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Abstract— It was aimed to synthesize an adsorbent for 
fluoride and hardness removal using a nanoclay-biochar 
composite from unrefined Montmorillonite (MMT) clay 
from the Murunkan in Mannar, Sri Lanka. Fourier 
Transform Infrared Spectroscopy (FTIR), X-Ray 
Diffraction (XRD), X-Ray Fluorescence (XRF), Scanning 
Electron Microscope (SEM), and Thermal Gravimetric 
Analysis (TGA) were employed to characterize the 
materials. FTIR, XRD, and TGA analyses indicated the 
presence of MMT clay mineral in the sample. The SEM 
image of the composite confirmed the successful binding 
of MMT onto the biochar through a flaky appearance 
along the porous morphology. Further, the surface 
texture of clay and biochar could support hardness and 
fluoride removal by enhancing adsorption. The results 
obtained from CHN analysis show that the biochar 
sample was rich in carbon, which helps in the sorption of 
hardness and fluoride. The adsorption isotherm data of 
all the adsorbents were well fitted to the Temkin isotherm 
model, suggesting that the removal of hardness and 
fluoride onto the adsorbent indicates a heat of sorption. 
The kinetic adsorption data of all the adsorbents were 
well fitted to the pseudo-first-order kinetic model, 
indicating the dominant contribution of the physisorption 
mechanism. However, since the measured adsorption was 
minimal, a modification to the nanoclay-biochar 
composite is required for higher sorption efficiency by 
enhancing the active sites on sorbents to purify 
groundwater that contains an undesirable level of 
selected contaminants. 
Keywords: Montmorillonite nanoclay, Murukkan clay, 
biochar, nanocomposite, adsorption 

I. INTRODUCTION 

Chronic Kidney Disease of unknown etiology 
(CKDu) has been identified as a significant non-
communicable disease in North Central Province 
(NCP) due to its high prevalence and public health 

 
 

effects. Over the past three decades, many 
investigations have taken place in the NCP of Sri Lanka 
concerning CKDu. The highest numbers of CKDu 
patients are recorded in the Anuradhapura district 
(Ranasinghe et al., 2024). The Ministry of Health 
conducted community-based screening programmes in 
2015 and 2016, a total of 24,806 patients were identified 
from 11 districts designated as high risk for CKDu, of 
which 9,902 were from the Anuradhapura district 
(Senanayake, 2018). 

Fluoride and hardness are factors contributing to the 
occurrence of CKDu, and fluoride content associated 
with hardness is a significant hydrogeochemical feature 
in all regions of CKDu studied (Wickramarathna et al., 
2017). Moreover, Liyanage et al., (2022) found that 
fluoride ions and water hardness associated with higher 
Mg2+ ions may influence CKDu. 

In accordance with the Water Quality Association 
(WQA) and the United States Geological Survey 
(USGS), hard water is classified according to its Ca2+ 
and Mg2+ ion concentration in water: 0–60 mg/L is 
considered soft water, 61–120 mg/L is considered 
moderately hard water, 121-180 mg/L is considered 
hard water and more than 180 mg/L is considered very 
hard water. Total water hardness includes carbonate and 
non-carbonate hardness, primarily associated with Ca2+ 
and Mg2+ ions (Shmeis, 2018). 

Drinking water containing fluoride can also have 
positive and negative effects on human health. As one 
of the suspected chemical contaminants that cause 
CKDu in Sri Lanka, fluoride is widely distributed in the 
environment. In areas affected by CKDu in Sri Lanka, 
groundwater contains unsafe levels of fluoride 
(Paranagama et al., 2018). In more than 98% of CKDu 
patients, groundwater is their primary water source, and 
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fluoride interactions in groundwater cause the disease 
(Hettithanthri et al., 2021). There are higher fluoride 
concentrations in the dry zone groundwater of the NCP 
(0.2–8 mg/L) than in the wet zone (0.2–0.8 mg/L) in Sri 
Lanka. Because of high fluoride levels in both the soil 
and groundwater, crops grown in NCP contain higher 
fluoride concentrations (Paranagama et al., 2018). 

A higher fluoride concentration is associated with a 
higher hardness concentration in groundwater from 
CKDu regions compared to non-CKDu regions, and 
this enhances CKDu. Long-term and continuous 
exposure to fluoride and hardness in drinking water 
could enhance the damage by further causing renal 
failure at an end-stage (Wickramarathna et al., 2017). 

To improve the quality of life, it is imperative that 
these contaminants be removed from drinking water. 
Water can be treated using many methods, including 
adsorption, precipitation (Pakharuddin et al., 2021), ion 
exchange, reverse osmosis (Tayeh, 2024), 
electrochemical treatments (Alkhadra et al., 2022), 
membrane filtration, and bio-sorption (Mutegoa, 2024). 
Among those, adsorption is relatively inexpensive, easy 
to design, easy to perform, highly efficient, eco-
friendly, and produces fewer toxic intermediates. 
Furthermore, most adsorbents used in adsorption 
studies are abundant, naturally derived, and relatively 
inexpensive, such as biochar and clay (Zaman et al., 
2023). 

Clay-biochar composites have been studied for 
various environmental applications since both materials 
possess good adsorption capability. However, clay-
biochar composites were considered potential 
adsorbents of several contaminants (Chaukura et al., 
2020). There were no studies conducted on the removal 
competencies of hardness and fluoride. Hence, this 
research aims to assess the performance of 
nanocomposites for the removal efficiency of hardness 
and fluoride in groundwater using locally available 
nanoclay and biochar. 

II. EXPERIMENTAL 

A. Materials and chemicals 

The clay sample was collected from the Murunkan, 
composed of soil with higher MMT content (Piyasena 
et al., 2019) in the Mannar district of Northwestern 
Province in Sri Lanka. Biochar was produced from the 
pyrolysis of Cinnamon wood. All solutions were 
prepared using deionized water. 2 mg/L synthetic 
solutions of fluoride were prepared with Sodium 
Fluoride, and 500 mg/L synthetic solutions of hardness 
were prepared with Calcium Chloride and Magnesium 
Chloride. 

 B. Clay and biochar preparation 

To remove any organic and coarse particles present 
in the clay, a wet sieve analysis was performed on the 
collected sample from 63 μm sieve. Afterwards, the 
specimen was dried at 110 °C in an oven. The dry 
specimen was ground to make the powder, and a dry 
sieve analysis was performed using from 63 μm sieve. 
It was heated up to 300 °C for 1 hour to remove organic 

materials from the clay sample (Wanasinghe & 
Adikary, 2017). The Cinnamon wood was collected and 
air-dried overnight. Then the sample was pyrolyzed at 
600 °C for 1 hour under oxygen-limited conditions (Yao 
et al., 2014). The resulting chars were allowed to cool 
to room temperature. Afterwards, the biochar sample 
was crushed and sieved to remove particles larger than 
63 μm. 

C. Characterization of clay and biochar 

The resultant sample was subjected to Fourier 
Transform Infrared Spectroscopy (FTIR), X-Ray 
Diffraction (XRD), and Thermal Gravimetric Analysis 
(TGA) to verify the presence of MMT. XRF analysis of 
clay and biochar samples was carried out to identify the 
chemical composition. Scanning Electron Microscope 
(SEM) Analysis was carried out to determine the MMT 
clay structure in the clay sample. In addition, the SEM 
analysis was carried out for biochar to identify the 
morphology of the biochar structure. CHN analysis of 
the biochar sample was carried out to determine the 
carbon, hydrogen, and nitrogen elemental 
concentrations. These analyses for the clay and biochar 
samples were carried out at the Sri Lanka Institute of 
Nanotechnology (Pvt) Ltd, Sri Lanka. 

D.  Adsorption studies 

The clay-biochar composites were prepared using 
clay and biochar in the form of balls for three selected 
different mixing proportions (1:1, 2:1, 3:1) with an 
average diameter of 5mm. The heat treatment process 
was carried out at 1000 °C for 7 hours to improve the 
stability of the clay-biochar composite (Mahalekam et 
al., 2016). And also, clay adsorbent was prepared using 
clay in the form of balls. However, biochar was used in 
powder form. The 20 ml samples were sequentially 
collected from the shaker after 0, 15, 30, 60, and 120 
min at natural pH for the adsorbent to determine 
fluoride and hardness adsorption capacities onto the 4 
g of adsorbents. In addition, 28 °C temperature and 80 
rpm stirring speed were used as other operating 
parameters of the shaker. 

1)  Sorption Isotherm 
Non-linear models such as Langmuir (1), 

Freundlich (2), Temkin (3), and Dubinin-
Radushkevich (4) were used to fit experimental 
isotherm data and which helps to understand the 
physico-chemical mechanism of the adsorbents and 
adsorption process at the solid-liquid interface. 

𝑞௘ =
ொ.௄ಽ ஼೐

ଵା௄ಽ ஼೐
                           (1) 

𝑞௘ = 𝐾௙𝐶௘

భ

೙                                  (2) 

𝑞௘ =
ோ்

௕೅
ln 𝐴் 𝐶௘                         (3) 

𝑞௘  =  𝑞௦. 𝑒𝑥𝑝(− 𝐵 ∈ଶ )                      (4) 

Where Ce represents the equilibrium concentration 
(mg/L), KL represents the Langmuir equilibrium 
constant (L/mg), qe represents the adsorbed amount per 
adsorbent amount (mg/g), Q  represents the Langmuir 
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maximum adsorption capacity (mg/g), and n and Kf are 
Freundlich constants related to nonlinear adsorption, R 
represents the universal gas constant (8.314 J/mol.K), 
AT represents the Temkin isotherm equilibrium-
binding constant (l/g), bT represents the Temkin 
isotherm constant, qs represents the theoretical 
isotherm saturation capacity (mg/g), B represents the 
Dubinin-Radushkevich isotherm constant (mol2.k/J2), 
ϵ represents the Dubinin-Radushkevich isotherm 
constant (potential energy) (Girish, 2017). 

2) Sorption Kinetics 
Models based on non-linear kinetics, such as pseudo-

first order (5) and pseudo-second order (6), were used 
to explain the mechanisms of hardness and fluoride 
adsorption onto biochar, clay, and composite 
adsorbents. 

𝑞 = 𝑞௘(1 − 𝑒௞భ௧)                          (5) 

𝑞 =
௞మ௤೐

మ ௧

ଵି௞మ௤೐ ௧
                           (6) 

Where qt represents the amount adsorbed at time t, 
qe represents the equilibrium amount, t represents the 
time in minutes, and k1 and k2 represent the rate 
constants of the pseudo-first and pseudo-second order 
models, respectively (Batool et al., 2018). 

E. Column experiment 

The nanoclay fraction of the sample was isolated 
using the combination of sedimentation and 
centrifuging with the addition of sodium chloride 
(NaCl). First, the nanocomposites were prepared using 
nano clay and biochar in the form of balls using 
selected mixing proportions with an average diameter 
of 5 mm. The filter was filled with 3 g of nanoclay-
biochar composite, and then a 150 ml water sample was 
poured manually and collected at the bottom of the 
column. Before treating the water samples, it was 
washed using deionized water. Figure 1 shows the 
experimental column setup used to treat water samples. 

 
 
 

 
 

 
 
 

 
 

 
 

 
 

 

 
 
 

 
Figure 1. Experimental column setup. 

III. RESULTS AND DISCUSSION 

A. Characterization of raw samples 

1) FTIR analysis 
FTIR spectra for clay specimens are given in Figure 

2. revels characteristic peak at 3384 cm-1 is due to the –
OH stretching band. An absorption peak around 1635 
cm-1 is caused by –OH stretching in adsorbed water, and 
the characteristic peak at 1413 cm-1 is caused by Si–O 
stretching. 

Figure 2. FTIR spectrum of the clay sample 
 

The peak at 995 cm-1 is the result of the stretching of 
Si–O in layered silicates (Madejova & Komadel, 2001; 
Patel et al., 2006). MMT spectra are characterized by 
OH stretching at 3650 cm-1 and Si-O stretching at 1050 
cm-1 (Ashiq et al., 2019). However, when considering 
the literature, it is verified that the clay sample consists 
of MMT clay mineral. 

2) XRD analysis 
The interlaminar distance d (001) was calculated 

using Bragg’s law, and XRD measured the 2θ angle. 
The XRD pattern of the MMT sample showed shape 
peaks for X-ray reflections at 2θ values 20.99° (d=4.23), 
26.49° (d=3.36), and 36.49° (d=2.46) in Figure 3. There 
were four peaks associated with MMT are 13.6 Å, 4.47 
Å, 3.13 Å, and 2.56 Å (Peter, 1986). The maximum 
intensity peak was recorded for MMT, and more peak 
values were indicated for MMT than for other minerals. 
It can be verified that the clay sample consists of MMT 
clay based on the spacing values (d values) in the 
specimen and d values in the literature for MMT clay. 

 

 

 

 

 

 

 

 

Figure 3. XRD patterns of for MMT sample and the isolated Nano 
MMT sample 

The XRD pattern of the nano MMT sample showed 
major X-ray reflections at 27.49° (d=3.24), 31.49° 
(d=2.84), 45.49° (d=1.99), and 56.49° (d=1.63). As 
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compared to pristine clay, nanoclay peaks shifted at 
lower angles, indicating an increase in the interlayer 
distance from intercalation or exfoliation. The pristine 
clay particles in Figure 3 are relatively sharp and high 
compared to the nanoclay particles, which means that 
they are relatively more crystalline (Zyoud et al., 2016). 
The peaks 230 became shorter and broader for 
nanoclay. 

3) TGA analysis 
The result of the thermogravimetric analysis for the 

clay sample is shown in Figure 4. 

Figure 4. Thermal Analysis for the clay sample 

MMT clay mineral and quartz will produce 
exothermic peaks after 1000 0C. MMT displays 
endothermic peaks between 650 and 700 oC due to its 
hydroxyl group (Adikary & Wanasinghe, 2012). 
According to this pattern, there is a weight loss in that 
range. Hence, it can be verified that the clay sample 
consists of MMT clay minerals. 

4) CHN analysis 
Table І presents the CHN analysis of the biochar, 

showing a high carbon content of 71.27% and an O/C 
ratio of 0.30, which aligns with the typical range of 0.2–
0.6 for biochar (Spokas, 2010). These values confirm 
that the cinnamon-derived sample is a carbon-rich 
biochar produced through efficient slow pyrolysis. 

TABLE I.  CHN RESULTS OF GASIFIED BIOCHAR 

C H N O H/C O/C 

71.27 2.44 0.62 21.11 0.03 0.30 

The H/C ratio of a biochar indicates its stability and 
aromaticity. The <0.1 molar H/C ratio in biochar 
indicated a more graphite-like structure (Denyes et al., 
2014). Hence, cinnamon biochar is rich in aromatic 
graphite-like structure, expected to remove heavy 
metals and fluoride present in the drinking water. 

Furthermore, a molar H/C ratio of ≤0.3 indicates 
highly condensed aromatic ring systems, whereas a 
molar H/C ratio of ≥ 0.7 suggests non-condensed 
structures. Hence, gasified biochar (having a molar H/C 

ratio of 0.03) may contain highly condensed aromatic 
rings in its structure. Nevertheless, a low molar H/C 
ratio indicates a higher degree of carbonization in 
biochar (Wood et al., 2024). 

5) XRF analysis 
The major chemical compositions of MMT and BC 

are summarized in Table ІІ. Si, Fe, and Al were the 
significant elements, while other elements, Ca, K, Ti, 
Mn, and S, occurred as minor elements. MMT clay 
minerals have complex structures of Fe2+, Fe3+, Al3+, 
Mn3+, and Mn2+ ions in octahedral sites embedded with 
cations like Si4+ and Al3+ in the tetrahedral sites 
(Muriithi et al., 2012). 

Therefore, it is signified that MMT clay minerals 
were present in this clay sample. In the XRF results of 
biochar mass, K accounted as the major element with 
86.61% of the mass. And other elements of Si, P, Fe, S, 
Ti, and Mn occurred as minor elements. As a result, the 
biochar was mainly composed of Ca, K, and Mg, with 
lesser amounts of Na, Mn, Ba, Fe, and Sr. Also, this 
biochar sample had experienced the shortest reactor 
residence times (Brewer et al., 2011). 

6) SEM analysis 
The SEM image of the clay sample shows a flake and 

plate-like appearance that is unique for MMT (Ashiq et 
al., 2019). So, considering the similar structures, it 
verifies that the MMT clay. SEM image of clay is 
shown in Figure 5 (a), and it can be noticed that the 
numerous pores in the image show the flaky clay 
structures embedded in the voids. 

SEM analysis of the cinnamon biochar illustrates the 
smooth surface morphology of a porous structure with 
numerous hollow cells. Large channel-like structures 
proliferate on the surface of the biochar, showing at 
least partial retention of the morphology of the initial 
input biomass. 

SEM image of biochar is shown in Figure 5 (b), and 
it displays a plane cleavage surface with broken edges, 
many alcoves, and protrusions (Fosso-kankeu et al., 
2015). 

Figure 5. SEM images (a) Clay sample; (b) Biochar sample; (c) clay-
biochar composite 

.

TABLE II.  CHEMICAL COMPOSITION OF MMT AND BC 

Element Al Si P S K Ca Ti Mn Fe 

MMT% - 7.47 2.74 2.01 84.65 - 0.66 0.44 2.02 

BC% 17.10 55.53 - 0.28 2.88 3.68 2.06 0.33 18.13 
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Biochar produced at higher temperatures facilitated 
the release of volatile materials and created more pores, 
resulting in a larger surface area (Anyebe et al., 2025). 
A greater surface area is desirable because it aids in 
improving soil properties and increases water retention 
capacity to a greater extent (Wei et al., 2023). 

The SEM image of the clay-biochar composite is 
shown in Figure 5 (c). The clay-biochar composite 
creates voids via impregnating biochar into clay, which 
helps to interact with selected contaminants for 
embedding into voids to enhance adsorption. 

B. Characterization of nanoclay 

The cumulative nano clay fraction percentage has 
fallen below 200 nm, revealing that the isolated clay 
fraction has considerable amounts of nanoparticles. 
Figure 6 represents the laser particle size analysis of 
isolated clay specimens. 

Figure 6. Laser particle size analysis of an isolated clay specimen 

C. Adsorption studies 

The removal efficiencies for each adsorbent were 
calculated with a 436 mg/L hardness concentration and 
2.2 mg/L fluoride concentration. The variation of 
removal efficiencies of contaminants is shown in Figure 
7. 

 

Figure 7. (a) The variation of fluoride removal efficiencies with 
time; (b) The variation of hardness removal efficiencies with time 

Biochar has considerably higher fluoride and 
hardness adsorption capability than other adsorbents. 
However, powdered biochar is rather difficult to 
separate from the aqueous solution, thus making it 
practically unusable. 

Then the next best adsorbent is the 1:1 clay-biochar 
composite. In clay-biochar composites, biochar acts as 
a good porous matrix for distributing clay particles 
within it. Then, clay-biochar composites have a lower 
surface area than biochar due to the clay particles 
clogging pores. However, biochar and clay perform 
well at removing contaminants, and their sorption has 
significantly increased; hence, the decreasing surface 
area does not result in a decrease in sorption 
(Rajapaksha et al., 2016). 

This finding shows that clay and biochar are equally 
essential to obtain a promising result for removing 
contaminants. The negative surface explains the high 
adsorption capacity of clay-biochar composite, and then 
it possesses the cationic nature of hardness (Ca2+ and 
Mg2+) than fluoride. The results of the hardness and 
fluoride on the adsorbents are denoted in Table ІІІ. 

Measured adsorption isotherms and kinetic model 
parameters of hardness and fluoride onto tested 
adsorbents are shown in Table ІV, and the Temkin 
isotherm model best describes the adsorption of 
hardness and fluoride by all adsorbents than other 
adsorption isotherm models. In addition, the Temkin 
model considers the interactions between contaminants 
and adsorbents, indicating a heat of sorption. 

TABLE III.  THE FLUORIDE AND HARDNESS ADSORPTION 
CAPACITY ONTO THE ADSORBENTS 

The simplest cases are first-order adsorption, which 
is usually valid for physisorption, and second-order 
adsorption, which is usually valid for dissociative 
chemisorption (Pisarev, 2012). Among the two models, 
the pseudo-first-order model produced the best fit to the 
rapid stage of the adsorption reaction, with a correlation 
coefficient (R2) value. Therefore, physisorption was 
revealed as the mechanism of adsorbate-adsorbent 
complexation in the kinetic model of adsorbate-
adsorbent interaction. 

 

 

Figure 8. (a) The variation of fluoride concentration of collected 
water samples; (b) The variation of total hardness concentration of 

collected water samples 

Figure 8 represents the variation of fluoride and 
hardness concentrations in the nanocomposite. It was 
noted that the percentage of removals (%) corresponds 
to the maximum hardness and fluoride concentrations 
in water samples collected in the Anuradhapura district. 

In this study, the removal percentages were 56% for 
fluoride and 24.82% for hardness. The negative surface 
of the nanocomposite is responsible for its high 
adsorption capacity, which is attributed to the cationic 
nature of hardness (Ca2+ and Mg2+).

Sample weight Element Mass% 

Clay-biochar ratio 1:1 0.046 7.000 

Clay-biochar ratio 2:1 0.040 5.875 

Clay-biochar ratio 3:1 0.038 3.917 

Biochar 0.049 7.583 

Clay 0.025 3.625 
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TABLE IV.  PSEUDO FIRST ORDER AND TEMKIN MODEL PARAMETERS FOR THE ADSORPTION OF HARDNESS AND FLUORIDE ONTO CLAY, 
BIOCHAR, AND CLAY-BIOCHAR COMPOSITES 

IV. CONCLUSIONS 

The sample collected from the Murunkan in the 
Mannar district contains MMT, confirmed through 
XRF, FTIR, and TGA analysis. A peak at 995 cm-1 has 
been attributed to Si–O stretching for layered silicates, 
which facilitate the removal of hardness in water by 
forming bonds with the Si-O stretch. In SEM analysis, 
clay has a plate-like cross-section, which indicates a 
flaky structure unique to the MMT clay mineral, which 
enhances the removal of harness and fluoride. 

Experiments indicated that the pseudo-first-order 
kinetics model fitted hardness and fluoride adsorption 
kinetics onto all adsorbents and that the Temkin model 
described adsorption isotherms well. MMT clay is most 
preferred to extract nanoparticles due to its high surface 
area and cation exchange capabilities. Therefore, the 
extracted MMT nanoclay was used to prepare a 
nanoclay-biochar composite. However, a modification 
should be carried out on MMT nanoclay-biochar 
composite for higher sorption efficiency by enhancing 
the active sites on the composites for treating 
contaminated water rich in hardness and fluoride. Then 
it could be a highly sustainable adsorbent as a low-cost 
and locally available option for treating contaminated 
water. 
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