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1. INTRODUCTION

Wastewater management remains one of the most persistent environmental challenges,
particularly due to the release of dye-laden effluents from industries such as textiles and
paper. These effluents are often difficult to treat because of the presence of stable and toxic
dyes in low concentrations, which can significantly degrade water quality and threaten
aquatic ecosystems [1]. Among various remediation strategies, adsorption is considered an
effective method due to its operational simplicity, low cost, and high efficiency in dye removal
[2].

One promising adsorbent is eggshell, a food industry by-product that constitutes about
11% of the total egg mass and is often discarded as waste [3]. Eggshell is rich in calcium
carbonate and contains beneficial properties such as porosity, antibacterial activity, and a
high surface area, making it suitable for adsorbing chemical pollutants from aqueous solutions
[4, 5]. With millions of tons generated annually (such as the 13,103 tons estimated in Taiwan
alone), eggshell waste represents an untapped source for environmental technology
applications [4].

In recent years, research has shifted toward converting agricultural waste into functional
adsorbents (Table 1). They are through chemical or thermal modification. Studies have
demonstrated the effectiveness of eggshell ash and calcium oxide derived from eggshells in
removing dyes like methylene blue and toluidine blue under varied environmental conditions
[6, 7]. These findings confirm the eggshell’s capacity to function as a bio-based adsorbent
when enhanced with scientific treatment and modeling techniques such as FTIR, SEM, and
adsorption kinetics [8].

Table 1. Previous studies on adsorbents using biomass.

No Title Ref.

1 How to calculate adsorption isotherms of particles using two-parameter monolayer [9]
adsorption models and equations

2 Adsorption of sodium in an aqueous solution in activated date pits [10]
3 Conversion of Indonesian coal fly ash into zeolites for ammonium adsorption [11]
4 Review on adsorption and photocatalysis of dyes for wastewater treatment [12]
5 Trends and developments in research on adsorption in education: Bibliometric analysis [13]
6 Utilization of orange peel-derived biochar for ammonia adsorption [14]
7 Red onion peel biomass carbon microparticles for ammonia adsorption [15]
8 Biochar microparticles from pomegranate peel waste [16]
9 Utilizing cassava peel-derived carbon biochar for ammonia adsorption [17]
10 Carbon Biochar Microparticles from Mango Peel [18]
11 Carbon particle size from galangal rhizomes [19]
12  Silica microparticles from bamboo leave waste [20]
13  How to conduct paired-t-test SPSS [21]
14 Isotherm and kinetic adsorption of rice husk particles [22]
15 Characteristics of ammonia adsorption on calcium carbonate microparticles [23]
16 Assessment of the Congo Red and Crystal Violet toxic dyes adsorption [24]
17 How to purify and experiment with dye adsorption using carbon [25]
18 How to calculate and measure solution concentration using UV-vis spectrum analysis [26]
19 Rice husk for adsorbing dyes in wastewater [27]
20 Sustainable biochar carbon microparticles based on mangosteen peel [28]
21 Adsorption isotherm characteristics of calcium carbon microparticles [29]
22 Computational calculation of adsorption isotherm characteristics [30]
23 Analysis of adsorption isotherm characteristics using avocado seed waste [31]
24 Removal of curcumin dyes using jackfruit seeds [32]
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Table 1 (continue). Previous studies on adsorbents using biomass.

No Title Ref.
25 Olive Industry solid waste-based biosorbent [33]
26 Sustainable carbon-based biosorbent particles from papaya seed waste [34]

Therefore, the purpose of this study is to determine the adsorption performance of
eggshells against Aniline Blue (AB) dye under varying operational parameters, and to evaluate
the process through kinetic, isothermal, and thermodynamic frameworks. Figure 1 presents
the molecular structure of AB, a pH-sensitive dye widely used for diagnostic staining and
cytological applications. The novelty lies in highlighting eggshell biowaste as a low-cost,
scalable, and eco-sustainable solution for water purification through the lens of
environmental chemistry, adsorption science, and green engineering. While numerous
biosorbents have been explored, the novelty of this study lies in its dual-mode investigation,
a comprehensive batch and continuous flow analysis of AB dye removal using untreated,
thermally processed eggshells. Unlike other works focusing on photocatalytic or
nanocomposite eggshell derivatives, this research evaluates the raw material's intrinsic
adsorption potential, making it more applicable and cost-effective for developing regions.
Additionally, the study integrates scientific modeling (Sips isotherm, pseudo-first-order
kinetics, and Yoon-Nelson prediction) and material characterization to uncover the
thermodynamic and kinetic behavior of dye interaction.
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Figure 1. Chemical structure of AB dye.

2. METHODS
2.1. Batch Adsorption Experimental Work

Various amounts of the adsorbent (0.5-2.5 g/L) were mixed with different concentrations
of the dye (10-50 ppm) in 100 ml containers. The experiments were conducted using a
complete factorial design of experiments, with a fixed temperature of 25°C and an initial pH
of 5.8. The initial set of trials involved shaking containers at 150 rpm for a given amount of
time, with each step ranging from 30 to 180 minutes. How temperature and pH affected the
results was examined using a different set of full factorial designs. The temperature range was
(20-60) °C, step 10, while the pH range was (3-11), step 1. The ideal values of the factors
examined in the first set were maintained. The absorbance was measured at a wavelength of
594 nm using a UV-visible spectrophotometer (Shimadzu 1800) to determine the equilibrium
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concentrations of AB dye. Detailed information on how to do adsorption and how to calculate
the results is explained elsewhere [9, 25, 26].

Figure 2 shows that the absorbance against the concentration curve was linear. This curve
will be used as the standard to indicate the dye concentration based on the absorbance
obtained at 594 nm for all investigations employing a UV-Vis spectrophotometer. This
particular wavelength was selected as it lies above the maximum absorbance of the AB dye,
in order to calculate as accurately as possible, the concentration of the dye in solution. The
concentration (c) vs absorbance curve was linear. Since the Beer-Lambert relationship is linear
in this concentration range, this confirms that the applied spectrophotometric method is
reliable. The obtained curve will be taken as an indication of the dye concentration as a
function of the absorbance at 594 nm for all studies in which a UV-Vis spectrophotometer
was used. The calibration curve is paramount in the ensuing experiments where dye removal
percentage is quantified, thus enabling a clear understanding of the adsorption process. Using
the following equations, it will be possible to determine the equilibrium concentrations and
the efficiency of dye removal [14] (see equations (1) and (2)).

Qe = (Co — Ce) X+ (1)
% removal = Coc_oce x 100 (2)

The equilibrium concentration of the dye is equal to Ce, while the initial concentration is Co,
measured in mg/L. At equilibrium, the amount of dye per gram of adsorbent is denoted by
Qe. The dye solution volume, in L, is denoted by V. M stands for the adsorbent mass in grams.

y =0.0322x - 0.0816
R* =0.9888

Absorbance

0 10 20 30 40 50 60
Concentration

Figure 2. Calibration curve of AB concentration against spectral absorbance.
2.2. Dye Solution Preparation

To generate a stock solution of 1000 ppm, 0.25 g of AB dye was dissolved in 250 mL of
distilled water. No filtration was performed before use. Adding a certain percentage of
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distilled water into the mixture created dye solutions with varying concentrations ranging
from 10 to 50 ppm.

2.3. Adsorbent Preparation

The eggshells were cleaned multiple times to remove any dust or other contaminants, then
dried in an oven set at 105°C for 24 hours. The samples were ground and sieved after drying
to achieve a particle size of less than 125 um. They were then dried in an oven set at 105°C
for a whole night to remove any remaining moisture. Finally, they were kept in desiccators
that had been cleaned and dried for future use.

2.4. Continuous Mode Study

To evaluate the effect of flow rate on the system performance, a series of experiments
were conducted in continuous mode operation under the optimum conditions of the AB dye.
A tank with a capacity of 15 L, two packed bed columns (radius of 10 cm and height of 26
cm), a filter cartridge of polypropylene with a filtration capability of 5 microns, and two valves
to control the flow rate, a pump to provide the dye solution through the columns, formed the
experimental setup. A volume of 10 L of dye solution was prepared at a concentration of 20
ppm. To prepare 10 L of the 20% (v/v) stock solution, 200 mL was taken from the stock
solution and diluted with distilled water. Asia Scientific Products imported the eggshells and
rolled them in tissue before packing, so no packing material would be lost if the temperature
changed during operation. The complete experimental design and procedure for preparing
and conducting the tasks are summarized in Figure 3. It helps for the overall picture of the
system components and the methodology it has implemented in the continuous mode,
before diving into great detail.

Setup includes:

o 15 L dye solution tank., Packed bed columns (10 c¢m radius, 26 cm height)., Polypropylene filter
cartridge (5 wm)., Flow control valves & pump., Eggshell packing (15 g wrapped in tissue).

Flow rates tested: 2.7, 4.1, 5.4 L/min over 1-12 hours.

Evaluation of dye removal efficiency & Yoon-Nelson Model validation. .
Continuous

Adsorption Study

Mixing of AB dye solution with eggshell powder in 100 mL containers.
Factors: Adsorbent dose, pH, temperature, time, concentration.

Shaking at 150 rpm. 3
Equilibrium concentration measurement at 594 nm using UV

spectrophotometer.
Adsorption calculations.
Eggshells cleaned, dried at 105°C for 24 h
Adsorbent Ground & sieved (<125 pm particle size).
Preparation « Stored in desiceators for future use.

Dye Solution . Dissolution of 0.25 g AB dye in 250 mL distilled water.
Preparation «  Stock solution (1000 ppm) prepared.
Dilution to desired concentrations (10-50 ppm).

Figure 3. Experiment steps diagram.

3. RESULTS AND DISCUSSION
3.1. Batch Study (Characterization of Eggshells)
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Fourier transform infrared spectroscopy was used to describe the eggshells. The eggshells
have been significantly characterized with Fourier transform infrared spectroscopy (FTIR) to
better understand their functional groups and chemical composition. Detailed information
regarding FTIR is explained elsewhere [35-37].

Figures 4 and 5 show the detailed FTIR spectra. The strong absorption peak of carbonate
at 1433 cm™ is evidence of the alkyl group, which is also an important factor in the eggshells.
Likewise, the absorption due to OH was found at 3414 cm™ in Figure 4, indicating that
moisture or hydroxylated species are present on the eggshell surface, which may influence its
adsorptive characteristics. Moreover, the characteristic absorption peak in calcite is visible
at 876cm™?, which further confirms the mineral composition of the eggshells. It is important
to highlight the substantial shift in the peak positions and a change in the band intensity
(Figure 5) after loading the eggshells with the AB dye. This variation might suggest the
possible interactions between the eggshells and the dye molecules, inferring changes in the
chemical environment around the functional groups. Interactions like these would be crucial
in unraveling the adsorption mechanisms involved. The FTIR analysis confirms the structural
features of the eggshells, illustrating their potential for functioning as effective adsorbents
in numerous applications, especially in capturing dyes. The findings highlight the need for
additional investigations into the adjunct adsorption capacities of these bulk natural
adsorbents and kinetics.
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Figure 4. FTIR spectrum of eggshell adsorbent.
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Figure 5. FTIR spectrum of AB dye-loaded eggshell adsorbent.
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The sorption involved an adsorption process, as evidenced by the surface alteration of the
adsorbent, and the primary interaction was of the eggshells with the AB dye. A Scanning
Electron Microscope (SEM) was used to picture the morphological aspect of the surface-
luminous eggshell particles, which are displayed in Figure 6. A high-resolution image of the
eggshell material surface morphology and structural features that are essential for this
adsorption ability. The SEM shows that the rough and very porous morphology of the
eggshell biosorbent is an appropriate material for dye sorption. The adsorption capacity of
Himalayan salt is supported by two structural factors: the existence of active spots available
for interaction with AB dye molecules, and the large surface area [38]. Additionally, eggshells
contain calcium carbonate, which aids in their ionic and covalent interaction with dye
constituents. This interaction is especially relevant in wastewater treatment applications,
where the removal of organic pollutants is of utmost importance. The fact that eggshells can
act as a biosorbent demonstrates not just their potential in the context of environmental
remediation but also the need to investigate different treatment conditions (e.g., pH,
temperature, and contact time) for optimal adsorption efficiency. Future research could
investigate better conventional knowledge on modifying surfaces for improved adsorption
efficacy and selectivity towards the desired contaminants. Moreover, exploring the
regeneration potential of the biosorbent will give insight into the sustainability and cost-
effectiveness of the biosorbent in large-scale applications.
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Figure 6. SEM of bio-sorbent (eggshell).
3.2. Effect of AB Concentration

The results of experiments showed an increase in the dye concentration with a growing
adsorption capability until reaching equilibrium [39]. Figure 7 shows that the percentage
removal of the dye at various concentrations (10-50 ppm) with the same adsorbent amount
(0.05 g) increases with the treatment of the dye concentration, as the gradient concentration
is higher at lower dye concentration, which is the driving force of adsorption [40]. The
increase in adsorption can be explained by the high concentration of dye molecules present
in the solution, which promotes the interaction between the dye and the binding sites on the
adsorbent. A higher concentration means that there are more dye molecules available to fill
in the active sites of the adsorbent, leading to a higher rate of adsorption. Note that this
trend may not last forever, however. The high concentration will significantly fill the
adsorption sites. Thus, the increase in concentration may decrease the percentage removal
efficiency. This saturation phenomenon can lead to a plateau in the adsorption capacity, as
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the increase in dye concentration does not contribute to a proportionate increase in removal
efficiency. Moreover, the adsorption process can be influenced by the presence of competing
ions in the solution or other substances that may compete with the dye for the active sites
of the adsorbent, potentially affecting the overall performance of the dye removal process.
Table 2 is the percentage removal of AB dye.

96.00%
95.00%
94.00%

93.00%

% removal

92.00%
91.00%

90.00%
10 20 30 40 50

Concentration PPM

Figure 7. The relationship between dye concentration and elimination percentage at (10-
50ppm) dye concentration, 0.05-mg adsorbent dosage, 20°C, pH of 5.4, and a contact time
of 3 hrs.

Table 2. Percentage removal of AB dye.

Conc. 10 20 30 40 50

% Removal 90.14 91.76 93.63 94 95.29

In controlled conditions (0.05 g adsorbent, 20°C, pH of 5.4, and 3 hours contact time), the
percentage of dye removal of AB dye at 10 ppm improves significantly to 90.14 and 95.29 %
at 50 ppm. Since the removal efficiencies at all studied concentrations were consistently high
(>90%), eggshell biosorbents are very good dye removers. The trend observed suggests that
a denser concentration is generated with higher concentrations, to improve the passage of
the dye molecules on the adsorbent surface. Thus, to enhance the overall adsorption
efficiency, according to the experimental results, the concentration of AB dye should be
increased. This beneficial effect is attributed to a more severe concentration gradient and
more interaction with accessible surface sites. However, when adsorption approaches
equilibrium at higher doses, there may be saturation of binding sites. These promising
results further support the potential of eggshell biosorbent as a sustainable and cost-effective
alternative for dye removal, specifically in wastewater treatment applications.

3.3. Adsorbent Dosage Effect

In the study of the adsorbent dosage effect on the adsorption capacity, upon investigation
of the adsorbent dosage effect, it was observed that increasing amount of adsorbent (0.5-2.5
g/L) also increased the removal efficiency, at which point vacant sites were available during
the sorption process, leading to an increase in the surface area of contact with the dye [18].
Moreover, as the pH of the solution increases from 5.4 to 9.8, it decreases the adsorption
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capacity. The dye removal percentage grew from 94.8 to 98.1%. Figure 8 demonstrates the
dye removal as a function of adsorbent dosage.

The substantial increase in dye molecule adsorption with an increased adsorbent dosing
(0.5-2.5g/L) is attributed to anincrease in the number of active sites available for interaction
with dye molecules. Higher specific surface area increases dye-adsorbent contact, resulting
in higher dye removal percentage. Very high dosages lead to adsorption equilibria, where the
addition of an adsorbent does not increase the removal efficiency. For a more economical
approach, it is important to comprehend this process because it can reduce the quantity of
adsorbent used while still being able to attain minimum dye removal [41].

95.5
95.0
94.5
94.0

93.5

% removal

93.0
92.5

92.0

0.05 0.10 0.15 0.20 0.25
Dosage gm

Figure 8. Investigating the relationship between adsorbent dosage and dye removal
percentage at 20°C, 20 ppm dye concentration, pH of 5.4, and three hours.

3.4. Impact of Duration

Effect of adsorption time (60, 120, and 180 min) on the percent Removal of AB dye. The
adsorption also increases from 73.8 to 94.8% with increasing time until it attains equilibrium,
the state after which no increase occurs. This was expected, as the adsorbate dye occupied
a greater number of free active sites, thereby promoting their accessibility [42]. The results
are shown in Figure 9. Figure 9 is the effect of contact time on the percentage of dye removal,
20°C, pH of 5.4, 0.05 g adsorbent dosage, and 20 ppm dye concentration. However, the
solution pH (5.4-9.8) resulted in a drop in their adsorption capacity. The reduction can be
attributed to the electrostatic repulsion between the dye molecules and the adsorbent
surface charge due toincreased pH, thereby minimizing their contact. However, the removal
ratio changed from 94.8 to 98.1% during the process, indicating that other forces might also
contribute. Such factors may be higher dye solubility or changes in the surface characteristics
of the adsorbent [43]. In addition, the effect of temperature and mixing speed for the
adsorption process must also be investigated, as both parameters have a key role in dye
removal efficiency and kinetics. Higher temperatures typically increase dye molecular
mobility, thereby promoting interaction with the adsorbent. Moreover, optimal mixing can
enhance the interaction between the dye and the adsorbent, which will result in a greater
removal efficiency.
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Figure 9. The impact of contact time on the percentage of dye removal at 200C, pH of 5.4,
0.05g adsorbent dosage, and 20 ppm dye concentration.
3.5. Impact of pH

The effect of pH in the neutral, essential, and acidic media areas of (3,5, 7,9, 11) was
studied by modifying the samples with NaOH and HCIl solutions. It was observed that the
increase in the percentage removal (74.8, 86.5, 92.2, 97.6, and 98.2%) with increasing pH;
therefore, dye removal can be more efficient in an alkaline medium, and this increases the
number of ionized sites [44]. Figure 10 is about plot of pH versus the percentage removal of
dye. The acidic condition provides higher removal efficiency because it contains more ionized
adsorption sites on the surface of the adsorbent. At higher pH, the adsorbent surface is
negatively charged, which enhances its electrostatic interaction with positively charged dye
molecules. This increased allure thus optimizes the adsorption process for the extraction of
dyes in alkaline media [45]. In addition, pH could also affect the stability of the adsorbent
and the integrity of dye molecules, and thus, it needs to be taken into account as well. The
above structural changes in the adsorbent may occur in the presence of highly acidic or basic
conditions, affecting in turn the effective overall adsorption capacity. Further investigation
may be made on the best pH for operation at the point of maximum stability of the adsorbent
in real and/or field conditions by exploring more about the effectiveness of the adsorbent
after several cycles of regeneration after dye removal. This insight will help improve dye
removal processes and will be useful in improving wastewater treatment processes.

97.4
97.2
97.0
96.8

96.6

% removal

96.4
96.2

96.0

Figure 10. The impact of pH on the percentage of dye removal at 200C, 20ppm dye
concentration, 0.05g adsorbent, and 3 hours.
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3.6. The Effect of Temperature

The effects of temperature on the adsorption of AB dyes were studied in a temperature
range of 20, 30, 40, 50, and 60 °C. The results show that the dye adsorption increases with
increasing temperature due to the enlarged surface area, which means the adsorption
process is endothermic [46]. The temperature effect on the adsorption process is presented
in Figure 11. Thus, favor the above aspects or increase adsorption capacity at higher
temperatures. First, at a high temperature, the kinetic energy of dye molecules is raised, thus
increasing the frequency of collisions between dye molecules and the adsorbing surface,
enhancing adsorption. The larger pore size and surface area at higher temperatures also
improve the diffusion of the dye molecules into the active sites of the adsorbent. Since
exothermic adsorption processes involve weaker dye-adsorbent interactions, the favourable
effect of temperature indicates that chemisorption could be significant in the adsorption
mechanism [47]. In addition, via temperature manipulation, the ability to improve adsorption
can result in a decrease of operational costs and a decrease in treatment times, being these
vital parameters are in large-scale treatment stations. This way, sectors can achieve better
compliance with environmental regulations and reduce their ecological footprint by
incorporating the knowledge gained through these data into such concepts. Thermal and
chemical systems alone have achieved a considerable amount of efficacy in pollutant removal,
which has also been utilized to develop hybrid systems; however, the insights from this study
can help in developing hybrid systems as well.

97.5
97.0

96.5

96.0

% removal

95.5
95.0

94.5
20 30 40 50 60

Tempareture (C)

Figure 11. Variation in dye removal as a function of temperature at 3 hours. Contact time,
20ppm dye concentration, 0.05 g adsorbent dosage, and pH of 5.4.

3.7. Adsorption Isotherm

To verify the experimental results, the equilibrium relationship among adsorbent quantity
and adsorbate concentration as a function of adsorption duration is described by the
Langmuir, Freundlich, and Sips isotherms. Detailed information for the calculation is
explained elsewhere [25, 26].

Assumptions made by the Langmuir isotherm include the following: the surface is
energetically homogenous, the adsorbed molecules do not interact with one another, and the
maximal adsorption rate occurs exclusively on localized spots on the surface, leading to the
formation of a monolayer. The following equation can represent the linear form of the
Langmuir isotherm [48, 49] (equation (3)).
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L=y = 3)

de Kiam dm
In this context, g. is the amount of dye adsorbed at equilibrium (in mg/g), gm is the amount

adsorbed at saturation (in mg/g), Ce is the equilibrium dye concentration (in mg/L), and K; is
the Langmuir constant. Freundlich isotherm can be used to describe the allocation of solute
between solid and aqueous phases at saturation [50]. The linear form of the Freundlich
equation is expressed as (equation (4)).
Ing, = Ink; + ~InC, (4)
The Freundlich constants, Kr and n, are used to measure the adsorption capacity and
intensity, respectively. The Sips isotherm results from the Langmuir and the Freundlich
isotherms. The model is employed for targeted adsorption in the absence of adsorbate
interactions [51]. At low equilibrium concentrations (Ce), the Sips isotherm effectively reduces
to the Freundlich isotherm, but at high Ce, it predicts the Langmuir monolayer sorption

characteristic. Here is the expression for the Sips linear equation model (equation (5)).

qe = QSksCel/m (5)
€ 14 kgC,H/™

In this context, gs (mg/g) is the maximal adsorbate uptake per unit mass of adsorbent
according to Sips, Ks (L/mg)1/m is the Sips constant for the energy of adsorption, and m is the
Sips parameter that describes the system's heterogeneity. As indicated in Table 3, the model
constants (K; and gm) and correlation coefficient (R?) were determined by linear regression by
graphing (Ce/Qe) vs (Ce) according to the Langmuir isotherm. These findings disprove the
Langmuir isotherm for AB adsorption using eggshells as an adsorbent. Other regression
analyses of the observed data using STATISTICA 10.0® software give the results that are shown
based on Freundlich and Sip’s assumption for a batch mode study. Table 3 shows that the Sips
isotherm is followed by the AB adsorption by the eggshell adsorbent.

Table 3. At 30°C, the adsorption isotherm parameters for AB on eggshells.

Langmuir Ce/qe = 1/kLgm + Ce/gm

Om -75.188
KL -0.1114

R2 0.2826

Freundlich Inge=InKF+1/nlIn Ce

n 0.928

K 10.564

R2 0.9662

Sips ge = (gsKsCel/m) / (1+
KsCel/m)

Ks 0.7175

m 0.3729

R2 0.9958

3.8. Adsorption Kinetics

The absorption rate of AB dye on eggshells was researched using Elovich's equation,
pseudo-second-order, and pseudo-first-order models. The pseudo-first-order kinetic model
can be represented by equation (7).

In (ge—at) =Inge— (ki) t (7)
Here, ge and g: are the adsorbent quantities (in mg/g) at equilibrium and time t (in minutes),
respectively, and k; is the rate constant of adsorption (in min~?). Pseudo-second-order
equation is also stated as [48] (equation (8)).
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The pseudo-second-order adsorption rate constant, denoted as k2 (g/mg.min), The Elovich
kinetic equation, in its linearised version, is written as [51] (equation (9)).
q¢ = 5In(ap) +5In(®) (©)
Here, g: denotes the quantity of gas adsorbed at time t, and 8 represents the constant of
desorption. The preliminary rate constant for adsorption is denoted by a. Various kinetic
models, including Pseudo-first, second-order, and Elovich, can be fitted to experimental data
to examine the adsorption rate, describe the process, and anticipate information about the
adsorbent/adsorbate interface [52]. The correlation coefficient (R?) represented the degree
of agreement between the model value and the experimental data. The alteration in the
proportion of dye elimination with time is displayed as adsorption kinetics. Figure 12 is for a
linear representation of the Lagergren plot of log (ge-g:) with the adsorption time (t), which
might be used to get the first-order rate constant. Plotting (t/qg:) and (g:) against adsorption
time (t), as illustrated in Figures 13 and 14, respectively, through the values of correlation
coefficients (R?), yields the pseudo-second-order and Elovich's constants, respectively. The
kinetic models' characteristics, constants, and correlation coefficients are displayed in Table
4.

1st Order Kinetic

2
1
0
1 50 100 150 200
T
&
- 3
S
-4
5
6 y =-0.0647x + 4.3575
R?=0.9944
-7
-8
t (min)

Figure 12. Eggshell adsorption of AB in a pseudo-first-order plot.

Elovich Kinetic
12

11

10

qt
o

8 y =0.0159x + 7.1688
R?=0.759

t (min)

Figure 13. Eggshell adsorption of AB in a pseudo-first-order plot.
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2nd Order Kinetic
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Figure 14. Elovich's graph shows the rate of AB adsorption on eggshells.

Table 4. Values of the kinetic parameters for AB adsorption concerning R?.

Pseudo first order In(qe-q:) = In(ge) — Ki t
Qe 78.0617
k1 0.0647
R? 0.9944
Pseudo second order: t/q: = (1/k.ge)+(1/qe)t
Qe 11.0742
ka 0.00404
R2 0.9941
Elovich g:=(1/B) In (o B) + (1/B) In (t)
a 0
B 62.893
R2 0.759

The findings support using the pseudo-first-order kinetic model to explain the sorption of
AB dye using eggshell adsorbent.

3.9. Adsorption Thermodynamics

The parameters for the thermodynamic adsorption of AB onto eggshells were extracted
using experimental data collected at 293, 303, 313, 323, and 333 K. The following equations
were used to compute the standard change in enthalpy (AH®), Gibbs free energy (AG®), and
entropy (AS°) [53, 54] (equations (10), (11), (12), and (13)).

=4e
Kg = c. (10)
AG° = - RT In Kqg (11)
AS AH
In Kq = ? —ER—Tl (12)
Ink=InA-—=2= (13)
RT

where ky is the distribution coefficient, ge is the concentration of AB adsorbed on eggshell at
equilibrium (mg/L), Ce is the equilibrium concentration of AB (mg/l), R is the universal gas
constant (8.314 J/mol K), T is the absolute temperature (K), k is the rate constant obtained
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from the PFO kinetic data, A is Arrhenius pre-exponential factor and E; is the activation
energy. The slope and intercept of the Van't Hoff plots of In kd vs. 1/T were used to compute
the values of AH®, AG®, and ASo, respectively.

Table 5 contains the thermodynamic parameters. The fact that the values of AG® are
negative and fall within the range of (-20-0) KJ/mol suggests that the adsorption of AB on
eggshell surfaces occurs naturally. The fact that the enthalpy of physisorption of eggshell-AB
changes for the better suggests that the system is endothermic. There appears to be some
disturbance or loss in the binding between the AB molecules and the surface of the eggshell,
as indicated by the positive change of the entropy (70.05376) J/mol [55]. The Arrhenius
equation [40] determined the adsorption activation energy. The physisorption mechanism is
indicated by an E; magnitude in the range of (5-40) KJ/mol, which means the kind of
adsorption. A chemisorption mechanism is indicated by a value larger than 40-800 KJ/mol
[56]. The mechanism is physisorption, as evidenced by the value of E; (2.081 kJ/mol), which
agrees with the thermodynamic data provided in Table 5.

Table 5. Apparent values of the thermodynamic parameters for the adsorption of AB dye.

Temperature(K) Kq AG°(KJ/mol)  AH°(KJ/mol)  AS° (J/mol) k E. (KJ/mol)
293 7.314286 -4.84723 0.168572
303 8.905263 -5.50846 0.179971
313 11.76727 -6.41546 15.67272 70.05376  0.182416 2.081
323 12.53333 -6.7898 0.184425
333 16.1863 -7.70813 0.18907

3.10. Effect of Flow Rate

The effect of flow rate (2.7, 4.1, 5.4) L/min was studied on the adsorption of AB dye. Figure
15 shows the flow rate's impact on the dye's percentage removal. Both the adsorption
efficiency and the capacity were shown to decrease with increasing flow rate, yet to rise with
increasing duration. This is because at a higher flow rate, the amount of dye adsorbed
increases, and the residence time decreases, which leads to faster saturation of the adsorbent
material [57]. Another plot is commonly used to describe the performance of continuous
adsorption using a packed bed. The breakthrough curve is a characteristic of the process
obtained by plotting the ratio of concentration (Ct/Co) (effluent to influent ratio of
concentrations) versus time [58]. Figure 16 shows that the breakthrough curve is steeper in
the first three hours due to the mass transfer fundamentals [59], and then the adsorption is
slower with time. Higher flow rates accelerate breakthrough by reducing contact time and
adsorption efficiency. Due to longer residence time and slower flow rates, dye removal is
better. The sharp initial breakthrough is owing to rapid mass transfer, while the slower latter
phase is due to decreasing active sites and diffusion limits [60].
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Figure 15. Effect of flow rate on the removal efficiency of AB dye.
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Figure 16. Breakthrough curve of the adsorption of AB Dye at 20ppm dye concentration.
3.11. Yoon-Nelson Model

The model postulates that the likelihood of adsorbate breakthroughs on the adsorbent is
directly related to the pace at which the adsorption probability decreases for each molecule
of the adsorbate [3]. When contrasted with the other models, this one is simpler. Under the
premise of a one-component system, the Yoon-Nelson model can be represented as follows
[41].

In (COC_tCt) = kynt — Thyy (14)
T (min) is the time needed to break down 50% of the adsorbate, and kyy is the adsorption rate
constant (min). By plotting the linear form of In [C/(C, -Ct)] versus t according to equation
14, values of the equation constants, kyv and T, can be determined from the slope and

intercept as shown in Figure 17 and Table 6 with a high correlation coefficient (R?).
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The time required for a 50% breakthrough (1) was increased with increasing feed
concentration (Co). The rate constant (kyn) increased with decreasing dye concentration. The
observed results agreed with the data, as reported in [61].

0
1 2 3 4
0.5
1
15
o]
: 2
(&)
=
S s
=
3
35
-4 y =-0.5885x - 1.5802
2 =
4 R?=0.9763
Time (hr)

Figure 17. The isotherm constants for AB adsorption at 300C in continuous mode.

Table 6. Yoon Nelson model parameters.
Yoon Nelsmodel in

In(===) = kywt — Thyy

Co—-Ct
Kyn -0.5885
T (hr) 2.6851
R? 0.9763

3.12. Relevance of Findings to the Sustainable Development Goals (SDGs)

The results of this study strongly align with the United Nations Sustainable Development
Goals, particularly SDG 6 (Clean Water and Sanitation) and SDG 12 (Responsible Consumption
and Production). The fabricated calcium oxide nanoparticles derived from eggshell waste
have demonstrated excellent adsorption capacity for methylene blue dyes, as reflected in the
favorable isotherm fits and kinetic models. These findings present a sustainable alternative
for dye-contaminated wastewater treatment. By employing eggshells (a widely available and
underutilized biowaste) as the precursor material, this research promotes resource efficiency
and waste minimization. The valorization of biogenic waste into high-value adsorbents
supports circular economy principles under SDG 12, reducing the environmental burden
associated with landfill disposal and encouraging responsible material usage. This approach
simultaneously addresses industrial wastewater treatment challenges by offering a low-cost
and eco-friendly solution, contributing to the achievement of SDG 6. Furthermore, the use of
simple calcination and eco-compatible synthesis techniques enhances the practical relevance
of this method for decentralized or small-scale applications in low-resource settings. This
makes the technique not only technologically feasible but also socially inclusive, as it can be
adopted in rural or developing regions without advanced infrastructure. The integration of
green chemistry principles and local waste reuse also positions this work within the broader
framework of SDG 13 (Climate Action), by reducing the carbon footprint associated with
conventional chemical adsorbent production. The experimental findings and methodological
choices in this study provide a solid foundation for integrating nanotechnology, waste
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valorization, and sustainable water treatment in alignment with global sustainability goals.
Finally, this study adds new information regarding SDGs as reported elsewhere (Table 7).

Table 7. Previous studies on SDGs.

No Title Ref.
1 Low-carbon food consumption for solving climate change mitigation: Literature review with  [62]
bibliometric and simple calculation application for cultivating sustainability consciousness

in facing sustainable development goals (SDGs)

2 Towards sustainable wind energy: A systematic review of airfoil and blade technologies over [63]
the past 25 years for supporting sustainable development goals (SDGs)

3 Assessment of student awareness and application of eco-friendly curriculum and [64]
technologies in Indonesian higher education for supporting sustainable development goals
(SDGs): A case study on environmental challenges

4 A study on sustainable eggshell-derived hydroxyapatite/CMC membranes: Enhancing [65]
flexibility and thermal stability for sustainable development goals (SDGs)

5 Integrating multi-stakeholder governance, engineering approaches, and bibliometric [66]
literature review insights for sustainable regional road maintenance: Contribution to
sustainable development goals (SDGs) 9, 11, and 16

6 Computational engineering of malonate and tetrazole derivatives targeting SARS-CoV-2 [67]
main protease: Pharmacokinetics, docking, and molecular dynamics insights to support the
sustainable development goals (SDGs), with a bibliometric analysis

7 Innovative nanofluid encapsulation in solar stills: Boosting water yield and efficiency under [68]
extreme climate supporting sustainable development goals (SDGs)

8 Modernization of submersible pump designs for sustainable irrigation: A bibliometric and  [69]
experimental contribution to sustainable development goals (SDGs)

9 Sustainable development goals (SDGs) in engineering education: Definitions, research [70]
trends, bibliometric insights, and strategic approaches

10 Sustainable packaging: Bioplastics as a low-carbon future step for the sustainable [71]
development goals (SDGs)

11  Production of wet organic waste ecoenzymes as an alternative solution for environmental [72]
conservation supporting sustainable development goals (SDGs): A techno-economic and
bibliometric analysis

12 Hazard identification, risk assessment, and determining control (HIRADC) for workplace [73]
safety in manufacturing industry: A risk-control framework complete with bibliometric
literature review analysis to support sustainable development goals (SDGs)

13  Techno-economic analysis of production ecobrick from plastic waste to support sustainable [74]
development goals (SDGs)

14 Techno-economic analysis of sawdust-based trash cans and their contribution to [75]
Indonesia’s green tourism policy and the sustainable development goals (SDGs)

15 The influence of environmentally friendly packaging on consumer interest in implementing [76]
zero waste in the food industry to meet sustainable development goals (SDGs) needs

4. CONCLUSION

Eggshells are a readily available, inexpensive biowaste adsorbent in Irag; this study
explored the possibility of using them to adsorb AB dye in both batch and continuous modes.
With a starting AB concentration of 20 ppm, a pH of 11, an adsorbent dose of 0.05, a
temperature of 60 °C, and a contact time of 3 hours, the ideal circumstances were pinpointed
by screening design tests. The elimination of AB dye by sorption was enhanced as the pH,
adsorbent dosage, temperature, contact time, and dye concentration were increased. At
equilibrium, the data agreed with the Sips isotherm and the adsorption rate by pseudo-first-
order kinetics (r = 0.9944). According to the thermodynamic data, this is an endothermic
process for physisorption and spontaneous adsorption. A decreased flow rate improved the
adsorption system's performance in the continuous mode investigation, and the data were
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well-fit by the Yoon-Nelson model (R = 0.97). The results demonstrate that using eggshells as
an adsorbent for bio-waste is a cost-effective and efficient way to remove AB dye from water-
based solutions. It is worth mentioning the importance of the developed approach in different
industrial applications, such as wastewater treatment plants, where it is possible to obtain
excellent results in this field. One of this research's most important contributions and findings
is its application-oriented, efficient, and cost-effective approach, highlighting eggshell-
derived sorbents as an excellent, scalable, and low-cost solution for wastewater treatment.
Compared to other sorbents, eggshells provide an environmentally friendly alternative, using
many waste materials in line with the circular economy concept. Further research is needed
to address some limitations regarding future work and challenges. We suggest that future
studies focus on regeneration and reuse, study the regeneration efficiency of eggshell
adsorbents for multiple absorption cycles to ensure long-term reusability, and study the
implementation of larger-scale experiments to evaluate the real-world performance in
wastewater treatment plants. It is important to conduct an economic and environmental
evaluation to compare eggshell adsorption's economic feasibility and its environmental
impact versus conventional treatment methods. Addressing these challenges will establish
eggshell-based adsorption as a sustainable and viable solution for dye and toxic material
removal for the broader use of eggshells in wastewater treatment.

5. AUTHORS’ NOTE

The authors declare that there is no conflict of interest regarding the publication of this
article. Authors confirmed that the paper was free of plagiarism.

6. REFERENCES

[1] Mohammed, M. N., Abdullah, O. I., Jweeg, M. J., Aljibori, H. S. S., Abdullah, T. A., Alawi,
N. M., Rasheed, R. T., Meharban, F., Hamzah, H. T., and Al-Obaidi, Q. (2025).
Comprehensive review on wastewater treatment using nanoparticles: Synthesis of iron
oxide magnetic nanoparticles, publication trends via bibliometric analysis, applications,
enhanced support strategies, and future perspectives. ASEAN Journal of Science and
Engineering, 5(1), 1-30.

[2] Al-Asadi,S.T., Mussa, Z. H., Al-Qaim, F. F., Kamyab, H., Al-Saedi, H. F. S., Deyab, |. F., and
Kadhim, N. J. (2025). A comprehensive review of methylene blue dye adsorption on
activated carbon from edible fruit seeds: A case study on kinetics and adsorption
models. Carbon Trends, 20, 100507.

[3] Pundir, C. S., Bhambi, M., and Chauhan, N. S. (2009). Chemical activation of egg shell
membrane for covalent immobilization of enzymes and its evaluation as inert support
in urinary oxalate determination. Talanta, 77(5), 1688-1693.

[4] Tsai, W. T, Yang, J. M,, Lai, C. W,, Cheng, Y. H., Lin, C. C., and Yeh, C. W. (2006).
Characterization and adsorption properties of eggshells and eggshell
membrane. Bioresource Technology, 97(3), 488-493.

[5] Sebonela, L. K., Elephant, D. E., and Sithole, N. J. (2024). Eggshells improve soil ph and
p availability in sandy loam and sandy clay loamy soil. Agronomy, 14(11), 2539.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v5i2.88499

Kargule et al., Sustainable Removal of Dyes from Wastewater Using Eggshell-Derived Calcium... | 388

[6] Osarumwense, J. O., Salokun, O., Udoka, C. H., and Chris-Abey, F. (2022). Evaluation of
the efficiency of eggshell ash as photocatalyst for decolourisation of azo dye using solar
utra-violet radiation. Journal of Chemical Society of Nigeria, 47(3), 442-458.

[7] Ofudje, E. A., Sodiya, E. F., Akinwunmi, F., Ogundiran, A. A., Oladeji, O. B., and Osideko,
O. A. (2022). Eggshell derived calcium oxide nanoparticles for Toluidine blue
removal. Desalination and Water Treatment, 247, 294-308.

[8] de Oliveira Zonato, R., Estevam, B. R., Perez, I. D., dos Santos Ribeiro, V. A., and Boina,
R. F. (2022). Eggshell as an adsorbent for removing dyes and metallic ions in aqueous
solutions. Cleaner Chemical Engineering, 2, 100023.

[9] Ragadhita, R., and Nandiyanto, A. B. D. (2021). How to calculate adsorption isotherms
of particles wusing two-parameter monolayer adsorption models and
equations. Indonesian Journal of Science and Technology, 6(1), 205-234.

[10] Rahal, Z., Khechekhouche, A., Barkat, A., Sergeevna, S. A., and Hamza, C. (2023).
Adsorption of sodium in an aqueous solution in activated date pits. Indonesian Journal
of Science and Technology, 8(3), 387-412.

[11] Prihastuti, H., and Kurniawan, T. (2022). Conversion of Indonesian coal fly ash into
zeolites for ammonium adsorption. ASEAN Journal for Science and Engineering in
Materials, 1(2), 75-84.

[12] Ashraf, A., Abbas, S. M. A., Saleem, S., Bibi, S., Akbar, R., Hamdani, G., and Hussain, N.
(2025). Review on adsorption and photocatalysis of dyes for wastewater
treatment. ASEAN Journal for Science and Engineering in Materials, 4(2), 109-120.

[13] Nandiyanto, A. B. D., Al Husaeni, D. N., Al Husaeni, D. F., Raghadita, R., and Fiandini, M.
(2024). Trends and developments in research on adsorption in education: Bibliometric
analysis. Indonesian Journal of Educational Research and Technology, 4(3), 331-344.

[14] Nandiyanto, A. B., Nugraha, A. Y., Fawwaz, L. T., Pramajati, M. F., Wijaya, Y. T., Fiandini,
M. E. L. 1., ... & Sukrawan, Y. U. S. E. P. (2025). Utilization of orange peel-derived biochar
for ammonia adsorption: Isotherm analysis and hydrogen storage prospective for
supporting sustainable development goals (SDGs). Journal of Engineering Science and
Technology, 20(1), 85-98.

[15] Nandiyanto, A. B. D., Putri, N. R., Firdaus, N. N., Anzety, N. D., AlI'Hafsah, S. H., Yunatraya,
S. A, and Sukrawan, Y. U. S. E. P. (2025). Red onion peel biomass carbon microparticles
for ammonia adsorption for supporting hydrogen storage and sustainable development
goals (SDGs) with isotherm analysis. Journal of Engineering Science and
Technology, 20(1), 181-194.

[16] Nandiyanto, A. B. D., Putri, A. E., Fiandini, M., Ragadhita, R., and Kurniawan, T. (2025).
Biochar microparticles from pomegranate peel waste: Literature review and
experiments in isotherm adsorption of ammonia. Applied Science and Engineering
Progress, 18(1), 7506-7506.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2776-6098 e- ISSN 2776-5938



https://doi.org/10.17509/ajse.v5i2.88499

389 | ASEAN Journal of Science and Engineering, Volume 5 Issue 2, September 2025 Hal 369-394

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Nandiyanto, A. B. D., Putri, N. R., Salimah, N. N., Al’'Hafsah, S. H., Yunatraya, S. A,,
Fiandini, M., and Sukrawan, Y. (2025). Utilizing cassava peel-derived carbon biochar for
ammonia adsorption to support hydrogen storage and sustainable development goals
(SDGs): Effect of microparticle size and isothermal analysis. Moroccan Journal of
Chemistry, 13(1), 424-439.

Nandiyanto, A. B. D., Firdaus, N. N., Anzety, N. D., Fiandini, M., Farobie, O., Bilad, M. R,,
and Sukrawan, Y. (2025). Carbon Biochar Microparticles from Mango Peel as a
Sustainable Adsorbent for Ammonia Storage in Supporting Hydrogen Energy Systems
and Sustainable Development Goals (SDGs). Moroccan Journal of Chemistry, 13(2), 531-
548.

Nandiyanto, A. B. D., Akbar, A. N. P., Suhandi, S. A., Ragadhita, R., Al Husaeni, D. F.,
Fiandini, M., and Aziz, M. (2024). Carbon particle size from galangal rhizomes as the
sustainable adsorbent: Synthesis and mathematical calculation analysis in the
adsorption isotherm characteristics. Journal of Studies in Science and Engineering, 4(2),
21-47.

Nandiyanto, A.B.D., Alhaqqa, J.Y., Fiandini, M., Ragadhita, R., and Kurniawan, T. (2024).
Silica microparticles with various sizes from bamboo leave waste for ammonia
adsorption completed with bibliometric literature review, isotherm adsorption, and
proposal adsorption mechanism to support sustainable development goals (SDGs).
Journal of Engineering Science and Technology, 19, 59-76.

Nandiyanto, A. B. D., and Hofifah, S. N. (2024). How to conduct paired-t-test SPSS:
comprehension in adsorption with bibliometric. International Journal of Evaluation and
Research in Education (IJERE), 13(1), 151-158.

Nandiyanto, A. B., Nugraha, W. C,, Yustia, |., Ragadhita, R., Fiandini, M., Meirinawati, H.,
and Wulan, D. R. (2024). Isotherm and kinetic adsorption of rice husk particles as a
model adsorbent for solving issues in the sustainable gold mining environment from
mercury leaching. Journal of Mining Institute, 265, 104—120

Nandiyanto, A. B. D., Putri, M. E., Fiandini, M., Ragadhita, R., Kurniawan, T., Farobie, O.,
and Bilad, M. R. (2024). Characteristics of ammonia adsorption on various sizes of
calcium carbonate microparticles from chicken eggshell waste. Moroccan Journal of
Chemistry, 12(3), 1073-1096.

Miyah, Y., Ssouni, S., Benjelloun, M., El Addouli, J., Bouabadi, |., Jawhari, F. Z.,
Nandiyanto, A.B.D., and Lahrichi, A. (2024). Assessment of the Congo Red and Crystal
Violet toxic dyes adsorption on chitin surface: response surface methodology
optimization, regeneration, cost estimation, and phytotoxicity: Assessment of the
Congo Red and Crystal Violet toxic dyes adsorption on chitin surface. Moroccan Journal
of Chemistry, 12(4), 1804-1824.

Nandiyanto, A. B. D., Fiandini, M., Ragadhita, R., and Aziz, M. (2023). How to purify and
experiment with dye adsorption using carbon: Step-by-step procedure from carbon
conversion from agricultural biomass to concentration measurement using UV Vis
spectroscopy. Indonesian Journal of Science and Technology, 8(3), 363-380.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v5i2.88499

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Kargule et al., Sustainable Removal of Dyes from Wastewater Using Eggshell-Derived Calcium... | 390

Nandiyanto, A. B. D., Ragadhita, R., and Aziz, M. (2023). How to calculate and measure
solution concentration using UV-vis spectrum analysis: Supporting measurement in the
chemical decomposition, photocatalysis, phytoremediation, and adsorption process.
Indonesian Journal of Science and Technology, 8(2), 345-362.

Nandiyanto, A. B. D., Nugraha, W. C,, Yustia, I., Ragadhita, R., Fiandini, M., Saleh, M.,
and Ningwulan, D. R. (2023). Rice husk for adsorbing dyes in wastewater: literature
review of agricultural waste adsorbent, preparation of Rice husk particles, particle size
on adsorption characteristics with mechanism and adsorption isotherm. Journal of
Advanced Research in Applied Mechanics, 106(1), 1-13.

Nandiyanto, A. B. D., Fiandini, M., Fadiah, D. A., Muktakin, P. A., Ragadhita, R., Nugraha,
W. C,, Kurniawan, T., Bilad, M.R., Yunas, J., and Al Obaidi, A. S. M. (2023). Sustainable
biochar carbon microparticles based on mangosteen peel as biosorbent for dye
removal: Theoretical review, modelling, and adsorption isotherm characteristics.
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences, 105(1), 41-58.

Nandiyanto, A. B. D., Ragadhita, R., Fiandini, M., Maryanti, R., Al Husaeni, D. N., and Al
Husaeni, D. F. (2023). Adsorption isotherm characteristics of calcium carbon
microparticles prepared from chicken bone waste to support sustainable development
goals (SDGS). Journal of Engineering, Science and Technology, 18(2), 1363-1379.

Nandiyanto, A. B. D., Al Husaeni, D. F., Ragadhita, R., Fiandini, M., Maryanti, R., and Al
Husaeni, D. N. (2023). Computational calculation of adsorption isotherm characteristics
of carbon microparticles prepared from mango seed waste to support sustainable
development goals (SDGS). Journal of Engineering Science and Technology, 18(2), 913-
930.

Nandiyanto, A. B. D., Al Husaeni, D. N., Ragadhita, R., Fiandini, M., Al Husaeni, D. F., and
Maryanti, R. (2023). Analysis of adsorption isotherm characteristics for removing
curcumin dyes from aqueous solutions using avocado seed waste carbon microparticles
accompanied by computational calculations. Journal of Engineering Science and
Technology, 18(1), 706-720.

Nandiyanto, A. B. D., Fiandini, M., Ragadhita, R., Maryanti, R., Al Husaeni, D. F., and Al
Husaeni, D. N. (2023). Removal of curcumin dyes from aqueous solutions using carbon
microparticles from jackfruit seeds by batch adsorption experiment. Journal of
Engineering Science and Technology, 18(1), 653-670.

Salahat, A., Hamed, O., Deghles, A., Azzaoui, K., Qrareya, H., Assali, M., Mansour, W.,
Jodeh, S., Haciosmanoglu, G.G., Can, Z.S., and Rhazi, L. (2023). Olive Industry solid
waste-based biosorbent: synthesis and application in wastewater purification.
Polymers, 15(4), 797.

Ragadhita, R., Amalliya, A., Nuryani, S., Fiandini, M., Nandiyanto, A. B. D., Hufad, A.,
Mudzakir, A., Nugraha, W.C., Farobie, O., Istadi, I., and Al-Obaidi, A. S. M. (2023).
Sustainable carbon-based biosorbent particles from papaya seed waste: preparation
and adsorption isotherm. Moroccan Journal of Chemistry, 11(2), 395-410.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2776-6098 e- ISSN 2776-5938



https://doi.org/10.17509/ajse.v5i2.88499

391 | ASEAN Journal of Science and Engineering, Volume 5 Issue 2, September 2025 Hal 369-394

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Nandiyanto, A.B.D., Oktiani, R., and Ragadhita, R. (2019). How to read and interpret FTIR
spectroscope of organic material. Indonesian Journal of Science and Technology, 4(1),
97-118.

Nandiyanto, A.B.D., Ragadhita, R., and Fiandini, M. (2023). Interpretation of Fourier
Transform Infrared Spectra (FTIR): A practical approach in the polymer/plastic thermal
decomposition. Indonesian Journal of Science and Technology, 8(1), 113-126.

Obinna, E.N. (2022). Physicochemical properties of human hair using Fourier Transform
Infra-Red (FTIR) and Scanning Electron Microscope (SEM). ASEAN Journal for Science
and Engineering in Materials, 1(2), 71-74.

Babalola, B. M., and Wilson, L. D. (2024). Valorization of eggshell as renewable materials
for sustainable biocomposite adsorbents—An overview. Journal of Composites Science,
8(10), 414.

Hameed, B. H., and Ahmad, A. A. (2009). Batch adsorption of methylene blue from
aqueous solution by garlic peel, an agricultural waste biomass. Journal of Hazardous
Materials, 164(2-3), 870-875.

Chekwube, N., AND Dominic, O. O. (2017). Crystal violet adsorption onto kolanut pod
husk activated carbon: Isotherm, kinetic, and thermodynamics studies. Journal of
Chemical Sciences, 35(3), 411-426.

Waliullah, R., Rehan, A. I., Awual, M. E., Rasee, A. I., Sheikh, M. C., Salman, M. S.,
Hossain, M. S., Hasan, M. M., Kubra, K. T., Hasan, M. N., Marwani, H. M., Islam, A.,
Rahman, M. M., Khaleque, M. A., and Awual, M. R. (2023). Optimization of toxic dye
removal from contaminated water using chitosan-grafted novel nanocomposite
adsorbent. Journal of Molecular Liquids, 388, 122763.

Tchuifon, D. R., Anaghao, S. G., Njanja, E., Ghogomu, J. N., Ndifor-Angwfor, N. G., and
Kamgaing, T. (2014). Equilibrium and kinetic modelling of methyl orange adsorption
from aqueous solution using rice husk and egussi peeling. International Journal of
Chemical Sciences, 12(3), 741-761.

Lee, J. I, Hong, S. H., and Lee, C. G. (2021). Fluoride removal by thermally treated
eggshells with high adsorption capacity, low cost, and easy acquisition. Environmental
Science and Pollution Research, 28, 35887-35901.

Hassan, Z. A. S. (2013). Methylene blue removal from aqueous solution by adsorption
on eggshell bed. Euphrates Journal of Agricultural Science, 5(2), 11-23.

Chou, M., Lee, T., Lin, Y., Hsu, S., Wang, M., Li, P., Huang, P., Lu, W., and Ho, J. (2023).
On the removal efficiency of copper ions in wastewater using calcined waste eggshells
as natural adsorbents. Scientific Reports, 13(1), 1-13.

Nehaba, S. S. (2017). Synthetic textile red dye removal from aqueous solution by
adsorption onto pomegranate peel.Journal of Babylon University/Engineering
Sciences, 25(4), 1439-1447.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v5i2.88499

[47]

[48]

[49]

[50]

[51]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Kargule et al., Sustainable Removal of Dyes from Wastewater Using Eggshell-Derived Calcium... | 392

Mensah, K., Mahmoud, H., Fujii, M., Samy, M., and Shokry, H. (2024). Dye removal using
novel adsorbents synthesized from plastic waste and eggshell: mechanism, isotherms,
kinetics, thermodynamics, regeneration, and water matrices. Biomass Conversion and
Biorefinery, 14(12), 12945-12960.

Ho, Y. S., and McKay, G. (1998). A comparison of chemisorption kinetic models applied
to pollutant removal on various sorbents. Process Safety and Environmental
Protection, 76(4), 332-340.

Musah, M., Azeh, Y., Mathew, J. T., Umar, M. T., Abdulhamid, Z., and Muhammad, A. I.
(2022). Adsorption kinetics and isotherm models: A review. Caliphate Journal of Science
and Technology (CaloST), 4(1), 20-26.

Baup, S., Jaffre, C., Wolbert, D., and Laplanche, A. (2000). Adsorption of pesticides onto
granular activated carbon: determination of surface diffusivities using simple batch
experiments. Adsorption, 6(3), 219-228.

Foo, K. Y., and Hameed, B. H. (2009). Utilization of rice husk ash as novel adsorbent: a
judicious recycling of the colloidal agricultural waste. Advances in Colloid and Interface
Science, 152(1-2), 39-47.

Aharoni, C., and Ungarish, M. (1976). Kinetics of activated chemisorption. Part 1.—The
non-elovichian part of the isotherm. Journal of the Chemical Society, Faraday
Transactions 1: Physical Chemistry in Condensed Phases, 72, 400-408.

Martins, A. E., Pereira, M. S., Jorgetto, A. O., Martines, M. A,, Silva, R. ., Saeki, M. J., and
Castro, G. R. (2013). The reactive surface of Castor leaf [Ricinus communis L.] powder
as a green adsorbent for the removal of heavy metals from natural river water. Applied
Surface Science, 276, 24-30.

Karacetin, G., Sivrikaya, S., and Imamoglu, M. (2014). Adsorption of methylene blue
from aqueous solutions by activated carbon prepared from hazelnut husk using zinc
chloride. Journal of Analytical and Applied Pyrolysis, 110, 270-276.

Mahmoudi, S., Chemat-Djenni, Z., Bouguettoucha, A., Guediri, A., Chebli, D., and Gil, A.
(2022). Removal of Pb(Il) from aqueous solutions by new layered double hydroxides
adsorbent MgCuCaAl-LDH: Free Gibbs energy, entropy and internal energy studies.
Inorganic Chemistry Communications, 144, 109910.

Jawad, A. H., Abd Rashid, R., Ishak, M. A. M., and Wilson, L. D. (2016). Adsorption of
methylene blue onto activated carbon developed from biomass waste by H2504
activation: kinetic, equilibrium and thermodynamic studies. Desalination and Water
Treatment, 57(52), 25194-25206.

Nollet, H., Roels, M., Lutgen, P., Van der Meeren, P., and Verstraete, W. (2003). Removal
of PCBs from wastewater using fly ash. Chemosphere, 53(6), 655-665.

Pellenz, L., de Oliveira, C. R. S., da Silva Junior, A. H., da Silva, L. J. S., da Silva, L., and de
Souza, A. A. U.. (2023). A comprehensive guide for characterization of adsorbent
materials. Separation and Purification Technology, 305, 122435.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2776-6098 e- ISSN 2776-5938



https://doi.org/10.17509/ajse.v5i2.88499

393 | ASEAN Journal of Science and Engineering, Volume 5 Issue 2, September 2025 Hal 369-394

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Upendar, G., Dutta, S., Chakraborty, J., and Bhattacharyya, P. (2016). Removal of
methylene blue dye using immobilized bacillus subtilis in batch & column
reactor. Materials Today: Proceedings, 3(10), 3467-3472.

Ko, D. C., Porter, J. F., and McKay, G. (2000). Optimised correlations for the fixed-bed
adsorption of metal ions on bone char. Chemical engineering science, 55(23), 5819-
5829.

Yahya, N. M., Kutty, S. R. M., Bilad, M. R., Huda, N., Kobun, R., Noor, A, Jagaba, A. H.,
Ghaleb, A. A., and Saleh, B. N. (2021). Bench-scale fixed-bed column study for the
removal of dye-contaminated effluent using sewage-sludge-based biochar.
Sustainability, 14(11), 6484.

Ahmad, A. A., and Hameed, B. H. (2010). Fixed-bed adsorption of reactive azo dye onto
granular activated carbon prepared from waste. Journal of Hazardous Materials, 175(1—
3), 298-303.

Nurramadhani, A., Riandi, R., Permanasari, A., and Suwarma, I.R. (2024). Low-carbon
food consumption for solving climate change mitigation: Literature review with
bibliometric and simple calculation application for cultivating sustainability
consciousness in facing sustainable development goals (SDGs). Indonesian Journal of
Science and Technology, 9(2), 261-286.

Krishnan, A., Al-Obaidi, A.S.M., and Hao, L.C. (2024). Towards sustainable wind energy:
A systematic review of airfoil and blade technologies over the past 25 years for
supporting sustainable development goals (SDGs). Indonesian Journal of Science and
Technology, 9(3), 623-656.

Djirong, A., Jayadi, K., Abduh, A., Mutolib, A., Mustofa, R.F., and Rahmat, A. (2024).
Assessment of student awareness and application of eco-friendly curriculum and
technologies in Indonesian higher education for supporting sustainable development
goals (SDGs): A case study on environmental challenges. Indonesian Journal of Science
and Technology, 9(3), 657-678.

Waardhani, A.W., Noviyanti, A.R., Kusrini, E., Nugrahaningtyas, K.D., Prasetyo, A.B.,
Usman, A., Irwansyah, F.S., and Juliandri, J. (2025). A study on sustainable eggshell-
derived hydroxyapatite/CMC membranes: Enhancing flexibility and thermal stability for
sustainable development goals (SDGs). Indonesian Journal of Science and Technology,
10(2), 191-206.

Yustiarini, D., Soemardi, B.W., and Pribadi, K.S. (2025). Integrating multi-stakeholder
governance, engineering approaches, and bibliometric literature review insights for
sustainable regional road maintenance: Contribution to sustainable development goals
(SDGs) 9, 11, and 16. Indonesian Journal of Science and Technology, 10(2), 367-398.

Merzouki, M., Khibech, O., Fraj, E., Bouammali, H., Bourhou, C., Hammouti, B.,
Bouammali, B., and Challioui, A. (2025). Computational engineering of malonate and
tetrazole derivatives targeting SARS-CoV-2 main protease: Pharmacokinetics, docking,
and molecular dynamics insights to support the sustainable development goals (SDGs),

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2775-6793 e- ISSN 2775-6815



https://doi.org/10.17509/ajse.v5i2.88499

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Kargule et al., Sustainable Removal of Dyes from Wastewater Using Eggshell-Derived Calcium... | 394

with a bibliometric analysis. Indonesian Journal of Science and Technology, 10(2), 399-
418.

Namoussa, T., Boucerredj, L., Khechekhouche, A., Kemerchou, I., Zair, N., Jahangiri, M.,
and Siqueira, A. (2025). Innovative nanofluid encapsulation in solar stills: Boosting water
yield and efficiency under extreme climate supporting sustainable development goals
(SDGs). Indonesian Journal of Science and Technology, 10(3), 419-426.

Glovatskii, O., Kalimbetov, B., Ergashev, R., Kholbutaev, B., Pardaev, M., Ergasheva, G.,
Nasirova, N., and Khimmataliev, D.O. (2025). Modernization of Submersible Pump
Designs for Sustainable Irrigation: A Bibliometric and Experimental Contribution to
Sustainable Development Goals (SDGs). Indonesian Journal of Science and Technology,
10(3), 427-438.

Ragadhita, R., Fiandini, M., Al Husaeni, D.N., and Nandiyanto, A.B.D. (2026). Sustainable
development goals (SDGs) in engineering education: Definitions, research trends,
bibliometric insights, and strategic approaches. Indonesian Journal of Science and
Technology, 11(1), 1-26.

Basnur, J., Putra, M.F.F., Jayusman, S.V.A., and Zulhilmi, Z. (2024). Sustainable
packaging: Bioplastics as a low-carbon future step for the sustainable development
goals (SDGs). ASEAN Journal for Science and Engineering in Materials, 3(1), 51-58.

Sesrita, A., Adri, H.T., Suherman, |., Rasmitadila, R., and Fanani, M.Z. (2025). Production
of wet organic waste ecoenzymes as an alternative solution for environmental
conservation supporting sustainable development goals (SDGs): A techno-economic
and bibliometric analysis. ASEAN Journal for Science and Engineering in Materials, 4(2),
245-266.

Henny, H., Budi, A.H.S., Andriyansyah, M., Ar Rozzak, M.R., Baru, M.M., and Masek, A.
(2025). Hazard identification, risk assessment, and determining control (HIRADC) for
workplace safety in manufacturing industry: A risk-control framework complete with
bibliometric literature review analysis to support sustainable development goals
(SDGs). ASEAN Journal for Science and Engineering in Materials, 4(2), 267-284.

Syahrudin, D., Roestamy, M., Fauziah, R.S.P., Rahmawati, R., Pratidina, G., Purnamasari,
l., Muhtar, S., and Salbiah, E. (2026). Techno-economic analysis of production ecobrick
from plastic waste to support sustainable development goals (SDGs). ASEAN Journal for
Science and Engineering in Materials, 5(1), 9-16.

Apriliani, A., Waahyudin, C., Ramdani, F.T., Martin, A.Y., Syahrudin, D., Hernawan, D.,
and Salbiah, E. (2026). Techno-economic analysis of sawdust-based trash cans and their
contribution to indonesia’s green tourism policy and the sustainable development goals
(SDGs). ASEAN Journal for Science and Engineering in Materials, 5(1), 17-36.

Hag, M.R.l,, Nurhaliza, D.V., Rahmat, L.N., and Ruchiat, R.N.A. (2024). The influence of
environmentally friendly packaging on consumer interest in implementing zero waste
in the food industry to meet sustainable development goals (SDGs) needs. ASEAN
Journal of Economic and Economic Education, 3(2), 111-116.

DOI: https://doi.org/10.17509/ajse.v5i2.88499
p- ISSN 2776-6098 e- ISSN 2776-5938



https://doi.org/10.17509/ajse.v5i2.88499

