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a b s t r a c t
Recently, fluoride (F–) pollution in groundwater and surface water is widespread all around the 
world. Although adsorption is regarded as one of the simplest and cost-effective processes for 
removing F–, the removal efficiency of F– has always been restricted by the low adsorption abil-
ity and poor stability of adsorbent. In this study, zirconium (Zr(IV)) loaded on tannin foam (TF) 
was synthesized and utilized as adsorption material for efficient removal of F–. It was found that 
the amount of Zr loaded on TF affected the adsorption of F– and the optimal mass ratio of Zr/
TF was 0.25. Through static adsorption experiments, the optimal material exhibited highly effi-
cient adsorption performance for different concentrations of F– (2.0–20 mg L–1), with the removal 
efficiency as high as around 80% in a wide pH range of 3.0–10.0. Co-existing ions could reduce 
the adsorption of F– on TF-Zr, especially CO3

2– with the F– removal efficiency of only 38.4%. 
Moreover, the adsorption data were highly adjacent with the Langmuir adsorption model with 
monolayer coverage and pseudo-second-order kinetic model. The calculated maximum adsorp-
tion was 10.2 mg g–1 at 25°C, which was higher than most of the other forms of materials. The 
thermodynamics of F– adsorption was found to be a spontaneous and exothermic process. It was 
identified that the highly effective adsorption performance was ascribed to the powerful complex 
adsorption between Zr(IV) and F–, porous properties of tannin foam matrix, and exceptional sta-
bility of Zr(IV) as well. Finally, dynamic adsorption experiment revealed that 3.8 g Zr-TF material 
could continuously remove 11.02 L water contaminated by low concentration (2.0 mg L–1) of F– 
with adsorption capacity of 5.8 mg g–1. The present work could provide an alternative material 
for effective removal of fluoride in aqueous solution.
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1. Introduction

It is well known that the excess intake of F– may cause 
great damages to human beings, including osteoporosis 
[1], fluorosis of bone cancer [2], and brain damage [3], etc. 
As a result of the natural geochemical process and human 
activities, fluoride pollution in groundwater and surface 
water is widespread in the world. About 5 million people 
in China are using low concentration F– water [4], with a 
concentration exceeding 1.50 mg L–1 that is the acceptable 
concentration stipulated by the World Health Organization 
[5]. Therefore, it is very necessary to remove the low con-
centration F– from water.

Various techniques have been employed to remove F– 
form water, including nanofiltration membrane [6], chem-
ical precipitation [7], reverse osmosis [8], ion exchange [9], 
electrocoagulation [10]. Among these, adsorption is favor-
able due to its simple operation, low energy consumption 
and high efficiency [11,12]. For this emotion, some natu-
ral materials have been employed as adsorbents for flu-
oride removal, such as hydroxyapatite [13], red mud [14], 
clay [15], carbon material [16], zeolite [17] and bio-adsor-
bent [18]. However, their application is limited due to low 
adsorption active sites with very low adsorption capacity. 
Based on the coordination of metal ions with fluoride, metal 
ions such as Fe, Ce, La, Al, Se, etc [19–24] are often intro-
duced into matrix to improve the adsorption capacity for 
fluoride. But, the increased adsorption capacity was lim-
ited by these composite materials, for which the ions may 
easily dissolve into solution under low pH conditions and 
the active sites on these matrixes were not enough to load 
adequate metals. It was reported that zirconium(IV) was an 
effective metal ion in ligand exchange adsorbent and the 
immobilized Zr(IV) could be strongly fixed on the matrix 
over the wide pH range [25]. The Zr(IV) loaded bi-func-
tional fiber was proved to be a highly selective ligand 
exchange adsorbent for trace phosphate removal from 
water. Besides, the potential application of Zr in fluoride 
removal derived from the high affinities of Zr towards flu-
oride. For instance, Zr impregnated coconut shell carbon 
had the DC of 9.11 mg g–1 [26] and Zr loaded shellac had the 
DC of 8.26 mg g–1 at pH 7.0 [27]. The maximum removal effi-
ciency of F– could reach 92.2%, when Chlorella protothecoides 
impregnated with Zr [28]. Although Zr loaded adsorbents 
could significantly improve the adsorption capacity of F–, 
many of the matrixes were unstable under complicated 
solution conditions, such as influence of pH, other co-ex-
isting ions and so on. Therefore, it is vital to develop adsor-
bent that could be applied in removing F– with high effi-
ciency and stability under complicated solution conditions.

Bayberry tannin (BT), as a complex of higher plant sec-
ondary metabolite, widely exists in nature. BT possesses 
abundant hydroxyl group that can exhibit excellent react-
ing activity with Zr(IV), but it is soluble in water. It had 
been demonstrated that porous bayberry tannin foam (TF) 
could feasibly be formed through the cross-linking reaction 
between the hydroxyl group of BT and amino group of hex-
amine [29], which could enhance the hydrophobicity and 
stability of BT matrix. Therefore, it is anticipated that Zr(IV) 
loaded TF (TF-Zr) could efficiently and steadily adsorb F– in 
water with a wide pH range.

In this study a novel adsorption material that Zr(IV) 
loaded on tannin foam was optically synthesized and uti-
lized for removing the low concentration of F– in aqueous 
solution. The properties of this novel material were sys-
tematically characterized via scanning electron microscope 
(SEM) with an energy-dispersive spectrum (EDS), X-ray 
photoelectron spectroscopy (XPS), Brunauer–Emmett–Teller 
(BET), et al. Meanwhile, the adsorption performance for F– 
with low concentration was thoroughly investigated through 
static and dynamic adsorption experiments to disclose its 
mechanism. The present work will provide an alternative 
strategy for the remove of F– in water.

2. Materials and methods

2.1. Materials and chemicals

Bayberry tannin is purchased from Guangxi Rubber 
Factory, China. Zr(SO4)2·4H2O, NaF, hexamine, toluene-4-sul-
fonic acid, Tween 80, NaHCO3 and HNO3 are obtained from 
Kelong Chemicals, China. Besides, all reagents are analyt-
ical grade.

2.2. Preparation of tannin foam

40.00 g of tannin powder was added into 60 mL distilled 
water and agitated at room temperature to attain homoge-
neous solution. Then 2.84 g of hexamine as crosslinker and 
1.12 g of toluene-4-sulfonic acid as catalyst were added 
and stirred again for 10 min. Finally, 1 mL Tween 80 was 
added and the mixing speed was increased to 1,800 rpm 
and agitated for 1 h. The resultant brown was then cured at 
85°C. After 24 h, the tannin foam (TF) was obtained.

2.3. Preparation of the tannin foam loaded zirconium (TF-Zr) 
adsorbent

2.00 g of Zr(SO4)2·4H2O was dissolved in 100 mL dis-
tilled water. Then 1.00 g of TF was added and the reaction 
was carried out at 30°C with constant stirring for 4 h. The 
7% of NaHCO3 was dropwise added within 2 h to adjust 
the pH of the solution to 2~3 and then the reaction pro-
ceeded continuously at 40°C for 1~2 h and finally pH of the 
solution changes to 1.28~1.30. The material obtained was 
centrifuged at a 4,000 rpm for 10 min and then filtered to 
collect the solid material. It was washed with deionized 
water repeatedly, and dried at 40°C overnight under vac-
uum to obtain TF-Zr.

2.4. Characterization of materials

The surface morphology of materials was observed 
using scanning electron microscope (SEM, FEI/quanta250). 
X-ray photoelectron spectroscopy (XPS, Shimadzu ESCA-
850) data were collected to characterize electron binding 
energy. The function group of materials were recorded 
using Fourier transform infrared spectra (FTIR, VERTEX 
70). X-ray diffractometry (Rigaku/MiniFlex) was used to 
determine the crystal phase of the materials. Scanning elec-
tron microscope (S-3400N Hitachi) with an EDS technique 
was used to detect the surface atomic composition of the 
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adsorbent. BET surface area of TF-Zr was obtained from 
conventional analysis of nitrogen adsorption–desorption 
isotherms (ASAP2460). Elemental analysis of materials was 
also determined. The content of Zr(IV) loaded on TF was 
determined by inductively coupled plasma-atomic emission 
spectroscopy (ICP, Optima 8000) after as-prepared material 
was digested.

2.5. Performance of adsorption ability

2.5.1. Static adsorption

Batch experiments were conducted in 100 mL coni-
cal flask, which contained 50 mL of fluoride solution and 
0.10 g of adsorbent and closed with glass stoppers. After 
continuous stirring at 180 rpm for a fixed time interval, the 
samples were filtered and the fluoride concentration in the 
residual solution was analyzed by a fluoride ion selective 
electrode (PF-2-01, Model 201, China). The effect of initial 
concentration and pH values were investigated with the 
same procedures as above-mentioned. The adsorption iso-
therms experiments were performed at three different tem-
peratures (303, 313, and 323 K). The kinetics experiments 
were performed at three different concentrations (10.0, 15.0, 
20.0 mg L–1) as initial fluoride concentration. To explore 
the influence of various co-existing anions such as chloride 
ion, nitrate ion, carbonate ion, bicarbonate ion and phos-
phate ion on fluoride removal, 50 mL of 10.0 mg L–1 fluoride 
containing 50.0 mg L–1 co-existing anions solutions with 
0.10 g of adsorbent were added into 100 mL conical flasks.

2.5.2. Dynamic adsorption

In order to evaluate the performance of the TF-Zr for flu-
oride removal from aqueous solutions, column experiments 
were carried out using a lab scale column with inner diam-
eter 1.2 cm, length 20.0 cm. 3.80 g of TF-Zr was soaked in 
deionized water for 24 h and then packed. The inlet fluoride 
concentration was kept constant at 2.0 mg L–1 for the exper-
iment. Subsequently, the effluent samples were collected at 
predetermined time intervals (5 min) and the residual flu-
oride concentration in solution was analyzed by fluoride 
ion selective electrode.

After reaction, the residual fluoride in solution was dete-

rmined and the removal efficiency of fluoride was calcu-
lated using the following equation:

� % %� � � �
�

c c
c

t0

0

100  (1)

where c0 and ct are initial concentrations and concentration 
at a predetermined time of fluoride (mg L–1), respectively.

3. Results and discussion

3.1. Preparation and characterization of the TF-Zr adsorbent

The water-soluble bayberry tannin (BT) is cross-linked 
by hexamine to form a solid water-insoluble tannin foam 
(TF). Then, the adsorption material TF-Zr with a five-mem-
bered ring structure was synthesized when the ortho 

phenolic hydroxyl group on the tannin foam was chelated 
with the positive tetravalent Zr(IV). The as-prepared TF and 
TF-Zr are displayed in Fig. 1a. TF demonstrated the same 
brownish red as bayberry tannin, indicating that the cross-
link reaction did not destruct the skeleton structure of bay-
berry tannin. After loading zirconium ion, the brownish 
red color of material was slightly weakened, which may be 
ascribed to the low loading amount of Zr. The corresponding 
surface morphology of TF and TF-Zr is shown in Figs. 2c 
and d. It is observed that TF and TF-Zr are heterogeneous 
porous structures, and the introduction of zirconium did 
not change the structure of TF.

In this study, to optimize preparation of TF-Zr, the load-
ing amount of Zr was between 3%–8% with the mass ratio of 
Zr to TF from 0.05 to 0.4. It can be seen from Fig. 1c that the 
removal of fluoride increased with the increase of Zr/TF ratio 
to 0.25, at which the removal efficiency of F was the high-
est of 95.6%. When the mass ratio of Zr to TF was further 
increased, the material showed insignificant enhancement 
of adsorption performance. Besides, the loading amount of 
zirconium on TF was consistent with the removal of fluo-
ride (Fig. 1b), which indicated that the removal of fluoride 
depended on the reaction of zirconium and fluoride. It was 
possible that the active sites on TF was completely occupied 
at the Zr/TF ratio of 0.25, more Zr dosage could not make 
any sense on Zr loading. The follow-up experiment was 
carried out with the mass ratio of 0.25.

Furthermore, the presence of Zr signals in EDS spectra 
(Figs. 2a and b) revealed that the Zr(IV) was successfully 
loaded on TF-Zr. The mapping images of TF-Zr suggested 
the same result. As shown in Fig. 2g, when Zr(IV) reacted 
with TF, Zr(IV) could be uniformly distributed on the sur-
face of TF. It was possible that Zr(IV) loading and heteroge-
neous surface of adsorption material were conducive to the 
removal of fluoride.

The reaction mechanism was confirmed by XPS analysis. 
The peaks of C 1s, O 1s in TF and TF-Zr were observed in 
the wide scan spectra (Fig. 3a). After reacting with TF, Zr 
3d peak was displayed in the wide scan spectra of TF-Zr in 
comparison with TF. The result was similar with EDS results 
(Fig. 2b). In Fig. 3b, the prominent peaks belong to Zr 3d3/2 
and Zr 3d5/2, which are located at 185.70 eV and 183.30 eV 
[2,29] respectively. It indicated a state of Zr(IV) covalently 
bonded with O, and the Zr(IV) was firmly riveted to the five 
membered ring by the ortho phenolic hydroxyl group of 
tannin.

The FTIR spectra of TF and TF-Zr are presented in Fig. 3c. 
The peak at 3,000~3,600 cm–1 were assigned to the stretch-
ing modes of OH bands related to bayberry tannin and free 
water (surface adsorbed water), and the peaks at 1,630 cm–1 
were due to the bending mode of H–O–H band. The peak 
at 1,015 cm–1 was attributed to the stretching vibration of 
C–OH [30]. The presence of a strong peak also indicated 
high content of hydroxyl groups in the surface of material. 
The peak at 617 cm–1 was assigned for Zr–O–C stretching 
vibration [31]. The sharp peak at 1,384 cm–1 was attributed 
to the bending vibration of Zr–OH bands [32]. FTIR anal-
ysis further showed that Zr(IV) was coordinated with 
the phenolic hydroxyl group of TF.

Fig. 3d presents the N2 adsorption–desorption isotherm 
and BJH adsorption pore distribution of the TF and TF-Zr. 
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A wide mesopore distribution was observed in TF and 
TF-Zr. Both the isotherms were the type IV with hystere-
sis loops. After loading Zr(IV), the BET surface area of TF 
increased from 2.96 to 3.98 m2 g–1, which allowed a better 
accessibility to fluoride and thus a better activity.

The X-ray diffraction (XRD) pattern of materials was 
illustrated in Fig. S1. No definite crystallographic pattern was 
observed in the as-prepared material, which meant Zr(IV) 
in TF-Zr mostly referred to its amorphous characteristics 
[27], resulting in more conducive to coordination of Zr(IV) 
and fluoride. Similar observations were also noted by other 
researchers in case of pea peel waste carbon loaded with 
Zr(IV) [30].

3.2. Adsorption performance for fluoride

3.2.1. Adsorption performance of TF-Zr to fluoride 
with wide pH

pH is an indispensable parameter to assess the F– adsorp-
tion performance of adsorbent. The effect of initial pH on 
F– adsorption was carried out in the range of 2–11(Fig. 4a). 
In the pH range of 3–8, the removal efficiency of fluoride 
was more than 80% and the adsorption capacity of fluoride 

on TF-Zr was about 10 mg g–1 due to the stable coordina-
tion between F– and zirconium. The removal efficiency and 
adsorption capacity of F– was much higher than most natu-
ral materials, such as hydroxyapatite [13], red mud [14], clay 
[15], carbon material [16], zeolite [17] and bio-adsorbent [18] 
and also higher than some Zr load biosorbents, namely Zr 
impregnated coconut shell carbon [26] and Zr loaded shel-
lac [27]. Further increase of pH to 10 led to minor decrease 
of F– removal which may be ascribed to electrostatic repul-
sion of F–, as well as the competition between hydroxyl 
ions and F– [34]. However, F– removal was not satisfactory 
at pH of 2 and 11, which was probably that F– could form 
HF with weak ability of ionization [33] and the structure 
of adsorbent could be damaged under the pH of 2 and 11. 
These results indicated that the material had a satisfactory 
property of F– adsorption in a wide pH range of 3–10.

3.2.2. Effect of initial fluoride concentration, 
temperature and co-existing ions

The effect of initial F– concentration on the F– adsorp-
tion by TF-Zr is shown in Fig. 4b. The temperature was 
set at 25°C and the contact time was about 90 min. The 

 
Fig. 1. (a) Schematic process of absorbent (TF-Zr) preparation, (b) Zr content of material at different mass ratio Zr to TF, 
and (c) removal efficiency of fluoride at different mass ratio Zr to TF.
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Fig. 2. EDS of (a) TF and (b) TF-Zr, SEM images of (c) TF and (d) TF-Zr and the mapping of TF-Zr for (e) C, (f) O, and (g) Zr.

Fig. 3. (a) The wide scan XPS spectra of TF and TF-Zr, (b) Zr 3d of TF and TF-Zr, (c) FTIR spectra of TF and TF-Zr, and (d) nitrogen 
adsorption–desorption isotherm of TF and TF-Zr.
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increase of initial concentration F– could increase the prob-
ability of contact between F– and the adsorbent, thereby 
enhancing the ability of the adsorbent to capture F–. 
When the initial F– concentration increased from 2.0 to 
25.0 mg L–1, the adsorption capacity of TF-Zr rose rapidly 
from 0.88 to 9.53 mg g–1, while the removal efficiency of 
F– decreased as the initial F– concentration increased. The 
reason for such decrease of F– adsorption at higher anion 
concentration could be ascribed to the saturation of active 
adsorption sites of the material.

Moreover, the effect of temperature (298, 308, and 318 K) 
on F– adsorption was investigated by setting F– concentra-
tion of 20.0 mg L–1 with 0.10 g TF-Zr (Fig. 4c). It was reported 
the adsorption of F– by Zr loaded materials was an endo-
thermic process [27] and the increase of temperature could 
promote adsorption. However, with the increase of tempera-
ture, the adsorption efficiency of F– had significant increase 
within 10 min and decreased subsequently in this study. At 
initial stage, the reaction energy could be reduced at high 
temperature to enhance reaction rate. As the adsorption 
reaction progressed, high temperature had negative effect 
on the adsorption of F–, resulting in decrease of adsorp-
tion. Besides, some other studies found Zr loaded materi-
als was an exothermic process [17,27,30], which could be 
attributed to different thermodynamic characteristics of the 
TF-Zr in this study.

Natural water body also includes other anions except 
for F–. Absorption selectivity is a crucial factor for ideal 
adsorbent assessment [25,35,36]. Influences of coexisting 
anions on the adsorption of F– on TF-Zr were also investi-
gated. As shown in Fig. 4d, the influence of coexisting Cl–, 
NO3

–, HCO3
– and PO4

3– for F– removal from binary mixture 
was negligible. Even the concentration of each coexisting 
anions was 50.0 mg L–1, the removal efficiency of F– could 
still reach around 80%. The adsorption of F– on TF-Zr 
was mainly based on the coordination of Zr(IV) with F–. 
However, F– adsorption capacity was reduced at the pres-
ence of CO3

2– due to surface complexation onto the TF-Zr. 
These results proved TF-Zr had highly selective adsorption 
capacity for F–, which was similar with the reported study 
[27]. The Zr loaded shellac material was not significantly 
affected in presence of chloride, nitrate and sulphate, but 
affected by bicarbonate and phosphate.

3.3. Column experiment

Many studies carried out column experiments to inves-
tigate the application of adsorption materials in water 
treatment processes [25,35,36]. In this study, a small-scale 
column experiment was studied for removing low concen-
tration (2.0 mg L–1) F– in water. It is found in Fig. 5a that 
the treated wastewater volume was about 11.02 L before 

Fig. 4. Effect of (a) initial pH on adsorption capacity of TF-Zr, (b) initial concentration on F– removal by TF-Zr, (c) temperature on 
adsorption capacity of TF-Zr, and (d) co-existing anions on F– removal by TF-Zr.



165Y. Jiang et al. / Desalination and Water Treatment 250 (2022) 159–171

the adsorption curve reached the breakthrough point and 
the effluent F concentration was negligible, which indicated 
that TF-Zr could continuously treat low fluoride contami-
nated water. The corresponding adsorption capacity was 
5.80 mg g–1. It demonstrated that the TF-Zr adsorption col-
umn had relatively high treating efficiency. After reaching 
the breakthrough point, the effluent concentration curve of 
F– increased sharply.

Moreover, it was found that drinking water contained 
considerable amount of F [4,5], which exceeded the stan-
dard for drinking water (1.5 mg L–1) set by the World Health 
Organization. To evaluate the F adsorption of TF-Zr mate-
rial from drinking water, static experiments were carried 
out to remove low concentration of F (2.0 mg L–1) by using 
TF-Zr material. As displayed in Fig. 5b, the removal of low 
concentration of F– was very fast and the removal efficiency 
could reach 88.50% within 10 min. More importantly, the 
residual F–concentration was less than 0.5 mg L–1, which 
could meet the standards for drinking water set by the 
World Health Organization [5,37]. Thus, the TF-Zr mate-
rial could be an ideal adsorbent for low concentration F– 
removal in drinking water.

3.4. Adsorption isotherm

Adsorption isotherm models could express the surface 
properties and the affinity of the adsorbent. The adsorp-
tion experimental data on TF-Zr at different initial concen-
tration of F– could be further analyzed by the Langmuir 
and Freundlich equations. These two isotherms equations 

have been widely applied for evaluating isotherm of adsor-
bents [17,27,30]. The Langmuir equation is given by

1 1 1 1
q K q C qe L m e m

�
�

�
��

�

�
�� �  (2)

where Ce and qe are the equilibrium concentrations (mg L–1) 
and the adsorption capacity (mg g–1), respectively. The qm 
is the Langmuir constants which are related to the adsorp-
tion capacity. KL is the Langmuir constant related to the 
free adsorption energies (dm3 mg–1)

The Freundlich isotherm model is an exponential equa-
tion that applies to adsorption on heterogeneous surfaces. 
The well-known expression for the Freundlich model is 
given as Eq. (3).

ln ln lnq K
n

Ce F e� �
1  (3)

where KF is the Freundlich constant ((mg g–1) (L mg–1)1/n) 
related to the bonding energy, and n is a measure of the 
deviation from linearity of the adsorption.

Correlation coefficients for Langmuir and Freundlich 
adsorption isotherms were calculated by fitting the experi-
mental adsorption equilibrium data and showed in Table 1. 
The adsorption kinetic curve of the adsorbent is shown in 
Figs. 6a and b. By comparing the correlation coefficients, it 
was found that the equilibrium data was best described by 

Fig. 5. (a) The column adsorption performance of TF-Zr at 2 mg L–1 initial concentrations of F– and (b) static adsorption performance 
of TF-Zr at 2 mg L–1 of F–.

Table 1
Langmuir and Freundlich parameters for F– adsorption on TF-Zr at 25°C

Langmuir Freundlich

Temperature (°C) qm (mg g–1) 1/KL R2 logKF 1/n R2

25 10.16 0.4245 0.9954 0.7808 0.2831 0.9709
35 12.41 0.5795 0.9782 0.8842 0.3882 0.9249
45 10.90 0.5307 0.9902 0.7816 0.2973 0.9314
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Langmuir isotherm model. This behavior indicated that 
the F– occupied homogeneous sites and had monolayer 
reaction on the TF-Zr.

The adsorption kinetic curve of the adsorbent is shown 
in Figs. 6c and d. The adsorption kinetic data were fitted 
using the pseudo-first-order and pseudo-second-order 
kinetic models [30,31]:

q q et e
k t� �� ��1 1  (4)

q
k q t
k q tt
e

e

�
�� �
2

2

21
 (5)

where qt and qe are the amount of the adsorbed F– (mg g–1) at 
time t and at equilibrium time, respectively and k1 and k2 are 
first order and second-order rate constants for adsorption.

Figs. 6c and d show that the pseudo-first-order and 
pseudo-second-order kinetic models were used to fit the 
adsorption kinetic data, and the fitting parameters are 
shown in Table 2. According to the correlation coefficient, 
the pseudo-second-order kinetic model fitted better with 
the experimental data.

The strength and spontaneous nature of adsorption are 
provided by determining thermodynamic parameters such 
as changes in Gibb’s free energy (ΔG), enthalpy (ΔH) and 
entropy (ΔS) [27,30,32]. And whether the adsorption pro-
cess is exothermic or endothermic was explored. Thermo-
dynamic parameters such as variation of enthalpy, entropy, 

Table 2
Pseudo-first-order and pseudo-second-order parameters for F– adsorption on TF-Zr at 25°C

Concentration (mg L–1) Pseudo-first-order Pseudo-second-order

qe (mg g–1) 1/k1 R2 qe (mg g–1) k2 R2

10 4.737 0.8 0.9640 4.797 0.85 0.9999
15 6.755 0.042 0.7994 6.910 0.02 1
20 8.228 0.062 0.9849 8.530 0.14 1

Fig. 6. (a) Langmuir isotherm for F– adsorption, (b) Freundlich isotherm for F– adsorption, (c) pseudo-first-order kinetic fit for F– 
adsorption, and (d) pseudo-second-order kinetic fit for F– adsorption.
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and Gibb’s free energy were calculated from plot of loga-
rithmic value of distribution coefficient (Kd) as a function of 
temperature by using following equations:

K
Q
Cd
e

e

=  (6)

�G RT Kd� � ln  (7)

lnK S
R

H
RTd � �

� �  (8)

The calculated thermodynamic parameters are listed 
in Table 3 where ΔG is the change in free energy, T is the 
absolute temperature, R is the universal gas constant 
(8.314 J mol−1 K−1), and Kd is the equilibrium constant. Plot 
of lnKd vs. 1/T should yield a straight line from which the 
value of ΔH and ΔS can be calculated from slope and inter-
cept, respectively (Fig. S4).

It was found that the ΔG values were negative at all 
temperatures indicating that the adsorption was a sponta-
neous process and had no requirement for energy from an 
external source to occur, which are consistent with most 
Zr loaded adsorbents [27,28,30]. The negative values of ΔH 
confirmed that the process was exothermic in nature and 

proceeded at lower temperatures since an increase of tem-
perature reflected a stronger interaction between the adsor-
bate and the adsorbent. The negative values of ΔS reflected 
that no significant change occurred in the internal structures 
of the adsorbent during the adsorption process. Standard 
thermodynamic parameters of activation (ΔH and ΔS) based 
on the corresponding equations were similar with FeZr-
zeolite [17], but quite different from those reported else-
where using adsorbents, such as Zr loaded shellac [27], Zr 
loaded peel [30], Zr loaded chitosan [31], which was mainly 
due to the complex structure of matrix tannin foam.

3.5. Adsorption mechanism

The adsorption of F– by TF-Zr was efficient under the pH 
range of 3–10, while decreased under the solution pH of 2 and 
11. It was identified from SEM image that the micro-struc-
ture of the material had collapsed at pH of 2 (Fig. 7a), while 
the shape of the adsorbent was still roughly retained at pH 
of 7 and 10 (Figs. 7b and c). Besides, the amount of Zr(IV) 
on TF-Zr was measured by using ICP after adsorption. The 
material could be used steadily in the pH range of 3–10 
without any Zr loss, while TF-Zr broke down at pH of 2 
with less Zr remaining (Fig. 7f). Meanwhile, zeta potential 
of the material was measured (Fig. S3). The zeta potential 
of the material was very closed to the isoelectric point at 
the pH of 2 and 11, indicating the adsorbent was extremely 
unstable under this condition. Thus, it was expected that 
this adsorbent could be effectively used for remove of F– in 
water with wider pH range than other adsorbents without 
the risk of losing the Zr(IV) loaded on its surface.

The XPS wide scan spectra of as-prepared material 
before and after absorption of F– are shown in Fig. 7d and 
e. Compared with TF-Zr, a strong F1s peak at 685.2 eV was 
found after adsorption, clearly indicating that surface reac-
tions had occurred between F– and Zr(IV). This F1s peak 
was at a higher binding energy than the 685.1 eV peak 

Fig. 7. (a–c) The SEM of TF-Zr to adsorb F– at different pH values 2, 7, 10, (d) wide scan of TF-Zr and TF-Zr-F, (e) XPS of F, 
and (f) stability of Zr(IV) at different pH.

Table 3
Thermodynamic parameters for the absorption of F– on TF-Zr

Temp. (K) ΔG (kJ mol−1) ΔH (kJ mol−1) ΔS (kJ mol−1 K−1)

298 –11.01
–19.86 –29.59308 –10.82

318 –10.42
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for ZrF4 and higher than the 684.5 eV peak for NaF [27], 
also indicating that coordination reactions had occurred 
between F– and Zr(IV). This result was agreement with the 
EDS analysis (Fig. S2f) and Mapping images in Fig. S2b–e. 
The zeta potential of the material was all negative under 
the pH of 3–10 (Fig. S4), which indicated the surface of 
TF-Zr was negative and the adsorption of F– was not an 
electrostatic adsorption process. It was reported that the 
adsorption of F– by Zr loaded material was dominated by 
strong specific ion-exchanging and direct chemical bond 
formation, where the replacement of surface Zr–OH groups 
with Zr–F structure happened [32], which was proved 
to be the same as that in this study.

4. Conclusions

In the present study, a novel adsorbent that tannin foam 
was loaded with zirconium (TF-Zr) was optimally syn-
thesized for the removal of F– from aqueous solution. The 
optimal material exhibited highly efficient adsorption per-
formance for different concentration of F– (2.0–20 mg L–1), 
with the removal efficiency as high as around 80% in a wide 
pH range of 3–10, while lower and higher pH could break 
the structure of material. Co-existing ions could reduce the 
adsorption of F on TF-Zr, especially CO3

2–. Moreover, the 
adsorption process was highly adjacent with the Langmuir 
adsorption model and pseudo-second-order kinetic model. 
It was identified that the highly effective adsorption per-
formance was ascribed to the powerful complex adsorption 
between Zr(IV) and F–, porous properties of tannin foam 
matrix, and exceptional stability of Zr(IV) on material as 
well. Most importantly, dynamic adsorption experiment 
revealed that TF-Zr material could continuously treat F– 
contaminated water contaminated. The present work could 
provide an alternative material for effective removal of 
fluoride in aqueous solution.
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Supplementary information

Fig. S1. XRD pattern of the TF and TF-Zr.

Fig. S2. (a) SEM images of TF-Zr-F (b–e), the mapping of TF-Zr-F for C, F, O, Zr, N, and (f) EDS image, respectively.
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Fig. S3. Zeta potential of TF-Zr under different pH values.  

Fig. S4. Plot of logKd vs. 1/T and linear fitting.
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