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Abstract: 

A hybrid material was prepared by incorporating cyclic tetra [(indolyl)-tetra methyl]-

diethane-1,2-diamine (CTet) into hydrous zirconium oxide (HZO) via thorough mixing of 

previously prepared CTet in methanol and stirred for 7 h at 27℃. CTet-HZO was 

characterized by FT-IR, 
13

C NMR, XRD, TGA-DTA, SEM coupled with EDX and TEM. 

The adsorption capacity of fluoride as a function of pH, sorbent dose, contact time, initial 

concentration of fluoride ions and temperature was examined in batch mode. Maximum 

fluoride adsorption (188.68 mgg
-1

) occurred in the pH range 3.5-4.5. The outstanding fluoride 

sorption property might be ascribed due to the presence of indole-NH groups. The Langmuir, 

Freundlich and Temkin isotherms were applied to fit the sorption equilibrium data. Based on 

R
2
 and average percentage error (APE), the best isotherm model fits follow the order: 

Freundlich> Temkin > Langmuir. The pseudo-second order kinetic model well fitted the 

sorption kinetic data which supported the chemisorption as the mechanism of interaction 

between sorbent and F
-
. The hybrid material could be reused upto four sorption-desorption 

cycles with no significant decrease in F
-
 sorption capacity. The material has been applied 

successfully for the defluoridation of groundwater and river water. 

Keywords: cyclic tetra [(indolyl)-tetramethyl]-diethane-1, 2-diamine (CTet), hydrous 

zirconium oxide, adsorption, fluoride, enhanced removal. 
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1. Introduction: 

Elemental fluorine is the most electronegative 
1 

and is widely dispersed as fluoride in the 

environment which is about 0.06-0.09 % of the earth’s crust.
2 

The release of fluoride to 

groundwater is dependent on the chemical and physical processes occurring between the 

groundwater and its geological environment.
3,4 

Fluoride enters human body mainly through 

drinking water and food. The dental health benefits are obtained when the concentration of 

fluoride in drinking water is 0.8-1.0 mgL
-1

.
5, 6 

U.S. Environmental protection agency has 

recommended 4.0 mgL
-1

 as maximum contaminant level for fluoride in drinking water,
7 

while 

WHO has set 1.5 mgL
-1

 as a permissible limit.
8 

However, if the fluoride concentration in 

drinking water exceeds the permissible limit, it can pose a health threat to millions of people 

around the world. The excessive intake of fluoride may cause dental 
9
 and skeleton disorder.

10 

The risk of fluorosis associated with such water for human consumption is a problem faced 

by many countries of Asia, Africa, America and Europe where the fluoride concentration 

ranged from 0.01 to 3 mgL
-1

 in fresh water and 1-3.5 mgL
-1

 in groundwater.
11,12 

In recent years, several defluoridation processes such as precipitation,
13 

reverse osmosis,
14

 

nanofiltaration,
15

 electrocoagulation,
16

 electrodialysis,
17

 adsorption and other methods have 

been studied for the removal of fluoride from aqueous systems. Among various methods, the 

adsorption process is widely used and offers satisfactory results. The adsorption process 

seems to be more attractive for removal of fluoride in terms of cost, easy availability of 

adsorbent, simplicity of design and operation.
18

 Many inorganic adsorbents such as Al-Fe 

(hydr) oxide,
19

 Mg-doped nanoferrihydrite,
20

 titanium hydroxide derived adsorbent,
21

alginate 

entrapped nanostructure Al(III)-Ce(IV) mixed oxide 
22 

and bismuth oxide 
23

 have been tested 

for removal of fluoride from water. Hydrous zirconium oxide exhibited high affinity towards 

fluoride through Lewis acid-base interaction and used as an effective sorbent for 

defluoridation. In addition, inorganic-organic hybrid materials have also the ability to remove 
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fluoride from aqueous solution at solid-liquid interface. Adsorption potential of a 

combination of polymeric anion exchange resin and iron oxide with a goethite (α-FeOOH) 

structure has been assessed for fluoride removal from water 
24

. Swain et al 
25 

have synthesised 

zirconium (IV) ethylenediamine hybrid sorbent which showed maximum fluoride removal 

efficiency at pH 7. Recently, a porous polystyrene encapsulated zirconium phosphate 

nanocomposite was reported for fluoride ion retention and its adsorption capacity was found 

to be 6.65 mg/g at pH 3.
26

 

The main objective of present study is to develop a hybrid material by impregnating cyclic 

tetra [(indolyl)-tetra methyl]-diethane 1, 2-diamine(CTet), an indole derivative, into hydrous 

zirconium oxide (HZO) and to evaluate its properties for efficient fluoride removal from 

water samples. Previously, indole-3-carbinol cyclic tetramer derivative was used as a 

promising anticancer agent with antiproliferative activity in breast cancer cells.
27

Single-

walled carbon nanotubes have been functionalized for delivery  of indole-3-carbinol cyclic 

tetrameric derivative to breast cancer cell lines in an efficient way.
28

 Moreover, polypyrrole 

and indole derivatives have been identified as  potential  ligand and ion sensing scaffold.
29

 

Recent studies have suggested that these materials have  high potential for binding with 

fluoride through indole NH----F
-
 interaction.

30 
Functionalization of hydrous zirconium oxide 

with CTet would exhibit enhanced fluoride retention owing to the increased number of indole     

–NH groups in the hybrid material. To the best of our knowledge, no literature is available 

concerning the immobilization of CTet on any hydrous metal oxide for defluoridation. 

2. Experimental methods 

2.1. Reagents.  

Sodium fluoride (Merck, India) was used for the preparation of stock solution of fluoride 

(1000 mgL
-1

) by dissolving an appropriate amount in distilled water and stored in 

polyethylene bottle. 2, 3-Benzopyrrole (indole) was purchased from Himedia, (Mumbai, 
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India). Formaldehyde, ethylenediamine, ammonia, acetic acid, and zirconium oxychloride 

were obtained from Merck (Mumbai, India). Water used in all experiments was doubly 

distilled. 

2.2. Preparation of cyclic tetra [(indolyl)-tetra methyl]-diethane 1,2-diamine (CTet) 

The synthesis of 2, 3,-dimer of Mannich base, (N1-[(1H-Indol-2-yl)-(1H-indol-3-yl)-methyl]-

ethane-1,2-diamine), was carried out according to the procedure reported in literature. 
31

 To a 

solution containing 2,3-dimer of Mannich base (10.0 mmol) and formaldehyde (37 %, 14.6 

mmol) in methanol,  4.0 mL of acetic acid (99.8%) was added and  the mixture was refluxed 

in dark  for 2 h. After cooling, dark wine red solution was obtained and kept, further, for 24 h 

in mother liquor for complete polymerization, (Scheme S1, SI). The resulting product is CTet 

(Scheme1). 

2.3. Functionalization of Hydrous Zirconium oxide with  CTet 

Aqueous solution of zirconium oxychloride (0.1 M) was warmed at 70℃ and hydrolized by 

drop wise addition of 0.1 M NaOH solution following the procedure reported in literature.
32, 

33
 The white gel formed was aged with supernatant for 2 days at room temperature. The 

obtained CTet solution was mixed with the (HZO) for 7 h with continuous stirring for 

complete impregnation of organic moieties. Finally the reaction mixture was filtered and 

precipitate was washed several times with water, and dried at 50℃ . The final product (CTet-

HZO) was broken in to small granules on treatment with distilled water. The chemical and 

elemental analysis of CTet-HZO shows the following composition: Zr = 19.18 %, C = 50.50 

%, H =5.09 % and N = 11.78.The functionalization of hydrous zirconium oxide with CTet is 

shown in Scheme 2.  
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2.4. Characterization of CTet-HZO. 

The Fourier transform infrared (FT-IR) spectra of HZO and CTet-HZO were recorded with 

Perkin Elmer FTIR spectrometer (Interspec 2020, Spectrolab, UK) using KBr pellet 

method.  Far infrared spectra (FIR) were obtained by using a Perkin Elmer FT-IR/FIR 

Fourier spectrometer (wavenumber range 400 to 30 cm
−1

).The powder X-ray diffraction 

(XRD) analysis was done by the Panalytical's X'Pert Pro X-ray diffractometer. The radiation 

used is Cu Kα
   

whereas nickel metal is used as beta filter. Scanning electron micrographs 

(SEM) coupled with EDX spectra of the material were taken by scanning electron 

microscope (JEOL JSM-6100 LV Tokyo, Japan), for surface morphology. Transmission 

electron micrographs (TEM) were also recorded using transmission electron microscope 

(JEOL JSM 2100, Japan). 
13

C NMR spectrum was recorded using Bruker Avance III 

spectrometer with solid state attachment CP-MAS (500 MHz). A Shimadzu TGA/DTA 

simultaneous measuring instrument, DTG-60/60H (Kyoto, Japan) was used for 

thermogravemetric analysis (TGA), differential thermal analysis (DTA) and differential 

scanning calorimetry (DSC) at a heating rate of 10℃ /min under nitrogen atmosphere. The 

concentration of fluoride was measured using expandable ion analyzer with the fluoride ion 

selective electrode (ELICO- LI126, India). 

2.5. Batch adsorption Experiments: 

Batch experiments were conducted by using the traditional bottle-point method to determine 

the fluoride adsorption equilibrium and kinetic properties of CTet-HZO. A 50 mL fluoride 

solution at a desired concentration level (20-900 mg/L) was transferred to 100 mL 

polyethylene bottles. The pH of each solution was fixed at 3.5, except the influence of pH 

experiment. CTet-HZO (0.15g) was added to the solution and agitated in an incubator shaker 

at 200 rpm. Effect of pH on the fluoride adsorption onto CTet-HZO  and HZO was studied 
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separately in the pH range 0.5-10 at an initial fluoride concentration of 20 mgL
-1

, maintaining 

the other parameters of the experiment constant. 

Adsorption kinetics and thermodynamic studies were carried out by adding 0.15 g of CTet-

HZO into a series of  polyethylene bottles containing 50 mL solution with a fixed initial 

fluoride ion concentration (20 mgL
-1

) at pH 3.5 and different  temperatures 308, 318 and 328 

(± 1) K. At a preselected time intervals, the samples were extracted from the polyethylene 

bottles.  After each experiment, CTet-HZO particles were separated immediately by filtration 

through 0.45 µm membrane filter. Fluoride concentration of each filtrate was determined by 

ion analyzer using fluoride ion selective electrode. The amount of fluoride adsorbed at 

equilibrium (qe, mg g
−1

) was calculated by following equation:  

=> = @ABCAD
E F G                                          (1) 

where C0 and Ce are initial and equilibrium concentrations of fluoride (mgL
-1

), respectively, 

m is the mass of CTet-HZO (g) and V is volume of the solution (L). 

2.7. Column experiments: 

Fixed bed column experiments were carried out by packing 0.83 g of CTet-HZO or HZO into 

two separate glass columns (1.0 cm in diameter and 25.0 cm length). The synthetic feeding 

solution was prepared by adding fluoride (5 mg L
-1

) to the tap water (free from fluoride) and 

was allowed to percolate through the column at a constant flow rate (2.5 mL/min). To 

examine the feasibility of CTet-HZO and HZO for practical application, the groundwater and 

acidic industrial wastewater, collected from Agra and Aligarh districts of Uttar Pradesh, 

India, respectively, were also employed as the feeding solution. Percolation of sample 

solution was stopped when the concentration of fluoride in the effluent exceeded the 

permissible limit of 1.5 mg L
-1

. 
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3. Results and Discussion: 

3.1.  Physicochemical Characterization of CTet-HZO adsorbent 

FTIR spectrum of HZO (Figure 1a) showed absorption bands at wave numbers 3355, 1622, 

1556, 1447, 1412, 1130, 1080, 651 and 473 cm
-1

. The bands around 3355 and 1622 cm
-1 

are 

assigned to stretching and bending modes of coordinated water and O-H, respectively. The 

peak at 1130 cm
-1

 is assigned to the bending vibration of hydroxyl group of Zr-OH. 
34 

The 

bands at 651 are assigned to Zr-O linkage, respectively.
35 

FT-IR spectrum (Figure 1b) shows 

absorption bands at 3410 and 1619 cm
-1 

are due to-N-H stretching and bending vibrations. In 

these regions, the coordinated water molecules also absorb radiation. The band appearing at 

2928 cm
-1

 may be assigned to –C-H stretching vibration of methylene group. The presence of 

C-N stretching absorption of primary aliphatic amine is confirmed by the band at 1087 cm
-1

. 

The  band peaking at 1458 cm
-1

, 1412 and 1344 cm
-1

  may be assigned to –C=C in-plane 

vibration and C=N stretching vibration  of  indole.
35 

Another peak at 744 cm
-1

 is attributed  to 

ortho-disubstituted benzene. 
35

 Far IR spectra of CTet-HZO and fluoride adsorbed CTet-HZO 

are presented in Supporting Information ( Figure S1,a-b, SI). CTet-HZO in Cl
-
 form shows 

absorption bands at 229.33, 180, 155 &104 cm
-1

; while fluoride sorbed CTet-HZO shows 

strong bands at 290, 200, 157, 120, 96 and 48 cm
-1

. The peak at 104 disappeared suggested 

the sorption of fluoride on CTet-HZO 
36

 The two strong absorption bands (both spectra) at 

324 cm
-1

 and 229 cm
-1

 are due to the N-Zr-N in plane bending. 
34

 

The X-ray diffraction patterns of the adsorbent before and after fluoride adsorption are shown 

in Figure 2. XRD study reveals the amorphous nature of CTet-HZO with some change after 

the adsorption of fluoride ions. The fluoride ion sorbed material showed peak at 29.61 with d-

spacing of 1.49 H°. SEM images of HZO, CTet-HZO and fluoride sorbed CTet-HZO are 

shown in Figure 3(a-c). HZO (Figure 3a) showed the agglomerated surface morphology with 

irregular shape and porous nature. SEM image of CTet-HZO showed some changes in the 
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surface morphology owing to incorporation of CTet. The surface of the adsorbent before and 

after fluoride adsorption seems to be more or less similar. However, EDX spectrum (Figure 

S2, SI) confirmed the presence of fluoride on the adsorbent surface. TEM image of CTet-

HZO is shown in Figure 4 .The particles of CTet-HZO  have irregular shape and very broad 

in size distribution ranging from 60.5 nm-189 nm. Figure 5 shows 
13

C NMR spectrum of 

CTet-HZO. The chemical shifts observed at 137.19 ppm, 128.70 ppm,120.30 ppm and 110.53 

ppm indicated the presence of C=C, aromatic carbon, -C- on  ortho position of benzene ring, 

and aryl carbon, respectively. The chemical shifts at 64.03 ppm and 55.14 ppm indicated the 

presence of C-N linkage and –CH aliphatic, respectively.  The peaks at 32.87 & 30.62 ppm 

confirmed the –CH2 group. Tertiary alkyl carbon appears at 15.48 ppm while the shift at 

21.04 ppm suggested the presence of C at 3 position of pyrrole. 

The results of thermal analysis of HZO and CTet-HZO are presented in Figure 6 (a&b). TGA 

curve of HZO indicated the weight loss in the temperature range of 30 to 350 
o 

C and was 

attributed to dehydration of the interstitial water.
37,38

 DTA curve showed one endothermic 

peak at 75 
o
C ,indicating the loss of water molecules. In case of CTet-HZO, the weight loss 

occurred in two steps; 16.94% and 15.51 % from 40℃ -190℃ and > 190 − 440 ℃ , 

respectively, corresponding to physically adsorbed water and dehydroxylation from OH 

groups. The DTA curve showed an endothermic peak at 72.41 ℃ . However, on increasing 

the temperature above 440 ℃ , sharp deflections in the TGA curve was observed which is 

attributed to the decomposition of organic molecule present in the matrix. The DTA curve 

showed an exothermic peak at 450 ℃ which also confirmed the decomposition of organic 

molecule and two step weight loss. DSC curve of CTet-HZO (Figure S3, SI) showed an 

endothermic peak at 96 ℃  which also confirmed the loss of water molecules. 

Adsorption of Fluoride  on CTet-HZO 

3.1.1. Effect of pH, Contact time and Sorption mechanism 
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The pH of the aqueous system is one of the most important parameters which directly affect 

the fluoride adsorption process. Figure 7 shows the effect of pH on the fluoride uptake by 

CTet-HZO at 308±1K. Results indicated that the maximum adsorption of fluoride occurred in 

the pH range 3.5-4.5. Fluoride has different species in water,
39

 
 
including HF, HF2

-
 and F

-
.The 

pKa of hydrofluoric acid is 3.18 and therefore, free fluoride ions are available for ligand 

exchange/ hydrogen bonding at pH>3.18. At pH 3.5, OH groups attached to Zr (IV) are 

protonated and thus promote the adsorption of F
- 
ions. On the other hand, at pH<3.5 uptake of 

fluoride decreased that may be due to the non-availability of free fluoride ions. At higher pH, 

the decrease in uptake of fluoride ions may be attributed to the presence of OH
- 
which caused 

the deprotonation of the OH2
+
 groups in the structure. Under this condition the fluoride ions 

are repelled through electrostatic repulsion. This trend is similar to fluoride ion retention on 

polystyrene anion exchanger supported hydrous zirconium oxide nanoparticle. 
40 

The effect 

of pH on the uptake of fluoride by HZO was also studied. The maximum adsorption was 

observed in the pH range 6-7 (Figure S4, SI).The adsorption of fluoride on  CTet-HZO (pH 

3.5 ) and HZO (pH6.5) was studied as a function of contact time. Results (Figures S5, S6, SI) 

indicated that the adsorption equilibrium was attained in 40 min with CTet-HZO whereas 90 

min are needed for HZO. 

The effect of solution pH on the stability of CTet-HZO was studied. It was observed that the 

leaching of Zr(IV) occurred at pH <2.6. At pH 2.8, 0.08% Zr(IV) and 0.11% cyclic diamine 

of CTet-HZO were leached into the surrounding solution when immersed for three days. 

However, Zr(IV) and cyclic diamine were not detected in the residual solution when pH was 

above 3.0, suggesting the stability of the CTet-HZO. 

Recent 
1
H-NMR study 

30
 suggested that indole NHs interacts with fluoride ion through 

hydrogen bonding. In our study, CTet-HZO possess four indole-NH groups and providing 

Page 11 of 46 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 

12 

 

four binding sites for fluoride ion which is indicative of enhanced fluoride sorption. The 

adsorption mechanism is shown in scheme 3.   

The effect of the increased adsorbent dosage on the percent removal of fluoride was studied 

by varying the amount of adsorbent dose from 0.05-0.4 g/50mL. The experiment was carried 

out using initial fluoride ion concentration of 20 mgL
-1

 at pH 3.5,  keeping the contact time of 

40 min. Results (Figure S7, SI) revealed that the removal efficiency increased with increase 

in adsorbent dose and the value reaches a maximum (98.67%) corresponding to a feeding 

dose of 0.15 g. The observed results could be attributed to increase in surface area with 

increase in adsorbent dose and hence more adsorption sites are available for fluoride 

adsorption. 

It is well known that the common ions such as Cl
-
, NO3

-
, SO4

2-
, HCO3

-
, CO3

2-
, and PO4

3-
 are 

ubiquitous in drinking water and wastewater. These ions can compete for adsorption sites and 

decrease the removal efficiency of the adsorbent. Fluoride adsorption in presence of potential 

co-existing ions was studied to elucidate the outstanding selectivity of CTet-HZO. Hence the 

tests were conducted in the presence of co-existing ions in the broad range of concentrations 

(1-1000 mgL
-1

) and results are shown in Figure 8. It is evident from the figure that the 

removal efficiency of F
-
 is not affected in presence of these co-existing ions. However, 

presence of arsenate ion decreases the removal efficiency of fluoride ion. 

3.2. Sorption Studies and Modelling 

For optimization of the process for fluoride removal, it is important to understand fluoride ion 

distribution between two phases via analyzing the adsorption equilibrium data. In this study, 

the equilibrium data obtained for initial fluoride ion concentration variation from 100 to700 

mgL
-1

 at pH 3.5 were investigated by Langmuir, Freundlich and Temkin adsorption isotherm 

models. The significance of isotherm equations has been highlighted in a number of research 

articles. 
41
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The linear form of Langmuir adsorption isotherm
 42  

equation is expressed as: 

M
   NO

= @ M
PQ  NR

F M
SO

+ M
NR

                              (2) 

 

where qe is the amount of solute adsorbed per unit weight of adsorbent (mg/g) and Ce is the 

equilibrium concentration in solution (mg/L). The values of qm and KL, (Langmuir isotherm 

constant) relate to the monolayer adsorption capacity (mg/g) and energy of adsorption 

process. The plots between 1/qe and 1/Ce at different initial concentrations and temperatures 

generate straight line (Figure 9a). The isotherm parameters were calculated and represented 

in Table. 1. The maximum adsorption capacity of CTet-HZO was found to be 188.6 mg/g. 

The performance of CTet-HZO for fluoride adsorption was compared with some previously 

prepared adsorbents and hydrous zirconium oxide (HZO) prepared in this study (Table 2). 

The comparative data indicated the superiority of our material over others, mainly in terms of 

adsorption capacity and contact time. For example, modified carbon nanotubes (CNTs)
 46

 and 

graphene (GO) 
51

 show sorption capacity of 15 mg/g and 48.31 mg/g, respectively. These 

materials are costly and also a large-scale application of CNTs and GO is limited because of 

its comparatively higher operational cost. In this reference, CTet-HZO was found to be 

cheap, efficient and also highly selective adsorbent with high sorption capacity (188.68 mg/g) 

for fluoride ion.  

Langmuir isotherm criterion
 52

 can be described in term of dimensionless constant which is 

known as separation factor, RL which can be defined as: 

                             TU = M
MVWXAB

                                   (3) 

where Co is the initial concentration of fluoride ion (mgL
-1

). The feasibility of adsorption can 

be predicted from the values of RL. For a favourable adsorption, the condition is: 0<RL<1. In 
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the present investigation, the values of RL were found to be between 0 and 1 at all the 

temperatures studied which indicated the adsorption of fluoride onto CTet-HZO is a 

favourable process.                                                

The linear form of the Freundlich equation is defined as: 
53

 

                   YZ=> = YZ[\ + M
] YZ^>                                   (4) 

Where Kf represents the adsorption capacity constant and 1/n is related to the adsorption 

intensity. The values of Kf and n were calculated from the intercept and slope of the plot of 

log qe against logCe (Figure 9b) and summarized in Table 1. The values of Kf increased with 

increasing temperatures from 308 to 328 K, indicating that the adsorption processes were 

endothermic in nature. In general, the value of n> 1 indicates a favourable sorption process
 54 

and higher the n value stronger the adsorption intensity 
55

 In the present investigation, the 

values of n were found to be 1.48 1.65, and 1.93 at 308, 318 and 328 K, respectively, which 

indicated the adsorption of fluoride onto CTet-HZO is favourable. The increase of n value 

with the increase in temperature suggested increase in adsorption intensity and endothermic 

nature of the adsorption process. 
56

 

The application of Temkin isotherm
 57

 model is based on the assumptions: (i) adsorption 

process is characterized by uniform distribution of binding energies; (ii) a linear relationship 

exists between adsorbate-adsorbent interactions with a decrease of heat of adsorption for all 

the molecules covered in a layer. The linear form of Temkin equation is expressed as: 

                  => = _ YZH`  + _YZ >̂                                         (5) 

 

 _ = a`
bc
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Where AT is the equilibrium binding constant corresponding to the maximum binding energy 

(L/mg), bT is Temkin isotherm constant related to heat of adsorption (J/mol). The values of 

AT and bT can be obtained from the intercept and slope of the plots of qe Vs lnCe (Figure 9c) 

and reported in Table 1. 

The average percentage error (APE) analysis was used for comparison of all isotherm models 

using the following equation: 

APE = ∑ eNO,OfgCNO,hijk NO,Ofglm
nop

q × 100                     (6) 

Here, qe,cal   and qe,exp  represent the equilibrium capacity calculated from the isotherm models 

(mgg
-1

), and equilibrium capacity from the experimental data. The values of APE of each 

model are presented in Table 1.  

On the basis of coefficient of determination (r
2 

> 0.998) and low values of APE, it can be 

suggested that experimental data fit well with Freundlich isotherm model followed by 

Temkin and Langmuir models. Similar observations on applicability of the experimental data 

to Freundlich model have been reported for adsorption of fluoride by alginate based anion 

exchanger, 
58

 Zr-Mn composite materials 
59 

and chitosan bead. 
60  

3.3. Thermodynamic feasibility of the process 

The thermodynamic Parameters such as change in free energy (∆G°), enthalpy (∆H°) 

and entropy (∆S°) were calculated using the following equations; 

                            ∆t° = −TuYZ[v                                             (7) 

 

        Ywx[v = ∆y° 2.303T⁄ − ∆|° 2.303Tu⁄                          (8) 
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where ,                                                          [A = => ^>l  

Kc is the equilibrium constant, R the universal gas constant (8.314 J (mol K)
 −1

), and T the 

absolute temperature (K). The Vant’s Hoff plot (logKc against 1/T; Figure 10) gave a straight 

line and the values of ∆|° and ∆y°  were evaluated from the slope and intercept. The values 

of ∆|° and ∆y° were found to be 4.98kJmol
-1 

and 18.43 J mol
-1

K
-1

, respectively. The values 

of ∆t° were -6.98, -8.82 and -10.66 KJmol
-1

 at 308, 318 and 328 K, respectively. The results 

illustrate that the fluoride adsorption on CTet-HZO surface is spontaneous and endothermic 

in nature. 

3.4.Adsorption Kinetics: 

Kinetic behaviour of CTet-HZO towards fluoride adsorption was studied as a function of 

time at a fixed initial concentration of fluoride ion (20 ppm) and at temperatures 308, 318 and 

328 K. The time-dependent adsorption data were interpreted by pseudo-first order, pseudo-

second-order and intraparticle diffusion models. 

The linear form of pseudo-first order kinetic model 
61

 is expressed as: 

log(=> − =}) = Ywx=> − ( ~p
�.���)�                 (9) 

Where k1 is the rate constant of the pseudo-first-order adsorption process (min
-1

),qe and qt are 

the amount of fluoride adsorbed at equilibrium and at time t (mg/g), respectively. A plot of 

log (qe-qt) against time yielded a straight line (Figure S8; SI) and the rate constant k1 was 

evaluated from the slope (Table 3). 

The linear form of pseudo second order kinetic model 
62

 is given by the following equation: 

� =}l = 1 ��=>�
l + 1 =>l �                          (10) 

where k2 is the rate constant for the pseudo-second order adsorption reaction (gmg
-1

min
-1

). 

The value of k2 and qe were evaluated from the slope and intercept of the linear plot of t/qt 

versus t (Figure S8; SI) and results are reported in  (Table 3).The applicability of a particular 
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kinetic model for CTet-HZO-fluoride system was examined on the basis of correlation 

coefficient values (R
2
) and average percentage error (APE). As can be seen from the table 

that pseudo second order model with higher values of correlation coefficient and lower values 

of APE can accurately describe the experimental data.  

3.4.1. Intraparticle Diffusion 

The adsorption of an adsorbate onto an adsorbent can occur in three consecutive steps: (i). 

film diffusion, (ii) intra-particle diffusion, and (iii) adsorption on the interior surface of the 

adsorbent. The possible contribution of intraparticle diffusion on fluoride adsorption was 

investigated by a model given by Webber and Morris 
63 

which is expressed as: 

                         =} = �����.� + �̂                                       (11) 

where kid is the intraparticle diffusion rate constant (mg g
-1

min
0.5

) and Ci is the intraparticle 

diffusion constant, which is directly proportional to the boundary layer thickness. According 

to Weber and Morris model, the plots of qt versus t
0.5 

should be linear if intraparticle diffusion 

is involved and if the lines pass through the origin, then the intraparticle diffusion is the rate 

controlling step. 
63, 64 

When the plots do not pass through the origin, then some degree of 

boundary layer control is suggested. If the data exhibit multi-linear plots, then two or more 

steps influence the sorption process. 
49,63,64,65

 Therefore, to decide on the main rate limiting 

step, qt was plotted against t
0.5 

for the sorption of fluoride on CTet-HZO (Figure 11). As can 

be seen from figure that the first region would describe the external resistance to mass 

transfer that is boundary layer diffusion. The second region is being dominated by 

intraparticle diffusion, where intraparticle diffusion is the rate-controlling step. In the last 

region, the intraparticle diffusion starts to go slow, owing to the decrease in the fluoride 

concentration in the aqueous phase, as well as decrease in the active sites available for 

adsorption. Similar observations were reported for fluoride adsorption by Mg-Al-LDHs 
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nanoflakes.
56

 The values of kid, Ci, and the correlation coefficients corresponding to the 

second region of the linear fitting of the kinetic data are listed in Table 3. The value of Ci and 

Kid increases with increase in concentration which reflects the boundary layer effect. The high 

value of R
2
 indicated that the intra-particle diffusion played a significant role in the sorption 

of fluoride onto CTet-HZO hybrid material. Based on these results it might be concluded that 

the intra-particle diffusion was not the only rate controlling step in the sorption of fluoride 

onto the CTet-HZO hybrid material. Therefore the adsorption process may be consisting of 

both the surface adsorption and intraparticle diffusion. 

3.5.Application:    

Three groundwater samples (GW-1 ,GW-2 and GW-3) ,acidic effluent from metal finishing 

industry(AE) and river water sample (Ganga River) were collected from Aligarh (GW-1, 

GW-2 and AE ), Agra (GW-3) and Kanpur districts of U.P., India respectively. The physico 

chemical analysis of water samples is given in (Table S1; SI). CTet-HZO was used to 

remove fluoride from the water samplesGW-1,GW-2 and river water) by batch method.The 

pH of water sample (50 mL) was adjusted to 3.5 using HNO3before applying to CTet-HZO.. 

A predetermined amount of CTet-HZO. was added to each sample. After 40 min of 

equilibration, the samples were filtered and fluoride ion concentration was determined. The 

results are reported in Table 4. As can be seen from the table that the removal of fluoride in 

different water samples was above 90 % which proved that the CTet-HZO has a promising 

application for water treatment. 

The fixed bed column adsorption experiments were conducted to evaluate the applicability 

of CTet-HZO and HZO in the removal of fluoride from synthetic water sample,  

groundwater (GW-3) and acidic effluent of metal finishing industry (AE).The basic 

composition of feeding solutions were shown in SI Table S2.Results (Figure12 ) indicated 

that the effective treatable volume of synthetic water sample, groundwater and acidic 
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effluent with CTet-HZO were around 160 mL, 180 mL and 320 mL, respectively, when the 

breakthrough point was set as 1.5 mg L
-1

. The treatable volumes of synthetic water sample, 

groundwater and acidic effluent with HZO reached upto 105mL, 120 mL and 30 mL, 

respectively (Figure S9, SI).The Zr(IV) and diamine were not detected in the treated water. 

The results have suggested that CTet-HZO is more efficient than HZO in removing the 

fluoride from groundwater and acidic effluent of metal finishing industry. 

3.6. Reuse and Regeneration of CTet-HZO  

Regeneration and reuse of adsorbent materials is particularly required to reduce the cost 

factor. Desorption of fluoride from fluoride loaded CTet-HZO was carried out at varying 

concentrations of NaOH. It was observed that leaching of fluoride from the adsorbent 

material increased from 15.2 % to 98.67 % with increasing NaOH concentration from 0.02 to 

0.1M. Further addition of increased NaOH concentration did not improve the leaching of F
-
 

from the adsorbent. Hence, 0.1 M NaOH was used as a suitable desorbing agent. The 

adsorption of fluoride onto CTet-HZO followed by desorption with 0.1 M NaOH solution up 

to 10 cycles was studied. Results (Figure 13) show that adsorption (%) of fluoride on the 

regenerated materials was negligibly affected up to 4 cycles but percent adsorption gradually 

decreased from 98.67 % to 91.2 % with increasing regeneration cycles from 4 to 10. The 

study suggested that the material can be effectively used for removal of fluoride from 

aqueous system. 

4. Conclusion: 

In summary, we have prepared cyclic tetra [(indolyl)-tetra methyl]-diethane1,2-diamine 

(CTet) impregnated hydrous zirconium oxide. The synthesis was done in three steps. 

• Firstly hydrous zirconium oxide gel was prepared. 

• Secondly, cyclic tetramer of indole (CTet) was prepared by involving Mannich Base. 

• Finally, CTet was incorporated into the hydrous zirconium oxide. 
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I. The fluoride adsorption capacity was found to be 188.68 mg/g. The enhanced capacity 

was mainly due to interaction between indole-NHs and fluoride ions. 

II. The experimental adsorption data were analyzed by Langmuir, Freundlich and 

Temkin isotherm models. The coefficient of determination (R
2
) and APE values 

indicated that Freundlich model describes the best fit of experimental data. 

III. The adsorption of fluoride onto CTet-HZO follows the pseudo second order kinetic 

model. 

IV. The thermodynamic parameters (∆G° <0; ∆H° > 0) suggest the sorption process is 

spontaneous & endothermic in nature. The remarkable advantage of this material is its 

chemical and mechanical stability due to the host organic molecule during successive 

sorption-desorption cycles. 

V. CTet-HZO was found to be more effective than HZO for remediation of fluoride from 

drinking water. 
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Figure Caption: 

 

Scheme 1. Preparation of cyclic tetra [(indolyl)-tetra methyl]-diethane 1,2-diamine (CTet). 

Scheme 2. Functionalization of HZO with cyclic tetra [(indolyl)-tetra methyl]-diethane 1, 2- 

                 diamine (CTet) at optimal reaction condition. 

Scheme 3. Sorption mechanism of fluoride onto CTet-HZO. 

Figure 1. FT-IR spectra: (a) hydrous zirconium oxide, (b) modified hydrous zirconium   

                oxide (CTet-HZO). 

Figure 2. X-ray diffraction pattern (a) CTet-HZO (b) fluoride sorbed CTet-HZO.   

Figure 3. SEM images: (a) hydrous zirconium oxide (b) CTet-HZO and (c) Fluoride sorbed          

                CTet-HZO. 

Figure 4. TEM image of CTet-HZO  

Figure 5. 
13

C NMR spectrum of CTet-HZO. 

Figure 6. TGA and DTA curves ( a) HZO and (b) CTet-HZO material. 

Figure 7. Effect of pH variation. Concentration; 20 mgL
-1

; contact time; 40 min; adsorbent  

              dose; 0.15g) 

Figure 8. Bar diagram showing the percentage uptake of fluoride ion in presence of  

                 interfering ions. 

Figure 9. Equilibrium adsorption isotherms of F
- 
onto CTet-HZO (a) Langmuir model (b)   

                Freundlich model (c) Temkin model. 

Figure 10. Van’t Hoff plot for adsorption of fluoride onto CTet-HZO. 

Figure11. Plot of qt versus t
0.5

 for the sorption of fluoride ion onto CTet-HZO at different   

                  temperatures. 

Figure 12. Removal of fluoride from different feeding solution by column method using   

CTet-HZO as sorbent (a) synthetic water sample, fluoride concentration = 5.0 mg 

L
-1

; pH 6.8 (b) groundwater (GW-3), fluoride concentration = 3.6 mg L
-1

; pH 6.8 

(c) acidic effluent (AE),  fluoride concentration = 4.20 mg L
-1

; pH 4.1. 

Figure 13. Bar diagram showing the percentage uptake of fluoride by CTet-HZO in different  

                 cycles of batch operation. 
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Scheme 1: Preparation of cyclic tetra [(indolyl)-tetra methyl]-diethane 1,2-diamine (CTet). 

 

Scheme 2: Functionalization of HZO with cyclic tetra [(indolyl)-tetra methyl]-diethane 1,2-

diamine (CTet) at optimal reaction condition. 
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Figure 1. FT-IR spectra of (a) hydrous zirconium oxide (b), and modified hydrous zirconium 

oxide (CTet-HZO). 
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          Figure 2. X-ray diffraction pattern of (a) CTet-HZO (b) fluoride sorbed CTet-HZO.       
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Figure 3. SEM images (a) hydrous zirconium oxide (HZO) (b) CTet-HZO and (c) Fluoride 

sorbed CTet-HZO.  
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Figure 4. TEM image of CTet-HZO 
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Figure 5. 
13

C NMR spectrum of CTet-HZO. 
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Figure 6. TGA and DTA curves :(a) HZO (hydrous zirconium oxide), (b) CTet-HZO material. 
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Figure 7. Effect of pH variation. Concentration; 20 mgL
-1

; contact time; 40 min; adsorbent 

dose; 0.15g) 
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Scheme 3: Sorption mechanism of fluoride onto CTet-HZO. 
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Figure 8. Bar diagram showing the percentage uptake of fluoride ion in presence of 

interfering ions. 
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(a)                                                                                               (b)                                                                                  (c) 

Figure 9. Equilibrium adsorption isotherms of F
- 
onto CTet-HZO (a) Langmuir model (b) Freundlich model (c) Temkin model.
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Figure 10. Van’t Hoff plot for adsorption of fluoride onto CTet-HZO. 
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Figure11. Plot of qt versus t
0.5

 for the sorption of fluoride ion onto CTet-HZO at different 

temperatures. 
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Figure 12. Removal of fluoride from different feeding solution by column method using 

CTet-HZO as sorbent (a) synthetic water sample, fluoride concentration = 5.0 mg L
-1

; pH 6.8 

(b) groundwater (GW-3), fluoride concentration = 3.6 mg L
-1

; pH 6.8 (c) acidic effluent (AE),  

fluoride concentration = 4.20 mg L
-1

; pH 4.1. 
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Figure 13. Bar diagram showing the percentage uptake of fluoride by CTet-HZO in different 

cycles of batch operation. 
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Table Caption: 

Table 1: Isotherm parameters of Langmuir, Freundlich and Temkin models for the    

                adsorption of fluoride onto CTet-HZO at different temperatures 

Table 2: Comparison of fluoride adsorption capacities and equilibrium time of different  

                adsorbents reported in the literature with present study. 

Table 3:  Adsorption kinetic parameters of different models. 

Table 4: Removal of fluoride ion from samples collected from different sources by  

              CTet- HZO. 
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Table 1. Isotherm parameters of Langmuir, Freundlich and Temkin models for the    

                adsorption of fluoride onto CTet-HZO at different temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isotherm Temperatu

re (K) 

                   Parameters      Error         

Function 

 

 

Langmuir 

 qm  

(mgg
-1

) 

KL R
2
   APE 

308  333.33 0.010 0.993 11.18 

318  204.08 0.020 0.991 4.5 

328  196.07 0.021 0.980 2.31 

 

 

 

Freundlich 

     

qm 

(mgg
-1

) 

Kf n R
2
 APE 

308  185.4 6.69 1.48 0.988 0.463 

318  183.48 9.66 1.65 0.991 0.486 

328  188.68 15.31 1.93 0.995 0.11 

 

 

Temkin 

           

qm 

(mgg
-1

) 

bT AT R
2
 APE 

308  167.73 44.46 0.133 0.939 1.46 

318  168.21 49.40 0.191 0.925 1.63 

328  169.60 60.07 0.335 0.930 1.61 
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Table 2: Comparison of fluoride adsorption capacities and equilibrium time of different   

                adsorbents reported in the literature with present study. 

Sorbents Equilibrium 

time 

Fluoride 

adsorption 

capacity (mgg
-1

) 

pH Reference 

Aligned carbon nanotubes 1 h 3.0  7.0 [43] 

Aluminium modified 

hematite 

24 h 10.3 6.2 [44] 

CeO2–ZrO2 nanocages 24 h 175 4.0 [45] 

Al2O3/CNTs - 14.9 6.0 [46] 

Al
3+-

exchanged zeolite 24h 37.5 6.5 [47] 

CTAB mediated Mg-

doped nano Fe2O3 

4h 49.2 7.0 [48] 

Hydrous ferric oxide 

doped alginate beads 

1.5 h 8.9 7.0 [49] 

Hydrous Ce(IV)–Zr(IV) 

mixed oxide 

1.5 h 19.5 5.8 [50] 

Graphene  

 

Hydrous zirconium oxide 

 

110 min 

  

45 min 

 

 

 

48.3 

 

124, 68 

 

 

 

3.6-10.2 

 

4.0,7.0 

 

 

 

[51] 

  

[33] 

 

 

 

Hydrous zirconium oxide 

(HZO) 

90 min 54.6 6-7 This study 

CTet-HZO 40 min 188.6 3.5-4.5 This study 
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Table 3: Adsorption kinetic parameters of different models. 

Temp 

K 

 Pseudo-first –order 

or Lagergren model 

 Pseudo-second-

order model 

Intra particle 

diffusion model 

 qe,exp    k1 qe,cal R
2
 APE    k2 qe,cal APE    Kid   C   R

2
 

308 4.35 0.257 18.1 0.913 105 0.0627 4.69 2.6 0.021 0.193 0.883 

318 4.85 0.310 25.0 0.867 138.4 0.0453 4.85 0 0.104 0.499 0.909 

328 4.93 0.274 11.3 0.917 43.06 0.0379 5.05 0.81 0.148 2.055 0.921 
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Table 4: Removal of fluoride ion from water samples collected from different sources using  

            CTet- HZO by batch method 

Sample 

No. 

 

Permissible 

limit 

(mgL
-1

) 

 Initial 

Fluoride ion 

concentration 

(µgmL
-1

) 

Fluoride ion 

concentration 

after adsorption 

 (µgmL
-1

) 

 RSD 

(%) 

Removal 

(%) 

GW-1 1.5/WHO*  1.84 0.067 5.90 

 

96.46 

GW-2 

 

1.5/WHO - 3.62 0.056 1.79 98.45 

RW 1.5/WHO - 2.68 0.142 1.69 94.70 

       

 

*WHO= World Health Organization 

   RW= river water 
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