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Abstract 
The aim of this study was to investigate the feasibility of using a raw eggshell matrix as an affordable and ecology adsorbent 
for the removal of As(V) from aqueous solutions. The surface morphologies of the raw eggshell matrix were analyzed by 
Fourier transform infrared spectroscopy and scanning electron microscopy. Operating parameters such as the concentration 
of raw eggshell matrix, contact time, pH, and temperature were investigated in the removal of As(V) from aqueous solu-
tions. In addition, desorption studies were carried out. In this study, an As(V) removal efficiency of approximately 91.43% 
was achieved under the optimum conditions (raw eggshell matrix = 1.0 g/L, pH = 5.97, time = 10 min). The ΔHº, ΔSº, and 
ΔGº provided during the process indicated that the raw eggshell matrix was applicable, spontaneous, endothermic for the 
removal of As(V). The Langmuir was used to calculate the maximum adsorption capacity (9.143 mg/g) of the raw eggshell 
matrix, and it was observed that the pseudo-second-order was suitable for the removal of As(V). It was also determined that 
100 µg/L As (V) and the parameters that affect the adsorption process act as an antimicrobial agent and inhibit Escherichia 
coli bacteria on the raw eggshell matrix surface. According to the findings of this study, raw eggshell matrix was determined 
as a successful adsorbent for the removal of As(V) without any modification. Thus, it was demonstrated that the study has 
the potential to influence industrial symbiosis and industrial ecology approaches. This perspective will directly or indirectly 
contribute to cleaner production.
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Introduction

Water is a basic requirement needs for survival. However, 
the pollution of water resources has become a serious 
problem. Among the main pollutants, the spread of heavy 
metals, in particular, has increased considerably in recent 
years. Arsenic is among the top 20 most dangerous heavy 
metals (Pathan and Bose, 2018), and its contamination is 
an issue concerning the whole world as the constant utili-
zation of arsenic-contaminated water can lead to arsenic-
concerned illnesses (Mejia-Santillan et al., 2018). Today, 
mining activities such as ore processing and smelters; 
wood combustion and processing industry; coal and oil 
use, production, and burning; geothermal exploitation; 
agrochemical industry all produce arsenic-containing 
wastewater (Hayat et al. 2017).

Various methodologies have been being developed in 
order to eliminate arsenic from aqueous solutions. Some 
of these include chemical oxidation, coagulation, electro-
chemistry, nanofiltration, reverse osmosis, electro-dialysis, 
ion exchange, solvent extraction, membrane separation and 
adsorption using natural and artificial materials (Altowayti 
et al. 2020). However, all of these methodologies require 
high initial and maintenance costs and a qualified labor 
force and include huge concentrations of harmful mud and 
both heavy and weak contaminant sedimentation, which 
need more refinement. Today, adsorption is accepted 
as the most suitable elimination method due to features 
such as easy operation, simple design, renewability, small 
amount of sludge production, and easy integration into 
existing processes. Researchers have tested various adsor-
bents including oxides and hydroxides, metal phosphates, 
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agricultural and industrial wastes, polymer resins and acti-
vated carbon (Kloster et al. 2020). Eggshells, which are 
considered as agricultural and industrial waste, are also an 
effective adsorbent.

Agricultural waste is a significant issue arising in the 
food industry due to the cost of its disposal. However, find-
ing new uses for these residual materials is an opportunity 
for the bio-economic community. Eggshells are produced 
in large quantities by egg processing industries, and large 
amounts of these solid residues are still disposed of as 
waste in landfills without being pre-treated and, thus, are 
a source of organic pollution (Laca et al. 2017). By using 
eggshells as an adsorbent, the food industry could dispose 
of their waste and industries that produce arsenic-contain-
ing wastewater could save on the cost of adsorbents. In 
turn, this could lead to the emergence of industrial sym-
biosis and industrial ecology approaches. In biology, the 
word symbiosis refers to the interactions between organ-
isms and the interdependencies of species in ecosystems. 
In terms of an industrial approach, symbiosis refers to the 
sectors that interchange their waste and by-products in 
order to decrease their raw material requirements (Lybæk 
et al. 2021). The ultimate aim of industrial symbiosis is to 
collaboratively use waste or by-products from other com-
panies to minimize energy or resource use. Thus, a zero-
waste level can be achieved and the matter cycle can be 
locked (Neves et al. 2020; Mirabella et al. 2014).

In the present study, the elimination of As (V) from 
aqueous solutions was investigated using a raw eggshell 
matrix (eggshell + membrane, RESM), a low-cost adsor-
bent. Within this context, the aim was to both directly and 
indirectly contribute to cleaner production by developing 
industrial symbiosis and an industrial ecology perspective 
for researchers and producers. There are several studies in 
the literature that have focused on adsorption using modi-
fied eggshells to remove arsenic ions from wastewater. 
Compared to these studies, the most significant differ-
ence of the present study is that no activation, coating or, 
modification was applied to the adsorbent. By doing so, it 
was ensured that the pathogens that may be present in the 
eggshells were inhibited by the effect of the arsenic and 
adsorption factors. In addition, the possibility of generat-
ing biological pollution was prevented by using RESM as 
an adsorbent and microbial safety of the aqueous environ-
ment was ensured.

Within the scope of this study, the surface morphologies 
of the RESM were analyzed by Fourier transform infrared 
spectroscopy (FTIR) and scanning electron microscopy 
(SEM–EDX). Escherichia coli analyses, which can be found 
on the RESM, were carried out in two steps with  3M Pet-
rifilm high-sensitivity coliform count plates. Factors that 
affect the removal efficiency of arsenic such as RESM con-
centration, contact time, solution pH, and temperature were 

investigated. Different adsorption isotherms and kinetics 
were measured.

Materials and methods

Materials

High purity  As2O5 standard (100 µ/L As(V) concentration) 
was obtained from Sigma-Aldrich Chemie GmbH, Germany. 
All of the chemicals used in the study were of analytic purity 
(99%). For the adjustment of pH, 0.1 M  HNO3 was used as 
the standard acid, while 0.1 M NaOH was used as the base 
solution. The glass and plastic materials used in the batch 
adsorption analysis were washed with 2%  HNO3 and Milli-Q 
water (resistance, 18.2 MΏ cm; Millipore Corp.).

Preparation of the RESM

In this study, various processes, namely drying, grinding, 
and sieving, were applied to use the RESM as an adsorbent. 
The RESM was firstly washed with pure water (Milli-Q 
water, resistance, 18.2 MΏ cm; Millipore Corp.) and dried 
at 25 °C for 24 h. After the drying process, the RESM with 
a size of 1–1.5  cm2 was ground using a steel blade shred-
der. Then, the RESM was sieved, and the particles ranging 
between 1.5–3 mm mesh size were used in the adsorption 
studies. The RESM prepared at the beginning of each experi-
mental study was dried again at 25 °C, brought to a fixed 
weight and used.

Escherichia coli tests in the RESM

The  3 M Petrifilm Coliform Count Plate is a ready-culture-
medium that contains Violet Red Bile (VRB) nutrients, a 
cold-water-soluble gelling agent, and a tetrazolium indica-
tor that facilitates colony enumeration in samples. Escheri-
chia coli measurements were taken using this system. The 
homogenized samples were directly inoculated on Petrifilm, 
and the results obtained at the end of the required incubation 
were presented in terms of colony-forming unit (CFU).

Batch experimentations

Adsorption tests were carried out in glass equipment in 
accordance with the batch method. 250-mL Erlenmeyer 
flasks were used in the experiments. The schematic represen-
tation of the adsorption of As(V) onto the RESM is shown 
in Fig. 1. The laboratory-scale ZHICHENG analytical model 
thermal shaker was evaluated in the studies. A LABQUEST2 
brand device was used to determine pH. For the adjustment 
of pH, 0.1 M  HNO3 (Sigma-Aldrich Chemie GmbH, Ger-
many) was used as the standard acid, while 0.1 M NaOH 
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(Sigma-Aldrich Chemie GmbH, Germany) was used as the 
base solution. The effect of temperature on the adsorption of 
As(V) was examined between a range of 10 °C and 35 °C. 
The experiments were conducted by using different doses of 
the adsorbent ranging from 0.5 to 10 g/L in order to identify 
the optimum dose of RESM. All batch experiments were 
repeated three times. The As(V) concentration was analyzed 
by using an Inductively Couple Plasma-Optical Emission 
Spectrometer (ICP-OES, 2100DV, Perkin Elmer, USA). The 
As(V) yield (%) from the aqueous solution was calculated 
using the Eq. (1):

where  Co is the input concentration (mg/L),  Ce is the output 
concentration (mg/L).  (qe) is the adsorption capacity (mg/g), 
m is the dry weight of the RESM (g), and V is the volume 
(L) of the aqueous solution (Eq. (2)):

(1)As(%) =
(C

0
− Ce)

C
0

x100

(2)qe =

(

C
0
− Ce

)

× V

1000 × m

Desorption experiments

Desorption tests were applied to examine the reusability 
of the RESM in the experiments. Firstly, in order to clear 
any non-adsorbed arsenic, the RESM was filtered and then 
gently washed by using distilled water. Secondly, the As 
(V)-loaded RESM was instantly blended with As (V) des-
orbing solvents and shaken for 5 h. Then, to determine the 
arsenic desorbed from the RESM, the blend was filtered 
and the supernatant was analyzed. The 0.1 M NaOH solu-
tion was found to be successful in the desorption of As 
(V) compared to KOH, NaOH, and HCl (Sigma-Aldrich 
Chemie GmbH, Germany). Accordingly, desorption was 
carried out using 25 mL of 0.1 M NaOH solution. The 
percentage of desorption was determined with Eq. (3):

where  Cdes (mg/L) and  Csorb (mg/L) are As(V) released in 
the solution and adsorbed onto RESM, respectively.

(3)Asdes(%) =
Cdes

Csorb

× 100

Fig. 1  Schematic representation of the experimental procedure
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Morphological RESM characterizations

A SEM–EDX examination (Hitachi-SU 1510) was applied 
using a microscope equipped with an energy-dispersive 
analytic method operating at a pickup tension of 5–15 kV. 
FTIR spectroscopy (Excalibur 3000MX) was used for the 
characterization of the RESM surface. The surface area was 
determined with the Brunauer, Emmett and Teller (BET) 
method. A PerkinElmer 2400 brand elemental analyzer was 
used to determine the elemental composition of the synthe-
sized RESM.

Results and discussion

Escherichia coli experiments

The eggs were stored at a temperature of ≤ 7 °C to reduce or 
control the microbial growth on the surface of the shell. In 
addition, eggshell membranes contain matrix proteins such 
as ovotransferrin, lysozyme, ovalbumin, clusterin, osteo-
pontin, ovocleidin-17, ovocleidin-116, ovocalyxin-32, and 
ovocaloxin-36 all of which have antimicrobial properties 
(Jalili-Firoozinezhad et al. 2020; Lesnierowski and Stan-
gierski, 2018). As arsenic species are toxic to living organ-
isms, great care should be taken in adsorption and other 
treatment methods (Kim et al. 2020; Fontecha-Umaña et al. 
2020). Adsorbents, especially those that form the basis of 

adsorption, may have various living species on their sur-
faces. Therefore, due to the possibility of the presence of 
Escherichia coli on the egg shells used in the present study, 
it was investigated whether adsorption factors and arsenic 
had an inhibitory effect on them. The RESM was exposed to 
arsenic at the optimum adsorption parameters (RESM con-
centration = 0.1 g/L, pH = 5.97, contact time = 10 min) and 
evaluated. As shown in Fig. 2, it was determined that both 
arsenic and other experimental parameters may lead to the 
inhibition for Escherichia coli. In particular, parameters in 
which arsenic reaches its maximum removal efficiency were 
preferred. This is because, with these selected parameters, 
the arsenic was removed in the receiving water environment 
and the microbial load of the eggshells was reduced.

An unprocessed control set was created to detect the 
existing microflora of the eggshells. For this purpose, 1 g of 
eggshells was weighed and kept in 10 ml of water at 37 °C 
and a pH of 7 for 24 h, which are the ideal breeding condi-
tions of Escherichia coli. In addition, one more control set 
was created at 20 °C. At the end of the determined time 
period, the RESM was incubated at 20 °C and 37 °C for 
24 h after being inoculated on Petrifilm, in accordance with, 
the manufacturer’s instructions. At the end of the incuba-
tion process, the results were determined in CFU/1 g by 
counting the blue colonies that had grown in the Petrifilm. 
Different trial sets were also created for different doses, pH, 
and temperature combinations used in the study. In order 
to determine the antimicrobial effect of these conditions on 

Fig. 2  3M Petrifilm microbial analysis
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the Escherichia coli load on the eggshells, inoculation was 
performed with the same method and the results were evalu-
ated as CFU/1 mL. The conditions and results of the control 
and other experimental sets are given in Table 1. When these 

results were evaluated, it was observed that 100 µg/L As(V) 
and parameters affecting the adsorption, namely pH, temper-
ature, and time, acted as an antimicrobial agent and inhibited 
Escherichia coli bacteria on the surface of the RESM.

Morphological and elemental characterization 
of the RESM

Table 2 shows several properties and the elemental analysis 
of the RESM as detected by ICP-OES (Zaman et al. 2018). 
The SEM images of the RESM are presented in Fig. 3. As 
can be seen from figure, there were uneven and spiral sur-
faces with a high amount of messy pores, which produce 
great free surface field. In addition, the images showed the 
adsorption ability of As(V). EDX was performed to see the 
elemental exchange in the RESM before and after As(V) 
treatment.

As can be observed in Fig. 3, before the As(V) removal 
from the structure, the percentages of C, S, O, and Ca were 
75.13%, 1.52%, 25.68%, and 1.67%, respectively. However, 

Table 1  Microbial analysis 
results

Experimental Conditions Unit Escher-
ichia 
coli

Control-1 (37 °C, pH 7.0, 24 h, 1 g RESM) Cfu/1 g 17
Control-2 (20 °C, pH 7.0, 24 h, 1 g RESM) Cfu/1 g 2
Experiment-1 (20 °C, pH 4.0, 10 min, 0.1 g RESM, 100 µ/L As(V)) Cfu/1 mL 0
Experiment-2 (20 °C, pH 5.7, 10 min, 0.1 g RESM, 100 µ/L As(V)) Cfu/1 mL 0
Experiment-3 (20 °C, pH 8.6, 10 min, 0.1 g RESM, 100 µ/L As(V)) Cfu/1 mL 0

Table 2  Important specific features of the RESM

Parameters Unit RESM

Moisture content % 1.06
Ash content % 98.25
Organic matter % 6.3
Carbon (C) wt.% 21.13
Magnesium oxide (MgO) wt.% 6.79
Calcium oxide (CaO) wt.% 76.98
Aluminum oxide  (Al2O3) wt.% 0.14
Surface area m2/g 1.15
Pore volume cm3/g 1.75
pHZPC – 7.43
Calcium carbonate  (CaCO3) wt.% 91.99

Fig. 3  SEM images, EDX 
graphics of As(V)-loaded and 
As(V)-unladen RESM
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after the removal, the elemental composition of As(V) 
changed to: 77.26% for C, 1.56% for S, 20.60% for O, and 
0.58% for Ca (Fig. 3). Similar values were reported by 
Kusmierek et al. (2017). As eggshell characterization has 
been determined in many studies, the physicochemical prop-
erties of eggshell are well known (Shi et al. 2020; Mejia-
Santillan et al. 2018; Kusmierek et al. 2017). According to 
the EDX analysis results, O and Ca bonded with As(V) dur-
ing adsorption process. During the removal of As(V), O and 
Ca decreased in percentage. However, the percentages of S 
and C values increased, albeit at a low rate. This increase 
was thought to be due to the last vital activities of E. coli in 
the medium.

The FTIR peaks are presented in Fig. 4. The spectrum of 
3000–3500  cm−1 indicated the existence of an OH set, while 
the pointed peak at 1465  cm−1 demonstrated the existence of 
a C = O set. The spectrums between 800 and 1320  cm−1 that 
demonstrate the C–O tension vibrations are given in Fig. 4. 
In Fig. 4, the band between 3000 and 3500  cm−1 showed 
less peak compared to before the adsorption, process; how-
ever, it still indicated an OH stretch; the small peak between 
1500 and 2235  cm−1 indicated a C=C stretch; the spectrums 
around 2000–2500  cm−1 defined the presence of specific 

peaks; and the wide area at approximately 3500  cm−1 could 
be determining the presence of O–H and N–H tension (Has-
rin et al. 2020). In addition, the presence of a -OH group 
indicated that the RESM had a moisture adsorption capa-
bility. The bands at 1631 and 1440  cm−1 represented C=O 
and C=O stretching, respectively. However, the existence of 
O–H and C=O stretching bands in the FTIR of the RESM 
demonstrated the existence of –COOH, which is consistent 
with the previous studies (Seeharaj et al. 2019; Shakoor et al. 
2019). Based on the FTIR analysis, it can be assumed that 
the surface functional groups were suitable for adsorption.

pH stability studies

The As (V) removal efficiencies at different pH values 
obtained in the first stage of determining the optimum 
adsorption conditions are presented in Fig. 5. When the pH 
reached 5.97, it was observed that the As(V) removal per-
centage for RESM increased significantly from 70.21% to 
87.02%. Increasing the pH value of the solution from 5.97 to 
12.0 resulted in a decrease in yield from 87.02% to 63.71%. 
Among the different pH values studied, the highest removal 

Fig. 4  FTIR peaks before and 
after RESM adsorption
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yield for the adsorption of As(V)was found as 87.02% when 
pH was 5.97.

As a result of the increase in pH from 2.0 to 12.0, the 
removal efficiency of As(V) decreased swiftly from 87.02% 
to 63.71%. The reason for this was that as As(V) types, 
 H2AsO4

− and  HAsO4
2− are dominant in the pH range of 

3–10  (H3AsO4 has three  pKa values:  pK1 = 2.20,  pK2 = 6.97, 
and  pK3 = 11.53) (Wu et al. 2018). As the solubility of cal-
cium carbonate is low (less than 1%) in the pH range of 
2–12, the experiment for the adsorption of As(V) was car-
ried out in this pH range (Flores-Cano et al. 2013). The  pHzpc 
(zero-point charge) of any absorbent is a very significant fea-
ture that identifies the pH value at which the surface has net 
electrical neutrality. The  pHzpc of RESM was determined as 
7.43 and was comparable with the values obtained in previ-
ous studies (Kusmierek et al. 2017). According to the studies 
in the literature, decreases in adsorption efficiency can be 
observed depending on the electrostatic repulsion force at 
optimum conditions. At the condition in which the pH value 
is below the  pHzpc of the material (6.5), the hydroxyl groups 
of the surface will be protonated to form  OH2+, which makes 
the ligand interchange with the arsenate anion easier (Niazi 
et al. 2018; Bibi et al. 2017). The gradual de-protonation of 
the surface hydroxyl groups due to the increase in the pH of 
the solution causes the adsorbent to be charged negatively. 
As this condition imposes repulsion with the anionic As(V), 
it is unfavorable for As(V) adsorption. It has been stated in 
the literature that as the pH of the solution increases, the 
adsorption level of strong acid anions by hydroxides and 
metal-oxides decreases (Zhang et al. 2013).

Effect of contact time

Contact time is a significant parameter in determining 
the equilibrium time required for the absorption of metal 
ions on an adsorbent, as there is a positive relationship 
between the number of metal ions removed from the 
aqueous solutions and contact time (Gaur et al. 2018). 
The influence of contact time was examined at 25 °C by 

changing the length of the contact time from 5 to 120 min. 
In addition, the RESM amount and pH level were fixed 
as 1 g/100 ml and 5.97, respectively. Figure 6 shows the 
removal efficiency of arsenic on the RESM according to 
contact time. According to figure, it can be observed that 
the arsenic removal efficiency firstly increased quickly 
and then achieved balance. This may be due to the larger 
surface area and specific properties of the RESM for the 
adsorption of As (V). Similar behavior has also been men-
tioned by various studies in the literature (Nistico et al. 
2018). Under the presented situation, the maximum As(V) 
removal efficiency was determined as 91.43%. As can be 
seen from Fig. 6, the reaction for As (V) was fairly quick 
and the elimination yield reached equilibrium within 
30–120 min. Gaur et al. (2018) carried out a study by 
using apple pomace activated with NaOH and determined 
that the ultimate amount of As(V) was adsorbed within a 
60-min incubation period, and then, it reduced with the 
increase in the incubation period.

Effect of RESM dosage

The influence of RESM dose was investigated at 25 °C, 
5.97 pH, and a contact time of 10 min by modifying the 
adsorbent amount from 0.5 to 10 g/100 ml. The removal 
percentage of As(V) decreased from 71.57%, 83.39%, 
70.00%, and 69.56% when the RESM dose was 0.5, 1.0, 
2.0, and 5.0 g/L, respectively. The increased dose of RESM 
and the decrease in efficiency may be due to the satura-
tion of the RESM, in which case it can no longer adsorb 
As(V). In this study, the maximum removal of ~ 83.39% 
was achieved at an optimum RESM dose of 1.0 g. After 
1.5 g RESM dose, the arsenic removal efficiency remained 
constant at doses between 2 and 10 g (Fig. 7). Similar 
results have been reported by studies in the literature for 
the adsorption of arsenic by utilizing different adsorbents 
(Zeng et al. 2020; Sawood and Gupta 2020).

Fig. 6  Contact time changes in 
As (V) removal
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Effect of temperature changes

During the adsorption stage, temperature affects the veloc-
ity of the reaction between the adsorbent and adsorbate in 
the aqueous solution. The influence of temperature on the 
adsorption of arsenic is shown in Fig. 8. It can be understood 
that there was a positive relationship between temperature 
and adsorption of As(V). As can be observed in Fig. 8, with 
the temperature increasing from 10 °C to 45 °C, the As(V) 
removal efficiency increased from 76.51% to 87.21%. How-
ever, a higher increase in temperature had very little effect 
on the adsorption of arsenic. Regarding the literature, it can 
be said that this issue was also observed in other adsorbents 
(Pokhrel and Viraraghavan 2008). The reason for this rela-
tionship between the arsenic removal efficiency and the tem-
perature is not clear yet. The increased adsorption capacity 
or rising kinetic activity may be shown as a reason; however, 
further research is required for the determination of the exact 
reason (Wu et al. 2018).

Thermodynamic effects of temperature changes

Thermodynamic parameters are important factors in deter-
mining the level of spontaneous formation of adsorption and 
energy requirements. Gibbs energy (ΔG°, kJ/mol), entropy 
change (ΔS°, J/mol/K), and enthalpy change (ΔH°, kJ/

mol)) are determined using Eqs. 4 and 5.  Kd is the thermo-
dynamic distribution coefficient and was calculated using 
Eq. 6 (Heiba et al. 2018). R [8.314 (J/mol/K)]

Thermodynamic calculations were performed according 
to Fig. 9. The ΔG° was −2.643, −2.045, −1.779, −1.180, 
−1.346, −1.085 kJ/mol at 283, 288, 293, 298, 303, 308 K, 
respectively. All ΔGº values were negative, which clearly 
reveals the spontaneous nature of the adsorption. In addition, 
negative values of ΔG° indicate that the bond energy between 
the RESM and As(V) was strong. According to the literature, 
ΔGº is between zero and − 20 kJ/mol for physical adsorption, 
and −80 and −400 kJ/mol for chemical adsorption. Mudziel-
wana et al. (2020) determined that in As(V) treatment with 
RESM, ΔG° remained below −20 and the limit value was not 
exceeded despite the temperature increase. The positive values 
of ΔH° and ΔS° showed that As(V) adsorption was endo-
thermic and the randomness was found to increase between 

(4)ΔG◦ = −RTlnKd

(5)lnKd =
ΔS◦

R
−

ΔH◦

RT

(6)Kd =
qe

ce

Fig. 7  RESM changes in As (V) 
removal
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As (V) removal
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the As(V) solution and the inactive regions of RESM. As the 
temperature increased, the degree of the self-realization of 
the process increased. Additionally, the positive ΔHº value of 
23.589 kJ/mol for the adsorption of As(V) indicated that the 
adsorption to the RESM was endothermic in physical sorption. 
The positive ΔS° value of 7.295 J/mol/K was obtained from 
the interaction of RESM and As(V) in the solid–liquid inter-
face. Similar findings were obtained in relevant studies in the 
literature (Rahdar et al. 2019; Tran et al. 2017). The ΔG° val-
ues obtained for all temperature values used in the study were 
found to be between −1.085 and −2.643 kJ/mol. According 
to the literature, ΔG° is between 0 and −20 kJ/mol for physi-
cal adsorption. The values obtained in the present study were 
found to be, within this range. As a result, it can be said that 
the adsorption of As (V) by RESM is of a physical adsorption.

Evaluation of different adsorption isotherms 
and kinetic models

Four different isotherms were used to describe the relationship 
between the RESM and As(V) during the adsorption process. 
According to the experimental results, the Freundlich (7), 
Langmuir (8), Dubinin-Radushkevich (9), and Temkin (10) 
isotherms and the separation factor  (RL) (11) were determined 
(Çelebi et al. 2020):

(7)qe = KF
n
√

Ce

(8)qe =
qmKLCe

1 + KLCe

(9)lnqe = lnqm − ��2

(10)qe =
RT

bT
ln(ATCe)

Ce: balance amount of As(V) (mg/L);  qe: the number of 
As(V)-RESM at equilibrium (mg/g);  KL: Langmuir constant 
(L/mg);  KF and 1/n: Freundlich constants; Ɛ and R (8.314 J/
mol K) constants;  AT (L/mg),  bT (J/mol): Temkin constants. 
In order to evaluate the goodness of fit of the isotherms, the 
normalized standard deviation (Δq) was measured by using 
the following formula (Kusmierek et al. 2017):

In Eq. 12, N refers to the number of data points. It was 
thought that the isotherm model with the lower Δq value and 
higher correlation coefficient  (R2) would be better fitted to 
the experimental data. Table 3 shows the values of the equi-
librium constants, and the correlation coefficient for each 
isotherm model. As can be seen from the table, the Lang-
muir isotherm model had a higher  R2 value. A maximum 
absorption capacity of 9.143 mg/g for RESM was obtained 
with the Langmuir isotherm equation.

When the values of separation factors  (RL) obtained by 
using Eq. 11 are observed, it can be said that for the value 
of 0, the process of adsorption was irreversible, for the val-
ues between 0 and 1, it was unfavorable, and for the values 
above 1, it was linear. As can be seen in Table 3, the sepa-
ration factor values found in this study were between 0 and 
1, indicating that the adsorption of As(V) onto RESM was 
favorable at equilibrium. By comparing the values of the  R2 
and the normalized standard deviation (Δq), it can be said 

(11)RL =
1

1 + KLC0

(12)Δq = 100 ×

√

∑ [qexp − qcal∕qexp]
2

N − 1
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Fig. 9  The adsorption thermodynamic of As(V) ions onto RESM

Table 3  Best-fit parameters for two isotherms of As(V) adsorption

Isotherm Models Parameters RESM

Langmuir qexp (mg/g) 9.143
qcal (mg/g) 8.571
b (L/mg) 0.482
RL 0.027
R2 0.983
Δq (%) 2.554

Freundlich KF (L/g) 12.532
n 6.626
R2 0.604
Δq (%) 5.912
AT 6.873

Temkin R2 0.606
Δq (%) 5.743
Ɛ (kj/mol) 3.296

Dubinin-Radushkevich R2 0.516
Δq (%) 5.652
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that the Langmuir and Freundlich isotherms were efficiently 
in line with the adsorption process of the RESM particles. 
Compared to the Langmuir, the Freundlich was less suitable 
 (R2 = 0.983, Δq = 2.554%). The experimental  (qexp) and calcu-
lated  (qcal) adsorption capacities for the isotherms are shown 
in Fig. 10, while Fig. 11 shows the adsorption isotherms of 
As(V) onto RESM. The results obtained with RESM were 
consistent with the results obtained in previous studies (Hua 
2018). Alkurdi et al. (2020) used bone char for arsenic species 
and found that the Langmuir isotherm was suitable. Sawood 
and Gupta (2020) evaluated the Azadirachta indica/Fe for the 
removal of As(V) from aqueous solutions and determined that 
the Langmuir and pseudo-second-order were successful for 
this process. In the present study, as can be seen in Table 4, 
the maximum arsenic ion adsorption capacities of the RESM 
determined by using the Langmuir isotherm were within the 
same range of both modified and natural absorbents used in 
previous studies. It can also be said that the adsorption capac-
ity of eggshells is lower than other adsorbents. The adjustment 
of the equilibrium data to the Langmuir isotherm was decisive 
for a single-layered absorption of the arsenic ion on the homo-
geneous surface areas of the RESM mixtures.

Çelebi et al. (2020) identified the absorption process by 
applying the pseudo-first-order and pseudo-second-order 
kinetic and intra-particle diffusion models in order to examine 
the adsorption rate of the arsenic ion via the RESM adsorbent. 
In the present study, pseudo-first-order (Eq. 13), pseudo-sec-
ond-order (Eq. 14), Elovich (Eq. 15), and intraparticle diffu-
sion (Eq. 16) kinetics were tested for the adsorption of As (V).

(13)qt = qe(1 − e−k1t)

(14)qt =
k
2
q2
e
t

1 + k
2
qet

In these equations,  k1 is the rate constant of the pseudo-
first-order;  k2 refers is the rate constant of the pseudo-sec-
ond-order;  qt and  qe are the arsenate adsorption capacity for 
any time (t) and at equilibrium, respectively;  kp is the rate 
constant of the intra-particle diffusion; and c is the intercept 
of the intra-particle diffusion model. Table 5 shows the val-
ues of the As(V) adsorption kinetics of the pseudo-first order 
and pseudo-second order.

According to Table 5 and Fig. 11, it can be explicitly said 
that the kinetic data can be explained better by the pseudo-
second-order model as this model had a higher  R2 for RESM 
compared to the first-order model. For this reason, infer-
ences indicating that the adsorption of arsenic ion via RESM 
follows pseudo-second-order kinetics can be made. The term 
adsorption refers to the physical bonding of ions and mol-
ecules to the surface of a solid material. Kinetic models can 
clarify the behavior of the adsorption process under flex-
ible operational parameters (Wu et al. 2018). The pseudo-
second-order model with higher  R2 values better explains the 
fact that adsorption may be the speed limiting stage, which 
may include the exchange of electrons or valence forces 
sharing between RESM and As(V). Other studies in the lit-
erature conducted on heavy metal adsorption using different 
techniques have emphasized that the pseudo-second-order 
kinetic model is appropriate to remove various heavy metals 
(Lee et al. 2018). The present study obtained similar results 
to those acquired in the mentioned studies.

Desorption of the spent RESM

Desorption efforts can reveal the adsorption mechanism. 
In addition, they can be used to evaluate the feasibility of 
the regeneration of the used adsorbent and the recovery of 
the toxic materials, which are adsorbed, before discharging 
them into the environment. The reusability of adsorbents 
with good adsorption efficiency is economically important. 
For real-scale wastewater applications, reusing active areas 
of worn adsorbents will reduce both the operating costs and 
the risk of secondary pollutants. In the batch experiments, 
conducted in the present study, distilled water and different 
solvents with various concentrations were utilized in order 
to obtain the ideal desorption efficiency. In terms of bases, 
the highest desorption efficiency of 52.61% belonged to 
NaOH that had 2 M concentrations. The hydroxyl ions dis-
charged from the bases might have been replaced with the 
negatively charged arsenic ions which were on the RESM 
surface. In the NaOH-based desorption study, strong bonds 

(15)qt =
1

�
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�
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Fig. 11  Isotherms and kinetic 
curves of As(V) adsorption by 
RESM
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can be observed between the As and the RESM surface as 
the adsorption mechanism occurred by chemical absorption. 
Moreover, by using 0.1 M HCl, ∼96% of the arsenic ion was 
removed from the solution. However, the adsorbent lost 73% 
of its relative weight. Depending on these findings, it can be 
suggested that NaOH can be used to generate RESM, and 
HCl can be utilized to achieve the full recovery of As(V) 
from the studied RESM. The arsenic released as a result of 
the regeneration of the eggshells after the desorption stage 
can be precipitated using different chemical precipitation 
 (Al2O3, lime,  FeCl3 etc.) and electrocoagulation methods. 
The chemical sludge formed after settling can be sent to 
hazardous waste disposal facilities to remove the arsenic 
from the water.

Cost analysis of the RESM

In the literature, the potential use and removal efficiency 
of adsorbents are often mentioned, while cost analysis is 
not. In this study, RESM was chosen as an adsorbent due 
to its renewable characteristics, availability, and low cost. 
RESM is characterized as a waste that is produced in 
various industries and must be disposed of, thus resulting 
in an additional cost to companies. If another industry 
that produces wastewater of a high arsenic content does 
not choose RESM as an adsorbent, it will face a new 
cost. However, these costs can be avoided if both firms 
adopt the industrial symbiosis approach. A preliminary 
economic evaluation of the cost of RESM was made in 
this section. However, the calculated price may vary from 
region to region according to the change in various costs. 
A simple cost estimate was made for the manufacture and 

Table 4  Evaluation of  qe values of RESM and other adsorbents

Adsorbent pH Dose (g/L) qe (mg/g) Yields (%) References

Chitosan 6.5 1 14.95 99.00 Zeng et al. (2020)
Mn-Ferrite nanoparticles 2.0 0.04 27.98 99.00 Martinez et al. (2018)
Fe-Azadirachta indica 6.0 1 0.37 96.00 Sawood and Gupta (2020)
Modified eggshell 6.0 1.0 4.32 91.50 Mubarak et al. (2015)
Coir pith ash 6.8 5.0 36.50 80.00 Mezbaul-Bahar et al. (2018)
Rice husk 8.0 42.5 2.25 90.70 Asif and Chen (2017)
Copper ferrite 8.1 0.01 85.40 99.98 Wu et al. (2018)
Graphene nanocomposite 3.05 0.19 84.34 97.26 Sahu et al. (2018)
Chitosan 7.0 8.0 39.10 90.00 Qi et al. (2015)
Oak wood biochar 6.0 1.0 3.89 84.00 Niazi et al. (2018)
Soya Bean 4.0 4.0 0.084 74.67 Gaur et al. (2018)
RESM 5.97 1.0 9.143 91.43 This Study

Table 5  Best-fit parameters for three kinetics of As(V) adsorption

Kinetic Models Parameters RESM

Pseudo-first-order qcal (mg/g) 5.821
k1  (min−1) 0.012
R2 0.614

Pseudo-second-order qcal (mg/g) 8.246
k2 (g/mg/min) 0.107
R2 0.999

Intraparticle diffusion kp 0.004
R2 0.066

Elovich α (mg/g/min) 2.98E + 5
β (g/mg) 0.062
R2 0.011
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the use of RESM as follows: Approximately, € 255 was 
calculated for one ton of RESM production, taking into 
account transportation, production (crushing, separation, 
storage, etc.), and electrical energy costs. The price of 
commercially active carbon, which is widely used in 
adsorption, is around 5866 €/ton (GAPS Water Treatment 
2020). Therefore, the cost of RESM is significantly more 
affordable and economical than commercially available 
activated carbons.

Conclusion

The method of adsorption has a significant potential for 
water treatment as it is both cost-effective and energy 
efficient. In order to increase this potential, alternative 
adsorbents are required. In this context, various wastes 
that are considered as rubbish can be used. This study 
evaluated the performance of RESM as an inexpensive 
adsorbent to remove As(V). As previously discussed, 
the optimum parameters for the removal efficiency of 
RESM are a temperature of 25 °C and a pH value of 5.97. 
Under these optimum conditions, approximately 91.43% 
of As(V) was removed by using the RESM at a dose of 
1 g/L and As(V) at an initial concentration of 100 µg/L. 
It was observed that rapid adsorption occurred within 
the first 10 min. The thermodynamic parameters ensured 
during the adsorption determined that the RESM was fea-
sible, natural, and endothermic for the removal of As(V). 
The FTIR results revealed that –OH, alkyl, –COO–, and 
–NH2 groups were active in As (V) removal. The Lang-
muir isotherm was determined as the most suitable for 
the adsorption of As(V) onto the RESM. According to 
the findings of this study, RESM was determined as a 
successful adsorbent for the removal of As(V) without 
any modification. Thus, it was demonstrated that the 
study has the potential to influence industrial symbiosis 
and industrial ecology approaches. This perspective will 
directly or indirectly contribute to cleaner production. 
It was also revealed that 100 µg/L As(V) and param-
eters affecting the adsorption, namely pH, temperature, 
and time, acted as an antimicrobial agent and inhibited 
Escherichia coli bacteria on the RESM surface. Further 
studies must be carried out in order to validate the per-
formance of RESM in the adsorption process. All results 
showed that RESM was an environmentally friendly, 
affordable, and easily available adsorbent in removing 
As(V) from aqueous solutions.
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