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Abstract In this study, SAA@CS-CB(aluminum-ash carbide slag carbon black doped composite)

was prepared by sintering method and modified by impregnation with oxalic acid to obtain

SAA@CS-CBoa. Fluoride adsorption experiments were carried out using this composite as adsor-

bent. With increasing pH values, the adsorption amount of fluoride decreases in the range of 2–11.

The pseudo second order equation and Langmuir model were fit to the experimental data, and the

adsorption of fluoride by SAA@CS-CBoa exhibited spontaneous and endothermic characteristics.

When PO4
3-, CO3

2–, SO4
2-, Cl-, NO3

–, Br- and HCO3
– anions were individually or combined in solution,

the adsorbents exhibited higher fluoride selectivity and sensitivity, while PO4
3-and CO3

2– weakened

the adsorption of fluoride in solution in the same way regardless of the presence of the other 5

anions. The results of SEM, EDS, XRD and FTIR characterizations showed that the mechanism

of fluoride adsorption and removal by SAA@CS-CBoa included the combined effects of electro-

static attraction, surface coordination precipitation and ion exchange. SAA@CS-CBoa is an effec-

tive composite material for water adsorption of fluoride, and still has an excellent performance of

cyclic regeneration after 10 times adsorption desorption. This study provides a new approach for

the utilization of fluoride removal resources for industrial solid waste resource recycling.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Aluminum ash, which is a derivative of the aluminum smelting
process (Chang et al., 2022), usually consists of metallic alu-

minum, aluminum oxides, and oxides of multiple alloying ele-
ments, is one of the major hazardous solid wastes generated in
the aluminum electrolysis industry. These contain large

amounts of aluminum compounds, sodium compounds, silicon
oxides, etc., and have a large potential for recovery (Zhang
et al., 2022). Aluminum ash is divided into primary aluminum
ash and secondary aluminum ash (SAA), and secondary alu-

minum ash (Ni et al., 2022) there is currently no mature com-
prehensive utilization process, and there is a serious threat of
metal pollution to the environment. Therefore, the harmless

and efficient disposal of aluminum ash has received wide atten-
tion by the industry, and in-depth studies have been carried
out from several perspectives. The main technologies include

the recovery of alumina, the preparation of aqueous aluminum
chloride net, various kinds of refractory materials, building
materials and road materials, the recovery of fluoride and

chlorine salts, etc. (Yang et al., 2022). Preparation of alu-
minum chloride netwater by secondary aluminum ash the pro-
cess is using pyrolysis synergistic harmless disposal technology,
and calcium aluminate netwater (Maach et al., 2021) synthe-

sized by using secondary aluminum ash as raw material has
better water purification effect, but there are more impurities,
which need to be continuously improved.

Carbide slag (Hu et al., 2021) is a typical industrial solid
waste, a strong alkaline waste residue produced by the hydrol-
ysis of aragonite in the process of industrial production of

polyvinyl chloride, and about 1.2 t is produced per ton of arag-
onite, and about 32.4 million t is produced per year, the main
component of which is Ca(OH)2. Due to the high alkalinity of

carbide slag (CS) and containing some harmful components
such as hydrogen sulfide that are difficult to treat, the compre-
hensive utilization rate of carbide slag is relatively low (Zhu
et al., 2022). At present, the main disposal method of carbide

slag is solid–liquid separation, which is finally treated by land-
fill or waste, which causes a great waste of resources (Wang
et al., 2021). An ad libitum stack of carbide slag can occupy

a large amount of land, and the long-term compost penetra-
tion of carbide slag can cause the saline alkalization of land
and contaminate water resources, severely damaging the eco-

logical environment, crisis to the surrounding areas of resi-
dents’ life and physical health (Li et al., 2022). Therefore,
how to realize the secondary utilization of industrial waste is
one of the current issues that need to be addressed (Yang

et al., 2021). The carbide slag is rich in calcium resources
and has many advantages, such as good dispersion of particles,
large specific surface area, large pore structure, and low ther-

mal decomposition temperature, which can be used as a sec-
ondary resource to replace limestone in the building
materials industry and is widely used as an inner wall paint,

thermal insulation and so on (Gong et al., 2022). The main
resource-based applications of carbide slag in environmental
protection are the production of desulfurization agents, treat-

ment of acidic wastewater and so on (Miao et al., 2022).
Carbon black (CB) is a product derived from the incom-

plete combustion or thermal decomposition of carbonaceous
materials (coal, natural gas, heavy oil, fuel oil, etc.) under air
deficient conditions (Feng et al., 2021). There has been exten-
sive research as reinforcement of rubber, filler of plastic, pig-
ments, etc. (Cheng et al., 2021). Not difficult to find after

studying the structure and properties of carbon black, its large
specific surface area and special structure and surface proper-
ties, are very latent in adsorption applications (Wang et al.,

2021). Relative to the extensive research on carbon materials
such as activated carbon (Xia et al., 2021), carbon nanotubes
(Tong et al., 2021), there is little research on carbon black as

an adsorbent. Based on the large specific surface area and sur-
face chemistry of carbon black, its use as an adsorbent for the
treatment of organic and inorganic pollutants in water bodies
has been some reported. For example: chemical modification

of carbon black and adsorption of arsenic in water after mod-
ification (Schaller et al., 2018), waste carbon black as adsor-
bent to treat diphenylamine production wastewater (Leventis

et al., 2004), adsorption properties of pyrolytic carbon black
for Cr (VI) from aqueous solutions (Wang et al., 2019), Car-
bon black treatment of spent caustic liquor after desulfation

and CO2 removal from natural gas (Wang, 2002) and so on.
However, up to now, studies on the utilization of secondary

aluminum ash, carbide slag as well as carbon black for the

preparation of composites for fluoride degra dation are still
rare. Therefore, secondary aluminum ash, carbide slag as well
as carbon black sintering were selected to prepare composites
for fluoride adsorption in this study. In addition, we also inves-

tigated the effects of pH and coexisting ions on fluoride
adsorption. The mechanism involved in the fluoride adsorp-
tion process was revealed by bet, SEM, EDS, XRD and FTIR.

This study provides a valuable reference for the long-term
treatment of the disposal of industrial solid waste. At the same
time, it provides an effective route and theoretical support for

developing low-cost, safe and high-performance adsorbents.

2. Materials and methods

2.1. Materials

NaF, NaBr, NaCl, NaNO3, Na2SO4, Na2CO3, NaHCO3, Na3-
PO4, HCl, NaOH and oxalic acid were purchased from China
Tianjin Zhiyuan Fine Chemical Co., ltd. (analytical grade).
The secondary aluminum ash (SAA), carbide slag (CS) and

carbon black (CB) were provided by Yunnan Coal Chemical
Industry Group Co., ltd.

2.2. Preparation of SAA@CS-CB

Certain amounts of secondary aluminum ash, carbide slag as
well as carbon black were weighed and put into a vacuum dry-

ing oven and dried at 60 ℃ for 12 h. Each group after drying
was sieved through a 100 mesh sieve. Weigh 30 g of secondary
aluminum ash, carbide slag as well as carbon black with a mass

ratio of 1:1:1 and place the crucible into a muffle furnace,
which is set up with a programmed temperature of 5 �C per
minute and raised to 700 �C for 4 h. The samples were
removed for treatment with room temperature water. Then

put into the vacuum drying box to adjust the temperature
60 ℃ for 12 h, remove cooled to room temperature, and grind
to obtain SAA@CS-CB.
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2.3. Modified of SAA@CS-CB

10 g of SAA@CS-CB was weighed and placed in a triangular
flask, to which 100 ml of oxalic acid (wt 2 %) was added and
magnetically stirred at room temperature for 12 h. Then the

supernatant was filtered off and the filter residue was cleaned
with distilled water three times and placed at 60 ℃ for 12 h
under vacuum drying. SAA@CS-CBoa was finally obtained
by grinding with a mortar.

2.4. Characterization of materials

The compositions of the crystal structure were clarified by X-

ray diffraction (XRD) (Rigaku ultimate 4, RIGAKU Co.,
Japan). The surface morphology of materials was determined
by scanning electron microscope (SEM) (JSM-5800, Japan

JEOL), and element contents and their distribution were iden-
tified through Energy dispersive X-ray spectroscopy (EDS).
The specific surface area of the materials were measured by

automatic specific surface analyzer(BET) (ASAP 2020,
Micromeritics Co., U.S.A) calculations. In addition, fourier
transform infrared spectroscopy (FTIR) (IRTracer-100,
SHIMADZU Co., Japan) spectra analysis was used to investi-

gate the surface functional groups, recording in the range of
500–4000 cm�1.

2.5. Batch adsorption experiments

First, the fluoride ion solution used in this study was prepared
by dissolving sodium fluoride in ultrapure water to produce a

fluoride ion containing stock solution (1000 mg�L-1). Next, the
main concentration of the solution used for testing fluoride
removal was 100 mg�L-1. Then, the conditions of these main

adsorption experiments were performed using 25 mg of adsor-
bent at a pH of 2.0 for 1 h. The removal efficiency of fluoride
was calculated as follows:

qt ¼ ðCo�Ct

m
ÞV ð1Þ

Where Co was the original fluoride concentration (mg�L-1),
Ct was the concentration of fluoride at time.

Different values of pH were tested using hydrochloric acid
and sodium hydroxide as modifiers from pH= 2–11. To better
understand the adsorption process, different initial concentra-

tions ranging from 10 mg�L-1 to 1000 mg�L-1 were investigated
as adsorption isotherms at different temperatures (30 �C,
40 �C, 50 �C). The obtained data attempted to fit the Langmuir
model and Freundlich model. These models were shown as

follows:

Ce

qe
¼ 1

qmax � KL

þ Ce

qmax

ð2Þ

ln qe ¼ lnKF þ lnCe

n
ð3Þ

Where Ce is the fluoride concentration at equilibrium (mg

L�1); qmax is the adsorption amount required to form a com-
plete monolayer (mg/g); KL and KF represent diverse isotherm
constants; 1/n is an empirical parameter related to the adsorp-

tion intensity. The different reaction time changed from
0.5 min to 360 min was studied as adsorption kinetics at differ-
ent temperatures (30 �C, 40 �C, 50 �C), too. Pseudo-first order
kinetic model and Pseudo-second order kinetic model were
used to know the adsorption kinetics. These models were
exhibited in these equations.

Pseudo� first� order equation : lnðqe � qtÞ ¼ ln qe � k1t ð4Þ

Pseudosecond� order :
t

qt
¼ t

qe
þ 1

k2q2e
ð5Þ

Elovich equation : qt ¼
lnðabÞ

b
þ ln t

b
ð6Þ

Intra� particle diffusion : qt ¼ kit
0:5 þ Ci ð7Þ

Where qe and qt are the adsorption amounts of fluoride at

equilibrium and after time (t; min), respectively (mg�g�1); k1,
k2, ki, a and b stand for rate constants of diverse kinetics; Ci

is a parameter describing the boundary layer thickness.
Enthalpy change (DHo), entropy change (DSo) and free

energy change (DGo) were computed with the following
equations:

DGo ¼ �RT lnK

lnK ¼ DSo

R
� DHo

RT

ð8Þ

Where R is the gas constant (8.314 J K�1 mol�1), T is the
temperature (K) and K represents the adsorption constant.

Different concentrations of negative ions were added into
fluoride solutions (0, 0.25, 0.5, 1, 3, 5, 10, 20, 50, 100,
200 mol�L-1). The negative ions included HCO3

–, Br-, NO3
–,

Cl-, CO3
2–, SO4

2-, PO4
3-demonstrated the effect of coexisting

anions. F� adsorbed on the material can be desorbed by acid,
alkali, salt and other substances. In order to ensure the adsorp-
tion performance of adsorbent after desorption, the selection

of desorption agent depends largely on the content of –OH.
In this experiment, NaOH solution rich in carboxyl and weak
acid was selected as the desorption agent. The materials were

investigated in ten cycles about regeneration performance.
SAA@CS-CB (original), SAA@CS-CB (sintering) and
SAA@CS-CBoa were both applied in a batch of adsorption

experiments to judge this performance of modification. In this
study, we use ion chromatography to determine the concentra-
tion of fluoride in aqueous solution. all experiments were
repeated three times to find the average value.

3. Results and discussion

3.1. Characterization of material

The properties and structures of the synthesized materials have

been studied using characterization techniques. SEM and EDS
analysis of the materials are shown in Fig. 1. Before sintering,
the particle size was larger and ranged from 0.55 lm around

that and the particles were agglomerated, the main elements
were o, C, Al, Ca (Fig. 1a). After sintering at 700 �C, the par-
ticles were clearly found to be porous and grape like in distri-

bution(Zhao et al., 2021); with an average size between 0.11 l
m around with little change in elemental composition (Fig. 1b).
After modification by immersion of oxalic acid (Fig. 1c), a
large number of fine particles appeared, resulting in the surface

of SAA@CS-CB becoming rough (Zhang et al., 2022); and the
particle size increased to 0.16 l m. At the same time, the con-
tent of O to C increased obviously and the percentage contents
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Fig. 1 SEM images and EDS spectra of adsorbent with different treatment: (a) original, (b) sintering, (c) modification, (d) after

adsorption.
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of Al and Ca decreased. After fluoride adsorption, the size

increased to 0.20 l m. Its surface roughness increases (Zhang
et al., 2022); and the occurrence of elemental fluoride indicates
that fluoride adsorbs on the surface of the material (Fig. 1d).

The BET results of the materials under different treatment

conditions are shown in Table 1. After being determined by
BET analyzer, the specific surface areas of SAA@CS-CB (be-
fore sintering), SAA@CS-CB (after sintering), SAA@CS-

CBoa and SAA@CS-CBoa (after adsorption) were 621.32,
775.16, 843.12 and 584.14 m2�g�1. The pore volumes were
0.27, 0.32, 0.35 and 0.26 cm3�g�1, and the single site adsorption

average pore diameters were 18.00, 18.62, 19.04, and 17.05 nm,
respectively. It is not hard to find out that after modified by
sintering and oxalic acid, the specific surface area was raised
by 24.28 % and 35.70 %, respectively, and the pore volume

and average pore size were also increased, which indicated that
using sintering and oxalic acid to modify the physical proper-
ties of materials could provide a possibility for the next
Table 1 Specific surface area of SAA@CS-CB (original), SAA@

adsorption).

Adsorbent BET surface area (m2�g�1)

SAA@CS-CB (original) 621.32

SAA@CS-CB (sintering) 775.16

SAA@CS-CBoa 843.12

SAA@CS-CBoa (after adsorption) 584.14
adsorption experiments. After fluoride adsorption, the specific

surface area decreases to 584.14 m2�g�1, and the corresponding
pore volume and average pore size also become significantly
smaller (Baskar et al., 2022).

Fig. 2a shows the FTIR spectra of SAA@CS-CB (original),

SAA@CS-CB (sintering), SAA@CS-CBoa and SAA@CS-
CBoa (after adsorption). It was found that the FTIR spectra
of the various phases were phase similar. The absorption peaks

around 3440, 2928 and 678 cm�1 in the figure come from the
stretching vibration of OAH, CAH and CAC bonds respec-
tively (Tao et al., 2020). The absorption peak around

1641 cm�1 is the result of asymmetric stretching of C‚O bond
(Li et al., 2022). The absorption peak around 1431 cm�1 is
attributed to CAC symmetric stretching vibration (Li et al.,
2022). After sintering and modification, the intensity of the

absorption peak is weakened, and the peak area is small. After
adsorption, a new absorption peak appeared at 1167 cm�1,
indicating the formation of Al-F bond (Zheng et al., 2021).
CS-CB (sintering), SAA@CS-CBoa and SAA@CS-CBoa (after

Pore volume (cm3�g�1) Average pore diameter (nm)

0.27 18.00

0.32 18.62

0.35 19.04

0.26 17.05



Fig. 2 The FTIR (a) and XRD (b) spectra of adsorbent with different treatment.
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The broad band at 400–900 cm�1 and peaks at 1437 cm�1

could be attributed to the stretching vibrations of AlAO and
Al‚O bonds, respectively (Kundu et al., 2017).

Fig. 2b compares the XRD patterns of SAA@CS-CB (orig-
inal), SAA@CS-CB (sintering), SAA@CS-CBoa and
SAA@CS-CBoa (after adsorption). Among them, the main

diffraction peaks before and after sintering of the materials
were similar, it is worth mentioning that before sintering, the
main components of the materials were aluminum oxide, alu-

minum nitride, and calcium hydroxide. After sintering, one
diffraction peak (2h = 20�), and the strength increased, indicat-
ing that sintering made more oxygen-containing functional
groups (Zhang et al., 2020). Although there is a low-intensity

broad peak when 2h = 30�, it does not affect the crystal struc-
ture of the material. This illustrates that the structure of the
material is completely crystalline (Jiang et al., 2015). After

modification with oxalic acid, the main peaks were right
shifted and new crystals were formed, indicating the deposition
of oxalic acid on the surface of the material. It further illus-

trates that the modification of oxalic acid is feasible. After
adsorption, the diffraction peaks (2h = 20�, 2h = 30–40�and
2h = 55�) disappeared, indicating that removal of fluoride ions
may be the formation of complexes (Al-F, Ca-F).

3.2. Effect of dosage and pH

The exploration of the effect of adsorbent(SAA@CS-CB:

aluminum-ash carbide slag carbon black doped composite)
dosage versus pH on the adsorption performance is shown in
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Fig. 3. It can be obviously found in Fig. 3a that the removal
rate of fluoride from the solution kept increasing with the
increasing adsorbent dosage. This is due to the constant total

amount of fluoride in the solution, while the increasing number
of adsorbents makes more and more adsorption sites (Zhang
et al., 2022) available for fluoride ion adsorption, thus increas-

ing the removal rate. However, with the increase of adsorbent
dosage, the adsorption capacity is continuously getting smal-
ler, especially after the dosage exceeds 0.25 g�L-1, the adsorbent

capacity drops sharply. As can be seen, the increased adsor-
bent dosage of one taste is not the most economically feasible
and only causes waste of resources. Therefore, it is particularly
important to choose the smallest adsorbent dosage to obtain

the maximum adsorption capacity and removal efficiency.
The best results were obtained at a dose of 0.25 g�L-1, at which
point the adsorption capacity was 296.44 mg�g�1 and the

removal efficiency was 74.11 %.
As shown in Fig. 3b, the greater the initial concentration of

the solution, the greater the effect of pH on the adsorbent’s

(SAA@CS-CB, which was original) equilibrium adsorption
capacity for fluoride.When the pH of the solution is 2, the sur-
face of the material is positively charged, and the fluoride in
the solution mainly exists in the F- form, leading to the gener-

ation of electrostatic attraction between them (Zhang et al.,
2022); contributing to the adsorption reaction progress. The
adsorption capacity at this point was the best at 298.76 mg�g�1,

and the removal efficiency was 74.69 %. This can be explained
by measuring the pHpzc of SAA@CS-CB. The pHpzc of the
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activated alumina is 6.2 � 8.9.38 (Kumari et al., 2019). The
effect of pH on the adsorption capacity is due to the electro-
static or coulomb interaction between the material surface

and F- ions in the aqueous solution (Kumari et al., 2020).
According to the value of pHpzc, the surface of the material
is slightly alkaline, forming an Al-OH bond. As the pH value

of the solution decreases, that is, pH < pHpzc, the material
surface is positively charged, so F� ions are adsorbed on the
material surface (Chen et al., 2022). When the pH is much
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Fig. 4 Adsorption kinetics of fluoride on adsorbent: (a) pseudo-fir

particle diffusion.

Table 2 Kinetic parameters for SAA@CS-CB (original), SAA@CS

SAA@CS-CB (

qe(exp)/mg�g�1 298.72

Pseudo-first-order k1/min�1 0.02

qe(cal)/mg�g�1 52.97

R2 0.5753

Pseudo-second-order k2/g�(mg�min)�1 7.03*10-4

qe(cal)/mg�g�1 303.03

R2 1.00

Elovich equation a 176.58

b 0.02

R2 0.89

Intra-particle diffusion k1 14.56

C1 105.09

R2 0.61
lower than pHpzc, the electrostatic attraction conducive to
the adsorption of F- ions becomes higher (Tao et al., 2020).
With the increase of pH above pHpzc, that is, pH > pHpzc,

the adsorption of F� ions on the material decreases because
F� ions are adsorbed and repelled from F� ions on the surface
of negatively charged hydrogen and oxygen ions (Shin et al.,

2021). F� ion and hydroxide ion compete to combine on the
surface of the adsorbent, thus reducing the adsorption of fluo-
ride ion (Kumari et al., 2020). As described in previous work,
0 100 200 300

0.0

0.4

0.8

1.2

0 5 10 15 20
0

100

200

300

400

(b)

original
after sintering
after modification

t/q
t (

m
in

/(m
g 

g-1
))

t (min)

 original
 after sintering
 after modification

q t
(m

gg
-1

)

t 0.5

(d)

st-order, (b) pseudo-second-order, (c) elovich equation, (d) intra-

-CB (sintering) and SAA@CS-CBoa.

original) SAA@CS-CB (sintering) SAA@CS-CBoa

340.08 381.08

0.02 0.02

51.38 51.89

0.5657 0.5532

9.78*10-4 1.28*10-3

344.83 374.62

1.00 1.00

397.04 1028.81

0.02 0.02

0.90 0.91

14.67 14.31

145.06 190.8

0.61 0.61



0 200 400 600 800 1000
0

1

2

3

-8 -4 0 4 8

0

2

4

6

0.5 3 10 50 200 1000
0

500

1000

1500

2000

2500

3000

q e
(m

g/
g)

Initial concentration (mg/L)

 after modification-45℃
 after modification-35℃
 after modification-25℃
 after sintering-45℃
 after sintering-35℃
 after sintering-25℃
 original-45℃
 original-35℃
 original-25℃

(a)

(b)
after modification-25℃
after modification-35℃
after modification-45℃
after sintering-25℃
after sintering-35℃
after sintering-45℃
original-25℃
original-35℃
original-45℃C

e/q
e(g

/L
)

Ce(mg/g)(c)

original-25℃
original-35℃
original-45℃

after sintering-25℃
after sintering-35℃
after sintering-45℃

after modification-25℃
after modification-35℃
after modification-45℃

ln
q e

lnCe

Fig. 5 Effect of initial concentration (a) and adsorption

isotherm models of fluoride on adsorbent:the Langmuir model

(b), the Freundlich model (c).

Study on the mechanism of removing fluoride from wastewater 7
materials do not undergo hydrolysis at acidic pH, which min-
imizes electrostatic repulsion and increases adsorption capacity
(Du et al., 2022).

3.3. Adsorption kinetics

To evaluate the effect of contact time on the adsorption pro-

cess of fluoride ions on the materials, we performed kinetic
experiments, and the results are shown in Fig. 4. The maxi-
mum adsorption capacity was achieved at 60 min after the

adsorption process, at which point the adsorption capacities
were 298.72 mg�g�1, 340.08 mg�g�1 and 381.08 mg�g�1 for
74.68 %, 85.02 % and 95.27 %, respectively. It is clearly seen

that sintering and modification treatment enhanced the
adsorption capacity by 41.36 mg�g�1 and 82.36 mg�g�1 and
the removal efficiency by 13.85 % and 27.57 %, respectively.
This indicates that after sintering and modification with oxalic

acid, the adsorption properties of SAA@CS-CB can be
improved step by step.

Fig. 4 and Table 2 are the data fitting of adsorption kinetics

models such as pseudo first order, pseudo second order, elo-
vich equation and intra particle diffusion along with related
calculations. It was found by the data fitting of the model that

the calculated adsorption capacities were basically consistent
with the best ones obtained in the experiments, and the corre-
lation coefficients R2 were all 1.00. Therefore, we can state that
this adsorption process mainly satisfies the pseudo second

order kinetics (Li et al., 2022). It can also be found that after
sintering and modification with oxalic acid, the adsorption rate
of SAA@CS-CB increases gradually upon the adsorption of

fluoride ions, from 7.03*10-4 to 9.78*10-4, and finally reaches
1.28*10-3 k2�g�(mg�min)�1. This indicates that after sintering
and oxalic acid modification, the adsorption sites on the sur-

face of SAA@CS-CB increase gradually, which enables more
fluoride ions to adsorb on the surface of the material (Xia
et al., 2022); thereby increasing the adsorption capacity. The

pseudo second order kinetic model suggests that the adsorp-
tion of the main fluoride ions is mainly accomplished by cova-
lent binding (Lin et al., 2022) via sharing or electron transfer.
Therefore, whether chemisorption can occur and how fast and

slow the interaction rate depends on the number of active sites
on the surface of the material (Zhang et al., 2022).

3.4. Isotherm and thermodynamics study

The effect of initial concentration of fluoride from 0.5 to
1000 mg�L-1 on the adsorbent was investigated at different

temperature conditions and the results are shown in Fig. 5a.
At room temperature, with the increase of initial fluoride con-
centration, the adsorption capacity increased rapidly and

reached the maximum value (296.08, 341.08 and
381.36 mg�g�1). At this time, the initial fluorine concentration
was 100 mg�L-1. This shows that the adsorption capacity of
SAA@CS-CB is satisfactory over most of the adsorbents

reported (Ma et al., 2022). When the initial fluoride ion con-
centration continued to increase, the adsorption capacity
tended to be stable. While the adsorption capacity of

SAA@CS-CB (original), SAA@CS-CB (sintering) and
SAA@CS-CBoa for fluoride ions increased gradually as the
temperature increased from 25 to 35 and 45 �C. Moreover,

in many existing studies, higher qmax appears often because
they set a higher initial concentration of fluoride (Ma et al.,
2022); while in this study, SAA@CS-CB also show more sig-
nificant qmax at low fluoride concentrations. This can indicate

that SAA@CS-CB has the potential to remove fluoride due to
its good adsorption capacity, high speed and conditional
advantages. We adopted Langmuir and Freundlich models

to conduct adsorption isotherm fitting to the experimental
data (Fig. 5b and c). Fig. 5b shows that all points are evenly
distributed on both sides of the straight line, whereas the

points in Fig. 5c are scattered more distantly on both sides
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of the line, indicating that the fit to the data is more consistent
with the Langmuir equation (Wang et al., 2022). This may be
due to the different adsorption sites of the surface adsorption

energy of the material, indicating that oxalic acid is relative to
the unmodified material. The adsorption energy of the material
surface to the main hydroxyl sites such as Al-OH is different

(Abdelrahman and Al-Farraj, 2022). Meanwhile, it is shown
in Table 3 that the values of R2 (1.00) under Langmuir fitting
are all higher than those (0.90) under Freundlich fitting, fur-

ther indicating that the Langmuir equation can better describe
this adsorption process. It was implied that monolayer fluoride
adsorption occurred on the adsorbent surface and had energet-
ically identical adsorption sites (Zhou et al., 2022).

To investigate the effect of temperature on the fluoride
adsorption properties of SAA@CS-CB and explore the spon-
taneity and driving force of the adsorption process, thermody-

namic calculations were performed in Eqs. (8). The calculation
results are shown in Table 4. The DGo was negative at all tem-
peratures and decreased with increasing temperature, demon-

strating that the adsorption process was spontaneous (Li
et al., 2022). Also illustrated from the side that an increase
in temperature is beneficial for better fluoride adsorption

because it can better desolve ions in solution (Qu et al.,
2022). More importantly, DHo and DSo all had positive values
indicating that the adsorption was an endothermic process.
With the increase of the experimental temperature, the value

of KF also increases, indicating that the temperature can pro-
mote the adsorption process, which further proves that the
adsorption process is an endothermic reaction (Shin et al.,

2021). The greater the value of KF, the stronger the combina-
Table 3 Isotherm parameters for the Langmuir model at differe

(sintering) and SAA@CS-CBoa.

pH2.0, dosage of adsorben

SAA@CS-CB (original)

Freundlich model

298.15 K KF 26.97

1/n 0.51

R2 0.88

308.15 K KF 30.94

1/n 0.49

R2 0.89

318.15 K KF 36.81

1/n 0.46

R2 0.91

Langmuir model

298.15 K qe(exp) 296.08

qmax 303.03

KL 0.24

R2 1.00

308.15 K qe(exp) 305.76

qmax 312.50

KL 0.30

R2 1.00

318.15 K qe(exp) 316.36

qmax 322.58

KL 0.34

R2 1.00
tion ability reflected (Kumari et al., 2020). Therefore, the com-
bination of fluorine and SAA@CS-CBoa is much easier than
the original materials. The adsorption capacity of SAA@CS-

CB (original), SAA@CS-CB (sintering) and SAA@CS-CBoa

increase with increasing temperature, more illustrating this
adsorption process.

3.5. Effect of coexisting ions and cycle times on adsorption

performance

To evaluate the influence of coexisting ions (PO4
3-, CO3

2–, SO4
2-,

Cl-, NO3
–, Br- and HCO3

–) on the adsorption process of fluoride
ions on the materials, we performed anion interference exper-

iments, and the results are shown in Fig. 6a. It can be found
that SAA@CS-CBoa was all highly selected F-, SO4

2-, Cl-,
NO3

–, Br- and HCO3
– have a negligible effect on the adsorption.

Specifically, the presence of CO3
2– has little effect on the

adsorption capacity, only reducing by 3.56 %. However, the
presence of PO4

3-had a significant effect, and with increasing
concentrations, the adsorption capacities of SAA@CS-CBoa

decreased by 84.75 %. On the one hand, the hydration radii
of PO4

3-and CO3
2– are close to those of F-, thus hindering the

diffusion of F- to the adsorbent surface. On the other hand,

it may be due to the competition between –OH and F- gener-
ated from PO4

3-and CO3
2– hydrolysis (Chen et al., 2022); as evi-

denced from the increase of solution pH(3.65) after
adsorption.

The adsorption performance of an adsorbent after desorp-
tion strongly depends on the content of –OH in the desorbent.
We selected NaOH with a mass concentration of 5 % as the
nt temperatures about SAA@CS-CB (original), SAA@CS-CB

t (0.25 g�L-1)

SAA@CS-CB (sintering) SAA@CS-CBoa

32.70 40.75

0.51 0.50

0.89 0.88

37.39 44.99

0.50 0.48

0.88 0.88

44.10 54.62

0.48 0.44

0.89 0.89

341.08 381.36

344.83 384.62

0.33 0.39

1.00 1.00

353.28 387.40

357.14 384.62

0.45 0.45

1.00 1.00

362.20 389.84

384.62 384.62

0.31 0.58

1.00 1.00



Table 4 Standard thermodynamic parameters for adsorption of fluoride ions on SAA@CS-CB (original), SAA@CS-CB (sintering),

SAA@CS-CBoa.

T/K DGo/(kJ�mol�1) DHo/(kJ�mol�1) DSo/(J�K�1�mol�1)

SAA@CS-CB (original) 298.15 K �6.03 11.16 0.06

308.15 K �6.57

318.15 K �7.19

SAA@CS-CB (sintering) 298.15 K �7.79 19.88 0.09

308.15 K �8.73

318.15 K �9.64

SAA@CS-CBoa 298.15 K �10.92 24.87 0.12

308.15 K �12.33

318.15 K �13.31
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Fig. 6 Effect of coexisting anions (a) and cyclic adsorption-regeneration runs (b) on the adsorption of fluoride about the adsorbent after

modification.
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desorption agent (Huang et al., 2020). Therefore, we per-
formed adsorption desorption 10 cycle experiments to explore
the adsorbent’s recycling performance, and the results are

shown in Fig. 6b. As the number of cycles increased, the
adsorption capacity of the material slowly decreased, and it
remained at 89.71 % of the initial adsorption capacity even

for the 10th cycle. In summary, SAA@CS-CBoa has excellent
recovery properties.

3.6. Mechanism of adsorption

The fluoride removal mechanism of SAA@CS-CBoa was
clearly shown in Fig. 7. (1) Electrostatic attraction (Alhassan

et al., 2022): SAA@CS-CBoa adsorbed F- to the surface by
electrostatic attraction; (2) coordination (Huang et al., 2020):
the complexes react with Al and Ca to form Al-F and Ca-F
complexes on the surface of the material; (3) sedimentation

(Kong et al., 2020): F- adsorbed on the surface of SAA@CS-
CBoa react with calcium carbonate to generate CaF2 precipi-
tate; (4) ion exchange (Yang et al., 2022): the production of

the M�F complex releases the hydroxide and forms stable
AlO-F; CaO-F, and CO-F compounds. Therefore, the mecha-
nism of fluoride adsorption and removal by SAA@CS-CBoa

includes the combined effects of electrostatic attraction, coor-
dination, sedimentation and ion exchange. The chemical reac-
tions involved are as follows:

Electrostatic attraction:

AlOOHHþ+F�!AlOOHHF ð9Þ

CaOOHHþ+F�!CaOOHHF ð10Þ

HOOCCOOH + F�!HOOCCOOHF ð11Þ
Coordination:

AlOOH + F�!F-AlOOH ð12Þ

CaOOH + F�!F-CaOOH ð13Þ
Sedimentation:

CaCO3 + 2F�+Hþ!CaF2 + HCO3
– ð14Þ

Ion exchange:

AlOOH + F�!AlO-F + OH ð15Þ

HOOCCOOH + F�!HOOCCOF + OH 16CaOOH

þF� ! CaO� F þ OH

ð17Þ



Fig. 7 The mechanism of fluoride adsorption by SAA@CS-CBoa.
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4. Conclusion

In this study, SAA@CS-CB was prepared by sintering method

and modified by impregnation with oxalic acid to obtain
SAA@CS-CBoa. Fluoride adsorption experiments were car-
ried out using this composite as adsorbent. With increasing

pH values, the adsorption amount of fluoride decreases in
the range of 2–11. The pseudo second order equation and
Langmuir model were fit to the experimental data, and the
adsorption of fluoride by SAA@CS-CBoa exhibited sponta-

neous and endothermic characteristics. When PO4
3-, CO3

2–,
SO4

2-, Cl-, NO3
–, Br- and HCO3

– anions were individually or
combined in solution, the adsorbents exhibited higher fluoride

selectivity and sensitivity, while PO4
3-and CO3

2– weakened the
adsorption of fluoride in solution in the same way regardless
of the presence of the other 5 anions. The results of SEM,

EDS, XRD and FTIR characterizations showed that the
mechanism of fluoride adsorption and removal by
SAA@CS-CBoa included the combined effects of electrostatic
attraction, surface coordination precipitation and ion

exchange. SAA@CS-CBoa is an effective composite material
for water adsorption of fluoride, and still has an excellent per-
formance of cyclic regeneration after 10 times adsorption des-

orption. The synthesis of composite materials opens up a new
way for the development of adsorption materials. Therefore,
SAA@CS-CBoa may be a viable adsorption material to help

remove fluoride in wastewater. In addition, through in-depth
discussion on the adsorption of fluoride by composite materi-
als prepared from industrial solid waste, researchers will be
encouraged to develop new ideas on process/product improve-
ment to further improve the removal potential of adsorbent.
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