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The sorption potential of eggshell nanoparticles as a cheap sorbent was studied in the removal of cobalt ions from aqueous solutions.
Also, Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET), and Dynamic Light Scattering (DLS) analyses were employed
to measure the features of eggshell nanoparticles. The highest uptake efficiency was 97.43%, which was attained at stirring rate of 200 rpm,
contact time of 60 min, 4 g 1! eggshell dose, Co(II) ion concentration of 20 mg 1!, temperature of 30 °C, contact time of 60 min, and pH 6.
Also, the adsorption process followed the Langmuir isotherm model. Moreover, the pseudo-second-order kinetic model could describe the
kinetic behavior of Co(II) ions adsorption better than the pseudo-first-order and intraparticle diffusion kinetic models. Further, the eggshell
sorbent showed significant reusability, so the removal efficiency of Co(lIl) after 4 reutilize cycles did not change significantly and could
remain its removal efficiency above 90%. Moreover, the adsorbent was able to eliminate effectively contaminants such as 5-day Biochemical
Oxygen Demand (BODs), Chemical Oxygen Demand (COD), and heavy metal ions from a real wastewater. Additionally, the influence of
interfering ions including Zn(II), Pb(Il), Cr(III) and Cr(VI), Hg(II), and As(III) was studied on the sorption performance of Co(Il) ions, and
the results revealed that Pb(IT) and As(III) had the highest and lowest sorption efficiency, respectively.
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INTRODUCTION and be sorbed by plants and thus enter the food chain [1,2].
These ions are toxic and dangerous for humans. Cobalt (Co)

Heavy metals are one of the stable, non-biodegradable is utilized extensively in many industries such as batteries,
pollutants that can enter water and soil in the environment hard-facing alloys, production of pigment, fuel, and other
- industries [3]. According to the World Health Organization
*Corresponding author. E-mail: abdulrahman.qais@uoa. (WHO), the permeable quantity of Co(II) ion in potable water
edu.iq is 2 ug I'' [4]. Accumulation of Co(II) ions in the human body
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causes many diseases and disorders including myocardial
disorders, thyroid disorders, skin sensitivity, and cancer [5].

There are plenty of processes for Co removal from effluents,
including ion exchange, reverse osmosis, electrodialysis,
chemical precipitation, coagulation, and sorption [3,6]. The
sorption process is a simple, and cheap method with high
efficiency. The sorption process has advantages over other
techniques, which can be attributed to the small area of the
land used (half or a quarter compared to the biological
process), low sensitivity to flow changes, no influence of
toxic materials in the process, high flexibility in design, very
high removal of inorganic materials, etc. [7,8]. Diverse kinds
of substances can be employed in this process, among which
biosorbents have been considered much attention owing to
their low cost, availability, and no need for the generation
process. Eggshells [9], sawdust of palm tree, sour lemon and
eucalyptus [10], rice and corn husk biochar [11], Microcystis
aeruginosa bioadsorbent [12], tea residues [13], orange peel
waste [14], and sewage sludge-derived biochar [15] are some
important biosorbents. Eggshell is considered as an abundant
waste material in the environment, which is a rich source of
calcium. Annually, more than 4 million tons of eggshells are
produced in China [16]. Almost 95% of eggshell is calcium
carbonate and the rest of its content is organic matter. To
produce a sorbent with high efficiencys, it is better to calcinate
above 800 °C.
temperatures, the eggshell turns into CaO. These types of

eggshells in temperatures In these
catalysts have high reusability and stability, and after several
reuses, their performance reduces because they may be
converted to Ca(OH); [17,18]. In addition, to evaluate the
sorption behavior of adsorbents, kinetics and isotherms are
very helpful. By utilizing isotherm models, some important
factors such as maximum sorption capacity and type of
sorption process (i.e., physical or chemical) can be specified.
Also, the rate of sorption of contaminants on the sorbent
surface is determined by kinetic models [19,20].

The goal of this project is to evaluate the sorption
potential of eggshell nanoparticles in Co(Il) ions removal
from aqueous media. The surface attributes of eggshells were
evaluated by DLS, SEM, and BET analyzes. Also, the kinetic
and equilibrium behaviors of the sorption process were
studied. Moreover, the recyclability of eggshell nanoparticles
was investigated in multiple cycles in order to evaluate the
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stability of these nanoparticles in wastewater. Besides, the
capability of eggshell nanoparticles was assessed to purify a
real wastewater and some crucial factors such as BODs,
COD, metal ions, and pH were measured before and after
adding adsorbent.

CHEMICAL AND PROCEDURES

Materials
Cobalt(Il) nitrate  hexahydrate (CO(No03)2.6H20,
purity>99%, Merck Co.) with a molar mass of

291.03 g mol"! was utilized to generate cobalt solution. Also,
acetic acid (purity > 99.8 and molar mass of 60.05 g mol™!)
and NaOH (purity > 99 and molar mass of 40 g mol!) were
prepared from Merck Co., and utilized in this study.

Producing Eggshell Nanoparticles

The eggshell was prepared from local restaurants. Then,
the membrane into the structure of the eggshell was isolated.
Next, it was cleansed several times with water. After that, the
washed eggshells were dried at 100 °C for 2 h in an oven.
Next, they were pulverized by a mechanical ball mill. This
technique is a useful process for the top-down production of
nanoparticles. In this process, the material particles are
ground due to friction with the grinding grains and collision
at high speed, which ultimately leads to the reduction of
particle size in the nanoscale. After this process, the particle
size reached 70 nm [21]. To specify its particle size, eggshells
were dissolved into a solution containing ethylene glycol. It
was then stored in polyethylene plastic bags at room
temperature. Particle size distribution of eggshell was
obtained using a Particle Size Analyzer (PSA) device
(Horiba, Japan, model 1b550). To study the changes on the
surface of eggshells before and after sorption, SEM (Hitachi
S-4160, Japan) analysis was done. Further, the surface
features such as specific surface area and pore size of
eggshell, BET (Belsorp, mini II, Japan) analysis was applied.

Batch Experiments of Adsorption
In this study, the experiments were done discontinuously
in 250 ml Erlynmeyer flasks containing 100 ml of cobalt ion
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concentration. Then, the impact of pH (2-10), eggshell
concentration (1-5 g I''), cobalt ion concentration (10-
50 mg I'"), stirring speed (0-400 rpm), and time (5-130 min)
as effective parameters were studied on the cobalt ion
sorption. In order to obtain optimal pH value, several
solutions with different pHs containing 2-10 were made and
the laboratory conditions were the temperature of 30 °C,
10 mg 1! cobalt ion concentration, 3 g 1! eggshell dosage,
and 200 rpm stirring speed. After 40 min, the remaining
concentration of Co(II) ions was measured by a flame atomic
absorption device (SpectrAA240, Varian, Australia). After
that, the influence of other factors on the sorption of Co(II)
was assessed. At the end of each test, the sorption efficiency
(R) and sorption capacity (q.) were determined as follows:

R(%) = [(Ci — C0)/Ci] x 100 (1)
ge =(Ci—Ce)*V/w 2

Here, Ci, Co, Ce, V, and W are initial cobalt concentration
(mg 1Y), final cobalt concentration (mg 1), equilibrium
cobalt concentration (mg 1), solution volume (liter), and
sorbent weight (gram), respectively [22].

Also, the zero point charge (pHpc) of the adsorbent was
studied in order to determine the net surface charge of the
adsorbent. To determine pHzpc, several solutions with
different pH values (2-10) were prepared and after adding
eggshell nanoparticles to the solutions, their final pH was
measured.

Treatment of Real Wastewater and Reusability

The capability of eggshell nanoparticles in the treatment
of a real sample of wastewater was evaluated. To do so,
different chemical and physical attributes of the wastewater
were measured before and after adding eggshell
nanoparticles, including BODs, COD, pH, and concentration
of Hg(IT) and Co(IT) metal ions.

Also, the reusability of the eggshell nanoparticle in the
elimination of cobalt ions was studied in multiple cycles. The
tests were done under optimal situations and after each step,
the structure of eggshells was cleansed with HNO3 and water
to delete any impurity and metal ions from its surface and

prepare the sorbent in the next step of sorption.
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Impact of Interfering Ions

The influence of several ions in the solution on the
removal efficiency of cobalt ions on the surface and active
sites of eggshell nanoparticles was investigated. To
investigate this key factor, a solution containing various
metal ions such as zinc (Zn(Il)), lead (Pb(Il)), chromium
(Cr(I1I) and Cr(VI)), mercury (Hg(IT)), and arsenic (As(III))
was made. The experiment was done at a temperature of
30 °C, stirring rate of 200 rpm, pH 6, and eggshell dose of
4 g I''. The concentration of each ion in the solution was
considered as 20 mg 1" and after 60 min, the sorption process
was stopped and the residual concentration of each ion was

measured.
RESULTS AND DISCUSSIONS

Characterization of Eggshell Nanoparticles

In order to investigate the surface changes as well as
morphological features on the eggshell surface, SEM
analysis was employed. In order to evaluate the surface
features of eggshell nanoparticles such as porosity and active
sites, the surface of nanoparticles was covered with a thin
layer of gold. As shown in Fig. 1a, there are many pores on
the adsorbent surface. Also, many ups and downs are seen on
its surface, which indicates that eggshell nanoparticles have
sufficient active sites for the adsorption process. After the
adsorption process (Fig. 1b), some pores on the eggshell
surface are covered by cobalt ions, which indicates that the
adsorption process is done successfully.

Also, BET analysis was performed to determine the
surface attributes of eggshell nanoparticles. Accordingly, the
BET specific surface area, Langmuir specific surface area,
pore volume, and pore diameter of particles were
21.96 m? g 26.74 m? g', 0.035 cm® g, and 12 nm,
respectively, which demonstrates that eggshell nanoparticles
have mesoporous structure due to its pore diameter, which is
between 2 to 50 nm [23].

Moreover, the evaluate the average particle size of
eggshell, DLS analysis was employed and the outcomes are
revealed in Fig. 2. As demonstrated, the mean size of
particles is around 27 nm, which shows that the eggshell

sorbent is on a nanosize scale.
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Fig. 1. SEM analysis from the surface of eggshell

nanoparticles before (a) and after (b) sorption of cobalt ions.
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Fig. 2. DLS data for determining the average particle size of
eggshell.

The Influence of Diverse Variables on Sorption

Many factors influenced the sorption efficiency of Co(II)
ions from aqueous solutions, including pH, stirring speed,
time, sorbent dosage, and Co(Il) ion concentration. pH is a
critical factor in the sorption of all pollutants as the sorption
efficiency in the solution highly depends on H* and OH-
concentrations [24]. Investigating the influence of pH on the
cobalt ion sorption using eggshell nanoparticles in the
domain of 2-10 is seen in Fig. 3a.
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Fig. 3. The effect of pH on the sorption efficiency of cobalt
ions utilizing eggshell nanoparticles (a) and determination of
pHzpc (b) (Conditions: temperature = 30 °C, cobalt ion
concentration = 10 mg 1"}, eggshell dosage = 3 g I}, stirring
speed = 200 rpm, time = 40 min).
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According to the results, the uptake efficiency of cobalt
ions enhances with rising pH from 2 to 6 and then dwindles.
The highest removal efficiency of Co(Il) in pH 6 was
94.36%. At low pH amounts, the concentration of H is high
and these ions compete with cobalt ions to place on the active
sites of eggshell nanoparticles. Therefore, the sorption
efficiency at low pHs is low. Because of the high
concentration of H™ ions at low pH amounts (pH = 2) and the
easier sorption of these ions compared to metal ions, the
minimum sorption efficiency of Co(Il) ions occurs. With
enhancing pH from 6 to 10, the concentration of H ions in
the solution is reduced, while the concentration of OH" ions
is enhanced. At high pH, hydroxide ions form a complex with
cobalt ions and cause precipitation of cobalt ions, thus
prevent cobalt ions from being placed on the active sites of
eggshell nanoparticles. However, the concentration of both
H* and OH- ions in the solution is low at pH around 7, and
Co(II) ions are placed easily on the active sites of eggshell
nanoparticles. Similar results were obtained in previous
studies [25-26]. Therefore, the highest sorption efficiency
was attained at pH 6. In addition, the surface charge of
eggshell nanoparticles plays a crucial role in the interaction
between the binding sites of pollutant molecules and the
sorbent surface. To this end, the zero-point charge (pHyp.) of
the adsorbent was determined. Figure 3b shows the results of
pHzpc for eggshell nanoparticles in the sorption of Co(II)
ions. According to Fig. 3b, the pHzpc of eggshell
nanoparticles is 6.2, which means that the net surface charge
of eggshell nanoparticles becomes positive at pH below 6.2
and negative above this value [27].

Another factor that has huge influence on cobalt ion
adsorption is mixing rate [28], and this factor was
investigated in the range of 0-400 rpm under operating
conditions including temperature of 30 °C, time of 40 min,
pH 6, cobalt ion concentration of 10 mg 17!, and eggshell
dosage of 3 g I'. To do these experiments, a magnet stirrer
was employed. According to Fig. 4, the removal efficiency
of Co(Il) ions enhances with rising stirring rate from 0 to
200 rpm, because by increasing the rate of mixing, the
possibility of contact between the active sites on the eggshell
surface and the cobalt ions in the solution increases. Mixing
the solution reduces the boundary layer and thus reduces the
resistance of cobalt ions transfer, which results in an increase
in the ion transfer rate [29]. At a higher stirring rate, the
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sorption efficiency declined. Therefore, the highest sorption
efficiency (94.36%) was attained at 200 rpm.
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Fig. 4. Impact of stirring rate on the sorption efficiency of
cobalt ions utilizing eggshell nanoparticles (Conditions:
temperature = 30 °C, cobalt ion concentration = 10 mg 1!,
eggshell dosage =3 g I'!, pH = 6, time = 40 min).

The concentration of the adsorbent also plays a crucial
role in the sorption efficiency because this parameter
determines the sorption capacity and the amount of pollutant
adsorbed on the sorbent surface [22]. In this research, the
influence of sorbent dosage (1-5 g 1) was studied on the
sorption of cobalt ions, while other conditions such as
temperature (30 °C), stirring rate (200 rpm), cobalt ion
concentration (10 mg I'"), pH (6), and time (40 min) were kept
constant. As illustrated in Fig. 5, the uptake efficiency of
cobalt ions enhances from 73.44 to 97.43% with enhancing
eggshell concentration from 1 to 4 g I"'. The number of active
sites increases with enhancing the amount of adsorbent, and
more cobalt ions can be adsorbed on the eggshell surface.
Nonetheless, no change is seen in the sorption efficiency with
an increment in the sorbent dosage above 4 g 1!, which is due
to the saturation of the sorbent's active sites [29]. Therefore,
the sorbent concentration of 4 g 1" was considered the optimal
quantity.
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Fig. 5. Impact of sorbent concentration on the sorption
efficiency of cobalt ions utilizing eggshell nanoparticles
(Conditions: temperature = 30 °C, cobalt ion concentration =
10 mg I'', pH = 6, stirring speed = 200 rpm, time = 40 min).

Furthermore, the impact of cobalt ion concentration in
different contact times was studied on the sorption efficiency,
and the output is observed in Fig. 6. In this study, various
concentrations of Co(II) ions from 10 to 50 mg 1! at different
times (5-130 min) were studied, while other parameters, such
as pH 6, temperature of 30 °C, eggshell concentration of
4 g1, and stirring rate of 200 rpm, were considered constant.
Fig. 6 demonstrates that the sorption efficiency increases
with rising contact time and cobalt ion concentration because
by increasing the concentration of cobalt ion, the necessary
force for mass transfer between solid and liquid phases is well
provided. At low Co(Il) concentrations, the proportion of
Co(1l) ions to the active sites of eggshell nanoparticles is low
and all Co(Il) ions are adsorbed on the adsorbent surface,
while at high Co(I) concentrations, there are fewer active
sites for adsorption. Owing to the saturation of the active sites
at high ion concentrations, many Co(II) ions are not
adsorbed, which decreases the sorption efficiency [25]. Also,
the rate of sorption of cobalt ions by eggshell nanoparticles
was faster in the early times, which is caused by the
absorption of cobalt ions by the active sites of the sorbent.
The equilibrium time for the uptake of Co(Il) ions in the
solution by eggshell nanoparticles was determined to be
60 min, and after the mentioned time, the sorption percentage
increased slowly, which indicates that the active sites of
eggshell nanoparticles are occupied by cobalt ions as well as
sorption through the penetration of ions into adsorbent layers.
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Fig. 6. Impact of cobalt ion concentration at different contact
times on the sorption efficiency in the existence of eggshell
nanoparticles (Conditions: temperature = 30 °C, eggshell
dosage = 4 g 1, and stirring speed = 200 rpm, pH = 6).

Equilibrium and Kinetic Studies

Equilibrium isotherms show the relationship between
adsorbent particles and contaminants in a solution. The
adsorption mechanism of pollutants is usually determined by
these isotherms [30]. Freundlich and Langmuir isotherm
models are two well-known models to describe the
equilibrium behavior of the adsorption process. These two
models were employed in this research in order to describe
the isotherm behavior of Co(II) ion sorption using eggshell
nanoparticles. In the Langmuir model, it is assumed that there
are only interactions between active sites of the adsorbent and
contaminant molecules, so the sorption process is only done
single layer [31]. The linear form of this model is defined as

follows:
1 1 1
Lo Lyl 3)
de dmax krCeQmax

Where, Ce, qe, qmax, and ki are equilibrium concentration of
metal ions (mg I'"), sorption capacity (mg g'), maximum
sorption capacity (mg g'), and Langmuir model constant,
respectively.

Another important isotherm model is Freundlich, which
can be utilized for describing the sorption potential of organic
and inorganic pollutants using sorbent. In this model, it is
assumed that the sorption of metal ions occurs on the non-
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uniform and heterogeneous surfaces of the sorbent [32]. The
linear form of this model is defined as follows:

Lng, = LnK; + %ane (4)

In this relationship, Kr and n are both the constants of the
Freundlich model, which depend on the sorption capacity and
potential of the sorbent [33]. In this study, the Langmuir
and Freundlich models were employed to describe the
equilibrium behavior of the Co(II) ions sorption. By utilizing
these isotherms, the sorption capacity is determined. To
investigate the equilibrium sorption behavior of eggshell
nanoparticles, several tests were done and the outcomes are
revealed in Fig. 7 as well as Table 1.
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Fig. 7. Langmuir (a) and Freundlich (b) isotherm diagrams
for investigating the equilibrium behavior of eggshell
nanoparticles in Co(II) ion removal (Conditions: temperature
=30 °C, cobalt ion concentration = 10 mg 1!, stirring speed
=200 rpm, pH = 6, time = 60 min).

Table 1. Constants and Parameters of Langmuir and
Freundlich Models for Co(ll) Removal by Eggshell

Nanoparticles

Isotherm Variables Amount
Qmax (mg g™) 6.896
. KL (1mg™) 1.88
Langmuir Re 0.05
R? 0.9404
n 2.208
Freundlich Kr(mg g™) 4.167
R 0.934

Owing to a higher amount of R2, the sorption of Co(II)
ions utilizing eggshell nanoparticles follows the Langmuir
model, which means that the sorption of Co(II) ions using
eggshell nanoparticles is monolayer on the homogeneous
surface of the adsorbent [22]. Also, the small amount of Ry
(i.e., 0.05) demonstrates that the adsorption of cobalt ions
using eggshell nanoparticles is favorable. Moreover, the
maximum adsorption capacity of cobalt ions using eggshells
is 6.896 mg g'. Furthermore, the amount of n (2.208) using
the Freundlich model shows that the uptake of cobalt ions
using eggshell nanoparticles is physical and favorable [34].
In addition, the amounts of sorption energy (i.e., Ki) and Kr
were 1.88 1 mg™! and 4.167 mg g’!, respectively, which are
suitable amounts [35].

Another investigation done in this work was studying the
kinetic behavior of the sorption process. This behavior
depends on the physical and chemical attributes of the
adsorbent. In this study, the psedue-first-order (PFO),
psedue-second-order (PSO), and intraparticle diffusion
kinetic models are employed for describing the kinetic
behavior of the sorption of Co(IT) metal ions. The PFO model
is one of the equations that has been extensively utilized for
describing the kinetic behavior of the adsorbent in many
studies. In the PFO model, it is assumed that the rate of
change of solute removal with time is directly proportional to
the changes in saturation concentration and amount of
sorbate removal with time [36]. The linear form of PFO is
expressed as follows:
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Ln(qe - qt) = Lnq, — K;t (%)

Here, q; (mg g™') and k (1 min™") are the sorption capacity at
time t and the sorption constant rate, respectively. Another
important kinetic model is PSO, which is expressed as
follows [37]:

t 1 1

E et (©)

qt Kzqe de

Where K> (g mg! min') is the rate constant of the PSO
model.

Also, the following relationship is used to describe the
intraparticle diffusion kinetic model:

qc = kit'/? +1 0

where, I and k; are the equilibrium constant (mg g*!) and the
intraparticle diffusion rate constant (mg g' min'?),
respectively. These parameters are calculated from the
intercept and slope of g, against t"2, respectively. If the plot

of g, vs. 17

is a straight line, intraparticle diffusion can be
considered a limiting step in the adsorption process. Also, if
the plot of g; vs. 12 is not a straight line, the liquid film
diffusion will be dominant in the sorption process [38].

The kinetic behavior of the sorption process of cobalt ions
utilizing eggshell nanoparticles was studied by three well-
known models namely PFO, PSO, and intraparticle diffusion,
and the results are shown in Fig. 8 and Table 2. To investigate
the kinetic behavior, several experiments were carried out in
various cobalt ion concentrations (i.e., 10, 20, 30, 40, and
50 mg 1I'"). The amounts of R? show that the PSO model is
better fitted with the experimental data compared to PFO and
intraparticle diffusion models. Also, the amounts of g ca for
the PSO model are closer to the amounts of ge.xp compared
to the PFO model. Therefore, the PSO model is more suitable
for describing the kinetic behavior of cobalt ions sorption
using eggshell nanoparticles. The results are consistent with
previous studies [39]. According to the intraparticle diffusion
model (Fig. 8c), there are two stages of adsorption. The first
step is carried out at a high rate and is related to film
diffusion. In this step, Co(Il) ion is transferred from a thin
layer to the sorbent surface [40]. The rate of the second stage
is slow and the diffusion of Co(II) ions into the sorbent limits
the reaction rate. If the film diffusion step is the mass transfer
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controlling step, the equilibrium is reached at early times. In
conclusion, intraparticle and film diffusion mechanisms are
important in the sorption of Co(II) ions using eggshell
nanoparticles [41].
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Fig. 8. Kinetics of cobalt ion sorption using eggshell
nanoparticles, including PFO (a), PSO (b), and intraparticle
diffusion model (c) (Conditions: temperature = 30 °C,
eggshell dosage =4 g I'!, stirring speed = 200 rpm, pH = 6).
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Table 2. Parameters of PFO and PSO Kinetic Models for Cobalt Ion Sorption Using Eggshell Nanoparticles

Cobalt ion concentration (mg I'")

Kinetic models Variable
20 30 40 50

Qe cal (Mg g) 1.0713 2.995 4.623 6.902 6.8517

PFO Ki (min) 0.0584 0.0649 0.067 0.0614 0.0554

Qe oxp (mg g™h) 3.203 6.2806 9.232 12.077 14.206

R? 0.9449 0.9984 0.9845 0.9913 0.9596

Qe cat (Mg g) 3.286 6.418 9.532 12.562 14.79

PSO K; 0.112 0.0599 0.03 0.0184 0.0154

h 1.209 2.467 2.725 2.9 3.368

R? 0.9996 0.9993 0.9997 0.9998 0.9995

Ki1 (mg g min''?) 0.292 0.468 0.860 1.088 1.449

I (mgg™h) 1.452 3.226 3.819 4.924 5.045

. . R? 0.864 0.977 0.909 0.934 0.947
Intraparticle diffusion )

Ki> (mg g!' min!?) 0.011 0.036 0.063 0.127 0.115

L (mgg?) 3.086 5.896 8.576 10.744 13.281

R? 0.912 0.826 0.795 0.835 0.926

Reusability

The reusability of adsorbents is a critical factor to
evaluate the feasible applicability of adsorbents in the
industry [42]. In this research, the reusability of eggshell
nanoparticles in cobalt ion removal was surveyed in 6 reuse
cycles, and the outcomes are revealed in Fig. 9. After each
cycle, the sorbent surface was washed with a mix of water
and HNO:s to delete impurities and cobalt ions, and then the
eggshell was reused in the next step. Also, the experiments
were done under optimal conditions. According to the results,
the sorption efficiency reduces from 97.43% to 90.1% after
4 cycles (i.e., 7.5% reduction in efficiency), which reveals
that eggshell has significant stability. Kavand and colleagues
investigated the reusability of activated carbon in the removal
of Pb(Il), Cd(II), and Ni(II) ions in four successive cycles.
They employed HNO;3 to clean and remove impurities from
the sorbent surface after each stage. After 4 reuse cycles, the
reduction in the sorption efficiency of Pb(II) and Cd(II) was
around 7%, while an 8.5% reduction was observed in the
removal efficiency of Ni(II) ions. These outcomes reveal that

the reusability of activated carbon is comparable with the
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eggshell used in this work [43]. In another study, Hamed and
Borai investigated the reusability of cobalt imprinted
polymer in the sorption of Co(Il) ions. After 5 successive
cycles, the sorption efficiency reduced by 9%, which shows

a lower reusability than our study [44].
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Fig. 9. The reusability of eggshell nanoparticles in 6 cycles
(Conditions: temperature = 30 °C, eggshell dosage = 4 g 1!,
cobalt ion concentration = 10 mg 1"}, stirring speed = 200 rpm,
pH = 6, time = 60 min).
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Table 3. The Removal Percentage of some Important Chemical and Physical Features of the Wastewater through

Adsorption onto the Eggshell Nanoparticle

Parameter Before treatment After treatment by nano-biochar Removal percentage
(%)
Co(II) ion (mg I 4.7 0.8 83
Hg(II) ion (mg 1) 1.1 Non-detectable 100
Turbidity (NTU) 19.5 12.3 37
COD (mg I'Y 322.50 137.65 57.3
BOD:s (mg 1) 185.50 86.95 53.1
pH 7.4 7.1 -
Real Wastewater __ 100
The potential of eggshell nanoparticles in the treatment of § 90
a real sample of wastewater was studied and the results are E‘ %0
presented in Table 3. As shown, several important features -
such as BODs, COD, metal ions, pH, and turbidity before and % 70
after sorption using eggshells were measured and compared. _E 60
As reported, eggshell nanoparticles were able to eliminate g Qo@ C}e\\ Oo@ QQ@ Q&x\\ QSOQQ Yg@

Co(IT) and Hg(II) ions with high efficiency from the effluent.
In addition, the concentration of other pollutants such as
COD, turbidity, and BODs was reduced significantly after
Also, the pH of the
wastewater after adding the eggshell nanoparticle changed

adding eggshell nanoparticles.

from 7.4 to 7.1, which is due to the removal of contaminants
from the wastewater. Overall, due to the high removal
efficiency, eggshell nanoparticles are proposed as an
attractive sorbent for industrial wastewater purification.

Impact of Interfering Ions

Figure 10 demonstrates the sorption efficiency of these
ions onto the sorbent. As shown, Pb(Il) and As(IIl) with
sorption efficiency of 93.65 and 86.3% have the highest and
lowest sorption percentages among all other metal ions,
respectively, so that Pb(I[) ions have the maximum
interfering impact among other ions on the sorption of cobalt
ions by eggshell nanoparticles. Also, the sorption efficiency
of Co(II) ions is 92.69%. The sorption efficiency of other ions
such as Cr(VI), Cr(Ill), Zn(IT), and Hg(Il) is 93.25, 90.6,
88.8, and 87.55%, respectively.
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Metal ions

Fig. 10. The influence of interference ions on the sorption
efficiency of Co(Il) ions onto the eggshell surface under
optimal conditions (Conditions: temperature = 30 °C,
eggshell dosage = 4 g 1, stirring speed = 200 rpm, pH = 6,
time = 60 min).

CONCLUSION

In this study, cobalt heavy metal ions were removed using
eggshell nanoparticles. DLS, BET, and SEM analyzes were
utilized to evaluate particle size, specific surface area, and
morphological features of eggshell particles. The results
revealed that the average particle size of eggshell is about
24 nm, the eggshell is highly porous, and its specific surface
area is significant, therefore, the sorbent is suitable for the
sorption of metal ions. Also, the utmost uptake efficiency of
cobalt ions utilizing eggshell nanoparticles under optimal
conditions (i.e., stirring rate of 200 rpm, 4 g I'' eggshell dose,
time of 60 min, Co(I) ion concentration of 20 mg 1/,
temperature of 30 °C, and pH 6) was 97.43%. In this survey,
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the isotherm and kinetic behavior of Co(Il) ions sorption was
investigated and the outcomes revealed that the Langmuir
isotherm and PSO kinetic models could describe better the
sorption behavior of Co(II) ions using eggshell nanoparticles.
Also, the equilibrium study showed that the sorption of
Co(Il) ions using eggshell nanoparticles is favorable and
physical. In addition, the reusability study of eggshell in
Co(1Il) ion removal showed that eggshell nanoparticles have
high reusability after 4 reuse steps so their sorption efficiency
reduced by only 7.5%. Moreover, eggshell nanoparticles
could remove BODs, COD, Hg(Il), and Co(Il) ions from a
real wastewater with removal percentages of 53.1, 57.3, 100,
and 83%, respectively, which indicates the remarkable
capability of eggshell nanoparticles. Furthermore, the impact
of interfering ions, such as Zn(II), Pb(II), Cr(IIT) and Cr(VI),
Hg(II), and As(I1I), was studied on the sorption performance
of Co(Il) ions by eggshell nanoparticles, and the results
revealed that Pb(IT) and As(III) had the highest and lowest
sorption efficiency, respectively. Based on the results,
eggshell nanoparticles are suggested as an efficient adsorbent
for the removal of Co(II) ions from industrial wastewater.
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