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ARTICLE INFO ABSTRACT

This study aims to remove organic cationic dye Basic Fuchsin (BF) by adsorption onto a low cost eggshell
membrane (ESM) in batch mode at 293 K. XRD analysis confirms the amorphous nature of ESM meanwhile FTIR
spectroscopy reveals the presence of several functional groups such as hydroxyl (-OH), sulfhydryl (-SH), car-
boxyl (-COOH), and amino (-NH,). Morphological observations by SEM indicate its fibrous microstructure. BET
analysis shows a surface area of 11.56 m? g~' and the presence of mesopores with a volume of 6.173
10~2 cm® g™ The value of pHpzc of ESM is 7.05. The influence of adsorbent dose, contact time, pH, tem-
perature and dye concentration is examined. The highest adsorption capacity around 48 mg.g ~'is achieved for a
dye concentration 250 ppm, pH 6 and 25 °C. In addition, adsorption has been found to follow pseudo-second
order kinetics. The analysis of the experimental data using linear forms based on Langmuir, Freundlich and
Temkin isotherm models indicate that the best fit is obtained with Freundlich model. Thermodynamic para-
meters (Gibbs free energy, enthalpy, and entropy) reveal that the adsorption of BF onto ESM is an exothermic
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and spontaneous process. A comprehensive mechanism for BF adsorption by ESM has been proposed.

1. Introduction

Dyes from various species of the chemical industry were considered
the main component of wastewater (Bayramoglu et al., 2009). Nowa-
days, a large variety of dyes is widely used and discarded, in most cases,
without preliminary treatment, thereby causing pollution and en-
vironmental concerns. It has been reported that the textile industry
consumes more than 700,000 tons of dyes accounting of around 10,000
types; one of major's pollutants (Li et al., 2018a).Compared to anionic
dyes, the cationic dyes have been identified more toxic, with relatively
high tinctorial values (less than 1.0 mg/L) (Bayramoglu et al., 2009).

Basic Fuchsin, defined as a complex red phenyl methane dye, con-
tains mainly three components namely pararosaniline, rosaniline, and
magenta II (Kong et al., 2014; Zeyada et al., 2015). It is utilized in
numerous applications, including but not limited to, tissue-specific
staining of biological and coloring materials like cotton, orlon, paper
and leather (Qin et al., 2014), biological stain for nucleus, tissues and
muscles in addition as tracking certain proteins (Kalita et al., 2017).
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Considering its toxicity and carcinogenic effects alongside with a poor
biodegradation, the removal of BF from wastewater becomes necessary
in order to reduce or eliminate it before being discharged in natural
medium (El Haddad, 2016). Herein, it is important to highlight that
environment protection requires profound awareness regarding the use
of dyes alongside with law enforcement through governmental and
non-governmental agencies.

Numerous wastewater decolorization techniques can be applied
such as coagulation— flocculation (Verma et al.,, 2012), chemical
treatment (Uliana et al., 2012), aerobic and anaerobic biological
treatments (El-Khateeb et al., 2009), advanced oxidation processes like
Fenton and photocatalysis (Quadrado and Fajardo 2017; Wang et al.,
2014; Saleh and Taufik 2019) as well as adsorption (Postai et al., 2016;
Asfaram et al., 2017).Each technique offers specific application with
distinct advantages and drawbacks. Generally speaking, the adopted
method is usually evaluated according several factors, including its
cost, application and performance relative to the desired aim. The ad-
sorption is considered as one of the most advantageous process for
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water and wastewater decolorization due to its efficiency, low cost and
simplicity (Rahman and Khan, 2016). Meanwhile, the granular acti-
vated carbon is recognized as abundant and thereby the most used
adsorbent for water treatment. However, it has been reported to present
some limitations such as its costly chemical and thermal regeneration.

On the hand side, biomaterials are now widely studied as future
promising adsorbent, mainly because of their abundance, environ-
mental friendly and the possibility to be produced from renewable
sources. Recently, many researchers have been interested in the pre-
paration of biosorbents and investigate their properties in addition to
their efficiency for the removal of several organic contaminants, such as
sugarcane bagasse (Sadaf et al., 2014), phoenix tree leaf (Han et al.,
2009), food residues as coffee grounds (Kyzas et al. 2012; Shen and
Gondal 2017) eggshell membrane (Abdel-Khalek et al., 2017; Liu and
Liu, 2011; Pramanpol and Nitayapat, 2006) and lignocellulosic mate-
rials (Khelaifia et al., 2016; Nouacer et al., 2016). Consequently, the
adopted methodology becomes cost-effective meanwhile contributes to
sustainable development through the valorization of natural materials
and industrial wastes.

In this study, eggshell membrane (ESM) as potential bioadsorbent
has been investigated for the removal of basic Fuchsin (BF) dye from
aqueous solutions. The eggshell membrane, representing the thin layer
between the egg white and the shell, is composed of porous network of
insoluble fibrous proteins with a relatively large surface area and could
be considered as a promising sorbent for organic contaminants from
wastewater (Wang et al., 2010; Torres et al., 2010).

Generally speaking, eggshell, as natural biomaterial, has been used
for diverse applications such as catalysts for volatile organic com-
pounds (VOCs) oxidation (Li et al., 2020), semiconductors (Zhang et al.,
2020b), low-cost photocatalysts (Zhang et al., 2020a), photocatalysis
and antibacterial (Zhang et al., 2019), as well detector and catalyst
(Ding et al., 2020).

Particularly, eggshell membrane has been found to offer promising
applications including: bioinspired carbon dots (Choi and Zheng,
2019),on-enzymatic electrochemical dopamine sensor (Liu et al.,
2020), high-performance electrode materials (Chung and Manthiram,
2014), biosensor (D'Souza et al., 2013), antibacterial (Liu et al., 2017;
He et al., 2019; Li et al., 2019), detector (Cao et al., 2020), catalysis (Li
et al., 2017a), photocatalysis (Preda et al., 2020), supercapacitor (da
Silva et al., 2019), medicinal products and biomaterial for wound care
dressing (Li et al., 2018b), as well adsorbent (He et al., 2019).

Some research groups (Ummartyotin et al., 2016; Abdel-Khalek
et al., 2017) have investigated the efficiency of ESM as an adsorbent for
the removal of dyes and heavy metals from water. On the other hand,
because of its biocompatible nature, the ESM can be easily degraded
after its use, resulting in less secondary waste. The main objective of
this research work consists on determining the adsorption performance
of BF in batch mode.

Based on the literature review and to the best knowledge of authors,
no previous studies in the literature have been conducted to establish
the adsorption of BF in wastewater by using ESM as bioadsorbent.
Nevertheless, it is important to mention that ESM has been studied in
the field of water treatment (Gupta et al., 2008; El Haddad, 2016). The
eggshell membrane is defined as a dual membrane with an intricate
lattice meshwork of interlocked large and small fibers forming a tena-
cious sheath. The two membranes are simply separated by mechanical
dissection, due to plane cleavage existing between these two layers.

ESM fibers are composed mainly of proteins (80-85%) and a small
amount of polysaccharide; the protein which approximately 10% are
collagens (types I, V and X) and 70-75% of other proteins and glyco-
proteins (Balaz, 2014; Tsai et al., 2006).

This study aims to determine the corresponding effects associated
with the variation of experimental parameters, namely the adsorbent
dose, contact time, stirring speed, temperature, pH and dye initial
concentration. Additionally, numerical analysis is carried out in order
to elucidate the adsorption kinetics by two main models; i.e. pseudo
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first-order and pseudo-second-order. Meanwhile, the equilibrium data
will be modeled using three equations: Langmuir, Freundlich and
Temkin. The thermodynamic parameters for the adsorption of BF ions
are also determined.

2. Materials and methods
2.1. Chemicals

The basic fuchsin (BF) was dissolved in double distilled water
(DDW) to prepare a stock solution of 1000 mg.L ™!, and then a series of
diluted solutions were prepared with concentrations from 20 to
250 mg.L ™. The residual concentration of BF was measured using a
UV-Vis spectrophotometer (PerkinElmer Optima) at a wavelength
543 nm. The adjustment of the pH of solution was achieved with 0.1 M
HCl and 0.1 M NaOH and monitored by a pH meter (HANNA HI9812-
5). The chemicals of analytical grade were purchased from
Sigma-Aldrich-Fluka (Saint-Quentin, Fallavier, France).

2.2. Preparation of adsorbent

Chicken eggshell waste was obtained from local restaurant.
Eggshells were washed several times with distilled water and then
boiled in DDW for 10 min using Techno Water Bath in order to remove
any residual impurities. Afterwards, ESM was carefully stripped from
the eggshell manually. Subsequently, ESM was dried in Memmert
Drying Oven at 50 °C for overnight and crushed into powder; only
particles of size in the range 250-350 um were used.

2.3. Characterization of adsorbent

The elemental analysis was performed with a CHNS-932 Leco in-
strument. Thermal analysis (TGA/DTA) was carried out by using
Setaram setsys 1750 instrument in the temperature range 25-800 °C
with a heating rate of 10 °C/min and under air atmosphere. The crys-
talline structure was characterized by X-ray diffraction (XRD) using
Philips X'Pert diffractometer equipped with CuKa radiation source
(A = 1.5418 10\). Fourier Transform Infrared (FTIR) patterns were re-
corded to identify the functional groups of ESM using the IR Affinity-1S
(SHIMADZU) in combination with a single reflection ATR under a
maximum pressure of 0.1 GPa, standard resolution 4 cm ™! and an ac-
cumulation number of 50. The morphology of the ESM powder was
analyzed by scanning electron microscopy (SEM) using JEM-2010-JEOL
instrument. BET surface area was determined using a Nova
Quantachrome Analyzer. The point of zero charge (pHpzc) measure-
ment was carried out by placing in various Erlenmeyer flasks 50 ml of
0.01 M NacCl solution and their pH (pH;) was adjusted to different va-
lues between 2 and 12 by the addition of 0.1 M HCI or NaOH solutions.
Then 100 mg of ESM powder was added into each solution and the
mixture was filtered to remove the adsorbent and the filtrate was
analyzed using a pH meter (pHy) after 48 h.

2.4. Kinetic and equilibrium studies

Adsorption experiments in batch mode were performed in order to
study the influence of the ESM dose, contact time, stirring speed,
temperature, pH and dye initial concentration. During this study, 1.0 g
of ESM was mixed in a set of 500 ml conical flasks each containing
200 ml of dye solution.

Batch tests were conducted at room temperature 25 + 0.2 °C, pH
solution (pH = 6) and concentration of 20 mg.L_l. The flask was
placed on a mechanical shaker and agitated at 150 rpm until equili-
brium was attained. At the end of each adsorption experiment, the
mixture of ESM and BF was centrifuged at 4000 rpm for 5 min. The
absorbance of residual dye was analyzed using UV-Vis spectro-
photometer. The adsorption experiments were repeated twice and the
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Table 1

Elemental analysis for ESM.
Chemical composition (wt. %) C (0] H N S
ESM 46.99 26.11 6.56 15.19 3.84

average standard deviation was found around 3%.
The quantity of dye adsorbed at equilibrium, Qe (mg.g™"), was
calculated using the following relationship:

— (CO - Ce)V

Qe W &)

where C, and C, (mg.L_l) are the initial and equilibrium concentration
of dye, respectively; V (L) is the volume of dye solution and W (g) is the
mass of ESM.

The dye removal rate (%) was calculated as follows:

G=-C) x 100

R (%) =
@ Co 2

where C; (mg.L_l) is the residual dye at time t (min).

3. Results and discussion
3.1. Characterizations

3.1.1. Chemical composition

Elemental analysis as shown in Table 1 reveals that ESM contains
carbon, oxygen, hydrogen, nitrogen and sulfur; which indicates and
confirms its protein nature with a high weight percentage of carbon
(46.99%).
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3.1.2. Thermo gravimetric and differential thermal analysis

A substance subjected to thermal treatment can undergo modifica-
tions of its physico-chemical properties as a phase change, a decom-
position, a volume variation, a structural alteration, etc. (Hadfi et al.,
2018). The TGA/DTA curves displayed in Fig. 1 (A) show that as the
temperature rises, thermal decomposition of ESM powder at different
degree occurred with the existence of the multistep decomposition. The
first step of decomposition, corresponding to a weight loss of approxi-
mately 13.94% is observed around 61 °C and may be ascribed to the
beginning of ESM denaturation of collagen (Choi et al., 2017).The
second region in the range 155-540 °C results as a consequence of the
thermal degradation of collagen (Torres et al., 2013). This effect can be
associated with the ability of hydrogen belonging to water molecules to
bond to amide groups (Torres et al., 2013). At 560 °C, all organics are
removed corresponding to the total decomposition of ESM powder
(Torres et al., 2013). In addition, it can be noticed the presence of
endothermic and exothermic TDA peaks at 76.6 °C and 328.2 °C, re-
spectively.

3.1.3. Structure analysis by XRD

The X-ray diffraction pattern of the ESM powder (Fig. 1 (B)) exhibits
the presence of unique very broad peak at around 26 = 20.36, in-
dicating its amorphous nature, due to its chemical composition con-
taining amides, amines and carboxylic compounds (Pant et al., 2017;
Choi et al., 2017). This result is in agreement with the literature (Li
et al., 2017b; Wang et al., 2016).

3.1.4. Structure analysis by FTIR

The FTIR spectrum of the ESM powder (Fig. 1 (C)) reveals several
peaks that can be identified as follow: the peak at
3292 cm ™ *corresponds to the OH and N-H stretching mode (amide A)
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Fig. 1. Physico-chemical and structural characterization of ESM powder; (A) TGA/DTA curves; (B) X-ray diffraction pattern; (C) FTIR spectra (a) before and (b) after

BF adsorption; (D) SEM images (a-b) before and (c-d) after BF adsorption.
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Table 2
Chemical properties of ESM powder.
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Characteristics BET specific surface area (m2.g ')

Pore volume (cm®.g™1) x 1073

Particle density (g.cm™>) Pore size (A)

This study 11.56 6.173
Tsai et al. (2006) 1.053 7.1
Choi (2017) 4.45 69
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Fig. 2. Plot for the determination of point zero charge of the ESM powder.
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Fig. 3. Effect of adsorbent dose (a) and Effect of contact time (b) for the re-
moval of BF onto ESM powder (V = 200 ml, pH = 6, C = 20 ppm, T = 25 °C).

(Liu et al., 2017); 3094, 2976 and 2889 cm~ ! (C-H asymmetric
stretching vibration in =C-H and =CH,) associated with amide B (Sah
and Pramanik, 2014; Li et al., 2017a, 2017b, 2017c¢); the peak of -NH,
is appeared at 2383 cm ™' (Arief et al., 2008). The intense peak at
1642 cm™! is associated with (C=0) (BaldZ et al., 2016; Sah and
Pramanik, 2014); the peak at 1539 cm™' associated with CN
stretching/NH bending modes; the peak at 1239 cm ™! corresponding to
CN stretching/NH bending modes are assigned to the amide I, amide II
and amide III vibrations of the glycoprotein, respectively (Balaz et al.,
2016; Sah and Pramanik, 2014); the bands at 1444, 1072, 664 cm ™" are
due to (C=C), (C-0) and (C-S) stretching mode, respectively (Li et al.,
2017c).

On the other hand, after BF adsorption, the following changes oc-
curred: (i) a decrease in the intensity and a slight shift in the position of
some peaks for instance —OH and N-H: 3273 cm !, C=0: 1522 cm ™},
amine C-N: 1065 cm ~*; (ii) the disappearance of three peaks,~NH, and
C-H were located at 2383 cm ™! and 2889 cm !, respectively.

The observed changes signify that an interaction occurred between
the BF dye functional groups and ESM particles surface such as the
exchange reaction between the dye molecules and H* of functional
groups, an indication that a chemisorption process occurred.

3.1.5. SEM observations

SEM images of ESM powder before adsorption (Fig. 1 D (a-b)) il-
lustrates a network-type microstructure formed by intercrossed fibers
arranged randomly (Wu et al., 2001; Ehrampoush et al., 2011). The
diameter of fibers varies in a broad range within the microscale, while
the size of particles ranges in a narrow range around 1 pm. This fibrous
proteins-network indicates that the organic matrix of the eggshell
membrane is not rigid compared to inorganic minerals.

However, after the BF adsorption (Fig. 1 D (c-d)), there is a swelling
of ESM protein fibers meanwhile there is porosity loss of ESM surface
resulting from the accumulation of BF molecules.

The results of BET specific surface area of ESM powder are reported
in Table 2. It is found that the surface area is about 11.56 m>g~ ' and
the pore diameter of 12.27 A, which indicates that the material is mi-
croporous according to IUPAC (An et al., 2013). The size of BF molecule
is around 11.34 A, which is smaller than the pore size of 12.27 A; hence
it could penetrate easily within the microstructure of the substrate.
Moreover, it is important to highlight that the specific area value of
ESM powder in this study is greater than the values reported in the
literature by Tsai et al. (2006) and Choi (2017), which signifies a much
higher adsorption capacity is expected.

3.1.6. Determination of pHpzc

The point of zero charge (PZC) represents the solution pH in which
the surface is neutrally charged (Schreier et al., 2010), and its position
defines the affinity of the surface to the ionic species (Kosmulski, 2014).
The difference between the initial and final pH (pHgpH;) has been
plotted against the initial pH (pH;) and the point where pH¢ - pH; = 0 is
taken as the pHy,. (Fig. 2). The value of pH,,. of ESM powder is found
to be 7.05. This implies that at pH < pHpzc = 7.05, the ESM surface
has a positive charge and negative charge at pH > pHpyc = 7.05.
Hence, at pH values below the PZC, -OH, -COOH and -NH, groups
protonates and become positively charged, while above the PZC they
deprotonates and become negatively charged, thus increasing the at-
traction of dye ions with positive charge and favoring significantly the
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Fig. 4. Effects of speed (a); temperature (b); initial concentration (c) and pH (d) on the adsorption of the BF dye on ESM.

Table 3
Values of the kinetic constants for the adsorption of the BF dye on ESM.

qexp(mg.g’l) Pseudo-first order Pseudo-second order

Qe Kk R? Qe ko R?

Effect of Initial BF Concentration (ppm)

20 3.901 6.196 0.100 0.922 3.891 3.476 1
50 9.612 1.352 0.182 0.983 9.615 0.315 1
100 19.058 2.603 0.152 0.975 19.600 0.128 1
150 28.816 1.561 0.180 0.989 29.410 0.435 1
200 38.333 0.676 0.133 0.959 38.460 1.109 1
250 47.858 0.133 0.190 0.972 50.000 4.353 1
Effect of Temperature (°C)

25 3.901 6.196 0.100 0.922 3.891 3.476 1
35 3.701 5.245 0.214 0.974 3.690 5.245 1
45 3.494 5.454 0.268 0.980 3.496 0.277 1
Effect of pH

3 3.511 3.923 0.097 0.949 3.484 0.209 0.999
4 3.619 6.394 0.145 0.986 4.610 0.143 1
5 3.758 2.809 0.159 0.981 3.773 0.182 1
6 3.901 6.196 0.100 0.922 3.891 3.476 1
7 3.918 2.501 0.128 0.980 3.921 0.179 1
8 3.941 5.865 0.125 0.983 3.937 0.104 1
9 3.979 10.50 0.098 0.804 3.984 0.059 1

adsorption process.

3.2. Batch adsorption measurements

3.2.1. Effect of adsorbent dose

The variation of dye removal percentage with respect to the ad-
sorbent dose, as clearly illustrated in Fig. 3 (a), can be divided into
three stages: (i) a drastic reduction in the adsorption capacity up to
0.25 mg corresponding to a significant increase in the removal per-
centage; (ii) gradual decrease up to 1.0 g to end up attaining (iii) a
stationary stage for higher doses. This can be attributed to the presence
of a large number of free functional groups during the early stage of

reaction alongside with numerous active sites thereby facilitating the
interaction with dye molecules and consequently adsorption occurs
(Nandi et al., 2009b). Nonetheless, too more active sites may exceed the
demand when the adsorption process reaches saturation, hence certain
active sites are effectively unused resulting in a relative decline of the
adsorption capacity (Arias et al., 1991). Similar observations were re-
ported in the literature for the adsorption of BF onto anionic poly-
acrylamide/graphene oxide aerogels (Zhang et al., 2017). Therefore,
the following experiments have been carried out at a fixed adsorbent
dose of 1 g.

3.2.2. Effect of contact time

The equilibrium time plays a key role in the design of economic
wastewater treatment systems (Gupta and Saleh, 2013).To evaluate the
effect of the reaction time on the adsorption of BF dye on ESM, the
experiments are preceded by varying shaking time from 2 to 60 min.
From Fig. 3 (b), it can be observed that the rate of BF dye removal is
high during the initial stage of contact time (2 min) followed by a slow
rise until reaching equilibrium. The achieved high adsorption capacity
can be associated with the rise in the adsorption driving force as a result
of the intense concentration gradient occurring relatively to the in-
crease in the initial concentration. Therefore, a reaction time of 25 min
has been chosen as the optimum value for future experiments.

3.2.3. Effect of stirring speed

The rotation speed is also considered as an important parameter in
the adsorption process, especially for dye adsorption, since it has a
direct influence on the distribution of the solute in the bulk solution
(Nandi et al., 2009a). Three stirring speed values have been studied, i.e.
150, 200 and 250 rpm. According to Fig. 4 (a), it is clear that the ad-
sorption efficiency of BF slightly decreases for higher stirring speed,
with the observation of the superposition of speed curves at 200 and
250 rpm, which indicates that the retention capacity of the membrane
is not influenced in the high stirring speeds. Therefore, the optimum
stirring speed of 150 rpm is fixed for the future experiments.
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Fig. 5. Equilibrium isotherm of BF adsorption onto ESM.

3.2.4. Effect of temperature

The influence of medium temperature on the adsorption rate of BF
onto ESM has been explored at 25, 35 and 45 °C, and the results are
presented in Fig. 4 (b) and Table 3. It can be noticed that the adsorbed
amount of BF decreases moderately from 3.901 to 3.494 mg.g~ ‘when
the temperature rises from 25 to 45 °C. This can be associated with the
acceleration in the molecular motion when the temperature in in-
creased, as a result the electrostatic effect becomes less effective. In
addition to that, the intermolecular hydrogen bond existing between BF
and ESM will break, thereby reducing the adsorption efficiency (Li
et al., 2013a; Yuan et al., 2017).The as-obtained results demonstrate
that the adsorption process is dominantly exothermic. Therefore, 25 °C
has been chosen to be the optimum temperature for further studies.

3.2.5. Effect of BF concentration

The effect of initial BF concentration on the adsorption process has
been evaluated in the range 20-250 ppm at pH 6 and temperature of
25 °C. The obtained results are illustrated in Fig. 4 (c) and Table 3. It
can be seen there is a sharp rise in the amount of the adsorbed BF from
3.901 to 47.858 mg g_1 as the BF concentration increases from 20 to
250 ppm. Herein, it is important to mention that the increase in the
initial concentration of the dye provides an effective driving force to
overcome all resistance of pollutant migration from the aqueous solu-
tion to the ESM surface (Ehrampoush et al., 2011; Elkady et al., 2011;
Kumar et al., 2010). In addition, the high adsorption efficiency can be
justified by the porous nature and the specific surface area of ESM; in
addition, functional groups such as amine and carboxyl groups present
in ESM can react with BF molecules which results in better fixation onto
its surface. On the other hand, it is worth noting that the increase in BF
initial concentration does not affect the percent BF removal for ESM;
the efficiency remains within the range 96.1-97.8%.

3.2.6. Effect of pH

In the literature, it has been reported that the value of the pH often
plays an important role during the adsorption process (An and Huang,
2012); both the surface charge of adsorbent and the degree of
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ionization of dye molecules are affected by the variation of solution pH
(Zhang et al., 2017). The effect of initial pH on BF adsorption has been
carried out by varying the pH from 3 to 9 for an initial BF concentration
of 20 mg.L™ 1 and at 25 °C. From Table 3 and Fig. 4 (d), it can be noticed
that in the pH interval 3-9, the amount of adsorbed BF increases gra-
dually and appreciably with increasing pH to reach the highest BF
absorption capacity of 3.997 mg g~ ! for a pH of 9. This can be ex-
plained as follow: the surface charges of ESM change from negative to
positive when value of pHzpc becomes higher and lower respectively. In
this case, the large numbers of H* present at low pH will protonate the
amino groups onto the surface of ESM (Sun et al., 2012).

Meanwhile, due to its basic nature, BF will generate cationic pig-
ment (BF*) in the aqueous solution, which inhibits the adsorption of
cationic dye in the solution particularly for much lower pH value
(Srinivasan et al., 2006). Moreover, for higher pH value, the presence of
more OH ™ ions will favor deprotonating much easier -NH,, resulting in
the enhancement of the adsorption rate, thanks to the electrostatic at-
traction between these two oppositely charged ions.

Similar results were also found in the adsorption of cationic dye by
ESM (Salman et al., 2012).

3.3. Kinetics effect of adsorption

The adsorption kinetics has been identified as an important factor
for scheming the adsorption process and plays a key role for optimizing
the experimental factors influencing adsorbent-adsorbate interactions
(Oztiirk and Malkoc, 2014). The aim of this study is to determine the
order of the adsorption kinetics; hence two models shave been con-
sidered for testing the obtained experimental data and thus elucidate
the kinetics of the adsorption process.

® Pseudo first-order-model

The linearized form of the Lagergren, (1898) pseudo first-order-
model is more compatible with low solute concentrations. The linear
form of this model is represented by the following equation:

Ln(q, — q,) = Lnq, — Kyt 3

with K; is the rate constant for first order adsorption kinetics (min™Y),
q: and q. are the adsorption capacities at time t and at equilibrium
(mg.g ™), respectively.

e Pseudo second-order-model

This model (Ho and McKay, 1998) has been adopted to explain the
sorption kinetics. It is assumed that the adsorption follows second order
chemisorption, and can be described by the linearized former presented
by the following relation:

t 1 1
= S+ —t
q que q. (4)

where K, is the pseudo-second-order adsorption rate constant
(gmg~'min~ 1),

The kinetics parameters obtained by fitting the kinetic data of BF
adsorption onto ESM are given in Table 3. Based on the linear

Table 4
Plots for Langmiur (a), Freundlich (b) and Temkin (c) isotherms for BF adsorption on ESM.
Model
Langmuir Freundlich Temkin
Q& (mg.g™ ") Qm (mg.g™ ") b (mg.g™" R? n K (mg.g™") R? Ar (Lg™h Br (J.mol 1) R?
47.858 111.111 0.159 0.982 1.206 6.475 0.992 1.700 13.780 0.861
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Fig. 6. Plots for Langmiur (a), Freundlich (b) and Temkin (c) isotherms for BF
adsorption.

regression correlation coefficient R? values, the best-fit model will be
selected. From this table, the correlation coefficients (R?) are found to
be highest for pseudo-second order compared to that of the pseudo-first
order; i.e. R? values are equal or very close to the unity (1 or 0.999). In
addition, the experimental and calculated values of Q. are found almost
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similar. Accordingly, the kinetics of BF dye adsorption onto ESM fol-
lows a pseudo-second order model, implying that the chemisorption is
rate-determining step for controlling the adsorption process (Chen
et al., 2011; Bhattacharyya and Gupta, 2011) and emphasis that che-
misorption was the dominant mechanism and involved valence forces
through the exchange or sharing of electrons between the binding sites
on the ESM and dye molecules (Sun et al., 2016).In this study, chemical
bonds can be formed by the electrostatic attraction of functional groups
in ESM (such as -OH, -SH, -COOH and -NH,) (Pant et al., 2017). Si-
milar results have been observed by Sun et al. (2016) and Maity et al.
(2018).

3.4. Adsorption isotherm

Adsorption isotherms can provide in-depth information on ad-
sorbate/adsorbent interactions, which is identified by certain constant
values that provides insight son surface characteristics and affinity of
the adsorbent. In this case, there exists relationship between the
quantities of adsorbed dye and that remaining in aqueous solution at
equilibrium for a constant temperature. As shown in Fig. 5, the shape of
the curves Qe vs. Ce clearly indicates that the obtained isotherm be-
longs to C-type, according to the classification of equilibrium isotherm
in solution as postulated by Giles et al., (1960). This means that the C
curve is characterized by the constant partitioning of solute between
solution and substrate, and the linearity indicates that the number of
adsorption sites remains constant: the more solute is adsorbed more
sites will be created (Giles et al., 1960).

In this study, the experimental data are analyzed according to the
Langmuir, Freundlich and Temkin isotherm models in order to de-
monstrate the relation of BF dye adsorbed amount and its equilibrium
concentration (Cui et al., 2015). The correlation coefficients (R?) are
used to determine the best-fitted isotherm models.

e Langmuir isotherm

This model assumes that adsorption occurs by monolayer and that
all adsorption sites at the adsorbent are homogeneous. It is expressed by
a linear equation (Song et al., 2017):

1 1 1 1
- = 4 — % =
Qe Qm kaQm Ce (6)

where Q,, (mg.g_l) defines the maximum adsorption efficiency and ki,
(L.mg ™) represents the dependency-constant. The maximum adsorp-
tion efficiency and Langmuir constant will be computed from the slope
and intercept of the linear plots QL vs. C,, thereby providing a direct line
e
of slope QL that is compatible to full monolayer coverage (mg.g~ ')
1

while the intercept represents the quantity o
‘L m

o Freundlich isotherm

This model has been developed according to an empirical equation
to describe various systems. It presumes that the multilayer of the ad-
sorption process occurs on a heterogeneous surface and its linear form
can be presented as follow (Fu et al., 2015):

1
InQ, = Inkp + ;ln C, @)

where kp (mg.g™1) is the Freundlich constant being indicative of ad-
sorption capacity, and n is the Freundlich constant (index of adsorption
intensity or surface heterogeneity). The values of kr and n are obtained
from the linear plot In Q, vs. In C,.

e Temkin isotherm

This model is based on two main assumptions, namely (i) the
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Table 5

Comparison of adsorption capacities of BF onto various adsorbents.
Adsorbent Adsorption capacity (mg.g ™) Reference
Euryale ferox salisbury seed shell 19.48 Kalita et al. (2017)
Super absorbent polymer 11.7 Dhodapkar et al. (2007)
Bottomash 9.15 Gupta et al. (2008)
Monodispersed mesoporous silica nanoparticles 14.70 Qin et al. (2017)
Iron-manganese oxide coated kaolinite 10.36 Khan and Khan (2015)
Guar gum bonded 24 Zhang et al. (2012)

Calcined mussel shell (CMS) 141.65 El Haddad (2016)
Starch -capped zinc selenide nanoparticles loaded on activated carbon (ST -Zn -Se -NPs —AC) 222.7 Sharifpour et al. (2020)
Graphite oxide 1.834 Qin et al. (2014)
Raw pistachio nutshells (RPNS) 118.2 El-Azazy et al. (2019)
Deoiled soya 13 Gupta et al. (2008)
Polymeric nanocomposite 0.439 Kaith et al. (2019)
ESM 47.858 This study
results obtained through the three mathematical model equations are
presented in Table 4 and Fig. 6. The correlation of models becomes less
2.1+ . significant. It can be observed that the Freundlich adsorption isotherm
model is the most suitable (R? = 0.992), whereas Langmuir and
1.8 Temkin models deviate from the obtained data having (R% = 0.982)
and (R*> = 0.861), respectively.
1.5 It is important to compare the obtained results with literature
M (Kalita et al., 2017; Dhodapkar et al., 2007; Gupta et al., 2008; Qin
E 1.2 et al., 2017; Khan and Khan, 2015; Zhang et al., 2012; Kaith et al.,
2019). Table 5 shows a brief summary of adsorption capacities of some
091 - adsorbents for BF removal compared with ESM powder used in this
study. It is noteworthy that the ESM powder exhibits a much higher
0.6 adsorption capacity for BF removal compared to others adsorbents re-
03 - ported in the literature. This can be associated with its network-fibrous
=] and microporous microstructure with relatively high surface area.

0.00320 0.00325 0.00330 0.00335

UT (K
Fig. 7. Linear plot of InKvs.1/T for the sorption of BF on ESM at 298, 308 and
318 K.

0.00315

Table 6
Thermodynamic parameters for the adsorption of BF onto ESM at different
temperatures.

T (K) AG® (kJ.mol 1) AH° (kJ.mol 1) AS° (kJ.mol 1K ~1)
298 —-5.124 —68.948 -0.214

308 —-2.324

318 —0.856

adsorbent/adsorbate interaction cannot be neglected during the ad-
sorption mechanism; (ii) the heat of adsorption decreases linearly with
the adsorbate coverage and caused by the interaction. Its linear equa-
tion can be expressed as follow (Wong et al., 2019):

Qe = BTln.AT + BTlnCe (8)

where B = 1;—:, by (J.mol™1) is the heat of adsorption, Ar (L.g_l) is the
Temkin isotherm equilibrium binding constant, R is the gas constant
(8.314 J mol 1K™ 1), T is the absolute temperature. The values of By
and Ar will be determined from the slope and intercept of the plot Qe
vs. In Ce, respectively.

The adsorption capacity of ESM powder as illustrated in Fig. 4 (c),
increases gradually when the dye concentration in the aqueous phase
increases, which can be due to the heterogeneous surface of ESM. On
the other hand, the SEM image of ESM after adsorption (Fig. 1 D (c-d))
shows the formation of net multi-layers of adsorbed dye molecules with
a non-uniform adsorption distribution meanwhile the concentration of
the dye molecules on the surface is completely heterogeneous. The

Meanwhile, other materials in the literature showed high adsorption
rate (El Haddad, 2016; Sharifpour et al., 2020; El-Azazy et al., 2019), as
shown in Table 5. However, the reported materials are fabricated from
expensive components (such as Na,SeSO3, Zn(O>CCHs),) and require
complex/lengthy synthesis routes including separation by sedimenta-
tion, drying for long time (up to 72 h), calcination (1173 K for 2 h then
673 K for 4 h), chemical reactions (longer time and complex chemical
reactions during synthesis which usually affect the purity of final pro-
ducts) for nanoparticles synthesis and so on.

Also, it is important to consider other factors such as the contact
time and kinetics: (i) the maximum rate is achieved after 120 min for
RPNS, 100 min for CMS, and 6 min for ST-Zn-Se-NPs-AC compared to
only 25 min for ESM in this study; (ii) the kinetics parameter proves
that all these adsorbents obey pseudo-second-order, the adsorption rate
constant K, is found to be 9.03*1072 g mg '.min~' for RPNS,
35.67*10 " * gmg ™ '.min ! for CMS, and 1.77 g mg ™~ *.min ! for ST-Zn-
Se-NPs-AC, thereby indicating clearly much slower adsorption kinetics

compared to ESM with 4.353 g mg~'.min"'.

3.5. Thermodynamic study

The investigation of the influence of temperature during adsorption
measurements will help in identifying the type and spontaneity of ad-
sorption processes related to BF dye. In this study, the temperature has
been varied in the range 298-318 K. According to the obtained results,
it is found that the extent of BF adsorption is significantly affected by
the solution temperature.

The thermodynamic parameters, namely the changes in free energy
(AG®), enthalpy (AH’), and entropy (AS°) associated with the adsorption
process, can be determined by using the following equations (Wong
et al., 2019; Kumari et al., 2016):

AG° = — R. T.LnKc 1

AG®° = AH°® — T. AS° (12)
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Fig. 8. Proposed mechanism for the adsorption of BF by ESM powder.

The values of AH® and AS° correspond to the slope and intercept
respectively of the linear plot Ln Kc vs. of % Fig. 7 displays the linear
plot InKc vs. 1/T and the corresponding thermodynamic parameters are
given in Table 6. The change in Gibbs free energy (AG®) shows a ne-
gative value, indicating the feasibility of the adsorption process and its
spontaneous nature for the adsorption of BF onto ESM powder. The
values of AG® are —5.124, —2.324, and —0.856 kJ.mol™ for 298, 308
and 318 K respectively. These values also confirmed the adsorption to
be a physical process with the physisorption in the range (—20)- (0.0)
kJ.mol !, while a value in the range (—80) — (—400) kJ.mol™?! corre-
sponds to chemisorption process (Li et al., 2013b).The negative value of
AHC signifies the exothermic nature of the reaction occurring during the
adsorption process. Meanwhile, the negative value of the entropy (AS®)
indicates a reduction in randomness between the solid-solution inter-
faces during the adsorption process, suggesting as well that the system
exhibits random behavior. Similar results of adsorption of dyes onto
different adsorbents with a negative change in entropy and enthalpy
have been reported (Liu et al., 2014).

3.6. Adsorption mechanism

For adsorptions studies, the foremost challenge is to propose pos-
sible mechanism to better understand all possible involved reactions/
interactions during adsorption process. In this context, several experi-
mental factors have been identified to play key role in the adsorption
mechanism thereby have to be considered, namely but not limited to,
the nature and complexity of the adsorbate structure, the existence of
functional groups, the microstructure (particle size, shape of particle,
porosity, agglomeration level) and surface chemistry (charge, available
sites) of the adsorbent, in addition to the adsorbent/adsorbate specific
interactions.

According to BET analysis, it has been found that the size of the BF
molecule is smaller than the pore size; it can therefore penetrate within
the microstructure of the substrate. The presence of such pores is re-
sponsible for the adsorption of higher amount of BF. The combination
of the experimental findings of the present study (kinetic adsorption
data well adapted by the pseudo-second order model), FTIR analysis in
addition to the structure and microstructure of both adsorbate and
adsorbent, the proposed mechanism for BF adsorption by ESM possibly
involves: (i) chemical forces and chemical bonds formed by the elec-
trostatic interactions between the negatively charged ESM and

positively charged dye molecules. That is, the glycoproteins of ESM are
made up of large amounts of amino, carboxyl and hydroxyl groups,
which act as directing and capping functions of ESM for cationic dye;
(i) the hydrophilic anionic groups present on ESM surface are re-
sponsible for extraction and transport of cationic dye ions.

In addition, according to the obtained results, the adsorption rate is
found to enhance for higher pH resulting in an electrostatic attraction
between the chromophore groups of dye and the negatively charged
ESM surface. Moreover, ESM possesses an isoelectric point at pH 7.05
with a positive/negative zeta potential values corresponding to pH
lower/higher than 7.05. In the acidic medium, the functional groups of
ESM such as amino, carboxylic, hydroxyl and so on are protonated, and
as result its surface becomes positively charged (Zulfikar and Setiyanto
2013; Manera et al., 2018), as can be expressed by the following re-
actions:

ESM — NH, + H* & ESM — NH}

ESM — CO — NH, + H* & ESM — CO — NHY
ESM — OH + H* & ESM — OH?}

ESM — COOH + H* < ESM — COOH}

The presence of positive charges onto ESM adsorbent surface will
inhibit the adsorption of the cationic dye. In addition, in basic medium
the number of active sites on ESM increases, and the following reactions
occur spontaneously:

ESM - OH + OH™ & ESM - O™ + H,0
ESM — COOH + OH™ & ESM — COO~ + H,0
ESM — NH, + OH™ «< ESM — NH™ + H,0(amino deprotonate)
ESM — CO — NH, + OH™ & ESM — CO — NH~
+ H,0(amido deprotonate)

At higher pH value, the surface of ESM becomes negatively charged,
and consequently the electrostatic forces of the positively charged BF
cations will enhance the attraction and this situation can be summar-
ized by the following reactions:

ESM — O™ + BFt & ESM — O— BF
ESM — COO™ + BF* «& ESM — COO — BF
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ESM — NH™ + BFt & ESM — NH — BF
ESM — CO — NH™ + BFt* < ESM — CO — NH — BF

This is plausible mechanism of cationic dye adsorption by ESM. A
schematic representation of the proposed mechanism is displayed in
Fig. 8.

4. Conclusion

The present work aimed at valorizing eggshell waste by exploring its
membrane for the removal a toxic dye (BF). The results of this study
demonstrated that powdered eggshell waste can be employed as an
alternative adsorbent for BF removal from water. ESM exhibited high
porosity and surface area, therefore, showed a relatively high adsorp-
tion performance. The amount of adsorbed BF was found to increase
significantly with its initial concentration. The effect of stirring speed
and pH had a slight positive influence on the retention capacity of BF
onto ESM. Surprisingly, the rise of temperature decreased the adsorp-
tion efficiency. The kinetic adsorption data were well adapted by the
pseudo-second order model, indicating that the adsorption process oc-
curs by chemisorption. The adsorption of BF molecules using ESM
biosorbent obeyed Freundlich adsorption isotherm. The thermo-
dynamic parameters revealed that the adsorption was spontaneous and
exothermic. This detailed study demonstrated that low cost and eco-
friendly potential bioadsorbent prepared from agricultural waste ex-
hibited outstanding capability for the removal of BF dye from their
aqueous solutions and hence, can be a viable alternative to commercial
use and could present a future potential for the removal of other or-
ganic contaminants.
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