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Dyes in the textile industry are the most significant source of pollutants, which cause damaging effects to people’s health. Reactive
black 5 (RDS5) is an anionic color that is currently used in the textile industry. This study is designed to provide the strategies to synthesize
and characterize the new family of functionalized magnetite nanoparticles via a chemical co-precipitation method with polyaniline
modification groups on the surface. The effect of various parameters including pH, the initial concentration of RDS5, the mass of adsorbent,
contact time, temperature and ionic strength has been studied. Under optimal conditions, 10 ml of RD5 solution with a concentration of 30
mg I"', 20 mg of adsorbent, pH of 7 and contact time of 10 min, the color was completely removed. The results also showed that adsorption
of RD5 followed Langmuir isotherm (R’ = 0.998) and the maximum RDS5 adsorption capacity was 63.69 mg g'. The results of kinetic
studies also showed that the RD5 removal followed the pseudo-second-order equation with the correlation coefficient of R? = 0.9984. The

AG®° was negative at all temperatures which shows that the adsorption process was spontaneous. Conforming to our results, adsorption

process by designed magnetic nano-adsorbent is an efficient and affordable method for eliminating RD5 from the textile industry.
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INTRODUCTION

Water is one of the most abundant compounds on the
earth and the primary source of life, as we know today.
Unfortunately, due to the current ignorance, changes in the
quality of water have increased [1-4]. Dye is one of the
main characteristics of surface water, which is essential due
to the increase of the chlorine intake [5]. The presence of
dye in water increases the potential for the formation of
Trihalomethanes, the productive compounds of which can
be deposited again in the environment. Industrial effluent
from the paper
production, food industry, chemical production, and ore

textile industry and dye factories,
extraction may release dyes in rivers and natural streams
[6]. Thus, it is an important issue to treat surface water.
Considering the

capabilities of nanotechnology in

comparison with the traditional methods, the removal of
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environmental pollution can be regarded as
technology and a useful tool for achieving sustainable
both

productivity [7]. The presence of this technology in the field

green

development, economically and  concerning
of environmental engineering and its practical application,
especially in the area of wastewater treatment and creating
the necessary conditions for the reuse of treated wastewater,
is essential for the context of the water crisis. Among the
various contaminations of our ecosystem, dyes are the
largest and most important group of pollutant chemical
series [8]. They are widely used in the textile, paper,
plastics, and cosmetics industry. It should also be
emphasized that several dyes are used in dyeing processes.
Therefore, the dye in industrial effluent and surface water
sources causes contamination. Even at low concentrations,
dyes can be detected, while affecting the life and food of
animals. The effect of removing dye from contaminated
water is of great importance and has also received

considerable attention in research and technology in recent
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the have an azo

functionalization categories, as water-soluble dyes are the

years. Among dyes, dyes
most problematic dyes. Usually, a combination of different
methods is needed to remove them. Adsorption is one of the
essential techniques in removing dyes from contaminated
water which is generally preferred to other ways, due to
additional features such as fastness, simplicity, low cost,
non-toxic, simple design, and high-efficiency performance
[9]. The key factor in adsorption phenomena is to select an
optimum adsorbent with the highest capacity as well as the
fastest kinetics for pollution removal [2].

Different adsorbents are used to remove dyes, some of
which include magnetic nanoparticles, natural adsorbents,
activated carbon [10], silica gel, sawdust, peat, ash,
bentonite, cellulose phosphate, and chitosan [11]. Magnetic
nanoparticles have a couple of specific properties, such as
the ease of synthesis of nanoparticles, large surface area,
with a superparamagnetic property that makes these
particles respond to external magnetic field and, in the
absence of external field, lose their magnetic properties;
they don’t need the filtration process and centrifuge steps
during the extraction process and the ability to extract large
volumes of samples and removal of various organic and
inorganic environmental pollutants [12]. Magnetite (Fe;Oy)
has the highest magnetic properties in the iron oxides
that
implemented on the synthesis and application of these

family, and is why many studies have been
nanoparticles. In the absence of any surface coating,
magnetic nanoparticles have a large surface-to-volume ratio
and thus accumulation will be done to reduce their
superficial energy and form large clusters that increase their
the

nanoparticles, the magnetic properties of each particle are

size. Due to interaction between the magnetic
enhanced by the magnetic field of the adjacent particle as a
result of which their aggregate properties increase.

One of the protective methods of magnetic nanoparticles
is creating a core-shell structure, in which the uncoated
nanoparticles are a nucleus that is separated by a shell from
the environment. The coatings shell can include coating
with organic compounds including surfactants and
polymers, coating with inorganic compounds including
silica, carbon and precious metals (such as silver and gold).
To stabilize magnetic nanoparticles, strong repulsive forces

must overcome the magnetic interaction of particles
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between particles as well high energy of surfaces [13]. This
stabilization can be achieved through spatial repulsion or
electrostatic repulsion. Thus, magnetic nano-adsorbents
properties can be entirely designed by using functionalized
One of the
conducting polymers that have been researched in this field

polymers to enhance surface properties.

is polyaniline that presents an excellent efficiency in the
removal of pollution [14]. According to the mentioned issue
this
nanoparticles was synthesized, then implemented as an

in work, functionalized polyaniline on Fe;04
adsorbent for removal of RDS. The factors that influenced
adsorption yield including pH of the solution, contact time
of interaction and initial RD5 concentration, have been
investigated. ~ Adsorption  isotherm,  kinetic = and
thermodynamic parameters have been calculated from
data.

knowledge about RDS5 adsorption mechanisms to the high-

experimental These results could improve our

efficiency design of the water treatment process.
MATERIALS AND METHODS

Preparation and Characterization of Core-shell
Magnetic Adsorbent (Fe;O4@PANI)

All chemicals were purchased from Merck Company
and used in analytical grade without any further
purification. All aqueous solutions were made with double
distilled water. Stock solutions of RDS5, (C,Hy NsNasO9S6,
see Figs. la and 1b) were prepared by dissolving it in
deionized water. The pH of the solution was adjusted to the
desired value using appropriate concentrations of HCI or
NaOH solutions.

Fe;04 nanoparticles were prepared by a chemical
co-precipitation method [15]. Then, one gram of dried
Fe;O, was mixed with 0.5 ml aniline monomer and
mechanically blended for 5 min. Then, 20 ml of 0.2 molar
sulfuric acid solution was added to this mixture. In the next
step, 20 ml of ammonium peroxide solution (5 mM) was
added dropwise to the mixture under stirring. After that, the
mixture was stirred continuously for 2 hours and allowed to
stand for one day at the same conditions. Finally, after
24 h, the product (abbreviated here as Fe;O;@PANI)
nanoparticles were washed several times with deionized
water and ethanol and separated by an external magnet

and dried in an oven at 70 °C for 5 h. Scanning electron
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Fig. 1. The molecular structure of RDS.

microscopy (SEM) images were recorded by a TeScan-Mira
III microscope. Fourier transforms infrared (FTIR) spectra
were recorded by a Nicolet Magna 550 spectrometer using
KBr pellet.

Batch Adsorption Experiments

First, 30 ppm RDS5 concentration was prepared and the
pH of the solution was adjusted to 3, 5, 7, 9 and 11 using
HCI and NaOH 10% (Vol) solution. After that, 10 mg of
Fe;04@PANI was added separately to each solution and
shaken mechanically. Then, the samples were magnetically
separated from the solution using a permanent magnet [3].
The residual RDS5 concentrations in the solutions were
measured using UV-Vis spectrophotometer (UV-Vis
spectrophotometer Specord 250, Analytik Jena AG).

30 ppm RDS5, 10 ml of RD5 and different masses of
Fe;04@PANI were used in every batch experiment and
optimum pH value. Shaker was used to blend the mixture of
adsorbent-adsorbate which were used for all the tested
conditions. Then, the samples were magnetically separated
and measured using UV-Vis spectrophotometer.

The experiment was implemented using 30 ppm
RDS5, 10 ml of RDS5 and 2 mg of Fe;O04@PANI in every
batch experiment and optimum pH value.

The thermodynamic parameters that must be considered
to determine the process are changes in standard enthalpy
(AH®), standard entropy (AS°), and standard free energy
(AG®) due to transfer of the unit mole of the solute from the
solution onto the solid-liquid interface. The value of AH®
and AS° were computed using the following equation:

AG® = AHP - TAS® (1)
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AG° = -RTIn(K) )
Rearranging Eqgs. (1) and (2) gives Eq. (3) as
follow. The value of AH® and AS° were computed using the

following equation:

AS°
R

_AHTL

R T

In(K) = 3)

K is the distribution coefficient which can be calculated as
K=Kq=q./C.[4].

The effect of ionic strength on adsorption capacity was
investigated by increasing sodium chloride in the range of
0-5% percent (mass NaCl/mass solution) to each solution
with 30 ppm RD5 concentration. 20 mg of Fe;O4@PANI
separately to each shacked

was added solution and

thoroughly. Then, the samples were separated and
measured.

The  kinetic  experiments were  implemented
in a batch mode with RD5 solutions of

Fe;04@PANI with 30 ppm of RDS5 at optimized pH mixed
and allowed to interact at various contact times [16]. Then,
the samples were magnetically separated and the residual
RD5
spectrophotometer. The quantity of adsorption capacity g,

in the solutions was measured using UV-Vis

(mg g') was calculated using this equation:

:(CO_Cr)XV
w

“)

t

where Cj is the initial RD5 concentration (mg I") and C,
is the remaining RD5 (mg 1) at time #, ¥ is the volume
of RDS5 solutions (1) and W is the adsorbent amount (g).
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Mathematical models such as the pseudo-first-order and
pseudo-second-order model were applied to simulate the
kinetic sorption data of RD5 [3].

In adsorption systems, thermodynamic data can only
provide information on the equilibrium state of the system,
such as adsorption capacity, while kinetic data consider the
change in the chemical properties of a material over time.
Using kinetic measurements, we can determine the kinetic
constants of the adsorption process. It seems that the
prediction of the rate of adsorption process is the most
essential factor in the design of these systems. Recently,
some efforts have been made to justify the kinetic
adsorption mechanism by examining some adsorption
processes the the
environment, and the results of these studies have been

in removal of pollutants from
presented in several kinetic models in recent The sorption
dynamics were tested with the Lagergren (pseudo-first
order) and pseudo-second order model. The linearized form
of the pseudo-first order equation (Lagergren) is generally
expressed as follows:

In(q.-q:) = Inq.- kit (5)
where ¢, and ¢, are the adsorption capacity at equilibrium
and at time 7, respectively (mg g") and &, (min™) is the rate
constant of pseudo-first order adsorption.

The pseudo-second order kinetic model is represented
by the following equation:

1
+—t
q€

t

1
q, k, f]f

(6)

where ¢., ¢, and ¢ have the same meaning as explained
above. k, (g mg' min") is the overall rate constant of
pseudo-second order sorption [17].

Adsorption Isotherm of
Concentration of RDS)

Dye’s solution was prepared by diluting the stock
solution in the range of 20-150 mg I"'. 10 ml of RD5 and
0.0020 g of Fe;04@PANI was used in every batch
experiment. Shaker was used to blend the mixture of

Study (Effect

adsorbent-adsorbate were used for all tested conditions.
Then, the samples were separated like previous by UV-Vis
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spectrophotometer. ~ Adsorption  isotherms
state,
concentration versus the mass of the contaminant removed
per mass Fe;O4@PANI (q.). The value of ¢, can be

calculated as presented in Eq. (7):

present

adsorption equilibrium by plotting equilibrium

q€=(CO_C€)xV
m

(7

where ¢, is the RD5 adsorption capacity (mg/g adsorbent),
C, is the initial concentration of RD5 (mg 1), C, is the RD5
concentration at the equilibrium found in the solution (mg
'), m is the mass of Fe;0,@PANI (g) and V is total volume
of solution (1) [3].

Adsorption Isotherm Models

In general, adsorption isotherm models are applied to
show the adsorption equilibrium results in different model
conditions [2]. Adsorption models show the distribution of
adsorption molecules in the liquid and solid phase when the
equilibrium is reached. The experimental data obtained in
the adsorption conditions will be determined from a specific
isotherm model. The relationship between the amount of
adsorbed material (g) and its concentration in the fluid
phase (C) at temperature 7 is called adsorption isotherm at
temperature 7. In the current study, two isotherm models
were implemented to investigate the adsorption phenomena.

Langmuir isotherm is applicable when the extent of
adsorbate coverage is limited to one molecular layer [14].
This isotherm equation is expressed by Eq. (8):

C

e

q€

1
K, q,

e, ®)

D

In all isotherms and here, ¢, (mg g") and C, (mg I'") are the
amounts of adsorbed adsorbate per unit weight of adsorbent
and equilibrium RD5 concentration in solution, ¢,, (mg g")
is the maximum amount of adsorbed RDS5 per unit weight of
adsorbent and K, (I mg') is the adsorption equilibrium
constant. The empirical Freundlich model based on

adsorption on a heterogeneous surface is given below by
Eq. (9).

log(q,) = log(K,) + ~ log(cc,) ©)
n
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where K and n are the Freundlich constants. K and n are
indicators of adsorption capacity and adsorption intensity,
respectively [4].

RESULTS AND DISCUSSION

Characterization of the Adsorbent

In Fig. 2a, the synthesized Fe;O,4 has been depicted. This
image shows that the magnetite nanoparticles have a
spherical shape and the particle size of the product is in the
range of 40-60 nanometers.

The crystalline structure of the magnetite Fe;04
nanoparticles were investigated by X-ray diffraction
(Fig. 2b). The diffraction peaks are located at 30.300,
35.675, 37.160, 43.300, 57.175, 62.900, 71.290 related to
the crystalline structure of 220, 311, 400, 422,511, 440, 620
well recognized from XRD pattern.

The Fe;0,4
nanoparticles is shown in Fig. 2c. FT-IR spectra were

infrared spectrum of the magnetite
measured on a spectrophotometer under ambient conditions
in a range of 400-4000 cm™ with a spectral resolution of
4 cm’. To confirm the structure of the samples FT-IR
spectrum was recorded at room temperature. The strong
absorption band in low-wavelengths (<700 cm™) is assigned
to vibration of the Fe-O functional groups. Two peaks at
about 3420 cm’ and 2361 cm” come from the hydroxyl
group (OH) and CO, present in the atmosphere. The
presence of magnetite with three adsorption spectra is
proved at 578, 690 and 726 cm’.

Initial pH Effect on Removal of RDS

The initial pH effect on RD5 removal efficiency is
presented in Fig. 3. In neutral pH, RD5 is in an anionic form
in the presence of sulfonic groups. Thus, it has an
electrostatic interaction with the surface of magnetite
nanoparticles having a positive surface charge. Thus,
negative ions of RD5 can adsorb to the positive surface of
Fe;0,@PANI. But in the solutions, with the increasing pH,
the negative charge (-OH) on the Fe;O4@PANI increases
causing repulsion between Fe;O4@PANI and RD5 and
decreases the amount of adsorption. From this, we could
conclude that pH = 7 is an optimum pH for the removal of
RDS5 from the water.
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Effect of Adsorbent Mass on the Removal of RD5

According to Fig. 4, the removal rate of RD5 was
increased by keeping the RD5 concentration constant and
increasing the Fe;O4@PANI content, so that at optimum pH
by increasing the amount of Fe;04@PANI from 5 to 20 mg,
the removal efficiency of the RD5 at a concentration of
30 mg I'' increased from 40% to 100%. This is due to an
increase in the active site on the surface of Fe;O4@PANI
due to the rise in the amount of Fe;O4@PANI. Basically,
with the increasing surface of Fe;O4@PANI, its specific
surface area has been increased, and RD5 molecules have
the most possibility of sitting on the Fe;04@PANI surface
The results show that by increasing the amount of
Fe;04@PANI beyond 20 mg, the percentage removed
decreases.

Temperature Effect on Adsorption Process

The removal of RD5 experiments was carried out at 25,
30, 40, 50 and 60 °C, and the results are presented in Fig. 5.
Conforming to the figure, the optimum temperature for the
elimination of RD5 from water is 25 °C.

Temperature has a significant effect on the adsorption
process. On the one hand, increasing the temperature
decreases the diffusion rate of RD5 molecules on the outer
and inner layers of the Fe;04,@PANI, and also reduces the
viscosity of the solution. On the other hand, the influence of
temperature in the process of adsorption provides us
information on enthalpy changes and adsorption entropy. In
general, increasing the temperature increases the movement
of RD5 molecules on the surface. Thus, the adsorption
process is slower resulting in less surface covering.

Ionic Strength Effect on Adsorption Process

The effect of ionic strength on adsorption capacity was
investigated by increasing sodium chloride in the range of
0-5% percent. The results are shown in Fig. 6. The results
show that with the increasing salt concentration, the RD5
removal decreases.

The the
interaction of the surface with the RDS5 structures by
forming a coating layer on the surface of the Fe;0,@PANIL

salt molecule would prevent effective

Therefore, salt was not added to the other experiments.
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Fig. 2. a) SEM images b) XRD pattern and c) FT-IR spectra of Fe;04.

480



Adsorption Behaviour of Reactive Black Dye 5/Phys. Chem. Res., Vol. 7, No.

3, 475-490, September 2019.

el § g < g 2 g
l =4 l l ‘J M
.W{M%w \E
LA S
T :

Fig. 2. Continued.
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Fig. 3. pH effect on RDS5 removal efficiency, under conditions: 10 ml of RD5 solution with a concentration of
30 mg I and 20 mg of adsorbent and contact time: 5 min.
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Fig. 4. The effect of adsorbent mass on RD5 removal efficiency (concentration of RD5: 30 mg 1", pH =7,
stirring time: 5 min).
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Fig. 5. The effect of the temperature on the RD5 removal efficiency. (concentration of RD5: 30 mg I”', pH =7,
stirring time: 5 min).
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Fig. 6. The effect of the ionic strength on the RD5 removal efficiency. (Concentration of RD5: 30 mg 1", pH =7,
stirring time: 5 min).
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Fig. 7. a) The kinetics of the adsorption (concentration of RD5: 30 mg 1", pH = 7, stirring time: 5 min) and b) The
pseudo-second order fitting curve with experimental data.
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Effect of Contact Time (Kinetic Study)

The contact time between Fe;O4@PANI and RDS is one
of the most critical design parameters that affect the process
performance. As the Fe;O4@PANTI has a high surface area,
high removal capacity, and the fast removal dynamics, the
adsorption time is in the range of 1-18 min. The results
obtained in Fig. 7a show that the adsorption of RDS5 at the
concentration of 30 ppm is very fast. Such a high adsorption
rate can be due to the lack of high penetration of RD5 in the
adsorbent surface because the adsorption occurs only on the
surface of the nanoparticles. The equilibrium contact time,
comparing to Fig. 7a is around 10 min.

As it was seen, within 10 min, the RD5 adsorption
reached its maximum value. Kinetic experiment data were
fitted to the pseudo-first and second order reaction rate and
according to the correlation coefficient of fitting (see Fig.
7b and Table 1), the pseudo-second reaction order fits very
well with experimental data.

Isothermal study of RD5 adsorptionThe most common
method for determining adsorption isotherms is to
determine the concentration of the species in the solution
before and after the experiment. Two isotherm equations in
this study, namely, Freundlich and Langmuir adsorption,
have been tested to describe the adsorption equilibrium
properties. The results obtained for the adsorption isotherm
of RD5 were tabulated in Table 3 as shown in Fig. 8.

The results of Table 2 show that the Langmuir model
provides a better fitting with adsorption data than the
Freundlich model (with close to one correlation coefficients
(R*). The maximum adsorption capacity for adsorbent
based on the Langmuir model is 63.69 mg g™

In Table 3, the adsorption capacity of this study was
compared with other adsorption capacities reported in
literature. Conforming to the Langmuir model, the
maximum RD35 adsorption capacity was 63.69 mg g
Following our results, the adsorption process by
designed Fe;O4@PANI is an efficient and affordable

method for eliminating RDS5 from the textile industry.

Thermodynamic Study of Adsorption System

Thermodynamic parameters such as Gibbs free energy,
enthalpy, and entropy of the adsorption will be obtained by
plotting the InK vs. 1/T at different temperatures. Results
were presented in Table 4 and Fig. 9.
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Given that AG® is negative at all temperatures, we could
conclude that the adsorption process is spontaneous. The
negative value of AH® is an acceptable reason that the
adsorption is exothermic.

Kinetic Study of the Adsorption

If the transfer of RD5 molecules from the bulk to the
liquid film or the boundary around the adsorbent is ignored,
the RD5 adsorption mechanism consists of the following
sequential steps.

1. The transfer of RD5 molecules from the boundary films
to the outer surface of the Fe;0,@PANI (film release).

2. The transfer of the RD5 molecule from the Fe;O4,@PANI
surface to the interior of the particles.

3. Adsorption of the RD5 molecules by adsorbent's active
sites.

According to Weber and Maurice, if penetration inside
the particle is a speed controlling factor, adsorption of
Fe;04@PANI changes with the square of time. Therefore,
the measurement of the RD5 adsorption rate is possible by
measuring the adsorption capacity of Fe;O4@PANI as a
second root function of time. The following equation can
represent the particle diffusion model:

g=kt?+C (10)

12

Where k; [mg g’ min'?] is a rate constant of penetration
inside the particles. The value of k3 is obtained by the slope
of the straight line of the ¢, graph vs. />. The C value
provides evidence of the thickness of the boundary layer
and, for a larger C value, the effect of the boundary layer is
greater. Fig. 10 shows the diffusion plot inside the particle.
In the diagram,there may be two separate regions that
represent the steps during the adsorption process. The first
curvature is due to the bulk diffusion and the linear section
because of the diffusion.

As you can see, the RDS5 has not straight-line plot and
does not pass from the origin. One of the possible reasons
for deviation from the straight line of origin is that there is a
difference in the rate of mass transfer at the initial and final
stage of RD5 adsorption. The results of this experiment
show that intrinsic penetration is not the only control of
RDS5 adsorption. The rate constant of the particle diffusion
model have been tabulated in Table 5.
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Table 1. Kinetic Parameters of RD5 Removal from Water

o) Ge.exp Gecal )
Rate constant R
Model (mgl) (mggh) (mgg)
Pseudo second order 40 37.8 40.16  ky(gmg' min")=0.035 0.9984
Pseudo first order 40 37.8 42.52 k; (min") = 0.426 0.9520
Table 2. Isotherm Fitted Parameters of RD5 Removal from Water
Langmuir parameters K; Gmax R2
(1gh (mg g)
0.375 63.69 0.998
Freundlich parameters Kr(lgh n R’
25 428 0.8449

Table 3. Comparison of RD5 Removal with Different Adsorbents Reported in Literature

Adsorbent Adsorbate Qmax Ref.
(mgg")

Powdered activated carbon RD5 58.82 [18]
Fly ash (Turkey) RD5 7.94 [18]
Activated red mud RD5 35.58 [19]
Polyaniline nanofibers RD5 312.50 [20]
Banana Peel Powder RD5 49.20 [21]
This study RD5 63.69

Table 4. Thermodynamic Parameters of RD5 Removal Process

AG°
AH® AS°
(kT mol™)
(kT mol™) (J mol K
298 K 303K 318K
-4.792 -4.262 -2.672 -28,16 -76.1
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Fig. 8. a) The Langmuir isotherm and b) Freundlich model fitting curve with experimental data.
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Table 5. The Rate Constant of the Particle Diffusion Model

Co ks C
R2
(mg I') (mg g min"?) (mg g
40 4.803 23.388 0.9852
CONCLUSIONS [2] Rostamian, R.; Najafi, M.; Rafati, A. A., Synthesis
and characterization of thiol-functionalized silica nano
A magnetic functionalized nanoparticles hollow sphere as a novel adsorbent for removal of

Fe;04@PANI was successfully synthesized and tested
in the RDS5 elimination. Under optimal conditions,
10 ml of the dye solution with a concentration of
30 mg I'', 20 mg of adsorbent, pH = 7 and contact time
of 10 min, there appears color removal of 100%. The
results also showed that the adsorption process follows
Langmuir isotherm with the regression coefficient of
R* = 0.998. In Table 5, the adsorption capacities of this
study were compared with other adsorption capacities
reported in literature. The maximum RDS5 adsorption
capacity was 63.69 mg g"' conforming to the Langmuir
model. Following our results, the adsorption process by
designed Fe;O4@PANI is an efficient and affordable
method for eliminating RD5 from the textile industry.
Furthermore, taking into account the advantage of the
fast and simple magnetic action of the adsorbent
through the application of an external magnetic field,
the Fe;O4@PANI can be considered an effective
adsorbent for removal of RDS5 from the water.
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