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This study investigates the use of date palm seed ash (DPSA) as a sustainable additive in
the synthesis of metakaolin (MK)-based geopolymers. Geopolymers were prepared by
partially replacing MK with DPSA at levels ranging from 10 to 50 wt.% and were
characterized through chemical, mechanical, mineralogical, microstructural, and

adsorption analyses. Among the investigated DPSA-containing mixtures, 30 wt.% DPSA
was identified as the optimum replacement level, providing the best overall balance
between mechanical and adsorption performance. The geopolymer containing 30 wt.%
DPSA achieved a compressive strength of 28.42 MPa, a Brunauer—-Emmett-Teller (BET)
specific surface area (SSA) of 13.8 m? g'!, a Pb?* removal efficiency of 98%, and an
adsorption capacity of 4.90 mg g™'. X-ray diffraction (XRD) and scanning electron
microscopy (SEM)-energy-dispersive X-ray spectroscopy (EDS) analyses confirmed the
formation of a predominantly amorphous aluminosilicate geopolymer matrix containing
secondary crystalline aluminosilicate phases. These findings demonstrate the potential of
DPSA as a sustainable additive for producing MK-based geopolymers with satisfactory

Keywords:

date palm seed ash, geopolymer, agricultural
waste valorization, lead adsorption, heavy
metal removal

mechanical performance and enhanced Pb*" adsorption.

1. INTRODUCTION

Geopolymers are alkali-activated aluminosilicate materials
synthesized from silica- and alumina-rich precursors. Owing
to their relatively low energy demand, reduced CO: emissions,
and ability to valorize industrial and agricultural wastes, they
have emerged as promising alternatives to ordinary Portland
cement [1, 2]. Their three-dimensional aluminosilicate
framework can provide favorable mechanical properties,
chemical stability, and durability, making them suitable for a
range of structural and environmental applications.

Biomass ashes have attracted increasing interest as
geopolymer precursors because they enable the beneficial
utilization of agricultural residues while reducing waste
disposal impacts. The performance of biomass ash-based
geopolymers is strongly influenced by the contents of reactive
Si02, Al:Os, and CaO, which affect geopolymerization and the
engineering properties of the resulting materials [2, 3]. Rice
husk ash (RHA), one of the most extensively studied biomass
ashes, has been shown to enhance geopolymerization,
mechanical properties, durability, and environmental
performance owing to its high amorphous silica content [4-7].
Similar benefits have been reported for sugarcane bagasse ash,
coconut shell ash, corn cob ash, and palm oil fuel ash,
indicating that the successful incorporation of biomass ashes
is strongly influenced by their chemical composition,
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amorphous phase content, and replacement level [8-10].

Among the various agricultural residues investigated for
geopolymer production, date palm (Phoenix dactylifera)
biomass has attracted increasing attention because of its
abundance in arid and semi-arid regions, particularly across
the Middle East and North Africa. Date palm seeds, which
account for approximately 10—15 wt.% of the fruit, are a major
by-product of the date-processing industry and are generated
in substantial quantities. However, they remain largely
underutilized, making their valorization an important strategy
for waste management and circular economy practices [11,
12]. More recently, the thermal conversion of date palm seeds
into date palm seed ash (DPSA) has created new opportunities
for its use as a sustainable additive in cementitious and alkali-
activated systems [12-16]. Previous studies have demonstrated
the potential of date palm-derived materials for environmental
and construction purposes, including heavy-metal and dye
adsorption, asphalt modification, lightweight brick
production, cementitious composites, and geopolymer
reinforcement using date palm fibres [17-24].

Beyond their structural applications, geopolymers have
attracted considerable attention as adsorbents for wastewater
treatment because of their interconnected porous structure,
abundant active sites, and ion-exchange capacity, which
facilitate the removal of toxic heavy metals from aqueous
solutions [25]. Heavy metal contamination remains a major
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environmental challenge owing to the persistence, toxicity,
and bioaccumulative nature of these pollutants [26]. Lead Pb?*,
in particular, is of significant concern because of its
widespread occurrence in industrial effluents and its adverse
effects on human health. Among the available treatment
technologies, adsorption is considered an effective and
economical approach because of its simplicity, high removal
efficiency, and relatively low energy demand. In this context,
geopolymers have emerged as promising alternatives to
conventional adsorbents owing to their chemically stable
aluminosilicate framework and tunable pore structure.
Furthermore, the incorporation of agricultural waste-derived
materials may enhance adsorption performance while
supporting waste valorization within a circular economy
framework [2, 12, 15].

Despite the growing interest in biomass ash-based
geopolymers, previous research has focused predominantly on
conventional agricultural ashes, such as RHA, sugarcane
bagasse ash, and palm oil fuel ash. In contrast, the
incorporation of DPSA into metakaolin (MK)-based
geopolymer systems remains insufficiently investigated,
particularly with respect to its effects on geopolymerization,
microstructural characteristics, mechanical performance, and
heavy metal adsorption. To address this knowledge gap, the
present study investigates the feasibility of using DPSA as a
sustainable additive in MK-based geopolymers. The effects of
DPSA incorporation on the physical, mechanical,
mineralogical, microstructural, and Pb?* adsorption properties
of the synthesized geopolymers were systematically
evaluated. By integrating agricultural waste valorization with
environmental remediation, this study contributes to the
development of geopolymer materials that combine
satisfactory mechanical performance with enhanced initial
Pb?" adsorption capability.

2. MATERIALS AND METHODS
2.1 Materials and characterization

The Kaolin ore was collected from the Ma'an region in
southern Jordan. The raw kaolin was crushed using a
laboratory jaw crusher and sieved using a mechanical sieve
shaker to obtain the fraction passing through an ASTM No.
200 sieve (<75 pum). The <75 pm fraction was calcined in a
muffle furnace at 750 °C for 2 h to produce MK. After
calcination, the material was allowed to cool naturally to room
temperature and subsequently stored in sealed containers to
minimize moisture uptake prior to geopolymer preparation.

Date palm seeds were collected from local date-processing
factories in Jordan. The seeds were thoroughly washed with
tap water to remove adhering impurities and oven-dried at
150 °C. A total of 5 kg of dried seeds was combusted under
open-air conditions in five separate batches of approximately
1 kg each. Each batch was burned for 30—45 min until
complete ash formation was achieved, while the temperature
was monitored and maintained at approximately 500-550 °C.
After cooling naturally to room temperature, the ash from all
five batches was combined and thoroughly mixed to obtain a
representative, homogeneous bulk sample and minimize
batch-to-batch variability. The homogenized ash was
subsequently sieved through an ASTM No. 200 sieve (<75
um), and the fraction passing through the sieve was used for
geopolymer preparation and characterization.
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The chemical compositions of MK and DPSA were
determined by X-ray fluorescence (XRF) using an S8 TIGER
spectrometer (Bruker AXS, Germany). Their mineralogical
compositions were characterized by X-ray diffraction (XRD)
using an XRD-7000 diffractometer (Shimadzu, Japan) with Cu
Ko radiation (A = 1.5418 A), operated at 40 kV and 30 mA.
Phase identification was performed using the International
Centre for Diffraction Data Powder Diffraction File-2 (ICDD
PDF-2) database. The morphology and elemental composition
of the raw materials and selected geopolymer specimens were
examined by scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS); Quanta
600, FEIL, USA, equipped with a Bruker EDS detector. The
specific surface area (SSA) was determined by the Brunauer—
Emmett-Teller (BET) method using nitrogen adsorption at 77
K. Prior to analysis, the samples were degassed under vacuum
to remove physically adsorbed moisture and other volatile
species. The SSA values were calculated from the adsorption
isotherms over the appropriate relative-pressure range.

The Pb*" adsorption performance was evaluated using batch
adsorption experiments. Before testing, the materials were
crushed and ground to a fine powder. For each experiment, 1.0
g of adsorbent was added to 50 mL of an aqueous solution
containing 100 mg L' Pb*, prepared from Pb(NOs).. The
initial pH of the solution was 5.0. The suspensions were
shaken at 150 rpm for 24 h at room temperature and
subsequently filtered. The residual Pb?*" concentration in the
filtrate was determined by atomic absorption spectroscopy
(AAS; AAnalyst 400, PerkinElmer, USA). All experiments
were performed in triplicate, and the reported values represent
the mean of three independent measurements.

The Pb* removal efficiency (RE, %) and equilibrium
adsorption capacity (g., mg g') were calculated using Egs. (1)
and (2), respectively:

RE=(Co—Ce)/Cox100% (1)
where, Co and C, (mg L") are the initial and equilibrium Pb?*
concentrations, respectively.

qe=[(Co—Ce)*V]/m 2)
where, V' (L) is the solution volume and m (g) is the mass of
the adsorbent.

2.2 Geopolymer preparation and characterization

The alkaline activator consisted of a 10 M NaOH solution
prepared from NaOH pellets (99% purity, Sigma-Aldrich,
USA) and a commercial sodium silicate (Na:SiOs) solution
containing 25.6-27.6 wt.% SiO: and 7.5-8.5 wt.% Na2O. The
activator was prepared by mixing the Na.SiOs; and NaOH
solutions at a mass ratio of 1:1, followed by thorough stirring
and equilibration at room temperature prior to use.

A series of geopolymer mixtures was prepared by partially
replacing MK with DPSA at replacement levels of 10, 20, 30,
40, and 50 wt.% to determine the optimum replacement level.
The NaOH concentration (10 M), Na.SiOs/NaOH mass ratio
(1:1), and solid-to-liquid ratio (S/L = 2.0) were kept constant
for all mixtures. The alkaline activator was gradually added to
the dry precursors, and the mixtures were mechanically mixed
for 2 min at 100 rpm, followed by 10 min at 200 rpm, until a
homogeneous paste was obtained.

The fresh paste was cast into 50 x 50 x 50 mm steel moulds,



sealed with polyethylene film to minimize moisture loss, and
cured at 100 °C for 24 h. After demoulding, the specimens
were stored under ambient laboratory conditions for 7 days
before testing. Three specimens were prepared and tested for
each mixture, and the unconfined compressive strength (UCS)
results are reported as the mean =+ standard deviation (SD) of
three independent measurements (n = 3).

The UCS of the synthesized geopolymers was measured
using a universal testing machine (MATEST NS205N) at a
loading rate of 5 mm min'. Selected geopolymer specimens
were further characterized by XRD, SEM—EDS, BET SSA
analysis, and Pb*" adsorption experiments following the
procedures described in Section 2.1.

3. RESULTS AND DISCUSSION
3.1 Chemical characterization

Table 1 presents the chemical compositions of MK and
DPSA used in this study, together with DPSA compositions

reported in previous studies (DPSA1 and DPSA2). The XRF
results show that MK is predominantly aluminosilicate, with a

combined SiO: and Al>Os content of 91.6 wt.%, confirming its
suitability as the primary precursor for geopolymer synthesis.
The low contents of CaO, MgO, Naz0, and K20, together with
the low loss on ignition (LOI) (1.85 wt.%), indicate a silica-
and alumina-rich composition that is generally favorable for
alkaline activation.

In contrast, DPSA exhibited a markedly different oxide
composition, with lower SiO: (19.5 wt.%) and Al:Os (6.39
wt.%) contents but relatively high concentrations of KO (18.5
wt.%), P20s (18.2 wt.%), CaO (10.3 wt.%), and MgO (9.05
wt.%). This composition indicates that DPSA functions
primarily as a mineral-rich sustainable additive rather than as
the principal aluminosilicate precursor. The relatively high
P»Os content is consistent with previous studies showing that
phosphorus in date palm seeds is predominantly stored as
phytate, the principal phosphorus reserve required for seed
germination and early seedling development [27]. During
combustion, the organic fraction is largely removed, resulting
in the enrichment of inorganic mineral constituents in the
residual ash [11, 28]. Accordingly, the elevated concentrations
of K20, Ca0, MgO, and P-Os observed in DPSA are consistent
with the mineral composition of date seeds and their
concentration in the ash following combustion.

Table 1. Chemical compositions of metakaolin (MK) and date palm seed ash (DPSA) used in the present study compared with
DPSA compositions reported in previous studies

Material SiO: Al:O; Fe.0s TiO: MnO MgO CaO Na.O K:0 P20Os SOs Cl LOI
MK 61.7 29.9 2.18 0.64 ND 0.52 0.33 0.32 0.89 ND 0.28 ND 1.85
DPSA 195 6.39 5.77 0.75 0.25 9.05 10.3 2.03 18.5 18.2 3.65 161 3.56
DPSAT 455 20.75 7.25 ND 0.32 0.52 9.82 3.00 9.07 0.50 012 045 1.72
DPSA= 0.89 ND 0.70 ND ND 3.50 5.52 ND 43.02 7.40 277 554 4.8

Note: ND = Not determined. ! [14]. 2 [19]. Loss on ignition (LOI).

Comparison with previously reported DPSA compositions
reveals considerable variability in oxide contents. A silica-rich
DPSA containing 45.5 wt.% SiO: and 20.75 wt.% Al.Os was
reported following controlled calcination at 630 °C for 8 h
[14], whereas a substantially different composition was
observed for DPSA produced by open-air combustion, with
potassium as the dominant constituent and considerably lower
silicon contents [19]. Such variability is expected because the
chemical composition of biomass ash is strongly influenced by
the date palm cultivar, geographical origin, soil characteristics,
mineral uptake, combustion temperature and duration, and
post-combustion ash processing [14, 28]. Furthermore,
variations in thermal treatment conditions can alter the relative
proportions of major oxides by affecting the removal of
volatile constituents and the concentration of the remaining
mineral phases.

The marked compositional differences between MK and
DPSA indicate that the two materials play complementary
rather than equivalent roles in the geopolymer system. While
MK provides the reactive aluminosilicate species required for
geopolymer gel formation, DPSA primarily contributes alkali
and alkaline-earth elements together with phosphorus-rich
mineral components. Consequently, the performance of the
blended geopolymers is expected to depend on an appropriate
balance between preserving sufficient geopolymer-forming
constituents from MK and incorporating mineral components
from DPSA.

3.2 Mechanical characterization

The effect of DPSA incorporation on the UCS of MK-based
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geopolymers is presented in Figure 1. The reference
geopolymer prepared solely from MK-G exhibited the highest
UCS of 30.33 MPa. The strength of the DPSA-containing
mixtures varied with the replacement level. Among these
mixtures, the geopolymer containing 30 wt.% DPSA exhibited
the highest UCS (28.42 MPa), followed by those containing
10 wt.% (24.81 MPa) and 20 wt.% DPSA (18.64 MPa).
Further increasing the DPSA content to 40 and 50 wt.%
reduced the UCS to 14.67 and 10.78 MPa, respectively.

351
30
251

20+

Compressive strength (MPa)

MK-G

10 20 30

DPSA replacement {wt.%)

40 50

Figure 1. Compressive strength of MK-G and DPSA-
containing geopolymers at different date palm seed ash
(DPSA) replacement levels
Note: Values represent the mean of three specimens (n = 3), and error bars
indicate + standard deviation (SD).

Although none of the DPSA-containing mixtures exceeded



the strength of the reference geopolymer, the results indicate
that 30 wt.% DPSA represents the optimum replacement level
among the investigated compositions. At this level, the
geopolymer maintained a compressive strength relatively
close to that of the reference mixture, suggesting that moderate
DPSA incorporation did not substantially compromise
geopolymer matrix development. In contrast, higher DPSA
contents resulted in a pronounced reduction in strength, which
can be attributed to the progressive decrease in MK, the
primary reactive aluminosilicate precursor. As demonstrated
by the XRF results, DPSA contains considerably lower SiO:
and Al2Os contents than MK. Consequently, increasing the
DPSA content reduces the availability of reactive Si- and Al-
bearing species required for geopolymer gel formation.
Moreover, the K-, Ca-, and P-bearing phases introduced by
DPSA do not appear to compensate for the reduced availability
of these reactive species at higher replacement levels, thereby
limiting the development of a continuous geopolymer matrix.

A similar trend has been reported for other biomass ash-
modified geopolymer systems. The incorporation of RHA into
fly ash-based geopolymers was found to improve mechanical
performance only within a limited replacement range, while
excessive RHA contents reduced compressive strength
because of dilution of the reactive precursor and the
consequent decrease in geopolymer gel formation [4].
Similarly, the partial replacement of fly ash with biomass
wood ash enhanced compressive strength up to an optimum
level, beyond which the mechanical properties deteriorated
[29]. Studies on DPSA used as a supplementary cementitious
material have likewise shown that moderate replacement
levels generally provide favorable mechanical performance,
while excessive DPSA contents reduce strength because of
dilution of the primary binder and the lower reactivity of the
ash relative to the main cementitious precursor.

The present results therefore indicate that the mechanical
performance of DPSA-containing geopolymers depends on
maintaining sufficient MK to develop a continuous binding
matrix, with 30 wt.% DPSA providing the best balance among
the investigated replacement levels.

3.3 Mineralogical characterization

The XRD patterns of MK, DPSA, MK-G, and MK-
30%DPSA-G are presented in Figure 2. The diffraction pattern
of MK shows a marked reduction in the characteristic kaolinite
reflection at approximately 12.4° (20), indicating that most of
the kaolinite was transformed into MK during calcination.
Nevertheless, weak residual kaolinite peaks remained
detectable, suggesting incomplete transformation. Quartz
remained the dominant crystalline phase, as evidenced by its
prominent reflections at approximately 20.8°, 26.6°, and 36.5°
(20), confirming its thermal stability under the applied
calcination conditions. Minor reflections attributable to
muscovite were also observed.

The XRD pattern of DPSA is dominated by a broad diffuse
hump accompanied by only weak crystalline reflections,
indicating that the ash consists predominantly of poorly
crystalline or amorphous phases. Based on the XRF analysis,
the amorphous fraction is likely associated with Si-, P-, K-,
Ca-, and Mg-bearing constituents. However, XRD cannot
distinguish individual amorphous components, and the
absence of distinct crystalline phosphate reflections does not
exclude the presence of phosphorus, which may occur in
amorphous or poorly crystalline forms. These observations are
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consistent with previous studies showing that the
mineralogical characteristics and reactivity of DPSA are
strongly influenced by combustion conditions, particle
fineness, and chemical composition, which affect the relative
proportions of amorphous and crystalline phases in the
resulting ash.

DPSA

Intensity (a.u.)

T T T T

10 18§ 20 25

T T T T T

T
30 35 40 45 S0 55

20 (deg)

60

MK-30%DPSA-G

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

30
20 (deg)

Figure 2. X-ray diffraction (XRD) patterns of metakaolin
(MK), date palm seed ash (DPSA), MK-G, and MK-
30%DPSA-G

Note: Peak labels indicate reflections assigned to Qz: quartz, M: muscovite,
K: kaolinite, Z: zeolite phase, S: sodalite, and C: cancrinite.

Compared with MK, the XRD pattern of MK-G exhibited
residual quartz together with several newly developed
reflections, indicating the formation of crystalline reaction
products during alkaline activation. Some reflections were
tentatively assigned to zeolite-related phases, while minor
residual kaolinite and muscovite remained detectable. These
crystalline features were superimposed on a broad diffuse
background, indicating that the reaction products consisted



mainly of an amorphous aluminosilicate geopolymer matrix
containing secondary crystalline phases. Similar mineralogical
characteristics have been reported for alkali-activated
geopolymers, in which the binding matrix remains largely
amorphous while limited crystalline aluminosilicate phases
develop during curing. Furthermore, previous research has
shown that precursor composition and activation conditions
jointly influence the development of the geopolymer matrix
and its associated physical properties, indicating that reaction-
product formation depends on the overall mixture design
rather than on a single constituent [30].

The incorporation of 30 wt.% DPSA resulted in further
changes in the diffraction pattern. Residual quartz and zeolite-
related reflections remained evident, while additional
reflections tentatively assigned to sodalite and cancrinite were
detected. The appearance of these crystalline aluminosilicate
phases suggests that DPSA modified the chemical
environment of the reacting system and influenced the
crystallization pathway during geopolymerization. Although
the study [12] focused on cementitious binders rather than
geopolymers, it demonstrated the importance of interpreting
mineralogical  observations alongside complementary
analyses, such as BET and microstructural characterization,
when evaluating the performance of ash-containing binders.
Accordingly, the XRD results in the present study are
interpreted in conjunction with the SEM—EDS and BET
observations rather than as independent evidence of material

performance.
The persistence of a broad diffuse background in both
geopolymer specimens indicates that the amorphous

geopolymer gel remained the dominant binding phase despite
the formation of secondary crystalline aluminosilicate phases.
This mineralogical feature is consistent with the relatively
high compressive strengths exhibited by MK-G and MK-
30%DPSA-G; however, XRD alone cannot establish a direct
relationship between phase composition and mechanical
performance or quantify the relative proportions of amorphous
and crystalline products. Therefore, the XRD observations
should be interpreted in conjunction with the SEM
microstructural analysis to better understand the geopolymer
reaction products and their relationship to the measured
mechanical properties.

3.4 Microstructural characterization

The SEM micrographs and corresponding EDS spectra of
MK, DPSA, MK-G, and MK-30%DPSA-G are presented in
Figure 3. The SEM image of MK (Figure 3(a)) shows
irregular, angular particles with relatively smooth surfaces,
characteristic of calcined kaolinitic materials. The particles
exhibit a heterogeneous size distribution with no evidence of
particle bonding or matrix formation. The corresponding EDS
spectrum is dominated by oxygen (O), silicon (Si), and
aluminum (Al), consistent with the aluminosilicate
composition of MK. Minor amounts of potassium (K),
magnesium (Mg), and iron (Fe) were also detected, consistent
with the accessory mineral phases identified by XRD.

The DPSA micrograph (Figure 3(b)) exhibits a
heterogeneous morphology consisting of fine particles
together with a limited number of larger, irregular fragments.
The corresponding EDS spectrum shows the presence of O, Si,
Mg, P, K, Ca, and Fe, indicating a chemically diverse mineral
composition. These observations are consistent with the XRF
results, which revealed appreciable amounts of K-, P-, Ca-,
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and Mg-bearing constituents in DPSA. Furthermore, the
detection of phosphorus by EDS, together with the absence of
distinct crystalline phosphate reflections in the XRD pattern,
suggests that at least part of the phosphorus may occur in
amorphous or poorly crystalline forms. This interpretation is
consistent with previous studies showing that the
physicochemical characteristics of DPSA are strongly
influenced by thermal processing and ash composition, which
affect the relative proportions of crystalline and amorphous
phases.

Counts (a.u.)

Energy (keV)

Counts (a.u.)

Counts (a.u.)

4 6
Energy (keV)

Figure 3. Microstructural images of (a) metakaolin (MK), (b)
date palm seed ash (DPSA), (¢) MK-G, and (d) MK-
30%DPSA-G

Following alkaline activation, the morphology of MK-G
(Figure 3(c)) changed markedly compared with that of the raw
MK. The microstructure consists of agglomerated particles
embedded within a relatively continuous reaction matrix, with
some partially reacted particles remaining distinguishable.
These features are characteristic of geopolymerized systems in
which precursor dissolution and the formation of
aluminosilicate reaction products occur during alkaline
activation. The corresponding EDS spectrum is dominated by
0, Si, Al, and Na, with minor amounts of P, Cl, K, and Ca also
detected. The presence of Na is attributed to the sodium-based
alkaline activator used in geopolymer synthesis. Similar
microstructural characteristics have been reported for alkali-
activated geopolymers, in which precursor composition and
activation conditions influence matrix development and the
persistence of partially reacted particles.

The incorporation of 30 wt.% DPSA further modified the
morphology of the geopolymer (Figure 3(d)). The



microstructure appears more heterogeneous than that of MK-
G, comprising agglomerated particles, irregular voids, and
partially reacted grains. The corresponding EDS spectrum
shows the presence of O, Si, Al, Na, K, Ca, Ti, and Fe.
Compared with MK-G, the detection of K and Ca is consistent
with the contribution of mineral constituents derived from
DPSA to the geopolymer system. The coexistence of these
elements with the dominant Si- and Al-bearing components
indicates that DPSA modified the local chemical composition

while maintaining the predominantly aluminosilicate
character of the binding matrix. These microstructural and
compositional observations should be interpreted in

conjunction with the XRD and BET results when assessing the
relationship between DPSA incorporation and geopolymer
performance [12].

The SEM observations indicate that alkaline activation
substantially modified the morphology of the raw materials,
producing a more continuous reaction matrix while retaining
some partially reacted particles. The SEM—EDS results are
consistent with the XRF and XRD analyses, supporting the
predominantly aluminosilicate character of the synthesized
geopolymers and the contribution of mineral constituents
derived from DPSA. Nevertheless, SEM—-EDS provides

primarily  qualitative  information;  therefore, the
microstructural observations should be interpreted in
conjunction with the XRD, XRF, and mechanical

characterization results to obtain a more comprehensive
understanding of the geopolymer reaction products and their
relationship to mechanical performance.

The XRD and SEM-EDS observations provide a
microstructural basis for interpreting the UCS results. The
high compressive strength of MK-G (30.33 MPa) is consistent
with  the predominantly —amorphous aluminosilicate
geopolymer matrix identified by XRD and the relatively
continuous reaction matrix observed by SEM, suggesting
effective bonding among the reacted precursor particles.
Incorporation of 30 wt.% DPSA modified the reaction
environment, as indicated by the appearance of secondary
aluminosilicate phases tentatively assigned to sodalite and
cancrinite and by the more heterogeneous microstructure
containing irregular voids and partially reacted particles.
Despite these features, sufficient MK remained available to
maintain the continuity of the aluminosilicate binding matrix,
enabling MK-30%DPSA-G to retain a relatively high UCS of
28.42 MPa. At higher DPSA replacement levels, the
progressive decrease in MK reduces the availability of reactive
Si- and Al-bearing species required for geopolymer gel
formation, as supported by the substantially lower SiO2 and
AlL:Os contents of DPSA compared with MK. This dilution of
the primary reactive precursor is expected to reduce gel
continuity and increase structural heterogeneity, providing a
plausible explanation for the decrease in UCS to 14.67 and
10.78 MPa at 40 and 50 wt.% DPSA, respectively. Thus, the
mechanical performance reflects a balance between
maintaining a sufficiently continuous aluminosilicate binding
matrix and incorporating DPSA-derived constituents, with 30
wt.% representing the most favorable replacement level
among the DPSA-containing mixtures.

3.5 Surface area and Pb*" adsorption performance
The BET SSA and Pb?*" adsorption performance of the raw

materials and selected geopolymer specimens are summarized
in Figure 4. The results indicate that Pb®*" adsorption
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performance cannot be explained by SSA alone and is likely
influenced by both the accessible surface characteristics and
the chemical composition of the investigated materials.

mmm RFTSSA(m?g-!) mem g, (mgg~!) =@ Pb?* removal (%)

15.0

removal (%)

BETSSA(m?g!)/ge (Mg g~)
Pb+

MK 30%DPSA G

Figure 4. Brunauer—-Emmett—Teller (BET) specific surface
area (SSA) and Pb?** adsorption performance of the raw
materials and selected geopolymer specimens

Among the raw materials, MK exhibited the highest BET
SSA (16.5 m? g'), whereas DPSA showed a considerably
lower value (2.7 m? g'). Despite this difference, DPSA
achieved a substantially higher Pb?" removal efficiency (89%)
and adsorption capacity (4.45 mg g') than MK (46% and 2.30
mg g', respectively). These results indicate that Pb*
adsorption was not governed solely by accessible surface area,
suggesting that the chemical and mineralogical characteristics
of the adsorbents also influenced their adsorption
performance. A similar relationship was reported in this study
[31], where date seed ash effectively removed boron despite
its relatively low BET SSA, further indicating that adsorption
performance may depend on physicochemical characteristics
in addition to surface area.

Following geopolymerization, the reference geopolymer
(MK-G) exhibited a BET SSA of 7.0 m? g!, a Pb*" removal
efficiency of 72%, and an adsorption capacity of 3.60 mg g™'.
Incorporation of 30 wt.% DPSA increased the BET SSA to
13.8 m? g! and resulted in the highest Pb?" removal efficiency
(98%) and adsorption capacity (4.90 mg g') among the
investigated specimens.

The approximately twofold increase in BET SSA relative to
MK-G indicates that DPSA incorporation modified the
accessible surface characteristics of the geopolymer matrix,
potentially increasing the number of sites available for
interaction with Pb?*. This interpretation is also consistent with
the more heterogeneous morphology and irregular voids
observed by SEM for MK-30%DPSA-G. Previous studies
have shown that the pore structure and accessible surface area
of geopolymers can influence heavy-metal adsorption by
affecting the availability of binding sites [32-34]. However,
because pore-size distribution and total pore-volume data were
not determined in the present study, the increase in BET SSA
cannot be specifically attributed to the development of
micropores or mesopores. Therefore, the present results
indicate an increase in accessible SSA rather than direct
evidence of changes in micro- or mesoporous structure.
Moreover, surface area alone cannot explain the observed Pb*
uptake, as MK exhibited a considerably higher BET SSA than
DPSA (16.5 versus 2.7 m? g'), while DPSA showed
substantially greater Pb?>" removal (89% versus 46%). This
contrast suggests that Pb?" adsorption was influenced by both
accessible surface characteristics and the chemical and
mineralogical properties of the adsorbent. Accordingly, the
enhanced adsorption performance of MK-30%DPSA-G is



interpreted as resulting from the combined influence of its
increased accessible surface area and the modified chemical
and mineralogical characteristics introduced by DPSA.
Further pore-volume and pore-size distribution analyses
would be required to determine the specific contribution of
micro- and mesoporous structures.

It should be noted that the present study evaluates the initial
Pb** adsorption capability of the synthesized geopolymers
under the investigated batch conditions. The post-adsorption
stability, Pb*" leaching behaviour, and regeneration
performance were not evaluated; therefore, further leaching
and reuse studies are required before the practical applicability
of these materials in wastewater treatment can be established.

4. CONCLUSIONS

This study demonstrated the feasibility of incorporating
DPSA as a partial replacement for MK in alkali-activated
geopolymers. XRD and SEM-EDS analyses indicated the
formation of predominantly amorphous aluminosilicate
geopolymer matrices containing secondary crystalline phases,
while DPSA incorporation modified the mineralogical and
microstructural ~ characteristics of the  synthesized
geopolymers. Although the reference geopolymer (MK-G)
exhibited the highest compressive strength (30.33 MPa), the
incorporation of 30 wt.% DPSA provided the best overall
balance between mechanical and adsorption performance,
achieving a compressive strength of 28.42 MPa, the highest
BET SSA among the geopolymer specimens (13.8 m? g!), and
the highest Pb** removal efficiency (98%), with an adsorption
capacity of 4.90 mg g'. These results indicate that Pb*
adsorption was influenced not only by accessible SSA but also
by the chemical, mineralogical, and microstructural
characteristics of the adsorbent. Overall, the findings
demonstrate the potential of DPSA as a sustainable additive
for producing MK-based geopolymers with satisfactory
mechanical performance and high initial Pb?* adsorption
capability. However, further investigations into long-term
durability, post-adsorption Pb?" leaching stability, adsorbent
regeneration and reuse, optimization of mixture design and
curing conditions, and performance under practical conditions
are required before the suitability of DPSA-containing
geopolymers for construction or wastewater treatment
applications can be established.
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