-order models at different
temperatures about C-SAA and C-SAAoa.

Temperature (°C) Qe (mg/g) K2×10
3 (g/mg·min) R2

C-SAA
30 144.46 4.48 0.9981
40 148.43 4.77 0.9984
50 152.34 6.78 0.9988

C-SAAoa

30 180.57 1.76 0.9967
40 185.54 1.98 0.9974
50 190.43 2.50 0.9978
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order kinetic model and their associated dynamic models well.
The parameters of the pseudo-secondary model are shown in
Table 3. Due to the high correlation coefficient (R2 =
0.9967–0.9988), the kinetics of fluorine removal by C-SAA and
C-SAAoa were well described using a pseudo-secondary model,
indicating that the surface adsorption (Gupta et al., 2022)reaction
is the dominant and control phase and the rate control step is
chemisorption. The smaller the k2 value, the more the number of
adsorption sites (Du et al., 2022). Thus, the introduction of oxalic
acid significantly improved the exchange capacity of -OH and F−

on the adsorbent surface. Comparison of the adsorption capacity
of fluoride by C-SAAoa with other adsorbents are shown in
Table 4.

3.6. Effect of Coexisting Anions
In natural water and wastewater containing fluoride, multiple
anions are usually present (Krivina et al., 2022), such as Cl−,
NO3

−, CH3COO
−, CO3

2−, SO4
2−, and PO4

3−. The presence of
coexisting ions can lead to competition with adsorbent ions for
adsorption sites during adsorption, reducing the removal
efficiency of the target pollutant. The strength of the

adsorption competition for coexisting anions depends mainly
on the relative ionic concentration and its affinity to the
adsorbent, while the magnitude of the affinity is closely related
to the ionic radius and charge (Bakhta et al., 2022). In this
experiment, the effects of different concentrations (10 mg/L,
30 mg/L, 50 mg/L, 100 mg/L, 300 mg/L, 500 mg/L) of Cl−,
NO3

−, CH3COO
−, CO3

2−, SO4
2− and PO4

3− on the adsorption
behavior of fluoride ions were investigated. The results are shown
in Figure 9. From the plot it is easy see that except for PO4

3−, the
remaining five anions have little effect on the adsorption of
fluoride ions by C-SAA and C-SAAoa. With the increase of
PO4

3− concentration, the removal of F− by C-SAA decreased to
94.45%, 91.77%, 87.13%, 83.06%, 81.44 and 81.38%, respectively,
while the removal of F− by C-SAAoa decreased to 98.87%,
91.31%, 87.68%, 84.60%, 83.31 and 83.27%, respectively. This
phenomenon is mainly due to the high density of negative charge
of PO4

3− (Cha et al., 2022), resulting in its easy adsorption on the
surface of positively charged materials. PO4

3− (3/3.40) and F− (1/
1.33) possess similar charge radii. PO4

3− in solution can gradually
occupy the active adsorption sites on the adsorbent surface
(Wang et al., 2022c), making the adsorbent unable to accept

TABLE 4 | Comparison of the adsorption capacity of fluoride by C-SAAoa with other adsorbents.

Adsorbent pH Adsorption (mg/g) Ref

Zeolite/hydrous aluminum oxide synthesized from coal fly ash 6.0 18.12 Chen et al. (2022b)
Aluminum hydroxide modified porous cellulose aerogel 5.0 35 Mahfoudhi and Boufi, (2020)
Al2O3/Carbon nanotubes 5.0–7.0 28.7 Li et al. (2001)
Basic aluminium sulfate@graphene 7.0 33.4 Chen et al. (2013)
Alum-impregnated activated alumina 6.5 40.3 Tripathy et al. (2006)
Tantalum Hydroxide 2 78.5 Yu et al. (2012)
am-ZrO2 6.2 99.01 Su et al. (2013)
FeeZr binary oxide 5.5 102.3 Ren et al. (2012)
C-SAAoa 3.0 180.57 Present study

FIGURE 9 | Effect of coexisting anions on the adsorption of fluoride about C-SAA and C-SAAoa.
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more F−. Therefore, when large amounts of PO4
3− and F− are

present in the solution, we may wish to use the simultaneous
removal treatment method. In contrast, C-SAA and C-SAAoa are
more selective for F− than PO4

3− in water, and the adsorption
process is not susceptible to other disturbances to coexisting
anions.

3.7. Regeneration
The recycling performance of C-SAA and C-SAAoa is shown in
Figures 10, 11. The F− adsorbed on the material can be desorbed
by acids, bases, salts, etc (Wagstaff and Petrie, 2022). In order to
ensure the adsorption performance of the adsorbent after
desorption, the choice of the desorbent depends largely on the

FIGURE 10 | Effect of oxalic acid concentration on the desorption of fluoride about C-SAA and C-SAAoa.

FIGURE 11 | Effect of cyclic adsorption-regeneration runs on the adsorption of fluoride about C-SAA and C-SAAoa.

Frontiers in Environmental Science | www.frontiersin.org August 2022 | Volume 10 | Article 92184110

Ren et al. Turn Waste into Treasure

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


-OH content. In this experiment, acetic acid solution with
abundant carboxyl groups and weak acidity was chosen as the
desorption agent (Li et al., 2021b). The desorption effect of F− at
different oxalic acid concentrations is shown in Figure 10. With
the increase of acetic acid concentration, the desorption rates of
F− gradually increased and leveled off. When the oxalic acid
concentration continues to increase to 2%, the desorption effect
will not change, which is caused by the limited adsorption sites
occupied by fluorine ions in the material. The results of the 8-
cycle adsorption-desorption experiment are shown in Figure 11.
The adsorption of C-SAA and C-SAAoa on F− decreased
gradually as the number of cycles increased, but still
maintained good adsorption capacity at the eighth cycle. They
both maintained 78.9 and 78.3% of the initial adsorption capacity.
In conclusion, C-SAA and C-SAAoa have good recirculation
performance for the adsorption of F−.

3.8. Mechanism of Adsorption
The fluorine removal mechanism reaction formula of C-SAA and
C-SAAoa is shown in (7–11). 1) Electrostatic action (Song et al.,
2022):C-SAA andC-SAAoa adsorb fluoride ions to the surface of the
material by electrostatic attraction. 2) Coordination (Hempelmann
et al., 2022):Fluoride ions form Al-F complexes with Al on the
surface of C-SAA and C-SAAoa. 3) Ion exchange (Jiang et al., 2022):
The generation of M-F complexes releases hydroxyl radicals and
forms stable AlO-F, CO-F bonds. Thus, the mechanism of fluoride
adsorption and removal by C-SAA and C-SAAoa includes a
combination of electrostatic interactions, coordination and ion
exchange effects. The chemical reactions are shown below:

Electrostatic effect：

A1OOHH+ + F− → A1OOHHF (7)
HOOCCOOH + F− → HOOCCOOHF (8)

Coordination :

A1OOH + F− → F − A1OOH (9)
Ion exchange:

A1OOH + F− → A1O − F + OH (10)
HOOCCOOH + F− → HOOCCOF +OH (11)

4. CONCLUSION

In summary, C-SAAoa particles synthesized by simple and low-
cost calcining industrial solid waste aluminium ash combined
with waste oxalic acid modification process show excellent

performance in fluoride removal speed and adsorption
capacity. Their adsorption capacity on fluoride was
determined at about 180.57 mg/g at pH 3.0, which was
among the highest reported values in the literature. It was
determined that the adsorption mechanism of fluoride on
C-SAAoa particles followed mechanisms such as ion
exchange, electrostatic action, and the surface -OH groups
played a major role in the fluoride removal process.
C-SAAoa particles can effectively remove fluoride, even in
the presence of a certain concentration of competing anions.
At the same time, the material possesses good cycling
performance, and can still maintain 78.9% of the initial
adsorption capacity in the longitudinal for eight recycles.
Therefore, it may have the potential to become a promising
adsorbent as a supplement to industrial solid waste resource-
based utilization processes and also for fluoride removal in
small-scale treatment facilities or wastewater with high fluoride
concentrations.
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