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ABSTRACT

These dyes have the potential for mutagenicity, carcinogenicity, and unwanted color on the one hand,
and on the other hand, cause the production of toxic by-products in aqueous media. The aim of
the present work is to synthesize scallop shell/iron oxide(II) nanocomposite and evaluate its effi-
ciency in removing Direct red 81 (DR81) dye from aqueous solutions. Iron oxide nanoparticles were
prepared by co-precipitation method and then the scallop was coated with iron oxide. The proper-
ties of synthesized nanocomposite were identified using Fourier-transform infrared spectroscopy,
field-emission scanning electron microscopy, and X-ray diffraction. Effect of dye concentration
(20-120 mg/L), contact time (0-240 min), adsorbent dosage (0.5-2.5 g), pH (3-11), and temperature
(25°C-55°C) was investigated on decolorization efficiency of the process. Under optimal condi-
tions (an initial DR81 concentration of 25 mg/L, pH of 3, adsorbent dose of 0.5 g, and contact time
of 90), more than 98% of the dye was removed. The results showed that the efficiency decreases
with increasing concentration. Moreover, by increasing the contact time and adsorbent dosage,
dye adsorption percentage was enhanced. The maximum adsorption coefficient was 46.4 mg/g.
In addition, Freundlich and Langmuir models were used to analyze the experimental isotherm
data. The kinetic data of the adsorption process were in good agreement with the pseudo-second-
order kinetic model (0.995). The experimental data of the adsorption process followed the
Langmuir model (R? = 0.91). The results show that Fe,O, nanoparticles coated with scallop shell as
an environmentally friendly adsorbent can be effective in the adsorption of DR81.
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1. Introduction

Water, as the most vital human need, is of great eco-
nomic, social, political, and environmental importance in
the world [1-3]. Population growth, industrial develop-
ment, and production of industrial effluents along with cli-
mate change cause a quantitative and qualitative decline in
water resources available to humans and introduce a variety

* Corresponding authors.

of pollutants into aquatic environments [4,5]. Therefore, in
order to reuse water, it is necessary to treat the contaminated
water sources. The presence of colorful organic matter in
water resources is one of the most important environmen-
tal challenges in the world today. Most dyes are toxic, car-
cinogenic, and mutagenic, so it is important to remove the
dye from contaminated water samples [6]. Industrial efflu-
ents from textile and dyeing industries, pulp and paper
production, food industry, and chemical production may
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enter dyes to natural streams and rivers [7]. Direct red 81
dye (DR81) belongs to the azo dye family, which is used for
dyeing silk, wool, and nylon fibers. It is also used as an indi-
cator in complexometric titration to measure calcium, mag-
nesium, zinc ions, and bio-pigments [8]. This dye is known
as a highly toxic compound because when it decomposes
in water, it forms a highly carcinogenic compound called
naphthoquinone [9]. Among the various methods available
for the removal of dyes and other organic compounds from
contaminated water, the adsorption method using inexpen-
sive adsorbents is considered [6,10,11]. The surface char-
acteristics and functional groups are very important in the
performance of different types of adsorbents in removing
contaminants.

Numerous studies have been performed to remove DR81
from aqueous solutions, such as the use of tree bark, carbon
obtained from rice husk [12], sawdust [9], potato husk, or
the use of reverse osmosis [13] and electrocoagulation [14].
However, most of these methods, except for the use of adsor-
bents, are ineffective when the contaminant concentration
is low and have disadvantages such as the high cost asso-
ciated with the employment of equipment and processes,
sludge production or other toxic wastes as well as the need
for energy and large space [15-20]. Membrane processes
are also costly and their management requires specialized
personnel. Oxidation-reduction also requires the addition
of extra chemicals to the wastewater, which in turn causes
secondary pollution in the environment [21]. The scallop is
a bivalve mollusc belonging to the Pectinidae family. Scallops
are found in the oceans and seas all over the world. Due to
their abundance in nature, scallops are economically viable
[22] and lead to fewer iron particles to be used, thus saving
costs. The magnetic property of the adsorbent, in addition
to the advantages mentioned above, lead to easy separation
using a magnet [23] because the separation of the scallop is
very difficult due to its small particle size and the combina-
tion of these two materials in the form of nanocomposites
is very useful and efficient and leads to an increase in the
adsorption of contaminants [24]. Due to the fact that so far,
no studies have been performed for the adsorption of dyes,
including DR81 with scallop shell/iron oxide nanocompos-
ite, therefore, the aim of this study was to prepare the scal-
lop shell/iron oxide nanocomposite for adsorption of DR81
from aqueous medium. In this study, effective parameters
in the adsorption process such as pH, contact time, adsor-
bent dosage, contaminant concentration, and process tem-
perature as well as prepared adsorbent properties were
investigated, and isotherms, kinetics, and thermodynamics
of adsorption were studied.

2. Materials and methods
2.1. Chemicals

This is a basic-applied study in which the performance
of magnetized powdered activated carbon with iron oxide
nanoparticles as an adsorbent in the adsorption of Direct
red dye 81 was investigated on the experimental pilot scale.
In the present study, DR81 was selected as an azo dye; it
was purchased from Alvan Sabet Company, Hamedan, and
other required chemicals such as FeCl,-4H,0, FeCl,-6H,O,
HCI, NaOH, CO,Na,, and ethanol (96%) were purchased

from Merck Company, Germany. The magnet was also
used to separate the magnetic sorbent from the solution.
Fig. 1 shows the chemical structure of DR81 [25].

2.2. Preparation of calcined scallop shell

Scallop shells were collected from the shores of the
Caspian Sea in Gilan Province and washed several times
with distilled water to remove dust and impurities. Then,
for easier use, they were milled using a hammer mill.
Lastly, they were dried in an electric oven at 1,000°C for
5 h and finally sieved with ASTM standard sieve No.50.
Table 1 lists the chemical composition of the scallop shell.
Fig. 2 shows the raw scallop and its powder.

2.3. Synthesis of nanocomposites

1.98 g of calcined scallop, 1.98 g of FeCl,, and 5.406 g of
FeCl, were added to 80 mL of solution containing pure eth-
anol (96%) and 20 mL of deionized water, mixed and stirred
with a magnetic stirrer for 30 min, then refluxed. Then,
reflux was performed at 80°C for 1 h. Afterward, by add-
ing 20 mL of ammonium hydroxide and continuing reflux,
a bitumen solution was finally obtained after 2 h of synthe-
sis, and after washing with deionized water and ethanol,
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Fig. 1. Structure of Direct red 81 dye.

Table 1

Chemical composition of scallop shell
Ca0O (%) 58.45
Na (%) 0.52
MgO (%) 0.25
PO, (%) 0.08
K,O (%) 0.019
Fe (mg/kg) 65.8
Mn (mg/kg) 43
Cu (mg/kg) 42
Zn (mg/kg) 3.1

Fig. 2. Scallop shell and its powder.
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the particles were separated by a magnet and dried at room
temperature [26]. By heating the sample for several hours at
a temperature above 150°C, the color change from bitumen
to reddish-brown indicates the formation of y-Fe,O,, which
can be proved by X-ray analysis. It should be noted that
the synthesis of y-Fe,O, was performed without the pres-
ence of scallops to ensure the correct synthesis. Thereafter,
the synthesis of nanocomposite was performed. X-ray dif-
fraction (XRD) analysis was used to determine the type of
nanoparticle; field-emission scanning electron microscopy
was employed to determine the particle size, and Fourier-
transform infrared spectroscopy (FTIR) was performed on
the powdered samples.

2.4. Adsorption experiments

After preparation of scallop shell/iron oxide(II) nano-
composite, preparation of DR81 stock solution with a con-
centration of 1,000 mg/L was done, and adsorption studies
were performed in several sections with deionized water.
First, aqueous solutions with a volume of 100 mL contain-
ing DR81 with different concentrations (10, 25, 50, 75, and
100 mg/L) were prepared. The pH of the solutions was then
adjusted to the initial pH values of 3, 5, 7, 9, and 11 using
0.01 M hydrochloric acid and sodium hydroxide solutions.
0.1-1.5 g of adsorbent was added to each solution separately.
The samples were then placed on a shaker at 150 rpm. After
the desired time (10-240 min), the solution was sampled. For
complete separation of the solid phase (adsorbent) from the
liquid phase of all samples, a 45 um filter was used under
vacuum pump suction. All experiments were repeated
twice and their mean was presented as the final result. A
spectrophotometer was used to draw the calibration curve
and measure the final DR81 after the process. After deter-
mining the final concentration, to calculate the percentage
of adsorption, Eq. (1) was employed, and the adsorption
capacity was calculated by Eq. (2) [27,28]:
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where the g, is adsorption capacity (g/mg); C, is initial
concentration of solution (mg/L); C, is final concentration
after equilibration (mg/L); V is volume of liquid inside the
reactor (L), and M is adsorbent mass (g) [29,30].

The point of zero charge (pH,,) were used to charac-
terize the surface charge changes of adsorbents. To deter-
mine the pH__ point, 100 mL of 0.01 M potassium nitrate
was added to glass containers. Then, the pH of the ini-
tial solution was adjusted in the range of 2-12 by 0.01 M
hydrochloric acid and sodium hydroxide. After that, 0.5 g
of adsorbent was added to each of the desired containers
and stirred for 48 h. After this time, the solutions were fil-
tered by a 45 pm Whatman Filter, and their pH was finally
measured.

2.5. Determination of adsorption isotherms

The Langmuir isotherm model is valid in terms of mono-
layer adsorption. The linear form of Langmuir isotherm
model is given in Eq. (3).

3
bxq, ®

where g, is the amount of the adsorbed substance per mass
unit of the absorbent in equilibrium (mg/g), C, is the equi-
librium concentration of the adsorbed substance in a solu-
tion after adsorption (mg/L), g, is the maximum amount
of the adsorbed substance per mass unit for the adsorbent
at equilibrium (mg/g) and b is the Langmuir constant.

The linear form of Freundlich isotherm model is given
in Eq. (4) [31]:

logg, =logK, +llong 4)
n

where g, is the amount of the substance adsorbed per
mass unit at equilibrium (mg/g), C, is the equilibrium con-
centration of the adsorbed substance in the solution after
adsorption (mg/L), and K, and n are Freundlich constants.

Important parameters, which should be determined in
the adsorption equations to predict the suitability or non-
suitability of adsorption and the type of adsorption process
are the dimensionless coefficient of R, and the n coefficient,
which are obtained from the Langmuir and Freundlich
equations, respectively. The R, equilibrium parameter is
defined as Eq. (5) [32]:

R, = L
1+0C,

©)

where b is Langmuir constant and C, is the initial DR81 con-
centration. The R, value indicates the type of isotherm as fol-
lows: irreversible adsorption for R, = 0, optimal adsorption
for 0 < R, <1, linear adsorption for R, =1 and undesirable
adsorption for R, > 1. In Freundlich equation, 1/n with val-
ues from 0 to 1 indicates surface heterogeneity. A value of
1/n < 1 indicates that the DR81 adsorption on the adsorbent
is better at lower concentrations, and the results obtained
in this study indicate the same result [33,34].

2.6. Adsorption kinetics

One of the most important factors for designing the
adsorption system to determine the contact time and obtain
the dimensions of the discontinuous reactor is the antici-
pation of the speed of the adsorption process that is con-
trolled by the kinetics of the system. In order to study the
mechanism of adsorption, adsorption constants can be cal-
culated using Eq. (6), that is, Lagergren model Lagergren
(pseudo-first-order kinetic) and Eq. (7), that is, Ho model
(pseudo-second-order kinetic) [33,35].

log(q, —q,)=logq, —kt (6)
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In Eq. (6) g, is the amount of substance absorbed at
equilibrium (mg/g), g, is the amount of substance absorbed
at time t (mg/g) and k, is constant rate of pseudo-first-
order kinetic (min™). In Eq. (7) g, is the amount of material
absorbed at equilibrium (mg/g) and k, is constant rate of
pseudo-second-order kinetic (g/mg-min).

3. Results and discussion

3.1. Identification of surface properties of scallop shell/iron ox-
ide(II) nanocomposite

Fig. 3 shows the FTIR image scallop shell/iron oxide(II)
nanocomposite to identify and investigate the functional
groups present on the adsorbent surface. These functional
groups are one of the reasons for the adsorption process or
an obstacle to doing so [35]. Fig. 4 shows the XRD image of
the scallop shell/iron oxide(Il) nanocomposite. As shown,
Fig. 4a shows that the peaks appearing are not wide. It
can be concluded that nanoparticles are crystalline, and
there is an interaction between scallop and iron oxide(II)
nanocomposite (Fig. 4b).

FTIR spectra are a very important way to determine
the characteristics of functional groups and to study the
changes in these groups in the adsorbent. FTIR spectrum
of scallop shell/iron oxide nanocomposite (II) is shown in
Fig. 3. As the results showed, the range of 400-4,000 cm™ is
related to the minerals in scallop shell/iron oxide(II) nano-
composite such as carbonate, phosphate, sulfate and nitrate,
phosphate, carbonyl, and nitrate. The scallop shell/iron
oxide(II) nanocomposite contains various functional groups
such as amines, alcohols, carbonyls, and hydroxyl [36]. The
spectrum of 3,200-3,600 cm™ is related to the stretching
zone of functional groups of H-O and H-N (35); the spec-
trum of 2,400-2,950 cm™ is ascribed to the stretching zone
of H-C, and peaks in the range of 2,999-3,449 cm™ belong

to the functional groups of hydroxyl and amine [37]. Also,
peaks at 2,196 and 2,928 cm™ indicate the presence of the
H-C group, and two peaks 1,594 and 1,655 cm™ indicate
the presence of amine functional group. Obtained results
was confirmed by similar study which use scallop shell
coated Fe O, for adsorption of tetracycline [23]. The peak
at 1,649 cm™ proves the presence of the carbonyl group on
the surface of the scallop shell/iron oxide(II) nanocomposite.
According to the results, the presence of shifts and shorten-
ing and widening of the peaks after the adsorption process
represents the presence of DR81 on the scallop shell/iron
oxide(II) nanocomposite [38].

In order to evaluate the morphological and surface
characteristics of iron oxide and scallop shell/iron oxide(II)
nanocomposite, scanning electron microscopy analysis was
used. Figs. 1-3 show the morphological studies of scallop
shell/iron oxide(II) nanocomposite. These figures confirmed
the surface of scallop shell/iron oxide(Il) nanocomposite
confirmed the crystal structure of both types. Fe,O, coat-
ing was also present on the scallop, as shown in Fig. 3. The
average size of scallop shell/iron oxide(II) nanocomposite
was around 26 nm. Peaks were correspondent to the values
of 18.07, 19.12, 20.17, 24.05, 37.31, 37.58, 43.29, 54.38, 56.38,
56.07, 56.49, and 78.49 and 7.49, 7.49, and 56.49. Scallop shell/
iron oxide(II) nanocomposite showed that the nanocompos-
ites are single-phase with a quadrilateral structure. A com-
parison of the XRD patterns presented is shown in Fig. 2.
After that, the state of iron capacity was almost unchanged.
Various studies show that the porous and layered struc-
ture of adsorbent and scallop shell/iron oxide(II) nano-
composite developed the contact surface and increased the
adsorption of dye ions into the adsorbent, which plays an
important role in the ability to adsorb [23].

3.2. Effect of pH on the DR81 removal by scallop shell/iron
oxide(II) nanocomposite

The pH of the solution is one of the important control
parameters in the adsorption process. The results of the
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Fig. 3. Fourier-transform infrared spectrum of scallop shell/iron oxide(II) nanocomposite.
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Fig. 4. X-ray diffraction pattern of scallop shell/iron oxide(II) nanocomposite.

effect of different pH values on the DR81 adsorption by scal-
lop shell/iron oxide(II) nanocomposite are shown in Fig. 5.
By increasing the pH to values higher than this value, the
efficiency of the adsorption process decreased. Therefore,
a pH of 3 was considered as the optimal pH.

In the adsorption process, the pH of the solution plays
a very important role in the adsorption capacity and sur-
face charge of the adsorbent, so that it affects the adsorbent
surface characteristics, the functional groups on the active
sites, the degree of ionization, and the removal efficiency.
pH ionizes the materials in the solution and separates the
functional groups present on the active sites of the scallop
shell/iron oxide nanocomposite (II). The results of this study
showed that with changes in pH from 3 to 11, the efficiency
of scallop shell/iron oxide nanocomposite (II) decreased
so that at pH of 3, the highest adsorption efficiency (98%)
was obtained. The main factor of DR81 adsorption on scal-
lop shell/iron oxide nanocomposite (II) is active sites and
functional groups on the cell wall of scallop shell/iron oxide
nanocomposite (IT). There is a protein on the cell wall of scal-
lop shell/iron oxide nanocomposite (II) that contains func-
tional groups of amines. Amines are protonated at acidic
pH values and their electrostatic charge gets positive [39],
which causes adsorption of DR81 on scallop shell/iron oxide
nanocomposite (II). Fig. 1 shows that the highest amount of
DR81 adsorption was observed at a pH of 3; thus, a pH of
3 was selected as the optimal pH. In the study conducted
by Ashrafi et al. [10], DR81 dye removal was performed
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Fig. 5. Effect of pH on Direct red 81 adsorption on adsorbent
(dye concentration of 25 mg/L, amount of adsorbent 0.5 g
and contact time of 90 min).

using modified rice husk/NaOH. The highest adsorption
efficiency (95%) for initial dye concentration of 25 mg/L
and adsorbent dosage of 6 g/L was obtained at pH 5. It has
a significant effect on the adsorption process, so the effect
of pH can be depending on the type of pollutant and spe-
cific adsorbent. In general, based on the results of this study
and other studies, it can be said that pH has a significant
effect on the removal of contaminants using the adsorption
process. Therefore, the effect of pH can depend on the type
of pollutant and specific adsorbent. By measuring the pH,
of scallop shell/iron oxide nanocomposite (II), its value was
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6.31, which means that the electrostatic charge of the solu-
tion at pH less than pH, is positive while it is negative at
the pH values more than pH  [35]. Depending on the type
of pollutant, better adsorption occurs at pH less than pH__
Another reason for the highest adsorption at a pH of 6 could
be the deformation of scallop shell/iron oxide nanocom-
posite (II) at other pH values. In fact, the highest strength
of the cell wall structure of scallop shell/iron oxide nano-
composite (II) is a pH of 6 and its structure is decomposed
at other pH values. The results of this study are consistent
with studies conducted by Fakhri [40] and Vadi et al. [41].

3.3. Effect of time on the dye removal by nanocomposites

The results of the effect of contact time on the absorp-
tion of DR81 are shown in Fig. 6. In this study, the amount
of 0.5 g of scallop shell/iron oxide(Il) nanocomposite in
100 mL dye solution (25 mg/L) was examined at a pH of 5
and a time range of 10-120 min. The results showed that with
increasing the contact time, the DR81 adsorption efficiency
also increased. This increase in adsorption was done rapidly
up to 90 min. However, after this time up to 90 min, there
was no significant increase in adsorption. In fact, the DR81
adsorption reached equilibrium, and after 120 min, desorp-
tion was observed.

Contact time is one of the factors affecting the adsorp-
tion process. The adsorption percentage of DR81 by scallop
shell/iron oxide(II) nanocomposite was directly related to the
contact time, so that with increasing the contact time from
10 to 90 min, the adsorption efficiency increased. At the
beginning of the adsorption reaction, due to the frequency
of adsorption sites and the large difference between the
concentration of adsorbent in the solution and its amount
on the surface of scallop shell/iron oxide(I) nanocompos-
ite, the removal percentage increased. It is also difficult to
occupy the remaining empty surface sites over time, because
there is a kind of repulsion between the molecules adsorbed
on the adsorbent surface and the molecules in the solution
phase. As the results showed, in the first 90 min, about 70%
was removed by scallop shell/iron oxide(II) nanocomposite.
According to the experimental results, it is observed that the
adsorption value for scallop shell/iron oxide(II) nanocom-
posite does not change much after 90 min. In this case, the
amount of DR81 absorbed on the surface of the scallop shell/
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Fig. 6. Effect of contact time on Direct red 81 adsorption

(dye concentration of 25 mg/L, adsorbent dosage of 0.5 g,
and pH of 3).

iron oxide(II) nanocomposite will be equal to the amount of
DR8I present in the solution phase. Therefore, the contact
time of 90 min was obtained as the equilibrium time. It is con-
sistent with the results of Khan et al. [42] and Dehghani et al.
[39]. In the study conducted by Khan et al. [42], kaolin coated
with magnesium oxide was used to remove DR81 from
aqueous solutions. The highest amount of DR81 removal
was obtained during a contact time of 90 min [42].

3.4. Effect of adsorbent on dye removal by scallop shell/iron
oxide(Il) nanocomposite

At this stage, to determine the optimal adsorbent dosage,
according to previous studies, the values of 0.25-1.5 g/L of
scallop shell/iron oxide(Il) nanocomposite were added to
a dye solution of 25 mg/L at an optimal pH of 3, and after
90 min of mixing, DR81 dye adsorption of onto scallop shell/
iron oxide(II) nanocomposite was investigated. According
to Fig. 7, the maximum adsorption capacity of DR81 by
scallop shell/iron oxide nanocomposite (II) was 12.28.

In this study, it was observed that by increasing the
amount of scallop shell/iron oxide(Il) nanoparticles, the
process efficiency also increased. In other words, by increas-
ing the amount of scallop shell/iron oxide(II) nanoparticles
from 0.25 to 1.5 g/L, the DR81 removal efficiency increased
from 30% to 79%. In describing this fact, it can be stated that
with increasing the amount of scallop shell/iron oxide(II)
nanocomposite, the available and active adsorption sites for
interactions between scallop shell/iron oxide(Il) nanocom-
posite and DR81 were increased [43]. When the dose of scal-
lop shell/iron oxide(II) nanocomposite reached 1.5 g/L, the
adsorption percentage increased to 79%. Also, the maximum
adsorption capacity of DR81 by scallop shell/iron oxide(II)
nanocomposite was 46.29%; this increase in dye adsorp-
tion can be due to increased contact surface area of scallop
shell/iron oxide(II) nanocomposite followed by an increase
in active sites that cause adsorption DR81 on scallop shell/
iron oxide(II) nanocomposite. However, scallop shell/iron
oxide(II) nanocomposite reduces the adsorption capacity
due to the unsaturation of the active sites of scallop shell/
iron oxide(Il) nanocomposite during the adsorption pro-
cess [44]. Removal of DR81 had a good rate up to the scal-
lop shell/iron oxide(II) nanocomposite dosage of 0.75 g and
the adsorption rate was not significantly increased after
this amount; thus, to reduce costs, 0.75 g of nanocomposite
was considered as the optimal dosage. This was consistent

<—

100+ ol

~ 40
?_\:, 80 ~
= 60 30 g
2 E
£ 40+ - 20 =
%
& 204 = - 10

0 T T Ll 0

0.0 0.5 1.0 15

Adsorbent dose (g/L)

Fig. 7. Effect of adsorbent on Direct red 81 (dye concentration
25 mg/L, optimal pH of 3, and contact time of 90 min).



244

with the study of Zang et al. [45]. Also, these findings are
consistent with the results of the study of Shojaei et al. [46]
who studied the adsorption of DR81 by zero-valent iron
nanoparticles; so that they concluded that by increasing the
adsorbent dose from 0.9 to 9 g/L, the dye removal efficiency
increases rapidly 65% to 97%.

3.5. Effect of initial dye concentration on the dye adsorption by
scallop shell/iron oxide(II) nanocomposite

To evaluate the optimal concentration in the removal
of DR8I, the optimal values obtained in the previous steps
were tested at dye concentrations of 10-100 mg/L, and the
results were presented in Fig. 8. As shown by the results,
with increasing the initial DR81 concentration, its adsorp-
tion decreased. The highest adsorption efficiency (98%) was
obtained at a dye concentration of 25 mg/L and a contact time
of 80 min and a pH of 3. The maximum adsorption capacity
of DR81 by scallop shell/iron oxide(II) nanocomposite was
12.25. In Fig. 9, the effect of the initial DR81 concentration
on its adsorption efficiency was investigated. As shown
in the figure, with increasing the initial concentration of
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Fig. 8. Effect of Direct red 81 concentration (adsorbent dosage
of 0.5 g/L, optimal pH of 3, and contact time of 80 min).
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DR8], the adsorption efficiencies decreased. The maximum
DR81 adsorption efficiency was obtained at a concentra-
tion of 10 mg/L. The percentage of DR81 removal for initial
concentration of 10 mg/L was 78%, which was reduced to
37% for the DR81 concentration of 30 mg/L. The reason
for the decrease in adsorption can be explained by the fact
that with increasing the concentration of the contaminant,
the residual amount increases and reduces the efficiency.
Also, in high concentrations, the adsorbent surface is sat-
urated and reduces the adsorption of dye. The maximum
adsorption capacity of DR81 by iron oxide nanoparticles
coated with the scallop was 12.28. The increase in adsorp-
tion capacity can be also justified by the increase in repul-
sive force due to the increase in concentration gradient,
which is consistent with the study of Arami et al. [47].

3.6. Isotherm studies of DR81 adsorption

Table 2 shows the adsorption isotherms and theoretical
parameters of the models along with the regression coeffi-
cients related to the dye adsorption by the scallop shell/
iron oxide(Il) nanocomposite. According to the regression
value (R?) obtained for each of the isotherms, it is observed
that the Langmuir model (R? = 0.903) has the highest value
and the best model used in the adsorption of dye by the
adsorbent. Therefore, it can be concluded that the adsor-
bent surface is homogeneous and the adsorption is mainly
monolayer.

Table 2
Results obtained from the calculations of Direct red 81
adsorption isotherms

Freundlich isotherm

R? Kf (mg/g) 1/n

Langmuir isotherm
R? q, (mg/g) K, (L/mg) R,
0.182 0.996 46.3 3.58 0.01

0917 25.71

DA'= 20.69-nfn D2 = 14.95'nm

D1=2933 nm
D3 = 4329 nm

View Bekd: 104 pmn  Debe{midiy): ST

Fig. 9. Scanning electron microscopy images of the adsorbent surface. (a) Iron oxide(Il) and (b) scallop shell/iron oxide(II)

nanocomposite.
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3.7. Kinetics study of DR81 adsorption

According to the removal values of DR8I in the men-
tioned contact times, the first and second-order kinetics of
the adsorption process were calculated, and the results of
the calculations of the kinetic parameters of DR81 adsorp-
tion by scallop shell/iron oxide(II) nanocomposite are pre-
sented in Table 3. According to this table, dye adsorption
by scallop shell/iron oxide(Il) nanocomposite shows a high
correlation with pseudo-second-order kinetics. Also, adsorp-
tion kinetics studies were studied at different concentrations.
Also, the experimental data obtained from the experiments
were more correlated and consistent with the pseudo-sec-
ond-order kinetic model. The correlation coefficient related
to the pseudo-second-order kinetics for all concentrations
was higher than the correlation coefficient of the pseudo-
first-order model.

Analysis of information obtained from isotherms is very
important to develop an equation by which the necessary
design can be done. In addition, the adsorption isotherm
can be used to describe how the adsorbent and adsorbent
react as well as to optimize the amount of adsorbent used
[9]. Based on the results of isothermal studies, the cor-
relation coefficient of the Langmuir isotherm equation
shows the best interpretation of DR81 adsorption by scal-
lop shell/iron oxide nanocomposite [48]. In a study con-
ducted by Ashrafi et al. [10] for the adsorption of DR8I
and methylene blue dyes with modified rice husk/NaOH
from aqueous solutions, the results showed that the max-
imum adsorption capacity was 6 mg/g. In order to obtain
information about the factors affecting the reaction rate, it
is necessary to evaluate the adsorption kinetics. R* values
of the pseudo-first-order and second-order kinetics based
on the results of the study of DR81 absorption kinetics
in Table 3 are equal to 0.89 and 0.995, respectively, which
indicates the obedience of our studied adsorption process
from the pseudo-second-order kinetic. Although the pre-
dominant process in adsorption of DR81 is the physical
type, the presence of a small amount of chemical adsorption
can be the main factor in rate control in this study.

The value of g, for this study was 46.4 mg/g, which to
be higher than several adsorbent employed in recent studies
conducted for DR81 adsorption at their experimental con-

(pH of 3, adsorbent value of 0.5 g/L, DR81 concentration of
25 mg/L, and temperatures of 25°C-55°C) for 120 min and
then the DR81 concentration and the residue in the solution
were determined. According to the results, the process effi-
ciency decreased with increasing temperature. The results
related to thermodynamic parameters were presented in
Table 5.

3.9. Effect of interfering ions on DR81 adsorption

In this study, interfering ions such as KCl, KH,PO,,
Na,CO, and NaNO, were used to evaluate the effect of inter-
fering anions and cations on the DR81 adsorption process.
For this purpose, concentrations of 0.5 M of KCl, KH,PO,,
Na,CO, and NaNO, at a DR8lconcentration of 25 mg/L,
adsorbent dose of 2 g/L were examined at a pH of 3 (Fig. 10).
As can be seen, when distilled water was used, the mean
removal of DR81 was 98%, while presence of interfering
ions reduced the removal of DR81 using the scallop shell/
iron oxide(II) adsorbent. The removal efficiency were 96.3,

Table 4
Comparison of the adsorption of Direct red 81 by scallop shell/
iron oxide nanocomposite and other reported adsorbents

Adsorbent q, (mg/g) References
Scallop shell/ iron oxide 46.2 This work
Kaolinite 26.5 [42]
Treated bamboo sawdust 13.83 [9]
Bamboo sawdust 6.4 [9]
Magnesium oxide-coated 55.7 [42]
kaolinite (Mg-Kaol)

Iron filings 25.3 [49]
Balsamodendron caudatum wood 147 [50]
Chamomilla plant 10.1 [51]
Modified silk maze 55 [51]

Table 5
Thermodynamic parameters of Direct red 81 adsorption

ditions (Table 4), confirming the advantage and efficiency T (K) AG (KJ/mol) AH (KJ/mol) AS (J/mol-K)
of this work.
298.15 -1.29
3.8. Study of thermodynamic parameters for DR81 adsorption 308.15 -1.751 23 0.92
308.15 -1.93 ' '
To investigate the thermodynamic parameter, the adsor-
. . . 328.15 2.7
ption process was conducted under optimal conditions
Table 3
Calculated parameters for Direct red 81 adsorption
Initial concentration Pseudo-first-order Pseudo-second-order
fd L . .
of dye (mg/L) R kmin) g, (mge R k(g/mgmin) g, (mgl)) 4, (mg/g)
25 0.48 0.0191 12.28 0.998 0.01 3.72 12.29
50 0.89 0.05 18.54 0.995 0.07 7.66 20.38
75 0.91 0.006 26.3 0.99 0.03 12.6 27.15
100 0.85 0.008 19.1 0.99 0.02 53.2 20.2
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Fig. 10. Effect of interfering ions (0.5 M) on Direct red 81 adsorp-
tion (Direct red 81 concentration 25 mg/L, adsorbent dosage
of 2 g/L, time of reaction 90 min and pH of 3).

93.1, 91.5 and 90.8% in the presence of 0.5 M of NaNO,, K(],
KH,PO, and Na,CO,, respectively. The results show that the
anions and cations in the solution do not have a significant
effect on the adsorption efficiency DR81 onto the scallop
shell/iron oxide(II) adsorbent.

4. Conclusion

The results showed that the DR81 adsorption on the
nanocomposite followed the Langmuir isotherm (R? = 0.996),
and the results of the kinetic equations also showed that
the DR81 adsorption behavior per unit time obeys the
pseudo-second-order kinetic model (R? = 0.995). The maxi-
mum adsorption coefficient was 46.4 mg/g. The thermody-
namic parameters showed that the adsorption of DR81 on
the iron oxide/scallop shell adsorbent is exothermic and
spontaneous. According to the results, iron oxide/scallop
shell nanocomposite can be used as a cheap adsorbent with
good efficiency for adsorption of DR81 compared to other
natural adsorbents.
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