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Abstract: We developed an L-cysteine functionalized adsorbent from bio-
waste eggshells using the impregnation method. Characterization through
Fourier Transform Infrared Spectroscopy (FTIR), X-ray diffraction (XRD),
and Field Emission Scanning Electron Microscopy (FE-SEM) unveiled the
presence of -NH and —-C=0 groups, a crystalline structure, and porous
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f%\g:ﬁs;' morphology. The effectiveness of the functionalized adsorbent for iron
v L-cysteine functionalized recovery from water was assessed under dynamic conditions, including pH,

eggshell; adsorbate concentrations, adsorbent dosages, temperature, and contact times.
v’ Iron adsorption; Notably, it gained a removal efficiency of 96.29% at a 20 mg/L iron
v’ Kinetics; concentration, with optimal conditions at pH 3, an adsorption capacity of

v Antimicrobial;
v’ Escherichia coli;

74.24 mg/g, a dosage of 50 mg, and a temperature of 306 K over 30 minutes.
The adsorption process followed a pseudo-second-order model, while the
equilibrium aligned with Freundlich isotherms. Thermodynamic parameters
indicated that the removal of Fe (I1) ions was exothermic and spontaneous.
Additionally, the antimicrobial activity of the functionalized adsorbent (L-
CFES) was tested against Gram-positive and Gram-negative bacteria,
showing promising inhibition, particularly against Escherichia coli (23 mm
zone of inhibition) compared to Staphylococcus aureus (20 mm). These
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outcomes reveal that the L-cysteine functionalized eggshell is a promising
eco-friendly adsorbent for iron removal from water and has notable
antibacterial properties.

1. Introduction

Water pollution by heavy metals is escalating due to rapid industrialization, urbanization,
and the utilization of chemical substances in various industries (Qu et al., 2018). The adverse effects
of heavy metals, such as toxicity, non-biodegradability, biological accumulation, and carcinogenic
nature, lead to global concern for the aquatic ecosystem and human health (Ahmadijokani et al.,
2022, Akessé et al., 2022). The presence of these toxic heavy metals is detectable in streamlets and
soils due to human activities (Vatanpour et al., 2020). Surface water is connected to groundwater
resources, the water cycle, the drinking water supply, and its significance in agriculture and aquatic
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life, playing a crucial role in various fields such as the environment and human life (Alaba et al.,
2018). However, growing and exploring new and cost-effective strategies is essential to remove the
alarming rate of heavy metal contamination from various environments (Hem, J. D. 1972; Razzouki
et al., 2015; Errich et al., 2021; El Hammari et al., 2022).

Iron is a naturally occurring heavy metal and a common contaminant in source water and
wastewater. The mining and metallurgical industries are notable wastewater generators with high iron
levels, releasing significant volumes into the environment. The damaging impact of iron on living
organisms and infrastructure demands the development of efficient iron removal technologies for
water treatments (Kaksonen & Janneck, 2024; Joseph & Haque, 2018). On the other hand,
overexposure to iron can cause serious health diseases, including Hemochromatosis, cardiovascular
disease, Diabetes mellitus, and neurological diseases (Wasserman et al., 2006; Powers et al., 2003;
Kell, 2010).

Various physical, chemical, and biological methods are invented to remove heavy metals
from wastewater, including adsorption, ion exchange, membrane technology, electrokinetic
technology, chemical precipitation, photo remediation, biochar, etc. (Farina et al., 2013; Hoang et al.,
2022; Karn et al., 2021; Qasem et al., 2021). The preference of methods depends on the nature of the
heavy metal present, its concentration, and the wastewater characteristics to be taken for the
treatment (Kumar et al., 2022). Most of these techniques have limitations, such as pre-treatments and
additional treatments for optimising effectiveness, and some of them are less effective and require
high capital costs (Park et al., 2005).

One of the versatile and practical approaches for removing heavy metals and contaminants
from wastewater is adsorption (Patra et al., 2020). Adsorption is a physicochemical technique with
several advantages, such as operating at ambient temperature and removing multiple minerals
simultaneously (Maleki et al., 2015). Based on the availability, reusability, surface area, pore size,
effectiveness in adsorbing metals, and cost-effectiveness, many materials can be used as adsorbents,
including activated alumina, silica gel, activated carbon, ion-exchange resin, etc (Shahnaz et al.,
2020).

Egg shells are promising alternative bio adsorbents due to their natural porous structure,
mechanical strength, thermal stability, and ability to remove heavy metals, dyes, pesticides, and
contaminants from water and wastewater. Egg shells are readily available as by-products from
various industries and households, making them low-cost and have attractive adsorption applications.
Using eggshells can cause no pollution as they can be used as biowaste, offering environmental
benefits (Ikram et al., 2020).

Surface modification with various materials can enhance the adsorption properties of
eggshells. Several research works show that the impregnation of salicylic acid onto the surface of
calcinated eggshells improved their adsorption properties due to highly developed functionalized
surface area and rich pore properties (Tsai et al., 2006). On the other hand, various metal oxides and
metal oxo hydroxide functionalized eggshells can also enhance adsorption capacity, and metal ion-
modified eggshells are highly effective because they are cost-effective and environmentally generous
(Almeida et al., 2020, Bayode et al., 2024).

In this work, we developed an amino acid L-Cysteine functionalized eggshell (L-CFES)
sample for iron adsorption from water. L-cysteine acts as an activating agent that influences the
activated eggshell's surface area and pore size. This work explores the adsorptive performance of L-
CFES, which is eco-friendly for removing iron from water and includes the adsorption kinetics and
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equilibrium. This study examines adsorption phenomena, specifically equilibrium and kinetics, using
Langmuir and Freundlich isotherms and pseudo-first-order and pseudo-second-order Kinetics. Studies
on various parameters such as pH, contact time, adsorbate concentration, and adsorbent dosage help
to explore their influence on adsorption. This work manifests its potential for iron removal from
contaminated water.

2. Methodology
2.1 . Materials

All chemical reagents utilized in this study were of analytical grade, highly purified, and used
without additional purification. The experiments were carried out using double distilled water,
hydrochloric acid, sodium hydroxide, L-cysteine (AR grade), and ferrous sulphate heptahydrate (AR
grade) sourced from Avra Synthesis Private Limited (India). The chicken eggshells were obtained
from the college canteen.

2.2 Extraction of eggshell powder (ES)

The eggshells collected were meticulously washed with double distilled water to eliminate impurities.
Subsequently, the membrane mass of the eggshell was removed by treating 10% hydrochloric acid
solution for one hour. Following this step, they were rewashed with double distilled water and left to
dry at room temperature. Once dried, the eggshells were finely powdered using a mortar and pestle.
The resulting powdered eggshells were then utilized for subsequent modifications.

2.3 Preparation of L-Cysteine Functionalized Eggshell (L-CFES) adsorbent

About 0.0605 g of L-Cysteine was dissolved in 50 mL of double distilled water, and then 1 g
of finely powdered eggshell was added to the solution. After stirring the resulting mixture for 4 hours
at room temperature, the solution was filtered, and the residue was dried at 80°C in a hot air oven.
The dried powder was then transferred into a vacuum container as an adsorbent.

2.4 Characterization of adsorbent

The ES and L-CFES FTIR spectra were recorded at room temperature with a Shimadzu
spectrophotometer in the IR region of 4000- 400 cm™ with a resolution of 4 cm™ and 32 scans per
second. The X-ray powder diffraction (XRD) can be conducted by using a PANalytical Aeris
Research diffractometer with CuKo X-ray source to determine the crystallographic structure of the
powdered material. Electron microscopic analysis was obtained by using MAIA3 XMH FESEM with
EDX.

2.5. Microbial strains

The in vitro antibacterial effects of eggshell, L-cysteine, and L-cysteine functionalized eggshell
adsorbents were tested against Gram-positive and Gram-negative bacterial strains, including
Staphylococcus aureus and E-coli. Bacterial strains were cultured in a Nutrient agar medium.

2.6 Antimicrobial screening

The antimicrobial assay was carried out in Muller Hinton Agar plates. The test organisms (E. coli and
Staphylococcus aureus) were inoculated in nutrient broth and incubated overnight at 37 ° C. MHA
plates were prepared and inoculated with test organisms (E coli and S. aureus) from nutrient broth.
Sterile discs were placed on the surface of the inoculated MHA plate, and 20 pL of sample L-CFES
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and eggshell was added to the sterile disc. Sterile water served as the negative control. All the plates
were then incubated at 37° C for 24 to 48 hours. Following incubation, the diameter of the inhibition
zone was measured in millimeters.

2.7. Batch adsorption experiments

The adsorption studies experiments were evaluated using batch adsorption. About 50 mg of the
adsorbent was diffused in a 50 mL solution containing 20 mg/L of divalent Fe (I1). The aqueous
solution was mechanically shaken for about 30 minutes. The percentage adsorption of the material is
measured at different time intervals (0,10, 15, 20, 25, and 30 minutes) using a Shimadzu UV-visible

— _ v
spectroscope. The adsorption capacity of the adsorbent was obtained using Eqn.‘qe = (Co—Ce) x m

Equ.1 as:

qe = (Cy — C,) x% Equ.1
Eqn. 2 explains the obtained removal efficiency % removal = % x 100
Eqgn. 2
Co —Ce
% removal = =—= X100 Eqn. 2

Where ge represents the adsorption capacity of functionalized eggshell per gm of adsorbent, Co
(mg/L) is the initial concentration of Fe (1) solution, Ce (mg/L) is the equilibrium concentration of
the Fe (Il) solution, m is the mass of the adsorbent in grams, V is the volume of the adsorbate
solution in litre.

The influences of the experimental parameters such as pH, adsorbent dosage (10-50mg), and metal
ion concentration (20-200 mg/L) were also investigated.

3. Adsorption equilibrium
3.1. Adsorption isotherms

To analyse the nature of the adsorption process, equilibrium adsorption isotherms were studied to

understand how an adsorbate interacts with the adsorbent. Three types of the well-known two-
11 1 1

parameter  adsorption  isotherm  models, namely  Langmuir (Eqn.%e KidmCe  dm

logqg, = logKy + %EogCg

Eqgn.3) and Freundlich (Egn.

Eqgn.4), were fitted to analyse the adsorption equilibrium data. The following equations describe the
t__t .1

Langmuir and Freundlich isotherms (% KamCe = am

1
[ = logKyr +=1logC, :
Eqn.3- 099e = togfr 17 t0gte Eqn.4) respectively
(Varghese et al., 2024). The Ry value corresponding to the Langmuir isotherm can also be determined
1
R, =
according to Eqgn. kG Eqn.5.
to_t 1,1 Eqgn.3

de Kpam Ce m

logq, = logKy + %IogCe Egn.4
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Ce (mg/L) is the equilibrium ion concentration, ge (mg/g) is the amount of ions adsorbed at
equilibrium, g~ (mg/g) is the number of ions required to form a monolayer, Ki(L/mg) is the
Langmuir isotherm constant related to the energy of adsorption, Ke (mg/g) is. The Freundlich
constant is related to adsorption capacity, and 1/n is the empirical parameter that denotes adsorption
intensity.

3.2. Kinetic studies

Adsorption kinetic studies provide valuable insights into the adsorption mechanism and reaction
pathway. Utilising kinetic models such as the pseudo-first order and pseudo-second order, we can
assess the effectiveness of the process. The pseudo-first-order and pseudo-second-order models are
employed to evaluate the rate of the adsorption process (Varghese et al., 2024). The equations can be
given as:

Pseudo-first order kinetic equation :In (q, — q;) = lnq, — Kt Egn.6

Pseudo-second order kinetic equation: Lo 4L Eqn.7

a  Kq2  qe

3.3. Thermodynamic studies

The values of AHand AS° for the adsorption process were determined from the slope and intercept
of the graph plotted between In K and 1/T. Thermodynamic parameters, including Gibbs free energy
(AGP), enthalpy (AH®), and entropy (AS®), are employed to assess the feasibility and spontaneity of
the adsorption process at different temperatures. These parameters can be calculated as follows:

AG = RTlogK; Eqgn.8
—_AH A4S
logK,; = — T Eqn.9

Where R is the universal gas constant (8.314 J/mol/K), T (K) is the adsorption temperature, and K.

is the adsorption equilibrium constant ((e/Ce). The values of AH and AS for the adsorption process is
determined from the slope and intercept of the graph plotted between log K and 1/T.

4. Results and Discussion
4.1. Characterization
4.1.1. SEM/EDX Analysis

SEM was used to determine the surface characteristics of the L-cysteine functionalized eggshell (L-
CFES). Previous studies show eggshells (ES) have a homogeneous and porous surface (Daraei et al.,
2013). Figure 1(a) shows the surface morphology of the L-CFES; the shape and size of the
adsorbents are flake, rod-like, irregular, and sparsely distributed, and the porous nature of the surface
is also manifest. These pores play an essential role in iron adsorption into the L-CFES adsorbent. The
EDX spectra and elemental mapping of L-CFES are shown in Figure 1 (b) and (c). The surface
elemental composition of the material is found to be Ca, Mg, C, O, N, and S. The obtained results
support the previous finding reported in (Isa et al., 2020, Rahmani-Sani et al., 2020). This is also
confirmed by the FT-IR and XRD analysis of L-CFES, which is reported in Figure 2 and Figure 3.
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4.1.2. XRD Analysis

Figure 2 shows the X-ray diffraction patterns of ES and L-CFESFigure 2. The samples exhibit
characteristic diffraction peaks with diffraction angles at 23.2°, 29.4°, 31.9°, 36.1°, 42.8°, 47.7°, 48.9
0, 57.3°% 64.6% and 66.2°. The high intense peak marked at 29.5° (20) conveys that both the eggshell
powder and L- cysteine functionalized eggshell contains a thermodynamically stable calcite
crystalline structure, which is identical to calcium carbonate (CaCOz) (Onwubu et al., 2017). In
addition to this, additional peaks at diffraction angles 18.9° 28.5° 33.03° and 34.8° are observed in
L-CFES, depicting the monoclinic crystal structure of L-cysteine (NR and | SL, 2016). This result
also confirms the presence of amino acids on the surface of the eggshell powder.

_SEM HV: 10.0 kV.

SEM MAG: 8.80 kx

Figure 1: (a) SEM images of L-CFES, (b) EDX data, (c) Elemental mapping of L-CFFES

Intensity(a.u)

A k ' L,A_
10 20 30 40 50 60
20 (degree)
Figure 2: XRD pattern of (a) ES and (b) L-CFES
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4.1.3. FT-IR Analysis

Characterization of L-cysteine functionalized eggshell (L-CFES) was accomplished by FT-IR
spectroscopy. Figure 3 illustrates the FT-IR spectrum of the (a) eggshell, (b) L-cysteine and (c) L-
cysteine functionalized eggshell. The eggshell and L-cysteine functionalized eggshell show distinct
peaks at 711 cm™, 873 cm™, 2521 cm™ and 3313 cm, respectively. An intense peak was observed at
1413 cm? in ES and L-CFES, attributed to carbonate minerals within the eggshell matrix. The
broadband observed at 3600-3000 cm is attributed to the presence of hydroxyl groups on the surface
of the eggshell. In the L-cysteine FT-IR spectrum, an absorption peak is observed at 2143 cm™ due to
-N-H stretching vibration and additional peaks are present at 1593 cm™ and 1494 cm™ due to
symmetric and asymmetric —C-O-O stretching vibration (Laskar et al., 2018). The FT-IR spectra of
L-CFES show similarity to the spectrum of L-cysteine, indicating the presence of similar functional
groups on the surface of the eggshell.

(€)

(b)

()

Transmittance (%0)

4000 3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm ™)

Figure 3: FT-IR spectra of (a) ES, (b) L-cysteine, and (c) L-CFES

4.2. Adsorption Studies
4.2. 1. Effect of Contact time

The experimental result on the effect of contact time on iron adsorption is shown in Figure 4 (a). The
rate of adsorbate removal was rapid for the first 10 minutes at pH 5, and this trend continued until the
25-minute mark, at which point the 30-minute mark reached equilibrium. This behavior is attributed
to gradually occupying initially available vacant sites over time. At equilibrium, there is a reduction
in the number of active sites available, leading to a decrease in the driving force for adsorption and,
consequently, minimal or no further adsorption. As time progresses, the quantity of accessible sites
decreases, causing congestion of the adsorbent within the pores, thereby impeding the movement of
the adsorbate (\VVarghese et al., 2024).
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4.2.2. Effect of Adsorbent dosage

Figure 5 shows the impact of adsorbent dosage on the efficiency of iron adsorption. It highlights the
key finding that the optimal adsorption capacity of 96.29% is achieved with a 50mg dosage of L-
CFES. Both texts emphasise that beyond this optimal dosage, the adsorption efficiency declines due
to the saturation of surface sites, leading to decreased iron removal efficiency. The adverse effects of
higher adsorbent doses, such as particle aggregation, congestion, and overlapping, which lead to
reduced surface area and sorption capacity, are consistently noted. This demonstrates a clear
understanding of how varying the dosage of L-CFES affects the adsorption process, supporting the
conclusion that there is an optimal adsorbent dosage for maximising iron removal efficiency (Abatan

et al., 2020).

100 =
/ v—"
80 o A (O
C_U / 0O
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Figure 4: Effect of contact time with % removal of Fe(ll) solution
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Figure 5: Effect of different dosages of L-CFES with % removal of Fe (Il)solution
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4.2.3. Effect of initial concentration of Iron (11) solution

The influence of Fe (I1) concentration was examined by varying the concentration of adsorbate from
20, 50, 100,150 and 200 mg/L while keeping the adsorbent dosage constant at 50mg a, the contact
time at 30 min, and the optimum pH at 3. FFigure 6 shows that the initial concentration of iron
solution affects the adsorption efficiency of L-CFES. However, as depicted in Figure 6, there is a
decrease in the adsorption percentage of L-CFES material with an increase in adsorbate concentration
from 50 to 200 mg/L. At a concentration of 20 mg/L, the adsorption percentage is higher, attributed
to the large availability of surface sites on the adsorbent for adsorption at lower adsorbate
concentrations. Lower initial concentrations of the Fe (I1) solution allow more solute to be adsorbed
until equilibrium.

Consequently, the surface sites of the adsorbent gradually become saturated, leading to a progressive
decrease in the adsorption rate of the adsorbent. Compared to 50, 100, 150 and 200 mg/L
concentrations, the higher adsorption rate observed at 20 mg/L (96.29%) of iron can be attributed to
increased adsorption efficiency. This trend is likely due to the pores in the adsorbent becoming
clogged as the concentration of metal increases (Abatan et al., 2020).

100

90 =

80 =

70 =

% Removal

I\.

50

0 50 100 150 200
Initial concentration (mg/L)
Figure 6: Effect of initial concentration of Fe (I1) solution versus % removal of Fe (I1) ion

4.2.4. Effect of pH

The pH value of a solution plays a crucial role in the adsorption process. The Iron adsorption onto
amino acid functionalized eggshell surfaces at different pH levels studied ranged from 3 to 11. From
Figure 7, we can find that pH 3 shows the highest adsorption, which suggests that the
functionalization of eggshell surfaces with amino acid plays a significant role in enhancing iron
adsorption under acidic conditions. This could be due to various factors, such as the protonation of
functional groups on the amino acids, which may increase the affinity of the surface for iron ions.
The decrease in iron adsorption with increasing pH could be attributed to changes in the speciation of
the functional groups within the amino acids and the adsorbent surface. Certain functional groups
may deprotonate at higher pH levels, altering their ability to interact with iron ions effectively.
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Understanding the speciation of functional groups and the surface chemistry at different pH levels is
crucial for optimising adsorption processes (NR and | SL, 2016).

100

96 = \.

0. \

88

% Removal

84 =

80

2 4 6 8 10 12
pH

Figure 7: Effect of pH on % removal of Fe (I1) over L-CFES

4.2.5. Effect of Temperature
Temperature is a critical factor for adsorption processes. The principles of thermodynamics play a
significant role in the relation between adsorbent and adsorbate molecules. When the adsorption
capacity of the adsorbent increases with temperature, it suggests an endothermic adsorption process,
whereas a decrease in adsorption capacity with temperature indicates an exothermic adsorption
process. The effect of temperature on the adsorption of iron solution onto the adsorbent was studied
at 326, 336, 346 and 356 K. In Figure 8, the experimental results show a decrease in the removal
percentage of iron as the temperature increases from 326 K to 356 K.

100
|
95 \
S ]
o
% \
0 90 « [ |
S
85 o [ ]
80 r r r T
320 328 336 344 352 360

Temperature (K)

Figure 8: Effect of Temperature on % removal of Fe (11) over L-CFES
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This observation suggests that the adsorption process for iron onto the adsorbent is likely exothermic.
In exothermic adsorption processes, a temperature rise typically diminishes the adsorption capacity.
This phenomenon occurs because the additional thermal energy interferes with the adhesive forces
between the adsorbent and adsorbate molecules. Consequently, fewer adsorbate molecules are
effectively maintained on the adsorbent surface (Adebayo et al., 2016).

4.3. Adsorption isotherm

Adsorption isotherm models are crucial for optimizing the adsorbent and explaining the relationship
between the adsorbate molecules and the adsorbent, thereby determining the adsorption capacities of
the adsorbent molecules (Varghese et al., 2024). Figure 9 represents the adsorption equilibrium
isotherms associated with iron adsorption onto the functionalized eggshell using (a) Langmuir and (b)
Freundlich models.

Table 1: Isotherm constants and regression coefficient values for the adsorption of Fe(ll) by L-CFES

Adsorption isotherms  Isotherm parameters  Regression coefficients R?

gm (Mg g?) =74.2391

Langmuir model KL (L mg™t) = 0.4665 0.9242
RL =0.6345
. Kr =3.7002
Freundlich model N 227604 0.9892
1/n =0.3623

The isotherm constants and equation parameters associated with the isotherms are listed below in
Table 1. The high R? value of the Freundlich adsorption model indicates a strong fit for adsorption
studies. This explains the adsorption process as reversible and non-ideal, forming the non-uniform
multilayers of the iron metal on the L-CFES surface. Moreover, the nature of the adsorption of Iron
by L-CFES was obtained by the equilibrium parameter (Rp). The adsorption is more satisfactory
when Ry is between 0 and 1. TTable 1 reveals that the R. values for the adsorption of metal ions by
L-CFES are favorable. The adsorption capacity of the functionalized eggshell is 74.2391 mg/g for
iron, as shown in Table 1. This result indicates that L-CFES exhibited prominently greater
adsorption capacities than unmodified eggshell (Yeddou and Bensmaili, 2007). For the Freundlich
adsorption isotherm model, the value of exponent n has a magnitude of 2.9501, showing that the
process favors physical adsorption. The 1/n value for the Freundlich adsorption model is <1, which
shows a less cooperative adsorption process, and the heterogenous efficiency increases that will be
more at low adsorbate concentrations (Varghese et al., 2024).

4.4. Adsorption Kinetics

Adsorption kinetics pertains to the speed at which a substance is either retained or released from a
liquid solution at the interface of a solid. The analysis of adsorption can be carried out using linear or
non-linear methods. Studies on adsorption Kinetics offer valuable insights into the quality of the
adsorbent, its efficacy in removing substances, the rate of the adsorption process, the attainment of
equilibrium, and the fundamental mechanism of adsorption (Magdy et al., 2018). The kinetic model
mathematically describes how metal particles move from the bulk solution to the biosorbent surface.
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The study utilized the pseudo-first-order and pseudo-second-order kinetic models (Holliday et al.,
2024). The rate constants, adsorption capacities and correlation coefficients for the pseudo-first order
and pseudo-second order adsorption of iron at different concentrations by L-CFES are displayed in
Error! Reference source not found..

0.06

()

0.05 =

0.04 =

1/q

0.03 y = 0.02887x + 0.0134

R°= 0.9242
0.02 =

0.01 =

0.0 0.3 0.6 0.9 12 15
1/C,

2.2

(b)

2.0

1.8

log q,

164 " y =0.36226 x + 1.3084

R’=0.9892
14

12 ) L | L] L] ]
0.0 0.5 1.0 15 2.0
log C
[

Figure 9: Isotherm model for Fe (I1) adsorption (a) Langmuir and (b) Freundlich by L-CFES

The experimental data for iron adsorption Kinetics onto L-cysteine functionalized eggshells were
analysed using pseudo-first and pseudo-second-order models. The experimental results in Error!
Reference source not found. indicate that the data does not fit well with the pseudo-first-order
model, as evidenced by the low R? values. In contrast, the pseudo-second-order model better fits
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higher R? values. This suggests that metal adsorption onto L-CFES follows pseudo-second-order
kinetics, reflecting a chemical interaction between the iron molecules and the functional groups on
the adsorbent's surface, critical to its adsorption capacity (Varghese et al., 2024). The calculated and
experimental values of ge are closer to the second-order kinetic model than the first-order kinetic
model at all concentrations, suggesting that the Fe (I1) adsorption process by L-CFES shows a better
correlation to the second order kinetic model.

Table 2: Rate constants and regression data for Fe (1) adsorption by L-CFES

Pseudo-first-order Kinetics Pseudo second-order kinetics
ge Calculated
Iron Co (mg/g) K1 Qe R? Ko Qe R?
(mg/L) (min)  (mg/g) (mg/g/min)  (mg/g)
20 19.26 0.013891 773.426 0.60426 0.026850802 20.22245 0.99824
50 40.69 0.011309 472.0666 0.653 0.010842483 43.2526 0.99938
100 68.822 0.015019 2649.96 0.58778 0.01202222  71.02273 0.9995
150 0.011092 496.7714 0.68006 0.009961412 99.20635 0.99992
200 9.21 0.006952  79.29301 0.79502 0.00655947  238.0952 0.9996
108

4.5. Thermodynamic Studies

The properties such as spontaneity and feasibility of adsorption processes can be understood by
determining the thermodynamic parameters like standard Gibbs free energy(AGP), enthalpy (AH?)
and entropy (AS®). Calculation of the thermodynamic parameters Enthalpy (AH®), Entropy(AS°), and
Gibbs free energy (AGP) of adsorption on L-CFES are shown in Table 3.

Iron adsorption on the L-CFES material shows a negative standard Gibbs free energy value to be
spontaneous and thermodynamically favored at all the studied temperatures. The value of AG® in
between the range -4 to -8 KJ/mol suggests the process to be physisorption. The adsorption of heavy
metals on L-CFES shows the negative value of AG® increases as the temperature increased from 306
K — 336 K, indicating that adsorption was more favourable at lower T, nearly room temperature.
Weak van der Waals forces hold the adsorbate molecules onto the adsorbent surface at lower
temperatures. The rise in temperature causes the adsorbate molecules to gain kinetic energy, which
leads to the desorption of adsorbate molecules, resulting in decreases in the favourability of
adsorption. The negative value for the standard enthalpy changes obtained shows that the adsorption
process is exothermic. The magnitude of AH® describes whether the process is physisorption or
chemisorption. The value of AH? in between the range 40-400 KJ/Mol indicates the process to be
highly exothermic and, therefore, tends to physisorption due to chemical reactions. Furthermore, the
negative AS° entropy change suggests decreased disorder or randomness during adsorption. The
confinement of adsorbate molecules to the adsorbent surface limits the freedom of movement of
molecules and their possible orientations, resulting in a decrease in entropy, which indicates the
process to be physisorption (Sharma et al., 2022, Thommes et al., 2015).
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Table 3: Thermodynamic parameters for the adsorption of Fe (11) solution by L-CFES

Temperature K AG? AH? AS°

(K) (KJ/Mol) (KJ/Mol)  (J/K/Mol)
306 26.02 -8.29

316 13.62 -6.86

326 9.31 -6.04 -41.787 -109.845
336 5.80 -4.91

4.6. Antimicrobial Assay

Antimicrobial activity of the L-CFES and eggshell powder were analysed for two bacteria, Gram-
positive Staphylococcus aureus and Gram-negative E-coli. The obtained result is reported in Figure
10. The highest activity of the functionalised adsorbent was found against E-coli with an inhibition
zone of 23 mm compared to gram-positive bacteria, for which Staphylococcus aureus showed an
inhibition zone of 20 mm. The controlled sample used was sterile distilled water, which shows no
inhibition zone. The eggshell powder alone shows no antimicrobial activity against the selected
bacteria strains. The superior activity of L-CFES is due to the active surface functional groups
present in the eggshell material.

Figure 10: Antimicrobial activity of L-CFES; (a) Gram-positive Staphylococcus aureus and (b)
Gram-negative E-coli

5. Conclusion

This study prepared L-CFES from waste eggshells to recover metals like Fe from water. The
prepared adsorbent was characterised using FTIR, XRD and FE- SEM with EDS spectra. The
removal efficiency of the adsorbent was carried out using various parameters such as solution pH,
adsorbate concentration, adsorbent dosage, contact time and temperature. The optimum conditions
for the results show that the maximum adsorption capacity of the adsorbent was 74.2391 mg/g at an
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initial concentration of 20mg/L, the adsorbent dosage of 50 mg, pH of 3 and temperature of 306 K for
30 minutes. The best adsorption was attained at pH 3, indicating that the L-CFES exhibited
adsorption performance at acidic conditions. The equilibrium observations revealed that the
Freundlich model is a better match for the adsorption of Fe (I1). Considering the value of R? and
variance between the predicted and experimental values of qe, the best model for removing Fe (I1)
from water is pseudo-second-order Kinetics. Fe (I1) adsorption was exothermic and spontaneous from
a thermodynamic outlook. The antimicrobial activity of the L-CFES showed superior activity against
Gram-positive Staphylococcus aureus and Gram-negative E. coli compared to bare eggshells. Based
on the results, it can be concluded that L-CFES can be utilised as a favourable and resilient adsorbent
to recover Fe (1) from water. It is also helpful for the antimicrobial treatment of water bodies.
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