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ABSTRACT 

Fluoride excess in water is harmful to human beings. Adsorption is an effective way to 

remove fluoride in water. Exploring novel and efficient sorbents for fluoride adsorption is very 

necessary and challenging. In this work, the fluoride adsorption behavior of zirconium fumarate 

metal-organic framework-801 (MOF-801) in water is studied through batch adsorption 

experiments. MOF-801 has high and stable adsorption efficiency at pH 2-10. The fluoride 

adsorption capacity on MOF-801 is neither affected by high ion strength nor other anions 

including Cl-, NO3
- and SO4

2-. The fluoride adsorption on MOF-801 follows a pseudo-second-

order model and the Langmuir equation. The fluoride adsorption capacity of MOF-801 is 40 mg 

g-1 at 303 K, changing little with temperature. The effective defluoridation of MOF-801 resulted 

from the ion exchange of fluoride ions and hydroxyl group in MOF-801. The practical use of 

MOF-801 for fluoride adsorption from real water sample reveals the potential of MOF-801 as 

an efficient absorbent for the removal of fluoride from water. 
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1. Introduction 

Drinking water safety is an important issue to human beings. High concentration of 

fluoride in drinking water can be very harmful. To protect human health from the disturbance 

of fluoride, the world health organization (WHO) recommends the guideline of fluoride in 

drinking water is 1.5 mg L-1 [1]. Both natural sources (dissolution of fluoride-rich rocks and soils 

in water) and anthropogenic sources (discharge of fluorine-containing industrial wastewater) 

can cause high concentration of fluoride in the water. Long-term consumption of water with 

fluoride concentration higher than 1.5 mg L-1 can cause chronic fluorosis such as dental 

fluorosis and skeletal fluorosis [2-4]. Therefore, reduction of the fluoride concentration in water 

is quite important for human beings. 

Plenty of methods including precipitation-coagulation [5], membrane technology [6,7], 

ion-exchange [8] and adsorption [9,10] have been attempted in recent decades to reduce 

fluoride in water to meet the drinking water safety level. Among all of these methods, 

adsorption of fluoride on adsorbents receives increasing attention due to its advantages of easy 

design and operation, and low cost [2]. Different kinds of adsorbents such as metal-based 

adsorbents [11-13], carbon-based adsorbents [14,15], natural materials [16], and biosorbents 

[17-19] have been used to remove fluoride from water. Recently, zirconium-based materials 

have been proved to be good candidates in fluoride adsorption because of the high affinity of 

tetravalent metal ions Zr (IV) to the high electronegativity fluoride ion. Moreover, zirconium-

based materials have good thermal and chemical stability [20-23]. 

Metal-organic frameworks (MOFs) are multifunctional porous materials potential in 

diverse areas [24]. Recently, MOFs have also been utilized as novel adsorbents for the 
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adsorption of fluoride because of high surface area, rich surface functional groups, and highly 

ordered atomic arrangement [25]. For example, MIL-53(Fe), MIL-53(Cr), ZIF-7, ZIF-8, UiO-66(Zr), 

CAU-6, MIL-96(Al), MIL-88A(Fe) and NH2-UiO-66(Zr) have been successful applied for fluoride 

adsorption from water [26-30]. Among all of these MOFs, zirconium-based MOFs display higher 

adsorption capacity and good stability in the fluoride solution. 

Zirconium fumarate framework MOF-801 (Zr6O4(OH)4(fumarate)6·xH2O), constructed from 

ZrCl4 and fumaric acid, has good water stability, large surface area, and UiO-66 type network 

topology [31-35], so MOF-801 is a good adsorbent for the removal of fluoride from water. 

Herein, we report the adsorption behavior and application of MOF-801 for efficient adsorption 

and removal of fluoride from water. MOF-801 offers fast kinetics and high capacity for the 

adsorption of fluoride at pH 2-10. The effect of adsorbent dose, ionic strength, pH and co-

existing anions on the adsorption of fluoride are studied in detail. The adsorption mechanism of 

MOF-801 for fluoride is also discussed. 

2. Materials and methods 

2.1. Preparation of MOF-801 

MOF-801 was synthesized according to Ren et al. with minor modification [35]. Typically, 

ZrCl4 (0.2411 g), fumaric acid (0.3598 g) and formic acid (3.90 mL) and ultrapure water (20 mL) 

were mixed under ultrasonication, and then transferred into a 30-mL Teflon-lined stainless-

steel autoclave. The autoclave was sealed and placed in oven at 120 oC for 24 h. After cooling to 

room temperature, the white powder was thoroughly washed with ultrapure water and 

absolute ethanol sequentially, then dried at 80 oC for 24 h. 

2.2. Characterization 
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D/max-2500 X-ray diffractometer (Rigaku, Japan) and SS-550 scanning electron microscope 

(Shimadzu, Japan) were used to obtain the X-ray diffraction spectrometry (XRD) patterns and 

scanning electron microscopy (SEM) images, respectively. An ASAP 2020 automatic surface area 

and pore size analyzer (Micromeritics, USA) was used to measure the Brunauer-Emmett-Teller 

(BET) data of MOF-801 at 77 K using nitrogen. An ESCALAB 250Xi spectrometer (Thermo Fisher 

Scientific, USA) and SU-1510 scanning electron microscope (Hitachi, Japan) were used for X-ray 

photoelectron spectrometer (XPS) experiments and energy-dispersive X-ray spectroscopy (EDX) 

analysis, respectively. A Malvern Nano ZS90 Zetasizer (Malvern, UK) was used to measure the 

zeta potential of adsorbent, while a fluoride ion selective electrode PF-1-01 (Leici, China) was 

used to determine fluoride in aqueous solution. 

2.3. Adsorption experiments 

The effect of adsorbent dose on fluoride removal was tested by suspending different doses 

of MOF-801 in fluoride solution (20 mL, 10 mg L-1) in a 50-mL plastic centrifuge tube. The 

mixture was shaken at 303K with a speed of 200 rpm for 2 h. The supernatant was then filtered 

with a 0.22-μm cellulose membrane. The filtrate was collected and analyzed for the 

concentration of fluoride. Finally, the adsorption capacity of fluoride was calculated according 

to Eq. (1): 

0 e
e

( )C C V
q

m

−=                  (1)
 

where C0 and Ce refer to the initial and equilibrium concentration of fluoride (mg L-1), 

respectively, V the volume of the fluoride solution (L), and m the amount of the MOF-801 (g). 
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The adsorption kinetics was studied at 303 K with 120 mL of fluoride solution (5 and 10 mg 

L-1). Each 6 mL of mixture was taken out at a specified time (5-240 min) and filtered for fluoride 

determination.  

The adsorption isotherms were conducted in the concentration range of 10-120 mg L-1 

fluoride at 293-323 K. The effect of co-existing anions Cl-, NO3
-, SO4

2-, HCO3
-, PO4

3- of 10, 50 and 

100 mg L-1 was also investigated. Fluoride solutions with different ionic strengths were 

prepared with sodium chloride. 

The effect of pH was studied at pH 2-13. The pH value of the fluoride solution (10 mg L-1) 

was adjusted with 0.1 M NaOH or 0.1 M HCl. The MOF-801 was then added for adsorption. The 

fluoride solution after adsorption was adjusted with total ionic strength adjustment buffer 

(TISAB) solution (pH=5.0-5.5). The fluoride solution after adjusting with TISAB was then 

measured using a fluoride ion selective electrode. 

3. Results and discussion 

3.1. Characterization of MOF-801 

The as-synthesized MOF-801 was characterized by XRD, N2 adsorption, SEM and TGA 

experiments (Fig. 1 and Fig. S3). The XRD pattern of the as-synthesized MOF-801 is in 

accordance with the simulated pattern, suggesting the successful synthesis of MOF-801 (Fig. 

1a). No significant change in the XRD pattern of MOF-801 after fluoride adsorption indicates the 

good stability of MOF-801 in fluoride solution. The N2 adsorption-desorption data reveal the 

surface area, pore diameter and pore volume of as-synthesized MOF-801 are 725 m2 g-1, 0.55 Å 

and a 0.40 cm3 g-1, respectively (Fig. 1b), which are all similar to the data in the reported 

literatures [31,34,35]. 
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The SEM image shows the as-synthesized MOF-801 has uniform octahedron shaped 

morphology with the particle size of ca. 400 nm (Fig. 1c). The morphology of MOF-801 did not 

change after fluoride adsorption (Fig. 1d), proving the good stability of MOF-801 in the 

adsorption process. The TGA curve reveals the MOF-801 is stable up to 350 oC (Fig. S3). The 

weight loss before 100 oC was attributed to the loss of absorbed water in MOF-801 [32]. 

Fig. 1. Here 

3.2. Effect of adsorbent dose 

The effect of MOF-801 dose on fluoride removal was first studied with 10 mg L-1 of fluoride 

solution at 303 K (Fig. 2a). The fluoride removal efficiency increased as the adsorbent dose 

increased from 0.2 to 0.7 g L-1, then leveled off as the adsorbent dose further increased from 

0.7 to 1.1 g L-1. Therefore, 0.7 g L-1 was selected to ensure the fluoride removal in the following 

experiments. 

Fig. 2. Here 

3.3. Effect of pH on fluoride removal 

The pH of natural water often varies with its geographic location, weather and 

environment. In addition, the fluoride species was also dependent on the solution pH value. 

Therefore, the effect of pH on fluoride removal was examined with 10 mg L-1 of fluoride 

solution at 303 K (Fig. 2b). MOF-801 gave high and stable removal efficiency from pH 2 to pH 

10. It is worth mentioning that even at pH 10, the equilibrium concentration of fluoride after 

adsorption (0.97 mg L-1) was smaller than the WHO guideline of fluoride in drinking water (1.5 

mg L-1), showing the good performance of MOF-801 for adsorption and removal of fluoride 

from water. The pH values of fluoride solution used in this work were all in the range of 2-10. So, 
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no pH adjusting was needed for the following experiments. Further increase of the pH led to a 

significant decrease of the fluoride removal efficiency. To confirm whether such decline of the 

fluoride removal efficiency at higher pH (>10) was caused by the electrostatic interaction 

between the fluoride and MOF-801, the pH dependence of the Zeta potential of MOF-801 was 

evaluated (Fig. 2b). The MOF-801 was negatively charged at pH > 7, suggesting electrostatic 

repulsion could happen between negatively charged MOF-801 and fluoride at pH 8-11. In 

addition, the Zeta potentials of MOF-801 at pH 10 (-44.1 mV) and 11 (-44.4 mV) were almost 

the same. However, the fluoride removal efficiency on MOF-801 at pH 10 and 11 decreased 

from 90% to 61%, revealing the electrostatic repulsion cannot fully explain the decline of 

fluoride removal efficiency at high pH. The possible reason is the competition of higher 

concentration of OH- at pH 11 with fluoride for the active sites on MOF-801 [28]. 

Fig. 3. Here 

Table 1 Here 

3.4. Effect of contact time 

The effect of contact time on fluoride removal was tested with 5 and 10 mg L-1 of fluoride 

solutions (Fig. 3a). The adsorption of fluoride reached equilibrium within 10 min for 5 mg L-1 of 

fluoride solution, showing the fast adsorption kinetics of MOF-801 for fluoride. 97% of fluoride 

was removed within 40 min for 10 mg L-1 of fluoride solution although the adsorption 

equilibrium was reached within 2 h. The equilibrium adsorption capacity of MOF-801 for 

fluoride at the initial concentration of 5 and 10 mg L-1 are 7.1 and 13.6 mg g-1, respectively. The 

results suggest higher initial concentration is favorable for the adsorption of fluoride on MOF-

801. 
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The pseudo-first-order and pseudo-second-order kinetic models were applied to study the 

fluoride adsorption kinetics on MOF-801. The linear forms of pseudo-first-order rate and 

pseudo-second-order rate are expressed as Eqs. (2) and (3), respectively [27,28]: 

1
e t eln( ) ln

2.303

k
q q q t− = −                          (2)

 

2
t 2 e e

1 1t
t

q k q q
= +                                       (3)

 

where qe and qt are the amounts of fluoride adsorbed on MOF-801 (mg g-1) at equilibrium and 

at time t (min), respectively. k1 and k2 are the rate constants of pseudo-first-order kinetics and 

pseudo-second-order kinetics, respectively. 

Fig. S1a and Fig. 3b show the fitted lines of pseudo-first-order and pseudo-second-order 

models, respectively. The corresponding kinetic constants and determination coefficients (R2) 

data are summarized in Table 1. The determination coefficients (R1
2) of pseudo-first-order 

model for 5 and 10 mg L-1 of fluoride solutions are 0.381 and 0.841, respectively, revealing the 

fluoride adsorption process cannot be explained by pseudo-first-order kinetic model. In 

contrast, the determination coefficients (R2
2) of pseudo-second-order model are both larger 

than 0.999 for 5 and 10 mg L-1 of fluoride solution. At the same time, the calculated adsorption 

capacities using pseudo-second-order equation were similar to those obtained from 

experiments. Therefore, the fluoride adsorption kinetics on MOF-801 followed the pseudo-

second-order kinetics. 

Table 2 Here 

3.5. Adsorption isotherms 
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To further study the adsorption behavior and to obtain the maximum fluoride adsorption 

capacity of MOF-801, fluoride adsorption isotherms were investigated with 10-120 mg L-1 of 

fluoride solutions at 293-323 K (Fig. 3c). The adsorption capacity increased steadily with the 

equilibrium fluoride concentration from 0 to 60 mg L-1, showing favorable adsorption of fluoride 

on MOF-801 at higher initial concentration. No obvious change of the adsorption capacity in the 

equilibrium fluoride concentration from 60 to 100 mg L-1 suggests the achievement of 

adsorption saturation of fluoride on MOF-801. The adsorption isotherms at 293, 303, 313 and 

323 K almost overlapped with each other, indicating no significant effect of temperature on the 

fluoride adsorption capacities of MOF-801 in the range of 293-323 K. The results show that 

MOF-801 had good and stable fluoride adsorption capacity at most natural water temperatures. 

Langmuir (Eq. (4)) and Freundlich equations (Eq. (5)) [27] were used to evaluate the 

adsorption data of MOF-801: 

e
e

e m L m

1 1C
C

q q K q
= +                           (4)

 

e F e

1
ln ln lnq K C

n
= +                       (5)

 

where Ce is equilibrium concentration (mg L-1), qe is the adsorption capacity at equilibrium (mg 

g-1), qm is the maximum adsorption capacity (mg g-1) for Langmuir isotherms at a specific 

temperature, and KL is the Langmuir constant which indicates the affinity of fluoride towards 

the adsorbent. KF and n are Freundlich constants relating to adsorption capacity and adsorption 

intensity, respectively. 

Table 3 Here 
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The fitting curves for Langmuir equation and the Freundlich equation are illustrated in Fig. 

3d and Fig. S1b, respectively. The calculated parameters from the fitting curves are summarized 

in Table 2. The data show that Langmuir equation is better than Freundlich equation to describe 

the adsorption process of fluoride on MOF-801. The Langmuir model assumes that the 

adsorbent has homogeneous surface active sites while adsorbate is monolayer adsorbed on the 

adsorbent [17,27]. The monolayer adsorption suggests the adsorption of fluoride on MOF-801 

was chemisorption. In the meantime, the dimensionless constant separation factor RL of 

Langmuir isotherm at 303 K can be used to further explain the favorability of fluoride 

adsorption on MOF-801 (Table 3). RL is defined as Eq. (6): 

L
L 0

1

1
R

K C
=

+                       (6)
 

where C0 is the initial fluoride concentration, KL is the Langmuir isotherm constant. RL is the 

dimensionless constant separation factor of Langmuir isotherm, where RL < 1 represents the 

favorable adsorption and RL > 1 represents the unfavorable adsorption processes [36]. The RL 

values of MOF-801 in the initial fluoride concentration range of 10-120 mg L-1 are less than 1 

(Table 3), revealing the favorable adsorption of fluoride on MOF-801 [17,36]. In addition, the 

negative Gibbs free energy change (∆G < 0) further suggests the spontaneous adsorption of 

fluoride on MOF-801 (Table S1 and Fig. S2). 

3.6. Effect of co-existing anions 

Effect of co-existing anions including Cl-, NO3
-, SO4

2-, HCO3
- and PO4

3- in the range of 10-100 

mg L-1 on fluoride removal efficiency of MOF-801 was studied with 10 mg L-1 of fluoride solution 

(Fig. 4a). The Cl-, NO3
- and SO4

2- have little effect on fluoride removal efficiency even though 
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their concentrations (100 mg L-1) are ten times higher than that of fluoride. However, increase 

of the co-existing concentration of HCO3
- and PO4

3- from 0 to 100 mg L-1 led to the decrease of 

removal efficiency from 98% to 77% and 34%, respectively, likely due to the electrostatic 

repulsion, high pH values of HCO3
- and PO4

3- solution and the competition of HCO3
- and PO4

3- 

with fluoride for adsorption. The pH values for NaHCO3 (8.6) and Na3PO4 (10.9) solutions at 100 

mg L-1, together with the electrostatic repulsion between the negatively charged MOF-801 and 

F- under these pH values gave negative effect on fluoride removal efficiency (Fig. 2b). However, 

the fluoride removal efficiency was reduced to 61% at pH 11 (Fig. 2b). While for Na3PO4 

solution (pH = 10.9), the fluoride removal efficiency was reduced to 34% (Fig. 4a), suggesting 

the high pH value and the electrostatic repulsion are not the whole reason for the decrease of 

fluoride removal efficiency. In addition, HCO3
- and PO4

3- interfere with the fluoride adsorption 

through competition of fluoride active adsorption sites on MOF-801. The [HCO3
-]/[CO3

2-)] is 

97.8% at pH 8.6, so HCO3
- is the main speciation absorbed. The above results indicate that the 

electrostatic repulsion, the high pH value and the competitive adsorption of PO4
3- and HCO3

- 

together lead to the decrease of fluoride adsorption efficiency. 

Fig. 4. Here 

3.7. Effect of ionic strength 

Effect of ionic strength [37] on fluoride adsorption capacity was evaluated in an ionic 

strength range of 0.018-0.361 M (Fig. 4b). The results reveal that ionic strength had little effect 

on fluoride adsorption capacity, which is quite favorable for the practical application of MOF-

801 for fluoride removal in real water sample with high ionic strength. 

3.8. Adsorption mechanism 
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The FT-IR spectra of MOF-801 before and after fluoride adsorption (C0 (F-) = 10 mg L-1) 

were studied to elucidate the adsorption mechanism (Fig. 5a). The peak at 3397 cm-1 of MOF-

801 before adsorption can be ascribed to the stretching vibration of hydroxyl group. The peaks 

at 1578 and 1405 cm-1 are the characteristic peaks of asymmetric and symmetric stretching 

vibration of carboxylate group for MOF-801 before adsorption [33]. No changes were observed 

for all the peaks of carboxylate group on MOF-801 after fluoride adsorption (Fig. 5a). However, 

the characteristic peak of hydroxyl group on MOF-801 shifted from 3397 cm-1 to 3404 cm-1 after 

fluoride adsorption, suggesting the hydroxyl group on MOF-801 may be the active site that 

plays significant roles in fluoride adsorption [25,26]. 

The EDX spectra of MOF-801 before and after fluoride adsorption (C0 (F-) = 10 mg L-1) were 

further studied (Fig. 5c and 5d). The appearance of the new peak for fluoride after adsorption 

indicates the successfully adsorption of fluoride on MOF-801 [23]. In addition, the increase of 

the F content (from 0 to 1.9%) as well as the decrease of the O content (from 41.0 to 38.7%) 

after adsorption suggests the fluoride may compete or replace the hydroxyl group on MOF-801 

during the adsorption process. 

Fig. 5. Here 

The effect of MOF-801 addition on the pH of water and fluoride solutions (10 and 100 mg 

L-1) was investigated in the initial solution pH range of 3-11. The plots of the final solution pH at 

equilibrium in the presence of MOF-801 against the initial solution pH in the absence of MOF-

801 are shown in Fig. 5b. MOF-801 has strong buffering effect in the initial pH range of 3-11 due 

to the interaction of MOF-801 with the H+ and OH- in the aqueous solution. Such buffering 

effect on the solution pH was also observed on other porous materials [38]. The final pH of the 
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solution was near 4.0, 5.0 and 7.0 in water, 10 and 100 mg L-1 fluoride solution in the initial pH 

range of 5-10, respectively. The final pH of MOF-801 in water is much lower than that of 

fluoride solution with the same initial pH values (Fig. 5b), suggesting that the adsorption of 

fluoride on MOF-801 led to the increase of the pH due to the release of OH- from MOF-801 into 

solution via fluoride anion exchange. The final pH values of 10 and 100 mg L-1 fluoride solution 

are slightly higher than that of water when the initial pH value was 3. The higher fluoride 

adsorption capacities of MOF-801 in 10 and 100 mg L-1 fluoride solution may lead to the release 

of more OH- than in water based on the anion exchange mechanism. However, pH 3 offers 

higher H+ concentration and more powerful to neutralize the released OH- than other pH values 

greater than 3. 

Fig. 6. Here 

Table 4 Here 

The ion exchange between F- and OH- on MOF-801 was further proved by XPS experiments 

(Fig. 6 and Table 4). The appearance of F1s peak in wide scan spectra of MOF-801 after fluoride 

adsorption reveals the adsorption of fluoride on the MOF-801 (Fig. 6a) [23]. Changing the initial 

fluoride solution from 10 to 100 mg L-1 led to the increase of F1s peak intensity, further 

indicating higher initial fluoride concentration was beneficial for fluoride adsorption on MOF-

801 (Fig. 6b). The peak of Zr3d5/2 shifted from 182.63 eV to 182.67 and 182.77 eV after 

adsorption of fluoride at 10 and 100 mg L-1, respectively (Fig. 6c), indicating that the interaction 

between the zirconium in MOF-801 and fluoride is responsible for the adsorption of fluoride on 

MOF-801 [17,23,39]. O1s spectra of MOF-801 can be divided into three peaks, zirconium oxide 

bond (Zr-O, at about 530.2 eV), zirconium hydroxyl bond (Zr-OH, at about 531.7 eV) and water 
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(H2O, at about 532.8 eV) [21,38,40]. Specific binding energies of these peaks and their 

percentages are listed in Table 4. The Zr-OH percentages of MOF-801 decreased after fluoride 

adsorption. Increase of the initial fluoride concentration from 10 to 100 mg L-1 gave significant 

decrease of the Zr-OH percentage from 60.93% to 56.13% along with the increase of fluoride 

adsorption capacity from 13.6 to 38.6 mg g-1 at 303 K, suggesting the ion exchange of Zr-OH 

with F- during adsorption. 

Table 5 Here 

3.9. Adsorption of fluoride from real water sample  

The MOF-801 was applied to treat the real surface water sample collected from Tanggu 

District, Tianjin, China. Table 5 shows the pH and the concentration of F-, HCO3
-, Cl- and SO4

2- in 

the water sample before and after adsorption. Ion chromatography results show no detected 

PO4
3- in the studied real water sample (Fig. S4). The F- concentration in the water sample was 

4.54 mg L-1, which was much higher than the WHO guideline of 1.5 mg L-1. The concentration of 

HCO3
-, Cl-, and SO4

2- were also much higher than 100 mg L-1, which means the complex nature 

and high ionic strength of the real water sample. After adsorption with MOF-801 at a 0.7 g L-1 

dose, the fluoride concentration was greatly reduced to 2.0 mg L-1, which was close to the WHO 

guideline of 1.5 mg L-1. The decrease of the adsorption capacity of MOF-801 in the real water 

sample (3.6 mg g-1 compared to 7.1 mg g-1 in standard fluoride aqueous solution) resulted from 

the serious disturbance of the high concentration HCO3
- (460 mg L-1) in the real water sample 

(Table 5 and Fig. 4a). The decrease of HCO3
- concentration after adsorption (from 460 to 300 

mg L-1) reveals that the HCO3
- was also adsorbed on MOF-801 to compete with fluoride for the 
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adsorption sites on MOF-801. The Cl- and SO4
2- could not be adsorbed on MOF-801 due to their 

unchanged concentration before and after adsorption (Table 5). Increasing the MOF-801 dose 

to 1.0 g L-1 reduced the fluoride concentration in the water sample below the WHO guideline of 

1.5 mg L-1 (Fig. 7), showing the relatively good adsorption performance of MOF-801 for fluoride 

from complex real water samples. The UiO-66(Zr) was further synthesized (Fig. S5) and studied 

for comparison. MOF-801 gave better performance to remove fluoride from real water sample 

than UiO-66(Zr) (Table 5). 

Fig. 7. Here 

4. Conclusion 

We have reported the application of MOF-801 as an efficient adsorbent for fluoride 

removal with fast adsorption kinetics and large adsorption capacity. MOF-801 gives good 

performance for fluoride removal in a wide pH range of 2-10, high ionic strength and good anti-

interference capability for the co-existing ions. MOF-801 also shows higher adsorption capacity 

(40 mg g-1) than lots of reported adsorbents [28]. The stable adsorption capacity of MOF-801 

for fluoride in a temperature range of 293-323 K also makes it convenient for practical use. The 

results reveal that the ion exchange of fluoride ions and hydroxyl group in MOF-801 plays 

significant roles for efficient fluoride removal in water. The practical use of MOF-801 for 

fluoride adsorption from real water sample reveals the potential of MOF-801 as novel 

absorbent for fluoride adsorption from water. 
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Figure Captions 

Fig. 1. (a) XRD patterns of simulated MOF-801, as-synthesized MOF-801 before and after 

fluoride adsorption; (b) N2 adsorption-desorption isotherms of MOF-801 (Inset: pore size 

distribution of MOF-801); (c) SEM images of as-synthesized MOF-801; (d) SEM images of MOF-

801 after fluoride adsorption with the initial concentration of 10 mg L-1 fluoride at 303 K. 

Fig. 2. (a) Effect of MOF-801 dose on fluoride removal; (b) effect of pH on fluoride removal and 

the zeta potential of MOF-801 (T = 303 K, C0 (F-) = 10 mg L-1). 

Fig. 3. (a) Effect of contact time on the fluoride removal efficiency of MOF-801 (T = 303 K, C0 (F-) 

= 5 and 10 mg L-1) (Inset, the enlarged fluoride removal efficiency before 15 min); (b) pseudo-

second-order kinetics for the adsorption of fluoride on MOF-801 (T = 303 K, C0 (F-) = 5 and 10 

mg L-1); (c) adsorption isotherms of MOF-801 (Inset, the enlarged adsorption isotherms at qe 

less than 0.4 mg L-1); (d) Langmuir fitting curves for the adsorption isotherms on MOF-801. 

Fig. 4. (a) Effect of co-existing anions on fluoride removal efficiency of MOF-801 (T = 303 K; C0 

(F-) = 10 mg L-1); (b) effect of ionic strength on fluoride adsorption capacity of MOF-801 (T = 

298K, C0 (F-) = 10 mg L-1). 

Fig. 5. (a) FT-IR spectra of MOF-801 before and after adsorption of 10 mg L-1 fluoride solution; 

(b) changes in solution pH after adding MOF-801 (0.7 g L-1) and fluoride adsorption (C0 (F-) = 0, 

10, 100 mg L-1); EDX spectra of MOF-801 (c) before and (d) after fluoride adsorption (C0 (F-) = 10 

mg L-1). 

Fig. 6. XPS spectra of MOF-801 after adsorption of fluoride: (a) XPS wide scan spectrum, (b) F1s 

spectra, (c) Zr3d spectra (C0 (F-) = 0, 10 and 100 mg L-1); O1s spectra of MOF-801 after 

adsorption of fluoride at different concentrations (mg L-1): (d) 0, (e) 10, (f) 100. 
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Fig. 7. Equlibrium fluoride concentration in real water sample with different MOF-801 dose. 
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Table 1 Kinetic parameters for fluoride adsorption on MOF-801 at 303 K 

pseudo-first-order  pseudo-second-order 

C0 (mg L
-1

) qe,exp (mg g
-1

) k1 (min
-1

) qe,fitted (mg g
-1

) R
2
  k2 (min

-1
) qe,fitted (mg g

-1
) R

2
 

5 7.10 0.039 0.11 0.381  0.551 7.10 0.999 

10 13.59 0.056 1.95 0.841  0.036 13.70 0.999 
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Table 2 Langmuir and Freundlich isotherm parameters for fluoride adsorption on 

MOF-801 

Temp. (K) 

Langmuir  Freundlich 

qmax (mg g
-1

) KL (L mg
-1

) R
2
  KF (mg g

-1
) (L mg

-1
)

1/n
 n R

2
 

293 38.20 0.493 0.997  21.35 7.42 0.959 

303 40.26 0.400 0.995  19.98 6.16 0.983 

313 39.94 0.370 0.995  18.97 5.75 0.992 

323 38.83 0.336 0.995  17.84 5.58 0.980 
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Table 3 Calculated RL values of MOF-801 based on the Langmuir model at 303 K 

C0 (mg L
-1

) 10 20 30 50 70 100 120 

RL 0.202 0.112 0.078 0.048 0.035 0.025 0.021 
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Table 4 O1s peak parameters of MOF-801 before and after fluoride adsorption 

C0 (F
-
) ( mg L

-1
) Peak B.E. (eV) Percent (%) 

0 Zr-O 530.18 26.8 

Zr-OH 531.72 65.4 

H2O 532.85 7.9 

10 Zr-O 530.18 29.3 

Zr-OH 531.72 60.9 

H2O 532.85 9.8 

100 Zr-O 530.20 33.9 

Zr-OH 531.70 56.1 

H2O 532.85 10.0 
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Table 5 Chemical parameters of a real surface water sample before and after adsorption of F
-
 

on MOF-801 and UiO-66(Zr) 

 Before adsorption  After adsorption 

MOF-801 UiO-66(Zr) 

pH 8.43 ± 0.02  7.35 ± 0.04 7.34 ± 0.01 

C (F
-
) (mg L

-1
) 4.54 ± 0.06  2.02 ± 0.01 2.60 ± 0.01 

C (HCO3
-
) (mg L

-1
) 460 ± 2  299 ± 11 326 ± 3 

C (Cl
-
) (mg L

-1
) 750 ± 4  721 ± 2 715 ± 4 

C (SO4
2-

) (mg L
-1

) 208 ± 2  202 ± 3 206 ± 1 
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Highlights 

� Hydrothermally synthesized MOF-801 was used for fluoride removal. 

� MOF-801 has high and stable adsorption efficiency at pH 2-10. 

� Fluoride adsorption on MOF-801 is not affected by high ion strength. 

� Ion exchange of fluoride ions and hydroxyl group in MOF-801 was fully studied. 


