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Abstract: 

This article reports the contribution of diverse oxides existent inraw 

materials such as ultrafine palm oil fuel ash (UPOFA), ground 

granulated blast furnace slag (GGBFS), and metakaolin (MK) on 

the performance of alkaline activated mortars (AAMs). The strength 

and microstructure development of ternary-blended alkali-activated 

mortar (AATMs) under various curing conditions, namely 

temperature, ambient, water, and steam were investigated. 

Themixturewas prepared with the same content of binder, aggregate 

and alkaline activator (AA) and cured at 75 ⁰C for 24 hours. The 

mixture was characterized in terms of compressive strength (CS) as 

a main property, and confirmed by XRD, and FTIR analyses. The 

findings indicated that ternary blended AAMs cured at steam 

temperatures exhibited higher strengths, accompanied by better 

compacted and homogeneous microstructure, compared to other 

curing conditions applied. The results showed that due to the high 

geopolymerization reactivity of ternary blended alkali-activated 

mortars which is sensitive to the curing conditions and curing at 

steam temperature was beneficial to the development of geopolymer 

CS. The XRD and FTIR analyses showed that the total content of 

Al2O3 and SiO2 plays an important role in CS development. 

Keywords: Alkaline activated mortars, Compressive strength, 

Microstructure, Curing conditions. 
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 جامعة المرقب  ليبيا الخمس -قسم الهندسة المدنية كلية الهندسة

 الملخص 
ود رماد وق المواد الخام مثل المقالة مساهمة الأكاسيد المتنوعة الموجودة في توضح هذه

 ( وGGBFS(، وخبث الفرن العالي المحبب )(UPOFAزيت النخيل متناهية الصغر 
( . تمت دراسة قوة وتطور AAMs( في أداء الملاط القلوي المنشط )MKالميتاكاولين )

لفة، ت الثلاثية المنحنية في ظل ظروف معالجة مختالبنية المجهرية للملاط المنشط بالقلويا
والماء والبخار. تم تحضير الخليط بنفس محتوى المادة الرابطة  والهواءوهي درجة الحرارة 

 42درجة مئوية لمدة  57( وتمت معالجته عند درجة حرارة AAوالركام والمنشط القلوي )
خاصية رئيسية وتم تأكيد ( كCSساعة. تم دراسة المخلوط من حيث مقاومة الضغط )

.أشارت النتائج إلى أن الملاط الثلاثي المنشط XRD FTIRذلك بواسطة تحليلات 
بالقلويات والمعالج في البخار أظهر قوة أعلى، مصحوبة ببنية مجهرية مضغوطة 
ومتجانسة بشكل أفضل، مقارنة بظروف المعالجة الأخرى المطبقة. أظهرت النتائج أنه 

البلمرة الجيولوجية العالية للملاط المنشط القلوي المخلوط الثلاثي والذي نظرًا لتفاعلية 
يكون حساسًا لظروف المعالجة والمعالجة عند درجة حرارة البخار، كان مفيدًا لتطوير 

 2SiOو 3O2Alأن المحتوى الكلي لـ  FTIRو XRDأظهرت تحليلات  .CSالجيوبوليمر
 .CSيلعب دورًا مهمًا في تطوير 

روف ظ المجهرية،قوة الضغط، البنية  منشطة،قذائف هاون قلوية  المفتاحية: الكلمات
 المعالجة.

http://www.doi.org/10.62341/tbam6623
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1. Introduction 

Construction industry is continuously looking for sustainable 

alternatives to traditional cement-based products due to their high 

carbon footprint and environmental impact. Alkaline activated 

materials (AAMs) have emerged as promising alternatives, offering 

greater strength, durability, and lower carbon dioxide emissions, in 

comparison with conventional cementitious materials. 

Aluminosilicates are a group of naturally occurring and synthetic 

compounds that contain both aluminum and silicon oxidesuch as 

calcined kaolin (metakaolin, (MK) or produced by the industries as 

wastes including palm oil fuel ash (POFA), and ground granulated 

blast furnace slag (GGBFS)(Davidovits 2008, Kumar, Kumar et al. 

2010). MK is an inorganic material; it is similar to organic materials 

because it reacts with solid polymers to form a strong alumina-

silicate network through polycondensation phase. The inclusion of 

MK as a precursor material in geopolymers has been found to be 

very beneficial owing to its natural amorphous phase as well as its 

small particle size. Meanwhile, millions of tons of a by-product of 

palm oil, known as POFA are produced every year in several Asian 

Countries such as Malaysia, Indonesia and Thailand(Tangchirapat, 

Saeting et al. 2007, Huseien, Ismail et al. 2018). POFA is a by-

product of palm oil production that has recently gained attention as 

a sustainable alternative construction material to traditional cement 

in construction(Mo, Alengaram et al. 2014). POFA is produced 

when palm oil waste is burned to generate electricity, and the 

resulting ash is collected and processed. that has been used as a 

partial replacement for cement in concrete production POFA is an 

abundant and low-cost material, rich in a SiO2   that can mitigate the 

environmental concerns generated by large ordinary Portland 

cement (OPC) production via the synthesis of new binder called 

geopolymer (Krivenko 1994), besides reducing the high quantity of 

waste generated from the palm oil industry. 

Up to now, most of the available research works were focused on 

using these materials (MK, and POFA) as singly or binary mixtures, 

whilst very little research can be found in terms of using ternary 

precursors in the geopolymer system. Ternary blended alkaline 
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activated mortars, which include industrial by-products and 

supplementary cementitious materials, have showed considerable 

promise in improving the characteristics of AAMs. Understanding 

the strength development and microstructural characterization of 

such mortars under various curing conditions is critical for their 

effective use in sustainable construction practices.Many studies 

have focused on the factors influencing the microstructure and 

mechanical performance of geopolymers, with the aim of designing 

high-performance geopolymer materials. The factors examined 

have been the effects of molar ratios of different components (Si, 

Al, Na, and H2O ratio)(He, Wang et al. 2016, Yuan, He et al. 2016, 

Wan, Rao et al. 2017), water content(Lizcano, Gonzalez et al. 2012), 

particle size(Assi, Deaver et al. 2018), liquid/solid ratio(Liew, 

Kamarudin et al. 2012), and curing conditions(Fardjaoui, Wicklein 

et al. 2018, Zhang, Yuan et al. 2021). 

Although several studies have been conducted on the strength 

performance of alkaline-activated ternary blended contains 

UPOFA, GGBFS, and other materials such as MK According to 

author’ knowledge, there is no work in the literature has clearly 

discussed the influence of various curing conditions on the ternary 

blended. The present paper aimed at providing valuable insights into 

the influence of curing conditions on the structure framework by 

presenting the changes in CS results and structural formation... 

Therefore, the objective of this study is to explore the strength 

development of AATM using locally available materials; UPOFA, 

GGBFS, and MK as binders. The findings of this work can add to 

the expanding body of information about the strength development 

and microstructural characterization of ternary blended AAMs. 
 

2. Materials and methods 

2.1Materials and mixtures preparation 

In the current study, three different types of raw materials were used 

to produce geopolymer mortar namely POFA, POFA was obtained 

from the Malaysian United Palm Oil industry, MK, and GGBFS 

were ordered from Associated Kaolin Industries Malaysia, and YTL 

Cement Technical Center, Pulau Indah, Selangor, Malaysia, 

respectively. The treatment process of POFA to obtain UPOFA with 



 

  Volume 33 العدد 

  2Partالمجلد 
 January 2222يناير 

International Science and 

Technology Journal 

 المجلة الدولية للعلوم والتقنية

 م 1/2222/  31 وتم نشرها على الموقع بتاريخ: م3/1/2222 تم استلام الورقة  بتاريخ:

 

 حقوق الطبع محفوظة 
 لعلوم والتقنية الدولية ل مجلةلل

 

Copyright © ISTJ   5 

 

excellent physical properties has been achieved by using the method 

reported by MegatJohari et al.(Megat Johari, Zeyad et al. 2012). The 

thermal treatment of kaolin at 750 °C for 1 hour to obtain reactive 

MK was followed as described in the previous research 

study(Borges, Nunes et al. 2016, Menshaz, Johari et al. 2017). The 

chemical compositions of the precursors used in this current study 

were determined using the X-ray fluorescence (XRF) technique as 

shown in Table 1.  It can be noted that POFA and MK contain a high 

content of silica oxide (about 65%), while calcium oxide represents 

around 9%. This is not the same scenario with GGBFS, where CaO 

exhibited the highest level, followed by SiO2 (36%) and Al2O3 

(15%). SiO2 was also the dominant oxide in MK, followed by Al2O3.  

Therefore, the combination of these materials can provide 

extraordinary mixtures for geopolymers. Similarly, the physical 

properties were determined using Mastersizer/E for measuring the 

particle size distributions and surface area, as well as, 

MicromeriticsAccuPyc 1330 for measuring the specific gravity as 

presented in Table 2. The collected silica sand was sieved passed 

through a 1.18 mm and was retained on a 150 μm sieve as described 

in ASTM C778(Samet and Chaabouni 2004). River sand was 

estimated to have fineness modulus of 2.8, and a specific gravity of 

2.65. The alkaline activator (AA) used was a combination of sodium 

silicate solution (Na2SiO3) (which has the SiO2/Na2O ratio of 2.2 

with the compositions as follows of 14.7% Na2O, 32.34% SiO2 and 

55.90% H2O) and sodium hydroxide (NaOH) in a pellet form. 

NaOH and Na2SiO3were purchased from Qrec (Asia) SdnBhd and 

Centre West Chemicals SdnBhd, respectively. To make NaOH 

solution (10 M), the pellets of NaOHwere suspended inside water. 

This is equivalent to 404.04g of pellets per liter of water., therefore, 

the prepared solution was left to cool down before it could be used. 

Next, a Na2SiO3 solution was mixed with the 10 M NaOH solution 

to make the AA solution. The alkaline activators induce a chemical 

reaction that results in the formation of a three-dimensional network 

of binder gel.  The AA selection was based on the recommendations 

as per (Mijarsh, Johari et al. 2015). 
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TABLE 1. Chemical compositions of the materials using XRF 

analysis (% by weight) 

Mater

ials 

Oxides 

SiO

2 

Al2

O3 

Fe2

O3 

Ca

O 

Mg

O 

Ti

O2 

K2

O 

P2

O5 

N

a2

O 

LOI 

UPO

FA 

64.

596 

5.8

53 

4.7

43 

9.3

01 

3.1

34 

0.2

19 

5.2

17 

5.

19

6 

0.

05

3 

2.51

0 

GGB

FS 

36.

830 

14.

449 

0.3

96 

39.

356 

3.5

92 

0.4

02 

0.3

76 

0.

01

9 

0.

05

9 

0.60

3 

MK 
58.

571 

37.

716 

1.6

40 

0.0

26 

0.4

85 

1.0

42 

2.2

69 

0.

12

4 

- 
1.14

0 

 

TABLE 2. Physical properties of constituent materials 

Properties 
Materials 

UPOFA GGBFS MK 

Specific gravity 2.61 2.89 2.6 

Median particle size d50 

(μm) 

1.1 14.2 4.12 

Specific surface area (m2/g) 1.871 0.485 0.986 

 

2.2 Exposing Samples to High Temperature 

All proportions needed for producing alkaline activated ternary 

mortar (AATM) in this study were prepared and calculated 

according to ACI 211.1-91(Nataraja and Das 2010), and presented 

in Table 3. The AA consisted of 10M NaOH(Sodium hydroxide) 

concentration, it’s combination with Na2SiO3 (Sodium silicate) 

expressed as Na2SiO3/10M NaOH of 2.5 wt. ratio, and AA/ SMs 

was kept as 0.52 wt. ratio. The additional amount of water (5% by 

weight of binder) (AA+ SMs) was added(Mijarsh, Johari et al. 

2015). For its proportioning, aggregate/binder ratios were taken as 

1.5, as per(Mijarsh, Johari et al. 2015). For all designed mixtures 

prior to mix, all dried ingredients (SMs with aggregate), listed in 

Table 3, were placed in L5 automatic Hobart N50 mixer, and mixed 
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first together for 3mins, before adding AA solution. The mixing 

procedures were conducted   as suggested by (Mijarsh, Johari et al. 

2015). All cubic specimens with the dimension of 50 x 50 x 50 mm 

were cast with a prepared mix in double layers wherein every layer 

was shacked in vibration table for 15 seconds. Then, all moulds were 

kept at room temperature (25± 2°C/70 ± 5% relative humidity) for 

12 hours. Following that, the samples were de- moulded and 

wrapped with heat resistant vinyl bags to prevent losing the 

moisture, and immediately then placed in an oven at 75 °C for 24 

hours(Mijarsh, Johari et al. 2015). Finally, the samples were left in 

ambient conditions (25± 2°C and 70±5% RH) till the day of testing 

(i.e., 3, 7, 14 and 28 days). 

TABLE 3. Mixture formulationof AATM (kg/m3) 

Mix 
No. 

Solid materials 

Sand Na2SiO3 

NaOH 
Added 
water 

UPOFA MK GGBFS pellet water 

AATM 288 205.5 328.8 1230 305 40 80 60 

 

2.3 Testing of specimens 

TheCS of AAMs specimens was tested according to ASTM 

C109(C109/C109M 1999) at different ages including 3, 7, 14 and 

28 days. The CS for the mix was taken as the average of three of 

AAMs specimens for each aging test. To aid understanding the 

mechanisms driving the ternary blended AAMs' strength 

development, some samples were collected from crushed cubes, and 

prepared to identify their crystalline phases using X-ray diffraction 

(XRD), FTIR and TGA analyses. XRD machine set with Cu Kα 

radiation of 1.5406 Å was utilized to determine the samples phases 

by applying 2θ in the broad peak ranges from 10º to 80º. The 

diffraction patterns were then analysed using Expert High Score 

Plus software, while Rietveld refinement method was used to 

conduct the quantification. Moreover, FTIR analysis was used to 

identify the different types of chemical bonds in the materials on a 
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molecular level. The infrared spectra were recorded in the range of 

400–4000 cm-1 wave numbers. 

3. Results and discussions 

3.1Effect of different curing on compressive strength 

Figure 1 displays the CS of AATMs at four different types of curing. 

It can be observed from Figure 1 that alkaline activated mortar cured 

at ambient temperature recorded the lowest CS at all tested ages, 

while higher strengths were observed with those cured in water. It 

is obvious that there were correlation effects of curing conditions at 

a certain level that cause an increase in CS. However, AAMs 

samples cured under steam conditions showed the highest 28-day 

CS, in comparison with those cured in dry environments (i.e., 

ambient, water, and temperature curing), since steam can have 

accelerate the geopolymerization process(Huseien, Sam et al. 2019).  

The change in curing conditions of the ternary binder can result in a 

clear difference in the content of CaO and Al2O3, which in turn 

influences the development of CS. This can be explained by the 

higher dissolution of Al2O3 compared with SiO2,producing a higher 

rate of condensation(Sharmin, Alengaram et al. 2017). Moreover, 

the low content of Al2O3can cause at the reduction in the CS 

obtained(Ariffin, Azreen et al. 2011). This might be attributed to the 

incomplete geopolymerization process. However, the increase in 

SiO2 can cause a negative effect on the strength(Ranjbar, Mehrali et 

al. 2014),which is linked to the dense gel particles and large 

interconnecting pore(Duxson, Provis et al. 2005).  

The highest CS of the ternary binder was recorded under steam 

curing, achieving 88.89 MPa.  The increase in source of Al2O3 is 

linked  to the increase in the Al(OH)4
− species in the initial process 

of reactions occurred with alkaline hydroxides (OH– ions), 

primarily NaOH, which leads to a faster rate of condensation 

reaction between the dissolved anions SiO2(OH)2
2−, SiO(OH)3

−1 and 

Al(OH)4
− as well as the network-modifications of Ca2+, Na+, and 

Al3+,causing formation of higher N–A–S–H over C–A–S–H and C–

S–H type gels. In other words, the reaction between SiO2(OH)2
2− or 

SiO(OH)3
−1, Al(OH)4

− and Ca2+ species as a function of pH in the 

system continues until all available Ca2+ ions are exhausted over 
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time, also decreases the pH due to the consumption of OH– ions in 

the initial reaction. The reduction in pH and OH– ions can offer the 

proper environments that may facilitate the formation of N–A–S–H 

gel. It was reported that the increase in Al2O3 and CaO causes the 

rapid setting time of conventional geopolymer systems, but increase 

in Al2O3 caused detrimental effects of strength results than CaO that 

reducing the potential detrimental effect on the strength(Steveson 

and Sagoe-Crentsil 2005, De Silva and Sagoe-Crenstil 2008, 

Chindaprasirt, De Silva et al. 2012, Tchadjie and Ekolu 2018). 

 
 

Figure 1. Compressive strengths of AATM samples udder different 

curing conditions. 

3.2 AAMs phases analysis using X-ray diffraction 

As illustrated in Figure 2, the XRD results of AATM mixtures 

indicated the formation of several phases during the alkaline-

activated synthesis. All the XRD diffractograms of AATM showed 

the presence of crystalline peaks of quartz, albite (N–A–S–H) and 

anorthite (C–A–S–H), Jadeite (NaAlSi2O6). The phase of jadeite 

(NaAlSi2O6) belongs to aluminosilicate family, and has a single 
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chain (Si)tetrahedrally-coordinated crystal structure with Na and Al 

in its octahedral coordination(Kupwade-Patil and Allouche 2012). 

The formation of N–A–S–H type gel as the main product within the 

three dimensional network is mainly associated to the presence of 

MK in the mixture(Granizo, Alonso et al. 2002, Gao, Yu et al. 

2015), whilst C–A–S–H gel formed due to the presence of GGBFS 

with a high Ca content, which contributes to accelerating the rate of 

activations. These precursors influenced the AATM reactivity due 

to several factors as the main factors are mineral composition, 

morphology, and fineness to achieve high performance(Singh, 

Ishwarya et al. 2015).These results obtained in the current work are 

in line with those stated by other researchers(Yusuf, Megat Johari et 

al. 2014). The change in the total content of this material can be 

confirmed by the change in the peak intensity of crystalline phases 

as shown in Figure 2. These alterations in the in peak intensity 

delayed the activation process, strengthened the structure and 

reduced the mechanical strength of AAMs(Al-Majidi, 

Lampropoulos et al. 2016). 

 
 

Figure 2. X- raydiffractograms of AATM mixtures at 28 days. 

3.3FTIRanalysis 

Figure 3 illustrates the vibration bands of FTIR analysis for AATMs 
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at 28 days curing. The FTIR spectra for the various vibration bands 

shown in the figure confirmed the presence of N–A–S–H, C–S–H 

and (C–(A)–S–H) gels in the mortars based on the vibrations of Si–

O–Si or Si–O–Al and Si–O in plane and bending modes. FTIR is a 

chemical analysis method used to find the reaction zones of Si–O 

and Al–O, and identify the degree of geopolymerization and 

formation of reaction products in the various geopolymer 

mixtures(García‐Lodeiro, Fernández‐Jiménez et al. 2010, Mijarsh, 

Johari et al. 2015). 

The current study has focused on specific spectral zones: the bands 

at 1200–900 cm-1 corresponding to the asymmetric stretching 

vibration of (Si–O–Si) and (Si–O–Al); the bands assigned around 

3468 cm-1, corresponding to the stretching vibrations of H–O–H 

bonds; and the band around 1647 cm-1, which is related to the 

bending vibration of the –OH groups of the hydrated reaction 

products associated with H2O(Al-Majidi, Lampropoulos et al. 

2016). The peak of steam curing around 464.04cm-1 is assigned to 

in-plane bending of Si–O and Al–O linkage(Santa, Kessler et al. 

2018), while is accompanied by a shift to 465.29, 465.02 and 464.22 

cm-1 for ambient, water and temperature curing respectively, can be 

attributed to the asymmetric stretching of Si–O and Al–O bonds 

originated from individual tetrahedrals(Phair, Van Deventer et al. 

2000, Prasanphan, Wannagon et al. 2019). The band located at 

646.76, 647.72, 648.30 and 646.23 cm-1 for temperature, water, 

ambient and steam curing respectively, is assigned to the tetrahedral 

group AlO4(Ptáček, Šoukal et al. 2011).  

The peaks located at 696.87–727.30 cm-1 for water curing, 695.86–

727.23 cm-1 for temperature curing, 696.27–727.26cm-1 for ambient 

curing and 694.33–727.14 cm-1 for steam curing are attributed to the 

bending vibration and the symmetric stretching vibration of Al–O–

Si(Catauro, Bollino et al. 2014, Chen, Zhou et al. 2018). While, the 

peaks at 1004.04, 1008.01, 1005.80 and 1003.90 cm-1 are attributed 

to the asymmetric stretching vibrations of Si–O–T (T = Si or Al) for 

temperature, water, ambient and steam curing respectively, is shown 

in Fig. 3(Lo, Lin et al. 2017). Bands arising at 1476.01, 1476, 

1471.40 and 1476.02 cm-1 for temperature, water, ambient and 
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steam curing respectively, are mainly due to the asymmetric 

stretching O–C–O bond vibrations in carbonate groups (CO3
2−), 

which is a result of alkaline metal hydroxide reacting with 

atmospheric CO2(Li, Rao et al. 2018).The peak at 1647.23 cm-1 and 

3468.84 cm-1 corresponds to the stretching and deformation 

vibration modes of H–O–H and O–H, respectively. Thus, this 

indicates that the reaction product is dominated bychain-structured 

C–A–S–H and N–A–S–H gels. From the aspect of starting 

materials, the Si–O bond in sample steam curing that is independent 

of the ratio of slag is around 1003.90 cm-1. The increase in 

wavenumber shows the formation of more polymerized Si–O 

network. 

 
FIGURE 3. FTIR spectra of AATM mixtures at 28 days. 

4. Conclusions 

Thisstudy experimentally investigated the feasibility of compressive 

strength (CS) development of AATM using sources materials 
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UPOFA, MK, and GGBFS, cured at different curing conditions. The 

results showed that the CS and the microstructure of ternary blended 

AAMs are greatly influenced by curing temperatures and steam 

curing. Although the chemical composition of geopolymers cured at 

different conditions was not noticeably changed, a clear difference 

was observed in the CS. For example, when the samples were steam 

curing for 28 d compressive strengths increased and reached 88.89 

MPa compared to 70.40 MPa for ambient curing. The formation of 

N–A–S–H, C–S–H and C–A–S–H due to the presence of MK has a 

high Al content and GGBFS has a high Ca content that leads to 

formation this gels binder. The formations are responsible for the 

high CS of the AATM as indicated by XRD, and FTIR analysis. 
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