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The discharge of synthetic dyes and the improper disposal of industrial red mud (RM) pose serious
environmental challenges worldwide. This study introduces an innovative adsorbent, RMI, synthesized by
functionalizing raw red mud with sodium iodide (Nal) to remove methylene blue (MB) from aqueous

solutions effectively. Comprehensive characterization using XRD, TG, DTG, SEM, and BET analysis

confirmed the enhanced structural and surface properties of the RMI composites. Batch adsorption

experiments revealed that RMI-5 achieved a maximum MB removal capacity of 245.2 mg g~

L under

optimal conditions. The adsorption process followed pseudo-second-order kinetics (R? = 0.99),

suggesting that chemisorption is the dominant mechanism, while the Langmuir isotherm model best

described the equilibrium behaviour. Thermodynamic analysis showed that MB adsorption was

spontaneous and exothermic. The primary adsorption mechanisms

include hydrogen bonding,

electrostatic attraction, and pore diffusion. These findings demonstrate the high efficiency and

sustainability of Nal-modified
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1. Introduction

The existence of life on earth is dependent on plentiful supplies
of pure water, which is also responsible for the preservation of
ecosystems through the development of agriculture, industry,
and economic viability."> Besides the fact that 71% of the
earth's surface is covered by water, less than 1% is accessible for
human consumption.® Extensive industrialization and uncon-
trolled population growth result in water scarcity and water
pollution due to the inclusion of diverse inorganic (metals and
their salts) and organic (dyes, plastics, pharmaceuticals, petro-
chemicals, and pesticides) compounds.*® The drainage of
untreated water from domestic and industrial sources
contaminates aquatic systems, making them unsafe for
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red mud as a
treatment.
particularly methylene blue, from aqueous solutions with Nal-modified

low-cost,
this study

high-performance adsorbent for dye-

Hence, illustrates the efficient elimination of

red mud

composites. The results underscore the potential for practical applications in water treatment
technologies for dye elimination and other pollutant remediation techniques.

humans and the environment, leading to severe concerns for
the ecosystem.” Among the diverse pollutant dyes released from
different industries, including textile dyeing, paper, leather,
and plastics, water-soluble cationic dyes severely contaminate
water bodies.® Currently, about 700 000 tonnes of textile dyes
are used in the aforementioned industries, most of which are
teratogenic, recalcitrant, and carcinogenic in nature.® Further,
the higher solubilities of dyes in aqueous media make them
difficult to remove, which is why eliminating these pollutants
has become one of the greatest challenges.*

The three major dye groups are believed to be cationic,
anionic, and nonionic (water-insoluble) and are classified
according to the charge of the chromophore group dissolved in
water." The most often used cationic dye in the dyeing and ink
production sectors is methylene blue (MB), which is environ-
mentally hazardous due to its high water solubility and color
resistance.” When the residual dye from wastewater is di-
scharged into water, even at low concentrations, it can harm
aquatic life and humans in addition to causing sensory loss.™
MB prevents sunlight from entering water, disrupts the food
chain, and leads to low oxygen levels.** It is also toxic to cells,
can damage DNA, lasts a long time, and does not break down
naturally.”® Consequently, effective wastewater treatment and
pollution control are desirable to preserve clean and sustainable
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water resources worldwide through the development of efficient
and sustainable pollutant (MB) removal strategies.'®”

Conventional wastewater treatment methods, such as
chemical precipitation, advanced oxidation processes and
adsorption, have been explored to remove MB. Nowadays,
adsorption is a popular technique for removing MB from
wastewater due to its ease of use, low cost, environmental
friendliness, and potential efficacy.'® Nonetheless, the adsorp-
tion approach for the efficient removal of target pollutants is
still in its early stages. It faces several constraints in terms of
installation costs, sustainability, regenerability, and environ-
mental friendliness before commercialization. Their shape
largely determines the adsorption capacity of the adsorbent
particles. By altering the interaction between the adsorbate
(contaminant) and the adsorbent, characteristics including
surface area, porosity, shape, and particle size directly impact
the effectiveness of adsorption. Over the past several years,
extensive research has been dedicated to the development of
novel adsorbents for the effective removal of MB from
wastewater.

Adsorption with modified red mud (RM) is one of the most
effective removal techniques necessary to reduce its adverse
effects and maintain the water's purity." Recently, numerous
studies have focused on the potential applications of red mud,
which is also referred to as “high volume low effect waste”.** It
has several applications, especially in the fields of the cement
industry, building and road surface material, and in the
formation of bricks.”* According to reports, 4 to 5 tons of red
mud, the primary waste product from extracting alumina from
bauxite, are discarded for every ton of aluminium produced.*
The high surface area and rich content of iron oxides, alumina,
and silica in this waste make it a promising low-cost adsorbent.
Unfortunately, its low stability and adsorption capability
frequently restrict its direct application. In order to get around
these obstacles, modification methods, including heat treat-
ment, acid activation, or functional ingredient addition, have
been developed to improve its adsorption -capabilities.”
Notably, layered and/or porous structures, such as modified red
mud and clays with optimized particle morphology, high
surface area and porosity, exhibit better pollutant diffusion,
resulting in enhanced adsorption efficiency for targets.

Modification of RM through doping or combining it with
other materials, like carbon foam, metal halides, or oxalic acid,
can potentially improve its surface characteristics, such as
increased active sites, and the synergistic effects of dopants and
red mud make it highly effective in wastewater treatment and
environmental remediation strategies.”* RM modification with
metal halides, including NaCl, NaBr, and Nal, could result in
improved surface roughness and pore size distributions along
with increased negative charge, improved chemical and thermal
stability, and the creation of new functionalities (such as M-O
and X-related groups) on RM.* The surface negative charge and
new functionalities on RM could enhance hydrogen bonding,
- interactions, and van der Waals forces, allowing for strong
interactions with cationic targets (MB).

In this study, a simplified method was developed to
synthesize an efficient adsorbent by modifying the raw red mud.
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The synthesized material was extensively characterized to
elucidate its physicochemical properties. Impregnation with
Nal significantly enhanced the specific surface area and
increased the availability of active adsorption sites, as shown in
Scheme 1. The adsorption behaviour of the RMI-5 composite
toward methylene blue (MB) was systematically investigated,
with particular attention to key operational parameters, such as
contact time, temperature, and initial dye concentration.
Kinetic and isotherm models were applied to interpret the
adsorption process and identify the dominant mechanisms,
which were found to include hydrogen bonding, electrostatic
interactions, and pore diffusion. These findings demonstrate
the potential of RMI-5 as a cost-effective and sustainable
adsorbent for dye removal from aqueous environments.

2. Experimental

2.1. Materials and methods

The red mud (RM), sodium chloride (NaCl), sodium bromide
(NaBr), methylene blue (MB), sodium iodide (Nal), and sodium
hydroxide (NaOH) used in this study were purchased from
Aladdin Industrial Corporation, Shanghai, China. The structure
of methylene blue is illustrated in Fig. S1. All the chemical
reagents mentioned above were of analytical grade and used
directly without additional purification.

2.2. Preparation of sodium halide-modified red mud

Raw red mud (RRM) was initially crushed and subsequently
filtered via a sieve with an average mesh size smaller than 60.
The resultant powder was dried in an oven for 24 hours at 110 °©
C to eliminate any residual moisture. Thereafter, the RRM was
heated in a furnace at temperatures between 400 °C and 500 °C
to break down the organic matter and improve its characteris-
tics, including porosity and surface area. Sodium halide-
functionalized raw red mud was synthesized using an impreg-
nation strategy by adding a specific amount of Nal (3-5%) to
100 mL of DI water. Subsequently, 15 g of raw red mud powder
was added to each sodium iodide solution and stirred consis-
tently at room temperature for 6 hours. The resultant mixtures
were subsequently dried for 20 hours at 110 °C. The Nal-
functionalized RM sample was subsequently crushed to
a particle size of less than 60 mesh, as illustrated in Fig. 1. The
functionalized samples were labelled RMI-1, RMI-3, and RMI-5,
representing red mud functionalized with 1%, 3%, and 5%
sodium iodide, respectively.

2.3. Characterizations

The surface morphology images of RRMI, RMI-1, RMI-3, and
RMI-5 were assessed using SEM (HITACHI-SU8220, Japan). X-
ray diffraction (XRD) analysis of the RRMI, RMI-1, RMI-3, and
RMI-5 composites was conducted using a Rigaku diffractometer
(Japan). The pore volume and specific surface area of the as-
prepared samples were calculated using the Brunauer-
Emmett-Teller (BET) method (JW-BK200A, China). All adsorp-
tion experiments of the composites for MB were performed
using a UV-visible spectrophotometer (Carry-100, Malaysia).
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The pH measurements were conducted using a PHS-3C pH
meter with an integrated temperature sensor for precise
temperature adjustment and regulation.

2.4. Batch adsorption experiments

Adsorption analyses were conducted in batch mode to evaluate
the efficacy of the RMI-5 composite in removing MB dye. 25 mg
of RMI-5 adsorbent was poured into a 150 mL beaker containing
60 mL of the methyl blue solution. The resultant mixtures were
subsequently placed in a water bath shaker and agitated at
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400 rpm for 40 minutes. The residual amounts of MB were
quantified using a UV-vis spectrophotometer (Carry-100,
Malaysia). The effects of key variables, including initial
concentration, contact time, pH, and temperature, were
systematically examined. The solution pH (2, 4, 6, 8, and 10) was
adjusted using buffers, and their composition is listed in Table
S1. All the experiments were performed in a triplicate, and the
data were presented as a means to ensure reproducibility. A
kinetic analysis was conducted by combining 25 mg of RMI-5
composite with 25 mL of MB solution to examine the removal
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Fig. 1 Schematic of the RM modification through sodium halide impregnation.
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quantities as a function of time. The adsorption isotherm was
studied through several batch adsorption tests using 25 mg of
RMI-5 composite and varying dosages of methylene blue at
298.15 K. Each test was conducted three times, and the means
were calculated. Eqn (1) and (2) were utilised to compute the
adsorption capacity and removal rate, respectively.

(Co— CV
e = 0T e 1
1 M @
Co - C,

Removal (%) = x 100,

- @

where C. represents the equilibrium amount of MB (mg L")
and C, denotes the initial amount of MB (mg L™ '). M and V
denote the mass (mg) and volume (mL), respectively.

3. Results and discussion
3.1. Characterizations of raw and modified RM

In the present work, functionalized RM was prepared using
sodium halide impregnation, as described in the Methods
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Fig. 2
DTG curve of the raw and modified RM.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

section. To thoroughly investigate the morphological charac-
teristics, chemical composition, thermal stability, and surface
porosity features of RRM and RMI (RMI-1, RMI-3, and RMI-5)
particles, different instrumental techniques involving SEM,
FTIR, XRD, TG, DTG, and BET were employed.

Fig. 2a illustrates the XRD spectra of the RRM, RMI-1, RMI-3,
and RMI-5 adsorbents. The principal metal oxides, such as SiO,,
Al,O3, and Fe,0;, were identified in both the unaltered RRM
and modified (RMI-1, RMI-3, and RMI-5) materials, with their
diffraction signal intensities remaining comparatively stable,
indicating that the incorporation of Nal has a minimal impact
on the structural composition of the raw red mud. No identifi-
able diffraction peaks for sodium iodide were detected in the
RMI-1, RMI-3, and RMI-5 composites, indicating a uniform
distribution of Nal over the surface.***” The FTIR spectra of RM
and MRM were examined throughout the wavelength range of
500-4000 cm ™. The findings are presented in Fig. 2b. Fig. 2b
illustrates that the diffraction peaks of each functional group
transformed with the incorporation of Nal, with the appearance
of a new peak. Prominent and extensive absorption bands were
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(a) XRD spectra of the raw and modified RM, (b) FTIR spectra of the raw and modified RM, (c) TG curve of the raw and modified RM, and (d)
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Table 1 N, adsorption—desorption data of the raw and modified RM

Specific surface Pore volume Average pore

Components area (m> g™ ") (em® g™ size (nm)
RRM 374 0.114 12.4
RMI-1 46.8 0.136 11.5
RMI-3 48.5 0.139 10.7
RMI-5 68.1 0.141 8.51

identified at 3457, 3434, 3448, and 3449 cm™* for RRM, RM-1,
RM-3, and RM-5, respectively, corresponding to OH stretching
vibrations.”® Distinct peaks appearing at nearly 1635, 1647,
1642, and 1645 cm ' for RRM, RMI-1, RMI-3, and RMI-5,
respectively, signify the bending vibration of water, indicating
a substantial intake of moisture from the surroundings.* Peaks
at 1404, 1419, 1411, and 1415 cm™* observed in RRM, RMI-1,
RMI-3, and RMI-5, respectively, are ascribed to (CO3)*~, indi-
cating that RM comprises numerous carbonate molecules. The
0O-Si-O group appeared in the RRM, RMI-1, RMI-3, and RMI-5
samples, as evidenced by the appearance of peaks at 1011,
998, 999, and 992 cm ', respectively. New peaks appeared at
558, 555, and 556 cm ' in the FTIR spectra of RMI-1, RMI-3, and
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RMI-5, respectively, corresponding to the C-I groups. The
appearance of C-I peaking suggests the successful introduction
of sodium iodide.

Fig. 2c depicts the thermogravimetric evaluation of the RM
samples based on the assessment of mass loss due to thermal
exposure. Different weight loss levels were identified in the TG
plots of the RMI-1, RMI-3, and RMI-5 composites. The findings
suggest that the modified red raw mud demonstrated a slightly
elevated water content compared to pristine red mud.
Furthermore, all TG plots indicate three distinct phases of
weight reduction occurring across various temperature ranges.
The result suggests an early weight reduction of nearly 4% at
198 °C, which is due to the evaporation of adsorbed water.
During thermal treatment, minerals such as ilmenite, goethite,
and gibbsite undergo breakdown at temperatures ranging from
200 °C to 600 °C, resulting in approximately 14% weight loss.
The weight reduction above 600 °C resulted from the break-
down of katoite only.

Fig. 2d depicts the DTG curves of the RRM, RMI-1, RMI-3,
and RMI-5 composites. The highest rate of weight loss for
RRM was observed at nearly 300 °C. The DTG investigation
distinctly illustrates varying weight reduction trends for RRM,
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Fig. 3 N, adsorption—desorption isotherms and pore size distribution of (a) RRM, (b) RMI-1, (c) RMI-3, and (d) RMI-5.
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Fig. 4 SEM images of (a) raw RRM, (b) RMI-1, (c) RMI-3, (d) RMI-5, (e) PZC determination of RMI-5 (point of zero charge = 6.5), and (f) the

interaction of MB with the RMI-5 particles.

RMI-3, and RMI-5. The principal cause of the highest weight
loss rate at approximately 300 °C in raw red mud is the
decomposition of organic components (additives, hydrocar-
bons, and plant waste) and the release of volatile molecules and
water that are physically entrapped within the raw red mud.*
The greater percentage of weight reduction noted at approxi-
mately 610 °C for RMI-1, RMI-3, and RMI-5 can be ascribed to
the decomposition of Nal contained within the RMI. Halides
alter the thermal durability of the substance by promoting the
breakdown of complicated molecules at elevated temperatures.
This illustrates the unique thermal properties of the modified
sample.

The pore diameters, pore volumes, and specific surface areas
(SSAs) of RRM, RMI-1, RMI-3, and RMI-5 are presented in Table
1. The SSA of the RRM was determined to be 37.4 cm” g .
Comparatively, the SSAs of the raw red mud particles subjected
to 1%, 3%, and 5% sodium iodide were dramatically greater,
measuring 46.8, 48.5, and 68.1 cm® g ', respectively. The
substantial increase in SSA indicates that Nal loading enhances
the surface characteristics of the raw red mud, with the 5% Nal
treatment leading to the highest SSA. Based on the IUPAC
classification, the isotherms of the RMI-1, RMI-3, and RMI-5
composites conform to type IV, exhibiting a distinctive H3
hysteresis loop (Fig. 3a-d). This behavior results from the
formation of particle aggregates that form slit-like pores,
demonstrating a characteristic mesoporous morphology. The
higher pore diameter, pore volume, and SSA of RMI-5 signifi-
cantly enhance its adsorption efficacy for MB. A higher SSA
provides additional adsorption sites for MB to bind with the
RMI-5 adsorbent surface, improving the uptake capability. A
larger pore volume enhances the transport and retention of the

© 2025 The Author(s). Published by the Royal Society of Chemistry

MB dye within the RMI's internal structure. The existence of
mesopores, often characterized by pore widths between 2 and
50 nm, is especially advantageous for the adsorption of MB
owing to its molecular structure and size. Thus, RMI-5 was
selected as the adsorbent for the subsequent adsorption of MB.

The surface morphological properties of RRM, RRM-1, RRM-
3, and RRM-5 were studied using scanning electron microscopy
(SEM). Fig. 4a depicts that the raw red mud possesses
a comparatively smooth surface morphology. Fig. 4b-d exhibits
the appearance of small aggregated particles on the smooth
surface of raw red mud. The appearance of small particles
justified the successful loading of the Nal particles. Further-
more, SEM images show increased porosity and surface
roughness of the raw red mud after Nal impregnation, resulting
in more pore channels and adsorption sites on the surface,
which boosts the adsorption efficiency of MRM. The findings
are consistent with the N, adsorption-desorption studies in
Table 1, indicating that the incorporation of Nal substantially
influences the pore morphology of the impregnated materials.

3.2. Adsorption behaviour of modified RM

The point of zero charge (PZC) is regarded as one of the
methods used to determine the nature of the charge on the
surface of the adsorbent. It defines the pH value at which the
adsorbent's overall surface charge density is zero. Thus, the PZC
value for RMI-5 was determined. Fig. 4e illustrates that the
point of zero charge (PZC) of RMI-5 was 6.5. This indicates that
at pH levels exceeding the PZC, the surface of the RMI-5
possesses a negative charge, while at pH levels below the PZC,
it acquires a positive charge. Consequently, at pH levels

RSC Adv, 2025, 15, 40456-40468 | 40461
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exceeding 6.5, the RMI-5 surface acquires a negative charge,
which increases the electrostatic attraction between the cationic
methylene blue (MB) and the negatively charged adsorbent. The
adsorption performance is considerably enhanced at alkaline
PH values. A spectroscopic approach was employed to investi-
gate the dye adsorption properties at the contact point of the
RMI-5 particles. The linearity of the spectrophotometric
response for the dye was assessed by determining absorbance
over suitable concentrations and constructing a calibration
curve. A graph of concentration against absorbance was devel-
oped to confirm that methylene blue's absorbance corresponds
to the Lambert-Beer law, as depicted in Fig. S2. Fig. 4f illus-
trates that the absorbance level of the methylene blue dye at its
corresponding maximum wavelength (A;,.x) diminished upon
interaction with the adsorbent, signifying the successful
adsorption of the methylene blue dye on the negatively charged
adsorbent.

3.2.1. Effect of pH. The pH is a critical parameter in the
adsorption of pollutants, as it can affect the distribution of
contaminants and the surface charge of adsorbents. Fig. 5a
illustrates that RMI-5 exhibited high removal efficiency across
the pH spectrum of 2-12. Under acidic conditions (pH less than
6.8), the removal efficiency of M-GNS was nearly 90%. The
removal efficiency further improved with increasing pH,
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achieving 95% when the pH = 6.8. The pH of the solution can
influence the adsorbent's surface charge, which can be evalu-
ated by the point of zero charge (pHpyc). The pHpyc of RMI-5
was determined to be 6.8, as shown in Fig. 5a. When the pH
was less than the pHpzc, the surface charge of RMI-5 was
positive. Consequently, under acidic conditions, protons
compete with methylene blue for active sites on the adsorbent
surface, rapidly filling efficient active sites and leading to
a slightly decreased removal rate. Conversely, in an alkaline
environment (pH above pHpyc), the surface charge of RMI-5 is
negative, which facilitates substantial electrostatic adsorption
between the positively charged methylene blue and negatively
charged adsorbent, resulting in a comparatively increased
removal rate.

3.2.2. Effect of adsorbent dosage. The adsorbent dosage is
a crucial factor in methylene blue adsorption. The impact of
varying dosages on MB elimination was examined, with the
results illustrated in Fig. 5b. As the amount of adsorbent
increased from 10 mg L™ to 27 mg L™ ", the removal perfor-
mance increased from 78% to 94%, attributable to the acces-
sible active sites for MB removal. Furthermore, an increase in
adsorbent dosage may result in reduced removal efficiency. The
reduction in efficiency may result from the overlap or aggrega-
tion of accessible adsorption sites at elevated adsorbent

% Removal

80 F

Dosage (mg)

q, (mg/g)

Time (min)

Fig. 5 Factors affecting the adsorption of MB on the RMI-5 adsorbent: (a) impact of pH, (b) influence of adsorbent dosages, (c) effect of initial

concentration of MB, and (d) contact time.
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concentrations, which restricts site accessibility and extends the
diffusion pathway for dye molecules.®® After reaching an
adsorbent concentration of 27 mg L', the removal perfor-
mance surpassed 94%, and further rises in the adsorbent
concentration resulted in a minimal increase in removal
efficiency.

3.2.3.
dosage is considered a crucial factor in the elimination of MB.
The impact of various concentrations on MB elimination was
examined, with the results illustrated in Fig. 5c. Fig. 5c illus-
trates that increasing the initial amount of LP from 2 mg L to
100 mg L™ ! markedly improved the adsorption capability of the
RMI-5 composite from 20 mg g ' to 198 mg g ' despite
areduction in its elimination efficiency of LP from 96% to 91%.
The increasing initial adsorbate amount boosts the mass
transfer driving force by establishing a stronger concentration
gradient between the adsorbent surface and the bulk solution.*
This process enhances the aggregation of additional adsorbate
molecules per unit mass of adsorbent, thereby increasing
adsorption capability. Conversely, at lower amounts, the ratio of
accessible active sites to adsorbate molecules becomes higher,
facilitating a greater proportion of the adsorbate to be adsor-
bed, thus enhancing removal efficiency. At elevated amounts,
the limited number of adsorption sites becomes occupied more
rapidly, resulting in a substantial amount of adsorbate
remaining unabsorbed, which decreases removal efficiency.

3.2.4. Adsorption kinetics. The effectiveness of an adsor-
bent in treating wastewater is assessed by its quick removal of
adsorbates and rapid attainment of equilibrium within a short
duration. Fig. 5d demonstrates the effect of adsorption time on
elimination efficiency across various concentrations. In the
early removal period (within 5 minutes of adsorption), the
removal rate of RMI-5 for MB markedly increased by 87%. With
an improvement in contact time, the removal rate exhibited
a slow increase and ultimately stabilized after 60 minutes. This
is a common phenomenon during the removal of pollutants, as
the active sites on the adsorbent surface become saturated with
an extended adsorption time.** The removal equilibrium was
attained within 60 minutes, achieving an elimination rate of
94%. Thus, RMI-5 demonstrated remarkably rapid adsorption
rates and elevated removal efficiency.

The adsorption performance of the RMI-5 adsorbents was
evaluated by applying the kinetic data to the intraparticle
diffusion (IPD), pseudo-second-order (PSO), and pseudo-first-
order (PFO) models. The equations for the PFO, PSO, and IPD
kinetic models are, respectively, written as follows:

Effect of initial MB concentration. The adsorbent

q: = qe[1 — exp(k2)], 3)
2
e kzl
_ fal 4
" T gder “
g, = kit®> + C, (5)

where g. denotes the removal capacity (mg g~ ) of MB at equi-
librium, g, denotes the removal capacity (mg g~ ') of MB at time
t, ki (min ") and k, (g mg™" min ") represent the rate constants
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of PFO, k; represents the rate constant related to IPD, and C
denotes the thickness of the boundary layer. The kinetic study
indicated that the PSO model most accurately described the
adsorption of MB onto RMI-5. The PSO kinetic model exhibited
superior R> values (0.986) compared to the PFO model (0.81)
(Fig. 6a and Table S2), indicating that the adsorption of MB by
the RMI-5 composite was governed by chemisorption.**

The uptake of MB on the RMI-5 composite was further
analyzed using the intraparticle diffusion model to identify the
rate-determining step (Fig. 6b). Two stages were detected in the
IPD kinetic plots. MB was rapidly transferred from the liquid
phase to the outer surface of the RMI-5 composite during the
first stage via mass transfer or external diffusion. This phase is
marked by a rapid rise in dye absorption, indicating the pres-
ence of active adsorption sites on the material's exterior
surface.®® During the second phase, the adsorption rate
diminishes as the dye molecules begin to diffuse into the
interior pores of the composite. This process is regulated by
intraparticle diffusion, which constitutes the rate-limiting
phase following the saturation of the exterior surface. The
multi-linear plots of the Weber-Morris model demonstrate that
the adsorption process does not adhere to a singular path to the
origin, signifying the participation of numerous stages
throughout the process. The non-origin (I # 0) intercepts
indicate that adsorption is governed by many phases, which are
characteristics of systems involving both exterior surface
adsorption and internal pore diffusion. These findings under-
score the significance of the exterior surface during the initial
fast adsorption phase, which is succeeded by a more gradual
intraparticle diffusion phase. This multi-phase process
emphasizes the significance of surface and pore interactions in
promoting effective dye removal, with internal diffusion gaining
significance once the external surface sites are saturated.

3.2.5. Adsorption isotherm. Freundlich and Langmuir
isotherm models were employed to calculate the maximum
removal capability and comprehend the underlying mecha-
nism. The Langmuir model refers to monolayer adsorption,
which is characterized by the absence of interactions between
homogeneous active sites with identical energy levels and
adsorbed contaminants. The Freundlich isothermal model
refers to multi-layer adsorption, considering potential interac-
tions between the heterogeneous distribution of adsorption
energy and adsorbed contaminants. The equations for the
Freundlich and Langmuir models are as follows:***

qmaxXKLXCe
o= e T T e 6
9 1+ K+ C. ()

ge = KFCl/nF’ (7)

where g, represents the uptake capability (mg g ") of MB at
equilibrium, C. denotes the amount of MB (mg L™ ') at equi-
librium, and gmax denotes the maximum uptake capacity of
RMI-5 for MB. K, and Ky denote the equilibrium constants of
the Langmuir and Freundlich models, respectively.

The Langmuir model exhibited a higher adsorption capacity
(245.2 mg g~ ') and correlation coefficient (R* > 0.997) than the
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Freundlich model (Fig. 7a and Table S3), suggesting that the
adsorption of methylene blue on the RMI-5 composite surface is
more consistent with the Langmuir model. This suggests that
the removal of MB is homogeneous, resulting in a single layer
on the RMI-5 composite with no interactions among the
adsorbed molecules.

Additionally, the separation factor (R), indicating the
affinity of the removal procedure, was further examined. The
equation for Ry, is as follows.

1

Ri=—
L 1+(KL><C0)

(8)
where C, represents the initial amount (mg L") of the methy-
lene blue, while K; denotes the constant associated with the
Langmuir model, R;, = 1 denotes linear adsorption, Ry, > 1
denotes reverse adsorption, and 0 < R, < 1 denotes favourable
adsorption. For irreversible adsorption, Ry equals zero. Ry,
values ranged from 0 to 1, indicating a favourable adsorption
behaviour of the adsorbents for MB. The adsorption effective-
ness of RMI-5 for methylene blue was evaluated by comparing
its elimination rate with that of previously documented adsor-
bents. Table 2 clearly illustrates that the synthesized RMI-5
demonstrates a much superior adsorption capacity (245.2 mg
g™ ') relative to most previously documented materials. The

40464 | RSC Adv, 2025, 15, 40456-40468

(a) Isotherm model fit of the MB dye and (b) the influence of temperature on the adsorption of MB.

increased efficiency is due to Nal modification, which enhances
the interaction between the adsorbent and methylene blue, thus
illustrating the efficacy of the produced material. The enhanced
performance of RMI-5 demonstrates the efficacy of this modi-
fication in augmenting adsorption efficiency, particularly under
adjusted alkaline pH and ambient temperature conditions,
rendering it a suitable material for dye removal applications.

3.2.6. Effects of temperature and thermodynamic study.
The adsorption studies of MNB on RMI-5 adsorbents were
conducted at various temperatures to elucidate their thermo-
dynamic characteristics. Fig. 7b illustrates the impact of
temperature on the methylene blue elimination performance of
the RMI-5. The adsorption performance of methylene blue
decreased as the temperature increased, demonstrating the
exothermic characteristics of the uptake process of MB.

Three thermodynamic variables, entropy change (AS°),
enthalpy change (AH°), and Gibbs free energy (AG°), which
govern energy transfer throughout the removal process and
evaluate the feasibility of the adsorption process, were
obtained:

AG = —RTInKp, 9)
“AH AS°

InKp= — 4+ 1

n D RT + R ) ( O)
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Table 2 Comparison of the adsorption capacities of previously reported composites with RMI-5 for methylene blue

Adsorbent Temperature (K) pH Adsorption capacity (mg g~ ") Ref.
MACz 298 4.9 156.25 38
Hyd/C30B 318 8 77.51 39
GO:CS 298 3-11 110.9 40
Fe-BDC MOF 303 4 23.92 41
Chitin/clay microspheres 313 1-11 156.7 42
MMTNS 313 8 91 43
Chitosan/k-carrageenan/acid-activated bentonite 323 4 18.80 44
MSN-A 298 10 19.26 45
XG5 298 2.8 26.04 46
Sodium halide modified RM (RMI-5) 298 8 245.2 This study

where T denotes temperature (K) and R represents the general
gas constant, valued at 8.314 ] mol ™' K™ '. Kp, represents the
equilibrium parameter and was calculated by graphing In g./C.
against g.. All AG° values were negative at the tested tempera-
tures, as demonstrated in Fig. S3 and Table S4, revealing that
MB's adsorption behaviour on the RMI-5 adsorbents was both
feasible and spontaneous. The negative values of the enthalpy
change indicate the exothermic nature of the adsorption
process of MB by the RMI-5 adsorbent. Furthermore, the MB
molecules and adsorbents interacted through van der Waals
interactions, hydrogen bonding, and electrostatic forces, as
evidenced by the negative value of AS°.

3.2.7. Adsorption mechanism. The adsorption mechanism
of MB on the RMI-5 adsorbent surface was explored using FTIR.
Fig. S4 compares RMI-5 fresh (before MB adsorption) and RMI-5
spent (after MB adsorption) to analyze the nature of the
adsorption process. The OH peaks were displaced from

3440 cm™ ' to 3404 cm ! after the adsorption of MB, suggesting
that the OH group was involved in the adsorption of MB. The
absorption band at 1600 cm™" is typical of C=C bonds. This
likely indicates the presence of the benzene ring in the MB,
showing that the MB was successfully adsorbed by RMI-5.*” The
distinct peaks identified at 1415 and 992 cm ™, associated with
the (CO;)*~ and O-Si-O groups, transformed to 1385 cm ™" and
1020 cm™' after adsorption of MB dye, respectively. After
capturing MB, the peaks detected at 556 cm™ ", associated with
the C-I group, were shifted to 542 cm . The peaks of the
(CO;)*7, 0-Si-0, and C-I groups shifted to lower wavenumbers
after the MB molecules were adsorbed, indicating that these
groups participated in MB adsorption. The proposed mecha-
nism for methylene blue (MB) adsorption onto the RMI-5
composite is illustrated in Fig. 8. It involves three primary
pathways: (a) hydrogen bonding: abundant hydroxyl (-OH)
groups on the RMI-5 surface interact with the nitrogen atoms of
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Fig. 8 The possible mechanism for MB adsorption on the RMI-5 surface.
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MB molecules, forming strong hydrogen bonds that enhance
dye retention. (b) Electrostatic attraction: the negatively charged
surface of RMI-5, enriched by functional groups and anionic
species, such as I and CO,*", facilitates rapid adsorption of the
cationic MB dye through strong electrostatic interactions. (c)
Pore diffusion: the porous structure and high specific surface
area of RMI-5 enable efficient dye molecule penetration and
retention via intraparticle diffusion through micro- and meso-
pores. These synergistic mechanisms collectively contribute to
the high adsorption efficiency observed. Overall, the findings
highlight the significant potential of Nal-functionalized red
mud as a cost-effective and high-performance adsorbent for the
removal of MB dye from wastewater.

4. Conclusions

This study successfully demonstrated the synthesis of func-
tionalized red mud (RM) composites using an impregnation
method, resulting in a novel and efficient adsorbent for the
removal of methylene blue (MB) from wastewater. The forma-
tion of hollow cores within the RM structure was effectively
regulated by varying the Nal content during functionalization.
Comprehensive characterization using XRD, DTG, TG, BET, and
FTIR confirmed the enhanced thermal stability, surface prop-
erties, and chemical functionalities of the synthesized
composites (RRM, RMI-1, RMI-3, and RMI-5). Among these,
RMI-5 exhibited the highest adsorption capacity, achieving
a maximum MB removal of 245.2 mg g ' under optimal
conditions. Adsorption kinetics and isotherm analyses revealed
that the pseudo-second order and Langmuir models best
described the process, indicating a chemisorption-driven
monolayer adsorption mechanism. Thermodynamic parame-
ters further supported that MB adsorption was spontaneous
and exothermic. The predominant mechanisms involved
included pore diffusion, hydrogen bonding, and electrostatic
attraction. The Nal-modified red mud composite demonstrates
considerable potential for the elimination of methylene blue
and analogous contaminants from aqueous solutions. The
findings indicate that this material may be utilized in extensive
water purification systems, especially in sectors where dye-
contaminated wastewater poses a significant issue.
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