Indian Journal of Chemical Technology
Vol. 25, January 2018, pp. 40-50

Preparation and characterization of Scallop shell coated with Fe;O,
nanoparticles for the removal of azo dye: Kinetic, equilibrium and
thermodynamic studies
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In this study, Scallop shell-Fe;O,4 nanoparticles have been used as adsorbents for investigation of the adsorption
kinetics, isotherms and thermodynamic parameters of the Acid Red 14 (AR14) from aqueous solutions at various pH, dye
concentrations, adsorbent dosages, temperatures and ionic strength. Scallop shell-Fe;O, nanoparticles are synthesized by co-
precipitation method in vacuum condition. Efficient coating of Fe;04 nanoparticles onto Scallop shell is identified by FT-IR,
XRD, SEM, EDX and VSM analysis. Removal efficiency of AR14 by Scallop shell-Fe;O4 nanoparticles is greater than that
by Scallop shell-alone and Fe;O4-alone. Maximum adsorption is observed at acidic condition. The removal efficiency of
AR14 increased with increasing adsorbent dosage, but decreased with increasing initial AR14 concentration and
temperature. The adsorption capacity of AR14 onto adsorbent is little affected by the type of ionic strength except carbonate
ion. In kinetic studies, removal rate is better described by the pseudo-second order model than the pseudo-first order model
and intra-particle diffusion model. Adsorption isotherm is analyzed by both Langmuir and Freundlich equation.
Experimental results reveal that the adsorption reaction is exothermic process. Adsorption efficiency of AR14 by Scallop
shell-Fe;O,4 nanoparticles is maintained even after six successive cycles.
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Azo dyes have been used for several industrial
purposes such as preparation of textile, leather, paper,
plastics and rubber'”. They have high toxicity, poor
degradability and great solubility in water™®. Acid Red
14 (disodium 4-hydroxy-2-[(E)-(4-sulfonato-1-
naphthyl)diazenyl|naphthalene-1-sulfonate) is a
synthetic red dye having -N=N- functional group
which is resistant to biodegradation and has very toxic,
mutagenic and carcinogenic properties’. Considering
these properties, it should be treated with suitable
physicochemical and/or biological treatment processes
such as adsorption, electro-coagulation, filtration,
chemical precipitation, electro-deposition, advanced
oxidation and ion exchange™''. However, some of
these processes have several disadvantages such as
formation of hazardous byproducts, high initial
installation cost, generation of chemical wastes, and
high energy requirement®'*'>, Among them, adsorption
technique has been taken much attention because it is
simple, efficient, and requires low operating
cost'”.When adsorption capacity of the adsorbents is

exhausted, they should be separated from the aquatic
system using filtration method and should be
regenerated for further application". However,
filtration is a tedious process causing blockage in filters".
Scallop is a marine bivalve mollusk of the Pectinidae
family. Scallop belongs to a cosmopolitan family. It is
found worldwide in oceans and seas. Also, many marine
product manufacturers and a large number of restaurants
discharge scallop shells as wastes. Scallop can be used
as an economical adsorbent for the treatment in
wastewater'®. Recently magnetic separation has much
attention as a promising environmental technique since
it produces no contaminants and has ability to treat large
amount of wastewater within a short span of time'.
Fe;04 is a traditional magnetic material having super-
paramagnetic property'”"”. It can be recovered very
quickly by external magnetic field and reused without
losing the active sites'"”. Hence, the Scallop shell
nanoparticles combined with Fe;O, can be used as an
alternative to traditional adsorbents for large scale

wastewater treatment processesmg.
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In this study, Scallop shell-Fe;O, nanoparticles are
used for the adsorption of Acid Red (AR14) from
aqueous solutions. The effects of pH, adsorbent
dosage, initial AR14 concentration, ionic strength
(sodium carbonate, sodium bicarbonate, sodium sulfate
and sodium chloride) and temperature on the removal
efficiency are studied. Adsorption kinetic, isotherm and
thermodynamic studies are undertaken to study the
adsorption mechanism and maximum adsorption
capacity of Scallop shell-Fe;O4 nanoparticles.

Experimental Section
Chemicals

Analytical grade of Iron(Ill) chloride (FeCl;.6H,0),
Iron(IT) chloride (FeCl,.4H,0),sodium chloride,
sodium hydroxide, hydrogen peroxide, sodium
sulphate, sodium hydrogen carbonate, sodium
carbonate and hydrochloric acid are purchased from
Merck (Germany) and used without further
purification.AR14 is purchased from AlvanSabet
Co.Iran. The chemical structure of AR14 is shown in
Table 1'2. The initial pH of solution is adjusted by the
addition of 0.1 M NaOH or HCI, and is measured by
pH meter (Metron, Switzerland). The experiments are
carried out at room temperature (25 + 2°C). AR14
stock solution (1000 mg/L) is prepared in distilled
water and kept in dark.

Magnetization of the Scallop shell-Fe;O,4 nanoparticles
Scallop shell sample is collected from sea beach in
the city of Anzali Wetland in Guilan province of Iran,
and then is washed with deionized water and dried at
sunlight. Scallop shell is prepared adopting the
method previously reported'®. Scallop shell-Fe;0,
nanoparticles are prepared via the co-precipitation

method in vacuum condition®'. Appropriate amount of
FeCl;.6H,0 and FeCl,.4H,0 are dissolved in 200 mL
deionized water. Scallop shell is added to the
suspension at 1:1 volume ratio. 25 mL of NH,OH
(25%) is added drop-wise to the precursor solution to
obtain an alkaline medium (pH=8) producing a black
and gelatinous precipitate of Scallop shell-Fe;O4
nanoparticles under nitrogen gas. It is heated at 80°C
for 2 h with continuous stirring. The desired Scallop
shell-Fe;O4 nanoparticles are collected by a permanent
magnet and then washed with deionized water and
ethanol for 5 times. Then it is dried at 80°C in
vacuum for 5 h. The procedure for the synthesis of
Scallop shell-Fe;O4 nanoparticles is summarized in
Fig. 1. Efficient coating of Fe;O,4 nanoparticles onto
Scallop shell is identified by Fourier transform
infrared spectroscopy (FT-IR, Mira3, Tescan, Czech
Republic), X-ray diffraction (XRD, Siemens D-5000,
Germany), scanning electron microscopy (SEM,
Mira3, Tescan, Czech Republic), energy dispersive X-
ray (EDX Mira3, Tescan, Czech Republic), and
vibrating sample magnetometer (VSM, MDKFD,
Iran) analysis. The point of zero charge (pH,.) is
measured to investigate the surface charge properties
of the adsorbents. The pH,,. of Scallop shell-Fe;O4
nanoparticles is determined adopting the method
previously used'®"’.

Adsorption experiments

The adsorption experiments are carried out in 1000
mL Erlenmeyer flask containing 30 mg of ARI14
solution and 0.24 g of Scallop shell-Fe;O4 nanoparticles.
The mixtures are continuously stirred (150 rpm) at room
temperature in different time intervals (2-120 min). Then
adsorbent is separated from the solution by permanent

Table 1 — The structure and characteristics of C.I. Acid Red 14.

Color index name

Chemical structure

C.I. Acid Red 14

OH

SV g S

Chemical class Anionic, Azo
Molecular formula CyH,Na,N,04S,
Color index number 14720

Ainax (M) 515
M,, (g/mol) 502.43

SO3Na
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Fig. 1 — A scheme for the preparation of Scallop shell coated with Fe;O4 nanoparticles.

magnet. The concentration of the AR14 in each
sample is measured using a spectrophotometer
(UV/Vis spectrophotometer, Hach-DR 5000, USA) at
Amax= 515 nm by a calibration curve’®. In order to
study the effects of various parameters, experiments
are conducted at different amounts of adsorbent
(0.1 to 0.4g/L), initial dye concentrations (10 to 120
mg/L), initial pH (2 to 11) and temperature
(298 to 323 K).

Results and Discussion
Adsorbent characterization
FT-IR analysis

FT-IR analysis of Scallop shell, Fe;04and Scallop
shell-Fe;O4 nanoparticles are performed in the range
of 400-4000 cm™ (Fig. 2). The Scallop shell shows
significant absorption peaks at 519.96, 766.75,
872.75, 872.86, 1026.6, 1124.13, 1462.07, 1650.21,
2837.24, 2949.06, 3425.72, 3637.18, 3739.4 and
3851.26 cm™. Fe;0, nanoparticles show significant
absorption peaks at 447, 580, 860, 1403, 1623, 3378,
3788, and 3850 cm’. Scallop  shell-Fe;04
nanoparticles show significant absorption peaks
originated from both Fe;O, nanoparticles and Scallop
shell. The two distinct absorption peaks at 580 and
447 cm™ are attributed to the vibrations of Fe*'-O*
and Fe*"-O” bonding, respectively'’*. Moreover, for
Scallop shell, the peak at ~1480 cm™ is assigned to
vibration of aromatic C=C bonding (very strong peak)
and the peak at ~1790 cm™ is assigned to vibration of
aromatic carbonyl bonding (very weak)**. The peaks
between 700 and 900 cm'are assigned to an aromatic
C-H stretching®. The peak at ~3400 cm™ is assigned
to vibration of -OH group®. The FT-IR analysis
supported coating of Scallop shell onto Fe;O4
nanoparticles.
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Fig. 2 — FT-IR spectra of (a) Scallop shell; (b) Fe;04 nanoparticles;
(c) Scallop shell coated with Fe;O,4 nanoparticles and (d) Scallop
shell coated with Fe;O4 nanoparticles after recovery.
XRD analysis

The XRD patterns of Scallop shell, Fe;O, and
Scallop shell-Fe;O4 nanoparticles are illustrated in
Fig. 3. The patterns exhibit crystalline structure of both
Scallop shell and Fe;O4 even after coating of Fe;O4
nanoparticles onto Scallop shell. The main peaks at 20
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Fig. 3 — Typical XRD patterns of (a) Scallop shell; (b) Fe;04
nanoparticles and (c) Scallop shell coated with Fe;O4nanoparticles

values of 18.27, 21.16, 30.11, 30.21, 35.42, 35.53,
37.03, 37.18, 43.12 and 57.09 are correspond to the
(011), (002), (112), (200), (121), (103), (022), (202),
(004) and (321) planes of orthorhombic Fe;O,4 (JCPDS
card no. 031156). As illustrated in Fig. 3, the peaks
related to the Fe;O, nanoparticles are still observed
after the coating of Fe;O4 nanoparticles onto Scallop
shell. This result indicates growth of the Fe;04
nanoparticles crystal on the Scallop shell. The average
crystalline size of Fe;O, and Scallop shell-Fe;0,4
nanoparticles are calculated as 8 and 17 nm using the
Debye—Sherrer’s equation®, respectively.

SEM, EDX and VSM analysis

SEM images of Scallop shell, Fe;O4 and Scallop
shell-Fe;O, nanoparticles are shown in Figs. 4a-4c,
respectively. Fig. 4c clearly illustrates the distribution
of magnetite nanoparticles over the surface of the
Scallop shell. The size of Fe;04nanoparticles is around
10 nm. EDX microanalysis is used to characterize the
elemental composition of the Fe;O4 and Scallop shell-
Fe;0,4 nanoparticles. EDX pattern of the Fe;O, and
Scallop shell-Fe;O4 nanoparticles is depicted in Fig. 5.
According to the EDX analysis, the major elements are
Fe, O, Ca and Cl, indicating good hybridization
between Scallop shell and Fe;O4 nanoparticles. VSM is
used to measure property of Fe;O, and Scallop shell-
Fe;0, nanoparticles. VSM magnetization curve of the
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Fig. 4 — SEM image of (a) Scallop shell; (b) Fe;04nanoparticles
and (c) Scallop shell coated with Fe;O,4 nanoparticles.

Fe;04 and Scallop shell-Fe;O,4 nanoparticles at room
temperature is depicted in Fig. 6. The saturated
magnetization value of Fe;O,4 and Scallop shell-Fe;O4
nanoparticles is 58.97emu/g and 25.78 emu/g,



44 INDIAN J. CHEM. TECHNOL., JANUARY 2018

(0]
Ca (b)
Fe
Fe Cl
SCa
i
o (a)
Fe
C| Fe
.J || A Fe
| A, ¥ | W S—
0 2 4 6 8 1C
Energy (keV)

Fig. 5 — EDX image of (a) Fe;O4nanoparticles and (b) Scallop
shell coated with Fe;O4nanoparticles
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Fig. 6 — VSM image ofsamples.

respectively. These results also indicate that the
Scallop shell-Fe;O4 nanoparticles show an excellent
magnetic response to a magnetic field. Therefore, it
can be separated easily and rapidly due to this high
magnetic sensitivity.

Effect of parameters on the removal of AR14 with Scallop
shell-Fe;O,4 nanoparticles

Effect of solution pH

The effect of pH on the AR14 (30 mg/L) adsorption
onto Scallop shell-Fe;O4 nanoparticles (0.24 g/L) is
investigated between pH 2 to 11. Figure 7 shows that
removal efficiency decreased by increasing the solution
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Fig. 7 — Effect of pH on the removal of AR14 dye by Scallop
shell coated with Fe;O4 nanoparticles in different time interval
(initial dye concentration= 30 mg/L, adsorbent dose= 0.24 g/L,
298 K).

pH. Indeed, the removal efficiency decreased from
96.96% to 11.73% by increasing the solution pH from
2 to 11. Generally, surface charge of the adsorbents and
speciation of ionic contaminants is variable with
variation of solution pH. Maximum removal efficiency
of AR14 is observed at acidic condition. The pH,,. of
Scallop shell-Fe;O, nanoparticles is 11. As the pH of
the system decreased, the number of positively charged
surface sites on Scallop shell-Fe;O, increased, causing
favourable adsorption of dye anions due to electrostatic
attraction”®. Since the removal efficiency of AR14 is
not much different between pH 2 and 3 (almost 4%),
further experiments are performed atpH 3.

Effect of adsorbent dosage and contact time

The influence of Scallop shell-Fe;04 nanoparticles
dosage on the removal efficiency of ARI14 is
investigated in the range of 0.1-0.4 g/L at pH 3 (Fig. 8).
Indeed, the removal efficiency increased by increasing
the adsorbent dosage from 0.1 g/L to 0.4 g/ over the
entire reaction time (2-120 min).This trend can be
explained by the increased active sites along with the
increased adsorbent dosage. For all dosages, the removal
rate of AR14 is rapid at initial reaction time (30 min)
and then it is gradually slowed until reactions reach a
near equilibrium after 120 min. The rapid adsorption at
initial reaction time may be attributed to the abundance
of free active sites on the surface of adsorbent and easy
availability of them for AR14 molecules™ . As the
active sites are occupied by ARI14, adsorption rates
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Fig. 8 — Effect of adsorbent dose on the removal of AR14 dye by
Scallop shell coated with Fe;O,4 nanoparticles in different time
interval (initial dye concentration= 30 mg/L, pH= 3, 298 K).

decreased due to having little available active sites on
the adsorbents. Since the removal efficiency of AR14 is
not much different between 0.24 g/ and 0.4 g/L
(almost 7%), further experiments are performed at
0.24 g/L. Indeed, the removal efficiency is enhanced by
increasing contact time.

Effect of initial AR14 concentration

Effect of initial AR14 concentration on the removal
efficiency of AR14 is studied by varying the initial
AR14 concentration (10, 20, 30, 60, 90, 120 mg/L) at
constant adsorbent dosage (0.24 g/L) and at pH 3
(Fig. 9). When the initial AR14 concentration
increased from 10 to 120 mg/L, the AR14 removal
efficiency decreased from 99.92 to 36.7%. The reason
for this result can be explained with the fact that the
adsorbent has a limited number of active sites, which

will be saturated above a certain ARI14
concentration >, Similar observations were also

reported by other researchers™>*,
Effect of ionic strength
To assess effect of different type of background

electrolytes such as CI, CO: ,HC and S (on the

removal efficiency of AR14, constant amounts of NaCl,
Na,CO;, NaHCO; and Na,SO4 (30 mg/L) are added to
the batch system before beginning the adsorption at 30
mg/L. AR14 and 0.24 g/ adsorbent dosage at pH 3.
Fig. 10 shows that adsorption capacity of AR14 is
similar without depending on the type of background
electrolytes except carbonate ion. However, in this study,
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Fig. 9 — Effect of initial AR14 dye concentration on the removal
of AR14 dye by Scallop shell coated with Fe;04 nanoparticles in
different time interval (pH= 3, adsorbent dose= 0.24 g/L, 298 K).

it is difficult to explain the slightly decreased removal of
AR14 in the presence of CO;”.

Comparison of each process,
reusability

To evaluate effect of various processes on the
removal efficiency of AR14, removal efficiency of
AR14 by Scallop shell, Fe;04 and Scallop shell-Fe;0,4
nanoparticles are compared at the initial AR14
concentration 30 mg/L, adsorbent dosage (0.24 g/L)
and at pH 3. Figure 11 shows that removal efficiency
for each process is 23.18, 65.19 and 92.26%. These
experiments demonstrate that both Scallop shell and
Fe;0, nanoparticles are needed for the -effective
removal of AR14. The enhanced removal efficiency of
AR14 by hybrid adsorbent can be regarded as variation
of surface characteristics such as BET surface area and
particle size during preparation process. The changes in
the absorption spectra of AR14 solutions at different
time interval are shown in Fig. 12. The spectrum of
AR14 in the visible region exhibits a main band with a
maximum at 515 nm***. The decrease of absorption
peak of AR14 at 515 nm indicates a rapid removal of
the azo dye. Complete removal of the dye is observed
at 2 h in the optimized conditions. Reusability of
adsorbent is an important factor for the application of
developed adsorbent in the treatment of wastewater.
Hence, the adsorption of AR14 is performed by Scallop
shell-Fe;O4 nanoparticles for six repeated runs. As can
be seen in Fig. 13, adsorption capacity of AR14 by
Scallop shell-Fe;O4 nanoparticles is maintained up to

spectral changes and
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Fig. 10 — Effect of ionic strength on the removal of AR14 dye by
Scallop shell coated with Fe;O4 nanoparticles in different time

interval (pH= 3, initial dye concentration= 30 mg/L, adsorbent
dose=0.24 g/L, 298 K).
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Fig. 11 — Contribution of each process involved on the AR14 dye
by Scallop shell coated with Fe;O4 nanoparticles in different time

interval (pH= 3, initial dye concentration= 30 mg/L, adsorbent
dose=0.24 g/L, 298 K).

six consecutive runs, suggesting a plausible adsorbent
for the removal of organic dyes.

Kinetic, equilibrium and thermodynamic studies

Adsorption kinetic experiments are performed at
different AR14 concentration (10, 20, 30, 60, 90, 120
mg/L), at constant adsorbent dosage (0.24 g/L) and at
pH 3. The pseudo-first-order, pseudo-second-order
and intra-particle-diffusion model models are applied

14
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Fig. 12 — Spectral changes of AR14 dye solution by Scallop shell
coated with Fe;04 nanoparticles in different time interval (pH= 3,
initial dye concentration= 30 mg/L, adsorbent dose= 0.24 g/L, 298 K).
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Fig. 13 — Results of reusability test for the removal of AR14 dye
by Scallop shell coated with Fe;O4 nanoparticles in different time
interval (pH= 3, initial dye concentration= 30 mg/L, adsorbent
dose=0.24 g/L, 298 K).
in order to find an efficient model for the adsorption
kinetics. The relevant equations for the kinetic,
equilibrium and thermodynamic studies are shown in
Table 2 (Refs 16,35-39).

To obtain kinetic data for the removal of AR14,

q t .
In (1-q—;) versus t,q— versus t and g, versus t is
2

plotted for the pseudo-first-order, pseudo-second-
order and intra-particle-diffusion models,
respectively. The kinetic parameters for the removal
AR14 at different initial AR14 concentrations by
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pseudo-first-order, pseudo-second-order and intra-
particle-diffusion models are summarized in Table 3.
The kinetic data for AR14 adsorption show the best
fitting (R*= 0.9973) with the pseudo-second-order
model. Moreover, when the initial ARI14
concentration increased from 10 to 120 mg/L, the
value of k, (g/mg-min) and R? for the pseudo-second-
order model decreased from 0.102 to 0.0004 g/mg-
min and from 1 to 0.9928, respectively. Also, (.
(mg/g) increased from 41.66 to 196.07 mg/g. This
result indicates that adsorption is well fitted with this
model. The value of C is calculated as 32.14 mg/g,
indicating that intra-particle diffusion is not the only
controlling step for AR14 adsorption and the process
is also controlled by boundary layer diffusion in some
degree. Also the kinetic data were fitted with the
linear regression statistics method. The estimated P
values for AR14 are summarized in Table 3. From
these results, kinetic data for AR14 adsorption is
fitted well with the pseudo-second-order model
(P<0.05) compared to another kinetic models.

To investigate the adsorption equilibrium isotherm,
experiments are performed with 30 mg/L AR14 using
various adsorbent dosages (0.1-0.5 g/L) at pH 3 for 72 h.

47

All experiments are repeated three times and the
average values are reported. Langmuir and Freundlich
equations are applied to fit experimental adsorption
data, and the related equations are shows in Table 2
(Refs 13,16,28,35,36,40-43). R_ value (separation
factor) expresses a characteristic of the Langmuir
isotherm. Generally adsorption will be favourable
when Ry value is between 0 and 1. But unfavorable
adsorption trend is expected when Ry value is above 1.
R; value 1 and 0 means linear and irreversible
adsorption, respectively. From the linear plot between
C/q. and C. as shown in Fig. 14, q, and kyvalue is
obtained from slope and intercept, respectively. The
values of q,, and k; at different temperature are given
in Table 4. The value of correlation coefficient
R’=0.9906, R’= 0.9862 and R’= 0.9344 at 298 K, 303
K, 323 K, respectively, indicates that adsorption of
the AR14 onto the Scallop shell-Fe;O4 nanoparticles
follows the Langmuir isotherm. The monolayer
saturation capacity at 298 K, 303 K, and 323 K is
172.41, 147.05 and 117.64 mg/g, respectively. It
means that the adsorption of AR14 onto Scallop shell-
Fe;04 nanoparticles occurs through monolayer
adsorption process. Also, separation factor (Ry) at 298

Table 2 — The kinetic and isotherm and thermodynamic equations for adsorption of AR14 onto Scallop shell-Fe;O, nanoparticles.

Kinetic models

Isotherm equations

Thermodynamic equations

Pseudo-first-order Freundlich isotherm Van’t Hoff
q, 1 (K. )= AS AH
In l'q—e =kt logq = logKF+HlogCe n(Kp= R RT

Pseudo-second-order

Langmuir isotherm

Free energy of adsorption

t 1 1 K Lqmce AG= -RTanL
w raztt K, Co
dt  kyde” de I+K Ce
Intra-particlediffusionmodel Separation factor (RL)
05 +C R !
= X -
dt " Kp~t L7k Lco

Parameters

q(mg/g), q(mg/g), k; (1/min), k, (g/mgmin), K; (L/mg), qn(mg/g), K (mg"-"" L' g-', K, (mg/gmin"?), Co(mg/g), AS(J/mol.K),AH

(kJ/mol), R (8.314 J/molL.K), T (K),

Table 3 — The calculated kinetic parameters for pseudo-first-order, pseudo-second-order and intra-particle diffusion models for removal
of AR14 dye by with Scallop shell-Fe;O,4 nanoparticles.

Pseudo-first-order model

Pseudo-second-order model

Intra-particle diffusion model

Co  qe(exp) k; Qe (cal) R®>  Pvalue k, g (exp) R’ P value K, Co(mg/ R* Pvalue
(mg/L) (mg/g) (1/min) (mg/g) (g/mgmin) (mg/g) (mg/gmin %) g)
10 41.63 0.2939 42 0.9025 0.02 0.102 41.66 1 0.00 1.96 26.07 0.3645 0.021
20 80.69  0.0262 82 0.6058 0.001 0.014 81.3  0.9999 0.00 4.66 4246 0.512 0.007
30 115.33  0.0412 116 09914 0.00 0.0014 120.48 0.9973 0.00 9.14 32.14 0.8504 0.00
60 153.13  0.0292 154  0.8659 0.00 0.0013  151.5 0.9934 0.00 9.55 58.2 0.7329 0.00
90 177.37  0.0231 179 0.7211  0.00 0.0029 172.41 0.9981 0.00 10.17 84.2 0.5609 0.002
120  183.50 0.0312 185 0.9002 0.00 0.0004 196.07 0.9826 0.00 16.25 31.83 0.8128 0.00
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Table 4 — The isotherm and thermodynamic constants for the adsorption of AR14 dye by adsorbents.
Adsorbent Freundlich constants Langmuir constants Thermodynamic parameters Reference
Temperature Kg n R? Jm K¢ R? AG AH AS
(K) (mg'-""L"g-Y (mg/g) (L/ mg) (KJ mol™) (KJ mol™* (J mol'K™)
298 SN 6x102%  0.00588 0.986 0.031 0.020 0.982 - - - 4
298  AFSN 71 23 0984 434 0.074 0.987 - - - 45
- Pumice Stone 23.93 376 0.987 58.824 0.415 0.977 - - - 46
283  DGO6 - - - - - - -1.52 1.88 12.05 5
293 DG06 7.1x107 1.59 0986 138 2.1x10° 0939  -1.66 >
303  DGO6 - - - - - - -1.76 - - 5
293 GSE17200 4.8x107 13 0944 098 1.5x10° 0.856 - - - 5
293 GSE17201 3.2x107 12 0921 0.83 12x107 0.715 - - - 5
288  Saccharomyces - - - - - - 2.29 16.36 49.51 10
cerevisiae
298 Saccharomyces 0.939 1.16 0.899 84.37 0.799 0.989 1.34 - - 10
cerevisiace
308 Saccharomyces - - - - - - 1.04 - - 10
cerevisia
318 Saccharomyces - - - - - - 0.77 - - 10
cerevisia
298  SD/CTAB 233 208 0997 1887 0.066 0986  3.54- 55.96 199.61 4
308  SD/CTAB - - - - - - -5.44 - - 4
318  SD/CTAB - - - - - - -7.64 - - 4
328  SD/CTAB - - - - - - 9.45- - - 4
298  SD 1 37 0979 433 0.041 0999 239 24.23 73.42 4
308 SD - - - - - - 1.53 - - 4
318 SD - - - - - - 0.95 - - 4
328 SD - - - - - - 0.14 - - 4
298  TSNH 2.4x10% 0.05 0984 0232 0.02 0993 - - - H“
298  LAFTSNH 23.020 1.792  0.998 270270 0.042 0.981 - - - 44
298  HAFTSNH 79.268 2463 0.882 312.500 0.216 0.989 - - - “
293  SMH 57.823 520 0.9941 109.89 0.5199 0.9681 - - - 47
293  ESM 1.797 330 0.900 1.023 56.497 0.826 - - - 32
298  SMH-AC 11.890 546 0.801 21367 0.771 0.998 - - - 8
298  SMH-AC 10.109 6.94 0.649 17.007 1.046 0.998 - - - 48
- ACW 0.6 25 0.645 2x10° 52086 0.600 - - - 13
298 Scallop shell -Fe;04 39.52 2.587 0.9829 17241 0256 0.9906  3.37 715 -27.96  This study
308 Scallopshell-Fe;04 41.38 2.543 0.8571 147.05 0236 09862  3.69 This study
323 Scallopshell -Fe;O4 39.52 3.289 0.6906 117.64 0219 0.9344  4.07 This study

*Results of plotting In K, vs 1/T: slope= 594.23, intercept= -3.3637, R>= 0.9864.

K, 303 K, and 323 K is calculated as 0.063-0.405,
0.094-0.382 and 0.163-0.482, respectively.The
applicability of the Freundlich adsorption isotherm is
also estimated by plotting log(q.) versus log(C.), but
the data is not well fitted with Freundlich equation
compared to the Langmuir equation. The Freundlich
isotherm constants at different temperature are given
in Table 4.

Thermodynamic experiments are performed from
298 to 323 K at constant adsorbent dosage (0.24 g/L)

and at pH 3 (Fig. 15). When the temperature is
increased from 298 to 323 K, the AR14 removal
efficiency decreased from 92.26% to 78.2%. The
related equations are shown in Table 2. From linear
plot between In K, and 1/T, AH (kJ mol™") and AS
(J mol' K') are calculated from the slope and
intercept, respectively. The values of AS, AH, AG and
qm at different temperatures are given in Table 4.
Decreased removal efficiency at high temperature
indicates an exothermic process (negative AH values)
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Fig. 14 — Langmuir isotherm plots for the adsorption of the
AR14 dye by Scallop shell coated with Fe;O4 nanoparticles at
different temperatures.
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Fig. 15 — The effect of temprature on the removal of AR14 dye
by Scallop shell coated with Fe;O, nanoparticles in different time
interval (pH= 3, initial dye concentration= 30 mg/L, adsorbent
dose=0.24 g/L, 298 K).

for the adsorption. The removal capacity of AR14 by
Scallop shell-Fe;O4 nanoparticles is compared with that

by other adsorbents in Table 4. Scallop shell-Fe;0O,
nanoparticles have greater adsorption capacity than
many other adsorbents except amine-functionalized
titania/silica nano-hybrid (LAFTSNH)*. Maximum
adsorption capacity is obtained as 172.41 mg/g at pH 3.
Based on the obtained results, the Scallop shell-Fe;O,4
nanoparticles can be regarded as an efficient and low-
cost adsorbent.

Conclusion

This paper investigates adsorption of azo dye
AR14 by Scallop shell-Fe;O4nanoparticles at different
reaction conditions. Adsorption isotherm, adsorption
kinetic and adsorption thermodynamics are
systematically studied. The prepared sample is
characterized by FT-IR, XRD, SEM, EDX, and VSM.
The removal efficiency depends on experimental
parameters like the amount of adsorbent, contact time,
pH and initial dye concentration. The removal
efficiency is maximum at acidic condition and
increased with increasing contact time and adsorption
dosage, but decreased with increasing initial dye
concentration, temperature. Pseudo-second-order
model is better described the adsorption kinetics of
AR14 onto adsorbent than pseudo-first-order model
and intra-particle-diffusion models. The high value of
correlation coefficient for the Langmuir isotherm
suggests that adsorption occurs through homogeneous
and monolayer adsorption. The experimental results
show that Scallop shell-Fe;O4 nanoparticles can
potentially be used in the removal of the azo dyes in
aqueous solutions and industrial wastewater
treatments.
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