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Abstract

This study presents the fabrication and performance optimization of porous fly ash-based
geopolymer (FAGP)—-polyethersulfone (PES) composite fibers with tunable FAGP loading
for the multivariate adsorption of heavy-metal ions from aqueous solutions. Fibers contain-
ing 20 wt%, 40 wt%, and 60 wt% FAGP were prepared using phase inversion method and
were characterized using X-ray computed tomography and mechanical testing. Adsorption
experiments were conducted to assess the removal efficiencies of Pb%*, Cd?*, Cu?*, and Ni*
at different pH values, temperatures, contact times, adsorbent dosage and initial metal-ion
concentrations. The composite containing 60 wt% FAGP exhibited the high performance
for all ions, and its performance was especially high for Pb?*. The isotherm and kinetic
modeling revealed that the adsorption process followed Freundlich and Redlich-Peterson
models, with mixed chemisorption-physisorption mechanisms depending on the metal-ion
type. Compared with conventional adsorbents, the optimized composite fibers exhibited
high adsorption capacity, enhanced handling suitability, and scalability in addition to their
sustainability owing to the use of industrial by-products as precursors. These findings
provide new insights into the structure—function relationships of FAGP composite fiber
adsorbents and their potential for wastewater treatment applications.

Keywords: porous materials; geopolymer; composite fiber; adsorption; wastewater
treatment; heavy-metal removal

1. Introduction

The contamination of global water resources is an escalating problem because water
is essential for the survival of plants, animals, and humans. Pollutant discharges from
the domestic and industrial sectors considerably contribute to the degradation of water
quality [1]. Industrial wastewater contains various types of ions and molecules such as
metal ions, surfactants, and dyes [2]. The heavy metals in wastewaters discharged from the
rapidly developing metal plating, mining, fertilizer, and battery industries are directly or in-
directly released into the environment [3,4]. Heavy metals are inorganic nonbiodegradable
species. The primary heavy-metal ions found in wastewater are cadmium, copper, lead, and
nickel [3]. All of them can affect the human and animal bodies. For example, lead destroys
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the metabolic system [5], copper causes acute and chronic disorders in humans [6,7], cad-
mium can cause abnormal glycosuria and proteinuria [8], and nickel causes lung and bone
cancers [9]. Thus, wastewater should be treated before its release into the environment.

Sustainable wastewater treatment to mitigate global pollution has been extensively
studied [10]. Common methods for heavy metals removal from wastewater include chemi-
cal precipitation, membrane filtration, ion exchange, biosorption, and adsorption [3,11,12].
Among them, adsorption is one of the most widely employed techniques for heavy-metal
removal. The advantages of adsorption include simple operation and cost-effectiveness [13].
Currently, natural minerals, agricultural waste, or industrial by-products, such as ash, silica,
mud, and soil, are used as adsorbent materials [14]. Geopolymers are environmentally
friendly materials with a three-dimensional aluminosilicate network structure [15-18].
Numerous studies revealed that these materials immobilize heavy-metal ions [19-21].
Geopolymer materials can immobilize heavy-metal ions and serve as adsorbents for the re-
moval of heavy-metal ions [15,22,23]. Geopolymer-based adsorbents have been synthesized
using different raw materials via different methods [24,25].

In recent years, porous metakaolin-based geopolymer beads have been produced via
three dripping techniques, which involve the use of polyethylene glycol and liquid nitrogen
as well as ionotropic gelation [26]. The results showed that the three methods produced
beads with a diameter of 2-3 mm. In addition, direct foaming was employed to produce
four near-net-shaped foams using a benchmark metakaolin-based geopolymer formulation.
To modify the porosity from meso- to ultra-macro-porosity, hydrogen peroxide and metallic
silicon were used at different concentrations as blowing agents [27]. A suspension disper-
sion solidification process was used to synthesize slag-based porous inorganic polymer
microspheres with a diameter of approximately 100 um to be used for Pb* adsorption [28].
However, the direct use of geopolymers as adsorbents in wastewater treatment still faces
some challenges such as their limited regeneration and scalability for industrial production.

To address these limitations, fiber-based adsorbents have gained increasing attention
owing to their superior mechanical properties, ease of separation, and modular deployment
potential. Unlike powder or bead-type adsorbents, composite fibers can be directly packed
into columns or fabricated into modules, enabling scalable and reusable treatment systems
with reduced risk of secondary particle release. This structural advantage provides a
practical pathway from laboratory synthesis to industrial application. In a previous study,
the feasibility of synthesizing porous fly ash-based geopolymer (FAGP) composite fibers
using the phase inversion method was demonstrated, and the composite fibers achieved
effective removal of several heavy-metal ions at a fixed fiber composition [29]. However,
the structure-performance relationships, effect of the geopolymer content on the adsorption
process, and underlying adsorption mechanisms are still not comprehensively explored.

The present work examined the multivariate adsorption performance under various
environmental conditions and methodically optimized the FAGP loading (20 wt%, 40 wt%,
and 60 wt%) in the PES matrix. Moreover, the fiber morphology and integrity were
investigated based on advanced characterization, using X-ray computed tomography and
tensile testing. The effects of the pH, temperature, initial metal-ion concentration, and
adsorbent dosage on the adsorption performance were also evaluated based on several
adsorption experiments. In addition, kinetic models and adsorption isotherms were used
to clarify the governing mechanisms of each metal-ion. This work provides novel insights
into the development of sustainable and scalable geopolymer-based fiber adsorbents,
through a combined approach of fiber design enhancement, operational parameter analysis,
and mechanistic modeling, with future studies planned to evaluate performance in real
wastewater systems.
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2. Experimental Procedure
2.1. Materials and Geopolymer Preparation

Fly ash was obtained from the Mae Moh power plant in Lampang Province, Thailand
and used as the primary aluminosilicate precursor. An industrial-grade sodium silicate
solution (SiO;/Na,O, molar ratio = 3) and a sodium hydroxide solution (10 M) were
used as alkali activators. PES and N-methyl-2-pyrrolidone (NMP) served as the polymer
matrix and solvent, respectively. Analytical-grade metal salts (Pb(NO3);, Cd(NO3),-4H,0O,
Cu(NO3),-3H,0, and Ni(NO3),-6H,O) were purchased from Nacalai Tesque Inc., Kyoto,
Japan and used to prepare stock solutions of Pb?*, Cd?*, Cu?*, and Ni?*, respectively.

To synthesize the geopolymer precursor, sodium silicate and sodium hydroxide solu-
tions were mixed at a 2.5:1 mass ratio and combined with fly ash to form a homogeneous
paste (solid content = 65 wt%). The mixture was cast into molds, sealed, and cured at 60 °C
for 24 h, followed by aging at 25 °C for 6 days. The hardened geopolymer was then washed
with distilled water until a neutral pH (7 + 0.5) was achieved. It was then dried at 60 °C
and ground into fine powder for use in fiber fabrication.

2.2. Fabrication of the Geopolymer—PES Composite Fibers

The phase inversion method was used to fabricate the composite fibers. PES was
dissolved in NMP to form a 30 wt% polymer solution. FAGP powder was then incorporated
at different loading levels (20 wt%, 40 wt%, and 60 wt%) and continuously stirred for 24 h
to ensure uniform dispersion. The resulting slurry was extruded through a cylindrical
needle (diameter = 0.6 mm) into a coagulation bath containing deionized water at 25 °C.
The phase separation process continued for 24 h to remove the residual solvent. Next, the
solidified fibers were collected and dried at 60 °C for another 24 h.

2.3. Characterization of Composite Fibers

The chemical compositions of the FAGP powder and composite fibers were determined
using X-ray fluorescence (XRF) spectroscopy (ZSX Primus II; Rigaku Corp., Tokyo, Japan).
Samples were prepared by pressing the FAGP powder and composite fibers into aluminum
rings to form pellets for analysis. X-ray computed tomography (X-ray CT) was employed
as a three-dimensional imaging technique to investigate the internal morphology of the
materials. The geopolymer fiber pellets were cut into 3 cm segments, and their internal
structure was examined using high-resolution microcomputed tomography. Scanning was
performed at 0.1° rotation steps to achieve high-resolution imaging of the fiber morphology.

The Archimedes method was used to determine the apparent specific volume of the
composite fibers. The dried fibers were immersed in methanol until the mass stabilized,
indicating equilibrium. The apparent specific volume (V,) was calculated using Equation (1)

as follows:
_ Ws — Ww 1 1

Va = =1 “o—d T 1)

where Ws is the dry sample mass (g), Ww is the sample mass in methanol (g), o is the
density of methanol (g/cm?), and d is the air density (g/cm?).

The tensile strength of the composite fibers was measured using a load measurement
device (LTS-500N-520; Minebea Co. Ltd., Tokyo, Japan) to assess their mechanical resistance.
The gauge length for testing was set to 30 mm at a crosshead speed of 1.5 mm/s. Five
specimens (length = 50 mm) of each sample were tested.

2.4. Adsorption Experiments

Stock solutions of Pb2*, Cd?*, Cu?*, and Ni%* (concentration = 1000 mg/L) were pre-
pared by dissolving appropriate amounts of Pb(NO3),, Cu(NO3);-3H,0, Cd(NO3),-4H,0,
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and Ni(NOs),-6H,O in distilled water. Mono-heavy-metal solutions with concentrations of
10, 20, 40, 60, 80, 100, and 120 mg/L were then prepared by diluting the stock solutions.
The pH of each solution was adjusted using nitric acid (HNO3, 0.1 M) or sodium hydroxide
(NaOH, 0.1 M) as required for each experimental batch. All adsorption experiments were
performed in triplicate (n = 3) under identical conditions to ensure reproducibility.

To evaluate the effect of the geopolymer dosage on the adsorption performance,
different masses of FAGP composite fibers (0.05-0.5 g) were added to mono-heavy-metal
solutions (20 mg/L, 40 mL) containing Pb2+, Cd?*, Cu?*, and Ni2*. The experiments were
conducted at a constant temperature of 25 °C, a solution pH of 5, and a shaking time of
24 h. The uptake percentage and adsorption capacity were calculated for each fiber dosage.

The effect of pH on the adsorption performance was also investigated. The mono-
heavy-metal solutions (20 mg/L, 40 mL) containing Pb?*, Cd?*, Cu?*, and Ni** were tested
at different pH values (1-5), using the FAGP composite fibers (0.1 g) at 25 °C and a shaking
time of 24 h. The uptake percentage and adsorption capacity were determined at each
pH condition.

To assess the temperature effect on the adsorption performance, the mono-heavy-metal
solutions (20 mg/L, 40 mL) containing Pb%*, Cd?*, Cu?*, and Ni?* were shaken at 25 °C,
35 °C, and 45 °C for 24 h using the composite fiber (0.1 g), and the uptake percentage and
adsorption capacity were determined at each temperature.

Finally, the effect of the initial metal-ion concentration (10-120 mg/L) on the adsorp-
tion performance was determined at fiber dosage = 0.1 g, pH = 5, temperature = 25 °C, and
shaking time = 24 h. The uptake percentage and adsorption capacity were measured at
each metal-ion concentration.

After testing, the solutions were characterized using atomic absorption spectroscopy
(AA-6300: Shimazu Corp., Kyoto, Japan). The removal efficiency (E) was calculated using
Equation (2).

C—C
Removal efficiency(E, %) = — C T % 100%, (2)
i
where C; is the metal-ion concentration of the heavy-metal solution (mg/L) and C,y is the
remaining equilibrium concentration (mg/L).
The amount of metal ions adsorbed at equilibrium (qe) was calculated using Equation (3).

(C;— Ceq)V

qe(mg/g) = Tir 3)

where C; is the metal-ion concentration of the heavy-metal solution (mg/L), C, is the
concentration at equilibrium (mg/L), and V is the volume of the solution (L).

3. Results and Discussion
3.1. Fiber Properties and Morphology

The chemical compositions of FAGP powder and the composite fibers with different
FAGP loadings were determined using X-ray fluorescence (XRF) spectroscopy, and the
results are summarized in Table 1. The FAGP powder primarily consisted of SiO, (44.80%),
Al>,O3 (16.30%), Fe; O3 (12.40%), and CaO (7.60%). The incorporation of FAGP powder into
the PES matrix increased the concentrations of SiO,, Al,O3, Fe;O3, CaO, MgO, and Na,O
in the composite fibers.



Materials 2025, 18, 4698

5of 20

Table 1. Chemical compositions of the composite fibers, PES, and FAGP powders.

Chemical

Washed FAGP 20 wt% FAGP 40 wt% FAGP 60 wt% FAGP

Compound (%) PES Powder Fiber Fiber Fiber
5i0, - 44.80 5.44 25.30 42.40
AL, O3 - 16.30 2.13 6.36 9.89
Fe, O3 - 12.40 1.15 3.89 6.39
CaO - 7.64 0.44 1.65 2.65
MgO - 1.49 0.16 0.57 0.77
SO; 20.70 0.10 20.30 18.10 13.20
Na,O - 0.80 0.12 0.23 0.42
CO, 79.10 13.80 69.90 52.40 40.00
Table 2 summarizes the properties of the composite fibers, PES fibers, and FAGP
powder. An increase in the loading of FAGP powder increased the specific surface area of
the composite fibers. The highest surface area (71.61 m?/g) was achieved with the incorpo-
ration of 60 wt% FAGP. In comparison, the surface areas of pure PES fibers, 20 wt% FAGP
composite fibers, and 40 wt% FAGP composite fibers were 27.39, 50.05, and 57.50 m2/ g,
respectively. Moreover, mechanical testing confirmed that tensile strength decreased with
increasing FAGP content, from 5.83 MPa for pure PES fibers (Figure 1a) to 1.40 MPa at
60 wt% FAGP loading (Figure 1b). Despite this reduction, a tensile strength of 1.40 MPa
remains adequate for manual handling, column packing, and agitation during batch ad-
sorption experiments.
Table 2. Properties of the composite fibers, PES, and FAGP powders.
Samples Obvious Specific Volume (cm®/g)  Tensile Strength (MPa) Surface Area (m?/g)
PES 0.70 5.83 27.39
20 wt% FAGP 0.62 4.17 50.05
40 wt% FAGP 0.60 2.35 57.50
60 wt% FAGP 0.53 1.40 71.67
FAGP powder - - 85.01

Figure 1. The sample of (a) PES fiber and (b) 60 wt% FAGP composite fiber.

The morphological structures of the PES fiber and FAGP composite fibers are presented
in Figure 2. The PES fibers (Figure 2a) and 20 wt% FAGP composite fibers (Figure 2d)
exhibited diameters of approximately 500 um. A slight reduction in fiber diameter was
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PES

20 wt% FAGP

40 wt% FAGP

60 wt% FAGP

observed when the FAGP content exceeded 40 wt%, with the cross-sectional diameters
of 40 wt% and 60 wt% FAGP composite fibers (Figure 2g,j) ranging from approximately
400 to 450 um. The FAGP composite fibers exhibited a porous structure, with fly ash-based
geopolymer powder dispersed within a polyethersulfone (PES) matrix. The outer region of
the fibers displayed a finger-like pore structure, which gradually disappeared as the FAGP
loading increased. The central region of the fibers showed a sponge-like porous structure.
SEM images confirmed the distribution of geopolymer powder within the sponge-like core.
Furthermore, the fibers became denser with higher FAGP loadings.

X190 ™ T00um

151V X100 TT00pm - % 158V - 500 5004m

Figure 2. SEM images of the FAGP composite fibers with different amount of fly ash-based geopoly-
mer. (a,d,g,j) show the cross-sectional morphology of fibers; (b,e,h k) present the porous structure of
the fibers; and (c,£,i,1) display finger-like pore of the fibers.

X-ray CT was employed to assess the internal structure of the fibers (Figure 3). The
X-ray CT images revealed the changes in the pore distribution with increasing the FAGP
content. The 20 wt% FAGP fibers exhibited a uniform porous network, whereas the 60 wt%
FAGP fibers exhibited increased density and occasional agglomeration of the FAGP powder.
This densification is due to the limited dispersion capacity of the FAGP powder in the PES
matrix at high FAGP loadings.
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Figure 3. X-ray CT images of the FAGP composite fibers with different amounts of FAGPs: (a) PES,
(b) 20% FAGP, (c) 40% FAGP, and (d) 60% FAGP.

Figure 4 shows the nitrogen adsorption—desorption isotherms of the PES and compos-
ite fibers at various relative pressures. The nitrogen adsorption capacity increased at higher
loadings of the FAGP powder. A substantial increase in nitrogen adsorption was observed
at relative pressures lower than 0.1. According to the International Union for Pure and
Applied Chemistry classification, the shape of the isotherms, which is characterized by a
hysteresis loop, corresponds to a type IV isotherm. These results confirm the mesoporous

structure of the composite fibers.

140 4
—a— PES fiber

—eo—FAGP fiber, FA= 20 wt%
120 4 s FAGP fiber, FA= 40 wt%
{1 ——FAGP fiber, FA= 60 wt%
100

80 -
60 —

40

Quantity absorbed (cm";/g)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p )

Figure 4. N, isotherms of PES and the FAGP composite fibers.
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3.2. Adsorption Performance Under Different Conditions

Preliminary adsorption screening was carried out on PES fiber, FAGP powder (0.1 g),
and composite fibers containing 20-60 wt% FAGP under identical conditions (initial concen-
tration =20 mg/L, pH =5, contact time = 24 h, fiber dosage = 0.5 g, temperature = 25 °C).
As shown in Figure 5, PES fibers displayed negligible adsorption, confirming that PES
alone has little affinity for heavy metal ions. FAGP powder exhibited higher adsorption
capacity, but its lack of mechanical integrity makes it unsuitable for use in filtration systems.
Incorporating FAGP into PES fibers provided a balance between adsorption efficiency
and structural stability. Adsorption performance improved progressively with increasing
FAGP content, with the 60 wt% composite fibers showing the highest capacities for all
tested ions, particularly Cd?* and Pb?*. These findings indicate that the geopolymer frac-
tion primarily governs adsorption efficiency, while the PES matrix contributes to strength
and processability, thereby justifying the selection of 60 wt% FAGP fibers for detailed
adsorption studies.

110
1 —a—Pb
100 /I # —e—cd
90 —A—Cu
—w—Ni

804

70 — A

60- A —

504 7

40 >

30 | j /'/ /§'/
| o S

20

104

0 r/, A

1 1 T T T
PES 20wt%FAGP 40wt%FAGP 60wt%FAGP 0.1 g FAGP
powder

Uptake (%)

Figure 5. Preliminary adsorption screening of PES fiber, FAGP powder (0.1 g), and FAGP composite
fibers with different FAGP loadings (20-60 wt%) for Pb2+, Cd?*, Cu?*, and Ni?* (initial concentration
=20 mg/L, pH = 5, contact time = 24 h, FAGP composite fiber = 0.5 g and temperature at 25 °C).

The effects of fiber dosage, initial metal-ion concentration, solution pH, and tem-
perature on the adsorption behavior of heavy-metal ions on the composite fibers were
systematically evaluated (Figure 6). The effect of the composite geopolymer fiber dosage
(0.05-0.5 g) on the removal efficiencies of Pb?*, Cu?*, Cd?*, and Ni?* is illustrated in
Figure 6a. The removal efficiencies of Pb%*, Cu?*, Cd?*, and Ni?* increased progressively
with fiber dosage, reaching 100%, 56.88%, 63.22%, and 52.75%, respectively, at 0.5 g per
40 mL of solution. This indicates that the optimal dosage for Pb?>* removal is 0.5 g, at which
complete removal was achieved. For Cu?*, Cd?*, and Ni?*, the same dosage provided
only partial removal, suggesting that higher dosages would be required to reach complete
adsorption under the tested conditions. Thus, while Pb?* exhibits an optimal dosage of
0.5 g, the optimal dosages for Cu?*, Cd?*, and Ni?* are higher than 0.5 g.
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Figure 6. Parameters affecting heavy-metal adsorption on FAGP composite fibers: (a) fiber dosage,
(b) initial concentration, (c) pH, and (d) temperature.

Figure 6b illustrates the effect of the initial metal-ion concentration (10-120 mg/L) on
the removal efficiencies of Pb?*, Cu?*, Cd?*, and Ni%*. The results show that the removal
efficiency of all ions gradually decreased with the increase in the initial metal-ion concentra-
tion. At an initial metal-ion concentration of 10 mg/L, approximately 100%, 51.45%, 63.13%,
and 48.25% of Pb%*, Cu?*, Cd?*, and Ni%*, respectively, were removed. However, with the
increase in the initial metal-ion concentration to 120 mg/L, the removal of all ions decreased.
These findings indicate that at low initial metal-ion concentrations, the high availability of
active adsorption sites on the fiber surface leads to enhanced removal efficiency. In contrast,
at higher initial metal-ion concentration, the ratio of metal ions to available adsorption
sites increases [23], resulting in incomplete adsorption, with high number of metal ions
remaining in the solution. Industrial wastewater streams can contain heavy metals across a
wide concentration range, from a few mg/L (e.g., plating rinse water [30-33]) to several
hundred mg/L (e.g., mining effluents [34]). The concentration range investigated in this
study (10-120 mg/L) was selected to capture mechanistic behavior under moderate loading
conditions while ensuring measurable adsorption. Although this range does not cover
all possible effluent scenarios, the results provide fundamental insights into adsorption
kinetics and capacity. Future work will extend to real wastewater matrices containing
multi-ion systems to further evaluate competitiveness under complex conditions.

The effect of solution pH on the removal efficiencies of Pb2*, Cu%*, Cd%*, and Ni%*
using the FAGP composite fibers is shown in Figure 6¢c. The lowest removal efficiency of
all cations was observed at pH = 1, while gradual improvement was seen as the initial
pH increased to 5. Specifically, the adsorption efficiencies of Pb%*, Cu?*, Cd?*, and Ni?*
increased from 56.94% to 96.57%, 0% to 37.83%, 5.90% to 55.81%, and 2.28% to 31.88%,
respectively. At low initial pH values, the high concentration of H* competes with metal
cations for adsorption sites on the fibers, thereby reducing metal uptake. After adsorption,
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the equilibrium pH was generally lower than the initial value, which can be attributed to
proton release during ion exchange and surface complexation reactions. As the initial pH
increased, the extent of H* competition decreased and the fiber surface likely became more
negatively charged which may have enhanced electrostatic interactions with the metal
cations [22]. This possible mechanism helps explain the improved adsorption performance
observed at higher pH values.

The effect of temperature on the adsorption of Pb?*, Cu?*, Cd?**, and Ni** by the
FAGP composite fibers is presented in Figure 6d. When the temperature increased from
25 °C to 45 °C, the uptake efficiencies of Pb2*, Cu?*, Cd?%*, and Ni%* increased to 100%,
69.14%, 80.34%, and 42.79%, respectively. The observed increase in adsorption capacity at
higher temperatures may be partially attributed to enhanced ion mobility and diffusion
rates, which improve access to adsorption sites. A secondary hypothesis is that thermal
effects can induce microstructural rearrangements such as the formation or widening of
microcavities within the PES-geopolymer matrix, thereby exposing additional active sites.
This notion is supported by studies showing that varying curing or exposure temperatures
can alter porosity and pore connectivity in geopolymers [35].

The efficient heavy-metal adsorption on the FAGP composite fibers under optimal
adsorption conditions indicates their high potential for industrial wastewater treatment
applications. The efficient removal of Pb?*, Cu?*, Cd?*, and Ni** at pH = 5 suggests
that these fibers are suitable for wastewater streams with moderate acidity, minimizing
the need for extensive pH adjustment. The temperature-responsive adsorption behavior
further highlights the suitability of these materials for treating high-temperature industrial
effluents, utilizing waste heat to enhance performance. Although the removal efficiency
decreases at high metal-ion concentrations, the composite fibers remain effective for treating
wastewaters containing low metal-ion concentrations, which is typical of several indus-
trial discharges. Overall, these findings establish a promising basis for integrating FAGP
composite fibers into large-scale, sustainable wastewater treatment systems.

3.3. Isotherm Model Analysis

The adsorption isotherms of Pb%*, Cu?*, Cd?*, and Ni?* on FAGP composite fibers
were assessed using five adsorption isotherm models: Langmuir, Freundlich, Dubinin—
Radushkevich (D-R), Redlich-Peterson (R-P), and Temkin [36-39]. These five models
were applied to fit the experimental data obtained in this work. The maximal capacities of
the FAGP composite fibers for Pb?*, Cu?*, Cd?*, and Ni?** were determined based on the
experimental results. The adsorption isotherms for the removal of Pb%*, Cu?*, Cd?*, and
NiZ* were studied at different initial metal-ion concentration of the solutions, an adsorbent
amount of 0.1 g, a temperature of 25 °C, and a solution pH of 5. The obtained data were
then fitted to the Langmuir, Freundlich, D-R, R-P, and Temkin models.

The Langmuir isotherm is one of the most common isotherm models that are valid
for monolayer adsorption on an adsorbent surface. The linear form of this equation is

expressed by Equation (4).
Ce_ 1 cCe

= , 4

qge gmKy  qm @)
1

RL - mr (5)

where Ce is the equilibrium concentration of heavy-metal ions (mg/L), ge is the amount
of heavy-metal ions adsorbed per unit mass of the adsorbent (mg/g), K; is the Langmuir
adsorption constant (L/mg), g, is the maximum amount per unit mass of adsorbent to form
a complete monolayer on the surface (mg/g), Co is the initial concentration of heavy-metal
ions (mg/L) and R; is separation factor. The value of R" indicates the type of isotherm
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and the nature of the adsorption process: Ry > 1 represents unfavorable adsorption, Ry, = 1
denotes linear adsorption, 0 < Ry < 1 indicates favorable adsorption, and Ry = 0 suggests
irreversible adsorption.

The Freundlich isotherm is used for multilayer adsorption and is related to heteroge-
neous surfaces, and it is expressed by Equation (6).

In(g.) = In(Kp) + %lnCe, (6)

where g, is the quantity of the solute adsorbed per unit mass of the adsorbent (mg/g), C. is
the equilibrium concentration of the adsorbent (mg/L), Kr is the adsorption capacity when
the metal-ion equilibrium concentration is equal to 1, and 7 is the degree of dependence of
adsorption on the equilibrium concentration.

The R-P adsorption isotherm model is an empirical isotherm; therefore, the adsorption
mechanism does not follow an ideal monolayer adsorption. Moreover, this adsorption
isotherm is a combination of Langmuir isotherm and Freundlich isotherm. The linear form
of this formulation is expressed by Equation (7).

lng = glnc, — In Kgp, ?)
e
where ge is the quantity of the solute adsorbed per unit mass of the adsorbent (mg/g), Ce is
the equilibrium concentration of the adsorbent (mg/L), Kgp is the Redlich constant (L/g)
and g is an exponent (g = 0-1).

The D-R adsorption isotherm is also an empirical adsorption model that does not
assume a homogeneous surface or constant adsorption potential. This model is more
general than the Langmuir isotherm and is used to describe physical adsorption. The
D-R isotherm provides insight into the mean adsorption energy (E), where values of
E < 8 kJ/mol indicate physisorption, values between 8 and 16 kJ/mol suggest ion-exchange
mechanisms, and values > 16 kJ/mol are typically associated with chemisorption. The
D-R model is expressed by Equations (8)—(10).

Ing, = Ing;,, — [382 (8)
1
€ :RT1n<1+C), 9)
e
1
E= 260‘5’ (10)

where qe is the quantity of the solute adsorbed per unit mass of adsorbent (mg/g), qm is
the adsorption capacity (mol/g), B is the D-R constant (mol?/k]), ¢ is the Polanyi potential,
R is the ideal gas constant (8.314 J/mol-k), T is the absolute temperature (K), and E is the
mean free energy of adsorption (kJ/mol).

Finally, the Temkin adsorption isotherm accounts for interactions between adsorbed
species. Unlike models that assume a logarithmic decline, the Temkin model proposes that
the heat of adsorption decreases linearly with increasing surface coverage at intermediate
concentrations. It further assumes a uniform distribution of binding energies up to a
maximum value. The model is expressed as:

R
9. = 5 In(ArCe), (11)

Rt Rt
Qe = Eln(AT) + [b} InCe, (12)
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R
B=_", (13)
br
ge=BInAr+BInC,, (14)

where Ar is the Temkin equilibrium binding constant (L/g), Bt is the Temkin constant,
R is the universal gas constant (8.314 J/mol-k), T is the absolute temperature (298 K), and
B represents the heat of adsorption (J/mol).

Table 3 presents the calculated parameters and correlation coefficients for the five
adsorption isotherm models, while the corresponding plots are shown in Figure 7. As
illustrated in Figure 7a, the R-P adsorption isotherm, which integrates the features of both
the Langmuir and Freundlich models, exhibited the highest correlation (R? =0.9889) for Pb%*
adsorption on the FAGP composite fibers. This result suggests that Pb?* can be adsorbed
on fiber surfaces through a combination of monolayer and multilayer mechanisms.

Table 3. Parameters of the Langmuir, Freundlich, Redlich-Peterson, Dubinin—-Radushkevich, and
Temkin isotherms.

Metal
Isotherm Model Parameter
Pb2+ Cd2+ Cu2+ Ni2+
qdm 11.574 9.343 7.246 6.068
Lanemuir K, 0.123 0.098 0.076 0.082
& R? 0.6669 0.9328 0.8817 0.8507
RL 0.082 0.098 0.120 0.110
Kk 5.249 1.497 0.835 0.762
Freundlich 1/n 0.162 0.428 0.505 0.485
R? 0.7014 0.6996 0.9335 0.9272
Kgrp 8.40 x 100 27,493.8 11,319.9 5640.06
Redlich-Peterson a 1.15 x 10° 20,586.1 26,018 14,686.6
(R-P) g 0.920 0.540 0.329 0.342
R? 0.8289 0.8989 0.9220 0.8904
L dm 10.710 7.752 5.964 5.105
Rags:ﬁﬁg‘lich B 2x10°° 3x10°% 5x10° 6x10°°
(D-R) R? 0.4810 0.6996 0.5649 0.5303
E 158.114 408.248 316.228 288.675
Temkin At 1.002 0.998 0.997 0.998
b 2433.316 1010.196 1042.002 1230.977
B 1.018 2.453 2.378 2.013
R? 0.6324 0.8738 0.8107 0.7884
qe of
Experimentally Je 11.78 10.79 9.64 8.42
value (mg/g)

In addition, the Freundlich adsorption isotherm demonstrated strong correlations
for the Cd%*, Cu?*, and Ni%* adsorption, with R? values of 0.9375, 0.9335, and 0.9272,
respectively (Figure 7b—d). These findings indicate that Cd?*, Cu?*, and Ni** were primarily
adsorbed in multilayer arrangements on the heterogeneous surfaces of the FAGP composite
fibers. The maximum adsorption capacities for Pb%*, Cd?*, Cu?*, and Ni?* were 11.78,
10.79, 9.64, and 8.42 mg/g, respectively.
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Figure 7. Adsorption isotherms of (a) Pb?*, (b) Cd?*, (c) Cu?*, and (d) Ni?* obtained by applying the
Langmuir, Freundlich, Redlich-Peterson, Dubinin—-Radushkevich, and Temkin isotherm models to
the FAGP composite fibers.

The adsorption equilibrium data were analyzed using the Langmuir, Freundlich,
Temkin, Redlich-Peterson, and Dubinin—Radushkevich (D-R) isotherm models to better
understand the adsorption mechanisms of Pb2*, Cd?*, Cu?*, and Ni%* on the FAGP com-
posite fibers. Among the tested models, the adsorption of Pb?* was best described by the
Redlich—Peterson isotherm, indicating a combination of monolayer and heterogeneous
adsorption behavior. In contrast, the adsorption of Cd?*, Cu?*, and Ni?* fitted better with
the Freundlich isotherm, suggesting multilayer adsorption on heterogeneous surfaces.

The Langmuir separation factor (R ), derived from the Langmuir constant (Ky ) and
the initial concentration (Cp), and was used to evaluate the favorability of the adsorption
process. The calculated RL values for Pb?*, Cd?*, Cu?*, and Ni?* were 0.082, 0.098, 0.120,
and 0.110, respectively, all within the range of 0 < Ry, < 1, confirming favorable adsorption
behavior. These favorable R" values are consistent with the Temkin and D-R isotherm
results, which further highlight strong adsorbate-adsorbent interactions. The Temkin model
yielded relatively high B constants, while the D-R model produced mean adsorption energy
(E) values exceeding 16 k] /mol, indicating that chemisorption predominates. Overall, the
adsorption of heavy-metal ions onto the FAGP composite fibers proceeds mainly through
chemisorption with contributions from ion exchange and surface complexation.

3.4. Kinetics and Intraparticle Diffusion

The adsorption mechanism can be further elucidated through the application of kinetic
models. Herein, kinetic analyses were conducted to investigate the roles of external and
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internal diffusion as well as the chemical reaction mechanisms during the adsorption
process. To gain insights into the underlying mechanisms of the adsorption process, time-
dependent experimental data were fitted using the Weber—Morris intraparticle diffusion
model as well as the pseudo-first-order and pseudo-second-order kinetic models [9,14,40].
The Weber-Morris intraparticle diffusion model was specifically employed to compare
the saturation times of different metal ions on the composite fibers. The mathematical
expression of the Weber—Morris intraparticle diffusion model is given by Equation (15).

gt = Kpt'/? + C, (15)

where gt is the adsorption capacity at any time (mg/g), K, is the intraparticle diffusion rate
constant (mg/g h'/2), t is time (h), and C is the intercept of the linear graph (mg/g).

Typically, an intraparticle diffusion plot can be divided into three distinct regions.
These regions correspond to the diffusion of ions to the external surface of the adsorbent;
the intraparticle diffusion, where ions migrate into the internal pores of the adsorbent;
and the equilibrium phase, during which the adsorption sites become saturated with
ions [41]. The intraparticle diffusion profiles of each metal-ion on the FAGP composite
fibers are shown in Figure 8. Only two distinct regions were observed in the intraparticle
diffusion plots of all examined metal ions on the FAGP composite fibers. The first region
corresponds to the adsorption and diffusion of metal ions on the surface of the composite
fibers and into the PES matrix. The second region reflects the diffusion of metal ions
into the pores of the FAGP powder, which is the dominant mechanism governing the
overall adsorption process. The intraparticle diffusion parameters for Pb2*, Cd%*, Cu?,
and Ni%* adsorption are summarized in Table 4. Among the examined ions, Pb>* exhibited
the highest intraparticle diffusion rate constant (Kp) in the first region, indicating that it
has the fastest diffusion into the composite fibers. The order of diffusion rates was as
follows: Pb?* > Cd?* > Cu®* > Ni?*, which is in good agreement with the order of the
adsorption capacities.

9 - = Pb
1 o e Cd
8 - A Cu
— v Ni
20 7
sh
? 6 I °
3 . A
- v
:-_’ ] ®
S 4 , A
77 ar ¢ :
< /8
5 ®/ &
,'/ v
1] &% 4
Li2N

4 5 6 7 8 9
time (h**)

[SS
)

Figure 8. The Weber—Morris intraparticle diffusion plots of the heavy-metal ions on the FAGP
composite fibers.

In addition, the kinetics of metal-ion adsorption on the FAGP composite fibers were
analyzed using the pseudo-first-order model, pseudo-second-order model and Elovich
kinetic model. The kinetic parameters of the adsorption process were measured based
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on a batch adsorption experiment at 25 °C and pH = 5, and the results were fitted to the
pseudo-first-order rate equation (Equation (16)).

In(ge — q¢) = Inq, — kit, (16)

Table 4. The Weber—Morris intraparticle diffusion parameters for metal-ion adsorption on the FAGP
composite fibers.

Intraparticle Diffusion

Metal 05 )
kp, (mg/g h™) C (mg/g) R
Pb2* 1.684 0.1204 0.9907
Cd* 0.681 0.932 0.9527
Cu?* 0.596 0.034 0.9869
NiZ* 0.404 0.063 0.9618

In the pseudo-second-order model, if the linearized rate of adsorption follows a
second-order chemisorption kinetics, the equation is expressed by Equation (17).
LA 17)
g kagz e
where ge is the adsorption capacity at equilibrium (mg/g), gt is the adsorption capacity
at any time (mg/g), t is time (min), k; is the rate constant of pseudo-first-order sorption
(min~1), and k; is the rate constant of pseudo-second-order sorption (g/mg min).
Moreover, the Elovich kinetic model is commonly applied to describe adsorption pro-
cesses occurring on heterogeneous surfaces, particularly when chemisorption is involved.
The model assumes that the rate of adsorption decreases exponentially with increasing
surface coverage, reflecting a multilayer or energetically non-uniform surface. The linear
form of the Elovich equation can be expressed as (Equation (18)):

q = 1ln(/x,B) + l1r1(1f), (18)
p p
where q; (mg/g) is the amount of adsorbate adsorbed at time #(min), « (mg/g-min) is the
initial adsorption rate, and B(g/mg) is the desorption constant related to surface coverage
and activation energy for chemisorption.

The experimental adsorption data for Pb2*, Cd%*, Cu?*, and Ni%* on the FAGP compos-
ite fibers were analyzed using pseudo-first-order, pseudo-second-order and elovich kinetic
models (Figure 9). Moreover, the experimental adsorption capacities (qe,exp) together
with the model-calculated values for each kinetic equation, enabling direct comparison
between experimental and predicted results are summarized in Table 5. Based on the
linear regression coefficients (R? values), the pseudo-second-order model provided a better
description of the adsorption mechanism for Pb?*, whereas the pseudo-first-order model
more accurately described the adsorption behaviors of Cd?*, Cu?*, and Ni?*. Nevertheless,
the experimentally determined adsorption capacities were generally closer to the values
predicted by the pseudo-second-order model, with discrepancies of 10-20%. Overall, the
kinetic analysis suggests that the pseudo-second-order model offers a more reliable predic-
tion of the adsorption kinetics for all studied metal ions, particularly for Pb>* adsorption
on the FAGP composite fibers.
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Figure 9. Kinetics of (a) Pb%*, (b) Cd**, (c) Cu?*, and (d) Ni?* adsorption on the FAGP composite
fibers and the fit of the model to the data for mono-cation solutions (pseudo-first-order model,
pseudo-second-order model, and Elovich model).

Table 5. Parameter values for the batch kinetic adsorption models of the FAGP composite fibers.

Metal
Kinetic Model Parameter
Pb2+ Cd2+ Cu2+ Ni2+
kq (minfl) 0.0001 0.0001 0.0003 0.0004
Pseudo-first order  qm (Mmg/g) 6.794 3.856 4.908 3.806
R2 0.9501 0.8960 0.9775 0.9506
kz (g/mg 0.0004 0.0005 0.0002 0.0005
Pseudo-second min)
order qm (mg/g)  9.327 6.208 5.550 4,670
R? 0.9977 0.6878 0.9125 0.9157
B 0.8030 1.3869 1.6339 1.9409
Elovich o 0.2295 0.2395 0.0772 0.1347
R2 0.8966 0.8759 0.7779 0.8380
Qe of
Experimentally Je 8.899 6.192 5.551 4.840
value (mg/g)

The adsorption isotherms and kinetics indicate that the adsorption process involves
both monolayer and multilayer interactions depending on the metal ion. The R-P model
revealed that the Pb?* adsorption involves both monolayer and multilayer adsorption. In
contrast, the Freundlich model indicated that the Cu?*, Cd2?*, and Ni%* adsorption processes
proceed through a multilayer adsorption on a heterogeneous surface. The pseudo-second-
order kinetics of Pb?* reflected a chemisorption or ion exchange mechanism, in which the



Materials 2025, 18, 4698

17 of 20

adsorption depends on the chemical bonds between the adsorbent surface and the metal
ions, indicating strong interactions. In contrast, the pseudo-first-order kinetics of Cu?*,
Cd?*, and Ni?* indicated that their adsorption proceed through a combination of surface
adsorption and diffusion, which may involve weaker physical interactions (physisorption).
This indicates that the adsorption of different metal ions on the composite fibers occurs
through a combination of both chemisorption and physisorption, with interactions of
varying strengths depending on the ion.

Table 6 compares the adsorption capacities of the FAGP composite fibers (60 wt%
FAGP) for Pb%*, Cd%*, Cu?*, and Ni?* with those of other reported adsorbents, including
magnetic activated carbon powders, natural clays, metakaolin-based geopolymer powders,
geopolymer foams, and geopolymer spheres. The FAGP fibers exhibited adsorption ca-
pacities of 11.78, 10.79, 9.64, and 8.42 mg/¢g for Pb%*, Cd**, Cu?*, and Ni?*, respectively.
Although these values are lower than those of magnetic activated carbon (253.20 mg/g
for Pb?*) and metakaolin-based geopolymers (312.50 mg/g for Pb2*), they are comparable
to or even exceed those of natural clays and geopolymer foams for certain ions, particu-
larly Cd?* and Cu?*. For example, the FAGP fibers achieved higher Cd?* removal than
geopolymer foams (2.81 mg/g for Cd?") and better overall performance for multiple ions
than Ni?*-selective geopolymer spheres (19.94 mg/g for Ni?*).

Table 6. Comparison between the adsorption capacities of the FAGP composite fibers and other
reported heavy-metal-ion adsorbents.

Adsorbent Materials Metal Ion Adsorption Capacity (mg/g) References
FAGP Composite Fibers Pb2* 11.78 This study
(60 wt%) Cd? 10.79
Cu®* 9.64
Ni?* 8.42
Magnetic activated carbon Pb%* 253.20 [42]
powder caz 73.30
Natural clay powder Pb%* 9.91 [43]
Cd>* 9.45
Ni* 10.20
Metakaolin-based Pb2* 312.50 [44]
Geopolymers powder Cu?* 178.60
Geopolymer foams Pb2* 11.99 [45]
Cd** 2.81
Ni?* 6.16
Geopolymer spheres Ni%* 19.94 [46]

While magnetic activated carbons and metakaolin-based geopolymers demonstrate
higher maximum adsorption capacities, they often involve higher production costs or raw
material limitations. In contrast, the FAGP composite fibers provide a cost-effective, sus-
tainable, and environmentally friendly alternative, as they valorize industrial fly ash while
maintaining balanced adsorption efficiency across multiple heavy metals. Importantly, the
novelty of this study lies not in capacity alone but in the fiber format, which offers handling,
separation, and scalability advantages that powders, foams, or spheres cannot easily deliver.
Therefore, the key contribution of this work is the demonstration of a scalable, mechanically
stable, and environmentally sustainable fiber-based geopolymer adsorbent that bridges
laboratory-scale studies with potential practical applications in wastewater treatment.
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4. Conclusions

This study developed fly ash-based geopolymer (FAGP) composite fibers reinforced
with polyethersulfone (PES) for the adsorption of Pb?*, Cd?*, Cu?*, and Ni?* ions from
aqueous solutions. The incorporation of FAGP within the PES matrix produced fibers with
uniform particle dispersion and improved structural integrity, as confirmed by SEM and
X-ray CT analysis.

Adsorption performance was strongly influenced by operational parameters such as pH,
contact time, and adsorbent dosage. The optimal condition achieved complete Pb?** removal
(100%) at 0.5 g dosage and pH 5, with significant removal of Cd?*, Cu?*, and Ni** under
the same conditions. Isotherm analysis revealed that Pb>* adsorption followed the Redlich—
Peterson model, indicating a combination of monolayer and heterogeneous adsorption, while
Cd?*, Cu?*, and Ni%* were better fitted by the Freundlich model, suggesting multilayer
adsorption. The favorable Langmuir separation factors (0 < Ry, < 1) confirmed that adsorption
was spontaneous and efficient. The Temkin and Dubinin—-Radushkevich (D-R) models
further supported strong adsorbate-adsorbent interactions, with D-R mean adsorption
energy (E) values above 16 k] /mol, confirming chemisorption as the dominant mechanism.

Overall, the FAGP composite fibers demonstrated high adsorption efficiency, good
mechanical stability, and scalability potential, making them promising materials for wastew-
ater treatment applications. The use of fly ash as a raw material enhances sustainability
and cost-effectiveness. Future research will focus on multicomponent and real wastewater
systems, regeneration and reuse cycles, and advanced surface modifications to improve
selectivity and long-term performance.

Author Contributions: Conceptualization, S.0., Y.Z. and S.L.; methodology, G.L., S.O. and Y.Z,;
validation, G.L. and Y.Z.; formal analysis, G.L.; investigation, G.L. and S.O.; resources, Y.Z. and S.L.;
data curation, G.L.; writing—original draft preparation, G.L.; writing—review and editing, S.O., Y.Z.
and S.L.; visualization, S.0., Y.Z. and S.L.; supervision, S.O.; project administration, Y.Z. and S.L.;
funding acquisition, S.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Hainan Provincial Natural Science Foundation of
China (No. 223RC400), The International Science & Technology Cooperation Program of Hainan
Province (No. GHYF2025018), National Key Research and Development Program of China
(No. 2022YFD2301202), Innovational Fund for Scientific and Technological Personnel of Hainan
Province (No. KJRC2023C07), National Natural Science Foundation of China (No. 52203058).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Siyal, A.A.; Shamsuddin, M.R.; Rabat, N.E.; Zulfiqar, M.; Man, Z.; Low, A. Fly ash based geopolymer for the adsorption of anionic
surfactant from aqueous solution. J. Clean. Prod. 2019, 229, 232-243. [CrossRef]
2. Al-Shahrani, S.S. Treatment of wastewater contaminated with cobalt using Saudi activated bentonite. Alex. Eng. J. 2014, 53,

205-211. [CrossRef]

3.  Fu, F; Wang, Q. Removal of heavy metal ions from wastewaters: A review. ]. Environ. Manag. 2011, 92, 407—418. [CrossRef]

[PubMed]

4.  Srivastava, N.K.; Majumder, C.B. Novel biofiltration methods for the treatment of heavy metals from industrial wastewater. J.
Hazard. Mater. 2008, 151, 1-8. [CrossRef] [PubMed]

5. Sone, H.; Fugetsu, B.; Tanaka, S. Selective elimination of lead(II) ions by alginate/polyurethane composite foams. J. Hazard. Mater.
2009, 162, 423-429. [CrossRef]


https://doi.org/10.1016/j.jclepro.2019.04.384
https://doi.org/10.1016/j.aej.2013.10.006
https://doi.org/10.1016/j.jenvman.2010.11.011
https://www.ncbi.nlm.nih.gov/pubmed/21138785
https://doi.org/10.1016/j.jhazmat.2007.09.101
https://www.ncbi.nlm.nih.gov/pubmed/17997034
https://doi.org/10.1016/j.jhazmat.2008.05.093

Materials 2025, 18, 4698 19 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Ajmal, M.; Rao, R.A.K,; Ahmad, R.; Ahmad, J.; Rao, L.A K. Removal and recovery of heavy metals from electroplating wastewater
by using Kyanite as an adsorbent. J. Hazard. Mater. 2001, 87, 127-137. [CrossRef]

Jalayeri, H.; Salarirad, M.M.; Ziaii, M. Behavior and mechanism of various components of soil in Cu (II) adsorption from aqueous
solution. Desalin. Water Treat. 2016, 57, 8494-8503. [CrossRef]

Nogawa, K.; Kobayashi, E.; Okubo, Y.; Suwazono, Y. Environmental cadmium exposure, adverse effects and preventive measures
in Japan. Biometals 2004, 17, 581-587. [CrossRef]

Kara, I; Yilmazer, D.; Akar, S.T. Metakaolin based geopolymer as an effective adsorbent for adsorption of zinc(II) and nickel(II)
ions from aqueous solutions. Appl. Clay Sci. 2017, 139, 54-63. [CrossRef]

Loépez, EJ.; Satoshi, S.; Tagaya, M.; Kobayashi, T. Metakaolin-Based Geopolymers for Targeted Adsorbents to Heavy Metal Ion
Separation. J. Mater. Sci. Chem. Eng. 2014, 2, 16-27. [CrossRef]

Chiarle, S.; Ratto, M.; Rovatti, M. Mercury removal from water by ion exchange resins adsorption. Water Res. 2000, 34, 2971-2978.
[CrossRef]

Bapat, S.A.; Jaspal, D.K. Parthenium hysterophorus: Novel adsorbent for the removal of heavy metals and dyes. Glob. ]. Environ.
Sci. 2016, 2, 135-144.

Papageorgiou, S.K.; Katsaros, FK.; Kouvelos, E.P.; Kanellopoulos, N.K. Prediction of binary adsorption isotherms of Cu?*, Cd?*
and Pb%* on calcium alginate beads from single adsorption data. J. Hazard. Mater. 2009, 162, 1347-1354. [CrossRef]
Al-Harahsheh, M.S.; Al Zboon, K.; Al-Makhadmeh, L.; Hararah, M.; Mahasneh, M. Fly ash based geopolymer for heavy metal
removal: A case study on copper removal. ]. Environ. Chem. Eng. 2015, 3, 1669-1677. [CrossRef]

Alvarez-Ayuso, E.; Querol, X,; Plana, E; Alastuey, A.; Moreno, N.; Izquierdo, M.; Font, O.; Moreno, T; Diez, S.; Vazquez, E.; et al.
Environmental, physical and structural characterisation of geopolymer matrixes synthesised from coal (co-)combustion fly ashes.
J. Hazard. Mater. 2008, 154, 175-183. [CrossRef] [PubMed]

Sindhunata; Van Deventer, J.; Lukey, G.; Xu, H. Effect of curing temperature and silicate concentration on fly-ash-based
geopolymerization. Ind. Eng. Chem. Res. 2006, 45, 3559-3568. [CrossRef]

Zheng, G.; Cui, X.; Zhang, W.; Tong, Z. Preparation of geopolymer precursors by sol-gel method and their characterization. J.
Mater. Sci. 2009, 44, 3991-3996. [CrossRef]

Tavor, D.; Wolfson, A.; Shamaev, A.; Shvarzman, A. Recycling of industrial wastewater by its immobilization in geopolymer
cement. Ind. Eng. Chem. Res. 2007, 46, 6801-6805. [CrossRef]

Yunsheng, Z.; Wei, S.; Qianli, C.; Lin, C. Synthesis and heavy metal immobilization behaviors of slag based geopolymer. |. Hazard.
Mater. 2007, 143, 206-213. [CrossRef]

Zheng, L.; Wang, W.; Shi, Y. The effects of alkaline dosage and Si/ Al ratio on the immobilization of heavy metals in municipal
solid waste incineration fly ash-based geopolymer. Chemosphere 2010, 79, 665-671. [CrossRef]

Van Jaarsveld, J.; Van Deventer, J.; Lukey, G. A comparative study of kaolinite versus metakaolinite in fly ash based geopolymers
containing immobilized metals. Chem. Eng. Commun. 2004, 191, 531-549. [CrossRef]

Al-Zboon, K.; Al-Harahsheh, M.S.; Hani, EB. Fly ash-based geopolymer for Pb removal from aqueous solution. ]. Hazard. Mater.
2011, 188, 414-421. [CrossRef]

Wang, S.; Li, L.; Zhu, Z. Solid-state conversion of fly ash to effective adsorbents for Cu removal from wastewater. . Hazard. Mater.
2007, 139, 254-259. [CrossRef] [PubMed]

Dou, X.; Mohan, D.; Pittman, C.U., Jr. Arsenate adsorption on three types of granular schwertmannite. Water Res. 2013, 47,
2938-2948. [CrossRef] [PubMed]

Chen, N.; Zhang, Z.; Feng, C.; Zhu, D.; Yang, Y.; Sugiura, N. Preparation and characterization of porous granular ceramic
containing dispersed aluminum and iron oxides as adsorbents for fluoride removal from aqueous solution. |. Hazard. Mater. 2011,
186, 863-868. [CrossRef] [PubMed]

Medri, V.; Papa, E.; Lizion, ].; Landi, E. Metakaolin-based geopolymer beads: Production methods and characterization. J. Clean.
Prod. 2020, 244, 118844. [CrossRef]

Papa, E.; Landi, E.; Miccio, E; Medri, V. K;O-Metakaolin-Based Geopolymer Foams: Production, Porosity Characterization and
Permeability Test. Materials 2022, 15, 1008. [CrossRef]

Tang, Q.; Wang, K.; Yaseen, M.; Tong, Z.; Cui, X. Synthesis of highly efficient porous inorganic polymer microspheres for the
adsorptive removal of Pb?* from wastewater. J. Clean. Prod. 2018, 193, 351-362.

Onutai, S.; Kobayashi, T.; Thavorniti, P.; Jiemsirilers, S. Porous fly ash-based geopolymer composite fiber as an adsorbent for
removal of heavy metal ions from wastewater. Mater. Lett. 2019, 236, 30-33. [CrossRef]

de Luna, M.D.G,; Capito, J.A.; Vilando, A.C.; Lu, M.-C. Effect of EDTA and CH,O on copper recovery from simulated electroless
copper plating spent rinse water by unseeded fluidized-bed granulation process. Sep. Purif. Technol. 2020, 253, 117460. [CrossRef]
Piedra, E.; Alvarez, J.R; Luque, S. Hexavalent chromium removal from chromium plating rinsing water with membrane
technology. Desalin. Water Treat. 2015, 53, 1431-1439. [CrossRef]


https://doi.org/10.1016/S0304-3894(01)00234-5
https://doi.org/10.1080/19443994.2015.1021853
https://doi.org/10.1023/B:BIOM.0000045742.81440.9c
https://doi.org/10.1016/j.clay.2017.01.008
https://doi.org/10.4236/msce.2014.27002
https://doi.org/10.1016/S0043-1354(00)00044-0
https://doi.org/10.1016/j.jhazmat.2008.06.022
https://doi.org/10.1016/j.jece.2015.06.005
https://doi.org/10.1016/j.jhazmat.2007.10.008
https://www.ncbi.nlm.nih.gov/pubmed/18006153
https://doi.org/10.1021/ie051251p
https://doi.org/10.1007/s10853-009-3549-x
https://doi.org/10.1021/ie0616996
https://doi.org/10.1016/j.jhazmat.2006.09.033
https://doi.org/10.1016/j.chemosphere.2010.02.018
https://doi.org/10.1080/00986440490277974
https://doi.org/10.1016/j.jhazmat.2011.01.133
https://doi.org/10.1016/j.jhazmat.2006.06.018
https://www.ncbi.nlm.nih.gov/pubmed/16839666
https://doi.org/10.1016/j.watres.2013.01.035
https://www.ncbi.nlm.nih.gov/pubmed/23566332
https://doi.org/10.1016/j.jhazmat.2010.11.083
https://www.ncbi.nlm.nih.gov/pubmed/21168269
https://doi.org/10.1016/j.jclepro.2019.118844
https://doi.org/10.3390/ma15031008
https://doi.org/10.1016/j.matlet.2018.10.035
https://doi.org/10.1016/j.seppur.2020.117460
https://doi.org/10.1080/19443994.2014.943058

Materials 2025, 18, 4698 20 of 20

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Snukiskis, J.; Kauspédiené, D. Integrated removal of nonionic surfactant and cobalt(Il) from plating rinse water. Colloids Surf. A
2005, 253, 27-32. [CrossRef]

Revathi, M.; Saravanan, M.; Chiya, A.B.; Velan, M. Removal of Copper, Nickel, and Zinc Ions from Electroplating Rinse Water.
CLEAN—Soil Air Water 2012, 40, 66-79. [CrossRef]

Haghighizadeh, A.; Rajabi, O.; Nezarat, A.; Hajyani, Z.; Haghmohammadi, M.; Hedayatikhah, S.; Asl, S.D.; Aghababai Beni,
A. Comprehensive analysis of heavy metal soil contamination in mining Environments: Impacts, monitoring Techniques, and
remediation strategies. Arab. J. Chem. 2024, 17, 105777. [CrossRef]

Zhang, L.; Ahmari, S.; Zhang, J. Synthesis and characterization of fly ash modified mine tailings-based geopolymers. Constr.
Build. Mater. 2011, 25, 3773-3781. [CrossRef]

Ayawei, N.; Ebelegi, A.N.; Wankasi, D. Modelling and Interpretation of Adsorption Isotherms. J. Chem. 2017, 2017, 3039817.
[CrossRef]

Edet, U.A.; Ifelebuegu, A.O. Kinetics, Isotherms, and Thermodynamic Modeling of the Adsorption of Phosphates from Model
Wastewater Using Recycled Brick Waste. Processes 2020, 8, 665. [CrossRef]

Wu, E-C,; Tseng, R.-L.; Juang, R.-S. Characteristics of Elovich equation used for the analysis of adsorption kinetics in dye-chitosan
systems. Chem. Eng. J. 2009, 150, 366-373. [CrossRef]

Largitte, L.; Pasquier, R. A review of the kinetics adsorption models and their application to the adsorption of lead by an activated
carbon. Chem. Eng. Res. Des. 2016, 109, 495-504. [CrossRef]

Wang, E; Lu, X,; Li, X.-y. Selective removals of heavy metals (Pb2*, Cu?*, and Cd?*) from wastewater by gelation with alginate
for effective metal recovery. |. Hazard. Mater. 2016, 308, 75-83. [CrossRef]

Nakamoto, K.; Ohshiro, M.; Kobayashi, T. Mordenite zeolite—Polyethersulfone composite fibers developed for decontamination
of heavy metal ions. . Environ. Chem. Eng. 2017, 5, 513-525. [CrossRef]

Zhang, Z.; Wang, T.; Zhang, H.; Liu, Y.; Xing, B. Adsorption of Pb(II) and Cd(II) by magnetic activated carbon and its mechanism.
Sci. Total Environ. 2021, 757, 143910. [CrossRef]

Djuki¢, A.; Jovanovi¢, U.; Tuvi¢, T.; Andri¢, V.; Grbovi¢ Novakovi¢, J.; Ivanovi¢, N.; Matovi¢, L. The potential of ball-milled
Serbian natural clay for removal of heavy metal contaminants from wastewaters: Simultaneous sorption of Ni, Cr, Cd and Pb
ions. Ceram. Int. 2013, 39, 7173-7178. [CrossRef]

Ding, P,; Song, W.; Wang, C.; Yu, Z. Adsorption of Cu(Il) and Pb(II) from aqueous solutions onto a metakaolin-based geopolymer.
Desalin. Water Treat. 2019, 158, 164-173. [CrossRef]

Liu, Y,; Meng, Y.; Qiu, X.; Zhou, E; Wang, H.; Zhou, S.; Yan, C. Novel porous phosphoric acid-based geopolymer foams for
adsorption of Pb(II), Cd(Il) and Ni(II) mixtures: Behavior and mechanism. Ceram. Int. 2023, 49, 7030-7039. [CrossRef]

Tan, TH.; Mo, KH.; Lai, S.H.; Ling, T.-C. Synthesis of porous geopolymer sphere for Ni(Il) removal. Ceram. Int. 2021, 47,
29055-29063. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.colsurfa.2004.09.042
https://doi.org/10.1002/clen.201000477
https://doi.org/10.1016/j.arabjc.2024.105777
https://doi.org/10.1016/j.conbuildmat.2011.04.005
https://doi.org/10.1155/2017/3039817
https://doi.org/10.3390/pr8060665
https://doi.org/10.1016/j.cej.2009.01.014
https://doi.org/10.1016/j.cherd.2016.02.006
https://doi.org/10.1016/j.jhazmat.2016.01.021
https://doi.org/10.1016/j.jece.2016.12.031
https://doi.org/10.1016/j.scitotenv.2020.143910
https://doi.org/10.1016/j.ceramint.2013.02.061
https://doi.org/10.5004/dwt.2019.24190
https://doi.org/10.1016/j.ceramint.2022.10.164
https://doi.org/10.1016/j.ceramint.2021.06.268

	Introduction 
	Experimental Procedure 
	Materials and Geopolymer Preparation 
	Fabrication of the Geopolymer–PES Composite Fibers 
	Characterization of Composite Fibers 
	Adsorption Experiments 

	Results and Discussion 
	Fiber Properties and Morphology 
	Adsorption Performance Under Different Conditions 
	Isotherm Model Analysis 
	Kinetics and Intraparticle Diffusion 

	Conclusions 
	References

