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Abstract. In this study, the synergistic effects of natural pozzolan (NP) and limestone powder waste (LSPW)
alkaline activated mortar has been investigated using compressive strength and microstructure analysis.
LSPW was added in varying percentages to alkaline activated NP such that the combined ratio
(LSPW/(LSPW + NP)) varied from (0 to 1) at the interval of 0.2. The activators used were sodium silicate
(NazSiOs(ag)) and sodium hydroxide (10M NaOHag)) combined as 1:1. The findings revealed that the synergistic
effect of NP with LSPW emanated from silica and alumina required for the formation of aluminosilicate
framework which required cation sourced from LSPW (Ca?*) for charge balancing in the formed skeletal
framework. The products formed were mainly anorthite (CaAl2Si2Os) and gehlenite (CaO.Al203.SiO2). Besides,
about 77 % of 28-days compressive strength (27 MPa) could be achieved in 24 h using heat curing.
Microstructural analysis revealed that the rough texture of activated NP characterized with high porosity turned
to be filled up by the presence of LSPW thereby improving the microstructural density.

1. Introduction

Ordinary Portland cement (OPC), the main hydraulic binder in concrete is the largest manufactured
binder globally [1]. OPC world production was estimated to be 4.6 billion tonnes in the year 2015 with a
projection of four-fold increase by 2050 [2]. One of the negative sides of OPC is its contribution of CO2to the
environment and the fuel consumption during its manufacturing process. OPC calcination process significantly
leads to the emission of 5-8 % of global CO:zinto the atmosphere which has greatly contributed to the depletion
of the ozone layer [3, 4]. Climate change is mainly due to greenhouse gas (GHG) emissions, of which COz is
a major contributor, it accounts for 82 % of the total GHG [3].

Alkali-activated material (AAM) has been identified as an eco-efficient and economically viable
alternative for replacing OPC due to its excellent strength, thermal and low permeability [5, 6]. AAM is a system
formed by the reaction of soluble alkali activator and aluminosilicate precursors [5]. AAM is classified into low
calcium (fly ash, metakaolin and natural pozzolans) and high calcium (blast furnace slag) binders. The main
products in low binder AAM could be mainly potassium/sodium aluminosilicate hydrate with impregnation of
alumina (NASH and KASH) within the formation. In high calcium binder such as blast furnace slag that is
synthesized with a mild alkali, the main product is calcium alumina silicate hydrate [7].

Many researchers have successfully synthesized alkali-activated mortars and concretes from volcanic
materials such as natural pozzolan (NP) [7—9], agricultural waste materials such as, rice husk ash [10], palm oil fuel
ash (POFA) [10-14] or industrial waste such as silico-manganese slag (SiMn) [15], ground granulated blast furnace
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slag (GGBFS) [15-17], fly ash (FA) [18], silica fume (SF) [18, 19], coal bottom ash [20], paper sludge ash [21] and
mine tails [5] with aluminosilicate components. Fly ash (class F), silica fume, and slag have been shown to be a
good precursor for alkali-activated concrete, however, the proliferation of environmental wastes and the need to
improve public health have called for utilization of other solid wastes for alkali-activated binders.

This research has identified natural pozzolan (NP) and limestone powder wastes (LSPW) in the
synthesis of alkali-activated binder. NP is formed from a volcanic eruption with very high silica and moderate
alumina contents. The world reserve of NP has been estimated to be 7 billion tons [22] while 180,000 km? of
NP is also available in the western region of Saudi-Arabia [23]. Furthermore, significant deposits of NP have
been reported in China, Turkey, Greece, Iran and the USA [24]. Due to NP chemical compositions and its
plethora availability across the volcanic regions, it has gained global acceptance for the synthesis of
geopolymer concrete [25]. The production of limestone tiles by diamond cutting of limestone rock generates
millions of tonnage of limestone powder wastes (LSPW). Limestone quarry generates around 20 % to 25 %
powder waste [26]. About 21.2 million tons of LSPW is generated in the UK, while in Greece, 18 million tons
are generated and Turkey generates 30 million tons per annum [26]. LSPW are deposited in landfills, the dust
particles from the landfills contaminate the air as a result of wind blow, these have resulted in environmental,
air and water pollution leading to severe health hazards such as cancer and asthma [27]. LSPW has been
used as filler in concrete to enhance the compressive strength of concrete [27, 28].

In some of the previous studies on NP, Ghafoori et al. [29] studied the effect of alkali activators
parameter on alkali-activated NP mortar. However, the influence of alkaline-activator on microstructure of the
resulted products was not explored. In another study, Ibrahim et al. [30] studied similar effects under
continuous heat curing condition at 60 °C for 28 days. Furthermore, the binary effect of blast furnace slag
(BFS) and NP on the strength development of mortars cured at room temperature has been investigated and
it was found that the CaO in slag contributed to the improved strength as a result of the formation of Ca-Al-Si
gel in the matrix [7]. Silva et al. [25] synthesized geopolymer concrete using fired clay brick waste and NP,
also under continuous oven curing for 7days. Oven curing for long days will result in high consumption of
energy. Cwirzen et al. [31] investigated the blends of metakaolin and limestone alkali-activated paste using
NaOH only, which show relatively low strength of 7MPa. Yuan et al. [32] found that 30 % of limestone powder
could improve the strength of sodium carbonate activated slag.

Several environmental friendly waste materials have been studied by researchers, however, despite these
numerous works on the performance of alkali-activated binders, none of these studies has addressed the
engineering properties of activated mortar using a blend of limestone powder and natural pozzolan. So far, the
effects of LSPW on the reaction products, strength development, bond characteristics and the microstructure of
LSPW/NP alkali-activated mortar are yet to be investigated. Therefore, the present research aims at studying
the synergistic effect of LSPW/NP on the reaction products, strength development, bond characteristics and the
microstructure of the product matrix. The outcomes of this study will contribute to waste valorization, dumpsite
land reclamation, low CO:2 footprint, energy consumption reduction, reduction in environmental pollution and
addition to more sustainable alternative binders for structural purposes.

2. Materials and Methods
2.1. Materials and reagents

2.1.1. Natural pozzolan and limestone powder waste

Natural pozzolan (NP) was provided by Imerys minerals Arabia and the limestone powder waste
(LSPW) was obtained from tiles cutting factory. The LSPW was oven-dried at 105 °C + 5 °C for 24 hrs to
remove the moistures. The LSPW was sieved through sieve 200 pm sieve to remove stones and debris. The
particle size distributions (PSDs) of precursors were determined with the aid of HELOS (H3533) & QUIXEL
particle size analyzer using sedimentation method and X-ray absorption, while the specific surface areas (BET)
of the precursors were determined with Micromeritics ASAP2020 by using nitrogen gas adsorption, the results
are presented in Table 1 and Figure. 1. The oxide compositions of these two materials as revealed in Table 2
were determined by using X-ray fluorescence (XRF) machine.

The morphology of the powdered LSPW and NP was evaluated using a JSM-5800LV scanning electron
microscope (SEM). As revealed in Figure. 2, LSPW has a round edge polycrystal-like shape, while NP has an
angular particle shape coupled with elongated flakiness. The mineralogical composition and amorphous or
crystalline nature of the raw materials were explored using X-ray diffraction (XRD) analysis. The crystalline
phases were identified from the COD database (2019 edition) in conjunction with the MATCH XRD software.
According to the XRD result shown in Figure. 3, NP contains mainly quartz (SiOz), plagioclase (Ca, Na)Al2Si2Os)
and microcline (KAI2Siz0s), it revealed that NP is an amorphous compound with very low crystallinity while the
LSPW contains mainly calcite (CaCOs) and quartz ((SiO2) and it is of high crystallinity.
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Table 1. Physical properties of NP and LSPW.

Materials Specific gravity Average particle size, dso (Um) Specific surface area (cm?/g)
NP 2.3 4.84 3.1
LSWP 2.7 6.43 0.6
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Figure 1. Particle size distribution of LSP and NP.
Table 2. Chemical compositions of NP and LSPW obtained from XRF.
Oxides SiO2 CaO Al2O3 Fe20s3 MgO Na20 K20 SO03 L.O.
LSPW (%) 2.5 94.1 0.8 1.2 0.6 - 0.3 0.5 44
NP (%) 74 2 13 15 0.5 4 5 - 5

5pm

(b)

Figure 2. SEM micrographs of raw materials: (a) LSPW and (b) NP.

2.1.2. Synthesis of alkali activator

Sodium silicate (SS) and sodium hydroxide (NH) that are commercially available were used as
activators in this study. The initial silica modulus (Ms = SiO2/Na20) was 3.3 while the molarity of NaOHaq) (NH)
was 10 M. The percentage composition of SS is as follows: H20: 62.11 %, SiO2: 29.13 % and Na20: 8.76 %.
The 10 M-NaOHaq) was prepared by dissolving 404.4 g of NaOH pellet (99 % assays) into distilled water to
form 1 L of an alkali solution (10 M-NaOH ag)).

2.1.3. Aggregates

Dune desert sand passing the gradation size requirement of ASTM C33 was used as fine aggregate
(FA), The fineness modulus of FA was 1.82 and the specific gravity in saturated surface dry (SSD) condition
was 2.63.
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Figure 3. X-ray diffractograms: (a) Raw natural pozzolan
and (b) Raw limestone powder.

2.2. Experimental program
2.2.1. Mix design

The mixture proportions of alkali-activated mortar were designed with LSPW content of 0 %, 20 %,
40 %, 60 % 80 % and 100 % (natural pozzolan contents of 100 %, 80 %, 60 %, 40 %, 20 % and 0 %,

respectively). The samples were designated as AANLx (alkali-activated NP/LSPW mortar), where X is the

Y ratios. A total of six AANLx (where X =0, 0.2, 0.4, 0.6. 0.8 and 1) mixtures were prepared. AANLo and
+

AANL: served as the control. Table 3 summarizes the proportion of the constituent materials in the alkali-
activated mortar mixtures. A constant fine aggregate -to-the binder ratio of 2 was used. This was the optimum
value from our preliminary trial mix. All the mixtures were prepared using Na2SiOz(aq)/ NaOHaq (NS/NH) ratio
of 1.0 and alkali activator to binder ratio of 0.5 for the mortar and 0.25 for the paste. In all the mixtures, The
free water to precursor ratio was maintained 10 %.

Table 3. Mixture proportion of alkali-activated natural pozzolan/limestone powder waste mortar.

Mix # Mix ID. NP LSPW NazSiOs(aqg) (NS) NaOH@q) (NH) Water Sand
kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

M1 AANLo 605 0 151.5 151.5 60.5 1210
M2 AANLo.2 484 121 151.5 151.5 60.5 1210
M3 AANLo.4 363 242 151.5 151.5 60.5 1210
M4 AANLo.6 242 363 151.5 151.5 60.5 1210
M5 AANLo.s 121 484 151.5 151.5 60.5 1210
M6 AANL1 0 605 151.5 151.5 60.5 1210

2.2.2. Sample preparation, mixing, placing and curing

The required quantities of constituent materials were measured and mixed in batches in 5.0 L capacity
Hobart planetary bench mixer, the mixing of the materials was in two stages. First, the NP and LSPW powder
and sand were mixed in a dry condition for 3 mins. Secondly, the alkali solution (NaOHag) +Na2SiOz(g)) and
water were added for the wet mixing stage which involves low speed mixing for 2mins and another 4 mins for
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fast or higher speed mixing until a homogeneous mixture was achieved, the total mixing time was about 9 to
10 min. It should also be noted that 10M NaOH(aq) was prepared a day prior to mixing to allow cooling of the
solution due to the exothermic nature of the solution. Thereafter, the mortar was placed in the oil-smeared steel
moulds of 50x50x50 mm in two layers and each layer was vibrated on the vibrating table for 30 s to remove any
entrapped air from the mixture. Follow by surface smoothening of the specimen with a hand trowel. The
specimens were then covered with a plastic sheet to prevent moisture loss. Afterwards, the specimens were kept
in the laboratory at 20 + 5 °C for 24 hrs. The cubes were de-moulded after 24 hrs. This was followed by placing
the samples in zip plastic bags to avoid loss of moisture to the environment. The samples were then subjected
to temperature curing in an oven maintained at 75 °C for 24 hrs. After that, the specimens were cured under a
normal condition of 20 £ 5 °C until the age of testing (1, 3, 7, 14 and 28 days). The mineralogical and
morphological analysis in this study was conducted by using a paste of the alkali-activated material.

2.3. Evaluation methods
2.3.1. Setting time and workability

The initial and final setting times of the AANL paste were determined in accordance with ASTM C191
[33] and the workability of AANL mortar was measured in accordance with ASTM C1437 [34].

2.3.2. Compressive strength

Compressive strength of the AANL mortar was determined in accordance with ASTM C 150 [35] on
cube specimens measuring 50x50x50 mm using a digital compression testing machine. The compressive
strength of the specimens was determined after 1, 3, 7, 14 and 28 days of curing. Three specimens were
tested at each age and the average compressive strength value is reported.

2.3.3. Microstructural characterization of the specimens

X-ray diffractometer (XRD), scanning electron microscopy coupled with energy dispersive X-ray
spectroscopic analysis (SEM + EDS) and Fourier transform spectroscopy (FTIR) were used to characterize
the microstructure of the products and to determine the contribution of LSPW to the nature of the alkali-
activated product, AANLo, AANL: were compared with AANLos, AANLo, and AANL: served as the control
specimens. The bond vibrations of the fine powder product obtained from 25 mm cube of AAP specimen after
14 days of curing were observed by using a Perking Elmer 880 spectrometer FTIR machine. The
morphological study of the middle portions of the 25 mm cube of AAP specimens was done with the aid of the
JEOL SEM + EDS model 5800 LV at accelerating voltage of 20 kV. The phases of the product were explored
using XRD Bruker instrument model d2-Phaser with Cu Ka radiation (40 kV, 40 mA) by continuous scanning
within angle 2-theta range of 4-80° and at a scan speed of 2.5°/min.

3. Results and Discussion
3.1. Effect of LSPW on workability alkaline-activated NP

The slump flow of the fresh AANLx (X = LSPW/(LSPW + NP) varies from 0 to 1) mixture is presented in
Figure 4. The flow of the AANLo is the lowest in the mix, this phenomenon can be due to higher water demand
of NP caused by high silica content (74 %). NP also has an angular particle shape coupled with elongated
flakiness [Figure 2b] and larger specific surface area [Table 1] compared to LSPW. However, upon addition
of LSPW to the alkali-activated NP mortar, it leads to an increase in the flowability of the mixture. There were
40 %, 90 %, 105 %, 120 % and 125 % increment in AANLo2, AANLos, AANLos, AANLos and AANLq,
respectively, when compared with AANLo. This observation is due to high dissolution rate of LSPW in alkali
activator compared to NP. This resulted in the micro-filling effect of the finer particle of LSPW within the matrix.
The micro-filling effect positively enhanced the early strength in the synergized AANL as shown in Figure 5.
This is in agreement with previous studies that showed that finer particle size distribution could contribute to
better flowability [36, 37]. Equation 1 shows the correlation between the experimental values.

y =—14.063%> +26.634x +9.939. (1)

3.2. Effect of LSPW on setting time of alkaline-activated NP

As shown in Figure 6, the incorporation of LSPW to AANLx (X = LSPW/(LSPW+NP) varies from 0 to 1)
mixture generally leads to a reduction in setting time of the mixtures. The AANLo with 100 % NP has very high
initial and final setting time as shown in Figure 2, however, when 20 % of LSPW was added to the mix, its
initial setting time and final setting time reduced by 41 % and 64 % respectively, Further addition of 20 %
LSPW (AANLo.4) to the mix leads to a reduction of 76 % and 79 % of the initial setting time and final setting
time, respectively in reference to AANLo. Similar trends were observed upon total addition of 60 %, 80 % and
100 % of LSPW to the mixture. It should be noted that with 100 % LSPW, false setting was observed due to
high reactivity of LSPW in alkali activators. The model equations predicting the results for the initial and final

setting time in terms of X (X = LSPW/(LSPW+NP) is shown in Figure 6.
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Figure 5. 1-day compressive strength of alkali-activated mortar.

3.3. Effect of LSPW on compressive strength of alkaline-activated NP

The synergistic effect of LSPW and NP on the compressive strength of synthesized alkali-activated
mortar is shown in Figure 7. Generally, the compressive strength for all the mixes increases with age. The
1-day compressive strength of 4.4 MPa was obtained in AANLo which was 21.3 % of the strength obtained
upon substituting NP with 20 % LSPW. The increase in strength continued as the substitution level increases
as shown in Figure 7. The strength increased by 370.45 %, 322.7 %, 375 %, 193 % when 20 %, 40 %, 60 %
and 80 % of LSPW were added to the mix proportion in AANLo.2, AANLo.4, AANLo.s, AANLo s, respectively. The
compressive strength of the mortar increase with LSPW content up to 60 % (AANLo.2, AANLo.4 and AANLo.s)
and then drastically decline upon 80 % LSPW (AANLo.s) addition. While the 1-day compressive strength of 5.3
MPa was obtained in AANL:. At 28days, 102.27 % of strength was gained in AANLo. while 18.87 % was gained
in AANL:. The maximum strength of 27 MPa was obtained in AANLos after 28 days. It is remarkable that the
combination of LSPW and NP in the synthesis of the AAM enhanced early strength development of the mixed
than individual usage of the primary material.
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3.4. Effect of limestone powder on microstructures and bonds of alkali-activated mortar

Limestone powder waste (LSPW) contains mainly CaO (94.1 %) and SiO2z (2.5 %) with a little percentage of
Al203(0.8 %) as shown in Table 2, this can be expressed empirically as Cai11s8ASs. The XRD results in Figure 3 also
confirmed the presence of high crystalline calcite (CaCOs) and quartz (SiOz). Alkali activation of LSPW starts by
the breaking down of the LSPW bonds which mainly comprises calcite that breaks down into lime and carbon
dioxide as shown in Equation 2 thereby making CaO available to play the charge balancing role in the stability of
the oligomer formed from the condensation process of the transported silicate dominated monomers.

CaCOs —» CaO+COs. 2

Alkali activators most specifically, NaOHag) caused the dissolution of complex aluminosilicate, most
especially during the early reactions thereby releasing the monomers such as Ca-O, Si-O-Si, Al-O-Al and
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Al-O-Si together with that obtained from sodium silicate activators (Si-O-Si). Naz2SiO3z@q and NaOHag)
dissociate according to Equations 3 and 4

Na2SiOs(ag) - Na20 + SiO2 + H20 3)
NaOHag) = Naz20 + SiO2 + H20 (4)

The SiO2from NazSiOz(q) supplies the soluble Siions while NaOHag) provides the OH-for bond cleaving
[38]. There is an exchange of H* for Ca?* and Na* when the PH of the medium is between 7-10 during the
early stage of the reaction, followed by the hydrolysis of Si-O-Si, Al-O-Al, or Al-O-Si to form Si-O-CaOH
monomers [37]. The monomers polymerized to form CaSiOs (wollastonite), albite (NaAlSizOs), and chains of
SiO2 as revealed in Figure 8b (AANL:1). The Ca?* could also have reacted with OH- to form portlandite
(Ca(OH)z2), FTIR in Figure 9c confirms the precipitation of portlandite due to the increase in the intensity of
OH-, vibrating at wavenumber 3450 cm-!which is not present in the raw LSPW as shown in Figure 8a. A very
low 28-day compressive strength of 6.3 MPa was obtained in AANL., this was due to the formation portlandite
(Ca(OH)z2) as explained previously.

In addition to this, FTIR in Figure 9c shows that there is an asymmetric stretching of H-O-H formed due
to hydrogen bonding at a wavenumber of 2359 cm~! coupled with bending of an unbound water molecule at
1645 cm. Furthermore, Figure 10 shows the SEM image and the EDS result of AANL: which has an
interconnected porous microstructure, that is responsible for the low compressive strength recorded. The EDS
results also show very low content of Si (0.8 %) and Al (0.2 %) in spectrum 1 alongside with Si (1.4 %) and Al
(0.2 %) in spectrum 3. Spectrum 2 reveals the presence of CaO in the matrix which can mix with entrapped
water in the matrix as earlier stated to form (Ca(OH)2). All these could contribute to the negative strength
development in the AANL1

Q
(a) AANL, Q: Quartz (5102)
A Albite C\'E{:.;.E Cag ]y g0510 E:I
A L: Leucite (KA15120s
HAJ.-_-,' j
0]
ALa L, r @ a
-‘—-‘L
10 20 30 40 50 &0 70 B0

C: Calcite (CaCO3)

(b) AANL, Q: Quartz ((5109)
A Albite (NaAlSi;Og)

c C

A C
-"'""—'—-—_.__-'E'-J;ELJ A I ||| f AL C oA
10 20 30 40 50 &0 70 BD

C C: Calate (CaCOs)
(c) AANLy Q: Quartz ((8i0y)
A Albite (NaAlSiz0g)
Ar: Anorthite (CaAl:8i2073),
G: Gehlenite (Cal AL O:510;)

C c CC
uﬂ.r C

2-theta, degrees

Figure 8. X-ray diffractograms of the activated product
of (a) NP (b) LSPW (c) combined NP and LSPW.

AneBymu A.A., Ucmaun M., Apudpdur M.AM., FOcyd M.O., Macraexynaua M., Moxamen X. /1.
43



Magazine of Civil Engineering, 92(8), 2019

Rawisew () I A
) g N\ e —’"'"| Pt}
2360 \ / ‘
\
\ 712
| | |
\ )
|
|
\
\ |'I
X \J 874
©. | RawNP {b) 1421
@
Q
c
o
=
£ 1078
2
E | nanu (c) 2550
- 1 1391 1074
oo \/ 1645 39 o g0
AANLD (d}) 2358
P ——— e~
™ — v, T 1487 1558 A
- - 2331 1545 743
o~
3462
| AANLog (e)
e — R e e - N
Siea 2357 1645 1418 omr 870 71
3800 3400 3000 2600 2200 1800 1300 1000 600

Wavenumber cm™

Figure 9. FTIR spectra of (a) unactivated limestone powder (b) unactivated natural pozzolan (c)
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Figure 11. SEM/EDS of alkali-activated natural pozzolan (AANL3).
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Figure 12. SEM/EDS of binary blended alkali-activated natural pozzolan and limestone powder
(AANL ).

3.5. Effect of NP on microstructures and bonds of alkali-activated mortar

The XRF results in Table 2 show that NP contains SiO2 (74 %), Al203 (13 %), K20(5 %), Na20 (4 %) and
CaO (2 %), which can also be expressed as C(N2)A7S37 and KsA7S37. The XRD results in Figure 3 also
confirmed the presence of the amorphous phase of NP as indicated by the diffusive halo diffraction peaks
between 15° and 40°. The peaks in the NP diffractogram include the plagioclase (albite/Anorthite
(Ca, Na)Al2Si20s), microcline (KAI2SisOs) and quartz (SiOz). Alkali activation of NP structures resulted in the
dissolution of the C(N2)A7Ss7 and KsA7Ss7 bonds and the formation of potassium-aluminosilicate hydrate
(KASH), sodium-aluminosilicate hydrate (NASH) and calcium-aluminosilicate hydrate (CASH). The SiO2z from
Na2SiOs(aq) supplies the soluble Si ions while NaOH(aq) provides the OH-for bond cleaving. Al and Si in NP
became pentavalent as a result of OH-attachment, hence severing the Si-O-Si, Al-O-Al, or Al-O-Si bond.

The 5- and 6- coordinated Al in complex form is converted to 4-coordination upon dissolution, The Al-O-Al
being the weakest bond ruptured first to form Al-O that reacts with SiO2 from NazSiOz(q) to form aluminosilicate
oligomer. The Al-O- (negative) is charged balanced by the positive charged (K, Ca or Na). The next stage is the
agglomeration of these monomers -Al-O-KOH, -Al-O-NaOH, and -Al-O-CaOH together with -Si-O-Si to form KASH,
NASH and CASH, respectively. The XRD results in Figure 8a also revealed the formation albite (Na0.98
Ca0.02Al1.02Si30s) similar to (C, NASH), Leucite (KAISizOe) similar in form to KASH with quartz.

A very low 28-day compressive strength of 8.9 MPa was obtained in AANLy, this is attributed to the
formation portlandite (Ca(OH)2) as a result of the presence OH- vibration of a broad peak centered at
wavenumber 3462 cm~! (FTIR in Figure 9d) which is absent in the raw NP as shown in Figure 9b. In addition,
FTIR in Figure 9d shows that there is an asymmetric stretching of H-O-H formed due to hydrogen bonding at
a wavenumber of 2331 cm~! coupled with bending of an unbound water molecule at 1645 cm-! and this could
constitute to weak microstructure. Furthermore, Figure 10 shows the SEM image and the EDS result of AANLo,
AANLo SEM image appeared to be non-homogenous, flaky and non-dense structure due to the presence of
air voids. This is responsible for the low compressive strength recorded in AANLo. The EDS results also show
high Si/Al (4.5~7) and low Ca/Si (0.04) (spectrum 3). The low Ca/Si could also have contributed to the negative
strength development in the AANLo.

3.6. Effect of NP/LSPW on reaction product, bond characteristic
and microstructures of alkali-activation AANL mortar

The alkali activation of the combined precursors (NP/LSPW) gives the maximum 28-day compressive
strength of 27 MPa with 60 % LSPW combination with 40 % NP (ANNLos). The reaction products are calcite
(CaCO03), quartz ((SiOz2), albite (NaAlSisOs), anorthite (CaAl2Si-Os), gehlenite (Ca0.Al203Si0z2) as revealed in
the XRD in Figure 8c. Anorthite (CaAl2Si20s) and gehlenite (Ca0.Al203SiOz) are present in ANNLo.s but absent
in ANNLo and ANNL: as depicted in Figure. 8. These two compounds contributed positively to the compressive
strength development of ANNLo.s. Furthermore, Figure 12 shows the SEM image and the EDS result of ANNLo,
ANNLo.s SEM image appeared to be homogenous and dense in the microstructure. There are two distinct regions
on the image. Spectrum 7 showing a dense microstructure is the reactive products while spectrum 9 shows the
reactive CaCOs. The calcite has pores filling effect on the microstructure, which also favours the compressive
strength development. The EDS of ANNLos also, show the lowest Si/Al (2.4~4.9) in comparison with ANNL1
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(Si/Al (4~7) and ANNLo (Si/Al) (4.5~7). When the Ca/Siis 1.4 (spectrum 7), this value is 34 % greater than Ca/Si
in ANNLo. The Ca/Si was higher in ANNLo.s due to soluble Ca?* contribution from LSPW. The Ca?* contributes
to the strength development by both pores filling and bonding with O-Si-O and O-AI-O and the OH-1 to form
CaOH-Si-O-AlCaOH.

FTIR spectrum in Figure 9e validate the presence of hydroxylation of a widespread peak vibration
centered at wavenumber 3464 cm in ANNLos which is weaker if compared to that of ANNLo and ANNL:
(Figure 8c/8d). Besides, there is asymmetric stretching of H-O-H formed due to hydrogen bonding at a
wavenumber of 2357 cm~! coupled with bending of a very little water molecule at 1645 cm-! if compared to
that of ANNLo and ANNL1. The lesser the water present in the micropores, the higher the strength.

4. Conclusions

In this research, the alkali-activated mortar was synthesized by utilizing limestone powder waste
(LSPW) from the tiles manufacturing industry and natural pozzolan (NP) from a volcanic source. The effects
of LSPW and NP on the workability, setting time, reaction products, strengths development, bond
characteristics and the microstructural properties of the developed alkali-activated binary blending of LSPW
and NP (AALN) mortar were investigated and the following are the summary of the conclusions:

1. The dearth in CaO in NP decreases the consistency of the mixtures while the more the quantity of
LSPW of higher calcium source, the more the flowability of the mixture. However, setting time reduces with
the higher content of LSPW due to early integration and formation of calcium silicate hydrate.

2. There was an insignificant strength development when the LSPW and NP were used independently
(6—9 MPa) due to the formation of unstable aluminosilicate framework and portlandite in the former and the
latter systems due to the absence of SiOzand CaO, respectively.

3. The optimum percentage of NP in the binary blending is 40 % while LSPW constituted 60 % in the
mixture that resulted in the 28-day maximum compressive strength of 27 MPa.

4. Formation of anorthite (CaAl2Si2Os) and gehlenite (Ca0.Al203SiO2) in the synergy of the alkali-
activated NP and LSPW contributed positively to the strength development.

5. The pore-filling effect caused by the presence of calcite in the product resulted from the binary
combination of NP and LSPW.

6. The rough texture of the micrograph of alkali-activated NP was characterized with high porosity
turned to promote denser and smooth microstructure in the presence of LSPW.
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