Journal of Applied Science and Engineering, Vol. 29, No 03, Page 611-621 611

Bagasse Ash Geopolymer Mortar Containing Limestone Dust And Water

Hyacinth Fiber
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This study addresses the critical challenges of construction waste management through the development of an
innovative geopolymer mortar using agricultural and industrial waste materials. Using bagasse ash (BA) as the
primary precursor and sodium hydroxide with sodium silicate as alkaline activators, the incorporation of water
hyacinth fiber (WHF) with 0-5% and limestone dust (LSD) with 20% replacement was systematically investigated.
A comprehensive mechanical characterization revealed: (1) the control geopolymer exhibited a compressive
strength of 30 MPa after 28 days; (2) the incorporation of 1.25% WHE slightly reduced the compressive strength
by 15-20%, while the flexural strength was significantly increased by 80%; (3) high-temperature curing at 100°C
accelerated the early strength development to 35 MPa after 7 days, with a slight reduction in strength of 5-8%
observed after 28 days. These results highlight the potential of waste-derived materials for the development of
sustainable, high-performance composites for construction.
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1. Introduction

The emission of carbon dioxide is a primary factor in global
temperature rise, significantly impacting climate change.
The construction industry is one of the major contributors
to these emissions, with cement production releasing ap-
proximately 0.75 tons of CO, for every ton produced [1].
Despite these environmental concerns, urban development
continues to drive increasing demand for building mate-
rials worldwide. This growing tension between construc-
tion needs and environmental sustainability has intensified
research into environmentally friendly cementitious alter-
natives. Industrial and agricultural by-products including
fly ash, rice husk ash, silica fume, and blast furnace slag

have proven effective as pozzolanic cement substitutes.
Furthermore, combining multiple pozzolanic materials of-
ten yields enhanced performance properties compared to
single-material replacements [2].

The selection of bagasse ash (BA) as a geopolymer pre-
cursor is justified by its significant silica content. The, typi-
cal ash yields range from 10-25% with silica concentrations
between 60-70% [3]. While rice husk ash offers higher ash
percentages, BA provides a strategic alternative by utiliz-
ing an underexploited agricultural waste stream from Thai-
land’s extensive sugar industry, transforming a low-value
by-product into a sustainable construction material. Lime-
stone dust (LSD) primarily consists of calcium carbonate
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(CaCO3) as its main chemical component [4].

In Thailand, water hyacinth is a major problem in river
and canal hindering water flow in water ways. The hy-
acinth reduces the water flow by up to 40 percent, obstruct
boat flow and hinder the growth of aquatic animals. In
some cases, flooding is originated due to the presence of
water hyacinths. Water hyacinths are fast-growing plants;
one water hyacinth plant could grow to 1,000 in a month
[5]. Water hyacinth removal requires a lot of efforts includ-
ing labor expense, and disposal of the weed. Therefore, it
is worth finding ways to use water hyacinths to add value
and reduce the burden of disposal.

Geopolymer concrete is produced using industrial and
agricultural waste materials such as fly ash, slag, rice husk
ash and other similar materials. The process involves ac-
tivating these materials with alkaline solutions such as
sodium hydroxide and sodium silicate. However, fly ash
and other pozzolanic materials are now valuable since they
were introduced to partially replace Portland cement in
concrete mixture. Bagasse ash is a waste from the sugar
mill industry, and it has a high content of silica [6]. Ground
to fine particles, it can also be used to partially replace ce-
ment in concrete [7]. However, BA is normally black in
color from the presence of high unburnt carbon content. As
a result, bagasse ash is still a non-value material and most
of it is disposed of in landfills [8]. The study to produce
geopolymer from bagasse ash has been reported in recent
years. Also, it has been suggested to develop geopolymer
from bagasse ash blended with other waste materials [3,
9]. It can be considered a sustainable and environmentally
friendly material with many potential applications [10].

Recent studies have demonstrated the potential of
geopolymers using waste materials, with Zhang et al. [11]
achieved 50 MPa with fly ash and Pradhan, Pradhan et
al. [12] reported 38 MPa with rice husk ash, Kumar and
Kumar et al. [13] indicating 65% improvement in flexu-
ral strength with natural fibers, and Bayiha, B. N. et al.
(2019) [14] showing improved density by 8% with lime-
stone fillers. Despite these advances, the combined effect
of water hyacinth fibers and limestone dust in bagasse-ash
geopolymers is still unexplored.

This research addresses this knowledge gap by develop-
ing multi-component geopolymers from bagasse ash (BA)
activated with alkaline solutions and enhanced with both
water hyacinth fiber and limestone dust. This approach
offers dual environmental benefits: utilizing agricultural
waste that would otherwise contribute to disposal prob-
lems, and substantially reducing CO, emissions compared
to conventional cement production processes, as demon-
strated in similar geopolymer systems [14].

The specific objectives of this study were:

¢ To analyze the chemical composition and mineralog-
ical properties of bagasse ash and limestone dust for
geopolymer synthesis.

¢ To evaluate the influence of water hyacinth fiber
(WHEF) content (0%, 1.25%, 2.5%, and 5%) on the me-
chanical properties of bagasse ash geopolymer mortar.

¢ To investigate the relationship between WHEF content,
curing conditions, and resulting compressive and flex-
ural strengths.

¢ To assess the water absorption characteristics and po-
tential applications of the developed composites.

¢ To determine the optimal WHF composition for balanc-
ing structural performance with environmental bene-
fits.

2. Materials and methods

2.1. Material properties

Raw materials were characterized using XRF for chemical
composition analysis, SEM for microstructural examina-
tion, specific gravity (ASTM C128), particle size distribu-
tion, and loss on ignition (ASTM C114) to establish suitabil-
ity for geopolymerization.

2.1.1. Bagasse ash (BA)

BA from Saharuang sugar mill in Mukdahan province con-
tains 60.7%Si0;, 1.3%Al,03,21.6% Fep O3, 6.1%Ca0, and
14.3% LOI. While the main oxides meet Class N poz-
zolan criteria per ASTM C618-22, the higher LOI results
from residual carbon in the raw material [15]. The SEM
shows irregular BA particles (Fig. 1a), while LSD contains
22.02%S5i0,, 6.38%Al1,03,2.42% CaO with predominantly
spherical particles (Fig. 1b). In alkaline conditions, BA’s
silica and alumina dissolve to form Si-O-Al networks [16],
with calcium ions from both materials forming supplemen-
tary C-S-H phases [17]. LSD serves as nucleation sites and
micro-fillers [18], though excess amounts hinder geopoly-
merization [19].

2.1.2. Limestone dust (LSD)

Limestone dust (LSD) improves concrete workability, re-
duces carbonation and shrinkage [20]. Moderate use is
crucial; excessive LSD reduces compressive strength. LSD
serves as a filler and density enhancer [21-23]. LSD, a by-
product of limestone crushing, was dried, sieved to 850
microns, and analyzed for chemical composition as shown
in Table 1. SEM showed mostly rounded LSD particles, as
shown in Fig. 1(b).
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Table 1. Chemical composition of BA and LSD (by mass).

613

Chemical composition (%)

SiO,  AlLO3; FepO3 CaO KO TiO; MnO; Other LOI

BA 60.7 1.3 21.6 6.1

52 1.5 1.7 1.9 14.3

LSD  22.02 6.38 2.56 242

116 046 1.13 63.87  10.95

Fig. 1. (a) SEM of bagasse ash (BA), (b) SEM of limestone dust (LSD).

2.1.3. Water hyacinth fiber (WHF)

Water hyacinth was collected from the river, cut into
25 — 50 mm pieces, and subjected to alkaline treatment by
immersion in 6M sodium hydroxide solution for 24 hours.
This alkaline treatment primarily removed extractives and
initiated partial degradation of amorphous components.
The treated fibers were subsequently boiled in hot water
to remove soluble compounds and residual extractives.
The fibers were then cleaned with an alcohol solution and
dried in an oven at 100°C. Fourier-transform infrared spec-
troscopy (FTIR) analysis was performed to verify the partial
removal of lignin and hemicellulose, showing characteris-
tic reductions in peaks at 1730 cm~! (C = O stretching in
hemicellulose) and 1510 cm~! (aromatic skeletal vibration
in lignin) compared to untreated fibers. Residual lignin con-
tent was determined to be approximately 12% by weight
using the Klason method.

2.1.4. Alkali solutions

The alkaline activators were 10 molar sodium hydroxide
(NaOH, NH) and sodium silicate (NaySi3O, NS). The ra-
tio of the NH solution to the NS solution (NH/NS) was
1 : 1 and the ratio of alkali solution to solid binder was
set at 0.55 . The NH solution was obtained from 98%
pure NH pellets. The composition of the NS solution was
29.4%Si07, 14.7%Na0 and 55.99% water (by mass).

2.1.5. Aggregates

Cleaned natural river sand with fineness modulus (FM)
of 2.65, specific gravity of 2.62 in a saturated surface dry
condition was used as fine aggregate.

2.1.6. Samples

Two sizes of test specimens were cast according to the
standard [24, 25], a cube of 50 x 50 x 50 mm and a prism of
40 x 40 x 160 mm. The specimens were wrapped in plastic
film to prevent moisture from escaping and then cured in
an electric oven for 24 hours. Curing samples at 23 £ 2°C
for 1 hour, followed by accelerated thermal curing at 40°C
and 100°C for 24 hours to enhance geopolymerization [26],
then maintained at room temperature until testing age to
simulate field conditions.

2.2. Methods
2.2.1. Mineral composition

Mechanical properties were tested in accordance with
ASTM C109 (compressive strength) and ASTM C348 (flex-
ural strength). Microstructural and chemical analyses in-
cluded XRD (Cu-Ka, 40 kV, 30 mA) for crystalline phase
identification, SEM for interface examination, and FTIR
for chemical bonding analysis, particularly to verify WHF
incorporation within the geopolymer matrix.

2.2.2. Mixture of geopolymer mortars

The mixing methodology is illustrated in the flowchart
as shown in Fig. 2. Mixing ratios are detailed in Table 2,
where fine aggregate was replaced with 20% LSD, with
WHEF varying from 0-5% of bagasse ash weight. Sample
preparation followed a structured process of dry mixing,
wet mixing, and progressive curing to ensure consistent
geopolymer mortar formation.
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Fig. 2. Flow chart of mixing methodology.

Table 2. Proportions of geopolymer mortar BA blend with

WHE.
BA NaOH NaySi3O Sand LSD WHF
kg) (kg (kg) (kg)  (kg) (kg)

700 192 192 1,400 0 0 (0%)
700 192 192 1260 280  8.75(1.25%)
700 192 192 1260 280 17.50 (2.50%)
700 192 192 1,260 280 35.00 (5.00%)

3. Results and discussion

3.1. Physical and chemical properties
3.1.1. XRD analysis

The results of XRD analysis of the crystalline structure of
compounds and minerals from Fig. 3. The XRD pattern of
BA shows sharp peak of SiO, (Quartz) at 260 = 26°, indi-
cating the presence of crystalline silica critical for geopoly-
merization reactions. Similar result was reported by Akbar
et al. [27], and small peaks of Al,O3 (Alumina) distributed
before and after the peak of quartz. For the LSD, the peak
value of quartz is 27°26. The values for quartz and dolomite
are 27° and 29°20 [28].

3.1.2. The SEM morphologies of WHF

The SEM morphologies of WHF are shown in Fig. 4. The
treatment of WHF with alkali leads to the breaking of lignin-
ester bonds. Therefore, hemicellulose and cellulose that pre-
vent the breaking of hemicellulose were observed, which
is due to the changes in the lignin structure, as shown in
Fig. 4(a). The rough surface of the fibers along the entire
length [29] is shown in Fig. 4(b), which supports the fiber-
matrix adhesion in the geopolymer mortar [30].

0sio,. 0ALO,

%L&D O0op o 0 g o Ba

st e . LoD

Intensity (arb.units)

ICDD No. 00-046-104 (U SiO,)

10 20 30 40 50 60 70 80

20CuKa (deg.)

Fig. 3. XRD of bagasse ash and of limestone dust.

3.1.3. FTIR spectra

Fig. 5 shows the FTIR spectra of the absorption bands at
3380 cm ™! for WHF corresponding to the hydroxyl group
(OH). The absorption band at 2910 cm~! for WHF is at-
tributed to the CH stretching vibration. The absorption
band at 1634 and 1638 cm~! in WHEF is attributed to the
carbonyl group ( C = O) of hemicellulose. The alkaline
treatment removed hemicellulose, lignin and pectin in
the henequen fibers. In addition, the absorption band at
1248 cm~! in WHF disappeared after alkaline treatment.
This band is assigned to the C-O stretching of the acetyl
group of lignin and was removed by the NaOH treatment
[31].
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Fig. 4. SEM of hyacinth fiber with magnification of 100x (a) and 2,000x (b).
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Fig. 5. FTIR spectra for WHE.

3.1.4. X-ray diffraction technique (XRD)

Fig. 6 shows the XRD results with peak intensities rang-
ing from 2800-3700 a.u. (arbitrary- units) for various WHF
mixtures. Quartz remains the dominant crystalline phase
(ICDD No. 00-046-104), with some minor alumina peaks
visible across all samples. The control sample had the
highest peak (3700 a.u.), with slight variations in the fiber-
reinforced samples, ultimately reaching 3400 a.u. at 5%
WHE content. This pattern likely stems from WHF par-
ticles creating crystallization sites throughout the matrix,
similar to findings by Hemida, Hemida et al. [32]. From
the trial test, the use of 5% WHEF revealed significant han-
dling problems and fiber clumping, which would have
compromised the ability to produce consistent samples.

3.2. Mechanical properties
3.2.1. Effect of limestone dust (LSD)
Control geopolymers have pores due to limited liquid con-

tent. Replacing sand with limestone dust (LSD) decreased
pore size and number. The geopolymer containing LSD

08i0,, 0 ALO,

3400—
WHF-5%
050 .0 00 o § 0 o Goaoo

3600—]

WHF-2.50%

o

L E

2800—

‘WHF-1.25%

o

3700—

WHF-0% (Control)

o

Intensity (arb.units)

ICDD No. 00-046-104 (O Si0,)

10 20 30 40 50 60 70 80
20CuKa (deg.)

Fig. 6. XRD of geopolymer HWF 0, 1.25%, 2.5% and 5.0%.

weighed approximately 13% more than the control, indi-
cating a denser structure. This increased density likely
improved properties by reducing pores, enhancing both
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mechanical performance and durability.

3.2.2. Water absorption

The water absorption coefficient also increased with the in-
crease in WHF content in the geopolymer mortar, as shown
in Fig. 7. This is due to 2 reasons: The fibers create voids
and pores inside the geopolymer and the WHF also absorb
the water. For the geopolymer sample cured at 40°C, the
water absorption coefficient increased uniformly with the
increase in fiber content. However, for the sample cured
at 100°C, the water absorption coefficient was found to
increase significantly when more than 2.5% WHF was used.
The results of this experiment suggest that curing at high
temperatures damages the interior of the geopolymer.
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® 00024
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0 2 4 6

WHF (%)

Fig. 7. The coefficient of water absorption and percentage
of WHE.

3.2.3. Compressive strength

Fig. 8(a) and (b) show the compressive strength of geopoly-
mer mortar at 7, 14 and 28 days cured at 40°C and 100°C
respectively. For the geopolymer without WHF cured at
40°C, the compressive strengths after 7 and 14 days were 9
and 11 MPa , respectively, and increased to 30 MPa after 28
days. The results demonstrate that compressive strength in-
creases with sample age [33] and could continue beyond 28
days, as reported by Sittinun, Sittinun et al. [34] of strength
development in moderately cured geopolymers up to 60
days.

However, for 100°C curing, the trend was reversed. The
highest compressive strength of 29.5 MPa was reached
after 7 days but decreased to 18.5 MPa at 28 days. This
strength reduction at later ages with high-temperature cur-
ing has been observed in geopolymers made from various
pozzolanic materials [35-37]. High-temperature curing
can damage the microstructure, causing dehydration and

cracking, leading to shrinkage and reduced compressive
strength [38—40].

These results clearly indicate that curing temperature
directly influences geopolymer strength. According to Det-
phan, Detphan and Chindaprasirt [41], the optimal curing
temperature range for fly ash geopolymers is 60 — 75°C.
The curing temperatures between 40 — 100°C might thus be
the most suitable curing temperature for bagasse ash-WHF
geopolymers.

Statistical analysis of WHEF-compressive strength rela-
tionship showed significant inverse correlation (ANOVA:
F(3,16) = 1842,p < 0.01 ). Specimens containing
0%, 1.25%, 2.5%, and 5% WHEF exhibited mean compressive
strengths at 28 days of 30, 28, 26, and 18 MPa , respectively.
Regression analysis revealed a linear model ( R? = 0.96
): Compressive strength = CSo(1 — 0.07WHF%), where
CS, represents initial strength. The volumetric increase
caused by WHF incorporation disrupts matrix continuity,
aligning with findings by Lv and Liu [42] on fiber-matrix
interference mechanisms. Temperature effects were also
significant; samples cured at 100°C achieved peak strength
(approximately 30 MPa ) at 7 days but showed strength
reduction at 14 and 28 days, with effect becoming more
pronounced over time. This thermal acceleration pattern
supports Addis, Addis et al. [43] observations on early
geopolymerization kinetics in fiber-reinforced systems.

Adding LSD increased the geopolymer’s mass by 13%,
creating a tighter internal structure. This density improved
strength, chloride resistance, and carbonation protection
[44] ideal for marine structures and underground instal-
lations. The drawbacks include greater structural weight,
higher heat conductivity, and reduced sound absorption
[45]. These materials work best in thin, durable structural
components but aren’t suitable for thermal or acoustic ap-
plications, similar to other dense cement systems [46].

Fig. 9(a) compares the tests of samples after 28 days of
geopolymers with treated and untreated WHEF fibers. It
was found that the compressive strength tended to decrease
as the percentage of WHEF fibers increased for both types.
In addition, it was found that increasing the percentage
of WHEF fibers from 2.5% to 5% resulted in only minor
differences in compressive strength when cured at 100°C,
as shown in Fig. 9(b).

3.2.4. Flexural strength

The flexural strength of bagasse ash mixed with WHF
geopolymers was tested after 28 days. All samples were
damaged in the middle by the bending load, which illus-
trates the effect of the (WHF) fiber inclusions in the geopoly-
mer composites. The flexural strength of the geopolymers
without WHF cured at 40°C was 6.5 MPa . The flexu-
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with WHE

ral strength increased with increasing WHF content and
reached a maximum of 11.82 MPa at a WHF content of 5%.
This value is higher than 80% compared to the geopolymer
without WHE. The results of flexural strength development
for the samples cured at 100°C were not as good as those
of the samples cured at 40°C. As can be seen in Fig.10,
the maximum flexural strength of this group of samples
was 6.5 MPa , which is about 40% higher than that of the
control samples. This test result clearly shows that the
WHF fibers contribute to the improvement of the flexu-
ral strength of the geopolymer samples [47]. However, it
should be noted that an increase in the fiber content leads
to a significant decrease in the compressive strength of the
geopolymer. Therefore, the amount of fibers used must be
considered appropriately. So that the compressive strength
of the geopolymer does not become too low [48].

The flexural performance of geopolymer composites
reveals a nuanced relationship between water hyacinth
fiber (WHF) concentration and curing temperature. As
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WHE content increased from 0% to 5%, a progressive en-
hancement in flexural strength was observed, attributed to
fiber-matrix interactions and temperature-dependent bond-
ing mechanisms. Moderate curing temperatures ( 40°C )
gave superior mechanical properties compared to hightem-
perature conditions, aligning with recent investigations on
sustainable composite materials [13].

Notably, the 5% WHEF geopolymer outperformed tradi-
tional OPC-natural fiber mortars with nearly 50% higher
flexural strength [46]. It also demonstrated a substan-
tial improvement roughly a quarter better than coal fly
ash geopolymers [49], while achieving comparable perfor-
mance to materials reinforced with synthetic fibers [50]. For
the key advantage. The composite relies entirely on agri-
cultural waste. Tests revealed exceptional crack-bridging
behavior, with strain-at-break exceeding conventional fiber-
reinforced mortars by approximately 35% [13]. While statis-
tical analysis confirmed WHF's significant flexural benefits,
an expected trade-off in compressive strength following
CSp (1-0.08 WHEF%) was observed. Interestingly, this trade-
off pattern aligns with Khan et al. [51] findings, though the
obtained formulation achieved superior flexural gains.

4. Conclusions

From the experimental study conducted, the following con-
clusions could be made.

1. The X-ray diffraction (XRD) technique of the substrate
shows the peak of quartz with the chemical composi-
tion of silicon and oxygen and aluminum oxide with
the chemical composition of aluminum oxide (Al,O3).
The peak limestone dust of the mineral calcite has the
chemical composition of calcium carbonate (CaCO3)
with alkaline properties suitable for use in geopoly-

mers.

2. The addition of WHEF resulted in a reduction the com-
pressive strength of geopolymer. Among the tested
ratios ( 0%, 1.25%,2.5%, and 5% ), the optimum ra-
tio of 1.25% WHEF in geopolymer mortar provides the
best compressive strength at 28 days for curing at low
temperatures. This offers benefits in crack reduction
and waste utilization with approximately 3 — 5% ma-
terial cost savings, making it promising for large-scale
industrial applications.

3. The use of fibers led to a significant increase in flexural
strength. This was particularly true for samples that
were cured at low temperatures. The flexural strength
of the geopolymer increases with increasing WHEF con-
tent and could be up to 80% compared to the control
geopolymer.

4. The water absorption coefficient of geopolymer mortar
tends to increase with the increase in the proportion of
WHEF due to the high absorption character of the fiber.

5. The obtained results reveal optimal applications based
on WHEF content: specimens with 1.25% WHEF main-
tain acceptable structural properties while enhancing
flexural performance suitable for prefabricated pan-
els and specialized pavements [52]; whereas higher
fiber contents (2.5% and 5%) excel in non-load-bearing
applications [13]. The testing at these specific WHF
percentages (0%, 1.25%, 2.5%, and 5%) demonstrated
a clear inverse relationship between fiber content and
compressive strength, establishing practical structural
limitations. Future development could explore hybrid
reinforcement strategies incorporating banana fiber
[53] or matrix modifications to better balance mechan-
ical performance with environmental benefits.
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