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Abstract: In the present study, new magnetic nanocomposites were successfully prepared by combus-
tion method, characterized by X-ray diffraction, Fourier transform infrared spectroscopy, magnetic
measurements, N, adsorption-desorption thermal analysis, and scanning electron microscopy, and
tested as adsorbents for the removal of anionic dyes (Acid Yellow 42 and Acid Red 213) from aqueous
solutions. The influence of process variables solution pH, adsorbent dose, initial dye concentration
and temperature on the adsorption was evaluated. The best kinetic model that fitted with experimen-
tal data was a pseudo-second order model, and the equilibrium data were correlated by Langmuir
isotherm model for the investigated dyes. Maximum removal efficiencies of 98.54% and 97.58% was
obtained for Acid Yellow 42 and Acid Red 213, respectively, indicating the superior adsorption capac-
ity of the new synthesized magnetic nanocomposites. The thermodynamic parameters indicated the
spontaneous and endothermic nature of the adsorption process.
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1. Introduction

The intense industrialization of recent years has led to an increase in water pollution,
making it one of the main environmental problems. Numerous industries, such as textiles,
leather, paper, cosmetics, and food, are the main generators of huge amounts of water
contaminated with dyes [1,2]. Their uncontrolled discharge into the aquatic environment,
without prior treatment, has a strong negative impact on the ecosystem [3]. In addition to
the unsightly appearance, the presence of dyes in the water reduces the penetration of light,
which affects the photosynthetic activities of the aquatic flora; the amount of dissolved
oxygen is also low, thus affecting the aquatic ecosystem [4,5].

The complex chemical structure of the dyes makes them resistant to biodegradation,
light, heat and oxidizing agents, enabling their high persistence in the environment [6-9].
The presence of dyes in water has a negative impact not only on the environment, but
also on human health, due to their toxic, mutagenic and carcinogenic properties [1,10-12].
These are a few of the factors that indicate the importance of treating these contaminated
waters using the most effective methods.

In order to reduce the pollution of contaminated waters with dye content, several
physical, chemical and biological methods of water treatment have been investigated,
including adsorption [13-16], advanced oxidation [17], photocatalysis [18], filtration [19],
catalytic degradation [20], coagulation/flocculation [21], reverse osmosis [22] and biodegra-
dation [23]. The approaches have had different success rates. The chemical methods
applied for dye removal from wastewater have some disadvantages, such as the high cost
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of large-scale application, the incomplete mineralization of the organic compound, and the
production of toxic by-products [13,24]. In the case of biological methods, the disadvan-
tages include the low efficiency in removing certain dyes with stable molecular structures,
the appearance of sludge, and the production of harmful secondary compounds [13,25].
Among all the decontamination methods, physical adsorption proves to be unique in
removing dyes from contaminated wastewater, because it consists of a simple operation
process, has a high selectivity for contaminants, results in the low production of non-toxic
by-products, and has low operating costs and high efficiency.

Various materials, such as activated carbon [26], zeolites [27], mesoporous silica [28],
metal organic frameworks (MOF) [29], polymers [30], and by-products of agriculture [31],
have been investigated as potential adsorbents for wastewater treatment. Among these
materials, activated carbon (AC) has shown good adsorption performance for a wide
range of pollutants, due to its porous structure and large specific surface area. However,
powder-activated carbon has a major drawback: the difficulty of separating it from aqueous
solutions. To overcome this problem, activated carbon-based magnetic composite powders
have attracted much interest. In the recent years, magnetic nanocomposites have been
proven to be highly efficient in removing dyes from wastewater because they are easy to
control and can be very quickly separated from solution by applying an external magnetic
field [32-35].

Different synthesis methods have been used for the preparation of magnetic nanocompos-
ites, including sol-gel [36], solvothermal [37], hydrothermal [38], pyrolysis of organometallic
compounds [39], co-precipitation [40], and the combustion method [41]. Most of these meth-
ods have disadvantages as they involve several steps in the synthesis process, the reaction is
difficult to control, and they involve long reaction times and toxic raw materials. On the other
hand, the combustion method used in this study has proven to be a versatile, simple and safe
method. Combustion synthesis is a quick and easy process that requires simple equipment,
thus it can save time and energy. At the same time, the combustion method allows the efficient
synthesis of a variety of nanomaterials with high yields and high surface areas [42,43].

The aim of this study is the synthesis of a new material, which combines the ad-
sorbent properties of activated carbon with the magnetic ones of iron oxides. This new
material was further tested as an adsorbent for anionic dyes. The synthesized adsorbents
were characterized in terms of structural, morphological and magnetic properties. In the
adsorption studies, the effects of the experimental parameters solution pH, adsorbent
dose, temperature and initial dye concentration were evaluated. Kinetics, equilibrium and
thermodynamic studies were carried out in order to describe the adsorption process.

2. Materials and Methods
2.1. Materials

Iron(Ill) nitrate nonahydrate Fe(NO3)-9H,0 from Sigma Aldrich (>98%), L-arginine
CeH14N4O; from Merck (>99%), and activated carbon with different specific surface areas
(AC (1000, 1300, 1700 m?/g)) from Roth were used for the synthesis of magnetite/carbon
nanocomposites.

2.2. Synthesis of Magnetic Nanocomposites

The synthesis of magnetic nanocomposites was performed by an improved com-
bustion technique, as previously described [42,43]. In this case, iron nitrate was used as
an oxidizing agent and L-arginine was used as a reducing agent or fuel (Equation (1)).
The recipe was calculated in order to obtain 10 g of composite material (PM), in which the
magnetite:carbon mass ratio was 1:4.

102 Fe(NO3); + 46 CgHsN4O, = 34 Fe;04 + 276 CO, + 322 H,O + 245N, (1)

The influence of the specific surface area of activated carbon on the nanocomposite
performance was investigated. Additionally, the effect of the thermal treatment time span
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on the PM properties was observed. The working conditions used in the synthesis of PM
are presented in Table 1.

Table 1. Conditions for the synthesis of magnetic nanocomposites.

SBET Mass Mass Mass Thermal Treatment
Sample Activated Carbon  Activated Carbon Fe(NO3)3-9H,0 CeH14N40, Time Span
(m?/g) (g) (g (g (min)
PM1 1000 8.00 10.47 2.04 90
PM 2 1300 8.00 10.47 2.04 90
PM 3 1700 8.00 10.47 2.04 90
PM 4 1700 8.00 10.47 2.04 60

Iron nitrate and L-arginine were mixed with different types of activated carbon (with
specific surface areas ranging between 1000, 1300 and 1700 m?/g) in a round bottom flask,
in the quantities specified in Table 1. The soluble raw materials were dissolved in 20 mL of
distilled water. Afterwards, the flask was placed in a heating mantle preheated at 400 °C to
ignite the combustion reaction, in the absence of air. In order to prevent air from getting
inside the flask during the combustion reaction, the flask containing the reactant mixture
was closed with a glass tap. The gases generated during the combustion reaction create
positive pressure, so that air cannot enter the flask. During the combustion reaction, the
tap was set to the open position to allow the combustion gases to exit the flask. At the
end of the combustion process the tap was set to the closed position and the flask was
removed from the heating mantle. The same experimental procedure was used for all
samples. The sample was kept in the heating mantle for 90 min in the case of samples
PM1-PM3 and 60 min in the case of sample PM4.

The obtained samples were washed with distilled water, dried at 80 °C, and ground.
The final material was in all cases a black magnetic powder.

2.3. Characterization Methods

The phase composition of the powders was determined by X-ray diffraction (XRD),
using a Rigaku Ultima IV instrument. X-ray diffraction patterns were recorded using
CuKo radiation.

The functional surface groups were evidenced using Fourier transform infrared (FI-IR)
spectroscopy. Infrared spectra were recorded on the Shimadzu IR Prestige-21, using the
potassium bromide pellet method, in the range of 400 to 4000 cm ™.

The behaviors in the external magnetic field of the obtained nanocomposites were stud-
ied in low-frequency (50 Hz) AC applied magnetic fields, using a laboratory-manufactured
induction hysteresigraph installation equipped with a data acquisition system [44].

The porous structure characteristics of the investigated samples were determined from
the nitrogen adsorption—desorption isotherms. The N, adsorption—desorption isotherms
were recorded at 77K using a QUANTACHROME Nova 1200e device. The samples
were degassed at 110 °C for 15 h. The specific surface areas were determined using the
Brunauer-Emmett-Teller (BET) method and the pore size distributions were derived with
the Barrett-Joyner—-Halenda (BJH) method from the desorption curves.

The thermal behavior of the samples was studied in the range 25-1000 °C by thermal
analysis, using a Netzsch Sta 449C device. To record The TG and DSC curves, the sample
was placed in a platinum crucible and heated in an atmosphere of air with a heating rate of
10 °C/min.

Scanning electron microscopy (SEM) was used to investigate the morphology of the
magnetic nanocomposites by using an Inspect-S scanning electron microscope.

2.4. Adsorption Experiments

Two anionic industrial dyes, Acid Yellow 42 (AY 42; C3pH»4NgNayOgS;) and Acid Red
213 (AR 213; C14H13N304S), obtained from Colorom Codlea, were used as adsorbates for
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the adsorption studies. Dye solutions at different concentrations were obtained by dilution
with distilled water from a stock solution (450 g/L). The pH value of the dye solutions was
adjusted using HCI or NaOH solutions (0.1 mol/L).

For the adsorption experiments, 20 mg of the PM (adsorbent) was dispersed in 20 mL of
dye solution. The adsorption process was carried out in Erlenmeyer glasses, using a thermostat
shaker with a constant stirring speed of 200 rpm for 240 min at 25 °C. After adsorption, the
concentration of the dye solution was spectrophotometrically determined, and the absorbance
at Amax (the wavelength of the maximum value of absorbance) specific to each dye (409.0 nm
for AY 42 and 544.5 nm for AR 213) was recorded. The adsorption capacity (g;) and percentage
of dye removal (R) were calculated using Equations (2) and (3), respectively.

Co—Ci)-V
g= GGV @
R=S0"C 109 )
Co

where Cy, Ct, and C, are the concentrations of the dye solution at the initial time, at different
periods of time, and at the equilibrium (mg/L), respectively; V is the volume of solution
(L), and W is the mass of adsorbent (g).

3. Results and Discussion
3.1. Structural Characterization of the Magnetic Nanocomposites
3.1.1. X-ray Diffraction (XRD)

X-ray diffraction analysis was applied to determine the crystalline structure of the
synthesized magnetic nanocomposites. Figure 1 illustrates the XRD pattern of the PM1,
PM2, PM3 and PM4 samples compared to activated carbon.

——PM4
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£
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Figure 1. X-ray diffraction pattern of activated carbon and magnetic nanocomposites.

Figure 1 indicates that AC exhibits a very broad diffraction peak characteristic for an
amorphous structure, which is in accordance with the previous studies that documented
the diffraction pattern of AC [45]. The synthesized PM presented several diffraction
peaks that were assigned to magnetite (Fe30y), according to JCPDS sheet no. 190629.
The well-evidenced diffraction peaks were located at 30.10, 35.42, 43.05, 53.39, 56.94 and
62.52 degrees on the 2 theta axis, corresponding to magnetite diffraction planes (220),
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(311), (400), (422), (511) and (440). Based on the XRD analysis, one can conclude that
magnetic nanocomposites prepared by combustion synthesis consist of nanocrystalline
magnetite incorporated /mixed in an amorphous matrix of activated carbon, which is in
total agreement with previous studies carried out on similar themes [45,46].

The crystallite size of magnetite was determined according to the Debye—Scherrer
equation (Equation (4)), using the most intense diffraction peak [47]. The obtained crys-
tallite sizes were 6.9 nm for the PM1 sample, 7.1 nm for the PM2 sample, 6.4 nm for the
PM3 sample, and 6.2 nm for the PM4 sample, which indicate that in this case, the surface
area of the activated carbon and the thermal treatment time span had no influence on the
magnetite crystallite size.

D = (0.9-N)/(p-cos 0) 4)
where D is the crystallite size, A is the X-ray wavelength, {3 is the full width at half maximum

(FWHM) and 0 is the Bragg angle for the diffraction peak.

3.1.2. Fourier Transform Infrared (FT-IR) Spectroscopy

The functional groups present in the synthesized samples and their corresponding
frequencies are highlighted in the FT-IR spectra, presented in Figure 2:
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Figure 2. FT-IR spectra of magnetic nanocomposites.

FT-IR analysis indicates the presence of several strong absorption bands located at
465 cm~! and 567 cm ™! (PM1), 449 cm~! and 567 cm~! (PM2), 440 cm ™! and 567 cm ™!
(PM3) and 567 cm~! (PM4), which can be attributed to Fe-O vibration in Fe3Oy, confirming
the presence of the magnetite phase [48,49]. This is in total accordance with the results
obtained from the X-ray diffraction analysis, namely, the formation of magnetite.

The FT-IR spectra also show some bands due to the organic residues resulting from
the combustion reaction. The adsorption bands between 1054 cm~! and 1254 cm ! can be
attributed to C-C and C-O stretching vibration in activated carbon [50]. An intense band
can be noticed in the range of 1550-1600 cm !, which is typically attributed to the vibration
of C=C bonds [51]. The strong absorption bands observed at 2345 cm~! correspond to
chemisorbed CO, [52]. The adsorption band at 1836 cm ! found in PM2 is attributed to
the stretching vibrations of the C=0 groups [53]. Adsorption bands were observed in the
range 3328-3442 cm ! in all the spectra, which can be attributed to the stretching vibration
of O-H groups coming from the adsorbed water [54]. The small bands identified around
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3700 cm ™! can also be assigned to the vibrations of the free -OH groups from the surfaces
of oxide nanoparticles [55].

3.1.3. Magnetic Properties of Magnetic Nanocomposites

The magnetization measurements of the PM1, PM2, PM3 and PM4 nanocomposites
recorded at room temperature are presented in Figure 3 and Table 2.
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Figure 3. Magnetization curves of magnetic nanocomposites.
Table 2. Magnetic properties of magnetic nanocomposites.
Samvle Ms Hc Mr Mr,Ms
P (emu/g) (KOe) (emu/g) (emu/g)

PM1 13.5 0.199 2.087 0.15

PM2 6.94 0.051 0.401 0.05

PM3 4.87 0.045 0.177 0.03

PM4 4.82 0.089 0.348 0.07

When analyzing the data obtained from the magnetization curves presented in Table 2,
one may observe that the saturation magnetization decreases from PM1 to PM3 when AC
with a larger specific surface is introduced. The same decreasing trend is observed for
the coercive field (Hc) and remanent magnetization (Mr) with the increase in the specific
surface of the AC. The decrease in the thermal treatment time from PM3 to PM4 determines
a slight decrease in saturation magnetization, but in the case of Hc and Mr, a doubling of
the value can be observed.

The presence of hysteresis in PM1 with a value of coercivity field of 0.2 KOe indicates
that the behavior of the material tends to be ferrimagnetic. The squarness ratio of the
hysteresis loop (Mr/Ms) specific to samples PM2, PM3 and PM4 indicates a value less than
0.1, which implies that the materials present superparamagnetic behavior.

The low values of the magnetic measurements are due to the large amount of AC
(non-magnetic material) present in the samples, representing 80% of the entire mass of the
samples. Even at these low values of saturation magnetization, the materials still showed
very good response to an external magnetic field. This magnetic behavior of the samples
will contribute to the easy separation of the adsorbent from the aqueous solution.

3.1.4. N, Adsorption-Desorption Isotherms

Figure 4 presents the N, adsorption—desorption isotherms for the synthesized mag-
netic nanocomposites.
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Figure 4. N, adsorption-desorption isotherms of magnetic nanocomposites.

According to IUPAC classification [56], all magnetic nanocomposites present type
IVa adsorption—desorption isotherms with an H4 hysteresis, indicating that micropores
are present.

The pore size distribution of the powders (Figure 5) indicates that all samples exhibit
pores with diameters around 3.8 nm.
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Figure 5. Pore size distribution of magnetic nanocomposites.

Table 3 summarizes the characteristics of the porous structure of magnetic nanocomposites.

Table 3. Characteristics of the magnetic nanocomposites.

Specific Total Pore Micropores Micropores External Average Pore
Sample Surface Area Volume Volume Area Surface Area Diameter
(m?/g) (cm3/g) (cc/g) (m?/g) (m?/g) (nm)
PM1 656 0.29 0.25 624.46 31.75 3.82
PM2 708 0.44 0.22 522.68 184.89 3.76
PM3 715 0.45 0.23 531.12 183.88 3.82
PM4 761 0.57 0.22 527.93 233.35 3.82

The specific surface area of the AC used as the raw material had a positive effect on the
specific surface of the synthesized powders (Table 3). The increase in the specific surface of
the AC determined an increase in the specific surface and the total pore volume. At the
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same time, it can be observed that the time span of the thermal treatment determined a
change in the specific surface. The reduction in the treatment time from 90 min (sample

PM3) to 60 min (sample PM4) determined a slight increase in the specific surface area, from
715 m? /g to 761 m? /g, which could be explained by the preserving of a larger pore volume.

Due to these characteristics, it is expected that the as-synthesized powders will exhibit
excellent adsorption efficiency, especially due to the large specific surface area. In addition,
the powders present magnetic properties, which would be an advantage for their separation
from aqueous solutions.

3.1.5. Thermal Analysis of Magnetic Nanocomposites

The synthesized powders have been characterized by thermal analysis. Figure 6
presents the TG and DSC curves of the prepared samples.
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Figure 6. The TG and DSC curves of magnetic nanocomposites: PM1 (a), PM2 (b), PM3 (c), PM4 (d).

The four samples presented similar behaviors when heated to 1000 °C. The TG curve
indicates that all samples exhibited a two-step mass loss. In the first stage, up to 100 °C,
the samples underwent a mass loss due to the water removal. This process was accom-
panied by an endothermic effect, as indicated by the DSC curves. In the first stage, PM1
showed the highest mass loss of 13.27%, followed by PM2 at 9.79%. The other samples
showed slightly low losses of 7.30% for PM3 and 7.19% for PM4.

In the temperature range of 300-600 °C, the DSC curves for all the samples showed
a strong exothermic effect, accompanied by a significant mass loss on the TG curve of
about 65-68%. We can see an overlap of two exothermic effects on the DSC curves for all
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investigated samples, attributed to the combustion of the fuel residue and carbon oxidation
present in the samples.

3.1.6. SEM Characterization of Magnetic Nanocomposites

In terms of morphology, the SEM investigations (Figure 7) do not indicate essential
differences between the samples. This may be closely related to the large amount of carbon
and the presence of magnetite in all PM samples. The SEM images of the PM evidence the
presence of small particles of magnetite with an irregular shape that formed alongside AC.

Figure 7. The SEM images of the magnetic nanocomposites PM1 (a), PM2 (b), PM3 (c) and PM4 (d).

3.2. Adsorption Experiments

The molecular structure and characteristics of the anionic dyes Acid Yellow 42 (AY 42)
and Acid Red 213 (AR 213) used as adsorbate are presented in Table 4.

Table 4. The molecular structure and characteristics of the investigated dyes.

Dye Molecular Structure Mole:;/l::::o\lr;lelght CAS Registry Number

CHj
= NaO;,$
N
AY42 /N Q Q N\ N 758.692 6375-55-9
o0 H N— /\N
HsC

S0;Na

OH
AR213 QNzN 34336 12715-60-5
HO

H,NO,S
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The synthesized PMs were tested as adsorbents for the mentioned anionic dyes.
The studies were performed at an optimum solution pH (2.1 for both dyes) and a tempera-
ture of 25 °C, using 1 g/L PM and a dye concentration of 50 mg/L. Preliminary adsorption
results are presented in Table 5.

Table 5. Removal yields and adsorption capacity of magnetic nanocomposites.

PM1 PM2 PM3 PM4

n qt n qt n qt n qt
(%) (mg/g) (%) (mg/g) (%) (mg/g) (%) (mg/g)
AY 42 64.91 33.81 79.04 39.38 80.59 40.29 98.54 49.27
AR213  69.64 34.32 79.24 39.62 83.84 41.92 97.58 48.79

The results show that the removal efficiency /adsorption capacity of the magnetic
nanocomposites increased from PM1 to PM4, which can be explained by the increase in
the specific surface and total pore volume (Table 3). The PM4 sample has been selected
as the adsorbent in adsorption studies due to its large specific surface area, high removal
efficiency/adsorption capacity, and also because it can achieve good magnetic separation
from the aqueous solution.

3.2.1. Effect of pH on the Adsorption Process

The pH of the solution is considered a very important parameter that affects the ad-
sorption process. In order to determine the optimum pH value, the analysis was extended
by varying the pH value of the solution in the range 2-12 for the investigated dyes, keeping
all other variables constant. The results obtained, presented in Figure 8, indicate a direct
relation between the removal efficiency and the pH of the solution.
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Figure 8. Effect of pH on dye removal efficiency using PM4; initial dye concentration 50 mg/L, 1 g/L
PM4, contact time 120 min, 25 °C.

The removal efficiency of the investigated dyes was high at pH 2, and decreased with
the increase in pH to 12. This can be explained by the fact that the adsorption mechanism
of anionic dyes in acid solution is a result of electrostatic attraction forces between the
positively charged surface of the adsorbent and the negatively charged dye molecules [57].
On the other hand, as the pH increased, the number of hydroxide anions increased, and
these compete with anionic dyes for positively charged sites in the adsorbent, which
determines a reduction in the removal efficiency as the pH increases.

The maximum removal yield was obtained at the optimum solution pH of ~2 as 98.54%
for AY 42 and 97.58% in the case of AR 213. It should be noted that the removal efficiencies
were higher than 70%, even at the natural pH of the dye solutions—6.8 for AY 42 and 6.9
for AR 213—so we decided to perform further adsorption studies at a natural pH.
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3.2.2. Effect of Adsorbent Dose on the Adsorption Process

To study the influence of the amount of sorbent on the adsorption process, different
amounts of PM4 were used (0.5, 1.0 and 2.0 g/L), keeping the other variables constant
(50 mg/L, 25 °C, natural pH of solution: 6.8 for AY 42 and 6.9 for AR 213). The results are
presented in Figure 9. As the amount of adsorbent increased, an increase in dye removal
was noticed. These results can be explained by the higher number of active sites available
as the adsorbent dose increased, facilitating the adsorption process [14,58].

L 105l
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[ ]20glL

80

60
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40 +

20

AY 42 AR 213

Figure 9. Effect of adsorbent amount on dye removal efficiency using PM4; initial dye concentration
50 mg/L, 25 °C, natural pH of solution.

The removal efficiency of the investigated dyes increased rapidly as the amount of
PM4 increased from 0.5 to 1.0 g/L. An increase in the amount of adsorbent above 1.0 g/L
did not significantly improve the adsorption of dyes, so it has not been justified for use.
In order to obtain a good removal efficiency, using less adsorbent, further studies were
performed using 1.0 g/L of PM4.

3.2.3. Effect of Concentration on the Adsorption Process

The effect of the initial dye concentration on the adsorption capacity was investigated
for dye concentrations between 10 and 250 mg/L, at 25 °C and a natural pH of the solution.
The obtained results are presented in Figure 10 and Table 6.
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Table 6. Influence of the initial concentration of dye solutions on the adsorption capacity of PM4.

) AY 42 AR 213
Dye Concentration
(mg/L) R t, R te
(%) (min) (%) (min)
10 95.01 40 92.97 40
30 86.29 100 90.55 60
50 73.77 160 87.53 110
100 69.76 180 74.99 150
150 52.73 210 55.02 170
200 38.79 250 45.53 210
250 32.46 290 33.53 220

As can be seen from Figure 10, the adsorption capacity increased with the increase in
initial dye concentration. The adsorption process was fast in the initial stages and remained
almost constant after reaching the equilibrium time, due to the saturation of the active
centers on the surface of the adsorbent available for the dye [15,59]. The time required to
reach equilibrium increased with the increasing initial dye concentration (Table 6), because
the diffusion in internal adsorption sites was influenced by the increase in the initial dye
concentration [60].

3.2.4. Effect of Temperature on the Adsorption Process

To investigate the influence of temperature on the adsorption process, three different
temperatures were studied (25 °C, 45 °C and 65 °C), working at a concentration of 50 mg/L
and the natural pH of the solution. The obtained results are presented in Figure 11 and
Table 7.

Table 7. Influence of temperature on the adsorption capacity of PM4.

AY 42 AR 213
Temperature
Q) R te R te
(%) (min) (%) (min)
25 73.77 160 87.53 110
45 95.84 140 94.77 90
65 98.81 100 97.86 70

The experimental data presented in Figure 11 show that the increase in temperature
determined an increase in adsorption capacity, indicating that the adsorption of anionic
dyes on PM4 is an endothermic process. This can be explained vie the reduced aggregation
of the dye by the increased temperature, facilitating the diffusion of dye molecules into the
pores of the adsorbent [61,62]. On the other hand, as the temperature increased from 25 to
65 °C, the time required to reach equilibrium decreased from 160 to 100 min for AY 42, and
from 110 to 70 min for AR 213 (Figure 11, Table 7). High adsorption yields were obtained
even at room temperature (Table 7): 73.77% for AY 24 and 87.53% for AR 213.
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Figure 11. Effect of temperature on dye removal capacity: AY 42 (a) and AR 213 (b); 1 g/L PM4, 25 °C, natural pH

of solution.

2.0 o

3.3. Kinetic Studies of Adsorption

Kinetic studies provide information regarding the kinetic parameters and the mecha-
nism of the dye adsorption process. The experimental data obtained at different periods of
time for different temperatures were analyzed using the kinetic models pseudo first-order,
proposed by Lagergren (Equation (5)) [63], and pseudo second-order, proposed by Ho
(Equation (6)) [64].
®)

(6)

In(ge — q¢) = Inge — kqt
t_1 ot
g ko qe
where g, and ¢; are the amounts of dye adsorbed at equilibrium and at time t (mg/g), t is
the contact time (min), k7 is the adsorption rate constant (min~1), and k; is the adsorption
rate constant (g/mg-min).

The kinetic models were fitted using the linear fitting method, and the obtained results
are presented in Figures 12 and 13.

The statistical criteria used to determine the best fitting kinetic model were the stan-
dard deviation (SD) and the squared multiple regression coefficient (R?). The comparison
of the experimental adsorption capacity values (obtained at different temperatures) with
the computed results estimated from Equations (5) and (6) is presented in Table 8.
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Figure 12. Pseudo first-order kinetic model fitting for the adsorption of AY 42 (a) and AR 213 (b) onto PM4.
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Figure 13. Pseudo second-order kinetic model fitting for the adsorption of AY 42 (a) and AR 213 (b) onto PM4.
Table 8. Kinetic parameters of studied models for adsorption of AY 42 and AR 213 onto PM4.
Pseudo First-Order Kinetic Pseudo Second-Order Kinetic
Dye Temp. Je,exp Model Model
O (mg/g) Ye,calc kq 103 Ge,calc k> 10*
(mg/g) (min—1) (mg/g) (g/mg-min)
25 31.56 36.11 8.91 30.38 7.99
AY 42 45 36.36 26.55 8.22 39.97 11.19
65 41.57 39.95 0.24 42.50 15.03
25 35.08 38.08 10.48 36.82 6.91
AR 213 45 38.29 27.09 8.20 43.49 9.52
65 49.75 21.47 10.44 51.47 24.98

The best model that fitted the experimental data, as shown by the correlation coeffi-
cients (R?), was the pseudo second-order model. This was highlighted by the concordance
between the values of the adsorption capacity determined experimentally (ge,xy) and the
adsorption capacity calculated (g, ¢4). As can be seen (Table 8), with an increasing temper-
ature, the pseudo-second rate constant kj increased, pointing out that the time required to
reach the equilibrium decreased with increasing temperature—results that are in agreement
with the experimental data.

3.4. Adsorption Isotherms

For a better understanding of the adsorption process, we carried out equilibrium
adsorption studies. The experimental data obtained at equilibrium were correlated with
the equations corresponding to the adsorption models—Freundlich (Equation (7)) [65] and
Langmuir (Equation (8)) [66]—in order to establish the optimal model for the adsorption
of the investigated dyes from the aqueous solutions.

Je = KFCel/n (7)
o gmKpCe
T IKG ®)

where g, is the adsorption capacity at equilibrium (mg/g), Kr is the Freundlich constant
(mg/g(mg/L)~1/™), g, is the maximum adsorption capacity of the adsorbent (mg/g), K is
the Langmuir affinity constant (L/mg), C, is the dye concentration at equilibrium (mg/L),
and 7 is a constant (dimensionless).

The analysis of the experimental data and the determination of the parameters from
the equations that describe the theoretical models were performed by non-linear regression
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analysis. The statistical criteria for choosing the best model that fits with the experimental
data were the chi-square analysis and the squared multiple regression coefficient (R?). The
dependence g, = f(C,) for the adsorption of anionic dyes on PM4 is presented in Figure 14.
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Figure 14. Correlation of experimental data with adsorption isotherms for dye adsorption: AY 42 (a)
and AR 213 (b).

The analysis of the statistical data performed on the results obtained indicates that
the model that best fits the experimental data is the model described by the Langmuir
isotherm. According to this model, the adsorption on PM4’s surface is localized, takes
place on well-defined specific sites, and is monomolecular with a finite saturation limit.
The parameters calculated for the isotherms model are presented in Table 9.

Table 9. Isotherm coefficients for adsorption of AY 24 and AR 213 onto PM4.

Models Parameter Dyes

AY42 AR213

Kr (mg/g(mg/L)~ /™) 16.90 15.37

Freundlich n 4.011 3.177
X2 36.9719 18.9157

Jm (mg/g) 62.36 77.99

Langmuir Ky (L/mg) 0.089 0.065
2 13.3303 17.9031

From the Langmuir isotherm model, the maximum adsorption capacities of PM4
were determined to be 62.36 mg/g for AY 42 and 77.99 mg/g for AR 213. These results
attest to the high adsorption capacity of the synthesized PM, an important property for
the possible application of these sorbents on a large scale. The values of the maximum
adsorption capacity reported in the literature for anionic dyes’ adsorption on magnetic
nanocomposites are presented in Table 10. The results highlight the better performance
obtained in this study.

Table 10. Comparison of the maximum adsorption capacity of anionic dyes onto magnetic nanocomposites.

Adsorbent. Dye qm (mg/g) Reference
NiFe,O4 magnetic nanoparticles Eriochrome black-T 47 [67]
. . Acid Red 88 41.8
Fe@graphite core-shell nanocomposite Direct Orange 26 283 [68]
Fe30, supported chitosan-graphene oxide composite Alizarin yellow R 14.82 [69]
Magnetic Fe;O,@graphene composite Congo Red 33.66 [70]

Activated carbon coated by zinc oxide nanoparticles Acid Orange 7 66.22 [71]
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Table 10. Cont.

Adsorbent. Dye qm (mg/g) Reference
. . . Direct Red 23 26.11
Magnetic ferrite nanoparticle Direct Red 31 55.56 [72]
Magnetic iron oxide nanopowder Congo Red 54.46 [73]
Magnetic nanocomposites Acid Yellow 42 62.36 Thi k
& P Acid Red 213 77.99 1s wor

3.5. Thermodynamics of the Adsorption Process

The main thermodynamic parameters (free energy (AG®), enthalpy (AH®) and entropy
(AS®)) for the adsorption process of AY 42 and AR 213 dyes were calculated using the
results obtained for the Langmuir model.

The Gibb’s free energy (AG°) was calculated using the Equation (9),

AGY = —RTInK; )

and the enthalpy (AH®) and entropy (AS°) values for adsorption process were determined
from the van’t Hoff Equation (10),

AGY = AH? — TAS® (10)

where R is the general gas constant (8.314 J/Kmol), T is the absolute temperature and K} is

the Langmuir adsorption constant, obtained from the isotherm plots. The AH® and AS°

parameters were evaluated from the slope and intercept of the linear plot of AG® versus T.
The results obtained for thermodynamic parameters are presented in Table 11.

Table 11. Thermodynamic parameters for the adsorption of the investigated dyes on PM4.

Dye Temp. AG° AH° AS°
°C) (J/mol) (J/mol) (J/mol-K)
25 —5969.99

AY42 45 —6370.66 4767.98 —400.67
65 —6771.33
25 —6765.64

AR213 45 —7219.71 5403.43 —454.07
65 —7673.78

The negative values of Gibb’s free energy (AG®) indicate that the adsorption process
of the AY 42 and AR 213 dyes from aqueous solutions on PM4 was spontaneous [74].
The positive values of the enthalpy variation (AH®) reveal the endothermic nature of the
adsorption process, and confirm the experimental results obtained from the influence of
temperature study, which indicate that the adsorption capacity increases with increasing
temperature [75]. The negative values of the entropy variation (AS°) that characterize
the adsorption process suggest that the dye molecules decrease their randomness at the
solid-liquid interface during the adsorption [76].

4. Conclusions

In this study, magnetic nanocomposites have been successfully prepared by a simple
combustion method, confirmed by XRD, FT-IR spectroscopy, magnetic properties, Ny
adsorption—desorption, TG/DSC and SEM analyses, and applied as an adsorbent for the
removal of two anionic dyes (AY 42 and AR 213) from aqueous solutions. The removal
efficiency of the investigated dyes decreased with an increase in the pH and increased with
increasing adsorbent doses, initial dye concentrations and temperatures. The adsorption
process can be performed under normal conditions (room temperature (25 °C) and natural



Appl. Sci. 2021, 11,9236 17 of 20

solution pH (6.8 for AY 42 and 6.9 for AR 213)), which is important for possible large-scale
applications. Kinetic studies revealed that the pseudo second-order model can better fit
the experimental data, and the Langmuir isotherm model describes the adsorption process.
The maximum adsorption capacity determined by the Langmuir model was 62.36 mg/g
for AY 42 and 77.99 mg/g for AR 213, and the maximum removal efficiencies obtained
under the optimum working conditions were 98.54% for AY 42 and 97.58% for AR 213. The
thermodynamic parameters indicate that the adsorption of the anionic investigated dyes
was a spontaneous and endothermic process, due to the positive AH® values and negative
AG® values at the various temperatures investigated. The facile and economic synthesis
method for adsorbents, which has a high adsorption capacity and magnetic separation
efficiency, indicates that the as-prepared magnetic nanocomposites are promising adsorbent
materials for the removal of dyes from aqueous solutions.
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