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Congo red removal from aqueous solution using 2-mercaptopropionic acid
functionalized Fe;O4 magnetic nanoparticles

Umit Can Erim (®

Istanbul Medipol University, School of Pharmacy, Department of Analytical Chemistry, 34815, Istanbul, Tiirkiye

Abstract

In this study, magnetic Fe;O4 nanoparticles were synthesized and were modified with 2-mercaptopropionic acid (MPA). This was done to enhance
their adsorption performance toward Congo Red (CR) in aqueous solution. FTIR spectroscopy was used to characterize the resulting MPA-
functionalized nanomaterial (Fe;0,@MPA), confirming the successful attachment of -SH and -COOH functional groups. To investigate the effects
of pH, initial dye concentration, contact period and temperature, the batch adsorption technique was conducted. Since the adsorption capacity
was not significantly affected by pH, pH adjustment was continued for minimal chemical and time savings. This finding indicates that the surface
charge and functional groups of Fe;0,@MPA interact most favorably with CR molecules under near-neutral conditions. The adsorption data were
fitted to isotherm models, and the optimal model was found to be the Langmuir model (R? = 0.9901), which shows single-layer adsorption with a
maximum capacity of 120.48 mg/g. Analysis of the kinetic data revealed a correlation with the pseudo-second-order kinetic model, confirming
the chemical adsorption mechanism with a determination coefficient (R?) greater than 0.99. Thermodynamic parameters further confirmed the
process to be spontaneous and endothermic, with negative AG®, positive AH® (6.92 kJ/mol), and positive AS® (0.029 kJ/molK). More than 60%
removal was achieved in real sample applications. This work presents a new approach using MPA-functionalized Fe;O4 nanoparticles, which
both increases adsorption efficiency and magnetic recoverability, providing a sustainable and pH-independent method for Congo Red

purification from real matrices.
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1. Introduction

Synthetic dyes find extensive application across various
industries, including textiles, plastics, and
paper processing. Congo Red (CR) is an anionic azo dye
formed from benzidine and exhibits significantly higher
chemical stability compared to other dyes. The color is
exceptionally vibrant, and it does not degrade naturally
[1]. The accidental introduction of CR waste into aquatic
systems significantly affects public health and the
sustainability of the environment. Even minimal levels
that are around the maximum residue level (MRL)
value of CR can lead to the inhibition of photosynthesis,
disruption of aquatic ecosystems, and an increased risk
of cancer and genetic alterations in humans [1]. Due to
its structure, comprising sulfonate chains and azo
linkages, it exhibits increased solubility and persistence
in aquatic environments, thereby complicating the
processing efforts of wastewater treatment plants [2]. To
address this issue, researchers have employed many

conventional techniques for dye removal, including
coagulation-flocculation, chemical oxidation, membrane
filtering, and biodegradation treatments [3-6]. Each
approach has perks and drawbacks; however, multiple
approaches are impractical due to financial, operational,
or environmental constraints [7]. Oxidation procedures
often need substantial energy and generate secondary
pollutants [8]; membrane techniques are effective but
can get fouled and are expensive to operate [9];
biological treatments are not consistently effective
against persistent dyes such as CR [10]. Conversely,
adsorption has emerged as a favored strategy due to its
simplicity,  cost-effectiveness,  efficacy  at
concentrations, and applicability over a broad spectrum
of pH levels. Moreover, adsorbents are frequently
capable of regeneration and reuse, hence improving the
sustainability of the process [11].
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Among the diverse array of adsorbents investigated,
nanostructured especially
nanoparticles (MNPs) have garnered significant interest.
Iron oxide (FesOs) nanoparticles are particularly
appealing because of their superparamagnetic
characteristics, chemical stability, elevated surface area,

materials, magnetic

and ease of separation from aqueous solutions using
external magnetic fields [12]. Nonetheless, uncoated
Fe;0O, particles frequently agglomerate due to magnetic
dipole-dipole interactions and typically lack the
functional groups necessary for selective dye interaction.
Surface modification procedures have been devised to
include certain functional groups that augment dye
adsorption and promote colloidal stability [13,14]. One
functionalizing agent is 2-mercaptopropionic acid (2-
MPA), a diminutive bifunctional molecule including
both carboxylic (-COOH) and thiol (-SH) groups [15].
These groups offer several active sites for electrostatic
interactions, hydrogen bonding, metal coordination, and
n—Tt interactions with dye molecules. In the context of
CR removal, carboxyl groups enable robust binding to
the dye's sulfonic acid groups through ion exchange or
hydrogen bonding, while thiol groups enhance affinity
via soft acid-soft base interactions or potential chelation
with heavy metals or charged dye intermediates [15].
The incorporation of 2-MPA enhances the water
dispersion stability of the nanoparticles and inhibits
aggregation by providing a negative surface charge
under suitable pH settings [16].

This work involved the synthesis of 2-
mercaptopropionic acid-functionalized Fe;O, magnetic
nanoparticles, which were utilized as an effective
adsorbent for the extraction of CR from aqueous
solutions. The influence of critical process variables such
as pH, contact duration and starting dye concentration
were methodically examined to enhance adsorption
efficacy. The adsorption behavior was assessed by linear
isotherm models (Langmuir, Freundlich, Temkin and
Dubinin-Radushkevich),
conducted using pseudo-first order, pseudo-second
order equations and thermodynamic parameters were
examined. In the adsorption tests, real wastewater

kinetic = modeling was

treatment plant samples were used as matrix and the
matrix effect was determined by adding certain
concentrations of CR to these wastewaters. The results
provide significant insight into the practical use of
functionalized magnetic nanoparticles for the
sustainable remediation of dye-contaminated effluents.

2. Materials and methods

2.1. Chemicals and instrumentation
All chemicals and solvents utilized in the study were of
analytical grade and were used without further

Turk ] Anal Chem, 7(3), 2025, 361-369

purification. 2-Mercaptopropionic acid (2-MPA), CR,
HCl, NaOH, iron (III) chloride
(FeCl;-6H,O), iron  (II)  sulfate
(FeSO47H,O), and ammonium hydroxide solution
(NH4.OH, 25%) were obtained from Sigma-Aldrich
(Darmstadt, Germany). Deionized water produced

hexahydrate
heptahydrate

using an ELGA PureLab system (High Wycombe,
United Kingdom) utilized throughout the
experimental procedures, including
preparation, nanoparticle synthesis, and cleaning steps.
Dye using a
spectrophotometer (Shimadzu UV 1800, Japan) at a
wavelength of 497 nanometers. All adsorption studies
were conducted with (N-Biotek NB-T205, Korea) orbital
shaker incubator at 200 rpm. pH measurements were
conducted using a Mettler Toledo SevenCompact pH

was
solution
measured

concentrations  were

meter.

2.2. Preparation of working solutions

Stock solution was prepared from CR powder at 1000
mg/L concentration using ultrapure water. All working
solutions were diluted from stock solution to obtain
desired concentration of working solution in the
volumetric flask.

2.3. Synthesis and surface modification of Fe;O,
nanoparticles

The synthesis of Fe;O, magnetic nanoparticles was
achieved via the chemical co-precipitation method. A
solution was prepared by dissolving 5.4 g (20 mmol) of
FeCl;-6H,0O and 2.78 g (10 mmol) of FeSO47H,0 in 100
mL of deoxygenated deionized water under a nitrogen
atmosphere. The solution was subsequently heated to
80 °C while being stirred vigorously. Ammonium
hydroxide (25%) was added incrementally until the pH
reached 10. The black precipitate was separated using a
neodymium magnet. The product was subsequently
washed multiple times with deionized water and
ethanol to ensure the removal of residual impurities.
Subsequently, the precipitate was subjected to vacuum
drying at 60 °C for 12 hours to ensure the complete
removal of moisture and the formation of a solid
material [17].

To achieve surface modification, 1.0 g of previously
synthesized Fe;O, was dispersed in 50 mL of ethanol via
Subsequently, 2.0 mL of 2-
mercaptopropionic acid was added. The mixture
underwent reflux at 70 °C for 12 hours. The modified
nanoparticles  (Fe;O,@MPA) been collected
utilizing a neodymium magnet, subsequently followed
by several washes with ethanol and distilled water. The
nanoparticles were subsequently dried in a vacuum
oven [8,18].

ultrasonication.

have
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2.4. FTIR characterization

The assessment of surface functional groups and
chemical bonding pre- and post-surface modification
was performed employing Fourier Transform Infrared
Spectroscopy (FTIR). The spectra were acquired utilizing
a PerkinElmer Spectrum Two FTIR spectrometer,
covering the range of 4000—400 cm! at a resolution of 4.0
cml,

2.5. Batch adsorption experiments

The pH level of the environment in which the adsorption
process proceeds is a critical parameter to optimize. CR
solutions were used at an initial concentration of 30 mg/L
and adsorbent amount 10 mg to demonstrate the effect
of pH. Solutions prepared at pH 4, 5, 6, 7, 8, 9, and
without pH adjustment were mixed in an orbital shaker
at 200 RPM for 2 hours to ensure equilibrium of
adsorption and the absorbance of the solutions was read
on a UV-VIS spectrophotometer. Acidity of the solutions
were adjusted with 0.1 M HCl and 0.1 M NaOH until
desired pH was obtained. An external magnetic field
(neodymium magnet) was used to separate the
synthesized magnetic adsorbent from the solutions.

2.6. Adsorption capacity

In order to test the suitability of adsorption to isotherm
models, CR solutions with different initial
concentrations (20, 30, 40, 80, 100 mg/L) were used, the
concentration change occurring during the equilibrium
period was recorded, and the adsorption capacities at
different
equilibrium were calculated as follows,

times and the adsorption -capacity at

qe = (Co = Ce).V/W M

where, V is the volume of the analyte solution (L); Co
represents the initial concentration of CR (mg/L), and C.
is the equilibrium concentration after adsorption (mg/L).
W denotes the weight of the adsorbent used (g) [19].
The experimental data obtained were evaluated
using four commonly accepted adsorption isotherm
models: Langmuir, Freundlich, Temkin, and Dubinin—
Radushkevich (D-R). In order to facilitate parameter
estimation and to assess model compatibility, the linear
of these
Linearization allows for easier graphical representation,

forms isotherms were used (Table 1).
straightforward determination of isotherm constants via
linear regression [20].  Additionally, linear forms
simplify the analysis and visualization of adsorption
behavior over varying concentrations and allow for
direct

comparison of model performance using

correlation coefficients (R?) [21,22].
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Table 1. Equations used for isotherm fittings

Isotherm . .

Model Linear Equation Plot Ref.
Langmuir Co/qe = Cof Qmax +1/(KiQmax ) Ce/gevs Ce  [23]
Freundlich Ing, = InKz+ 1/nIncC, Inge vs InCe  [19]
Temkin qe =BInA+BInC, gevsInCe  [24]
Dubinin—

.. Ing,=Ingq, + B&* )

ﬁ;ldlg;shkevmh ¢ =RT In(1 + 1/Ce) In(ge) vs €2 [25]

Ce: Equilibrium concentration (mg/L), ge: Adsorbed amount at
equilibrium (mg/g), gmac Maximum adsorption capacity (mg/g), b:
Langmuir constant related to adsorption energy (L/mg), K:
Freundlich constant indicating adsorption capacity, 1/n: Freundlich
heterogeneity factor, A: Temkin binding constant (L/g), B: Constant
related to heat of adsorption, B=RT/bt, f: D-R constant related to
adsorption energy (mol?/J?), &: Polanyi potential, R: Universal gas
constant (8.314 J/mol-K), T: Absolute temperature (K).

The use of these linearized equations enables not only
the derivation of model parameters through simple
slope-intercept calculations but also provides a reliable
means to evaluate the appropriateness of each isotherm
for the experimental system under study. Several recent
studies have confirmed the relevance of these models in
heavy metal and dye removal from aqueous solutions
using various adsorbents, such as activated carbons,
nanocomposites, and biochars [26-28].

To examine the adsorption process and rate-limiting
steps of CR removal by Fe;O4@MPA nanoparticles,
experimental findings were assessed utilizing two
kinetic models: pseudo-first order (Eq. 2), pseudo-
second order (Eq. 3). The studies were performed at
various temperatures (30 °C, 40 °C, 50 °C, and 60 °C) and
the adsorption capacity over time (q;) was calculated
over a period of 90 minutes.

In(q, — q;) =Inqge — kqt (2)
t/q. = 1/koqé +t/q. (3)

The use of these linearized equations enables not only
the derivation of model parameters through simple
slope-intercept calculations but also provides a reliable
means to evaluate the appropriateness of each isotherm
for the experimental system under study. Several recent
studies have confirmed the relevance of these models in
heavy metal and dye removal from aqueous solutions
using various adsorbents, such as activated carbons,
nanocomposites, and biochars [26-28].

To examine the adsorption process and rate-limiting
steps of CR removal by Fe;O4@MPA nanoparticles,
experimental findings were assessed utilizing two
kinetic models: pseudo-first order (Eq. 2), pseudo-
second order (Eq. 3). The studies were performed at
various temperatures (30 °C, 40 °C, 50 °C, and 60 °C) and
the adsorption capacity over time (q.) was calculated
over a period of 90 minutes.

AG® = —RTInK 4)
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InK = AS°/R + AH° /RT (5)
Ink, =InA+E,/RT (6)

Where Ea (k]J/mol) is the activation energy, T (K) is
the absolute temperature, R (J/mol.K) is the ideal gas
constant, A is the pre-exponential factor and K (g. /C.) is
the equilibrium constant [29,30].

To evaluate the effectiveness of the adsorbent in real
matrices and to demonstrate the effect of interfering
ions, wastewater samples were collected from a
facility Istanbul
European side, Tiirkiye. The wastewater samples were
subjected to coarse and 0.45 um membrane filtration and
then spiked with CR standard solution at concentrations
of 10, 30, and 50 mg/L. The optimized adsorption
parameters were used to apply the same adsorption
process to remove CR from real wastewater samples,
and the results are presented as % removal. Wastewater
samples were collected from, filtered to remove
suspended particulates, and stored at 4 °C until further

municipal wastewater treatment

analysis.

3. Results and discussion

3.1. FTIR characterization of Fe;0O,.@MPA
Nanoparticles

The FT-IR spectrum of bare Fe;O, nanoparticles (Fig. 1)
demonstrates a prominent absorption band at 543 cm™,
indicative of Fe-O stretching vibrations within the
magnetite spinel structure, thereby confirming the
crystalline nature of the magnetic core. Following the
functionalization with 2-mercaptopropionic acid (MPA),
new absorption bands become apparent, signifying
effective surface modification. Bands at 1591 cm™ and
1537 cm™ are attributed to asymmetric and symmetric
carboxylate (-COO) stretching vibrations, while bands
at 1451 cm™ and 1405 cm™ correspond to CH, bending
and COO- deformation modes. Peaks observed at 1271,
1207, and 1071 cm™ are ascribed to C-O stretching and
C-C skeletal vibrations of the MPA ligand. The
emergence of these functional bands correlates with a
decrease in intensity of the Fe-O peak at 543 cm,

indicating surface coverage by the organic modifier [31].

The adsorption of CR onto Fe;O.@MPA does not
result in the emergence of new absorption bands,
indicating that the dye is adsorbed through non-covalent
interactions rather than the formation of new chemical
bonds (Fig. 1). The majority of existing peaks, at 1591,
1537, 1451, 1207, 1071 cm™?, and particularly at 543 cm™,
which is indicative of Fe-O stretching, exhibit a
significant increase in % transmittance, indicating their
probable role in the adsorption mechanism.

Turk ] Anal Chem, 7(3), 2025, 361-369

The observed changes indicate the presence of
electrostatic interactions, hydrogen bonding, and -7
stacking between the CR molecules and the functional
groups on the MPA-modified surface. The observed
decrease in Fe-O band intensity and the shift of the band
at 543 cm to 551 cm prove that CR adsorption occurs
on the surface (Fig. 1). The FT-IR spectral evolution
indicates the successful functionalization of Fe;O, with
MPA and the subsequent physical adsorption of CR
through surface-mediated interactions.

Fe304 NPs \

80 \

-
2

Fe3Od@MPA

%T

Fe304@MPA - CR

50

40
4000 3500 3000 2500 . 2000 1500 1000 500400
o’

Figure 1. FTIR spectrum of nanoparticle, FesOs@MPA and

FesOs@MPA-CR

3.2. Effect of pH on Congo Red adsorption

The adsorption performance of Fe;O,@MPA was
investigated across a wide pH range (4-9), and the
results revealed only minor differences in adsorption
capacities (Fig. 2). Notably, the adsorption capacity at
natural pH (ge = 18.71 mg/g) was comparable to those
obtained at the optimal pH values (pH 9, ge = 19.03
mg/g). Given these minimal variations, further
experiments were carried out without adjusting the
solution pH. This strategy not only simplifies the
adsorption process but also reduces the need for
additional  chemical reagents, improving the
environmental and economic feasibility of the
application. Similar approaches have been adopted in
the literature.

20

15 1
w
10 4
g J

= ]

5

0] : : : : : :

pH4 pH5 pH6 pH7 pHS8 pHY9 Natural

Figure 2. Effect of pH value on the CR adsorption (30 mg/L initial
concentration, 10 mg Fe;0,@MPA, 2 hours contact time, at 25 °C)
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For instance, Deng et al. (2022) [32] showed that Fe;O,4
nanoparticles effectively removed Congo Red under
ambient pH conditions without any performance loss.
Studies by Zhu et al. (2011) [33] and Wang et al. (2012)
[34] similarly concluded that Fe;O,-based adsorbents
operate efficiently in unadjusted, near-neutral pH,
supporting real-world applicability.

3.3. Adsorption isotherms

To evaluate the interaction mechanism between CR
and the Fe;0,@MPA
nanocomposite, equilibrium adsorption data were fitted
to four commonly used isotherm models: The Langmuir,
Freundlich, Temkin, and Dubinin—-Radushkevich (D-R)
methods

molecules surface  of

were used. Adsorption capacities at
equilibrium concentrations after 2 hours are given in

Fig. 3.

120 1

100 4

80 ey
60 o

q. (mg/g)

40 1

20 ;

- "7
0 10 20 30 40 50

C, (mg/L)

Figure 3. Adsorption capacities at equilibrium concentrations (30 mg/L
initial concentration, 5 mg Fe;O,@MPA, 200 rpm, 2 hours contact time)

Adsorption experiments conducted at initial dye
concentrations ranging from 20 to 100 milligrams per
liter for 120 minutes and the isotherm models fitted data
shown at Fig. 4. Among the evaluated models, the
Langmuir isotherm demonstrated the optimal
correspondence to the experimental data, exhibiting an
R2=0.9901. The

maximum adsorption capacity (qm) was calculated to be

elevated correlation coefficient,
120.48 milligrams per gram (mg/g), and the Langmuir
constant (KL) was determined to be 0.1176 liters per
milligram (L/mg). This finding indicates that the
adsorption of CR onto Fe;O,@MPA occurs on a
homogeneous surface via monolayer coverage, with
minimal interaction between adsorbed dye molecules.
This behavior is consistent with the findings of other
studies involving thiol- and carboxyl-functionalized
magnetic nanomaterials, which have been utilized for

the removal of anionic dyes [35,36].
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Figure 4. Isotherm plots CR adsorption on Fe20:@MPA, A) Langmuir
B) Freundlich C) D-R D) Temkin (25 °C, 10 mL volume, 5 mg
Fe;04@MPA adsorbent, 200 rpm, 2 hours)
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In the Freundlich isotherm, which describes
multilayer and heterogeneous adsorption, a moderate fit
was yielded with an R? value of 0.9485. The constants Kk
and n were found to be 24.05 and 2.51, respectively. The
value of n>1 indicates favorable adsorption; however,
the lower R? suggests that surface heterogeneity was not
the dominant mechanism in this system.

The Temkin model also fit the data well (R? = 0.9844),
suggesting moderate interactions between the dye and
the adsorbent as well as uniform binding energy
distribution up to a certain limit. The constants
calculated were B=45.45 J/mol and A=9.9665 L/g.

In the D-R model, the theoretical monolayer capacity
was qm=89.17 mg/g, and the mean adsorption energy
E=4.24 KJ/mol. The relatively low value of E shows
typical for physical adsorption (which generally has E<8
kJ/mol) [19].

As can be seen in the adsorption isotherm parameters
presented in Table 2, the results strongly support the
applicability of the Langmuir model to explain the
adsorption  behavior of CR on Fe;O@MPA
nanoparticles. This indicates that single-layer, site-
specific interactions dominate the process.

Table 2. Isotherm parameters obtained from Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich models for CR adsorption.
Model

Parameters R2

qm=120.48 mg/g

Langmuir Kt =0.1176 Limg 0.9901
. Kr=24.05
Freundlich n=25] 0.9485
. B=45.45 J/mol
Temkin A=9.9665 Lg 0.9844
qm=389.17 mg/g,
Dubinin-Radushkevich (D-R) {3 =0.0277 mol?/kJ? 0.8706

E =4.24 kJ/mol

3.4. Adsorption kinetics
The graph of the change in adsorption capacity with
temperature in CR solutions with 50 mg/L initial
concentration is shown in Fig. 5. The kinetic evaluation
(Table 3) of Congo Red adsorption onto FesO.@MPA
revealed a temperature-dependent transition in the
adsorption mechanism. At lower temperatures, the
pseudo-first order kinetic model provided a better fit, as
reflected by a higher correlation coefficient (R? = 0.9504).
However, as the temperature increased, particularly at
323 K and 333 K, the pseudo-second order model became
dominant, with R? values as high as 0.9942 and 0.9922,
respectively. This shift suggests that chemisorption
mechanisms-which involve stronger, more specific
interactions-become more significant at elevated
temperatures.

These findings align with earlier studies reporting
pseudo-second-order kinetics for the adsorption of

anionic dyes onto functionalized  magnetic
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nanoparticles, particularly in systems where surface
complexation plays a significant role.
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0 10 20 30 40 50 60 70 80 90
Agitation time (min)
Figure 5. The effect of agitation time on adsorption capacity at different
temperature (50 mg/L initial concentration, 10 mg FesOs@MPA, 200
rpm)

Table 3. Pseudo-first order and pseudo-second order kinetic
parameters for CR (50 ppm initial concentration, 10 mg FesOs@MPA,
200 rpm)

Pseudo-First Order Pseudo-Second Order

TK) k1 qe R? k2 qe R?

303.15 0.063 26.311 0.9504 0.0031 19.6850  0.8490
313.15 0.007 34960 0.9704 0.0038 26.4550 0.9346
323.15 0.053 29.595 0.9694 0.0076  40.8163  0.9942
333.15 0.081 33.478 0.9920 0.0090 30.4878 0.9922

These findings align well with existing studies in the
literature. For instance, Zhu et al. (2011) reported that
Congo Red adsorption onto magnetic cellulose/FesO4
composites  follows kinetics,
indicating chemical bonding as the rate-controlling step
[33]. Moreover, Pietrzyk et al. (2022), who demonstrated
excellent CR adsorption performance using Zn-doped
Fe3O4 nanoparticles, highlighting second-order kinetics
as the more accurate descriptor [37].

pseudo-second-order

Considering these results and comparative literature,
it can be confidently concluded that Fe;O,@MPA
exhibits a kinetic transition from physical to chemical
adsorption with increasing temperature, and that
pseudo-second-order kinetics provides the most
accurate description of the overall process at elevated

temperatures.

3.5. Thermodynamic analysis

A van’t Hoff plot (InKc vs 1/T) was used to determine the
enthalpy (AH®) and entropy (AS°) changes. The results
are presented in Table 4. All AG® values were negative,
indicating a spontaneous adsorption process at all
temperatures. Furthermore, the spontaneity increased
slightly with temperature, suggesting that higher
thermal energy facilitates the adsorption interaction.
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Table 4. Thermodynamic parameters for CR adsorption onto
Fe;04@MPA nanoparticles at various temperatures

Temp. Temp. Ke AG® AH° AS°
(°O) (K) (kJ/mol) (kJ/mol) (kJ/mol-K)
30 303.15 1.464 -0.96

40 313.15 4.000 -3.61

50 323.15 2491 -2.45 692 0.029

60 333.15 2.203 -2.19

The enthalpy change (AH°=+6.92kJ/mol) indicates
that the process is endothermic, requiring energy input
to proceed, which is typical for chemisorption. The
positive entropy change (AS°=+0.029 kJ/mol-K) reflects
increased randomness at the solid—solution interface
during dye uptake, likely due to desolvation of CR
molecules and increased mobility upon adsorption.

Although the correlation coefficient from the van’t
Hoff plot was relatively low (R?=0.066), this is attributed
to the estimation-based C.
thermodynamic inconsistency. Overall, the results
suggest a favorable, spontaneous, and endothermic
chemisorption process, in agreement with other CR
adsorption studies using functionalized magnetic

values rather than to

nanomaterials or low-cost organic adsorbents [38].

3.6. Real matrix application

spiked with CR standard
concentrations of 10, 30, and 50 mg/L were subjected to
the adsorption process under optimum adsorption
conditions, and the % removal efficiency is shown in
Fig. 6. The maximum adsorption efficiency was 60% in a

Solutions solution at

10 mg/L solution, indicating that the application of the
method to real samples has a limited effect on the
adsorption efficiency.

70
60.06
60 57.63
R ]
> 40
z
£ 30 -
& ]
A ]
< 10
0 1 r T r T T
10 ppm 30 ppm 50 ppm

Figure 6. Adsorption efficiency (Removal, %) on real matrix

3.7. Comparison of adsorbent capacities

Table 5 comparisons of Congo Red adsorption
properties of some magnetic and activated carbon-based
adsorbents in the literature. As can be seen, the
synthesized FesOs@MPA and the method developed
with this adsorbent have good adsorption capacity
compared to similar adsorbents in the literature.

Turk ] Anal Chem, 7(3), 2025, 361-369

Table 5. Adsorption capacity comparison table
Qmax Best
(mg/g) Isotherm

Material Best Kinetic Model Ref.

MnFe:04@Cel-g-

. i - 3

p(AA-DMC) 60.2 Freundlich Pseudo-second order [39]
Magnetic iron . Intraparticle
oxide/kaolinite 456 Langmuir diffusion model [40]
Magnetic Chitosan 727.8 Freundlich Pseudo-second order [41]
Fe304@SiO2-NH2 24  Langmuir Pseudo-second order [42]
25554@Starch—acrlllc 31.8 Langmuir Pseudo-second order [43]
FesO4/NiO 210.78 Langmuir Pseudo-second order [44]
m-Cell/Fes04 /ACCs  66.09 Langmuir Pseudo-second order [38]
Fe3s04@BTCA 630 Langmuir Pseudo-second order [45]
Lemon Peel-FesOs 16.28 Langmuir Pseudo-second order [46]

. This
FesOs@MPA 120.48 Langmuir Pseudo-second order

study

4. Conclusion
In this study, FesOs magnetic mnanoparticles

underwent a successful modification process with 2-
mercaptopropionic acid, subsequently employed as an
effective adsorbent for the elimination of CR dye from
aqueous solutions. It has been suggested that the
modified surface is conducive to adsorption in the
presence of functional groups such as -SH and -COOH,
and that these groups interact strongly with anionic dye
molecules. Batch adsorption experiments showed that
the adsorption efficiency was not significantly affected
by pH and therefore, adsorption under natural pH
conditions could be carried out cost-effectively and with
less chemical use. The Langmuir isotherm model
provided
equilibrium data, indicating monolayer adsorption on a

the most accurate description of the
homogeneous surface, with a maximum adsorption
capacity of 120.48 mg/g. The application of the
Freundlich, and Dubinin—Radushkevich
models yielded ancillary insights into aspects related to

Temkin,

surface energetics and adsorptive behavior. Kinetic
modeling revealed that the pseudo-second order model
provided an optimal fit to the experimental governed by
chemisorption, a phenomenon characterized by valency
forces. The spontaneous and endothermic nature of the
adsorption process was confirmed by thermodynamic
analysis, with negative AG®, positive AH® (6.92 kJ/mol),
and positive AS° (0.029 kJ/mol.K) being observed. These
results suggest an increase in randomness and molecular
mobility at the solid-liquid interface during the uptake
process. It was shown that the applied adsorbent and the
developed method were affected by environmental
factors to a limited extent in the adsorption of CR spiked
into real wastewater samples. Overall, the Fe;0,@MPA
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nanocomposite demonstrated strong potential as a low-
cost, magnetically separable adsorbent for CR removal
from wastewater. The material's high efficiency,
stability, and functional properties make it promising for
further development in wastewater treatment
technologies.
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