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Abstract

Contamination of potable water supplies will in the future lead to the emergence of problems like lack of water. Therefore,
the issues such as environmental pollution and the purification of water have been a major focus of scientists recently. Espe-
cially, the removal of the heavy metals and organic substances that are harmful to human health and exist in industrial waste
water is of great importance. In this study, removal of textile dye (Maxilon® Blue GRL 300%, MBG), which is a significant
impurity, from water was carried out by using iron oxide nanoparticles. Iron oxide nanoparticles were synthesized by using
co-precipitation method. XRD, SEM, TEM, size distribution, zeta potential and magnetic properties measurements were
performed to investigate the properties of the nanoparticles. The MBG removal capacities of iron oxide nanoparticles were
investigated by taking into account the initial metal ion concentration, pH of aqueous medium, time and temperature. The
dye adsorption capacity of iron oxide nanoparticles increased with an increase in dye concentration and temperature. The
highest dye removal was observed at pH 9.0. According to the evaluation of the dye concentration effect on adsorption pro-
cess, when the highest concentration of 25.0 mg/L dye solution was used at room temperature, the highest dye adsorption
capacity was determined as 0.23 mg/g. The results of adsorption kinetics and thermodynamic data have shown that adsorp-
tion process has pseudo-second-order kinetics and endothermic form. Adsorption studies data have well fitted to Langmuir
isotherm at room temperature.

Keywords Magnetite - Characterization - Maxilon blue GRL - Adsorption - Waste water treatment - Iron oxide
nanoparticles

Introduction and climate change are reducing the number of clean and

potable water each passing day.

Today, water is one of the most important natural resources.
While 97.5% of the water in the Earth is saline, the remain-
ing 2.5% water belongs to the freshwater resources. How-
ever, 68.7% of freshwater resources is still trapped in the ice.
The remaining 30% is situated underground. Fresh surface
water sources such as rivers and lakes hold a smaller rate
than 1% of the total water in the world. Increasing world
population, irregular urbanization, rapid industrialization
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Pollution of potable water resources will cause problems
such as lack of water in the future. Therefore, countries,
organizations and unions have encouraged scientists to work
on important issues such as environmental pollution removal
and water treatment. Especially, in the treatment of waste
water, the removal of heavy metals and organic substances
being harmful to human health is of great importance [19,
26, 29, 44]. Due to the colored waters adversely affect liv-
ing organisms, the national and international importance of
carrying out color control in the industrial waste water that
is discharged into the receiving environment is increasing
every day. Discharging the color waste water into the receiv-
ing environment directly reduces the light transmittance of
water and the amount of dissolved oxygen in the medium.
In addition to that, colorants as well as partitioning products
have toxic and/or mutagenic effects on organisms. Therefore,
color parameter takes also an important part in the water

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s41204-020-0068-0&domain=pdf

6 Page2of12

Nanotechnology for Environmental Engineering (2020) 5:6

discharge criteria along with other pollutants such as sus-
pended solids and dissolved organic solid matter. Colored
waste water producing industries can be counted as tex-
tile, food, paper and metal. Among these industries, textile
industry with its 92% is one that has the largest percentage
because of using dye materials. Since the waste water of
these textile firms has a wide variety of pollutants and the
pollution load of waste water especially due to the dyeing is
lot, it raises the necessity to use a combination of different
methods for treating waste water from the textile industry.

Therefore, physical, chemical and biological methods are
used altogether in various combinations in the plants. The
methods that the textile companies prefer for the chemical
treatment are as follows: coagulation—flocculation, chemical
oxidation, neutralization and ozonation processes. However,
most of the widely used biological treatment processes or
some of the combined system are effective in the removal
of COD and turbidity although they are very ineffective in
color removal. On the condition that the textile wastewater
is discharged into the freshwater resources before it reaches
the desired discharge criteria, sunlight will not be able to
penetrate into the water due to the presence of colorant
materials in the water. The amount of dissolved oxygen in
the water will decrease so that this will create an annoying
factor to threaten aquatic life. Therefore, the purification of
wastewater of textile industry is very important for the eco-
logical life cycle.

In order to remove dyes from waste water, there are many
studies on the use of adsorption process. For this purpose,
it is observed that in these studies, active carbon, clay min-
erals, composite materials, organic wastes and polymers
were commonly used as adsorbent materials [28, 34, 36,
38]. In the last decade, there has been a remarkable increase
in researches on waste water treatment by using functional
properties imparted nanoparticles or magnetic polymer-
coated nanoparticles [8, 42]. Zhou et al. [47] prepared glu-
taraldehyde cross-linked magnetic chitosan nanoparticles
(GMCNs) and used them in order to remove FD&C Blue
1 and D&C Yellow 5 food dyes from the aqueous solution.
Song et al. [37] worked to remove methyl orange (MO),
reactive brilliant red K-2BP (RBR) and Acid Red 18 (R),
which are the anionic dyes, from the waste water by using
amine/Fe;0,-resin. In addition, Ge et al. [13] prepared mag-
netic nanoparticles (MNPs) modified with 3-aminopropyl-
triethoxysilane and copolymers of acrylic acid and crotonic
acid and used them to remove the cationic dyes—crystal
violet, methylene blue and alkali blue 6B, which exist in
aqueous environment. Li et al. [25] synthesized Fe;O,@chi-
tosan @ graphene oxide and used it to remove the methylene
blue (MB) dye from the water.

Also, Yao et al. [43] prepared porous magnetic poly-
acrylamide microspheres and used these microspheres
to remove MB, neutral red (NR) and gentian violet (GV)
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from water. Moreover, Gao et al. [12] synthesized mag-
netic polymer multi-walled carbon nanotube (MPM-
WCNT) nanocomposite and used them in orange II, sunset
yellow FCF and amaranth in the aqueous solution, which
are anionic azo dyes, to determine the adsorption capac-
ity. In order to minimize initial investment and operating
costs in the waste water treatment plants and to determine
the most appropriate treatment type, it is very important
to do the preliminary work. Although a lot of researches
have been made with many composite materials (e.g.,
iron oxide—polymer, iron oxide—carbon nanotubes, etc.)
including iron oxide (Fe;0,), the number of studies done
by using only iron oxide (Fe;O,) nanoparticles is quite
limited [22, 27]. The price of iron oxide (Fe;O,) will be
cheaper than the price of the iron oxide (Fe;0,)-containing
composite. Also, because the particle size of the magnetic
polymeric nanoparticles is greater than the particle size
of the magnetite nanoparticles, it was thought that using
nanoparticles with a smaller grain size will increase the
surface area/volume ratio and increase the treatment effi-
ciency. Unlike studies using polymer-coated magnetic
nanoparticles, in this study, it was aimed to investigate
the treatment capacities of bare magnetic iron oxide nano-
particles in the waste water treatment since it is considered
to be cost-reducing effect.

Materials and methods
Materials

In the synthesis of iron oxide magnetic nanoparticles, iron
(ID) chloride tetrahydrate (FeCl,-4H,0, Sigma-Aldrich,
99%), iron (III) chloride hexahydrate (FeCl;-6H,0, Sigma-
Aldrich, 97%) and 32% ammonia solution (Merck, extra
pure) were used. In the adsorption operation, the dyestuff
(Maxilon® Blue GRL 300%; MBG, Huntsman) that is used
in the textile industry and available from suppliers was
used (Fig. 1). To adjust the pH value of the solution, 0.1 M
hydrochloric acid (HCI, Merck) and 0.1 M sodium hydrox-
ide (NaOH, Merck) solutions were utilized.

¥ CzH
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Fig.1 Chemical formula and structure of Maxilon® Blue GRL 300%
(MBG) dye
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Method
Synthesis of magnetic nanoparticles

In the synthesis of iron oxide nanoparticles, co-precipita-
tion method was utilized [42]. In this method, FeCl,-4H,0,
FeCl;-6H,0 salts and ammonia as precipitation agents were
used. To prevent the oxidation of Fe’* and Fe** salts and
side reactions, synthesis operation was performed under
nitrogen atmosphere. During synthesis, firstly 150 mL of
aqueous solutions of FeCl;-6H,0 and FeCl,-4H,0 that fit
the ratio of Fe>*/Fe?* 2:1 was prepared and transferred to
5-necked glass flask. N, gas probe, temperature probe, reflux
condenser and glass stirrer were placed, respectively, on the
glass flask necks. After stirring the solution in the flask for
1 h with mechanical stirring at 85 +5 °C, 32% ammonia
solution was added to the system. After adding ammonia
solution, mixing was continued for another 30 min also. At
the end of this process, the system was allowed to cool down
to room temperature. The nanoparticles were removed from
the solution using a magnet, and washing process was con-
ducted with the distilled water until pH 9 is obtained. Upon
completion of this procedure, sample was dried in a vacuum
oven at 40 °C for one day. The reaction occurred during the
synthesis is given below [23]:

Fe’* +2Fe’* + 8OH™ — Fe;0, + 4 H,0

Characterization

Structural characterization of the synthesized nanoparticles
was determined through X-ray diffraction (XRD, Bruker D
8 Advance brand model). The morphology and particle size
of all the synthesized nanoparticles were determined using
scanning electron microscope (SEM, LEO 1430 VP model)
and transmission electron microscope (TEM, FEI Tecnai G2
Spirit BioTwin model). MALVERN Nano ZS90 device was
used to determine the size distribution of the synthesized
particles.

The magnetic properties of nanoparticles were deter-
mined via vibrating sample magnetometer (Cryogenic
Limited PPMS). After the adsorption, the surface elemental
analysis of the particles was performed using the energy-
dispersive X-ray (SEM/EDX, model LEO 1430 VP) device.

Adsorption studies

In the adsorption experiments, synthesized iron oxide nano-
particles were used as adsorbent, while MBG was used as
adsorbate. In the adsorption process, it was tried to deter-
mine the amount of adsorbent. For this purpose, varying

amounts of adsorbent from 0.05 to 0.20 g were added to
25 mg/L of dye solution. After it has reached dye adsorp-
tion equilibrium value, the remaining dye concentration in
the solution was measured via UV-Vis spectrophotometer
(Shimadzu, UVmini 1240).

From the obtained data, adsorption capacity values were
calculated (g,.) for each adsorbent material. In the adsorp-
tion kinetics study, the dye adsorption changes in time were
investigated. In order to examine the effect of dye concen-
tration on adsorption, 5 different dye solutions were used
ranging from 5 to 25 mg/L. To study the effect of pH on
adsorption, 3 different pH values (5, 7, 9) were used in the
adsorption studies. Furthermore, studies were performed to
examine the effect of temperature on the adsorption at 35 °C
and 45 °C, except for room temperature. Adsorption capac-
ity value of the magnetic particles is calculated using the
following equation:

(G;-C)xV
Qo= ———— M
m
where C, is the initial dye concentration (mg/L); C, is the
dye concentration remaining in solution before adsorption
at the equilibrium (mg/L); V is the volume of the dye solu-
tion (L), and m is the mass of Fe;O, nanoparticles in grams.
In the kinetic calculations, ¢, was used instead of g, values,
representing the adsorption capacity at time .

Results and discussion
Characterization of magnetic nanoparticles
XRD analysis

Structural analysis of magnetic nanoparticles was performed
by XRD analysis. Figure 2 shows the XRD pattern of mag-
netic nanoparticles.

As shown in Fig. 2, synthesized black striped pattern was
determined belonging to the particles in compliance with
iron oxide (Fe;0,) that is the red striped patterns of magnet-
ite. It was understood later that the particles obtained at the
end of the synthesis were the Fe;O, in the crystalline struc-
ture. The average crystallite size was calculated by using
the data obtained from the XRD analysis and the following
Scherrer equation [31]:

_ Ki
= B Cost @)

where 4 is the X-ray wavelength in nanometer (nm), 3 is the
peak width of the diffraction peak profile at half maximum
height resulting from small crystallite size in radians, and K
is a constant related to crystallite shape, normally taken as
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Fig.2 XRD pattern of the magnetic nanoparticles

0.9. The value of § in 26 axis of diffraction profile must be
in radians. The 6 can be in degrees or radians, since the cosf
corresponds to the same number.

With the help of XRD analysis, the approximate crystal
grain size of the particles was found to be 13.2 nm. Hariani
et al. [17] carried out the synthesis using the co-precipi-
tation method and obtained magnetite (Fe;0,) as a result
of the XRD analysis. Wang et al. [40] have detected that
the nanoparticles obtained by the co-precipitation method
are the magnetite in the XRD analysis. And also, they have
found out in their calculation using the data pattern of the
Debye—Scherrer formula that the mean crystallite size of
the samples is between 7 and 11 nm. They have determined
that the particle size increased with increasing tempera-
ture and pH. Ghandoor et al. [14] have synthesized iron
oxide nanoparticles by co-precipitation method in their
study. They have noticed that the particles synthesized with
(NH,),Fe(S0O,), and FeCl; are magnetite from XRD analy-
sis. They also have calculated the value of average crystallite
size as 10.0 nm by using the Scherrer equation.

SEM and TEM analysis

The morphology of Fe;O0, magnetic nanoparticles synthe-
sized using common precipitation method was investigated
by SEM and TEM analysis. Figure 3 shows SEM and TEM
images of Fe;0, particles.

In the SEM images (Fig. 3) of Fe;O, nanoparticles, it is
seen that nano-size particles were obtained, but the parti-
cles were heavily agglomerated. On the other side, it was
detected in the TEM images that the particles were agglom-
erated and one particle was in the size of 10-15 nm. In the
study performed by Mascolo et al. [30], it was found out that
in the SEM images of iron oxide particles that were obtained
by the co-precipitation method, the particles were agglomer-
ated. They have seen in the TEM images that the particles
were in spherical shape and the grain size was about 11 nm.

@ Springer

Shen et al. [35] have prepared differently shaped magnet-
ite nanoparticles by using facile co-precipitation method in
the presence of sodium dodecyl sulfate (SDS). They have
determined that the obtained particles were agglomerated
and their particle size went up to 15-50 nm with increasing
SDS amount. All the synthesized iron oxide particles by the
co-precipitation method have tended to be agglomerated in
the water since they contain hydroxyl group [20].

Particle size (DLS) and zeta potential analysis

The size distribution of Fe;O, nanoparticles obtained was
examined through the DLS analysis. The particle size dis-
tribution is shown in Fig. 4.

As it is seen from the particle size distribution graph that
was obtained from DLS analysis, it is understood that the
particles agglomerated (Fig. 4). These agglomerates can also
be seen in the SEM and TEM analysis. Zeta potential value
regarding the particles was found to be — 17.1 mV as a result
of the analysis. The obtained experimental results illustrate
also that the particles tend to come together by influencing
each other depending on the electrical charge in the solution.
This situation is favorable for helping nanoparticles to easily
remove from waste water treatment systems.

Magnetic saturation analysis

Magnetic saturation analysis was carried out via VSM
device so as to determine the magnetic properties of the
synthesized nanoparticles. The data gained from the analysis
were transferred to graphics, and then, the hysteresis loop
was created and is shown in Fig. 5.

As itis seen in Fig. 5, it was detected that the particles are
superparamagnetic and the saturation magnetization (Ms)
value is 66.50 emu/g. The saturation magnetization (M) of
bare MNPs is 66.50 emu/g nanoparticles, which is less than
that of bulk magnetite (90 emu/g). It was determined in the
all previous studies in the literature that as the particle size
decreases, Ms value decreases as well [5, 15, 16, 30, 45].

Dye adsorption studies
The effect of the amount of adsorbent on dye adsorption

To investigate the effects of nanoparticles amounts in the
removal of MBG, which is a dye material, from aqueous
solution, 4 different adsorbents amounts including 0.050 g,
0.10 g, 0.15 g and 0.20 g were used. The works were car-
ried out in 25 mg/L initial MBG concentration at room tem-
perature in 10 mL solution concentration. The effect of the
amount of adsorbent on the adsorption capacity is shown
in Fig. 6.
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Fig.3 a SEM, b TEM images
of magnetic nanoparticles
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As seen from Fig. 6, when 0.050 g Fe;O, was used, the
highest adsorption capacity was gained as approximately
0.32 mg/g. At the end of the experiment, it was observed
that there was an increase in the adsorbent value, while
there was a decrease in the adsorption capacity. Due to the
ease of weighing, 0.10 g of adsorbent quantity was used as
a constant in all the experimental studies. Dye adsorption
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on Fe;0, particles was supported with SEM—-EDS analysis
(Fig. 7).

As seen in Fig. 7, the peaks that belonged to Fe and O
elements were detected on the surface of the adsorbent mate-
rial along with N and C elements that belonged to dye mol-
ecules. SEM—-EDS analysis shows that the adsorption has
occurred.
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Effect of initial dye concentration on dye adsorption

The graph obtained from the experiments that were per-
formed with dye solution varying in 5-25 mg/L concentra-
tion is given in Fig. 8.

It was observed among the studies that there was an
increase—albeit less—with the increasing initial dye con-
centration until 25 mg/L concentration of the adsorption
capacity. On the other side, it was noticed in the 25 mg/L
dye concentration that adsorption increases quite fast. Since
the adsorbent material is nano-sized and leads to an increase
in the mass/volume ratio, saturation could not be achieved
at the highest concentration in terms of dye adsorption. The
initial concentration provides an important driving force
to overcome all mass transfer resistances of all molecules
between the aqueous and solid phases [4, 9, 10, 18, 21].

The adsorption of dye on nanoparticles was analyzed by
using Langmuir [24], Freundlich [11] and Temkin and Pyz-
hev [39] isotherms.

The linear form of Langmuir equation is given by Eq. 3
where K; is the Langmuir adsorption constant and g, is the
adsorption capacity (mg/g):

Tl Ty ] 3)

9e dmax  Kr - dmax

Calculated parameters using Eq. 3 are given in Table 1, and
K; and g, constants were evaluated from the slope and the
intercept of the linear plots of C,/g, versus C,, respectively.

The Langmuir isotherm is developed to explain monolayer
coverage of adsorbate molecules on adsorbent sites which are
equivalent, and the surface is homogeneous. The forces of
the interaction between adsorbed molecules are negligible. It
is seen that the calculated values are listed in Table 1. From
Table 1, the experimental data for adsorbent well fit with the
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Fig.5 VSM analysis of Fe;O, nanoparticles
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Langmuir model and it is realized that calculated g,,, value for
nanoparticles shows close approximation to the experimental
values.

K; in the Langmuir model is a constant attributed to the
affinity between the adsorbate and adsorbent [6]. A dimension-
less constant called the separation factor (Ky) can be used for
indicating the type of adsorption using the Langmuir constant
K; as follows:

Kp = 1/(1+K - Cy) )

Ky value implies the type of adsorption as: Ky =0 irrevers-
ible adsorption, 0 < K < 1 favorable adsorption, Kz =1 lin-
ear adsorption, and Ky > 1 unfavorable adsorption. Ky values
gained from the experiment results are between zero and
one, showing that the adsorption is favorable.

The re-arranged Freundlich equation can be expressed
by Eq. 5:

1
log g, = log Kg + - log C, 5

where K and n are the adsorption capacity and the het-
erogeneity factor, respectively. If the value of 1/n is higher
(1/n>1), the adsorption is a more favorable physical pro-
cess. These are called Freundlich constants characteristic
of the system.

The Freundlich isotherm is confined to the formation
of the multilayer coverage, and it assumes that adsorption
occurs on heterogeneous surface of adsorbent as well as
multilayer sorption.

The Freundlich equation has been used to describe
sorption of MGB from solution onto nanoparticles. Hence,
Eq. 5 is used to calculate the constants which are shown
in Table 1. In the Freundlich isotherm, the correlation
coefficient for this isotherm plot is 0.91. It can be seen
that regression coefficient obtained from the Freundlich
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2
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Fig.6 Adsorption change depending on the amount of adsorbent
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isotherm is lower than the Langmuir isotherm for nano-
particles adsorbent. However, Freundlich model can be
used to explain dye adsorption isotherm on nanoparticles
at temperatures other than room temperature.

The Temkin isotherm equation estimates that there
appears a decrease in the heat of adsorption of all the
molecules in layer linearly with coverage because of
adsorbent—adsorbate interactions, and that the adsorp-
tion is described by a uniform distribution of the bonding
energies, up to some maximum binding energy [39]. The
Temkin isotherm is given as follows:

g.=RT/b.In A+RT/b In C, (6)

where A is the equilibrium binding constant (L/g), coinci-
dent with the maximum binding energy, and constant b is
related to the heat of adsorption (J/mol), T is the absolute
temperature (K), and R is the universal gas constant (8.314 J/
mol K). A plot of g, versus In C, allows the determination of
the isotherm constants b and A from the slope and intercept
of the straight line plot.

The 3 isotherm model parameters along with the regres-
sion coefficients are given in Table 1. The data belonging to
the 3 isotherm models showed that the linearity of the Lang-
muir isotherm models (R*>=0.99) was higher than that of the
other isotherm models according to the room-temperature data

Fig.7 SEM-EDS images of
MBG adsorbed Fe;O, particles

6583

MAG: 1500 x__HV:20.0 V. WD: 18.4 mm

cps/eV

(Table 1). This shows that the sorption of MBG on nanoparti-
cles is more of monolayer sorption. According to the other two
temperature data, the linearity of Freundlich isotherm model
was higher than that of the other isotherm models.

Adsorption kinetics

Adsorption kinetics of MGB adsorbed onto Fe;0, nanoparti-
cles was examined. All experimental studies were carried out
in batch system at room temperature. At the end of a given
time, ¢, amount of adsorbed MGB per gram of Fe;O, nanopar-
ticles, g,, was calculated according to Eq. 1. Graph generated
from the obtained data is shown in Fig. 9.

Figure 9 shows the changes in the amounts of the MBG
adsorbed over time (g,) calculated using Eq. 1. As can be seen,
adsorption of MBG by nanoparticles is fast for the first 10 min
and slows down until 30th min, and the equilibrium is reached
after 80—100 min. Therefore, optimum removal time for MBG
was determined to be 100 min.

Three kinetic models which are Lagergren pseudo-first-
order, second-order and intra-particle diffusion models were
tested to explain the adsorption kinetics, and the rate constants
of MBG on nanoparticles were calculated. Adsorption data
were evaluated according to the linearized form of Lagergren
pseudo-first-order reaction kinetic formula given by Eq. 7:

16
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Fig.8 The effect of MBG initial concentration on the adsorption
capacity

log (g, — q;) =1og g, — )

e
2.303
where ¢, and ¢, are the amounts of adsorbed dye (mg/g) at
equilibrium and at time ¢ (min), respectively, and k, is the
rate constant of the pseudo-first-order reaction (min™h). C
is the integration constant in Eq. 6. The plot of log (¢.—¢,)
against t should give the k; and g, values from the slope and
intercept of the plot, respectively.

The pseudo-second-order kinetic model is given by Eq. 8:

13 L g
9 ke q. ®)

where k, is the rate constant of the pseudo-second-order
reaction (mg g~! min™'). The plot of #/g, versus ¢ should
give the k, and g, values from the slope and intercept of the
plot, respectively. Graph of the pseudo-second-order kinetic
model is shown in Fig. 10.

The kinetic parameters obtained from the plots in Fig. 10
are given in Table 2. It is seen from Table 2 that the sec-
ond-order kinetics is in good agreement with data and the
second-order kinetics shows closer approximation to the
experimental data for g.. Moreover, the correlation coef-
ficient of the second-order reaction kinetics is higher than
that of the first-order reaction kinetics. Rate constants are
calculated from the slopes of the curves (Table 2). Compared
with the experimental equilibrium adsorption value, g, the
second-order kinetics produces a much closer value and it

seems possible to suggest that the adsorption of MBG onto
nanoparticles follows a second-order-type reaction kinetics.
But the pseudo-second-order kinetics model could not iden-
tify the diffusion mechanism.

In presenting the adsorption mechanism, three steps have
to be taken into consideration. The first one is the film or
surface diffusion. Dye moves through the solution to the
exterior surface of Fe;0, adsorbent. The second one is the
intra-particle or pore diffusion. MGB moves within the par-
ticle agglomerated. The final one is the adsorption on the
interior sites of adsorbents, which occurs very fast. There-
fore, it is ignored for describing the overall rate of adsorption
process. During this process, MGB dye is adsorbed at sites
on the interior surface of Fe;0, particle agglomerated. In
order to clarify adsorption mechanism, Weber and Morris
intra-particle diffusion model has often been used to deter-
mine the rate-limiting step [41]. General representation of
the kinetics model is expressed as follows:

g =kg 1"+ 9

where k;y is the intra-particle diffusion rate constant
(mg g~! min=®%) and C; is the intercept. The plot of g, ver-
sus 1% should give the k,; and C; values from the slope and
intercept of the plot, respectively. The value of C also clears
up information about the thickness of the boundary layer.
In agreement with this model, on the condition that the
plot does not go through the origin, intra-particle diffusion
is not the only rate-limiting step. In addition to first activity,
the other kinetic models may control the rate of adsorption.
The plot of g, versus *3 may display a multi-linearity
showing two or more steps for adsorption process [7, 46]
(Fig. 11). This plot proposes that adsorption of dye on
nanoparticles took place in three phases. The initial steeper
section exemplifies the surface or film diffusion, the sec-
ond linear section serves as a gradual adsorption stage in
which intra-particle or pore diffusion is rate-limiting, and
the third section is the final equilibrium stage. If the plot
did not go through the origin, intra-particle diffusion was
not the only rate-controlling step. Thus, there were three
processes controlling the adsorption rate, but only one was
the rate-limiting process in any particular time range. The
intra-particle diffusion rate constants k; and C were adjusted
from the slope of the second linear section. It was observed
from the plot that the straight lines did not pass through the

Table 1 Parameters of

Freundlich isotherm Temkin isotherm

R? Ky n R? b A R?

i Temperature Langmuir isotherm
adsorption isotherm of MBG (K)
on Fe;0, 9max Ky
298 0.13 0.48
308 0.28 0.032
318 2.1 0.045

1.6x10° 4.6 0.92
52x10% 0.43 0.92
1.2x10* 0.34 0.95

0.99 0.075 6.6 0.91
0.71 0.012 1.3 0.97
0.94 0.019 0.91 1.0
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origin, and this further notes that the intra-particle diffusion
is not the only rate-controlling step. Experimental results
show similarities to Dogan et al.’s work [2, 3, 9, 33].

The effect of pH on dye adsorption

The experiments were performed with 25 mg/L dye solution
that has 5, 7, 9 pH value to examine the effect of pH on the
adsorption. The gained data are given in Fig. 12 as a graph.

As shown in Fig. 12, as the pH of solution increases so
will the adsorption of dye. When the pH of solution is 5,
the adsorption capacity has reached up to about 0.10 mg/g.
While the pH of solution is 9, the amount of the adsorption
capacity has gone up to about 1.0 mg/g. This is because
the adsorbent material, iron oxide nanoparticles, is posi-
tively charged in the acidic pH and is negatively charged
in the basic pH [8]. While the pH of the solution starts
to increase, the negative charge density on the adsorbent
surface starts to increase. Thus, the cation of the dye goes
into interaction more easily with the negatively charged
adsorbent surface due to electrostatic interaction [3, 9].
However, the negative charge impact formed by unpaired
electrons of nitrogen that exists in the acidic pH of the dye
molecules influences H' ions electrostatically present in
the environment, causing positively charged areas in the
dye. In acidic environments, since there are the negatively
charged ends in the dye molecule as well as the positively
charged areas, it leads to generation of the repulsive forces
between these areas and the positively charged adsorbent
material. Thus, a slight decrease in the amount of adsorp-
tion is seen. During the water treatment processes, acidic
water is generally undesirable and in many of the pro-
cesses, neutralization is implemented to ensure the dis-
charge criteria. When the studies are evaluated in this
scope, it is a desirable situation for the facilities to have
more productivity of dye removal at the water treatment
plants.

0.3

9:(mg/g)
o
o
L

0 50 100 150 200 250 300

Time (min.)

Fig.9 Adsorption kinetics of Fe;O, nanoparticles

The effect of temperature on dye adsorption

The effect of the temperature on MBG adsorption was
studied in 3 different temperatures, and the gained data
are provided in Fig. 13 as a graph.

When Fig. 13 is examined in general, it appears that as
the ambient temperature increases, the adsorption of MBG
increases. As the adsorption increases with the increasing
temperature, it can be interpreted as an increase in the
rate of the dye molecules. The AS°, AH® and AG® values
calculated from the temperature data using related equa-
tions [1] are 156 J/K, 53.9 kJ/mol and 7.38 kJ/mol, respec-
tively. This situation has shown that the dye adsorption
takes place on the Fe;O, particles in the endothermic form
[9, 32]. It is known that some of the processes performed
in the printing and dyeing units of textile industry are car-
ried out at elevated temperatures. In such cases, the waste
water containing dyes are sent to the treatment plant at
high temperatures. Given the fact that adsorption increases
at 318 K temperature, it is possible to conclude with the
Fe;0, nanoparticles in textile industry, high adsorption
efficiency can be achieved.

Conclusion

Fe;O, was synthesized by using co-precipitation method
and used as adsorbent for the removal of MBG from aque-
ous solutions. It was determined from the XRD pattern that
the synthesized particles are in compliance with iron oxide
(Fe;0,). It was seen in the SEM and TEM images that the
particles were agglomerated and one particle was in the
size of 10—15 nm. The average crystallite size of magnetite
found as 13.2 nm has been calculated by using Scherrer
equation and the data obtained from the XRD analysis.
After VSM analysis, it was determined that the particles
are superparamagnetic and the saturation magnetization

1200

1000 +

800 -
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400

200

0 50 100 150 200 250 300
t (minute)

Fig. 10 Pseudo-second-order kinetic model for adsorption of MBG
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Table 2 Parameters of pseudo-first and second-order kinetic model for MBG adsorption on Fe;O,

Adsorbent q. (mg/g) (experimental) First-order Second-order
g, (mg/g) (calculated)  k; (min~!)  R? q. (mg/g) (calculated)  k, (2 mg~' min!)  R?
Fe;0, 0.23 0.13 2.7x107% 096 0.24 6.5x107! 1.0
0.24 600
k,_;—/‘/' 0298 K
022 " Phase Il 500 w308 K I
0.2 J 400 | A318K i
/ Phase I —
0.18 | ¥ S 300 5
7 016 % 0 ) o
]
0.14 100 PS ° ° f
Phase | [ ] u
0.12 o n ‘ ‘ ‘ ‘
0 5 10 15 20 25 30
0.1 » Ce (mg/L)
0 5 10 15 20
05
Fig. 13 The effect of the temperature on MBG adsorption
Fig. 11 Intra-particle diffusion plot . . . . . .
is concentration gradient in the increasing dye concentra-
tion, an increase was observed in the adsorption. It was
12 understood in the examination of the adsorption isotherm
that it fits the Langmuir isotherm at room temperature
1 ¢ that means that the adsorption occurred in a monolayer
08 form. However, it was understood that the adsorption fits
o the Freundlich isotherm with the increase in temperature,
g 06 that is the adsorption occurred in a multilayer form. The
; 0.4 results of adsorption kinetics and thermodynamic data
have shown that adsorption process has pseudo-second-
0.2 . o order kinetics and endothermic form. This study proves
0 that Fe;0, is efficiently usable in the textile industry where
4 6 8 10 hot water washing is carried out at the basic pH values of
pH waste water. Behavior of the synthesized Fe;O, against the

Fig. 12 The effect of pH on the adsorption of MBG

(Ms) value is 66.50 emu/g. In adsorption studies, the
effects of adsorbent dosage, contact time, initial MBG con-
centrations, pH and temperature on the adsorption were
investigated. After the adsorption process, N atoms have
also been detected as well as C atoms on the Fe;O, surface
through EDS analysis. When test results were compared,
it can be said that the capacity of dye removal of Fe;0,
particles goes up with the increased dye concentration, pH
and temperature. Because of the increase in the interaction
of negatively charged Fe;O, particles with the positively
charged dye when the pH value of environment rises up,
there occurs an increase in the adsorption. As driving force

@ Springer

dye molecules is very useful, and it has a potential to be
used as an adsorbent for the textile waste water.
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