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Abstract. In this study, fly ash (FA)-based geopolymers
were synthesized using varying proportions of sodium
silicate/sodium hydroxide (Na.SiOs/ NaOH 10M) solution,
ranging from 49% in the 51FA sample to 67% in the 33FA
sample, used for the adsorption of methylene blue (MB) in
water. Following curing at 60°C for 24 h, the porosity of
the resulting geopolymers decreased, attributed to the
enhanced polycondensation process driven by the
increased Na»SiOs content, which resulted in the formation
of a more compact gel structure in the obtained
geopolymer. The Weber—Morris model indicated that
surface interactions with MB molecules were predominant
in the 51FA sample, while pore-filling mechanisms were
more pronounced in the 33FA geopolymer. Adsorption
experiments revealed that all geopolymer samples
conformed to the Langmuir isotherm model, with
correlation coefficients approaching unity.
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1. Introduction

Coal-fired power plants are significant contributors
to air pollution, with fly ash, a by-product of combustion-
posing substantial environmental and economic challenges.
The associated health risks for humans lead to increased
healthcare costs and reduced productivity due to illness.
The integration of fly ash into geopolymers presents a
promising solution, transforming waste materials into
valuable construction products, which promote both
environmental sustainability and economic benefits.

Currently, over 20 coal-fired power plants in Vietnam
generate approximately 15.7 million tons of fly ash
annually. By 2025, Vietnam aims to expand coal-fired
power capacity from 33% to 55%. It is projected that by
2030, 46 new coal-fired thermal power plants will be
operational, with current fly ash production estimated at
approximately 25 million tons per year.® However, only
30% of the total fly ash can be recycled into useful
products. The unrecycled fly ash is typically accumulated,
which poses serious ecological risks and heightens the
potential for natural disasters. Groundwater sources may be
contaminated if they encounter fly ash storage areas,
leading to changes in sediment pH and permeability,
clogging groundwater channels, and rendering the water
turbid and unfit for use. Additionally, as fly ash
accumulates, its toxins are released into the atmosphere,
further polluting the air around the disposal sites.? The
reuse of coal fly ash within the framework of a circular
economy is increasingly recognized as a key strategy for
reducing waste and recovering valuable materials. As a
byproduct of coal combustion, coal fly ash has traditionally
been viewed as an environmental challenge, but its
potential for sustainable reuse is significant. It is now being
utilized in the production of eco-friendly building
materials, such as concrete, which helps to lower the
environmental impact of construction while reclaiming
useful minerals like alumina and silica. Recent research has
introduced innovative methods for extracting valuable
components from coal fly ash, including alumina, through
techniques such as vacuum thermal reduction,
hydrochemical processing, and alkali dissolution. These
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processes not only reduce waste but also improve resource
efficiency by converting a problematic byproduct into a
valuable resource.® This approach not only reduces waste
but also enhances resource recovery, contributing to a more
sustainable and efficient use of materials within the
industrial sector.*

Geopolymers are indeed an innovative class of
inorganic polymers formed through the reaction of
alumina-silicate oxides with alkali metal silicate solutions
under highly alkaline conditions.>® Their unique three-
dimensional network structures, which can vary based on
the Si/Al ratio, play a crucial role in determining their
mechanical properties. The different structures, such as
polysialate (—-O-Si—O-Al-0-), polysialate siloxo (—O-
Si-O-AI-0-Si-0-), and polysialate disiloxo (O-Si—-O—
Al-O-Si-0-Si-0-), are influenced by the initial Si/Al
ratio in the raw materials, which typically ranges from 3.0
to 3.8.” Research has shown that the choice of starting
materials rich in SiO, and Al>Os is essential for effective
geopolymerization.®® The activation process often
involves high-concentration alkali solutions, such as
NaOH or KOH, along with sodium silicate as a binder
(NazSiOs3).1° Notably, geopolymers activated with NaOH
tend to exhibit superior compressive strength compared to
those activated with KOH at equivalent concentrations.*!
The recommended concentration of the alkali solution
generally falls between 5 to 15 M, with 10 M being
optimal for achieving desirable mechanical properties.’?
Temperature also plays a significant role in the
geopolymerization process. Curing temperatures between
60°C and 80°C are ideal, as higher temperatures can
compromise the structural integrity of the geopolymer.3
Additionally, the effect of mixing ratio of Na,SiOs/NaOH
in the preparation of geopolymer was studied,'* which
was typically around 2.5, which aids in enhancing the
silica content and promoting the formation of Si—O-Si
linkages, thus contributing to the overall strength of the
geopolymer.” Most studies have concentrated on the use
of coal fly ash as a primary raw material for geopolymers,
highlighting its potential for sustainable construction
materials and applications in wastewater treatment
through adsorption processes. Therefore, fly-ash-based
geopolymer is a promising material for both
environmental and engineering applications.® However,
the portion of this mixture was not well studied in terms
of different amounts in the geopolymer composition.
Hence, we aimed to prepare FA-based geopolymer with
various amounts of Na;SiOs in the activator mixture in the
presence of NaOH solution.

Globally, dye pollution from the textile industry is a
significant environmental challenge, contributing to water
contamination and posing risks to ecosystems and human
health. The textile sector releases large quantities of

wastewater containing hazardous chemicals, including
synthetic dyes like azo compounds, which are difficult to
remove using conventional treatment methods. These
chemicals can harm aquatic life, degrade water quality, and
negatively impact the environment. It is estimated that
nearly half of dyes are discharged into the environment as
pollutants, primarily due to the weak interaction between
fibers and dyes.’® These dyes exhibit a propensity to bind
with other compounds, possess a slow biodegradation rate,
and exhibit high chromatic intensity.’® The elevated
concentration of inorganic dyes in the environment
adversely affects ecosystem quality by obstructing sunlight
penetration and disrupting biological processes in aquatic
systems.*” Furthermore, these dyes are highly toxic and can
significantly alter the landscape of the affected areas.
Methylene blue (MB) is a synthetic dye that is widely used
in industries such as textiles, printing, and
pharmaceuticals.’® However, its presence in water bodies
due to industrial discharge poses a significant
environmental problem. The dye is known for being highly
visible, even at low concentrations, and it is resistant to
natural degradation, making it persistent in aquatic
environments.®® One method that has garnered
considerable attention for its simplicity, environmental
sustainability, cost-effectiveness, and potential efficiency
is adsorption.?® The objective of this study is to identify
suitable adsorption materials as geopolymer regenerated
from industrial waste, such as coal fly ash, for the effective
removal of MB from wastewater.

2. Experimental

2.1. Materials

The fly ash (FA) generated from coal combustion in
this study was collected from the Le Minh Xuan Industrial
Zone, Ho Chi Minh City (Fig. 1a). The samples were
ground and sieved using a 245-um sieve, then dried at
105°C for 24 h. The main chemical composition,
determined through X-ray fluorescence (XRF), included
SiO; 35.2%, Al,03 25.9%, CaO 7.6% and Na,O 1.5%. Fig.
1b displayed a scanning electron microscope (SEM)
micrograph of the FA at 3000x magnification. The FA
contained various spherical particles with an average
diameter of 50 um. Additionally, impurities were observed
in Fig. 1c at 3000x magnification. Hydrochloric acid (HCI,
36%), sodium hydroxide (NaOH, 99%), sodium silicate
(Na2SiOs, with SiO; content of 28.5%, and Na.O content
of 8.5%), and methylene blue (MB) were sourced from
Merck, Germany. All chemicals used in the preparation of
the geopolymer and the MB-adsorption experiment were of
analytical grade.
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Fig. 1. Appearance of FA a), SEM image of FA at magnification of 500X b) and 3000% c)

2.2. Methods

2.2.1. The preparation
of geopolymer from fly ash

The pretreated FA was mixed with the appropriate
amount in addition to NaOH and NaySiOs aqueous
solution. The ratio between Na,SiOs/NaOH was kept at 2.5.
The loading of FA was varied in the range of 33 to 51%,
noted as 51FA, 42FA, and 33FA (Table 1). The paste was
mixed within 5 min at room temperature before pouring
into the silicon mold (20 x 20 x 20 mm?) followed by
drying at 60°C for 24 h. After that, geopolymers were
obtained as seen in Fig. 2. Before measurements, these
samples were ground and sieved through a 245pm-mesh
sieve and washed in an excess amount of deionized water
until the pH reached a neutral value.

2.2.2. Characterization
of the obtained geopolymer

The surface morphologies of the samples were
examined using a scanning electron microscope (SEM)
(JSM-I1T300, JEOL, Japan). Prior to imaging, the samples
were coated with a thin layer of conductive material (gold)
to enhance electron conductivity. Imaging was performed at

various magnifications under an accelerating voltage ranging
from 10 to 15 kV. Furthermore, to analyze the elemental
distributions within the synthesized geopolymers, an energy-
dispersive spectrometer (EDX) (JSM-5300LV, JEOL Ltd.,
Japan) was integrated with the SEM system.

The transformation of the raw material into
geopolymer after alkali solution activation was evaluated
using Fourier Transform Infrared Spectroscopy (FT-IR)
(Microscope LUMOS, Bruker, Germany). The dried
samples were ground with potassium bromide (KBr) for
measurement in ¢ transmittance mode. The spectra were
recorded in the wavenumber range of 4000 — 400 cm™! with
a resolution of 2 cm™. Additionally, the geopolymer after
methylene blue (MB) adsorption was analyzed to observe
spectral differences. In addition, the deconvolution of the
IR spectra in the range of 1300 — 800 cm was carried out.
The centers of the fixed peaks obtained from the spectral
data were decomposed into their Gaussian components.
The peal centers and the curve were then fitted using
OriginPro 8.5.

The Brunauer-Emmett-Teller (BET) surface area
and pore size distribution of the geopolymer samples were
measured using a Tristar Il surface area and porosity
analyzer (Shimadzu). The geopolymer powders were dried
under vacuum conditions for 24 hours before nitrogen gas
adsorption at 77 K.

Table 1. Mixing portion of the geopolymer prepared from fly ash for 100 g

No. Sample FA (wt%) Na,SiO; (Wt%) NaOH 10 M (wt%) Na,SiOz/NaOH
1 51FA 51 35 14
2 42FA 42 414 16.6 25
3 33FA 33 479 19.2

The pH point of zero charge (pH,zc) was determined
to assess the adsorption performance of geopolymers in
relation to solution pH. Approximately 0.05 g of geopolymer
was placed in glass Erlenmeyer flasks containing 20 mL of
0.1M NaCl aqueous solution. The initial pH (pH;) was

adjustedto 2, 4, 6, 8, 10, and 12 using 1IN NaOH and 1N HCI
solutions. The samples were agitated for 180 min at 300 rpm
at 27°C. The final pH (pHj) of the solution was measured for
each sample, and the pHyc values were calculated when the
change in pH (ApH) was zero.
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2.2.3. The adsorption experiment of
methylene blue

Stock MB solutions of 12000 mg/L were prepared by
dissolving in deionized water. The working solution was
diluted to the desired concentration. The adsorption of MB
to geopolymer samples was measured by the following
process. Approximately 0.1 g of the dry powder of
geopolymer as an adsorbent was immersed directly into
glass flasks containing 20 mL of initial solutions of 100
mgLt. The pH of the MB solutions adjusted with 1M
NaOH aqueous solution was from 2 to 12. After 3 h of
agitation at 200 rpm at 300 K, the samples were centrifuged
at 8000 rpm for 15 min to remove the adsorbed powders.
After that, the remaining concentration of MB in the
centrifuged solution was determined by UV-Vis
spectrometry (PG Instrument, T60) at a wavenumber of
664 nm.

Here, the removal percentage (H %) (Eqg. 1) was:

H(@)=2=% x 100 (1)

0
where H was the removal capacity of the MB absorbed at
equilibrium (%); C, and C; are the initial MB concentration
and the concentrations in time (mg/L), respectively; M is
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the weight of the absorbents (g); and V is the solution
volume (L).
The uptake amounts q: of MB to the geopolymer

were calculated by the following equation (Eg. 2):

g =XV ()
where g: was the amount of MB absorbed at the current
time (mg/g).

3. Results and Discussion

3.1. The appearance of the geopolymers

Fig. 2 shows the images of the geopolymer samples
prepared from FA with different mixing ratios on the lateral
face (upper row). It was seen that the geopolymer exhibited
uniformity based on the initial mold size (20 x 20 x 20 mm?).
The mixing ratio directly influenced the external appearance
of the corresponding materials. Indeed, when the ratio of the
activating mixture increased from 49% to 67% during the
geopolymer synthesis process, the porous structure of the
geopolymers was obtained in higher intensity as seen in
51FA and 33FA. Therefore, it was observed that the material
structure was somewhat affected.

2 cm

b

2 cm 2 cm

Fig. 2. Images of the prepared geopolymer on the lateral face (first row)
and base face (second row) of 51FA a), 42FA b), and 33FA c¢)
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This result could be explained by the increased mass
of the activating mixture (Na2SiO3z/NaOH) and the sample
curing process at 60°C, which caused the disruption in the
geopolymer structure, leading to a greater release of water
molecules. As observed from the base and lateral views of
the samples (bottom row), numerous pores developed
following the geopolymerization process, which was
typically associated with the release of water and the
formation of reaction products within the matrix. In
particular, the 33FA geopolymer exhibited pronounced
surface cracking, suggesting that significant water
evaporation occurred during the curing process at 60°C for
24 h, likely leading to internal stress and shrinkage, which
ultimately caused the cracks.?* These findings highlighted
the sensitivity of the microstructure to curing conditions.
However, it should be noted that these ratios were
successfully synthesized and wused in subsequent
experiments.

From Table 2, the main chemical compositions were
listed to compare the difference before and after the
geopolymerization. As seen, the fly ash sample did not
contain heavy metals. The SiO; (%) content differs
between the fly ash (FA) sample and the geopolymer after
synthesis. The Si/Al ratio of FA is 1.40. After the synthesis

Table 2. The properties of the prepared geopolymers
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process, involving the alkaline mixture and plasticizer, this
ratio increases to 1.82 in the 51FA, 1.47 in the 42FA, and
1.42 in the 33FA. As the content of the activating mixture
increased, the percentage mass of SiO, was higher
compared to the original fly ash material; however, there
was no significant difference between the 42FA and 33FA
samples. The Al:O3 (%) content also followed a similar
trend. Notably, the 51FA geopolymer showed a higher
SiO; content, while the Al,O3 content decreased compared
to the original FA material. This indicated that during the
geopolymer preparation, the NaOH 10M solution dissolved
some parts of the Al,Os, leading to a loss in the 51FA
geopolymer. This could be explained by the reduction in
the FA content in the initial mixture for the
geopolymerization, which decreased the interaction
between the components. Furthermore, the addition of SiO;
was loaded in a solution form, which might lead to unstable
durability after the water-washing process. Another
noteworthy observation was that the percentage of Na,O
content in the 51FA sample was found to be higher than in
the FA and the 42FA and 33FA. This result once again
highlighted the importance of the initial mixing ratio in
forming the structure of the corresponding geopolymer
sample.

- . — 5
No. Sample Sicl\)/lzam cheAn:zlgil comp'):oes;lg:)n (thfl);z o Surface area (m%g) | Pore size (nm) Poz;:g/l;)me
1 |51FA 41.1 22.6 18.4 35 99.8 4.2 0.089
2 | 42FA 38.2 25.9 18.8 15 95.9 4.0 0.086
3 | 33FA 37.1 26.2 19.5 15 89.7 3.8 0.075

3.2. Properties of the geopolymers

3.2.1. Morphology of the geopolymers

Fig. 3 presents the morphology of the geopolymer
prepared at various conditions. It was observed that after
the addition of activating agents and binders in the
geopolymerization process, the surface of the ash particles
became rougher, and the particles increased in size
compared to the raw FA (2000%). However, at a
magnification of 10,000x, several FA particles were still
intact. These were unreacted fly ash particles that remained
in the mixture after the activation process, indicating that
the surface area of the particles might be interfered with.
As seen, the surface morphology of the 51FA was more
porous compared to the others. In the cases of 41FA and
33FA, impurity substances were observed to accumulate on
the surfaces of the synthesized geopolymers. This
phenomenon might be attributed to the increased

concentration of alkaline activators used during the
preparation process, which likely resulted in the formation
of the pore in a smaller volume and size within the
geopolymer matrix. Despite this, unreacted FA particles
were not detected in the 33FA sample. This absence was
likely due to the insufficient availability of reactive
precursor materials, which limited the progression of the
geopolymerization reaction and ensured that most of the
FA was fully consumed during the process.

3.2.2. FT-IR spectra

Fig. 4 illustrates the FT-IR spectra of fly ash (FA)
and geopolymer samples with the increasing proportions of
the activator mixture during synthesis. In general, across all
samples, the spectrum in the wavenumber range of 3400 —
3500 cm* corresponded to the stretching vibrations of O—
H bonds in SiO;, forming silanol groups (Si-OH).
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Fig. 3. SEM images of the prepared geopolymer of 51FA a), 42FA b) and 33FA c) at 2000x (left) and 10000% (right)

The intensity of this peak increased as the FA content
in the geopolymer samples was enhanced.?? The
wavenumber around 1650 cm* was assigned to the H-O-H
bond, indicating the presence of water molecules intercalated
within the material's structure. This suggested that the
material exhibits hygroscopic properties under normal
conditions.? In the case of FA, the spectrum at 788 cm™ was
the AI-O bond within the structure of Al,O3. Meanwhile, the

spectrum at 1102 cm* indicated the asymmetric stretching
vibrations of Si-O-Si bonds.” Notably, the wavenumber at
1101 cmt, presenting the Si-O bond in the structure of FA,
was shifted to a shorter wavelength (approximately 990 cm-
1), representing A-O-Si bonds. The intensity of this peak
increased  correspondingly  with the FA  content.
Additionally, the wavenumber at 1456 cm™ represented the
C=0 bond in the molecular structure of Na;COs. This
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phenomenon could be attributed to the use of a large amount
of NaOH and NazSiO3 solutions during the preparation of
the geopolymer samples.”? Through the FT-IR spectrum, it

Khoa Dang Nguyen et al.

was observed that the synthesis of geopolymer from FA with
different mixing ratios of Na;SiOz and NaOH 10M has

occurred.
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Fig. 4. FT-IR spectra of FA and the prepared geopolymer

To further elucidate the interaction between FA and
the activator mixture during the geopolymer synthesis
process, the Gaussian differential deconvolution method
was applied in the wavenumber range of 1300 — 800 cm?
(Fig. 5). This was used to examine changes in specific bond
components corresponding to the various vibrational
modes of the geopolymer structures formed, with an
excellent fitting correlation (R?> = 0.9995). Based on
reference studies from various authors, five deconvoluted
regions representing specific bonds were analyzed in this
study. According to H.T.B.M. Petrus et al. (2022), peak 1
(1180 — 1110 cm™) was associated with the asymmetric
stretching of Si-O-T bonds in the unreacted fly ash
structure. Peak 2 (1095 — 1040 cm™) represented the
stretching of Si—O bonds. Peak 3 (1037 — 997 cm™) was the
T-Si-O bonds in the tetrahedral structure of the
geopolymer network. Peak 4 (970 — 920 cm?)
corresponded to the asymmetric stretching of Si—-O-Al/Al-
O-Si bonds in minerals such as mullite or dickite. Peak 5
(897 — 850 cmY) is attributed to the bending vibrations of
O-H bonds in Si-OH structures from unreacted activator
solutions. In Fig. 6a for FA, the peaks 1 and 3 exhibited
significant distributions, indicating the presence of the
unreacted initial structure. Geopolymer samples with
different mixing ratios (Figs. 6b—6d) demonstrated notable
differences. The intensity of peak 3 was highest in the
51FA sample and lowest in 33FA. Additionally, peak 4
tended to increase, reflecting an inefficient interaction
between FA and the activator mixture. Peak 2 showed a
decreasing trend, which was explained by the loss of SiO;

content during sample washing to neutralize the conditions
for subsequent experiments.*

The difference in the reaction behaviour of Si-O
bonds in sodium silicate and fly ash when exposed to highly
concentrated NaOH primarily stemmed from their distinct
structural characteristics and reactivity. Sodium silicate was
recognized as an amorphous and highly soluble material,
existing in glassy or liquid forms, and contained readily
available Si-O-Na and Si—O-Si bonds. Upon exposure to
concentrated NaOH, these Si—O-Si bonds underwent further
depolymerization, resulting in the formation of soluble
silicate species such as SiO4*, HSiOg", and H,Si03.% This
reaction occurred rapidly due to the high solubility and
availability of reactive Si~O bonds.?® In contrast, fly ash
comprised a complex mixture of amorphous and crystalline
phases, with Si-O-Si and Si—O-Al bonds forming a three-
dimensional network, rendering it less reactive. Hence,
NaOH initially attacked the amorphous phase, gradually
breaking Si-O and Al-O bonds, leading to the dissolution of
silica and alumina species. This process was a key step in
geopolymerization, wherein the dissolved Si and Al species
re-polymerized into an aluminosilicate network.?” Due to the
higher structural stability and lower solubility of fly ash, its
reaction with NaOH proceeded at a significantly slower rate
compared to sodium silicate.® Owerall, sodium silicate

reacted almost immediately in NaOH, forming soluble
silicate species, whereas fly ash underwent a slower
dissolution and transformation process, primarily due to the
presence of alumina and the greater strength of its Si—-O-Si

bonds.
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Fig. 5. Deconvolution of FT-IR spectra of FA a) and the prepared geopolymer b — d)

Therefore, after the washing process using distilled
water, the loss of Si—O bonds in sodium silicate occurred.
In addition, the percentage of Na* ions in the 42FA and
33FA samples was similar to that in the initial FA. Hence,
the release of these Si* and Na* ions from the sodium
silicate solution occurred. These results suggested that the
suitable ratio in this study was 51FA, ensuring a balance of
components during the geopolymerization process.

3.2.3. Porosity of the geopolymer

In the synthesis of geopolymers using high or
sufficient concentrations of NaSiOs and NaOH, the
resulting specific surface area, pore size, and pore volume
were significantly influenced by the concentration and ratio
of these alkaline activators. As illustrated in Fig. 6a, the
geopolymers demonstrated a mesoporous —structure
consistent with Type 1Va isotherms.?® However, the amount
of adsorbed nitrogen progressively declined with decreasing
FA content in the synthesis composition. Additionally, the
observed reduction in surface area might be attributed to the
leaching of silicate and sodium species during the washing
process. Silicate species were known to play a critical role in
the formation of the geopolymer gel network in fly ash-based
systems. The leaching of these species could disrupt the
integrity of the gel structure, leading to a decrease in the

amount of active material contributing to the surface area and
resulting in a less porous microstructure.® Alkali activators,
particularly sodium ions (Na*), supported the maintenance of
the charge balance and facilitated the polymerization process
during geopolymer formation. The leaching of Na* ions
could disrupt this charge equilibrium, thereby compromising
the structural stability of the gel network. It was confirmed
in Table 2 that the remained percentage of Na* ion was less
in the 33FA sample than in the 51FA. Consequently,
shrinkage or collapse of the pore walls might occur, leading
to a reduction in the number and size of accessible pores.3!3?
For example, the Brunauer—Emmett-Teller (BET) surface
area decreased from 99.8 m¥g for the S51FA to 8§9.7 m?%/g for
the 33FA sample. It has been reported that increasing the
Na-SiOs/NaOH ratio led to the formation of a denser
microstructure with reduced overall porosity.>® Elevated
sodium silicate content facilitated the formation of a more
compact gel and accelerated the polycondensation process,
thereby limiting the development of internal micro- and
mesopores.>* However, excessive Na.SiOs concentrations
might impede the geopolymerization process. This inhibition
was attributed to the high concentration of Na* ions, which
might hinder the interaction between reactive phases and
precursor materials, resulting in incomplete reaction
pathways and the entrapment of unreacted particles within a
dense gel matrix, ultimately reducing porosity.>>3 Pore size
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was a critical microstructural parameter influenced by the
type and concentration of activators, curing conditions, and
the characteristics of the raw material. In the present study, a
higher proportion of sodium silicate (alkali activator) in the
geopolymer composition resulted in a decrease in the
average pore size, with values of 4.2 nm for the 51FA and
3.8 nm for the 33FA sample. (Fig. 6b). Rapid gelation,
induced by high activator concentrations, was able to
encapsulate unreacted or partially reacted particles, leading
to a decrease in accessible internal surfaces.3” Furthermore,
accelerated gel formation under high activator
concentrations promoted a finer and more uniform pore
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structure. Consequently, the pore size distribution shifted
toward smaller diameters, indicating that the formation of a
denser gel phase under these conditions reduces the overall
void volume.®8 A similar trend was observed in pore volume,
which diminished as a result of rapid gelation and the
formation of a denser structural network in the presence of
elevated sodium silicate and sodium hydroxide contents.
Excessive activator concentrations restricted the formation
of larger capillary pores, thereby contributing to a lower total
pore volume. Table 2 presents the porosity characteristics of
the geopolymers synthesized with varying amounts of
sodium silicate and alkali activator solution.
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Fig. 6. Nitrogen adsorption/desorption isotherms a) and the corresponding pore size distributions b) of the prepared geopolymer

3.2.4. pHpzc of the geopolymer

The point of zero charge (pHpc) is a critical
parameter that indicates the pH at which the surface of a
material carries no net electrical charge. It directly
influences the material's interaction with ionic species in
solution, especially in applications such as adsorption,
catalysis, or wastewater treatment. In this study, pHpzc of
the geopolymer synthesized from fly ash was determined
to be approximately 8.0 (Fig. 7), similar to others.®® This
value remained relatively stable regardless of whether a
high or sufficient amount of sodium silicate solution was
used during synthesis. This observation suggested that the
surface chemistry of the geopolymer was not significantly
altered by increasing the sodium silicate content beyond a
certain threshold. Sodium silicate acts as a source of soluble
silica and also contributes to the alkaline environment
necessary for geopolymerization. However, once the
necessary amount of silicate was presented to facilitate the
reaction and form a stable aluminosilicate gel network,
further addition did not appear to influence the surface
charge behavior, at least not to the extent that it shifted the
PHpzc Value. The reason could be that the dominant surface
functional groups, typically Si-OH and AI-OH groups,
reach a saturation point in their chemical structure, beyond
which extra silicate ions were either incorporated in a way

that did not alter surface charge, or remained in the pore
spaces or matrix without reacting. It also implied that the
adsorptive behavior of the geopolymer would be relatively
independent of moderate changes in the sodium silicate
content.

3.3. Structural formulas

3.3.1. Effect of pH solution

The influence of pH on the adsorption behaviour of
geopolymers is widely recognized as a critical parameter
affecting their removal efficiency in aqueous
environments. As illustrated in Fig. 8a, the removal
efficiency of MB by the 51FA sample increased from
86.2% at pH 2 to 95.5% at pH 10, eventually reaching a
plateau at approximately 99 % under highly alkaline
conditions (pH 12). Similar trends were observed for the
42FA and 33FA samples, with maximum removal
efficiencies also attained at pH 10. At low pH values, the
high concentration of H* ions led to the protonation of the
adsorbent surface, resulting in a net positive surface charge.

These protons competed with the cationic MB
molecules for available adsorption sites, generating
electrostatic repulsion that reduces the adsorption efficiency.
Nevertheless, FA-based geopolymers were capable of
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removing MB through ion-exchange mechanisms, whereby
MB* cations replaced native alkali metal ions (e.g., Na*)
within the geopolymer matrix. This ion exchange was
enabled by the negatively charged aluminosilicate
framework of the geopolymer, which maintained
electroneutrality by accommodating exchangeable cations.
Consequently, MB removal remained effective even at

acidic pH levels (2 — 4).° Moreover, the porous structure of
the geopolymer enhanced the ion-exchange and adsorption
processes by offering abundant active sites, which was
carried out in the porousity properties.** Under alkaline
conditions, the presence of OH™ ions further induced a
negatively charged adsorbent surface, which favors the
electrostatic attraction of MB cations.

®-51FA

pHf - pHi

#42FA
#33FA

pH

Fig. 7. pHy.. of the prepared geopolymer

This suggested that electrostatic interactions between
deprotonated hydroxyl groups (silanol groups) on the
geopolymer surface and MB* were a primary driving force
in the adsorption process. As shown in Fig. 8 b, the
adsorption capacity of 51FA reached 18.3 mg/g at pH 8 and
slightly increased to 18.5 and 18.8 mg/g at pH 10 and 12,
respectively. Similarly, 42FA exhibited an increase from
17.8 to 18.5 mg/g, while 33FA increased from 17.7 to 18.1
mg/g over the same pH range. FT-IR spectral analysis
indicated that the use of a higher concentration of alkali
activators, such as Na.SiOs and NaOH solution, during
geopolymer synthesis might disrupt the formation of well-

100

\

Adsorption amount q, (mg/g)

-*51FA
=42FA
+33FA

®
S

2
S

Removal efficiency H (%)

60

e
~
IS
EN
®

10 12 14

structured aluminosilicate linkages. This deficiency could
result in fewer active adsorption sites, thereby reducing the
material's overall MB uptake capacity. In this study, 51FA
geopolymers were found to possess external silanol groups
that readily deprotonate under alkaline conditions,
contributing to their sustained adsorption performance. In
addition, pHyzc of geopolymers was obtained at 8, suggesting
that the surface of geopolymers was able to be negative when
dispersing in a solution having a pH higher than 8. Hence,
the optimal MB removal was observed at pH 10, where the
geopolymer surface exhibited the most favorable negative
charge density for interacting with cationic MB molecules.

20

|

Y

*51FA
*42FA
+33FA

S

R

S

=]
N
-
=S
=
=

8
pH

b

Fig. 8. The removal efficiency a) and the adsorption amount b) of geopolymers to MB on the effect of pH
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3.3.2. Effect of contact time

Similar to pH, contact time is another key
parameter that significantly influences the adsorption
performance of materials in water treatment applications.
Determining the saturation capacity of an adsorbent over
time is essential for optimizing its efficiency and
operational feasibility. In this study, batch adsorption
experiments were conducted using 0.1 g of adsorbent with
an initial MB concentration of 100 mg/L at an optimized
pH of 10. The contact time varied between 5 and 210 min
to investigate its effect on MB removal. As shown in Fig.
9, the removal efficiency and adsorption capacity of the
geopolymers generally increased with prolonged contact
time. Notably, all samples exhibited a rapid initial uptake
of MB, with more than 50% removal achieved within the
first 5 min (Fig. 9a). For the 51FA sample, the removal
efficiency increased progressively, reaching 91% at 120
min and peaking at 95.5% at 180 min, before slightly
decreasing to 94.3% at 210 min. Similar trends were
observed for the 42FA and 33FA samples as the removal
efficiency for 42FA increased from 89.9% at 120 min to
92.6% at 180 min, while 33FA improved from 89.7% to
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92.0% over the same time interval. However, further
extension of the contact time to 210 min did not result in
a significant improvement in MB removal, indicating that
the equilibrium had been reached at 180 min. In addition,
the adsorption capacity of the geopolymers for MB was
found to improve with a lower loading of alkali activator
solution, as shown in Fig. 9b. After 180 min of treatment,
the adsorption capacity decreased from 18.6 mg/g for the
51FA to 17.9 mg/g for the 33FA sample. This trend
indicated that a lower concentration of alkali activators
during geopolymer synthesis might favor the
development of more effective adsorption sites. These
findings supported the notion that the majority of MB
uptake occurred during the early stages of the adsorption
process, likely due to the high availability of accessible
surface active sites. As these sites became increasingly
occupied over time, the rate of adsorption gradually
declined, eventually reaching a state of dynamic
equilibrium. This behavior was consistent with typical
adsorption kinetics observed in porous materials. Here,
the investigation of kinetic models was tested in terms of
pseudo-first-order (PFO), pseudo-second-order (PSO),
and intra-particle diffusion (IDP) models.
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Fig. 9. The removal efficiency a) and the adsorption amount b) of geopolymers to MB on the effect of contact time

The adsorption kinetics of MB onto the
geopolymers were analyzed using PFO, PSO kinetic sand
IPD models, as described by the following (Egs. 3-5):4243

Ln(q. — q;) = Lng, — kqt (3)
11 Lt ”
q k0% qe
g = kt'/2+ 1 (5)

In these equations, ¢. represents the amount of
adsorbate adsorbed per unit mass of adsorbent at

equilibrium (mg/g), while g: is the amount adsorbed at a
given time t (mg/g). : denotes the rate constant of the PFO
model (1/h), k2 is the rate constant of the PSO model
(9/mgh), kis the intraparticle diffusion rate constant
(mg/gh¥?), and 1 is a constant related to boundary layer
thickness with diffusion resistance (mg/g).

Kinetic models were employed to elucidate the
adsorption behaviour of geopolymers toward MB ions. As
the contact time increased, the number of available active
sites on the adsorbent surface gradually decreased, leading
the system to approach adsorption equilibrium. The kinetic
parameters are summarized in Table 3, with the
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corresponding linear fittings presented in Figs. 10a and
10b. For all geopolymer samples, the correlation
coefficients (R?) for the PFO model were notably lower
than those obtained for the PSO model, indicating a poorer
fit. Specifically, for the 51FA sample, the R, value for the
PFO model was 0.5371, which was significantly lower than
the value obtained for the PSO model (0.9996).
Furthermore, the equilibrium adsorption capacity (qe)
predicted by the PSO model (18.4 mg/g) closely aligned
with the experimental value (18.6 mg/g), further validating
the model's applicability. These findings suggested that the
adsorption of MB onto geopolymers was more accurately
described by the PSO model, implying that the process was
primarily governed by chemisorption mechanisms. This
involved surface complexation reactions, where cationic
dye molecules interacted with negatively charged sites on
the geopolymer surface through electron sharing or
exchange. Moreover, the PSO rate constant (kz) decreased
from 1.6 to 0.8 g/mgh for 51FA and 33FA, respectively,
indicating a faster and more efficient chemisorption
process in the 51FA sample. This behavior might be
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The adsorption performance of geopolymers
synthesized from varying proportions of fly ash (FA) and
an alkaline activator solution was further evaluated using
the Weber—Morris (W-M) intra-particle diffusion (IDP)
model. As illustrated in Fig. 10c, the adsorption process
could be delineated into three distinct stages. In Stage |

attributed to its higher surface area or more favourable pore
structure, as confirmed by porosity measurements.
Collectively, these results demonstrated that 51FA
possessed superior surface characteristics, such as a greater
number of reactive sites and stronger affinity for MB,
which enhanced its adsorption performance under the
studied conditions. To further investigate the influence of
varying proportions of initial raw materials in the synthesis
of geopolymers, the intraparticle diffusion model,
commonly represented by the Weber—Morris (W-M)
equation, was employed, as illustrated in Fig. 10c.
Diffusion-based kinetic models typically describe
adsorption as a multi-step process consisting of. (1)
external mass transfer or film diffusion, which involves the
transport of adsorbate molecules across the boundary layer
surrounding the adsorbent particles; (2) intraparticle or
pore diffusion, wherein the adsorbate migrates within the
internal structure of the adsorbent through its pores or along
pore walls; and (3) adsorption or desorption at active sites
on the adsorbent surface, governed by mass action
principles.*?
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Fig. 10. Kinetic linear model of Pseudo-first-order
a) and Pseudo-second-order b) and Intra-particle diffusion
model ¢) of geopolymers

(initial adsorption phase), the rapid uptake of MB ions
was primarily attributed to external surface adsorption,
indicating that surface interaction mechanisms dominated
at the early stage. The intraparticle diffusion rate constant
ki increased with higher FA content in the geopolymer
formulations (Table 3), suggesting improved initial
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adsorption efficiency. Conversely, excessive
incorporation of the Na2SiOs/NaOH activator solution
may have contributed to a decrease in surface functional
groups, thereby reducing the rate of adsorption at the
external surface.** During Stage Il (gradual adsorption
phase), the diffusion of MB ions into the internal pores of
the adsorbents became the rate-limiting step. A general
decrease in the rate constant ko was observed across all
geopolymer samples in this stage. Notably, the 51FA
exhibited a relatively lower k value (0.57 mg/gh'/2) than
others, which could be attributed to its larger surface
area.*® Interestingly, 33FA showed an even higher k;
value of 1.8 mg/gh'?, implying that despite its
comparatively lower porosity, the adsorption process was
still efficient. This might be explained by the limited
availability of internal pores, which promoted surface-

dominated adsorption, thereby enhancing the apparent
diffusion rate. Stage Il (equilibrium phase) represented
the final approach to saturation, where the adsorbate
gradually diffused from mesopores into smaller
micropores, leading to a significantly slower adsorption
rate. The corresponding rate constant ks decreased with
the reduction in the NaSi03/NaOH ratio, suggesting that
lower alkaline content may hinder pore development,
thereby limiting the accessibility of deeper adsorption
sites.*64”  These findings highlighted the complex
interplay between pore structure, surface chemistry, and
activator composition in governing the adsorption
dynamics of FA-based geopolymers. Tailoring the ratio of
precursor materials and alkaline solution was therefore
critical to optimizing both surface and intraparticle
adsorption mechanisms.*®

Table 3. Kinetic parameters of PFO, PSO and IDP model of geopolymers to MB

Pseudo-first order Pseudo-second order . e .
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3.3.3. Effect of adsorbent dosage

The dosage of adsorbent played a pivotal role in
determining the adsorption efficiency of FA-based
geopolymers in water treatment applications. Increasing
the adsorbent dosage generally enhanced the removal of
contaminants due to the availability of more active binding
sites. However, excessive dosages might lead to particle
agglomeration and overlapping of adsorption sites, thereby
reducing the adsorption capacity per unit mass.
Consequently, optimizing the dosage was essential for
balancing removal performance and material efficiency. In
the case of geopolymers derived from fly ash, this
optimization is influenced by factors such as precursor
composition and the physicochemical characteristics
imparted by the alkali activation process. In this study, the

effect of adsorbent dosage on the removal of MB was
investigated by varying the amount of geopolymer from
0.05 t0 0.15 g in 20 mL of aqueous solution with an initial
MB concentration of 100 mg/L at pH 10. After 180 min of
treatment, both the removal efficiency and the adsorption
capacity were evaluated. The corresponding results are
presented in Fig. 11, illustrating the influence of
geopolymer dosage on MB adsorption performance.
Increasing the geopolymers improved the removal
percentage of MB ions from water (Fig. 11a). For the 51FA
sample, the removal efficiency of MB increased from
85.9% with 0.05 g of adsorbent to 95.5% with 0.1 g, and
further reached 98.9% at 0.15 g. In contrast, samples with
lower fly ash content as 42FA and 33FA, exhibited
comparatively reduced removal efficiencies. Specifically,
when the adsorbent dosage was raised from 0.05 to 0.1 g,
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the removal efficiencies improved from 79.4% to 92.6%
for 42FA and from 77.6% to 92.0% for 33FA. However,
further increases in adsorbent dosage beyond 0.1 g did not
result in substantial improvements, indicating the onset of
adsorption saturation. Nonetheless, at higher dosages, the
adsorption capacity per unit mass might decline due to
particle aggregation, overlapping of adsorption sites, or
reduced driving force for mass transfer at lower solute
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concentrations. This phenomenon was evident in the 51FA
sample, where the adsorption capacity decreased from 18.5
mg/g at 0.1 g to 13.1 mg/g at 0.15 g. Similar trends were
observed for 42FA and 33FA (Fig. 11b), suggesting a
diminishing return in adsorption efficiency with excess
dosage. Therefore, an optimal geopolymer dosage of 0.1 g
was identified, balancing both high removal efficiency and
effective material utilization.
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Fig. 11. The removal efficiency a) and the adsorption amount b) of geopolymers to MB on the effect of adsorbent dosage

3.3.4. Effect of initial concentration

The initial concentration of MB plays a critical role
in evaluating the efficiency of the adsorption process. The
influence of initial MB concentration on the percentage
removal by the geopolymer samples is illustrated in Fig. 12.
As shown, all samples achieved nearly 100% removal
efficiency when the initial MB concentration was 40 mg/L
(Fig. 12a). Notably, even as the MB concentration
increased from 60 to 100 mg/L, the removal efficiency of
all samples remained above 90%. This trend could be
attributed to the fact that higher MB concentrations might
limit the availability of adsorption sites in the geopolymer
matrix, thereby reducing removal efficiency. At lower
initial concentrations, sufficient adsorption sites were
available to accommodate MB ions effectively. A gradual
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decline in removal efficiency was observed with increasing
Na2SiOs/NaOH ratios in the geopolymer compositions.
This might be due to a reduction in the number of active
adsorption sites associated with the FA content, as
evidenced by the corresponding decreases in the surface
area and pore size. At an initial MB concentration of 100
mg/L, the percentage removal was 91.9% for the 33FA
sample and 95.3% for the 51FA sample. However, when
the initial concentration increased to 120 mg/L, the removal
efficiency declined to 81.8% and 74.8% for the 51FA and
33FA samples, respectively. As presented in Fig. 12 b, the
initial concentration of MB significantly affected the
adsorption performance of geopolymers with varying FA-
to-alkaline activator ratios. The adsorption capacities
remained relatively consistent across all samples when the
MB concentration ranged from 40 to 100 mg/L.
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Fig. 12. The removal efficiency a) and the adsorption amount b) of geopolymers to MB on the effect of initial concentration
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However, at 120 mg/L, a slight reduction in uptake
capacity was observed, corresponding to the FA content in
the composites. These findings suggested that excessively
high initial MB concentrations may exceed the capacity of
available adsorption sites within the geopolymer structure,
thereby limiting further adsorption.

Based on the previously established optimal pH and
contact time, the effect of initial MB concentration on
adsorption performance was further investigated. The
adsorption behaviour of the FA-based geopolymers was
analysed using both the Langmuir and the Freundlich
isotherm models. These models were employed to
elucidate the adsorption mechanism by evaluating the
linear correlation coefficients (R?) derived from their
respective linearized equations. The Langmuir and the
Freundlich isotherms were selected to describe the
relationship between the equilibrium concentration of MB
in the solution and the adsorption capacity of the
geopolymers under constant temperature conditions. The
linear form of the Langmuir isotherm model is expressed
by the following (Eqgs. 6 and 7):

C, 1 N C,

e  KiQm qm ©
where gm (mg/g) is the maximum adsorption capacity, and
K. (L.mg?) is the Langmuir constant.

The linear equation of the Freundlich isotherm
model was presented as follows:

1
Ing, = InKy + ElnCe (7)

where Ke (L.g%) and n are the Freundlich isotherm
constants related to the adsorption capacity and to the
adsorption strength, respectively.

Isotherm modelling was conducted to evaluate
the adsorption mechanism of FA-based geopolymers
and to determine the relevant parameters of the
Langmuir and the Freundlich models, based on their
adsorption capacities at varying initial concentrations
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of MB. As shown by the linear plots in Fig. 13, the
Langmuir isotherm model exhibited excellent
agreement with the experimental data, with correlation
coefficients (R?*) of 0.9992 for 33FA and 0.9997 for
51FA. In contrast, the Freundlich model produced
lower R? values of 0.9647 for 33FA and 0.4704 for S1FA,
indicating a less accurate fit, particularly for the latter
one. These results strongly suggested that the Langmuir
isotherm model more accurately described the
adsorption process of MB onto FA-based geopolymers.
The Langmuir model assumed monolayer adsorption
on a surface with a finite number of identical and
energetically equivalent adsorption sites. This indicated
that MB molecules were likely adsorbed uniformly
across the surface of the geopolymer, without
interaction between adsorbed species. The excellent fit
to the Langmuir model revealed a homogeneous
distribution of active sites on the geopolymer surface,
where each site binds a single MB molecule until
saturation is reached. In contrast, the Freundlich
isotherm model was an empirical model that described
adsorption on heterogeneous surfaces and assumed that
adsorption capacity varies with concentration. The
lower R? values, particularly for 51FA, imply that this
model did not adequately capture the behavior of MB
adsorption on FA-based geopolymers, and that the
adsorbent surface did not exhibit the level of
heterogeneity assumed by the Freundlich model.*° The
parameters derived from the isotherm models are
summarized in Table 4. Additionally, the maximum
adsorption capacities (qm) obtained from the Langmuir
model were 18.7 mg/g for 51FA, 18 mg/g for 42FA, and
17.7 mg/g for 33FA indicating that higher fly ash content
in the geopolymer correlates with increased adsorption
capacity, likely due to the greater number of available
active sites and improved surface characteristics favourable
for dye adsorption.
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Fig. 13. The Langmuir a) and the Freundlich b) linear adsorption isotherm of geopolymers to MB
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Table 4. The adsorption isotherm parameters of MB by geopolymers

Sample Langmuir Freundlich

gm (Mg/g) ke (L.g7) 1n Ke(L.g?) R?
51FA 18.7 1.52 0.9997 0.097 215 0.8802
42FA 18.0 1.51 0.9982 0.086 19.9 0.4704
33FA 17.7 0.74 0.9992 0.143 23.6 0.9647

4. Conclusions

Various proportions of initial components were
successfully employed in the synthesis of fly ash-based
geopolymers. The resulting materials exhibited a decrease
in porosity that correlated with lower FA content in the
precursor mixture. This reduction in porosity was attributed
to the formation of a denser gel structure, which limited the
development of internal micro- and mesopores due to the
higher content of alkaline activator (Na.SiOs/NaOH) in the
system. The maximum adsorption capacity of MB cations
decreased with increasing  proportions of the
Na2Si0s/NaOH mixture during synthesis. These findings
emphasized the crucial role of the initial mixing ratios of
raw materials and alkaline activators in determining the
structural characteristics of the geopolymers, which in turn
significantly influenced their adsorption performance in
dye removal applications. Building on the findings of this
study, future research could explore the balance between
surface adsorption and pore-filling mechanisms, providing
new insights into designing geopolymers with targeted
adsorption capacities for specific pollutants. Interestingly,
variations in the proportion of alkaline activator in the
geopolymer composition influenced the maximum
adsorption capacity of MB cation, which was recorded as
18.7 mg/g for 51FA, 18.0 mg/g for 41FA, and 17.8 mg/g
for 33FA. Additionally, the recyclability and long-term
stability of FA-based geopolymers in continuous flow
systems remain important areas for further investigation,
especially for large-scale  wastewater  treatment
applications. Moreover, extending this approach to other
industrial wastes could promote the development of hybrid
geopolymer adsorbents with improved structural and
functional properties. Ultimately, this research supports the
broader pursuit of sustainable materials in environmental
remediation and underscores the value of industrial by-
products as resources in circular economy strategies.
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CTIMKA BAJIOPHU3AIIIS 301U B AICOPBEHT
HA OCHOBI I'EOITIOJIIMEPY: OIITUMI3AIIA
CTPYKTYPU TA EOEKTUBHICTbD
BUJAJIEHHA METHJIEHY-CUHbBOT'O

Anomauia. Y yvomy docniodicenni eeononimepu Ha OCHOSI 307U
(FA) 6ynu cunmesosani 3 GUKOPUCMIAHMAM PI3HUX NPONOPYIL PO3YUHY
cunixamy nampiio/2iopoxcudy nampito (Na:SiOs/ NaOH 10M), ¢io 49% y
spasky 51FA 0o 67%y 3pasky 33FA, siki éuxopucmosyeanucs ois aocopoyii
MemuneHoso2o cunbo2o (MB) y 600i. Ilicis 3ameepdinus npu 60 °C
npomszom 24 200uH nOPUCMICMb OMPUMAHUX 2EONOJIMEPIE 3MEHUUNACH,
o 6yn0 NOB'sI3aHO 3 NOCUNEHHAM NPoYecy NONIKOHOeHCayil, CHPUYUHEHUM
30invwennam emicmy NaxSiOs, wo npusgeno 00 ymeopenHs Oinbul
KOMNakmuoi 2eneoi cmpykmypu 6 ompumaHomy eeononimepi. Mooenw
Bebepa-Moppica nokasana, wo nogepxmesi 63aemodii’ 3 monexyramu MB
Oynu nepesadxcHumu 8 3pasky 51FA, mooi Ak mexanizmu 3ano6HeHHs nop
oynu binvut supasxcenumu 6 ceononimepi 33FA. Excnepumenmu 3 adcopoyii
NnOKA3au, wo 6Ci 3pa3Ku 2e0noaimepie gionogioanu i30mepmiuHit Mooeui
Jlenemmwopa, 3 koeiyienmamu Kopensyii, wo HAOIUNCATUCST 00 OOUHUYI.

Kniouosi cnoea: nyscnuil axmueamop, 8'socyuuil mamepiai,
2€0Nn0JMep, 3014, Pe2eHePOBaHi 8i0X00U.
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