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ARTICLE INFO ABSTRACT

Keywords: Water pollution is one of the major concerns due to rapid industrialization and urbanization.
Adsorbe_nt ) Wastewater treatment has been an area of great interest for the researchers and among many
Magnetic composite technologies developed for water treatment, adsorption is the most preferred due to its efficiency

Chemical activation
Thermal activation
Active adsorption site
Surface saturation

and ability of been economical method. In this research, eggshell powder (ESP) is converted into
modified eggshell powder (MESP) through chemical and thermal treatment (at 550 °C for 2 h) to
use it as an adsorbent to remediate Pb%t and Methylene blue (MB) from water, then it is trans-
ferred into modified eggshell powder magnetic composite (MESPMC) with iron coating to resolve
the separation challenges and to boost the MESP’s adsorption efficiency. FTIR analysis identified
the functional groups of ESP, MESP, and MESPMC. XRD analysis reveals a hexagonal crystal
structure of calcite in MESP and a combination of the hexagonal crystal structure of calcite and
the cubic crystal structure of iron in MESPMC. The Scherrer equation is used to determine the
average crystallite sizes of MESP and MESPMC, which are 22.59 nm and 12.15 nm, respectively.
The SEM image shows the irregular shape of the MESP and MESPMC particles, as well as the
active coating layer in MESPMC. EDX analysis reveals that Ca (20.92 %), O (56.83 %), and Fe
(41.03 %), O (48.83 %) are the most abundant elements in MESP and MESPMC respectively. TGA
analysis points out that MESPMC outperforms MESP in terms of thermal stability between 600
and 750 °C. MESP and MESPMC were found to be very efficient adsorbent for lead and methylene
blue in aqueous medium. At 40 mg/mL adsorbent dosage, ESP, MESP, and MESPMC had the
highest yields of Pb?* removal, with 46.996 %, 99.27 %, and 99.78 % respectively at 200 rpm for
60 min with 25 °C. Furthermore, at the 0.5 mg/mL adsorbent dosage, ESP, MESP, and MESPMC
have the maximum removal efficiency of methylene blue, with 47.19 %, 90.1 %, and 92 %,
respectively at 200 rpm for 30 min with 25 °C. In both cases, the removal efficiency of MESPMC is
slightly higher than that of MESP and much higher than that of ESP. Additionally, the results
confirm that MESP and MESPMC are potential environment-friendly bio sources to remediate
heavy metal (Pb%") and methylene blue dye from water.
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1. Introduction

The use of composite particles has grown over time in a variety of sectors, including drug delivery, imaging, semiconductor
fabrication, catalysts, water purification, and air purification. Composites are intriguing materials for applications as catalysis, due to
their high surface areas coupled with improved electronic/optical characteristics as compared with other pure materials [1]. Among
these, water purification with composites is a popular, inexpensive, and effective technology. Most of the industries treat their in-
dustrial wastewater improperly and release it into the environment [2]. These impure waters may contain inorganic anionic con-
taminants such as chromate, F~, arsenite and arsenate, etc. or inorganic cationic contaminants such as heavy metals: lead, mercury,
cadmium, zinc, etc. [3]. Again, some industries like textile, dairy, biomedical, pharmaceuticals, distillery, and cannery discharge
organic wastes such as synthetic drugs, dyes, and microbes [4].

Heavy metals are a substantial source of pollution in the environment. Heavy metals enter the environment as a result of increased
agricultural and industrial activity. These elements have an atomic weight of 63.5 u - 200.6 u and a specific gravity greater than 5 [5].
The USEPA classified metals such as chromium, copper, zinc, cadmium, cobalt, lead, and nickel as hazardous [6]. Among these heavy
metals, lead is one of the heavy metals that enter the environment via metal pigments, paints, gasoline, batteries, fabrication, and
corrosion. It damages the nervous systems, kidney, brain, reproductive, liver, and accumulates in the tissues of both humans and
animals. It has the potential to cause serious health issues such as stillbirths, infertility, abortion, and neonatal deaths. It impairs
calcium metabolism and vitamin D, changes hemoglobin synthesis, and results in anemia [7].

According to past research, more than 80 % of industrial wastewater contains contaminants that are discharged into the envi-
ronment without treatment [8]. Among these contaminants, synthetic dyes are the main wastewater pollutants [9]. Organic wastes,
such as dyes, are usually hazardous to aquatic ecosystems and ruining the aesthetics of the water bodies [10]. Generally, the dyes’ color
reduces light absorption in the water, which lowers the photosynthetic rate and DO, and affects the whole aquatic biota. Dyes are also
carcinogenic, poisonous, and mutagenic chemicals that can infiltrate the food chain and impair human health [11-13]. Water
pollution can also occur spontaneously. For example, arsenic pollution is a major problem in Bangladesh, West Bengal (India), and
Nepal as a result of the weathering of arsenic-containing rocks [14].

Heavy metals and dyes are removed by precipitation, oxidation/reduction, and membrane filtration methods such as reverse
osmosis and ion exchange [15]. However, using these approaches, separating metal or dyes concentrations smaller than 100 mg/L
becomes problematic [16]. Adsorption is a commonly used, cost-effective, and environmentally friendly alternative to these pro-
cedures. Adsorption is essentially a mass transfer process in which a substance is transported from the liquid phase to the surface of a
solid and becomes attached by physical and/or chemical interactions [17]. It is capable of meeting water reuse requirements and
industry’s stringent effluent regulations. Adsorption may remove both soluble and insoluble chemicals, as well as biological pollutants,
with an efficiency of 90-99 % [18].

Adsorbent selection is a very critical issue for the efficiency, operation and development of adsorption processes. An efficient
adsorbent should have a strong adsorption interaction with the target contaminants in addition to a high removal capacity. These
adsorbents can be synthetic or natural [19]. Activated carbons (ACs), graphene-based materials, clay minerals, zeolites, carbon
nanotubes, polymeric materials, and biomass are some of the most frequent adsorbent sources [20,21]. With the advent of the use of
waste materials as adsorbents, numerous viable bio-wastes obtained from humans, birds, and animals, such as horns, nails, feathers,
and hairs, have been employed as possible adsorbents for the removal of inorganic and organic chemicals [22]. Natural sources, such as
water hyacinth, are chemically treated and dried to remove contaminants from water, including Cd(I) and Pb(II) [23,24]. Modified
water hyacinth/chitosan was discovered to remove 90.6 % of lead ions from water in 180 min [25]. The polyoxometalate/titania
composite also demonstrated superior lead adsorption ability [26]. Chemically treated Ziziphus spina-christi stones effectively absorbed
Pb(Il), Zn(1l), and Cd(II) from wastewater in both single and ternary metal systems [27]. Among various types of adsorbents
eggshell-based bio adsorbent is gaining popularity due to its availability and high adsorption rate [28,29]. The eggshell’s inner and
exterior layers are made up of calcined shell and shell membrane layers [30]. Eggshell is a waste material that is produced in huge
amounts from sources such as poultry, residences, restaurants, bakeries, and food processing facilities. Bakeries and the food industry
produce the most eggshell, and disposing of it has always been a challenge for the government [22]. Among various types of discarded
eggshells, chicken eggshell waste is more prevalent. Recently, these waste chicken eggshells have been employed as an adsorbent for
purifying wastewater [31,32]. The adsorption characteristics of basic yellow 28 dye on calcined eggshells were examined using batch
tests. The findings indicated a 28.87 mg/g maximum biosorption capability [33]. Multilayer adsorption was shown using the
Freundlich model, and this finding was consistent with research conducted by other scientists on the elimination of reactive red 123
dye, methylene blue, and brilliant green dye [34]. Eggshells are now being physically modified using a crusher and utilized to adsorb
hexavalent chromium and cadmium from wastewater [35]. Other research indicates that thermal treatment of eggshells at high
temperatures following physical treatment improves fluoride adsorption performance [36]. Furthermore, chemical treatments, such as
sol-gel treatment, are utilized in conjunction with physical and thermal treatments to increase eggshell powder’s surface area and
efficiency [37]. Activating chemicals, such as NaOH and H3POu, are used with the eggshell to reduce the heating requirement in
thermal treatment and increase the surface area [38]. However, separating these particles from water after heavy metal or dye
adsorption is a challenging issue. Additionally, the rapid recombination of e /h" pairs in eggshell-based nanoparticles also poses a
substantial obstacle to their industrial application, similar to other single-component nanoparticles. Heterojunction assembly has been
used in the doping and manufacturing of composite materials to overcome these constraints. Appropriate heterojunction can more
effectively suppress e /h™ relocation via controlling the charge kinetics [39]. However, recent developments in magnetic coating
technology have made it possible to solve this separation challenge. For example, zeolites have been coated with magnetic particles to
aid in the separation process following the adsorption of dye, heavy metal, and pharmaceutical waste from water [40]. Furthermore,
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numerous types of materials have been coated with magnetic particles, resulting in good separation [41]. Eggshells are also being
modified with magnetic particles to aid in the separation of particles and adsorbing efficiency [38]. Additionally, it modifies the
surface area and accelerates the adsorption process. However, one significant disadvantage of iron oxide particles is that they
agglomerate as an adsorbent due to their high surface-to-volume ratio and low surface energy. As a result, ironoxide particles are more
effective when used as a surface modification agent on other materials [42]. This research focused on eggshell powder chemi-thermal
modification and then making a magnetic composite using FeCls and FeSO4. Waste derived modified eggshell powder (MESP) is
low-cost adsorbent and eggshell/ironoxide powder magnetic composite (MESPMC) makes it easily separable form the water medium.
The structural, morphological, and optical features of the produced MESP and MESPMC were determined using XRD, SEM, TGA and
FT-IR spectroscopy. A UV-visible spectrophotometric approach was used to analyze the elimination of methylene blue using eggshell
powder (ESP), modified eggshell powder (MESP) and modified eggshell/iron oxide powder magnetic composite (MESPMC) as
adsorbent. The proportion of Pb?>removal using ESP, MESP and MESPMC was measured using an Atomic Absorption Spectropho-
tometer (AAS).

2. Materials and methods

Chicken eggshells were collected from RUET Cafeteria, Rajshahi, Bangladesh. Orthophosphoric acid (H3POy; Purity >85 % in H20),
Iron (III) chloride hexahydrate (FeCl3.6H20; Purity >97 %), Iron (II) sulfate heptahydrate (FeSO4.7H20; Purity >99 %), Sodium
Hydroxide (NaOH; Purity >98 %) were purchased from Sigma-Aldrich. Lead nitrate was acquired from Merck, Germany (Purity >99.5
%).

2.1. Eggshell powder (ESP) preparation

Chicken eggshells were gently cleaned with water and washed many times with double distilled water to remove contaminants.
After reaching a steady weight, the eggshells were dried in an oven dryer for 24 h and then crushed using a mortar and grinder. After
screening to a geometrical particle size of 75-180 pm with a metal sieve, ESP were stored in an airtight container at room temperature
for later use.

2.2. Modified eggshell powder (MESP) preparation

For chemical activation, a glass beaker is placed on a magnetic stirrer and continuously stirred at 300 rpm 50 °C with 40 mL water
and 10 g eggshell powder. Then, when the pH of the suspension is stable, 4 mL of H3PO, is added at a rate of 1 mL/min as an activating
agent. The sample is then constantly stirred for 2 h to allow the reaction of the activating agent and the sample to occur. The sample
was then left to soak at room temperature for 72 h, then separated from the liquid using 0.50 pm syringe filter. And then the separated
solid is repeatedly washed with distilled water and kept in a dryer at 110 °C for 1 day. Finally, the dry sample is taken to powder form
by using mortar pestle. After that, this chemically activated fine powder is placed in a muffle furnace at 550 °C for 2 h for thermal
activation. The powder is then grounded again using mortar and pestle. The crushed powder is then washed with 1 M HCI to remove
any remaining organic material. Then it is cleaned numerous times with distilled water until the pH reaches 6-7. Then it is dried
overnight at 110 °C.

2.3. Preparation of modified eggshell/ironoxide powder magnetic composite (MESPMC)

3.9 g of FeCl3.6H20 and 1.9 g of FeS04.7H,0 were mixed with 200 mL of water in a 500 mL conical flask, and then stirred at 300
rpm with a magnetic stirrer at 70 °C. Ironoxide nanoparticles (Fe304) contain both Fe?* and Fe>* in one compound. Hence two
precursors, one containing divalent iron (FeSO4) and one containing trivalent iron (FeCls) are used to prepare Fe3O4 nanoparticles.
Ferric (Fe3+) and ferrous (Fe2+) in an aqueous mixture are mixed at a 2:1 M ratio [43]. Then 1 g of MESP was added on that suspension
gradually. After that 1 M NaOH was added dropwise while stirring until the pH reached 10-11. It was then continuously agitated at
70 °C for 3 h. The sample was then kept at room temperature for 24 h. After that, the composite was easily separated with a magnet.
Finally, the separated sample was rinsed repeatedly with distilled water to neutralize the pH and then dried overnight in a hot air oven
at 110 °C. Finally, the dried MESPMC was grinded using mortar pestle.

2.4. Characterization of MESP and MESPMC

Several analyses were performed to assess the properties of the adsorbent, including FTIR, XRD, SEM, EDX and TGA.

A Fourier Transform Infrared (FTIR) spectrometer (PerkinElmer FTIR-1400, UK) was used for analyzing the structural properties of
ESP, MESP, and MESPMC. Before investigation, the materials were vacuum dried at a low temperature of 50 °C and pressed into
pellets. At room temperature, the samples were scanned using the deflection mode in the range of 4000 to 400 cm™ L.

X-ray diffraction (XRD) analysis of MESP and MESPMC were performed using LabX Shimadzu equipment that irradiated Cu-Ka rays
at 40 kV throughout a 2-h range of 10-80° at a scanning rate of 2°/minute. Additionally, Scherrer’s equation was used to calculate the
average crystallite size[44,45].
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D is the size of the crystallite,

A is the X-ray wavelength used,

B is the entire line width at half-maximum height of the primary intensity peak,

0 is the Bragg angle,

and 0.90 is the Debye-Scherrer constant.

JSM-IT800is (JEOL, Japan) was used to take ultra-high resolution SEM pictures. The samples were gold coated using a smart coater
(DII-29030-SCTR) before being imaged using a SEM. SEM image of MESP and MESPMC were obtained with a working voltage range of
5-25 kV. An EDX spectroscopy adapter that was built-in to the SEM was used to record the EDX spectra.

The thermal characteristics of 10.0 mg of dry MESP and MESPMC powder samples were determined using a thermogravimetric
analyzer (TGA) (STA 8000, PerkinElmer, Netherlands). The samples were dried in a flowing nitrogen environment at a rate of 20 °C/
min, and the percentage of mass loss was measured.

2.5. Experimental methodology for heavy metal removal

2.5.1. Adsorbate solution preparation
A metal stock solution containing Pb%>*ions was prepared by adding 640 mg of Pb(NO3) in 500 mL of deionized water. The stock
solution was diluted to the desired concentrations with deionized water. NaOH and H2SO. are used to neutralize this solution.

2.5.2. Experimental methodology for Pb>* adsorption by using ESP, MESP and MESPMC

25 mL of adsorbate was collected in each conical flask with a lead content of 9.643 ppm. Each sample obtained 4 mg/mL, 10 mg/
mL, 20 mg/L, 30 mg/L, 40 mg/L of ESP and then shaken in a rotary shaker at 200 rpm for 60 min with 25 °C. The treated solution is
then centrifuged and then filtered with 0.50 pm syringe filter to separate it from the adsorbent, and then Analyst 400 PerkinElmer
Atomic Absorption Spectrometer (AAS) Flame was used to analyze Pb?" concentrations in samples using the standard calibration
procedure. Utilizing a range of calibration standards (5-200 ppm), a sample solution was analyzed. The standard calibration curve was
then used to calculate the amount of metal in each sample [46]. The removal efficiency of Pb%** from the aqueous solution was
calculated using the following equation:

n= % x 100 ®)

here,

n. is Pb%" removal efficiency,

Co (mg/L) is the initial metal ion concentration,

Ce (mg/L) is the final metal ion concentration,

The Pb?* removal efficiency was determined using the MESP and MESPMC adsorbent by following the same procedure.
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Fig. 1. FTIR spectra of ESP, MESP and MESPMC.
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2.5.3. Experimental methodology for methylene blue removal by using ESP, MESP and MESPMC

20 mL of adsorbate was collected in each conical flask with a very trace amount of methylene blue in it. After that, each sample
obtained 0.1 mg/mL, 0.2 mg/mL, 0.3 mg/mL, 0.4 mg/mL, and 0.5 mg/mL of ESP were shaken for 30 min at 200 rpm in a rotary shaker
at 25 °C. The treated solution is then centrifuged and then filtered with 0.50 pm syringe filter to separate it from the adsorbent. A
UV-Vis spectrophotometer (Germany; Spectrum 500 D) is used to assess the absorbance of this solution at 665 nm since MB showed
absorption at that wavelength [38].

The removal efficiency of MB from the aqueous solution was calculated using the following equation:

(A0 — Ae)

S:Tx 100 3)

here, ¢ is dye (MB) removal efficiency,
Ao (a.u) is initial absorbance at 665 nm,

Ae (a.u) is final absorbance at 665 nm.
And by employing the same process with the MESP and MESPMC adsorbent, the concentration of treated solutions was ascertained.

3. Result and discussion
3.1. Fourier transform infrared spectroscopy

Fig. 1 depicts the FTIR spectra for ESP, MESP, and MESPMC. The peaks at 1408 cm ! at ESP and MESP are due to carbonate group
vibration. The phosphate group is represented by the bands found at MESP and MESPMC at 1077 cm™'. Bands at 924 cm ™! and 936
cm~! at MESP and MESPMC indicate the presence of calcium carbonate [38]. The band seen at 873 cm~! at MESP corresponds to the
vibration of Calcite [47]. Peaks at 712 cm ™!, 720 cm ™' and 717 em ™! for ESP, MESP and MESPMC respectively, are due to the calcite
out of plane bending [48]. Peaks at 552 cm ™! at MESP indicated the presence of phosphate ion vibrations [49]. Peaks at 559 cm' at
MESPMC and 451 cm™ ! at MESPMC and MESP indicate Fe—O stretching vibrations [50]. Carbonate group vibration at 1408 cm ! was
eliminated at MESPMC due to the modification. This modification increases the surface area of particles and, therefore, the adsorption
rate.

3.2. X-Ray diffraction (XRD) analysis

The structure and crystalline phase of MESP and MESPMC were investigated using XRD peaks. The XRD patterns are shown in
Fig. 2. MESP’s XRD peaks at 26.8°, 29.42°, 30.58°, 36.02°, 39.44°, 43.18°, 47.54°, 48.54°, and 57.46° match to Braggs reflection
planesat 112, 201, 202, 204, 205, 206, 207, 304, and 314, respectively. These peaks match JCPDS: 721616, confirming the presence of
CaCOg3 in MESP and indicating its hexagonal crystal structure [51]. Furthermore, the peak at 23.1° corresponds to the (012) reflection
plane, which represents the rhombohedral structure of CaCO3 [38]. Again, XRD peaks observed for MESPMC at 18.36°, 35.66°, 40.72°,
43.42°,57.38°, 62.8°, and 63.9° correspond to Braggs reflection planes of 111, 311, 321, 400, 511 and 440 respectively. These peaks
are consistent with JCPDS: 040755, confirming the presence of maghemite (Fe;O3) in MESPMC and its cubic crystal shape [52].
Furthermore, the peaks detected at 26.8°, 29.42°, and 30.58° correspond to the 112, 201, and 202 reflection planes, showing the
presence of hexagonal structured CaCOs, which is consistent with MESP XRD peaks. These peaks suggest that FeCls and FeSO4 were
properly coated over MESP and formed magnetic composites, however, the peak intensity was somewhat changed, probably due to the
interaction between the crystalline phases of CaCO3 and Fe>O3. Moreover, the average crystallite size for MESP is 22.59 nm, but the
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Fig. 2. XRD graph of MESP and MESPMC.
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average crystallite size for MESPMC is 12.15 nm, according to Scherrer’s eq. (1) [44,45]. In this case, the iron coating in MESPMC
forms a composite, which may increase the active site on the sorbent and thereby cause the crystallite size to decrease.

3.3. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)

The surface morphology and qualitative elemental analysis of MESP and MESPMC were determined using a scanning electron
microscope (SEM) with energy-dispersive X-ray spectroscopy (EDX). Fig. 3(a, c¢) shows the SEM images of MESP and MESPMC. These
images demonstrate that the MESP and MESPMC particles have a non-uniform shape. Fig. 3(c) also shows a layer of tiny particles on
the MESP particles, which normally indicates the presence of Fe;Os3 particles, implying that the particles are agglomerated and adhered
to one another, resulting in the formation of MESPMC. Fig. 3(b, d) show the elemental compositions of MESP and MESPMC,
respectively. The most prevalent components in MESP were calcium (20.92 %) and oxygen (56.83 %), followed by phosphorus (17.44
%) and carbon (4.82 %). Whereas MESPMC’s most abundant components were Fe (41.03 %), O (48.83 %), alongside with Ca (8.34 %),
and C (1.79 %).

3.4. Thermogravimetric analysis (TGA)

The thermal behavior of MESP and MESPMC was examined using Thermogravimetric Analysis (TGA), and the findings are pre-
sented in Fig. 4. The results show that MESP and MESPMC weight reduction can be separated into three stages. The first stage weight
loss was found between 50 and 120 °C, with MESP and MESPMC losing 11.34 % and 22.214 %, respectively. This sort of weight loss
occurs owing to the evaporation of moisture contained throughout the particles. At 130-380 °C, MESPMC lost 9.789 % of its weight,
which was attributed to FeCl; degradation [53]. At 600-750 °C, MESP experiences a greater weight loss (13.68 %) due to CaCOs3
decomposition into CaO and CO5 [54]. Decomposition in MESPMC begins at 380 °C due to the decomposition of FeSO4 [55]. However,
the weight loss rate of MESPMC at 380-800 °C is lower than that of MESP because the coated Fe particles in MESPMC prevent it from
decomposing.

3.5. Comparative performance on Pb>" removal of various adsorbents (ESP, MESP and MESPMC)

The adsorption activity of Pb2* in ESP, MESP, and MESPMC were measured using Atomic Adsorption Spectrophotometric method.

The amount of adsorbent in 20 mL adsorbate is increased from 4 mg/mL to 40 mg/mL. Additionally, Pb>" removal efficiency is
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Fig. 3. a) SEM image of MESP; b) EDX spectra of MESP; ¢) SEM image of MESPMC; d) EDX spectra of MESPMC.
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Fig. 4. TGA analysis graph of MESP & MESPMC.

calculated using equation (2). Table 1 shows that the final concentration of pb%* using ESP, MESP, and MESPMC decreases as the
adsorbent dosage increases. Moreover Fig. 5 shows that the adsorption efficiency of ESP range from 22.01 % to 46.996 % as the
adsorbent dose was raised from 4 mg/mL to 40 mg/mL. Similarly, the adsorption efficiency of MESP and MESPMC range from 89.74 %
t0 99.27 % and 91.38 %-99.78 %, respectively, as the adsorbent dose was increased from 4 mg/mL to 40 mg/mL. In every case, the rate
of Pb%" uptake increases with increasing adsorbent dose. This is because there is a significant increase in both the composite surface
area and the total amount of active adsorption site when the adsorbent dosage increases. As a result, a higher removal percentage is
achieved by adsorbing more Pb%" from the solution [56].

For 30 mg/mL and 40 mg/mL adsorbent, the Pb?* removal efficiency of MESP is 99.12 %, 99.27 %, and MESPMC is 99.77 %, 99.78
%. The Pb%" removal efficiency difference is quite low here. This may be due to the fact that the sorbent’s surface has been saturated
and is on the verge of reaching equilibrium. The Lagergren (Pseudo first order) model states that the adsorption rate is determined by
the accessible sites in the adsorbent for the physisorption process [57].

Again, MESP and MESPMC have higher Pb?* removal efficiency than ESP. This is because the thermal treatments have enhanced
the active adsorption site in MESP and MESPMC [58]. Additionally, the Pb**removal efficiency of MESPMC is slightly greater than that
of MESP for all adsorbent doses as the iron coating in MESPMC form composite thus increasing the active site on sorbent [56].

3.6. Comparative performance on methylene blue removal of various adsorbents (ESP, MESP and MESPMC)

The efficiency of removing methylene blue (MB) is correlated with the dye-adsorbing activity of ESP, MESP, and MESPMC. The
UV-visible irradiation method was used to measure the MB adsorbing activity of ESP, MESP and MESPMC. Additionally, equation (3)
is used to calculate the MB removal efficiency of ESP, MESP, and MESPMC, which is represented in Fig. 6.

Initially, the absorbance for a trace amount of MB in water was 1.2565 a. u. at 665 nm. Table 2 points out that as the ESP, MESP, and
MESPMC adsorbent dose rises, the absorbance at 665 nm decreases. Furthermore, Fig. 6 indicates that increasing the ESP, MESP, and
MESPMC dosage from 0.1 mg/mL to 0.5 mg/mL increases efficiency from 25.5 % to 47.19 %, 60 %-90.1 %, and 65 %-92 % for ESP,
MESP, and MESPMC respectively. Here, the increase in adsorbent dosages may be attributed to an increase in the surface area and the
availability of more active sites of adsorbents, which increase the MB removal efficiency [59]. Dye is adsorbed on ESP, MESP, and
MESPMC through a mechanism with four different steps, including dye diffusion from the bulk of the solution to the adsorbent, pore
diffusion, monolayer adsorption of dye molecules, and multilayer adsorption of dye molecules [60]. Heavy metals, such as Pb>*, are
similarly adsorbed. Organic contaminants, including dye, are removed through n-n interactions, H-bonding, electrostatic, and hy-
drophobic interactions [61]. On the other hand, most inorganic compound adsorption occurs as a result of electrostatic interactions

Table 1

Effect of adsorbent dose on Pb?>* Removal.
Adsorbent Initial concentration of Pb** ESP MESP MESPMC
D L.
mt;s)e (mg/ (mg/L) Final concentration of Pb?* (mg/ Final concentration of Pb?* (mg/ Final concentration of Pb%" (mg/

L) L L)

4 9.6463 7.5225 0.8925 0.8310
10 9.6463 6.9232 0.1287 0.0991
20 9.6463 6.2225 0.0578 0.0237
30 9.6463 5.6223 0.0524 0.0219
40 9.6463 5.1129 0.0513 0.0208
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Table 2
Effect of adsorbent dose on dye (methylene blue) removal.

Heliyon 10 (2024) e36160

Adsorbent Dose (mg/mL)

Initial absorbance of methylene blue (a.u)

ESP MESP

MESPMC

Final absorbance (a.u) Final absorbance (a.u)

Final absorbance (a.u)

0.1 1.2565 0.9361 0.5026 0.4398

0.2 1.2565 0.8041 0.3264 0.2768

0.3 1.2565 0.7534 0.2026 0.1645

0.4 1.2565 0.6534 0.1042 0.1013

0.5 1.2565 0.5620 0.1260 0.1005
[62].

For 0.4 g and 0.5 g adsorbents, MESP has an MB removal efficiency of 88.84 %, 90.1 %, and MESPMC has an efficiency of 91.94 %
and 92 % respectively. The rate of efficiency increase is minimal in this case, implying that adsorption capacity is decreasing. The

reason for this is that the sorbent’s surface may become saturated with MB and is close to equilibrium [63].

Again, MB removal efficiency is higher for MESP and MESPMC than for ESP. This might be a result of MESP and MESPMC’s thermal
treatment, which raises the active site and hence the efficiency [64]. Furthermore, the MB removal efficiency of MESPMC is somewhat
larger than that of MESP for all adsorbent doses because the iron coating in MESPMC forms a composite, increasing the active site on

the sorbent [65].
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4. Conclusion

The present research successfully converted eggshell powder (ESP) into modified eggshell powder (MESP) and then into modified
eggshell powder magnetic composite (MESPMC). The functional groups present in ESP, MESP, and MESPMC are revealed by FTIR
analysis. The MESP XRD pattern indicates a mixed phase of calcite with a hexagonal crystal structure. Additionally, Scherrer equation
indicates the average crystallite sizes of 22.59 nm and 12.15 nm for MESP and MESPMC respectively. On the other hand, MESPMC’s
XRD pattern revealed a combination of calcite’s hexagonal crystal structure and iron’s cubic structure. The SEM images identified an
irregular shape of MESP and MESPMC particles with micro-pores, as well as an iron coating layer in MESPMC. EDX analysis confirmed
the presence of Ca, O, C, and P in MESP, as well as Ca, Fe, O, and C in MESPMC. TGA analysis shows that MESPMC had lesser weight
loss than MESP. The maximum MB removal efficiency of 47.19 %, 90.1 %, and 92 % were achieved at 0.5 mg/L ESP, MESP, and
MESPMC doses, respectively with 200 rpm for 30 min and 25 °C, while the highest Pb%* removal efficiency of 46.996 %, 99.27 %, and
99.78 % were obtained at 40 mg/L ESP, MESP, and MESPMC doses, respectively with 200 rpm for 60 min and 25 °C. Based on these
findings, we can conclude that MESP and MESPMC are excellent adsorbents for Pb>* and methylene blue removal from water.
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