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for removing methyl orange (MO) dye from aqueous solutions. The
nanocomposites were characterized using FT-IR, TEM, SEM, XRD, and
BET/BJH analysis to assess structural and surface properties. The results
showed a specific surface area (30.23 m#/g), a total pore volume (0.098 cm?3/g),
and average pore diameter (in the mesoporous range of 1-10 nm) for the
Fe:0.@HA/MMT composite. Adsorption efficiency was optimized over 300
minutes using response surface methodology (RSM) with a five-factor, three-
level central composite design. Kinetic studies revealed that the process follows
a pseudo-second-order model (R2 > 0.99). Equilibrium data were evaluated
using Langmuir, Freundlich, Temkin, Dubinin—Radushkevich, and Harkins—
Jura isotherms, with the Freundlich model providing the best fit, indicating
multilayer adsorption on a heterogeneous surface. Thermodynamic analysis
showed: That negative AG® values confirm spontaneity, while their magnitudes
(-6.26—-9.86 kJ/mol) suggest physical adsorption. The positive AH® value
(19.31 kJ/mol) confirms that the process is endothermic. Increased entropy
(88.84 J/mol-K) points to enhanced surface disorder and MO-adsorbent
interactions. The positive activation energy (E. = 18.3 kJ/mol) further
corroborates the endothermic nature. A near-zero sticking probability (S* ~ 10
®) reinforces the physical adsorption mechanism. These findings highlight the
nanocomposite’s potential as a sustainable, high-performance solution for dye
wastewater treatment.

Keywords: Core-Shell structure; Reusable adsorbent; Standard enthalpy;
Kinetic; Mathematical modeling.

Introduction

Textile manufacturing contributes to the economies of
numerous countries globally. This process generates
wastewater with varying colors, depending on the extent
of dye fixation on the substrates, which is influenced by
the nature of the chemicals, the intended colour intensity,
and the treatment procedure [1]. The substantial volumes

of wastewater generated by dye-manufacturing and dye-
utilizing enterprises pose significant environmental
hazards. The global output of dyes and pigments is
estimated to reach at 800,000 tons annually, with a
minimum of 10% released into the environment. Recent
years have seen the investigation of many strategies for
the removal of pollutants in wastewater, including
adsorption [2, 3], biodegradation [4, 5], photocatalysis [6,
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7], and biocatalytic oxidation [8, 9]. Among them,
adsorption has been the generally utilized and effective
approach in wastewater treatment. Surface adsorption
occurs in both physical and chemical forms. Physical
adsorption, driven by van der Waals forces between
pollutant molecules and the adsorbent surface, is one of
the most common types of adsorptions and has reversible
properties. On the other hand, chemical adsorption occurs
due to a chemical reaction between the pollutant and the
adsorbent surface. This adsorption type has a low velocity
and is irreversible, unlike physical adsorption [1]. VVarious
adsorbents have been studied for the removal of organic
dyes and contaminants. The use of cheap and eco-friendly
adsorbents increases the value of the adsorption operation.
Numerous types of adsorbents have been utilized to
remove the dye in wastewater. The application of FesOa
nanoparticles (NPs) as highly efficient adsorbents has
attracted significant interest due to advantages such as
relatively low cost, large specific surface area, and high
adsorption capacity. In this study, a magnetic adsorbent
was synthesized using inexpensive, natural materials, and
the methyl orange dye adsorption Kinetics was
investigated. As a coating agent, different weight
percentages of humic acid were added to iron oxide, and
the weight percentage of sodium montmorillonite to the
synthesized adsorbent structure was investigated.
Different methods were employed to characterize the
synthesized samples. Afterward, the synthesized
adsorbent has been used by considering five parameters
and examining the effect of these parameters on the
maximum efficiency of methyl orange dye removal, using
Design-Expert software. The software results indicated
the optimal percentages of sodium montmorillonite
(MMT) and humic acid (HA) for synthesizing the
adsorbent. Ultimately, under these optimal conditions, the
kinetics and thermodynamics of the adsorption process
were examined.

Materials and Methods

FeCl3.6H,O0, FeCl,.4H,0, NHs,  Humic acid
(C187H186089N0S1), NaOH, and HCI were purchased from
Merck, Germany. NaCl and methyl orange

(C14H14N3NaO3) were bought from Sigma Company.
Sodium montmorillonite (Cloisite Na* with a cation
exchange capacity (CEC) of 92.6 mequiv. 100 g clay was
supplied by Nanocor Inc. All reagents were of analytical
grade and used as received without further purification.

Preparation of Fe;0.@HA/MMT

To synthesize the FesO.@HA composite, 1:2 ratio of
FeCl3.6H,0 and FeCl2.4H,0O dissolved in 50 ml of
distilled water in a three-neck round-bottom flask
connected with a reflux condenser and with magnetic
stirring was stirred to provide a homogeneous solution
until the temperature reached 80 °C. At this temperature,
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10% humic acid (HA) (30 and 50 wt% for another ratio)
was added to this mixture under constant stirring. After
this time, 50 mL of 25% ammonium hydroxide was added
to this mixture under constant stirring and kept at 80 'C for
an additional 120 min. The synthesized Fe;0.@HA
composites were separated by a magnet and washed with
distilled water several times. Finally, a powder product
was collected and dried at 80 °C for 8 h. To prepare
Fes0.@HA/MMT, 1.8 g of the FesO4s@HA composite
was dispersed in 100 mL of ethanol under ultrasound for
40 min separate dishes, 450 mg MMT (94.7 and 257 mg
for another ratio) were dispersed in 20 mL water under
ultrasound for 60 min. Then, MMT and Fe;0.@HA
solutions were added slowly. The mixture was
mechanically stirred at room temperature for 24 h. The
product Fes0s@HA/MMT was obtained by washing with
water and ethanol. Finally, the sample was dried at 80 °C
overnight [2, 3].

Investigation of Adsorbent Activity on Removal of
Methyl Orange Solution

The methyl orange dye solution was used to investigate
the laboratory efficiency of the synthesized adsorbent.
The experimental design and number of runs were
determined using Design Expert software and the CCD
method. In this research, five independent parameters
were used that include adsorbent content (1-5 g.L?), pH
(3-9), the humic acid weight percentage (10%-50%),
sodium montmorillonite weight percentage (5%-20%),
and the initial concentration of methyl orange dye solution
(5-25 mg. L'). Each of these five independent parameters
was determined in high- and low-level values, considering
the a=1.

Adsorption Experiments
We have used response surface methodology (RSM) to
model the relationship between the quantitative factors
and the response and to detect optimal factors that display
the "best" response. These designs can fit a second-order
prediction equation for the response as follows:
R =By + iy BiXi + iy BuX? +

L Xho B XX + e €Y)
Here, R is the predicted response (% Removal); Xi and X;
are variables; Po is the constant coefficient; Also, Bi is a
factor that defines the effect of parameter ion the final
response. The i is the cross-product coefficient, and Bii is
the quadratic coefficient, which returns to the effects of
the interaction among independent variables. The
coefficient can be derived using multiple regression
analysis, and the equation can be utilized to forecast the
response. The parameter values can be ascertained using
Eq. 2.
X =2 )
Here, Xo is the real value of the independent variable at
the center point, xi is the real value of the independent
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variable, and 38X is the step change value between low (-
2) and high (+2) levels. The percentage removal of color
was calculated using Eq. 3:

Percentage Removal (%) = X 100 3

Where, Cqis the initial concentration of dye and Cs is the
final concentration of dye after adsorption.

Kinetics of adsorption was determined by analyzing the
adsorbent sorption of the dye from an aqueous solution at
different time intervals. To identify adsorption isotherms,
dye solution at different temperatures (25-55 °C) with
known amounts of adsorbents was shaken until the
equilibrium was achieved. To compare the adsorptive
capacity and intensity of different adsorbents, batch tests
were performed. The equilibrium adsorption capacity was

calculated from Eq. 4.

Co—Ce
ge = O 4)
Where ge (mg. g7) is the equilibrium adsorption capacity,
Ce is the dye concentration at equilibrium, V (L) is the
volume of solution, and W (g) is the weight of adsorbent.

(Co—Cy)
Co

Results and Discussion

Characterization

The morphologies of all synthesized samples were
determined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) methods. The
crystal phases of the samples were analyzed using an X-
ray Diffraction (XRD) analysis with radiation (A =
0.15418 nm). A scan rate of 0.11 s** was applied to record
the powder XRD patterns for 26 in the range of 10-70°.
The Fourier transform infrared (FT-IR) spectra of the as-
synthesized material were taken at room temperature
using a 100 mg KBr pellet containing 1 mg of the sample.
The adsorption measurement was taken by UV-UV-
Visible spectrophotometer (Cintra 101 GBC Scientific
Equipment Ltd.). Brunauer—-Emmett-Teller method was
used to calculate the specific surface area from the
adsorption isotherms.

XRD diffraction patterns of Fe;O.@HA (50%) and
Fes0.@HA(50%)/MMT-Na(12.5%)  samples  were
shown in Figure 1.
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Fig. 1. XRD patterns for the nanocomposites.

The peaks that appeared at 26 = 57.8, 43.2, 35.6, and 30.2
are related to iron oxide. The peaks that appeared at 26 =
27.8, 35.1, 62.5, 68.1, and 74.2 are attributed to the
sodium montmorillonite structure. The presence of peaks
in both iron oxide and sodium montmorillonite structures
in the XRD pattern of nanocomposites indicates that a
successful crystalline structure and dispersion of sodium
montmorillonite with Fes;O4s@HA core-shell structure [2,
3].

The surface morphology of the nanocomposites was
evaluated using the SEM method. Figure 2-a reveals the
SEM images of the nanocomposites. A core-shell
structure was found that was related to Fe3O4 surrounded
by HA. Also, in Figure 2-b, the surface structure of
FesOs@HA  core-shell  composites with  sodium

montmorillonite were detected.
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Fig. 2. SEM micrographs of the (A) FesOs@HA, (B)
Fes0Os@HA/MMT

TEM images of the synthesized adsorbent are
demonstrated in Figure 3. That indicated the core-shell
structure of FesOs@HA. Also, dispersion of the
montmorillonite structure was observed alongside the
core-shell structure.

.

e g B |
Fig. 3. TEM images of the Fes:0-/HA/MMT nanocomposite

The spectra obtained from the Fourier transform infrared
analysis are shown in Figure 4. A peak could be seen at
3445 c¢cm™ in the sodium montmorillonite FTIR spectra,
which was related to the vibration of the attracted OH in
the silicate layer. The peaks around 674 and 449 cm™
were attributed to vibration-attraction of O-Al and
vibration-bending of O-Si, respectively. The absorption at
1030 cm™ was linked to the vibration attraction of the O-
Si silicate layer. Also, the presence of absorption around
890 and 1052 cm* was assigned to the vibration of MMT
hydroxylans consisting of AI.OH and MgAIOH. The OH
group at 3450 and 1600 cm™ in humic acid spectra was
detected clearly. Also, a carbonyl C=0 vibration bond at
1680 cm™ was observed. In the Fes0.@HA spectra, the
peak at 560 cm™ indicates the Fe-O vibration bond. As
observed from synthesized Fes0.@HA/MMT composite
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spectra, it was found that there were two peaks at 584 and
440 cm™ which could be attributed to Fe-O vibration
attraction bonds, AI-O vibration attraction, and O-Si
vibration bending, which means the formation of the
synthesized adsorbent. A COO-Fe bond was also
observed at 1591 and 1395 cm [2, 3].
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Fig. 4. FT-IR spectra for the nanocomposites.

The BET method is one of the most popular techniques to
determine the porous structure of solids, along with other
methods like BJH, t-plot, and S,, which are used to
characterize pore distribution. These methods provide
general information about adsorption behavior, the shape
of the adsorption isotherm, and the average pore size [3,
4]. Figure 5 shows the adsorption-desorption curve of
nitrogen gas at a constant temperature on the surface of
Fe;04.@HA/MMT.
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Fig. 5. The adsorption-desorption curve of FesO4s@HA/MMT.

According to IUPAC classification, the samples follow IV
type isotherm, which illustrates the presence of material
with meso pore’s structure. Using BET analysis data,
specific surface area for Fe;0.@HA/MMT was obtained
30.23 m2. gl In the FesO4s@HA, several iron oxide
particles created a core and were surrounded by humic
acid as a shell. The spherical core-shell structure of
FesO.@HA with MMT has a higher specific surface area

4000
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than the FesO4@HA structure. The general volume of
pores for Fes0.@HA/MMT was obtained at 0.098.
Comparing the results of BET analysis and the surface
area of the synthesized photocatalyst agrees with the
results of previous reports in this field. The distribution of
the size of the pores that was calculated using the BJH
method and the surface desorption curve is shown in
Figure 6. It can be seen that the size of pore diameter for
Fes04@ HA/MMT is in the range of 1-10 nm, which
confirms the theory of mesopores [3].
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Fig. 6. The distribution of the size of the pores.

The pH of dye solutions has a critical effect on adsorption
processes, notably on the adsorption capacity. Its
importance is due to the surface charge of the adsorbent,
the degree of ionization of the chemicals in the solution,
and the separation of the functional groups in the
adsorbent sites.

According to Figure 7, pHp,c was calculated at 4.55. At
pH values less than pHp., the adsorbent surface has a
positive charge, and at pH values more than pHy,, the
adsorbent surface has a negative charge. The adsorption
rate was changed depending on whether the substance was
cationic or anionic, and its interaction with the positive or
negative adsorbent surface.
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Fig. 7. pHpzc the Fes0s@HA/MMT

This experiment covers the adsorption of methyl orange
dye, an anionic chemical. Therefore, at pH values above
the point of zero charge (pHpzc), adsorption is
unfavorable due to electrostatic repulsion between the
anionic dye molecules and the negatively charged
adsorbent surface [14, 15]. In alkaline pH circumstances,
the concentration of hydroxyl groups in the environment
rises, resulting in a negative surface charge on the
adsorbent. Consequently, a feeble connection or even a
repulsive force between the absorbed substance and the
adsorbent surface will be established, reducing the
adsorption rate.

Results

In this research, design expert software was used to
investigate the effect of five parameters on methyl orange
dye removal using FesO.@HA/MMT adsorbents. The
design of the experiment was performed using the
response surface method using the CCD model. Each
independent parameter was examined at five levels in the
central compound model. In this study, the value of a« =
1 was considered. The methyl orange dye removal
percentage in the determined experiments was calculated
using Eq. 3.

Analysis of Variance (ANOVA)

The ANOVA method was used to statistically determine
the main effects and essential interactions. The parameters
such as mean squared, a sum of squares, the parameter p-
value, and the ratio F were calculated. Table 1 reveals the
analysis of variance of the quadratic model. According to
Table 1, the following can be considered:

Table 1. ANOVA results of the response surface guadratic model for MO removal (%).

ANOVA for Response Surface Quadratic model

Analysis of variance table [Partial sum of squares - Type Il|

Sum of

Source
Squares

df

Mean F
Square Value

p-value
Prob > F
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Model 4569.90 20 228.49 16.90 <0.0001 | significant
A-HA 683.11 1 683.11 50.52 < 0.0001
B-MMT 149.94 1 149.94 11.09 0.0024
C-pH 2148.88 1 2148.88 158.91 < 0.0001
D-amount of adsorbent 255.48 1 255.48 18.89 0.0002
E- initial of concentration 29.74 1 29.74 2.20 0.1488
AB 22.61 1 22.61 1.67 0.2062
AC 71.10 1 71.10 5.26 0.0293
AD 66.99 1 66.99 4.95 0.0340
AE 73.51 1 73.51 5.44 0.0269
BC 8.51 1 8.51 0.63 0.4341
BD 15.54 1 15.54 1.15 0.2925
BE 60.23 1 60.23 4.45 0.0436
CD 1.16 1 1.16 0.086 0.7714
CE 503.24 1 503.24 37.22 < 0.0001
DE 7.813E-003 1 7.813E-003 | 5.777E-004 0.9810
A? 4.669E-003 1 4.669E-003 | 3.453E-004 0.9853
B2 81.96 1 81.96 6.06 0.0200
C? 355.77 1 355.77 26.31 < 0.0001
D? 126.68 1 126.68 9.37 0.0047
E? 11.36 1 11.36 0.84 0.3669
Residual 392.15 29 13.52
Lack of Fit 326.87 22 14.86 1.59 02721 | . "%
significant
Pure Error 65.28 7 9.33
Cor Total 4962.05 49

The p-value of <0.0001 shows that the model is
significant, and there is 99.99% assurance that it can be
used to predict the optimal response of the removal over
the FesOs@HA/MMT nanocomposite. The Model F-
value of 15.36 indicates that the model is significant. Due
to the noise, there is only a 0.01% chance that an F-value
this large could occur. The "Prob > F" values less than
0.05 demonstrate that model terms are considerable. In
this case, A, B, C, D, AC, AD, AE, CE, C? D? are
significant model terms.

R %= +63.39+ 4.48*A+ 2.1*B- 7.95*C+ 2.74*D- 0.7*E+
0.84*AB 1.49*AC+ 1.45*AD+ 1.52*AE+ 0.52*BC-
0.7*BD+ 1.37*BE- 0.19*CD+ 3.97*CE+ 0.016*DE+
0.93*A2- 4.87*B%+ 12.88*C?- 0.97*E?
(5)

Table 2 presents the effective value of each parameter, its
standard errors, regression coefficients, and standard
effect values. If the values of the parameters are written
according to actual values, Equation 9 is obtained:
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R% = 4+108.80673 — 0.057990 * MMT — 21.24692 *
pH + 104.55757 * amount of adsorbent —

1.02932 « intitial of concentration + 5.60417E —
003 * HA * MMT — 0.024844 « HA * pH + 0.36172 *
HA * amount of adsorbent + 7.57813E — 003 =

HA = intitial of concentration + 0.022917 * MMT *
pH — 0.46458 x MMT * amount of adsorbent +
0.018292 * MMT = intital of concentration —
0.31771 * pH * amount of adsorbent + 0.13219 *
pH x intital of concentration + 7.81250F — 003 =
amount of adsorbent * intital of concentration +
2.31552E — 003 « HA? — 0.086645 * MMT? +
1.43069 = pH? — 156.84483 *

amount of adsorbent? — 9.73793E — 003

intital of concentration? (6)
Concerning the values given in Table 2 and the values of
the P ratios, it can be concluded that the proposed model
can be considered statistically significant.
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Table 2. Model summary statistics.

Source Std. R- Adjusted Predicted PRESS
Dev. Squared R-

Squared

R-
Squared

Linear 6.21  0.6584 0.6196
2FI 5.06 0.8243 0.7467
Quadratic 3.68  0.9210 0.8665

0.5461 2252.43
0.6420 1776.56
0.7345 1317.55 Suggested

Cubic 3.57  0.9640 0.8740

-0.0425  5175.86  Aliased

Design of Response Surface Experiment

One of the most powerful designs is the complete factorial
RSM approach. The CCD technology was chosen to
generate surface data because the optimization studies
based on the response surface approach are the Equation
for this technique. The response surface of the proposed
linear model was implemented, and five different
components were evaluated. Each element was set at five
levels. The five primary and critical parameters are pH (3-
9), amount of adsorbent (1-5 g/l), wiw% HA (10-50%),
w/w% MMT (5-20%), and the concentration of dye (5-25
ppm). The 3D and 2D contour plots are graphical
representations of the interaction of various elements
within certain ranges. Figure 8 illustrates the response
surface plot as a function of %HA vs. pH.

The effect of %HA and pH is the same and very
significant. The dye degradation increased by increasing
the %HA and decreasing the pH. Maximum dye
degradation percentage was obtained using maximum
%HA (50%) and pH 3. Figure 9 depicts the response
surface plot as a function of % HA vs. adsorbent amount.
The effect of % HA is greater than the amount of
adsorbent. By increasing the %HA dye degradation
increased. Figure 10 describes the response surface plot as
a function of % HA vs. dye concentration. The effect of
% HA on the decolorization is more substantial than the
effect of concentration. Degradation of dye molecules
increased by grew up the HA%. The most dye degradation
percentage was achieved by a maximum amount of %HA
(50%). Figure 11 reveals the 3D and 2D response surface
generated to show the effect of pH and dye concentration
on the COD reduction. By surging the pH of the solution,
COD reduction decreased, and the maximum response
occurred at pH 3 and 15 ppm concentration of dye
solution. By raising pH from 3 to 4, a dramatic increase in
COD reduction was observed, whereas, under these
conditions, maximum decolorization was observed at pH
3 [5].
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Fig. 8. Interaction effect of %HA and pH on removal of MO.
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R1% (%)

Fig. 11. Interaction effect of concentration of MO and pH on
removal of MO.

Optimum Conditions

After the model was established to fit, the optimization
purpose of the Design-Expert software was applied to
identify the optimal values of the independent variables to
create the largest elimination of dye. For each parameter,
the top and lower limits of the operating ranges were
imposed as a limitation to attain the optimum values.
Using the optimization function of the Design-Expert
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software, the highest removal (96.011%) was predicted
under the following conditions: pH 3, %MMT 13.16,
%HA 50.00, initial concentration of 5.00 ppm, and an
adsorbent dosage of 3.58 g L. The predicted optimal
removal (96.0%) was experimentally validated,
confirming the model's excellent predictive capability.

Kinetic Models

The adsorption of the solid/solution interface is a
phenomenon with often complex kinetics. To study the
adsorption processes of MO on the adsorbents, pseudo-
first-order (PFO), pseudo-second-order (PSO), modified
pseudo-first-order (MPFO), modified pseudo-second-
order (MPSO), modified pseudo-first-order-2 (MPFO-2),
modified pseudo-second-order-2 (MPSO-2), Elovich and
intra-particle diffusion kinetic models were studied (Table
3).
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Table 3. The kinetic models

Model Equation Liner Initial time
pseudo first order dq ( T ) T -
(PFO) E_k(qe_q) In{1 = kt q=kt
modified pseudo- dq Ge q
first-order 55— R Wi —4): | =P~ =gy =kt | =kt
(MPFO) q e
modified pseudo- d 2 q q> ) q
q q In(l——)+\535 )|+ .
first-order2 | S =k%)(q, — ) T <2q3 7. | a=ker
(MPFO-2) q = —kt
pseudo-second- dq t_ 1 't _
order (PSO) dt k(ge—q)* q kq2 . Qe 4~k
modified pseudo- d
q qe 2 q Ty
second-order — =k(— — ———+In(1 ——) = ktq = k't/?
(I\/IPSO) dt (q )(QQ q) (% s q) Qe e q
modified pseudo- 2 q q 9e
d —+2In(1 ——)+——=
second-order-2 d—z k&) —9)? | @ e e q=k't'/3
(MPSO-2) q — 1= ktq,
2 d 1 1
Elovich % = qePle q: = 3 In(af) + 3 Int a

The PFO model is the oldest and simplest equation, in
which the adsorption rate is expressed in terms of the
adsorption capacity [6]. A new correction equation, the
first-order Equation for surface adsorption Kinetics, has
been reported, named the modified pseudo-first-order
equation (MPFQ) [7]. To improve the kinetic models,
Azizian [8] added a new term to the kinetic Equation of
the first order and created a new model named modified
pseudo-first-order Equation 2 (MPFO-2). In 1999 [9], the
pseudo-second-order (PSO) kinetic equation was
introduced. The formulation of the PSO model equation
is expressed in Table 4. Azizian, by adding a new term to
the kinetic Equation of the second-order, produces a new
model named modified pseudo-second-order Equation
(MPSO). To modify the kinetic models, a new term was
added to the kinetic Equation of the order by Azizian and
creating a novel model titled modified pseudosecond-
order equation-2 (MPSO-2). Another kinetic equation for
chemical adsorption was proposed by Elovich recently
[10]. This Equation has been used to describe the process
of absorbing pollutants from aqueous solutions. Intra-
particle diffusion is one of the diffusion-based Kinetic
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models used to describe multistage and competitive
adsorptions. This model is used to describe the adsorption
process, in which the amount of adsorption depends on
the velocity of the adsorbent. The diffusion process of
particles into the adsorbent is not confined to one phase.
The diffusion rate is high at first, and the particles diffuse
into the large pores, then it slows down, and eventually
the particles diffuse into the smaller pores. The first
process is the migration of methyl orange dye molecules
from the aqueous mass to the adsorbent surface through
mass diffusion. The second stage is the transmission of
colored pollutant molecules from the surface to the
adsorbent interior pores, which occurs by intraparticle
diffusion. The third step is to absorb the species on the
material's surface with a chemical reaction by changing
the ionization, complexing, and Chelating [11]. Finally,
the second-order kinetic model demonstrated the highest
correlation coefficient. It can be claimed that the kinetic
reaction is of the second-order Kkinetic kind. Also, by
sketching a schematic of models, the parameters of the
models are determined, as indicated in Table 4.
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Table 4. Parameters of the kinetic models.

Kinetic model k (mg. gY)q, R? R34 Pearson's r
pseudo-first-order (PFO) 0.01171 1.0544 0.987 0.984 -0.994
pseudo-second-order (PSO) 0.01144 1.566 0.997 0.996 0.998
modified pseudo first order (MPFO) 0.00859 1.5617 0.990 0.987 -0.995
modified pseudo second order (MPSQ) 0.02821 - 0.932 0.919 0.966
modified pseudo first order-2 (MPFO-2) 0.0048 - 0.966 0.960 -0.983
modified pseudo second order-2 (MPSO-2) 0.03146 - 0.974 0.969 0.987
Elovich equation (mg.gtminda | (g.mgh)p R? R,Z,dj Pearson's r
0.0241 1.862 0.991 0.990 0.996
Intra-particle diffusion kiq (of] R? R,Z,dj Pearson's r
1 0.10172 1.57 0.999 0.997 0.999
2 0.04111 0.63827 0.932 0.866 0.966
3 0.03865 0.67863 0.989 0.977 0.994

Study of Adsorption Isotherms

The study of surface adsorption isotherms is of particular
importance in designing an adsorption system. The shape
of an isotherm provides information about the affinity of
adsorbate molecules for the adsorbent surface. To
optimize the design of a surface adsorption system, a high
correlation coefficient of the studied isotherms is
essential. To obtain the adsorption capacity of Fe;0.@HA
(50%)/MMT-Na (16.13%), MO dye equilibrium
adsorption isotherms on the adsorbent were investigated
using five isotherm models: Langmuir, Freundlich,
Temkin, Dubinin-Radushkevich (D-R), and Harkins-Jura
(H-J). The experiments for isotherm testing were
performed as follows: 0.3585 g of Fes0J/HA
(50%)/MMT-Na (16.13%) adsorbent was added to 100
mL of MO dye solution with a specified concentration (3,
5, 8, 10, 15 and 20 mg/L). Using an incubator, the sample
was stirred at a constant temperature of 25 °C at 180 rpm.
Samples were picked up after 300 minutes to achieve
equilibrium concentration. After separating the adsorbent
using a spectrophotometric device, the absorbance of the
solution was checked at a wavelength of 464 nm
(maximum wavelength of MO). The equilibrium
adsorption capacity was calculated.

The Langmuir isotherm is based on the following
assumptions: Adsorption is monolayer, the adsorbent
surface is perfectly homogeneous and has a limited
number of identical sites, and there is very little
interaction between neighbouring absorbed molecules.
Eq. 7 is the mathematical form of the Langmuir equation
in solution:

C. 1 C, 7
de kL Qm Qm . i
Table 6. The parameters of the Freundlich isotherm.
kp(mg. g 1, R? R:y Pearson's r
3.924 0.781 0.998 0.998 0.999
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Where k. is Langmuir adsorption constant in L.mg™, Qm
is the maximum capacity of adsorption or single-layer
capacity of adsorption in mg. g The parameter of
Langmuir isotherm is shown in Table 5.

Table 5. The parameter of Langmuir isotherm.

k,(L.mg?h) | (Mmg.ghQ R? R34 Pearson's r

0.5044 11.906 0.95446 | 0.94308 0.97697

In the Langmuir isotherm, R?=0.954, and the predicted R?
was obtained as 0.943. These data are closely related. The
Pearson correlation value was 0.977. The maximum
adsorption capacity (Qm) from the Langmuir isotherm is
11.906 mg/g. The value of k., was equal to 0.504. Qm
value was largely due to the abundance of adsorption sites
in the unit of mass and caused a large number of ions to
be absorbed on its surface, while the connection of these
ions to the surface can be weak and cause a reduction in
K.

In the Freundlich isotherm process, the adsorption is
assumed to be heterogeneous. This heterogeneous
adsorption can be due to differences in the absorbed or
adsorbent surfaces [12]. Eq. 8 and 9 express the
mathematical and linear form of the Freundlich equation
for absorbing liquid on a solid surface, respectively.

Qe = kpCJ" ®)

1
Logq, = Logkgp + (E) LogC, (€))
Where ke is the Freundlich constant, which is the value of
the multilayer adsorption capacity of the adsorbent. 1/n is
a constant related to adsorption intensity or heterogeneous
surface, that named the heterogeneous factor. The

parameters of the Freundlich isotherm are shown in Table
6.
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In the Freundlich isotherm, R?=0.998 and equal to
predicted R? were obtained. The Pearson correlation value
was 0.999. The value of 1/n provides information about
surface heterogeneity. So, the surface is more
heterogeneous if 1/n is closer to zero. Here, the value of
1/nis in the range of 0.2 to 0.8. Therefore, the synthesized
adsorbent is a promising adsorbent for removing MO dye.
The Temkin isotherm is defined as Eq. 10 [13]:

RT
Je = Tln(kTCe) (10)
If, B = R?T, the linear form of the Equation is defined as

Eg. 11:

qe = BLnk; + BLnC, (11)
Where kr is the Temkin constant, which depends on the
maximum bonding energy. R is the global constant of gas
(8.314), T is the absolute temperature in terms of Kelvin,
and b is the free energy of the network, which depends on
the sidelong interactions between the absorbed particles.
Due to the interaction of the absorbed molecules with each
other, the adsorbent is covered in a linear layer. This
coverage has reduced the heat adsorption of the
molecules. The Temkin isothermal parameters of
obedience are shown in Table 7. In the Temkin isotherm,
R?=0.939 and predicted R? were obtained 0.924, which
are close to each other. The Pearson correlation value was
obtained 0.969.

Table 7. The Temkin isothermal parameters

kr(L.mgY) | b(kJ.mol™) R? R34 Pearson's r
9.075 1.379 0.939 | 0.9244 0.969
In the Dubinin-Radushkevich (D-R) isotherm, the

hypothesis that the surface is homogeneous is not
considered. The D-R model is explained by Eq. 12 [14].
_ —Be2
de = qme€ (12)
Where ge is the concentration of absorbed ions on
adsorbent in equilibrium condition in terms of mg. g%, gm
is theoretical saturation capacity, B is D-R constant that is
related to the average free energy of adsorption in terms
of mol2.kJ? and ¢ is the Polanyi adsorption potential,
which defines as follow: the amount of energy required to
separate an absorbed molecule from the surface of its
absorbing position. The linear type of the D-R isothermal
is expressed in Eq. 13.

Ing, =Inqy — Be? (13)
That € was obtained using Eq. 14.
1
€ =RTIn (1 + —) (14)
Ce

Where R is the global constant of gas, T is the temperature
in Kelvin, and Ce is the equilibrium absorbed concentrate.
The average of free energy adsorption was obtained using
Eqg. 15.

1
E=—— 15
= (15)

From the average energy adsorption value, physical and
chemical adsorption were obtained. The parameters of D-
R are illustrated in Table 8.

Table 8. The isothermal parameters of D-R.

B(mol’.k| q,_(mg.g E(kJ.mol™*) R? Pearson's r

2
Riq;

0.0668 4.49 2.736 0.932 0.914 -0.965
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In the D-R isotherm, R? equals 0.932, and the predicted
R?is 0.914. The Pearson correlation value is -0.965. In the
D-R isotherm, if the amount of adsorption energy is less
than 8 kJ.mol?, the adsorption is physical due to the weak
forces of the van der Waals. If it was in the range of 8-16
kJ.mol -, the adsorption was done by an ion exchange
mechanism, and when the energy was between 20-40
kJ.mol -1, the adsorption was of a chemical type [15].
Table 8 reveals that the energy adsorption is 2.736 kJ.mol
-1, which indicates the physical adsorption of methyl
orange on the adsorbent surface of Fe;0s@HA/MMT.
Harkins-Jura isotherm (H-J) specifies the quantity of
multilayer adsorption and the presence of heterogeneous
pores at the surface of adsorbents, which are introduced
in Eq. 16.

1 B 1
5.7~ (2)~ (3) osc (16)
Where, A and B are constant. In the H-J isotherm, R?
equals 0.782, and the predicted R? is 0.727. Pearson's
correlation value was -0.884.
In the present study, five widely used isotherms were used
to investigate the appropriate isotherm model. Langmuir,
Freundlich, Temkin, D-R and H-J models were examined.
As can be seen from the diagrams, R? of Langmuir,
Freundlich, Temkin, D-R, and H-J isotherms are equal to
0.954, 0.998, 0.939, 0.932, and 0.782, respectively. Due
to the coefficient R?, the adsorption of methyl orange on
the adsorbent followed the Freundlich isotherm.

Thermodynamic Study

Thermodynamic parameters are one of the principles
which have particular importance in characterizing the
adsorption process. Determination of thermodynamic
characteristics in all adsorption methods is crucial to
determine the desirability of the adsorption process. By
studying variations in the rate of adsorption (in terms of
temperature), it is possible to discover the reaction's
nature, whether it was exothermic or endothermic. The
ideal temperature was established by evaluating the
impact of temperature on achieving maximum adsorption.
Also, it could be found that adsorption happens as a
chemical or physical bond. To investigate the effect of
temperature on MO dye adsorption on synthesized
Fe;04@HA (50%)/MMT-Na (13.16%), thermodynamic
parameters were examined to confirm the nature of
adsorption of this research. The thermodynamic
constants, variation in free energy, enthalpy, and entropy
were calculated to evaluate the process's thermodynamic
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possibility and the spontaneous nature. The experiments
related to the calculation of thermodynamic parameters
were performed as follows: 0.3585 g of Fes0.@HA
(50%)/MMT-Na (13.16%) was added to 100 mL of a 5
mg/L solution of MO dye and stirred for 300 min at 25,
35, 45 and 55°C temperature in a shaker incubator at 180
rpm. The thermodynamic parameters required for
adsorption, such as Gibbs free energy, enthalpy, and
entropy changes associated with the equilibrium
adsorption constant, are computed according to Eq. 17.

Where C, and C, are the initial and equilibrium
concentrations. Gibbs free energy was obtained at
different temperatures using Eq. 18 [16].

AG,4 s = —RT InK, (18)
Enthalpy adsorption was obtained of the Van 't Hoff
Equation from the slope of In K, curve in term of 1/T,
using the following Eq. 19.

AS© AHO

anO ZT_ F (19)

Where AS? is the variation of entropy in terms of J.mol.K-

Co—C, Land T, AH® and R are in kelvin, J.mol* and J.mol*k™
0= "¢ (17) respectively. The adsorption thermodynamics constant is
¢ presented in Table 9.
Table 9. Thermodynamic parameters for the adsorption of MO dye onto FesO4@HA/MMT.
Tem. (K) AGO,i AS©, J AHO,i O,£ S°
mol mol. K mol mol

288 -6.259

298 -7.279

308 -7.873 88.843 +19.314 +18.3 3.04x10%

318 -8.980

328 -9.859

To investigate the dominant adsorption type in this study,
activation energy (E,) and adhesion probability (S*) were
estimated from experimental data. Activation energy is
calculated from Eq. 20, using the modified Arrhenius
equation is related to surface coverage.

§* = (1 - 6)e a0 (20)
Where 6 is surface coverage, and S* is adhesion
probability, whose value is in the range of 0-1, and this
value depends on the temperature of the system. S”
indicates the amount of absorbed ability to remain on the
adsorbent. Surface coverage can be calculated using Eq.
21 [17].
C

9=[1—C—Z (21)

From the graph of In [1- 8] in terms of 1/T, the amount of
activation energy was obtained. In Table 9, AG® values
were obtained at all negative temperatures. Notably, the
amount of AG° to -20 kJ.mol? is consistent with the
electrostatic interaction between adsorption sites and
adsorbed molecules (physical adsorption), while AG® has
a more negative value than -40 kJ.mol? indicates the
formation of a chemical bond between the adsorbent and
the adsorbed molecules (chemical adsorption) [18]. The
values of AG® obtained at all studied temperatures are less
than -10 kJ.mol?, indicating the process's physical
adsorption. The positive value of AH® indicates that the
dye adsorption process is endothermic, which may be
attributed to temperature-induced structural changes in
the adsorbent, such as the swelling of layers, facilitating
greater dye uptake. The results of increasing adsorption
are quite consistent with increasing temperature. The
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positive AS ° indicate an increase in irregularity and
probability of collisions between methyl orange
molecules and the adsorbent surface in the process of dye
adsorption. From the slope of the diagram, the activation
energy value of 18.3 kJ.mol was obtained. The positive
activation energy values indicate the endothermic nature
of the adsorption process. The value of S* is minimal and
close to zero (S* << 1), indicating a high probability of
methyl orange molecules adhering to the adsorbent
surface and confirming that the process is governed by
physical adsorption.

Conclusions

In this study, natural materials-montmorillonite and
humic acid were combined with iron oxide to synthesize
effective, magnetically responsive adsorbents. Using
software-based experimental design, the influence of five
parameters on methyl orange dye adsorption was
investigated: adsorbent dosage, pH, humic acid weight
percentage, montmorillonite weight percentage, and
initial dye concentration. Optimal dye removal was
achieved with an adsorbent comprising 50% humic acid
in the shell surrounding iron oxide and 13.16%
montmorillonite, at an adsorbent dosage of 3.58 g/L, pH
3, and an initial methyl orange concentration of 5 ppm.
Kinetic analysis revealed that the pseudo-second-order
model best described the adsorption process, exhibiting
the highest correlation coefficient, indicating that the
adsorption kinetics follow a second-order mechanism.
Equilibrium data were analyzed using Langmuir,
Freundlich, Temkin, Dubinin—Radushkevich (D-R), and
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Harkins—Jura (H-J) isotherm models, with adsorption
behavior conforming to the Freundlich isotherm,
suggesting multilayer adsorption on a heterogeneous
surface. Thermodynamic parameters further characterized
the adsorption: negative Gibbs free energy (AG®) values
confirmed the spontaneity and physical nature of the
adsorption; positive enthalpy change (AH®) indicated an
endothermic process; and a positive entropy change (AS®)
reflected increased randomness and enhanced interaction
probability between dye molecules and the adsorbent
surface. The positive activation energy (Ea) corroborated
the endothermic adsorption mechanism, while a minimal
sticking probability (S* near zero) reinforced the
predominance of physical adsorption. These findings
demonstrate that montmorillonite and humic acid, when
integrated with iron oxide, form a highly efficient,
magnetically separable adsorbent suitable for effective
methyl orange dye removal under optimized conditions
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