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Abstract

The polymeric composite adsorbent was successfully synthesized by grafting polyamide on eggshell (CMP). The perfor-
mance of the CMP composite as an adsorbent was studied for the methylene blue (MB) dye removal in a batch mode sys-
tem. The effects of several factors such as adsorbent dosage, initial concentration of MB dye, and initial solution pH on the
efficiency of MB removal were investigated. Kinetic studies were implemented to understand the adsorption mechanism.
The maximum adsorption capacity was achieved under the conditions of an initial concentration of 200 ppm, the adsorbent
dosage of 0.01 mg, and solution pH of 6 at room temperature. The pseudo-second-order kinetic model showed best fitted the
experimental data. The adsorption capacity of the CMP was 345 +4 mg/g at 298 K for MB dye. The adsorption mechanisms
included n-w interactions, electrostatic attraction, interaction with functional groups, and formation of complexes. The CMP
showed simultaneous removal of MB dye and toxic metals such as Pb, Cr, Ni, Cd, Hg, and As. The CMP composite can be

potentially used as an efficient and low-cost biosorbent for the removal of MB dye and heavy metals.

Keywords Water treatment - Polymer - Removal - Adsorption - Sustainability - Green technology

1 Introduction

Water contamination is a major worldwide environmental
problem owing to its serious global threat to living organ-
isms as well as to the equilibrium of the entire ecosystem.
A large variety of toxic pollutants such as synthetic dyes
and heavy metals are dumped into water sources from vari-
ous chemical industries and everyday activities. Dyes are
resistant to biodegrade owing to their stability and have
harsh effects on human health because of their toxic nature.
Methylene blue dye, for example, can cause skin-related
problems at a lower dose (2—-4 mg/kg) [1]. Furthermore,
the mixing of organic dyes with water may alter its quality
and cause the death of aquatic organisms [2]. Exposure to
heavy metal ions such as lead (Pb), nickel (Ni), mercury
(Hg), zinc (Zn), cobalt (Co), cadmium (Cd), copper (Cu),
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and chromium (Cr) can cause a wide spectrum of health
problems for human and animals. These metals can bind
to proteins, nucleic acids, and metabolites, and change or
loss biological tasks such as inhibition of enzymes, blockade
heme biosynthesis, or accumulation in bones [3].

Several water treatment techniques have been applied
to remove harmful contaminants from the polluted water
including ion exchange, reverse osmosis, and chemical pre-
cipitation [4]. However, these methods are too expensive and
considered insufficient to treat water pollutants due to their
limited effectiveness for the removal of dyes from wastewa-
ter in addition to high operational costs [35, 6].

The adsorption process is currently considered to be one
of the best useful methods in purification processes and to be
the most effective and economical process [7, 8]. Numerous
adsorbents have been investigated for the removal of pollut-
ants from water such as clay minerals, activated carbon, fly
ash, titanium oxide, carbon nanotubes, and graphene oxide
[9—-14]. However, these adsorbents have a few drawbacks that
limited their use like high cost, and some adsorbents are dif-
ficult to be recovered from the aquatic system when the efflu-
ent reaches the maximum permissible discharge level [15].

Recently, more efficient bio-adsorbent derived from
solid waste or low-cost materials have been used in water
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treatment processes [16]. Some alternative adsorbents have
been reported in literature include the orange peel [17], chi-
tosan [18], banana peel, grape pomace [19], eggshell [20],
coffee residues [21], rice straw [22], olive stones [23], arti-
choke agrowaste [24], sugarcane bagasse [25], and bamboo
shell [26]. The development of adsorbents which have supe-
rior properties such as high mechanical strength, fast adsorp-
tion rate, and excellent adsorption capacity, has attracted
great attention in wastewater treatment technologies.

Eggshells are abundantly obtainable and have been exten-
sively investigated for their utilization towards a wide vari-
ety of applications such as promising biomaterials for bone
graft substitutes [27], heterogeneous catalysts for biodiesel
production [28], cement productions [29], and plant ferti-
lizer [30]. Eggshell (ES) is made almost entirely of calcium
carbonate (CaCO;) crystals, which form more than 90% of
the dry ES [31]. Chicken eggshell is the by-product of the
food industry and causes a big waste disposal problem, but
it has excellent mechanical properties, which gives reason
to be considered as a good adsorbent [32]. Due to its porous
structure and surface properties, eggshell has been broadly
applied for the removal of various pollutants from water such
as heavy metals and chemical dyes, making it a promising
natural bio-adsorbent [31, 33]. Eggshell has been effectively
used in removing numerous contaminants with the removal
efficiency observed in the range of 94-98% [34].

Several approaches have been reported to convert egg-
shell waste into useful material for the removal of chemical
dyes and heavy metal ions from contaminated water [15, 35].
Polymers are considered favorable adsorbents because of
their promising mechanical properties, modifiable surface
chemistry, desirable pore size distribution, high surface area,
practical regeneration under mild conditions, and selectivity
for purification [36, 37].

Recent research in this area has concentrated on polymers
and their modification with different bio-adsorbents such
as chitosan [38], starch [39], and guar gum [40] to improve
their properties as attractive adsorbents. The incorporation
of polymeric materials offers extra active sites for adsorp-
tion and increases the surface area of the adsorbents [41].
Polymers having mercapto, imino, and amino groups are of
great interest due to their good selectivity to heavy metal
ions and outstanding adsorption capacity [37].

In the present study, a polymer composite adsorbent was
prepared by grafting polyamide on eggshells. The feasibil-
ity of the prepared adsorbent for the effective removal of
methylene blue dye from aqueous solutions under batch
conditions was investigated. Moreover, the simultaneous
adsorption of methylene blue dye and metal ions in a real
water sample was studied. The prepared polymer composite
adsorbent showed high adsorption capacity for the removal
of methylene blue dye from water as well as for the simul-
taneous removal of metal ions and MB dye from real water.
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2 Experimental
2.1 Reagents and equipment

Trimesoyl chloride (TMC; C4H;(COCI)5, molecular weight
265.48 g/mol, purity >99%), methylene blue dye (MB:
molecular weight: 319.85; C,4H,;CIN;S; reagent grade),
and m-phenylenediamine (MPD: molecular weight: 108.14;
Ce¢H,4-1,3-(NH,),), were supplied from Sigma-Aldrich. Hex-
ane solvent (CH,(CH,),CH;; assay:95%) was provided by
Merck Company. Standard solutions of metal oxides were
obtained from Sigma-Aldrich. One thousand mg L™" stock
solution was prepared in distilled water and then diluted and
used when needed for testing. The pH measurement was
conducted using a pH meter (Sartorius pp-15, Germany).

2.2 Preparation

Eggshells were crushed using a pulverizer and dried in a
vacuum furnace with nitrogen flow at 120 °C for 3 h. Then
the obtained powder was dispersed in a 2% (w/v) solution of
m-phenylenediamine in water. The system was kept under
sonication for 3 h. After that, 0.1% (w/v) trimesoyl chloride
in n-hexane solution was added dropwise into the dispersed
components under vigorous stirring for 2 h. The system was
then transferred into the reflux system and kept under stir-
ring for 24 h at 90 °C. Then, the obtained calcium carbonate
particles modified with polyamide composite (CMP) were
separated and washed several times, Fig. 1. Then it was dried
in a freeze dryer.

2.3 Characterization

Fourier transform infra-red (FTIR) spectroscopy (Smart iTR
NICOLET iS10) was used to characterize the functional
groups present on both the eggshell powder and modified
shells with polyamide. Scanning electron microscope (SEM)
was performed to study their surface morphology. An ultra-
thin layer of gold was applied to the prepared samples prior
to the SEM analysis to produce an electrical conductivity
on them. An energy dispersive x-ray spectrometer (EDX,
Oxford Instruments) was utilized for the elemental studies.
X-ray mapping was applied to represent the distribution of
the elements on the surface of the materials. Inductively
coupled plasma-atomic emission spectroscopy (ICP-AES)
(PlasmaQuant® PQ 9000) was used for the metal ions anal-
ysis. The initial and final MB concentrations were moni-
tored using a UV/vis (Thermo Scientific™ GENESYS™
10S) Spectrophotometer at A, of 664 nm. Furthermore,
the surface area and the average pore size distribution were
measured using a TriStar IT PLUS, from Micromeritics Co.,
GA, USA.
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Fig. 1 Scheme for the synthesis
of eggshells grafted with poly-
amide (CMP)
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2.4 Adsorption tests

Adsorption experiments were carried out with optimization
to the related conditions, adsorbent dosage, solution pH,
contact time, and temperature. Model solution of the pollut-
ant was used. Experiments were performed in triplicate and
average was considered to calculate % removal as follows:

The percentage removal of MB dye at equilibrium was
calculated using the following equation:

(G-¢C)

C.

1

Removal % = x 100

ey

The capacities of adsorption were evaluated by the fol-
lowing two equations:

\%
q=(C-C)x— @)

—(C — y
g = (Ci—Ce)x — 3

where C; and C, refer to the initial and equilibrium con-
centrations of MB dye (mg L"), respectively. C, refers to
the MB dye concentrations at any time 7 (mg L™"). V repre-
sents the volume of dye solution (L), while m denotes the
mass of the adsorbent (mg). g, and g, refer to the adsorption
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capacities of the prepared composite at an equilibrium state
and at time t(mg g~!), respectively. As a control sample, a
blank experiment was carried out using MB dye solutions
without adding materials.

—

2.5 Kinetic studies

Three kinetic models, pseudo-first-order, second-order
model, and intraparticle diffusion, were applied to study the
adsorption mechanisms and potential rate-controlling stage
of MB dye on the synthesized composite. The linear form of
Lagergren’s equation for pseudo-first-order kinetics is given
by Eq. (4) [42]:

In(q. —q,) =In q. — k;t @)

where g, and g, (mg/g) are the adsorption capacities at equi-
librium and at time ¢ (min), respectively, k;, (min~") denotes
the constant of the first-order rate. The linear form of the Ho
and McKay rate equation for pseudo-second-order kinetics
can be described by Eq. (5) [43]:

t 1 t

- = 4 —
9 qug 9e (5)
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where k,(g/mg.min) designates the constant of second-order
rate. It is necessary to fit the adsorption data to the intra-
particle diffusion model to further understand the adsorp-
tion process and to distinguish the rate-determining step in
the adsorption. This model is proposed based on the Weber
and Morris theory and can be mathematically expressed by
Eq. (6) [44]:

q = kit + G (6)

where k; stands for the intraparticle diffusion rate constant
stage i (mg/g.min'"?) and C; is the intercept (mg/g). The lin-
ear line in the plot indicates the existence of an interparticle
diffusion, and a higher Ci value implies a larger boundary
effect.

2.6 Adsorption isotherm studies

To understand adsorption behaviors, it is essential to know
how dye molecules are distributed between the liquid and
solid phases at equilibrium. Three isothermal models,
namely, Langmuir, Freundlich, and Tempkin, were applied
to fit the experimental data. The linear form of the Langmuir
isotherm model is given as [45]

C__t |G
e I(L'qm Im

@)

where g, is the maximum adsorption capacity (mg/g) and
K; is the Langmuir constant which denotes the binding
affinity between the adsorbate and adsorbent (L/mg). ¢, is
the capacity of adsorption (mg/g), while and C, is adsorb-
ate concentration at equilibrium (mg/L). The values of K|
and ¢, can be calculated from the intercept and slope of
plot C./q, against C,. The separation factor (R, ) is given in
Eq. (8) [46]:

_ 1
Re=a7 K. .Cy) ®)

where C, is the dye initial concentration (mg/L). The R}
value specifies the type of isotherm to favorable (0 <R, <1),
unfavorable (R > 1), linear (R =1), or be irreversible
(R =0) [47]. The linear form of Freundlich isotherm model
is given in Eq. (9) [48].

Ing,=1In KF+lln C. 9)
n

where Ky is Freundlich constant (mg/g) which expresses
adsorption capacities. The value of 1/n defines the intensity
of adsorption. The 1/n value specifies the type of isotherm
to be irreversible (1/n=0), favorable (0 < 1/n< 1), and unfa-
vorable (1/n> 1) [47]. The linear equation of Temkin iso-
therm expression is [49]:
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RT RT
qe=b—ln KT+b—ln C. (10)
T T
where Ky is the Temkin isotherm constant (L/g), while b is
the equilibrium binding constant (J/mol). T and R are tem-
perature and the gas constant, respectively.

3 Results and discussion
3.1 Characterization

The prepared eggshell powder and the polymer-modified
eggshell composite (CMP) were characterized using FTIR,
SEM, and EDX. The FTIR spectra of both eggshell and CMP
composite were depicted in Fig. 2. The broad wavelength
observed in the range of 3300-3500 cm™' was assigned to
N-H stretching vibration of 1,3 phenylenediamine [50]. The
bands at around 2900 cm™! and 2850 cm™! were attributed to
C—H stretching vibration. The band at 1628 cm™" was attrib-
uted to C=0O stretching vibration. The peaks in the range of
16001400 cm™! were related to the C=C aromatic stretch.
The typical C-O stretching bands were observed in the range
1200-1100 cm™".

SEM was used to provide insights on the morphology of
eggshell powder and the polymer-modified eggshell com-
posite (CMP) and the obtained SEM images were shown in
Fig. 3a-b. The CMP composite has irregular shapes and sizes
compared to eggshell powder. It is also clear that the CMP
composite has rough surfaces with more pores of different
sizes, which provides a large free surface area. It indicates a
very good chance for MB dye to be adsorbed onto its surface.
EDX analysis confirms that the main composition of the egg-
shell powder was calcium carbonate (CaCO;). The elemen-
tal analysis of the CMP composite detected the presence of
nitrogen and showed a relatively high percentage of carbon
compared with eggshell powder. This can be attributed to the
existence of functional groups of polyamide on the CMP sur-
face which may enhance the adsorption. The surface area of
the prepared CMP was 285 +7 m% g, which is considered high
and important for the adsorption of mercury ions. The aver-
age pore size distribution of the CMP was 5.3+0.3 nm, and
the total pore volume was 0.91 +0.2 cm*/g. Consequently, the
functionality and high surface area of the developed polymer
adsorbent plays a key role in the adsorption efficiency.

3.2 Adsorption experiments

3.2.1 Effect of dosage of adsorbent

The effect of eggshell powder and CMP composite amount
(0.001 to 0.08 g with 20 mL of 100 ppm initial dye solution

at 25 °C) was examined with regard to the adsorption of
MB dye under batch adsorption experiments (Fig. 4). As
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Fig.2 FTIR of (a) the eggshell 100

powder and (b) the prepared

polyamide modified shell com-

posite (CMP) 95 4 (a)
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observed, the removal of MB increases with increasing the
dosages of eggshell and CMP composite. However, the CMP
composite shows a higher adsorption capacity towards MB
compared to eggshell powder. The adsorption capacity dra-
matically increased from 0.001 to 0.04 mg/20 mL using the
CMP composite. Increasing the amounts of CMP composite
adsorbent caused an increase in the surface functional group
density, and extra adsorption sites for the adsorbent became
available, thus removing more of the dye molecules [51].
No effect of the CMP composite dosage was detected on
MB removal from solution when the dosage of adsorbent
increased from 0.04 to 0.08 mg/ 20 mL. As described in the
literature, this means that the adsorption reaches equilibrium
between MB molecules on the CMP composite and non-
adsorbed MB molecules in the solution [52].

3.2.2 Effect of pH

The variations in pH values are a key factor for solute
adsorption. These variations switch the ionization degree
of the adsorbate and therefore change its surface proper-
ties. As a result, the adsorption capacity of the dye sig-
nificantly depends on the pH of the solution [53]. Fig. 5
displays the variation of the adsorption capacity of MB
on the surface of CMP at different pH values (dye vol-
ume =20 mL, Cy=100 ppm, temperature =298 K). As
shown, the MB removal increases with increasing the ini-
tial pH of dye solution and then remains constant from
5.0 to 7.0. The maximum value of approximately 100%
removal was achieved at a pH of 5. The measuring pKa

3200

—T T T T T T T T T T T T T T T T T T T T T T

2800 2400 2000 1600 1200 800 400

Wavenumbers (cm™)

value of MB is 3.8; for values below this pH value, MB is
existing in the molecular form and has a positive charge
above this value [54]. The MB molecules are generally
neutral at pH lower than 3.8 and thus do not contribute to
ionic/electrostatic interactions with the CMP. The adsorp-
tion of MB by the CMP at low pH could be attributed to
hydrophobic, aromatic & — & stacking, and hydrogen bond
interactions [55, 56]. The structure of the shell membranes
is primarily composed of protein and polysaccharides that
contain functional groups such as hydroxyl, amine, and
sulfonic groups [57]. Thus, the CMP composite has good
adsorption characteristics owing to the availability of
adsorption sites that may interact with the positive charges
of MB. The improvement in MB adsorption removals at a
higher solution pH (pH > pKa, ,;3) could be described by
the electrostatic attraction between the positive charges
of MB and the negative charges of the CMP. The constant
adsorption removal over the pH range 5 to 7 can be due
to the adsorption of MB on the CMP controlled by both
the electrostatic interaction and non-electrostatic contribu-
tions (such as hydrophobic interaction, hydrogen bonds,
and van der Waals forces). This implies the adsorption
of MB from aqueous solution by the CMP is a complex
relation between electrostatic and non-electrostatic inter-
actions [58].

3.3 Adsorption kinetics

Variations in the adsorption capacity (q,) with contact time
at different initial concentrations of dye ranging from 50

@ Springer
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Fig.4 Effect of adsorbent

dosage on MB dye adsorption 100
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powder and CMP composite
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Fig.5 Effect of initial pH on
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to 200 ppm are shown in Fig. 6a. All the experiments were
conducted at pH =06, temperature =298 K, and with a fixed
amount of adsorbent (0.01 mg). A similar trend was detected
for the adsorption of dye for all the concentrations, where an
initial fast adsorption phase proceeded to a slower adsorp-
tion phase until the equilibrium was reached. The existence
of a fast adsorption phase at the initial stage is probably
due to the abundant adsorption sites on the CMP that are

100 H10mg W20mg M40 mg

4 5 6 7
pH

accessible for interaction with dye molecules in the solu-
tion. With a further increase of time, the number of active
sites accessible for the adsorption process decreased, which
leads to a slower increase in the adsorption rate [59]. In the
equilibrium, the quantity of adsorbed dye and the quantity
of dye desorbed were in dynamic equilibrium [60]. At low
concentration (50 ppm), the adsorption was fast, and the
equilibrium was achieved after 60 min of contact. At high

@ Springer



2446 Biomass Conversion and Biorefinery (2024) 14:2439-2452
400
(@ ] (b) ©
350 4
300 4 200 ppm
250 A —_
| g
5 g ; . " Y
o 200 /{__X___K__y_}__\f\ o
4 _ —4#~-100 ppm i
K c
150 - K —
> 4
4 b
100 - /
50 —&— 50 ppm
0 ; L L] L L] L] L] L L] L L] L] L] L L] L L] ) L] L] L] L L] L L]
0 10 20 30 40 50 60 70 80 90 100110120

time (min)

100

0 20 40 60 80

t (min)

120

400
350 -
] AAAAA
A
300 - — A
iy A
0 A ® 100 ppm
1 A
0 * 50 ppm "X LA
] A o ®
0 A1 ]
] e ®
100 A IERRETR
| 2 4, + ° ol
50 - ; i *
0 ,' L] L L] L] L] L] T L] L] L L] L L] L] L] L L] L L] L T L
0 1 2 3 4 5 6 7 8 9 10 11 12
t~0.5 (min)

Fig.6 a Adsorption capacity as a function of time at different initial MB concentrations, (b) pseudo-first-order model, (¢) pseudo-second-order
model, (d) intraparticle diffusion; dosage =0.01 mg, temperature =298 K, pH=6

concentrations of dye (> 50 ppm), the adsorption was slower
than at low concentrations and take more time to reach the
equilibrium.

There are different mechanisms involved in the adsorp-
tion process such as adsorption surface, mass transfer, and
intraparticle diffusion. In this study, three kinetic models,

namely pseudo-first-order, pseudo-second-order, and intra-
particle diffusion, are applied to analyze the experimental
data obtained in the adsorption of MB dye onto the CMP.
The fitting of experimental data to kinetic models is dem-
onstrated in Fig. 6b, c, and d, and the main parameters for
each kinetic model are listed in Table 1. The determination

Pseudo-second-order Intraparticle diffusion

ky g.(mglg) R ky

q.(mg/g) R? kig C R?

(g/mg.min) cal (mg/g.min) (mg/g)

Table 1 Parameters of kinetic C, geexp Pseudo-first-order
models for MB dye at 298 K

(mg/L) (mg/g) (min~") cal

50 99.6  0.044 67

100 196 0.045 211

200 336 0.047 403

0.996 0.0014 105 0.989 0.9 0.7 0.998
0.987 0.0002 227 0998 1.9 0.8 0.988
0.983 0.0001 455 0.997 3.2 1.1 0.987

@ Springer



Biomass Conversion and Biorefinery (2024) 14:2439-2452

2447

of linear regression coefficient values (R?) is crucial to
determine the best fit kinetic models to the experimental
data. Based on the comparison of the R? values, the pseudo-
second-order model provides a better fit to experimental
data than the pseudo-first-order model. These results indi-
cate that the adsorption of MB dye onto CMP is controlled
by chemisorption. Chemisorption takes place when strong
interactions, such as hydrogen bonding and covalent and
ionic bond formation, take place between adsorbate mole-
cules and adsorbent surfaces. Similar findings were observed
by Lin et al. in the adsorption of acid orange (AO7) and
toluidine blue (TBO) dyes onto modified eggshell [36] and
by El-Kemary et. al. in the adsorption of acid red nylon 57
(ANS57) anionic dyes onto decorated eggshell [61].

Figure 6d shows the plots of the intraparticle diffusion
model for MB dye adsorption. In this model, the adsorbed
capacity at time t, g,, was plotted versus the t'2, and the
k; and C; parameters for the second stage were obtained,
as shown in Table 1. The intraparticle diffusion model is
applied to know whether external transport or intraparti-
cle transport controls the rate of adsorption processes. As
observed, three different separate regions can be distin-
guished in the plots for the range of concentrations investi-
gated, indicating several stages of MB dye adsorption. The
first region is connected to the external diffusion, while the
second region represents the existence of intraparticle dif-
fusion. At the third region, the intraparticle diffusion starts
to diminish due to the low concentration of the adsorbed
dye, and the equilibrium stage was obtained in this region.
The linear lines of the second stage did not pass through the
origin point because the final and initial stages of the adsorp-
tion process possess diverse mass transfer rates [62]. This
implies that the intraparticle diffusion was not the only rate-
limiting step in the sorption kinetics, and it can be concluded
that both external mass transfer and intraparticle diffusion
influence the adsorption process.

3.4 Isotherm studies

The experimental adsorption equilibrium data were investi-
gated by using three important adsorption isotherms (Lang-
muir, Freundlich, and Temkin isotherm models) over the
whole concentration range studied. These isotherms offer
significant information about the adsorption capacity, bind-
ing mechanism, and surface characteristics of the adsorbent.
Models fitting to experimental results are shown in Fig. 7a, b
and c and Table 2. Based on the regression coefficient values
(R?) of the summarized data, it can be concluded that the
Langmuir model has the highest value compared with the
other models. These results show that the Langmuir model
seems suitable for modeling the adsorption isotherms of
MB on CMP surface. The results mean that the MB dye is
adsorbed as a homogeneous monolayer on CMP surface. The

obtained R; value was 0.01 which confirms the favorability
of MB dye adsorption under the experimental conditions

(a)0.12

0-m L] Ll T T T T
0 5 10 15 20 25 30

C.(mg/L)

-2.0 0.0 2.0 4.0

400
(c)

300 -

200 -

d.(mg/g)

100 ~

Fig.7 The plot [Langmuir (a); Freundlich (b); Temkin (c¢)] isotherms
for MB dye elimination over CMP, dosage=0.01 mg, tempera-
ture=298 K, pH=6
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Table 2 Parameters of isotherm
models of MB dye removal by
CMP

Table 3 Comparison of
maximum adsorption capacity
of MB dye with different
composite materials from
literature

conducted in this study. The maximum adsorption capacity
(g,,) of CMP composite is equal to 345 +4 mg/g. Table 3

Langmuir Freundlich Temkin

g (mg/g)  k (L/mg) R? Im n Kq (mg/g) R? by (KI/mol)  ky (L/g) R?

345+4 0.983 0999 024 42 166 0986 6.3 1 0.997

Adsorbent Adsorption capacity ~ References
(mg/g)

Magnetic graphene oxide modified zeolite 82.1 [14]

Titania-incorporated polyamide 43 [50]

Co-polymer-grafted gum karaya and silica hybrid hydrogel 439 [63]

Polyaniline/zirconium oxide 77.5 [64]

Hydroxyapatite-sodium alginate 71.5 [65]

Reed biochar supported hydroxyapatite 17.5 [66]

Iron-based metal—-organic framework 8.7 [67]

Hydrolyzed polyacrylamide modified diatomite waste 37.1 [68]

Zeolitic imidazolate framework-8 71.4 [69]

Single-walled carbon nanotubes-amine 136 [70]

Polyamide grafted on eggshell 345+4 Present study

displays the comparison of MB dye adsorption capacities

with several adsorbents. The polyamide grafted on eggshell
composite can be effectively used as an adsorbent for remov-
ing MB dye from an aqueous solution.

Fig.8 Simultaneous removal
of MB dye and toxic metals by
CMP composite
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3.5 Simultaneous adsorption of metal ions and dye
in a real water sample

There are many organic and inorganic pollutants in industrial
effluents. The process of dye adsorption may be influenced
by the existence of heavy metals, so it is essential to inspect
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the influence of the components. The water spiked with
100 ppm of methylene blue dye and lead, chromium, mer-
cury, nickel, cadmium, and arsenic metal ions was treated
with the prepared CMP composite. The results are shown
in Fig. 8. The prepared CMP composite was efficient in
simultaneous removal of both the dye and the metal ions
with almost 100 percent removal of the dye, while the total
removal of metal ions was more than 98%. The metal ion
removal was high for the lead, chromium, nickel, and cad-
mium with &~ 100% removal, while it was 97% removal for
the mercury and arsenic. The obtained results indicate that
the prepared adsorbent can be used for the treatment of real
water. The adsorption capacity was not influenced by the
simultaneous existence of the ME dye and the toxic metal
ions. It is worth mentioning that the captured heavy metal
ions can form an eggshell metal complex that can be further
used to adsorb ME dye from aqueous solutions and cause the

Fig. 9 Mechanisms of pollutants removal over CMP composite

possible formation of multilayer adsorption [36]. Therefore,
there are several types of interactions that could be involved
in the adsorption which may describe the high adsorption of
MB dye and the metal ions. Possible mechanisms could take
place including the n-w interaction, the electrostatic interac-
tion in addition to the complexation interaction between MB
dye and metals.

3.6 Mechanism of adsorption of methylene blue
dye and metal ions

Several mechanisms can be involved in the adsorption pro-
cess. The adsorption mechanism of MB dye and metal ions
on the surface of CMP through different types of interac-
tions is displayed in Fig. 9. The n-n interaction can take
place between the aromatic rings of MB dye and hexago-
nal skeleton of CMP. An electrostatic attraction can occur
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between the positively charged molecules of MB dye and the
negative charges that exist on the surface of CMP. Adsorp-
tion mechanism also occurs by the interaction between the
cations of MB dye and functional groups that are available
on the surface of CMP such as hydroxyl (OH), carbonyl
(C=0), and carboxyl (COOH) groups as confirmed by
FTIR analysis. Finally, complexation interaction can take
place between MB dye and metal ions. Based on the above
discussion, adsorption is a complex process, and it can be
concluded that these interactions are effective in improving
the adsorption of MB dye and metal ions on the surface of
the CMP. Similar results were obtained by other studies for
the MB dye adsorption on carbon nanotube [71] and coal-
activated carbon [72].

4 Conclusions

The polyamide grafted eggshell composite (CMP) was suc-
cessfully synthesized and applied for the removal of MB dye
and metal ions from the aqueous solution. The maximum
adsorption capacity was achieved under the conditions of
an initial concentration of 200 ppm, the adsorbent dosage of
0.01 mg, and solution pH of 6 at room temperature. Kinetic
studies were implemented to understand the adsorption
mechanism. The kinetic and isotherm models data revealed
that the pseudo-second-order model fitted the adsorption
data. The adsorption capacity of the CMP was 345 mg/g
at 298 K for MB dye. The adsorption mechanisms included
n-7 interactions, electrostatic attraction, interaction with
functional groups, and formation of complexes. The CMP
showed simultaneous removal of MB dye and toxic metals
such as Pb, Cr, Ni, Cd, Hg, and As. The adsorption results
revealed that the CMP is an efficient and low-cost biosorbent
for the removal of MB dye and metal ions.
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