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Abstract
In the present work, pond clay was modified with lanthanum and applied for fluoride uptake from an aqueous environment. 
The clay soil was treated with a 0.1 M solution of lanthanum oxide and heated at 500 ℃ for 90 min in a muffle furnace. 
The modified clay was characterized by the following techniques: particle size analysis, zeta potential, Fourier-transform 
infrared, scanning electron microscopy, transmission electron microscopy, pH at the zero point of charge, X-ray diffraction, 
Brunauer–Emmett–Teller, and X-ray photoelectron spectroscopy. The adsorption experiments revealed that modified clay 
soil was very effective in removing fluoride with an adsorption capacity of 1.96 mg/g. The fluoride removal was followed 
well with Langmuir isotherm (R2 = 0.999), pseudo-second-order kinetics (R2 = 1), and the adsorption was an exothermic 
process. The performance of lanthanum-modified clay (LMC) in a fixed bed column was evaluated using different models, 
including the Thomas, Adams–Bohart, Yoon–Nelson, and Clark models. A regeneration study was compared with NaOH 
and  NaHCO3 and successfully performed for four adsorption cycles. A probable mechanism is proposed including ligand 
exchange, electrostatic attraction, and inner complexation for fluoride adsorption on the LMC. The developed adsorbent was 
also tested for the treatment of natural groundwater.
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Introduction

Soil and its minerals, which are provided by nature, are used 
for various human practices. The clay soil is formed by the 
gradual weathering of rock materials and is deposited in the 
lower region. Clay was deposited at the bottom of the pond 
and has also been used for the preparation of earthen pots 
in villages. Because of its good ion exchange capacity, clay 
soil has been used for adsorption purposes (Adeyemo et al. 

2017; Lambert 2018; Shen and Gao 2019). Many research-
ers have employed clay-based adsorbents for the removal of 
harmful chemical contaminants from wastewater. Ground-
water is contaminated with inorganic and organic pollutants. 
Fluoride contamination has been reported in various regions 
of the world (Atasoy et al. 2013; Yadav et al. 2019; Karuna-
nidhi et al. 2019). Owing to the intake of fluoride-containing 
water, approximately 411 million people are at risk and more 
than 66 million people are facing health problems of fluo-
rosis, of which 6 million are children. Fluoride contamina-
tion in groundwater sources is a major risk to human health, 
mainly in rural areas of developing countries (Mukherjee 
and Singh 2020). Approximately 200 million people from 
25 countries, including China, India, Pakistan, Iran, Mexico, 
Thailand, and West and Southern Africa, face the fate of 
dental and skeletal fluorosis (Mumtaz et al. 2015; Kadam 
et al. 2020). In particular, because of the consumption of 
untreated groundwater, a large population of rural India is 
suffering from fluorosis (Adimalla et al. 2019). Fluoride-
containing minerals, such as apatite, biotite, cyolite, fluorite, 
sellite, topaz, kaolinite, and fluocelite, are the natural causes 
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of fluoride pollution in groundwater (Mukherjee and Singh 
2018; Hanse et al. 2019). The dissolution of these minerals 
release fluoride ions in groundwater (Mobarak et al. 2018; 
Enalou et al. 2018). Moreover, effluents containing a high 
concentration of fluoride released from different types of 
industries include semiconductor manufacturing, coal-based 
power units, iron smelters, glass, electroplating, ceramic, and 
brick processing units; these effluents pollute surface water 
and groundwater (Bharti et al. 2017; Preethi and Meenakshi 
2018). Various treatment technologies for the defluorination 
of water include precipitation, reverse osmosis, nanofiltra-
tion, ion exchange, electrodialysis, and adsorption (Singh 
et al. 2016; Nagaraj et al. 2020). But there are some limita-
tions with these fluoride removal methods that are discussed. 
The chemical precipitation method is easy to understand, it 
needs a high amount of Al(OH)3 (700–1200 mg/L) and gen-
erates a large quantity of sludge that is the issue of its trans-
fer (Jagpat et al. 2012). Membrane filtration involves mainly 
nanofiltration and reverse osmosis, it requires to continue 
electric energy and has the chance of membrane fouling 
(Akafu et al. 2019). In the electrodialysis method, fluoride 
ions passed through a semipermeable membrane under influ-
ence of electric potential. It is easily affected by co-existing 
ions and also this is a costly process (Majewska-Nowak et al. 
2015). Ion exchange has high efficiency (90–95%) but the 
presence of carbonate, sulfate, and phosphate ions affects its 
efficiency. This is a costly technique and fluoride loaded res-
ins and their regeneration is a problem (Waghmare and Arfin 
2015). Adsorption is considered a good method because of 
its cost-effectiveness and comfortable operation (Ghosal 
et al. 2015; Mei et al. 2020).

Different adsorbents have been applied for the elimina-
tion of fluoride ions, such as biosorbents, zeolite carbona-
ceous materials (Fito et al. 2019), clay minerals (Uddin et al. 
2019), iron and alumina, modified charcoal (Wendimu et al. 
2017), and calcium-activated biochar (Zhang et al. 2020). 
Adsorptive properties depend on their physicochemical 
characteristics, such as crystal size, surface area, porosity, 
composition, and ion exchange capacity (Mudzielwana et al. 
2018); these properties can be modified by chemical and 
heat treatment to improve the adsorptive capacity (Garcia-
Sanchez et al. 2016). The number of adsorbents has been 
chemically modified to improve fluoride uptake, such as 
activated carbon by Fe and Al (Solanki et al. 2019), mag-
netic biochar  Fe2O3/Fe3O4 treatment (Dewage et al. 2018), 
aluminum, magnesium, and titanium modified natural 
zeolite (Ma et al. 2018), and bentonite treated with  Mn2+ 
(Mudzielwana et al. 2018). Moreover, aluminum oxide-
modified clays (Dessalegne et al. 2018) and  Fe3+-modified 
clinoptilolite/montmorillonite (Corral-Capulin et al. 2019) 
have been used. Lanthanum has been found very effective 
for fluoride adsorption due to its high electron affinity com-
pared to other rare earth metals (Nagaraj et al. 2017) and it 

is also low cost as $4/1000 g of commercial grade (Yang 
et al. 2019). Therefore, we have chosen lanthanum as good 
elemental species and used it for modification of clay soil, 
and applied it for the elimination of fluoride through batch 
adsorption and continuous adsorption in a fixed bed column. 
In some adsorption work such as Kofa et al. (2017), Nabbou 
et al. (2019), Ayalew et al. (2020) performed the adsorption 
studies only for optimization of adsorption conditions, not as 
continuous adsorption, but in this work, application of pond 
clay soil as adsorbent for fluoride removal by continuous 
as well as working mode adsorption in a fixed bed column 
were studied that is the novelty of this work. Clay soil may 
be an alternative to commercially available clay minerals for 
adsorbent preparation; furthermore, it is immensely cheap 
because of its large availability in ponds.

Materials and methods

Materials

The clay soil sample was collected from a pond located in 
the village of Rampur, Ambedkar Nagar Uttar Pradesh, India 
(26°19′51″ N, 83°03′33″ E). Lanthanum oxide, hydrochloric 
acid, sodium hydroxide, and sodium chloride were obtained 
from Fisher Scientific. Fluoride solution (1000 mg/L) and 
ionic strength adjustor (ISA) solutions were obtained from 
Antech.

Quality control and assurance

Confirmation of clay soil in the collected sample was done 
by grain size analysis using CILAS instrument Laser Particle 
Size Analysis Cilas 1190 (Cilas SA or leans, France). The 
obtained data were applied to determine grain size param-
eters of soil sample using GRADISTAT software (Blott and 
Pye 2001). The graphical representation of data was done 
by using the above-mentioned software. Acquired data (Fig. 
S2) revealed that very fine sand 47.9% and 52.1 % mud (very 
coarse silt 33.0%, medium silt 4.6%, fine silt 3.7%, very fine 
silt 3.2 and clay 2.3%) are present in the sample.

Preparation of lanthanum‑modified clay

The collected clay soil was crushed using a mortar pestle 
and converted into a fine powder. The powder was filtered 
with a 250 µm sieve, washed with distilled water, and dried 
in an oven. A total of 15 g clay soil was mixed with 100 mL 
of a 0.1 M lanthanum oxide solution, and the mixture was 
stirred for 2 h. The mixed material was dried and placed in 
a muffle furnace at 500 ℃ for heat treatment. The heated 
clay was repeatedly cleaned using distilled water and kept 
in a hot-air oven for drying overnight. This modified clay 
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soil was stored in a reagent bottle and used for removing 
fluoride from an aqueous solution. The prepared adsorbent 
was named lanthanum-modified clay (LMC).

Characterization of the LMC

Morphological and elemental analyses of the raw clay and 
LMC were analyzed by scanning electron microscopy (SEM, 
JSM 4490, JEOL JAPAN) facilitated with energy-disper-
sive X-ray spectroscopy (EDS), and these characteristics 
were also investigated by transmission electron microscopy 
(TEM, JEOL). The available or existing charged species 
on the LMC surface at a specific pH was confirmed using 
the pH at the zero point of charge (pHzpc) test. This test 
was performed with 50 mL of 0.01 M NaCl solution with 
0.02 g of modified clay, and different pH values (2, 4, 6, 8, 
and 10) were set using a solution of 0.1 M HCl and 0.1 M 
NaOH. The pH of all solutions with the LMC composite 
was checked after 48 h using Water Analyzer 371, Systron-
ics, and the graph was obtained between the initial and final 
pH (pH of the solution with adsorbent). Zeta potential and 
particle size analysis were performed using Zeta Nanosizer 
(Nano-ZS90, Malvern). The available functional groups 
were characterized by Fourier-transform infrared (FTIR) 
analysis in the range 400–4000  cm-1 using NICOLET 6700 
THERMO SCIENTIFIC, USA. The crystalline nature of raw 
clay and LMC was confirmed by X-ray diffraction (XRD) 
(Bruker D8 ADVANCE eco, Japan). The surface area and 
pore volume of LMC were analyzed by the adsorption and 
desorption of nitrogen using Brunauer–Emmett–Teller 
(BET) method (BEL Japan, Inc.). The temperature was 293 
K for  N2 adsorption and 200 K for desorption during the 
BET analysis. The available elements in the raw clay soil, 
LMC, and LMC after fluoride adsorption was analyzed 
using X-ray photoelectron spectroscopy (XPS) (K-Alpha, 
Thermo Scientific).

Adsorption experiment by batch process

All the adsorption studies were conducted using the batch 
process in a 250 mL Erlenmeyer flask with 50 mL aqueous 
solution shaken at a constant orbital speed of 80 rpm. All 
experiments were performed at room temperature, except 
for the temperature studies. The samples were collected at a 
predetermined time and filtered using Whatman filter paper. 
A total of 0.5 mL ISA solution was added to the collected 
sample to fix the  F– concentration. The remaining fluoride 
concentration was analyzed using a selective ion electrode 
(EUTECH ION 6+, Thermo Scientific, USA). Experiments 
were conducted using triplet samples to minimize possible 
errors. Suitable conditions for the optimization of the experi-
ment using different doses (1–6 g/L), contact time (5–120 

min), solution pH (4–10), starting concentration of fluoride 
(5–20 mg/L), and temperature (25–55 ℃).

The quantity of fluoride (q in mg/g) adsorbed at saturation 
time and adsorption percentage (R%) were calculated using 
Eqs. (1) and (2), respectively.

where C0, V, m, and Ct denote the initial concentration of 
fluoride (mg/L), volume (L), dry amount of LMC (g), and 
residual fluoride concentration (mg/L) after a specific time, 
respectively.

Adsorption experiment by a continuous process

A continuous adsorption experiment was performed for the 
adsorption of fluoride on La-clay composites using a boro-
silicate column designed and reported by Sahu et al. (2020a, 
b). Experimental parameters such as neutral pH and room 
temperature were maintained throughout the study. Two dif-
ferent depths (3 cm and 6 cm) of the adsorbent were fixed in 
the column. The 0.5 cm adsorbent bed was fixed and a cotton 
layer was kept between each adsorbent bed to simplify the 
flow rate; a schematic illustration of the column is shown in 
Fig. 1. The total adsorbent bed depth, excluding the cotton 
layer, was 3 cm and 6 cm. A fluoride solution containing 10 
mg/L was passed through the column at an inlet flow rate of 

(1)q =
(C0 − Ct)

m
V ,

(2)R% =
(C0 − Ct )

C0

× 100,

Fig. 1  Schematic diagram of fixed bed column.
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5 mL/min and 10 mL/min. The main aim of the continuous 
adsorption experiment was to check the adsorption capacity 
of a fixed amount of LMC for aqueous solution treatment.

Column parameters analysis

Breakthrough curve The concept of the breakthrough curve 
for continuous adsorption is described for a fixed bed col-
umn. This is an important characteristic for evaluating the 
dynamic response and operation of the adsorption column. 
Ct/C0 was plotted against time to check the behavior of fluo-
ride adsorbed from the inlet solution in a fixed bed.

The total volume of the treated solution can be evaluated 
by the following equation:

Here, Veff denotes the total outlet volume, Q represents the 
flow rate of the solution, and ttotal denotes the total flow time.

The total amount of fluoride adsorbed on the fixed adsor-
bent can be calculated as follows:

The adsorption capacity of the adsorbent in the column 
is given below.

Here, qe is the adsorption capacity and m are the dry amount 
of LMC fixed in the column.

The total delivered amount of fluoride in the column is 
given by,

Results and discussion

Characterization of developed adsorbent

Morphological analysis

SEM was used to analyze the morphological structure (shape 
and size) of the raw clay and LMC. The surface morphol-
ogies of the natural clay and LMC are shown in Fig. 2a, 
c. Natural clay contains small particles with significantly 
varying sizes. In contrast, natural clay has a flaky particle 
shape, whereas modified clay has a comparatively large and 
clumped flaky shape and rough surface. The clumping of 
clay particles might be happened due to the fusion of small 
particles under the influence of high temperature (500 ℃). 
A similar result was reported by Elgamouz et al. (2019). 

(3)Veff = Q × ttotal,

(4)qtotal =
Q

1000∫
t=total

t=0

Caddt,

(5)qe =
qtotal

m
,

(6)Mtotal = ttotal × C0 × Q.

The natural clay and modified clay were characterized using 
EDS. The EDS maps of natural clay confirmed that its sur-
face contained O, Mg, Al, Si, K, Ti, and Fe with weight per-
centages of 50.71%, 2.84%, 12.51%, 22.70%, 3.18%, 2.23%, 
and 5.83%, respectively. Meanwhile, the percentage of these 
components decreased in the LMC, as shown in Fig. 2d. The 
peaks in the EDS maps confirmed the successful binding 
of lanthanum to the clay surface. SEM image of the LMC 
after fluoride adsorption appeared smooth flaky structure 
and EDS analysis (Fig. 2e, f) revealed that fluoride ions well 
adsorbed on the LMC surface. The internal appearance, such 
as the shape and size of raw clay soil and LMC soil were 
investigated by TEM analysis (Fig. 2g, h). Raw clay looks 
like a nanorod with a flaky structure and a size of 84 nm to 
159 nm. Lanthanum-containing clay had a few alterations 
due to heat treatment at 500 ℃. The particle size of the LMC 
was 255–288 nm.

FTIR analysis

FTIR analysis is the most important technique for confirm-
ing the functional groups available on the exterior region of 
the raw clay and LMC. The peaks at 435  cm−1 and 787.2 
 cm−1 represent Si–O–Si-bending vibration. The peaks at 
1179.3  cm−1 and 1634  cm−1 contribute to the Si–O stretch-
ing region and OH deformation of water, respectively 
(Bukalo et al. 2017). Figure 3a shows the spectrum of the 
functional groups present in the clay soil and LMC. The 
wavenumber 3619  cm−1 determines the OH stretching of 
inner hydroxyl group of kaolinite (Bukalo et al. 2017). In 
LMC, the wavenumbers 422  cm−1 and 474  cm−1 confirm 
Si–O deformation and Si–O–Si deformation, respectively, 
and these bonds are shifted from their original positions. 
The stretching region (Si–O) was observed at the peaks 787 
 cm−1, 1016.9  cm−1, and 1100  cm−1 (Madejova et al. 2017). 
At 3619  cm−1 the OH band intensity decreased after adsorp-
tion of fluoride and also significant changes were observed 
of all peaks in the range of 1634–400  cm−1 compared to 
LMC peaks. These alterations in the peaks confirm that OH 
groups and metal ions present on the surface of LMC inter-
acted with fluoride ions.

XRD analysis

The diffractogram acquired for the natural pond clay and 
LMC is shown in Fig. 3b. The XRD pattern revealed that 
montmorillonite was present at 2θ = 8.9° (Castro et al. 
2019). The peaks at 2θ = 18°, 2θ =21°, 2θ =25°, and 2θ = 
25.5° confirm the presence of illite, quartz, and kaolinite, 
respectively (Saeed et al. 2015; Nabbou et al. 2019; Liu 
et al. 2019). Illite, quartz, and kaolinite are also present in 
the raw clay with the peaks at 2θ = 45°, 2θ =50°, and 2θ 
= 55°, respectively (Saeed et al. 2013; Saeed et al. 2015). 
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The little alteration occurred in the crystalline phase of 
LMC clay. Significant changes can be observed clearly 
at peaks range from 2θ = 18.2° to 2θ = 61.4° in LMC 
after fluoride adsorption. The large peak at 19.5° has been 
shifted to 32.1° having high intensity.

pHzpc of LMC

The pHzpc analysis provides information about the acid/base 
nature of the adsorbent, which affects the pH of the solu-
tion and the electrostatic interaction between the adsorbed 

Fig. 2  Scanning electron microscopy (a, c and e) and energy-dispersive X-ray spectroscopy (b, d and f) analysis of raw clay soil; lanthanum-
modified clay (LMC) and LMC after fluoride adsorption. Transmission electron microscopy analysis of raw clay (g) and LMC (h)
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ions and charges present on the adsorbent surface. The 
pHzpc determines the pH at which the total surface charge 
of the adsorbent is electrically neutral. The adsorbent sur-
face contains a positive charge when the pH becomes less 
than pHzpc, while the adsorbent surface contains negatively 
charged species when the pH exceeds pHzpc (Raghav and 
Kumar 2018). The pHzpc of the LMC was found to be 6, 
confirming that its surface was positively charged (Fig. S2a).

Zeta potential and particle size analysis

A high positive or negative zeta potential value of the 
adsorbent indicates the good physical stability of particle 
suspensions because of the electrostatic repulsion between 

particles. Zeta potentials lower than – 30 mV and higher 
than + 30 mV create repulsive forces that maintain colloidal 
stability. The zeta potential of the LMC was + 25.1 mV at 
pH 2 presented in Fig. S2b. The particle size of the LMC 
was 600–1000 nm, and the maximum intensity was found 
for a 0.712 µm particle size (Fig. 3c).

N2 adsorption/desorption analysis

LMC was characterized by the adsorption/desorption of  N2 
(Fig. 3d, f). The pore volume, surface area, and pore diam-
eter were also determined. Type IV  N2 adsorption–desorp-
tion isotherm having type-H3 hysteresis appeared for LMC, 
which is classified according to the international union of 

Fig. 3  Fourier-transform infrared spectra (a), X-ray diffraction analysis (b), PSA analysis (c),  N2 adsorption/desorption curve (d), Brunauer–
Emmett–Teller plot (e), and Barrett–Joyner–Halenda curve (f)
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pure and applied chemistry. The same type of adsorption 
isotherm was reported by Caponi et al. (2017) in the adsorp-
tion/desorption isotherm. The BET surface area of LMC 
was 6.54  m2/g, while the mean pore diameter and total pore 
volume were 55.510 nm and 0.0914  cm3/g, respectively. The 
large surface area facilitated the adsorption of fluoride ions.

XPS

The XPS data of the raw clay soil, LMC, and LMC after 
fluoride adsorption are shown in Fig. 4. The Al2p (74.2 
eV), Si2p (101.5 eV), C1s (283.2 eV), O1s (531.8 eV), 
Fe2p (711.8 eV), and Mg1s (1303.1 eV) peaks were present 
in the raw clay soil. The presence of lanthanum (La3d) at 
the peak of 845.5 eV confirmed its successful binding to 
the clay surface (Zhang et al. 2016) (Fig. 4b). The peak at 
685 eV confirms the presence of fluoride on LMC (Fig. 4c), 
while the peak of the O1s element continued to shift toward 
a less energy side of 1.9 eV differentiated with that of LMC. 
The binding energy of lanthanum was altered from 845.5 to 
866.14 eV after interaction with fluoride. This may be due 
to the adsorption of fluoride on the LMC.

Batch adsorption studies

Influence of adsorbent dose

The adsorption study was conducted with different 
amounts of raw clay soil and LMC (1–6 g/L) to determine 
the effect of fluoride uptake. Adsorption of fluoride did 
not occur on raw clay soil, therefore, LMC was used to 
perform these adsorption studies. The results confirmed an 
increase in the adsorption of fluoride, as shown in Fig. 5a. 
The fluoride uptake was found to be 42.6% and 84% at 
the doses of 1 g/L and 3 g/L, respectively. At the doses 
of 4 g/L and 5 g/L, the removal rates were 95.5% and 
98.3%, respectively. Upon further increasing the dose to 6 
g/L, a similar result of 98.6% was obtained. The adsorp-
tion capacity of LMC was 4.26 mg/g and 1.96 mg/g at the 
doses of 1 g/L and 5 g/L, respectively. After the satura-
tion of the active sites of LMC, fluoride uptake did not 
increase. Therefore, a 5 g/L dose of LMC was selected for 
further experiments.

Fig. 4  X-ray photoelectron spectroscopy of raw clay soil (a), LMC (b), and after fluoride adsorption
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Effect of pH on adsorption

The ionic condition of the solution and the ionic charges on 
the adsorbent and adsorbate influence the fluoride uptake. 
The experiment for the pH effect was conducted under 
varying pH (4–10) of the solution. The results revealed 
that the fluoride uptake decreased as the pH of the solu-
tion increased, as shown in Fig. 5c. At pH 4 and pH 6, the 
removal rates were 98.3% and 93.6%, respectively; at neu-
tral pH, the removal rate was 93.3%. At pH 8 and pH 10, 
the removal rates were 93% and 92.6%, respectively. The 
adsorption capacity at pH 7 was 1.86 mg/g. The decline in 
fluoride uptake at higher pH may result from the repulsive 
force between hydroxyl ions and fluoride ions as well as the 
decreasing positive charge on the adsorbent surface due to 
the increasing pH of the solution. The pHzpc of adsorbent 

and pH of the solution also affect the adsorption activity, at 
a pH below pHzpc contains positively charge that is respon-
sible for fluoride ions attraction, while pH above pHzpc car-
ries a more negative charge that decreases the fluoride ions 
adsorption.

Effect of contact time

Time is a major factor in the adsorption process. The con-
tact time study was carried out at different times (5–120 
min), with an adsorbate concentration of 10 mg/L, at neu-
tral pH, and at room temperature. Initially, fluoride uptake 
increased as the contact time increased. After achieving an 
equilibrium time of 60 min, fluoride uptake was constant, 
because the adsorbent surface had more adsorption sites at 
the initial stage. However, fluoride uptake did not occur after 

Fig. 5  Effect of dose (a), effect of contact time (b), effect of pH (c), effect of starting concentration (d), and effect of temperature (e)
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the saturation of adsorption sites. The result revealed that 
adsorption efficiency was 1.5 mg/g and 1.77 mg/g at 5 min 
and 30 min, respectively, as shown in Fig. 5b. At an equilib-
rium time of 60 min, the adsorption capacity was 1.83 mg/g. 
The adsorption efficiency was 1.9 mg/g and 1.88 mg/g at 
90 min and 120 min, respectively. After 120 min of contact 
time, the adsorption capacity did not increase.

Effect of fluoride concentration

The effect of fluoride concentration was evaluated by per-
forming adsorption experiments with different concentra-
tions of fluoride ions (5, 10, 15, and 20 mg/L), while other 
parameters, such as pH (7), dose (5 g/L), and temperature 
(25 ℃) were maintained constant. In Fig. 5d, it is obvious 
that, as the concentration of fluoride ions increased, the 
adsorption activity of fluoride decreased from 98.6 to 58.3%. 
The decline in the removal of fluoride might be due to an 
increase in the quantity of fluoride ions competing for the 
availability of adsorption sites in the LMC.

Effect of temperature

The influence of temperature was examined by performing 
adsorption studies on various warming scenarios (25 ℃, 
35 ℃, 45 ℃, and 55 ℃) under optimum conditions: 5 g/L 
LMC dose, neutral pH, 10 mg/L initial fluoride concentra-
tion, and 0 to 120 min shaking time. The obtained results 
were plotted for the adsorption capacity, as shown in Fig. 5e. 
The adsorption capacity reached 1.92 mg/g at 25 ℃ and 
decreased to 1.88 mg/g at 55 ℃. Temperature affects the 
energy balance during adsorption and the kinetics of the 
adsorbed ions (Wambu and Kurui 2018). Results revealed 
that when the temperature increased, the adsorption capacity 
decreased, showing the adsorption process is exothermic.

Adsorption isotherm model

The distribution of adsorbed molecules between the solid 
and liquid phases at equilibrium can be determined from 
the adsorption isotherm data. The mechanism of fluoride 
adsorption can be evaluated based on the arrangement of 
fluoride ions that occurs monolayer or multilayer and this 
behavior can also be evaluated by the mathematical model. 
Monolayer arrangement of adsorbate on the surface of adsor-
bent predicts adsorption activity is chemisorption in nature, 
while multilayer arrangement of adsorbate determines phy-
sisorption. The expression of the model gives information 
about the exponential distribution of energies and adsorptive 
sites. Moreover, the fluoride adsorption capacity of LMC 
can be determined. The data generated for fluoride adsorp-
tion on LMC were used for the Freundlich, Langmuir, and 
Temkin isotherm models.

Langmuir isotherm model

Equilibrium studies on the fluoride adsorption on LMC 
were carried out at various concentrations (5–20 mg/L). The 
Langmuir adsorption isotherm assumes that a monolayer 
arrangement occurs on the adsorbent surface (Chaudhry 
et al. 2017). The equation for this model is represented by 
the following equation:

Figure 6a shows a plot of the Langmuir isotherm Ce/qe 
(specific adsorption) versus Ce (equilibrium concentration). 
Q0 (mg/g) and b (L/mg) are the Langmuir constants, which 
represent the maximum adsorption capacity and the rate of 
adsorption, respectively. The values of these constants were 
determined by the slope and intercept of the plot and are 
presented in Table 1.

The dimensionless separation factor for Langmuir iso-
therm is expressed as follows:

where C0 is the initial fluoride concentration (mg/L) and b 
is a constant for the adsorption equilibrium (L/mg) of Lang-
muir. RL is a separation factor that confirms the behavior 
of adsorption; in particular, 0<RL<1 indicates favorable 
adsorption, whereas RL>1 indicates unfavorable adsorption. 
In our study, RL<1; therefore, fluoride adsorption on the 
LMC was favorable (Gautam et al. 2018).

Freundlich isotherm model

The Freundlich isotherm assumes that the formation of a 
heterogeneous layer occurs during adsorption. The equation 
for this adsorption model is expressed as follows:

where Ce, qe, and Kf denote the concentration of fluoride 
(mg/L) at equilibrium, amount of the adsorbed fluoride 
(mg/g), and capacity (mg/g(L/mg)1/n) of LMC for fluoride 
uptake, respectively. The plot of  lnqe versus lnCe for the 
uptake of fluoride on LMC yielded a straight line with a 
correlation coefficient, and n is an equilibrium constant of 
the Freundlich isotherm (Fig. S.3a). It is assumed that the 
adsorption capacity increases as Kf increases. The value of 
n is used to check the degree of nonlinearity whether the 
adsorption is linear (n = 1), chemical phenomena (n > 1), 
and physical phenomena (n < 1). In this adsorption study, 
n > 1 (Table 1).

(7)Ce
/

qe
=

1

Q0b
+

Ce

Q0

.

(8)RL =
1

(

1 + bC0

) ,

(9)lnqe = lnKf −
1

n
lnCe,
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Temkin isotherm model

The Temkin isotherm model characterized the uniform disper-
sal of binding energies on the adsorbent surface. Sorbate–sorb-
ent interactions decrease the adsorption heat as surface cover-
age increases during adsorption (Ayawei et al. 2017).

(10)qe = BlnKT + BlnCe,

where KT is the Temkin isotherm constant (L/g), B is a 
constant (RT/bT) for the heat of sorption (J/mol), and R is 
the gas constant (8.314 J/mol K). The values of B and KT 
obtained from the intercept and slope of the plot of qe versus 
lnCe (Fig. S.3b), and the values of these parameters are listed 
in Table 1.

The parameters of the adsorption isotherm models revealed 
that the regression coefficient R2 value was 0.998 for the Lang-
muir model, which was comparatively higher than 0.758 for 
the Freundlich model and 0.825 for the Temkin model. The 

Fig. 6  Plot of Langmuir model (a), pseudo-second-order kinetics (b), intraparticle diffusion (c), thermodynamic plot (d), breakthrough curve of 
3 cm (e), and breakthrough curve of 6 cm (f)

Table 1  Values of parameters 
related adsorption isotherms

Langmuir isotherm Freundlich isotherm Temkin isotherm

Q0 (mg/g) b (L/mg) RL R2 KF (mg/g(L/mg)1/n n R2 B KT(e^c/B) R2

2.384 0.0321 0.861 0.998 1.704 5.202 0.758 0.306 369.24 0.825
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values of b and Q0 for Langmuir were 0.032 and 2.384 mg/g, 
respectively. The Langmuir equation was best fitted for the 
adsorption of fluoride on LMC.

Kinetic studies

The adsorption rate of fluoride ions on the LMC surface was 
evaluated using kinetic studies. The adsorption dynamics 
were elaborated by pseudo-first-order kinetics as expressed 
in Eq. 11, and pseudo-second-order kinetics, as expressed in 
Eq. 12, to determine the rate of fluoride adsorption on LMC.

where qt is the quantity of fluoride (mg/g) adsorbed on the 
LMC at any time (t), k1 is the adsorption rate constant (1/
min) of first-order kinetics, and k2 is the adsorption rate con-
stant (mg/g min) of second-order kinetics. The equilibrium 
adsorption capacity and constants were obtained by plotting 
log(qe −  qt) against t (Fig. S3c). A plot of pseudo-second-
order kinetics is shown in Fig. 6b. The kinetic data showed 
that the R2 value was 1 for fluoride adsorption on LMC; 
therefore, the pseudo-second-order reaction was more suit-
able. The parameters of both kinetics are listed in Table 2.

Intraparticle diffusion (IPD) model

The IPD model infers the mechanistic approach of adsorbate 
transfer and transport from the solid–liquid interface onto the 
solid adsorbent. It assumes that information about the bound-
ary layer thickness can be obtained by the intercept. A higher 
intercept indicates a greater contribution of adsorption on the 
surface in the rate-determining step (Sahu et al. 2020a, b). 
The equation for the IPD model is given by Weber–Morris 
as follows:

(11)log
(

qe − qt
)

= logqe

(

k1

2.303

)

t,

(12)
t
/

qe
=

1
(

k2qe2
) +

(

1∕qe
)

t,

(13)qt = kt
1∕2 + C,

where k denotes the rate constant (mg/(g  min0.5)) of the IPD 
model and C is a constant (mg/g) for the boundary layer 
thickness. Figure 6c shows that the linear graph does not 
cross the starting point, which confirms that IPD is not only 
ascribed to the rate controlling for fluoride adsorption on the 
LMC. The parameters of the IPD model are listed in Table 2.

Thermodynamic studies of fluoride adsorption 
on LMC

The thermodynamic parameters, such as the change in 
entropy (ΔS), Gibbs free energy (ΔG), and enthalpy (ΔH), 
during the adsorption of fluoride on LMC were confirmed by 
thermodynamic studies. These parameters can be evaluated 
at various temperatures (25 ℃, 35 ℃, 45 ℃, and 55 ℃) using 
the following equations:

where Kc (L/g) denotes the standard thermodynamic con-
stant, T is the temperature in Kelvin, and R is the universal 
gas constant (8.314 J/mol K). The changes in enthalpy and 
entropy can be determined by plotting lnKc against 1/T (Sai-
kia et al. 2017). In this study, adsorption was exothermic 
owing to the negative value of ∆H (Table 3). The positive 
value of the ΔG indicates that the process was non-sponta-
neous, and the negative value of entropy point out a decrease 

(14)Kc = qe∕Ce,

(15)lnKc = (ΔS∕R) − (ΔH∕RT),

(16)ΔG
◦

= −RTlnKc,

Table 2  Values of kinetics 
and intraparticle diffusion 
model parameters of fluoride 
adsorption

C0 (mg/L) Pseudo-first-order kinetic Pseudo-second-order kinetic Intraparticle diffusion 
model

qe (mg/g) K1 R2 qe (mg/g) K2 R2 Ki (m) C R2

5 0.018 0.0143 0.964 0.974 6.620 1 0.001 0.956 0.841
10 0.080 0.0087 0.933 1.926 1.176 1 0.008 1.832 0.903
15 0.644 0.0074 0.975 2.298 0.170 0.999 0.070 1.581 0.806
20 0.790 0.0073 0.986 2.415 0.124 0.998 0.067 0.886 0.886

Table 3  Thermodynamic parameters of fluoride adsorption onto the 
LMC

Temperature (K) Thermodynamic parameters

ΔGO (kJ/mol) ΔHO (kJ/mol) ΔSO (J/mol K)

298 K 4.764 − 8.694 − 16.017
308 K 4.924
318 K
328 K

5.084
5.245
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in randomness at the LMC surface during the adsorption 
process. The thermodynamic plot is shown in Fig. 6d.

Continuous adsorption study

Effect of fixed bed depth

The continued adsorption study was conducted with two dif-
ferent bed heights (3 cm and 6 cm) and two flow rates for 
each bed depth to check the effect of fluoride adsorption in 
a column. The starting concentration of the influent was 10 
mg/L. The obtained breakthrough curves for both bed depths 
are shown in Fig. 6e, f. Data from the column study showed 
that, as the bed length increased from 3 to 6 cm, the satura-
tion time increased from 390 to 480 min, and the processed 
effluent increased from 2025 to 2400 mL with a flow rate of 
5 mL/min. The saturation time for a flow rate of 10 mL/min 
increased from 180 to 225 min (Table 4). The breakthrough 
time increased because of the increasing amount of LMC, 
which provided more adsorption sites for the adsorption of 
fluoride.

Effect of solution flow rate

The effect of influent flow rate on the breakthrough curve 
and saturation time was observed at two different flow rates, 
5 mL/min and 10 mL/min. It was observed that break-
through generally occurred rapidly with a higher flow rate, 
and the column was exhausted in less time. As the flow rate 
increased, the saturation time decreases. At 5 mL/min, the 
exhaustion of the column slowed down because of the longer 
contact time. This means that the adsorption of fluoride 
increased as the flow rate decreased. This is due to the longer 
interaction time between the fluoride ions and LMC surface.

Thomas model

The Thomas model was employed to evaluate the maximum 
adsorption capacity of the LMC in a column. This model 
was extensively applied to evaluate column performance. 
The equation of the Thomas model is expressed as follows:

where kTH is the rate constant (mL/min∙mg) of the Thomas 
model, qe is the adsorption capacity (mg/g) at equilibrium, 
Q is the flow rate (mL/min) of the solution, and m is the 
amount of LMC in the column. A plot of the Thomas model 
is shown in Fig. S4a, b, and the values of the Thomas param-
eters are listed in Table 4.

Adams–Bohart model

The Adams–Bohart model describes that the rate of adsorp-
tion is proportional to the fluoride concentration and the 
remaining capacity of the LMC. This model is used for the 
elaboration of the starting portion of the breakthrough curve 
during continuous adsorption in the column, and the equa-
tion is presented below.

where KAB denotes the Adams–Bohart rate constant for 
adsorption, N0 is the maximum adsorption capacity (mg/L) 
per unit dose of LMC used in the column, z is the bed depth 
(cm) of the adsorbent, and U0 is the linear velocity (cm/min) 
of the influent solution. The plot for Adams–Bohart is shown 
in Fig. S4c, d. The values of the different parameters of this 
model are presented in Table S1.

Yoon–Nelson model

The Yoon–Nelson model was used to evaluate the break-
through behavior of fluoride on the LMC in the column. The 
expression of this model is given by the following equation 
(Djelloul and Hamdaoui 2015):

where kYN is the rate constant (L/min) of Yoon–Nelson, 
and τ is the time required for 50% adsorbate breakthrough. 

(17)ln

(

C0

Ct

− 1

)

=
kTHqem

Q
− kTHC0t,

(18)ln

(

Ct

C0

)

= KABN0

z

U0

− KABC0t,

(19)ln

(

Ct

C0 − Ct

)

= �kYN − kYNt,

Table 4  Values of different fixed bed and Thomas model parameters

Column parameters Thomas parameters

Co (mg  L-1) Z (cm) Q (mL min-1) ttotal (min) mtotal (mg) qtotal (mg) qe (mg/g) Veff (mL) KTH (mL 
 min-1  mg-1)

Qo (mg  g-1) R2

10 3 5 405 20.25 20.24 6.74 2025 0.0033 3799.44 0.925
10 3 10 180 18.00 17.46 5.82 1800 0.0048 2643.71 0.991
10 6 5 510 25.50 25.49 4.24 2550 0.0014 1764.96 0.909
10 6 10 240 24.00 23.76 3.96 2400 0.0034 1349.26 0.950
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The values of kYN and τ were obtained from the plots of 
ln[(Ct/C0 − Ct)] against t for different flow rates (Table S1). 
The plot for this model is shown in Fig. S5a, b.

Clark model

This model was used to evaluate mass transfer using the 
Freundlich isotherm (Saadi et al. 2013). The linear equation 
is expressed as follows:

where n is the Freundlich parameter, and C0 and C are the 
influent and effluent concentrations (mg/L), respectively. A 
and r (1/h) are constants for the Clark model. The plot of 
ln[(C0/C)n−1 − 1] versus time is shown in Fig. S5c, d. The 
values of A and r can be obtained from the slope and inter-
cept of the plot, respectively.

The performance of the column was evaluated by apply-
ing the Adams–Bohart, Clark, Yoon–Nelson, and Thomas 
models. The Thomas model revealed that the value of  KTH 
increased as the flow rate for both bed depths increased, 
whereas the value of q0 decreased, as shown in Table 4. This 
effect occurred because of the driving force between the fluo-
ride ions and the LMC surface. Column data according to the 
Adams–Bohart equation indicated that the adsorption capacity 
(N0) and rate constant (KAB) decreased as the bed height of 
LMC increased (Table S1). The time needed for adsorbate 
breakthrough (τ) decreased as the bed depth increased, and 
the rate constant (KYN) of Yoon–Nelson increased as the flow 
rate increased from 5 to 10 mL/min, while Clark constant (A) 
also decreased (Table S1 and Table S2).

Reusability test of LMC

The reusability of LMC was determined by adsorption and 
desorption processes. A predetermined amount of LMC was 
mixed in a 10 mg/L solution of fluoride and was shaken in an 
orbital shaker for 2 h. The desorption of the fluoride ions from 
the LMC surface was compared using two different solutions 
of 0.1 M NaOH and 0.1 M  NaHCO3, and the mixture was 
shaken in an orbital shaker for 6 h. Afterward, the adsorbent 
was separated and cleaned two to three times with distilled 
water. The dried LMC was further used for the adsorption of 
fluoride, and the competitive concentration was checked using 
a selective ion electrode. The same procedure was followed 
for each cycle. The adsorbent was successfully applied for 
four adsorption cycles. The adsorption capacity (1.94 mg/g) 
of the adsorbent was decreased from the first cycle to the 
fourth cycle (0.34 mg/g) with NaOH solution. The maximum 
adsorption was 97% for the first cycle and 17% for the fourth 

(20)ln

[

(

C0

C

)n−1

− 1

]

= lnA − rt,

cycle, while, adsorption percentage was obtained 19% and 
10% with  NaHCO3 solution as shown in Fig. 8a. Regeneration 
using  NaHCO3 shows lower adsorption of fluoride compared 
to regeneration using NaOH, because NaOH is a strong base 
that desorbed more fluoride ions in each regeneration cycle 
from the surface of LMC.

Mechanism of fluoride adsorption on LMC

The mechanism of fluoride adsorption on LMC is illustrated 
in Fig. 7. This mechanism is described based on available 
adsorption sites and cations on the LMC as well as their inter-
actions with fluoride ions. Ligand exchange occurs between 
fluoride ions and metallic cations  (La3+,  Al3+,  Mg2+, and 
 Fe3+) owing to the isoelectronic and ionic radii of the fluoride 
ions and  OH- (Sengupta et al. 2020). The electrostatic attrac-
tion was found between positively charged lanthanum ions 
and negatively charged fluoride ions. pHzpc of the adsorbent 
also influences the adsorption of fluoride. When the pH is 
lower than the pHzpc, the adsorbent surface carries a more 
positive charge then it interacts with fluoride ions and occurs 
more adsorption. While in the case of pH more than pHzpc, 
less positive charge and more  OH- ion that opposes the fluo-
ride adsorption on the LMC. The presence of lanthanum on 
the surface of the clay soil was confirmed in the XPS data 
(Sahu et al. 2020a, b). As the pH of the solution increased, the 
protonation of M–OH formed M–OH2

+, which facilitated the 
binding of fluoride ions. The F1s peak of 685 eV confirmed 
the successful attachment of  F− to the LMC surface.

Effect of competitive ions

During the adsorption process, the other ions that are 
available in the solution affect the adsorption of the tar-
get adsorbate. The effects of chloride, nitrate, sulfate, and 
bicarbonate ions on fluoride adsorption were evaluated. A 

Fig. 7  Probable mechanism of fluoride adsorption on LMC
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combined solution of individual ions with fluoride con-
centrations of 250 and 10 mg/L was used in this study. 
As shown in Fig. 8b, the observations confirmed that 
chloride and nitrate ions did not alter the fluoride ion 
capacity, whereas the presence of bicarbonate and sulfate 
showed a negative influence. The presence of sulfate ions 
caused the adsorption percentage to decrease from 98 to 
83%, while the presence of bicarbonate ions caused the 
adsorption percentage to decrease from 98 to 35%. This 
decline in fluoride adsorption might be a result of the 
ionic repulsive force between fluoride ions and sulfate/
bicarbonate ions that alters the interaction of fluoride 
with adsorption sites available on the LMC surface.

Comparison of adsorption capacity of LMC 
with different adsorbents

The adsorption capacity of LMC was compared with that 
of different types of clay-based adsorbents for fluoride 
adsorption. It was found that LMC had a better adsorp-
tion capacity than previously reported adsorbents, as pre-
sented in Table 5.

Application of LMC for groundwater treatment

The developed adsorbent was examined for its suitability to 
treat real groundwater. Fluoride-containing water samples 
were collected from different locations in the village Chou-
hatta (25°57′08″ N, 80°57′13″ S). First, analysis of fluoride, 
pH, and TDS was tested in the collected sample, and the 
concentration of fluoride was found 5.6 mg/L (village hand 
pump) and 3.9 mg/L (school hand pump). A total of 0.5 
g LMC was added to a 100 mL groundwater sample and 
shaken for 60 min at room temperature. After the treatment 
of the groundwater sample, fluoride ions were significantly 
removed. Fluoride ions reached 1.4 mg/L from 3.9 mg/L in 
school hand pump water, which is below the permissible 
limit set for drinking purposes. The analyzed groundwater 
parameters are listed in Table 6.

Conclusions

In the present work, a composite of clay and lanthanum 
was successfully developed and applied for f luoride 
removal by batch and continuous flow processes in a 

Fig. 8  Regeneration study of LMC (a) and effect of competitive ions on fluoride adsorption (b)

Table 5  Comparison of 
adsorption capacity of LMC 
with different adsorbents

S.N. Adsorbent pH Adsorption 
capacity (mg/g)

References

1. Lanthanum and Aluminum modified clay 6 1.3 Zhang et al. (2016)
2. Lateritic soil 6 0.5 Iriel et al. (2018)
3. Manganese modified bentonite 4 2.4 Mudzielwana et al. (2018)
4. Mechanochemically activated clay soil 6 1.87 Obijole et al. (2019)
5. Natural clay (Kaolinite) 5.8 0.448 Nabbou et al. (2019)
6. Kaolin-Bentonite composites 6.5 0.3 Annan et al. (2021)
7. Lanthanum-modified pond clay soil 7 1.96 Present study
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column. The highest adsorption of fluoride ions on LMC 
was 97% with an adsorption capacity of 1.96 mg/g. Col-
umn adsorption studies were performed using two differ-
ent adsorbent bed depths in a column. As the bed height 
increased, the adsorption capacity and efficiency of the 
column increased. Moreover, as the flow rate of the solu-
tion increased, the adsorption of fluoride decreased. The 
Thomas model was best fitted for column data in com-
parison with Adams–Bohart, Yoon–Nelson, and Clark 
models. The pseudo-second-order kinetics and Freun-
dlich adsorption isotherms fitted well for fluoride adsorp-
tion on the LMC. The exchange of legends between the 
present metallic cations and fluoride ions as well as the 
electrostatic force between the positively charged hydroxyl 
group and fluoride were responsible for the chemisorption 
mechanism. The protonation of M–OH produced M–OH2

+, 
which attracted fluoride ions. The presence of sulfate and 
bicarbonate ions in the aqueous solution had negative 
results for fluoride adsorption. The LMC test for ground-
water treatment had significant results, with a fluoride con-
centration of 1.4 mg/L from 3.9 mg/L. Based on the results 
of this adsorption study, LMC could be a good candidate 
for the defluorination of contaminated groundwater. A 
large amount of adsorbent preparation from locally avail-
able clay soil can be used in filter systems and will provide 
fluoride-free drinking water to the villages community.
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