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Abstract: Rapid adsorption systems utilizing metal oxide-based materials represent a
promising technology to address adsorption challenges, particularly for the effective
removal of methylene blue (MB). These systems enhance the continuous MB elimination
process by leveraging metal oxide (MO)-based adsorbents with high accessibility and
optimized adsorption conditions. The preparation process involves selecting metal oxides
with high surface area and strong adsorbate affinity, ensuring efficient interaction with
MB. Process parameters such as adsorbent dosage, contact time, temperature, pH, initial
concentration, waste volume, and pressure are modified to develop a rapid and
sustainable system for MB removal. This configuration enables efficient application in
water treatment, achieving faster and more effective MB degradation. Moreover, the
scalability of MO-based adsorbents ensures low-cost production and broad applicability,
further supporting sustainable waste management. This review critically evaluates
experimental findings from various studies on MO-based materials in rapid adsorption
systems, highlighting their potential for large-scale implementation in wastewater
treatment to mitigate environmental pollution.
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m INTRODUCTION

a significant concern in recent years.

Methylene blue (MB) has been considerably utilized
in the textile industry as a dyeing agent. Massive usage of
MB in industry generates a high dye wastewater due to the
rapid enhancement of economic development. Dye
wastewater consists of a large number of azo, phenyl, and
other organic compounds that are seriously challenging
to treat environmental safety. Improper disposal of dye
waste can harm the environment and human health [1].
Very high concentrations of MB in water will affect the
chromaticity and turbidity of the water. It irritates the
skin and nervous system, and long-term absorption of
water-contaminated dyes can cause severe damage to the
liver and digestive system of the human body [2].
Therefore, a highly efficient removal of MB sewage becomes

Various strategies have been designed to remove

MB in a water environment, including
coagulation/flocculation, advanced oxidation process,
photodegradation, membrane filtration, adsorption, and
biological treatment [3-9]. Among them, adsorption is
the most commonly used method for MB removal due
to its low operating costs, simple process design, and low
contaminant levels [10]. Adsorbents with different
properties can be utilized to remove different
contaminants [11]. For example, charged inorganic and
organic contaminants tend to stick to adsorbents with
oppositely charged surfaces due to electrostatic
attraction [12]. Heavy metals generally have a high

affinity for dyes with abundant surface hydroxyl or other
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functional groups. Additionally, adsorption can be
reversible so that the adsorbent can be regenerated by
appropriate desorption methods [13]. A well-designed
sorbent is a core component of the adsorption process. An
ideal sorbent for commercial use should possess high
adsorption capacity, rapid adsorption Kkinetics, cost-
effectiveness, non-toxicity to the environment, easy
separation, robustness, and reusability [14-15].

The use of metal oxides (MOs) in the adsorption of
reduced MB is of tremendous interest due to the simplicity
and affordability of the approach. As depicted in Fig. 1,
the utilization of MO in MB removal has increased for
almost years. Especially from 2010 to 2025, the usage of
MO in MB adsorption has been significantly enhanced,
revealing that MO has an adsorption capability to remove
MB. MOs are promising candidates as adsorbents because
of their excellent adsorption performance, low cost, easy
modification, and regeneration. Using MOs as sorbents to
produce high-quality treated wastewater [16], including
removing low-concentration contaminants at trace levels,
as most naturally polluted waters do not contain some
impurities, is essential [17].

According to the description, we reviewed the use of
MOs as MB adsorbents. Several types of MO adsorbents
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performance. We summarized the factor-influenced
adsorption processes to provide information on how
MOs could enhance adsorption performance. Kinetic
and reusability analyses were also described to inform
the adsorption mechanism using MOs and their
potential in long-term adsorption processes. Finally,
challenges and prospects are presented in detail.

m LITERATURE REVIEW

The literature review involved several steps. First,
searching for relevant literature, the review process
began with an extensive search of scientific databases,
such as Scopus, Web of Science, and Google Scholar, to
identify studies related to MO adsorbents for MB
removal from wastewater. Keywords such as "metal
oxide", "adsorption system", "methylene blue removal’,
and "fast adsorption” were used to gather the most
relevant articles. Once the search was complete, articles
were selected based on their relevance to the topic. This
involved reviewing the abstracts, methods, and results of
MOs (e.g., TiO,, ZnO, Fe,0s) for their ability to adsorb
MB would be prioritized. The selected articles were then
carefully analyzed to extract meaningful data and
findings. This included reviewing experimental setups,

are presented to demonstrate their adsorption MO types, adsorption mechanisms, removal efficiencies,
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Fig 1. The number of papers regarding the application of MO as MB adsorbent per year from 2000 to 2025, obtained

from scopus.com with the keywords "metal oxide for methylene blue"
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and factors such as pH, temperature, and adsorbent
dosage influencing the adsorption process. The findings
from various studies were be compared and synthesized
to draw overarching conclusions about the effectiveness
of different MOs in MB removal. The goal of this
literature survey is to provide a thorough understanding
of the field, highlighting the state of the art in MO-based
adsorption systems, their advantages, limitations, and
potential future directions.

m TYPE OF METAL OXIDE AS AN ADSORBENT

MO can be used as an adsorbent in three ways, i.e.,
single metal, bimetal, and multi-metal. Numerous factors
lead each study to select one of these kinds. The use of
single metals has multiple origins, including verifying the
nature of pure metals in removal, particularly in terms of
physicochemical stability and decreasing costs, as the use
of single metals typically does not necessitate a large
number of precursors or complex procedures. However,
the decision to utilize a bimetal seems to compensate for
the disadvantages of a single metal, as the existence of a
bimetal provides an active site that synergistically attracts
MB molecules during adsorption. In addition, bimetal is
frequently employed to enhance the adsorption process's
selectivity, so bimetallic combinations have a high affinity
for interacting with MB. Nonetheless, some researchers
select multi-metals because there are more opportunities
for interactions to occur. Besides, multi-metals can aid
each other in increasing the surface area of the contact
points and preserving physicochemical stability.

The average MB reduction performance of single
metal, bimetal, and multi-metal is determined by the
crystalline peak of X-ray diffraction (XRD), the types of
precursors, the size of the particles generated, the adsorbent
ratio, and the amount of MB pore size, as described in
Table 1. Each metal oxide had a crystallinity character
detected by XRD at different peaks (Table 1), with an
average crystallite size of 10-40 nm (data collecting
period 2020-2022) and diverse spherical, ordered, and
disordered crystallite morphologies. Depending on the
synthesis method, the particle sizes of MO ranged from 10
to 200 nm. Meanwhile,
adsorption performance, the usual ratio of adsorbent and

to accomplish optimum

adsorbate was around 1:4 (w/v). Adsorbents in the form
of a single metal, such as ZnO and Fe,O;, could reach
99% elimination. Still, several metals had the same
ability and highly depended on the pore size, allowing
MB access.

Characterization of reference materials was
utilized in the selection of MO-based MB adsorbents,
[18].  Although
amorphous MO adsorbents are suitable for removing

including crystalline materials
MB, crystalline materials outperform frequently due to a
variety of variables. Crystalline materials have well-
defined and regular atomic arrangements, which can
result in precise adsorption sites for MB molecules. This
regular structure may boost the adsorbent's selectivity
for MB over other pollutants. Crystalline materials often
have a more uniform distribution of adsorption sites,
which results in more consistent and predictable
adsorption behavior. This homogeneity can increase
both adsorption capacity and kinetics. Crystalline
materials are often more stable under various
circumstances, including temperature, pH, and ionic
strength [19]. This stability can lead to a longer service
life and more effective reuse of the adsorbent.
Furthermore, a larger surface area means more
adsorption sites, which increases adsorption capacity.
The suitable pore structure can aid in the passage of MB
molecules into the adsorbent, thereby boosting adsorption
rates [20]. The adsorbent has consistent particle size
distribution. Uniform particle size can improve mass
transfer and lower pressure loss in a full-bed reactor
[21]. The presence of certain functional groups on the
MO surface can either increase or impede MB sorption.
For example, hydroxyl groups can promote hydrogen
bonding with MB molecules, but carboxyl groups can
improve electrostatic interactions [22]. Smaller particle
sizes might result in increased surface area and quicker
adsorption kinetics. However, homogeneous particle
size distribution is essential for constant adsorption
efficacy. High adsorption capacity is required for
effective MB removal from wastewater. Selectivity is
essential for efficient MB removal from complicated
wastewater mixtures. The ideal particle size for MO-
based MB adsorbents is determined by various criteria,
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Table 1. Crystal and morphology features of MO used as MB adsorbent
Sample XRD peak (°) (S:izr}:zllﬁ:)e Precursor Particle size (nm) sar[r{;[ll:sg\f[B P(z;enigze Rezr;)o)val Ref
ZnO (100), (002), ND Zn(NOs)26H,0 100-150 0.1 g:40 mg/L 100 99.00 (1]
(101), (102),
(110), (103),
(200)
FeO NPs 102 37 FeCls 24-44 3 mg:10 mg/L ND 90.00 [24]
MnO: 12.79, 18.05, 34 KMnO4 0.02 g:0.1 g/L 50 93.62 [3]
28.69, 37.52,
41.95,49.71,
59.96
CuO-Fe:05/CTS-  8.5,19.5,27.8, ND ATP* wrapped by chitosan 250 mg/L:1 g/L 14.271 99.29 (4]
ATP 34.7,35.4 as support, Fe(NO3)3-9H.0
Cu (NOs)2-3H,0
CF-15 20-80 ND FeCl3-6H:0 CuCl»2H.O 20 mg:5 mg/L ND 58.57 [5]
CaMgO; 42 25 Ks[Fe(CN)s), CaSOs, 10mg/L:5 mg/L ND 97.00 [7]
MgCl,
CuO/MCM-41 32.5,35.5, ND Cetyltrimethylammonium ND 3-7 97.00 [25]
38.5,48.7, ammonium bromide,
53.5, 58.3, CuSO45H,0
61.5,68.1
Cu-Zn-Mn 30.19, 35.48, 17.31 Zn(NO:3)>-6H20 and 92.33 ND ND 87.00 [8]
53.42, 56.95, Mn(CH3COO0)»-4H.0
62.51
Fe20s 24.23,33.25, ND Fe(NOs);-9H.0 148.67-201.20 nm 0.15 g:25mg/L ND 100 [9]
35.77, 40.96, L-lysine, L-serine
49.58, 54.18,
57.76, 62.55,
64.09, 72.05,
75.57
TiOz 63.01 40.19 TiO2 0.002 g:3 mg/L ND 78.00 [10]

*ATP= attapulgite; ND: not determined; NPs: nanoparticles

including desired adsorption capacity, kinetics, and
regeneration efficiency [23].

The removal ability of the ZnO and MnO, samples
in the form of a single metal was greater than that of the
Cu-Zn-Mn samples, according to Table 1. Considering
the number of active center bonds, the tri-MO (Cu-Zn-
Mn) should have a higher adsorption efficiency than the
single-type MO. The contact area of the ZnO sample
(100-150 nm) was larger than that of the Cu-Zn-Mn
sample (92.33 nm). Hence, MB would bind strongly to the
large touch area and have several active centers. The
difference between the production of single metal oxide
and tri-metal oxide lies in the mixing of the three types of
MO, as in Cu-Zn-Mn, which is produced by mixing
CuSO,, Zn(NOs),, and manganese acetate. In contrast,
ZnO samples are produced using ultrasonically dispersed
Zn(NOs;), compounds. The removal ability of modified

samples like CuO/MCM-41 (97.00%) and CuO-

Fe,05/CTS-ATP (99.29%) was larger than that of pure
samples like TiO, (78.00%), MnO; (93.62%), and ZnO
(99.00%). This could be possible because a change can
expand the contact area, causing MB to be absorbed and
adhere to the larger surface area. MCM-41, which is
utilized to alter CuO, has the advantageous effect of
enlarging the pore diameter so that MB can be readily
captured. Pure MO, such as CuO, have the drawback of
agglomeration (clumping) during refining, which
reduces the surface area of contact and hence reduces the
ability to adsorb MB relative to the modified MO. This
is related to the nature of MB, where the higher
electronegativity of the MO leads to more MB adhered
to the active site; hence, MB will adhere more to Zn than
to Mn.

MB adsorption on MO adsorbents is regulated by
a number of physical variables, including pore size,
crystallinity, particle size, crystallite size, and adsorbent-
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to-adsorbate ratio. Mesoporous materials with pore
diameters ranging from 2 to 10 nm are often considered
ideal for MB adsorption. Larger holes facilitate the
diffusion of MB molecules, whereas smaller pores might
give more adsorption sites [26]. MOs in crystalline form
frequently exhibit superior adsorption capability because
of their well-defined structure, which affords particular
adsorption sites for MB molecules [27]. MO materials
with particle sizes of 100-300 pm are ideal for MB
adsorption. Smaller particles enhance the surface area
available for adsorption, but they also result in a bigger
pressure drop in a full-bed reactor and make separation
more challenging [26]. The size of crystallites can have an
impact on MO adsorption characteristics. Smaller
crystallites may have more surface flaws and active
adsorption sites [28]. Higher adsorbent-to-adsorbate
ratios can enhance MB removal performance while
increasing treatment costs. Higher ratios give more
adsorption sites for MB molecules; thus, increasing total
adsorption capacity. Higher ratios can boost adsorption
rates by shortening the diffusion route for MB molecules.
Higher ratios may result in higher removal percentages
from wastewater [29].

m MB ADSORPTION FACTORS VIA METAL
OXIDE ADSORBENT

Physical factors such as crystallinity, particle size,
crystallite size, and the adsorbent-to-adsorbate ratio
greatly impact the MO's ability to absorb MB. However,

secondary elements are just as significant in determining
the best circumstances for MB elimination. Table 2
examines the surface area factor, pore diameter, starting
concentration, adsorbent weight, adsorbate volume, and
the type of functional group present in MOs. It seems to
deepen the internal parameters (such as surface area and
functional groups) directly related to the adsorption
process and external adsorption factors (such as the
variable C,, adsorbent mass, adsorbate volume, and
time).

According to Table 2, single metals have a smaller
surface area (80 m*/g) than metals scattered on other
materials, such as carbon, due to the tendency of MOs to
form agglomerates between 5 and 20 nm in size. This is
why some researchers chose to distribute the MO on the
supporting material so that the MO's performance could
be enhanced by the cost-effectiveness and equal
distribution of small particle sizes. In addition, the
adsorption period for both pure and modified MOs
from Table 2 ranged from 50 to 240 min, where not all
long adsorption times resulted in a significant amount
of MB elimination. There are numerous reasons for
these phenomena. One of which is that some forms of
adsorbate are not strong enough to attract the other
adsorbate, causing the bound adsorbate to be released
and recombine with the bulk adsorbate solution upon
long-term adsorption. Due to the support of supporting
materials, ZnO was able to achieve over 93% elimination
in a short time (between 30 and 50 min) [12,14]. The rapid

Table 2. MB adsorption performance on MO

Sample S(m%*g) D (nm) Time(min) Co(mg/L) m(g) V (mL) Removal (%) Ref
AC-CuO 5.9082 14.6344 50 5 0.200 ND 95.28 [11]
AC-ZnO 49138 17.1305 0.050 94.95

AC-TiO, 7.8951  15.6531 0.300 96.96

ZnO 20.460 2-10 50 ND 0.600 150 98.17 [12]
CuO 25.760 ND 120 ND ND 100 88.00 [13]
ZnO 63.264 10-20 30 10 1.000 100 94.12 [14]
Fe,TiOs/BC 656.00 ND 120 ND 0.025 50 36.00 [15]
TiO, 50.400 8.8000 60 ND 0.020 100 97.90 [16]
TiO,-MCTs  264.58 18.0500 60 10 0.020 200 91.00 [17]
TiO, film ND ND 240 3 ND 80 78.00 [10]
SnO, 5.6475 4.6934 60 ND 0.050 50 78.00 [30]
CuO/g-CsN, ND ND 100 50 0.100 100 94.00 [31]

S: surface area; D: diameter; Co: initial concentration; m: mass; V: volume
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adsorption system with a time range of 10 to 60 min is
favored by many researchers and industries because of its
cost-, labor-, and energy-saving benefits. Although ZnO,
as a single metal without a supporting material, has a high
adsorption capacity due to its relatively high surface area
compared to other MOs, the necessary adsorbent mass of
1 g is rather significant. Even though ZnO is effective in
terms of time, the enormous amount of adsorbent
required necessitates important prices, particularly during
manufacture. This leads us to select a different type of
MO, such as TiO,, which takes relatively little adsorbent
to remove MB with a relatively high removal rate (about
97%), which is likely owing to the correct volume ratio of
adsorbent-to-adsorbate. In ZnO investigations (Table 2),
when the adsorbate volume was increased from 100 to
150 mL, the removal percentage rose by 5%. This can be a
consideration for optimizing the adsorption process so
that the physical features of the adsorbent fit the external
adsorption conditions, with the keywords time efficiency,
adsorbent weight, initial adsorbate concentration, and
adsorbate volume being crucial.

Modification of MO will boost MB removal because
it will increase the contact area. MB will be confined in the
active center on the touch area as in the TiO, film samples.
Table 2 shows that TiO, thin film and TiO,-MCTs had
MB removal capacities of 78% and 91%, respectively. For
this reason, TiO, modified with MCTs can have a greater
pore diameter because MCTs are particularly porous
materials; hence, they will absorb more MB than thin-film
TiO, samples. This also occurred with AC-CuO (95.28%)
and CuO (88.00%) samples. Based on Table 2, most
samples were exposed to MB for 50 to 60 min.
Nevertheless, an excessively extended soaking time will
also hinder the removal capability. Microporous blockage
inhibits the elimination of MB from the sample. The
stronger a metal's electronegativity causes the metal to
adhere to MB more readily. This is consistent with the
comparison of ZnO and CuO samples, in which the
removal percentage of ZnO (98.17%) was greater than
that of CuO (88.00%), as Zn is more electronegative than
Cu. However, the adsorption capacity of MB is
influenced by the

significantly physicochemical

properties of the adsorbent.
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Additionally, the surface charge nature of the
adsorbent is critical to investigate to improve the MB
attachment. An adsorbent with a negative surface charge
is advantageous for MB adsorption due to the positive
nature of MB molecules in an aqueous medium. For
instance, combining TiO, with ZSM-5 exhibits a
negative surface nature, which is suitable for creating
electrostatic attractions with MB molecules [12]. To
improve performance, pH adjustment is greatly
considered to obtain the optimum performance of MB
adsorption. As reported by Lu et al. [30], MB adsorption
using Fe-Mn binary oxide exhibited a low adsorption
efficiency at acidic conditions, revealing that the surface
charge of Fe-Mn binary oxide was positive at acidic
conditions. The positive surface charge of Fe-Mn binary
oxide leads to proton adsorption since the molecule size
of the proton is smaller than that of MB molecules,
creating an electrostatic repulsion with MB molecule
and reducing the adsorption result. However, the MB
adsorption at alkaline conditions is plateaued since the
pH zero point charge of Fe-Mn binary oxide is 6.2.
Mrunal et al. reported the enhancement of MB
adsorption results in alkaline conditions using Cu,O
[19]. Similarly, Liu et al. also exposed a significant
improvement in adsorption performance from a pH of 3
to 9, followed by a slight increase after a pH of 9 using
MnO,-modified lignin biochar [32]. Typically, MO has
a negatively charged surface in alkaline conditions,
promoting the MB molecule attachment on its surface
and improving the results.

The rapid adsorption system is inextricable from
the selected synthesis technique for producing MO or
MO-based adsorbents with exceptional physicochemical
properties. The low quality of the MO before and after
modification by traditional or advanced methods, which
are ineffective and inefficient in terms of process
complexity, cost, power, and energy, is the impetus for
the method selection. Compared to polymerization, sol-
gel, and precipitation, hydrothermal technique has
typically been favored the most. Each process utilized
multiple precursors, including metal nitrates (e.g.,
Zn(NO;),-6H,0, Ce(NO3);-6H,0, and Ni(NOs),), metal
salts (e.g., Ti(OCsHs)s), and metal carbonates (e.g.,
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CdCOs). Each precursor has unique features, and the
average selection criterion is the ease with which the
precursor may be transformed into impurity-free MO.
Some of the usual hydrothermal template routes use both
soft and hard templates, such as wood templates and
sporopollenin exine capsules. For time spent in the
reactor's aging chamber, the chosen hydrothermal range
was between 2 and 20 h, with decomposition/calcination
temperatures averaging between 60-700 °C. It is believed
that the selection of various aging times is strongly related
to the necessity for MOs to develop at varying degrees of
crystallinity. A low decomposition temperature and aging
time may be necessary to reduce energy and labor
consumption during synthesis.

Based on Table 3, the soft template approach
employing poly(N-isopropyl acrylamide) (PNIPAM)
provided the most effective MO with moderate aging
times and calcination temperatures. Having an N group
to attract MB is related to the need for mild circumstances
in the structural arrangement. This N group is quite
sensitive. By joining organic groups in MOs, most
employed templates contain crosslinked organic groups,
such as lycopodium, PNIPAM, and methylate. Based on
the calcination temperature range, the most utilized MO

625

was between 300 and 700 °C, with the majority being
calcined at temperatures over 600 °C for an average of
3 h. Water was the predominant solvent utilized in MOs.
The hydrothermal process was the method of choice for
producing MOs to improve physicochemical qualities
and MB removal performance. Even so, the adsorption
kinetics test remains an essential metric for determining
the response rate of MB elimination; therefore, a method
based on a kinetic model should not be overlooked.

m KINETIC MODEL OF MB ADSORPTION ON
METAL OXIDE

Kinetic modeling not only permit the calculation
of the sorption rate, but it also yields a rate expression
that matches the parameters of a potential reaction
mechanism. Several kinetic models, such as pseudo-
first-order kinetic models, pseudo-second-order kinetic
models, and intraparticle diffusion models, were
examined in this context. The pseudo-first-order
Lagergren model is predicated on the assumption that
the rate of change of solute uptake with time is directly
proportional to the difference between saturation
concentration and amount of solid uptake with time,
which is generally true during the initial stages of the

Table 3. Synthesis method of MO for MB adsorption

Aging  Temperature Removal

Samples Methods Precursor templates time (h) °C) Solvent %) Ref.

Ni-doped iron  Hydrothermal PNIPAM, Ni(NQO:3),, FeSO4 12 200 Milli Q water 99.00 [32]

oxide

Cdo Precipitation MICP (microbially induced 20 450 ND 78.00 [33]
cadmium precipitation), CdCOs

ZnO/SAPO-34 Hydrothermal Zn(NQ3).-6H>0 and NaOH 3 300 Deionized water 95.70 [34]

(AC-U)

CeO: Hydrothermal Lycopodium-pollen-templated 3 700 Deionized water ND [35]
CeO2

CTAB-Mo- Sol-gel Commercial fly ash cenospheres 2 500 Ethanol 99.70 [10]

TiO2/FAC (FAC), Ti(OCsHo)a

Fe20s Hydrothermal Lycopodium-pollen-templated 3 700 Deionized water ND [35]
Fe.0s

CeO> hydrothermal Ce(NOs3)3-6 H:O 450 Deionized water 90.00 [36]

m-PDA- In-situ PMMA, SnO» 5 70 THF solvent 95.30 [37-

PMMA/SnO:  polymerization 38]

process
TiO: Hydrothermal Ti(OC4Ho)4 3 260-600 Ethanol, deionized water, 97.90 [16]
and glacial acetic acid
ZnO Hydrothermal Zn(NO:s),-6 H.O 20 160 Deionized water 94.15 [31]
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adsorption process [11,39-40]. In the graph of In
[absorption] along the y-axis vs time along the x-axis, the
outcome is a straight line with the slope m = - k' and the
intersection b = In (absorbance). Therefore, the slope
measured from the graph yields the desired number, the
apparent rate constant (k'). The pseudo-second-order
model is a rate-limiting step where surface adsorption
involves  physicochemical  interactions  between
adsorbents in addition to chemisorption [11,40-41].
Various prior studies regard these two models as the most
illustrative of the adsorption kinetics model.

The pseudo-second-order model is commonly used
to characterize adsorption kinetics, notably for MB on
different adsorbents. This model implies that the rate-
determining phase is chemisorption, which is the creation
of chemical bonds between the adsorbate (MB) and the
adsorbent [41]. MB is a cationic dye that interacts
electrostatically with negatively charged functional
groups on the adsorbent surface, including carboxylates,
sulfates, and phosphates. This electrostatic attraction
causes the development of strong chemical bonds, which
is compatible with the chemisorption process proposed
by the pseudo-second-order model [42]. While the
pseudo-second-order model is commonly used to
describe monolayer adsorption, it may also account for
multilayer development under certain situations. If MB
molecules stack or aggregate on the adsorbent surface, the
total adsorption rate increases, resulting in a better fit to
the pseudo-second-order model [43]. The pseudo-
second-order model does not explicitly account for
intraparticle diffusion. Still, it can offer a fair match to
experimental data if this process is faster than the
chemisorption step. In other words, if the MB molecules
can diffuse into the adsorbent pores without encountering
considerable resistance, the chemical interaction at the
surface will have the greatest influence on the total
adsorption rate [44]. The adsorption kinetics can be
influenced by experimental parameters, such as adsorbent
dose, starting MB concentration, and temperature. For
example, increasing the adsorbent dose can increase the
accessible surface area for MB adsorption, resulting in
quicker rates and a better fit to the pseudo-second-order
model [45]. The physical and chemical features of the

adsorbent, such as surface area, pore size distribution,
and functional group density, can all influence
adsorption kinetics. Adsorbents having a large surface
area and numerous functional groups are more likely to
display pseudo-second-order kinetics due to their
improved capacity to interact with MB molecules [46].

The adsorption of MB by MO-based materials
predominantly follows the pseudo-second-order kinetic
model rather than the pseudo-first-order model, with an
average linearity of 0.982-0.999, as shown in Table 4.
The k’ value fluctuates between 10™* and 1072 (mol/L)'™
s7!, representing the specific rate of the reaction, linking
the reaction rate to the concentration of the reactants. A
smaller value of k' indicates a faster reaction. MO
materials combined with biochar, such as Fe,TiOs/BC
and MnQO,-BC, exhibit the highest k’, which can be
attributed to the high surface area and the strong affinity
of MOs for the biochar support. Both samples not only
accelerated the decay rate but also achieved the highest
adsorption capacity among other MOs. The adsorption
process was reportedly independent of the available
porosity of the support and provided more surface
interaction due to a moderate initial concentration-to-
MB volume ratio, ranging from 4:1 to 1:1 (w:v), with an
adsorbent weight of 25-50 mg and an approximate
adsorption time of 180 min. Although the reaction time
is relatively long, the required adsorbent amount is
small, and the reaction rate reaches maximum
adsorption capacity, thereby improving the overall
efficiency of MB removal on a large scale.

Table 4 shows that capacity decreased as the w/v
increased. The ratio between 3 and 8 then reduced
precipitously. Therefore, the capacity will fall if the ratio
increases. Then, based on time, if the time decreases, the
capacity also declines. The new capacity will increase if
the experiment is conducted for more than 100 min,
indicating that the time balance is greater than 100 min.
From Table 4, MO without combination or modification
tended to have a lower capacity than the combination of
other materials. The shorter equilibrium duration, as in
the M-Burkeana-Fe;O, material (30 min equilibrium),
means that the fast adsorption system is more effective,
with the proviso that this equilibrium is stable and there
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is no issue of the adsorbate detaching from the adsorbent
and recombining with the mother liquid.

m REGENERATION OF METAL OXIDE-BASED
ADSORBENT ON MB ADSORPTION

The adsorbent regeneration method involves
delivering spent adsorbent material and connecting it
with a solvent composition to assist in the removal of
adsorbate, contaminants, and impurities from the
primary material. Because the reuse of adsorbents
substantially reduces prices, labor, and energy without the
complication of re-synthesizing adsorbents, regeneration
is the cornerstone of the world's hope for the eradication
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of MB waste worldwide. Numerous investigations on
adsorbent renewal (thermal, chemical, microbiological,
and vacuum regeneration) have been conducted to
improve adsorption efficiency. On the surface of the
adsorbent, organic contaminants can be transformed
into harmless molecules. MO-based adsorbents can be
regenerated to recover their MB-removal capacity.
Although previous studies have examined the removal
of MB with various adsorbents, no specific research has
compared regeneration parameters (such as type of
regeneration method, type of solvent, regeneration
conditions, time, and temperature) with the total ability
to remove MB in several cycles, as shown in Table 5.

Table 4. Kinetic model of MB adsorption on MO

Sample Model K Qe R* Co(mg/L) W(g) V(mL) t(min) Ref.
Biochar ZnO PSO 0.001 146.2 0.982 160 0.100 100 225 (47]
Fe, TiOs/BC PSO 9.217x10™* 229.9 0.980 100 0.025 25 180 [15]
RGO-TiO,-CdO-ZnO-Ag  PFO 0.062 ND 0.950 ND 0.500 10 15 (48]
MnO,-BC PSO 7.324x10™* 167.1 0.999 50 ND 50 180 [49]
Ce0O,-g-C;3N; PSO 0.232 ND 0.982 ND 0.050 100 180 [50]
Fe,O; NPs PSO 0.063 50 0.999 20 0.400 50 45 [51]
Fe;O, PSO 0.033 29.82  0.999 100 1 300 100 [52]
CuO@AC PSO 0.037 29.31 0.987 10 0.100 50 60 [53]
CoO4-ACs PFO 0.029 ND  0.990 100 0.100 500 60 [54]
M-Burkeana-Fe;O, PFO 0.096 ND 0.990 5 0.025 100 30 [55]

PFO: pseudo-first-order; PSO: pseudo-second-order; qe: equilibrium adsorption capacity; k’: rate constant; t: adsorption time;

q: adsorption capacity at a certain time

Table 5. Regeneration of adsorbent-based MO on MB adsorption

Ratio of T Removal percentage in cycles (%)

Sample Method Solvent solvent:material th) cC) 1 2nd 3d gh 5thogho 7k Ref
Fe;04-OPBC-NCs Batch HCl and NaOH ND 4 30 61.0 ND ND ND 488 - - [55]
a-MnO:/Fe-Mn BO Batch NaOH 100 mL: 0.0013 g 12 30 97.2 92.3 883 80.3 74.2 64.7 52.3 [55]
Ce-Mn-Co Batch H,O» 20 mL: 20 mg 12 100 99.0 97.0 95.0 850 774 - - [56]
magnetic FesO4/TiO2/graphene Batch Ethanol ND ND ND 91.0 89.0 81.0 81.0 - - [57]
sponge (MFTGS)

GO-MnO. ND Deionized ND ND ND 99.0 98.7 98.5 96.0 950 93.0 - [58]
water

CuO-[p(NiPmA-mAc)] ND Deionized ND ND ND 100 99.0 95.0 90.0 - - - [59]
water

MgFe,04/rGO Batch NaOH ND 0.167 100 78.0 75.0 70.0 - - - - [60]

AC-CuO Batch HCl and NaOH ND ND ND 100 88.8 79.5 62.3 - - - [11]

AC-ZnO Batch HCl and NaOH ND ND ND 979 919 66.6 457 - - [11]

AC-TiO: Batch HCl and NaOH ND ND ND 993 96.7 669 24.0 - - [11]
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Each MO-based adsorbent has a distinct ability to

regenerate. MnQO,-based bimetallic material could
regenerate up to 7 cycles with a total removal of MB of
about 550 mg/g or a steady average removal of 79 mg/g
per cycle with a procedure that reduces the removal ability
by approximately 5%/cycle. This will not be found in
materials exhibiting a decline in removal ability in the first
four cycles, such as activated carbon (AC)-MO composite
samples (AC-CuO, AC-ZnO, AC-TiO,) that can remove
330 mg/g with a decrease in removal capacity of
approximately 20%/cycle. Under mild settings, the
temperature of the support for preparing the post-
regeneration adsorbent was between room temperature
and 120 °C for 1 to 24 h. The removal of ZnO as a single
metal was twice greater than that of an AC composite
(such as AC-CuO, AC-ZnO, and AC-TiO,). This is
anticipated from the selected MO, composite, and
regeneration processes. MnO,/Fe-Mn BO is an example
of a bimetallic adsorbent that appears more stable after
repeated use when compared to AC-CuO composites.
Bimetallic materials typically retain their stability
following regeneration.
Furthermore, the regeneration mechanism
determines the material's ability to remain stable after
multiple cycles. The batch method has been the most
common technique since it is less complicated than
thermal breakdown methods and other adsorbate release
techniques. Nonetheless, double solvents such as HCI-
NaOH in the batch approach appeared to reduce the
removal capability by up to 20% compared to the batch
method using a single solvent. In the first two cycles,
alkaline substances such as NaOH decreased removal
capacity by approximately 4%, whereas solvent peroxide
reduced removal ability by 2%. This demonstrates that
dilute peroxide tends to stabilize the material when
removing MB without causing considerable harm.
However, the batch peroxide approach is typically
avoided to protect the environment from excessive
peroxide discharge due to its toxicity. However, the ratio
of the recycled adsorbent to the amount of solvent must
be re-evaluated. A minimal amount of solvent is optimal
because it decreases the amount of solvents used in

regeneration. These considerations should be taken into
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account when selecting a regeneration procedure to
extend the material's useful life.

As seen in Table 5, many solvents are NaOH
because it helps eliminate MB. NaOH possesses a potent
extractive ability to remove organic groups from MOs.
NaOH is not detrimental to bimetallic metals but is
more destructive to multi-metallic metals. Still, this
compound can also slowly dissolve MOs, causing the
substance to deteriorate. Several studies have also
employed H,O; as a solvent for MOs. H,O, offers both
advantages and problems. The benefit of H,O, is that it
has two hydrogen bonds, allowing it to bind MB
strongly. It also does not damage the material because it
decomposes into H,O and O,. However, if H,O, is
discarded, it will become hazardous waste.

Fig. 2 corresponds to specific interactions or
components within the adsorption mechanism. MB will
dissociate in an aqueous solution (solvent) at the onset
of adsorption and then continue to interact with the
cation portion of the adsorbent to a certain extent.
According to numerous researchers, the adsorption
mechanism of MB in the adsorbent depends on all the
forces acting between the adsorbent-adsorbate particles,
where, under balanced conditions, not all adsorbent
surfaces are surrounded by adsorbate atoms or ions.
This phenomenon is referred to as partial covering.
Although both batches and continuous adsorption
techniques are employed for a variety of applications,
including MB removal, batch approaches are more
extensively researched and addressed in the literature.
This is because batch experiments employ a well-mixed,
static system and are often easier to set up and control.
starting MB
concentration, and temperature may be more easily

Factors such as adsorbent dose,
adjusted in a batch system. Batch experiments are useful
for investigating adsorption kinetics, equilibrium
isotherms, and understanding processes [61]. Data from
batch experiments may be used to create and evaluate
mathematical models of the adsorption process. Flow
rate, mixing, and adsorbent renewal can all hinder the
transition from batches to continuous operations.
Continuous systems frequently need more complicated

equipment and control systems, which can raise operating

Maria Ulfa et al.



Indones. J. Chem., 2025, 25 (2), 619 - 637

(@)

<
Intercalated ions

Electrostatic interactiom
+  H- bonding

(c)
h]4 MO o
I‘ A ‘N: N\:‘:‘;’::,,\\ x@ BT
Ly "“--so;e
(d)

Physical Adsorption

629

A" )
ooy ™

MB

Electrostatic Interaction

y 1 [R -. cr.@

Fig 2. Mechanism of MB adsorption using (a) Fe;Os; NPs [51], (b) Mp-MoOs0-MoO:s [81], (c) C/SA/Fe [82], and (d)

S-ZrON [83]

costs and complexity. Many research investigations focus
on understanding adsorption's underlying mechanics and
dynamics, which are sometimes easier to explore via batch

experiments. Batch tests can be performed to determine
the viability of utilizing a certain adsorbent for MB
removal before scaling up to continuous operation [62].
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One of the factors of partial covering is the size of
the adsorbate. The size prevents the adsorbate from
accessing the narrow surface area. The affinity of the
adsorbent surface can also be another factor that does not
provide a functional group that attracts the adsorbate.
Another one is the presence of steric hindrance due to
overlapping adsorbates, such that one adsorbate prevents
the interaction of other adsorbates with the surface
contact area of the adsorbent. Several earlier research have
identified a variety of adsorption processes for MB.

The definition of adsorption technique is a mass
transfer procedure in which one or more substances
(adsorbate) in a gas or liquid stream are selectively
transported to a porous solid surface (adsorbent). Several
aspects influence the rate of absorption. The extent of
adsorption on a solid surface is determined by the
following factors, i.e., adsorbent qualities, surface area, gas
properties, exothermic properties, and pressure. One of
the factors that increase absorption is surface area. The
greater surface area of the solid adsorbent permits more
adsorption. Additionally, the lower particle size results in
a larger surface area. Adsorption rises as the pressure of
the adsorbate increases, and this increase is the most
significant at low temperatures.

The adsorption of MB on composite adsorbents,
such as MO-carbon hybrid materials, involves complex
chemical interactions that are crucial for understanding
the efficiency of the process. As seen in Table 6, the most
commonly proposed mechanisms for MB adsorption are
electrostatic interactions and hydrogen bonding. MOs,
such as TiO,, ZnO, and CuO, typically carry negative
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their surfaces,

attraction formation with the positively charged MB

charges on enabling electrostatic
molecules. These interactions are significant in the
initial stages of adsorption, as the positive charge on MB
facilitates its binding to the anionic sites of the MO
surfaces. The extent of this interaction can be influenced
by the specific surface properties and the charge
distribution on the adsorbent, which vary with different
types of MO-based composites [63].

Hydrogen bonding, another critical interaction in
adsorption, often arises between the hydroxyl groups on
the adsorbent surfaces and the MB molecules. This is
especially pronounced in composite adsorbents that
incorporate carbon nanotubes, graphene oxide, or other
hydrophilic components. The formation of hydrogen
bonds with the -OH groups on the adsorbent’s surface
leads to the establishment of strong adsorption sites,
making the process faster and more efficient [64-65].
These interactions are confirmed through shifts in the
FTIR spectra, where the broadening of the -OH
stretching band and peak intensity variations indicate
hydrogen bonds' involvement in MB adsorption. The
synergy between electrostatic forces and hydrogen
bonding interactions significantly enhances the
adsorption capacity of these composites [66-67].

Additionally, conjugated m-mt interactions between
aromatic groups in the adsorbent, such as graphene
oxide or carbon nanotubes, and the aromatic rings in
MB contribute to the adsorption process [68-69]. These
interactions further enhance the adsorption efficiency,

particularly when composite materials that combine MOs

Table 6. Interaction between MB on MO-based composite during adsorption

Sample [MB](mg/L) Interactions Ref
Ti0,@SiO; nanoparticles 10 Electrostatic, hydrogen bonding [63]
Hematite a-Fe,O; nanoparticles 10 Electrostatic, m---n stacking, hydrogen bonding  [64]
ZnO Nanoparticles 20 Electrostatic [65]
Biochar@Al,O; nanocomposite 20 Electrostatic, hydrogen bonding [66]
Co;04/WO3/GO 5 Electrostatic, hydrogen bonding [67]
Mg(NOs),-modified lignite-based adsorbent 300 Electrostatic, m---n stacking [68]
CuO Nanoparticles 10 Electrostatic, hydrogen bonding [69]
Fe;0,@Si0, magnetic nanoparticles 10 Electrostatic [70]
Ce0,/Ti0; nanotubes 15 Hydrogen bonding, electrostatic [71]
Fe;04/SnO, nanocomposites 20 Electrostatic, rt---7t stacking [72]
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with carbon-based materials are used. The interplay
these
hydrogen bonding, and n-m interactions—offers a multi-

between interactions—electrostatic attraction,
faceted approach to the removal of MB from aqueous
solutions. The ability to engineer adsorbents that
efficiently exploit these interactions is vital for improving
the speed and capacity of adsorption, which is essential for
practical applications in water treatment and
environmental cleanup. As researchers continue to fine-
tune the design of composite adsorbents, achieving a
balance between these interaction mechanisms will be key
to optimizing MB removal under varying environmental
conditions [70-71].

Generally, the evaluation of how the adsorption of
MB happens on the surface of the adsorbent is conducted
by comparing the adsorbent's features before and after
adsorption. After adsorption, components such as N, S,
and Na often correlate with the presence of MB in the
composite structure. Several sorts of interactions have
been proposed in Fig. 2 to explain the adsorption of MB
on MO-based adsorbents, but two pathways appear to be
the most likely. Electrostatic interactions between the
metal oxide anion group (O*") and the filler and the
positive charge of MB or the positive charge of MO with
the cation component of MB provide the initial chance for
MB adsorption. The second possibility is the result of
hydrogen bonding between the adsorbent hydroxide and
MB. This is confirmed by the broadening of the signal at
3419 cm™ due to the ~-OH group in FTIR spectra, which
indicates a novel hydrogen bond interaction between MB
and MO-based adsorbents. Peak shift from 1616 to
1601 cm™" and 1419 to 1412 cm™ (due to the stretching of
MOs caused by MB addition) and the increase in peak
intensity in the aforementioned regions can be attributed
to the electrostatic involvement of these functional groups
in the MB adsorption [72]. Due to the MB adsorption by
the MO-support material, such as carbon in the C/Sa/Fe
composite, a conjugated structure and - interaction can be
observed between the adsorbent and MB. Hydrogen
interaction is anticipated to play the most significant
function in the fast adsorption method because it offers
the most hope for the rapid non-release of MB from the
mother liquor. Support electrostatic interactions and

conjugated structure interaction from the supporting
material continue to play a significant role so long as
there is no competition or overlapping molecules
between the adsorbate molecules, allowing all contact
surfaces of the adsorbent to function efficiently. This
leaves significant work to be done to engineer an
adsorbent with sufficient accessibility to accommodate
1-2nm MB without the risk of competition and
overlapping but capable of absorbing waste in a
relatively short time if the ratio of the weight to the
adsorbent and the
concentration is immense. If this is accomplished, it is

volume of the adsorbate
hoped that the fast adsorption system will become the
method of choice for large-scale organic waste
processing that is cheap, effective, and efficient.

To summarize, mesoporous silica [73] and MO
composites have shown great promise in various
applications, particularly in the MB adsorption [74-75].
Recent studies have emphasized the crucial role of
structural properties and synthesis methods in
improving material performance for environmental
applications, such as wastewater treatment. For
example, advancements in the design of mesoporous
silica with low iron concentrations and composites
supported on gelatin have demonstrated enhanced
[76-78].  These

underscore the importance of systematic literature

adsorption  capacities findings
reviews and continued exploration to understand
material behavior better, ultimately guiding the
development of more efficient materials for real

applications [79-80].
m CONCLUSION

A synthetic method approach to improve the
physicochemical properties of the adsorbent was
of XRD, FTIR,
adsorption-desorption nitrogen, and MB adsorption

evaluated based on the results

performance to describe the sustainable condition of this
MO-based adsorption. For the adsorbent preparation
procedures, the template approach is a quick and eco-

that
performance and

friendly  route delivers  considerable

physicochemical increases the

chemical resistance of the adsorbent in favor of stability
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after regeneration. Single metal structures and multi-MO-
based composites have distinct adsorption capacities.
Here, two vital and current topics in the adsorption
process, phenomenological studies and the shape of the
linear kinetic model for MB adsorption, are explored in
depth, leading to the conclusion that MB adsorption
largely follows a pseudo-second-order model. The
evaluation of the comparison between the linear
adsorption isotherm forms of the kinetic model for the
adsorption of MB reveals that the adsorbent with the
highest adsorption rate is a bimetallic adsorbent with a
removal rate greater than 93%. Other parameters, such as
low adsorbent weight, short adsorption duration, high
adsorbate volume, and high starting concentration of MB,
can be used as a reference to reduce adsorption costs and
labor. The fast adsorption system that takes these two
factors into account will be an environmentally friendly,
effective, efficient, and safe method, meaning that the
release of MB into the environment will not harm waters
with high regeneration properties and that it can be
reused for multiple times.
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