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Abstract

Geopolymers are synthesized through the reaction between alkaline activator solutions and aluminosilicate-rich precursors, offering an
alternative to Portland cement for sustainable construction. Sugarcane bagasse ash (SCBA), an agricultural byproductrich in SiO,, presents
potential for incorporation into fly ash (FA)-based geopolymer systems. While SCBA has been explored for environmental benefits, limited
studies have evaluated the combined influence of SCBA and alkaline activator solutions on hardening behavior. This study investigated
the effects of SCBA content (0%, 10%, 20%, 30% by mass), NaOH concentration (8M, 12M, 16M), and liquid-to-solid (L/S) ratio (0.2, 0.4, 0.6)
using 36 geopolymer paste mixtures. SCBA was processed by drying, sieving to 149 um, and calcining at 700 °C for 2 hours. Specimens
were cured at 90°C for 24 hours, followed by ambient curing. Bulk density, apparent porosity, water absorption, compressive strength,
and shrinkage were evaluated. Results showed that SCBA content and L/S ratio strongly affected compressive strength and shrinkage.
The mixture containing 10% SCBA, NaOH 12M, and L/S = 0.4 achieved the highest compressive strength (47.65 MPa at 90 days), along
with reduced porosity and water absorption. In contrast, SCBA replacement above 20% resulted in decreased strength and increased

shrinkage. The results indicate the potential of SCBA as a partial FA replacement to promote sustainable construction materials.
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1 Introduction

Cement production is a major contributor to global carbon
dioxide (CO,) emissions, accounting for approximately
8% of total anthropogenic CO, emissions. These emis-
sions primarily result from the energy-intensive calcina-
tion of limestone and the combustion of fossil fuels [1].
In 2022, the global cement industry produced approxi-
mately 4.1 billion metric tons [2]. Despite ongoing efforts
to mitigate emissions through alternative fuels and clinker
substitution, the industry's CO, emissions remain above
2.5 billion metric tons annually. The high environmental
burden of cement production has led to an increased focus
on developing alternative binders [3].

Geopolymers are inorganic binders that were synthe-
sized through the alkali activation of precursors such
as fly ash (FA) [4]. Geopolymer materials exhibit high
strength and durability due to the formation of stable
three-dimensional polymer networks [5]. Unlike Portland

cement, geopolymer production does not require lime-
stone calcination, leading to a significant reduction in CO,
emissions [6]. In addition to reducing carbon footprints,
geopolymers enable the valorization of industrial by-prod-
ucts, thereby mitigating landfill waste and conserving nat-
ural resources [7]. Moreover, geopolymers exhibit supe-
rior resistance to acid and sulfate attack and demonstrate
high thermal stability, making them viable alternatives to
conventional cement for infrastructure [4].

Alkaline activator solutions have been identified as a
primary factor influencing the dissolution of aluminosili-
cate precursors and the strength development of geopoly-
mer materials [8, 9]. High concentration of NaOH solu-
tion increases the solubility of aluminosilicate materials,
leading to improved strength [10]. However, NaOH with
too high a concentration can reduce the workability and
increase the brittleness [11]. Shee-Ween et al. [12] and
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Vigneshkumar et al. [13] found that 14 M NaOH resulted
in the highest compressive strength and lowest poros-
ity, optimizing the geopolymer mechanical performance
and microstructure. However, Ghafoor et al. [14] and
Rajkumar [15] suggested that the optimum compressive
strength, splitting tensile strength, and improved workabil-
ity were achieved at 12 M. The alkaline activator solutions
to solid ratio by mass (L/S) is also a strong factor influ-
encing the properties of geopolymers [16]. Marczyk et al.
found that low the L/S ratios generally increase strength
but can lead to mixing challenges and L/S = 0.33 yields
denser microstructures and improved flexural strength,
while higher L/S ratios (0.45) lead to porous structures and
reduced strength due to excessive water hindering geopoly-
mer network formation [17]. However, Teng et al. suggested
that L/S = 0.45 is the optimal ratio for the highest compres-
sive strength and workability [18]. Besides, the Na,SiO,/
NaOH ratio of 2.5 has been widely recognized as optimal
for balancing strength development and workability [19].
The sugarcane industry generates approximately 1.9 bil-
lion metric tons of sugarcane annually [20]. Sugarcane
bagasse ash (SCBA) is a byproduct produced in sugarcane
industries during the autocombustion process in cogenera-
tion boilers [20]. Improper disposal of SCBA contributes to
environmental pollution [21]. SCBA contains silica (SiO,)
and alumina (AlO,), making it a potential precursor for
geopolymers [22]. Research has demonstrated the poten-
tial of SCBA, with its incorporation into geopolymer
enhancing durability while supporting sustainable con-
struction [20, 23]. Rihan et al. suggested that geopolymer
concrete achieved the highest strength when replacing
5% of FA mass with SCBA. However, at higher replacement
levels (up to 20%), the strength and slump of the concrete
decreased sharply [24]. Somna et al. found that replacing FA
with SCBA at 10, 20, and 30% increased water absorption
and decreased compressive strength values [25]. The addi-
tion of SCBA to FA geopolymers reduces compressive
strength due to unreactive quartz in SCBA. However, up
to 10 wt.% SCBA has minimal impact on properties, while
higher amounts significantly decrease strength [26].
Previousresearch has highlighted the inconsistent effects
of alkaline activator solutions on fly ash-based geopoly-
mer [12—-15], while SCBA is generally known to reduce the
strength or workability of geopolymer materials [10, 25].
However, the combined influence of SCBA and alkaline
activator solutions on the strength and shrinkage of fly ash-
based geopolymer remains underexplored and warrants
further investigation [24, 26]. Therefore, this study aims
to assess the simultaneous impact of SCBA and Alkaline

activator solutions on the properties of fly ash-based geo-
polymer. To achieve this, experiments were conducted to
evaluate bulk density, water absorption, apparent poros-
ity, compressive strength, and shrinkage. Additionally,
the density, the loss on ignition, microstructure, chemical
composition, and mineral properties of SCBA were ana-
lyzed. The diagram of this study is illustrated in Fig. 1.

2 Materials and methods

2.1 Materials

The primary materials utilized in this investigation
include sugarcane bagasse ash (SCBA), fly ash (FA)
(class F, bulk density of 1.56 g/cm? and specific gravity of
2.71 g/em?), sodium hydroxide (pellets), sodium silicate
solution (Na,SiO,), and water.

The raw sugarcane bagasse ash was collected from a
waste dump at a sugar mill in southern Vietnam. This agro-
waste ash was produced after burning sugarcane bagasse
in boilers at temperatures ranging from 500 to 600 °C for
approximately 1.5 hours. Upon transportation to the labora-
tory, the raw SCBA was dried at 110 °C until a constant mass
was achieved. The next treatment step was to sieve SCBA
through a No. 100 sieve (149 um) to remove large particles.
Finally, the SCBA was calcined in a vacuum furnace with a
maximum temperature of 700 °C (10 °C/min heating rate).
After the vacuum furnace cooled to room temperature, the
processed SCBA was stored in sealed plastic container.
After processing, SCBA exhibited a gray color, a bulk den-
sity of 0.73 g/cm?, and a specific gravity of 2.12 g/em?.

The alkaline solution consisted of sodium hydroxide solu-
tion (NaOH) and sodium silicate solution (Na,SiO,): 9%
Na,O + 28% SiO, + 63% H,O, by mass. The preparation of
the NaOH from sodium hydroxide (pellets) and tap water was
carried out 24 hours before mixing the geopolymer mixtures.

Calcined (700°C)

Raw SCBA | Drying 110°C
Sieve #100

Na,SiO;:NaOH FA:SCBA = 100:0,
=25 90:10, 80:20, 70:30

Geopolymer paste (L/S =0.2, 0.4, 0.6):
A total 36 mixes

Oven: 90°C, 24 hours

TESTING
Bulk density (28 days)
‘Water absorption (28 days)
Apparent porosity (28 days)
Compressive strength (3, 28, 90 days)
Shrinkage (0 hours to 450 days)
SEM (90 days)

Fig. 1 The diagram in this study



2.2 Mix proportions

Table 1 displays the mix proportions of 36 geopolymer paste
mixtures in this study. Four mass percentages of sugarcane
bagasse ash (SCBA) replacing fly ash (FA) in the mixture
(i.e., 0%, 10%, 20%, and 30%) were proposed to form four
groups of mixtures named A, B, C, and D, respectively.
The molarity of NaOH was 8M, 12M, and 16M. The mass
ratio between Na»SiOs and NaOH was maintained at 2.5.
The L/S ratios were established at 0.2, 0.4, and 0.6.
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2.3 Sample preparation and curing

The preparation of the geopolymer mixture was con-
ducted in five sequential steps. In the first step, fly ash
(FA) and sugarcane bagasse ash (SCBA) were dry-mixed
in a high-shear mixer for 3 minutes. In the second step,
NaOH was stirred and gradually added to the dry mix-
ture, followed by continuous mixing for an additional 3
minutes. In the third step, Na,SiO, was stirred and slowly
introduced into the mixture, which was then mixed for

Table 1 Mix proportion (1000 grams of geopolymer paste mixture)

No Group Mix ID FA SCBA NaOH Na,SiO, FA/SCBA L/S
1 A A-0.2-8 833 0 48 (8M) 119 100/0 0.2
2 A-0.4-8 714 0 82 (8M) 204 100/0 0.4
3 A-0.6-8 625 0 107 (8M) 268 100/0 0.6
4 A-0.2-12 833 0 48 (12M) 119 100/0 0.2
5 A-0.4-12 714 0 82 (12M) 204 100/0 0.4
6 A-0.6-12 625 0 107 (12M) 268 100/0 0.6
7 A-0.2-16 833 0 48 (16M) 119 100/0 0.2
8 A-0.4-16 714 0 82 (16M) 204 100/0 0.4
9 A-0.6-16 625 0 107 (16M) 268 100/0 0.6
10 B B-0.2-8 750 83 48 (8M) 119 90/10 0.2
11 B-0.4-8 643 71 82 (8M) 204 90/10 0.4
12 B-0.6-8 563 63 107 (8M) 268 90/10 0.6
13 B-0.2-12 750 83 48 (12M) 119 90/10 0.2
14 B-0.4-12 643 71 82 (12M) 204 90/10 0.4
15 B-0.6-12 563 63 107 (12M) 268 90/10 0.6
16 B-0.2-16 750 83 48 (16M) 119 90/10 0.2
17 B-0.4-16 643 71 82 (16M) 204 90/10 0.4
18 B-0.6-16 563 63 107 (16M) 268 90/10 0.6
19 C C-0.2-8 667 167 48 (8M) 119 80/20 0.2
20 C-0.4-8 571 143 82 (8M) 204 80/20 0.4
21 C-0.6-8 500 125 107 (8M) 268 80/20 0.6
22 C-0.2-12 667 167 48 (12M) 119 80/20 0.2
23 C-0.4-12 571 143 82 (12M) 204 80/20 0.4
24 C-0.6-12 500 125 107 (12M) 268 80/20 0.6
25 C-0.2-16 667 167 48 (16M) 119 80/20 0.2
26 C-0.4-16 571 143 82 (16M) 204 80/20 0.4
27 C-0.6-16 500 125 107 (16M) 268 80/20 0.6
28 D D-0.2-8 667 167 48 (8M) 119 70/30 0.2
29 D-0.4-8 571 143 82 (8M) 204 70/30 0.4
30 D-0.6-8 500 125 107 (8M) 268 70/30 0.6
31 D-0.2-12 667 167 48 (12M) 119 70/30 0.2
32 D-0.4-12 571 143 82 (12M) 204 70/30 0.4
33 D-0.6-12 500 125 107 (12M) 268 70/30 0.6
34 D-0.2-16 667 167 48 (16M) 119 70/30 0.2
35 D-0.4-16 571 143 82 (16M) 204 70/30 0.4
36 D-0.6-16 500 125 107 (16M) 268 70/30 0.6
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a further 5 minutes. During all three mixing steps, the
impeller speed of the mixer was maintained at a con-
stant 140 (rpm). In the fourth step, the prepared geopoly-
mer mixture is poured into the mold in 5 equal layers.
Before that, the mold has been coated with a thin layer of
beef fat to prevent sticking. Finally, the molds were placed
on a vibrating table with an amplitude of 0.85 mm/0.75
mm and a frequency of 50 Hz for 2 minutes. After vibra-
tion, the sample surface was flattened with a glass plate.
Cube molds with dimensions of 50 mm were used for
testing bulk density, water absorption, apparent poros-
ity, and compressive strength. Prismatic molds measuring
25 x 25 x 285 mm were utilized to measure shrinkage.

The curing process was initiated immediately after cast-
ing. The molds were wrapped with a thin plastic film to
prevent moisture loss and placed in an oven set at 90 °C for
24 hours. After drying, the oven was turned off and allowed
to cool gradually to room temperature (approximately
12 hours) while the molds remained inside to prevent sud-
den temperature changes. After cooling, the molds were
removed from the oven, and the samples were demolded
from the molds. Finally, specimens were placed on a flat,
non-absorbent surface and were cured at room temperature
(25 £ 2 °C and 80 £ 4% relative humidity (RH)). The age of
the sample was determined from the time the sample was
removed from the molds (TO0). Fig. 2 shows the diagram of
preparation and curing specimens.

2.4 Testing methods
All testing items and corresponding ASTM standards for
specimens in this study were encapsulated in Table 2.
Bulk density, water absorption, and apparent poros-
ity of geopolymer samples were determined following
ASTM C642-21 [27]. Three samples (28 days of age) were
tested for each geopolymer material, and the average value
was recorded. Initially, the specimens were dried in an
oven at 105 + 5 °C until a constant mass. The dry mass (A)
was recorded using an electronic balance (£0.1 g accuracy).

Rotation speed 140 (rpm)

Vibration:

I |
Mix: SCBA + FA (3 min) Mix: + Na,SiO; (5 min) 0.85 mm/0.75 mm, 50 Hz

Mix: +NaOH (3 min) Cast: Cubic 50mm,

Prismatic 25x25x285

Suun,

Ambient (25+ 2°C, 80% RH)

Turn of
7
@ o & @
Remove specimens Store molds in Dry in oven Wrap molds

from mold (Ty) oven (12 hours) (90°C, 24 hours) with plastic film

Fig. 2 Diagram of making and curing specimens

Table 2 Testing items, size, and number of specimens

Testing items Testing Size (mm)/number Testing ages
& methods of specimens £2g
Bulk density
rt])ztoerr tion ASTM 3075050 28 days
P C642-21 (36 x 3 = 180) Y
Apparent
porosity
. ASTM
;‘r’glpiiss“’e cuoo 65 (X) ; i 03:5302 g 328.90days
¢ C109M-20
0,3,6,12,24
hours, and 3
ASTM 25 x 25 % 285 ? ’
Shrinkage _ 7,14, 28, 56,
C596-23 (8 x2=16) 112, 182, 27,

360, 450 days

Subsequently, the samples were allowed to cool to room
temperature before further testing. Next, the specimens
were immersed in water at room temperature for 48 hours.
After removal, the specimens were surface-dried with a
damp cloth, and the saturated surface-dry mass (B) was
recorded. Finally, the submerged mass (C) was measured
using a suspended balance while the specimens were fully
immersed in water. The bulk density (D), water absorp-
tion (W), and apparent porosity (P) were determined using
Egs. (1) to (3), respectively:

A

D(g/cm3)=ﬁ 1
W (%)= B4, 100 @
P(%)= B4 100 ©)

Compressive strength tests were conducted at 3, 28, and
90 days. The tests followed ASTM C109/C109M-20 [28].
A hydraulic compression machine with a maximum load
capacity of 300 kN was used. The loading rate was set at
1000 N/s. The compressive strength was reported as the
average of three specimens tested at each age.

The shrinkage of the samples measured included
autogenous shrinkage, drying shrinkage, and carbon-
ation shrinkage. The shrinkage test was referenced to
ASTM C596-23 [29] and was conducted by a shrinkage
measuring device (0.00l mm accuracy) at room tem-
perature (25 + 2 °C and 80 + 4% RH). Eight geopolymer
mixtures were tested, categorized based on variations in
SCBA (A-0.4-12, B-0.4-12, C-0.4-12, D-0.4-12), NaOH
concentration (B-0.4-8, B-0.4-12, B-0.4-16), and lig-
uid-to-solid (L/S) ratios (B-0.2-12, B-0.4-12, B-0.6-12).



The initial specimen length (L)) was recorded at 7, with
subsequent measurements (L) taken at 3 hours, 6 hours,
12 hours, 24 hours, and 3, 7, 14, 28, 56, 112, 182, 272, 360,
and 450 days. Shrinkage values were reported as the aver-
age of two specimens measured at ecach designated time
interval. Shrinkage was calculated using Eq. (4).

. L —-L
Shrinkage(mm /m) = tL % %1000. @

0

3 Results and discussion

3.1 Characterization of FA and SCBA

3.1.1 Oxide composition

The chemical composition of fly ash (FA) and sugarcane
bagasse ash (SCBA) was analyzed using X-ray fluores-
cence (XRF) spectroscopy. XRF analysis was performed
using an S2 PUMA Series 2 XRF spectrometer (Germany),
and data were processed using SPECTRA.ELEMENTS
software [30]. Table 3 presents the main oxide composi-
tions of fly ash (FA) and SCBA. FA primarily contained
56.15% Si0,, 20.48% Al,O,, and 12.67% Fe,0O,, along with
smaller amounts of CaO, K,0, MgO, and P,O,. The loss
on ignition of FA, determined according to ACI 116, was
1.33%, measured by heating the sample to 900-1000 °C and
recording the mass loss [31]. SCBA exhibited a higher SiO,
content (85.93%), with lower amounts of Al,O, (1.97%) and
Fe,0, (1.18%). Minor oxides included CaO, K ,0, MgO, and
P,O.. The loss on ignition of SCBA was recorded as 4.72%,
following ACI 116 [31]. According to ASTM C618-22, both
FA and SCBA are Class F pozzolans when SiO, > 50%,
(Si0, + Fe,0, + Al,O,) > 70%, and the LOI < 6% [32].

3.1.2 X-ray diffraction results

The X-ray diffraction (XRD) analysis was performed
using an X'PERT PRO diffractometer (PANalytical,
United Kingdom) at 40 kV, 30 mA, and a scanning speed
of 0.02 °/min. Fig. 3 presents the XRD patterns of fly
ash (FA) and Sugarcane bagasse ash (SCBA). The XRD
analysis of FA identified distinct peaks corresponding to
quartz, mullite, and hematite. Additionally, a broad hump
between 20° and 35° (20) indicates the presence of an
amorphous phase. SCBA exhibits strong quartz and cris-
tobalite peaks, indicating a high crystal phase.

Table 3 Oxide compositions of FA and SCBA (% by mass)

. . LOI
Oxide Si0, AlLO, Fe,0O, CaO K,0  MgO %)
FA 56.15 2048 12.67 433 1.05 0.95 1.33
SCBA 8593 197 1.18 1.21 1.25 3.63 472
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Fig. 3 X-ray diffraction (XRD) pattern, (a) FA, (b) SCBA

3.1.3 Scanning electron microscopy and Energy-
dispersive X-ray spectroscopy

The morphology of fly ash (FA) and sugarcane bagasse
ash (SCBA) was analyzed using scanning electron micros-
copy (SEM). SEM imaging was conducted using a Hitachi
S-4800 FESEM (Japan) at 10 kV to observe particle shape
and size. SEM images of FA (Fig. 4(a)) revealed smooth,
spherical particles with sizes commonly ranging from
~1 um to 5 pm. SEM imaging of SCBA (Fig. 4(b)) dis-
played irregular, angular particles with a porous structure,
with sizes ranging from ~1 pm to 13 pm.

Fig. 4 Micrographs, (a) SEM of FA, (b) SEM of SCBA
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The elemental composition of FA and SCBA was ana-
lyzed using energy-dispersive X-ray spectroscopy (EDX)
by the EDX H-7593 Horiba (UK) system, integrated with
EMAX-Analyser software to identify the main elements
in the samples [33]. Silicon (Si), aluminum (Al), iron (Fe),
calcium (Ca), and oxygen (O) were found in FA's EDX spec-
trum (Fig. 5(a)). The EDX spectrum of SCBA (Fig. 5(b))
showed that silicon (Si), aluminum (Al), oxygen (O), and
carbon (C) were present. A distinct carbon (C) peak was
observed in the SCBA spectrum.

3.2 Hardening properties geopolymer materials

Table 4 summarizes the hardening properties of 36 geopoly-
mer samples with varying sugarcane bagasse ash (SCBA)
levels, NaOH concentrations, and L/S ratios. The general
trend shows that as the SCBA ratio increases, bulk den-
sity tends to decrease, while apparent porosity and water
absorption increase. Specifically, the sample with the high-
est bulk density is A-0.4-12 (2.18 g/cm?), while the lowest
value belongs to D-0.2-8 (1.49 g/cm3). Apparent poros-
ity reaches its highest value at D-0.2-8 (19.90%) and the

Fig. 5 Micrographs, (a) EDX of FA, (b) EDX of SCBA

lowest at B-0.4-12 (4.78%). Water absorption ranges from
2.12% (B-0.4-12, lowest) to 10.63% (D-0.2-8, highest).
Compressive strength varies significantly among
samples. The highest value after 90 days is recorded for
B-0.4-12 (47.65 MPa), while the lowest is observed in
D-0.2-8 (9.87 MPa). Samples with SCBA replacement
of 20% and 30% tend to show a significant reduction in
compressive strength. Alkali concentration and L/S ratio
strongly influence the properties of geopolymer. Using an
NaOH concentration of 12M and an L/S ratio of 0.4 usu-

ally results in the highest compressive strength.

3.2.1 Efect of SCBA on bulk density, apparent porosity

and water absorption

Fig. 6 shows significant variations in bulk density, appar-
ent porosity, and water absorption as sugarcane bagasse
ash (SCBA) content increases. Bulk density decreases
steadily with SCBA replacement. At 10% replacement,
the reduction is minor; at 20%, the decrease exceeds 10%
compared to the control group; and at 30%, the reduc-
tion reaches over 18%. In contrast, apparent porosity
increases markedly. When SCBA content rises from 10%
to 30%, apparent porosity nearly doubles. The lowest
apparent porosity is observed in B-0.4-12 (6.78%) and the
highest in D-0.2-8 (13.72%). Water absorption increases
in parallel with porosity. At 10% SCBA, the increase is
negligible, but at 20%, absorption reaches 1.8 times that
of Group A, and at 30%, it is approximately 2.3 times
higher. The sample B-0.4-12 shows the lowest water
absorption (3.15%), and D-0.2-8 the highest (7.09%).

The decline in bulk density corresponds to the low
density, high porosity, and irregular morphology of
SCBA particles, which disrupt particle packing in the
geopolymer matrix [20, 22]. Crystalline quartz and cris-
tobalite in SCBA exhibit low reactivity, impeding geopo-
lymerization [23], while high the loss on ignition reduces
mixture uniformity [24].

This trend aligns with Rihan et al. [21], who reported
lower density and increased porosity at 20-30% SCBA.
Franga et al. [23] found that higher SCBA increased water
absorption. In contrast, Somna et al. [25] observed min-
imal adverse effects at 10% SCBA, consistent with the
dense structure in Group B of the current study.

3.2.2 Effect of NaOH concentration and L/S ratio on
bulk density

Fig. 7 presents the variation in bulk density of geopoly-
mer materials under different NaOH concentrations and
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Table 4 Hardening properties of geopolymer materials

Compressive strength (MPa)

No Mix ID D (g/em?) W (%) P (%) 3 days 28 days 90 days
1 A-0.2-8 2.06 5.12 10.47 19.27 25.14 25.93
2 A-0.4-8 2.15 4.27 8.95 33.86 40.73 41.64
3 A-0.6-8 2.13 4.2 9.03 33.34 38.21 39.24
4 A-0.2-12 2.11 4.66 9.95 28.74 35.33 37.01
5 A-0.4-12 2.18 3.98 8.69 36.87 45.65 47.28
6 A-0.6-12 2.14 3.73 8.84 37.45 42.85 43.57
7 A-0.2-16 2.07 4.78 10.02 28.87 35.75 37.17
8 A-0.4-16 2.17 4.06 8.93 36.41 43.20 45.17
9 A-0.6-16 2.12 3.81 8.92 33.12 41.32 41.80
10 B-0.2-8 1.94 4.83 9.11 12.66 17.41 18.76
11 B-0.4-8 2.12 3.05 6.93 31.19 42.99 46.37
12 B-0.6-8 2.11 2.91 6.26 29.43 40.21 43.27
13 B-0.2-12 2.10 3.81 8.05 20.85 26.43 28.49
14 B-0.4-12 2.15 2.12 4.78 34.32 44.50 47.65
15 B-0.6-12 2.12 2.24 5.27 3391 43.61 45.50
16 B-0.2-16 2.00 3.93 8.13 18.13 24.14 24.80
17 B-0.4-16 2.06 2.85 6.46 32.89 44.47 47.47
18 B-0.6-16 2.05 2.57 6.01 28.69 37.85 40.79
19 C-0.2-8 1.78 8.25 15.11 9.94 14.11 15.73
20 C-0.4-8 1.98 6.73 12.73 22.16 30.84 34.49
21 C-0.6-8 1.96 5.55 10.88 22.76 31.60 34.75
22 C-0.2-12 1.92 6.18 12.05 14.48 19.45 21.98
23 C-0.4-12 2.09 5.17 9.89 26.52 36.51 40.60
24 C-0.6-12 2.05 443 9.15 28.65 37.71 42.41
25 C-0.2-16 1.94 5.65 11.02 14.49 21.46 23.25
26 C-0.4-16 2.08 4.62 9.19 28.00 38.81 41.53
27 C-0.6-16 2.07 4.19 8.52 29.11 39.48 42.01
28 D-0.2-8 1.49 10.63 19.90 5.89 8.60 9.87
29 D-0.4-8 1.63 7.96 14.81 18.16 26.01 30.24
30 D-0.6-8 1.84 7.15 13.72 18.21 27.10 31.46
31 D-0.2-12 1.55 7.09 13.66 8.52 13.11 15.12
32 D-0.4-12 1.80 6.27 12.74 21.78 32.44 36.48
33 D-0.6-12 1.89 6.11 11.98 23.18 35.10 38.57
34 D-0.2-16 1.57 6.91 13.33 9.14 13.43 16.75
35 D-0.4-16 1.82 5.88 11.85 23.16 32.30 38.34
36 D-0.6-16 1.91 5.85 11.52 26.13 37.30 41.28

liquid-to-solid (L/S) ratios across four sugarcane bagasse
ash (SCBA) groups. An increase in NaOH concentra-
tion from 8M to 12M leads to a rise in bulk density in all
groups. Groups A and B show increases of 2-5%, followed
by a slight reduction at 16M. Group C experiences an
increase of approximately 5-6%, maintaining stability at
16M. Group D exhibits a continuous increase up to 16M,
resulting in a total gain of around 12%. An increase in L/S

ratio from 0.2 to 0.4 results in a bulk density improve-
ment ranging from 3% to 7%, depending on SCBA con-
tent. At L/S = 0.6, a minor decrease of 1-2% occurs in
Groups A and B, while Groups C and D show an increase
of 3-4%. The highest bulk density is consistently observed
at L/'S = 0.4. At L/S = 0.6, the effect of NaOH concentra-
tion becomes less pronounced (< 4%).
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The increase in bulk density from 8M to 12M NaOH
can be attributed to enhanced dissolution of aluminosilicate
species, forming a denser and more continuous geopolymer
gel structure [12]. However, at 16M, the excess sodium ions
may react with atmospheric CO, to form sodium carbonate,
leading to microstructural disruption and a slight reduc-
tion in bulk density, especially in Groups A and B with
low SCBA content [14]. At L/S = 0.4, the highest bulk den-
sity (2.18 g/cm? in A-0.4-12) were observed. At L/S = 0.6,
excessive liquid causes poor packing efficiency and
increases inter-particle spacing, resulting in lower density -
an effect confirmed in the study of Aliabdo et al. [19].

In high-SCBA systems (Group D), the porous structure
of SCBA enhances alkali absorption and retains more of the
activator solution within the matrix. This behavior minimizes
negative effects of alkali saturation, allowing continuous bulk
density increase up to 16M, consistent with results reported
by Rihan et al. [24]. Additionally, reduced sensitivity to L/S
and NaOH concentration at SCBA levels above 20% has been
associated with altered particle morphology and decreased
gel phase formation due to crystalline content [25].

3.2.3 Effect of NaOH concentration and L/S ratio on
apparent porosity

Fig. 8 illustrates the variation in apparent porosity of geo-
polymer materials across different sugarcane bagasse
ash (SCBA) contents as influenced by NaOH concentra-
tion and L/S ratio. In Groups A and B (0% and 10% SCBA),
porosity decreased as NaOH increased from 8M to 12M, fol-
lowed by a slight rise at 16M. Specifically, Group A showed
areduction from 10.47% to 9.95%, then increased to 10.02%.
Group B decreased from 9.11% to 8.05%, then increased to
8.13%. Conversely, Groups C and D (20% and 30% SCBA)
exhibited continuous porosity reduction with increasing
NaOH. In Group C, porosity decreased from 15.11% to
11.02%, while Group D decreased from 19.90% to 13.33%.
The L/S ratio of 0.4 resulted in the lowest porosity values in
Groups A-C, while 0.6 yielded the minimum in Group D.

The decline in porosity with increasing NaOH concen-
tration is attributed to enhanced dissolution of aluminos-
ilicate phases, promoting gel formation and matrix densi-
fication [12, 13] . However, at 16M, excess Na* ions may
result in sodium carbonate precipitation, which interrupts
gel continuity and creates microstructural voids in systems
with low SCBA content [14, 23]. Athigher SCBA levels, the
porous surface area and residual carbon content enhance
alkali uptake and prolong the reaction, thus maintaining
structural compactness [24]. Microstructural observations
confirm denser matrix development when SCBA content
exceeds 20%, particularly at 16M NaOH [21, 24]

The L/S ratio also plays a crucial role in porosity
development. A ratio of 0.4 provides a sufficient solu-
tion for precursor activation without leaving excess liq-
uid, which otherwise contributes to pore formation [17].
At 0.6, porosity increases in Groups A and B due to
poor particle packing and excessive voids. In contrast,
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Groups C and D exhibit further porosity reduction, sug-
gesting that SCBA improves internal liquid distribution
and gel connectivity at higher L/S values [25]. This trend
aligns with results from Teng et al. [18], where L/S opti-
mization reduced porosity in fly ash systems, and with
findings by Franga et al. [23], who confirmed that SCBA
enhances gel stability and structural cohesion when used
in combination with strong alkali activators.

3.2.4 Effect of NaOH concentration and L/S ratio on
water absorption

Fig. 9 presents the influence of NaOH concentration and
liquid-to-solid (L/S) ratio on the water absorption of
geopolymer materials across varying SCBA contents.
In Groups A and B (0-10% SCBA), water absorption
decreases as NaOH increases from 8M to 12M, followed
by a slight increase at 16M. Specifically, Group A shows
a reduction from 5.12% to 4.66%, then a rise to 4.78%,
while Group B decreases from 4.83% to 3.81%, increas-
ing slightly to 3.93%. In contrast, Groups C and D (20—
30% SCBA) exhibit continuous reductions across the
range, from 8.25% to 5.65% in Group C and from 10.63%
to 6.91% in Group D, with the lowest values observed at
NaOH = 16M and L/S = 0.6.

The general decline in water absorption with increasing
NaOH concentration is attributed to improved aluminosil-
icate dissolution and geopolymer gel formation, leading to
fewer capillary pores and reduced water ingress [11, 19].
The slight increase at 16M in Groups A and B suggests
that excessive alkali may hinder network development
due to sodium carbonate precipitation, reducing matrix
cohesion [23]. In contrast, in high-SCBA systems, water
absorption continues to decline at 16M, which may result
from the porous structure of SCBA enhancing alkali
uptake and promoting extended gel formation [24, 25].
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The L/S ratio significantly affects water absorption.
A value of 0.4 leads to the lowest absorption due to bal-
anced liquid distribution and optimal solid-phase activa-
tion [17, 19]. At L/S = 0.6, water absorption decreases fur-
ther in Groups C and D, likely due to SCBA assisting in
liquid retention and structural refinement. In Groups A and
B, the benefit is less pronounced, possibly because excess
liquid impedes compactness and increases porosity [19].

These findings align with observations by Teng et al. [18]
and Marczyk et al. [17], which confirm that strong alkali
activation combined with SCBA incorporation enhances
microstructural density and reduces water permeability
in geopolymer systems.

3.3 Compressive strength

3.3.1 Effect of SCBA on compressive strength

Fig. 10 presents the effect of sugarcane bagasse ash
(SCBA) content on compressive strength in fly ash-based
geopolymer paste. Compressive strength decreases pro-
gressively as SCBA replacement increases. At 10%, 20%,
and 30% replacement levels, the reductions are approxi-
mately 9%, 23%, and 36%, respectively, compared to the
control sample, indicating a strong influence of SCBA on
compressive strength.

The decline in compressive strength with increasing
SCBA is associated with its lower pozzolanic reactiv-
ity compared to fly ash, resulting in reduced formation of
geopolymeric gels [10]. Although SCBA can participate in
the geopolymerization process, excessive amounts intro-
duce unreactive crystalline phases and increase poros-
ity due to incomplete reaction, leading to strength reduc-
tion [11, 20]. SCBA contains low Al,O, content (Table 3),
which limits the formation of cross-linked Si—O—Al bonds
essential for mechanical strength development [21, 22, 34].
Additionally, high contents of quartz and cristobalite
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in SCBA (confirmed by XRD) exhibit low solubility in alka-
line media, impeding geopolymer gel formation [20, 23].
Unburned carbon and high the loss on ignition further hin-
der matrix densification and disrupt the setting process,
especially at high replacement levels [11, 21, 25].

Several studies support these findings. Rihan et al. [21]
reported that above 20% SCBA, mechanical proper-
ties decreased significantly due to poor particle pack-
ing and delayed geopolymerization. Ahmad et al. [22]
and Franca et al. [23] indicated that while SCBA may
improve strength through a filler effect at low levels,
excessive incorporation deteriorates bonding and densifi-
cation. Somna et al. [25] observed a similar 9-10% reduc-
tion in compressive strength at 10% SCBA and a 20-25%
drop at 20%, consistent with current results. However,
at 30% SCBA, the observed strength was 5-7% lower than
in previous reports, possibly due to variations in curing
conditions and activator concentration.

3.3.2 Compressive strength and curing time

Fig. 11 illustrates the development of compressive
strength at 3 and 90 days relative to 28-day strength
(Ry/R,, and R, /R,) across varying sugarcane bagasse
ash (SCBA) contents. At 3 days, strength ratios decrease
with increasing SCBA: 0.83 (0%), 0.75 (10%), 0.73 (20%),
and 0.68 (30%). At 90 days, the trend reverses, with R,/
R, values increasing to 1.07, 1.10, and 1.15 in Groups B,
C, and D, while the control reaches 1.03.

Early strength reduction results from the slow dissolu-
tion of crystalline phases such as quartz and cristobalite
present in SCBA, which delays gel formation [11, 20, 23].
Additionally, high loss on ignition (LOI) and residual car-
bon content obstruct initial geopolymerization by interfering
with bond formation and promoting porosity [21, 22]. Over
extended curing periods, gradual dissolution of reactive silica
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%ﬁ 1.00+
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0.50
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Fig. 11 Compressive strength and curing time

and alumina from SCBA enhances polycondensation, lead-
ing to matrix densification and late strength gain [23, 25].

This delayed strength development aligns with previous
findings. Abdalla et al. [10] and Somna et al. [25] reported
20-30% and 10-20% long-term strength improvements,
respectively, in SCBA-based geopolymers. Le et al. [20]
and Rihan et al. [21] also confirmed that extended curing
allows SCBA to actively participate in gel formation, com-
pensating for initial reactivity limitations.

3.3.3 Effect of NaOH concentration and L/S ratio on
compressive strength

Fig. 12 illustrates the influence of NaOH concentration
and L/S ratio on compressive strength across all sug-
arcane bagasse ash (SCBA) groups. At 8M NaOH, the
lowest compressive strength was recorded in all groups,
with strength reductions ranging from 32.7% to 49.6%
compared to peak values. The lowest strength was
8.12 MPa (Group D, L/S = 0.2). Increasing NaOH con-
centration from 8M to 12M resulted in strength gains of
42.2% (Group A), 43.7% (Group B), 40.6% (Group C),
and 51.0% (Group D). Beyond 12M, compressive strength
declined slightly in Groups A and B (4.6% and 3.1%) but
increased in Groups C and D (2.2% and 3.1%).

L/S = 0.2 consistently resulted in the lowest strength
across all groups, with reductions 0f49.3% to 76.7%. Strength
increased substantially when L/S rose to 0.4, improving by
65.1% (Group A), 83.5% (Group B), 75.5% (Group C), and
89.8% (Group D). A slight increase from L/S = 0.4 to 0.6 was
only observed in Groups C and D (3.2% and 4.1%).

NaOH concentration strongly affects the dissolution
of aluminosilicate precursors. Significant strength gains
between 8M and 12M NaOH confirm improved geopo-
lymerization, as also noted by Shee-Ween et al. [12] and
Ghafooretal. [14]. However, excessive alkali (16M) may cause

1
72

Compressive strength (MPa)

NaOH concentration

Fig. 12 Effect of NaOH concentration and L/S ratio on compressive
strength, (a) Group A, (b) Group B, (c) Group C, (d) Group D



alkali precipitation or pore formation, weakening the matrix,
consistent with findings from Vigneshkumar et al. [13] and
Fernandez-Jiménez et al. [16] In high-SCBA groups, con-
tinued strength gain at 16M indicates improved activation
of quartz-rich SCBA under stronger alkali conditions [23].

Inadequate liquid at L/S = 0.2 limits precursor dissolu-
tion, reducing strength [19]. L/S = 0.4 provided the most
favorable condition, in agreement with Teng et al. [18]
and Marczyk et al. [17]. At L/S = 0.6, the decline in low-
SCBA groups agrees with Siyal [35], where excess liquid
increased porosity. In contrast, SCBA-rich mixtures con-
tinued to improve due to higher fluid absorption capacity
and slower reaction kinetics requiring extended availabil-
ity of activator [21, 24].

Compared with low-reactive fly ash systems, SCBA-
based geopolymers exhibit delayed but sustained activa-
tion. Rihan et al. [24] and Franga et al. [23] highlighted
that higher NaOH and L/S ratios are essential for opti-
mal SCBA utilization. These findings support the contin-
ued strength increase observed in Groups C and D under
aggressive alkaline conditions.

3.4 Shrinkage

3.4.1 Effect of SCBA on shrinkage

Fig. 13 illustrates the effect of sugarcane bagasse
ash (SCBA) content on shrinkage in geopolymer paste
over 450 days. A logarithmic time scale was used to high-
light long-term behavior. In the early stage (1-100 hours),
all groups exhibited rapid shrinkage, primarily due to ini-
tial water loss. However, the shrinkage rate varied with
SCBA content. Groups A and B (0% and 10% SCBA) sta-
bilized earlier, with final shrinkage values of 1.49 mm/m
and 2.46 mm/m, respectively. In contrast, Groups C
and D (20% and 30% SCBA) continued shrinking

10' 10° 10° 10*
Time (Hours)
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A

Fig. 13 Effect of SCBA on shrinkage
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until 182 days, reaching final values of 7.07 mm/m and
7.72 mm/m, respectively — approximately 4.7 to 5.2 times
higher than Group A. Minor shrinkage fluctuations may
be associated with non-uniform moisture redistribution
and internal evaporation during curing [36].

This increase is attributed to the high porosity of SCBA,
which enables greater water absorption during mixing.
Water loss during curing leads to higher volumetric con-
traction and shrinkage [23]. XRD results also revealed
high crystalline silica content, which are less reactive
and reduce geopolymer gel formation, resulting in a more
shrinkage-prone matrix [22]. Furthermore, unburned car-
bon in SCBA, verified by EDX, can absorb activator solu-
tion, diminishing reaction efficiency. This unburned car-
bon also facilitates carbonation shrinkage, weakening
bonding between particles [36]. The prolonged shrink-
age period in high-SCBA samples aligns with findings by
Rihan et al., where shrinkage stabilization occurred after
180 days in SCBA-based systems [24].

While many studies confirm the shrinkage-inducing
effect of SCBA, some discrepancies exist. Le et al. reported
that in slag-based systems, 10% SCBA reduced shrinkage
by 15% due to enhanced matrix densification from SCBA-
slag synergy [20]. In contrast, in the current fly ash-based
system, low SCBA reactivity and high porosity dominate,
leading to shrinkage increase — especially beyond 20%
replacement. These discrepancies emphasize the impor-
tance of precursor type, SCBA fineness, and activator
chemistry in shrinkage control.

3.4.2 Effect of NaOH concentration on shrinkage

Fig. 14 illustrates the shrinkage behavior of geopolymer
samples incorporating 10% sugarcane bagasse ash (SCBA)
at NaOH concentrations of 8M, 12M, and 16M over 450
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Fig. 14 Effect of NaOH concentration on shrinkage
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days. Shrinkage increased slightly with higher NaOH
concentration, with final values of 1.81 mm/m (8M),
2.46 mm/m (12M), and 2.69 mm/m (16M). During the ini-
tial stage (1-100 hours), all samples exhibited similar
trends. After 112 days, shrinkage stabilized for the 8M
and 12M samples, while the 16M sample continued to
shrink until approximately 182 days [24].

This extended shrinkage duration may result from con-
tinued aluminosilicate dissolution under high alkali con-
ditions, which delays structural densification and pro-
longs water release from the gel matrix [36]. Although
the shrinkage increase was modest, the slower stabiliza-
tion at 16M suggests that NaOH concentration influences
long-term dimensional changes [25].

These findings align with results from Mermerdas et al.,
which indicated that higher NaOH concentrations increase
pore connectivity and moisture evaporation, thereby
enhancing shrinkage in alkali-activated systems [37].
A similar conclusion was reached by Hanumananaik and
Subramaniam, who reported that intensified reactions
under high NaOH conditions lead to heterogeneous micro-
structures and non-uniform shrinkage behavior [38].

In contrast, Chen et al. observed significant shrinkage
increases in GGBFS-metakaolin geopolymers when NaOH
concentration exceeded 10M, highlighting the role of pre-
cursor composition [39]. The relatively moderate shrinkage
differences observed in this study may be attributed to the
porous structure of SCBA, which enhances internal moisture
retention and moderates evaporation-induced shrinkage [23].

Compared to fly ash-only geopolymers, where NaOH
concentration strongly affects both early and long-term
shrinkage due to the high availability of amorphous alu-
minosilicates [16, 18], SCBA-FA systems tend to exhibit
more stable shrinkage development. This behavior may
result from the lower reactivity and higher porosity of
SCBA, which buffers the effects of excessive alkali on

microstructural contraction.

3.4.3 Effect of L/S ratio on shrinkage

Fig. 15 illustrates the shrinkage behavior of geopolymer
pastes containing 10% sugarcane bagasse ash (SCBA) at
L/Sratios 0f 0.2, 0.4, and 0.6 under a fixed NaOH concentra-
tion of 12M. After 450 days, final shrinkage values reached
0.24 mm/m, 2.46 mm/m, and 2.20 mm/m for L/S=0.2, 0.4,
and 0.6, respectively. Lower shrinkage and earlier stabili-
zation were observed at L/S = 0.2, while higher L/S ratios
exhibited greater and prolonged shrinkage.
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Fig. 15 Effect of L/S ratio on shrinkage

This trend aligns with previous studies reporting that
increasing the L/S ratio leads to higher pore connectiv-
ity and greater moisture loss, which intensifies capillary
tension and shrinkage development [17, 18]. Ling et al.
demonstrated that higher water content accelerates evap-
oration and increases shrinkage unless shrinkage-reduc-
ing admixtures are applied [40]. Zhang et al. reported that
nano-clay incorporation could mitigate shrinkage under
high L/S conditions by refining pore structure and reduc-
ing free water pathways [36].

Although L/S = 0.6 exhibited slightly lower final
shrinkage than L/S = 0.4, the stabilization period extended
to 182 days, compared to 112 days at L/S = 0.4. This pro-
longed shrinkage may result from delayed internal struc-
tural rearrangement due to excess liquid, consistent
with observations by Hanumananaik and Subramaniam
regarding gel-phase heterogeneity under high liquid con-
tent [38]. Xu et al. further confirmed that low solid-to-liq-
uid ratios promote shrinkage due to reduced gel densifi-
cation and increased capillary stress [41].

Compared to fly ash-based geopolymers, FA-SCBA
systems exhibit slightly lower early shrinkage at high
L/S ratios, possibly due to SCBA's porous structure acting
as internal curing reservoirs. However, this same porosity
may prolong moisture migration and delay shrinkage stabi-
lization. Teng et al. reported that fly ash-based mixes show
sharper shrinkage peaks under high L/S, while SCBA-
containing systems develop shrinkage more gradually [18].

3.5 SEM analysis

Fig. 16 presents SEM images of two geopolymer samples:
B-0.4-12, which exhibited the highest compressive strength,
and D-0.2-8, which exhibited the lowest compressive
strength. The differences observed in these images reflect



Fig. 16 SEM images, (a) B-0.4-12, (b) D-0.2-8

variations in matrix densification, the presence of unreacted
particles, and the connectivity between solid phases.

Fig. 16(a) shows that the B-0.4-12 sample has a dense and
homogeneous matrix, with a minimal presence of unreacted
particles. No significant cracks are observed on the surface,
and the geopolymer network appears well-connected, with
no large voids between solid phases. This observation cor-
relates with the high compressive strength (47.65 MPa),
lowest apparent porosity (4.78%), and lowest water absorp-
tion (2.12%), indicating a well-developed microstructure
formed during the geopolymerization process.

In contrast, Fig. 16(b) reveals that the D-0.2-8 sample has a
loosely packed matrix, a high number of unreacted particles,
and large voids between solid phases. Some microcracks and
micropores are visible in the matrix, suggesting a weaker
interconnectivity compared to B-0.4-12. These observed
characteristics correlate with the low compressive strength
(9.87 MPa), highest apparent porosity (19.90%), and highest
water absorption (10.63%), suggesting incomplete geopoly-
merization and a non-homogeneous structure.

From these SEM observations, it is evident that sam-
ples with a denser structure and fewer unreacted particles
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tend to achieve higher compressive strength and lower
porosity. Conversely, samples with a loosely packed
matrix, a high number of unreacted particles, and micro-
cracks tend to exhibit lower strength, higher porosity, and
greater water absorption.

4 Conclusions
The principal conclusions of this study are summarized
as follows:

A replacement of FA by sugarcane bagasse ash (SCBA)
up to 10% under NaOH 12M and L/S = 0.4 resulted in
the highest 90-day compressive strength (47.65 MPa),
accompanied by the lowest water absorption (3.15%)
and apparent porosity (4.78%). Increasing SCBA to 20%
and 30% led to significant decreases in compressive
strength (up to 36%) and bulk density (from 2.18 g/cm?
to 1.49 g/cm3), with corresponding increases in porosity
(up to 19.90%) and water absorption (up to 7.09%).

Compressive strength development was slower in
SCBA-containing samples during the early stage but
improved at later ages. A 30% SCBA replacement
increased 90-day strength by 15% compared to 28-day
strength, indicating late geopolymerization activity.

Shrinkage increased significantly with SCBA content.
At 30% SCBA, shrinkage reached 7.72 mm/m, approxi-
mately 5.2 times higher than the control, with stabiliza-
tion delayed until 182 days. This behavior was associated
with the porous structure, crystalline silica, and unburned
carbon in SCBA, contributing to reduced compressive
strength and increased shrinkage.

NaOH concentration significantly affected compres-
sive strength. An increase from 8M to 12M enhanced
strength across all SCBA levels. Further increases to 16M
had minimal or adverse effects depending on SCBA con-
tent. NaOH 12M was optimal for compressive strength
and shrinkage control.

Shrinkage marginally increased with NaOH concen-
tration (from 1.81 mm/m at 8M to 2.69 mm/m at 16M).
Extended shrinkage periods at 16M were attributed to
continued reaction and water migration.

Increasing L/S ratio from 0.2 to 0.4 significantly
improved compressive strength, while increasing to 0.6
had minor effects. Shrinkage increased with L/S, especially
at 0.6, due to higher water content and pore connectivity.

SEM observations confirmed that high-strength sam-
ples exhibited dense, crack-free matrices, while low-
strength samples displayed high porosity and unreacted
particles. XRD and EDX analyses showed SCBA contains
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crystalline SiO, and residual carbon, contributing to

reduced compressive strength and increased shrinkage.
SCBA presents potential as a partial FA replacement in

sustainable geopolymer production. Optimal performance
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