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This study investigates the removal of methylene blue (MB), a cationic dye, from
aqueous solutions using modified nano-meerschaum (mod-nM/3APTS) functionalized
with 3-aminopropy| triethoxysilane. Structural characterization by FTIR, EDX, and TEM
confirmed the successful modification and improved surface activity. Batch adsorption
experiments revealed that equilibrium was reached within 120 minutes, with adsorption
efficiency strongly influenced by pH, adsorbent dosage, and initial MB concentration.
The maximum adsorption capacity was 127.75 mg/g, consistent with the Langmuir
isotherm model, indicating monolayer chemisorption. Kinetic studies showed that the
adsorption process followed the pseudo-second-order model, while thermodynamic
analysis confirmed that MB adsorption was spontaneous and endothermic. Furthermore,
mod-nM/3APTS exhibited good regeneration performance, maintaining over 88%
efficiency after five reuse cycles. These findings demonstrate that mod-nM/3APTS is a
low-cost, reusable, and highly effective adsorbent for dye removal in wastewater

treatment applications.

1. INTRODUCTION

The discharge of synthetic dyes into water bodies through
industrial effluents poses a serious environmental and public
health threat. Dyes are extensively used in the textile, paper,
printing, pharmaceutical, and plastic industries, and their
direct release into aquatic environments leads to high organic
loading and persistent contamination. Many of these
compounds, including methylene blue (MB), are toxic and
carcinogenic, causing harmful effects such as increased heart
rate, diarrhea, quadriplegia, and long-term ecological damage.
Consequently, dye pollution remains a critical environmental
challenge requiring efficient and sustainable treatment
solutions [1].

Various methods have been employed for dye removal from
wastewater, including ion exchange, reverse 0smosis,
biological remediation, membrane separation, catalytic
degradation, and adsorption [2-8]. Kipgak et al. [9]
demonstrated the potential of Turkish sepiolite samples,
nodular sepiolite (NS) and industrial sepiolite (IS) for the
removal of Ni** ions. Their study revealed that sepiolite’s high
surface area and porosity enabled effective adsorption under
optimized conditions (pH 6, 0.6 g/50 mL dosage). Adsorption
followed the Freundlich isotherm and pseudo-second-order
kinetics, confirming a chemisorption process. Furthermore,
the process was spontaneous and endothermic, with the
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materials showing strong reusability through multiple
adsorption-desorption cycles. This work confirmed sepiolite’s
suitability as a low-cost adsorbent for heavy metal removal.

Expanding on combined pollutant scenarios, Rosales et al.
[10] explored a hybrid system integrating NaY zeolite and the
bacterium Arthrobacter viscosus for simultaneous dye (Azure
B) and metal (Cr(VI)) removal. The results indicated
synergistic effects, achieving >99% dye removal and >50%
Cr(VI) removal within 8 days. Adsorption Kinetics followed a
pseudo-second-order model, while equilibrium data fitted best
with the Redlich-Peterson isotherm. This study highlighted the
importance of hybrid systems that combine inorganic and
biological mechanisms to address complex wastewater
contamination.

Complementary advances in biopolymer—clay composites
have further enhanced dye adsorption efficiency. Wang et al.
[11] developed cellulose/montmorillonite (MTM) hydrogels,
achieving a maximum methylene blue (MB) adsorption
capacity of 277 mg/g, significantly higher than MTM alone.
Adsorption was dominated by physisorption within the
hydrogel’s internal structure, suggesting that the clay—
biopolymer matrix enhances accessibility of adsorption sites.
Owing to its biodegradability, high efficiency, and scalability,
the cellulose/MTM hydrogel presents strong potential for
sustainable dye wastewater treatment.

Taking the innovation further, et al.

Kumari [12]


https://orcid.org/0000-0002-8488-0302
https://orcid.org/0009-0009-3690-4929
https://orcid.org/0000-0002-6368-6463
https://orcid.org/0000-0003-3960-6790
https://orcid.org/0000-0002-8070-9647
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.18280/ijdne.200910&domain=pdf

synthesized bio-based polyurethane foams (PUFs) from
cellulose nanowhiskers derived from pine needles. These
foams exhibited exceptional adsorption capacity for MB
(554.8 mg/g), with near-complete dye removal achieved
within 20 minutes at 55°C. Importantly, the PUFs
demonstrated excellent reusability over multiple cycles,
combining rapid Kkinetics with cost-effectiveness and
environmental sustainability. While effective under certain
conditions, these methods often face limitations such as high
operational costs, secondary waste generation, or reduced
efficiency in treating dilute or complex dye mixtures. Among
these approaches, adsorption has emerged as one of the most
promising techniques due to its simplicity, cost-effectiveness,
and adaptability for large-scale treatment.

Natural adsorbents, particularly clays and related minerals,
have attracted considerable attention as eco-friendly and
inexpensive alternatives. Materials such as montmorillonite,
polyurethane foam, biochar, palygorskite, clinoptilolite, and
sepiolite (meerschaum) have been successfully explored for
dye removal. Yu et al. [13] developed a novel porous
adsorbent using modified sepiolite-stabilized Pickering foams
as templates, avoiding the excessive use of organic solvents
typical of high internal phase emulsions (HIPES). The
resulting material exhibited excellent pore stability across a
wide pH range (4-11) and outstanding adsorption
performance, with maximum capacities of 1421.18 mg/g for
methylene blue and 638.81 mg/g for methyl green at 25°C.
These findings highlight the potential of sepiolite-based
porous structures for rapid and selective dye removal,
providing an eco-friendly approach for wastewater treatment.
Gong et al. [14] investigated the pyrolysis of ramie residues
collected after phytoremediation of heavy metal-
contaminatedlsediments. Pyrolysis at 300-700°C stabilized
1Cd, Cr, Zn, Cu, and Pb by transforming their acid-soluble
fractions into more stable residual forms, thereby reducing
leachability. Importantly, the pyrolysis products also exhibited
high potential as adsorbents, achieving a maximum methylene
blue (MB) adsorption capacity of 1259.27 mg/g. This dual
benefit stabilization of toxic metals and reutilization of
residues as dye sorbents demonstrates pyrolysis as a circular
approach to waste valorization.

Similarly, He et al. [15] focused on palygorskite clays
purified through suspension precipitation using sodium
hexametaphosphate. The purification effectively removed
associated minerals such as quartz and dolomite, enhancing
the adsorption properties of palygorskite. The purified
material exhibited an MB adsorption capacity of 219.69 mg/g,
with adsorption kinetics following a pseudo-second-order
model. Mechanistic analysis suggested that MB removal was
governed by electrostatic attraction to negatively charged
surfaces, supplemented by hydrogen bonding between
palygorskite hydroxyl groups and MB’s heteroatoms. These
findings underscore the effectiveness of mineral purification
in improving dye adsorption performance.

In contrast, Coruh et al. [16] explored the adsorption
capabilities of two natural minerals, sepiolite and
clinoptilolite, for crystal violet and Congo red removal. Using
a central composite experimental design, the study
demonstrated that sepiolite achieved up to 99% removal
efficiency for both dyes, outperforming clinoptilolite, which
showed limited effectiveness for Congo red. This highlights
the selective adsorption behavior of different natural clays and
emphasizes the importance of matching adsorbents to specific
pollutants.
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In contrast, Zhuang et al. [17] investigated the role of
organic surfactants in tailoring the structure and rheological
properties of organo-sepiolite (OSep) for oil-based drilling
fluids. Their results showed that surfactants partially insert
into sepiolite channels, blocking micropores and reducing
specific surface area while enhancing fiber dispersion,
rheological behavior, and thermal stability. This study
emphasized the significance of surfactant size in determining
structural  interactions and demonstrated sepiolite’s
adaptability as a rheological modifier in energy-related
industries.

Complementing these functional studies, Raya et al. [18]
provided fundamental structural insights into sepiolite—
organic complexes by applying advanced two-dimensional
1H-29Si HETCOR spectroscopy. Their work confirmed that
indigo molecules penetrate the sepiolite structure, interacting
with water coordinated to magnesium ions rather than surface
silanol groups. This provided the first direct spectroscopic
evidence for the structural basis of the historical Maya Blue
pigment and clarified the nature of sepiolite-indigo
interactions. Their fibrous morphology, porous structure, and
surface functional groups enable strong interactions with
organic contaminants. Sepiolite, a hydrated magnesium
silicate with interconnected channels and abundant silanol
groups, is especially notable for its lightweight structure, high
surface reactivity, and multiple active adsorption zones [19].
However, pristine sepiolite suffers from limited surface area
and insufficient reactive groups, which restrict its dye
adsorption efficiency.

To overcome these drawbacks, surface modification
strategies have been developed to enhance adsorption
capacity. Functionalization with 3-aminopropyl
triethoxysilane (3APTS) introduces amine groups that
improve the interaction between sepiolite and cationic dyes,
thereby significantly enhancing adsorption performance.

The present study aims to evaluate the adsorption behavior
of modified nano-meerschaum (mod-nM/3APTS) for the
removal of methylene blue from aqueous solutions. The work
systematically investigates the influence of pH, contact time,
adsorbent dosage, and dye concentration, supported by Kinetic,
isotherm, and thermodynamic analyses. The findings provide
new insights into the potential of functionalized sepiolite as a
low-cost, efficient, and reusable adsorbent for 1wastewater
treatment.

2. MATERIALS AND METHODS

Meerschaum, sodium hydroxide (NaOH), and hydrochloric
acid (HCI) were obtained from Sigma-Aldrich. Acidic and
basic solutions were employed to adjust the pH of all prepared
solutions. A single needle-like meerschaum fiber typically
exhibits dimensions ranging from 0.2 to 4 um in length, 10 to
30 nm in width, and 5 to 10 nm in thickness. The material also
contains open nanochannel voids with dimensions of 3.5 A x
10.6 A [20]. All reagents used in the adsorption experiments
were of analytical grade, and ultrapure water produced by a
Millipore Direct-Q® 3 UV Water Purification System was
used throughout. A standard dye solution was prepared by
dissolving 1.0 g of methylene blue (MB) in 1 L of ultrapure
water. Samples for adsorption experiments were subsequently
agitated in an incubated shaker to ensure homogeneous
mixing.



2.1 Natural meerschaum modification procedure

To prepare the modified adsorbent, 10 g of natural nano-
meerschaum (nM) was combined with 3 mL of 3-
(aminopropyl) triethoxysilane and 100 mL of a
methanol/water solution (90:10) in a 250 mL two-necked flask
equipped with a condenser. The mixture was refluxed under a
nitrogen atmosphere with continuous stirring for 20 hours.
After completion, the solid phase was recovered by
centrifugation at 1000 rpm and rinsed three times with
acetone. The resulting modified meerschaum (mod-
nM/3APTS) was dried at 90°C for 1 hour before further use.

2.2 FTIR interpretation of the modified meerschaum
(mod-nM/3APTS) and modified meerschaum adsorbed
methylene blue (mod-nM/3APTS /MB)

The FTIR spectra of nM, mod-nM/3APTS, and (mod-
NM/3APTS)/MB are presented in Figure 1(a-d). In the
spectrum of nM (Figure 1(a)), characteristic absorption bands
at 3610 and 3564 cm™ correspond to the stretching vibrations
of Mg-OH groups, while the band at 3417 cm™ is attributed to
hydrogen-bonded hydroxy groups and adsorbed water. The
peak at 1660 cm™ represents bending vibrations of molecular
water coordinated with magnesium, and the strong bands
observed at 1018 and 1203 cm2are assigned to Si-O and Si-
O-Si stretching vibrations of the silicate framework. The band
at 648 cm™ corresponds to Mg-OH bending vibrations. After
modification with 3APTS (Figure 1(b)), new features emerge,
including the appearance of a C-H stretching band at 2931
cm™', confirming the incorporation of organic groups from the
modifier. The slight shifts in the hydroxyl bands (3556 and
3425 cm™) and changes in the intensity of Si-O bands further
indicate successful surface functionalization. Following MB
adsorption onto the modified adsorbent (Figure 1(c)), new
peaks appear at 1011 and 974 cm™, while the broad -OH
region shows a notable reduction in intensity, suggesting
strong interactions between MB and the surface functional
groups. The peaks near 1606 and 1203 cm™! become sharper,
reflecting the contribution of MB aromatic and C-N groups.
These spectral changes collectively confirm that MB
molecules were effectively adsorbed onto the mod-nM/3APTS
surface through electrostatic interactions, hydrogen bonding,
and possible chemisorption mechanisms. In Figure 1(d), the
pristine nM spectrum shows characteristic bands of hydroxyl
and silicate groups, including broad peaks in the region of
3600-3400 cm™ attributed to -OH stretching vibrations, a band
at ~1660 cm™ associated with adsorbed water, and strong Si-
O and Si-O-Si stretching vibrations around 1200-1000 cm™.
After surface modification with 3APTS, the mod-nM/3APTS
spectrum exhibits a new band at ~2930 cm™! corresponding to
C-H stretchinglvibrations, confirming the successful grafting
of organic groups. Slight shifts in the hydroxyl bands and
variations in Si-O peak intensities further support the
functionalization of meerschaum. In contrast, the spectrum of
MB-loaded mod-nM/3APTS shows significantly reduced
intensity of the hydroxyl stretching region, along with distinct
peaks near 1600-1200 cm™ that overlap with MB aromatic
and C-N vibrations. These changes indicate strong
electrostatic and hydrogen bonding interactions between MB
and the amine-functionalized surface. This observation
supports and aligns with results reported in prior studies [21-
25].
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Figure 1. FTIR spectra of (a) pristine nano-meerschaum
(nM), (b) modified nano-meerschaum with 3-aminopropyl
triethoxysilane (mod-nM/3APTS), (c) methylene blue-loaded
modified nano-meerschaum ((mod-nM/3APTS)/MB), and (d)
comparative overlay of nM, mod-nM/3APTS, and (mod-
nM/3APTS)/MB



2.3 Energy dispersive X-ray spectrometer (EDX)

The chemical compositionlpercentages of the utilized
meerschaum were characterized by EDX analysis. Figure 2
presents the SEM micrograph and EDX spectrum of nM. The
SEM image reveals the characteristic fibrous and porous
morphology of meerschaum, with needle-like structures
forming a loosely packed network. This fibrous arrangement
provides a high surface area and abundant channels, favorable
for adsorption processes. The morphology confirms the
nanoscale features of the material, with fibers and plate-like
fragments distributed across the surface.

The corresponding EDX spectrum confirms the elemental
composition of nM, showing prominent peaks for magnesium
(Mg), silicon (Si), and oxygen (O), which are the primary
constituents of meerschaum, consistent with its chemical
formula (Si:2MgsOs0(OH)4(OH2)4'8H20). Minor traces of
other elements may also be detected, likely originating from
impurities or natural mineral inclusions. The strong presence
of Si and Mg peaks validates the silicate framework, while the
O peak reflects both structural oxygen and surface hydroxyl
groups.
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Figure 3. SEM/EDX analysis of mod-nM/3APTS

Figure 3 presents the SEM/EDX analysis of mod-
nM/3APTS. The SEM micrograph shows a rough and irregular
surface  morphology, suggesting successful  surface
modification. The EDX spectrum confirms the presence of key
elements, including carbon (C), oxygen (O), and silicon (Si),
indicating the successful grafting of 3APTS onto the modified
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nanomaterial. The presence of Si is particularly significant as
it verifies the silane functionalization, while the absence of
major contaminant peaks suggests good sample purity.
Together, these results confirm the effective surface
functionalization of mod-nM with 3APTS.

Table 1 compares the elemental composition of nM and
mod-nM/3APTS. The increase in oxygen content and the
appearance of carbon and nitrogen confirm the successful
grafting of 3APTS, while the decrease in magnesium and
silicon indicates surface coverage by the silane layer.

Table 1. Percentage composition of nM and mod-

nM/3APTS
Element Wt%) nM  Mod-nM/3APTS
Oxygen 67.28 71.6
Magnesium 12.23 5.44
Silicon 20.49 9.47
Nitrogen - 2.87
Carbon - 10.61

2.4 Transmission electron microscopy (TEM)

Figure 4. TEM images of nM and mod-nM/3APTS

Figure 4(a-c) shows the TEM images of nM, and Figure
4(d-f) shows the modified meerschaum with 3-
aminopropyltriethoxysilane (mod-nM/3APTS). The TEM
images of nM reveal a dense and intertwined fibrous structure,
where the long fibers are closely packed and form combined
networks, exhibiting a typical needle-like nanoscale
morphology. In contrast, the mod-nM/3APTS samples display
shorter fibers that are less entangled and more separated from
each other, indicating that the modification process
significantly alters the aggregation behavior of the fibers while
maintaining their needle-like nanosized features. To further
characterize the samples, a UV-Visible spectrophotometer
(Shimadzu UV-1700) was employed to determine the residual
dye concentration in adsorption experiments, a pH meter
(Orion 900S2) was used for pH measurements, and a GFL



3033 shaker was applied to ensure proper mixing of the
adsorbent-dye solutions. Additionally, the functional groups
on the adsorbent surfaces were examined using a Bruker
VERTEX 70 FTIR spectrometer, and all surface peaks were
identified and explained.

2.5 Batch equilibrium studies

In the adsorption studies, the modified adsorbent was
introduced into batch-vessel reactors containing 100 mL of
0.001 M MB solution, and the mixtures were agitated at 200
rpm under the desired pH and contact times. The residual
concentration of MB in the solution after adsorption was
determined using a UV-Visible spectrophotometer at a
wavelength of 665 nm. The adsorption capacity of the
adsorbent, ge (mg/g), was then calculated using the following
equations:

Ci —Cf
— % 100 (1
Ci

Adsorption% =

While ge was calculated by Eqg. (2):

_CGi-Cf

qe = 2

XV

m

Here, Ci and Cf represent the initial and time-dependent dye
concentrations (mg/L), respectively, V is the solution volume
(L), and m is the mass of adsorbent (g). The Freundlich
isotherm (Eq. (3)), expressed as [26]:

1
log (qe) = logKg + HlogCe 3)

Eqg. (3) is used to describe multilayer adsorption on a
heterogeneous surface, where Ke is the adsorption capacity
constant and n indicates adsorption intensity, and Ce is the

equilibrium dye concentration (mg/L). In contrast, the
Langmuir isotherm (Eqg. (4)):
Ce 1 4 1 c @)
g — Ce
ge QoK. Qo

Assumes monolayer adsorption on a homogeneous surface,
with Qg representing the maximum adsorption capacity (mg/g)
and K the Langmuir constant related to adsorption affinity
(L/mg). Together, these models provided insight into the
adsorption mechanisms governing the interaction between the
adsorbent and dye molecules [27, 28].

In this study, the first- and second-order pseudo-kinetic
models were utilized to analyze the adsorption process. The
pseudo 1 kinetic model, shown in Eqg. (5):

©)

L 1t
2303

log(ge — qr)1 = 1log(qge)

The adsorption rate is proportional to the number of

unoccupied sites, where ge and gr represent the amounts of

adsorbate adsorbed at equilibrium and at time t, respectively,

and ki (min™) is the pseudo-first-order rate constant. The
pseudo-second-order kinetic model, expressed in Eqg. (6):

t 1 t

at  Kzq3

de

(6)
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This equation is based on the assumption that chemisorption
is the rate-limiting step, involving valence forces through
electron sharing or exchange between the adsorbent and
adsorbate. In the pseudo-second-order kinetic model, k
(g/mg min) represents the equilibrium rate constant. The
kinetic parameters of this model can be obtained by plotting
t/qt against time t. Furthermore, thermodynamic parameters
such as Gibbs free energy change (AGe), enthalpy change
(AHe?), and entropy change (ASe) of adsorption were evaluated
using Egs. (7) and (8). The adsorption equilibrium constant
(Kads) was employed in the following relation to calculate AGo
for the adsorption process at different temperatures.

AG® = —RTInK 4, 7)
AH® AS°

e 8

anads RT + R ( )

The adsorption equilibrium constant (Kags) can also be
expressed as a function of temperature in terms of AHe in
kJ/mol and ASe in J/mol.K. These thermodynamic parameters
can be determined from the van’t Hoff equation by plotting in
Kags against 1/T, where the slope corresponds to -AHe/R and
the intercept to ASe/R.

3. RESULTS AND DISCUSSION
3.1 Influence of pH

To investigate the influence of pH on MB adsorption, the
pH of the dye solution was adjusted from 2 to 9 using acid and
base solutions. The initial pH is a critical factor in adsorption
studies, as it governs the solubility of dye molecules, the
surface charge of the adsorbent, and the -electrostatic
interactions between them [29]. In this study, 100 mg/L MB
was used as the model solution. The adsorption process is
largely controlled by two mechanisms: (i) electrostatic
interactions between the functional groups on the adsorbent
surface and the dye molecules (outer-sphere complexes) and
(i) ion exchange processes (inner-sphere complexes). These
interactions collectively determine the removal efficiency of
dyes from aqueous media.

90 1
80 A
70
60
50 A
40 ~
30 A
20 1
10 1

O T T T T 1
10

MB Uptake %

Figure 5. Effect of pH on MB removal by mod-
nM/3APTS



As shown in Figure 5, MB adsorption was low at acidic
conditions (pH = 2). With increasing pH, the adsorption
capacity improved significantly, particularly between pH 4
and 7, and reached its maximum near pH 8. Beyond pH 7, no
substantial increase in adsorption was observed. This behavior
can be explained by the protonation state of the amine (—NHz)
groups on the modified adsorbent surface. At low pH, these
groups are protonated to —NHs*, which causes electrostatic
repulsion with the cationic dye molecules, thereby reducing
adsorption. At higher pH values, deprotonation occurs,
reducing surface charge repulsion and favoring dye uptake.

The observed adsorption behavior suggests that both
chemisorption and physisorption mechanisms are involved
[30, 31]. Chemisorption likely arises from strong, irreversible
interactions such as electron sharing or covalent bonding,
while physisorption involves weaker interactions,lincluding
hydrogen bonding, dipole—dipole forces, and n—n interactions
between the dye molecules and the adsorbent surface.

3.2 Effect of contact time

The variation of MB uptake with contact time at pH 7 and
constant temperature is shown in Figure 6. The adsorption
process displays a rapid initial increase in MB uptake,
reaching approximately 55-60% removal within the first hour.
This indicates that a large number of active sites on the mod-
nM/3APTS surface are readily available for dye molecules at
the start of the process. As the contact time increases to 2
hours, MB uptake reaches about 75-78%, after which the rate
of adsorption slows considerably. Beyond 3-4 hours, the
adsorption curve begins to plateau at around 80% uptake,
signifying that equilibrium has been reached and most of the
available adsorption sites have been occupied. Based on these
observations, a contact time of 2 hours was selected as the
optimal duration for subsequent experiments, since it provides
near-equilibrium adsorption with minimal additional uptake
beyond this point. The initial rapid adsorption phase can be
attributed to the abundance of active sites, while the slower
phase reflects the gradual saturation of the adsorbent surface.

100 -
80 -+
60 -

40 -

MB Uptake %

20

0 T T T T
2 3

ContactTime, h

Figure 6. Effect of contact time on MB removal by mod-
nM/3APTS

3.3 Influence of adsorbent dosage

The effect of adsorbent dosage on MB removal was
investigated by varying the amount of mod-nM/3APTS from
0.25 to 2.0 g/L under constant experimental conditions (MB
concentration = 1001mg/L, temperature = 251°C, pH = 7). As
shown in Figure 7, MB uptake increased sharply with
increasing adsorbent dose, rising from approximately 40%
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removal at 0.25 g/L to nearly 80% at 0.5 g/L. The maximum
adsorption efficiency of about 95-100% MB uptake was
achieved at a dose of 1.0 g/L, beyond which further increases
in adsorbent dose produced no significant improvement. This
plateau behavior indicates that almost all available MB
molecules were adsorbed at 1.0 g/L, suggesting that the active
sites were sufficiently abundant at this dosage. Therefore, 1.0
g/L was selected as the optimum adsorbent dose for
subsequent experiments to ensure maximum dye removal
while avoiding unnecessary excess of adsorbent material.

120 1
100 A
80 1
60 A
40 ~
20 1

0 T T T T ]
15 2 25

MB Uptake %

mod-nM/3APTS dose. g/L

Figure 7. Effect of mod-nM/3APTS dose on MB removal
3.4 Adsorption isotherms

Adsorption isotherm studies are illustrated in Figure 8. The
equilibrium adsorption data (ge vs. Ce) showed that the
adsorption capacity increased with the equilibrium
concentration until reaching a plateau, indicating monolayer
adsorption behavior. The linear plot of Ce/qe against Ce
(Langmuir plot) confirmed the applicability of the Langmuir
isotherm model, as shown in Figure 9. The obtained
parameters from the adsorption equations (Egs. (3) and (4)) are
summarized in Table 2. For the Langmuir isotherm, the
regression coefficient (R?= 0.99) was higher compared to the
Freundlich isotherm (R?= 0.95), suggesting that the Langmuir
model better describes the adsorption process of MB onto
mod-nM/3APTS. The Langmuir adsorption capacity (As) was
calculated as 2.50 mmol/g adsorbent, which corresponds to a
maximum adsorption capacity of 127.75 mg/g for mod-
nM/3APTS. The K. was found to be 8345.6, indicating a
strong affinity of the adsorbent towards MB. On the other
hand, the Freundlich isotherm yielded values of Ke= 0.54 and
n = 14.37, showing favorable adsorption, but with lower
correlation compared to the Langmuir model. The modified
meerschaum proved to be a highly cost-effective solution for
large-scale wastewater treatment, offering several advantages
such as the availability and low cost of the raw material, eco-
friendliness, ease of modification, high efficiency at low
dosage, and convenient handling. These advantages were more
pronounced compared with findings reported in the literature,
as illustrated in Table 3.

Table 2. Sorption capacities and correlation coefficients for
MB removal on mod-nM/3APTS

Freundlich Langmuir Isotherm
Adsorbent Isotherm g
Kra n R? KL As R2
Modification
AM/3APTS 0.54 1437 095 83456 250 0.99




Table 3. Comparative analysis of adsorbents for methylene blue removal

Max.
. Contact .
. Adsorbent Target Optimal  Temperature - Adsorption
Adsorbent Material Does (g/L) Adsorbate pH C) Time Capacity Authors
(min) /
(mg/g)
- - Acid Green Malakootian
Modified Sepiolite 1.03 20 Dye 6.19 25 24.81 58 etal. [1]
Cortaderia selloana flower Methylene Parlayici et
spikes (CSFs) 4 Blue (MB) 6 25 45 7299 al. [6]
Magnetic C. selloana Methylene Parlayici et
flower spikes (nM1CSFs) 4 Blue (MB) 6 % 45 119.0 al. [6]
Sycamore (Platanus
occidentalis) tree seed pod 2 I';/:Etehzlll/leg? 6 25 125 126.60 Paglla }F;]l et
fibers (STSPF) '
Zero valent iron
immobilized in Sycamore Methylene Parlayici et
tree seed pod fibers 1 Blue (MB) 6 25 70 140.80 al. [7]
(NZVIOSTSPF)
Nodular Sepiolite 12 Ni?* Solution 6 25 1440 1215 K‘pc?g]et al.
Cellulose Nanowhiskers- .
based Polyurethane Foam 1 Methylene 7 55 20 110.5 Kumari et al.
Blue (MB) [12]
(PUF)
. Methylene
Modified Meerschaum 1 Blue (MB) 8 25 120 127.75 Present study
- the surface of mod-nM/3APTS, it is essential to evaluate
£ 045 4 .
@ whether the adsorption phenomenon occurs spontaneously.
o 04 - ® [ ] . .
S 035 4 ° The effect of temperature on MB adsorption was _examlned at
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To better understand the adsorption mechanism,
Ce, mmol . . . :
thermodynamic parameters including Gibbs free energy AG®,
AH®, and AS° were calculated. The relationship between In Kc
(b) and 1/T (K™) is presented in Figure 9, where the linear fit

Figure 8. Adsorption isotherms of MB on mod-nM/3APTS
(a) The relationship between equilibrium concentration (Ce)
and adsorption capacity (ge), (b) Langmuir adsorption
isotherm plot (Ce/qge vs. Ce) for MB adsorption onto mod-
nM/3APTS

3.5 Thermodynamics of adsorption

Considering the thermodynamic implementation of MB on
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yielded the regression equation:

y=—-293.2x+2.3073 (R?= 0.9986) )

From the slope (-AH°/R) and intercept (AS°/R), the
enthalpy and entropy values were derived. The negative slope
confirms that the adsorption AH® is positive, indicating that
the process is endothermic. The positive intercept corresponds
to a positive AS®°, which implies increased randomness at the



solid—liquid interface and strong affinity between MB
molecules and the mod-nM/3APTS surface. The calculated
Gibbs free AG°® values were negative at all studied
temperatures, signifying that the adsorption process is
spontaneous. Moreover, the higher negative AG® values at
elevated temperatures suggest stronger adsorption at higher
thermal energy.

3.6 Adsorption Kinetics

In order to better understand the adsorption mechanism,
kinetic and thermodynamic studies were carried out. The
kinetic modeling was performed using pseudo-first-order and
pseudo-second-order models (Egs. (5) and (6)). These models
explain the rate-controlling step for dye migration from the
aqueous phase to the solid phase and provide insight into the
adsorption mechanism. As shown in Table 5, the pseudo-first-
order model gave a relatively poor fit with an R, value of
0.8808, while the pseudo-second-order model exhibited an
excellent correlation with an R? of 0.9998. The calculated ge
was also much higher for the second-order model (125 mg/g)
compared to the first-order model (2.514 mg/qg).

Additionally, the rate constant values (ki = 0.006, k; =
0.0013) confirm that the pseudo-second-order model
provides a better description of the adsorption kinetics. This
strongly suggests that the adsorption of MB onto mod-
nM/3APTS is primarily governed by chemisorption, likely
involving electron sharing or exchange between the dye

molecules and the aminated silica surface. The presence of
amino groups from 3APTS modification enhances these
interactions, leading to stronger dye binding. The pseudo-
second-order model represents all adsorption steps, including
external surface adsorption, film diffusion, intraparticle
diffusion, and final attachment to the adsorption sites. Since
adsorption occurs rapidly on the outer surface, the slowest
stage controlling the overall rate is either film diffusion or
pore diffusion within the adsorbent structure.

Thermodynamic parameters derived from adsorption
equilibrium data further support these findings (Table 4). The
AHo = +2.44 kJ mol™ confirms that the adsorption process is
endothermic, while the positive ASe = +19.18] K™' mol™
indicates increased randomness at the solid—liquid interface
and strong affinity between MB and mod-nM/3APTS. The
Gibbs free AGe was negative at all studied temperatures,
ranging from —3.28 to —3.85 kJ mol™!, confirming that the
adsorption is spontaneous and becomes more favorable with
increasing temperature. To evaluate the reusability of mod-
nM/3APTS, desorption experiments were performed using
HCI as the regenerating agent. The adsorbent demonstrated
excellent stability and reusability, maintaining a high MB
removal efficiency. After five regeneration cycles, the
adsorption efficiency decreased only slightly, from 93% to
88%, confirming that HCI treatment is effective for
regeneration and that mod-nM/3APTS can be applied
repeatedly in dye removal processes.

Table 4. Thermodynamic parameters for MB adsorption onto mod-nM/3APTS

. AH® AS® AG*®

Temperature (°C) *Kabs RE (linear) (kJ mol-%) ( K™mol~%) (kdmol™?)
25 3.76 -3.28
35 3.87 -3.47
e P 0.998 2.44 19.18 367
55 4.11 -3.85

Table 5. Kinetic parameters for the adsorption of MB

First-order Second-order
k1 ge R? k2 ge R?
0.006 2.514 0.8808 0.0013 125 0.9998

4. CONCLUSIONS

The study demonstrated that modified nano-meerschaum
functionalized with 3-aminopropyl triethoxysilane (mod-
nM/3APTS) is a highly effective adsorbent for methylene blue
(MB) removal from aqueous solutions. The material achieved
a maximum adsorption capacity of 127.75 mg/g at 25°C, with
adsorption following the Langmuir isotherm, confirming
monolayer coverage. Kinetic analysis revealed that the
adsorption process is best described by the pseudo-second-
order model, indicating chemisorption as the dominant
mechanism. Thermodynamic parameters confirmed the
spontaneous and endothermic nature of the adsorption process.
Importantly, the adsorbent retained over 88% efficiency after
five regeneration cycles, highlighting its durability and
reusability.

This research contributes to the development of cost-
effective and eco-friendly adsorbents by demonstrating the
enhanced performance of functionalized meerschaum. The
findings establish mod-nM/3APTS as a promising candidate
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for large-scale wastewater treatment applications, offering
high capacity, stability, and reusability for dye removal.
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