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a b s t r a c t
A novel aluminum (Al)-containing Al-MOF-5 metal-organic framework (MOF) material for the 
removal of fluoride from the water was prepared using a hydrothermal method. The structure of 
the resulting product was characterized by scanning electron microscopy, transmission electron 
microscopy, X-ray diffraction, thermogravimetry, Brunauer, Emmett, and Teller nitrogen adsorp-
tion, Fourier transform-infrared spectroscopy, and X-ray photoelectron spectroscopy methods. 
In batch tests, the effects of adsorbent dosage, pH, and temperature were studied. Result showed 
that the maximum adsorption capacity of adsorbent for fluoride was 46.08 mg/g. The Langmuir 
isotherm model and pseudo-second-order kinetics fitted the adsorption process well and the 
thermodynamics indicated that the adsorption of fluoride on the material was spontaneously 
endothermic. The Al-MOF-5 displayed a high removal rate of more than 70% at different pHs, and 
the only PO4

3– could affect its adsorption efficiency for fluoride. Finally, Al-MOF-5 that had been 
regenerated six times in NaOH solution at a concentration of 0.3 mol/L still achieved a removal 
rate of nearly 50% for 10 mg/L fluoride solution.
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1. Introduction

About 70% of the Earth’s surface is covered by water, 
but 97% of this is highly saline seawater. Furthermore, 
more than 2% of the water is concentrated at the north and 
south poles, and less than 1% of the water is available for 
human use [1]. Most of the freshwater used by humans is 
obtained from rivers, lakes, and groundwater. The chemi-
cal characteristics of such waters largely determine whether 

or not they can be fully exploited by humans. Excessive 
fluoride (F–) in natural waters is predominantly caused 
by the discharge of fluoride-rich wastewater effluent, or 
by surface water washing of fluoride-containing ore over 
long periods [2–4]. High fluoride concentrations are very 
harmful, and poor water quality is an important problem 
facing human societies. To protect human health, the World 
Health Organization (WHO) stipulates a maximum safe 
concentration of fluoride in drinking water of 1.5 mg/L; 
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in China, the concentration is 1.0 mg/L [5]. There are more 
than 200 million people worldwide who drink water with 
excessive fluoride content. Research from Rasool et al. [6] 
showed that high-fluoride water is widely distributed in 
the World. Long-term consumption of high-fluoride water 
can lead to fluorosis, which is a chronic systemic disease. 
When excessive fluoride enters the human body, it is 
deposited mainly on teeth and bones, leading to dental and 
skeletal fluorosis, which seriously affect bone health and 
liver and kidney function in young children [7–9].

Extensive research aimed at reducing the fluoride 
content of high-fluoride water has been conducted. 
Fluoride removal from drinking water has primarily been 
attempted using coagulation, ion exchange, membrane sep-
aration, reverse osmosis, and adsorption methods [10–14]. 
Adsorption methods to remove fluoride from water, which 
involves the use of an adsorbent, ion exchange, or complex-
ation, are the most well-researched and widely used because 
of their simplicity, stability, and low cost. Many different 
materials are used as defluorination adsorbents, including 
metal oxides, natural mineral adsorbents, and activated 
carbon [15]. The good adsorption performance of acti-
vated alumina is due to its large specific surface area, dense 
pore structure, and ability to form chemical bonds with 
F–. Activated alumina is recognized by the WTO and the 
United States Environmental Protection Agency (US EPA) 
as the best fluoride-removing adsorbent [16]. Although acti-
vated alumina is positively charged, its adsorption capacity 
is only 0.5–2.0 mg/g. Furthermore, it quickly reaches satu-
ration and has poor regeneration ability. Although modifi-
cation of activated alumina has been extensively studied, 
increasing its adsorption capacity remains a challenge [17].

As a possible solution to these issues, the metal- organic 
frameworks (MOFs), which are crystalline porous materials 
having a periodic network structure composed of a porous 
metal center (metal ions or metal clusters) and bridging 
organic ligands, gradually attracted people’s attention. 
MOFs have enormous specific surface areas and have been 
widely studied in catalysis, gas separation, gas storage, and 
many other fields; however, the application of MOFs to 
water treatment remains largely unexplored [18–20].

In recent years, great attention has been devoted to the 
application of MOF-5 materials in chemistry. MOF-5 (also 
known as IRMOF-1) was prepared by reacting zinc ions 
(Zn2+) with 1,4-benzenedicarboxylic acid (H2BDC) in N,N-
dimethylformamide (DMF) solution under specific condi-
tions [21]. This MOF has a relatively stable crystal structure 
and well-developed methods are available for its synthesis. 
Aluminum (Al) is an abundant and inexpensive element 
that binds more strongly with fluoride than many other 
adsorbents. It is also an excellent adsorbent for other low- 
concentration contaminants [22]. The adsorption mecha-
nisms include physical adsorption, chemical adsorption, and 
ion exchange. In an Al-containing defluorination adsorbent, 
Al3+ ions provide abundant active sites and high charge, 
which improves the adsorption capacity of fluoride [23,24].

In our study, we replaced the Zn2+ metal center in 
MOF-5 with Al3+ to form the new Al-MOF-5, and investi-
gated its ability to remove fluoride from drinking water. 
The new Al-MOF-5 combines the large specific surface 
area of MOF-5 with the rich active centers of Al3+, which 

improves the adsorption capacity of fluorine. The effects of 
adsorbent dosage, initial concentration, pH, and coexisting 
anions on the adsorption properties of Al-MOF-5 were stud-
ied in detail. Isothermal, kinetic, and thermodynamic anal-
yses were performed to investigate the adsorption behav-
ior of this material. Finally, the material was regenerated 
to study its performance after regeneration. The material 
was characterized using numerous analytical techniques, 
to determine the adsorption mechanism of this adsorbent 
for defluorination.

2. Experiment section

2.1. Materials

Aluminum nitrate nonahydrate (Al(NO3)3·9H2O), 1,4- 
benzenedicarboxylate (H2BDC), N,N-dimethylformamide 
(DMF), and sodium hydroxide were provided by Sinopharm 
Chemical Reagent Co., Ltd., (Shanghai, China). Sodium flu-
oride was provided by Tianjin Kaitong Chemical Reagent 
Co., Ltd., (Tianjin, China). Alizarin complexone (fluoride 
reagent, molecular formula: C19H15NO8) was provided 
by Tianjin Komiou Chemical Reagent Co., Ltd., (Tianjin, 
China). Distilled water was used throughout the experiment, 
all chemicals, and reagents were of analytical grade and 
used as received without further purification.

2.2. Fabrication of Al-MOF-5

Al-MOF-5 was synthesized by a solvothermal method. 
In detail, aluminum nitrate nonahydrate (Al(NO3)3·9H2O, 
99.99%, 1.0365 g) and 1,4-benzenedicarboxylic acid (H2BDC, 
99.00%, 0.178 g) were dissolved in DMF (99.90%, 20 mL), 
and then stirred ultrasonically until the solids had com-
pletely dissolved. The solution was then transferred to a 
50 mL reaction tube with a Teflon liner for solvothermal 
treatment at 393 K for 4 h. After cooling to room tem-
perature, the obtained white precipitate was separated 
by centrifugation and washed three times with DMF. The 
precipitate was then washed with distilled water, and the 
white powder thus obtained was vacuum-dried at 333 K 
overnight.

2.3. Characterization

S-4800 field emission scanning electron microscopy 
(Hitachi, Japan), Tecnai 12 instrument X-ray diffraction 
(XRD, Philips, Netherlands) and D8 advance diffractom-
eter (Bruker, Germany) were used to obtain the scanning 
electron microscopy (SEM) images, the transmission elec-
tron microscopy (TEM) images, and XRD spectrometry pat-
terns, respectively. The Brunauer, Emmett, and Teller (BET) 
data and thermogravimetric (TG) data of Al-MOF-5 were 
measured by an ASAP 2460 automatic surface area and 
porosity analyzer (Micromeritics, USA) and Pyris Diamond 
TG-TGA (PerkinElmer, USA2). The characterization of the 
nascent as well as the spent Al-MOF-5 were done using an 
ESCALAB 250Xi spectrometer (Thermo Fisher, USA) and 
a Nicolet NEXUS 470 Fourier transforms infrared (FTIR) 
spectroscopy (Thermo Fisher, USA) to get X-ray photoelec-
tron spectrometer (XPS) experiments data and FTIR data, 
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while the absorbance value of fluoride in aqueous solu-
tion was determined by a UV755B UV-visible spectropho-
tometer (Aoyi, China).

2.4. Fluoride adsorption experiment

The effects of initial fluoride concentration, adsorbent 
dosage, contact time, initial pH, and coexisting anions on 
the adsorption performance of Al-MOF-5 was studied. 
Experiments were conducted in 250 mL plastic Erlenmeyer 
flasks. The initial fluoride solutions were dilutions of a 
fluoride standard stock solution having a fluoride concen-
tration of 1 g/L. The adsorption procedure was as follows. 
A prescribed amount of adsorbent was added to the flask 
containing the fluoride solution, which was then placed in 
a constant-temperature shaker at 200 rpm for fixed times. 
The concentration of fluoride in the solution was deter-
mined by fluoride reagent spectrophotometry. The solu-
tion was filtered through a 0.22 μm cellulose membrane 
before measuring the absorbance of the solution using an 
ultraviolet-visible spectrophotometer at a wavelength of 
620 nm. Then, the fluoride concentration in the solution 
was calculated using the fluoride standard curve (linear 
equation: y = 0.302x + 0.0067, where x is the concentra-
tion of fluoride and y is the absorbance value (goodness 
of fit, R2 = 0.9996). The adsorption capacity (qe, mg/g) and 
removal percentage (R, %) were calculated as follows 
(Eqs. (1) and (2)):
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0  (1)

R
C C
C

e=
−







×

0

0

100%  (2)

where C0 and Ce (mg/L) are the initial and final fluoride 
concentration, V (L) is the volume of the solution, and 
m is the weight of the Al-MOF-5, respectively.

Solutions of NaOH and HNO3 (each 1 mol/L) were used 
to adjust the initial pH of the solution, and NaCl, Na2SO4, 
NaNO3, Na2CO3, and Na3PO4 were used to add coexisting 
anions to the solution. The effect of pH on fluoride adsorp-
tion was examined by using the NaOH and HNO3 solutions 
to adjust the pH of 100 mL of fluoride solution having a flu-
oride concentration of 10 mg/L. In this way, the pH ranged 
from 3 to 11 and the coexisting anion concentration in the 
solution ranged from 0 to 20 mg/L. The solution having 
an anion concentration of 0 mg/L was used as the blank. 
Adsorption experiments were carried out for 12 h at room 
temperature; the adsorbent was then removed by filtration 
and the fluoride concentration in the filtrate was determined.

To reduce the cost, we prepared Al-MOF-5 using the 
solvent method, isolated the used Al-MOF-5 by centrifuga-
tion, and regenerated it by reheating. The post-regeneration 
performance was assessed by repeated treatment of the 
regenerated Al-MOF-5 with the different solutions.

3. Results and discussion

3.1. Characterization of Al-MOF-5

SEM and TEM revealed the Al-MOF-5 morphology. 
The SEM image at 100.0 K magnification (Fig. 1a) shows 

Fig. 1. SEM image of as-synthesized Al-MOF-5 (a), TEM image of as-synthesized Al-MOF-5 (b), XRD patterns of as-synthesized 
Al-MOF-5 before and after fluoride adsorption (c), and thermogravimetric analysis of Al-MOF-5 (d).
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that the material consisted of stacked lamellar crystals; 
crystal stacking had left gaps in the surface and the stacking 
was uneven, which in turn resulted in a slight unevenness 
in size. Such a structure increases the specific surface area 
of a material. The TEM image (Fig. 1b) reveals a nanosheet 
cluster-like structure, with the thin nanosheet layer 
having an average size of about 200 nm.

The XRD pattern shown in Fig. 1c indicates that the 
material contained Al2O3 crystals with good crystallin-
ity. The most intense peak, appearing at 2θ = 18.062°, cor-
responds to the carbon peak of organic matter. Since the 
experimentally prepared MOF was synthesized using 
1,4-benzenedicarboxylic acid and Al(NO3)3·9H2O, the 
formed Al2O3 was coated with an organic framework, 
which decreased the intensity of the Al2O3 peak. The base-
line drift and reduction in peak intensity are consistent 
with covering of the metal element; this is characteris-
tic of MOFs. There was no significant change in the XRD 
pattern or the SEM morphology after adsorption, which 
indicated that the Al-MOF-5 was stable [25,26].

Fig. 1d shows the changes in chemical and physi-
cal properties of Al-MOF-5 as a function of temperature. 
The thermogravimetry (TG) curve indicates two weight loss 
processes between the starting temperature and 1,000 K. 
About 3% of the weight loss before 373 K is attributed to 
the evaporation of adsorbed surface water. This was not 
surprising because the final step of the synthesis involved 
low-temperature drying at 333 K. The second event near 
426 K likely corresponds to the evaporation of residual 
DMF. The Al-MOF-5 began to degrade at about 800 K, 
which demonstrates that it can be safely used for adsorp-
tion purposes in water treatment.

The BET nitrogen adsorption isotherm and nascent pore 
size distribution are shown in Fig. 2. The isotherm was of 
type IV and increased steeply when P/P0 < 0.05, and then 
equilibrated at higher pressures. The limiting value was 
obtained when P/P0 approached unity, at which point a 
very obvious rise occurred [27]. Adsorption hysteresis 
loops appeared in the middle section, which is indicative 
of capillary condensation in a porous adsorbent. At mod-
erate relative pressures, the rise was faster due to this 
condensation. Once the capillary agglomeration filled the 
mesopores, if the adsorbent has large pores or strong inter-
actions with the adsorbate molecules, a multimolecular 
layer continues to build, and the adsorption isotherm con-
tinues to rise. However, in most cases, an adsorption termi-
nation platform occurs at the end of capillary condensation 
and no multimolecular layer adsorption occurs. These char-
acteristics of the isotherm are consistent with the prepared 
Al-MOF-5 being mesoporous. The specific surface area of 
the Al-MOF-5 was 1,264 m2/g, which is higher than that 
of activated alumina. The average pore size was 3.12 nm, 
but the pore size distribution suggests that the structure 
contained mesopores with microporous characteristics.

3.2. Effect of adsorbent dosage

The effect of adsorbent dosage on fluoride removal rate 
is evident in Fig. 3. The removal rate increased sharply with 
increasing Al-MOF-5 dosage but the change in the removal 
rate and adsorption capacity then began to decrease, and 

became negligible once the dosage reached 1.0 g/L. At rel-
atively low adsorbent dosages, it was expected that the 
scarce adsorption sites would result in lower removal 
rates. However, although the number of adsorption sites 
was low, the fluoride concentration in the water was high, 
so utilization of the adsorption sites was high and the 
amount absorbed by the adsorbent was also high. With 
increasing dosage, the number of adsorption sites provided 

Fig. 2. N2 adsorption–desorption isotherms of as-synthesized 
Al-MOF-5 (a) and pore size distribution of Al-MOF-5 (b).

Fig. 3. Effect of adsorbent dosage on adsorption capacity and 
removal percentage of Al-MOF-5 to fluoride (range of adsor-
bent dosage: 0.1–1.5 g/L; initial concentration of fluoride: 
10 mg/L; volume of solution: 100 mL; pH: neutral; reaction 
time: 12 h; temperature: room temperature).
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by the adsorbent increased, yet the adsorption capacity 
decreased. This behavior was attributed to incomplete sat-
uration of the active sites on the surface of the adsorbent 
during fluoride adsorption, which is consistent with a large 
number of active sites on the surface of the Al-MOF-5. 
We used the 1.0 g/L dosage level to evaluate the effect of 
pH and identify the optimal removal rate.

3.3. Effect of pH

It is well-known that the initial pH of a solution plays 
a very important role in the adsorption of a target contam-
inant by an adsorbent. We conducted experiments using 
solutions having an initial pH ranging from 3 to 11 to inves-
tigate the effect of pH on fluoride adsorption by Al-MOF-5.

Fig. 4 shows that the fluoride removal rate increased 
significantly under acidic and alkaline conditions, and the 
fluoride removal rate reached 100% in strong acids and 
bases. This behavior is mainly due to fluoride ions react-
ing with hydrogen ions under acidic conditions to form 
hydrofluoric acid, which is a weak electrolyte. Although 
fluoride is soluble in water, it is partially present in the 
form of molecules such that, in the presence of adsorbents, 
the removal rate will increase with decreasing pH. Under 
acidic conditions, hydrofluoric acid competes for adsorp-
tion, leading to a decrease in the fluoride ion concentration. 
We did not add adsorbent to the fluoride solution under 
acidic conditions. The concentration of fluoride in the water 
did decrease; the fluoride content was almost zero at pH 3. 
However, the hydroxide ions in the solution, together with 
the Al ions bridging the organic skeleton of the material, 
caused flocculation. This resulted in the removal of fluoride 
ions from the water. Thus, the removal rate also significantly 
increased under alkaline conditions [28]. The pH of the flu-
oride solution was adjusted to pH 9, 10, and 11 with NaOH, 
to study the effect of basicity on adsorption. After shaking 
for 12 h, the fluoride concentration of the solution had not 
changed significantly, although there may have been fac-
tors other than pH that affected the adsorption properties 
of the material. To exclude such pH-related complications, 

the following experiments were carried out under neutral 
conditions.

3.4. Fluoride adsorption isotherm

The interaction between analyte and adsorbent can be 
described by the adsorption isotherm. The Freundlich and 
Langmuir isotherm equations are widely used in adsorp-
tion isotherm models [29,30]. The D–R isothermal model 
is also often used to establish whether the adsorption 
mechanism is physical or chemical [31]. There is no the-
oretical model describing the adsorption isotherm for 
liquid adsorption. The adsorption isotherm model for 
gas adsorption is always used to describe liquid adsorp-
tion. Hence, we used these three models to describe the 
adsorption of Al-MOF-5 at different temperatures (Fig. 5). 
Visual inspection revealed that the isotherm was of the 
Langmuir type, and clearly endothermic. The adsorption 
amount of Al-MOF-5 gradually increased with increasing 
temperature and concentration.

The obtained results were fitted to the three isotherms 
using Eqs. (3)–(7) [29–31]:

Freundlich model:

log logq K
n

Ce e= +
1 log  (3)

Langmuir model:

C
q q b

C
q

e

e

e= +
1

0 0

 (4)

D–R model:

log lnq qe = −0
2βε  (5)

ε = +








RT

Ce
ln 1 1  (6)

Fig. 4. Effect of pH on the removal percentage of Al-MOF-5 
to fluoride (range of pH: 3–11; volume of solution: 100 mL; 
reaction time: 12 h; temperature: room temperature).

Fig. 5. Adsorption isotherms of fluoride under different reac-
tion temperature (adsorbent dosage: 1.0 g/L; initial concentra-
tion of fluoride: 5–150 mg/L; pH: neutral; volume of solution: 
100 mL; temperature: 293, 303, and 313 K; reaction time: 12 h).
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E =
( )
1
2β

 (7)

where Ce (mg/L) is the concentration of fluoride remaining 
in the solution when adsorption equilibrium is reached, 
qe (mg/g) is the adsorption amount at equilibrium, q0 (mg/g) 
is the single-layer adsorption amount at saturation, and K, 
n, and b are constants. In the D–R model, ε (J/mol) is the 
Polanyi potential, k (mol2 kJ–2) is a constant related to the 
adsorption energy, R is the universal gas constant, and 
E (kJ/mol) is the free energy of adsorption. For E = 8–16 kJ/
mol, the adsorption process is triggered by ion exchange; 
for E < 8 kJ/mol, physical forces such as van der Waals and 
hydrogen bonding may affect the adsorption mechanism; 
for E > 16 kJ/mol, the adsorption process is of a chemical 
nature [31].

The important dimensionless constant RL in the 
Langmuir model can be expressed as Eq. (8) [32]:

R
b CL = + ×
1

1 0

 (8)

where b is the adsorption equilibrium constant and C0 
is the initial concentration of the target pollutant. When 
0 < RL < 1, adsorption occurs readily. When RL = 0, adsorp-
tion is irreversible. When RL = 1, the isotherm is linear 
and adsorption is reversible. When RL > 1, adsorption is 
difficult [32].

Fig. 6 shows the theoretical Freundlich and Langmuir 
isotherms; the Langmuir isotherm showed better linear-
ity. However, the data in Tables 1 and 2 pertaining to the 
removal of fluoride from Al-MOF-5 were better-fitted by 
the Langmuir model. At each temperature, the correlation 
coefficient R2 of the Langmuir model was significantly 

higher than that of the Freundlich model. As the tempera-
ture increased, q0 and b, that is, the adsorption capacity and 
adsorption rate of Al-MOF-5, also increased. The calcu-
lated RL value was also much less than unity at the various 
temperatures, which indicated that adsorption occurred 
readily. Although the Freundlich model had a low correla-
tion coefficient, the value of 1/n was about 0.5, suggesting 
that adsorption occurred. Furthermore, the value of 1/n 
decreased with increasing temperature, which indicated 
that higher temperature assisted the adsorption process. 
The D–R isothermal model does not assume a uniform 
adsorbent surface or constant adsorption energy. The fit-
ting results of the Freundlich and Langmuir models were 
used to establish whether physical or chemical adsorption 
occurred. The fitting results of the D–R adsorption model 
(Table 3) gave a free energy E = 8–16 kJ/mol. Although the 
data were poorly correlated, it is likely that the adsorp-
tion process was triggered by ion exchange. Fluoride 
adsorption by Al-MOF-5 was thus mainly single-layer 
adsorption triggered by ion exchange. Under neutral con-
ditions at 313 K, the maximum adsorption capacity reached  
46.08 mg/g.

3.5. Fluoride adsorption kinetics

Adsorption rate is another important index to charac-
terize the adsorption capacity of adsorbents. The results of 
the kinetic study are shown in Fig. 7a. Although adsorp-
tion equilibrium was attained after 2 h, rapid adsorption 
took place within the first 30 min; only minor changes 
occurred during the last hour. This demonstrated that the 
large specific surface area of Al-MOF-5 provided good 
conditions for fluoride adsorption. The kinetics of this 
adsorption process were determined by fitting the data 
to pseudo-first-order, pseudo-second-order, and Elovich 

Fig. 6. Freundlich isotherm fitting at 293 K (a), 303 K (b), and 313 K (c) and the Langmuir isotherms isotherm fitting at 293 K (d), 
303 K (e), and 313 K (f).
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Table 1
Fitted result by Freundlich model at different temperatures

Temperature  
(K)

Parameter Linear equation

K 1/n R2

log logq K
n

Ce e= +
1 log

293 3.4722 0.5215 0.9550 logqe = 0.5215logCe + 0.5406
303 4.3082 0.4926 0.9619 logqe = 0.4926logCe + 0.6343
313 5.3740 0.4624 0.9704 logqe = 0.4624logCe + 0.7303

Table 2
Fitted result by Langmuir model at different temperatures

Temperature  
(K)

Parameter Linear equation

b q0 (mg/g) R2 C
q q b

C
q

e

e

e= +
1

0 0

293 0.0385 42.9185 0.9920 Ce/qe = 0.0233Ce + 0.6057
303 0.0473 44.2478 0.9926 Ce/qe = 0.0226Ce + 0.4777
313 0.0582 46.0829 0.9920 Ce/qe = 0.0217Ce + 0.3728

Table 3
Fitted result by D–R model at different temperatures

Temperature  
(K)

Parameter Linear equation

E (kJ/mol) q0 (mg/g) R2 log lnq qe = −0
2βε

293 12.3091 31.0469 0.8995 lnqe = –0.0033ε2 + 3.4355
303 14.1421 32.1625 0.8657 lnqe = –0.0025ε2 + 3.4708
313 12.5000 39.2794 0.9596 lnqe = –0.0032ε2 + 3.6707

Fig. 7. Adsorption kinetic curve of fluoride by Al-MOF-5 (a), fit curve of pseudo-first-order model (b), fit curve of pseudo- second-
order model (c), fit curve of Elovich model (d) (adsorbent dosage: 1.0 g/L; initial concentration of fluoride: 15 mg/L; 
pH: neutral; volume of solution: 100 mL; temperature: 313 K; reaction time: 2 h).
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models (Eqs. (9)–(11) and Figs. 7b–d, respectively) [33,34]. 
The kinetic parameters are given in Table 4.

Pseudo-first-order model:

ln lnq q q k te t e−( ) = − 1  (9)

Pseudo-second-order model:

t
q k q

t
qt e e

= +
1

2
2  (10)

Elovich model:

q k tt e= +α ln  (11)

where qt (mg/g) is the amount of fluoride adsorbed at 
time t, qe (mg/g) is the amount of adsorption at equilib-
rium, k1 (min–1) and k2 (g/mg min) is the rate constant, 
and k2qe

2 represents the initial adsorption rate. Both ke and 
α are Elovich constants.

The adsorption clearly followed pseudo-second- 
order kinetics; this was obvious from visual inspection 
of Figs. 7b–d, and was confirmed by the high R2 value of 
0.9970. The Elovich model is an empirical formula that 
describes the adsorption behavior of contaminants on 
a heterogeneous solid surface [34]. The model does not 
make any mechanistic assumptions concerning adsorbate–
adsorbent interactions. However, the R2 value of 0.8582 
for the Elovich model was somewhat low. The good fit to 
pseudo-second-order kinetics confirmed that adsorption 
occurred through sharing or exchange of ions between the 
adsorbent and sorbate; this was also consistent with the 
analysis of the fitting to the D–R model.

3.6. Fluoride adsorption thermodynamics

The effect of temperature on the adsorption process is 
carried out at three different temperatures (293, 303, and 
313 K), and the thermodynamic parameters (Gibbs free 
energy change: ΔG°, free entropy change: ΔS°, and free 
enthalpy change: ΔH°) were calculated by the following 
formula: Eqs. (12)–(14) [35]:

∆ ∆ ∆G H T S° = ° − °  (12)

∆G RT Kc° = − ln  (13)

where Kc is the equilibrium constant at a certain temperature, 
R is the universal gas constant, Kc = qe/Ce, indicating the affin-
ity of adsorption. So, the above formulas can be combined 
to get:

ln
q
C

H
RT

S
R

e

e

= −
− °

+
°∆ ∆  (14)

The positive enthalpy change (ΔH°) noted in 
Table 5 indicates that the process of adsorbing fluoride by 
Al-MOF-5 was endothermic. The negative ΔG° value indi-
cates that the process was spontaneous. In the solid–liquid 
adsorption system, two processes exist simultaneously, that 
is, the solute is adsorbed by an adsorbent in solution, and 
the solvent is desorbed into solution. The former corre-
sponds to entropy reduction (reduced degrees of free-
dom) and the latter to an increase in entropy. The entropy 
change (ΔS°) during the reaction is the sum of the two 
processes. The positive ΔS° found for fluoride adsorption 
by Al-MOF-5 indicates that the adsorption reaction was 
entropy-driven. Additionally, according to the adsorption 
exchange theory, for solid–liquid exchange adsorption, the 
exchange of solute molecules from the liquid phase to the 
solid– liquid interface decreases free energy, resulting in a 
decrease in entropy. Therefore, the adsorption of fluoride 
onto the surface of Al-MOF-5 should also be a process of 
entropy reduction, yet the results indicate that ΔS° was 
greater than zero. Entropy was increased by the unavoid-
able release of substances during fluoride adsorption by 
Al-MOF-5. The two competing processes offset each other, 
so that the final entropy of the system was positive. The 
kinetic analyses described above suggested that fluoride 
adsorption by Al-MOF-5 was an ion exchange process. 
Summarizing, the fluoride adsorption by Al-MOF-5 was a 
spontaneous, entropy-driven endothermic process [36,37].

3.7. Experimental study on the effect of coexisting anion

Water bodies typically contain fluoride and other anions. 
These coexisting anions may compete with fluoride ions, 
negatively affecting the fluoride removal rate of the adsor-
bent and reducing its adsorption capacity. We selected 
commonly coexisting anions (PO4

3–, SO4
2–, NO3

–, CO3
2–, and 

Cl–) for our experiments; their effects are shown in Fig. 8.
The effects of three sample concentrations (5, 10, and 

20 mg/L) were compared with those of the control (no 
added anions). Fig. 8 reveals that the adsorption capacity 

Table 4
Fitted result of adsorption kinetic models at 313 K

Dynamic mode Parameter R2 Kinetic equation

Pseudo-first-order equation
k1 qe (mg/g)

0.9233 ln(qe – qt) = –0.0190t + 0.6767
0.019 1.9670

Pseudo-second-order equation
k2 qe (mg/g)

0.9970 t/qt = 0.0902t + 0.1452
0.056 11.086

Elovich model
ke α

0.8582 qt = 0.5100lnt + 8.64480.510 8.645
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of the adsorbent was affected by the coexisting anions to 
varying degrees. Phosphate ion had the greatest influ-
ence on the adsorption capacity, while the influence of the 
other four anions was almost negligible. A reduction in 
pH of the solution by anion addition should increase the 
removal rate; therefore, this can be ruled out as an explana-
tion. It is more likely that the phosphate ion had a stronger 
affinity with the active sites on the surface of the adsor-
bent and competed with fluoride ions for these sites [38]. 
Notably, when the concentration of PO4

3– ions was low, the 
removal rate remained close to 60%. This indicated that 
Al-MOF-5 has strong selective adsorption for fluoride 
and could be widely used to remove fluoride from water.

3.8. Fluoride adsorption mechanisms

Fig. 9 compares the FTIR spectra before and after flu-
oride adsorption by Al-MOF-5. The broad and strong 
absorption band at 3,441 cm–1, and the peak at 1,641 cm–1, 
are attributed to stretching vibrations of adsorbed water on 

Al-MOF-5 and bending vibrations of the hydroxyl group, 
respectively. Adsorption caused the peaks to shift to 3,448 
and 1,639 cm–1, respectively, which suggested that F– and 
OH– underwent ion exchange on the Al-MOF-5 surface. 
The peak corresponding to the Al–OH moiety at 1,123 cm–1 
disappeared after adsorption, with the appearance of a 
new peak at 1,330 cm–1; this was attributed to the forma-
tion of Al–F bonds and suggested that fluoride absorption 
by Al-MOF-5 depended on the exchange of OH– bound to 
Al within the material structure and to the strength of the 
interactions between interlayer anions and lattice cations 
[39,40]. The hydroxyl group was the active site that played 
a key role in the fluoride adsorption. In water, F– replaced 
the OH– groups on the adsorbent and combined with Al 
atoms to achieve defluorination. Ion exchange was central 
to fluoride removal by Al-MOF-5. After adsorption, the 
adsorbent could be regenerated by replacing F– with OH–, 
provided by a high concentration of NaOH solution.

XPS confirmed that fluoride adsorption by Al-MOF-5 
occurred via an ion exchange process between F– and 
OH–. The F 1s peak at the binding energy of 686.5 eV in 
the survey scan confirmed the adsorption of fluoride on 
the adsorbent (Fig. 10). High-resolution spectra of the 
Al 2p region showed that adsorption caused the binding 
energy to shift from 74.38 to 74.28 eV. This indicated that 
a strong interaction had taken place between Al3+ and F– 
ions during adsorption. Adsorption also caused a shift 
in the binding energy of the O 1s peak and a reduction in 
the peak area from 53.4% to 43%. This indicated that the 
OH– groups on the surface of the sample participated in 
fluoride adsorption, and confirmed that the adsorption 
mechanism was ion exchange between F– and OH– [41,42].

3.9. Regeneration mechanisms

Adsorbent regeneration can greatly reduce the cost of 
removing pollutants from water. We established that ion 
exchange of F– and OH– was the adsorption mechanism 
governing fluoride adsorption by Al-MOF-5. Thus, NaOH 
solution was used as the regeneration solution. We also 
examined some other traditional regenerants, such as 

Table 5
Thermodynamic parameters for the adsorption (adsorbent dos-
age: 1.0 g/L; initial concentration of fluoride: 5–150 mg/L; pH: 
neutral; volume of solution: 100 mL; temperature: 293, 303, and 
313 K; and reaction time: 12 h)

Temperature 
(K)

Parameter

ΔH° (kJ/mol) ΔS° (kJ/mol) ΔG° (kJ/mol)

293 –0.8782
303 21.3013 74.4278 –1.2503
313 –1.6225

Fig. 8. Effect of co-existing anions on the removal percent-
age of Al-MOF-5 to fluoride (adsorbent dosage: 1.0 g/L; initial 
concentration of fluoride: 10 mg/L; pH: neutral; the volume 
of a solution: 100 mL; reaction time: 12 h; room temperature; 
co-existing anions: PO4

3–, SO4
2–, NO3

–, CO3
2–, and Cl–).

Fig. 9. FTIR spectra of Al-MOF-5 before and after adsorption.
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hydrochloric acid and ethanol, but their regenerating abil-
ities were unsatisfactory. Fig. 11 illustrates the recycling 
performance of NaOH-regenerated Al-MOF-5. As the con-
centration of the NaOH solution was increased over 24 h of 
regeneration, the fluoride removal rate initially increased 
and then decreased. The defluoridation effect of Al-MOF-5 
after regeneration was optimal at an NaOH concentra-
tion of 0.3 mol/L. The removal rate decreased at higher 
concentrations because some hydroxyl groups in solu-
tion adhered to the surface of the adsorbent, while others 
passed into the adsorbent, thereby destroying its structure. 
This resulted in lower fluoride removal after regenera-
tion. Nevertheless, the material still displayed reasonable 
regenerative performance. At the optimal NaOH regener-
ant concentration, that is, 10 mg/L, a removal rate exceed-
ing 50% was achieved after five recycling cycles. Finally, 
we compared the defluorination ability of Al-MOF-5 
with some new and conventional adsorbents (Table 6). 
It is evident that Al-MOF-5 is an adsorbent with the strong 
defluorination ability and strong regenerative ability.

4. Conclusion

We synthesized Al-MOF-5, a new MOF material, and 
used it to remove fluoride from water. This MOF had 
a specific surface area of 1,264 m2/g, and an adsorption 

Fig. 10. XPS spectra of Al-MOF-5 before and after fluoride adsorption: XPS wide scan spectra of Al-MOF-5 before and after fluoride 
adsorption (a), XPS spectra of F 1s after fluoride adsorption (b), XPS spectra of Al 2p before and after fluoride adsorption (c), and XPS 
spectra of O 1s before and after fluoride adsorption (d).

Fig. 11. Regeneration study of Al-MOF-5 using different 
concentrations of NaOH solution (adsorbent dosage: 1.0 g/L; 
initial concentration of fluoride: 15 mg/L; concentration of 
NaOH solution: 1.0, 1.5, and 2.0 mg/L; pH: neutral; volume 
of solution: 100 mL; temperature: room temperature; reaction 
time: 12 h).
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capacity that reached 46.08 mg/g rapidly at 313 K. Thermo-
dynamic study showed that the process of adsorption was 
spontaneous and endothermic, followed pseudo-second- 
order kinetics, and was consistent with the Langmuir 
adsorption isotherm model. Aluminum sites were the main 
active sites for fluoride adsorption. The results of FT-IR 
and XPS analyses, and of data fitting to the D–R model, 
established that the adsorption mechanism is ion exchange 
between the OH– of Al-MOF-5 and F–. Additionally, 
Al-MOF-5 displayed good fluoride removal performance at 
various pHs, even in the presence of SO4

2–, NO3
–, CO3

2–, and 
Cl–. It displayed excellent defluorination performance after 
several regeneration cycles. We conclude that Al-MOF-5 is a 
highly suitable adsorbent for fluoride removal from water. 
Therefore, this material is beneficial to the treatment of 
fluoride-containing wastewater in the industry. However, 
there are several challenges limit the usage of Al-MOF-5 at 
an industrial scale: (1) we need to find a cheaper synthe-
sis method to reduce its production cost, so as to be widely 
used in practical industrial production. (2) The durability 
and adsorption capacity of the materials need to be further 
improved to ensure their reuse.
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