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Abstract Sewer infrastructure worldwide is ageing
beyond its designed lifespan, rendering it increas-
ingly vulnerable to biogenic sulphuric acid corro-
sion, cracking, and structural collapse. Geopolymer
concrete represents a promising sustainable alterna-
tive to ordinary Portland cement in such aggressive
environments; however, its durability under acidic
conditions remains insufficiently characterised, par-
ticularly when combined with microbial modification.
This study evaluated the sulphuric acid resistance and
microstructural integrity of two fly ash-based geopol-
ymer concrete formulations—a control mixture and
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a Shewanella oneidensis species-enhanced bio-mod-
ified mixture (Bio)—subjected to 1% H,SO, immer-
sion at 30 °C for 10 days to simulate sewer conditions.
A multi-technique analytical framework comprising
mechanical testing, capillary water absorption, SEM—
EDS, XRF, FTIR, and XRD was employed to eluci-
date degradation mechanisms and quantify the effect
of bacterial modification. Bio-modified specimens
exhibited a denser, more homogeneous microstruc-
ture and markedly superior acid resistance, includ-
ing an 82% increase in splitting tensile strength fol-
lowing acid exposure, in contrast to a 13% decrease
recorded in control specimens. SEM-EDS analysis
confirmed reduced cracking and enhanced reten-
tion of Ca and Fe in bio-modified specimens. XRD
revealed the preservation of acid-resistant crystal-
line phases, including quartz and andradite, in bio-
modified specimens, whereas the control specimens
showed greater phase decomposition and decalcifi-
cation. FTIR analysis indicated greater stability of
Si—O-T bonds in bio-modified specimens, consistent
with reduced silicate depolymerisation. These find-
ings confirm that Shewanella-based bio-modification
significantly enhances the durability of geopolymer
concrete under sulphuric acid attack, supporting its
application as a resilient and sustainable material for
sewer infrastructure.

Keywords Bio-modification - Shewanella-

enhanced - Geopolymer concrete - Acid resistance -
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1 Introduction

As the demand for concrete structures increases, the
need for sustainable alternatives to Ordinary Portland
Cement (OPC) grows accordingly [1]. Geopolymer
Concrete (GPC), produced through geopolymeri-
sation, the binding of aluminosilicates with highly
alkaline solutions, is an emerging class of cementi-
tious material considered a next-generation solution
for civil infrastructure. Researchers are increasingly
exploring GPC using fly ash, blast furnace slag, and
metakaolin, as well as industrial waste, additives,
and microbes, to reduce the environmental impact of
cement production [2], 3].

Geopolymer can present comparable properties
to OPC [4]. It possesses a greater ability to with-
stand acid exposure and abrasive forces, along with
reduced permeability. In wastewater sewage net-
works, the calcium-rich byproducts of OPC hydra-
tion are typically dissolved by acids, consequently
rendering OPC susceptible to acid-induced corrosion
[5, 6]. Typically, in wastewater networks employ-
ing OPC, corrosion arises from a two-stage process
involving biogenic sulphate reduction and subse-
quent reoxidation [7]. This process begins when sul-
phate present in confined pipelines or stagnant water
is transformed by anaerobic bacteria into hydrogen
sulphide (H,S) under oxygen-deprived conditions [8,
9]. Figure 1 schematically illustrates the two-stage
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Fig.1 a Schematic illustration of the two-stage biogenic cor-
rosion mechanism in OPC-based sewer environments, show-
ing sulphate reduction in the submerged zone and subsequent
H,SO, formation in the sewer crown; b field photographs
showing structural damage on the inner surface of under-

biogenic corrosion mechanism in OPC-based sewer
environments. In the first stage, sulphate-reducing
bacteria in the submerged zone convert SO, to H,S
under anaerobic conditions. In the second stage, H,S
volatilises into the sewer headspace, where sulphur-
oxidising bacteria oxidise it to H,SO,. This acid sub-
sequently attacks calcium-bearing phases in the OPC
matrix, causing progressive structural degradation
[10].

According to Chen et al. [11], while GPC gener-
ally exhibits better sulphate resistance than OPC, the
addition of 8% SO, %increases the median pore size
in geopolymer pastes, potentially increasing suscepti-
bility to long-term corrosive attack, although erosion
products may initially fill pores [12]. Despite some
long-term in situ evidence [13], the durability of GPC
under microbially induced acid corrosion requires
further systematic investigation. Beyond durability,
the practical application of GPC presents additional
challenges. Alkali-activated fly ash geopolymer
requires elevated energy input to activate polymerisa-
tion [14], and high concentrations of sodium or potas-
sium hydroxide are necessary to achieve adequate
mechanical strength [15]. Furthermore, curing at high
temperatures (40-95 °C) accelerates geopolymeri-
sation but increases energy consumption [16], and
steam curing between 60 and 80 °C, while improving
compressive strength, similarly incurs higher energy
costs [17].

Sdamage of entire surface

ground concrete pipes resulting from biogenic acid corrosion,
including broken pipe sections, surface deterioration, corro-
sion products, aggregate exposure, infiltration, and full surface
damage. All field photographs are original, taken from site
inspections; all copyrights reserved
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Biomineralisation, the biologically mediated pre-
cipitation of minerals within a material matrix, has
emerged as a nature-inspired approach to consolidate,
repair, and protect construction materials; Microbially
Induced Calcium Carbonate Precipitation (MICP) is
one such process, exploiting bacterial metabolism to
deposit CaCO; and seal microcracks. In the MICP
process, the metabolism of bacteria such as ureolytic
Bacillus or iron-respiring Shewanella is exploited to
promote calcium carbonate (CaCO;) deposition in
geopolymer concrete to seal microcracks [18]. Recent
studies have demonstrated self-healing properties in
various types of building materials, including con-
ventional concrete, engineered cementitious compos-
ites (ECC), and engineered geopolymeric composites
(EGC) [19-21].

Bacteria-based self-healing geopolymer concrete
offers a compelling solution to increase the durabil-
ity and longevity of concrete structures in sewage
systems [22-24]. These challenges underscore the
need for innovative materials capable of withstanding
prolonged exposure to harsh wastewater and acidic
conditions [25]. The ability of Shewanella genus to
thrive in alkaline environments, inhibit corrosion, and
sustain biomineralisation activity makes it a particu-
larly suitable candidate for enhancing geopolymer
performance in sewer systems [26]. Despite these
promising initial findings, it is important to recognise
that further studies are necessary to fully understand
the performance of Shewanella species-based self-
healing geopolymer concrete in real-world wastewa-
ter environments. The biological processes initiated
by these bacteria not only fill cracks but also contrib-
ute to the overall durability of the material, making it
more resilient to environmental stressors [27].

Previous studies have examined a range of top-
ics, including the effect of fly ash ratios and alkaline
activators on microstructure and dielectric properties
[28, 29], and the self-healing behaviour of geopoly-
mer composites in alkaline environments [30, 31],
employing microscopic, mechanical, and chemical
characterisation techniques.

For example, Zhao et al. [3] showed that repair
products, including C(N)-A-S-H and calcium car-
bonate, can help improve self-healing in alkaline
environments. The compounds used in these stud-
ies include fly ash, slag, GGBS (Ground Granulated
Blast-Furnace Slag) and alkaline activators such as
NaOH and KOH. These compounds not only help to

improve the mechanical properties and durability of
concrete but also play a key role in self-healing pro-
cesses [32, 33]. The research results clearly show the
positive effect of these compounds on the properties
of geopolymer concretes, so Rihan et al. [34] empha-
sised that a high concentration of NaOH significantly
increases compressive strength. Also, Guo et al. [1]
presented positive results in the field of self-healing,
which indicates the high potential of these materials
in construction applications. However, there are also
challenges, including the degradation of properties
at high concentrations that Zhao et al. [3] mentioned.
This issue shows the need for further research to opti-
mise conditions and compounds. Wu et al. [35] inves-
tigated the self-healing performance of engineered
geopolymer composites subjected to sodium sulphate.
Sodium sulphate is a common corrosive agent in vari-
ous environments, and while Wu et al. [35] focus on
the effects of sodium sulphate, the present research
specifically targets sulphuric acid, which is notorious
for its aggressive nature in sewer systems.

Despite extensive literature on geopolymer com-
posites, key research gaps persist. Most studies focus
on healing in alkaline or neutral environments, with
little attention to acidic conditions, especially simu-
lating wastewater systems. While much research has
explored Bacillus species [36], a significant gap exists
in the literature that has examined Shewanella bacte-
ria in fly ash-based geopolymers. The novelty of this
study lies in emphasising biological compatibility and
durability in acidic environments, aiding the develop-
ment of resilient, sustainable materials. This research
addresses the physico-mechanical and microstructural
characteristics of geopolymer concrete, modified by
Shewanella species, subjected to a high concentration
of sulphuric acid exposure at 30 °C, simulating sewer
environments. This evaluation employs a suite of
techniques, including SEM-EDS, XRF, XRD, FTIR,
and durability tests such as splitting tensile strength,
water absorption via capillary and weight change
observation.

2 Materials and sample preparation

2.1 Materials and mix design

The preparation of self-healing geopolymer con-
crete mixtures involved the use of fly ash (FA), coarse
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aggregates, sand, sodium silicate, and sodium hydrox-
ide serving as the alkaline activator. Fly ash, charac-
terised by a measured calcium oxide (CaO) content of
less than 10%, was selected to ensure its compatibility
with geopolymerisation processes. The chemical com-
position of the fly ash was analysed using X-ray fluo-
rescence (XRF) presented in Table 1, revealing a high
content of silica (SiO,) and alumina (Al,O;), which are
crucial for the formation of a durable aluminosilicate
network. This composition facilitates the development
of a resilient aluminosilicate network during geopoly-
merisation, potentially improving its chemical durabil-
ity [37].

Two distinct types of geopolymer mixtures were
formulated:

(1) a control mixture and
(2) a bio-modified mixture that incorporated a bio-
product containing Shewanella oneidensis.

The introduction of the bioproduct occurred directly
during the final mixing stage to mitigate mechanical
stress on the bacterial cells. Shewanella oneidensis was
selected for its distinctive capacity to withstand acidic,
anoxic environments and to reduce Fe (III), thereby
facilitating the formation of stable iron-silicate phases
such as andradite. Its electron transport mechanisms
and biomineralisation abilities support CaCO; precipi-
tation and retention of structural ions, as evidenced by
XRD, SEM-EDS, and FTIR analyses, rendering She-
wanella oneidensis particularly suitable for improving
acid resistance in geopolymer concretes used in sewer
environments [38-40]. Regarding mix preparation, the
alkaline activator was produced by dissolving sodium
hydroxide (NaOH) pellets in distilled water at a concen-
tration of 12 Molar, prepared 24 h prior to the experi-
ment, and subsequently combined with sodium silicate
(Na2SiO3) (1.5 S.G., d=1.5 g/ml, S/6340/17; Fisher
Chemical, UK). Sodium silicate with a specific grav-
ity of 1.5 was supplied by Fisher Scientific. The coarse
aggregate used was supplied by Specialist Aggre-
gate and Travis Perkins, UK, with a size ranging from
10-20 mm. Sand as fine aggregates was obtained from
Tarmac Plant, UK.

2.2 Specimen preparation

(1) Geopolymer mix proportions

The concrete mix design for six
cubes (100x100 mm) and six cylinders
(100 150 mm) consisted of 10.85 kg, 9.77 kg,
14.65 kg, 1.55 kg, and 3.88 kg of fly ash,
sand, aggregate, NaOH solution, and sodium
silicate solution, respectively. The ratios of fly
ash to activator and NaOH to sodium silicate
employed were 2.0 and 2.5, respectively.

(i)  Preparation of the bacterial suspension

This research utilised a strain of Shewanella
supplied by a German company, and Tryptic
Soy Broth (TSB) was used as a nutrient-rich
medium to facilitate bacterial growth. TSB
contain pancreatic digest of casein (17 g/L),
papain digest of soybean meal (3.0 g/L),
sodium chloride (5.0 g/1), dibasic potassium
phosphate (2.5 g/L), and glucose (2.5 g/L). The
Shewanella strain was transferred to TSB that
had been sterilised using autoclaving at 121 °C
for 20 min and subsequently cooled. Follow-
ing that, the bacteria culture was placed in a
shaking incubator for a duration of 19h at a
temperature of 30°C and a speed of 200 rpm in
order to produce a liquid bacteria solution (bio-
product). Following incubation, the number of
colonies was counted using the serial dilution
technique, resulting in a colony-forming unit
per millilitre (CFU/ml) of 10® CFU/ml in the
bacteria solution.

(iii)  Preparation of geopolymer concrete mixtures
The mixing process began with a 5-min dry
mixing of fly ash, coarse aggregate, and sand
at low speed, followed by a 3-min mixing with
gradual addition of the alkaline activator. For
bio-modified specimens, 200 mL of the bio-
product was added directly during the final

Table 1 Chemical

Sio AI20 Fe,O
compositions of fly ash ™ 3 s

SO, TiO, Ca0 K,0 MgO SO BaO

(wt.%) 563  20.8 5.53

0578 0915 333 199 153 0.16  0.154
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mixing stage and mixed for an additional 2 min
to mitigate mechanical stress on bacterial cells.

(iv) Casting and specimen dimensions

Two series of compositions were cast; for
each, six cylinders (100 mmXx 150 mm) were
prepared. The 100X 50 mm cylindrical speci-
mens were selected for resource efficiency and
compatibility with the acid immersion test rig,
ensuring uniform acid exposure and consistent
microstructural sampling [41].

(v)  Curing conditions
Specimens were demoulded after 24h of cur-
ing at 20 °C, then cured for 7 days at 30 °C with
a humidity of 60%. This curing method is criti-
cal for achieving optimal mechanical properties
in fly ash-based geopolymer systems [42].

The present research aims to create a homogene-
ous geopolymer concrete that can be tested for its
self-healing capabilities and mechanical properties,
similar to the objectives of Naresh et al. (2024) [43].

2.3 Simulation of sewer conditions

The 1% H,SO, solution was prepared by diluting sul-
phuric acid (assay 96.23%, d=1.83 g/mL, analytical
reagent grade, CAS 7664-93-9, Lot 2,666,820; Fisher
Chemical, Loughborough, UK) with distilled water,
following established laboratory procedures [44], to
simulate sewer-like acidic conditions (pH of 1.26 and
humidity of 60%) over 10 days, during which pH was
periodically monitored with a calibrated meter. This
accelerated test evaluated the inherent acid resist-
ance of the geopolymer matrix and the initial impact
of bacterial modification, allowing rapid comparison
of degradation behaviours under controlled, highly
aggressive conditions, consistent with previous stud-
ies on accelerated acid testing of cementitious and
alkali-activated materials [45].

3 Methodology

The chemical immersion method was employed to
assess the resistance of materials to sulphuric acid,

simulating the conditions of a sewer environment for
the specimens. Specifically, cylindrical specimens,
100X 50 mm, were immersed in a 1% sulphuric acid
solution at 28 days of age (at 30 °C and humidity of
60%) for a period of 10 days. It is important to note
that, in this study, the term “healing” does not refer
to traditional crack closure but instead to bacterial-
induced densification of the matrix and stabilisation
of its composition. Following immersion, all speci-
mens were removed from the acid solutions and
stored in an oven at 30 °C for another 24h prior to
testing. The testing procedures are as follows:

3.1 3.1. Compressive strength

The compressive strength was determined in accord-
ance with BS EN 12390-3:2009, with the average
of 6 cubic specimens calculated and reported in this
study to establish their baseline mechanical properties
before acid exposure.

3.2 3.2. Visual observation

Surface photographs of each specimen were taken
every 4 days during the 10-day acid exposure period
to monitor visible signs of degradation. Observa-
tions focused on changes such as surface discoloura-
tion, white deposit formation, surface softening, and
any visible cracking or scaling. Close-up examina-
tion of surface deposits was conducted using a Nikon
SMZ25 stereo microscope equipped with a C-HGFI
INTENSILIGHT HG precentred fibre illuminator;
images were captured using NIS-Elements software
(v5.21.03).

3.3 3.3. Weight change

Variations in sample mass (immersed in acid) were
recorded every 4 days to evaluate the extent of mate-
rial degradation due to acid exposure.

3.4 3.4. Water absorption via capillary

Water absorption by capillarity was tested following
BS EN 1015-18:2002 guidelines. Cylinder specimens
measuring 50 mm thick and 100 mm in diameter were
used. Three specimens of each type were dried in an
oven at 30 °C until their mass changed by no more
than 0.1%. Subsequently, the cylindrical specimens
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were submerged in 10 mm of water inside a sealed
container to ensure a stable hydrothermal environ-
ment. The specimens’ mass was recorded at 0, 5, 15,
30 min, 1, 2, 3h, then at 21h, 24h, and up to 28 days,
or until water absorption stabilised.

3.5 3.5. Splitting tensile strength

Splitting tensile strength for both control and heal-
ing specimens (ASTM C496), was conducted after a
10-day exposure period for both the control and bio-
modified specimens (3 specimens of each). All speci-
mens, including those exposed to the acid, were sub-
sequently placed in an oven at a temperature of 30 °C
for 24h to ensure uniform moisture content prior to
testing.

3.6 3.6. Microstructural analysis
3.6.1 3.6.1. Sample preparation

For XRF, XRD, and FTIR analyses, fragments recov-
ered from compressive strength testing were ground
into a fine powder using an agate mortar and pestle
prior to analysis.

3.6.2 3.6.2. X-ray fluorescence (XRF)

Ground powder samples were analysed using a
Rigaku NEX CG II XRF spectrometer to determine
the chemical composition of each mix design. Three
specimens per mix were tested, and average values
were recorded.

3.6.3 X-ray diffraction (XRD)

Phase changes and crystalline degradation under
acidic conditions were investigated using a Rigaku
MiniFlex powder X-ray diffractometer, scanning over
an angular range of 5-90° at a scan rate of 0.01° per
second.

3.6.4 Fourier transform infrared spectroscopy
(FTIR)

Ground powder samples were analysed using an
Agilent Cary 630 FTIR system, within a spec-
tral range of 500-4000 cm™!, to assess chemical

bonding environments and changes in molecular
structure resulting from acid exposure.

3.6.5 Scanning electron microscopy and energy
dispersive X-ray spectroscopy (SEM—EDS)

Specimens were sectioned to expose both core
and surface regions, then crushed and gold-coated
prior to examination. Microstructural analysis was
performed using an FEI Inspect S scanning elec-
tron microscope at 0.1-30 kV, using backscattered
electron (BSE) imaging for microstructural charac-
terisation and secondary electron (SE) imaging for
surface topography. Elemental composition was
determined via EDS at six spots per fragment on
both acid-exposed and unexposed control and bio-
modified specimens at 28 days. An additional SEM
scan was conducted at 180 days to assess bacterial
survival and evaluate the long-term microstructural
influence of bio-modification within the geopoly-
mer matrix.

4 Results and discussions
4.1 Compressive strength

Figure 2 shows that both mixes reached similar
28-day strengths expected for low-Ca fly ash GPC
[46], with the bio-modified sample at 35.92 MPa and
the control at 35.23 MPa. The roughly 2% increase
in the bio-modified mix falls within measurement
error margins (see error bars), suggesting that adding
the bacterial component does not negatively impact
geopolymerisation or early mechanical properties.
Coefficients of variation (COV) below 30% for all
measurements. The calculated COV for the datasets
confirms a high level of experimental consistency and
reliability of the reported results.

This baseline matches microstructural analyses,
discussed in detail in later sections, which display a
denser, more continuous gel in bio-modified speci-
mens and fewer cracks. These 28-day results thus pro-
vide a reference for assessing changes following acid
exposure, where observed differences are mainly due
to transport mechanisms and microstructural features
rather than initial strength differences.
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Fig. 2 Compressive
strength of control and
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Fig. 3 Visual observation of geopolymer control and bio-modified specimens after acid exposure over days: a 3-(control), b 4-(bio),

¢ 5-(control), d 10-(bio)

4.2 Surface observations and damage progression

Figure 3 illustrates the visual condition of control
and bio-modified specimens following acid expo-
sure. Both specimens exhibited white surface depos-
its, consistent with calcium ion leaching and gyp-
sum formation under acid attack, as subsequently
confirmed by EDS, XRF, and XRD analyses. No
macrocracking or spalling was visually observed,
consistent with the relatively low mass loss (Fig. 4)
and retained mechanical integrity (Fig. 5) recorded
over the 10-day exposure period. Surface deteriora-
tion was more prominent on the side faces, attrib-
utable to their greater exposed area and prolonged
contact with the acidic solution.

When comparing these findings to previous stud-
ies, such as Wu et al. [35], they do not report mac-
rocracks, and their findings align with the present
research, suggesting that both acid and sulphate envi-
ronments can lead to surface deterioration without
visible cracks. This similarity is attributed to acid-
induced ion exchange and microstructural weakening
at the surface, which compromises the matrix without
necessarily causing visible cracking.

4.3 Weight loss when exposed to acid

Figure 4a illustrates the mass loss of 100X50 mm
geopolymer cylindrical specimens over a period of
10 days of acid exposure. All specimens exhibited
measurable mass change after four days, primarily
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attributable to surface binder dissolution, which
aligns with visual observations. However, bio-mod-
ified specimens showed markedly lower weight loss
and greater stability compared to the control group.
The increased mass variation observed in the control
specimens may be partially due to the formation of
gypsum (CaSO,-2H,0) during acid interaction [47].
As depicted in Fig. 4b, the control specimens also
demonstrated greater variability among individual
specimens, whereas the bio-modified specimens
exhibited more uniform performance, indicating
enhanced resistance to acid-induced degradation.

The results from Zhao et al. [3] demonstrated that
self-healing agents reduced mass loss and improved
structural integrity under environmental stress-
ors, a trend similarly observed in the present study,
where bio-modified specimens exhibited lower and
more consistent mass loss under acid exposure com-
pared to controls. Similarly, Guo et al. [1] explored
self-healing in fly ash-based engineered geopolymer
composites, reporting that the incorporation of heal-
ing agents led to a recovery of mechanical properties
after initial damage. Their findings suggested that
healing agents effectively counteract the degrada-
tion caused by corrosive environments, resulting in
less weight loss and improved durability. This sup-
ports the present research’s conclusion that healing
agents enhance the overall performance of geopoly-
mer materials, particularly in harsh, acidic environ-
ments. In contrast, the control specimens in the pre-
sent study displayed varying percentages of weight
change and differing rates of change, indicating a less
consistent performance. This variability suggests that
without the influence of healing agents, the geopoly-
mer specimens are more susceptible to degradation in
acidic conditions. This observation is consistent with
the findings of Rihan et al. [34], who noted that the
mechanical properties of geopolymer concrete could
significantly deteriorate under high alkaline concen-
trations, emphasising the importance of incorporating
healing agents to maintain structural integrity.

4.4 Splitting tensile strengths

Figure 5 displays the splitting tensile strength of
control and bio-modified geopolymer specimens
prior to and following exposure to 1% H,SO,. The
control specimens exhibited a decrease from 1.80
to 1.58 MPa, representing approximately a 13%

reduction, indicative of deterioration stemming from
acid attack. Conversely, the bio-modified speci-
mens showed an increase from 0.98 to 1.78 MPa, an
approximate 82% enhancement, implying ongoing
bio-mediated reinforcement during exposure. This
phenomenon is attributed to continuous biominer-
alisation processes, likely involving CaCO; precipi-
tation, which enhance matrix densification and crack
bridging, as corroborated by SEM-EDS observations
detailed in Sect. 4.6 and Figs. 10, 11, 12, 13.

Additionally, it is noteworthy that chemical reac-
tions predominantly occur in the surface regions; con-
sequently, the top and bottom surfaces endure com-
pressive stresses rather than tensile stresses during
the splitting tensile strength tests. Wallah and Rangan
[48] studied the effects of sulphuric acid on cylindri-
cal specimens and found that only a 20 mm surface
region was impacted by the acid attack, while the
core regions maintained their integrity. This enhance-
ment is attributed to ongoing hydration reactions
and suggests that the core regions of the specimens
remained unaffected by acid, as supported by Wallah
and Rangan [48] findings on surface impact. Compar-
isons with studies by Zhao et al. [3] and Guo et al. [1]
reveal that healing agents improve mechanical prop-
erties and durability under corrosive conditions, rein-
forcing the present research’s conclusions.

4.5 Water absorption via capillary

Figure 6 illustrates the capillary water absorption
characteristics of control and bio-modified speci-
mens, with and without acid exposure. Both bio-mod-
ified and control specimens demonstrated comparable
absorption rates during the initial phase. However,
following acid exposure, bio-modified specimens
consistently exhibited reduced total water uptake, as
shown in Fig. 6a. This suggests a denser and less per-
meable pore structure, likely attributable to biomin-
eralisation processes that diminish water ingress and
increase resistance to acid attack. In specimens not
subjected to acid exposure (Fig. 6b), the difference
between control and bio-modified specimens was
negligible, implying that bacterially mediated densifi-
cation, through CaCOj precipitation and stable phase
formation, is more pronounced under acidic condi-
tions, where these processes are actively stimulated.
CaCO; precipitation occupies capillary pores,
reducing effective pore radius and sorptivity. These
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Fig. 6 Water absorption
via capillary results for: a
after acid exposure at 30 °C
over 10 days, b without acid
exposure at room tempera-
ture
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results align with previous studies, such as those by
Zhao et al. [3], which found that the incorporation
of healing agents in geopolymer composites signifi-
cantly enhanced their durability and reduced poros-
ity, leading to lower water absorption rates. Zhao
et al. [3] noted that self-healing agents can fill micro-
cracks and voids, thereby improving the material’s
impermeability. Similarly, Guo et al. [1] reported
that self-healing agents in fly ash-based geopolymer
composites contributed to a denser microstructure,
resulting in decreased water absorption and enhanced
performance in aggressive environments. In contrast,
the findings of Makilan et al. [49] indicated that while
healing agents improved mechanical properties, their
effect on water absorption was less pronounced. This
suggests that the efficacy of bio-based healing agents
may vary with formulation and exposure conditions.
The present research supports this, as the Shewanella
oneidensis bioproduct had a negligible impact on
water absorption without acid exposure, indicating
that acidic conditions are necessary to stimulate the
bacterial activity driving matrix densification.

—@— Control GPC  ---4##--- Bio

50.00 75.00 100.00 125.00
Time (m°’%)

—@— Control GPC  ---##--- Bio

50 75 100 125
Time (m®")

4.6 SEM-EDS analysis

4.6.1 Effect of bacteria on the geopolymer
before acid immersion

SEM images before acid exposure (Fig. 7a, b) reveal
that the control samples possess a more porous
microstructure with discernible microcracks, espe-
cially within the interfacial transition zone (ITZ).
Conversely, the bio-modified specimens exhibit a
denser and more homogeneous matrix with fewer
microvoids, indicative of microstructural refinement
resulting from bacterial integration. EDS spectra
(Fig. 7c—d) display low calcium levels but detect-
able carbon and oxygen, implying early carbonate-
phase formation. These findings suggest that bac-
terial incorporation enhances matrix densification
and pore obstruction before acid exposure, thereby
likely contributing to increased durability observed
subsequently, in alignment with prior research on
bio-modified geopolymer systems [50-53].
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Fig. 7 SEM images before
acid immersion for: a con-
trol samples, b bio-modified
samples, EDS spectra
before acid immersion for:

¢ control samples, d bio-
modified samples
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Table 2 EDS analysis for

. i Element  Weight %  Atomic % Element  Weight %  Atomic %
control and bio-modified
samples before acid Control O 45.36 59.67 Bio O 5291 66.84
{Mmersion Na 11.15 10.22 Na 8.32 733
Al 9.16 7.16 Al 8.20 6.16
Si 24.28 18.21 Si 21.09 15.21
K 2.26 1.22 K 2.01 1.05
Ca 3.62 1.90 Ca 3.51 1.78
Fe 3.26 1.23 Fe 3.53 1.28
Table 3 Chemical Chemical ~ SiO, ALO; Fe,0; P,0; SO, TiO, Ca0 K,0 MgO Na CI
compositions of bio- Composi-
modified and cont.rol tions
samples before acid
immersion (wt.%) Bio 417 11 35 0152 0.609 0518 6.69 159 0925 8.12 0012
Control 427 113 356 0.144 0641 051 624 167 087 7.54 0.0088

Table 2 presents the elemental composition of con-
trol and bio-modified specimens prior to acid exposure.
The bio-modified samples exhibit slightly lower Ca and
Na but higher O and C contents, indicating the presence
of early carbonate-related phases that may influence
the denser microstructure observed in SEM images.
Additionally, the marginally higher Fe content in the
bio-modified specimens could facilitate the formation
of iron-bearing phases such as andradite, as later con-
firmed by XRD analysis (Fig. 13). Overall, these find-
ings suggest that bacterial incorporation enhances early
matrix stabilisation prior to acid exposure.

The chemical composition of the bio-modified and
control specimens before acid exposure was deter-
mined using XRF, as presented in Table 3. It demon-
strates comparable SiO, and Al,O; contents in both
control and bio-modified samples, suggesting analo-
gous geopolymer structures. The bio-modified speci-
mens show a marginally higher CaO content (6.69%),
potentially attributed to interactions with the bacte-
rial medium that may facilitate early gel formation.
Overall, the consistent Si-Al composition establishes
a stable baseline for assessing chemical modifications
following acid exposure.

4.6.2 Effect of acid immersion on the geopolymer
microstructure

SEM images following acid immersion (Fig. 8a, b)
demonstrate more pronounced surface deterioration

in the control samples, including microcrack develop-
ment, weakening of the ITZ, and partial dissolution
of the binder. EDS spectra (Fig. 8c) reveal decreased
intensities of Si and Al, indicative of leaching from
the geopolymeric phases. Conversely, the bio-modi-
fied specimens display a denser residual matrix and
reduced surface erosion under comparable expo-
sure conditions. EDS data (Fig. 8d) suggest some
ion redistribution, with diminished Ca and slightly
elevated Fe signals, implying acid-induced leach-
ing and potential suppression of bacterial activity at
low pH. However, XRD and FTIR analyses confirm
the continued presence of andradite and a reduction
in silicate depolymerisation, indicating that bacterial
incorporation enhances phase stability and resistance
to acid-related degradation.

Table 4 delineates the elemental composition of
both control and bio-modified specimens following
acid immersion. The bio-modified samples exhibited
higher concentrations of calcium and iron relative to
the control specimens, indicative of diminished decal-
cification and enhanced phase stability under acidic
conditions. The increased oxygen levels and main-
tained calcium content imply the presence of car-
bonate-related phases, corroborating FTIR and XRD
analyses. These results suggest that bio-modification
confers improved resistance to acid-induced leaching
and contributes to the stabilisation of the geopolymer
matrix.
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Fig. 8 SEM images after
acid immersion for: a con-
trol samples, b bio-modified
samples, EDS spectra for

¢ control samples, d bio-
modified samples, after acid
immersion
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Table 4 EDS analysis

. Element  Weight %  Atomic % Element  Weight %  Atomic %
for control and bio-
modified samples after acid Control O 43.65 65.48 Bio O 48.85 65.16
fmmersion Na 5.77 5.00 Na 752 6.98
Al 6.09 5.42 Al 6.53 5.11
Si 22.47 18.95 Si 20.24 15.34
K 2.57 2.06 K 1.87 1.01
Ca 2.72 1.74 Ca 373 1.97
Fe 3.70 1.37 Fe 575 2.17
Table 5 Chemical Chemical ~ SiO, ALO; Fe,0; P,0; SO; TiO, CaO K20 MgO Na Cl
compositions of bio- Composi-
modified and cogtrol tions
Samples after acid
immersion (Wt.%) Bio 457 119 435 02 042 0556 533 1.82 0932 646 0.167
Control 468 129 447 0202 0418 0591 7.69 192 1.08 7.54 0.0205

The chemical composition of the bio-modified and
control samples after acid immersion was determined
using XRF, as presented in Table 5.

Post-acid immersion, both control and bio-mod-
ified samples showed increased SiO, and Al,O,
(Table 5), likely from leaching of soluble phases like
Ca, Na, and K. CaO in bio-modified samples dropped
over 20%, indicating decalcification. The bio-modi-
fied samples retained more Na and Mg than controls,
possibly due to microstructural differences from the
healing agent. XRF and SEM-EDS (Tables 3, 4, 5,
Figs. 7, 8, 9, 10) analyses both indicated structural
degradation and increased porosity from leaching
effects in control samples. SEM analysis at 180 days
(Fig. 9) supports the presence and potential survival
of bacterial influence post-curing in the geopolymer
matrix.

In the bio-modified samples (Fig. 9b), spheri-
cal inclusions and mineral nodules were observed,

features commonly associated with microbial precipi-
tation and metabolic by-products. After acid expo-
sure (Fig. 9c), these features persisted, with retained
mineralisation and denser microstructural regions,
suggesting either partial survival of bacterial resi-
dues or their stabilising effect on the matrix. In con-
trast, the control sample (Fig. 9a) exhibited irregular
morphology with no evidence of bacterial activity or
biomineralisation.

The high-magnification SEM-EDS mapping
(Figs. 10a—c) provides further evidence of the
microstructural and chemical differences between
control and bio-modified samples. In the con-
trol specimen (Table 6), elements such as Al and
Si were unevenly distributed across the cracked
matrix, with Fe levels remaining negligible (<1
at.%), indicating no bacterial influence. Elemental
maps for K, Mg, and Ti, which were not directly
implicated in the degradation mechanism, are

Fig. 9 SEM micrographs at 180 days of geopolymer specimens: a Control sample before acid exposure, b bio-modified sample
before acid exposure, ¢ bio-modified sample after 10-day acid immersion
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Fig. 10 SEM-EDS elemental maps of geopolymer samples (at 180 days) showing microbial influence in: a bio-modified sample
without acid exposure, b control sample without acid exposure, ¢ bio-modified sample with 10-day acid exposure
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Table 6 EDS analysis of control samples without acid immersion and bio-modified samples with and without acid exposure—at

180 days (wt.%)

Element (0] C Si Na Al Fe K Mg Ti S
Bio—before acid exposure 57.93 15.90 11.72 5.12 3.61 3.14 1.26 0.79 0.32 0.13 0.08
Bio—after acid exposure 58.93 19.22 5.78 9.80 0.44 1.24 0.86 1.24 0.90 - -

Control—before acid exposure 60.48 17.84 9.93

5.53 2.96 2.07 0.40 0.35 0.32 0.07 0.06

provided (where present) in Appendix A for com-
pleteness. Conversely, the bio-modified sample
before acid exposure (Fig. 10a) demonstrated a
more uniform spatial distribution of Al, Si, and
Na, implying improved matrix homogeneity due
to bio-modification. Additionally, the increased Fe
content in bio-modified samples supports the role
of Shewanella species in bio-mediated Fe metabo-
lism, given its known iron-reduction capabilities
[54]. Post acid exposure (Fig. 10c), the bio-mod-
ified sample maintained key mineral phases, with
Fe and Ca still detectable within the matrix. This
observation corroborates the hypothesis that bacte-
rial activity promotes both early densification and
enhanced chemical stability under acidic condi-
tions (Fig. 11).

4.6.3 Leaching

Leaching is a phenomenon characterised by the dis-
solution and migration of ions from the geopolymer
matrix upon exposure to aggressive environments. In
samples immersed in acidic conditions, leaching is
frequently associated with the following effects:

The loss of calcium and alkali elements (Na, K,
and Ca) is attributed to acid dissolution (Fig. 12,
steps 1-2).

— The degradation of the geopolymer network, spe-
cifically the Si—O-Al bonds, resulting from proton
exchange.

— The formation of secondary degradation products,
which may either precipitate or remain in a dis-
solved state [55, 56].

— The following figure (Fig. 12) is a schematic rep-

resentation comparing ionic leaching pathways in

control vs bio-modified specimens under H,SO,
attack.

niem

The white surface deposits seen in Fig. 11a, along
with visible deterioration, qualitatively indicate
the leaching of calcium- and alkali-bearing phases
(Fig. 12, step 3), as further corroborated by EDS and
XRD, despite the lack of quantitative leachate ion
analysis.

4.6.4 SEM—-EDS assessment of the leached material

SEM analysis of the leached powder, shown in
Fig. 11b, revealed a porous, flaky morphology char-
acterised by fine, fragmented particles. EDS analysis,
presented in Fig. 11c, of these leached deposits con-
firmed their composition as predominantly:

— Elevated oxygen content, suggestive of oxidation
or hydration processes.

— Presence of Si and Al, indicating possible partial
dissolution of the geopolymer matrix.

— Notable depletion of Na, K, and Ca, aligning
with the process of ion leaching pathway illus-
trated in Fig. 12.

— Traces of phosphorus (P) and S, which may
result from environmental contamination or
byproducts produced by acid-induced reactions.

Significantly, the observed decrease in the Si/Al
ratios in the leached material implies ongoing geo-
polymer dissolution, potentially leading to a weak-
ening of the structural matrix.

The elemental composition of the leached pow-
der (see Table 7) demonstrates extensive matrix deg-
radation following acid exposure, characterised by
elevated O levels and reduced Ca content, indicative
of significant decalcification. Increased Si and Na
concentrations suggest selective leaching of solu-
ble phases and the development of a residual silica-
rich framework. The detection of sulphur supports
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Fig. 11 a Microscope images of surface white powder deposits formed after 10-day immersion in 1% H,SO,, b SEM images of the
leaching powder after acid immersion, ¢ EDS for leaching powder after acid Immersion

gypsum formation during the acid attack, while trace
Fe implies partial preservation of iron-bearing phases
such as andradite, consistent with XRD analysis.
When compared to the bulk compositions outlined in
Tables 2 and 4, these findings imply that bio-modified

samples more effectively retained Ca and maintained
structural integrity under acidic conditions.

Based on the elemental compositions derived
from EDS results, the molar ratios of Si/Al, Na/Al,
Ca/Al, and Fe/Al were rigorously evaluated for the
leached powder, control, and bio-modified samples,
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Fig. 12 Schematic
representation comparing
ionic leaching pathways
in control vs bio-modified
specimens under H,SO,

He
Control geopolymer

H,SO, environment

1% H,SO,, pH 1.26, 30 °C, 10-day immersion

He
Bio-modified geopolymer

attack I'e N
\ ® ®
> Dissolution zone » Precipitation zone
lon exchange, H* attac! aCO, and andradite form
P ¥ P

0O
J

Core
Matrix degradation

Jransltion zone .
Si-O-Al breakdown

L J
Dense matrix zone
Si-O-T bonds stable

Vs

Core
Structure preserved

A Na‘',K*, Ca* leaching

Legend
Microcracking

lon leaching

Table 7 EDS analysis for leaching powder after acid immer-
sion

® CaCoO, precipitate

Reduced leaching (bio)

Element Weight % Atomic %
Leaching Powder (0] 61.92 74.61
Na 4.11 3.45
Al 12.05 8.59
Si 12.87 8.85
S 1.95 1.18
0.56 0.28
Ca 3.35 1.61
Fe 2.02 0.70

both prior to and following acid immersion. These
molar ratios yield essential insights into the degree
of geopolymerisation and the inherent acid resist-
ance characteristics of geopolymer matrices.

e Leached powder

- Si/Al=1.07
— Na/Al=0.34

O Enlarged pore

€ Andradite crystal

H* ioningress Zone boundary

— Ca/Al=0.28
— Fe/Al=0.17

The leached powder showed a low Si/Al ratio
(1.07) and a depleted Na/Al ratio (0.34), suggesting
significant alkali loss and structural collapse of the
aluminosilicate matrix due to acid attack. In control
specimens, Si/Al ratios increased from 2.65 to 3.69
after acid exposure, indicative of aluminium leach-
ing and progressive degradation of the matrix. Con-
versely, bio-modified samples exhibited smaller varia-
tions in Si/Al ratios (2.57-3.10) and higher Ca/Al and
Fe/Al ratios post-exposure, demonstrating enhanced
retention of calcium and iron phases. According
to the literature [57-59], Optimal mechanical per-
formance usually occurs at Si/Al ratios of 1.5-2.5.
Although both control and bio-modified samples
exceed this range after acid treatment, the higher Si/
Al ratio in bio-modified specimens indicates better
stability, likely due to biological processes reducing
Al leaching. The elevated Fe/Al ratio corroborates
the formation or preservation of stable phases such
as andradite, as confirmed by XRD analysis. These
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Fig. 13 XRD patterns of: a fly ash, bio-modified samples
before and after acid immersion, highlighting the evolution of
crystalline phases, b fly ash, control samples before and after
acid immersion, showing changes in peak intensities and for-
mation of degradation-associated minerals, ¢ leached powder
(L) deposits formed after 10-day acid immersion

molar ratios suggest that bio-modification enhances
resistance to acid-induced leaching by stabilising the
aluminosilicate network and maintaining key struc-
tural components.

e Control (before/after acid)

— Si/Al1=2.65/3.69
— Na/Al=1.22/0.95
— Ca/Al=0.40/0.45
— Fe/A1=0.36/0.61

e Bio-modified specimen (before/after Acid)

— Si/Al1=2.57/3.10
- Na/Al=1.01/1.15
— Ca/A1=0.43/0.57
— Fe/Al=0.43/0.88

The process of acid immersion markedly acceler-
ated leaching through several mechanisms:

— Hydrogen ion exchange (H" attack):

Acidic H* ions replace Na*, K*, and Ca** in the
geopolymer, disrupting the Si—O-Al network. Bio-
modified samples showed reduced Si and Al loss
(EDS) and more stable Si—-O-T bonds (FTIR), con-
firming better preservation of the aluminosilicate
framework. XRD results further support this with
clearer quartz retention and Andradite formation,
indicating a more intact matrix structure in Bio

— Decalcification:

The low calcium content observed in EDS
results indicates the dissolution of minor calcium-
rich phases, compromising the structural integrity
of the geopolymer.

Leaching under acidic conditions poses significant
challenges, particularly for geopolymers with high
alkali content, as the presence of alkalis facilitates
rapid dissolution in aggressive environments.

niem
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4.7 X-ray diffractometer

X-ray diffraction (XRD) analysis was conducted to
characterise the crystalline phases in raw FA and the
control and bio-modified specimens prior to and fol-
lowing immersion in sulphuric acid, as well as the
leached powder obtained post-immersion. The result-
ing patterns are illustrated in Fig. 13.

Figure 13 displays the XRD patterns of fly ash,
control, and bio-modified geopolymer samples before
and after acid immersion. The dominant crystalline
phases originating from the raw fly ash are quartz and
mullite, while the broad amorphous hump between
20-35° 20 indicates the presence of geopolymeric
aluminosilicate gel. Following acid immersion, the
control samples exhibit a decrease in calcite peak
intensity and an increase in quartz crystallinity,
reflecting decalcification and dissolution of calcium-
bearing binding phases. Conversely, the bio-modified
samples demonstrate enhanced structural stability,
as evidenced by the retention of albite and anorthite
reflections and the formation of iron-bearing andra-
dite (approximately at 32° 20), which correlates with
improved resistance of Fe-Ca silicate phases under
acidic conditions. This behaviour is also consistent
with findings by El Alouani et al. and Grengg et al.
[50, 51]. This interpretation aligns with SEM-EDS
observations showing higher Fe retention in bio-mod-
ified specimens and suggests that bio-modification
enhances resistance to acid-induced matrix degrada-
tion. The XRD pattern of the leached powder is pre-
dominantly composed of quartz, with residual calcite
and gypsum-related phases, confirming the dissolu-
tion of calcium-bearing components and the forma-
tion of secondary sulphates during acid attack.

A comparison of the results of the present study
with previous studies shows that geopolymer con-
cretes, due to their chemical composition and more
resistant structure, perform better in corrosive con-
ditions such as sulphuric acid. For example, Guo
et al. [1] reported that fly ash with SiO, content
higher than 60 wt.% can positively impact the qual-
ity of geopolymer concrete. In contrast, the present
study indicates that fly ash with 56.3 wt.% SiO, is
still recognised as a suitable material for producing
geopolymers, demonstrating the impact of fly ash
quality on the final performance of the geopolymer.

In another study, Zhao et al. [3] examined the
effects of CaO on self-healing products in geopoly-
mers and showed that CaO at low levels positively
affects mechanical properties and self-healing.
However, in the present study, the reduction of CaO
after immersion in acid indicates the vulnerability
of geopolymer concretes in corrosive conditions.
Khan et al. [2] also showed a significant reduction
in calcite peaks in OPC samples after immersion in
sulphuric acid, which aligns with the findings of the
present study and indicates that both types of con-
crete (OPC and geopolymer) are sensitive to acidic
compounds.

4.8 FTIR analysis

FTIR spectra (Fig. 14) were employed to assess chem-
ical modifications in the geopolymer matrix prior to
and following acid exposure. The raw fly ash exhibits
a prominent Si—~O-T (T=Si or Al) vibration band near
approximately 1020 cm™!, indicative of the amor-
phous aluminosilicate structure. Post-geopolymeriza-
tion, this band shifts to approximately 980-985 cm™
in both control and bio-modified samples, signify-
ing the development of the geopolymeric gel net-
work. Upon acid exposure, the Si—O-T band shifts to
higher wavenumbers (~990-995 cm™) and exhibits
a reduction in intensity, reflecting depolymerisation
and dealumination of the aluminosilicate framework,
with more pronounced effects observed in the control
specimens. Elevated bands around 1410 cm™ and
1640 cm™! denote increased carbonation and water
adsorption associated with acid-induced leaching pro-
cesses. The spectrum of the leached powder displays
a prominent carbonate band and a diminished Si—-O-T
signal, confirming the dissolution of the geopolymer
matrix and subsequent reprecipitation of CaCOj;. No
bands related to ettringite were identified, corroborat-
ing the findings from XRD analysis.

The FTIR peak assignments outlined in Table 8
indicate that acid exposure leads to partial depoly-
merisation of the geopolymer network by proton-
induced disruption of Si—O-Al bonds and leaching of
alkali and calcium ions. Conversely, the bio-modified
samples demonstrate relatively enhanced structural
stability under acidic conditions [60, 61].
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Fig. 14 FTIR spectra for a FA—Fly Ash, b B(N)—Bio-modified before acid, ¢ C(N)—Control before acid, d B(A)—Bio-modified
after acid, e C(A)—Control after acid, f) L—Leached powder

Table 8 FTIR peak assignments and their interpretation in geopolymer samples

Wavenumber (cm™) Assign- Interpretation
ment

~1020 (FA) Si—O-T asymmetric stretching (T=Si or Al) Indicative of amorphous aluminosilicate in raw
fly ash

~980-985 (C(N), B(N)) Shifted Si—O-T band Formation of geopolymeric gel (polycondensation
of aluminosilicate species)

~990-995 (C(A), B(A)) Slight shift of Si—O-T post-immersion Partial depolymerisation and dealumination under
acid attack

~1410-1420 CO0,% asymmetric stretching Carbonation of surface layers; increases post-acid
exposure and in leached powder

~1640 H-O-H bending vibration Presence of bound or adsorbed water in the matrix

~3400 O-H stretching Hydroxyl groups; indicates water absorption and

possible structural damage
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4.9 Chemical mechanisms behind material
degradation

The findings from EDS, XRD, and FTIR analyses
collectively demonstrate that acid exposure has dis-
rupted the geopolymer framework through three
interconnected mechanisms.

First, the leaching of alkali and alkaline earth
metals (sodium, potassium, calcium), evidenced
by reduced Na, K, and Ca in EDS (Table 4) and
decreased calcite peak intensity in XRD (Fig. 13b),
exacerbates the weakening of structural bonds. Bio-
modified specimens showed greater retention of these
elements, consistent with the preserved albite and
anorthite reflections observed in XRD (Fig. 13a).

Second, a decrease in aluminium coordination,
reflected in the progressive Si/Al ratio increase in
EDS molar ratio analysis and the shift of the Si—-O-T
band to higher wavenumbers in FTIR (Fig. 14),
results in diminished strength of the geopolymer
backbone. The less pronounced Si—O-T band shift in
bio-modified specimens confirms reduced dealumina-
tion, as discussed in Sect. 4.8.

Third, the development of silica gel, which may
either solidify or erode over time leaving behind a
porous structure, is supported by the broad amor-
phous hump in XRD patterns and the reduced
Si—O-T signal intensity in FTIR spectra of control
specimens’ post-exposure.

According to existing literature [45, 62-65], sus-
tained acid exposure on geopolymers induces a three-
stage degradation process:

1. Ion exchange stage: Initial leaching of sodium,
potassium, and calcium.

2. Si/Al network breakdown: Formation of gel and
increased porosity.

3. Complete matrix disintegration: Severe reduction
in mechanical strength and integrity.

While SEM-EDS, XRD, and FTIR -collectively
confirm geopolymer susceptibility to acid degrada-
tion in acidic wastewater, bio-enhanced geopoly-
mer concrete demonstrates significant potential for

niem

improved durability, as evidenced by the retained crys-
talline phases (Sect. 4.7) and stable Si—-O-T bonds
(Sect. 4.8) observed in bio-modified specimens. The
simplified chemical formulae presented in Eqs. 1-5
consolidate the key acid-induced reactions identified
across Sects. 4.6.3-4.9. Equation 1 shows the initial
dissociation of H,SO, into H* and SOZ' ions. Equa-
tion 2 depicts the ion exchange where H* displaces
charge-balancing cations (MD*, M=Na*, K*, Ca®") in
the Si—-O—Al network, supported by EDS and FTIR
evidence. Formula 3 indicates gypsum formation
(CaS0,-2H,,0) from leached Ca®*, confirmed by depos-
its in Fig. 11a and the sulphur detection in Table 7. For-
mula 4 summarises the three-stage degradation path-
way. Formula 5 compares the control and bio-modified
outcomes, where less leaching and better Ca/Fe reten-
tion improve matrix integrity, supported by molar ratio
and XRD data.
Acid dissociation:

H,SO, — 2H" + SO~ (1)
Ion exchange/leaching:

(Si-O-AI-M)+H" - Si-OH+AI-OH+M"*

@)
Sulphate product formation:
Ca’* +SO;” +2H,0 — CaSO, - 2H,0 3)
Overall degradation pathway:
Acid attack — ion exchange — leaching
. . 4
— porosity — weakening )
Bio-modified response:
Reduced leaching + Ca/Fe retention
®)

— better matrix integrity

M=Na, K, Ca
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5 Conclusion

The present study confirms that Shewanella onei-
densis species-based bio-modification significantly
enhances the durability of fly ash-based geopolymer
concrete under sulphuric acid exposure, affirming
its potential for sewer infrastructure applications.

In terms of mechanical performance, bio-modi-
fied specimens exhibited consistently lower mass
loss, resistance to gypsum-related mass gain, and
an 82% increase in splitting tensile strength follow-
ing acid exposure, contrasting with a 13% decrease
recorded in control specimens. Reduced post-
acid exposure water absorption further supports
enhanced microstructural density and diminished
porosity in bio-modified matrices, attributed to bac-
terially mediated CaCQO; precipitation and matrix
densification.

Microstructural and mineralogical analyses cor-
roborate these findings. SEM-EDS confirmed
reduced cracking and enhanced retention of Fe, O,
and Ca in bio-modified specimens, consistent with
the formation of stable phases, notably andradite.
XRD demonstrated the retention of quartz, albite,
and anorthite in bio-modified samples alongside
andradite formation, indicating reduced depolymer-
isation and preserved gel structure, whereas con-
trol samples showed greater phase degradation and
decalcification. FTIR analysis revealed enhanced
Si—O-T bond retention in bio-modified specimens,
reflecting a more intact aluminosilicate framework,
while elevated Ca/Al and Fe/Al molar ratios con-
firmed superior retention of structural elements
under acidic conditions.

These results endorse the application of She-
wanella species-based bio-modified geopolymer
concrete in aggressive sewer environments. Future
research will evaluate long-term performance under
varying pH, temperature, humidity, and cyclic
wet-dry regimes, examining the influence of sewer
exposure conditions on bacterial metabolic activ-
ity and healing efficiency. Complementary life

cycle assessments (LCA) and cost-benefit analyses,
including embodied CO, metrics, will assess the
environmental and economic feasibility of bio-mod-
ified geopolymer concrete for sewer infrastructure.
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Appendix A
Supplementary SEM—EDS elemental maps

Figure 15 presents the SEM—EDS elemental distribu-
tion maps for potassium (K), magnesium (Mg), and
titanium (Ti) in geopolymer specimens at 180 days.
These elements were detected in both control and
bio-modified specimens but are not directly impli-
cated in the primary degradation or bio-modification
mechanisms discussed in Sects. 4.6.3-4.9. They are
included here for completeness and to provide a full
elemental characterisation of the geopolymer matrix.
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