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A B S T R A C T   

The present study focuses on the adsorption efficacy of solid-state synthesized calcium silicate for removing 
congo red dye. Three different sources were used as calcium precursors; one was calcium carbonate, and the 
other two were natural waste sources, aragonite (P. globosa) and calcite (Eggshells). Structural analysis and 
functional groups of the samples were carried out by X-ray diffractometer (XRD), and a Fourier Transform 
Infrared Spectrometer (FTIR). Various well-known models/equations models such as the Liner Straight Line 
method of Scherrer’s equation (LSLMSE), Sahadat-Scherrer Model (SSM), Monshi-Scherrer model (MSM), 
Williamson-Hall model (WHM), Size-Strain plot method (SSP), and Halder-Wagner Model (HWM) were applied 
to compute the crystallite size of the synthesized calcium silicates; the estimated crystallite size range was 8–77 
nm. The adsorption efficacy of the synthesized E-CaSiO3, S-CaSiO3, and C-CaSiO3 was assessed under various 
provisos for eradicating Congo red dye from wastewater. Computed results revealed that the dye removal per-
centages were approximately 100 % at 120 min and 200 rpm for 0.2 g E-CaSiO3. The point of zero charge 
evaluation showed that the pH of the adsorbents during maximum dye removal was 7 and was less than the value 
of pHpzc. Thermodynamics studies confirmed that the adsorption process was spontaneous. The method of 
adsorption of dye by the adsorbent was more clearly comprehended by Langmuir, Freundlich, and Temkin 
adsorption isotherm. 151.28 mg/g was the maximum adsorption capacity for S- CaSiO3 depending on the 
Langmuir isotherm model’s linear form (R2 

= 0.924).   

1. Introduction 

Calcium silicate has diverse applications in several industrial sectors 
due to its identical properties; such as high chemical stability, thermal 
stability, corrosion resistance, high-temperature resistance, low thermal 
conductivity, etc (Palakurthy et al., 2019; Ernawati et al., 2021). They 
can be used as an adsorbent to remove the dye, as a filling agent in 
paper, rubber, and plastic, as a milking agent in paint, to shorten the 
time and baking temperature during the production of ceramic, and so 
on (Palakurthy et al., 2019; Ernawati et al., 2021). 

There are numerous approaches for producing CaSiO3 such as the co- 
precipitation method, microwave synthesis, sol–gel method, solution 
combustion method, hydrothermal method, and solid-state reaction 
(Palakurthy et al., 2019; Abd Rashid et al., 2014). Among all synthesized 
techniques, the solid-state reaction is preferable and environmentally 

friendly because, in this reaction, there is no need for any solvent. A 
variety of starting materials have been employed in several studies to 
synthesize CaSiO3 such as Phuttawong et al. employed snail shell and 
rice husk ash (Phuttawong et al., 2015), the picking of eggshell and silica 
(commercial graded 99 %) was by the team of Vichaphund (Vichaphund 
et al., 2011), while a choice made by Palakurthy et al. was rice husk and 
eggshell (Palakurthy et al., 2019). Moreover, various temperature was 
applied by several researchers including Phuttawong et al. evaluated the 
calcination temperature of 800 ◦C to 1000 ◦C for the formation of cal-
cium silicate (Phuttawong et al., 2015) while 1100 ◦C to 1450 ◦C was 
selected as a calcination temperature for the synthesis of calcium silicate 
by Rashid et al (Abd Rashid et al., 2014). 

Recently, the awareness of environmental issues has renewed inter-
est in minimizing environmental pollution by utilizing natural and waste 
resources. According to this perspective, in this research work calcite 
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and aragonite were chosen as a calcium source, and commercially 
graded CaCO3 was used to compare the efficiency of waste-derived 
starting materials to synthesize CaSiO3 over the synthetic route. The 
percentages of calcium carbonate in calcite and aragonite are almost 95 
and 97 %, respectively (Sahadat Hossain and Ahmed, 2023). 

Nowadays, contamination of water by organic pollutants, dyes, 
phenolic compounds, pharmaceuticals, and personal care products is a 
significant environmental concern. Moreover, most industries generate 
huge amounts of contaminated wastewater during manufacturing. 
Improper disposal of polluted water causes adverse effects not only on 
the immediate water body but also on the surrounding environment, 
including soil, air, and water resources. The contamination of water, not 
only disrupts the ecosystem but also poses significant hazards like 
mutagenicity, carcinogenesis, and teratogenicity (Anirudhan et al., 
2013; You et al., 2019). However, the treatment of water that contains 
dye such as organic Congo red is very complicated (Gao et al., 2021). For 
eradicating dyes from wastewater, multiple strategies have been 
explored including adsorption (Gao et al., 2021; Nodehi et al., 2020), 
ultrasound irradiation (Li et al., 2008), photocatalysis (Ali et al., 2020), 
ion exchange (Jia et al., 2020), mineralization (Diby Paul and Sanjay P 
Govindwar, n.d.), coagulation-flocculation process (Habiba et al., 
2017), electrocatalysis (Wang et al., 2023), biodegradation (Wang et al., 
2023), etc. Among all treatment techniques, adsorption is more favor-
able as a dye removal because this process exhibits high efficiency and is 
a cost-effective method (Afkhami and Moosavi, 2010; Ghosh et al., 
2021; Aryee et al., 2022; Liu et al., 2022). As a result, a lot of investi-
gation was executed to evaluate the adsorption process to purify 
wastewater by removing congo red (Wang et al., 2023; Han et al., 2022). 

This research work has focused on the synthesis of calcium silicate 
utilizing two waste sources e.g eggshells and snail shells. Snail shells and 
eggshells are the source of calcium carbonate’s naturally formed 
aragonite and calcite phases. Calcium silicate was also considered an 
efficient adsorbent for removing congo red dye from a solution that will 
be applicable for treating industrial wastewater. Moreover, to fully 
comprehend the characteristics of calcium silicate and its adsorption 
efficacy, some characterization approaches were also applied. 

2. Materials and methods 

2.1. Materials 

Eggshells were accumulated from the nearby restaurants of the 
Bangladesh Council of Scientific and Industrial Research, Dhaka, 
Bangladesh. Snail shells were collected from Tangail. Moreover, 99.5 % 
pure CaCO3 was used to synthesize the desired product, and this 
chemical was purchased from a store. To experiment, 99 % silicon di-
oxide and distilled water were utilized. 

2.2. Methods 

Through the solid-state reaction method, calcium silicate was pro-
duced by incorporating calcium carbonate and silicon dioxide which can 
be expressed by the following reaction:  

CaCO3 + SiO2 = CaSiO3 + CO2                                                            

In this experiment, the molar ratio of CaCO3 and SiO2 was 1:1 and 
the calcination temperature of the mixture was 1000 ◦C. To synthesize 
CaSiO3, commercially graded silicon di-oxide was ground with the 
powder of calcite, aragonite, and commercially graded calcium car-
bonate respectively by using a ball mill for 3 h to get homogeneous 
powder. Then the products were obtained by taking the fine powder into 
the crucible and placing the crucible in a furnace. The temperature of the 
furnace was kept at 1000 ◦C for 4 h. After calcination, the desired 
products were ground using mortar pastel and stored for further 
experiment. The overall process for the synthesis of calcium silicate is 

portrayed in Fig. 1. The synthesized calcium silicate from three sources 
was symbolized as E-CaSiO3 (E-Eggshells), S-CaSiO3 (S-Snail shells), and 
C-CaSiO3 (C-Chemical) during characterizations and application. 

3. Characterization of the synthesized products 

3.1. Characterization through X-ray diffractometer 

The phase and crystallographic parameters were examined through 
an X-ray diffractometer (Model: Rigaku SmartLab SE). During the 
scanning, the step size was 0.01 and the results were obtained with a 
scanning range of 2θ = 5–700. The XRD machine was operated at 40 kV 
and 50 mA while the temperature of the chiller was maintained at 
20–25 ◦C. Cu was utilized as a source to generate radiation of CuKα with 
a wavelength of 1.5406 Å. Silicon was used as a standard reference to 
calibrate the XRD machine before the analysis of samples. The obtained 
reflected peaks were identified depending on the standard ICCD 
database. 

3.2. FTIR analysis 

The functional groups of the synthesized samples were explored by 
using the IR-Prestige 21 machine (Shimadzu, Japan) connected to an 
attenuated total reflection (ATR) to facilitate the FTIR machine. By 
retaining the spectral resolution of 4 cm− 1, the spectrum of the obtained 
product was captured and the range of the spectrum was 400–4000 
cm− 1 wavenumber. Functioning the IR instrument at a standard tem-
perature, the data was collected from 30 scans on average. 

3.3. UV–visible spectrophotometer 

The adsorption was measured by employing a UV–visible spectro-
photometer (HITACHI, U-2910). The wavelength range was 450–550 
nm and an optical glass cuvette was used for the investigation. But 
during the band gap exploration, 190–350 nm was the wavelength 
extent and a quartz cell (width 1 cm) was employed. During this 
investigation, two types of lighting sources (involving tungsten and 
deuterium lamps) functioned as a source of UV–visible light. The 
adsorption of the dye onto the adsorbent was measured at a maximum 
wavelength of 495 nm. 

3.4. Study of adsorption 

For the experiment of adsorption, 40 mL of 10 ppm dye was taken 
into 100 mL Erlenmeyer flasks, and 0.1 g adsorbent was added to it. 
Then the flask was placed in an orbital shaker for shaking at 250 rpm 
under room temperature for about 180 min. After a fixed time, a UV–Vis 
spectrophotometer was used to compute the absorbance of the decanted 
solution that was obtained after the settle down of the adsorbent. To 
calculate the removal percentage and adsorption capacity equations (1) 
and (2) were applied, (Hossain et al., 2022) 

Removal percentage, RP =
CO − Ct

CO
× 100 (1)  

Adsorption capacity, Qe =
CO − Ct

W
× V (2) 

From both equations CO and Ct are the initial concentration and the 
final concentration at time t respectively. W reveals the weight of the dry 
adsorbent and V indicates the volume of the dye solution in milliliters. 

4. Results and discussion 

4.1. Analysis of phase through XRD 

To analyze the phase and crystallographic parameters of E-CaSiO3, 
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C-CaSiO3, and S-CaSiO3, the X-ray diffractometer was used, and the 
obtained crystallographic phase was correlated with the ICCD database 
(card no:#00-066-0271). After correlation, the reflected peaks and 
planes of the three samples are enlisted in Table 1. Consequently, the 
data in Table 1 confirmed that the synthesized samples from three 
different sources were calcium silicate and the chemical formula in the 
ICCD card was CaSiO3. Fig. 2, represents the X-ray diffractogram ob-
tained by examining the synthesized three products. 

To analyze the crystallographic parameters, equations (3) to (6) were 
applied (data are shown in Table 2) to calculate the crystallite size, 
dislocation density, lattice parameter, microstrain, crystallinity index, 
and volume of the unit cell respectively (Sahadat Hossain and Ahmed, 
2023; Sahadat Hossain et al., 2023). 

Size of crystallite, DC =
Kλ

FWHM.cosθ
(3) 

Where, DC = size of crystallite, λ =wavelength (1.4506 Å), K = shape 
factor (0.90), FWHM = full width at half maxima (in radian), and θ =
angle of diffraction (in degree). 

Dislocation density, δ =
1

(DC)
2 (4) 

Where DC indicates crystallite size. 

Microstrain, ∊ =
FWHM
4tanθ

(5) 

Where FWHM and θ reveal full width at half maxima (in radian) and 
angle of diffraction (in degree) respectively. 

Lattice parameter equation for monoclinic, 

1
d2 =

1
sin2β

(
h2

a2 +
k2sin2β

b2 +
l2

c2 −
2hlcosβ

ac

)

(6) 

Where, h, k, l = plane of crystals, d = interplanar distance and a, b, c 
= parameter of lattice 

Fig. 1. Flow diagram of the synthesis of calcium silicate from different sources.  

Table 1 
Diffraction peaks and planes of synthesized products with the standard value.  

Diffraction angle (2θ) Planes (h k 
l) 

E- 
CaSiO3 

S- 
CaSiO3 

C- 
CaSiO3 

Standard value (card no: 
#00–066-0271)  

23.123  23.144  23.218  23.13 4 0 0  
25.292  25.334  25.388  25.30 0 0 2  
26.880  26.880  26.961  26.86 − 2 0 2  
28.836  28.896  29.026  28.85 2 0 2  
29.953  29.997  30.052  29.95 3 2 0  
39.047  39.102  39.153  39.08 − 2 0 3  
41.231  41.260  41.309  41.27 − 4 2 2  
49.697  49.813  49.858  49.71 0 4 0  

Fig. 2. X-ray diffractogram of synthesized samples.  

Table 2 
Calculated Crystallographic parameters of synthesized samples.  

Crystallographic 
parameters 

E-CaSiO3 S-CaSiO3 C-CaSiO3 

Crystallite size (nm) 65.24 84.44 49.50 
Dislocation density (1015 

lines per m2) 
0.234 0.14 0.40 

Microstrain 0.12 0.0938 0.159 
Lattice parameters (Å) a = 15.43, b =

7.33, c = 7.06 
a = 15.40, b =
7.31, c = 7.05 

a = 15.29, b =
7.30, c = 7.04  
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4.2. Calculation of crystallite size 

4.2.1. Liner straight-line method of Scherrer’s equation 
To compute the size of crystallite, the most common and well-known 

equation is the Liner straight-line equation of Scherrer. The Scherrer 
equation was reorganized to calculate the crystallite size of the peaks 
accurately propagated through the XRD analyzer. To determine the 
crystallite size, the following equation (7) was applied (Henry M. Otte, 
n.d.; Monshi et al., 2012); 

cosθ =
kλ
DC

×
1
β
=

Kλ
DL

×
1
β

(7) 

From equation (7), θ = diffraction angle in degree, K = shape factor, 
λ = wave-length of X-ray, DC = crystallite size, and β = full width at half 
maxima in radian. The above equation was correlated with a linear 
straight line (y = mx + c) equation for computing the size of crystallite. 
To present the above equation in the graph, the value of cosθ (in degree) 
and 1/β (in radian) was plotted on the y-axis and the x-axis respectively. 
The size of crystallites was calculated from the slope that was formed 
due to the above equation and is represented in Fig. 3 (A) for E-CaSiO3. 
In the supporting information file, Fig. S_1 (A), and Fig. S_3 (B) are for S- 
CaSiO3 and C-CaSiO3, respectively. The estimated crystallite size was 
1388 nm, 3466 nm, and 69327 nm for three different samples that are 
included in Table 3. This model was not considered applicable due to its 
larger crystallite size. 

4.2.2. Monshi-Scherrer method 
The modified version of the Scherrer model known as the Monshi- 

Scherrer method was constructed by reordering and taking the loga-
rithm on both sides of the Scherrer equation to compute the crystallite 
size precisely. Mathematically generated Monshi-Scherrer equation can 
be expressed by equation (8) which was the modification form of the 
Scherrer equation (7) (Monshi et al., 2012; Nasiri et al., 2023). 

lnβ = ln
1

cosθ
+ ln

Kλ
DM

(8) 

To ascertain the slope by correlating the above equation with the 
equation of the straight line (y = mx + c), lnβ, and ln 1

cosθ were plotted on 
the x-axis as well as on the y-axis respectively. As a result, graphs were 
generated in Fig. 3 (B), Fig. S_1 (B), and Fig. S_3 (B) for E-CaSiO3, S- 
CaSiO3, and C-CaSiO3, respectively in which the intercept was ln Kλ

DM
. 

Through measuring the intercept of equation (8), the size of crystallites 
was computed for the corresponding three samples that are enlisted in 
Table 3. 

4.2.3. Williamson-Hall method 
Scherrer’s equation examines the impact of the size of crystallite on 

XRD peak widening without considering the structural strain of nano-
crystals. According to the Williamson-Hall method, the reflection 
broadening in the XRD pattern is influenced by both crystal size and 
microstrain (Khorsand Zak et al., 2011). So, depending on the 
Williamson-Hall method, peak broadening is the sum of strain broad-
ening and size broadening that can be represented by the equation (9), 

βtotal = βsize + βstrain (9) 

For computing the crystallite size and strain, there are three distinct 
sub-models depending on the Williamson-Hall method such as the 
Uniform deformation model (UDM), the Uniform stress deformation 
model (USDM), and the Uniform deformation energy density model 
(UDEDM). 

4.2.3.1. Uniform deformation model (UDM). To estimate the crystallite 
size and strain, the Williamson-Hall model was utilized in that case 
intrinsic strain was considered (Sahadat Hossain and Ahmed, 2023; 
Himabindu et al., 2021). The mathematical formula of the Williamson- 
Hall model has been exposed in equation (10). 

Fig. 3. Ascertainment of the size of crystallite through the linear straight-line model of Scherrer equation (A), Monshi-Scherrer equation (B), Uniform deformation 
model equation (C), and, Uniform stress deformation model equation (D) for E-CaSiO3. 
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βtotalcosθ =
KBλ
DW

+4εsinθ (10) 

In the plot of βtotal cosθ against 4sinθ, a linear straight line was 
generated that was compared with the equation of y = mx + c for 
calculating the size of crystallites and intrinsic strain. From the calcu-
lation, the strain may be a positive or negative value. In that case, when 
the value of strain is positive, the crystals are in the state of tensile mode 
(Sahadat Hossain and Ahmed, 2023). On the other hand, compressive 
strain is the reason for the negative value of the slope that represents the 
diffraction line moving on the right of the planes (Nasiri-Tabrizi, 2014). 
The computed crystallite sizes and obtained graphs of several samples 
are given in Table 3 and Fig. 3 (C), Fig. S_1 (C), and Fig. S_3 (C) for E- 
CaSiO3, S-CaSiO3, and C-CaSiO3, respectively. 

4.2.3.2. Uniform stress deformation model (USDM). Stress because of 
lattice deformation is assumed to be identical in all directions across the 
entire crystallite (Mohamed Racik and Hamza Irfan, n.d.). But, accord-
ing to Hook’s law, stress is correlated with strain, and because of the 
correlation, the obtained mathematical relationship can be represented 
as, (Khorsand Zak et al., 2011) 

σ = Yhkl.ε (11) 

After reorganizing the equation (11) 

ε =
σ

Yhkl
(12) 

Here, ε = strain, σ = stress, and Yhkl = Young’s modulus or modulus 
of elasticity with the value of 99 GPa for wollastonite (Anon, n.d.; 
Karamanov and Pelino, 2008). Now by putting the strain term in 
equation (10), the obtained Uniform stress deformation model equation 
can be expressed the equation (12), 

βtotalcosθ =
KBλ
DW

+
4.σ.sinθ

Yhkl
(13) 

Fig. 3 (D), Fig. S_1 (D), and Fig. S_3 (D) for E-CaSiO3, S-CaSiO3, and C- 
CaSiO3, respectively, exhibits the plot of equation (13) βtotalcosθ, and 4.sinθ

Yhkl 

which was plotted on the Y-axis and X-axis respectively. The crystallite 
size and stress value were computed from the intercept and slope of the 
straight line respectively and the calculated values are included in 
Table 3. 

4.2.3.3. Uniform deformation energy density model (UDEDM). For real 
crystals, the two modes of crystal such as anisotropic and isotropic may 
not be found because of the presence of numerous defects as well as 
dislocations (Sahadat Hossain and Ahmed, 2023). Consequently, to 
determine the microstrain and energy density of a crystal, the Uniform 
deformation energy density model is applied. The energy density can be 
revealed by equation (14) depending on the Hook’s law (Bindu and 
Thomas, 2014). 

μ = ε2Yhkl

2
(14) 

By rearranging the equation (14), the microstrain can be expressed 
as, 

ε =

̅̅̅̅̅̅
2μ

√

̅̅̅̅̅̅̅̅
Yhkl

√ (15) 

Here, μ = energy density, ε = strain, and Yhkl = Young’s modulus or 
modulus of elasticity with the value of 99 GPa for wollastonite (Anon, n. 
d.; Karamanov and Pelino, 2008). Now by putting the strain term in 
equation (10), the obtained Uniform deformation energy density model 
equation can be expressed in equation (16), 

βtotalcosθ =
KBλ
DW

+
4.sinθ.

̅̅̅̅̅̅
2μ

√

̅̅̅̅̅̅̅̅
Yhkl

√ (16) 

To compute the crystallite size and the energy density, βtotalcosθ and 
4.sinθ̅̅̅̅̅̅

Yhkl
√ were plotted on the X-axis and Y-axis respectively. The crystallite 

size and strain value were calculated from the intercept and slope of the 
straight line respectively, and the calculated values are included in 
Table 3. In addition, the generated graphs after plotting all values are 
displayed in Fig. 4 (A), Fig. S_2 (A), and Fig. S_4 (A) for E-CaSiO3, S- 
CaSiO3, and C-CaSiO3, respectively. 

4.2.4. Sahadat-Scherrer method 
A new model known as the Sahadat-Scherrer model was applied to 

compute the size of crystallites precisely and the model is based on the 
Scherrer equation (Sahadat Hossain and Ahmed, 2023). The mathe-
matical expression of the Sahadat-Scherrer model is presented in 
equation (17). From the Scherrer Equation, a straight line was generated 
but due to the Sahadat-Scherrer model, a new straight line was formed 
that passed the origin (Sahadat Hossain and Ahmed, 2023). The Scher-
rer’s equation was improved because of crossing a straight line through 
the origin that was generated due to the Sahadat-Scherrer model. 

cosθ =
Kλ

DS− S
×

1
FWHM

(17) 

To build a graph from this model, 1/FWHM and cosθ were plotted on 
the x-axis and y-axis respectively producing a straight line at the same 
time an intercept was generated that crossed the origin. To calculate the 
crystallite size, the generated intercept was correlated with the equation 
of y = mx + c. The estimated crystallite size from this model is included 
in Table 3 and the consisted graphs are exhibited in Fig. 4 (B), Fig. S_2 
(B), and Fig. S_4 (B) for E-CaSiO3, S-CaSiO3, and C-CaSiO3, respectively. 

4.2.5. Size-strain plot method 
To evaluate peak broadening in XRD analysis, the crucial aspect is 

the size of the crystallite and the strain of the lattice. The crystallite size 
and lattice strain are revealed by the Lorentzian function and Gaussian 
function respectively (Thool et al., 2014). To estimate the size and strain 

Table 3 
Estimated crystallite size of three different products depending on several models.  

Sample name Crystal size (nm), Strain (ε), (N/m2), Stress (σ) (N/m2), Energy density (Kj/m3) 

LSLM MSM WHM SSM SSP HWM 

UDM USDM UDEDM 

E-CaSiO3 D = 1386 D = 54 D = 2773 
ε = 0.0031 

D = 73 
σ = 4593× 105ε =46× 105 

D = 73 
μ = 1067 
ε =46.4× 105 

D = 53 D = 21.66, 
ε = 0.0126 

D = 15.62 

S-CaSiO3 D = 69327 D = 47 D = 37 
ε = 0.0002 

D = 37 
σ = 223× 105ε =2× 105 

D = 37 
μ = 2.42 
ε =2.21× 105 

D = 77 D = 11.09 
ε = 0.02 

D = 8 

C-CaSiO3 D = 3466 D = 37 D = 33 
ε = 0.0002 

D = 33 
σ = 1960× 105ε =1.97× 105 

D = 33 
μ = 2 
ε =2.01× 105 

D = 49 D = 16.50 
ε = 0.0189 

D = 11.9  
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in anisotropic crystal, the size strain plot method was established based 
on a hypothesis in which a lower angle is more fruitful than a greater 
angle (Prabhu et al., 2014). So, the crystallite size and strain may be 
computed precisely by applying a lower angle range of the peaks. The 
correlation between the size of crystallite and strain based on the Lor-
entzian function and Gaussian function respectively can be expressed by 
equations (18), and (19) (Nath et al., 2020; Vinod Kumar, n.d.). 

βtotal = βL + βG (18)  

(dhklβhklcosθ)2
=

Kλ
D
(dhkl

2βhklcosθ)+
∊2

4
(19) 

Where, dhkl = interplanar distance, βhkl = peak broadening, θ =
diffraction angle, K = constant, λ = wavelength on X-ray, D = size of 
crystallite, and ε = strain. (dhkl

2βhklcosθ) was plotted on the X-axis and 
(dhklβhklcosθ)2 on the Y-axis. After plotting, the obtained graph is given in 
Fig. 4 (C), Fig. S_2 (C), and Fig. S_4 (C) for E-CaSiO3, S-CaSiO3, and C- 
CaSiO3, respectively, and the computed crystallite size and strain are 
included in Table 3. 

4.2.6. Halder-Wagner method 
In the size-strain plot method, peak profile strain widening was 

expressed as a Gaussian function, and size broadening as a Lorentz 
function. Depending on the reciprocal lattice point and cell, Halder- 
Wagner concocted a new concept to overcome the limitations of the 
SSP model. According to the Halder-Wagner method, the peak profile 
was neither a Gaussian function nor a Lorentz function because the XRD 
peak region matches the Gaussian function while the tail resembles the 
Lorentz function perfectly (Mohamed Racik and Hamza Irfan, n.d.; 
Karamanov and Pelino, 2008). Following the assumption of the Halder- 
Wagner method, Voigt function characterizes peak broadening that can 
be represented as (Rabiei et al., 2020); 

βhkl
2 = βLβhkl + βG

2 (20)  

(
*βhkl

*dhkl
)

2
=

1
DW

(
*βhkl

*dhkl
2)+ (2ε)2 (21) 

Where βL and βG are full widths at half maxima of Lorentz and 
Gaussian functions respectively. To estimate the crystallite size and 
intrinsic strain, the Halder-Wagner equation can be expressed as, 
(

βhklcosθ
2sinθ

)2

=
1

DW
(
βhklcosθ
(2sinθ)2)+(2ε)2 (22) 

By plotting (βhklcosθ
(2sinθ)2

) and 
(

βhklcosθ
2sinθ

)2 

on the X-axis and Y-axis respec-

tively (shown in Fig. 4 (D), Fig. S_2 (D), and Fig. S_4 (D) for E-CaSiO3, S- 
CaSiO3, and C-CaSiO3, respectively), the computed crystallite size and 
strain from the graph are enlisted in Table 3. 

4.3. Exploration of functional group 

Fig. 5 represents the characteristics functional group of the synthe-
sized E-CaSiO3, S-CaSiO3, and C-CaSiO3 in their FTIR spectra. At 1000 0C 
calcination temperature, the FTIR spectrum of calcium silicate revealed 
the absorption band at several wavenumbers. For the corresponding 
three samples, wavenumber ranges 992–1067 cm− 1 and 643–685 cm− 1 

were due to the asymmetric stretching mode and symmetric stretching 
vibration of Si-O-Si respectively. Such asymmetric stretching mode and 
symmetric stretching vibration have been documented in prior in-
vestigations (Palakurthy et al., 2019; Li et al., 2016). Absorption bands 
898–951 cm− 1 represented Si-O-Ca bonds with non-bridging oxygen and 
wavenumber 718 cm− 1 indicated the stretching mode of O-Si-O bonds. 
The absorption band at 559 cm− 1 exhibited Si-O-Si bending vibration 
whereas 474 cm− 1 ascribed to the bending mode of O-Si-O and Si-O-Si 
bonds. The previous literature also revealed similar peaks (Palakurthy 

Fig. 4. Ascertainment of the size of crystallite through the Uniform deformation energy density model equation (A), Sahadat-Scherrer equation (B), size-strain plot 
equation (C), Halder-Wagner equation (D) for E-CaSiO3. 
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et al., 2019; Anjaneyulu et al., 2013). In addition, Ca-O stretching vi-
bration occurred at the wavenumber of 495 cm− 1 which was closely 
related to the previous study (Ernawati et al., 2021). 

4.4. Inspection of optical band gap 

The absorption wavelength of the UV–visible spectrophotometer 
explored the optical band gap of the synthesized E-CaSiO3, S-CaSiO3, 
and C-CaSiO3. To figure out the optical band gap, a mathematical 
expression was familiar as the Tauc method which is given in the 
equation (23) (Mir, 2014; Kaviti and Akkala, 2023); 

αhϑ = A(hϑ − Eg)n (23) 

From equation (23), α = absorption co-efficient, ϑ = frequency of the 
photon, h = Plank’s constant, A = constant, Eg = band gap energy, and 
n = 2 or 1/2 in that case 2 for direct band gap and 1/2 for indirect band 
gap. Through origin software, hϑ and (αhϑ)2 were plotted on the x-axis 
and y-axis respectively to estimate the band gap. The computed band 
gap energy of generated samples is included in Table 4, and the 
graphical representation is enlisted in the supporting information file 

(Fig. S_5). There were no significant changes in the band gap of the 
synthesized three samples. 

4.5. Point of zero charge 

The point of zero charge (pHpzc) is the pH at which the adsorbent’s 
surface charge is zero. The charge of the adsorbent may be positive or 
negative because it depends on the value of pH and pHpzc. When the 
value of pH becomes less than the value of pHpzc, the adsorbent’s surface 
charge will be positive (Ahmad et al., 2012). On the contrary, the ad-
sorbent’s surface charge becomes negative when the PH value becomes 

Fig. 5. FTIR spectra of the synthesized E-CaSiO3, S-CaSiO3, and C-CaSiO3.  

Table 4 
Computed band gap energy of synthesized E-CaSiO3, S-CaSiO3, and C- 
CaSiO3.  

Name of the sample Band gap energy (eV) 

E-CaSiO3  6.18 
S-CaSiO3  6.20 
C-CaSiO3  6.14  
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more than the value of pHpzc. As a result, a positive charge-carrying 
adsorbent will interact with anionic dye effectively (Aldahash et al., 
2022). To carry out this experiment 0.1 M NaCl (30 mL) was taken with 
0.02 g adsorbent in a conical flask. The initial pHi (5, 7, 9, and 11) of this 
mixture was maintained by adding 1 M HNO3 and 0.25 M NaOH. Then 
the conical flask was placed for shaking for 30 min in the orbital shaker. 
After 30 min, again the pHf of the sample was checked to evaluate the 
ΔpH (ΔpH = pHf − pHi). By plotting pHi, and ΔpH on the X-axis, and Y- 
axis, respectively; a line with a point of intersection (Fig. 6) was found 
from which the value of pHpzc was explored. The pHpzc values of the 
synthesized E-CaSiO3, S-CaSiO3, and C-CaSiO3 are 8.4, 7.9, and, 8.1, 
respectively. The maximum removal percentage was found at pH 7 in 
the batch experiment for the three categories of adsorbent. The pH was 
lower than the values of pHpzc, so the positively charged adsorbent 
surface interacted with anionic congo red dye more effectively. 

4.6. Studies of adsorption 

4.6.1. Effect of time interval on adsorption 
Time has an impact on adsorption efficacy so the removal percentage 

and adsorption capacity will change due to the variation of time. The 
removal percentage and adsorption capacity for E-CaSiO3, S-CaSiO3, and 
C-CaSiO3 escalated dramatically with increasing time. The maximum 
removal percentage was 97 % for 0.1 g C-CaSiO3 at a time of 180 min 
whereas the minimum one was 79 % for 0.1 g C-CaSiO3 at a time of 60 
min. Fig. 7 illustrates that at 120 and 180 min, the removal percentages 
were almost identical. This happens as a result of dye molecules inhib-
iting the adsorbent’s active sites over time (Adeogun et al., 2018). 
Consequently, a balance was revealed. 

4.6.2. Impact of shaking speed 
Due to the variation of the speed of the orbital shaker (rpm), the 

adsorbent interacted with the adsorbate properly. Consequently, with 
increasing speed, the percentage of removal and adsorption capacity 
was changed moderately. For E-CaSiO3 and S-CaSiO3, the removal 
percentage and adsorption capacity climbed significantly due to the 
elevation of speed but at the speed of 250 rpm, the value fell modestly. 
This phenomenon happens because the kinetic energy between the dye 
molecules and the adsorbent particles is enhanced when increasing the 
shaking speed. Consequently, the contact also intensifies, thereby 
enhancing the adsorption capacity. Following optimal circumstances, 

both the adsorbent and the adsorbate have higher kinetic energies, but 
the adsorbent molecules become apart from the least constrained dye 
molecules (Jamil et al., 2014). 98 % and 61 % were the maximum and 
minimum removal percentages respectively for 0.1 g S- CaSiO3 adsor-
bent at the speed of 200 rpm and 50 rpm respectively. Fig. 8 represents 
the removal percentage and adsorption capacity for different speeds 
(rpm). 

4.6.3. Effects of different doses of adsorbent 
The effect of adsorbent doses on the removal percentage and 

adsorption capacity was observed by taking various doses of adsorbent 
that limit was 0.025 to 0.3 g. With raising adsorbent doses, the per-
centage of removal went up substantially for the three different adsor-
bents but it dropped a bit due to the 0.3 g adsorbent. The highest 
removal percentage was fairly 99 % for 0.1 g of C-CaSiO3 adsorbent as 
well and the lowest one was 73 % for 0.05 g of E-CaSiO3 adsorbent. For 
0.2 g of adsorbent, the removal percentage was more than 0.3 g of 
adsorbent. In that case, the adsorbents are agglomerated in the case of 
0.3 g of adsorbent. As a result, the adsorbent’s active sites are mitigated, 
and the dye removal percentage likewise drops (You et al., 2019). In 
addition, adsorption capacity dropped gradually with increasing the 
amount of catalyst and the maximum was 14.920 mg/g for 0.025 g C- 
CaSiO3. For additional inspection, 0.2 g adsorbent, 180 min, and 200 
rpm were taken as fixed depending on the percentage of removal and 
adsorption capacity. Fig. 9 represents the removal percentage and 
adsorption capacity for diverse adsorbent doses. 

4.6.4. Impact of different dye concentrations 
To observe the effect of dye concentration on the removal percentage 

and adsorption capacity, several dye concentrations were chosen for 
experiments. For this purpose, some parameters were static as previ-
ously mentioned. With rising dye concentrations, the removal percent-
age fluctuated, and the maximum was approximately 100 % for E- 
CaSiO3 adsorbent. For the S-CaSiO3 adsorbent, the removal percentage 
and adsorption capacity climbed modestly but the percentage declined 
dramatically because of the increasing concentration of dye. The 
removal percentage for C-CaSiO3 rose and fell due to the variation of 
concentration of dye and the maximum removal percentage was 99 % at 
30 ppm. The dye removal percentage falls gradually with rising dye 
concentration. This happens because the molecules of dye block the 
active site of the adsorbents (Bin Mobarak et al., 2023). As a result, the 

Fig. 6. Point of zero charges of the synthesized E-CaSiO3, S-CaSiO3, and C-CaSiO3.  
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interaction between dye molecules and adsorbent declines with 
increasing the concentration of dye. The impact of several dye concen-
trations on removal percentage and adsorption capacity is represented 
in Fig. 10. 

4.6.5. Effect of several pH limits 
The removal percentage and adsorption capacity are significantly 

influenced by the solution’s different pH limits. Fig. 11 displays that for 
E-CaSiO3, the removal percentage and adsorption capacity rose mini-
mally but it came down at pH 9. This phenomenon occurs as a result of 
the adsorbent surface becoming positively charged when the pH level is 
low. At lower pH, H+ ions induce surface active sites to become pro-
tonated (Nath et al., 2021). Inevitably, the surface of the adsorbent 
becomes positively charged. Conversely, the surface of the adsorbent 

turns into a negative charge at high pH due to the presence of OH– ions 
(Jamil et al., 2014). Congo red is an anionic dye, so the conjunction 
between the molecules of dye (negatively charged) and adsorbent 
(positively charged) becomes strong (Al-Degs et al., 2008). Conse-
quently, the removal percentage of dye becomes higher when the pH 
level is low. At pH 7, the maximum removal percentage was 97 % to 
nearly 99 % for the E-CaSiO3, S-CaSiO3, and C-CaSiO3. Moreover, to 
prepare a pH 7 solution, there was no need to add extra acid or base for 
this reason pH 7 was kept fixed. 

4.7. Adsorption isotherm 

Through isotherm models, it is possible to assess the equilibrium 
adsorption data. Moreover, adsorption isotherm models can convey 

Fig. 7. (A) Removal percentage and (B) Adsorption capacity of 0.1 g adsorbent in terms of time variation.  

Fig. 8. (A) Removal percentage and (B) Adsorption capacity of 0.1 g adsorbent in terms of several speeds (rpm).  

Fig. 9. (A) Removal percentage and (B) Adsorption capacity of several adsorbent doses at a fixed speed of 200 rpm and time of 180 min.  
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qualitative information about the adsorption capacity of adsorbents. To 
evaluate the adsorption equilibrium data in the case of adsorption of 
Congo red dye onto the surface of the desired product, Langmuir 
adsorption isotherm (including linear and non-linear), Freundlich 
isotherm (involving linear and non-linear), and Temkin isotherm were 
frequently employed. 

4.7.1. Langmuir adsorption isotherm 

4.7.1.1. Linear form of Langmuir adsorption isotherm. The linear form of 
Langmuir adsorption isotherm is presented in the equation (24), (Hu 
et al., 2017) 

1
qe

=
1

KLqmax
×

1
Ce

+
1

qmax
(24) 

Where, qe = equilibrium concentration of Congo red adsorbed (mg/ 
g), Ce= equilibrium concentration of Congo red in the solution (mg/L), 
qmax = maximum adsorption capacity of the synthesized product (mg/g), 
and KL = constant of the Langmuir isotherm model (mg/L). After plot-
ting 1/Ce and 1/qe on the X-axis and Y-axis respectively, a straight line 
was generated (displayed in Fig. 12). By comparing the generated 
straight line with the straight equation (y = mx + c), the value of slope 
and intercept were estimated by Origin Pro 9 software which is enlisted 
in Table 5. Depending on the Langmuir adsorption constant (KL), the 

dimensionless equilibrium parameter (RL) was calculated by applying 
equation (25) (Hossain et al., 2022). 

RL =
1

1 + KLCmax
(25) 

Here, Cmax reveals the maximum initial concentration of dye. 
Depending on the dimensionless equilibrium parameter (RL), the situa-
tion of adsorption can be expressed such as RL = 1 reveals the linear 
isotherm and 0 < RL < 1 indicates appropriate adsorption. Moreover, RL 
> 1 and RL = 0 explain disagreeable and irreversible adsorption 
respectively (Bin Mobarak et al., 2023). 

4.7.1.2. Non-linear form of Langmuir adsorption isotherm. The non-linear 
form of Langmuir adsorption isotherm equation is revealed in the 
equation (26), (Pinky et al., 2023; Salihi, n.d.) 

qe =
Qm × KL × Ce

1 + KL × Ce
(26) 

Here, Qm is the maximum adsorption capacity of the synthesized 
product. Through plotting Ce and qe on the X-axis and Y-axis respec-
tively, a straight line was generated (exhibited in Fig. 13) that was 
compared with the straight-line equation (y = mx + c) for estimating the 
value of slope and intercept. The obtained values through Origin Pro 9 
software are given in Table 5 and after fitting (linear and non-linear) all 

Fig. 10. (A) Removal percentage and (B) Adsorption capacity of several dye concentrations at a fixed speed of 200 rpm, time of 180 min, and amount of adsorbent 
0.2 g. 

Fig. 11. (A) Removal percentage and (B) Adsorption capacity of 0.2 g adsorbent at a fixed speed of 200 rpm, time of 180 min under various pH limits.  
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calculated values are included in Table 6. 

4.7.2. Freundlich isotherm 

4.7.2.1. Linear form of Freundlich adsorption isotherm. Through the 
Freundlich adsorption isotherm equation, it is possible to evaluate the 
heterogeneous surface with multilayer adsorption. Mathematically the 
equation can be expressed as, 

x
m

= Kf Ce
1
n (27) 

By taking logarithms on both sides of the equation (27), the newly 
formed equation can be presented as, 

log
x
m

= logKf+log(Ce)
1
n (28)  

log
x
m

= logKf +
1
n

logCe (29) 

By rearranging equations (28) and (29), the Linear form Freundlich 
isotherm of the equation will be, (Bagal and Raut-Jadhav, 2021) 

logqe = logKf +
1
n

logCe (30) 

Here, Kf = Freundlich constant (mg/L), n = constant of the intensity 
of the adsorption, qe = adsorption capacity (mg/g), and Ce = adsorbate 
concentration (mg/L). The value of n explains the adsorption process 
including an intricate adsorption process (n < 1), relatively complicated 
adsorption (1 < n < 2), or favorable adsorption (2 < n < 10) (Pinky 
et al., 2023; Shayesteh et al., 2016). By plotting logCe on the X-axis and 
logqe on the Y-axis, a straight was produced that is represented in 
Fig. 14. After plotting, the slope and intercept were obtained by applying 
Origin Pro 9 software, and all the obtained values are enlisted in Table 5. 

4.7.2.2. Non-linear form of Freundlich adsorption isotherm. The non- 
linear form of the Freundlich adsorption isotherm equation can repre-
sented by the following equation, (Vitek and Masini, 2023) 

Fig. 12. Graphical representation of the linear form of Langmuir adsorption isotherm.  
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qe = Kf (Ce)
1/n (31) 

The value of Ce and qe were plotted on the X-axis and Y-axis 
respectively. After plotting, the generated graphs are represented in 
Fig. 15 and yielded all values from Origin Pro 9 software given in 
Table 5. Moreover, the computed parameters after linear and non-linear 

fitting are enlisted in Table 6. 

4.7.3. Temkin isotherm model 
The Temkin isotherm equation is mathematically expressed by the 

equation (34) (Anon (2), n.d.); 

qe =
RT
b

ln(ATCe) (32)  

qe =
RT
b

ln(AT)+
RT
b

ln(Ce) (33)  

qe = BTln(AT)+BTln(Ce) (34) 

Here, b = Temkin isotherm constant, BT =
RT
b = constant connected to 

the heat of adsorption (J/mol), AT = Temkin isotherm equilibrium 
binding constant (L/mg), R = universal gas constant (J/mol K), and T =
temperature (K). Now by placing the values of ln(Ce) on the X-axis and qe 

on the Y-axis, a straight line was generated after linear fitting which is 
presented in Fig. 16. The estimated isotherm parameters after fitting are 
included in Table 6. 

4.7.4. Thermodynamics studies 
The thermodynamic parameter ΔG0 (standard Gibbs free energy) 

was calculated utilizing equation (35) which comprehends the mode of 
adsorption on the synthesized adsorbent (Ghasemi et al., 2014). 

Table 5 
Obtained values depending on isotherm model through Origin pro 9 software for 
0.2 g of E-CaSiO3, S-CaSiO3, and C-CaSiO3 samples.  

Isotherm 
model 

Fitting of 
curve 

Sample 
name 

Intercept 
value 

Slope 
value 

Adj. R- 
Square 

Langmuir Linear E-CaSiO3  0.08625  0.06188  0.93979 
S-CaSiO3  0.00661  0.63223  0.92472 
C-CaSiO3  0.22011  0.00195  0.90295 

Non- 
linear 

E-CaSiO3  10.02532  1.60597  0.98448 
S-CaSiO3  15.90793  0.13716  0.96343 
C-CaSiO3  9.33832  5.58132  0.88791 

Freundlich Linear E-CaSiO3  0.77206  0.59628  0.94392 
S-CaSiO3  0.24324  0.84031  0.90799 
C-CaSiO3  0.92303  0.35313  0.99547 

Non- 
linear 

E-CaSiO3  5.77164  1.93296  0.98345 
S-CaSiO3  2.04386  1.40002  0.9404 
C-CaSiO3  8.68647  2.63548  0.9939 

Temkin Linear E-CaSiO3  6.09899  1.97872  0.97985 
S-CaSiO3  1.3251  3.20938  0.99327 
C-CaSiO3  7.16597  1.12937  0.87933  

Fig. 13. Graphical representation of the non-linear form of Langmuir adsorption isotherm.  
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ΔG0 = − RTlnK (35) 

In equation, ΔG0 = standard Gibbs free energy (KJ/mol), T = ab-
solute temperature (298 K), R = universal gas constant (8.314 Jmol− 1 

K− 1), and K = thermodynamic equilibrium constant derived from 
several isotherm models (Langmuir, Freundlich, and Temkin isotherm 
model). 

The computed values of ΔG0 are enlisted in Table 7. The negative 
ΔG0 values signified that the adsorption onto the adsorbent was ther-
modynamically effective. Moreover, it indicated the spontaneous 
adsorption process (Ebisike et al., 2023). The ΔG0 values for the ad-
sorbents were negative according to Langmuir, Freundlich, and Temkin 
isotherm models. But the ΔG0 values of S-CaSiO3 adsorbent were posi-
tive in the case of Langmuir linear and non-linear isotherm model so the 
adsorption process was not spontaneous. A comparative study between 
the present work and the previous work is registered in Table 8. 

4.7.5. Regeneration and reusability test 
For preserving the environment and considering monetary feasi-

bility, the reusability of adsorbent is a crucial factor. The reusability 
activity of the synthesized adsorbent (E-CaSiO3, S-CaSiO3, and C- 
CaSiO3) was observed which is depicted in Fig. 17. This figure represents 
that the three adsorbents maintained their active behavior following the 
cycle of regeneration. For this experiment, 0.2 g of adsorbent, and 20 
ppm of congo red dye solution (40 mL) were placed in a conical flask. 

Table 6 
Estimation of isotherm parameters for the adsorption of dye onto the adsorbent.  

Isotherm 
model 

Fitting of 
curve 

Sample 
name 

Parameters value 

qm (mg/g) KL (mg/L) RL 

Langmuir Linear E-CaSiO3 11.59420 1.39382 0.07048 
S-CaSiO3 151.28593 0.01045 0.70511 
C-CaSiO3 4.54318 113.16044 0.00022 

Non-linear E-CaSiO3 10.02532 1.60597 −

S-CaSiO3 15.90793 0.13716 −

C-CaSiO3 9.33832 5.58132 −

Sample name Parameters value 

Kf (mg/L) n 

Freundlich Linear E-CaSiO3 5.91643 1.67706 
S-CaSiO3 1.75081 1.19003 
C-CaSiO3 8.37587 2.83181 

Non-linear E-CaSiO3 5.77164 1.93296 
S-CaSiO3 2.04386 1.40002 
C-CaSiO3 8.68647 2.63548    

Sample name Parameters value 

BT (J/mol) AT (L/mg) 

Temkin Linear E-CaSiO3 1.97872 21.8083 
S-CaSiO3 3.209 1.511196 
C-CaSiO3 1.1293 569.8854  

Fig. 14. Graphical representation of the linear form of Freundlich adsorption isotherm.  
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Afterward, the solution was agitated on an orbital shaker at a speed of 
200 rpm for 180 min. Three cycles were carried and the adsorbent was 
washed with deionized water after each cycle. After washing, the 
adsorbent was dried in an oven at 100 ◦C for 2 h for the next cycle. The 
removal percentage was above 97 % for the three adsorbents in the first 
cycle. But it dropped gradually in the third cycle; the removal percent-
age became 80 %, 67 %, and 72 % for E-CaSiO3, S-CaSiO3, and C-CaSiO3, 
respectively. At the same, the adsorption capacity decreased modestly. 
This happened due to the removal of active SiO2 during washing after 
each cycle as reported in the previous literature (Zhao et al., 2017). 

4.7.6. Adsorption mechanism 
The strong electrostatic attraction between the dye’s negative charge 

and the adsorbent’s positive charge can interpret the adsorption mech-
anism of congo red dye and adsorbent. The interaction between adsor-
bent and adsorbate occurs due to hydrogen bonding and ion exchange 

(Adebayo et al., 2022). Hydrogen bonding mainly happens between 
hydrogen atoms of dye and the SiO3 part of CaSiO3, whereas ion ex-
change occurs between CaSiO3 (adsorbent) and dye solution ions. The 
Ca part of CaSiO3 can form a chelation bond with the sulfonate, amino, 
or azo groups on the surface of the adsorbent (Bin Mobarak et al., 2023). 
The dye can cling to the surface of the adsorbent by an interchanging 
mechanism. The overall adsorption mechanism is portrayed in Fig. 18. 

4.7.7. FTIR analysis after the adsorption and recycling process 
The functional group of the synthesized E-CaSiO3, S-CaSiO3, and C- 

CaSiO3 after adsorption of congo red dye (A) and after recycling three 
cycle steps (B) are portrayed in Fig. 19. The functional groups of the 
adsorbent after the adsorption process and after the reusability test were 
mostly similar to the FTIR data of the raw adsorbent except band at 
1473 cm− 1. The absorption band at 1473 cm− 1 revealed the stretching 
vibration of N = N due to the presence of congo red dye. The reason for 

Fig. 15. Graphical representation of the non-linear form of Freundlich adsorption isotherm.  
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this additional peak was also shown in past research (Harja et al., 2022; 
Moon et al., 2018). Moreover, in the FTIR spectrum, there were very 
minor peaks due to the presence of a minor amount of dye in the 
solution. 

4.7.8. XRD analysis after the adsorption and recycling process 
XRD analysis of E-CaSiO3 was executed after the adsorption and 

recycling process and the obtained X-ray diffractogram is represented in 
Fig. 20. The X-ray diffractogram of E-CaSiO3 after the adsorption and 
recycling process did not show any discernible change. Consequently, it 
confirmed that the crystal structure of the adsorbent was unaffected 
after completing the recycling and adsorption process. 

4.7.9. Economic analysis 
In this research, we have mainly focused on the synthesis of calcium 

silicate utilizing waste sources such as eggshells and snail shells. Egg-
shells and snail shells are utilized as a source of calcium carbonate. 
Eggshells are one of the most available food-processing waste products, 
whereas snail shells are natural waste products. So, these two waste 
products are cost-effective and eco-friendly for industrial-scale appli-
cations. Moreover, through the adsorption process, the sample can be 
utilized several times for removing dye from wastewater. 

5. Conclusion 

Through a solid-state reaction, calcium silicates were synthesized 
from three identical sources without using any hazardous chemicals 
which was confirmed by XRD and FTIR. The crystallite sizes of the 

Fig. 16. Graphical representation of Temkin isotherm model of E-CaSiO3, S-CaSiO3, and C-CaSiO3 samples.  

Table 7 
Data of thermodynamic parameter ΔG0 (standard Gibbs free energy).  

Isotherm 
model 

Fitting of 
curve 

Sample 
name 

Constant ΔG0 (KJ/ 
mol) 

Langmuir Linear E-CaSiO3  1.39382  − 0.82267 
S-CaSiO3  0.01045  +11.30585 
C-CaSiO3  113.16044  − 11.71604 

Non-linear E-CaSiO3  1.60597  − 1.17369 
S-CaSiO3  0.13716  +4.92196 
C-CaSiO3  5.58132  − 4.25999 

Freundlich Linear E-CaSiO3  5.91643  − 4.40446 
S-CaSiO3  1.75081  − 1.38763 
C-CaSiO3  8.37587  − 5.26571 

Non-linear E-CaSiO3  5.77164  − 4.34307 
S-CaSiO3  2.04386  − 1.77106 
C-CaSiO3  8.68647  − 5.35593 

Temkin Linear E-CaSiO3  21.8083  − 7.63659 
S-CaSiO3  1.511196  − 1.02299 
C-CaSiO3  569.8854  − 15.72127  
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Table 8 
Comparison data among various adsorbents from different sources.  

Adsorbent Source Adsorbate Removal percentage 
(%) 

Langmuir maximum adsorption capacity, qm 

(mg/g) 
Reference 

E-CaSiO3 Eggshells Congo red 98.65 11.59420 This study 
S-CaSiO3 Snail shell 98.21 151.28593 
C-CaSiO3 Raw chemical 98.88 4.54318 
Modified chicken 

feathers 
Chicken feathers Cu (II) 98.9 200 (Chakraborty et al., 2020) 

Urea-calcium alginate 
beads 

Brown algae and bivalve 
shells 

Congo red 90.3 441 (Elgarahy et al., 2020) 

Modified eggshells Eggshells Reactive Blue 
198 

96.40 0.80 (Zonato et al., 2022) 

Calcined eggshells Eggshells Basic yellow 28 > 90 28.87 (Slimani et al., 2014) 
Modified snail shell Snail shell Congo red 95.02 526.31 (Zwier and AL-Da’amy, 

2023)  

Fig. 17. Regeneration and reusability test of the adsorbents.  

Fig. 18. Congo red dye adsorption mechanism by CaSiO3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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desired products were less than 80 nm. The adsorption efficacy was 
impacted by some parameters such as contact time, adsorbent dose, 
shaking speed, dye concentration, and pH of the solution. The removal 
percentage for the three types of adsorbents was nearly 100 %. The 
maximum adsorption capacity (qm) was 151.28593 mg g− 1 with 

Langmuir linear fitting. Moreover, the reusability tests ensured that the 
adsorbent was cost-effective and eco-friendly. So, this research will 
attract greater attention because of utilizes food-processing waste 
(eggshells) and natural waste (snail shells) to synthesize adsorbents that 
can eradicate anionic congo red dye from wastewater. 
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