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Abstract— In this research, a hydrothermally synthesized core-shell structured magnetic mesoporous nanocomposite was modified by
3-aminopropyltriothoxysilane (APTES) as an amine function on the surface nanocomposite and used to remove Alizarin Red S as an
anionic dye from aqueous. SEM, FT-IR, XRD, and TEM were used to characterize this nanocomposite. The main parameters that were
effective in removing synthesis dye, such as vortex, time, amount of adsorbent, and dye concentration were enhanced using Central
Composite Design (CCD) under Response Surface Methodology (RSM). For ARS, 224.21 mg g of maximum sorption capacity was
found. The equilibrium data fitted to isotherm models revealed that the Langmuir model had the highest R? value of 0.9895. Several
kinetics models were examined for the optimum model after it was demonstrated that a monolayer of dye forms on the surface of an
adsorbent. The findings suggested that the best model for the adsorption rate had an R? of 0.9909.

Keywords: Alizarin Red S, Central Composite Design, Dye removal, Langmuir model.

feature more silanol groups that react with alkoxysilane to
I. INTRODUCTION generate Si-O linkages, whereas terminal function groups can
One of the challenges in this century is the pollution of ~ react with APTES [19]. The usage of MNPs-mesoporous
water caused by wastewater discharged from businesses like ~ Modified with APTES as an adsorbent for dye removal has
paint, textile, fast fashion, food, cosmetics, plastic, paper,and ~ N0t been applied recently. In this investigation, we used
pharmaceutical [1,2]. Pollution of water resources is posing A_Ilzarln Red S an anionic dye_ with the structure |I_Iustrated in
problems for many biological, environmental, and aquatic Fig.1. Allzarln Red S was discharged from text_lle effluent
species [1, 2]. Anthraguinone-based structure dyes are more ~ aftér being used to colour wool and cotton textiles, woven
stable in the environment and have a lower biodegradability ~ fabrics,  rubber, and  polymers  [20, ~21].  This
[3-5]. Adsorption has received attention from scientists and ~ @nthraquinone-based anionic dye s carcinogenic and
engineers as one of many physicochemical methods for ~ Polluting to the environment. The anthraquinone dye is a
treating wastewater since it is inexpensive, reusable, and resilient substance |nthg environment, making it challenging
environmentally friendly, plus the experimental procedure js (O treat these dyes using procedures that cause them to
simple [8-13]. The ability of an adsorbent to extract chemical ~ dégrade in water [22, 24].
materials from water is dependent on its high capacity, o OH
reusability, and low cost. Magnetic nanoparticles (MNPs)
have distinct qualities such as a large surface area, ease and OH
speed of collection from solution, and low diffusion
resistance [14-16].

These MNPs require surface alteration and the ensuing o
core-shell structure. Because of its non-toxicity, and good S/
aggregation, the Silica alteration as the surface shell on / \o
particles magnetic as the core has been used [17, 18]. The 5 NaO

benefits of this alteration stable MNPs in various chemical

mediums that are easily functionalized. Mesoporous surfaces Figure 1. Chemical structure of ARS
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Il. EXPERIMENTAL

2.1. Materials and Method

We acquired Tetraethylorthosilicate (TEOS,>98%), 3
aminopropyltriothoxysilane (APTES>98%),
CetylTrimethylAmmonium Bromide (CTAB,>98%), and
Alizarin Red S (ARS) from Sigma-Aldrich for the removal
experiment as well as FeCls.6H,0, FeCl,.4H,0, ethanol, and
ammonia solution (25 percent) from Merck for the synthesis
of the nanocomposite. The dye stock solution (1000 mg/L)
was obtained by dissolving 0.05 gr of dye in 50 mL of double
distilled water. Merck supplied us with HCI (37%
concentration) and NaOH for pH adjustment.

2.2. Instrument

The morphology and particle size of the nanocomposite
were investigated using a scanning electron microscope
(SEM) model FE-SEM from TESCAN and a transmission
electron microscope (TEM) model Zeiss-EM10C operating
at an accelerated voltage of 80 kV. Fourier transform infrared
(FT-IR) Shimadzu model 8400S was used to analyze the
modification surface of the nanocomposite. The operating
X-ray radiation from Panalytical Co. was used to characterize
the magnetic core-shell nanocomposite using XRD patterns
on the X' Pert Pro. Shimadzu model 1800 double beam
UV-visible spectrophotometer was utilized to ascertain the
adsorption dye changed upon absorption. The pH-meter
model 3BW microprocessor was used to measure the impact
of pH on adsorption and Software Design-Expert 10 trial was
used to carry out the design experiment (Stat-Esae
Inc.,MN,USA).

2.3. Synthesis core-shell Fe304@MCM-41-NH2

Prepare FesO. as the core first using the co-precipitation
method with a few modifications using the procedure already
published [25]. The basis for this approach is a mixture of
Fe*2 and Fe*® in a molar ratio of 1:2, followed by the addition
of 5 ml of 25% ammonia solution in atmosphere N, while the
mixture is being violently stirred. After four hours, gather the
product using an external magnetic field, wash three orders
with double-distilled water, and then dry it in an oven at 50
°C. The following stage involves creating magnetic
mesoporous using the Stober method [26]. The chemical
process used to create this nanocomposite involves
dispersing 0.050 gr of dry nanomagnetic in a 1:2 volume
mixture of ethanol and water. This mixture remained for
around 30 minutes in an ultrasonic to achieve a homogenized
mixture. After that, 1.2 ml of an ammonia solution was added
to the solution and swirled for roughly an hour. The
development of the MCM-41 structure on the nanomagnetic
surface was accomplished by gently adding 0.364 gr of
CTAB into 10 ml of double-distilled water to the magnetic
solution. After stirring for an hour, 1.05 grams of TEOS were
added dropwise, and the mixture was mixed at room
temperature for 24 hours. As a result, the nanoparticle was
cleaned with an ethanol/distilled water solution to get rid of

any remaining CTAB on the surface before being dried at 40
°C in an oven. The final stage was to obtain the core-shell
structure by calcining at 550 °C for 6 hours in an air
environment.

2.3.1. Modified nanocomposite for applying to remove
dye

Silanol groups on the surface of nanocomposite materials
interact with APTES. The steps are as follows: 30 ml of
anhydrous toluene, 3 ml of APTES, and 0.5 gr of the
magnetic nanocomposite were added. This reaction took
place in an environment of N and refluxed for 12 hours at 60
°C. Following the amino-function on the core shell, the
material was collected using an external magnet, washed with
ethanol (3-5ml), and dried at 60 °C in the oven.

2.4. Design experimental and data analysis

In this study, central composite design (CCD) was used as
the primary tool for optimizing the key parameters on
maximum dye removal. To begin with, certain experiments
were conducted to determine the parameter's level limitations.
The key factors that affected dye removal were found to be
pH, vortex time, absorbent quantity, and dye concentration.

2.5. Adsorption experimental MNPs based D-p-SPE
procedure

The initial experiment was carried out by adding 16 ppm of
ARS to 25 ml of distilled water in a 50 ml beaker, followed
by the addition of Fe304@MCM-41-NH2 and the
adjustment of pH with 0.1 M HCl or 0.1 M NaOH. A vortex
was used to stir the liquid for 4 minutes to help the adsorbent
disperse. An external magnet was used to collect the
magnetic adsorbent. Finally, using a magnet to separate the
absorbed, the concentration of ARS that remained in the
solution  was  determined using a UV-Visible
spectrophotometer at maximum wavelengths. Schematic
design of the proposed process is represented in scheme 1.
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Scheme 1. Employed schematic experiment for the rapid
removal of ARS from environmental wastewater samples
using magnetic core-shell Fes0.@MCM-41-NH, .

2.6. Proficiency absorbent

Desorption and reusability are the two key criteria for
judging an absorbent's proficiency.The desorption
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experiment was carried out separately with 25 ml of dye at 20
ppm. The absorbent was then collected and washed with 1 ml
of various solvents such as Methanol, Ethanol, and Acetone,
10% HCI 0.1 molar, and 10% NaOH 0.1 molar. Then, the
mixture was agitated for 4 minutes, and the concentration of
magnetic nanoparticles and ARS remaining in the solvent
were determined using a UV-Vis spectrophotometer. To test
the absorbent's reusability, it was washed three times with 1
ml acetone to remove ARS that had become adsorbed on the
surface of the absorbent, then washed with Ethanol/water
50:50 and dried in an oven at 40 °C.

1.4
1.2 '

1 ’ - ‘ —— PO e, :u
= Figure 3.Images SEM and TEM of Fe;0.@MCM-41-NH;
= 038 . y . . -

9 A spherical particle with a mesoporous shell immobilized
g 06 on the surface and a dark-colored FesO. core can be seen in
< the TEM pictures of Fes0s@MCM-41-NH2.

0.4 The FT-IR spectra at 400-4000 cm™ range show the

' modification surface with APTES in Fig.4.

0.2
FesO4
0
250 300 350 400 450 500

Wavelength(nm)

Figure 2. Removal 16 mg.L* ARS by 0.007gr NMM at pH 3
about 3 min

%Transmittance

l1Il. RESULT AND DISCUSSION L \'[
3.1. Characterization of Fe304@MCM-41-NH2 \J

3880 3380 2880 2380 1880 1380 880 380

SEM was used to investigate the morphology , chemical S
composition of the sample. The shape and size of nanoporous
were determined by TEM, as illustrated in Fig. 3.

Figure 4.FT-IR spectra of synthesis nanopartilces

In FT-IR spectroscopy of Fe30s4, Fes0O.@MCM-41, and
FesO4 modified with APTES, the stretching vibration O-H
was identified at 3380 cm™ and a peak corresponding to Fe-O
at roughly 580 cm™* could be found [27]. The FT-IR indicated
the presence of a mesoporous shell on a surface nano magnet
because three peaks were detected: 1080 cm™, 807 cm, and
459 cm? for FesO,@MCM-41, which were attributed to
stretching of Si-O, and a peak at 790 cm™ for bending
vibration of Si-OH in mesoporous [28]. Figure 5 shows two
distinct bands at 2931 and 1618cm™ that corresponds to the
-CH; stretching and bending vibrations of the bond N-H,
respectively.

We used X-ray diffractograms to characterize the Fe304
nanomagnetic and  FesO4,@MCM-41-NH;  core-shell
nanocomposite as shown in Fig.5.

SEM HV: 15.0 kV WD: 16.26 mm 1 111 MIRA3 TESCAN

View field: 1.34 pm Det: SE 200 nm
SEM MAG: 155 kx Date(m/dly): 05/29/18 Lorestan University
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Figure 5.XRD pattern A)FesOs B) Fes0s@MCM-41-NH;

The nanomagnetic in the pattern XRD has six peaks at 30.1,
35.5, 43.1, 53.4, 57.0, and 62.6 with 2 peaks linked to
magnetic nanoporous as identical to nanomagnetic, which
showed that FesO4 hanomagnetic as core. There are no peaks
visible connected to nanomesoporous because silica is
structure amorphous.

3.2. Optimization

Different parameters, such as ionic strength, pH, amount of
absorbent, dye concentration, and type of solvent desorption,
have an impact on dye removal and must be optimized to
achieve maximal removal.

To reduce the number of experiments in CCD, we first
determined the parameters that affect dye removal. The ionic
strength parameter was examined using NaCl in the range of
(0-5 percent w/v) in 25 ml of solution with 20 ppm of dye.
The outcome is presented in Fig.6.

100

80
60
4
2
0
0 1 2 3 4 5

%NaCl(w/w)

Recovery%
o

o

Figure 6.Effect of adding salt for removal ARS

The removal dye was reduced as the ionic strength
increased. The two primary causes of this observation have
been identified. First, higher ClI- adsorption on the surface
absorbent in comparison to anionic dye; second, adding salt
reduces the diffusion film that rate of anionic transfer from
the bulk solution to on-surface modified nanomagnetic
MCM-41. So, the study was performed without any salt [29].

Other parameters including pH, absorbent quantity, vortex
time, and dye concentration were analyzed by CCD and are
reported in Table 1.

Table.1. CCD reports with analysis.

Table.1.Main factors that effectively on removal and levels coded for CCD

Level
Variables unite Low High * ta
PH(A) - 35 6.5 9 8
M adsorbent(B) ar 0.0075 0.0125 0.005 0.015
vortex time (C) min 2 4 1 5
ARS Concentration(D) ppm 9 19 4 24

Four independent factors and four levels of the central
composite design for dye removal. We have four independent
components at two levels that were designed for 30
experiments in one block in the CCD. Following design, we
conduct experiments and compute dye recovery. The results
are displayed in Table 2.

Table 2.Central composite design for ARS

Run |A B c D |R% Run |A B c D |R(ARS)%
1 5 0.015 14 |3 |[8963 (16 65 00075 |19 |4 |7822
2 5 0.01 14 |3 [7842 (17 5 0.01 14 |3 | 7456
3 35 0.0075 |9 2 |7179 |18 5 0.01 24 |3 |67.78
4 35 0.0075 |9 4 742 19 65 | 00075 |9 4 | 783586
5 6.5 0.0125 |19 |2 (944 [20 5 0.01 14 |3 |66381
6 35 0.0125 |9 2 | 7959 |21 65 |0.0075 |9 2 | 7842
7 5 0.01 4 3 |2278 |22 5 0.01 14 |3 9237
8 5 0.01 14 |3 (9549 (23 35 00125 |19 |4 | 7824
9 35 0.0125 |9 4 | 6368 |24 5 0.01 14 |3 | 7671
10 8 0.01 14 |3 [8293 (25 65 00125 |19 |4 8155
11 5 0.01 14 |5 [765 (26 5 0.01 14 |1 |7587
12 6.5 0.0125 |9 2 | 6398 |27 35 00075 |19 |4 6261
13 5 0.005 14 |3 |[6535 (28 35 |00125 |19 |2 793
14 6.5 0.0075 |19 |2 [8009 |29 35 00075 |19 |2 |9365
15 6.5 0.0125 |9 4 |6514 (30 (2 0.01 14 |3 |7822

The analytical response for dye removal was performed,
and the results showed that the quadratic equation was the
optimum model to evaluate dye response. This equation is as
follows:

Zn: 3 b. x? Z Zbijxixj

Y=bo+ =L bixi+ i= + 1= =i 1)

In this equation, Y is the dependent variable, which is the
percentage recovery, bo is the constant model, x; is the
independent variables, bi is the coefficient for the linear
model, bj; is the coefficient for the quadratic model, and bj; is
the interaction coefficients between the independent
variables.Using the Analysis Variance (ANOVA) to
investigate the model and the result are shown in Table. 3
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Table.3.Analysis variance(ANOVA) for removal ARS

F Value
1413.59
10883.62
797745
316.01
10.86
139.07
0.32
60.5
035
62.53
16.17
4.46
2373
15.46
241.32

Sum of Squares
2406.73
1323.58
970.15
3843
132
16.91
0.039
7.36
0.043
7.6

1.97
0.54
2.89
1.88
2935
1.82
112
0.7
2408.56

Mean Square
171.91
1323.58
970.15
3843
132
16.91
0.039
7.36
0.043
7.6

197
0.54
289
1.88
2935
0.12
0.11
0.14

p-value
<0.0001
=0.0001
<0.0001
<0.0001
0.0049
<0.0001
0.5795
<0.0001
0.3607
<0.0001
0.0011
0.0518
0.0002
0.0013
=0.0001

Model
A-pH
B-Madsorb
C- ARS
D-time

AB

AC

AD

BC

Residual
Lack of Fit

08 0.6465 NS

Pure Error

Cor Total

We constructed an equation that explains the maximum
removal of dye. The equation is as follows:

Maximum removal of ARS (%)
=78.29-7.43*A+6.36*B-1.27*C+0.23*D-1.03*AB+0.049*
AC+0.68*AD-0.052*BC+0.69*BD-0.35*CD+0.14*A?-0.32
*BZ

ANOVA was used in the experiment. Some parameters are
critical: One is the model significance (F value 1413.59), and
another is Lack of Fit (LOF) of 0.6465.

Figure 7. 3D plots for removal ARS

Using a 3D graphic, the impact of independent variables
on the response was examined

The study of the influence of pH removal is an effective
parameter on adsorption and dye removal because it changes
the media of solution and the location of on-surface adsorbent
that produces adsorbent dye. As electrostatic interaction
between positive surface nano particle and negative dye was
observed, we can conclude that maximum removal occurs
under acidic conditions [30]. Analysing the effect of sorbent
on removal over the range of 0.005-0.0115 gr revealed that as
sorbent concentration increased, dye removal also increased.
This increase in removal is due to the availability of a large
surface area. The results showed that increasing the vortex

time to 5 minutes increased ARS dye clearance. This
adsorption is caused by a large surface area and a short
diffusional channel. In comparison to other adsorbents, the
time equilibrium inside the adsorbent and solution in this
experiment is relatively brief.

The relationship between the initial concentration of dye
and removal percentage was examined, and the results show
that as the initial concentration of dye increases, the removal
percentage decreases. This behaviour is related to an increase
in the initial concentration dye to surface area ratio, which
causes less mass transfer.

The results of the research revealed that the optimal
condition for removal was a pH of 3.5, a quantity of
adsorbent of 0.013, and a vortex period of 4 minutes for ARS.
Under these conditions, we can remove 95.65% of the ARS
from aqueous solutions.

3.3. Studying absorption Kinetics

Understanding  the adsorption  process of this
nanomagnetic, such as chemical reaction, diffusion control,
and mass transport was obtained by investigating the
adsorption isotherm [31].

This experiment was carried out separately for both dyes in
25 ml solutions of 16 ppm each dye with 0.007 of adsorbent
that vortex for an approximately adequate duration and
determined dye removal by Eq.(2):

C0 _Cr

Percentage removal dye (%) = CO x100 (2)

In this equation, Co is the initial concentration (ppm) and
C: is the concentration dye (ppm) after removal.

To achieve equilibrium data, Kkinetic models of
pseudo-first [32] and second order[33], inter-particle
diffusion[34] as well as The Elovich equation [35], were
examined. The equation to calculate psedu-first order is:

In(Qe-0r)=InQge-K1t 3)

where ge (mg/g), q: (mg/g), and K; (psdeuo first-order
constant) are the amounts of dye that nanomagnetic absorb at
equilibrium and time t (min), respectively (min?). The
amount of dye absorbed by the adsorbent in psdeu
second-order depends on the number of surface-active sites.
The equation for second-order psdeuo is given as:

L T
Qt - KzQze +Qe (4)

In this equation, K, is constant pseduo second-order
(gmgmin).

First, the dye was adsorbed on the surface in a
nanomagnetic manner, and then the absorption was managed

via micro-intraparticle diffusion. the equation for
inter-particle diffusion is;
=K t**+C
Qt p (5)
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In this equation, Ky(mg(g minY?)?) is constant Table 4 displays the findings. We can conclude that
interaparticle diffusion and C is the boundary layer thickness.  pseudo-second order is the best fit model for data

The Elovich equation, which has the following linear form, ~ €xperiments since it was chosen as the beszt model based on a
can also be used to examine the adsorption data: high-value linear correlation coefficient, r’.

G=pIn(ap)+pint (6)
Table.4. Kinetic parameters for ARS

Concentration ARS
Model parameters
10 15 20
ki(min) 0.2982 0.4675 0.8656
First order kinetic gecalc((mg.g?) 33.13 65.72 81.71
R? 0.9019 0.946 0.8115
ko(min?) 0.0055 0.0029 0.0012
Pesudeo-second-order kinetic ge(calc((mg.g)) 75.14 81.43 90.35
R? 0.9909 0.9916 0.9978
Kairr(mg.gt.min12) 26.13 32.18 34.62
Intrapartcle diffusion C (mg.g?) 18.49 16.58 31.93
R? 0.9836 0.9516 0.9039
0.095 0.066 0.138
Elovich A 935 85.97 80.1
R? 0.9629 0.9467 0.80
3.4. Studying isotherm adsorption 1
Using the Langmuir, Freundlich, Dubinin, and Ln(ge)=LnKg+ N LnC. 9)
Radushkevich (D-R), and Timken isotherm models, the .
equilibrium isotherm of an adsorbent for the removal of ARS Kr and n are Freundlich constants that represent the

ions at ambient temperature was investigated. The Langmuir ~ c@Pacity and intensity of adsorption, respectively. The slope

isotherm model predicts monolayer coverage of ARS jons on ~ and intercept of a linear plot of Ing versus InC. were used to

the adsorbent's outer surface. The Langmuir isotherm can be ~ €stimate the values of Kfand n, respectively [37].
presented in linear form as follows: The Timken model provides details on the heat of

The Langmuir equation is: agsorgtiton_rahnd_rtheki_ntgratc;ion Petween tht(_e ac_isorb;er:tl and
adsorbate. The Temkin isotherm linear equation is as follows:
Ce/Qe=1/(K +(1/ C 7
el Qe ( LQmax) ( Qmax) e ( ) C{e:B In KT +Bln Ce (10)

Where Qe (mg.g-1) indicates the equilibrium solute
adsorption amount, Ce (mg.L™) indicates the equilibrium
solute concentration, Qm indicates the maximum monolayer

The Temkin constant is B (j.mol™) and the equilibrium
binding constant is Kt (L.molY).

adsorbent ion capacity (mg.g™), and Ki(L.mg') indicates the The Dobinin-Rodushkvich isotherm is used to determine
Langmuir constant. Regarding this equation, the Ce/Q. has a the mean free energy of adsorption (), which is related to the
linear correlation with Ce. chemical and physical properties of adsorption [38].
The linear version of the D-R isotherm is represented as

Je=qmbCe/(1+bCe) (8) follows: i

A plot of 1/ge versus 1/C. should indicate a line with slope Inae=Ina<-BR2T2LN (1+1/C)2 11
b(the Langmuir adsorption constant(L.mg™)) and intercept of G q's b ( ) — ( )_
gm (theoretical maximum adsorption capacity(mg g%)) [36]. Adsorption  energy  (Bmol*(Kj%)™) ~and  theoretical

Another model that represents the surface with adsorption  Saturation capacity were calculated in this model using th(z
heterogeneity is the Freundlich empirical equation model. ~ Sl0Pe and intercept of the linear plot Inge vs. Ln (1+1/C))

The Freundlich isotherm's linear form is as follows: [39].

16
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Table.5. Parameter isotherms for ARS

Isotherm Parameters Value of | Isotherm Parameters
Value of parameter
parameter
gm(mg.g?) 192.27 K+(L.mg?) 0.51
Longmuir Ky(L.mg?) | 0.0553 Temkin B; 92.59
R? 0.9995 R? 0.9056
s(mg.g* 3812.17
n/1 1.49 4:(Mmg.g7)
) E 9498.05
Freundlich D-R
Kre(L.mg?) |14.1 Bx10° 6.12
R? 0.9523 R? 0.9912

Table 5 shows the results of fitting the experimental data in
isotherm models, as well as the values of the parameters and
their corresponding correlation coefficients. The Freundlich
isotherm with the greatest correlation coefficient (R?) value
can be utilized to describe ARS ion adsorption on magnetic
nonporous.

IV. COMPARESSON THIS METHOD REMOVAL
ARS DYE WITH OTHER METHODS

Table 6 compares this method of colour removal with other
ways of dye removal. In comparison to other approaches, the
results demonstrated the effectiveness of this procedure for
removing ARS.

Table.6.Compariation this method removal with other

methods
Adsorbent time(min) | gm(mgg™) Ref.
MAC 300 108.69 [40]
Fe304 25 45.87 [41]
Fe;04@NiO 90 223.3 [42]
Pentaerythritol- 30 257.73 [43]
modifed carbon
nanotube
FesO,@MCM-4 | 10 224.21 This
1-NH; work

V. CONCLUSION

In this study, we used nanomagnetic adsorption, which is
an efficient, quick, and low-cost method of removing anionic
dye. The removal was affected by several parameters,
including pH, adsorption quantity, and time vortex. Based
on the findings, the highest rate of dye removal was achieved
at pH sample 3.5, 0.013gr absorbent, 4 min of vortex time,
and 9 mg/l of ARS Concentration .This rate of dye removal
efficiency was 95.65 percent This factor was optimized for
maximal removal by CCD, and the results showed that
modified magnetic Nano porous is a good absorbent for
anionic dye removal from aqueous solutions. The model's
kinetics were investigated, and the results indicated that the

pseudo-second order model fits the data the best. The
Langmuir model was fitted to the dye and equilibrium data,
confirming that a monolayer of dye forms on the surface of
the adsorbent. The further results indicated that we can
extract 95.65 percent ARS from an aqueous solution. This
approach has an advantage over other methods of removing
anionic dye since it has a high absorption capacity of 224.21
for ARS and uses a small amount of sorbent (0.013g) for a
short period of (4 min).
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