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Abstract
Hardness in drinking water is a major problem in domestic usage. It is 
important to use drinking water within the tolerance limits of hardness. Clay 
samples obtained from two different areas in Sri Lanka were analysed, 
modified, and optimized with a view to suppress the hardness in drinking 
water. Characterization of clay was carried out using XRD (X-ray diffraction 
spectroscopy), FTIR (Fourier transformed infrared spectroscopy), Particle 
size analysis and SEM (Scanning electron microscopy). Variation of the 
adsorption capacity of clay was analysed at different firing temperatures of 
the clay samples. XRD analysis revealed that both clay types are consisting 
of Kaolinite as the main constituent. The hardness adsorption efficiency 
and the retention of hardness adsorption in prolonged cycles has been 
observed when the clay is heated at different temperatures. In addition, 
the water hardness adsorption efficiency was enhanced by the cationic 
modification using sodium chloride. The results further reveals that the 
Freundlich isotherm is best fit for Ca2+ adsorption on both Biyagama and 
Deniyaya clay whereas that for the Mg2+ adsorption is Langmuir isotherm.
The present study is useful to develop low-cost clay-based materials to 
minimize water hardness.
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Introduction
Water is a biological necessity of humans, plants, 
and animals on the earth. Less than 1% of freshwater 
is accessible from the groundwater level for human 
consumption. In some cases, the resource does not 
satisfy the desirable levels regarding their chemical 
composition such as hardness, nitrate contamination, 

heavy metals, soluble iron, etc. Among these factors, 
water hardness is predominant in most groundwater 
resources.1 According to the anions found in the 
salts, natural water hardness can be divided into 
two parts as carbonate and non-carbonate water 
hardness. Total hardness includes both carbonate 
and non-carbonate hardness. Water hardness is 
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measured in milligrams of calcium per litre, or parts 
per million.2 Water with total hardness between 0 
to 60 mg/L is considered as soft, 61 to 120 mg/L 
as moderate, 121 to 180 mg/L as hard, and more 
than 180 mg/L as very hard.3 During the past few 
decades, it has been identified that water hardness 
has influenced cardiovascular mortality, growth 
retardations, reproductive failures, and other health 
problems. At the same time, the acidity of water 
affects the reabsorption of calcium and magnesium 
in the renal tube. Both calcium and magnesium are 
essential for the human body. But excess nutrients 
can impair health. Therefore standards have been 
established at local and international levels to 
limit the intake of such nutrients at their tolerance 
levels.4 Although it has been reported that there is 
an inverse relationship between water hardness and 
cardiovascular diseases,  it has not been concluded 
with certainty.5 One of the important findings 
regarding the relationship between water hardness 
and cancer was from Taiwan.6 They have shown 
an inverse relationship between water hardness 
and rectal cancer. And from eastern Europe,  
it has been evidenced as the first strong ecological 
relation between water Magnesium and hepatic 
cancer.7 Urinary stone or urolithiasis is one of the 
most widely recognized distresses of current society. 
People and most researchers believe that there is 
a major relationship between urinary stones and 
drinking water hardness. That is because the major 
cause for both urinary stones, and water hardness 
major cause is calcium.8 Various researches have 
been conducted all around the world on this topic. 
The majority of the researchers have concluded 
that there is no considerable relationship between 
the quality of drinking water and urinary stone 
formation while some researches have shown intake 
of soft water may reduce renal stones.9 The surface 
process in which transferring a molecule from a fluid 
bulk named “adsorbate” to a solid surface named 
“adsorbent” is called adsorption. Normally this 
process is reversible and the reverse process is 
called desorption.10

By contemplating the equilibrium facts and the 
adsorption characteristics of both the adsorbent 
and the adsorbate, adsorption isotherm models 
can describe the interplay mechanisms among 
the adsorbent and the adsorbate at a consistent 
temperature.11

Cationic modification for clay has also been 
done. Reactive barriers have been set up by 
methods of modified montmorillonite, kaolinite, and 
palygorskite mud minerals, and a clayey soil with 
the cationic surfactant octadecyltrimethylammonium 
bromide.12 And the efficiency of those barriers in the 
immobilization of organic pesticides in sandy soil has 
been studied revealing that greater than 85% of the 
total pesticides added to the soil have been retained 
within the soil than the untreated soil.13

Considering the advantages of using low cost 
abundant clay types for remediation of hardness in 
water, the present study focused on investigation 
of two clay types in Sri lanka in raw form as well as 
modified form.

Materials and Methods
Raw clay samples were collected from randomly 
selected deposits which are located in Biyagama 
and Deniyaya areas in Sri Lanka. The raw hard 
water sample was collected from a groundwater 
resource located in Amunugama, Mahawa area 
of Sri Lanka. All chemicals were obtained from 
commercial sources as an analytical reagent. The 
chemicals were purchased from the corresponding 
companies: CaCl2, CaCO3, MgCl2, NaCl, NH4OH, 
EDTA, Eriochrome Black T (EBT), HCl.

Firing Temperature Optimization for Hardness 
Adsorption
The raw clay samples were dried in air and crushed 
before using. Powdered clay samples were fired in a 
furnace at different temperatures ranging from 350 
°C, 650 °C, 700 °C, 750 °C, and 850 °C.

A glass column was packed using 10.00 g of clay 
and 100.00 ml of hard water sample was run through 
the column at a time up to 6 times (600.00 ml total) 
one after the other (consequently) with a flow rate 
of 100 ml/0.5 hr. The above whole procedure was 
repeated for all the clay samples heated at 350 °C, 
650 °C, 700 °C, 750 °C, and 850 °C. The amount of 
hardness that remained in the eluted water samples 
was analysed by the titrimetric method using EDTA 
according to the APHA method.12 

Characterization
The clay samples were analysed by using an 
automated XRD (RigakuUltima IV) with a Cu-Kα 
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radiation λ = 1.5405 Å source operating at a voltage 
of 40kV, current of 40 mA in the scan rate of 2θ range 
from 50 to 1200 in steps of 0.05 at a rate of 2.00 
per minute. Changes of 2θ angles were identified by 
comparing the values of the basal space of samples 
with literature. The morphological observations 
of clay minerals were imaged by using SEM  
(LEO 1420vp). Metal sputter coater - (Emitech-
K550x) was used to sputter the gold atoms on 
the clay surface. Conditions of accelerating 
voltage at between 10-20 kV, magnifications as 
2.00kX, working distance as 26 mm to 30 mm, 
and scan speed from 4 to 9 were used. Surface 
characterization of original and heated clay samples 
was performed using FTIR (BRUKER TENSOR 27). 
Transmission mode ATR method under the range of 
4000-500 cm-1 wavelength was used. 

shaking, the suspension was centrifuged, and the 
final concentration of metal ion was analysed by the 
titrimetric method using EDTA according to the APHA 
method. The procedure repeated for Mg2+.

The Langmuir equation can be written in the 
following linear form;

1/qe = 1/(qqKeCe)+ 1/qm

Where, Ke: Langmuir constant (Lmg-1),qm: maximum 
adsorption capacity (mg g-1), Ce: Equilibrium 
adsorbate concentration in solution (mg L-1), qe: 
Equilibrium adsorbent capacity (mg g-1). The slope 
and the intercept values can be calculated from 
the plot of 1/qe vs 1/Ce To predict the adsorption 
efficiency of the process, the dimensionless 
equilibrium parameter (RL) Separation factor is 
expressed by = 1/(1+Ke C0 ) Where, 

C0: Initial concentration of adsorbate (mg g-1). When, 
RL> 1; Unfavourable, RL = 1; Linear, 0 < RL< 1; 
Favourable, RL = 0; Irreversible

The linear form of the Freundlich isotherm is as 
follows;

logqe = logKF + 1/n  log Ce

Where, KF: adsorption capacity (L/mg), 1/n: 
adsorption intensity. The slope and the intercept 
values can be calculated from the plot of log qe 

vs log Ce. Moreover, if the n value is less than 1 it 
indicates poor adsorption characteristics and when n 
lies above 1 adsorption is favourable and a physical 
process.
 
The linear form of the Temkin model is written as;

qe = BT  ln KT  + BT ln Ce

Where, BT  = RT / b, b: Temkin constant related to 
the heat of adsorption (J mol-1), KT: Temkin isotherm 
equilibrium binding constant (L g-1). The slope and 
the intercept values can be calculated from the plot 
of qe vs ln Ce. If b is a positive value it indicates that 
the adsorption reaction is exothermic. And also,  
if it is a negative value that represents the adsorption 
process is endothermic. At the same time if the b 
value is high it shows fast sorption of adsorbate at 
the initial stage.14

Fig.1: Setup of the experiment (a) Biyagama 
raw clay column run (b) Biyagama clay heated 

to 750°C column run

Cationic Modification
After doing random trials by changing NaCl 
concentrations and changing the time of bed 
stocking the column, it was found that the most 
appropriate NaCl concentration is (1 M) and the bed 
stock time is 24 hrs for a clay sample of 10.00 g. 
Hard water was run through a column that was bed 
stock with NaCl (1 M) for 24 hours and the eluted 
water fractions were titrated according to the APHA 
method. 

Development of Adsorption Isotherms
The adsorption isotherms at 30 °C were obtained 
by introducing 100 mL of the solution of different 
Ca2+ concentrations onto clay in well-closed flasks. 
Then, all of the solutions were shaken for 2 h. After 
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Results and Discussion
XRD and FTIR analysis were conducted to 
identify the mineral type as well as changes after 
modification of clay obtained from Biyagama and 
Deniyaya regions in Sri Lanka.

FTIR Analysis 
Figure 2 shows FTIR spectra of Biyagama raw clay 
and clay fired at 750 ºC. The four peaks, observed 
in the range 3695-3620 cm-1 (OH stretching region) 
for Biyagama raw clay sample represents the 
presence of Kaolinite with mostly Al in the octahedral 
positions.(15),(16) Internal hydroxyls, found between 
the tetrahedral and octahedral sheets, give the 
absorption close to wavelength 3620 cm-1. The 
other three OH groups dwell at the octahedral 

surface of the layers and form less strong hydrogen 
bonds with the oxygen of the Si–O–Si bonds on 
the lower surface of the following layer. The peak 
at the region of ~1640 cm-1 can be assigned to the 
bending vibration of the H-O-H bond. The band at 
the wavelength of ~1043 cm-1 can be taken as the 
characteristic peak of (SiO4)2− groups due to Si-
O-Si symmetric stretching vibration. The peaks at 
the region of ~650 cm-1 and ~ 464 cm-1 are due to 
the bending vibration of the Si-O-Si bond. Among 
them, the minute peak at the same region ~600 cm-1 
and ~700 cm-1 may be due to vibration of reductive 
carbon in the crystal lattice.14 Some of these peaks 
have been disappeared after heating the clay at 
high temperature.

Fig. 2: FTIR spectra of (a) Biyagama raw clay and (b) Biyagama clay heated to 750°C

Fig. 3: FTIR spectra of (a) Deniyaya raw clay and (b) Deniyaya clay heated to 750°C

Figure 3 shows FTIR spectra of Deniyaya raw and 
fired clay. Deniyaya clay sample shows two peaks 
at the region of ~3694 - ~3648 cm-1 which are the 

characteristic peaks for the Kaolinite and goethite 
clay type.17 Peaks at the region of 3694– 3648 cm-1 
are due to the O-H stretching vibration of structural 
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O-H groups. The bands at this region correspond to 
the O-H stretching vibration of H2O.18 The bands at 
the wavelength between 1050 - 1118 cm-1 represent 
the Si-O in-plane and out-of-plane stretching 

vibrations.19 The band which emerges at the region 
~529 cm-1 represents the Si-O bending vibrations. 
The shoulder-like peak at 1033 cm-1 shows Si-O 
out-of-plane stretching vibration.18

Fig. 4: Summary of XRD spectra of (a) Biyagama raw clay (b) Biyagama clay heated to 750°C  
(c) Biyagama raw clay after cationic modification (d) Biyagama clay heated to 750°C after cationic 

modification

XRD spectra for the Biyagama raw samples for 
chemically and thermally treated are shown in  
Figure 4. Biyagama raw clay (Figure 4. a) two intense 
peaks at 2θ value of 12.4° and 26.7°, less intense 
peaks at 2θ of 45.6°, 48.1°,50.2° and humps at 2θ 
of 19.6°, 21.9°, 35.1°, 36.1°, and 37.8°- 40.2° all 
represent the presence of Kaolinite in the sample.20 
The major peak observed is for quartz since quartz 
is commonly found in clay. The peaks found at the 2θ 
= 20.9°, 30.1°, 50.9° and 62.4° assigned as quartz. 

(20), (21), (22) The intensities of XRD peaks are due to 
the orientation of clay mineral particles. Usually, 
the intensity levels are enhanced by preferred 
orientations23 as well as intensity values of XRD 
spectra are closely related to the crystallinity and the 
particle size of the sample.24 When the raw clay is 
heated to 750 °C intensity levels of the XRD graphs 
have been increased from 300 cps to 7000 cps. This 

could be due to the destruction of crystallinity and 
gaining the preferred orientation with the temperature 
increase.25 And after the cationic modification, the 
intensity levels have been reduced from about 3000 
cps - 800 cps. After the cationic modification, Na 
atoms are embedded within the kaolinite structure 
causing for various orientations increasing number 
of sites available to adsorb Calcium and Magnesium 
ions.26 The observed improvement of hardness 
adsorption presumably resulting from this as shown 
later.Hence, formation of various orientations could 
be the reason to enhance the hardness adsorption 
after the modification done.26

When observed the XRD spectra for Deniyaya 
clay, many similarities with Biyagama clay can be 
seen with few variations. Major peak observed is 
for quarts for Deniyaya clay as well. Same as the 
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Biyagama clay, (Figure 5. a) the peaks relevant to 
the Kaolinite at 2θ value of 12.4° and 26.7°, less 
intense peaks at 2θ of 45.6°, 48.1°,50.2° and humps 
at 2θ of 19.6°, 21.9°, 35.1°, 36.1°, and 37.8°- 40.2° 
were observed. Apart from that, at 2θ 21.5° the 
peak relevant to Goethite can be seen.27 Goethite 
also been used to remove impurities such as heavy 
metals from water.28 More or similarly, here also 
the intensity of the peaks has been increased from 
3000 cps to 7000 cps when the clay was treated 

with temperature. When cationic modification was 
done to Deniyaya raw clay intensity of peaks has 
been vastly decreased and only the peak relevant 
to quartz was prominent. This may be because of 
the loss of the number of preferred orientations in 
the structure. But when the modification is done for 
the clay which is thermally treated again the peaks 
have appeared, hence it can be suggested that at 
that stage crystal structure of the clay has a high 
number of preferred orientations.26

Fig. 5: Summary of XRD spectra of (a) Deniyaya raw clay (b) Deniyaya clay heated to 750°C (c) 
Deniyaya raw clay after modification (d) Deniyaya clay heated to 750°C after modification

SEM Analysis
Figure 6 shows SEM images of raw clay and 
clay heated to 750 ºC. In both samples, particles 
carry irregular shapes and sizes. Aggregates are 
observed in heated samples of both clay types.
When the samples are heated at high temperatures, 
the bulk density of the clay reduces obviously due 
to the decomposition of organic materials at high 
temperatures. As well this happens due to the 
vitrification between particles in the clay with the 

temperature rising.29 The pore distribution in the 
Biyagama clay samples is higher than the Deniyaya 
clay samples. In the Biyagama clay sample more 
pores have been exposed when it is heated and 
the aggregates are deemed to be loosely packed 
and show a crystalline nature of the surface.30 Both 
Deniyaya clay samples show a plate-like structure 
attached to aggregated grains on the plate and a few 
pores. Aggregation is noticeable when it is heated.
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Fig. 6: SEM micrographs of (a) Biyagama raw clay (b) Biyagama clay heated to 
750 °C (c) Deniyaya raw clay (d) Deniyaya clay heated to 750 °C

Table 1: Particle size of 50% of the sample (µm)

Clay Type	 The average particle size at different temperatures

	 Raw clay(°C)	 350°C	 650°C	 700°C	 750°C	 850°C

Deniyaya Clay	 35.88	 48.32	 64.23	 100.18	 142.14	 143.73
Biyagama Clay	 8.90	 34.63	 33.29	 39.10	 45.06	 63.56

Table 2: Particle size of 100% of the sample (µm)

Clay Type	 The average particle size at different temperatures

	 Raw clay(°C)	 350°C	 650°C	 700°C	 750°C	 850°C

Deniyaya Clay	 120.36	 305.37	 317.83	 328.77	 367.33	 386.45
Biyagama Clay	 43.96	 115.28	 101.74	 149.46	 166.34	 147.22

Particle Size Analysis
The particle size of raw clay and fired clay samples 
were shown in Table 1 and Table 2. The average 
particle size of Deniyaya clay observed to be higher 
than that of Biyagama clay naturally. The average 
particle size of both samples has been increased 
with the increasing temperature.This helps in the 
determination of the most abundant particle size in 

the samples and this will help determine the amount 
of grinding needed in the manufacturing process.31 
The increase in particle size may be due to the 
aggregation of clay particles as shown in the SEM.

Hardness Adsorption Efficiency of Clay
Biyagama raw clay shows lower hardness adsorption 
efficiencies than fired clay as shown in Table 3.  
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Raw clay as well as heated clay samples shows 
decreased adsorption efficiencies on further addition 
of hardwater.  The best retention of the adsorption 
efficiencies was shown by clay samples heated at 

350 ºC and 750 ºC. To be energy effective Biyagama 
clay heated at 350 ºC is usable in effective reduction 
of water hardness.

Table 3: Summary of efficiency of adsorption in Biyagama clay

Hard water	 Efficiency of adsorption (%)
added (ml)
		  Raw clay(°C)	 350°C	 650°C	 700°C	 750°C	 850°C

100.00	 55±1	 79±1	 61±1	 72±2	 72±2	 65±1
200.00	 37±2	 59±2	 34±1	 53±1	 68±1	 52±1
300.00	 28±1	 46±1	 25±3	 35±1	 47±1	 39±1
400.00	 21±1	 40±1	 25±1	 36±2	 33±2	 29±2
500.00	 20±1	 36±1	 17±1	 30±1	 31±2	 14±1
600.00	 22±1	 35±2	 17±2	 32±2	 26±1	 9±2

The results in Table 4 shows that Deniyaya raw clay 
and heated clay are effectively minimize hardness 
in water although hardness adsorption efficiencies 

decreases with added hard water. The retention 
ability decreases rapidly than that of Biyagama clay.

Table 4: Summary of efficiency of adsorption in Deniyaya clay

Hard water	 Efficiency of adsorption (%)
added (ml)
		  Raw clay(°C)	 350°C	 650°C	 700°C	 750°C	 850°C

100.00	 74±2	 69±1	 75±3	 60±1	 67±2	 77±2
200.00	 35±1	 42±2	 43±2	 57±1	 41±1	 31±2
300.00	 25±1	 20±1	 29±1	 27±2	 20±1	 24±2
400.00	 15±1	 22±2	 22±1	 17±2	 12±2	 20±2
500.00	 10±	 21±2	 15±2	 19±2	 10±2	 18±2
600.00	 3±1	 17±2	 9±1	 23±2	 7±2	 17±2

In general, the temperature has not come out as a 
critical factor when the efficiency of the hardness 
removal process is determined. This will provide the 
freedom of choosing a temperature per industrial 
requirement. In general, hardness absorption 
efficiency was its best at all the firing temperatures 
with the least amount of water (100.00 ml). It was 
above 60% at all the firing temperatures. But with the 
increase of added hard water volume, the efficiency 
of hardness removal dropped obviously due to the 
saturation of the clay samples. The efficiency of 
hardness removal averaged at 40% for Biyagama 
clay versus 31% for Deniyaya clay initially. But with 
the increase of the volume, it averaged at 23% for 
Biyagama versus 14% for Deniyaya which indicates 

that the Biyagama clay sample was able to retain 
its hardness adsorption efficiency compared to that 
of the Deniyaya clay sample.  In average Biyagama 
heated clay shows better hardness adsorption ability 
and retention than that of Deniyaya clay.

Development of Adsorption Isotherms
A proper studying and interpretation of adsorption 
isotherms are crucial for the overall improvement 
of adsorption mechanism pathways and the 
powerful layout of the adsorption system. And 
also the equilibrium isotherm is essential in 
explaining the interactive behaviour between 
the adsorbate and adsorbent.32 The adsorption 
isotherms have been constructed for the four most 



326WICKRAMASURIYA et al., Mat. Sci. Res. India, Vol. 18(3), pg. 318-331 (2021)

commonly used isotherms Langmuir, Freundlich, 
and Temkinisotherms for the adsorption of Ca2+ 

and Mg2+  ions by clay samples from Biyagama and 
Deniyaya at room temperature.

Langmuir Adsorption Isotherm
Eventually, based on the highest value of the 
coefficient of determination (R2), the best-fit isotherm 

model for both Biyagama clay and Deniyaya clay on 
Ca2+  adsorption is the Freundlich isotherm mode 
while that for Mg2+  adsorption is the Langmuir 
isotherm model. From isotherm model fitting, it can 
assume that Biyagama clay and Deniyaya show 
heterogeneous adsorption for Ca2+ while both clays 
show monolayer adsorption on Mg2+ .

Fig. 7: Langmuir adsorption isotherm of Biyagama clay for adsorption of Ca2+

Fig. 8: Langmuir adsorption isotherm of Deniyaya clay for adsorption of Ca2+

Freundlich Adsorption Isotherm
Eventually, based on the highest value of the 
coefficient of determination (R2), the best-fit isotherm 
model for both Biyagama clay and Deniyaya clay on 
Ca2+ adsorption is the Freundlich isotherm mode 

while that for Mg2+ adsorption is the Langmuir 
isotherm model. From isotherm model fitting, it can 
assume that Biyagama clay and Deniyaya show 
heterogeneous adsorption for Ca2+ while both clays 
show monolayer adsorption on Mg2+.

Fig. 9: Freundlich adsorption isotherm of Biyagama clay for adsorption of Mg2+
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Fig. 10: Freundlich adsorption isotherm of Deniyaya clay for adsorption of Mg2+

Table 5: Parameters resulting from the application of 
isotherm models for Ca2+

Isotherm type	 Parameter	 Biyagama clay 	 Deniyaya clay 

Langmuir	 qm (mg/g)	 -333.3	 769.2
	 Ke(L/mg)	 -6.38x10-2	 5.2x10-3

	 R2	 0.9627	 0.9781
Freundlich	 KF (L/mg)	 1.73	 3.98
	 n	 0.9	 0.8
	 R2	 0.9869	 0.9852
Temkin	 b (J mol-1)	 18.7	 75.9 
	 KT	 13.3	 7.6 
	 R2	 0.9305	 0.8809

Table 6: Parameters resulting from the application of isotherm 
models for Mg2+

Isotherm type	 Parameter	 Biyagama clay 	 Deniyaya clay 

Langmuir	 qm (mg/g)	 -10000	 -1000
	 Ke(L/mg)	 -0.011	 -0.013
	 R2	 0.9834	 0.9936
Freundlich	 KF (L/mg)	 104.7	 125.9
	 n	 1.1	 0.9
	 R2	 0.9726	 0.9888
Temkin	 b (J mol-1)	 1.3	 10.02
	 KT	 2.1	 2.3
	 R2	 0.9004	 0.9514

Cationic Modification using NaCl
According to the Table 7 and Table 8, Efficiency of 
adsorption and its retention has been increased in 
significant levels after cationic modification of raw 

clay as well as clay heated to 750 ºC. Clay heated 
to 750ºC showed the best performances reaching 
to almost 100% efficiencies. Biyagama clay shows 
better performances comparing to Deniyaya clay.



328WICKRAMASURIYA et al., Mat. Sci. Res. India, Vol. 18(3), pg. 318-331 (2021)

Table 7: Efficiency of adsorption of Biyagama 
raw clay and clay heated to 750°C after 

cationic modification

Volume of hard	        Efficiency of adsorption (%)
water added (ml)
	 Raw clay	 750°C 

100.00	 84	 99
200.00	 54	 97
300.00	 71	 94
400.00	 68	 87
500.00	 56	 89
600.00	 53	 84

Table 8: Efficiency of adsorption of Deniyaya 
raw clay and clay heated to 750°C after 

cationic modification

Volume of hard	        Efficiency of adsorption (%)
water added (ml)
	 Raw clay	 750°C 

100.00	 82	 96
200.00	 70	 94
300.00	 64	 90
400.00	 55	 84
500.00	 49	 79
600.00	 39	 70

Fig. 11: The adsorption efficiency of (a) Biyagama clay and (b) Deniyaya clay heated to 750°C 
before and after the cationic modification

The graph of adsorption capacities of the Biyagama 
and Deniyaya samples after cationic modification is 
illustrated in (Figure 10). The adsorption capacity 
of Deniyaya clay is gradually decreasing while the 
Biyagama clay shows excellent retention of the 
adsorption capacities. Deniyaya clay seems to be 
saturated more easily than Biyagama clay due to 
variation in properties with increasing temperature. 

As per the XRD results, Biyagama clay makes 
more orientations than Deniyaya clay in their 
structures when the temperature increases. When 
the number of orientations increases, the order of 
the packing gets disturbed making more pores in 
the clay structure. This would be the reason for the 
increase in efficiency of Biyagama clay than that of 
Deniyaya clay.
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When the Sodium capture mechanism occurs in 
Kaolinite, it tends to enlarge its hollow sites. Hence 
it is possible for more Ca and Mg ions to enter into 
those hollow sites.26

Kaolinite is a two-layered silicate mineral comprising 
of exchanging layers of silica tetrahedra and 
aluminum hydroxide octahedra. The hydrogen 
holding between the hydroxyl ions of the octahedral 
sheet of one bilayer and the tetrahedral oxygen of the 
adjoining silica sheet of the following bilayer holds 
a two-layered structure together.33 Perfectly, the 
hexagonal surface structure of the silica tetrahedral 
sheet is relied upon to be of low polar and unfit to 
help hydrogen bonding with water molecules as in 
the situation for the three-layer silicates, pyrophyllite, 
and talc.32 All things considered, the kaolinite 
surfaces are wetted and promptly dispersed in water. 
Some polarity could emerge because of aluminum 
replacement for silicon in the tetrahedral sheet 
which then represents the negative charge of the 
tetrahedral sheet.34

It has been revealed that the adsorbed species 
have been affected for the adsorption over different 
terminal surfaces of kaolinite. There are three main 
steps in the process of sodium capture mechanism 
onto the kaolinite adsorbent. They are the physical 
adsorption stage, internal diffusion stage, and 
chemical adsorption stage. The basis of the reaction 
is physical adsorption. At the first stage, Na atoms 
diffuse into the internal hollow site of the kaolinite 
through the external surface. This is because of 
the ability of kaolinite for physical adsorption due 
to its porous structure. In the second stage, due to 
the dihydroxylation pore size of the kaolinite clay 
increases leading it more conducive to the diffusion 
of sodium. At the last stage, the solid solution of 
sodium aluminum silicate is formed. The sodium 
capture process can occur simultaneously and 
continually until the kaolinite structure is saturated 
and deactivated.26

Conclusions
The study was conducted to improve clay for the 
removal of hardness in water considering two 
clay types obtained from Biyagama and Deniyaya 
areas in Sri Lanka. Based on the FTIR and XRD 
analysis, Biyagama clay mainly consists of Quartz 
and Kaolinite clay while the Deniyaya clay is mainly 
consisting of Quartz, Kaolinite and Goethite.

Temperature range 700-750 °C can be used as the 
optimized temperature in industrial applications. 
When the clay was modif ied using NaCl,  
it showed a dramatic surge in hardness adsorption 
efficiency which is attributable to the Sodium capture 
mechanism occurring in kaolinite resulting an 
increase in the size of the hollow sites present in the 
clay. The hardness removal capacity of Biyagama 
clay is slightly higher than Deniyaya clay after 
the cationic modification with NaCl. Hence, both 
Biyagama and Deniyaya clay can be effectively used 
in manufacturing the filter.

In attempts to fit the adsorption into a suitable 
isotherm model, the Freundlich adsorption isotherm 
model is the best fit for Ca2+ adsorption while 
Langmuir isotherm is the best fit for Mg2+ adsorption 
in both clay types. The present study would be very 
useful in the development of low-cost clay materials 
in water purification processes.
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