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Abstract: Substantial utilization of heavy metals in various industrial processes nowadays had cause
heavy metal pollutions in the water. Hexavalent chromium, Cr (V1), is one of the heavy metals which
has been extensively used in alloy pigment production and surface treatment. The present work reports
natural adsorbent synthesis made from eggshell to reduce Cr (V1) in water. The eggshell adsorbents
were prepared by several steps that include boiling, drying, calcination at 900 °C, grinding, pH
adjustment, precipitation, and filtration. XRD results displayed a highly crystalline hydroxyapatite
(HAp) peak that was successfully synthesized. FESEM analysis showed the morphology of the powder
that was agglomerate with irregular cloud-like shapes, while EDS results presented the elements in the
eggshell powders that include calcium (Ca), phosphorus (P), and oxygen (O). FTIR analysis revealed
the presence of hydroxyl group (OH-) that contribute to the adsorption process. The adsorption
experiment demonstrates the highest Cr (V1) removal and adsorption capacity of 70% and 285.71 mg/g,
respectively, was attained by 6 g adsorbent dosage within 1 hour. Kinetic studies of the adsorption
process were best described by the pseudo-second-order model and Langmuir isotherm model with a
high correlation coefficient of 0.98. This work's findings suggested that eggshells are potential natural
adsorbent to reduce heavy metal pollutions, specifically Cr(\V1) in water.
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1. Introduction

Globalization may have brought to the rapid advancement of industrial activities but at
the same time also inflicts serious damage to the environment. Industries are the main
contributor to releasing toxic waste materials in solid, liquid, and gaseous forms directly into
our ecosystem [1]. Toxic waste materials generally contain heavy metals, metalloids, and
organic pollutants that can cause severe damage to the soil and water systems. Heavy metal
pollution into the water is one of the never-ending issues that pose a serious threat to human
health and the environment [2].
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The concern towards heavy metal pollution has increased over the past decades, and
the most toxic listed contaminant by the United States Environment Protection Agency was
hexavalent chromium (Cr(V1)) [3,4]. Cr (V1) is a transition element that is naturally found in
rocks and soil. Cr has an oxidation number between Cr> and Cr®", but it is commonly found
in nature as trivalent [Cr3* or Cr(I11)] and hexavalent Cr [Cr®" or Cr(V1)] [1]. Chromium was
massively utilized in various industrial activities, including metallurgy, refractory,
electroplating, and production of chromium-containing compounds, such as pigments, paints,
catalysts, chromic acid, and tanning agents. This had caused the widespread presence of
chromium in the ecosystem [5]. Cr (V1) is a strong oxidizing agent and highly toxic chemical
substances that can cause a various potential health risk, including cancer, skin rashes,
respiratory problems, vomiting, weakened immune system, epigastric pain, nausea, kidney and
liver damage, as well as alternation of genetic materials [6]. In 2004, World Health
Organization (WHQO) had established a maximum allowable limit of 50 u g/L for Cr (VI)
concentration in drinking water [7].

Intense research efforts have been conducted to find out the most effective methods to
remove Cr (VI) in water. The potential treatment methods include ion exchange, chemical
precipitation electrochemical method, biological treatment, filtration, and adsorption process
[8]. Among these methods, adsorption is highly preferred owing to its low operational cost and
excellent efficiency in removing heavy metals [9]. The adsorption process can be defined as
the assortment of gas or liquid matter in molecules, atoms, or ions on the surface of another
solid substance. It could be a physical or chemical association of material molecules in the
active sites of a surface through the Van der Waals force that existed between the molecules
[10]. The adsorption process can be influenced by various factors such as temperature, pH,
contact time, initial concentration, and surface area [11]. The mechanism of the adsorption
process can be further described through kinetic and isotherm adsorption study. Commonly,
pseudo-first-order and pseudo-second-order are used in kinetic adsorption study, while
Langmuir and Freundlich are widely used in isotherm study [10]. The adsorption efficiency
depends on the surface area, surface morphology, pore size distribution, polarity, and
functional groups of the adsorbent [12]. Adsorbents can be extracted from natural resources or
chemically synthesized in the laboratory. Natural resources such as corals, eggshells, sea
mussels, bovine bone, and sheep bone have been intensive studies as adsorbent to remove
heavy metal pollution [11].

The use of eggshells to produce low-cost adsorbents is a promising approach to tackle
heavy metal problems, given the high content of eggshells' calcium carbonate. Furthermore,
large amounts of eggshells waste from industrial and domestic usage make adsorbent
production from this waste an environmentally-friendly method [13]. This can reduce the
environmental impacts caused by the massive disposal of eggshells to landfills. Eggshell is a
calcium-rich shell source that mainly consists of calcium carbonate (CaCOs). Consequently,
eggshells could be further synthesized and transformed into valuable Ca-based compounds
such as hydroxyapatite (HAp), tri-calcium phosphate (TCP), calcite (CaCOs), and calcium
hydroxide Ca(OH)2 [14]. Owing to its unique morphology and ion exchange sites provided by
Ca?" ions, HAp is considered a promising adsorbent material [9]. These characteristics provide
HAp its high-sorption capacity for heavy metal ions, low water solubility, and high stability.
The three adsorption mechanisms reaction is ion exchange, dissolution, and formation of
surface complexes with calcium and hydroxyl groups [8]. Many HAp-based adsorbents show
high efficiency in removing Cr (V1) recorded, including whey protein waste (81%), guar gum
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(98%), sugarcane bagasse (87%), wheat bran (90%), and java plum (99%) [10,15]. HAp
derived from eggshells has also been successfully proven to remove various contaminants,
including heavy metals and dyes, with removal efficiency between 94% and 98% [16]. The
porous structure of the eggshell makes it an excellent natural bio-adsorbent for removing heavy
metal ions from wastewater [17]. Many studies have proven the effectiveness of eggshells in
removing heavy metals, including cadmium [18], copper, zinc [19], and lead [20].

This study aims to highlight the synthesis action of eggshells to produce natural
adsorbents and investigate the adsorbent's performances by adsorption and kinetic studies for
the application Cr (V1) removal in water.

2. Materials and Methods

2.1. Synthetization of eggshell adsorbents.

Eggshells were obtained from Hainanese Café, located at Parit Raja, Batu Pahat, Johor,
Malaysia. The process started with pretreatment of the eggshells by boiling with double
distilled water for 30 minutes at 100 °C to ensure the removal of dirt and other impurities.
Then, the eggshells were dried in an oven at 80°C for 2 hours. After that, the dried eggshells
were calcined at 900 °C for one hour. Subsequently, the calcined eggshells were finely ground,
dispersed in distilled water, and treated with 0.6 M phosphoric acid solution before left to
precipitate for 24 hours. After 24 hours, the solution was stirred for 30 minutes with a magnetic
stirrer and left for another 24 hours to complete precipitation formation. Lastly, the precipitate
was filtered and dried in an oven at 100 °C for 2 hours.

2.2. Characterisation of eggshells adsorbent.

The morphology of the obtained eggshell powders was examined using field emission
scanning electron microscopy (FESEM) (JFM- 7600F, JEOL, 15.0 kV). The powder's
elemental composition was examined using an energy dispersive X-ray spectrometer (EDS)
(SU1510, Hitachi, 15.0 kV). The mineralogy was analyzed using X-ray diffraction (XRD)
(X’pert-PanAnalytical, Bruker Advance D8 Advance), at an angle of incidence 1°26 and
scanning step 0.02°20. Fourier transform infrared spectroscopy (FTIR) (Bruker Vector 22 mid-
IR spectroscopy) was used to examine the synthesized powders' functional groups. The spectra
were recorded for the range of 4000 - 400 cm™.

2.3. Adsorption experiment.

The adsorption experiment is conducted to assess the eggshell powders' performance
as adsorbents for the removal of Cr (IV). Initially, 300mg/L of Cr (IV) stock solution was
prepared by dissolving potassium dichromate (ChemAR) in 1000 mL of volumetric flask.
Then, the potassium dichromate solution was diluted into a desirable concentration in a 1000
MI volumetric flask. Next, the Cr (IV) solution was spiked into 250 ml conical flask together
with eggshells adsorbent. After that, the sample was shaken in an orbital shaker at 650 rpm.
The effects of adsorbent dosage and contact time were investigated toward Cr (IV) removal.
At a certain time interval of shaking, the sample was collected and filter before be analyzed for
Cr (IV) concentration using UV-Visible spectroscopy at a wavelength of 540 nm [21].

The amount of Cr (IV) adsorbed per gram and percentage of Cr (IV) removal by the
eggshells adsorbent was calculated by using Eq. 1 and 2, respectively [22]
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where ge (Mg/g) is the amount of metal ions, V is the solution volume (L), W is the adsorbent
dose (g), Co (mg/l) is the initial Cr (IVV) concentration and Ce (mg/L) is the equilibrium Cr (IV)
concentration in solution.

3. Results and Discussion
3.1.FESEM analysis.

The FESEM micrograph of adsorbent before and after adsorption of Cr (V1) are shown
in Figure 1. It is observed that the powder was agglomerated with irregular cloud-like shapes
and had some pores in between. It could be explained by comparing Figure 3(A) and Figure
3(B) that the chromium occupies the adsorbent's free pores. The formation of pores is beneficial
for adsorbents to adsorb Cr (V1) as they provide more active sites for adsorption to effectively
occur [23]. It is found that the porous structure morphology is significantly effective in the
removal of heavy metals, including chromium, vanadium, and ammonium, in water [24].
Similar results have been reported by Momen et al. [13] and Shekari et al. [10,25].

IR St P g
% %

Figure 1. FESEM micrographs of eggshells powder (A) before and (B) after adsorption.
3.2. XRD analysis.

The XRD analysis of the eggshell powders is shown in Figure 2. The XRD patterns
show the formation of HAp peaks that were validated by comparing them to the standard HAp
(ICDD 00-003-0747). The pure crystalline HAp corresponded to the standard HAp peaks
where the strongest intensity peaks can be found at the angle of incidence 1°20 and scanning
step 0.02°20. The formation of crystalline HAp is due to the hydrothermal process after
calcination, giving greater intensity in the formation of peaks [26]. It is proven that higher
temperatures provide matrix stability and enhancement of crystallinity [27]. The crystallinity
of the HAp structure significantly influenced the good bioactivity and flexible structure of
adsorbents. This confirms that HAp is successfully formed via calcination at 900 °C and
chemical precipitation of the eggshells and potential to be used as an adsorbent to remove Cr
(VD).
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Figure 2. XRD pattern of HAp peak of eggshells powders.

3.3. EDS analysis.

Figure 3 shows the elemental composition of the eggshell powders via EDS analysis.
The elements that present in the samples include calcium (Ca), phosphorus (P), and oxygen
(O). Based on the result, the Ca/P ratio can be calculated, which is 1.56. The powder sample
does not reach the theoretical value of Ca/P ratio of 1.67 due to the pH value carried out in this
work. The ideal pH to synthesis HAp is between 9.5 to 12 [28] and not 8.5 as carried out in this
study. The pH values and reaction temperature have been recognized as the most vital factors
which could affect the chemical and physical properties of HAp powder during the
precipitation process [29]. The pH value significantly affecting the monetite phase, thus
enhanced the changes in Ca/P ratio [30].

3.4. FTIR analysis.

Figure 4 shows the FTIR spectra of eggshell powders. The nonstoichiometric HAp
characteristics are observed from phosphate (PO43-), carbonate (CO3?), hydroxide (OH-), as
well as hydrogen phosphate (HPO4%). The absorption peaks at 873.88 and 1019.72 cm™ are
assigned to PO4*> vibration, and the peak at 1642.96 cm is attributed to H20 physically
adsorbed. There is a broad peak in the region of 3370.16 cm™, coming from the OH- group's
stretching vibration. The hydroxyl group's presence is due to the OH group in the structure of
HAp [31]. Hydroxyl group is vital in the adsorption process as it permits the formation of
hydrogen bridges which would cause the polar functional groups to be directed into the body
of the adsorbent. This creates an important active site for adsorption to effectively occur [32].
The bands corresponding to COs? vibration is observed around 1416.00 cm* which is due to
the absorption of CO2 from the air.

Spectrum 1
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Figure 3. The EDS spectrum of eggshell powder.
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Figure 4. The FTIR analysis for initial eggshell powder.

3.5. Cr (VI) removal by adsorption process.

Figure 5 shows the Cr (VI) removal rate by eggshells of different adsorbent dosages
within 60 minutes. The lowest adsorbent dosage of 1 g showed the lowest Cr (V1) removal rate
of 5.92%. As the dosage increased, the removal rate also increased and reached the maximum
of 70.03% at 6 g adsorbent dosage. The removal rate for 2 to 4 g dosage is 9.61%, 19.18%,
33.35% and 58.34% respectively. These results are consistent with FESEM results in which
the removal of Cr (V1) increased with the increase in the amount of adsorbent dosage. Higher
adsorbent dosage permits a greater surface area availability and more adsorption regions for Cr
(V1) [24].

3.6. Isotherm adsorption study.

The two most widely applied isotherm models, Langmuir and Freundlich, were used to
determine the adsorbent's sorption capacity in removing Cr(\V1) [10]. The Langmuir adsorption
isotherm is based on monolayer adsorption of metal ions on the surface of the adsorbent, and
the energy of the adsorption system is considered constant. Meanwhile, Freundlich isotherm
was developed for the heterogeneous system that implies the concept of multilayer adsorption
on the surface of adsorbent [33]. From the Langmuir adsorption constant, the adsorption
capacity, gmax for Cr(V1) is 15.53 mg/g and higher than other low-cost bio adsorbents [17]. The
RL: 0.058, which lies between 0 and 1, indicates that the Langmuir isotherm is favorable [21].
As for Freundlich isotherm, the Freundlich affinity constant (Kr) was found to be 2.93. The Kt
lies between 1 and 10 show the removal of Cr (V1) using eggshells adsorbent is favorable [34].
In this study, the heterogeneity parameter (1/n) is 0.47 indicates a normal distribution of the
energy sites, which confirms that the adsorption condition was favorable [35]. The
corresponding Langmuir and Freundlich isotherms plots are shown in Figure 6. The parameters
for Langmuir and Freundlich listed in Table 1 show both plots have high correlation
coefficients (R? = 0.98, 0.97). The fact that the values of the correlation constant were higher
for the Langmuir model relative to the Freundlich isotherm indicates the Langmuir isotherm's
greater suitability.
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Figure 5. Effect of eggshells adsorbent dosage on Cr (V1) removal.
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Figure 6. Adsorption of Cr (V1) by (a) Langmuir and (b) Freundlich isotherm model.

Table 1. Langmuir and Freundlich constants and correlation coefficients for adsorption of Cr (V).

Langmuir Freundlich
(max b R? Ru Kr 1/n R?
15.528 0.568 0.98 0.006 2.93 0.47 0.97

3.7. Kinetic adsorption study.

Sorption kinetic models are used to identify the mechanism of kinetic adsorption in this
study. The pseudo-first-order is used for the liquid/solid system in which the surfaces changes
rates are proportional to the remaining amount of surface sites. On the contrary, the pseudo-
second-order model is in which the rate is proportional to the square surface sites [15,36].
Figure 7 shows the linearized plots of the pseudo-first-order model and the pseudo-second-
order model. K1, Kz, and ge are calculated from the slopes and listed in Table 2. The pseudo-
second-order model fits better for the adsorption kinetics of Cr (V1) ion on eggshell adsorbents
than the pseudo-first-order model. The correlation coefficient of pseudo-second-order model
is higher (R? = 0.999) than pseudo-first-order model (R? = 0.672). This indicates that the rate-
limiting step for the sorption process may be chemical sorption or chemisorption involving
valency forces by sharing or exchanging electrons between sorbent and sorbate [37]. The
maximum Cr (V1) ion adsorbed ge was found to be 285.71 mg/g. The adsorbent shows high
adsorption capacity for Cr (V1) which was recorded in several studies; 104 mg/g [38], 374.53
mg/g [39] and 417.19 mg/g [40].
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Figure 7. Linearized plot of experimental data using (a) pseudo-first-order model and (b) pseudo-second-order
model.

Table 2. Parameters of pseudo-first-order and pseudo-second-order models.

Pseudo-First-Order Pseudo-Second-Order
Qe K1 R? Qe K> R?
1.297 0.0497 0.672 285.71 0.0087 0.999

4. Conclusions

The synthesis of eggshells by calcination can produce HAp that acts as an adsorbent for
removing Cr (V1) in water. XRD analysis confirms the HAP peaks. FTIR analysis displays a
hydroxyl group that significantly contributes to the adsorption process. The Ca/P ratio recorded
is 1.56. The surface morphology of the eggshells adsorbent shows significant pores formation
that enhances the adsorption process. The adsorption experiment revealed that increased
eggshells adsorbent dosage contributes to increased Cr (V1) removal up to 70% with 285.71
mg/g adsorption capacity as recorded by 6 g dosage sample, owing to the availability of surface
area that permits more biosorption regions. Natural adsorbents synthesized from eggshells can
reduce heavy metal concentration in water and minimize the problem of waste disposal to
landfills.
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