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Abstract

This paper presents the effect of size reduction of palm oil fuel ash (POFA) in the nanoscale to improve the mor-

tar strength. In this work, three different particle sizes of POFA prepared using the LA abrasion machine were used

as a cement replacement. The physical and chemical properties, mineralogy, and morphology of all POFA speci-

mens were studied. The effect of size reduction on the pozzolanic reactivity of POFA is also studied. The mortar mix
design that contained micro and nano POFA was prepared and evaluated for its compressive and flexural proper-

ties at the ages of 7, 28, 56, and 90 days. Response surface methodology was used to evaluate the relationship
between the factors (cement replacement) and responses (compressive and flexural strength), aiming to find the best
mix design. The grinding method in this work produced POFA as small as 110 nm. The nano POFAs were observed

to have better pozzolanic reactivity compared to micro POFA. The results show that nano POFA increased the mortar
strength activity index by up to 20% compared to micro POFA. The best mix design was found using a combination

of 10 and 3% of micro and nano POFA as cement replacement. The best mix design shows excellent early compres-
sive strength (7 days) compared to other mixes, although the difference in long-term compressive strength is insignifi-
cant. Similar findings were observed for the flexural strength, whereby the best mix design was obtained using a com-
bination of 10 and 3% of micro and nano POFA. This work may provide useful insight into the effect of size reduction
on the pozzolanic reactivity of POFA.

Keywords Nano, Palm oil fuel ash, Los Angeles abrasion machine, Pozzolanic reactivity test, Mortar, Response surface
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Introduction

The expeditious development in industrialization as well
as urbanization stimulated the growth of the construc-
tion industry at the rate of 8% annually, and this will esca-
late the demand for construction materials at the same
time (Li et al. 2023). Among those construction materi-
als, concrete which acted as the backbone of the recent
construction development has been a concern since the
manufacturing of Portland cement contributed 5-8% of
global carbon dioxide emission from its product life cycle
leading to global warming (Asghar et al. 2023; Liu et al.
2022a). The establishment of supplementary cementi-
tious material (SCM) as admixture or cement replace-
ment in the concrete mixture was one of those efforts
which not only reduced the cement demand but also
improved the concrete engineering properties (Ibrahim
and Meawad 2022; Suraneni et al. 2019). Common SCMs
such as slag, metakaolin, fly ash, and agricultural waste
ashes have continually been studied and implemented in
the market (Tee and Mostofizadeh 2021; Mostofizadeh
and Tee 2021; Samad et al. 2018, 2017). Most of these
common SCMs originate from the waste products of
manufacturing or energy generation; thus, it also helps
recycle these industrial byproducts rather than burying
them.

The SCM was rich in content of silica and alumina,
and these components were later reacted with calcium
hydroxide (CH) to produce the products that promoted
the strength development of concrete. This process is
known as the pozzolanic reaction and occurs at a slower
age due to the late formation of CH that is produced
from the hydration of cement. However, difficulties were
increasing in using these received waste products as
SCMs due to the variability in quality, especially in the
case of agricultural waste ash. The quality of SCMs can be
measured by their pozzolanic or cementitious reactivity
level in the cement mixture, while those influencing fac-
tors were its physical as well as chemical properties, min-
eralogy, and morphology (Pacewska and Wiliniska 2020;
Panesar and Zhang 2020; Ismail et al 2020). Reasons
such as the source of the agriculture that is subject to the
burning process, different ash collecting points, tempera-
ture as well as the duration of the incineration process,
a treatment that is conducted on the ash, and so on will
affect the SCMs quality. So, several activation methods
such as mechanical activation, chemical activation, ther-
mal activation, or a combination of different activation
methods have been introduced to improve SCMs’ reac-
tivity (Liu et al. 2022b; Wiliiska and Pacewska 2018).
These treatments could improve the particle properties
of the SCM by reducing the particle fineness, increas-
ing those particles’ specific surface area, increasing the
content of silica, enhancing the mineral properties, and
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modifying the morphology of particles. Size reduction of
SCMs was studied in the past, and enhancement in mor-
tar strength was reported (Sun et al. 2021; Zeyad et al.
2021; Mangi et al. 2019). For instance, Mangi et al. (2019)
reported enhancement in compressive strength and con-
crete porosity as the SCM size was reduced. In detail, the
SCM with finer particles had better pozzolanic reactivity
due to the improvement in the heterogeneous nucleation
effect and speed up the chemical reaction with calcium
hydroxide (CaOH,). Moreover, finer SCM has a superior
particle filling effect which leads to the improvement in
concrete or mortar strength especially at early curing
ages (Sun et al. 2021; Zeyad et al. 2021). In most cases,
the comparison is limited to just two particle sizes, and
a limited study on the effect of mixed particle sizes on
mortar strength was made. Thus, this work focused on
evaluating the effect of various SCM sizes and the effect
of mix size SCM on the mortar strength, especially the
strength at early curing ages (7 days).

Thus, nanoscale SCM in the particle sizes range of
100 to 1 nm has been introduced in the cement mix-
ture. Nano silica was one of the famous nanomateri-
als that were used as mineral additives in previous
research. Given the extremely fine particle size and high
specific surface area of the nanoscale SCM, it success-
fully promoted the early-age compressive strength of
the pozzolan-based mortar, reducing the setting time of
the cementitious mixture and accelerating the hydration
process (Liu et al. 2022b). The top-down approach nano-
material preparation method has been performed in past
research on palm oil fuel ash (POFA) for improving its
reactivity and thus improving the POFA-based cemen-
titious mixture’s engineering properties (Hassan et al.
2017; Rajak et al. 2019; Tang et al. 2019; Wi et al., 2018a).
POFA was one of the agricultural wastes that were rich
in silica content and can be used as a potential pozzo-
lanic material; however, the inconsistency of the SiO con-
tent in the POFA was reported from different research
which range from 35 to 69% (Al-Kutti et al. 2018; Alsub-
ari et al., 2018a; Chalee et al. 2021; Hossain et al. 2020;
Muthusamy et al. 2019). In past research, the high-energy
ball milling machine with higher grinding speed was fre-
quently used in grinding the micro-scale POFA until the
nanoscale and reported the nano-scale POFA had parti-
cle size ranging from 20 to 150 nm (Hassan et al. 2020;
Rajak et al. 2015; Samadi et al. 2020; Tang et al. 2019; Wi
et al,, 2018a). Only Hamada et al. (2020a, b) proposed
using the Los Angeles (LA) abrasion machine which had
a low grinding speed for grinding the micro-scale POFA
to the nanoscale; however, the produced POFA only had
a particle size of 982 nm which is far bigger than the
“standard” nanomaterial. Judging on the easier accessi-
bility of the LA abrasion machine than the high-energy
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grinding machine, it is worth noting to further improve
the grinding parameters to use the LA abrasion machine-
producing nanoscale POFA.

Those past reported mix designs used nano POFA
as cement replacement at different replacement rates
that range between 20 and 80% (Hussin et al. 2015; Lim
et al. 2018; Rajak et al. 2021; Samadi et al. 2020; Wi et al.,
2018a). On the other side, the concrete mix design con-
tained nano POFA in a lower dosage around 1 to 3%
(Tang 2018; Wan Hassan et al., 2020a) and incorporated
micro-scale POFA compared to the mortar mix design.
Observing the relative compressive strength of this nano
POFA-based concrete or mortar, the reported optimum
replacement rate of nano POFA was around 40% with a
relative strength of 123 to 135% at late curing ages (Sam-
adi et al. 2020), while the concrete that contained the
combination of 10% micro and 1 to 3% nano POFA had
a relative strength of about 103 to 103.7% at late curing
ages. Indeed, using high replacement of nano POFA in
concrete or mortar mix design improved the strength of
concrete and mortar at late curing ages, but looking at
the economical aspect, this mix design was not relevant
since the time- and energy-consuming of the nano POFA
preparation method. Hence, using a lower dosage of
nano POFA and incorporating the appropriate amount of
micro-scale POFA were more sustainable. A similar mix
design that used optimal dosage (ranging from 1 to 5%)
of nanomaterial and cooperated with appropriate micro-
scale SCMs was proposed to obtain better properties
(Abdalla et al. 2022; Monteiro et al. 2022).

In short, the potential of using an LA abrasion machine
with a slow grinding speed to produce nano POFA has
rarely been explored. Moreover, the nano POFA that
had a particle size in the range between 150 and 982 nm
has rarely been discovered for their pozzolanic reactiv-
ity as well as impact as a cement replacement in blended
cementitious mixtures. This paper aimed to produce the
nano POFA by using the LA abrasion machine and later
investigated the impact of reducing particle size on the
POFA’s pozzolanic reactivity as well as its role as cement
replacement in mortar. To produce “nano” scale POFA,
modified grinding parameters were designed that take
count the impacts of the steel ball size, weight ratio of
steel ball to POFA, and grinding periods. Those produced
nano POFAs’ properties will be evaluated in terms of
physical properties, chemical properties, mineralogy, and
morphology. Pozzolanic assessments such as the Frattini
test, strength activity index, Chapelle test, and thermo-
gravimetric analysis will be carried out to distinguish the
impact of fineness on the pozzolanic reaction of POFA.
Later, the mortar mix design that contained the combi-
nation of micro and three types of nano POFA was pre-
pared and subjected to compressive strength and flexural
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strength at the curing ages of 7 to 90 days. The influence
of the different types of nano POFA that resulted from
various grinding cycles as well as the combination micro
plus nano POFA mix design was analyzed and expressed
these factors’ relationship with the aid of statistical test
setup and response surface methodology (RSM).

Material and methods

Material

Cement

The grade 52.5 N ordinary Portland cement (OPC) was
purchased from local suppliers and used in this study.
The OPC in this work is similar to that used by Chin
et al. (2018) and Chin et al. (2019). The manufacturing of
this cement was claimed to be fulfilling the ME EN 197-
1:2014 CEM1 52.5 N standards. The manufacturer also
provided the details for the initial and final setting times
which were 153 min and 184 min.

Palm oil fuel ash (POFA)

The top-down approach of the nanomaterial preparation
method was applied by using the LA abrasion machine.
Two stages of mechanical activation and thermal activa-
tion were carried out on the received POFA to improve
its reactivity. The raw POFA was provided by the local
palm oil mill located at Gambang, Pahang, Malaysia,
and stored at Concrete Laboratory, University Malaysia
Pahang Al-Sultan Abdullah. In the very first stage, the
raw POFA was dried in the oven at the temperature of
100+5 °C for 1 day to remove water moisture that was
trapped in it, and the passing residue was obtained after
being sieved through a 300-pum sieve. Next, the sieved
POFA was ground by using the Los Angeles abrasion
machine until 90% of the ground ash was passing the
45-um sieve (Aggregates, 2013). The grinding param-
eters for the micro POFA were maintained at the POFA’s
weight of 3 kg per round, and grinding cycles were 10,500
times. The wet sieving method has been used for ensur-
ing the passing size of ground POFA, where 100-g sam-
ples were obtained from each batch of ground POFA and
sieved under running water. The retained ash was dried,
weighed, and calculated for the passing rates.

The ground micro-scale POFA was later subjected to
thermal activation by using an electrical furnace at the
temperature of 600 °C for 2 h. The color of the com-
pleted treated micro POFA should be gray color from
black color as shown in Fig. 1a, b, ¢ which indicates the
unburned carbon has been removed from the POFA
(Hamada et al. 2022; Wan Hassan et al., 2020). A second
stage grinding process was carried out to produce the
nano-scale POFA. Still using the LA abrasion machine,
these grinding parameters: weight ratio of steel ball to
micro POFA at 10:1 and diameters of steel ball used were
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50 mm and 20 mm and were kept constant, but the grind-
ing periods were designed at 50,000, 80,000, and 110,000
cycles. Each batch of the nano POFA was collected and
evaluated in different properties.

Fine aggregate

The fine aggregate was obtained from a local supplier in
Pahang, Malaysia, while the sand that passed through a
1.18-mm sieve and retained at 600-um sieve was used
in the mortar mix design (Standard 2008). The sand is
sourced from the Kuantan River, similar to that of Teara
et al. (2019). The fine modulus of the sand was 2.44.

Characteristics of POFA

The physical properties, chemical properties, morphol-
ogy, and mineralogy of all types of POFA were carried
out. The particle size of all nano POFAs was confirmed
by using a particle size analyzer, and the field emission
scanning electron microscopy (FESEM) was carried out
at all nano POFAs to provide the morphology detail as
well as provided supporting information for the particle
size. In addition, the specific gravity of all POFA was car-
ried out by referring to ASTM C188. Chemical properties
of untreated POFA, micro POFA, and nano POFA were
evaluated by using X-ray fluorescence (XRF) to identify
the effect of mechanical activation and thermal acti-
vation. Loss on ignition value of all types of POFA was
determined by referring to the method in ASTM (2005).

Pozzolanic reactivity assessments of POFAs

Various types of pozzolanic assessment have been
used for evaluating the pozzolanic reaction of SCM
whether it was direct or indirect methods. In this
paper, the following pozzolanic reactivity tests, viz.,
Frattini test, strength activity index (SAI), modi-
fied Chapelle test, and thermogravimetric analysis
(TGA), were carried out on the micro POFA, 50k nano
POFA, 80k nano POFA, and 110k nano POFA. Frat-
tini test was performed on micro POFA, and all nano
POFAs by following the standards BS EN 196-5 (EN,
2005) and the replacement rates of 20% were used to
replace cement with various types of POFA. For the

(b)
Fig. 1 The black color of ground POFA (a) changes to gray color micro POFA (b), and (c) is the 50k nano POFA
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SAI test, the mortar samples were prepared following
the ASTM C311, and the replacement rate of 20% was
used as recommended in the standards for the micro
POFA and all nano POFAs. The compressive test was
conducted on those samples at the curing age of 7 and
28 days, and results were later calculated in SAI value.
In the modified Chapelle test, the 250-ml solution that
contained 1 g of the POFA sample and 2 g of calcium
oxide CaO was heated at 90 °C for 16 h with continu-
ous stirring (Ferraz et al. 2015). The non-consumed
calcium hydroxide (CH) was quantified later against
the dilute hydrochloride acid solution, and the result
was expressed in milligram of fixed CH by a gram of
sample. TGA was conducted on the cement paste to
examine the amount of formed cementitious material
at the respective phase (Martins et al. 2021). While the
calcium hydroxide (CH) content in the cement paste
contained the optimum combination of micro and nano
POFA, but the difference in the type of nano POFA was
focused on in this paper. The water-cured cement paste
with curing ages of 7 and 90 days was subjected to the
solvent-exchange process by using isopropanol and
drying process later. Crushed cement pastes with par-
ticle sizes less than 45 pum were undergone a TGA test
by using the instrument, PerkinElmer TGA 4000. The
sample was heated from temperature of 35 °C to 850
°C, with a heating rate of 10 °C/min, and using nitrogen
with a flow rate of 5 mL/min. Based on past studies, the
content of CH was quantified based on the weight loss
of the sample between the temperature range of 400 to
500 °C by using Eq. 1 (Snehal and Das 2022).

CH% = (%WcH) x Mi/M, (1)

CH % is the mass content of CH in percentage

Wey is the weight loss percentage of CH from the
TGA curve and weight loss derivative curve

M, is the molecular mass of CH with the value of
74 g/mol

M, is the molecular mass of water with the value of
18 g/mol
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Incorporating the nano POFA and micro POFA in mortar
The replacement rates of the micro and nano POFA
combination were introduced in the mortar mix design
as shown in Table 1, while the mortar mix was designed,
material preparation, mixing, and testing based on ASTM
C109-2021 standards. The following mix design criteria
were designed as mentioned in standards, viz., sand to
cement ratio was 2.75:1, and water to cement ratio was
0.485. The mortar cube that was later subjected to the
compressive test had a size of 50 mm x50 mmX50 mm
(LXxW xH), while the mortar prisms had the size of
160 mm x40 mmx40 mm (LXW XxH) and were pre-
pared for the flexural strength test by referring to the
standard, ASTM C348. All mortar cubes or prisms were
water cured for the curing ages of 7, 28, 56, and 90 days.
The flowability of the freshly mixed mortar was evaluated
based on the ASTM C109-2021 standards. The freshly
mixed control mortar was maintained at the flow table
value of 110+5. Hardened properties of mortar were
examined in terms of compressive strength and flexural
strength at the respective curing ages.

To evaluate the interaction between the factors and
responses, the response surface methodology (RSM) ver-
sion 12.0.12, a mathematical and statistics method was
applied. The Design-Expert software was used to perform
the RSM statistical test setup, while this software pro-
vided the equations to express the relationship between
the variables and provided the most desired solution

Table 1 Mortar mix design
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(Wan Hassan et al., 2020b). The factor variables included
the replacement rate of micro POFA, nano POFA, and
the grinding cycles, while the hardened properties at
all curing ages were covered in the response variables.
These equations were subjected to analysis of variance
(ANOVA) and expressed in terms of prediction models,
model terms, modal significance, coefficient of determi-
nation (R?), and probability (p-value) at a 95% confidence
level.

Result and discussion

Properties of POFA

Using the LA abrasion with modified grinding param-
eters significantly changed the physical properties of
POFA as presented in Table 2. A remarkable change
occurred in the particle size of all types of POFA from
micro to nanoscale. The proposed grinding parameter
was able to reduce the POFA particle until ranging from
529 to 103 nm by increasing the grinding cycles from 50
to 110k. The nano POFA with the size of 103 nm was
produced, and this is close to the requirement of a nano-
material (Armarego 2022). The specific gravity of the
micro POFA and all types of nano POFA ranged between
2.19 and 2.54 which was close to the value reported by
Samadi et al. (2020). These values were lower than the
OPC’s value which showed these POFA were lighter than
the OPC. After conducting the thermal and mechani-
cal activation on the raw POFA, the LOI values of micro

Mixno Micro POFA replacement 50k, 80k, or 110k cycles =~ Cement amount (kg per ~ Water (kg per batch Sand (kg per batch
rate (kg per batch nano POFA replacement  batch sample) sample) sample)
sample) rate dosage (kg per batch
sample)
MO 0 0 3 1455 8.25
M1TONT 0.3 0.03
M10N2 0.3 0.06
MITON3 03 0.09
M20NT 0.6 0.03
M20N2 06 0.06
M20N3 0.6 0.09
M30NT 09 0.03
M30N2 09 0.06
M30N3 09 0.09
Table 2 Physical properties of various types of POFA
Properties Micro POFA 50k nPOFA 80k nPOFA 110k nPOFA
Specific gravity 219 2.56 2.53 2.54
Average particle size 90% passing 45-um sieve 529 nm 325 nm 103.1 nm
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Table 3 Chemical composition of raw, micro, and all types of nano POFA
Properties Raw POFA (%) Micro POFA (%) 50k nano POFA (%) 80k nano POFA (%) 110k
nano
POFA (%)
Sio, 321 58 594 586 5838
AlLOs 228 6.36 6.08 7.08 6.05
Fe,0, 35 66 851 97 966
Cao 7.28 9.03 8.24 8.04 8.21
MgO 299 2.96 3.67 2.68 3.57
Na,O 0.097 0.206 0.251 0.226 0.27
K,0 727 9.49 837 8.01 8.13
SO; 1.14 1.58 1.00 1.02 0.93
Sum of SiO,, AlL,Os, Fe,O;  37.88 70.96 73.99 75.38 7451
25000
20000
fg
=
L
© 15000
@)
Q icro POFA
z micro
Z 10000
L —— 110k nano POFA
—
5000
0
0 20 40 60 80 100

Scanning Degrees, °26

Fig. 2 XRD results in comparison for the micro and 110k nano POFA

POFA and all types of nano POFA were in the range of
3 to 4.85%, which were still lower than the requirement
LOI value, 6% in ASTM C618.

Table 3 presents the chemical composition of the
raw, micro, and nano POFA. After conducting the ther-
mal activation, the silica content of micro POFA was
improved by up to 58%, and also, the sum of the chemi-
cal content of Al,O,, SiO,, and Fe,O; increased to 70.96
reaching the bottom line of pozzolan material in ASTM
C618. Further, grinding the micro POFA until nano
POFA still improves the sum of chemical composition
until reaching the range between 73.99 and 75.38%. Both
micro and all types of nano POFA could be classified as
class F and C pozzolan which aligned with previous stud-
ies (Oyehan et al. 2022; Samadi et al. 2020).

The comparison of the XRD results of the micro
and 110k nano POFA is presented in Fig. 2. Table 4

Table 4 Summary of the XRD's peak intensity of each type of

POFA
Types of POFA First peak intensity at Highest peak
21° (counts) intensity at 26 to 27°

(counts)

Micro POFA 444778 21,936.56

50k nano POFA 1410.33 7596.68

80k nano POFA 128147 7042.49

110k nano POFA 2047.87 11,237.63

presents the summary of the peak intensity of each type
of POFA from XRD analysis. Generally, both types of
POFA had a similar XRD intensity trend and the degree
to which the peaks were located. The major crystalline
phase of micro and all nano POFAs was quartz (SiO,),
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while the presence of the diffractive halos pattern at the
angle between 19 and 36° indicated the low crystallinity
(glassy phase) of them. This result was aligned with the
past studies, while conducting the mechanical grinding
and thermal activation of POFA at the temperature of
600 °C for 2 h did not affect the mineral phase of POFA
(Samadi et al. 2020; Zeyad et al. 2017). Apart from that,
a significantly lower XRD peak intensity was observed
in all nano POFAs than in the micro POFA. A simi-
lar result was reported in (Kim et al. (2019) due to the
decrease in the POFA’s crystallinity after being ground
until a finer scale. Cheng et al. (Cheng et al. (2021)
further explained the combination of suitable ther-
mal activation, and mechanical grinding could reduce
the peak in XRD and convert the composition into an
amorphous phase. In addition, the peak shape of the
110k nano POFA was found to be broader as compared
to the micro POFA’s XRD peak shape which also sug-
gests the lower crystallite size as well as possible higher
amorphous in 110k nano POFA (Cho et al. 2019). Thus,
the suspected improvement of amorphous in the nano
POFAs due to the grinding process will be justified in
the pozzolanic assessments.

The morphology of the 50k, 80k, and 110k nano
POFA is presented in Figs. 3, 4, and 5. The particle
of 50k nano POFA was observed in an angular and
irregular shape, while bigger particles were found, and
smaller particles were attached around them. For the
80k nano POFA, lesser amounts of bigger size parti-
cles were noticed than the 50k nano POFA, and lesser
agglomeration occurred in those particles. Agglomera-
tion condition has still been detected in the 110k nano
POFA; however, these particles were found in an angu-
lar and closer to a circular shape.

— 100nm UMP_JEOL 08-Feb-23

x50,000 WD 10mm 12:30:11

Fig. 3 Morphology of 50k nano POFA particles in 50,000
magnifications

5.0kV LED SEM
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100nm UMP_JEOL 08-Feb-23
SEM WD 10mm 11:20:06

Fig. 4 Morphology of 80k nano POFA particles in 50,000
magnifications

Pozzolanic assessments of various POFA

Frattini test

Figure 6 presents the result of various types of POFA’s
pozzolanic reactivity through the standards BE EN 196—
5. The aqueous solution from the cement pastes was sub-
jected to titration for CH and OH concentration, and the
determination of the material as pozzolanic depended
on the CH solubility curve. At the curing age of 15 days,
all POFASs’ results were located below the CH solubility
curve which indicated these POFA had pozzolanic reac-
tivity. In the reference sample, cement paste without
POFA replacement showed inactive since it was located
above the line. Unfortunately, this test has only been lim-
ited in identifying the absence of pozzolanic reactivity in
the studied material, while investigating the influences of
pozzolanic reactivity due to the properties of pozzolan

-— 100nm UMP_JEOL 08-Feb-23

x50,000 WD 10mm  12:16:57

Fig. 5 Morphology of 110k nano POFA in 50,000 magnifications

5.0kV LED SEM
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Fig. 6 Frattini test for indicating the pozzolanic reactivity of POFA

material was less concerned in this test (Kamalakar Mali
and Nanthagopalan 2021 Nanthagopalan 2021).

Strength activity index (SAl)

The SAIs of the mortar that contained either micro
POFA, 50k, 80k, or 110k nano POFA were displayed in
Fig. 7. All POFA-based mortar’s SAI values in both cur-
ing ages surpassed the minimum value of 75%, stated

in ASTM C618 for considering the POFA as pozzolanic
material (K. and Das, 2022). Although the micro POFA
mortar had an SAI value greater than the minimum
requirement, its value was the lowest among all sam-
ples in the 7 and 28 days. Due to having a larger parti-
cle size and coarser particles as observed in micro POFA
than the nano POFA, the SAI values of 84.5% and 87.3%
were found at the 7 and 28 days. Moreover, the dilution

120

100

SAL %
3

20

B 7 Days
I 28 Days
— — ASTM Baseline

Control Micro POFA

50k nano POFA

Types of POFA
Fig. 7 Strength activity index for mortar containing micro and all types of nano POFA

80k nano POFA 110k nano POFA
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effect due to the cement replacement by micro POFA as
well as the delayed onset of the pozzolanic reaction of
micro POFA led to lower SAI (Lim et al. 2015). In con-
trast, incorporating the nano POFA in mortar mix design
was found to increase the SAI value at both curing ages,
while finer particle size of nano POFA improved the
7-day SAI the most. As evidence, the 110k nano POFA
which had the finest particle size led to the highest SAI
that ranged from 110 to 108.13% at both curing ages. The
smaller particle size of the 80k nano POFA than the 50k
nano POFA led to a better 28-day SAI value in the 80k
nano POFA-based sample. This proved that reducing the
SCM’s particle fineness could improve the SAI value, and
similar trends have also been reported in Jaturapitakkul
et al. (2011), Lim et al. (2015), Rajak et al. (2019), Samadi
et al. (2020), and Sinsiri et al. (2012). A nanoscale particle
of the pozzolanic material could provide a greater filler
effect and also act as the potential nucleation site in a
mortar mixture. In consequence, the rate of pozzolanic
reaction has been accelerated and promoted the devel-
opment of secondary calcium silicate hydrate (CSH) that
contributed to the mortar-hardened properties (Rajak
et al. 2019). This is reflected in the improvement of all
nano POFA-based mortars’ SAI greater than control at
both curing ages. In this assessment, the impact of par-
ticle size was found to be more influencing where finer
particles in the POFA led to better SAI value which also
aligned with the finding in Kamalakar and Prakash (2021)
and Pormmoon et al. (2021).

Modified Chapelle test
The modified Chapelle test could quantify the fixed
calcium hydroxide (CH) consumption amount in the
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material and determine its pozzolanic reactivity. The
minimum consumption value for classifying the mate-
rial as pozzolan was 436 mg CH/g in Borges et al.
(2021). However, a higher range of CH consumption
value that ranged from 700 mg/g and above was found
to provide better pozzolanic reactivity due to the low
crystallinity phases, higher SSA, and soluble fraction
of the SCM (Andredo et al. 2020; Cordeiro et al. 2019;
Mali and Nanthagopalan 2021). Figure 8 presents the
Chapelle test’s result for all types of POFA. It shows
that all types of POFA could be classified as pozzolan
since all POFAs’ CH consumption values ranged from
483 to 796 mg/g exceeding the minimum require-
ment. On the other hand, all those nanoscales POFA
could be considered to have better pozzolanic reaction
since those nano POFA had values ranging from 766 to
796 mg/g which closed or surpassed the values from
those reported high pozzolanic reactivity SCM. The
lower peak intensity of the nano POFA from the XRD
result also could confirm the improvement of amor-
phous content due to the grinding process and led to
the higher consumption of CH than micro POFA. In
this assessment, the 80k nano POFA had consumed the
most amount of CH than the 50k and 110k nano POFA,
but the variance was not significantly different show-
ing a similar level of pozzolanic reactivity among these
nanoscale POFA. This may be attributed to the similar-
ity of these nano POFA'’s particle characteristics such as
the low crystallinity phase, similar chemical content,
and close range of the specific surface area (Kamalakar
and Prakash 2021; Martins et al. 2021).

900

800

o0 700
&b

= 600

2 500
=

= 400
2

S 300
o

O 200

100

0

Micro POFA 50k nano POFA 80k nano POFA 110k nano POFA
Type of POFA

Fig. 8 Modified Chapelle test result of various types of POFA



Liew et al. J Mater. Sci: Mater Eng. (2024) 19:23

Thermogravimetric analysis

The cement paste that contained the optimum ternary
mix design but differed in the type of nano POFA was
subjected to thermogravimetric analysis (TGA) at the
curing age of 7 and 90 days. Thus, the difference between
the three types of nano POFA in terms of pozzolanic
reactivity was evaluated by observing the reduction of
CH from the TGA results. All the TGA and derivatives
weight curves of cement pastes with all types of nano
POFA on the curing ages of 7 and 90 days are presented
in Fig. 9a to d. From Fig. 9b and d, it can be observed
three endothermic peaks that are located at different
temperature ranges. The first endothermic peak located
at the temperature ranges of 40 to 200 °C represented the
weight loss of water and decomposition of CSH, ettring-
ite, and gypsum, while the second peak observed at the
temperature range of 400 to 500 °C is the dihydroxylation
of CH, and the last peak that represents the weight loss of
calcium carbonate is located at the range of 550 to 800 °C
(Men et al. 2022; Wang et al. 2021). The mass content
of CH of each cement paste at the curing ages of 7 and
90 days is calculated by using Eq. 1 and summarized in
Table 5.

The control sample with no replacement of POFA had
the highest CH content at both curing ages. On the other
hand, the POFA-based cement paste had a lesser amount
of CH due to the replacement of cement in those POFA-
based cement pastes and led to a lesser amount of CH
produced from the hydration process in cement (Altwair
et al. 2011). In addition, the amount of CH in the con-
trol cement paste was observed to increase from day 7 to
day 90 due to the continuous hydration process. On the
other hand, the CH content of nano POFAs was found
to reduce or remain at the day of 90 which showed the
consumption of CH by nano POFA (Wi et al., 2018a). The
80k nano POFA cement paste had the lowest CH content
at all times, later followed by the 50k nano POFA and the
110k nano POFA which had a higher CH content. The
lower CH content in the 80k nano POFA cement paste
indicated the better pozzolanic reactivity of it, and more
CH was consumed than other nano POFAs. The TGA
result was found to have a close correlation to the nano
POFA’s XRD peak intensity as compared to other par-
ticle characteristics such as particle size and chemical
properties. The XRD result reflected the mineral phase
of nano POFA to have a smaller crystallinity size and
possibly higher amorphousness than the micro POFA
(Cheng et al. 2021; Kim et al. 2019). The 80k nano POFA
had the lowest XRD peak intensity which indicated the
low crystallinity phase and possibly more amorphousness
in its mineral phase than the 50k and 110k nano POFA
(Walker and Pavia, 2011). The higher amorphous struc-
ture of SCM tended to be more reactive than those with
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more crystalline due to the superior mobility and superfi-
cial location of their atoms (Skibsted and Snellings 2019;
Walker and Pavia, 2011). Thus, the 80k nano POFA had
greater reactivity and consumed more CH as compared
to the other types of nano POFA in this work.

Evaluating the pozzolanic reactivity of various types of POFA

in different pozzolanic reactivity assessments

The different types of POFA were found to have differ-
ent pozzolanic reactivity due to their physiochemical and
mineralogical properties (Snehal and Das, 2022). In this
paper, four different pozzolanic tests were carried out
to evaluate the reactivity of POFA with different parti-
cle properties in terms of compressive strength, quan-
tity of CH in aqueous solution in contact with hydrated
cement paste, amount of CH that has been consumed
by pozzolan from a controlled amount, and the amount
of CH in the hydrated cement paste that contained ter-
nary mix design. Due to the different principles among
those proposed assessments, the reactivity of all types of
POFA differed in each test. Micro and all types of nano
POFA were shown to have pozzolanic reactivity through
the Frattini test. From the SAI and Chapelle test, all types
of nano POFA had better reactivity than the micro POFA
due to their smaller particle size and lower crystallin-
ity of quartz. For comparing the reactivity among those
three types of nano POFA, the correlation between SAI,
Chapelle test, and TGA test was analyzed as shown in
Fig. 10.

A closer correlation was found between the TGA and
Chapelle test with the R? value of 0.8681. This indicates
that the 80k nano POFA was more reactive than other
nano POFAs in the TGA and Chapelle test due to its min-
eralogical properties. On the other hand, the correlation
between the Chapelle test and the SAI test was lower,
and the 110k nano POFA was found to perform better in
the SAI test. Hence, it can be predicted that the particle
size of nano POFA had a larger influence on compressive
strength which differs from the TGA and Chapelle test.

Impact of using micro and various types of nano POFA

in mortar

Compressive strength of POFA-based mortar

The compressive strength of mortar containing micro
and different types of nano POFA is presented in Fig. 11a
to d for the curing ages of 7, 28, 56, and 90 days, respec-
tively. It has been observed that the changes in the
replacement rate of micro POFA impacted the mortar’s
compressive strength significantly, especially in the early
curing ages. Several researchers also reported a compa-
rable strength reduction at the range of 4.6 to 57% in the
POFA-based concrete or mortar that contained micro
POFA replacement rates at 10 to 30% (Alnahhal et al.
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Table 5 Summary of the CH content of each cement paste at the age of 7 and 90 days

Types of POFA Mass loss of CH between 400  7-day CH Mass loss of CH between 400  90-day CH Changes of CH content
and 500 °C at 7 days (%) content (%) and 500 °C at 90 days (%) content (%)
Control 341 14.02 3.65 15.00 Increased
50k nano POFA 2.90 11.92 2.90 11.92 Unchanged
80k nano POFA 2.86 11.75 261 10.73 Decreased
110k nano POFA 3.1 12.74 3.03 12.45 Decreased
3.1
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3
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g 2
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Fig. 10 a Correlation plot between TGA and Chapelle test. b Correlation plot between SAl on 28 days and Chapelle test

2021; Mohammad Hosseini et al. 2021; Norhasri et al.
2021; Rajesh et al. 2020). At 7 days, the 10% micro POFA
mortar had the highest relative strength at the range of 96
to 107.5% to the control mortar, while the ranges of 83 to
89% and 76 to 79% were found in the 20% and 30% micro
POFA mortar, respectively. However, the variance of the

range due to the difference in micro POFA replacement
rate becomes smaller at later curing ages. The 10% micro
POFA mortar still maintained the relative strength at
the range of 95 to 104%, but the mortar with 20% micro
POFA had a relative strength ranging from 90 to 98% as
well as a range of 90 to 95% in the 30% micro POFA. The
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Fig. 11 a Summary of the mortar's 7-day compressive strength.

b Summary of the mortar's 28-day compressive strength. c
Summary of the mortar’s 56-day compressive strength. d Summary
of the mortar’s 90-day compressive strength

nature of the micro POFA has a porous structure that is
suspected to absorb more free water in mortar mix and
affect the hydration process (Amran et al. 2021; Raheem
and Ikotun 2020). Moreover, the dilution effect due to
the increasing pozzolan dosage for replacing cement was
suspected to lead to the deterioration of mortar’s com-
pressive strength as the replacement of POFA increased
(Hassan et al. 2020; Lim et al. 2015; Zhang et al. 2023).
The lesser formation of hydrated products that con-
tributed to the mortar strength and also the lesser con-
centration of CH for pozzolanic reaction were the
consequences. In addition, the lower pozzolanic reactiv-
ity of the micro POFA, which has been confirmed in ear-
lier assessments, also led to lower compressive strength
at early curing ages. The findings in Alabduljabbar et al.
(2021) also suggest the lower strength of POFA-based
concrete due to the slower pozzolanic reaction. When
pozzolanic reaction from micro POFA took place at later
curing ages, the mortar’s compressive strength increased
and became closer to the control which can be observed
in mortar with 20 or 30% micro POFA.

In contrast, increasing the dosage of nano POFA up to
2-3% in the mortar mixture was found to improve the
mortar’s strength despite considering its grinding cycles
and replacement rate of micro POFA. As evidence, the
mortar that contained the replacement rate of 10% micro
and 3% nano POFA had relative compressive strength
ranging from 103 to 107.5%, 101 to 103.9%, and 104 to
107.85% greater than the control mortar at the curing age
of 7,28, and 90 days. A similar improvement in concrete’s
strength that contained an optimum combination of
micro and nano POFA up to 3.7% was reported by Wan
Hassan et al. (2020a). The inversely proportional trend
between the substitution rate of micro POFA and the
mortar’s compressive strength especially in the early cur-
ing age was also reported in Hamada et al. (2020a, b), Lim
et al. (2015), Samadi et al. (2020). The presence of micro
POFA which had a more porous particle absorbed more
water and thus reduced the free water for the cement
hydration; as the dosage of micro POFA increased,
more water was absorbed and led to a higher reduc-
tion in cement mixture (Hassan et al. 2020). In addition,
increasing the replacement rate of SCM reduced the por-
tion of cement at the same time. This led to the dilution
of cement where a lesser amount of calcium hydroxide
(CH) was produced from the hydration process, while
the CH was needed for the pozzolanic reaction. Hence,
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in a lower quantity of the pozzolanic product, CSH gel
was produced and caused a reduction of the pozzolan-
cement mixture’s compressive strength with the replace-
ment rate that exceeded the optimum rate (Lim et al.
2015; Samadi et al. 2020; Zhang et al. 2023). Unlike the
micro POFA, a positive increment trend was found in
the compressive strength of mortar as the dosage of nano
POFA increased. The finer particles of nano had a supe-
rior pore-filling effect and provided an extra nucleation
site for the reaction which turned up in promoting poz-
zolanic reactivity in the cement mixtures, especially dur-
ing the early curing age (Hamada et al. 2020a, b; Rajak
et al. 2019; Sobolev et al. 2023; Samadi et al., Zeyad et al.
2018). Nano POFA filled the void in mortar and reacted
with CH to produce additional CSH gel which thickened
the mortar matrix (Hassan et al. 2020). This explained the
contribution of nano POFA to mortar strength develop-
ment, especially at early curing age. Moreover, the higher
pozzolanic reactivity of various nano POFA has been
discovered and discussed in the “Pozzolanic assessments
of various POFA” section which supported the improve-
ment of mortar’s strength that contained nano POFA.

The mortar with 110k nano POFA was consistently
found to have a higher compressive strength, especially
at the early curing age, followed by 80k nano POFA at
the late curing age. Meanwhile, the 50k nano POFA often
had a slightly lower compressive strength. This may be
attributed to the particle properties of the 80k and 110k
nano POFA which had finer particle size ranges as well as
been observed more dispersed and lesser agglomeration
in morphology test. It led to the improvement in particle
packing formation in mortar mixture and contributed to
better strength development (Norhasri et al. 2017; Tabish
et al. 2023).

It can be concluded that the optimum combination of
mortar mix design to the combination of 10% micro and
3% nano POFA had the highest compressive strength
at all times. The replacement rate of micro POFA has a
major impact on the mortar strength, while nano POFA
helps to improve the mortar strength, especially at the
replacement rate of 3%. The reduced particle size of nano
POFA had the least impact due to its low replacement
rate and small variance among those three types of nano
POFA. However, the 110k nano POFA improved the
mortar’s strength the most in the early curing age, while
the 80k nano POFA with a better pozzolanic reactivity
promoted the mortar’s strength better at late curing ages.

The flexural strength of mortar contained micro and nano
POFA

Figure 12a, b, ¢, and d shows the flexural strength results
at 7, 28, 56, and 90 days of the various mix design com-
binations of micro and different types of nano POFA in
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mortar. The mortar mix that contained the combina-
tion of 10% micro and 3% nano POFA had better flexural
strength than other combinations in all curing ages. A
similar tensile strength development due to the changes
in micro and nano POFA replacement rate was discov-
ered in the compressive strength development and also
the trend reported in (Nur et al. 2019). This may be
attributed to the unique particle characteristic of nano
POFA which possessed a better pore-filling effect as
well as greater pozzolanic reactivity which promoted the
hardened properties of mortar, especially at an earlier
age. Thus, increasing the dosage of nano POFA led to the
improvement of mortar strength at all curing ages. On
the other hand, increasing the micro POFA replacement
rate led to a reduction in mortar strength which was
attributed to its coarser particle size, higher replacement
rate, and slower pozzolanic reactivity. Last but not least,
the variance of mortar’s flexural strength due to types of
nano POFA from varied grinding cycles was also small
and even lesser than that in compressive strength.

Using respond surface methodology (RSM) for analyzing

and optimization

It is possible to explain the interaction between variables
and responses through the response surface models with
the aid of RSM and analysis of variance to predict the
response (Nur et al. 2019; Waqar et al. 2023; Fang and
Tee 2017). The variables included the replacement rate
of micro, nano POFA, and the grinding cycles of nano
POFA, while the mortar’s compression strength and flex-
ural strength at each curing age (7, 28, 56, and 90 days)
were designed as responses in the modeling. Equations
were formed and expressed in terms of coded factors,
while the prediction response was the result of the respec-
tive equation which considered all codes’ influence. Vari-
ables such as the replacement rate of micro POFA, nano
POFA, and grinding cycles were denoted as Codes A, B,
and C. These factors were labelled with a coefficient that
ranged from positive to negative number, and the value
indicated the factor’s impact level in an equation. All
response models were analyzed through ANOVA and
presented in Tables 6,7, 8,9, 10, 11, 12, and 13.

The process order of those response models was
selected according to software suggestion, and these anal-
ysis elements such as sum of square, degree of freedom,
mean, F-value, and p-value at 95% significant level were
presented to examine the factors. The significance level
of the model and each factor were determined based on
the F-value and p-value. Any model or factor can be con-
sidered significant only if it has a greater F-value as well
as a lesser p-value (preference less than 0.05). All chosen
models had a high F-value and a low p-value (lesser than
0.0001) showing the high significance of the responses.
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Table 6 The 7-day compressive strength quadratic model with
ANOVA analysis
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Table 9 The 90-day compressive strength quadratic model with
ANOVA analysis

Source Sumofsquare DF Meansquare F-value p-value Source Sumofsquare DF Meansquare F-value p-value
Model 537.77 9 59.75 4145 0.0001 Model 184.83 5 36.97 14.28 0.0001
A 496.69 1 496.69 344.57 0.0001 A 65.21 1 65.24 25.20 0.0001
B 422 1 4.22 293 0.1053 B 65.19 1 65.19 25.17 0.0001
@ 9.38 1 9.38 6.51 0.0207 C 15.22 1 1522 5.88 0.0249
AB 411 1 411 2.85 0.1096 A2 3044 1 3044 11.76 0.0027
AC 6.77 1 6.77 469 0.0448 B2 17.26 1 17.26 6.67 00178
BC 0.93 1 0.93 0.65 04319 Residual ~ 51.79 20 259

A2 12.26 1 12.26 8.51 0.0096 Cor.total  236.62 25

B2 2.77 1 277 1.92 0.1837

Q 0.64 1 0.64 0.44 05142

Residual ~ 24.51 17 144

Cor total 56228 2% Table 10 The 7-day flexural strength quadratic model with

Table 7 The 28-day compressive strength linear model with
ANOVA analysis

Source Sum of square DF Meansquare F-value p-value
Model 48147 3 160.49 96.08 0.0001
A 454.02 1 454.02 271.82 0.0001

B 2622 1 2622 15.70 0.0006
C 123 1 1.23 0.73 0.4005
Residual 3842 23 167

Cor.total  519.88 26

Table 8 The 56-day compressive strength linear model with
ANOVA analysis

Source Sumofsquare DF Meansquare F-value p-value
Model 166.70 2 83.55 26.63 0.0001
A 148.89 1 148.89 4757 0.0001

B 2461 1 24.61 7.86 0.0103
Residual  68.86 22 373

Cor.total 23555 24

It can be noticed that factor C, referred to as grinding
cycles of nano POFA, had a lesser impact in most mod-
els compared to factors A and B which aligned with the
discussion in the “Compressive strength of POFA-based
mortar” and “The flexural strength of mortar contained
micro and nano POFA” sections. Grinding the micro
POFA with longer cycles produced the nano POFA with
particle size around 100 nm which was finer than those
in lesser grinding times. Indeed, the 110k nano POFA
mortar had better strength especially in early curing age
but in a small increment. Due to the small dosage of nano

ANOVA analysis

Source Sumofsquare DF Meansquare F-value p-value
Model 435 9 048 2179 0.0001
A 2.54 1 254 144.22 0.0001
B 0.82 1 0.82 36.98 0.0001
C 0.044 1 0.0044 0.20 0.6634
AB 0.17 1 017 7.50 0.0140
AC 0.07 1 0.07 322 0.0904
BC 0.01 1 0.01 0.51 0.4837
A2 0.68 1 0.68 30.59 0.0001
B2 0.05 1 0.05 243 0.1378
(@ 0.01 1 0.01 042 0.5279
Residual 038 17 002

Cor.total  4.73 26

Table 11 The 28-day flexural strength quadratic model with

ANOVA analysis

Source Sum of square DF Meansquare F-value p-value
Model 0.75 3 0.25 13.67 0.0001
A 0.44 1 044 23.85 0.0001

B 0.10 1 0.10 544 0.0302
B2 032 1 032 17.75 0.0004
Residual 037 20 002

Cor.total 1.1 23

POFA, the improvement in the mortar’s strength sub-
jected to the grinding cycles was not as significant as in
SAL

To further examine the quality of models and the
degree of correlation, R? was concerned with ensuring a
good agreement between experiment data and predicted
models. A model with a higher R? value that is at least
greater than 0.8, closer to 1.0, can be claimed as having fit
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Table 12 The 56-day flexural strength 2FI model with ANOVA

analysis

Source Sumofsquare DF Meansquare F-value p-value
Model 267 5 0.53 10.56 0.0001
A 1.71 1 1.71 33.86 0.0001

B 0.19 1 0.19 3.83 0.0643
C 0.16 1 0.16 311 0.0931
AB 0.36 1 0.36 7.05 0.0152
AC 0.25 1 0.25 4.96 0.0375
Residual 1.01 20 005

Cor.total  3.68 25

Table 13 The 90-day flexural strength 2FI model with ANOVA

analysis

Source Sumofsquare DF Meansquare F-value p-value
Model 218 3 0.73 19.73 0.0001
A 1.51 1 1.51 40.90 0.0001

B 0.06 1 0.06 1.52 0.2309
AB 0.62 1 0.62 16.79 0.0005
Residual 081 22 004

Cor.total  3.00 25

to the input data and prediction from the model (Adamu
et al. 2022, 2021). From the predicted model’s statistics
presented in Tables 14 and 15, only these 7- and 28-day
compressive strength as well as 7-day flexural models
had great R? which were greater than 0.9. The rest of the
prediction model had an R? value in the range of 0.67 to
0.82. In addition, the adequate precision of each model
was concerned with measuring the signal-to-noise ratio
(Wagqar et al. 2023). All predicted models have an ade-
quate precision value greater than 4, and thus, they can
be used for predicting outcomes with higher accuracy.
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All response-coded equations are presented in Egs. 2, 3,
4,5,6,7,8and 9.

Compressive strength = 39.82 —5.25A + 0.48B + 0.72C

7 days
—0.59AB — 0.75AC + 0.28BC
+ 1.43A% — 0.68B2 — 0.33C2
(2)
Compressive strength,g days = 90.97 — 5.02A +1.21B + 0.26C
3)

Compressive strength, days = 93.35 — 3.42A +1.27B (4)

Compressive strengthg, days =02.38 — 1.90A +2.10B

+0.76C + 2.77A% 4 1.59B2
(5)
= 834 —0.38A + 0.21B — 0.02C
—0.12AB — 0.08AC — 0.03BC (6)
—0.34A% + 0.09B® + 0.04C>

Flexural strength; g,y

Flexural strengthyg g, = 923 — 0.17A + 0.08B + 0.26B”
(7)
Flexural strength 5g4,. =9.84 — 0.28A + 0.14B — 0.09C
— 0.21AB — 0.19AC

Flexural strengthg) g,ys = 10.10 — 0.22A + 0.07B — 0.08C
—0.21AB — 0.06AC — 0.10BC
)
RSM could provide the optimal factors and predicted
responses based on the developed model equations
and input criteria. From it, users could use the recom-
mended factors for their experiment with an expected
response. Thus, each optimizing criterion for having
maximum compressive and flexural strength at all cur-
ing ages was designed in RSM as presented in Table 16.
Among all proposed solutions, the software recom-
mended the optimum factors as follows: 10% micro
POFA, 3% nano POFA, and the grinding cycle was

Table 14 Compressive strength using respond surface models’statistics

Responses 7-day compressive strength 28-day compressive 56-day compressive 90-day
strength strength compressive
strength

R’ 0.96 093 082 082
Adjusted R? 0.93 0.92 0.80 0.82
Predicted R? 0.89 0.90 0.76 0.70
Standard deviation 1.20 1.29 146 149

Mean 40.10 50.97 53.55 5553
Adequate precision 18.72 26.09 17.79 14.27
Predicted residual error sum 5948 5338 56.19 71.77

of square
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Table 15 Flexural strength using respond surface models’ statistics

Responses 7-day compressive strength 28-day compressive 56-day compressive 90-day

strength strength compressive

strength

R’ 092 067 0.80 082

Adjusted R? 0.88 0.52 0.75 0.76

Predicted R? 078 051 066 0.60

Standard deviation 0.15 0.14 0.19 0.13

Mean 8.21 941 9.85 10.098

Adequate precision 14.34 12.09 13.98 15.38

Predicted residual error sum 1.02 0.55 1.17 0.59

of square

Table 16 Goal criteria for the optimization

Criteria Optimization target Lower limit Upper limit

Micro POFA (%), A Inrange 10 30

Nano POFA (%), B Inrange 1 3

Grinding cycles, C Inrange 50,000 110,000

Compressive strength (MPa) on 7 days Maximize 4544 48837

Compressive strength (MPa) on 28 days Maximize 56.448 58.628

Compressive strength (MPa) on 56 days Maximize 57.363 59.504

Compressive strength (MPa) on 90 days Maximize 58.09 62.651

Flexural strength (MPa) on 7 days Maximize 7.944 8.9852

Flexural strength (MPa) on 28 days Maximize 9.103 0.8448

Flexural strength (MPa) on 56 days Maximize 9.782 10.6092

Flexural strength (MPa) on 90 days Maximize 10.231 11.06

110,000 where this set solution had the highest desira-
bility value of 0.629. The compressive strength at 7, 28,
56, and 90 days were expected in these values: 48.319,
57.458, 58.336, and 61.497 MPa, while the value of
8.88, 9.727, 10.567, and 10.381 MPa was predicted for
7-, 28-, 56- and 90-day flexural strength. Among the
other solutions provided in the software, all solutions
recommended the micro POFA replacement at 10%,
and the nano POFA’s replacement rate was in the range
of 2.99 to 3%. However, most solutions with a desirabil-
ity value above 0.62 suggested using the higher grind-
ing cycles greater than 100 k for a promising result.
The optimum mix design was achieved using only 3%
of nano POFA, which improved both the compressive
and flexural strength of the mortar. The addition of
3% nano POFA may be considered a practical way of
enhancing mortar strength as the nano POFA can be
prepared using an ordinary LA abrasion machine.

Conclusions
The following conclusion can be drawn from this work:

+ Size reduction of POFA using LA abrasion machine
successfully produced nano POFA with the size of
103 nm which was obtained at 110k cycles.

o The nano POFA showed a superior pozzolanic
reactivity compared to the micro POFA in the SAI
test, modified Chapelle test, and TGA test, while all
types of POFA were verified as pozzolanic material
in the Frattini test. In the SAI test, the 110k nano
POFA-based sample had the best performance
where it was 25.5% greater than the control sample.

+ Increasing the micro POFA replacement in mortar
mix from 10 to 30% led to the reduction of work-
ability and hardened strength of mortar, while
using a higher dosage of nano POFA up to 3% in the
micro POFA-based mortar increased its workability
and strength. The grinding cycle of nano POFA had
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the least impact on the strength of mortar com-
pared to the composition of micro and nano POFA.

+ The results show that nano POFA increased the
mortar strength activity index by up to 20% com-
pared to micro POFA.

+ The nano POFA provided a 7.45% higher early age
strength (7 days) compared to the control sample.

+ The optimum mortar mix design was obtained using a
combination of 10% micro POFA, and 3% nano POFA,
with the highest compressive (62.65 MPa) and flexural
(11.06 MPa) strength. The nano POFA with 103 nm
has a desirability level of 0.63 which could provide
higher hardened strength in mortar.
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