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3.1 Introduction 

Rare-earth metal-based adsorbents have recently been the subject of intensive research in the 

water treatment industry due to their abundant surface functional groups, high 

adsorption/catalytic performance and status as an advanced material class (Yu et al., 2018)(Li 

et al., 2018). Lanthanum (La), a rare-earth metal, is the second most common element after 

cerium (Herrmann et al., 2016). It has a particularly strong affinity for several contaminants, 

including fluoride, phosphate and arsenic. 

It only manifests as a La3+ ion due to the exceptionally stable inert gas configuration and the 

f0 configuration. La finds it difficult to form complexes with a coordination ligand, with the 

exception of very strong ligands, because there is no electron in the f orbital (e.g., oxygen-

containing ligands). The contact between the La3+ ion and ligand are typically electrostatic 

attraction, which is akin to an ionic bond, because the size of the La3+ ion in the inert gas 

state is rather big.  

La is one of the most effective elements for adsorbing contaminants from wastewater because 

of its high adsorption density (the molar ratio of an adsorbate to La). Typically, La species 

have a large pH range of operation and a high clearance rate (Dong & Wang, 2016). 

Huo et al. prepared a lanthanum alginate bead adsorbent with a capacity of 197.2 mg/g for 

removal of fluoride (Huo et al., 2011). The beads were of amorphous nature and had 

homogenous adsorption sites. Vences et al. anchored lanthanum oxyhydroxides onto a 

commercial granular activated carbon (GAC) to remove fluoride from water with a maximum 

adsorption capacity of 9.98 mg/g. However, concentrations of co-existing anions greater than 

30 mg/L had a negative effect on the fluoride adsorption capacity (Vences-Alvarez et al., 

2015).   

Wang et al. used lanthanum-modified bone waste to remove fluoride from water (Wang et al., 

2017). Xu et al. created a hydrotalcite like material Mg/Fe/La in order to remove fluoride 

from water (Xu et al., 2017). Habibi et al. added La to Tamarix hispida charcoal to increase its 

potential to bind fluoride (Habibi et al., 2019). Jeyaseelan et al. employed a lanthanum and 

cerium based MOF containing benzene tricarboxylic acid to remove fluoride (Jeyaseelan & 

Viswanathan, 2021). E. E. Morales examined how surface characteristics affected the 

introduction of lanthanum and cerium functions in chars and activated carbons for fluoride 

and arsenic ion adsorption from aqueous solution (Merodio-Morales et al., 2020). Esmeralda 
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Vences-Alvarez anchored lanthanum oxyhydroxides on a commercial granular activated 

carbon to remove fluoride from water (Vences-Alvarez et al., 2015).  

Shahin Ahmadi et al. attempted sono-chemical synthesis of LaFeO3 nanoparticles for fluoride 

removal (Ahmadi et al., 2021). A. K. D. Veromee Kalpana Wimalasiri et al. fabricated 

hydroxyapatite with La and Ce ions to develop Lanthanide incorporated nano hydroxyapatite 

(Wimalasiri et al., 2021).  They prepared composites having different ratio of La and Ce ions 

to enhance the fluoride removal from contaminated water. Yanyang Zhang et al. studied the 

behaviour and mechanism of lanthanum based nanomaterials for fluoride removal (Yanyang 

Zhang et al., 2019). They studied La(OH)3, La2O3·nH2O and LaCO3OH species for uptake of 

fluoride.  

Lizhi He et al. used municipal sludge to develop lanthanum-doped activated carbon for 

fluoride uptake from waste water.  La/Mg/Si-activated carbon was developed by Minhee Kim 

et al. for simultaneous removal of fluoride and aluminium (Kim et al., 2020). They observed 

that it has rough and porous flocculent structure which was homogeneously modified by 

impregnation with La Mg, and Si. Lingchao Kong et al. developed cost effective periclase-

based process for the synthesis of novel Mg-La bimetal oxide nanocomposite (Kong et al., 

2020). Due to the inner sphere complex of nanocomposite, the adsorption of fluoride and 

phosphorus was achieved.  

La-modified zeolite (LMZ) from coal fly ash was prepared by RenjieYang et al. for fluoride 

removal from waste water (Yang et al., 2022). The adsorbent was granulated with alginate for 

column studies. Vijoyeta Chakraborty et al. coated lanthanum oxide on biochar surface and 

investigated its efficiency for removal of fluoride (Chakraborty & Das, 2022). 

Bile salts play an important biological role in the solubilization of cholesterol, lipids and fat-

soluble vitamins. Sodium cholate (NaC) is one of the bile salts (figure 3.1). It is an 

amphiphilic molecule that forms aggregates in aqueous solution. Thus, NaC plays a role in 

the transportation and uptake of vital biological components. Bile salt-based hydrogels have 

been around for a while (Maitra et al., 2001). Sodium cholate being more soluble in water 

than the mono- and dihydroxy bile salts, the sodium salt of cholic acid (NaCh, 3-, 7-, and 12-

trihydroxy) does not form a gel (Weiss & Terech, 2006). The rigid helical superstructures of 

the hydrogels are advantageous for the controlled formation of new nanomaterials, which 

could be used in biosensors, chiral catalysts, non-linear optics and material science, among 

other things (Sone et al., 2002). Yan Qiao et al. (Qiao et al., 2010) created temperature-
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controlled, one-dimensional hierarchical designs via supramolecular self-assembly in the 

lanthanum-cholate system. These structures included nanotubes, coiled-coil, rope-like 

structures, nanohelices and nanoribbons. The "heating-enhanced stiffness" and "heating-

promoted gelation" behaviours are shown in these supramolecular hydrogels.  

HO OH

O

O

OH Na

 

Figure 3.1 Chemical structure of Sodium cholate (Sodium (3-α, 5-β,7-α,12-α)-3,7,12-

trihydroxycholan-24-oate) 

Arkajyoti Chakrabarty et al. did detailed exploration of various metal cholate hydrogels with 

respect to their structure and properties (Chakrabarty et al., 2012). The supramolecular self-

assemblies in the lanthanum-cholate system are thought to be explained by a variety of weak 

molecular interactions, including the hydrophobic effect, metal-ligand cooperation and 

hydrogen bonding. The structural basis of temperature-dependent lanthanum cholate self-

assembly is thought to be the temperature-mediated hydrogen bonding between water and 

cholate. Furthermore, lanthanum, a rare earth metal categorised as a hard acid, has a strong 

affinity for fluoride ions (Yahui Zhang et al., 2016). Colloidal lanthanum, for instance, has 

been used to remove fluoride from water, but its usage in water treatment systems is highly 

problematic since it would be challenging to recover the adsorbent after fluoride adsorption at 

the end of the treatment (Na & Park, 2010; Rao & Karthikeyan, 2012; Thakre et al., 2010; 

Tomar & Kumar, 2013).  

In the current study, sodium cholate, a bile salt, was initially utilised to create a gel with 

lanthanum (LaC), and its potential as an adsorbent for the removal of fluoride was examined.  
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3.2 Materials and methods 

3.2.1 Materials 

All chemicals utilised in this investigation, including NaF, Cholic acid sodium salt, 

LaCl3.nH2O, NaOH, HCl, NaCl, NaHCO3, Na2CO3, NaNO3 and Na2SO4 of analytical grade 

were obtained from Spectrochem in India and without additional processing. In order to 

create a fluoride stock solution (1000 mg/L), deionized water was combined with NaF 

(0.2210 g) (100 mL). The test solutions were created by properly diluting the typical stock 

solution. 

3.2.2 Synthesis of Lanthanum cholate self-assembly 

Sodium cholate and lanthanum chloride heptahydrate were simply mixed in an equal 

proportion to create the self-assembly of the hydrogel lanthanum cholate (LaC). To study the 

hydrogelation, the inverted test tube method was used. The resulting opaque hydrogel was 

further dried at 105°C and pulverised for use in fluoride adsorption tests. The synthesized 

hydrogel was characterized by methods such as Zeta potential, XRD, SEM-EDAX, FT-IR, 

TGA, DSC, XPS as described in chapter 2.  

 

Figure 3.2 Synthesis of lanthanum-cholate assembly 

3.2.3 Adsorption experiments and methods 

The adsorptive potential of Lanthanum cholate for fluoride removal was investigated by 

batch adsorption technique. The pH of the solutions was adjusted to the desired value either 
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by 0.1 N NaOH or HCl. For the batch tests, 100 mL polypropylene flasks containing 100 

mg/L of fluoride at neutral pH under ambient temperature (25-32oC) conditions was agitated 

in an orbital shaker at 150 rpm for three hours to achieve equilibrium. Following fluoride 

uptake, the adsorbent was filtered out and dried for further investigation. Fluoride ion 

selective electrode was used to measure the amount of fluoride that was still unabsorbed in 

the filtrate (Thermo scientific ORION STAR A214). By analysing a series of solutions with a 

known concentration of fluoride, the instrument's calibration allowed for the determination of 

the unknown fluoride concentration. To keep the pH between 5-7 throughout the analysis, 

TISAB buffer was added at a ratio of around 5 mL/50 mL of the fluoride-containing solution.  

The formula qe=Ci-Ce/m*100 was used to calculate the quantity of fluoride uptake. where qe 

is the amount of fluoride adsorbed per gram, Ci is the initial fluoride concentration per litre, 

Ce is the equilibrium fluoride concentration per litre, V is the volume of solution per litre, 

and m is the mass of the material (mg). With the exception of pH variation studies, all tests 

were carried out at pH 7. To comprehend the adsorption process, multiple isotherm and 

kinetic models were studied. 

3.3 Results and discussion: 

3.3.1 Characterisation of LaC 

Figure 3.3 depicts the XRD spectra of LaC. The spectra of LaC showed discrete diffraction 

peaks at 16.1, 26.2, 30.4, 39.8, 46.8, and 56.2°, which were attributed to the lanthanum lattice 

planes (001), (100), (101), (102), (110), and (112). Similar peaks were observed by 

researchers in lanthanum modified carbon and lanthanum modified bone waste (Huong et al., 

2019; Wang et al., 2017).  

 

Figure 3.3 XRD spectra of LaC 
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After adsorption, the EDAX spectra (figure 3.4) affirmed the existence of La in LaC as well 

as Lanthanum and Fluoride.  

 

Figure 3.4 EDAX of LaC and LaCF 

The Scanning electron micrograph (figure 3.5) showed that LaC was fibrous. The twisted 

ribbons were around 15 micrometres long. After fluoride adsorption, the fibrillar network of 

cholate was seen to disintegrate. 

 

Figure 3.5 SEM images of LaC and LaCF 
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The thermogram of LaC (Figure 3.6)  x  b   d w            f 22 7     ~2  ˚  attributed to 

disintegration of cholate network bound to lanthanum followed by a weight loss about 47.7% 

in the temperature range between 350 and 520oC due to the decomposition of cholate 

molecules. The endothermic peak observed in the DSC thermogram may be attributed to the 

loss of supramolecular self-assembly network of Lanthanum cholate gel. 

 

Figure 3.6 Thermogravimetric analysis and DSC of LaC 

The FTIR spectra of sodium cholate, LaC, and LaCF are shown in Figure 3.7. The broad 

band in sodium cholate and Lanthanum cholate at 3380 cm–1  was ascribed to hydroxyl 

stretching mode (Qiao et al., 2010). The bands at 1578 and 1404 cm-1 in sodium cholate were 

ascribed to carboxyl asymmetric and symmetric stretching modes respectively, with a 

fr qu         r      ∆ν  f 17    -1. On the other hand, in lanthanum cholate, the absorption 

peaks were observed at 1536 and 1418 cm-1 respectiv   , w  r    ∆ν    11    -1 (figure 

3.7b). The fact that lanthanum cholate's absorption frequencies were lower than sodium 

cholate's suggested that lanthanum interacted with carboxyl groups in a bidentate chelating 

manner. The assignment of bands at 1645, 856 cm-1 and 1039 cm-1 in LaC was to C=O, O-La 

stretching and C-O bending modes respectively.  

Fluoride adsorption caused a blue shift from 3380 cm-1 to 3360 cm-1, which may have been 

caused by a modification in the gel's structure. The absorption peaks at 1550 and 1409 cm-1 

are observed for the anti-symmetric and symmetric stretching modes of carboxyl group 

respectively. The difference between these two frequencies is 139 cm-1 which is greater than 

that of pristine sodium cholate (118 cm-1) indicating weakening of the La carboxylate 

binding. Further, the peak at 856 cm-1, which was attributed to the La-O bond vibration, 

shifted to 861 cm-1 following adsorption indicating interaction between La-O and fluoride 
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during the adsorption process. It is possible to attribute the peak in LaCF at 562 cm-1 to La-F 

stretching vibration. 

 

Figure 3.7 FTIR spectra of a) Sodium cholate, b) LaC and c) LaCF 
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Figure 3.8 XPS spectra of LaC before and after adsorption of fluoride 

The XPS spectra of LaC before and after fluoride adsorption are shown in Figure 3.8. The 

spectra showed peaks that were attributable to lanthanum (838 eV), sodium (1073 eV), 

oxygen (533 eV) and carbon (286 eV) (Patel et al., 2009). Fluoride was successfully adsorbed 

onto LaC as evidenced by the appearance of a new peak at 686.38 eV after the adsorption 

process. 

3.3.2 Effect of solution pH 

The effect of solution pH on fluoride adsorption onto 0.1 g of LaC was investigated using 25 

mL of aqueous solution containing 50ppm fluoride and agitating for 3 hours. Figure 3.9b 

demonstrated that the adsorption process was pH independent. The PZC of LaC was observed 

to be at pH ~2 (figure 3.9a). The removal efficiency would have been maximum upto pH 2 if 

the removal process was electrostatic in nature due to F–···OH2
+ interaction and would have 

decreased above pH 2 due to repulsion between O– and F–. The adsorption being independent 

of pH clearly indicated that some other mechanisms such as ion exchange, hard acid hard 

base interaction between Lanthanum and fluoride resulting in complex formation were also 

operating in the fluoride adsorption process.  
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Figure 3.9 a) Zeta potential of LaC, b) Effect of pH on % uptake of fluoride (dose: 0.05 g, 

time: 3 h, conc.: 50 ppm) 

3.3.3 Effect of adsorbent dose 

The effect of dose of LaC on fluoride uptake at fixed initial concentration of fluoride is 

shown in figure 3.10. It was observed that as LaC dose increased the percentage uptake of 

fluoride increased.  

 

Figure 3.10  Effect of dose on % uptake of fluoride (time: 3 h, conc.: 100 mg/L),  

3.3.4 Adsorption kinetic studies 

The fluoride adsorption kinetics was studied by equilibrating 25 mL of solution containing 

100 mg/L of fluoride, under neutral conditions for different time intervals with 50 mg of LaC 

(figure 3.11). Significant removal of fluoride occurred in the first 20 minutes (73%), followed 

by slow attainment of equilibrium in 3 h. The initial fast adsorption might be due to vacant 

adsorption sites in the presence of a high solute concentration gradient followed by a slow 

rate due to occupancy of the available adsorption sites (Patel et al., 2009).  
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Figure 3.11 Effect of contact time on % uptake of fluoride (dose: 0.05 g, conc.: 50 mg/L) 

The adsorption kinetic data (Table 3.1) exhibited a close correlation of experimental qe values 

with calculated qe values when fitted to pseudo-second order model indicating a diffusion-

controlled process. The intraparticle diffusion model indicated that fluoride adsorption onto 

LaC involved two steps - rapid fluoride adsorption onto LaC in the first 20 min by boundary 

layer or macro-pore diffusion followed by a slow intraparticle or micro-pore diffusion 

attaining equilibrium. 

 

Figure 3.12 Kinetic models for fluoride adsorption onto LaC 
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Table 3.1 Kinetic parameters 

qe(exp):  29.38 mg/g qe K r2 

Pseudo First order 3.4158 0.0483 0.8443 

Pseudo Second order 29.585 0.0371 1.0 

 

3.3.5 Adsorption isotherm studies 

Figure 3.13 depicts the effect of initial fluoride concentration (10 to 200 mg/L) on the 

adsorption process. 

 

Figure 3.13 Effect of initial fluoride concentration on % uptake of fluoride (time: 3 h, dose: 

0.1 g) 

Langmuir and Freundlich isotherm models were used to further analyse the data. Table 3.2 

and figure 3.14 show the results of the experimental data fitting and its parameters. 

 

Figure 3.14 Isotherm models for fluoride adsorption onto LaC 
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The Langmuir model fitted the data better [r2 = 0.99] than the Freundlich model [r2 = 0.96], 

indicating that the adsorption occurred on a monolayer surface. The maximum adsorption 

capacity calculated from the Langmuir model (qmax) was 49.26 mg/g. When compared to 

adsorbents reported in the literature (Table 3.3), the adsorption capacity was comparable at 

neutral pH in a reasonable time interval of 3 h. Though adsorption was higher with some of 

the reported adsorbents, they either required more time to reach equilibrium or required 

acidic pH conditions, whereas LaC was effective as an adsorbent over a wide pH range (3-

10). However, Mg/Fe/La CHLc hydrotalcite (Wu et al., 2017) and lanthanum-loaded 

magnetic cationic hydrogel composite (Dong & Wang, 2016) proved to be more effective 

adsorbents. 

Table 3.2 Isotherm parameters 

 Isotherm Parameters 

Langmuir 
Qm KL (L.mmol-1) r2 

49.26 3.9 0.99 

Freundlich 
N kF(L.g-1) r2 

13.42 40 0.96 

Temkin 
AT (Lg-1) bT r2 

0.0574 -0.0902 0.89 

Halsey 
kH (L.g-1) nH r2 

3.2*1021 13.42 0.88 

 

3.3.6 Effect of competing anions 

In general, besides the anion of interest, the wastewater stream, ground water and various 

other sources of drinking water contain a number of other anions. As a result, studying 

fluoride uptake in the presence of other anions is highly desirable from an environmental 

standpoint. Fluoride uptake in the presence of other anions was investigated using 4 g/L 

adsorbent ratio in 50 mg/L fluoride solution containing chloride, sulphate, nitrate, carbonate 

and bicarbonate anions. Fluoride uptake was quantitative in the presence of 50 mg/L and 100 

mg/L chloride, sulphate, nitrate, carbonate and bicarbonate anions, respectively (figure 3.15). 
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Figure 3.15 Effect of competing anion concentration on % uptake of fluoride 

Table 3.3 Comparison of the fluoride maximum adsorption capacity by LaC with other 

reported adsorbents 

Adsorbents pH qe (mg/g) 
Equilibrium 

time 
References 

Mg-Al-La hydrous oxide 7 41.746 40 min (Hussain et al., 2015) 

La-Alginate beads 4 197.2 24 h (Huo et al., 2011) 

Hybrid La-activated carbon 7 6.2 1 h 
(Vences-Alvarez et al., 

2015) 

La modified seaweed 7 94.34 240 min (Zhou et al., 2018) 

Mg/Fe/La CHLc hydrotalcite 

like material 
6.8 59.34 100 min (Wu et al., 2017) 

La modified bone waste 2.5-10 8.96 20 min (Wang et al., 2017) 

Lanthanum hydroxide 7.2 242.2 72 h (Na & Park, 2010) 

Lanthanum impregnated 

bauxite 
7 18.8 120 min 

(Vivek Vardhan & 

Srimurali, 2016) 

Rose stem doped with 

Lanthanum 
6.5 2.26 48 h 

(García-Sánchez et al., 

2018) 

Zirconium–Lanthanum 

complexed polyvinyl alcohol 

films 

7 11.57 45 min (Metal., 2021) 

lanthanum-loaded magnetic 

cationic hydrogel composite 
7 136.78 10 min (Dong & Wang, 2016) 

Lanthanum aluminium 

perovskite 
2 87.75 10 min (Huang et al., 2021) 

Lanthanum cholate 3-10 49.26 180 min This study 
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3.4 Conclusions 

In summary, LaC has been successfully synthesized for the first time and its surface nature 

and properties were investigated by XRD, XPS, TGA, EDAX, SEM and FTIR spectroscopic 

techniques. Efficient adsorption of fluoride by LaC occurred over a wide pH range with an 

adsorptive potential of 49.26 mg/g. LaC exhibited potential for de-fluoridation of ground 

water with no interference due to competing sulphate, carbonate, chloride, nitrate and 

bicarbonate ions.  

In addition, the adsorption equilibrium was attained in about 3 h with maximum adsorption 

occurring within 20 minutes. The removal process may be by ion exchange and complex 

formation.  
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