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1. Introduction

1.1 The  Sustainability
Construction

The construction industry is one of the largest

Imperative in

consumers of natural resources and a major
contributor to global greenhouse gas emissions.
Annually, approximately 4.1 billion metric tons of

ordinary Portland cement (OPC) are produced
worldwide [1]. OPC manufacturing is energy-
intensive and chemically emissive: the calcination
of limestone (CaCOz; — CaO + CO,) alone
accounts for approximately 50-60% of the total
CO, emissions, while the combustion of fossil
fuels to reach kiln temperatures of ~ 1450°C

https://thesesjournal.com

| Rehman et al., 2026 |

Page 1571


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030
mailto:een.cod@umt.edu.pk
https://doi.org/10.5281/zenodo.19885514

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

contributes the remainder[2]. Overall, OPC
production is responsible for 7-10% of global
anthropogenic CO, emissions a figure comparable
to the emissions of the entire European Union[3],
(4].

Climate change mitigation strategies in the
construction sector have therefore focused on
three main approaches: (i) improving the energy
efficiency of cement plants, (ii) capturing and
storing CO, emissions, and (iii) developing
alternative binders that can partially or fully
replace OPC. Among these, the development of
alternative binders particularly geopolymers and
alkali-activated materials has gained substantial
research attention over the past two decades [5].
Geopolymers are inorganic amorphous polymers
formed by the reaction of an aluminosilicate
precursor (e.g., fly ash, metakaolin, slag, or
agricultural ashes) with an alkaline activator
solution (typically a combination of sodium
hydroxide and sodium silicate). The resulting
three-dimensional network of SiO, and AlO,
tetrahedra  provides mechanical properties
comparable to or even exceeding those of OPC,
while reducing CO, emissions by 60-80%
depending on the precursor and activator used [6],

(7).

1.2 Agricultural Waste: A Burden or an
Opportunity?

Corn (maize, Zea mays) is one of the most widely
cultivated crops globally, with annual production
exceeding 1.1 billion metric tons. Corn cobs
constitute approximately 18-20% of the plant's
dry mass, meaning that roughly 200-220 million
metric tons of corn cobs are generated each
year[8]. In many developing countries, these cobs
are either burned in open fields (releasing CO,,
methane, black carbon, and particulate matter) or
dumped in landfills, where they decompose
anaerobically to produce methane a greenhouse
gas 25 times more potent than CO, over a 100-
year period [9].

However, corn cobs are not waste; they are a
resource waiting to be wvalorized. When
incinerated under controlled conditions (600-
700°C), corn cobs produce an ash (corn cob ash,

CCA) that is rich in amorphous silica (55-72%
SiO,) and contains significant alumina (5-12%
AL, O3) [10]. These chemical characteristics make
CCA a suitable pozzolanic material and, more
importantly, a potential precursor for geopolymer
synthesis. Using CCA as a binder offers a dual
environmental  benefit: it  reduces  the
environmental burden of agricultural waste
disposal and provides a low-carbon alternative to

OPC.

1.3 The Critical Role of NaOH Molarity in
Geopolymerization

The alkaline activator solution is the engine of
geopolymerization. Among the various alkalis used
(NaOH, KOH, Na,SiO3, K;SiOs3, etc.), sodium
hydroxide (NaOH) is the most common due to its
low cost, wide availability, and strong alkalinity.
The concentration of NaOH, expressed in
molarity (M), fundamentally influences every stage
of the geopolymerization process [10]:

1. Dissolution stage: Hydroxide ions (OHT)
attack the aluminosilicate precursor, breaking Al-
OSi and SiOSi bonds. Higher OH~
concentrations accelerate dissolution but can also
lead to oversaturation and  premature
precipitation[11].

2. Speciation (oligomerization): The dissolved
aluminate ([AI(OH)4]D) and silicate
([SiO2(OH),]?7) species form small oligomers. The
distribution of these species depends strongly on
pH.

3. Polycondensation (gelation): Oligomers link
together, releasing water and forming the final
geopolymer  network.  The  kinetics  of
polycondensation ~ and  thus the final
microstructure and mechanical properties are
highly sensitive to OH™ concentration.

The relationship between NaOH molarity and
geopolymer properties is non-linear and often non-
monotonic [10]:

e Low molarity (4-8 M): Insufficient OH~
concentration leads to incomplete dissolution of
the precursor. Unreacted particles remain
embedded in a poorly polymerized matrix,
resulting in low compressive strengths (often <15
MPa), high porosity, and poor durability.
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e Medium molarity (8-12 M): This range
generally provides an optimal balance between
dissolution and polycondensation. Complete or
near-complete reaction occurs with appropriate
curing  (elevated  temperature,  60-80°C).
Compressive strengths of 25-45 MPa are typical
for fly ash-based geopolymers.

e High molarity (14-20 M): Excessively high
OH~ concentrations cause very rapid dissolution
and flash setting. The exothermic reaction can
generate  internal  stresses, leading to
microcracking. Moreover, the high viscosity of
concentrated ~ NaOH  solutions  reduces
workability. After curing, excess Na* ions remain
in the pore solution and can migrate to the
surface, forming unsightly efflorescence (white
carbonate deposits) [12].

However, the optimal NaOH molarity is not
universal; it depends on the chemical and
mineralogical composition of the precursor,
particularly its Al,Osz content and amorphous
fraction. For CCA which has lower Al,O3 (~8%)
than fly ash (~20-30%) or metakaolin (~40%) the
optimal molarity may differ. Limited studies
suggest that 10-12 M is optimal for CCA-based
systems, but systematic investigations using 100%
CCA as the sole precursor are lacking [13].

1.4 The Local Aggregates Gap: A Barrier to
Practical Adoption

One of the most significant, yet underappreciated,
gaps in geopolymer research is the almost exclusive
use of standardized fine aggregates. The vast
majority of published studies use ASTM C778
graded sand (from Ottawa, Illinois) or ISO 679
standard sand (from Fontainebleau, France).
These materials are characterized by:

e A narrow, well-defined particle size
distribution

¢ Rounded to sub-rounded particle shapes
Very high silica content (>99% SiO,)

e Absence of clay, silt, or organic contaminants
e Consistent  mineralogy  (predominantly
quartz)

While this standardization is essential for inter-
laboratory reproducibility, it creates a significant
disconnect between laboratory research and field

applications. Real-world fine aggregates such as the
alluvial sands of the Indus River system in Pakistan
exhibit substantial variability in:

e Gradation: Local sands rarely match the
precise gradation curves of standard sands.
Fineness modulus can vary from 2.2 to 3.0,
affecting packing density and workability[14].

e Particle shape: River sands are often sub-
angular to angular, whereas standard sands are
rounded. Angular particles increase the specific
surface area, requiring more paste for the same
workability, but they also improve mechanical
interlocking at the aggregate-binder interface[15].
e  Mineralogy: In addition to quartz, local sands
contain feldspar (which may be susceptible to
alkaline attack), mica (platy particles that can
delaminate), and sometimes carbonate fragments
(which may participate in the reaction)[16].

e Surface chemistry: Clay coatings (from silt or
clay particles) can absorb alkaline activators,
effectively  reducing the available OH~
concentration and altering the effective NaOH
molarity[17], [18], [19].

These  factors can dramatically affect the
performance of geopolymer mortars. For example,
clay fines can adsorb up to 20-30% of the NaOH
from the activator solution, leading to incomplete
geopolymerization unless the mix design is
adjusted [20]. Similarly, the presence of reactive
minerals (e.g., carbonates) can accelerate setting or
alter the reaction products.

To date, no published study has systematically
evaluated CCA-based geopolymer mortars using
locally sourced fine aggregates from Pakistan. This
gap represents a major barrier to technology
transfer and practical adoption in regions where
both agricultural waste (corn cobs) and
construction needs are high.

1.5 Scope and Objectives of This Review

This comprehensive review aims to:

1. Synthesize existing knowledge on the
production, characterization, and reactivity of
corn cob ash as a geopolymer precursor.

2. Analyze the influence of NaOH molarity on
the mechanical properties (compressive strength,
flexural strength) and durability properties (water

https://thesesjournal.com

| Rehman et al., 2026 |

Page 1573


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

absorption, porosity, efflorescence, acid/sulfate
resistance, drying shrinkage) of CCA-based
geopolymers.

3. Critically assess the state of research on the
use of locally sourced fine aggregates in
geopolymer systems, with special reference to the
Pakistani context.

4. Identify key research gaps that limit the
practical adoption of CCA geopolymers.

5. Propose future research directions, including
systematic experimental studies that directly
address the identified gaps.

6. Provide a theoretical and methodological
foundation for the experimental study proposed in
the accompanying Independent Research Study
(IRS).

The review is structured as follows: Section 2
presents a detailed characterization of CCA,
including production parameters, chemical
composition, pozzolanic activity, and comparison
with other agricultural ashes. Section 3 explains
the chemistry of geopolymerization and the
specific role of NaOH molarity. Section 4 reviews
the mechanical properties of CCA-based
geopolymers. Section 5 covers durability-related
properties. Section 6 focuses on the critical issue
of local fine aggregates. Section 7 identifies
research gaps and proposes future directions.
Section 8 concludes the review.#

2. Corn Cob Ash: Characterization and
Pozzolanic Properties

2.1 Production Parameters and Their Influence
on Ash Quality

The properties of corn cob ash are not intrinsic;
they depend heavily on the production process,
particularly  the incineration temperature,
duration, and postincineration handling.

Uncontrolled burning (e.g., open field burning)
typically produces ash with:

e High residual carbon content (loss on
ignition, LOI >15%)

e Significant  crystalline  silica  phases
(cristobalite, tridymite)

e Variable and unpredictable reactivity
Controlled incineration, on the other hand, can
yield a highly reactive amorphous ash. The optimal
temperature range is 600-700°C [21]. Below
500°C, organic matter is incompletely combusted,
leaving char that absorbs water and reduces
workability[22]. Above 800°C, the amorphous
silica begins to crystallize into cristobalite or
tridymite, which are substantially less reactive in
alkaline environments[19], [23]. The incineration
time is typically 2-4 hours; longer durations risk
crystallization without additional benefit.

Rapid cooling (quenching) after incineration is
also important. Slow cooling allows more time for
crystallization, whereas rapid cooling "freezes" the
amorphous structure. Some researchers have
reported that water quenching (plunging hot ash
into_water) produces higher reactivity than air
cooling [24].

Post-incineration grinding is equally critical. Raw
CCA particles are often porous, irregular, and
relatively coarse (mean particle size 100-300 pm).
Ball milling to a mean particle size of <45
pm (similar to OPC fineness) significantly
increases specific surface area and reactivity.
Extended grinding (60-120 minutes) can achieve
mean particle sizes of 5-15 pum, further improving
performance up to a point. Beyond an optimum
(typically 10 um), agglomeration and increased
water demand offset the benefits of higher surface
area [25].

Table 1 summarizes the effect of production
parameters on CCA quality.

Table 1. Effect of production parameters on corn cob ash properties[26].

Parameter Suboptimal Optimal Effect of Deviation

Range Range
Incineration <500°C  or 600-700°C <500°C: high LOI, black ash; >800°C:
temperature >800°C - crystalline SiO,, low reactivity
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Parameter Suboptimal Optimal Effect of Deviation
Range Range

Incinqation <Ihor>6h 1 4h <1 h: incomplete com].oustion; >.6 . h:
duration unnecessary energy use, possible crystallization
Cooling Slow air Rapid (water Slow cooling: promotes  crystallization;
method cooling quenching) quenching: preserves amorphous structure
Mean particle <45 pm (optimal Coarse: low reactivity, unreacted cores; too fine

, >100 pm ¥ unre
size 10-30 um) (<5 um): agglomeration, high water demand
2.2 Chemical and Mineralogical Composition fertilizer use, and incineration parameters.
The chemical composition of CCA varies However, a general range can be established from
depending on corn variety, soil conditions, multiple studies [7,8,17,18].

Table 2. Typical chemical composition of corn cob ash (wt%, on a dry basis)[26].

Range Typical . .

Component (wt%) Value Role in Geopolymerization

Sio, 55.72 65 Primary network former; provides silicate
tetrahedra

ALO, s 12 8 Cross-llinking  agent;  provides  aluminate
tetrahedra

Fe,0; 1.6 4 Mmo‘r. role; can substitute for Al in some
conditions

CaO 1-4 5 Can accelerate setting; may form C-S-H alongside
geopolymer

MgO 1-3 2 Minor influence on reactivity

K,0 6-15 10 Contributes to total alkalinity; can cause
efflorescence
Minor; often negligible compared to added

Na,O 0.1-1 0.5 NaOH

SO, 052 1 Can contribute to efflorescence; minor effect on

strength
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Range Typical . ..
Component (wE%) Value Role in Geopolymerization
Loss on Ignition 5.8 5 Unburnt carbon; high LOI reduces workability

(LOI)

and strength

The key limitation of CCA for geopolymerization
is its relatively low Al,Os; content (~ 8%)
compared to conventional precursors:

e Class F fly ash: 20-30% Al,O3

e Class C fly ash: 15-25% Al,O5

e  Metakaolin: 35-45% Al,O4

e Ground granulated blast furnace slag
(GGBFS): 10-15% Al,O5

Alumina is essential for geopolymer cross-linking
because each AlO, tetrahedron carries a negative
charge that must be balanced by an alkali cation
(Na* or K*). A low Al,O3 content limits the degree
of crosslinking, resulting in a less dense, more
porous network with lower mechanical
strength[27]. This limitation can be addressed by:
e Blending CCA  with alumina-rich
materials (metakaolin, fly ash, bauxite, or even red
mud)

e Using higher NaOH molarities to enhance
Al dissolution from the available alumina

e Incorporating limestone powder (CaCOs3),
which may participate in the reaction and
compensate for the structural deficiency (this is a
novel approach proposed in the accompanying
IRS study)

Mineralogicallyy, CCA is  predominantly
amorphous as evidenced by Xray diffraction
(XRD) showing a broad hump between 20° and
35° 20. Crystalline phases, when present, include
quartz (SiOy), cristobalite (SiO,), sylvite (KCI),
and calcite (CaCO3) [19]. The amorphous content
is the most important  factor  for
geopolymerization; values above 70% are
desirable[28].

2.3 Pozzolanic Activity and Its Relevance to
Geopolymers

Pozzolanic activity is defined as the ability of a
material to react with calcium hydroxide

(Ca(OH),) in the presence of water to form
calcium silicate hydrates (C-SH) or calcium
aluminate silicates[29]. It is typically measured by:
o Strength  Activity Index  (SAI): The
compressive strength of a mortar containing 20-
30% pozzolan (by mass of cement) is compared to
a control OPC mortar at 7 and 28 days. An SAI
>75% at 28 days indicates a good pozzolan.

e Chapelle test: Measures the consumption of
Ca(OH);, by the pozzolan.

For CCA, reported SAI values range from 75% to
115% at 28 days, indicating that properly
processed CCA meets or exceeds the requirements
for a Class N pozzolan (ASTM C618) [30].
However, pozzolanic activity which involves
reaction with Ca(OH), does not directly predict
geopolymerization performance. In alkali-activated
systems without Ca(OH); (i.e., true geopolymers),
the relevant parameter is the dissolution rate of Si
and Al in concentrated NaOH or KOH solutions.
The dissolution rate depends on:

e Amorphous content (higher is better)

e Specific surface area (higher is better, up to an
optimum)

e DParticle  morphology (irregular,  porous
particles dissolve faster than smooth, dense ones)

e Presence of crystalline phases (quartz
dissolves very slowly in alkaline solutions)

e Temperature and OH™ concentration

2.4 Comparison with Other Agricultural Waste
Ashes

CCA is one of several agricultural waste ashes that
have been investigated as pozzolans or geopolymer
precursors. Table 3 provides a comparative
overview.
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Table 3. Comparison of corn cob ash (CCA) with other major agricultural waste ashes.

Corn Cob Rice Husk Ash Sugarcane Palm oil

Property Ash (CCA) (RHA) Bagasse Fuel Ash
(SCBA) (POFA)
Global annual
production  (million ~15-20 ~20-25 ~10-15 ~5-10
tons, ash basis)
SiO; content (%) 55-72 85-95 65-85 50-65
Al,O3 content (%) 5-12 0.5-3 4-10 2-8
Amorphous silica g g 85-95 50-75 40-60
content (%)
Optimal  combustion
. 600-700 600-700 600-800 500-700

temp. (°C)
Specific surface area

15-35 50-80 20-40 10-25
(m?/g)
LOI typical (%) 2-8 2-6 3-10 5-15
Geopplymer studies Limited Extensive Moderate Limited
(relative)

. o Moderate )
Main limitation for Low Al,O3 Very low Al,O3 Al,O3, variable ngh, LOL low
geopolymer , reactivity
quality

Gelogralp.hical Worldwide Ric.e~growing Sugarcane Southeast Asia
availability (corn) regions regions

Data compiled from [31], [32], [33], [34], [35], [36], [37]

RHA has received the most research attention due
to its exceptionally high amorphous silica content
(>90%). However, RHA's very low Al,O3 (<3%)
makes it unsuitable as a sole precursor for
geopolymers; it must be blended with an alumina
source. SCBA has intermediate properties but can
contain significant crystalline silica depending on

combustion conditions. POFA often has high LOI

and requires additional processing.

CCA occupies a middle ground: its SiO, is high
enough to be reactive, and its Al,O3 (78%) is
higher than RHA but lower than fly ash or
metakaolin. The key advantage of CCA over RHA
and SCBA is its global availability: corn is grown
on every continent except Antarctica, in both
developed and developing countries. This makes
CCA a more universally accessible resource than
region-specific ashes.
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3. Geopolymer Chemistry and the Role of NaOH
Molarity

3.1 Fundamentals of Geopolymerization
Geopolymerization is a complex, multi-stage
process that transforms solid aluminosilicate
precursors into a three-dimensional amorphous to
semi-crystalline polymeric network. The generally
accepted mechanism, proposed by Provis and van
Deventer [22], consists of the following stages:
Stage 1: Dissolution (Activation)The alkaline
activator (typically a concentrated solution of
NaOH, KOH, or their silicates) provides a high
pH environment (pH >13). Hydroxide ions (OH")
attack the surface of the aluminosilicate
precursor[38], breaking the covalent bonds in the
network:

=Si-O-Si= + 2 OH™ — 2 =Si-O™ + H,0O=Si-O-
Al=+2 OH™ — =SiO™ + =ALO” + H,O

The rate of dissolution depends on:

e OH~ concentration (higher = faster, but with
diminishing returns)

e Temperature (higher = faster, but may cause
premature gelation)

e Precursor reactivity (amorphous > crystalline)
e Surface area (higher = faster)

Stage 2: Speciation (Oligomerization)The
dissolved silicate and aluminate species do not
remain as simple monomers. In alkaline solution,
they form a variety of oligomers[39], including:

e Silicate monomers: [SiOL(OH),J*~
(orthosilicate), [SIO(OH)3]~

e Aluminate monomers: [AI(OH),]~

e Dimers: [(HO)3Si-O-Si(OH)3]?~

e  Trimers and cyclic species

The distribution of these species is pH-dependent.
At very high pH (e.g., 14-16 M NaOH), the
dominant species are small monomers and dimers,
which polymerize rapidly but may form a less
organized network.

Stage 3: Polycondensation (Gelation)Oligomers
link together through condensation reactions[40],
releasing water:

=Si-O” + HO-SSi= — =S5i-:0-Si= + OH™=Si-O™ +
HO-Al= — =Si-O-Al= + OH"

The resulting gel is often referred to as an "N-A-S-
H" gel (sodium aluminosilicate hydrate) when

NaOH is used, or "K-A-S-H" gel when KOH is
used. The idealized formula is:

M, [(Si-O),-Al-O-] - wH,O

where M is an alkali cation (Na* or K*) that
balances the negative charge on each AlO,
tetrahedron.

Stage 4: Hardening and Microstructure
DevelopmentAs  polycondensation  proceeds,
water is expelled, the gel stiffens, and the
microstructure evolves. The final product is an
amorphous,  nanoporous  network  with
mechanical properties that depend on the degree
of crosslinking (Si/Al ratio), pore structure, and
the presence of unreacted particles[41], [42], [43].

3.2 Detailed Influence of NaOH Molarity on
Each Stage

The effect of NaOH molarity is not uniform across
all stages; different concentrations optimize
different steps.

Low molarity (4-8 M):

e Dissolution: Slow and incomplete. Many
precursor particles remain unreacted, acting as
weak inclusions or pores after leaching.

e ' Speciation: The pH is insufficient to maintain
high concentrations of aluminate species; some Al
may precipitate as AI(OH)3 before incorporation
into the network.

e Polycondensation: Slow kinetics; the gel that
forms is poorly cross-linked with a low Si/Al ratio.
e Resulting properties: Low  compressive
strength (<15 MPa), high porosity, poor durability.
However, workability is good, and efflorescence is
minimal.

Medium molarity (8-12 M):

e Dissolution: Sufficiently rapid to dissolve
most or all of the amorphous fraction within a
reasonable time (24-72 h at 60-80°C).

e Speciation: A balanced distribution of
monomers and small oligomers promotes ordered
network formation.

e Polycondensation: Optimal kinetics; the gel
achieves a high degree of crosslinking.

e Resulting properties: Compressive strengths
of 25-45 MPa (fly ash) or 25-35 MPa (100%
CCA), moderate porosity, reasonable durability.
Workability is acceptable.
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High molarity (14-20 M):

e Dissolution: Extremely rapid; the precursor
may dissolve completely within minutes. This can
lead to a very high concentration of silicate and
aluminate species in solution.

e Speciation: Dominated by small monomers;
oligomer formation is suppressed.

e Polycondensation: The  high ~ monomer
concentration leads to rapid, uncontrolled

polymerization often described as "flash setting."
The resulting gel is highly cross-linked but may be
disordered, with significant shrinkage and
microcracking upon drying.

e Resulting properties: Early strength may be
high, but long-term strength can be lower due to
microcracks. Workability is poor (high viscosity).
Efflorescence is severe due to excess Na*. Drying
shrinkage is high.

The development of the compressive strength of
geopolymer concrete by the concentration of
NaOH solution on the second mix design

sive Strength (MPa)
i
e

Compress

8 12

14 16

NaOH Solution Molarity (M)

Figure 1 : strength increases with molarity up to an optimum (10-12 M for many systems), then

decreases[44].

3.3 Synergy with Sodium Silicate (Na;SiO3)

In practical geopolymer formulations, NaOH is
rarely used alone. A combination of NaOH and
sodium silicate (Na,SiO3, commonly called "water
glass") is standard because it provides several
benefits:

1. Additional soluble silica: The geopolymer
network requires a certain Si/Al ratio (typically 2-
4). If the precursor has insufficient Si (which is not
the case for CCA, but can be for low-Si
precursors), adding Na,SiO; provides the
necessary Si.

2. Improved polycondensation: Silicate species
from Na,SiOs can directly participate in
polycondensation without requiring precursor
dissolution, accelerating gel formation.

3. Higher final strength: The additional silica
leads to a more highly crosslinked network,
increasing compressive and flexural strengths.

4. Reduced efflorescence (potentially): A well-
balanced Na,SiO3z:NaOH ratio can reduce the
excess free Na* that causes efflorescence.

The activator solution is characterized by:

e~ NaOH molarity (M) - typically 8-16 M

e NaySiO3:NaOH ratio (by mass or by volume)
- typically 1.0 to 2.5

e  Modulus (Ms) - the SiO3:Na,O molar ratio
of the sodium silicate solution itself (typically 1.0-
2.5 for commercial water glass)

For CCA-based geopolymers, the optimal
Na,SiO3:NaOH ratio has not been systematically
studied. Based on fly ash studies, a ratio of 2.0-2.5
(by mass) is common. The proposed IRS study uses
a constant Na,SiO3:NaOH ratio (to be specified)
while varying only the NaOH molarity, which is a
sound experimental design.

3.4 The Issue of Efflorescence: Mechanism and
Mitigation

Efflorescence is the formation of white, powdery
salt deposits on the surface of geopolymers (and
cementitious materials). It occurs when soluble
alkali ions (Na*, K*) migrate with evaporating
water to the surface, where they react with
atmospheric CO, to form carbonates:
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2 Na*+2 OH™ + CO,; — Na,CO3 + H,O2 K* +
2 OH™ + CO,; — K,CO3 + H,O

Efflorescence is not only aesthetically undesirable
but can also indicate a high concentration of free
alkali in the pore solution, which may lead to long-
term durability issues.

For CCA-based geopolymers, efflorescence risk
is higher than for fly ash geopolymers for several
reasons:

1. High K;O content of CCA (6-15%): This
potassium is released during dissolution and
contributes to total alkalinity.

2. Lower degree of reaction: With only 25-35
MPa compressive strength, the reaction is less
complete than in fly ash geopolymers (40-60
MPa), meaning more unbound alkali remains.

3. Higher porosity: Higher water absorption (8-
15%) provides pathways for alkali migration.

The relationship with NaOH molarity is direct
and approximately linear: higher molarity
introduces more Na®, increasing efflorescence
potential. Some mitigation strategies include:

e Using KOH instead of NaOH to match the
potassium-rich chemistry of CCA (reducing cation
incompatibility) [23]

e Adding alumina-rich materials to consume
more alkali through charge balancing

e Reducing the Na,SiO3:NaOH ratio (less free
Na*)

e Using one-part ("just add water") geopolymer
formulations where the solid activator is less
mobile

e Surface
treatments

sealing with silane or siloxane

4. Mechanical CCA-Based
Geopolymers

4.1 Compressive Strength: Experimental Data
and Trends

Compressive strength is the most frequently
reported mechanical property for geopolymers and
the  primary  indicator = of  successful
geopolymerization. Table 4 summarizes key studies
on CCA-based geopolymers, highlighting the
range of conditions and results.

Properties of

Table 4. Summary of compressive strength studies on CCA-based geopolymers.

Compressive

Study CCA Activator Curing Strength K,ey )
Content (MPa) Findings
Very low
Adesanya ) strength;
& Raheem 100% CCA 18\1_ gH M ?mbwnt, 28 8-15 ambient curing
[15] a insufficient for
CCA
12 M Strength
depends  on
Oluwasola 100%CCA  AOH o anec 48 28-42 CCA fineness;
et al. [16] Na,SiO3 .
2:1) optimal at <45
: um
Clear optimum
Akhtar et 50% CCA + 6-16 M ) Max 48 at 12 at 12 M; higher
2L [17] 50% fly ash NaOH  + 80°C, 24 h M; 38 at 14 molarity
’ Na,SiO5 M;31lat 16 M reduces
strength
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Compressive
Study gCﬁ: it Activator Curing Strength ;(i(:’din
onte (MPa) gs
Bauxite
Solid addition
) CCA + .
Arif et al. bauxite (one- NaOH (8- 80°C, 48 h 1135 improves Al
(9] 9 16 M content;
pat equivalent) optimum at 12
M
100%  CCA
Ramagiri & 0 M hievable but
amagtrt 100% CCA NaOH +  60°C,72h 25-32 achievable bu
Kar [13] NaLSiO lower than
2913 blends
Pretreatment
Ouedraogo CCA 12 M . (acid washing)
et al. [18] (pretreated) NaOH 80°C, 24 h 30-38 improves
strength
Novel:
100% CCA 8-16 M TAEER limestone
Proposed & 80% CCA - b eorml \ To be blend +
IRS study + 20% NaO bt (80°C, 6 determined intermittent
. NaZSiO3 h/d, 4 d) .
limestone curing + local
aggregates

Analysis of trends:

1. 100% CCA binders typically achieve 25-35
MPa under optimized conditions (10-12 M
NaOH, temperature curing, fine
grinding). This is adequate for masonry mortars,
non-structural elements, pavement blocks, and
low-rise construction in developing countries, but
insufficient for structural concrete (which typically
requires >40 MPa).

2. Blended binders (CCA + fly ash, CCA +
metakaolin, CCA + bauxite) achieve significantly
higher strengths (up to 55 MPa) because the
supplementary material provides additional
alumina, enabling a more highly crosslinked
geopolymer network.

3. The NaOH molarity optimum for CCA-

elevated

sparse: only a few studies have systematically varied
molarity, and most used blended binders rather
than 100% CCA.

4. The drop at high molarity (>14 M) is
attributed to:

o Flash setting and poor workability

o Microcracking due to rapid heat release and
subsequent drying shrinkage

o Formation of a less ordered, more porous gel
structure

4.2 Flexural Strength

Flexural strength (modulus of rupture) is
important for mortars that may be subjected to
bending stresses (e.g., pavement blocks, wall
panels). For geopolymer mortars, flexural strength

based systems appears to be 10-12 M, consistent is typically 15-25% of compressive strength,
with fly ash geopolymers. However, the data are similar to OPC mortars.
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For CCA-based geopolymers, reported flexural
strengths range from 3-8 MPa [24]. The ratio of
flexural to compressive strength tends to increase
with NaOH molarity up to the optimum (due to
better matrix cohesion) and then decrease at
higher molarities (due to brittleness and
microcracking).

The aggregate-binder interface  (interfacial
transition zone, ITZ) plays a disproportionately
large role in flexural strength because cracks
propagate along the ITZ under tensile stresses[19].
Factors affecting ITZ quality include:

e Aggregate surface texture (rough = better
bonding)

e Aggregate mineralogy (some minerals react
chemically with the binder)

e Binder viscosity at the time of casting (higher
viscosity may lead to poor aggregate coating)

e  Drying shrinkage (which can debond the 1TZ)
4.3 Factors Influencing Mechanical Performance
Beyond NaOH molarity, several other factors
significantly affect the mechanical properties of
CCA geopolymers.

4.3.1 Particle Size and Grinding

The fineness of CCA is one of the most important
parameters. As a general rule, finer particles lead
to higher strength because:

e The specific surface area increases, providing
more sites for dissolution

e Unreacted cores are smaller, reducing the
number of weak inclusions

e  The packing density of the binder is improved
Okeke et al. [8] reported that reducing the mean
particle size of CCA from 150 pm to 15 pm
increased 28day compressive strength by
approximately 40% (from 22 MPa to 31 MPa).
However, grinding beyond 5-10 pm leads to
agglomeration and increased water demand,
offsetting the benefits.

4.3.2 Blending with Supplementary Materials
Given CCA's low Al,O3 content, blending with
alumina-rich materials is an effective strategy to
improve mechanical properties. Table 5
summarizes reported improvements.

Table 5. Effect of blending on compressive strength of CCA-based geopolymers.

Strength

Improvement vs. 100%

Blend Composition (MPa) CCA Reference
100% CCA 28-35 Baseline (13]

70% CCA + 30% metakaolin 55 +57% (25]

50% CCA + 50% fly ash 48 +37% (17]

80% CCA + 20% bauxite 35 +25% (9]

80% CCA + 20% limestone ) Unknown Proposed IRS

powder

The proposed blend of 80% CCA + 20%
limestone powder is novel. Limestone (CaCQ3) is
not traditionally considered a geopolymer
precursor because it does not contain significant
Al;O3. However, in the presence of alkaline
activators, limestone can:

e React to form calcium (sodium) carbonate
hydrates that may densify the microstructure

e DProvide Ca?* ions that can accelerate setting
and potentially form C-S-H alongside the
geopolymer gel

e  Actasa microfiller, improving packing density
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No systematic study of limestone powder in CCA
geopolymers has been published, making this a
significant research gap that the proposed IRS
study aims to address.

4.3.3 Water-to-Binder Ratio (w/b)

The water-to-binder ratio affects both workability
and strength. Unlike OPC, where water is
primarily a mixing and hydration medium, in
geopolymers the water also participates in the
activator solution. Typical w/b ratios for
geopolymer mortars range from 0.35 to 0.55.
Lower ratios produce higher strengths but reduce
workability; higher ratios improve workability but
increase porosity and reduce strength.

For CCA-based mortars, the porous nature of
CCA particles may require slightly higher w/b

ratios (0.45-0.55) to achieve adequate workability
compared to fly ash (0.40-0.50) [16].

4.3.4 Age at Testing

Geopolymers achieve most of their ultimate
strength within 28 days, but the rate of strength
gain depends on the precursor and curing
conditions. For CCA geopolymers, 7-day strengths
are  typically 60-70% of  28-day  strengths,
compared to 70-80% for fly ash geopolymers [13].
This slower gain suggests that CCA is less reactive
and may require longer curing or higher
temperatures to achieve full potential.

4.4 Comparison with OPC and Other Binders
Table 6 provides a comparative summary of
mechanical and environmental performance.

Table 6. Comparative performance of CCA geopolymers vs. OPC and other binders.

Typical 2§—day Flexural CO? ) Embodied )

Binder Svst Compressive St h Emissions E Maturity of

tnder System Strength (N;Ie)n)g (kg COz/kg (Mn;;lg(y ) Technology

(MPa) 3 binder) 8

OPC - mortar 54 55 4-8 0.85-0.95  45-55 Mature,
(1:3) commercial
Fly ash Commercial
geopolymer 40-60 5-10 0.15-0.25 1.0-2.0 (limited)
mortar
Metakaolin
geopolymer 35-55 4-9 0.20-0.30 1.5-2.5 Pilot scale
mortar
Slag-based
alkali-activated 50-70 6-12 0.20-0.35 1.5-2.5 Commercial
mortar
CCA
geopolymer 25-35 3-6 0.10-0.20 0.8-1.5 Laboratory
(optimized,
100% CCA)
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Typical Zg—day Flexural CO,Z ) Embodied )
Binder System Compressive Strength Emissions Energy Maturity of
Strength (MPa) (kg COz/kg (M]/kg) Technology
(MPa) binder)
CCA
geopolymer 8-15 1-3 0.10-0.20 0.8-1.5 Laboratory
(unoptimized)

Strength data from [13,15-18]; emissions and
energy data from [1,3,26]

The key observations:

e CCA geopolymers have lower mechanical
strength than fly ash or slag systems but are still
adequate for many applications.

e The CO, emissions of CCA geopolymers are
the lowest among all binders considered
(excluding the energy for incineration and
grinding, which is often omitted from
calculations).

e The embodied energy is also low because CCA
is a waste product that requires only grinding (and
controlled incineration, which can use the corn
cob itself as fuel).

5. Durability and Related Properties

Durability the ability of a material to resist
deterioration under service conditions is as
important as initial mechanical strength. For
geopolymers to be adopted in practice, they must
demonstrate adequate performance in terms of
water transport, chemical resistance, and
dimensional stability.

5.1 Water Absorption and Porosity

Water absorption is a simple but informative
measure of a material's pore structure. High water
absorption generally correlates with lower
durability because it allows ingress of aggressive
agents (chlorides, sulfates, acids)[45].

For CCA-:based geopolymers, reported water
absorption values range from 8-15% by
weight [27]. This is higher than:

e  OPC mortars: 5-10%

e  Fly ash geopolymers: 6-12%

e  Metakaolin geopolymers: 7-13%

The higher absorption is attributed to:

1. Incomplete geopolymerization leaving
unreacted CCA particles that are porous
themselves

2. Higher water demand for workability, leading
to more capillary pores after drying

3. Particle morphology - irregular, angular
particles may not pack as densely as rounded
particles

The relationship between NaOH molarity and
water absorption is non-monotonic. At low
molarity (8 M), absorption is high due to
incomplete reaction. At optimal molarity (10-12
M), absorption reaches a minimum as the matrix
densifies. At high molarity (>14 M), absorption
increases again due to microcracking from
shrinkage [28].

Porosity measured by  mercury
porosimetry (MIP) for CCA geopolymers shows:

e Total porosity: 20-35% (compared to 15-
25% for fly ash geopolymers)

e DPore size distribution: Bimodal, with gel pores
(<10 nm) and capillary pores (10-100 nm)

5.2 Efflorescence (Detailed Discussion)
Efflorescence is a major aesthetic and, potentially,
durability concern for geopolymers. As described
in Section 3.5, it results from the migration of free
alkali ions to the surface.

intrusion

Quantitative measurement: Efflorescence is often
assessed by:

e Visual rating (0 = none, 5 = severe)

e Mass of deposit per unit area after accelerated
testing (e.g., cycles of wetting and drying)

e  Electrical conductivity of surface washings
For CCA geopolymers, the high K;O content (6-
15%) adds to the efflorescence potential. Some
researchers have proposed that using KOH
instead of NaOH as the activator may reduce
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efflorescence because the potassium from the ash
and the activator are the same cation, potentially
reducing ion exchange and migration [23].
However, KOH is more expensive than NaOH,
limiting its practical use.

Mitigation strategies:

e Optimize NaOH molarity - use the
minimum that achieves adequate strength
(typically 10-12 M)

e Reduce Na,SiO3:NaOH ratio - less free Na*
e Extend curing - more complete reaction
consumes more alkali

e Add Al-rich material - more AlO, tetrahedra
require ~ more  charge-balancing  cations,
immobilizing them in the network

e Surface treatment - silane/siloxane sealers
can block moisture transport

6. The Critical Role of Local Fine Aggregates

6.1 Why Standardized Aggregates Are
Inadequate for Technology Transfer

The overwhelming majority of geopolymer
research including all studies cited in this review
has used standardized fine aggregates. While this
is appropriate for fundamental research, it creates
a significant barrier to practical adoption because
real-world aggregates differ in several critical ways.
Table 7 compares standardized sand (ASTM
C778) with typical local sands from Pakistan
(Indus River alluvium).

Table 7. Comparison of standardized sand vs. typical Pakistani local sand[37].

Prover ASTM C778 Typical Pakistani Alluvial Implication for
operty Standard Sand Sand Geopolymer Mortar
Ottawa, Illinois , Different  mineralogy and
Source (USA) Indus River system geological history
Rounded 1o Angular particles increase paste

Particle shape sub-rounded

Fineness 2.4-2.6

modulus (controlled)

Narrow,
controlled

Gradation (sieve
analysis)

Fines  content

(clay/silt, <75 <0.5%

{m)

Min'eralogy 599% quartz Quartz,
(major)

Surface coatings None

Sub-angular to angular

Broad, variable

2-10% (can be higher)

feldspar, mica,
carbonates (variable)

Clay/iron oxide coatings
possible

demand but
mechanical interlocking

improve

Variable  workability;  may

2.2-3.0 (variable) require adjustment of mix

proportions

Affects packing density and
void content

Fines absorb water and
activator; can reduce effective

alkalinity

Feldspar may react with alkali
(alkali-silica reaction risk); mica
is platy and weak

Coatings can hinder binder-
aggregate bonding
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Prover ASTM  C778 Typical Pakistani Alluvial Implication for
operty Standard Sand Sand Geopolymer Mortar
Variable (coastal Salts can  contribute to
Salt content None arlabie \coasta’ areas iay efflorescence and durability

have chlorides/sulfates)

issues

6.2 Aggregate-Binder Interactions in
Geopolymer Systems

The interfacial transition zone (ITZ) in
geopolymer mortars differs significantly from that
in OPC mortars. Understanding these differences
is essential for predicting the performance of local
aggregates.

In OPC mortars:

e The ITZ (20-50 pum from the aggregate
surface) has higher porosity than the bulk paste
due to the "wall effect" (cement particles cannot
pack tightly against the aggregate surface).

e Oriented Ca(OH), crystals form in the ITZ,
creating a weak plane.

e Bond strength depends primarily on
mechanical interlocking and van der Waals forces.
In geopolymer mortars:

e The ITZ is denser and more chemically
homogeneous because the dissolved species can
penetrate into the aggregate surface irregularities.
e No Ca(OH), forms, eliminating one
weakness.

e Chemical bonding can occur with certain
aggregate minerals (e.g., carbonates may react to
form calcium carbonate hydrates; reactive silicates
may bond directly).

e However, higher drying shrinkage can cause

debonding at the ITZ.

Specific considerations for local aggregates:

e  Feldspar: Alkali feldspars (orthoclase,
microcline) are susceptible to alkali-silica reaction
(ASR) in high-pH environments. While ASR is
well-known in OPC concrete (where the alkali
source is the cement), geopolymers have even
higher pH (13-14) and high alkali content. The
risk of ASR with feldspar-bearing aggregates in
geopolymers is not well studied. Some research
suggests that the geopolymer gel may

accommodate expansion better than OPC paste,
but this is not conclusive [31].

e Mica (biotite, muscovite): Mica has a platy,
layered structure. It can cause two problems: (i)
particles may delaminate under stress, and (ii) the
smooth cleavage planes may provide poor bonding
with the binder. High mica content in fine
aggregates is generally undesirable for any
cementitious material.

e Carbonates (limestone, dolomite): Unlike
siliceous aggregates, carbonates can participate in
the reaction. In highly alkaline conditions,
CaCO3 may dissolve and reprecipitate as calcium
carbonate hydrates or even react with the
aluminosilicate gel to form calcium (sodium)
alumino-carbonates. This could
potentially improve bonding and densify the ITZ.
e  Clay coatings: Clay minerals (kaolinite, illite,
smectite) have high specific surface area and cation
exchange capacity. They can absorb NaOH from
the activator solution, effectively reducing the
available OH™ concentration. This phenomenon
has been documented in fly ash geopolymers with
clay-bearing sands [14]; the effect is likely similar
for CCA.

6.3 The Pakistani Context

Pakistan is an ideal case for studying the use of
local aggregates in CCA geopolymers because:

1. Corn production is significant: Pakistan
produces approximately 6-8 million metric tons of
corn annually, generating ~ 1.2-1.6 million tons
of corn cobs.

2. Construction activity is high: With a
population exceeding 240 million, infrastructure
development is a national priority.

3. Cement CO, emissions are a
concern: Pakistan's cement industry emits
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approximately 30-40 million tons of CO,
annually.

4. Local aggregates are variable: The Indus River
and its tributaries produce sands with different

characteristics in different regions (Punjab, Sindh,

Khyber Pakhtunkhwa, Balochistan).

Table 8. Preliminary characterization of Pakistani sands (based on field observations and limited

testing)[46]
' Typlcal Fines Dominant . o
Region Fineness Content Minerals Special Characteristics
Modulus (%)

Punjab (central) 2.5-2.8 3-7 g;irtz, feldspar, Generally good quality

Sindh  (lower 19126 510 Quartz,  mica, Higher fines; some salt

Indus) T carbonates contamination near coast

Ilfjlljl]jte:nkhwa 2.6-3.0 2-5 aQ{;J;l};tizgofleeldspar, Coarser, angular particles
Quartz, . .

Balochistan Variable 1-8 carbonates Carbonaterich in some
(limestone) areas

6.4 Research Gaps Related to Local Aggregates
Based on the analysis above, the following specific
research gaps are identified:

1. No data on CCA geopolymer bonding to
feldspar or mica minerals commonly found in
Pakistani sands.

2. No quantification of the effect of fines
content (clay/silt) on activator demand and
effective NaOH molarity.

3. No longterm durability studies (6-24
months) under local environmental conditions
(high summer temperatures, monsoon humidity,
possible salt exposure in coastal areas).

4. No economic analysis comparing CCA
geopolymer mortars with OPC mortars using local
materials, including transportation and processing
costs.

5. No mix design guidelines for CCA
geopolymer mortars that account for local
aggregate variability.

The proposed IRS study will address the first two
gaps (bonding and fines effect) through systematic
testing of one local sand. Subsequent studies can
extend to other sands.

7. Research Gaps and Future Directions

7.1 Summary of Critical Gaps

Based on this comprehensive review, the following
critical research gaps are identified:

Gap 1: Systematic NaOH molarity optimization
for 100% CCA binders Most existing studies have
examined CCA as a partial replacement (20-30%)
in blended cements or as a component in blended
geopolymers (CCA + fly ash). The behavior of
100% CCA binders particularly the optimal
NaOH molarity as a function of CCA
characteristics (amorphous content, particle size,
K,O content) remains inadequately characterized.
Only a handful of studies have varied molarity
systematically, and none have done so with the
combination of local aggregates and limestone
powder blending proposed here.
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Gap 2: Absence of studies using locally sourced
aggregates from developing countriesThe
disconnect  between  laboratory  research
(standardized sands) and field application (local
aggregates) represents a fundamental barrier to
technology transfer. Without data on how CCA
geopolymers perform with realworld aggregates,
contractors and engineers will lack confidence to
adopt the technology.

Gap 3: Lack of combined mechanical and
durability characterizationStudies typically report
either mechanical properties
(compressive/flexural ~strength) or durability
(water absorption, efflorescence, acid resistance),
but rarely both for the same material system. This
makes holistic performance assessment difficult.
The proposed IRS study explicitly includes both
mechanical and durability testing on the same
specimens.

Gap 4: No data on CCA + limestone powder
blendsLimestone powder, widely available and
inexpensive, has shown benefits in OPC systems
(as a filler and nucleation site) and in some alkali-
activated systems. However, it has not been
systematically evaluated in CCA geopolymers. The
hybrid blend (80% CCA + 20% limestone)
proposed in the IRS document represents an
unexplored formulation that could potentially
improve mechanical properties and reduce
efflorescence.

Gap 5: Insufficient understanding of
efflorescence mechanisms and mitigation for
CCA systemsWhile efflorescence is recognized as
a problem, quantitative relationships between
NaOH molarity, KO content of CCA, curing
conditions, and efflorescence severity have not
been established. Predictive models are lacking.
Gap 6: Intermittent curing regimeThe proposed
intermittent curing (80°C for 6 hours/day over 4
days) has not been studied for CCA geopolymers.
Its  effects on  strength  development,
microstructure, and energy efficiency are
unknown.

7.2 Proposed Research Priorities

Based on the gaps identified, the following
research priorities are proposed, organized by time
horizon.

Immediate (0-12 months):

1. Systematic molarity study (8, 10, 12, 14, 16
M) for 100% CCA and 80% CCA + 20%
limestone powder, using a fixed local fine
aggregate source. Measure compressive strength,
flexural strength, water absorption, porosity, and
efflorescence at 7 and 28 days.

2. Characterize the local aggregate (gradation,
specific gravity, absorption, fines content,
mineralogy by XRD) and correlate with
performance.

3. Determine the optimal NaOH molarity for
each binder formulation and aggregate type.

Short-term (12-24 months):

4. Develop a classification system for local
aggregates based on their performance in CCA
geopolymer  mortars. This  would allow
practitioners to predict performance without
testing every aggregate source.

5." Investigate the effect of fines content by
adding controlled amounts of clay to clean sand,
quantifying the reduction in effective NaOH
concentration and strength.

6. Optimize the intermittent  curing
regime (vary temperature, daily heating duration,
number of cycles) to maximize strength while
minimizing energy consumption.

Medium-term (24-48 months):

7. Long-term durability studies (6-24 months)
under real environmental conditions (outdoor
exposure in Pakistan's climate). Monitor strength
retention, mass change, cracking, and
efflorescence.

8. Life cycle assessment (LCA) comparing CCA
geopolymer mortars with OPC mortars, including
all stages: corn cob collection, transportation,
incineration, grinding, activator production,
mixing, curing, and end-oflife.

9. Economic analysis (life cycle costing) to
determine the cost competitiveness of CCA
geopolymers in the Pakistani market[47].
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Long-term (>48 months):

10. Demonstration projects (e.g., paving blocks,
non-structural walls, repair mortars) to build field
experience and data.

11. Development of draft code provisions for
CCA geopolymer mortars, in collaboration with
the Pakistan Engineering Council and building
code authorities.

12. Capacity building - training programs for
engineers, technicians, and construction workers
on the production and use of CCA geopolymers.

7.3 Practical Implementation Challenges

Even with successful research outcomes, several
practical challenges must be addressed for CCA
geopolymer technology to achieve real-world
impact:

Supply chain development:Controlled
incineration facilities for corn cobs do not
currently exist in most regions of Pakistan.
Developing decentralized processing capacity (e.g.,
small-scale kilns at agricultural collection points) is
a non-trivial infrastructure challenge. However,
corn cobs themselves can be used as fuel for the
incineration process, potentially making it energy-
neutral or even energy-positive.

Quality control:CCA composition varies with
corn variety, growing conditions (soil, fertilizer,
climate), and incineration parameters. Rapid, low-
cost quality assessment methods (e.g., loss on
ignition, simple color tests, or portable XRF) are
needed for field applications. Without such
methods, inconsistent CCA quality could lead to
unreliable performance.

Building code acceptance:Geopolymer materials
are not yet incorporated into most national
building codes, including those of Pakistan.
Demonstration projects and code development
efforts are needed. This requires collaboration
between researchers, the Pakistan Engineering
Council, and international bodies like ASTM and
RILEM.

Training and knowledge transfer:Construction
workers and engineers familiar with OPC
technology require training on geopolymer
mixing, handling, and quality control procedures.
Geopolymer mortars have different rheology

(often more thixotropic), different setting behavior
(can be very rapid with high molarity), and
different curing requirements (heat curing is often
needed). Training materials and workshops will be
essential.

Perception and acceptance:"Ash" and "waste"
have negative connotations for some stakeholders.
Educating contractors, government officials, and
the public about the safety, performance, and
environmental benefits of CCA geopolymers will
be important for adoption.

8. Conclusion

This comprehensive review has synthesized the
current state of knowledge on corn cob ash-based
geopolymer mortars, with a particular focus on the
influence of NaOH molarity and the critical but
understudied rtole of locally available fine
aggregates.

The following key conclusions are drawn:

1. CCA is a viable geopolymer precursor when
properly processed. Controlled incineration at
600-700°C followed by grinding to <45 pm yields
an ash with 55-72% amorphous SiO, and 5-12%
Al;Os. While the Al,O3 content is lower than
conventional precursors (fly ash, metakaolin),
optimized formulations can achieve compressive
strengths of 25-35 MPa adequate for many non-
structural and semi-structural applications.

2. NaOH molarity is a critical parameter that
affects dissolution, polycondensation,
microstructure, and durability. Based on limited
available data, an optimal molarity of 10-12 M is
indicated for CCA-based geopolymers. Higher
molarities (>14 M) lead to flash setting,
microcracking, reduced strength, and severe
efflorescence. Lower molarities (<8 M) result in
incomplete reaction and low strength.

3. The use of standardized fine aggregates in
nearly all published studies represents a
significant gap that hinders technology transfer.
Real-world aggregates such as the alluvial sands of
Pakistan differ in gradation, particle shape,
mineralogy, and fines content. These differences
can substantially affect activator demand,
workability, ITZ bonding, and longterm
durability. No published study has evaluated
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CCA geopolymer mortars with South Asian
alluvial sands.

4. Durability properties (water  absorption,
efflorescence, acid resistance, drying shrinkage) are
influenced by NaOH molarity and precursor
composition. CCA geopolymers generally have
higher ~ water  absorption  (8-15%) and
efflorescence potential than fly ash geopolymers,
but better acid resistance than OPC. Mitigation
strategies include optimizing molarity, blending
with Al-rich materials, and using KOH instead of
NaOH.

5. The proposed experimental study (varying
NaOH molarity from 8-16 M, testing mechanical
and durability properties, using local Pakistani
aggregates, and including limestone powder
blends) directly addresses multiple identified
research gaps. The novel elements limestone
blending, intermittent curing, and the use of local
aggregates have the potential to advance the field
significantly.

6. Future research priorities include systematic
molarity  optimization for 100% CCA,
classification of local aggregates, longterm
durability testing under real environmental
conditions,  life  cycle  assessment, and
demonstration projects. Practical challenges
(supply chain, quality control, code acceptance,
training) must also be addressed.

The successful development of CCA-based
geopolymer mortars using locally available
materials would provide a sustainable, low-cost,
low-carbon construction option for Pakistan and
other corn-growing regions of the developing
world. Given the urgent need to reduce cement-
related CO, emissions and the pressing problem
of agricultural waste management, this research
direction is both timely and impactful.

Acknowledgements

The author acknowledges the guidance and
support of:

e Dr. Samia Tariq, Head of Department of
Civil Engineering, Zia-ud-Din University, Karachi
e  Dr. Mohsin Ali, Head of Department of Civil
Engineering Technology, Indus University,
Karachi

Their encouragement and scholarly input have
been invaluable in shaping this review and the
accompanying research proposal.

No external funding was received for this review.
The author thanks the library services of Zia-ud-
Din University for access to journal articles and
databases.

Contflict of Interest Statement

The author declares no conflict of interest. This
review was conducted independently and does not
reflect the views of any commercial, governmental,
or institutional entity. The author has no financial
or  personal  relationships  that  could
inappropriately influence the content of this

paper.

REFERENCES

[1] M. R. Ahmad, A. FernandezJimenez, B.
Chen, Z. Leng, and J.-G. Dai, ‘Low-carbon
cementitious materials: Scale-up potential,
environmental impact and  barriers’,
Construction and Building Materials, vol. 455,
p. 139087, Dec. 2024, doi:
10.1016/j.conbuildmat.2024.139087.

[2] ‘Conventional and Alternative Sources of
Thermal Energy in the Production of
Cement—An Impact on CO2 Emission’.
Accessed: Apr. 29, 2026. [Online].
Available:  https://www.mdpi.com/1996-
1073/14/6/1539

[3] V. Sousa, J. A. Bogas, S. Real, I. Meireles,
and A. Carrico, ‘Recycled cement
production energy consumption
optimization’, Sustainable Chemistry and
Pharmacy, vol. 32, p. 101010, May 2023, doi:
10.1016/5.5cp.2023.101010.

(4] M. A. Abdul Jabbar, ‘CHALLENGES,
OPPORTUNITIES, AND CIRCULAR
ECONOMY PATHWAYS FOR
CONCRETE AND CONSTRUCTION
WASTE MANAGEMENT: EVIDENCE
FROM URBAN BUILDING PROJECTS
IN KARACHI, PAKISTAN’, Apr. 2026,
doi: 10.5281/ZENODQO.19495342.

https://thesesjournal.com

| Rehman et al., 2026 |

Page 1590


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

[5] M. Hanifa, R. Agarwal, U. Sharma, P. C. [11]
Thapliyal, and L. P. Singh, ‘A review on
CO2 capture and sequestration in the
construction industry: Emerging
approaches and commercialised
technologies’, Journal of CO2 Utilization, vol.

67, p. 102292, Jan. 2023, doi: [12]
10.1016/j.jcou.2022.102292.

[6] L. Wang et al, ‘Study on the mechanical
properties of alluvial silt improved by
Alkali-activated basalt powder and slag in
Yellow River flood area subgrade [13]
construction’, Case Studies in Construction
Materials, vol. 23, p. 05440, Dec. 2025, doi:
10.1016/j.cscm.2025.e05440.

[7]  A. R. Rohan Ahmed, ‘UTILIZATION OF
CONSTRUCTION AND DEMOLITION
WASTE (CDW) IN SUSTAINABLE
CONCRETE PRODUCTION IN
CONSTRUCTION  INDUSTRY OF
PAKISTAN’, Mar. 2026, doi:
10.5281/ZENODOQO.19125145.

(8] O. Erenstein, M. Jaleta, K. Sonder, K.

Mottaleb, and B. M. Prasanna, ‘Global [14]
maize production, consumption and trade:

trends and R&D implications’, Food Sec.,

vol. 14, no. 5, pp. 1295-1319, Oct. 2022,

doi: 10.1007/512571-022-01288-7.

[9] D. ]. Prasanna Kumar, R. K. Mishra, S.

Chinnam, P. Binnal, and N. Dwivedi, ‘A
comprehensive  study on  anaerobic [15]
digestion of organic solid waste: A review on
configurations,  operating  parameters,
techno-economic analysis and current

trends’, Biotechnology Notes, vol. 5, pp. 33-

49, Jan. 2024, doi:
10.1016/j.biotno.2024.02.001.

[10] P. Suwanmaneechot, T. Nochaiya, and P.
Julphunthong, ‘Improvement, [16]
characterization and use of waste corn cob
ash in cementbased materials’, IOP Conf.

Ser.: Mater. Sci. Eng., vol. 103, p. 012023,
Dec. 2015, doi: 10.1088/1757-
899X/103/1/012023.

S. Bhutto et al., ‘Effect of banana tree leaves
ash as cementitious material on the
durability of concrete against sulphate and
acid attacks’, Heliyon, vol. 10, no. 7, p.
€29236, Apr. 2024, doi:
10.1016/j.heliyon.2024.e29236.

‘Effect of NaOH Concentration on the
Mechanical and Microstructural Properties
of Fly Ash-Based Geopolymer’, Biointerface
Res Appl Chem, vol. 15, no. 1, p. 13, Feb.
2025, doi: 10.33263/BRIAC151.013.

C. Babu, S. Babu, S. A. Basha, K. Anand,
and S. Tej, ‘EXPERIMENTAL
INVESTIGATION OF REPLACING
CEMENT WITH CORN COB ASH
POWDER’, Journal of emerging technologies
and innovative research, May 2020, Accessed:
Apr. 29, 2026. [Online]. Available:
https://www.semanticscholar.org/paper/E
XPERIMENTALINVESTIGATION-OF-
REPLACING-CEMENT-WITH-Babu-
Babu/61e42995067ead29e0e148ab8cbd9a
568955ba3d

Y. G. Paul, Y. R. Nafu, T. Gilbert, F. J.
Tendo, W. K. Mofor, and N. S. Yuyoh,
‘Impact of Sand Particle Size on the
Mechanical and Thermal Properties of
Sand/PET Composites’, Engineering Reports,
vol. 7, no. 11, p. €70462, Nov. 2025, doi:
10.1002/eng2.70462.

S. Azhagarsamy, N. Pannirselvam, ]J.
Vanjinathan, R. Premkumar, and D.
Vijayakumar, ‘Optimizing mechanical and
microstructural properties of concrete with
steel slag aggregate using response surface
methodology’, Results in Engineering, vol. 27,
p. 106885, Sep. 2025, doi:
10.1016/j.rineng.2025.106885.

H. W. Neshitt, C. M. Fedo, and G. M.
Young, ‘Quartz and Feldspar Stability,
Steady and Non-Steady-State Weathering,
and Petrogenesis of Siliciclastic Sands and
Muds’, The Journal of Geology, vol. 105, no.
2, pp. 173-192, Mar. 1997, doi:
10.1086,/515908.

https://thesesjournal.com | Rehman et al., 2026 | Page 1591


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences

ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

(17]

(18]

(19]

(20]

(21]

(22]

(23]

S. Wang, J. Su, Z. Wu, W. Ma, Y. Li, and H.
Hui, ‘Silty Clay Stabilization Using
Metakaolin-Based Geopolymer Binder’,
Front. Phys., vol. 9, p. 769786, Nov. 2021,
doi: 10.3389/fphy.2021.769786.

M. Ali, ‘Valorization of sewage sludge ash in
alkali-activated materials: A comprehensive
review of material properties, reactivity, and

future sustainable applications’,
Chemosphere, vol. 391, p. 144724, Dec.
2025, doi:

10.1016/j.chemosphere.2025.144724.

I. Ahmed, A. Kumar, S. H. Rizvi, M. Alj,
and S. Ali, ‘Effect of Silica Fume as Partial
Replacement of Cement on Compressive
Strength of Roller Compacting Concrete’,
QUESTRJ, vol. 18, no. 02, pp. 145-149,
Dec. 2020, doi: 10.52584/QR].1802.21.

D. Clement, R. C,, S. Agarwal, and M.
Pratap, ‘Microstructural  insights  of
geopolymer mortar using binary blended
sustainable fine aggregates’, Case Studies in
Construction Materials, vol. 22, p. e04753,
Jul. 2025, doi:
10.1016/j.cscm.2025.04753.

A. K. Mali and P. Nanthagopalan, ‘Thermo-
mechanical treatment of sugarcane bagasse
ash with very high LOI: A pozzolanic
paradigm’,  Construction and  Building
Materials, vol. 288, p. 122988, Jun. 2021,
doi: 10.1016/j.conbuildmat.2021.122988.
S. Barbhuiya, B. Bhusan Das, and F.
Kanavaris, ‘Biochar-concrete: A
comprehensive properties,
production and sustainability’, Case Studies
in Construction Materials, vol. 20, p. e02859,

review  of

Jul. 2024, doi:
10.1016/j.cscm.2024.e02859.
A. M. ELRafei, ‘Preparation and

characterization of mesoporous amorphous
nano-silica and nano-cristobalite for value
enhancement of low-cost Egyptian waste
materials’, Ceramics International, vol. 48, no.

21, pp. 32185-32195, Nov. 2022, doi:
10.1016/j.ceramint.2022.07.160.

(24]

(25]

(26]

(27]

(28]

(29]

(30]

D. Kremenakovi, ‘Thermodynamic,
structural and behavioral aspects of

materials  accentuating  non-crystalline
states’, Jan. 2011, Accessed: Apr. 29, 2026.
[Online]. Available:
https://www.academia.edu/140779370/T
hermodynamic_structural_and_behavioral
_aspects_of_materials_accentuating_non_c
rystalline_states

H. M. S. Aslam et al., ‘Effects of milling
followed by different gradation sizes of
lawrencepur sand on the properties of
cementitious mortar’, Results in Engineering,
vol. 28, p. 107151, Dec. 2025, doi:
10.1016/j.rineng.2025.107151.

A. A. Serbanoiu, C. M. Gradinaru, R.
Muntean, N. Cimpoesu, and B. V.
Serbanoiu, ‘Corn Cob Ash versus
Sunflower Stalk Ash, Two Sustainable Raw
Materials in an Analysis of Their Effects on
the Concrete Properties’, Materials, vol. 15,
no. 3, p. 868, Jan. 2022, doi:
10.3390/ma15030868.

H. Xu and J. S. J. Van Deventer, ‘The
geopolymerisation  of  alumino-silicate
minerals’, International Journal of Mineral
Processing, vol. 59, no. 3, pp. 247-266, Jun.
2000, doi: 10.1016/S0301-7516(99)00074-
5.

T. A. Grinewald et al., ‘Structure of an
amorphous  calcium carbonate phase
involved in the formation of Pinctada
margaritifera shells’, Proc Natl Acad Sci U S
A, vol. 119, no. 45, p. €2212616119, Nov.
2022, doi: 10.1073/pnas.2212616119.
‘Pozzolanic  Activity an overview |
ScienceDirect Topics’. Accessed: Apr. 29,
2026. [Online]. Available:
https://www.sciencedirect.com/topics/eng
ineering/pozzolanic-activity

A. H. Bernard and A. N. Rizalman,
‘Characterisation and Strength Activity
Index of Eco-Processed Pozzolan’, IUME],
vol. 26, no. 3, pp. 41-52, Sep. 2025, doi:
10.31436/iiume;j.v26i3.3631.

https://thesesjournal.com

| Rehman et al., 2026 |

Page 1592


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences

ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

(31]

(32]

(33]

(34]

(35]

(36]

(37]

V. Charitha, V. S. Athira, V. Jittin, A.
Bahurudeen, and P. Nanthagopalan, ‘Use of
different agro-waste ashes in concrete for
effective upcycling of locally available
resources’,  Construction and  Building
Materials, vol. 285, p. 122851, May 2021,
doi: 10.1016/j.conbuildmat.2021.122851.
A. Nikhade and A. Nag, ‘Effective
utilization of sugarcane bagasse Ash, rice
husk Ash& Metakaolin in concrete’,
Materials Today: Proceedings, vol. 62, Apr.
2022, doi: 10.1016/j.matpr.2022.04.422.
R. N. GonzalezKunz, P. Pineda, A. Bras,
and L. Morillas, ‘Plant biomass ashes in
cement-based building materials. Feasibility
as eco-efficient structural mortars and
grouts’, Sustainable Cities and Society, vol. 31,
pp. 151-172, May 2017, doi:
10.1016/j.5¢s.2017.03.001.

M. M. Ahmed, A. Sadoon, M. T. Bassuoni,
and A. Ghazy, ‘Utilizing Agricultural
Residues from Hot and Cold Climates as
Sustainable SCMs for  Low-Carbon
Concrete’, Sustainability, vol. 16, no. 23, p.
10715, Jan. 2024, doi:
10.3390/5u162310715.

A. Muralli, W. H. Kwan, M. A. Abbas, and
M. H. Samsudin, ‘Characterizations of rice
husk based silica made from acid leaching
extraction method’, E3S Web Conf., vol.
603, p. 02004, 2025, doi:
10.1051/e3sconf/202560302004.

M. A. Abbas, W. H. Kwan, M. H. B.
Samsudin, T. K. Hai, and Y. S. Hoo,
‘Development of Amorphous Rice Husk
Ash  for Sustainable Construction’,
iSMART : international jowrnal of innovation
for sustainable maritime architecture research
and technology, pp. 317-322, 2023.

M. A. Abbas, K. W. Hoe, and M. H. Bin
Samsudin,  ‘Investigation  of
crystallization kinetics in rice husk ash for
sustainable construction materials’, E3S
Web Conf., vol. 603, p. 04016, 2025, doi:
10.1051/e3sconf/202560304016.

silica

(38]

(391

(40]

(41]

(42)

(43]

(44]

‘Research  on  Alkali-Activated ~ Systems
Based on Solid Waste-Derived Activators: A
Review’. Accessed: Apr. 29, 2026. [Online].
Available:  https://www.mdpi.com/2071-
1050/17/1/254

‘The Structure of Silicate Anions in
Aqueous Alkaline Solutions | Request
PDF’. Accessed: Apr. 29, 2026. [Online].
Available:
https://www.researchgate.net/publication/
5956723 _The_Structure_of_Silicate_Anio
ns_in_Aqueous_Alkaline_Solutions

K. Keefer, ‘The Effect of Hydrolysis
Conditions on the Structure and Growth of
Silicate Polymers’, MRS Proceedings, vol. 32,
Jan. 2011, doi: 10.1557/PROC-32-15.

Y. Zhang, J. Zhang, J. Jiang, and D. Hou,
‘The effect of water molecules on the
structure, dynamics, and mechanical
properties of sodium aluminosilicate
hydrate (NASH) gel: A molecular dynamics
study’, Construction and Building Materials,
vol. 193, pp. 491-500, Dec. 2018, doi:
10.1016/j.conbuildmat.2018.10.221.

G. M. S. Abdullah et al., ‘Effect of titanium
dioxide as nanomaterials on mechanical
and durability properties of rubberised
concrete by applying RSM modelling and
optimizations’, Front. Mater., vol. 11, p.
1357094, May 2024, doi:
10.3389/fmats.2024.1357094.

N. Bheel et al., ‘Effect of wheat straw ash as
cementitious material on the mechanical
characteristics and embodied carbon of
concrete reinforced with coir fiber’, Heliyon,
vol. 10, no. 2, p. €24313, Jan. 2024, doi:
10.1016/j.heliyon.2024.e24313.

H. Muslimin, I. Pane, I. Imran, and B.
Budiono, ‘Compressive Strength of Fly ash-
based Geopolymer Concrete with a Variable
of Sodium Hydroxide (NaOH) Solution
Molarity’, MATEC Web of Conferences, vol.
147, p. 01004, Jan. 2018, doi:
10.1051/matecconf/201814701004.

https://thesesjournal.com

| Rehman et al., 2026 |

Page 1593


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X

Volume 4, Issue 4, 2026

[45] ‘A review on chloride induced corrosion in
reinforced concrete structures: lab and in
situ investigation - RSC Advances (RSC
Publishing) DOI:10.1039/D4RA05506C".
Accessed: Apr. 29, 2026. [Online].
Available:
https://pubs.rsc.org/en/content/articleht
ml/2024/ra/d4ra05506¢

[46] A. Kaleem et al, ‘Characterization and
Standardization of Sand for Geotechnical
Research in Pakistan’, Technical Journal, vol.
26, no. 3, pp. 1-8, Sep. 2021.

(47] 1. M. Chohan, A. Ahmad, N. Sallih, N.
Bheel, M. Ali, and A. F. Deifalla, ‘A review
on life cycle assessment of different pipeline
materials’, Results in Engineering, vol. 19, p.
101325, Sep. 2023, doi:
10.1016/j.rineng.2023.101325.

https://thesesjournal.com | Rehman et al., 2026 |

Page 1594


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

