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Synthesis, Characterization, and Application of Magnetic Mesoporous MCM-41-Fe304
Core-Shell Nanoparticles in the Removal of Eosin Yellow Dye
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Abstract: Spinel ferrite (Fe;0,) nanoparticles have-been-produced as a black' powder
using precipitation and ultrasonic methods. The framework of MCM-41 was built using
sodium silicate as the source of silica and CTAB|as a template. Fe;04 was immobilized on
MCM-41 using the microwave method at 100 °C for 20 min, yielding MCM-41-Fe;O, as
a brown solid powder. This characterization was performed using FTIR, XRD, BET, TGA,
FESEM-EDX, VSM, AFM, and TEM. The FTIR analysis demonstrated that the MCM-
41-Fe;0, had been properly synthesized. Two M—O bond peaks were discovered, one for
the (Fe**—0*") octahedral site and-one for the (Fe’*~0*") tetrahedral sites. The XRD
analyses revealed that MCM-41-Fe;Q4 was synthesized with a highly ordered hexagonal
building. The particles exhibited a spherical agglomeration and appeared smooth, as
observed in TEM and FESEM examinations. The EDX analysis indicates that it was
formed purely from Si, Fe, and O, with a weight percentage of 100%. BET analysis
indicated that the sample had a relatively high surface area. In terms of a kinetic model,
it was determined that a pseudo-second-order model provided the most suitable
description. The thermodynamic study revealed that physical adsorption was exothermic
and the adsorption process was nonspontaneous.

Keywords: MCM-41-Fe;O5; eosin yellow dye; dye removal; adsorption kinetics;
thermodynamics

m INTRODUCTION

Dyes are difficult to decompose due to their complex

Different kinds of adsorbents are effective at
removing dyes. Additionally, recent research indicates

aromatic molecular structures, which confer greater
stability. Given that they can be found in wastewater from
various industries and that even small amounts of dyes
can have toxic and detrimental effects on receiving water,
dyes are considered hazardous water contaminants [1].
Eosin' yellow is one example of an anionic dye [2].
Wastewater purification requires the rapid development
of methods for creating inexpensive and efficient
adsorbents for dye removal. Eosin yellow dye is used in
this work as'an adsorbent. The limited biodegradability of
mono-azo groups in dyes raises worries for the
environment and public health [3]. These dyes must be
removed from the aqueous form right away due to their
toxicity.

that rice husks are a natural source of amorphous silica
[4]—a by-product of the manufacture of rice [5]. Rice
husk can be used as a readily available and affordable raw
material to produce silicate and silica compositions [6].
To produce silica materials suitable for various
manufacturing and technological applications, rice husk
can be utilized as an inexpensive and sustainable source
of active silica [7]. One of the most significant inorganic
nanomaterials is that of spinel nanocrystals due to their
utility in electronic, optical, electrical, magnetic, and
catalytic processes. The AB,O, spinel structure is made
up of A and B in the tetrahedral and binding sites for
ternary cations, respectively. O stands for the oxygen
anion's position. A common and fundamental test for
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spinel materials is spinel ferrite [8]. Solid materials with
pores in their structure are commonly referred to as
porous materials [9-10]. Conversely, Fe;O; magnetic
nanoparticles (MNPs) are currently considered highly
significant. Fe;0, MNPs can be mixed with porous silica
materials to form porous magnetic silica materials [11-
12]. The expense of filtering and separating these
components from aqueous solutions is minimal, as they
can be easily removed and separated using a magnetic
field in solid-liquid processes [13]. Due to its enormous
surface area and structured mesoporous channels,
mesoporous silica MCM-41 has been utilized as both a
catalyst and a catalytic support [14]. The mesoporous
silica material MCM-41 features a two-dimensional
hexagonal array of mesopores with large pore sizes [15].
Some researchers have turned to waste materials, such as
red clay, kaolin, rice husk, and coal fly ash, in an effort to
make catalysts at reduced cost. Utilizing waste products
lowers the cost of waste management and is a highly
effective recycling technique [16].

Over the past few years, ferrite has been synthesized
at the nanoscale using a range of physical and chemical
methods. hydrothermal,
pyrolysis, (17];
microemulsions, mechanical milling, and electrochemical

Co-precipitation, sol-gel,

microwave-assisted sonochemistry,
methods are all examples of synthetic techniques used in
its fabrication [18]. The MCM-41-Fe;O,4 core-shell was
synthesized using the microwave-assisted technique. This
approach is considered a green synthesis method
compared to conventional techniques used for preparing
similar composites. It offers an environmentally friendly
route that minimizes the use of hazardous materials and
organic solvents.-Moreover, the synthesis process was
completed within a short period of only 10 min at a
temperature of 100 °C. The characterization of the
produced MCM-41-Fe;O, will be investigated using
FTIR, XRD, BET, TGA, FESEM-EDX, XPS, and AFM.
This composite was applied to remove eosin yellow dye
from aqueous solutions under various parameters,
including contact time, pH, adsorbent dose, and
Additionally, the
thermodynamic parameters were also determined.

temperature. kinetic =~ and

m EXPERIMENTAL SECTION
Materials

In this experiment, the sodium nitrate (NaNO:3),
sodium hydroxide (NaOH), and ferric sulfate
(FeSO4+7H,0) used were all purchased from BDH.
Cetyltrimethylammonium bromide (CTAB, >98%) was
acquired from St. Louis, Missouri, USA-based Sigma-
Aldrich. Absolute ethanol (Fluka, > 99%), acetone
(Romal, > 99.7%), ammeonia (Fluka, > 98%), and eosin
yellow dye (C,OH¢Br4Na,Os) were purchased from BDH
with the structure as shown in Fig. 1.All chemicals were
used without additional purification.

Instrumentation

A Shimadzu 8400 spectrophotometer was used to
record the FTIR spectrum of specimens that had been
ground into KBr and then compressed into a disk in the
4000-400 cm ™ range, A Shimadzu X-ray diffractometer
was used to get X-ray diffraction (XRD) patterns, a BET
BELSORP. MINT II equipment was utilized for nitrogen
adsorption/desorption analysis, and an SDT Q600 V20.9
Build 20 instrument was employed for thermogravimetric
analysis (TGA/DTA). Vibrating sample magnetometry
(VSM) examination was performed using an MDKB
instrument (Daneshpajouh, Iran). The sample was also
subjected to atomic force microscopy (AFM) (NT-
MDT/NTEGRA, Netherlands), energy-dispersive X-ray
spectroscopy (EDX), and scanning electron microscopy
(SEM) (FESEM MIRA III, TESCAN).

Procedure

Synthesis of Fe;0, nanoparticles
Synthesis of Spinel Fe;O, nanocrystals was
performed by mixing 0.5 g of NaNOs, 0.56 g of NaOH,

Fig 1. Structure of the eosin yellow dye
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and 4g of FeSO,7H,O in 150 mL of water under
ultrasonication. The final solution was then mixed using
a magnetic stirrer. This murky liquid was filtered via a
Buchner funnel. The residual black precipitate was dried
in an oven [19].

Extraction of sodium silicate from rice husk

Initially, the rice husk was washed with deionized
water to remove any grime, mud, or solid debris, and then
allowed to dry. Exactly 30g of dried rice husk was
transferred to a plastic container and immersed in 500 mL
of 1.0 M HNOs; with mixing for 24 h at room temperature.
After rinsing the rice husk with deionized water to ensure
neutralization of the acid at a pH of 6-7, it was dried
overnight at 110 °C in an oven. The rice husk was then
shaken for 24 h at room temperature in 200 mL 1M
NaOH. A black filtrate (sodium silicate) [20] was obtained
by filtering this mixture, which was then stored in a
covered plastic container. The green method for
synthesizing the sodium silicate solution from rice husk
was mentioned in the reference [21].

Synthesis of MCM-41-Fes0, core-shell composite

In summary, 0.5 g of magnetic Fe;O4 nanoparticles
was dissolved in a mixture of 120 mL of deionized ‘water
and 60mL of half-hour

ethanol. Following a

<71.2mL NH:OH

A\

0.5 g FesOs +3° min
60 mL ethanol . —
120 mL H,0 N

o

ultrasonication to ensure homogeneous mixing, 1.2 mL
of an aqueous ammonia solution was added, and the
mixture was agitated for 1 h. To build the framework of
MCM-41 in 100 mL of sodium silicate, which was
utilized as the source of silica. Exactly 1 g of CTAB was
added to the solution as a structure-directing agent and
stirred for 1 h at room temperature. After that, the
mixture was microwaved at 100 °C for 20 min and then
rested for a 24-h period. The solid products were washed
with
magnetosphere-containing MCM-41-Fe;O,

ethanol and _deionized water. . Fermi-shell
carriers
were created by calcining the material for 6 h at 550 °C
in air. The core-shell MCM-41-Fe;O4 nanocomposites
created in this instance exhibited a strong magnetic
response. The MCM-41-Fe;O4 was obtained as a brown
solid powder. The steps for synthesizing MCM-41-Fe;O,

using the microwave method are illustrated in Fig. 2.

Removal of eosin yellow dye using MCM-41-Fez04 NPs

The adsorption of MCM-41-Fe;O4 was investigated
by determining several adsorption kinetics parameters
to assess the impact of adsorbent dose, contact time, dye
concentration, temperature, and pH. A 100 mL solution
of 5 g/L Eosin yellow dye and 0.05 g of the adsorbent
(MCM-41-Fe;0,) was mixed in a glass beaker at 25 °C

100 mL
Sodium silicate
and 1 g CTAB
| 60 min
\ v
. =
).
=

- 100 °C . Sodium silicate,
= ' for 20 min m CTAB and Fe;0Oq
Microwave
Filtration and ‘
washed by D.W.
then ethanol
/ at 550 °C - =
ﬁ‘b 8 for6h E:EE‘
S——— —ls
Furance
P =
Fes0.-MCM-41 .
Brown powder ;
p

Fig 2. The steps of MCM-41-Fe;O, synthesis
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using magnetic stirring. Following the completion of
adsorption, centrifugation (4,000 rpm) was used to
separate the solution from the adsorbent at intervals of 10,
20, and 30 min. The absorbance of the solutions was
measured using a UV-vis spectrophotometer at Amu =
510 nm to detect the leftover dye concentration.

m RESULTS AND DISCUSSION
FTIR Spectroscopic Analysis

To identify the organic groups on the material's
surface, FTIR analysis was carried out [22], as shown in
the MCM-41 findings displayed in Fig. 3(a). The silanol
group (Si—-OH) and the O-H groups in adsorbed water
particles on the surface of the silica were identified as
having a broad absorption band at about 3510 cm™". The
O-H bending vibration for Si—-OH groups was identified
as the band at 1666 cm™ [23]. The FTIR spectrum also
showed bands at 825 and 1130 cm™, assigned to the
symmetric and anti-symmetric stretching of Si-O-Si
bonds, respectively. These findings align well with
previously published research [24]. The results of MCM-
41-Fe;0; are shown in Fig. 3(b) as a black line: The broad
absorption band at 3441 cm™ is associated with adsorbed
water molecules and O-H groups of Si=OH [25]. The C-
H stretching vibrations are associated with the absorption
band at 2928 cm™! [26]. The distortion of adsorbed water
molecules results in the appearance of the absorption
band at 1635 cm™'. The-MCM-41-Fe;O; was found to
exhibit two distinct infrared peaks at 1091 and 802 cm™;
these peaks could be attributed to the anti-symmetric and
symmetric Si-O stretching vibrations [27]. The bending
vibrations of the Si-O-Si lattice were apparent at
547 em™ [28]. Furthermore, in Fig. 3(c), two peaks that
could be reasonably associated with the M-O bond in the
nanoparticle: Absorption characteristics are located at
approximately 547 and 466 cm™ for the (Fe**-O*)
tetrahedral site and the (Fe?’-O%) octahedral site,
respectively [29]. This case confirms that iron oxide
(Fe;O,) is an inverse spinel [30], and these peaks become
wider after forming the composite, as seen in Fig. 3(b).

XRD Pattern

XRD was performed to determine the essential XRD
pattern of the MCM-41-Fe;O,, from which the broad peak

N~
<~
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7

Transmittance (a.u.)
(3300-4500)

~—_

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Fig 3. The FTIR spectra of (a) MCM-41, (b) MCM-41-
Fe;0,, and (c) Fe;0x

in the 15-40° range is associated with amorphous silica.
The peaks after it are associated with the Fe;Oy crystal
structure [31], which thus demonstrates the presence of
Fe;04 in_the MCM-41 structure. The XRD analysis
further corroborates the findings of the FTIR analysis.
The diffraction pattern exhibited well-defined peaks
consistent with the crystalline structure of Fe;O.,
matching the standard magnetite reflections (JCPDS
No. 19-0629). These characteristic peaks confirm that
Fe;O, nanoparticles were successfully formed and
embedded within the ordered mesoporous MCM-41
matrix without significantly disrupting its structural
integrity. The simultaneous observation of the
amorphous silica halo of MCM-41 and the sharp
reflections of Fe;O, in the composite pattern clearly
demonstrates the coexistence of both phases. This
indicates that Fe;O, nanoparticles are well-dispersed
within the MCM-41 channels and strongly anchored to
its surface, preserving the mesoporous structure while
imparting magnetic functionality to the material. The
results are shown in Fig. 4. The XRD pattern of MCM-
41-Fe;04 and Fe;0, showed diffraction lines of a high
crystalline nature at 20 angles of 11.9°, 20.1°, 24.5°, 35.8°,
62.9°, and 73.2°, which represent six diffraction peaks
that correspond to the usual reflections of (220), (311),
(400), (422), (440) and (511) planes, respectively [32]. The
characteristic low-angle XRD pattern of MCM-41-Fe;O4
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Fig 4. The high-angle XRD spectrum of (a) MCM-41-
FC304 and (b) F€304
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Fig 5. The low-angle XRD spectrum of MCM-41-Fe;O,
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is illustrated in Fig. 5, which shows peaks at 20 angles of
1.05° and 2.25° that can be attributed to the presence of
a two-dimensional hexagonal mesostructure. Using low-
angle XRD data and the Debye-Scherrer formula, the
mean crystal size of MCM-41-Fe;O, was determined to
be 2.352 nm. This value refers to the composite, which is
a quantum dot [33]. The crystallite size of the materials
can be calculated using Eq. (1);

- 1)

BcosO

where D is the crystal size, 0 is the Bragg angle, B is the
full width at half maximum(FWHM) of the peak under
consideration; and \ is the X-ray wavelength (1.5406 A
for Cu Ka).

Nitrogen Adsorption/Desorption Analysis

The nitrogen adsorption/desorption method was
employed to investigate the specific surface area and
pore size distribution of MCM-41-Fe;O,, with the results
presented in Fig. 6(a). A type IV isotherm with a distinct
H1-type hysteresis loop could be primarily responsible
for the isotherm curves [34]. This indicates that MCM-
41-Fe;0, is mesoporous, as defined by IUPAC
terminology [32]. The BET plots showed that although
the porosities of MCM-41-Fe;O, varied, their distribution
of pore widths remained small, as is common for MCM-
41 derivative materials. The pore volumes and surface
areas of MCM-41-Fe;0; significantly dropped compared
to MCM-41. This indicates that when immobilizing Fe;O,

.
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Fig 6. The nitrogen adsorption/desorption isotherm and pore size distribution of (a) MCM-41-Fe;O, and (b) MCM-

41
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Table 1. BET analysis for MCM-41-Fe;O4 and starting materials

BET surface area

Total pore volume

Average pore diameter

C d
ompounds (mz gfl) (Cm3 gfl) (nm)
MCM-41-Fe;0, 548.0 0.6999 3.2045
MCM-41 1049.2 0.7251 2.8425
onto MCM-41, the hexagonal pores at the surface are 1021 !
being blocked by big ligand molecules. The MCM-41- 100 4 6.604 °C min/mg L

Fe;O, sample had a high BET surface area of 548 m®/g, a
pore volume of 0.6999 cm’/g, and an average pore
diameter of 3.2045 nm, according to the calculation of the
BET surface area and pore-size distribution. The
measured surface area, average pore diameter, and pore
volume for MCM-41 are 1024.9 m*/g, 2.8425 nm, and
0.7251 cm’/g, respectively, the results of which are shown
in Fig. 6(b) and Table 1. Another indication that Fe;O,
forms and is incorporated into the MCM-41 framework
is the decrease in the surface area of MCM-41-Fe;Os4. It is
thought that the immobilization of Fe;O, in the channels
of MCM-41 causes an increase in the particle size and a
decrease in the surface area.

TGA/DTG Characterization

The thermal stability of MCM-41-FesOs was
examined by TGA analysis, and the results are presented
in Fig. 7. The TGA study revealed a two-stage weight loss
at temperatures of 131.12 and 868 °C. The DTG curve
exhibits a significant peak corresponding to a weight loss
of 8% during the first stage, which is a result of
temperature-induced desorption of absorbed water
molecules [35], whilst a weight loss of 5% during the
second stage was attributed to the decomposition of
MCM-41-Fe;O, itself through silanol group condensation
[36]. The subsequent absence of any further weight loss
indicates that the support isstable up to 800 °C.

VSM Analysis

The VSM method was employed to investigate the
magnetic properties of MCM-41-Fe;O,, with the results
presented in Fig. 8(a) and 8(b). In the applied field of 9000
Oe, the saturation magnetization value of MCM-41-Fe;O,
was 2.8 emu g™'. This is simply because the subsequent
increase in Fe;O, in the MCM-41-Fe;Oy structure led to
an increase in the saturation magnetization value of
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Fig 7. The TGA/DTG spectrum of MCM-41-Fe;O4

15 @

-
o
1

(&)
1

(b)

Magnetization (emu/g)
& o
1

-
o
1

-15

T T T T T T
-15000 -10000 -5000 0 5000 10000 15000

Applied Field (Oe)
Fig 8. Magnetic properties of (a) Fe;04 and (b) MCM-
41—Fe3O4

MCM-41-Fe;O,. When the MCM-41 covers the Fe;O,
nanoparticle, the contacts between the magnetite and
MCM-41 may regulate the magnetic moment's rotation,
resulting in a decrease in the nanocomposite's saturation
magnetization [37]. However, the incorporation of
Fe;O4 nanoparticles into the MCM-41 matrix results in
areduction of the composite’s saturation magnetization.
This decrease is attributed to the lower degree of
magnetization of Fe;O4 nanoparticles when dispersed
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within  the MCM-41 framework.
Furthermore, following the MCM-41 coating and Fe;O,
functionalization, a further reduction in saturation
magnetization was noted, which is likely due to the
influence of non-magnetic surface groups surrounding
the magnetic core.

non-magnetic

FESEM and EDX of MCM-41-Fe304

The FESEM technique was carried out to investigate
the particle size and morphology of the material. The SEM
images of MCM-41-Fe;O, are shown in Fig. 9, from which
it is evident that the particles are smooth and spherical,
with a particle size of 5.296 nm, confirming the shape and
size of MCM-41 [38]. Based on Fig. 10, the EDX analysis
of MCM-41-Fe;O, indicates that the material contains
silicon, oxygen, and iron. The average values for these
elements (%A) were 65.89, 35.77, and 7.34%, respectively.

Spm

Fig 9. FESEM images of MCM-41-Fe;O, at different magnifications at (a) 200 nm, (b) 500 nm, (c) 5 pm, and (d) 2 um

In EDX spectroscopy, A% stands for Atomic Percent. It
represents the relative number of atoms of each element
present in the analyzed sample, expressed as a percentage

2500
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Fig 10. EDX analysis of MCM-41-Fe;O,
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of the total number of atoms detected.

AFM Analysis

The AFM technique was used to investigate the
surface topography of the MCM-41-Fe;O,. Fig. 11 shows
the AFM images and the granularity normal distribution
of the MCM-41-Fe;O,. Moreover, AFM results indicated
root mean square (RMS) and average roughness (Ra)
values of 3.314 and 2.697 nm, respectively. The results
showed that the average roughness of MCM-41-Fe;O, was
higher compared to MCM-41. This might be explained by
the effective alteration of the MCM-41-Fe;O, surface,
which increased surface roughness and caused clusters of

t g

Fig 11. 2D (left) and 3D (right) AFM micrographs of MCM-41-Fe;O,

D=2 . 46nm

nanoparticles to disappear [39].
TEM Analysis

Fig. 12 shows the TEM micrographs of the
immobilized magnetic core-shell nanocomposites [40].
The magnetic composite particles exhibited spherical
shapes and distinct core-shell structures, which were
coated with Fe;0, and MCM-41 silica. In which the gray
silica shell surrounds a black core of Fe;O, magnetite.
Additionally, their surface grew smoother than the
magnetite nanoparticles’. Using the TEM images, the
wall thickness and particle size were determined to be
approximately 2.1 and 5.5nm, respectively.

D-2.13nm D=1.76nm

D=2 45nm

A . e R

Fig 12. TEM imagery of MCM-41-Fe;O4 on a scale of (a) 20 nm, (b) 50 nm, (c) 200 nm, and (d) 100 nm
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Removal of Eosin Yellow Dye Using MCM-41-Fe;04
as an Adsorption Surface

Kinetic study

In the adsorption of eosin yellow dye using MCM-
41-Fe;0,, several kinetic study models can be used to
define the associated adsorption kinetics. Previous studies
have employed pseudo-first-order and pseudo-second-
order models; in this study, kinetic studies were estimated
using the same models. The pseudo-first-order and

pseudo-second-order kinetic models [41] can be
represented as in Eq. (2) and (3), respectively;

In(q, —q¢)=Inq, —k;t (2)
L1 - b (3)
q¢ que e

where k; (min™) is the rate constant for the first-order
model, k, (gmg™' min™') is the model equilibrium rate
constant for the pseudo-second-order model, and q. and
q: (mg g™') are the quantities adsorbed at equilibrium and
at an arbitrary time t (min), respectively. The results of
these studies are reported in Table 2. According to the
values of the correlation coefficient, R? the pseudo-

0 =
(a)
-05 -
-1 4
-15 4
<2 y =-0.0875x -.0.0662
=] R2='0.986

In(q.-q) (mg g-')

25 1
3 3
-35 1

-4

Time (min)

0 5 10 15 20 25

second-order model best characterized the experimental
adsorption data for the eosin yellow dye on the MCM-
41-Fe;0, surface. In addition, the calculated q. values for
the pseudo-second order kinetics are incredibly close to
those found from the experimental data, as compared
with those calculated for the pseudo-first order model.
From plotting the first- and second-order reactions, as
per Fig. 13(a) and 13(b) and calculating first- and
second-order reaction constants for the adsorbance of
Eosin yellow dye on the surface of the MCM-41-Fe;O.,,
the adsorption efficiency, %E, and the adsorption
capacityat equilibrium, q., at a time(q, can be measured
via the use of Eq. (4-6), respectively [42]. A comparison
of the adsorption capacities of different adsorbents is

reported in Table 3.
C,—C
E(%) =—2—"¢ x100% (4)
Co
Co—C, )XV
g =S =GV (5)
w
C,-C
q; _—W Lxv (6)
60 1 (1)
50
"; ek y = 1.5174x +9.2689
R2=0.9988
£ 30 -
£ 2
k2
= 10 4
0 . . . .
0 10 20 30 40
Time (min)

Fig 13. (a) First-order model and (b) second-order model for the adsorption of eosin yellow dye on the surface of

MCM-41-F6304

Table 2. The first- and second-order reaction parameters for eosin yellow dye on the surface of MCM-41-Fe;O4

Pseudo-first-order

Pseudo-second-order

k; (min!)

q. (mg/g) R*

k, (g/mg.min)

q. (mg/g) R*

0.0875 0.50474 0.9860

1.5174 0.6590 0.9997

Table 3. Comparison of maximum capacity, qm (mg/g), for eosin yellow dye adsorption by various reported adsorbents

Adsorbent Eosin yellow dye, qm.x (mg/g) Reference
Fe;O04 NPs 0.950 [43]
Fe;O, with cetramide 0.431 [44]
MCM-41-Fe;0, 0.989 This work
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The influence of MCM-41-Fe;0, dose on dye removal

In the present work, to detect the optimum amount
of MCM-41-Fe;0,, the dosage of the composite, ranging
from 0.05 to 0.30 g, was mixed with 5 ppm of Eosin yellow
dye at pH 8 and a stirring time of 30 min. The results,
shown in Fig. 14(a) and 14(b), indicate that the percentage
removal of dye increases from 60.466 to 66.320% with an
increase in the dosage of the adsorbent. The adsorption
constant K. and adsorption capacity also increase with
the increasing dose from 0.05 to 0.3 g. These results
indicate that increasing the amount of MCM-41-Fe;O4led
to an increase in the removal efficiencies of the dye, due
to the availability of higher adsorption sites [45].

0.050-
0.045-
0.040-
0.035-
5 0.0304
0.025-
0.020+
0.015+

0.0104

0.005

T T T T
0.15 0.20 0.25 0.30

Dose (g)

T T
0.05 0.10

de (mg/g)
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Influence of pH of the dye solution on the removal
process

The effect of the pH on the adsorption of Eosin
yellow dye was investigated in the range of 3-9. As
indicated in Fig. 15(a) and 15(b), the removal of dye
gradually increases as function of pH and the adsorption
constant and adsorption capacity increase with increasing
pH, the binding mechanism of anionic Eosin yellow dye
on the surface of MCM-41-Fe;O, is most possible to be
due to electrostatic interactions between the negatively
charged of dye with the positively charged surface of the
MCM-41-Fe;O; in the optimized pH (=9). MCM-41-
Fe;0, exhibited a zero point charge at pH 7, as reported
in reference [46].
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Fig 14. (a) Relationship between Kiq (adsorption constant), q. (adsorption capacity), and dose. (b) Influence of MCM-

41-Fe;0, dose on the removal of dye
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The influence of temperature on dye removal

From the plot of the van't Hoff equation, the values
of AH® and AS° can be found as the intercept and gradient
of a linear fit of In Kq versus 1000/T (Fig. 16). The
interaction was found to be exothermic, with a AH® of
—15.10064 kJ/mol. The adsorption process actually
occurred on the surface of MCM-41-Fe;Q,, as indicated
by a AS° value of —0.02165 kJ/mol K, suggesting that the
adsorbed particles were less random [47]. An exothermic
reaction (negative AH°®) occurs, indicating that the
adsorption is physical (with a AH® value of less than
40 kJ/mol). Moreover, the AG® values confirm that this
adsorption process is physisorption, as indicated by the
values mentioned in references (—20 kJ/mol < AG°® <
40 kJ/mol), which distinguishes it from chemisorption
(—80 kJ/mol < AG® < —400 kJ/mol).

The Gibbs free energy can be calculated from Eq.
(7). The AG® value was found to have positive values,
indicating that the adsorption of eosin yellow dye onto
MCM-41-Fe;O, was nonspontaneous under experimental
conditions [48]. The results of this analysis are presented

035 -
y = 0.6135x - 2.6039
04 4 R2=0.9893
045
v
£ o5
055
06 , . = . .
33 3.35 34 3.45 35 3.55

1000/T (K1)
Fig 16. The van’t Hoff regression of adsorption of eosin
yellow dye onto MCM-41-Fe;0,

in Fig. 17. The activation energy decreases when using
this composite compared with its value when using
MCMA41. E, is dependent on the magnitude of AH®, as
per Eq. (8) below. That may be too low a surface area for
this composite compared with the surface area value for
MCM41. All associated results are reported in Table 4.
Compared to many other adsorbents, MCM-41-Fe;O,
exhibits competitive adsorption efficiency for various
pollutants, such as heavy metals and antibiotics, often
exceeding the capacity of unfunctionalized MCM-41
[49]. Its kinetics are typically well-described by the
pseudo-second-order model; indicating that adsorption
is a chemical process. However, surface modifications
and the characteristics of the pollutant influence the
reaction rate. Because the reaction is exothermic, the
efficiency. increases . with decreasing temperature.
Therefore, the efficiency is found to be 75.986 at 10 °C
and pH =9, as shown in Fig. 18.

AG® =—RTInKy (7)

E, = AH’ + RT (8)

3 06 -
g

280 285 290 295 300
TK

Fig 17. Relationship of AG® with the adsorption of eosin
yellow dye versus temperature for an exothermic process

Table 4. Thermodynamic parameters determined for the adsorption of eosin yellow dye onto MCM-41-Fe;O, at

different temperatures

T (K) AS°(kJ/molK) AG°(kJ/mol) AH° (kJ/mol) E, (kJ/mol)
283 —-0.02165 0.76371 -12.67302
288 —-0.02165 0.40887 -12.63145

-15.10064
293 -0.02165 0.265153 —12.58988
298 -0.02165 0.17953 —12.54831
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Scheme 1. The surface interactions between eosin

molecules and functional groups on MCM-41-Fe;O,

Reusability of MCM-41-Fez0,4

At 0.30 g MCM-41-Fe;04, 5 ppm of eosin yellow
dye, at 10°C and pH 9, the material was reused. This
process was repeated three times. After that, it found that
the efficiency of dye removal using MCM-41-Fe;0; is
75.986%. When reused, the MCM-41-Fe;O,, the values
decrease to 70.967 and 67.564 for the second and 3™ times,

as shown in Fig. 19. In fact, the efficiency of dye removal
using MCM-41-Fe;O, is less than that of MCM-41
before incorporating Fe;O,4 as a nanocomposite, which
depresses the surface area and active site. of MCM-41.

Mechanism of dye binding on the composite

The suggested binding mechanism of anionic eosin
yellow dye on the surface of MCM-41-Fe;O, is most
likely due to electrostatic interactions between the
negatively charged groups of the dye (-COO™ and -O")
with the positively charged surface of the MCM-41-Fe;O,
in an acidic medium [24]. The adsorption mechanism,
illustrating the surface interactions between Eosin
molecules and functional groups on MCM-41-Fe;0y, is
shown inScheme 1.

m _CONCLUSION

The Fe;0. nanoparticle was prepared using the
precipitation method, assisted by the ultrasonic method.
The incorporation of Fe;O, with MCM-41 as a
nanocomposite was achieved using the microwave
method at 100 °C for 20 min. Through FTIR analysis,
XRD, and FESEM-EDX, the presence of these
nanoparticles was confirmed. The results demonstrated
that MCM-41-Fe;O, had a highly ordered hexagonal
structure, with specific surface areas, average pore
diameters, and total pore volumes of 548 m’*g’',
3.2045 nm, and 0.4397 cm’ g', respectively. Also, the
MCM-41-Fe;04 particles were found to be spherical in
shape and size. It was possible to conclude that dye
adsorption increased with increasing solution
temperature, contact duration, dose, and initial pH,
based on the analysis of the MCM-41-Fe;O, adsorbent
used to remove eosin yellow dye from aqueous solutions.
Our studies on the adsorption of eosin yellow dye using
MCM-41-Fe;O4 showed that the optimal parameters
were a temperature of 10 °C, an adsorption equilibrium
period of 30 min, a pH of 9, a concentration of 5 ppm,
and an adsorbent amount of 0.2 g. The removal of eosin
yellow dye by MCM-41-Fe;O; followed a pseudo-
second-order kinetic model. In terms of adsorption
thermodynamics, AH®, AS°, and AG® were calculated for
MCM-41-Fe;0..

adsorption process

According to these values, the

occurs non-spontaneously, is
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exothermic, and is a physical process. Therefore, MCM-
41-Fe;O4 can be utilized as an efficient and low-cost
adsorbent for the removal of dyes in industrial processes.
In the future, the catalyst can be used to remove
contaminated dyes and ions from wastewater.
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