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a b s t r a c t
Groundwater containing high concentration of fluoride has made great concern in China. Many 
researchers are eager to look for an applicable method for fluoride removal. Adsorption process 
is broadly recognized as a low-cost, high-efficient and environmental-friendly technology. In this 
research, a novel adsorbent prepared by aluminum sulfate modified chitosan/zeolite molecu-
lar sieve (AC-Z) composites was used to remove fluoride from synthetic solutions. The fluoride 
adsorption performance of AC-Z adsorbents was investigated by factors of dose (0.5–7 mg/100 mL), 
contact time (0.5–12.0 h), temperature (10°C–35°C), solution pH (3–11), initial fluoride concen-
tration (5.0–50.0 mg/L) and co-existing anions (Cl–, CO3

2–, SO4
2–) in series of batch experiments. 

Scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), Brunauer–Emmett–
Teller and Fourier transform infrared spectroscopy (FTIR) were used to analyze the structure 
and morphology of the AC-Z adsorbents. The AC-Z adsorbents with fluoride removal efficiency 
of 93.1% were processed under conditions of initial concentration 10 mg/L, dose 2 g/100 mL, con-
tact time 8 h, pH value 7 and temperature 20°C. The kinetic studies indicated that fluoride adsorp-
tion followed the pseudo-second-order kinetics well (R2 = 0.999), and adsorption isotherms can 
be well described by Freundlich model (R2 = 0.988). Thermodynamic studies showed the fluoride 
adsorption was spontaneous and endothermic. The results of this preliminary study indicated 
that AC-Z was a potential and efficient treatment option for groundwater with fluoride pollution.
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1. Introduction

Groundwater is the major and preferred source of 
drinking water in some rural and urban areas in China. 
However, groundwater is getting polluted due to the 
ever-growing population, industrialization, urbanization 
and unskilled utilization of water resources [1]. Many 
studies have reported that the groundwater in North and 
Northeast areas of China (Fig. 1) had a fluoride concentra-
tion above the guideline value [2]. An evidence from spe-
ciation analysis and geochemical modeling showed that 
groundwater fluoride concentrations ranged from 0.18 to 

10.21 mg/L, and approximately 65% of groundwater flu-
oride was higher than the standards in North China Plain 
[3]. According to the World Health Organization (WHO), 
the maximum acceptable concentration of fluoride ions 
in drinking water is less than 1.5 mg/L [4]. The limit flu-
oride concentration of China Drinking Water Standard is 
less than 1.0 mg/L [5]. In some developed cities of China, 
the requirements for fluorine concentration are more strin-
gent, like Shenzhen Drinking Water Standards, the limit 
fluorine concentration is less than 0.8 mg/L [2].

A clean water source with an appropriate fluorine con-
centration is an important prerequisite for ensuring healthy 



109Y. Gao, S. Liu / Desalination and Water Treatment 247 (2022) 108–120

drinking water for human daily life [6]. The appropriate 
amount of fluorine is beneficial for the body to synthesize 
CaF2 for normal mineralization of bones and formation of 
dental enamel [7]. In some country, like Australia, fluoride is 
added to the clean water at the final step of drinking water 
treatment process, because the lack of fluorine in the human 
body can easily lead to tooth decay [8]. In addition, it will 
also affect some physiological functions of the human body. 
However, its excessive intake may result in slow, progressive 
crippling scourge known as fluorosis [9]. If the concentra-
tion of fluoride is more than 2 mg/L in groundwater, the 
necessary advanced technology needs to be used in drink-
ing water treatment process.

Many researches perform on defluorination to remove 
the excess of fluoride effectively from drinking water 
[10], including coagulation-precipitation [11], membrane 
process [12], ion-exchange [13], electrodialysis [14] and 
adsorption [15]. However, most of these techniques with 
some drawbacks didn’t work cost-effectively for actual 
application. The drawbacks of these methods are the gen-
eration of high disposal waste, presence of co-ions in water 
[11], expensive for application, the problem of fouling, 
scaling and membrane degradation [16]. Comparatively, 
adsorption process is broadly used for fluoride removal 
because it is simple to use, low cost, less maintenance, 
high removal efficiency [17]. Alumina is considered as the 

most effective adsorbent for fluoride removal from water. 
Table 1 summarized the comparative analysis of the fluo-
ride removal by alumina and aluminum-based adsorbents 
of recent years. Although several attempts have shown 
promising adsorption capacities for fluoride, however, 
the main disadvantage of aluminum-based materials 
were the high residual aluminum remained in water after 
defuoridation [18–20]. For this reason, current studies are 
focused on combining aluminum with other environmen-
tally friendly materials to improve the removal of fluo-
ride while reduce the release of aluminum in water.

Chitosan is a naturally-derived polysaccharide. Due to 
its characteristics of wide source, safe and nontoxic, envi-
ronment-friendly, it has wide application prospect in the 
field of water treatment, such as heavy metals, phenolic 
compound and dyes [21]. Chitosan is frequently modified in 
order to improve its physicochemical properties and can be 
cross-linked with the other media to form multi-functional 
composite materials [22]. Burillo et al. [23] synthesized chi-
tosan hydrogels (net-CS) to remove fluoride from ground-
water, the removal capacity of net-CS was 0.150 mg/g for 
F after 50 h. Jagtap et al. [24] investigated chitosan based 
mesoporous alumina and found that the removal efficiency 
and adsorption capacity was 78% and 8.26 mg/g for 5 mg/L 
concentration of fluoride, respectively. However, these chi-
tosan-based powder material was not easy to recycle, which 
limited its application. Zeolite molecular sieve is a kind of 
synthetic sodium zeolite, with a Si-Al-Si framework tetra-
hedral structure, and large specific surface area. Because 
of its nanopore size, zeolites molecular sieves are more 
effective at treating anionic species than other water treat-
ment materials. Aluminum coated natural zeolite (Alc-STI) 
has been investigated for water defluoridation previously. 
Aluminol, silanol functional groups, and the hydroxyl on 
Alc-STI had co-operative actions for F− ion exchange which 
enhanced the adsorption capacity [25]. It was feasible to 
study aluminum-based chitosan or aluminum-based zeolite 
materials for fluoride removal, however limited works have 
been published the performance of aluminum, chitosan 
and zeolite combining together for fluoride removal.

In this research work, aluminium coated onto the chi-
tosan/zeolite molecular sieve particles (AC-Z) were syn-
thesized for fluoride removal. To check the performance of 
AC-Z adsorbent to remove fluoride from aqueous solution, 
batch experiments have been done to obtain the removal 
efficiency and adsorption capacity at different dose, 

Fig. 1. Fluoride pollution area of groundwater in China.

Table 1
Alumina adsorbents for fluoride adsorption

Adsorbent pH F Concentration Contact time Dose Temp. Removal efficiency Adsorption capacity References

AA 4.4 15 mg/L 90 min 4.5 g/L 25°C 94% 8.4 mg/g [18]
MCA 7 10 mg/L 3 h 8 g/L 25°C 98% 0.16 mg/g [19]
MAA 7 12 mg/L 1 h 10 g/L 20°C 95% 0.76 mg/g [20]
net-CS 7.6–8.3 0.23–2.33 mg/L 50 h 8 g/L 25°C 40%–46% 0.15 mg/g [23]
CMA 3–9 5 mg/L 24 h 4 g/L 30°C 78% 8.26 mg/g [24]
Alc-STI 6.5 10 mg/L 6 h 6 g/L 22°C – 1.6 mg/g [25]

Notes: AA = Acidic alumina; MCA = Magnesium dioxide coated alumina; MAA = Modified immobilized activated alumina; 
net-CS = net-chitosan hydrogels; CMA = Chitosan based mesoporous alumina 450; Alc-STI = Aluminum-coated stilbite.
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contact time, pH value, temperature, initial concentration 
and co-exiting anions. The study focused on properties of 
AC-Z adsorbent before and after fluoride adsorption by 
scanning electron microscopy (SEM), energy dispersive 
spectroscopy (EDS), Brunauer–Emmett–Teller (BET) and 
Fourier transform infrared spectroscopy (FTIR) analysis. 
Adsorption kinetics, isotherms and thermodynamics were 
also invited to study the mechanism of AC-Z defluoridation.

2. Experimental procedure

2.1. Chemicals materials

The AC-Z adsorbent was prepared by aluminum sulfate 
(Al2(SO4)3·18H2O, >99.0%, Sinopharm Chemical Reagent 
Co., Ltd., China), chitosan (>90% deacetylated, Shenyang 
Sinopharm Group, China) and zeolite molecular sieve  
(NaA type, BET surface area 13.395 m2/g, pore volume 
0.041 cm3/g, average pore diameter 25.897 nm, Shanghai 
New Molecular Sieve Co., Ltd., China). The fluoride pol-
luted water samples were prepared by sodium fluoride 
(NaF, >98.0%, Sinopharm Chemical Reagent Co., Ltd., 
China). Fluoride analysis was used SPADNS agent pur-
chased from HACH, USA. pH was adjusted by hydrochloric 
acid (HCl, 1 mol/L) and sodium hydroxide (NaOH, 1 mol/L) 
were supplied by Sinopharm Chemical Reagent Co., Ltd., 
China. All chemicals were of analytical reagent grade.

2.2. Preparation of AC-Z

AC-Z adsorbent was synthesized according to the pro-
cedures of Fig. 2. The first step: zeolite molecular sieve 
(5 g) was added into a 250 mL flask containing 7 g/L chi-
tosan solution, then 2 mL of acetic acid (2 vol.%) was 
dropped into the zeolite molecular sieve and chitosan 
solution with continuous oscillation. The composites 
were stirred at the speed of 140 rpm for 12 h at tempera-
ture of 20°C, then dried in the oven at 70°C for 3 h. The 
second-step: the dried composites obtained in the first 
step were added into 100 mL aluminum sulfate solution 
(0.2 mol/L), and were oscillated at the speed of 140 rpm for 
12 h at 20°C. Then, washed in distilled water, dried in the 
oven at 70°C for 3 h and stored in a desiccator until use.

2.3. Characterization

The characterizations of AC-Z adsorbents before and 
after fluoride ion adsorption were analyzed by SEM, 
EDS, BET and FTIR. The specific surface area analysis (BET) 
was performed by using a Quantachrome Autosorb-iQ 

(USA) instrument. The morphology (SEM) and elemental 
mapping imaging (EDS) of AC-Z adsorbents was character-
ized by S4800 HITACHI (Japan) instrument. FTIR spectra 
from the range 4000–400 cm–1 were obtained on FT-IR spec-
trophotometer (Tensor 27, Burker, German).

2.4. Adsorption experiment

Adsorption experiments were performed by batch 
tests to study the different factors on fluoride ion removal 
of AC-Z adsorbents, including the dosage (0.5, 1.0, 1.5, 
2.0, 3.0, 4.0, 5.0, 6.0, 7.0 g/100 mL), contact time (0.5, 1.0, 
2.0, 4.0, 6.0, 8.0, 10.0, 12.0 h), pH value (3, 4, 5, 6, 7, 8, 9, 
10, 11), temperature (283, 288, 293, 298, 303, 308 K), initial 
concentration (5.0, 10.0, 20.0, 50.0 mg/L) and co-exiting 
anions (Cl–, CO3

2–, SO4
2–) in solutions. Fluoride concentra-

tion of water samples (except initial concentration test) 
were average 10 mg/L, which were simulated from fluoride 
contaminated groundwater in Liaoning province, China. 
The application experiments of AC-Z adsorbents were 
used the fluoride-contaminated groundwater acquired 
from the Kangping city. The collected samples were exam-
ined in the laboratory for CO3

−, SO4
2−, Cl− utilizing standard 

approaches suggested via Standard for groundwater qual-
ity (GB/T 14848). The concentration of Fe2+, Mn2+ and the 
residual aluminum in solution was determined using an 
inductively coupled plasma mass spectrometer (Agilent 
ICP-MS 7500, USA). Fluoride concentration was deter-
mined by UV-spectrophotometer (D3900, HACH, USA). 
pH value of water samples in adsorption experiments was 
adjusted by 0.1 M HCl or 0.1 M NaOH. Fluoride ion con-
centrations of treated water were measured after reaching 
adsorption equilibrium with rotating speed of 140 rpm. 
All adsorption batch tests were performed three times.

The adsorption capacity (qe, mg/g) and fluoride removal 
efficiency (R, %) were calculated as described in Eqs. (1) 
and (2).

q
C C V
me

e=
−( )0  (1)

R
C C
C

e=
−( )

×0

0

100%  (2)

where C0 (mg/L) is the initial F– concentration of the adsor-
bent. Ce (mg/L) is the equilibrium F– concentration. m (g) is 
the mass of the AC-Z adsorbent. V (L) is the volume of the 
water sample. The analysis results were the average values 
of three replicates.

Fig. 2. AC-Z adsorbent synthesis procedures; ZMS: zeolite molecular sieve; CTS: chitosan.
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Adsorption isotherm experiments were studied by 
varying initial fluoride concentration of 2, 4, 6, 8, 10, 
12 mg/L in contact with 100 mL of a 2.0 g AC-Z adsor-
bents respectively during 12 h at 140 rpm, 7.0 pH value 
and 20°C temperature. Adsorption kinetic experiments 
were conducted by batch experiment at pH 7.0 with initial 
fluoride concentration (10.0 mg/L). Several water samples 
were added with 2.0 g/100 mL AC-Z adsorbents stirred at 
the speed of 140 rpm, respectively. Water samples were 
shaken for different time intervals (15, 30, 60, 120, 180, 
240, 300, 360, 420, 480, 540, 600, 660 and 720 min), then 
each fluoride concentration was analyzed. Adsorption 
thermodynamic experiments were conducted in the same 
way as kinetics except with different temperature at 283, 
288, 293, 298, 303, 308 K with stirred time 12 h, respectively.

Regeneration experiments were conducted with sev-
eral different chemicals to optimize the best regener-
ant. 2.0 g of AC-Z particles saturated with fluoride were 
placed in 100 mL of 1 mol/L HCl, 1 mol/L NaOH, 1 mol/L 
AlCl3, 1 mol/L Na2SO4, 1 mol/L NaCl solution, respectively. 
Each sample was shaken at 140 rpm and room tempera-
ture for 8 h. Then, adsorbed particles after regeneration by 
different chemicals were rinsed with deionized water and 
dried at a temperature of 70°C for 3 h. Adsorption capac-
ities and fluoride removal rates of each sample were ana-
lyzed to determine the best regenerant. Then, the life of 

the AC-Z adsorbent was determined by the running times 
of recovered adsorbent washed by regenerant. After each 
run of the AC-Z adsorbent saturated with fluoride, they 
were washed with best regenerant as the way of regener-
ation experiments. The recovered adsorbent could then 
be reused in the next run. The running times and fluoride 
removal efficiency of each run were analyzed to determine 
the adsorption ability of AC-Z adsorbent.

3. Results and discussion

3.1. Effect of AC-Z dose

The effect of AC-Z adsorbent dose on fluoride adsorp-
tion at the initial concentration of 10 mg/L, pH value of 7 
and temperature of 20°C is shown in Fig. 3a. It was shown 
that the fluoride removal efficiency of AC-Z was increased 
from 44.1% to 93.1% with the increase in the dose from 
0.5 g/100 mL to 2.0 g/100 mL, respectively. Also, after a 
dose of 2.0 g/100 mL, the fluoride removal efficiency was 
maintained at 94.5%–95.9%. Compared to removal effi-
ciency, the adsorption capacity decreased with the dose 
increasing. There was a sharp decline in the amount of 
adsorption capacity after a dose of 2.0 g/100 mL. Due to 
the concentration of fluoride in the solution was limited, 
with increasing the dose of AC-Z adsorbent, accumulation 
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Fig. 3. Effect of (a) AC-Z dose, (b) contact time, (c) pH, and (d) temperature on fluoride adsorption. 
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of adsorbent could reduce the removal efficiency [26]. 
Therefore, the optimal dose was chosen to be 2.0 g/100 mL. 
The treated water sample was 0.7 mg/L at this dose, which 
was less than 1.0 mg/L of the water quality standard.

3.2. Effect of contact time

The effect of contact time was illustrated at the dose of 
2.0 g/100 mL, initial concentration of 10 mg/L, pH value of 
7 and temperature of 20°C (Fig. 3b). It was clearly seen that 
the removal efficiency increased from 74.3% to 94.4% with 
increasing the contact time from 0.5 to 12 h. The adsorp-
tion capacities were increased strongly in the first 4h with 
the amount increasing from 0.37 to 0.47 mg/g. The fluo-
ride ions in water were adsorbed rapidly on the surface 
of the adsorbent during the initial contact time which 
accelerated the removal efficiency. This can be attributed to 
the fact that at the beginning of the process, there are many 
active sites for adsorption [27]. As the reaction was carried 
out for 8 h, the adsorption capacity and removal efficiency 
were almost unchanged, indicating that the adsorption 
reaction had reached equilibrium.

3.3. Effect of pH

Initial pH value of water sample was one of the most 
important factors during fluoride adsorption process, 
because it controlled the surface charge, surface binding 
sites of the adsorbents [28]. The adsorption capacity and 
removal efficiency of AC-Z adsorbent in 10 mg/L fluoride 
ions at different pH conditions are shown in Fig. 3c. It can 
be obviously seen that the removal efficiency of AC-Z for 
fluoride were found to be high with 93.5% and 92.5% at pH 
6 and 7 respectively. Adsorption capacity were also at high 
levels, which indicated the AC-Z adsorbent was suitable for 
neutral water condition and applicable in practice. However, 
in the acidic and alkaline water environment, the removal 
efficiency and adsorption capacity of AC-Z adsorbent 
were not high. When pH value was below 6, hydrogen 

ion (H+) in water combined with fluoride ion (F–) to form 
HF, the presence of a large amount of hydrogen ion inhibited 
the hydrolysis of HF, making the AC-Z adsorbent unable to 
react with fluoride ions [29]. When pH value was above 7,  
the electrostatic repulsion of fluoride ions to the negatively 
charged surface of the AC-Z, making the hydroxyl ions 
(OH–) and the fluoride ion (F–) competitive in alkaline 
solution [30]. The hydroxyl ions competed with fluoride 
ions for the active sites on the particles which reduced 
the adsorption ability of the AC-Z adsorbent [31,32]. 
This adsorbent was not quite suitable for acidic or basic  
condition.

3.4. Effect of temperature

Effect of temperature on adsorption capacity and flu-
oride removal efficiency of AC-Z adsorbent is shown in 
Fig. 3d. The adsorption process was repeated at the above 
best condition (2.0 g/100 mL of dose, 8 h of contact time, 
7 of pH value) at different temperature respectively. It 
was found with increasing the temperature from 283 K to 
293 K, the removal efficiency of fluoride and adsorption 
capacity were both at a high level with the amount around 
91%–92% and 0.460–0.462 mg/g. On the other hand, the 
temperature increasing to 308 K caused a sharp decrease 
of fluoride removal (less than 85%) on AC-Z adsorbent, 
this may due to the decease of surface ion exchange and 
electrostatic interactions when the temperature was above 
308 K [33]. Taking the actual groundwater temperature and 
economic cost into consideration, the optimal adsorption 
temperature was determined to be 288–293 K (15°C–20°C).

3.5. Effect of initial concentration

The effect of initial fluoride concentration of adsorp-
tion (5, 10, 20, 50 mg/L) was carried out and the results 
of removal efficiency and adsorption capacity are shown 
in Fig. 4a and b. It can be seen that the removal efficiency 
had a sharp increase in the first 1 h, especially for the 
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initial concentration of 5 and 10 mg/L. During this time, 
most of the fluoride was adsorbed on the AC-Z adsor-
bents with the removal efficiency of 85% for both 5 and 
10 mg/L. With increasing the contact time, a marginal 
increase was observed up to over 2 h. The adsorption effi-
ciency was faster in the initial 1 h of reaction, because of 
sufficient active sites made it easier for the fluoride ions to 
adhere to the surface of the particles [34]. With the increas-
ing time, the concentration of fluoride in solution was 
decreased, this might be due to saturation of active sites or 
decrease in the fluoride concentration in the solution [35]. 
The adsorption ability of AC-Z increased with increasing 
concentration of fluoride ions in water. As the initial con-
centration increased from 5 to 50 mg/L, the equilibrium 
adsorption capacity was 0.22, 0.47, 0.82 and 1.21 mg/g,  
respectively.

3.6. Effect of co-existing anions

In actual polluted water, there are some co-ions like 
Cl–, CO3

2–, SO4
2– presented with F–. These co-ions interfere 

in adsorption of F– for active adsorption sites. Fig. 5 illus-
trates the effect of these three co-existing anions on fluo-
ride removal by adding different concentration of these 
anions in the fluoride (10 mg/L) polluted solution. As the 
Cl– concentration in solution increased from 0 to 500 mg/L, 
the removal efficiency of fluoride decreased from 93.62% 
to 88.56%, and the adsorption capacity decreased from 
0.47 to 0.44 mg/g, respectively. This indicates that the 
adsorption of fluoride was not adversely affected by the 
presence of Cl– ion. In contrast, CO3

2– and SO4
2– affected the 

adsorption of fluoride ion more than Cl–. The increase of 
carbonate concentration in water would increase the pH 
value of the water, as the results of pH effect shown (3.3), 
the AC-Z adsorbent had poor fluoride adsorption ability 
for basic condition. Also, the ratio of charge to the radius 
(z/r) of the anions had a close correlation with their affin-
ity, and SO4

2− (2/0.230) had higher z/r values, so it had a 
greater affinity to compete with fluoride ions, which z/r 
value is 1/0.140 [36,37]. The order of removal efficiency 

of the three ions on the fluoride adsorption effect was  
SO4

2– > CO3
2– > Cl–.

3.7. Adsorption kinetics

In order to understand the mechanism of fluoride 
adsorption on AC-Z adsorbent, pseudo-first-order kinetic 
(Fig. 6a) and pseudo-second-order kinetic (Fig. 6b) were 
studied to examine the adsorption data. The experiments 
were conducted at AC-Z dose of 2 g/100 mL, contact time 
of 8 h, initial concentration of 10 mg/L, pH value of 7 and 
temperature of 20°C. Both kinetic models were liner fitted, 
and R2 for pseudo-first-order kinetic and pseudo-second- 
order kinetic models as shown in Table 2 were 0.9615 
and 0.9999 respectively, revealing that the goodness fit of 
pseudo-second-order kinetic model for the adsorption. 
Also, it was found that the value of qe obtained by pseudo- 
second-order kinetic model was 0.481 mg/g, which was 
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consistent with the adsorption capacity results obtained 
in previous effects experiments (Fig. 3b). Therefore, 
pseudo-second-order kinetic could be utilized to explore 
the adsorption kinetics of the AC-Z adsorbent.

3.8. Adsorption isotherms

The fluoride adsorption process was explained by 
Langmuir (Fig. 7a) and Freundlich (Fig. 7b). The parame-
ters for the two isotherms are shown in Table 3. The exper-
iments were conducted at dose of 2.0 g/100 mL, contact 
time of 8 h, pH of 7 and temperature of 20°C. Langmuir 
isotherm model is often applied for monolayer adsorp-
tion onto a surface containing a certain number of iden-
tical sites [38]. Freundlich isotherm model is applied for 
multilayer adsorption onto a heterogeneous surface [35]. 
As shown in Fig. 7 and Table 3, both isotherms fit well in 
the adsorption data. R2 for the two isotherms were 0.9803 
and 0.9886 respectively, which illustrated Freundlich was 
fit better. The Freundlich constant indicated adsorbent 
multilayer heterogeneous surface [38]. Table 3 shows the 
constant n between 1 and 10 and the positive value of KL 
confirmed the favorable adsorption.

3.9. Adsorption thermodynamic

The fluoride adsorption on AC-Z adsorbent was studied 
at 283, 288, 293, 298, 303, and 308 K with F– concentration 
of 10 mg/L, contact time of 8h and pH of 7. As the results 
of previous temperature effect study shown (Fig. 3d), with 
increasing the temperature from 15°C to 35°C, there was 
a slight decrease in fluoride adsorption. And according to 
the data in Table 4, ΔH° was calculated from the van’t Hoff 
plot of lnK vs. 1/T. The negative value of enthalpy (ΔH°) 
showed that the adsorption process was exothermic [39]). 
From the negative Gibb’s free energy values (ΔG°), it can be 
seen that the adsorption process was obvious spontaneity 
and feasibility [40]. The negative value of ΔS° showed the 
decrease in the randomness of the entire system during the 
fluoride adsorption of AC-Z adsorbent [41].

3.10. SEM, EDS and BET

Fig. 8a–d show the surface morphology of AC-Z adsor-
bent. Fig. 8a and b show the images of AC-Z adsorbent 
before fluoride adsorption at 5000 and 10000 magnification, 
respectively. The original surface was formed with more 
concavo-convex structure [42]. Cube-like sphere shapes 

Table 2
AC-Z adsorption kinetic parameters

Pseudo-first-order model Pseudo-second-order model

( ) 1log log
2.303e t e

k
q q q t− = − 2

2

1

t ee

t t
q qk q

= +

qe k1 R2 qe k2 R2

0.120 0.007 0.9615 0.481 0.164 0.9999

Note: t is the contact time (min); qe and qt are fluoride adsorption amounts at time of equilibrium and at any contact time t (min) 
respectively, (mg/g); k1 (min–1) and k2 (mg g–1 min) are the constants of the quasi-first-order kinetic model and pseudo-second- 
order kinetic model respectively; R2 is correlation coefficient.
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Fig. 7. The adsorption of fluoride by Langmuir (a) and Freundlich (b) isotherm models.
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were presented on the AC-Z surface. These spherical sur-
faces were rough and had an average size of 5.8 × 6.4 μm. 
After adsorption of fluoride, except the surface structure of 
AC-Z (Fig. 8c and d) became rougher, there was no other 
change. Fig. 9 and Table 5 show EDS analysis of AC-Z 
adsorbent before and after fluoride adsorption. It was 
observed that C (8.76 wt.%), N (9.89 wt.%), O (47.80 wt.%), 
Na (4.34 wt.%), Al (13.37%) and Si (14.67%) were the main 
compensation elements in AC-Z adsorbent. New element of 
F (1.41 wt.%) was presented after adsorption which can be 
attributed to adsorption process. The decrease in the weight 
percentage of aluminum from 13.37% to 11.17% indicated 
that aluminum may had a reaction with fluoride in solution.

BET analysis of zeolite molecular sieve and AC-Z are 
shown in Table 6. The BET surface area, pore volume, 
and average pore diameter of AC-Z were 47.0075 m2/g, 
0.1198 cm3/g and 11.1767 nm, respectively. The surface area 
of AC-Z was greater than zeolite molecular sieve, most 
likely due to the fact that the chitosan and aluminum sul-
fate, which were scattered on the zeolite molecular sieve 
bed, enlarging its surface [24].

3.11. FTIR analysis

The FTIR spectra of zeolite molecular sieve (a), chitosan (b),  
AC-Z before (c) and after fluoride adsorption (d) are 
recorded in Fig. 10. In the spectrum of zeolite molecular 
sieve (line a), the band at 3,467 cm–1 and 552 cm–1 were 
caused by the stretching vibration of the X–OH and O–X–O 
groups (X means Si/Al), respectively, which were the basic 
tetrahedral skeleton of zeolite molecular sieve [26]. In 
the spectrum of chitosan (line b), the bands at 1,473 and 
1,653 cm–1 were attributed to the stretching vibrations of 
the –CH3 group and N–H group, respectively [43]. These 
two bands indicated the active groups of the chitosan. The 
FTIR spectra of the AC-Z before fluoride adsorption (line 
c), showed typical bands of X–OH, N–H, –CH3 and O–X–O 
groups at 3,446; 1,663; 1,473 and 552 cm–1, respectively, 
which indicated the functional groups of chitosan and zeo-
lite molecular sieves were loaded onto the surface of the 
AC-Z [44]. An increase in the intensity of peak at 3,446 cm–1 

was observed that more active sites of Al–OH groups 
were loaded on the surface of the AC-Z after aluminium 

Table 3
Langmuir and Freundlich adsorption isotherm parameters

Langmuir adsorption isotherm model Freundlich adsorption isotherm model

1e e

e m m L

C C
q q q K

= + 1/n
e F eq K C=

qm KL R2 KF n R2

1.282 0.310 0.9803 2.848 2.16 0.9886

Note: qe (mg/g) is the equilibrium adsorption capacity, qm (mg/g) is the maximum fluoride adsorption capacity, Ce (mg/L) is the 
equilibrium concentration of fluoride, KL (L/mg) is the constant of Langmuir adsorption isotherm model, KF ((mg/g)/(mg/L)1/n) is 
the constant of Freundlich adsorption isotherm model, n is the adsorption intensity, R2 is correlation coefficient.

Table 4
Thermodynamic parameters
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T (K) ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K)
283 –0.4373

–1.751 –4.617 × 10–3

288 –0.4232
293 –0.4045
298 –0.3785
303 –0.3572
308 –0.3192

Note: ΔG° (kJ/mol) is the standard Gibbs free energy, ΔH° (kJ/mol) is the standard enthalpy change, ΔS° (kJ/mol K) is the 
standard entropy change, K is the apparent equilibrium constant, R is a universal gas constant 8.314 J/(mol K), T (K) is absolute 
temperature, C0 (mg/L) and Ce (mg/L) are the initial concentration and equilibrium concentration of fluoride, respectively. 
qe (mg/g) is adsorption capacity.
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sulfate modification [44]. After adsorption of fluoride (line 
d), the change in intensities of function group of –OH 
from 3,446 cm–1 before F– adsorption to 3,495 cm–1 after F– 
adsorption, indicating the hydroxyl group involved in the 
fluorine adsorption processes. The extra peaks appeared 

at 489 cm–1 indicated the presence of –AlF, which showed 
fluoride was adsorbed on the surface of AC-Z [45].

Fig. 11 describes the fluoride adsorption mechanism 
through a schematic diagram. EDS and FTIR Characteri-
zation tests were conducted to investigate the element 

Table 5
Element percentage of AC-Z before and after fluoride adsorption

Samples Element (wt.%) C N O Na Al Si K Ca F Total amount

AC-Z
Weight percentage 8.76 9.89 47.80 4.34 13.37 14.67 – 0.50 – 100.00
Atomic percentage 12.46 12.06 51.02 3.23 6.36 8.91 – 0.21 –

Fluoride 
adsorbed AC-Z

Weight percentage 8.27 9.57 46.85 4.63 11.17 15.21 0.28 0.61 1.41 100.00
Atomic percentage 11.88 11.67 54.71 3.89 8.01 10.47 0.14 0.30 2.02

 

(a)                                   (b) 

 

(c)                                    (d)  

Fig. 8. Image changes before and after AC-Z adsorption of fluorine (a) AC-Z (×5000), (b) AC-Z (×10000), (c) AC-Z after fluoride 
adsorption (×5000), and (d) AC-Z after fluoride adsorption (×10000).
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and functional groups presented on the surface of AC-Z 
adsorbents before and after fluoride adsorption. From 
EDS analysis, it was confirmed the element of aluminium 
had a predominant contribution in enhancing the fluoride 
adsorption efficiency [46]. Due to aluminum modified 
zeolite molecular sieve, the inner surface of AC-Z adsor-
bents had large specific surface area (BET surface area of 
47.0075 m2/g), and it was easy for fluoride ions to enter the 
inside of the adsorbent through diffusion [47]. From FTIR 
analysis, aluminium was presented mostly in form of Al–
OH on AC-Z adsorbents, which caused increasing uptake 

capacity of adsorbents [48]. One aluminum has six coor-
dination bonds, Al–OH in zeolite molecular sieves can be 
protonated and had ion exchange reaction with six fluoride 
ions [49]. On the other hand, aluminum formed coordina-
tion bonds with amino groups and hydroxyl groups on the 
surface of chitosan during the preparation process. During 
the reaction with fluoride ions, F– replaced hydroxyl groups 
and formed Al–F bonds with aluminum, which increased 
the adsorption ability of AC-Z composites [50].

3.12. Regeneration

Fig. 12a shows the effect of different regenerants on 
AC-Z fluoride removal efficiency and adsorption capacity 
after regeneration. The order of fluoride removal perfor-
mance by regenerants was NaOH > AlCl3 > NaCl > HCl > 
Na2SO4. The fluoride removal rate and adsorption capacity 
were 81.5% and 0.35 mg/g respectively, with 1 mol/L NaOH 
as the regenerant which was the best among five regen-
erants. AC-Z was used for fluoride removal and regener-
ated for 6 times to investigate the long-term adsorption 
performance. As shown in Fig. 12b, AC-Z regenerated 
by NaOH solution showed higher fluoride removal rate 
after 6 times repeated regeneration.

3.13. Application of AC-Z adsorbents

Natural groundwater containing 9.2 mg/L fluoride was 
collected from a well found in Kangping city, Liaoning, 
China. The physical and chemical characteristics of the 
samples were shown in Table 7. Batch adsorption experi-
ment was carried out for the well sample waters without 
adjusting the pH (pH 6.80). The experiment was accom-
plished at optimal conditions of dose 2.0 mg/100 mL and 

Table 6
Analysis of specific surface area

Sample BET surface area (m2/g) Pore volume (cm3/g) Average pore diameter (nm)

Zeolite molecular sieve 13.3953 0.0409 25.8975
AC-Z 47.0075 0.1198 11.1767

 

(a)                                 (b)

Fig. 9. EDS energy spectrum (a) before and (b) after AC-Z adsorption.

Fig. 10. FTIR spectra of zeolite molecular sieve (a), chitosan (b), 
AC-Z before (c) and after adsorption (d).



Y. Gao, S. Liu / Desalination and Water Treatment 247 (2022) 108–120118

contact time 8 h. Co-existing anions and cations were 
also checked before and after AC-Z adsorption. The 
results showed AC-Z was effective for fluoride adsorp-
tion with concentration reducing from 9.2 to 0.84 mg/L 
which below the standard level. The co-existing ions 
had little influence on fluoride removal, and concen-
tration of Cl–, SO4

2–, Fe2+, Mn2+ in treated water all met the 
standard requirements. It was also investigated that the 
residual aluminum ion leached from AC-Z at optimum 

conditions was found to be 0.02 mg/L, which was by far 
less than the China Drinking Water Standard (0.2 mg/L).

4. Conclusion

A low-cost and environmental-friendly adsorbent was 
prepared by loading aluminium onto the chitosan mod-
ified zeolite molecular sieve particles (AC-Z). The pre-
pared AC-Z adsorbents reached a high removal efficiency 

Fig. 11. The proposed fluoride adsorption mechanism of AC-Z.
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Fig. 12. Effects of regenerants (a) and repeated times (b) on AC-Z performance of fluoride removal.
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of 92% with initial fluoride concentration of 10 mg/L, dose 
of 2 g/100 mL, contact time of 8 h, pH value of 7 and tem-
perature of 20°C. And the residual aluminum concentration 
after defluoridation by AC-Z was found to be 0.02 mg/L 
which is by far lower than China Drinking Water Standard 
(0.2 mg/L). Based the results of characterization of EDS 
and FITR, aluminium on AC-Z particles have significant 
contribution in fluoride removal. The adsorption mecha-
nism was due to the co-operative action of Al-OH function 
group and hydroxyl for fluoride ion-exchange. The regen-
eration study illustrated that AC-Z adsorbents had good 
adsorption capacity after regenerated by NaOH (1 mol/L) 
solution. Future research on this AC-Z adsorbent will focus 
on optimizing dynamic processes to provide technical 
parameters for large-scale production applications.
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