W) Check for updates

Journal of Chemistry

WILEY

| RESEARCH ARTICLE EEED

Performance and Durability of Chemically Activated
Lime-Based Cement Blended With Rice Husk Ash

Odiwuor Vincent Onyango (=) | Fidelis Nekesa Samita() | Martin W. Wetungu

Department of Chemistry and Biochemistry, University of Eldoret, P.O. Box 1125-30100, Eldoret, Kenya

Correspondence: Odiwuor Vincent Onyango (vincentodiwuor623@gmail.com)
Received: 4 May 2026 | Revised: 21 July 2026 | Accepted: 23 July 2026
Academic Editor: Sohini Basu Roy

Keywords: acid resistance | chemical activation | compressive strength | lime mortar | porosity | rice husk ash (RHA)

ABSTRACT

Lime—-pozzolana binders offer a low-carbon alternative to conventional materials; however, their practical application is limited by
slow strength development and insufficient durability, particularly under aggressive chemical environments. In addition, existing
studies on chemical activation have largely focused on OPC-based systems, with limited attention to lime-based binders and their
durability performance. This study investigates the effect of chemical activation on the performance and durability of lime-rice
husk ash (RHA) mortars. The objective was to evaluate how sodium hydroxide (NaOH) and sodium sulfate (Na,SO,) influence
compressive strength, porosity, and resistance to sulfuric acid attack of lime mortars. Physicochemical characterization confirmed
that the RHA contained 94.95% SiO, with high amorphous content and strong pozzolanic reactivity (> 60% conductivity loss).
Results showed that RHA incorporation improved lime mortar performance, while chemical activation significantly enhanced
these properties. NaOH activation increased compressive strength by 132%, compared to 53% for Na,SO,, relative to the non-
activated system. Porosity decreased progressively across the systems, with the lowest values observed in NaOH-activated mortars.
Under acid exposure, all RHA-containing mortars outperformed pure lime, which disintegrated completely. Strength and mass
losses were lower in activated systems, particularly with NaOH. Deterioration was more severe in 3% H,SO, than in a 0.5% solution.
The findings indicate that chemical activation improves the short-term performance of lime-RHA mortars, although reaction
products were not directly quantified. These results highlight the potential of chemically activated lime-RHA mortars as sus-
tainable construction materials, particularly in resource-constrained regions.

to adopt more sustainable and cost-effective alternatives to
conventional OPC [5].

1 | Introduction

Ordinary Portland cement (OPC) remains the dominant binder

in the global construction industry [1]. However, its production is
both resource- and energy-intensive, contributing significantly to
environmental degradation. Cement manufacturing is estimated
to contribute approximately 5%-10% of global CO, emissions,
making it a significant driver of climate change [2, 3]. Fur-
thermore, the high energy demand associated with OPC pro-
duction results in elevated costs, limiting its affordability,
particularly for low-income populations in developing countries
[4]. As a result, the construction sector is under growing pressure

One widely adopted strategy to mitigate these challenges involves
blending OPC with pozzolanic materials. This strategy reduces
clinker content and lowers associated CO, emissions [4, 6]. While
this approach offers incremental environmental benefits, more
substantial reductions in carbon footprint can be achieved
through the use of lime-pozzolana binder systems. Lime-based
mortars are widely used in sustainable construction and in the
rehabilitation of historic masonry, particularly in textile-
reinforced mortar and composite-reinforced mortar systems
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[7]. Unlike OPC-based materials, these systems eliminate the
need for energy-intensive clinker production and are better
suited for incorporating locally available resources, including
agricultural residues [8]. Consequently, lime-based binders
provide a viable pathway to address both environmental con-
cerns and economic constraints in developing regions [9, 10].

The utilization of agricultural and industrial wastes as alternative
construction materials has gained increasing attention as a sus-
tainable waste management strategy [11]. Among these, rice
husk ash (RHA), a by-product of rice processing, is particularly
promising. Large quantities of rice husks are often disposed of
through open burning, leading to environmental pollution de-
spite their high silica content [12]. Although the resulting ash is
typically considered nonbeneficial in its raw form, its conversion
into a reactive pozzolanic material offers significant potential for
sustainable construction applications [13].

RHA is especially attractive due to its high amorphous silica
content, which imparts excellent pozzolanic reactivity. While it
has traditionally been used as a supplementary cementitious
material (SCM) in OPC systems, its role in lime-based binders is
equally important. Recent studies [13-17] have shown that RHA
enhances strength development through secondary reactions
that form calcium silicate hydrate (C-S-H) gels. The formation of
a dense C-S-H matrix reduces permeability and limits the in-
gress of aggressive species such as sulfates and chlorides, thereby
improving durability. Additionally, this refined microstructure
enhances resistance to acid attack by restricting the penetration
of hydrogen ions into the binder matrix [18, 19].

Despite these advantages, lime-pozzolana systems are hindered
by slow early-age strength development and relatively low du-
rability, which limit their broader application [20]. This behavior
is primarily attributed to the low solubility of silica at ambient
temperatures and the inherently slow kinetics of the pozzolanic
reaction between calcium hydroxide and reactive silica [21].
Consequently, the formation of strength-bearing C-S-H phases
is delayed compared to the rapid hydration processes observed in
OPC systems [22]. Unlike OPC hydration, which proceeds
rapidly through hydraulic reactions, lime-pozzolana systems
rely on gradual, pH-dependent dissolution processes that may
take weeks to develop significant mechanical strength [23].
These limitations are further exacerbated under aggressive en-
vironmental conditions, such as sulfate and acid exposure, where
inadequate resistance can lead to accelerated deterioration [19].
Therefore, improving both the strength development and du-
rability of lime-based systems remains a key research priority.

To overcome these limitations, chemical activation has been
proposed as an effective strategy to accelerate reaction kinetics
and enhance binder performance. The use of alkaline and
sulfate-based activators has shown promise in improving poz-
zolanic reactivity and strength development [14, 24-26]. How-
ever, it is important to note that most existing studies on chemical
activation have predominantly focused on OPC-based systems,
with comparatively limited investigation into lime-based
binders. Moreover, prior research has largely emphasized me-
chanical performance, often overlooking critical durability as-
pects such as resistance to acid attack. As a result, there remains
a significant research gap concerning the combined influence of
chemical activators on both strength and durability in lime-
—pozzolana systems under controlled conditions.

In response to these gaps, the present study investigates the
performance and durability of chemically activated lime-RHA
mortars using sodium hydroxide and sodium sulfate as activa-
tors. The study focuses on evaluating compressive strength,
porosity, and resistance to sulfuric acid attack after 28 days of
ambient curing. The main objective of this study is to assess the
effect of sodium hydroxide and sodium sulfate activation on the
mechanical and durability properties of lime-RHA mortars. It is
hypothesized that chemical activation will enhance the disso-
lution of amorphous silica and promote the formation of addi-
tional cementitious phases, leading to improved strength,
reduced porosity, and enhanced resistance to aggressive chem-
ical environments.

The proposed approach is expected to refine the pore structure
and improve matrix densification without relying on high-energy
processing or excessive activator concentrations. Unlike previous
studies that primarily focus on OPC systems or isolated per-
formance parameters, this work provides a comprehensive
evaluation of chemical activation in lime-based binders. By
optimizing the balance between calcium hydroxide and reactive
silica, the study contributes to the advancement of sustainable,
durable, and low-carbon construction materials based on locally
available resources.

2 | Materials and Methods

2.1 | Materials

This study employed four key materials: RHA, hydrated lime
(HL), river sand, and chemical activators. Rice husks were
sourced from a processing facility in Homa Bay town, Kenya,
where they are generated as a by-product of the milling process.
A commercially available HL, conforming to IS 6932:1973 [27],
was used. The river sand satisfied the requirements of IS 383:1970
[28], with all particles passing a 5mm sieve, and it exhibited
a specific gravity of 2.69 and a fineness modulus of 3.39. Ad-
ditionally, sodium hydroxide and sodium sulfate were in-
corporated as chemical activators to enhance the reactivity of the
binder system. HL, sodium hydroxide, and sodium sulfate were
procured from Jackitos Enterprises Limited, Nairobi, Kenya. The
HL was supplied as a powder with a stated purity of 98%, whereas
NaOH and Na,SO, were supplied in pellet and powder forms
with purities of 97% and 99%, respectively.

2.2 | Methods
2.2.1 | Sample Preparation

The production of high-quality RHA requires an effective pre-
treatment stage, beginning with thorough cleaning of the raw
rice husks. Husks collected from mills or farms typically contain
impurities and foreign matter that must be removed to prevent
deterioration of the ash quality and its performance in sub-
sequent applications [29]. In this study, the husks were first
subjected to an airstream to remove lighter contaminants such as
dust, chaff, and fine particles. They were then washed with water
to eliminate adhered dirt and soluble impurities, after which the
washing liquid was filtered to recover the cleaned husks. Fol-
lowing cleaning, drying was carried out as a crucial step to reduce
the moisture content to a suitable level for further processing
[30]. The cleaned rice husks were oven-dried at 105°C for 24 h.
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Adequate drying after cleaning is essential, as it limits the risk of
microbial growth, improves the efficiency of subsequent thermal
treatment, and contributes to the production of high-quality
RHA [31].

2.2.2 | Combustion of Rice Husks

The cleaned rice husks were subsequently calcined at 600°C for
2h in an air atmosphere using a muffle furnace (model OSK
9540-MK-SP 38351) to produce RHA. A controlled heating rate of
approximately 10°C/min was maintained throughout the heating
process. After calcination, the ash was allowed to cool naturally
inside the furnace to room temperature over a period of 24 h. To
enhance the fineness and pozzolanic reactivity, the resulting ash
was then subjected to mechanical grinding in a laboratory-scale
ball mill operated at a constant speed of 300 rpm for 30 min. This
controlled milling process produced a fine and homogeneous
powder, with approximately 95% of the particles smaller than
75um, thereby promoting uniform dispersion in the
mortar mixes.

2.2.3 | Physical and Chemical Analysis

X-ray fluorescence spectroscopy (XRFS) was employed for
chemical characterization using a sequential X-ray spectropho-
tometer (model PW4025), and the results were reported as oxide
percentages. Loss on ignition (LOI) was determined to evaluate
the amount of unburnt carbon and volatile components present
in the RHA. For HL, the LOI was also considered an indicator of
the degree of hydroxylation and carbonation. Approximately
1.0 £0.05g of the sample was placed in a covered porcelain
crucible and heated in an electric muffle furnace at 950°C + 25°C
for 1 h. After heating, the crucible was transferred to a desiccator
and allowed to cool to room temperature to avoid moisture
uptake before weighing. The LOI was then calculated as the
percentage difference between the initial sample mass and the
remaining mass after ignition. X-ray diffraction (XRD) and
Fourier transform infrared (FTIR) spectroscopy were employed
to characterize the mineralogical composition and identify the
functional group bands of the RHA. The XRD analysis was
carried out using a diffractometer equipped with Cu Ka radia-
tion, operated at 40 kV and 20 mA, with a scanning rate of 3°/min
over a 20 range of 5°-70°. FTIR measurements were conducted
using a spectrophotometer operating in attenuated total re-
flectance (ATR) mode with a resolution of 4 cm ™' within the
spectral range of 4000-400 cm . The specific surface area of
RHA was determined using Brunauer-Emmett-Teller (BET)
analysis using nitrogen (N,) adsorption. The composition of RHA
and HL used in this study is given in Table 1.

2.2.4 | Pozzolanic Activity by Electrical
Conductivity (EC) Test

This test was done to assess the suitability and expected per-
formance of RHA before incorporating it into mix designs. The
test was conducted in accordance with the method described by
Musyimi et al. [32]. Initially, 200 mL of distilled water was placed
in a 500-mL glass beaker and heated to 40°C &+ 1°C on a hot
magnetic plate. Calcium hydroxide was then added gradually
until a saturated solution was achieved, after which the mixture
was stirred for 2 min using a magnetic stirrer. The initial EC of
the saturated solution (ECy) was measured using a conductivity

meter. Subsequently, 5.0g of the pozzolanic sample was in-
troduced into the solution maintained at 40°C +1°C, and the
mixture was continuously stirred for an additional 2 min. EC
readings (EC;) were then taken at 30 min intervals over a dura-
tion of 3h. The pozzolanic activity was evaluated based on the
change in EC, calculated as the difference between the con-
ductivity of the saturated calcium hydroxide solution and that of
the pozzolana-containing solution (ECy — EC;). All tests were
performed in triplicate for each pozzolanic sample, and the
average values were reported.

2.2.5 | Mix Proportions

The mortar mixes were prepared using HL as the main binder,
with RHA incorporated as a supplementary pozzolanic material.
In the blended formulations, RHA replaced 50% of the lime by
mass, producing a binary binder with an equal proportion of HL
and RHA (1:1). The 50% RHA replacement level was selected
based on previous studies demonstrating effective performance
of lime-pozzolana binders at a 1:1 lime-to-pozzolana ratio
[33, 34]. This proportion provides a favorable balance between
the calcium hydroxide supplied by HL and the reactive amor-
phous silica present in RHA, thereby enhancing pozzolanic re-
actions and the formation of cementitious products.
Furthermore, based on the oxide compositions of the raw ma-
terials in Table 1, a 50:50 mass blend of HL and RHA corresponds
to a Ca:Si molar ratio of approximately 0.85:1. This intentionally
silica-rich composition promotes near-complete consumption of
Ca(OH), while retaining sufficient reactive silica to sustain
pozzolanic reactions throughout the curing period. A control mix
containing 100% HL (L100) was also produced for comparison.
All mortar specimens were proportioned with a constant binder-
to-fine aggregate ratio of 1:3 by mass, consisting of 450 g of binder
and 1350 g of standard sand. To maintain uniform workability
across all mixtures, a liquid-to-binder (L/B) ratio of 0.55 was
adopted. The full mix compositions, including the designations
for both water-based and chemically activated systems, are
presented in Table 2.

2.2.6 | Mixing Casting and Curing

Mortar mixing and curing were carried out in accordance with
KS EAS 148-1:2000 [35], with slight adjustments to suit the
lime-pozzolana system. The binder comprised a 1:1 mass ratio of
HL and RHA, designated as LR50, while a mix containing 100%
HL (L100) was used as the control. To maintain consistent
workability across all mixes, a fixed L/B ratio of 0.55 was adopted.
Depending on the formulation, the mixing liquid was either
potable water, 0.5M NaOH, or 0.5M Na,SO,. The selected
concentration of 0.5M was based on preliminary trials
(0.1-2.5M), which identified it as optimal for enhancing
chemical activation without adversely affecting matrix integrity.
Sodium sulfate was used as a chemical activator based on pre-
vious studies demonstrating its effectiveness in sulfate-activated
cementitious systems. Because the RHA contained only 0.50
wt.% Al,O3, Na,SO, was employed to promote the dissolution of
reactive amorphous silica and enhance the pozzolanic reaction
between silica and calcium hydroxide in the lime-RHA binder
[18, 26]. Mixing was conducted using a PANLab Analytica mixer.
Initially, the dry binder and sand (450 g binder to 1350 g standard
sand) were blended for 1 min to achieve uniformity. The des-
ignated liquid was then gradually introduced, and mixing

Journal of Chemistry, 2026

3 of 12

85U8017 SUOWILLOD aA1I.1D) 3ot (dde 8y Ag peusenob a8 Seoile O ‘8SN JO S8|nJ Joj Akeid 1 8uljuQ A1 UO (SUOTIPUOD-PUE-SWBIALI0O" A3 1M Ae1q | Ul |Uo//:Sdny) SUONIPUOD pue suis 1 8Y) 88S *[9202/80/2T] U0 Akiqiauluo A1 * Y ANTM - dSYNI - OONY ANO HONMIAO A] £505867/4001/SSTT 0T/10p/L0o A3 1M AseIq U1 |UO//Sd1Y WO pepeo|umod ‘T ‘9202 ‘2962



TABLE 1 | Chemical composition and physical properties of RHA
and HL.

Composition RHA HL
SiO, 94.95+0.02 —
ALO, 0.50 =+ 0.001 0.21 £0.01
Fe,0s 0.19 £ 0.002 —
CaO 2.39 +£0.02 87.44 +0.03
MgO 0.38 +0.001 1.34 £0.03
MnO 1.97 +0.09 —
Na,O 0.25 + 0.001 —
K,0 1.09 £ 0.006 —
Cdo 0.03 +0.001 —

LOI 2.96 +0.05 26.14 +0.02
BET (m?/g) 50.2 —
Specific gravity 2.16 2.79

continued for an additional 4 min to obtain a consistent mortar.
The fresh mix was cast into 40 X 40 X 160 mm prisms for com-
pressive strength evaluation and 100 X 100 X 100 mm cubes for
durability testing. Compaction was performed on a vibrating
table for 2 min. After casting, specimens were labeled according
to their mix type (LR50-H,0, LR50-NaOH, and LR50-Na,SO,).
To minimize moisture loss, the molds were covered with im-
permeable polyethylene sheets and stored at 22°C £ 2°C with
relative humidity above 90% for 24 + 0.5 h. Once demolded, the
specimens were cured under ambient air conditions for 28 days.
This curing approach was intentionally adopted to promote at-
mospheric carbonation, which is critical for strength develop-
ment in lime-based systems. During curing, the laboratory
environment was maintained at 23°C +3°C and an average
relative humidity of 90% + 5%, with specimens arranged to allow
uniform exposure to CO,.

2.2.7 | Compressive Strength

The compressive strength of the lime-RHA mortars was eval-
uated after 28 days of curing in accordance with KS EAS 148-1:
2000 [35]. Tests were conducted using a calibrated automatic
compression testing machine (Model SSC-546). For consistency,
the 40 X 40 X 160 mm prisms were loaded at a constant rate of
2400 £+ 200 N/s until failure, as prescribed by the equipment
manual and relevant standards. To ensure accuracy and re-
producibility, the reported compressive strength for each mix
was taken as the average of three specimens. The effectiveness of
the chemical activators was assessed by determining the per-
centage variation in compressive strength (AC) at 28 days, cal-
culated using Equation (1):

TABLE 2 | Characteristics of the binder mixtures.

Cact - CHZO

AC = Lo % 100, @
where AC denotes the percentage change in compressive
strength (%), Ca represents the compressive strength of
chemically activated mortars (LR50-0.5M NaOH or LR50-0.5 M
Na,S0,) at 28 days, and CH,O corresponds to the compressive
strength of nonactivated mortar (LR50-H,O) at the same curing
age (MPa).

2.2.8 | Porosity

The effective porosity of the mortar specimens was evaluated at
28 days using 40x40Xx 160 mm prisms, based on the water
displacement technique. Initially, the specimens were oven-dried
at 105°C 4 5°C until a constant mass was attained, defined as
a variation of less than 0.1% over a 24-h interval. The dried
samples were then submerged in deionized water for 24 h to
ensure full saturation. While suspended in water, their apparent
mass (W,) was measured. After removal, excess surface water
was gently wiped off using a damp cloth to achieve the saturated
surface-dry (SSD) condition, and the corresponding mass in air t
(W,) was recorded immediately. The oven-dry mass is denoted as
Wp. The effective porosity (P) was computed using Equation (2):

_Wa_Wb

= 2 x 100. 2
W W, @

2.2.9 | Resistance to Sulfuric Acid Attack

The chemical durability of lime-RHA mortars was assessed
following ASTM C267:1997 [36], with slight modifications in
specimen configuration. Instead of standard cubes, mortar
prisms of dimensions 40 X 40 X 160 mm were employed. After
the initial 28-day air-curing period, the specimens were split into
two groups and immersed in sulfuric acid solutions of 0.5%
and 3.0% by volume under controlled laboratory conditions at
23°C £ 1°C. This two-level concentration method was used to
assess and compare the system’s durability under both mild and
highly aggressive acidic conditions. To preserve a stable corrosive
environment and minimize acid neutralization by the alkaline
constituents of the mortar, the acid solution was replaced on
a weekly basis, ensuring consistent pH throughout the exposure
period. At the end of the immersion duration, the specimens
were retrieved, rinsed with tap water, and lightly cleaned using
a soft nylon brush to remove loosely adhered corrosion products
and surface deposits, enabling evaluation of the intact core
material. Prior to testing, the specimens were air-dried for 3h
under laboratory conditions. The final mass and residual com-
pressive strength were then determined. The residual weight
retention (R,) and residual compressive strength (R;) were
computed using Equations (3) and (4), respectively:

Mix ID % composition by weight Mixture Formulations
Lime (%) RHA (%) Binder-liquid system
LR50-H,0
LR50 50 50 LR50-0.5M NaOH
LR50-0.5M Nast4
L100 100 0 L100-H,0
4 of 12 Journal of Chemistry, 2026
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W, — W,
Ry = %xloo, 3

X 100, @

where W, is the initial mass before acid exposure (g), W; is the
mass after acid exposure (g), C; is the compressive strength at
28 days prior to immersion (MPa), and C; is the compressive
strength after 28 days of acid exposure (MPa). For each mix, the
reported values represent the average of three replicate
measurements.

3 | Results and Discussion

3.1 | Physical and Chemical Analysis

The composition of RHA and HL used in this study is given in
Table 1.

The RHA sample shows very high SiO, content and very low
Al,03, Fe,05, and CaO. This confirms that it is a highly siliceous
pozzolan. Recent studies report that RHA is dominated by
amorphous silica, with minor oxides such as CaO, MgO, K0,
and Fe,05[17, 31, 37]. The silica content in this study exceeds the
commonly reported 80%-90% range for well-burnt RHA [38].
This suggests high purity and effective calcination. High silica
content enhances pozzolanic reactivity because silica reacts with
calcium hydroxide to form C-S-H, the main strength-giving
phase [39]. Table 1 indicates that the combined content of
SiO,, Al,03, and Fe,O; exceeds 70%, meeting the chemical
composition requirement for Class N pozzolans specified in
ASTM C618:2015 [40]. However, the pozzolanic behavior of the
RHA in this study is not inferred from chemical composition
alone. It is further supported by XRD results, which show the
predominance of amorphous silica, and by the significant re-
duction in EC during testing, indicating active consumption of
calcium ions through pozzolanic reactions [41].

HL shows very high CaO content, confirming it as a calcium-rich
activator. This agrees with studies reporting CaO contents above
85% in HL [16, 21]. The combination of high silica in RHA and
high CaO in HL indicates strong potential for pozzolanic re-
actions [17]. The low CaO content in RHA confirms that it is not
self-cementing and requires an external calcium source. Minor
oxides such as K,0 and Na,O are typical of plant ashes. They can
affect alkali reactivity and silicate hydrate formation. These al-
kalis also influence the pH, which controls hydrate stability. The
alkali content of RHA remains below the 1.5% limit set by KS
EAS 18-1:2017 [42].

LOI is commonly used to assess the amount of residual carbon
and volatile constituents in pozzolanic materials. The low LOI
recorded for RHA suggests efficient combustion during pro-
duction and a low level of unburnt carbon [43]. In contrast,
elevated LOI values in RHA are often linked to incomplete
burning, which can increase water demand, weaken particle
interactions, and adversely affect strength development [44]. For
HL, however, LOT has a different significance. The relatively high
LOI value of 26.14% is characteristic of HL and should not be
interpreted as evidence of unburnt carbon. Instead, the mass loss
is mainly attributed to the thermal decomposition of Ca(OH),
into calcium oxide (CaO), accompanied by the release of

chemically bound water. Additional weight loss may arise from
the decomposition of small quantities of calcium carbonate
(CaCO3) formed through carbonation during storage, together
with minor moisture loss resulting from the hygroscopic nature
of HL. Therefore, unlike RHA, the LOI of HL primarily reflects its
degree of hydroxylation and carbonation rather than the pres-
ence of residual carbon.

The BET surface area of 50.2 m?%/g is relatively high. This in-
dicates a fine and porous structure. Similar findings show that
high surface area enhances reactivity and filler effects [4, 12].
High surface area also increases water demand for workability. A
high surface area of RHA promotes faster dissolution and pro-
vides nucleation sites for hydrate formation, while HL supplies
Ca*" ions [45]. The specific gravity of RHA is lower than that of
HL. This is typical and contributes to lighter and more volu-
metrically efficient mortars [14].

3.2 | XRD Analysis
The XRD diffraction peaks of RHA are revealed in Figure 1.

The XRD pattern of RHA shows a profile typical of highly re-
active amorphous silica. The diffractogram is dominated by
a broad hump between 20~15° and 30°, with maximum intensity
around 20°-22°. This feature indicates the absence of long-range
crystalline order. The lack of sharp peaks across the scan con-
firms that the material is largely noncrystalline. Such patterns are
widely associated with reactive pozzolanic RHA. Amorphous
silica is more reactive than crystalline forms. It dissolves readily
in alkaline media and reacts with calcium hydroxide to form
calcium silicate hydrate (C-S-H), which governs strength de-
velopment in lime-pozzolana systems [46]. Similar observations
show that amorphous RHA enhances compressive strength and
durability [16, 37].

The absence of sharp crystalline peaks also reflects efficient
calcination. The lack of quartz or cristobalite peaks suggests
that the burning temperature was well controlled. This pre-
vented the conversion of amorphous silica into crystalline
phases. This is important because crystallization reduces re-
activity and limits strength development [45]. Studies indicate
that calcination within 500°C-700°C preserves the amorphous
structure and improves performance [47, 48]. The diffuse na-
ture of the pattern further suggests a high specific surface area,
which promotes dissolution and reaction kinetics [15]. Crys-
talline impurities often behave as inert fillers or interfere with
hydration [16]. The nearly featureless region beyond 30° sug-
gests minimal interference from such phases. This supports
reliable performance in practical applications. The XRD results
also highlight the synergy between RHA and HL. HL supplies
Ca(OH),, while amorphous silica in RHA acts as the reactive
phase. This interaction forms C-S-H and strengthens the
matrix. Without amorphous silica, lime remains weak and
prone to leaching. Without lime, RHA cannot form binding
phases. Therefore, the amorphous structure observed in the
XRD pattern is critical to the effectiveness of the binder system
[45, 49].

3.3 | Pozzolanic Activity of RHA

Figure 2 illustrates the results of the pozzolanicity test of RHA,
expressed as the percentage loss in conductivity over time.
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FIGURE 2 | Percentage loss in conductivity of the RHA sample.

The EC curve of the RHA-lime system shows a sharp conduc-
tivity loss within the first 30 min, followed by a gradual approach
to a plateau at 240 min. This behavior is typical of a highly re-
active pozzolan. It reflects the interaction between dissolved
silica from RHA and Ca*" ions in solution [50]. The trend in-
dicates two kinetic regimes: an early rapid stage and a later
diffusion-controlled stage. In the first 30 min, conductivity drops
rapidly. This is due to the fast dissolution of amorphous silica and
its reaction with Ca®" to form early C-S-H [51]. The high surface
area and presence of silanol groups accelerate this process. As
ions are consumed, the EC decreases sharply [45]. Similar be-
havior has been reported for highly reactive pozzolans, where
significant conductivity loss occurs within the first 30 min [32].

Between 30 and 120 min, the rate of conductivity loss decreases.
This marks a transition to mixed kinetic control. The formation
of C-S-H on particle surfaces begins to limit further silica dis-
solution [15]. The system becomes partly controlled by ion dif-
fusion through the hydration layer. The C-S-H gel acts as
a semipermeable barrier, slowing mass transport while allowing

continued reaction [49]. From 120 to 240 min, the curve ap-
proaches a plateau. This indicates diffusion-controlled kinetics.
Most reactive silica has already been consumed. The remaining
core is less accessible due to encapsulation by hydration prod-
ucts. Ion transport through the C-S-H layer becomes the rate-
limiting step [50]. The asymptotic trend suggests that further ion
consumption is minimal. Similar patterns have been reported by
Marangu [52].

The overall conductivity loss (> 60%) confirms strong pozzolanic
activity of RHA. This agrees with the chemical composition and
XRD/FTIR results of the RHA, which indicate dominant
amorphous silica. The curve shape shows both high initial re-
activity and sustained reaction over time. This suggests that RHA
can contribute to early and long-term strength in lime systems.
The consumption of Ca(OH), reduces free lime, which is linked
to durability issues such as leaching and carbonation [48]. The
formation of C-S-H also refines pore structure and densifies the
matrix, improving resistance to permeability and chemical
attack [53].

While the conductivity-loss method offers a reliable indication of
pozzolanic reactivity, monitoring the solution pH alongside
conductivity measurements would provide further insight into
the dissolution of silica and the consumption of calcium hy-
droxide during the reaction process. Although pH measurements
were not included in the current study, their incorporation in
future research would enable a more comprehensive assessment
of the reaction mechanisms involved.

3.4 | FTIR Analysis

FTIR analysis was performed to provide supplementary evidence
of the functional groups present in the RHA. The FTIR spectrum
is provided in the Supporting Information (Figure S1) as sup-
porting qualitative evidence. The spectrum exhibited absorption
bands generally attributable to O-H stretching and bending vi-
brations, minor carbonate-related species, and Si-O-Si/Si-O-M
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linkages in the low-wavenumber region, consistent with pre-
viously reported FTIR spectra of RHA [54-56]. However,
moisture-related interference, likely arising from the in-
strument’s optical components, broadened several absorption
bands and limited the reliability of detailed peak interpretation.
Consequently, the FTIR results are interpreted cautiously and are
used only as supplementary qualitative evidence. The principal
conclusions regarding the predominance of amorphous silica
and the pozzolanic reactivity of the RHA are based primarily on
the XRD and EC analyses, which provide more robust experi-
mental support.

3.5 | Compressive Strength at 28th Day of Curing
The compressive test results are given in Figure 3.

The compressive strength results in Figure 3 show a clear in-
creasing trend across the binder systems. Pure lime mortar
(L100-H,0) records the lowest strength. This is expected of pure
lime mortars. Lime hardens mainly through carbonation, where
calcium hydroxide reacts slowly with atmospheric CO, to form
calcium carbonate. The process is diffusion-controlled and
progresses from the surface inward [57]. At early ages, the re-
action remains incomplete, and hence there is little formation of
hydraulic phases such as C-S-H. As a result, particle bonding is
weak and load transfer is limited, leading to low strength [16].
Similar behavior has been widely reported for nonhydraulic lime
mortars [8, 58, 59].

The LR50-H,O0 system shows a clear strength improvement over
pure lime. This improvement is due to the pozzolanic reactivity
of RHA. The amorphous silica in RHA reacts with calcium
hydroxide in the presence of water to form C-S-H [57]. These
products enhance bonding and improve strength. The high
surface area of RHA further supports this reaction [39]. However,
the strength remains moderate. This is because the reaction rate
is relatively slow under normal mixing conditions, and silica
dissolution is limited by the pore solution chemistry. Similar
gradual strength development has been reported in lime-RHA
systems [16, 17].

The chemically activated systems show much higher strength
than LR50-H,0. The LR50-0.5M Na,SO, system shows about
a 53% increase in compressive strength, while LR50-0.5 M NaOH

—
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shows about a 132% increase. These improvements arise from
accelerated pozzolanic reactions [26, 27]. The activators enhance
silica dissolution. This increases the interaction between dis-
solved silica and calcium ions [11]. As a result, the formation of
cementitious products is accelerated. In contrast, the lower
strength of LR50-H,O reflects the presence of unreacted poz-
zolana due to the absence of activation. Similar trends have been
reported in activated lime-pozzolan systems [48, 60]. The
principal pozzolanic reaction is presented by Equation (5).

2Si0, + 3Ca(OH), + 5H,0 —> 3Ca0.28i0,.8H,0  (5)
Na,S0, —> 2Nat 4+ S0,%~ (6)

The LR50-0.5 M Na,SO, mixture exhibited moderate strength
development compared with the LR50-0.5 M NaOH mixture.
Unlike NaOH, Na,SO, does not directly produce a highly
alkaline solution. However, in the presence of Ca(OH),, it can
react to generate NaOH in situ, providing an indirect source of
alkalinity that promotes the dissolution of reactive amor-
phous silica from the RHA [61]. Sodium sulfate dissociates in
solution according to Equation (6), while the OH™ ions
generated through the in situ reaction enhance silica disso-
lution, increasing the concentration of dissolved silicate
species available for the pozzolanic reaction. Similarly, the
dissolved sodium ions may facilitate the dissolution of
amorphous silica present in the RHA [62]. This increases the
concentration of reactive silicate species in the system. The
increased availability of dissolved silicate species can sub-
sequently react with Ca(OH), supplied by HL, promoting the
formation of C-S-H, which contributes to strength develop-
ment [63, 64]. However, the formation of C-S-H was inferred
from the mechanical performance and known reaction
mechanisms of activated lime-pozzolana systems, as it was
not directly quantified in the present study. Given the rela-
tively low Al,O5 content of the RHA, the formation of sulfate-
containing reaction products such as ettringite is expected to
be limited. The observed strength improvement is therefore
more plausibly attributed to enhanced dissolution of amor-
phous silica and subsequent formation of additional C-S-H.

The LR50-0.5 M NaOH system achieved the highest compressive
strength among the mixes. The simultaneous presence of Na™
and OH™ ions enhances the dissolution of amorphous silica in
RHA, leading to a higher concentration of reactive silicate species
in the pore solution [65]. These silicate species then react with
Ca(OH), released from HL to form additional C-S-H, resulting
in improved mechanical performance [66]. Similar behavior is
reported in alkali-activated systems, where strong alkalis pro-
duce rapid reactions and superior mechanical performance
[26, 64, 67, 68]. While the increased alkalinity of NaOH con-
tributes to silica dissolution according to literature [25, 26, 64],
the strength improvement is more closely linked to the greater
availability of dissolved silicates and their subsequent in-
corporation into C-S-H formation, as illustrated in Equations (7)
and (8).

SiO, + 2NaOH — Na,SiO; + H,0 (7)

Binder type
= L100-H,0 m LR50-0.5 M Na,SO, Na,SiO3 + Ca(OH), + nH,0 — Ca0-Si0,-nH,0 + 2NaOH
m LR50-H,0 m LR50-0.5M NaOH 8)
FIGURE 3 | Compressive strength of different lime mortars.
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It should be noted that the dissolved silica does not exist as
a single discrete species such as Na,SiOs. Instead, *°Si NMR
studies have shown that aqueous silicate solutions comprise
a dynamic mixture of monomeric, oligomeric, and polymeric
silicate species, with the degree of polymerization increasing as
the SiO,/Na,O0 ratio increases [62, 69]. Accordingly, Equation (7)
is presented as a simplified representation of the dissolution
process rather than a literal stoichiometric reaction. Because pore
solution pH was not measured in the present study, the evolution
of silicate speciation during curing could not be monitored di-
rectly. Therefore, the proposed mechanism should be regarded as
consistent with, but not conclusively confirmed by, the observed
mechanical performance.

A one-way analysis of variance (ANOVA) showed that the mortar
formulation had a highly significant effect on compressive
strength (p < 0.001). In addition, Tukey’s HSD post hoc analysis
revealed statistically significant differences (p < 0.05) between
every pair of mortar mixtures. These findings confirm that both
the incorporation of RHA and chemical activation had a signif-
icant positive influence on the mechanical performance of the
lime-based mortars. All analyses were performed at a 95%
confidence level.

3.6 | Porosity
Porosities of different mortars considered are given in Figure 4.

The porosity results show a clear decreasing trend across the
binder systems. This trend reflects progressive reaction and pore
refinement, leading to improved matrix densification. L100-H,O
exhibits the highest porosity. This is typical of pure lime mortars.
Hardening occurs mainly through slow carbonation, with little or
no hydraulic reaction [57]. As a result, spaces previously occu-
pied by mixing water remain as pores after drying. This leads to
a highly porous matrix [58]. The LR50-H,O system shows re-
duced porosity compared to pure lime. This is due to the poz-
zolanic reaction of RHA [64]. Amorphous silica reacts with
calcium hydroxide to form C-S-H. These products precipitate
within voids and partially fill the pore structure. This creates
a denser matrix than the control system [18].

Further reduction is observed in the chemically activated sys-
tems. LR50-0.5 M Na,SO, shows lower porosity than LR50-H,O0,
while LR50-0.5M NaOH shows the lowest value. Chemical
activators are known to accelerate pozzolanic reactions by al-
tering the chemistry of the pore solution. This enhances the
dissolution of reactive silica and promotes the formation of
additional cementitious hydration products [25]. Although pore
solution pH was not determined in this study, the observed
decrease in porosity suggests a greater degree of pozzolanic re-
action and improved matrix densification, consistent with
findings reported for chemically activated lime-pozzolana sys-
tems. NaOH resulted in a more pronounced reduction in po-
rosity. The combined presence of Na™ and OH™ ions promotes
the dissolution of amorphous silica, thereby increasing the
concentration of dissolved silicate species in the pore solution.
The greater availability of these reactive silicates enhances their
reaction with calcium hydroxide released from HL, leading to
increased formation of C-S-H. The resulting increase in hy-
dration products can contribute to pore refinement and a denser
microstructure. However, these mechanisms were not directly

investigated in the present study and are therefore inferred from
trends reported in the literature.

3.7 | Acid Attack Resistance

Figures 5 and 6 present the strength and weight loss, respectively,
for different binders subjected to varying acid concentrations.

The results show a consistent trend in both weight loss and
strength loss under acid exposure. Exposure of mortar specimens
to acidic media generally leads to progressive degradation of the
material. Acid attack primarily involves dissolution of calcium-
bearing phases. Sulfuric acid reacts with calcium hydroxide and
other calcium-based reaction products formed in the lime-
—pozzolana system. This reduces the alkalinity of the mortar and
promotes dissolution of these cementitious compounds, resulting
in deterioration reflected by losses in weight and compressive
strength [18, 19]. Both parameters increase with acid concen-
tration. The 3% H,SO, solution causes significantly higher de-
terioration than the 0.5% solution. This is due to the higher
availability of hydrogen ions, which accelerates the dissolution of
calcium-bearing phases. More material is leached out within
a shorter time, leading to greater mass loss and reduction in
strength. In addition, sulfuric acid reacts with calcium com-
pounds to form gypsum, which contributes to softening and
weakening of the matrix. These processes progressively remove
solid material and reduce the structural integrity of the
mortar [70].

Among the RHA-containing mixes, LR50-H,0 shows the highest
loss in both weight and strength. This indicates lower resistance
to acid attack. The slow pozzolanic reaction in a nonactivated
system may result in a higher amount of unreacted calcium
hydroxide, which is highly susceptible to acid dissolution. The
reaction leads to leaching and progressive weakening. Lime-rich
systems are known to have poor acid resistance due to the in-
stability of calcium hydroxide in acidic environments [71]. The
relatively high porosity of the LR50-H,0 system likely facilitated
the penetration of acidic solutions into the mortar matrix, ac-
celerating deterioration and consequently reducing its resistance
to acid attack. The chemically activated mortars show lower
losses. This indicates improved resistance to acid attack. Similar
improvements in acid resistance have been reported for activated
lime-pozzolan systems [19, 64].

The improved acid resistance of activated systems is attributed
principally to the lower effective porosity shown in Figure 4,
rather than to bulk pH effects or sustained alkalinity buffering
during acid exposure. The sodium species introduced by the
activators promote the dissolution of amorphous silica from
RHA, increasing the concentration of reactive silicate species in
the system. Increased dissolution of reactive silica promoted the
formation of additional C-S-H, leading to pore refinement and
matrix densification. This explanation is consistent with the
observed correlation between acid resistance, compressive
strength, and porosity across all mortar mixtures. Nevertheless,
the possible influence of residual alkali species retained within
the hardened matrix cannot be discounted, as such species may
have provided a degree of buffering against penetrating H* ions
during acid exposure. Although the sulfuric acid solution was
renewed weekly to maintain the aggressiveness of the exposure
environment and prevent bulk solution neutralization, residual
alkali content, pore solution composition, and alkali leaching
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FIGURE 4 | Porosity of different lime mortars.

Loss in strength (%)

LR50-0.5 M NaOH
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Na,SO,

Binder type
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m 3% H,50,

FIGURE 5 | Strength loss of different lime mortars.

were not evaluated. Therefore, the proposed mechanism should
be regarded as a plausible interpretation based on the observed
performance trends rather than a conclusion directly confirmed
by experimental evidence.

Among the activated mortars, LR50-0.5 M NaOH exhibited the
lowest deterioration, indicating the highest resistance to acid
attack. LR50-0.5M Na,SO, demonstrated moderate perfor-
mance, with degradation levels falling between those of the
NaOH-activated and non-activated systems. The superior acid
resistance of the NaOH-activated mortar can be attributed to the
influence of NaOH on the relative solubility of Ca(OH), and
amorphous silica. Through the common-ion effect, excess dis-
solved Na™ suppresses further dissolution of Ca(OH), while
enhancing the dissolution of amorphous silica from RHA [72].
The increased availability of dissolved silicate species promotes
more extensive and rapid formation of C-S-H, leading to
a denser microstructure and lower effective porosity. This re-
finement of the pore network limits the penetration and trans-
port of H" ions into the mortar, slowing the deterioration
process. This interpretation is consistent with the observed re-
lationship between porosity, compressive strength, and acid
resistance across all mortar systems investigated in this study.

Loss in weight (%)

LR50-0.5M
Na,S0,
Binder type

LR50-0.5 M NaOH

LRS50-H,0

m 0.5%H,S0,
® 3%H,S0,

FIGURE 6 | Weight loss of different lime mortars.

Pure lime mortar disintegrated completely in acid. This is ex-
pected since it consists mainly of calcium hydroxide and calcium
carbonate, both of which are highly reactive in acidic conditions.
Calcium hydroxide dissolves rapidly, while calcium carbonate
reacts to release CO, and form soluble salts. These reactions
remove the binding phases entirely. The structure loses cohesion
and collapses [7, 73]. The incorporation of RHA improves re-
sistance by consuming calcium hydroxide and forming more
stable binding products, which reduces susceptibility to acid
attack [17]. Overall, resistance to acid attack improves in the
order L100-H,O (complete failure) < LR50-H,0 < LR50-0.5M
Na,SO4 < LR50-0.5M NaOH. This trend reflects decreasing
availability of acid-soluble phases and improved chemical sta-
bility of the binder system.

4 | Future Perspective

« Future studies should investigate a broader range of curing
ages, RHA replacement levels, and NaOH and Na,SO,
concentrations, including their combined use, to establish
optimum activation conditions for lime-RHA mortars. Such
studies would provide greater insight into the relationships
between activator dosage, hydration products, microstruc-
tural evolution, mechanical performance, and long-term
durability.

» Further research should evaluate the effects of chemical
activators in both RHA-containing and pure lime systems to
distinguish their direct influence on lime hydration and acid
resistance from their role in enhancing pozzolanic reactions.
Simultaneous monitoring of pore solution pH, residual al-
kali content, and alkali leaching during immersion in
deionized water would also help clarify the respective
contributions of matrix densification and residual alkali
species to durability.

Advanced post-exposure characterization using techniques
such as XRD, FTIR, TGA, and SEM should be undertaken to
identify hydration and degradation products, confirm the
formation of gypsum and other sulfate-bearing phases, and
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evaluate changes in the microstructure following acid ex-
posure. These investigations would provide direct evidence
of the mechanisms governing strength development,
acid resistance, and deterioration in chemically activated
lime-RHA mortars.

5 | Conclusion

This study evaluated the performance of lime-RHA mortars
through chemical activation using 0.5M sodium hydroxide
(NaOH) and 0.5 M sodium sulfate (Na,SO,) solutions. From the
study, the following conclusions were made:

+ RHA exhibited high silica content, predominantly amor-
phous silica, and measurable pozzolanic reactivity, in-
dicating its suitability as a supplementary pozzolanic
material in lime-based binder systems.

Incorporation of RHA improved the compressive strength
and sulfuric acid resistance of HL mortar compared with the
unmodified lime mortar.

» Chemical activation further enhanced mortar performance,
with NaOH producing greater improvements in compressive
strength and sulfuric acid resistance than Na,SO,4 under the
conditions investigated.

+ The observed improvements are consistent with enhanced
pozzolanic reactions and a denser mortar matrix; however,
these mechanisms were inferred from the experimental
results and supporting literature rather than directly con-
firmed through microstructural characterization after
exposure.

The study demonstrated a feasible approach to improving
the performance of lime-based mortars using locally avail-
able RHA and low-concentration chemical activators, of-
fering a more sustainable alternative to conventional
binders.

« The findings support the use of locally available RHA as
a sustainable supporting information for producing more
durable and lower-carbon lime-based binders, contributing
to reduced reliance on OPC.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Information. Figure S1. FTIR spec-
trum of RHA. The spectrum shows a broad O-H stretching band between
3200 and 3600cm ' attributed to adsorbed moisture and surface hy-
droxyl groups, an H-O-H bending band at 1637 cm ™" corresponding to
physically adsorbed water, weak carbonate-related bands at approxi-
mately 2063 and 1416 cm ™! indicating slight surface carbonation, and
silica-related bands at 600, 516, and 424 cm ™! assigned to Si-O-Si and
Si-O-M vibrations. These features confirm the silica-rich nature of the
RHA and support its pozzolanic reactivity. Note: The spectral quality in
the 3400-3600cm ™' region was affected by moisture-related in-
strumental artifacts. Therefore, the exact position and intensity of ab-
sorption bands in this region should be interpreted with caution.
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