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APPLICATION OF GEOPOLYMERS AS EMERGING MATERIALS IN ADSORPTION TOWARDS
ORGANIC DYES: AREVIEW

Organic dyes, widely used in industries such as textiles, are major pollutants in wastewater due to their non-biodegradable
nature. They threaten human health and ecosystems, making their effective removal from effluents essential through advanced
treatment methods. Indeed, adsorption has garnered significant attention for its high efficiency, simplicity, cost-effectiveness, and
the reusability of adsorbents. Among various adsorbents, geopolymers with a three-dimensional aluminosilicate structure have
gained attention as effective adsorbents for organic dyes removal, owing to their high efficiency, cost-effectiveness, and ability to
be synthesized from industrial by-products. However, research on the operational factors affecting the adsorption performance of
geopolymers remains limited. Addressing this gap will strengthen their application in advanced and eco-friendly wastewater treat-
ment strategies. This paper reviews the synthesis and application of geopolymers materials for the adsorption of organic dyes. The
key operational parameters, such as pH, adsorbent dosage, temperature, and initial pollutant concentration, are briefly reviewed
to emphasize their critical impact on adsorption efficiency. Furthermore, the adsorption mechanisms responsible for organic dye
removal are also being explained. These insights support the reported performance of geopolymers, which is comparable to other

adsorbents. Hence, this supports the development of geopolymers as a promising reference for efficient wastewater treatment.
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1. Introduction

Rapid industrialization and urban growth have greatly
compromised water quality, primarily due to the release of sub-
stantial wastewater volumes and the influx of diverse pollutants
into aquatic ecosystems. The need for freshwater is expected to
surge by up to 55% from 2000 to 2050, fueled by the continued
expansion of industrial activities [1]. This issue is concerning as
it leads to environmental pollution. Wastewater contains numer-
ous hazardous substances, including organic dyes, heavy met-
als, pathogenic bacteria, pharmaceuticals, pesticides, and other
aromatic compounds [2,3]. Organic dyes, commonly used in
industries such as printing, textiles, leather, and paper, contribute
to wastewater with high levels of organic and dye content [4].
These activities have significantly contributed to the increased
presence of dyes in the ecosystems. Wastewater from the textile
industry, laden with harmful dyes originating from both textile

manufacturing and dyestuff production, poses a significant en-
vironmental challenge. About 280,000 tonnes of dyes per year
are being dumped into the environment, thus accelerating the
problem of water pollution [5,6]. The aromatic chemical struc-
tures of these dyes contribute to their carcinogenic and mutagenic
properties, presenting significant hazards to both human health
and aquatic ecosystems [7-9]. Consequently, eliminating organic
dyes from wastewater is essential before discharge to safeguard
public health and the environment.

Several conventional methods are utilised to eliminate
pollutants from wastewater, including coagulation, flocculation,
precipitation, ozonation, filtration, and microbial treatments.
Moreover, various separation techniques, such as adsorption,
ion exchange, electrochemical processes, membrane bioreactors,
reverse osmosis, advanced oxidation processes, and hybrid ap-
proaches, are widely implemented to improve treatment efficien-
cy [1,8,10,11]. Existing methods for removing dyes from water
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have drawbacks in terms of cost, time, energy consumption, tech-
nical feasibility, and environmental concerns. Conversely, ad-
sorption has become a preferred method for organic dye removal
due to its superior efficiency, cost-effectiveness, and operational
simplicity. Among the various adsorbents — such as activated
carbon, zeolites, clays, resins, chitosan, and metal-organic frame-
works — activated carbon is widely regarded as the benchmark,
owing to its remarkably high surface area, stability, and durability
[12,13]. Despite its superior adsorption capacity, the high cost
of synthesis and the challenges associated with regenerating
the material limit its scalability for large-scale applications.
Consequently, recent research has shifted toward alternative
adsorbents that are more cost-effective, efficient, and environ-
mentally sustainable, aiming to overcome those limitations [ 14].

Recently, geopolymer materials have gained researchers’ in-
terest as a promising alternative for pollutant removal via adsorp-
tion. Geopolymer is an innovative green material with diverse
applications, largely influenced by its structural characteristics
[15,16]. It stands out as an economically attractive option due
to its ability to utilize various agricultural and industrial wastes
as precursors in its synthesis. Geopolymers are aluminosilicate-
based materials synthesized through the activation of industrial
by-products using alkaline solutions [17-19]. Their porous struc-
ture, surface functionality, and ability to be tailored for specific
applications make them promising low-cost and sustainable
adsorbents for environmental remediation, particularly in the
removal of organic dyes from wastewater [20,21]. However,
despite their promising attributes, the application of geopolymers
in real-world wastewater systems remains underexplored.

Although several reviews have explored the general applica-
tions of geopolymers in environmental remediation, most of them
have focused either on synthesis techniques or broad pollutant
categories. Besides, existing studies often focus on laboratory-
scale experiments with limited evaluation of the operational
factors that influence adsorption performance. Therefore, this
paper examines the synthesis and application of geopolymer
materials for organic dye adsorption, with a particular focus on
operational parameters. Key parameters such as solution pH,
initial temperature, dye concentration, and adsorbent dosage
play a vital role in optimizing their performance and improving
their effectiveness in real-world wastewater treatment systems,
as illustrated in Fig. 1. Expanding studies in this area is es-
sential to fully realize the potential of geopolymers as effective
adsorbents for organic dye removal. Additionally, the review
highlights current research progress and identifies challenges
and future directions for optimizing geopolymers as sustainable
solutions in wastewater treatment. This targeted approach offers
a practical framework for optimizing geopolymer performance
under real-world wastewater treatment conditions. Accordingly,
this review serves as a valuable resource for developing cost-
effective, environmentally sustainable adsorbents. By leveraging
geopolymers, this approach offers a dual advantage: promoting
efficient waste management by utilizing industrial by-products
and advancing sustainable wastewater treatment solutions for
removing organic dyes and other pollutants.
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Fig. 1. Operational Factors Affecting the Efficiency of Geopolymer
Adsorbents in Wastewater Treatment

2. Classification of organic dyes

Organic dyes are essential in numerous industries, including
textiles, cosmetics, plastics, and printing, and are extensively
used in daily life. Their widespread application is due to their
low production cost, vibrant color properties, and high resistance
to environmental conditions [22]. However, these dyes tend to
persist in the environment because of their stability and resist-
ance to degradation, making them detectable across various eco-
systems [23]. Furthermore, dyes are categorized into two main
types — natural and synthetic, based on their sources. Natural
dyes, derived from plants, insects, and animals, are limited in
availability and tend to be unstable for large-scale use. Annually,
about 800,000 tons of synthetic dyes are produced worldwide,
and approximately 75% of this output is consumed by textile
manufacturing processes [24]. However, these dyes often end
up in industrial waste and are subsequently released into water
bodies, contributing to environmental pollution.

The presence of organic dyes in water sources raises serious
environmental and health concerns, even at low concentrations,
due to their toxic nature [25]. TABLE 1 displays the worldwide
standards for discharge dye effluent. Before being released into
the environment, the levels of each parameter in organic dye
effluent must meet the specified standards to minimize environ-
mental impact and ensure compliance with regulatory require-
ments. This highlights the importance of effective treatment
processes to reduce the harmful effects of organic dye pollution.

These organic dyes often have complex aromatic molecular
structures, such as aromatic rings, chromophores and auxo-
chrome that enhance their stability and resistance to microbial
and chemical breakdown, making biological and physicochemi-
cal treatments less effective [26]. The discharge of these organic
dyes into the environment leads to pollution and presents seri-
ous risks to aquatic organisms, microorganisms, and humans,



as they have the potential to induce mutations and cancer [27].
To mitigate these risks, it’s essential to remove organic dyes
from wastewater before discharge. Traditional methods for dye
removal include adsorption, photocatalytic degradation, reverse
osmosis, coagulation, flocculation, membrane separation, and
biological treatments [28]. Although some of these methods are
effective, their large-scale industrial implementation is often
restricted by high costs, energy consumption, sludge production,
chemical usage, and limited removal efficiency. For decades,
various adsorbent materials, including activated carbon, zeo-
lite resin, chitosan, and clay minerals, have been utilized for
water purification. Among these, activated carbon stands out as
a highly effective adsorbent material for water remediation,
owing to its exceptional adsorption capabilities. Due to the high
production costs and energy-intensive regeneration of activated
carbon, low-cost adsorbent materials such as geopolymers have
garnered research interest as cost-effective, efficient, and envi-
ronmentally sustainable alternatives for the removal of organic
dyes [29].

TABLE 1

Discharge standard of dye effluent into the environment [70]

Indicator Units Permissible limits

Temperature °C 40
pH — 6.0-9.0

Biochemical oxygen demand mg/L 250
Chemical oxygen demand mg/L 500
Total suspended solid mg/L 300
Total nitrogen mg/L 50
Total phosphorus mg/L 10
Oil and greese mg/L 50
Ammonical nitrogen mg/L 30

3. Geopolymerization

Geopolymers are inorganic polymers that are synthesized
by the geopolymerization process, which involves the activation
of alumino-silicate precursors using the alkali-activated material
at room temperature or high temperature [30,31]. This process
results in the formation of a three-dimensional silico-aluminate
network structure, where silicon (Si) and aluminum (Al) atoms
are tetrahedrally coordinated and share oxygen atoms, creat-
ing a robust structure [32,33]. This structure is derived from
the tetrahedral arrangement of silicate (SiO,) and aluminate
(AlO,4) where, SiO, tetrahedra contribute to silicate bonds
(Si-O-Si) and AlOy, tetrahedra introduce negative charges due
to the lower valence of aluminum compared to silicon, which
are balanced by alkali cations like sodium (Na") or potassium
(K"). The classification of geopolymers depends on the Si/Al
ratio in their structure. Based on this ratio, geopolymers can be
categorized into three classes: polysialate, polysialate-siloxo,
and polysialate-disiloxo [30]. The presence of a polymeric
Si-O-Al framework is a defining feature of both geopolymers
and zeolites, endowing them with shared characteristics like
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chemical stability and ion exchange capacity. While zeolites are
crystalline and geopolymers are amorphous at room tempera-
ture, this difference gives geopolymers distinct mechanical and
thermal properties, making them more suitable for structural and
industrial applications. Moreover, geopolymers boast a unique
combination of structural, chemical, and textural properties
that enables them to effectively adsorb and immobilize heavy
metals, organic pollutants, and other contaminants. Geopoly-
mers typically feature mesopores with sizes ranging from 10
to 50 nm, which lie between micropores (<2 nm) and macropores
(>50 nm). These mesopores facilitate effective diffusion and
trapping of metal ions, pollutants, or other molecules within the
structure [34,35].

Additionally, the formation of geopolymers follows a well-
defined sequence of reactions that consists of three stages: the
dissolution of aluminosilicate precursors, gel formation, and
subsequent hardening [36]. Every stage is essential in influenc-
ing the final material properties of the geopolymer, including
its mechanical strength, porosity, and chemical stability First,
the dissolution of the aluminosilicate raw materials, such as fly
ash, metakaolin, slag, or other alumina-silica-rich materials are
mixed with an alkaline activator, typically sodium hydroxide
(NaOH) [37]. The alkaline solution aids in the disintegration
of the aluminosilicate structure, dissolving the SiO, and AlO,
tetrahedra are transformed into soluble complexes [29,38,39].
Then, these complexes diffuse from the surface into the spaces
between particles, forming a gel system where polymerization
reactions take place. Finally, as water gradually evaporates
from the gel phase, consolidation and hardening occur, leading
to the formation of geopolymers with desirable mechanical
properties.

The properties of geopolymers, such as surface area, pore
structure, and surface charge, are largely determined by their
synthesis conditions and raw materials, which directly influence
the adsorption performance of the material. However, the effec-
tiveness of these materials in removing organic dyes from waste-
water also depends on various external operational parameters.
The following section discusses these key parameters in detail,
highlighting their roles in optimizing dye removal efficiency

4. Key factors for dye removal by geopolymer

The primary operating parameters that significantly impact
the adsorption-photodegradation process include the initial
concentration of organic dye, dosage of adsorbents, solution
temperature, and solution pH. These factors will be thoroughly
examined during the adsorption-photodegradation process,
as they are essential in influencing the efficiency of organic
dye removal from wastewater. In summary, a comprehensive
understanding of these parameters is essential for optimizing
operational conditions and maximizing the performance of
geopolymer-based adsorbents in wastewater treatment applica-
tions. The following sections provide a detailed discussion of
these aspects.
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4.1. Initial concentration of organic dye

The adsorption capacity of organic dye is significantly af-
fected by its initial concentration, as the removal efficiency relies
on the direct interaction between organic dye molecules and the
adsorption sites [40]. In general, adsorption capacity decreases
as the initial dye concentration increases due to the saturation of
active sites on the adsorbent surface [41]. At lower dye concen-
trations, more active sites are available for adsorption, whereas
at higher concentrations, the limited availability of these sites
constrains further adsorption. However, if the adsorption sites
are not yet fully occupied, a higher initial dye concentration can
improve the adsorbent’s uptake capacity. This occurs because
elevated dye concentrations create a stronger driving force for
mass transfer, enhancing the adsorption process [42].

Agisly, etal. [43] developed a fly ash-based geopolymer for
the removal of anionic acid blue 185, with an initial dye con-
centration ranging from 10 to 50 mg/L, to determine its optimal
performance under a 2.0 g/L geopolymer dosage at 20°C. The
study found that adsorption efficiency declined as dye concentra-
tion increased. Specifically, a high removal efficiency of 87.33%
was recorded at an initial concentration of 10 mg/L. This decline
in efficiency is attributed to the gradual saturation of available
adsorption sites as dye concentration rises. At higher concen-
trations, the limited number of active sites becomes occupied
more quickly, restricting further adsorption and reducing overall
removal efficiency. Additionally, while surface modifications
have shown promising improvements in adsorption efficiency,
the long-term stability, regeneration ability, and real wastewater
performance of these modified materials remain underexplored.

Additionally, Shikuku et al. [44] synthesized geopolymers
from volcanic ash and metakaolin for the removal of methylene
blue (MB) dye. The impact of initial MB concentration on ad-
sorption efficiency at equilibrium was examined within a range
of 10-50 mg/L. Results revealed that the amount of MB adsorbed
onto the solid phase at equilibrium increased significantly with
higher MB concentrations. For example, the adsorption capac-
ity of the sorbent rose from 4.8 to 24.1 mg/g as the initial MB
concentration increased from 10 to 50 mg/L. Nonetheless, the
study emphasizes high adsorption efficiency within a short dura-
tion but fails to evaluate the regeneration potential and long-term
performance of the geopolymer adsorbents. Moreover, similar
adsorption trends have been reported in other studies, aligning
with our previous findings [4547].

4.2. Dosage of adsorbent

Optimizing the minimum adsorbent dosage while maxi-
mizing adsorption capacity has significant economic benefits
for organic dye removal [48]. Extensive studies have been
conducted to explore the relationship between adsorbent dosage
and dye uptake efficiency across different systems. Generally,
dye removal efficiency increases with higher adsorbent dos-
ages, as a greater number of adsorption sites become available

on the adsorbent surface. At lower dosages, adsorption occurs
rapidly due to the abundance of unoccupied active sites. How-
ever, at higher dosages, the interaction between dye molecules
and adsorption sites becomes kinetically restricted, requiring
equilibrium to be reached before maximum adsorption can
occur [49,50]. Therefore, a comprehensive investigation into
the impact of adsorbent dosage provides critical insights into
the feasibility of attaining optimal dye removal with minimal
material input. Such an analysis is paramount in evaluating the
economic viability and practical applicability of an adsorbent
within large-scale treatment frameworks.

Research conducted by Onyango et al. [3] investigated the
adsorption capabilities of MB dye using phosphate geopolymers
derived from medical waste incinerator fly ash. The study exam-
ined the impact of varying adsorbent dosages between 0.1 g and
0.6 g on the removal of a 40 mg/L MB solution. The findings
revealed that the percentage removal of MB increased concur-
rently with the increase in adsorbent dosage. Conversely, the
adsorption capacity decreased as the adsorbent mass increased.
This phenomenon is linked to the increased availability of active
sites on the adsorbent as its dosage rises, while the reduction
in adsorption capacity is hypothesized to result from the ag-
glomeration of adsorption sites, restricting their accessibility.
A comparable trend was identified in research on the removal
of malachite green (MQG) dye using laterite-rice husk ash-based
geopolymers [48]. One major limitation is the lack of detailed
in regeneration or reusability testing, leaving the long-term ap-
plicability and economic feasibility of the adsorbent uncertain.

Similarly, Asim et al. [32] formulated eco-friendly ge-
opolymers from metakaolin by integrating an activator solution
containing sodium silicate and sodium hydroxide to eliminate
MB. Their study demonstrated that the percentage removal of
MB improved when the initial adsorbent dosage was increased
from 0.05 g to 0.1 g, likely due to a notable rise in active sites.
However, further increasing the adsorbent dosage led to a decline
in MB removal, which can be attributed to the overlapping of
adsorption sites, ultimately diminishing the number of effective
sites available for adsorption. Nevertheless, there was an inad-
equate investigation into the structural stability of the adsorbent
at higher dosages, particularly regarding agglomeration effects
or pore blockage that may influence adsorption kinetics. A sig-
nificant limitation was the absence of reusability or desorption
tests, which are crucial for assessing the practical applicability
of the geopolymer in continuous or cyclic wastewater treatment
systems.

Additionally, alkali-activated materials (AAMs) derived
from laterite (LA) and rice husk ash (RHA) were synthesized for
the adsorption of MG dye from aqueous solutions. The adsorp-
tion capacity of these materials exhibited a decreasing trend as
the adsorbent dosage increased from 0.05 to 0.3 g, beyond which
the values stabilized. The removal efficiency showed improve-
ment as the adsorbent dosage increased from 0.05 to 0.1 g, a trend
likely influenced by the gradual saturation of active sites and the
agglomeration of adsorbent particles as the dosage increased.
Excessive adsorbent mass leads to ineffective utilization of



adsorption sites due to particle clustering, limiting their acces-
sibility [51]. The substantial reduction in binding site accessibil-
ity caused by agglomeration suggests that optimal adsorption
performance is achieved at adsorbent dosages below 0.3 g, with
0.1 g being the most effective for the studied alkali-activated
adsorbents. Notably, while the effect of adsorbent dosage was
evaluated, the study did not conduct a detailed thermodynamic
assessment at varying dosages, which could provide insight into
how enthalpy and entropy vary with increased adsorbent mass.
Besides, the absence of a reusability and regeneration assessment
leaves a critical gap in understanding the durability and lifecycle
performance of the adsorbents.

4.3. Temperature

Temperature is a crucial factor in physical and chemical
adsorption processes, significantly influencing the adsorbent
capacity. As temperature increases, molecules move faster and
viscosity decreases, resulting in higher collision frequencies
between molecules [52]. Moreover, elevated temperatures lead
to expanded pore volume and porosity on the adsorbent surface,
ultimately enhancing adsorption-photodegradation efficiency. As
a result, the temperature of the aqueous solution significantly
influences the adsorption process. If the adsorption capacity
increases with rising temperature, the process is considered
endothermic, implying enhanced mobility of dye molecules and
greater availability of active sites on the adsorbent at elevated
temperatures [53,54]. On the other hand, if adsorption capacity
declines with increasing temperature, the process is classified as
exothermic, indicating a reduction in the strength of the interac-
tion between dye molecules and active sites on the adsorbent as
the temperature rises [55].

In 2024, [56] investigated the removal of MB dye using
porous metakaolin-based geopolymer. The results indicated that
adsorption capacity increased with temperature, ranging from
35°C to 45°C, suggesting an endothermic adsorption process.
This observation was consistent with thermodynamic analysis,
which confirmed the spontaneity of the adsorption process,
as evidenced by a negative AG® value and a positive AH® value.
Despite confirming the endothermic nature of the process,
the study did not include kinetic modelling to determine how
temperature influences adsorption rates and reaction pathways.
Furthermore, the efficiency of MB removal was studied by using
fly ash-based geopolymer. The key finding of this research is the
significant impact of temperature on adsorption performance,
where an increase in temperature within the range of 25°C
to 55°C led to higher dye removal efficiency, with the maximum
removal reaching approximately 96% at elevated temperatures.
This effect is attributed to enhanced dye molecule mobility, faster
diffusion, and increased availability of active sites at higher
temperatures. However, this research lacks a comprehensive as-
sessment of the reusability of the geopolymer adsorbent and its
thermal stability during repeated adsorption-desorption cycles.
These factors are crucial for real-world wastewater treatment,
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where adsorbents must maintain their structural integrity and
effectiveness over time [57].

In a separate study, Brahmi et al. [58] developed Hydroxya-
patite-metakaolin geopolymer (HAPMK-GP) pellets for the re-
moval of brilliant green (BG) dye from aqueous solutions. As the
temperature increased from 298 K to 338 K, the time required to
achieve adsorption equilibrium decreased. At elevated tempera-
tures, the rate constant (k,) rose significantly due to an increase
in the kinetic energy of molecules, which improved collision
efficiency between BG dye and the granule surface, accelerating
the adsorption process. Furthermore, these observations were at-
tributed to the higher kinetic energy of BG molecules at elevated
temperatures, which improved molecular collisions and reduced
the thickness of the diffusion boundary layer. However, the
structural stability of the HAPMK-GP under thermal influence
was not evaluated. Elevated temperatures could potentially alter
the material’s pore structure, surface chemistry, or crystallinity,
affecting long-term adsorption performance. To address this gap,
comprehensive structural characterization after thermal exposure
using techniques like BET, SEM, XRD, and FTIR is essential to
assess the impact of elevated temperatures on adsorbent stability.

4.4. pH

Solution pH is a key factor that directly impacts adsorption
efficiency by influencing the hydrogen ion concentration in the
medium [52]. Changes in pH alter the electrostatic charges,
ionization levels, and surface chemistry of both adsorbents and
dye molecules. At low pH, the adsorbent surface becomes posi-
tively charged, enhancing electrostatic attraction with anionic
dyes and increasing their adsorption efficiency [28]. However,
in the case of cationic dyes, adsorption efficiency declines due
to electrostatic repulsion. Conversely, at elevated pH levels, the
adsorbent surface acquires a negative charge, facilitating the
adsorption of cationic dyes while diminishing the efficiency
for anionic dyes [59]. The point of zero charge (pHpzc) is a key
factor in understanding the adsorption mechanism. It represents
the pH at which the adsorbent surface has a neutral charge and
is widely used to assess electrokinetic properties. Numerous
studies have explored the pHpzc of various adsorbents to gain
deeper insights into their adsorption behavior [55]. When the
solution pH exceeds the pHpzc, the adsorbent surface becomes
negatively charged due to functional groups such as OH™ and
COO", making it more favorable for cationic dye adsorption. On
the other hand, when the pH falls below the pHpzc, the adsorbent
surface carries a positive charge, enhancing the adsorption of
anionic dyes [60].

A study was conducted to examine the effect of pH on the
removal of MB dye using foamed metakaolin-based geopoly-
mer. The foamed structure enhances porosity and surface area,
resulting in a high dye removal efficiency of 95% removal
for concentrations up to 25 mg/L and a maximum uptake of
40 mg/g in batch tests. The study also investigates the effect of
pH, noting that the point of zero charge (pH,zc) of the geopoly-



1856

mer is approximately 8.2. Below this value, the surface tends
to be positively charged, which is less favorable for adsorbing
cationic dyes such as methylene blue. In contrast, pH values
above 8.2 promote a negatively charged surface, enhancing
electrostatic attraction and dye uptake. The findings indicate
that alkaline conditions enhance the adsorption of cationic dyes
like methylene blue due to favourable electrostatic interactions
between the negatively charged geopolymer surface and the
positively charged dye molecules [61]. Despite its promising
performance, the study does not address the stability of the
geopolymer under prolonged operational conditions, raising
concerns about potential structural degradation or a decline in
adsorption efficiency over time.

Furthermore, another study investigated this factor using
a partially dealuminated metakaolin (PDK) for MB dye removal,
revealing that the highest dye removal capacity of 8 mg/g at an
initial dye concentration of 60 mg/L and within a pH range of
7 to 12 [62]. The results revealed that the highest dye removal
occurred at alkaline pH, particularly around pH 12, where the
geopolymer surface is more negatively charged and thus more ef-
fective at adsorbing the cationic MB dye. The observed improve-
ment in removal efficiency is largely attributed to electrostatic
forces, which promote the adsorption of cationic dye molecules
under higher pH conditions. Nevertheless, the maximum ad-
sorption capacity reported is relatively low compared to other
geopolymer adsorbents, suggesting a need for further material
optimization. Similarly, a cost-effective and efficient coal fly
ash porous geopolymer (CFPG) was evaluated for Rhodamine B
(RhB) removal. The effect of pH on RhB removal using CFPG
was tested at pH levels of 2, 7, and 10, with a consistent removal
efficiency of 100% observed across all conditions due to the
zwitterionic nature of RhB [63]. However, this research does
not address the desorption and regeneration of the geopolymer,
which is critical for evaluating its long-term applicability and
cost-effectiveness.

5. Mechanisms of dye adsorption

The adsorption of organic dyes onto geopolymer surfaces
involves a range of physicochemical interactions that govern
the overall removal efficiency. These adsorption mechanisms
are closely linked to both the structural characteristics of the
geopolymer and the external operational parameters, includ-
ing adsorbent dosage, pH, temperature, and dye concentration.
Understanding these underlying interactions is essential for opti-
mizing adsorbent design and improving adsorption performance.
The primary mechanisms responsible for organic dyes removal
include electrostatic attraction, hydrogen bonding, ion exchange,
van der Waals forces, and n—r interactions as illustrated in Fig. 2
[48]. Each mechanism plays a variable role depending on the
nature of the dye, the surface chemistry of the geopolymer, and
the conditions under which adsorption occurs.

Electrostatic attractions similarly have a significant im-
pact, particularly when the dye molecules and the geopolymer

surface possess opposite charges. This interaction is strongly
influenced by solution pH, which determines the ionization
state of dye molecules and the surface charge of the geopolymer.
For instance, at low pH, the surface may become positively
charged, enhancing the adsorption of anionic dyes through
electrostatic attraction, whereas at high pH, cationic dyes are
more effectively adsorbed [43]. In addition, chemical processes
like ion exchange, complexation, and chelation additionally
improve dye retention, with functional groups such as hydroxyl
or silicate groups on the surface of the geopolymer establishing
connections with the dye molecular structures [41]. Moreover,
alterations to the surface, including the inclusion of metal ox-
ides or organic additives, enhance the adsorption capability by
boosting the surface charge density and generating additional
active sites [64]. The formation of a surface complex is a key
mechanism in the adsorption process, involving the binding of
ions to various functional groups on the adsorbent’s surface and
the electrostatic interactions between the adsorbent and adsorbate
surfaces [65].

Adsorption Mechanism

Adsorption Process

Fig. 2. Possible adsorption mechanisms for dye removal using ge-
opolymers [48]

Other than that, hydrogen bonding occurs between the
hydrogen atoms of functional groups on the geopolymer sur-
face and electronegative atoms in the organic dye molecules.
Specifically, this interaction is enhanced when the geopolymer
possesses abundant surface hydroxyl groups, as pH affects the
ionization of these functional groups [66]. Although van der
Waals forces contribute minimally to dye adsorption compared
to other mechanisms, their role becomes more significant in
geopolymers with high surface area and mesoporous frame-
works. These structural features enhance dye accessibility and
promote greater physical interaction between the adsorbent and
the dye molecules [67]. Additionally, n—r interactions occur with
aromatic organic dye molecules that can align with aromatic or
unsaturated regions of the geopolymer surface, such as those
introduced through organic modifiers or carbonaceous residues
[68]. These interactions are particularly relevant in neutral pH



environments and can be enhanced by surface modifications
that increase m-electron density. The temperature also affects
these interactions, as higher temperatures can improve dye
mobility and enhance molecular stacking, strengthening n—n
interactions.

In summary, a clear grasp of electrostatic attraction, ion
exchange, hydrogen bonding, van der Waals forces, and n—n
interactions lays the groundwork for designing efficient ge-
opolymer adsorbents. Therefore, building upon this mechanistic
insight, numerous studies have explored the practical application
of geopolymer-based materials for dye removal in wastewater
treatment. Consequently, the following section reviews recent
advancements, highlighting adsorption performance, key op-
erating conditions, and the suitability of these materials for
real-world implementation.

6. Adsorption of organic dyes using geopolymers

This section highlights recent research on dye adsorption
using different types of geopolymer-based materials, empha-
sizing their adsorption capacities, influencing parameters, and
modelling approaches to evaluate performance as summa-
rized in TABLE 2. For instance, a geopolymer derived from
metakaolin has been synthesized for the removal of MG dye
from aqueous solutions. The findings verified the successful
formation of the geopolymer, characterized by a well-developed
amorphous mesoporous structure. Experimental results indi-
cated that dye adsorption adhered to the Langmuir isotherm,
achieving a maximum capacity of 185.18 mg/g. The adsorption
mechanism was determined to be chemisorption, following
a pseudo-second-order kinetic model. Moreover, the results
demonstrated that the adsorption process is both spontaneous
and endothermic, as confirmed by thermodynamic parameter
analysis. The study also examined the effect of adsorbent dosage
on MG dye removal, revealing an increase in removal efficiency
from 47% to 97% when the geopolymer dosage was raised from
0.005 g to 0.2 g. This enhancement was attributed to the greater
availability of binding sites and surface area with higher adsor-
bent quantities. Additionally, the geopolymer exhibited strong
reusability, maintaining a substantial portion of its adsorption
efficiency across five cycles. These findings highlight the
potential of metakaolin-based geopolymer as an efficient, cost-
effective, and environmentally sustainable adsorbent for waste-
water treatment and dye removal [69]. However, the structural
stability of the geopolymer over time and under repeated use
was not assessed and the basic adsorption mechanism remains
unexplored.

Furthermore, a novel metakaolin-based geopolymer foam
adsorbent was developed using a chemical foaming method
to remove MB dye from aqueous solutions. This synthesized
adsorbent exhibited outstanding MB removal efficiency, achie-
ving a maximum uptake of 90% and an adsorption capacity
of 12.5 mg/g for a 10 mg/L dye solution at 40°C and pH 13.
The surface morphology of the adsorbent featured a distinctive
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bulk porous structure with flower-like hierarchical microstruc-
tures formed by multiple nanorod-based building units, sig-
nificantly enhancing MB adsorption. Thermodynamic analysis
confirmed that the adsorption process was both spontaneous and
endothermic, as indicated by negative AG® and positive AH® val-
ues. Additionally, the geopolymer demonstrated a strong affinity
for cationic dyes due to its surface charge characteristics. These
results highlight the potential of metakaolin-based geopolymer
foams as an efficient, cost-effective, and environmentally sus-
tainable solution for wastewater treatment [56]. Nonetheless,
this research has limited insight into the adsorption mechanism,
as it lacks kinetic and isotherm models.

Furthermore, metakaolin-based geopolymer microspheres
were created by incorporating magnesium oxide (MgO) to am-
plify their MB adsorption capacity. The optimally formulated
MK @3MgO/150-18 demonstrated a highly porous architecture
with a specific surface area of 63.69 m?/g and a maximum MB
adsorption capacity of 115.70 mg/g, far surpassing microspheres
without MgO. Electromagnetic interactions dominated the ad-
sorption process, and the material showed an excellent reusability
profile, retaining 95.94% of its adsorption efficacy following five
consecutive cycles. Kinetic analysis indicated that the adsorption
process followed a pseudo-second-order model, demonstrat-
ing that the adsorption rate is predominantly influenced by the
availability of active sites on the geopolymer. Additionally,
thermodynamic evaluation confirmed that the process is both
endothermic and spontaneous, implying that higher temperatures
improve MB adsorption, thereby enhancing the material’s suit-
ability for real-world wastewater treatment applications [28].
Although the material demonstrates good adsorption perfor-
mance, the long-term structural stability and potential leaching
of MgO or geopolymer components into treated water remain
unexplored.

In 2024, Bassam et al. [68] designed and analysed two
types of geopolymers — GPP (geopolymer powder) and Alg/GPP
(geopolymer beads modified with sodium alginate) to capture
methyl orange (MO) dye from aqueous solutions. The charac-
terization results confirmed the existence of alumino-silicate
gel, indicating successful geopolymerization, with notable pore
volumes of 0.17 cm®/g for GPP and 0.48 cm?®/g for Alg/GPP.
The specific surface areas measured 73.56 m%/g for GPP and
91.24 m%/g for Alg/GPP, demonstrating effective dye adsorption.
Optimal conditions for MO removal were identified as 120 mg/L
for GPP in 55 minutes and 180 mg/L for Alg/GPP in 20 minutes
at designated pH levels. Adsorption studies indicated that the
pseudo-second-order model accurately described the retention
mechanism, with chemisorption playing a dominant role. The
maximum adsorption capacities, as determined by the Langmuir
model, were 94.78 mg/g for GPP and 224.85 mg/g for Alg/GPP.
Thermodynamic evaluations confirmed the adsorption process
to be endothermic, spontaneous, and favourable, highlighting
its potential for practical wastewater treatment applications.
However, without assessing regeneration, it remains unclear
whether the adsorbent can maintain performance over succes-
sive cycles.
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TABLE 2
Comparative Analysis of Geopolymer-Based Adsorbents for Dye Removal
Percentage Adsorption . Isotherm .
Study Adsorbent Dye removal (%) capacity (mgfe) Optimal parameter model Kinetic model
Lazaryousefi Metakaolin-based pH 12, 40°C, 50 mg/L, . Pseudo-
et al. [69] geopolymer MG 7 185.18 120 min Langmuir second-order
Eshghabadi Metakaolin-based MB 90 125 pH 13, 40 C,.IO mg/L, Not reported | Not reported
et al. [56] geopolymer foam 60 min
) pH 11, 30°C, Pseudo-
Mo et al. [28] | MK@3MgO/150-18 | MB 99.62 115.70 100 me/L, 160 min Not reported second-order
Bassam et al 94.78 (GPP), ggpmp}i 5;;‘ ?nﬁl’ Pseudo-
' GPP / Alg-GPP MO ~90-100% 224.85 g/t o Langmuir
[68] (Alg-GPP) Alg-GPP: pH 5, 45°C, second-order
& 180 mg/L, 20 min

7. Conclusion and future work

The reviewed studies highlight the significant potential
of geopolymers synthesized from industrial by-products as ef-
ficient and sustainable adsorbents for eliminating organic dyes
from wastewater. Besides, this review offers a comprehensive
on recent advancements, with a distinct emphasis on the role of
key operational parameters such as initial concentration, dosage
of adsorbents, temperature, and pH in influencing adsorption
efficiency. However, several research gaps remain that must be
addressed to advance their practical application. Firstly, most
existing studies are conducted using synthetic dye solutions
under controlled laboratory conditions, which do not accurately
reflect the complexity of real industrial wastewater. Future
research should therefore focus on evaluating the performance
of geopolymer adsorbents in real effluent systems containing
multiple contaminants such as salts, surfactants, and heavy
metals. According to the literature reviewed, experimental
conditions such as initial concentration, dosage of adsorbents,
temperature, and pH play crucial roles in the adsorption process.
The current studies focus on varying individual operational
parameters, such as pH, temperature, and adsorbent dosage,
without considering their combined effects. Future research
should employ multivariate optimization approaches, such as
response surface methodology or Al-based modeling, to better
understand parameter interactions.

Moreover, the adsorption mechanisms for various organic
dyes include physical adsorption, electrostatic interactions, and
chemisorption. Despite this known versatility, the precise contri-
bution of each adsorption mechanism under varying operational
conditions remains unclear. Most studies rely on basic isotherm
and kinetic models, which do not provide detailed insight into
the dominant adsorption pathways. Further research using ad-
vanced characterization techniques and molecular simulations is
needed to better understand the interaction mechanisms and tailor
geopolymer surfaces for improved selectivity and efficiency in
dye removal. Additionally, long-term stability, regeneration, and
reusability studies should be expanded to evaluate the economic
feasibility of these materials on an industrial scale. Combining
geopolymers with complementary treatment methods, such as

photocatalysis or membrane separation, may provide synergistic
effects that enhance overall treatment efficiency. Finally, compre-
hensive life-cycle assessments and techno-economic analyses are
necessary to confirm the environmental and economic viability of
geopolymer-based adsorbents compared to conventional materi-
als. Addressing these challenges will be crucial for realizing the
full potential of geopolymers in real-world wastewater treatment
and promoting their implementation as green and cost-effective
alternatives.
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