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Abstract. The extraction of in-house sodium silicate (IHS) as an alternative to commercial silicate in geopolymer pervi-
ous concrete (GPC) is the focus of this research. The IHS was developed from rice husk ash (RHA) and treated palm oil
fuel ash (TPOFA) using the hydrothermal method. Class F Fly Ash (FA) and Ground Granulated Blast Furnace Slag (GGBS)
were used as precursors in a 70:30 ratio. Steel slag aggregate (SSA) was used to wholly replace the conventional aggre-

gates. Palm kernel shell biochar (PKS-BC) at various weight percentages between 1 and 5% was used to replace coarse
aggregates (CA). GPC specimens were prepared using 10 M sodium hydroxide (NaOH) and one of the SS: commercial
SS, RHA-based IHS, and a ‘Hybrid SS’' (commercial SS: TPOFA-based IHS — 50:50). The findings revealed that due to the
toughness, surface roughness, and shape of the SSA, the compressive strength of SSA-based GPC specimens produced
higher strength compared to crushed granite aggregate (CGA)-based GPC. 'Hybrid SS" and RHA-based IHS yielded
slightly higher compressive strengths in GPC specimens compared to commercial SS-based GPC specimens. This finding
proved that the appropriate ratio of silica source with NaOH facilitates the development of SS in the development of GPC.

Keywords: geopolymer pervious concrete, in-house sodium silicate, hydrothermal method, palm kernel shell biochar, UV spectrophotometer.
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1. Introduction

As well documented, concrete is a widely used material
due to its versatile nature, and currently 25 billion tons of
concrete are generated globally on a yearly scale (Wang
et al,, 2018). The demand for concrete is increasing as the
need for shelter and construction is rising due to globali-
zation and industrialization (Nurruddin et al., 2018). One
significant observation of using huge quantities of cement
and concrete is the reduction of porous soil that allows
water percolation to increase the water table. This sce-
nario is detrimental as soil surfaces are rapidly cemented,
causing dire issues like flooding, and stormwater runoffs.
For instance, in late 2014, a flooding issue in Malaysia af-
fected 500,000 victims and led to a loss worth RM2.85
billion (Wahid et al., 2018). In addition, the increased ur-
banization leads to reduced infiltration, reduced ground-
water recharge, and degraded water environment quality

(Liu et al., 2020). On the other hand, black-bodied asphalt
concrete which possesses low albedo and high heat capac-
ity is commonly used in the pavement system, resulting in
Urban Heat Island (UHI) effect (Mohajerani et al., 2017).
These scenarios prove the need for significant measures
to address the dire problems without jeopardizing the en-
vironment.

Researchers are actively searching for green and
cost-effective methods to address such issues and pervi-
ous pavement is found to be an efficient measure in ad-
dressing environmental problems considering the factor
‘sustainability’ according to Soundararajan and Vaiyapuri
(2021). Pervious concrete (PC) is deemed the best of all
types of permeable pavement, as it recharges ground-
water (Srikanth & Dakshina Murthy, 2021; Soundararajan
& Vaiyapuri, 2021). PC has various terms such as porous,
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permeable, pervious, no-fines concrete, self-draining, or
‘thirsty concrete’ (Jadhav et al.,, 2022). Since the middle of
the 19t century, PC has been used in building construc-
tion due to its ability to address stormwater runoffs, UHI
effects, transportation-related noises, and more (da Costa
et al,, 2021; Cai et al., 2022). From the 1980s onwards, PC
has been implemented in various settings such as pedes-
trian walkways, parking areas, and low-traffic density lanes,
as part of experimental and demonstration initiatives in
countries like Japan, Europe, Canada, and the United States
(Cai et al,, 2022; Arun & Chekravarty, 2022). However, ex-
isting literature predominantly focuses on cement-based
PC, which raise concerns about increased pressure on the
limestone resources.

Given that concrete is the second most utilized material
globally, following water, it necessitates a substantial quan-
tity of Ordinary Portland Cement (OPC) (Nurruddin et al.,
2018). The production of cement involves the calcination
of limestone and clay at 1450 °C, followed by the blending
of the resulting sintered clinker with limestone and finely
ground gypsum (Georgiades et al., 2023). Based on the
CO, emissions of OPC clinker production from cradle-to-
grave, approximately 798 kg (world average) and 712 kg
(European average) per ton of clinker is produced which
mainly arises from the reactions of raw materials (i.e., pro-
cess-based) and fossil fuel combustion (i.e., energy-based)
(Georgiades et al., 2023). Cement production is estimated
at 4.1 billion tons annually (Khan et al., 2020) and accounts
for 8% of global greenhouse gas (GHG) emissions. Recent
research indicates that the atmospheric concentration of
CO, is 421 parts per million (ppm), exceeding the clean air
standard of 300 ppm, which raises significant environmen-
tal concerns (Meskhi et al., 2023).

Few strategies have been suggested in the literature to
reduce CO, emissions in the production of low-carbon con-
crete. These strategies include the sequestration of stable
carbon within materials without compromising their other
properties (Tan et al.,, 2022), the use of renewable energy in
the production processes (Khan et al., 2020), modifications
to manufacturing processes, and the partial or complete
replacement of OPC with supplementary cementitious
materials (SCM) (Khan et al., 2020). It has been demon-
strated that SCM can indirectly enhance the mechanical
and durability characteristics of concrete (Soundararajan &
Vaiyapuri, 2021). Lingyu et al. (2021) found that concrete
made with 100% OPC emits 9% more CO, compared to
geopolymer concrete. Geopolymer concrete, which often
incorporates waste materials and industrial by-products, is
gaining attention in research (Tan et al., 2020) and is at-
tributed to its technological and operational advantages
(Meskhi et al., 2023).

In the context of low-carbon PC fabrication, this study
employs industrial and agricultural by-products in the
production of geopolymer pervious concrete (GPC). As
noted by Thomas et al. (2022), ‘geo’ refers to geological
or industrial materials, while ‘polymer’ denotes a chain of
molecules derived from a common unit. Geopolymer is
characterized as environmentally friendly materials featur-
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ing three-dimensional silicon-aluminum tetrahedral struc-
tures, containing numerous Si-O and Al-O structures (Dux-
son et al,, 2005; Lingyu et al., 2021).

To enhance sustainability by reducing the carbon foot-
print and utilizing agro-industrial wastes effectively, this
study substituted CA with palm kernel shell biochar (PKS-
BC) by weight. PKS-BC, a stable pyrolyzed material, has
been demonstrated to effectively sequester carbon within
its porous and intricate structure. The selection of PKS-BC
was motivated by the prevalence of palm-based wastes in
Malaysia, the structural stability it offers, and its carbon-
negative characteristics.

One of the crucial components of geopolymer concrete
involves the utilization of alkaline activators to trigger the
precursors. The selected precursors include Class F Fly Ash
(FA) and Ground Granulated Blast Furnace Slag (GGBS). The
global annual production of FA is estimated to be approxi-
mately 750 million tons (Zabihi-Samani et al., 2018). Gupta
et al. (2021) mentioned that FA has the potential to reduce
CO, emissions by 300 million tons per year if 20% of the
cement demand is substituted with FA. Conversely, the
worldwide production of GGBS is around 530 million tons,
with only 65% of it being utilized by the construction in-
dustry (Ahmad et al., 2022). GGBS requires 90% less energy
for production compared to an equivalent amount of OPC
and results in lower CO, emissions (Sweeney et al., 2011).
Furthermore, GGBS facilitates the formation of calcium sili-
cate hydrate (C-S-H) gel following the initial formation of
sodium alumino silicate hydrate (N-A-S-H) gel, thereby en-
hancing the mechanical characteristics of concrete (Sachet
& Salman, 2021).

The activators in geopolymer concrete commonly con-
sist of sodium or potassium hydroxide and sodium silicates.
The production of commercial sodium silicate (SS) involves
an energy-intensive process and the utilization of silica-
based fine aggregates as the primary material source. The
manufacturing process of SS includes the fusion of me-
ticulously selected high-quality silica sand and soda ash at
temperatures as high as 1500 °C (Todkar et al., 2016). This
process is linked to an emission factor of 1.514 kg CO,-e
per kg of SS (Alnahhal et al., 2023), leading to a substantial
carbon footprint. The production of SS from sand or quartz
in a furnace is similar to the production of glass and results
in silica of inferior purity as depicted by the equation below
(Todkar et al., 2016):

Na,CO3; + nSi = Na,0.nSiO, + H,0. (M

The cost of alkaline activators poses a challenge to the
widespread adoption of GPC, which could potentially be
mitigated by developing an in-house sodium silicate (IHS)
using locally available siliceous materials.

This study aimed to develop an IHS using a hydro-
thermal method, which involves dissolving silica sources
at 80 °C. Two silica-based materials, namely rice husk ash
(RHA) and treated palm oil fuel ash (TPOFA), were utilized
for the extraction of IHS. RHA, an agricultural residue from
rice processing mills, is known for its high content of re-
active amorphous silica. Rice husk, constituting one-third
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of the mass of a rice grain, is a significant crop residue
projected to exceed 150 million tons, given that 1 kg of
rice milling produces 0.28 kg of rice husk (Siddika et al,
2021). Conversely, TPOFA was chosen due to the significant
concern over palm wastes in Malaysia, which is the second-
largest palm oil-producing country globally, after Indone-
sia. Malaysia has over 3.1 million hectares of oil palm trees,
resulting in the production of approximately 9 million tons
of crude oil. This production process leads to the creation
of POFA as a by-product from oil palm shells and oil palm
bunches (Tambichik et al., 2018). POFA was further pro-
cessed for utilization in the form of TPOFA.

The alkaline activator employed in this investigation
was a combination of SS and 10M Sodium hydroxide
(NaOH). The mixture proportions and stirring durations
for the RHA and TPOFA-based IHS are detailed in Table 4,
considering the chemical compositions identified through
X-Ray Fluorescence (XRF) analysis, as illustrated in Table 3.

The tests conducted on CA included the aggregate
impact test (AIT) (British Standards Institution [BSI], 1990),
bulk density test (ASTM International, 1997), and specific
gravity tests (ASTM International, 2024). The binders un-
derwent laser granulometry test to identify the particle
size distribution and FA specifically was confirmed of its
pozzolanic property (ASTM International, 2019); the RHA
and TPOFA-based IHS were tested for the density, XRF, and
viscosity tests. On the other hand, the GPC specimens were
tested for compressive strength, porosity test, infiltration
test, microstructural analysis, and light reflectivity test.

In this study, a new method for enhancing the strength
of GPC specimens, termed ‘Hybrid SS', was developed. Hy-
brid SS involved the mixing of commercial SS and TPOFA-
based IHS (50:50 ratio) with 1T0M NaOH for GPC casting.
This approach was adopted as the use of TPOFA-based
IHS alone led to the formation of brittle GPC specimens.
The potential of Hybrid SS and RHA-based IHS for further
enhancement in sustainable geopolymer concrete is high-
lighted. The study investigates the utilization of unfiltered
and ungelated IHS in the casting process, a method that
not only reduces waste generation but also cuts costs and
enhances the value of agro-industrial by-products.

2. Materials and methods

2.1. Materials
2.1.1. Binders

The binders, class F-FA and GGBS, both obtained from lo-
cal suppliers, were employed in this research. Figure 1 de-
picts the particle size distribution of FA and GGBS. FA is
a by-product of pulverized coal that is introduced into a
fire furnace in a thermal power plant (Patankar et al., 2015)
and is rich in alumina oxide (Al,0O3) and silica oxide (SiO,)
(Kaur et al.,, 2018). Despite an annual production of around
780 million tons of FA, only a small percentage, ranging
from 17 to 20%, is currently being used (Patankar et al.,
2015). Class F FA was chosen for its low calcium content
but high levels of aluminum and silicon oxides, which in-

110
100 + GGBS

90 + —— FA
80 T
70 T+
60 T
50 +
40 T
30 +

Cumulative Passing (%)

20 1+
10 +

0.01 0.1 1 10 100 1000
Particle Size (um)

Figure 1. Particle size distribution of FA and GGBS

teract with an alkaline solution to form geopolymer paste
(Lloyd & Rangan, 2010). The FA used in this study met
the requirements of ASTM C618-19 (ASTM International,
2019).

GGBS, a by-product of steel and iron production, is
generated by the fusion of limestone, iron ore, and coke
to produce molten iron and slag. GGBS, is also referred
as 'slag cement’ (Suresh & Nagaraju, 2015), comprises a
significant proportion of amorphous calcium, silica, and
alumina. The rapid solidification of molten slags through
high-pressure water jets results in the production of GGBS
(Ahmad et al., 2022).

2.1.2. Aggregates

Steel slag aggregate (SSA) and crushed granite aggregate
(CGA) with a size range of 10-19 mm were employed in
the fabrication of GPC specimens. SSA is considered an
industrial by-product, while CGA is classified as natural ag-
gregate. CA was substituted with PKS-BC, a processed ag-
gregate. According to BS 812-112 (BSI, 1990), the aggre-
gate impact values for SSA and CGA were 4.49 and 7.41,
respectively. Both are classified as exceptionally strong.
SSA demonstrated 65% higher toughness than CGA. Ta-
ble 1 presents the relative density and absorption values of
the three types of CA utilized in the GPC, following ASTM
C127 (ASTM International, 2024).

From Table 1, PKS-BC demonstrated the highest ab-
sorption value, followed by SSA and CGA. The notable ab-
sorption capability of the material can be attributed to its
molecular structure, morphology, and large surface area
(Piccolo et al., 2021).

Table 1. Relative density (Specific Gravity) and absorption of CA

Agcg(])raer;:te Relative density Tjeelr??i:; Absorption
CA) (Saturated-Surface-Dry) (Oven-Dry) (%)
SSA 3.10 3.03 1.54
CGA 2.60 244 0.53
PKS-BC 1.49 1.30 12.03
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Table 2. The bulk density (ASTM C29) and the effective porosity of CA

Types of CA Bu(ll;gcjt;:wgs;lty Void content (%) Speaflc( oil)eld Sy Spec;f;)’r?;t/sntlon Effec(té\;eer;Jr;osny
SSA 2037.20 32.63 39.86 6.13 45.99
CGA 1626.70 33.20 38.00 2.82 40.82
PKS-BC 528.10 59.30 44.54 10.66 55.20
The bulk density is a crucial indicator of the distribu- Table 3. The chemical composition of RHA and TPOFA

tion of aggregates and voids within the aggregates. From Chemical composition RHA TPOA
Table 2, SSA demonstrates the highest bulk density, fol-

lowed by CGA, and then PKS-BC. The void content of PKS- S0, 90.10 59.80
BCis 81.73% and 78.61% higher than SSA and CGA respec- A0, 048 1.28
tively. Although the void content of CGA is higher than SSA Ca0 1.75 9.16
by 1.75%, the effective porosity of SSA is 12.67% higher Fe,05 0.95 5.28
compared to CGA PKS-BC, which exhibited the highest K,O 333 14.20
void content, showed 20.03% and 35.23% higher effective SO, 0.37 1.20
porosity than SSA and CGA, respectively. In terms of wa- MgO 031 266
ter retention ability denoted as S, PKS-BC retains 73.90% P,Os 214 550

and 278.01% more water compared to SSA and CGA, re-
spectively. All three types of CA demonstrated a superior
ability to release water from their saturated state through
gravitational drainage denoted as Sy; 550.24%, 1247.52%,
and 317.83% for SSA, CGA, and PKS-BC, respectively, when
compared with their respective S, values. The relationship
between S, and S, indicates that not all porous spaces in
porous materials are effective in holding liquid or allowing
liquid to flow (Montes et al., 2005).

7 N

Oven dried at 105°C

2.1.3. Alkaline activators

This research utilized three types of alkaline activators. The @
first type involved a mixture of commercial SS and 10M

NaOH. The specific gravity values for commercial SS and BN

NaOH were 1.67 and 1.33, respectively. The chemical com-
position of commercial SS included Na,O (14.7%), SiO,
(29.4%), and water (55.9%), with a silica modulus (M) of
2. Matinfar and Nychka (2023) noted that commercial SS
typically exhibit M values ranging from 1.6 to 3.75, with
silica concentrations typically falling between 25-35 wt%.
The second activator type examined in this study was a
combination of RHA-based IHS with T0M NaOH. Lastly,
the research explored the use of a Hybrid SS activator Ground POFA
consisting of 50% commercial SS and 50% TPOFA-based
IHS with 10M NaOH. The content of Na,O in 10M NaOH
is approximately 15% by mass and the purchased NaOH
powder was diluted cautiously in the lab. The chemical
composition of raw RHA/TPOFA was determined through
XRF analysis, and the findings are detailed in Table 3.

For the preparation of finer-sized POFA, the following
methods were conducted as demonstrated in Figure 2.
POFA was oven-dried at 105 °C for 24 hours, sieved using
a 300-micron IS sieve, and were placed in the Los Angeles
machine to guarantee 60,000 cycles. RHA was procured in
the powdered form and then ground to finer size in the Los Grinding of POFA in Los Angeles machine
Angeles machine for 60,000 cycles too. to guarantee 60,000 cycles

The POFA underwent additional treatment in a fur-
nace at 500 °C for 2 hours to eliminate any residual car-
bon, resulting in the formation of treated POFA (TPOFA). Figure 2. Procedure of preparing finer POFA

(X

Weighing of sieved POFA
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Subsequently, the isolation of IHS was carried out at 80 °C
using a hydrothermal method with the help of a hot plate
and stirrer. Hydrothermal method is known for its effica-
cy in extracting SS from industrial by-products (Alnahhal
et al., 2023). At high temperatures, it promotes Brownian
motion and depolymerization of silicate species although
the gelation of base-catalyzed gel is less prominent than
acid-catalyzed gels (Matinfar & Nychka, 2023). TPOFA,
possessing a greater overall surface area, was selected over
POFA to enhance the interaction between FA particles and
the alkali activators (Hadi et al.,, 2018). The stirring was set
for 2 and 4 hours for RHA and TPOFA-based mixture to
yield respective IHS. After which, the attained IHS of both
types, were let to cool down before it was mixed with 10M
NaOH for casting of GPC.

The Hybrid SS synthesis was necessitated by the limita-
tions in achieving adequate strength when POFA was used
directly as SS in GPC. Consequently, TPOFA, known for its
higher surface area than POFA was employed for the IHS
extraction using hydrothermal method as depicted in Fig-
ure 3. A Hybrid SS approach was devised utilizing TPOFA,
where a blend of 50% commercial SS and 50% TPOFA-
based IHS underwent a reaction with 1T0M NaOH during
casting. This method plays a crucial role in reducing the
dependency on commercial SS.

The IHS extracted from RHA and TPOFA was subjected
to chemical composition analysis using XRF, density test-
ing using an electronic balance, and viscosity testing using
an NDJ Digital Brookfield Rotational Viscometer. Rotor size
4 (#4) was employed in the viscometer, operating at 30
rpm for the viscosity test. The chemical composition of raw
materials and IHS extracted from RHA and TPOFA was ana-
lyzed using XRF spectroscopy. For XRF test, the extracted
IHS from RHA and TPOFA was oven-dried at 60 °C for 24
hours. Subsequently, the dried specimens were cooled,
ground, and sieved to a particle size below 63 microns.
To enhance the precision of the XRF test, pelletization of
sample was done by compressing 8g of dried, powdered
IHS under force to form pellets as depicted in Figure 4. XRF
analysis was performed under vacuum conditions to miti-
gate the influence of helium gas on the pelletized speci-
men and improve the accuracy of the results (Bran-Anleu
et al, 2018).

From Table 4, the density of commercial SS was 11.33%,
7.46%, and 3.60% higher than the density of RHA-based
IHS, TPOFA-based IHS and Hybrid SS, respectively. The
viscosity of commercial SS was found to be 5975.84%,
1811.26%, and 1364.36% higher than RHA-based IHS,
TPOFA-based IHS, and Hybrid SS respectively. The viscos-
ity of Hybrid SS is 314.91% and 30.52% higher than TPO-
FA-based IHS and RHA-based IHS, respectively. Addition-
ally, TPOFA-based IHS exhibits a viscosity that is 217.90%
higher than RHA-based IHS. The result is attributed to the
mixing proportions and stirring conditions applied during
the hydrothermal extraction of RHA and TPOFA as the vis-
cosity increases monotonously with the concentration of
the solution (Yang et al., 2008).

Figure 3. Extraction of IHS using hydrothermal method

Figure 4. Pelletization of samples

It is imperative to identify the dissolved silica from these
materials as geopolymerisation rely on the amount of dis-
solved oxides (Alnahhal et al., 2023). From Table 5, 22.30%
of the 90.1% SiO, in RHA and 13.46% of the 59.80% SiO,
in TPOFA dissolved when mixed with NaOH and water. The
result demonstrates that NaOH: RHA: H,O (1:1.4:2.7) ratio
yields 35.27% more SiO, than NaOH: TPOFA: H,O (1:4.5:
1.5) ratio. The RHA and TPOFA-based IHS exhibits M, of
5.51 and 2.99, respectively. The M of RHA-based IHS is
84.28% higher than TPOFA-based IHS. M is vital as at con-
stant Na,O, the compressive strength of geopolymer in-
creases with an increasing amount of SiO, (Yadollahi et al.,
2015). The chloride present was recorded negligible. Since
chlorine-related-corrosion repair costs more compared to
the combined cost of treating heart disease and cancer
(Bran-Anleu et al., 2018), the absence of chloride in ex-
tracted IHS from RHA and TPOFA depicted positive results.

From Table 5, apart from SiO, and Na,O, other oxides
were identified during the extraction of IHS, as reported by
Alnahhal et al. (2023). The proportions of Na,0O, SiO, and
others in commercial SS, RHA-based IHS, TPOFA-based
IHS, and Hybrid SS are depicted in Figure 5.
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Table 4. Preparatory details of IHS and the viscosity of SS

Types of SS Colour Mix contents Hours of stirring | Density (kg/m3) | Average Torque (%) | Viscosity (mPa.s)
Commercial Clear N/A N/A 1670 94.20 18329.00
SS
RHA-based Black NaOH: RHA: H,0 1500 1.57 301.67
IHS (1:1.4:2.7)
TPOFA- Brownish NaOH: TPOFA: 1554 4.90 959.00
based IHS H,O
(1:4.5:1.5)
Hybrid SS Brownish Commercial SS: N/A 1612 6.13 1251.67
TPOFA-based IHS (50:50)

Table 5. XRF results of extracted IHS from RHA and TPOFA

Chemical composition | RHA-based IHS | TPOFA-based IHS
Sio, 70.00 51.75
Al,O5 0.80 3.65
Ca0 2.00 5.92
Fe,03 1.00 3.24
K,O 1.50 9.04
SO, 0.20 0.83
MgO 0.15 3.73
P,05 1.20 342
Na,O 12.70 17.32
cl 0.30 0.50

Commercial SS

[ Nay0 [ sio,

RHA-based IHS

[ Others

TPOFA-based IHS

Figure 5. The proportion of Na,O, SiO, and others in
commercial SS, RHA-based IHS, and TPOFA-based IHS

2.2. Batching, casting, and curing
procedure of GPC

Three types of SS (commercial SS, RHA-based IHS, Hybrid
SS) with varying proportions of PKS-BC into GPC speci-
mens were incorporated, along with two types of CA (SSA
and CGA). The ratios of FA: GGBS and aggregate: binder
were maintained at 0.7:0.3 and 7:1, respectively as depict-
ed in Tables 6 and 7. The ratio of SS:10M NaOH was at
2.5 for all mixes. The mix design was established through
weight batching to enhance accuracy and consistency
(Olusola et al,, 2012).

During the mixing process, the binders and their cor-
responding CA were initially mixed in a rotary-drum mixer.
Subsequently, alkali activators were added and mixed for
five minutes to ensure homogeneity. The aggregates em-
ployed were in SSD state to avoid water absorption from
the concrete mixture during the casting phase (Lloyd &
Rangan, 2010). The casting procedure is depicted in Fig-
ure 6.

2.3. Testing methods

2.3.1. Compressive strength test

An average of three 100-mm cubes were tested for com-
pressive strength test on days 1-,7-, and 28-day complying
with BS EN 12390-3 (BSI, 2019).
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Table 6. Notations used to represent the GPC specimens

Types of SS Percentage of CA replaced with PKS-BC (%) Types of CA Designation
Commercial SS 0 Steel Slag Aggregate (SSA) C-SSA (O)
1 1% BC-SSA (C)
3 3% BC-SSA (C)
5 5% BC-SSA (Q)
10 10% BC-SSA (C)
Commercial SS 0 Crushed Granite Aggregate (CGA) | C-CGA (C)
1 1% BC-CGA (C)
3 3% BC-CGA (Q)
5 5% BC-CGA (Q)
RHA-based IHS 0 Steel Slag Aggregate (SSA) C-SSA (R)
1 1% BC-SSA (R)
5 5% BC-SSA (R)
RHA-based IHS 0 Crushed Granite Aggregate (CGA) | C-CGA (R)
1 1% BC-CGA (R)
5 5% BC-CGA (R)
Hybrid SS 0 Steel Slag Aggregate (SSA) C-SSA (H)
(50% commercial SS + 50% 1 1% BC-SSA (H)
TPOFA-based IHS) 5 5% BC-SSA (H)
Hybrid SS 0 Crushed Granite Aggregate (CGA) | C-CGA (H)
(50% commercial SS + 50% 1 1% BC-CGA (H)
TPOFA-based IHS) 5 5% BC-CGA (H)

Table 7. Mix design to fabricate the GPC specimens in terms of kg/m?3

Material content (kg/m3)
Types of specimens

CA FA GGBS NaOH Commercial SS IHS
SSA (Commercial SS) 2369.01 236.90 101.53 4835 120.87 N/A
CGA (Commercial SS) 2065.47 206.55 88.52 42.15 105.38 N/A
SSA (RHA-based IHS) 2369.01 236.90 101.53 4835 N/A 120.87
CGA (RHA-based IHS) 2369.01 236.90 101.53 48.35 N/A 120.87
SSA (Hybrid SS) 2354.86 235.49 100.92 48.06 60.07 60.07
CGA (Hybrid SS) 2054.70 20547 88.06 41.93 52.42 52.42

Mixing of 10M NaOH
with SS/IHS

Weighed the materials
for casting

Mixed the dry materials

until homogenous and

then the wet materials
in the rotary mixer

Cast the GPC quickly into
molds and let it
ambient cure for 24 hours
before demolded

Figure 6. Casting procedure of GPC

2.3.2. Porosity test

Porosity test was assessed using the average values of two
cylindrical specimens measuring 100 x 200 mm on day 28,
complying with ASTM C1754 (ASTM International, 2021).

2.3.3. Infiltration rate test

The infiltration rate test was performed in situ on the hard-
ened GPC by following the guidelines outlined in ASTM

C1701 (ASTM International, 2023) on day 28. A perme-
able paver, measuring 400 x 400 x 50 mm, was studied
for infiltration property of the GPC specimen by placing
a 300 mm circular ring at the center of the specimen. A
standard 300-mm-diameter single-ring was chosen as it
has similar results to a more involved double-ring embed-
ded infiltration test. The ring was secured on the GPC sur-
face to prevent lateral leakage during the infiltration test
as depicted in Figure 7.
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Figure 7. Infiltration test on GPC paver

2.3.4. Microstructural test

For the microstructural analysis, the samples were ground
and sieved for FESEM-EDX, XRD and XRF analysis.

2.3.5. Ultra-violet (UV)-2600 spectrophotometer test

Urban Heat Island (UHI) impacts the environment nega-
tively; however, measuring the albedo of pavement is dif-
ficult as it depends on the size of the specimen, variation
in the solar input, and background interference (Sen et al,
2019). Thus, a spectroscopy test was conducted using a
UV-2600 spectrophotometer as depicted in Figure 8, to
understand the light reflectance of the powdered speci-
mens.

Figure 8. UV-2600 spectrophotometer
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3. Results and discussion

3.1. Compressive strength result

The compressive strength test results of all tested speci-
mens are shown in Figure 9. These results are within the
requirement of 2.8 to 28 MPa as recommended by the
ACl Committee 522 (2023). The presence of pozzolanic
materials like FA which consist of active SiO, and Al,O3
encourages the formation of calcium aluminate silicate
hydrate (C-A-S-H) and sodium aluminate silicate hydrate
(N-A-S-H) which densifies the matrix and results in higher
strength and better durability (Fanghui et al., 2015).

3.1.1. Effect of the different types of CA on the
compressive strength of GPC

From Figure 9, the compressive strength of SSA-based
GPC specimens is relatively higher than the CGA-based
GPC samples for all types of GPC specimens. This finding
is attributed to the higher toughness and shape of SSA
compared to CGA, proven through the AIT result.

3.1.2. Effect of RHA-based IHS on the compressive
strength of GPC

Based on the test results as shown in Figure 9, the 28-day
compressive strength of GPC prepared using RHA-based
IHS increased by 17.20% and 2.75% for 1% BC, and 5%
BC compared to the commercial SS-based GPC; in con-
trast, the CGA-based GPC had a significant increase in
the strength with an increment of 73.05%, 62.34%, and
43.27%, respectively for C, 1% BC and 5% BC compared to
the commercial SS- based GPC. The positive result could
be attributed to the 138.10% higher SiO, in RHA-based
IHS than commercial SS. The high amount of silica in the
RHA tends to improve the compressive strength and re-
duce the expansions caused by alkali-silica reaction (ASR)
although it was highlighted that this mitigation is influ-
enced by the rice husk particle size (Khan et al., 2020). The
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Figure 9. Compressive strength test results on 1-, 7-, and 28-day
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RHA-based IHS specimens showed better strength than
commercial SS-based specimens.

3.1.3. Effect of Hybrid SS on the
compressive strength of GPC

It can be seen from Figure 9, that the 28-day compressive
strength for Hybrid SS-based GPC specimens using SSA
were found higher by 27.91%, 54.17%, and 18.05% com-
pared to commercial SS-based GPC of C, 1% BC, and 5%
BC, respectively. Furthermore, the Hybrid SS-based GPC
specimens with CGA increased by 80.21%, 46.88% and
46.93% in comparison to commercial SS-based GPC of C,
1% BC and 5% BC, respectively. The average strength de-
velopment in Hybrid SS-based GPC specimen was found
to be relatively higher than commercial SS and RHA-based
GPC.

In Hybrid SS-based GPC specimens, the strength is
assumed to be developed from commercial SS and TPO-
FA-based IHS. NaOH ions can dissociate commercial SS
quickly and form quick bonding between SiO, and Al,O3
species according to Alnahhal et al. (2023). The ease of Si
dissolution takes place in an environment with higher pH
(Nguyen, 2021) but depends on the Si content of the mate-
rial too. TPOFA-based IHS possess high M and Si content
which elevates the strength in GPC specimens. The high
strength in GPC from Hybrid SS is attributed to the con-
tribution of two sources of SS: commercial SS and TPOFA-
based IHS.

3.1.4. Effect of PKS-BC on the
compressive strength of GPC

The increment of compressive strength across the GPC
specimens as the PKS-BC content increased, suggested
that PKS-BC contributed to the strength development
apart from the pozzolans. The trend is depicted in Figure 9.

R. R. Lazarus et al. Exploring the use of in-house sodium silicate from agro-industrial by-products in pervious geopolymer concrete

The strength improved until when CA was substituted by
5%wt of PKS-BC in GPC, beyond which the organic matter
(OM) appeared deleterious as demonstrated by 10% BC-
SSA (C). The observed increase in compressive strength in
the research can be ascribed to the filler effect of PKS-BC
in the GPC, as indicated by Piccolo et al. (2021). A nota-
ble reduction in strength was noted when more than 5%
BC was incorporated into the commercial SS-based GPC
with SSA. This decrease could be linked to the aggregation
effect or the potential creation of local voids along and
around the interfacial zone of the concrete, as discussed
by Qin et al. (2021). The structure and brittleness of carbo-
naceous particles, as emphasized by Tan et al. (2022), play
a role in this phenomenon. The study’s results indicate a
critical threshold at which PKS-BC can enhance the GPC's
increment; however, surpassing this limit may have an ad-
verse impact on concrete.

Overall, the commercial SS and RHA-based specimens
depicted quick strength development while Hybrid SS-
based specimens depicted a stable strength development
over the days when CA was replaced with PKS-BC up to 5%
by weight, as depicted in Figure 9. RHA-based IHS showed
a positive increment then commercial SS-based GPC speci-
mens due to its rich silica content. Hybrid SS-based GPC
specimens had positive and negative increments than
commercial SS-based GPC specimens due to the weak
pozzolanic property of TPOFA-based IHS incorporated in
the Hybrid SS, amidst possessing better M, than commer-
cial SS.

3.2. Porosity test result

From Figure 10, it can be observed that the porosity as
per ASTM C1754 (ASTM International, 2021), falls within
the range of 33-47%. As the content of PKS-BC increases
across the samples made of the same SS and CA, the po-
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rosity tend to decrease minimally overall. This is because,
although BC is known for its ability to absorb water up to
six times its weight, it exhibits lower open porosity and
fills up pores as fillers when incorporated into geopoly-
mers (Piccolo et al., 2021). On the other hand, Gupta et al.
(2020) stated that water absorption by BC occurs only dur-
ing the casting stage. This clarifies why BC being a porous
matter, having a higher absorption value compared to SSA
and CGA, does not seem to increase the porosity value in
the samples.

3.3. Infiltration rate test results

The determination of infiltration rates in PC and pervious
pavement systems is crucial for predicting the drainage
performance of the system (Lederle et al., 2020). The in-
filtration capacity of GPC is influenced by factors such as
aggregate size and mixture density (Obla, 2010), while the
relationship between flowability and porosity is depend-
ent on the distribution of pore sizes (Yazdani & Singh,
2013). In PC, the infiltration rate typically falls within the
range of 0.001 to 0.012 m/s (Lederle et al., 2020; da Costa
et al,, 2021). However, deviations from this range, as illus-
trated in Figure 11, can be attributed to the use of larger-
sized CA in GPC specimens, which create larger infiltration
pathways. Ahmed and Hoque (2020) have shown that em-
ploying larger-sized aggregates leads to increased voids,
higher porosity, and improved water flow within the con-
crete matrix. A clean, unobstructed surface facilitates high
infiltration rates, with vertical water movement observed
without any lateral seepage through the GPC.

Figure 11 illustrates the minimal difference in infiltra-
tion rate outcomes among different GPC specimens. The

(74°)

results suggest that infiltration rates remained relatively
consistent across various types of GPC specimens, pre-
dominantly ranging from 0.022 to 0.028 m/s. This indicates
that the replacement of CA with PKS-BC did not signifi-
cantly impede water infiltration. As highlighted by Tan et al.
(2022), when small voids become saturated with water,
larger inter-aggregate gaps act as the primary pathways
for water absorption. This suggests that the inclusion of
BC does not notably impact the secondary water absorp-
tion rate of PC or modify the infiltration characteristics of
concrete. Therefore, it is apparent that the incorporation
of PKS-BC did not exhibit any noticeable influence on the
porosity or infiltration properties.

The absence of fine aggregates in the concrete led to
empty spaces within the solidified structure, which enabled
water to percolate rapidly through the concrete mixture
(Luck et al., 2006) as shown in Figure 12. The larger voids,
influenced by the CA size in this research, encouraged
quicker infiltration.

Figure 12. Infiltration test of GPC
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Figure 11. The infiltration test result as per ASTM C1701 (ASTM International, 2023)
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3.4. Microstructural tests
3.4.1. FESEM-EDX test

The morphology exhibits the presence of PKS-BC, identi-
fiable by its structure characterized by abundant fibrous
macropores. Suman et al. (2017) observed distinct sur-
face morphologies resulting from different feedstocks,
with various types of BC showing differences. The black
and white surfaces correspond to solid surfaces and void
spaces, respectively. Pyrolyzed and unpyrolyzed BC dis-
play noticeable differences in macropores, as illustrated
in Figure 13.

Figure 14 illustrates that both C-SSA (C) and 5% BC-
SSA (C) comprised some untreated FA particles. Unreacted
FA particles lead to an increased void content and results in
weaker compressive strength (Alnahhal et al., 2022).

a) Original PKS
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]

R AR
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)
10.0um

)
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Figure 15 indicates the spongy structures of PKS-BC
under different magnifications. PKS-BC depicts macro-
pores, providing free spaces for air (Satriawan et al., 2021).
Concrete particles can be seen filling up the pore spaces.
This is because pyrolyzed BC provides a higher surface area
for bonding to take place (Leng et al., 2021), yielding a bet-
ter compressive strength in GPC as can be observed in Fig-
ure 9. The higher the PKS-BC content in all types of GPC
samples (up to 5%wt substitution of CA with PKS-BC), the
higher is the compressive strength test result.

From Table 8, carbon comprised the highest proportion
of PKS-BC with a whopping 90.47% when selected spots
from EDX images were analyzed, as shown in Figure 16.
The content of Si is relatively low in PKS-BC at 0.6%, as
according to Nguyen (2021), Si is subjected to dehydra-
tion, volatilization, condensation, slagging, and crystalliza-

b) Pyrolysed PKS

» 7 e
Macrepores

3mm x5.00k SE(L)

Figure 14. FESEM result: a — C-SSA (C); b — 5% BC-SSA (C) specimen
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tion under pyrolysis. All elemental composition increased
in 5% BC-SSA (C) when compared with PKS-BC, except for
C content. The doubled content of elements like Na, Al, Si,
Ca, and K in 5% BC-SSA (C) from PKS-BC could be attrib-
uted to the formation of C-A-S-H and N-A-S gels during
geopolymerization of GPC specimens. FA and GGBS tend

to accelerate the formation of geopolymerisation to form
N-A-S-H and C-A-S-H gels which form bonding between
unreacted binder particles with polymer particles, filling
the voids and yielding in dense microstructure (Liu et al,
2024). Thus, FA and GGBS in the presence of PKS-BC yields
in higher compressive strength as depicted in Figure 9.

Table 8. Average elemental composition of PKS-BC, C-SSA (C), and 5% BC-SSA (C) under FESEM-EDX analysis

Elements @ (0] Si Ca Al K Fe Na
Average atomic content (%) | PKS-BC 90.47 8.22 0.60 0.35 0.14 0.09 0.04 0.04
5% BC-SSA (C) | 58.66 28. 47 5.18 1.12 472 0.25 0.40 1.17

b
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Figure 15. FESEM images of PKS-BC at i) 2k, ii) 5k, and iii) 20k magnifications

Figure 16. Chosen spots on EDX images for elemental composition: a — PKS-BC; b and ¢ — 5% BC SSA (C)



3.4.2. X-Ray Diffraction (XRD) analysis

Figure 17 shows the XRD result of commercial SS, RHA-
based, and Hybrid SS-based GPC specimens. The major
crystalline peaks such as Quartz (SiO,) accompanied with
geopolymer gel of N-A-S of analcime minerals were ob-
served at diffraction angles 26 of 26.64° and 26.65°, re-
spectively. The presence of quartz in XRD results reflects
the mineralogical composition of the sample and provides
insights into the geological characteristics of the material
(Millogo et al., 2008). The existence of these compounds
was analyzed by using High Score Plus software version
3 and the pattern match was 100%. The major crystalline
peaks and their characteristics are illustrated in Table 9.
The presence of calcium carbonate crystal, calcite (CC) was
observed at 20 of 29.39° in all the specimens. In this study,
due to the pervious nature of GPC, it could be perceived
that the absorption of CO, from the atmosphere and reac-
tion with CaO in GGBS and FA formed the calcite (CC) crys-
tal. Besides, the interaction of the carbonaceous minerals
and PKS-BC yields in carbonate minerals like Calcite too
(Kong et al., 2019). The intensity of CC crystal was higher in
Hybrid SS-based GPC than in specimens with RHA-based
IHS. Replacing CA with PKS-BC at 1% and 5% in specimens
enhanced the 28-day compressive strength due to the cor-
responding improvement in GPC strength governed by the
product of N-A-S gel in XRD plot of 1% BC and 5% BC for
specimens with RHA-based IHS.
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Figure 17. XRD analysis of GPC

Table 9. Major crystalline peaks and their characteristics

S. Compounds Chemical Crystal COD
No formula structure database
1 | Quartz Sio, Hexagonal 9013321
2 | Analcime N-A-S Orthorhombic 9004013
3 [Calcite CaCOy Hexagonal 9009667
4 [ Wuestite FeO Cubic 1011168
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To deduce, control GPC specimens activated by com-
mercial SS rather than IHS solution observed a lower inten-
sity of CC, and CO, among all the mixes, which signified the
absence of unreacted alkalis (NaOH and SS). By increasing
the PKS-BC replacement level from 1% to 5%, the peak in-
tensity of quartz (Q) and N-A-S gel gets reduced which
indicates the enhanced polymerization reaction.

3.5. UV-2600 spectrophotometer result

The reflectance (%) analyzed using UV-2600 Spectropho-
tometer of selected specimens with varying content of
PKS-BC and different types of SS are discussed in this sec-
tion. The standard specimen kept in the cuvette prior to
specimen testing was Barium Suphate (BaSO,), served as
the constant, which is crucial for data comparison. BaSO,
is selected as the standard reference material due to its
cost-effectiveness, high reflectivity, and consistent proper-
ties (Poh et al., 2019). A range of 200-800 nm wavelength
was chosen for this test as 800 nm wavelength is optimal
to measure the absorbance (Wang et al., 2017) and the hu-
man eyes can only perceive visible light ranging between
400-700 nm (Fan et al., 2022).

Figures 18 and 19 illustrate the light reflectance (%) of
ground and sieved GPC specimens. The result is influenced
by their respective refractive indices and color of the par-
ticles. The highlighted red bands in the graphs indicate the
closeness towards the BaSO,, the constant.

Since 63-micron-sized powder was used to test for light
reflectivity, the overall reflectivity of GPC specimen was not
detected in this study except for the fines present in the
powder. The test results indicate that the powdered PKS-BC
exhibited the lowest reflectivity (%) due to their dark color.
Powdered GPC specimens, however demonstrated higher
reflectivity than PKS-BC. The reflectance values of the GPC
specimens ranged from 71% to 99.3% for RHA and Hybrid
SS-based GPC across the 400-700 nm wavelengths, as il-
lustrated in Table 10. The high reflectivity of the powdered
species can be attributed to the light-colored binder used
namely the GGBS.

110
100
90
80 1
70 1
60 1

Reflectance (%)

SNISB NI RIS R AN ARSETSRRRE
NONNNNMOmM M TSI TN WNINDINO OoWORNNMNRK

Wavelength (nm)

——— Constant —— C-CGA(R)
—— C-SSA(R) 1% BC-CGA (R)
—— 1%BC-SSA(R) —— 5% BC-CGA (R)
—— 5%BC-SSA(R) = PKS-BC

Figure 18. Reflectivity of powdered GPC with RHA-based HIS
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Table 10. Reflectance (%) of specimens

Reflectance of powder specimen from RHA based GPC
RHA based GPC C-SSA (R) 1% BC-SSA (R) 5% BC-SSA (R) C-CGA (R) 1% BC-CGA (R) 5% BC-CGA (R)
400 nm 79.61 76.68 85.05 79.20 83.37 83.57
700 nm 99.07 98.24 97.30 98.23 98.03 96.33
Reflectance of powder specimen from Hybrid SS based GPC
Hybrid SS C-SSA (H) 1% BC-SSA (H) 5% BC-SSA (H) C-CGA (H) 1% BC-CGA (H) 5% BC-CGA (H)
400 nm 79.00 77.61 78.04 71.85 73.42 81.02
700 nm 99.21 98.19 96.71 98.60 97.60 96.64

Reflectance (%)

Wavelength (nm)

Constant —— C-CGA(H)

css —— 1%BC-CGA (H)
—— 1%BCSSA(H) —— 5% BC-CGA (H)
—— 5%BC.SSA(H) —— PKS-BC

Figure 19. Reflectivity of powdered GPC with Hybrid SS

Commonly, light-colored concrete is known to have
superior solar reflectivity, contributing to a brighter en-
vironment (Sweeney et al, 2011). Additionally, brighter
concrete enhances visibility, particularly at night, result-
ing in a potential 30% reduction in lighting requirements
(Sweeney et al.,, 2011). Mallick et al. (2015) illustrated that
a decrease in pavement temperature extended the pave-
ment’s lifespan by 3-4 times. This research underscores
the rationale for incorporating bright-colored GGBS in the
study. According to Sanjuan et al. (2021), concrete pave-
ments generally demonstrate higher reflectivity levels than
asphalt pavements.

4. Conclusions

In the making of sustainable GPC, three types of aggre-
gates were employed, including conventional CGA, steel-
based SSA, and pyrolyzed PKS-BC. PKS-BC was used as a
replacement for SSA and CGA in this study. FA and GGBS,
were used as binders in the GPC. Additionally, RHA and
TPOFA were used as alternative silicate sources in the de-
velopment of SS. A hydrothermal technique was applied
in this study to extract IHS from RHA and TPOFA at 80 °C,
facilitating the dissociation of Si-O-Si bonds by NaOH
ions. The innovative aspect of this study is the develop-
ment of a Hybrid SS that combines 50% commercial SS
with 50% TPOFA-based IHS. The application aspect of this

study will be as pavement for pedestrian walkways as PC
possess lower compressive strength when compared with
conventional concrete.

Based on the research, the following conclusions have
been drawn:

= The hydrothermal method is viable for extracting so-
dium silicate from RHA and TPOFA.
The strength of GPC directly depended on the mix
proportions of Na,O, H,O, and RHA/TPOFA, and the
stirring duration to extract SS.
RHA-based IHS yielded a better compressive strength
compared to the TPOFA-based IHS due to the high
content of silica, allowing more silica dissolution by
the NaOH ions. Thus, the Hybrid SS using commer-
cial SS and TPOFA was synthesized to improve the
compressive strength in the GPC specimen.
= The compressive strength of the GPC specimens pre-
pared using Hybrid SS was found to be at par with
the specimens of commercial SS and RHA based HIS.
The type of CA had influence on the compressive
strength in the GPC. SSA-based specimens depicted
higher compressive strength compared to CGA-
based PC due to the higher toughness, shape, and
bond between the paste and the SSA.
= The incorporation of PKS-BC up to a threshold
level of 5% in GPC promotes a better compressive
strength as it acts as a filler and possesses high sta-
bility in structure with its higher surface area due to
its spongy structure.
The light reflectivity of the powder of GPC speci-
mens was greater than powder of PKS-BC; the high
reflectivity of the ground GPC powder is attributed
to the fine-sized binders that scatter the light rays
in various directions. In addition, the white coloured
GGBS has an influence on the reflectance.
For the future work:
= Mechanical test results beyond 28 days can be car-
ried out as geopolymer concrete may exhibit varying
behaviour over longer period.
The ratio which requires lesser usage of NaOH in
the preparation of IHS can be further experimented.
The bond strength of GPC with commercial SS vs IHS
can be further studied.
The quantification of carbon and environmental
footprint can be studied.
= The abrasion resistance of the GPC samples can be

measured.
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