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Integration of cement-based products with nanosized-palm oil fuel ash as 
supplementary cementing material (SCM) amend its hydration’s degree at early age 
phase and the microstructural groundworks are relevant to explain the findings. Hence, 
the present work investigates the microstructure properties of the hardened cement 
paste (HCP) incorporating nPOFA to study on the effect of nPOFA in cement hydration 
at an early age phase. An Ordinary Portland Cement (OPC) paste as a set of HCP blended 
with microsized-palm oil fuel ash (mPOFA) (10-30%) and nPOFA (10-60%) were 
prepared and cured for 28 days. The microstructural examination of OPC, mPOFA and 
nPOFA cement pastes at 28 days curing age via Thermogravimetric (TG) analysis, X-Ray 
diffraction (XRD) analysis, morphology study and Fourier transform infrared (FTIR) 
spectroscopy analysis. In TG analysis, the relative weight loss of calcium hydroxide (CH) 
of nPOFA pastes is lower than OPC and mPOFA. Based on the CH peaks at 2θ= 18.1°and 
34.0° in the diffractogram, it shows that nPOFA pastes give the low CH peaks compare 
to OPC and mPOFA pastes. In addition, the nPOFA pastes form the dense and compact 
microstructure of HCP compare to other pastes. Observations from FTIR analysis, 
nPOFA pastes display a high frequency of Si-O band due to the high rate of pozzolanic 
reaction. Overall, the findings confirmed the contribution of nPOFA in accelerating the 
rate of cement hydration and pozzolanic reaction as it reduced the amount of CH in the 
cementitious matrix. 

Keywords: 

Nanosized-palm oil fuel ash; pozzolanic 
reaction; cement hydration; 
nanoparticles; supplementary cementing 
material 

 
1. Introduction 
 

Early-age hydration is an important stage in developing the desired mechanical and durability 
performances of cement-based products. Yet, the external and internal cracking is significant damage 
during the early-age period. Previous literature states the factors include the tensile stress, change 
of environment, low water-to-binder ratio, alkali-aggregate reactions, and chloride ingression could 
lead to the extensive cracking [1, 2]. Nevertheless, many studies with encouraging findings prove the 
potential of supplementary cementing materials (SCM) such as fly ash, rice husk ash, palm oil fuel 
ash (POFA) in enhancing the hydration of cement in early curing ages [3, 4]. 
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The POFA is accepted as a pozzolanic material due to its siliceous-aluminous contents as it 
generates cementitious hydration products in the pozzolanic reaction with the calcium hydroxide 
(CH) in the presence of moisture [5, 6]. Many studies documented the application of POFA in 
improving the mechanical and durability of cement-based products [5-7]. Later, the potential of POFA 
as SCM has been optimized by increasing the fineness of particles into nanosized particles [8-10]. It 
is been reported the enhancement in mechanical and durability properties of cement-based products 
incorporate with nPOFA compared to the conventional POFA. Yet, the study focuses on the effect of 
nPOFA on the hydration of the early-age hardened cementitious matrix. Hence, the present work 
examines the microstructure properties of hardened cement paste (hcp) at 28 days curing age to 
explain the effect of nPOFA towards the degree of cement hydration at early-age period. In this study, 
the microstructure properties of hcp incorporate with nPOFA at 28 days curing age will be analyzed 
through the thermal analysis, X-Ray diffraction (XRD) analysis, morphology analysis, and Fourier 
Transform Infrared (FTIR) spectroscopy analysis. 
 
2. Experimental 
2.1 Raw Materials 
 

As-received POFA (rPOFA) was collected at the local palm oil mill in Johor, Malaysia. The 
microsized POFA (mPOFA) was acquired from the grinding process of rPOFA by the modified Los 
Angeles Abrasion test machine [5-7] following the process to achieve the nanosized particles of POFA 
by subjecting mPOFA into a ceramic ball milling in 30 h by using 10:1 ball-to-specimen weight ratio 
[11]. The nPOFA was analyzed via Transmission electron microscopy (TEM). TEM analysis shows that 
nPOFA possesses the average particles in the range of 20 to 90 nm [8-10]. The chemical composition 
and physical properties of OPC, mPOFA, and nPOFA were shown in Table 1. 

 
Table 1  
Physical and chemical characteristics of mPOFA, nPOFA and OPC [10, 12] 
Component SiO2 CaO Al2O3 MgO Fe2O3 SO3 LOI SBET 

[m2/g] 
True density 
[g/mL] 

mPOFA 
54.8 14.0 7.24 4.14 4.47 0.71 8.5 

16.63 1.78 
nPOFA 145.35 1.71 
OPC 21.45 60.98 3.62 1.22 4.89 2.30 1.37 - - 

 
2.2 Preparation of Hardened Cement Paste 
 

The set of hcp incorporate with 10-30% mPOFA and 10-60% of nPOFA were prepared by using a 
water-to-binder ratio of 0.35. In the meantime, the OPC paste was prepared as a control paste with 
a water-to-cement ratio of 0.28. For the hardening purpose, the pastes were cast into 50mm × 50mm 
× 50 mm moulds. The pastes were demolded after 24 h and stored in a saturation lime solution for 
28 days. Then, the hcp cubes were crushed manually, and the hydration was arrested by immersing 
the hcp in acetone for 3 days. 
 
2.3 Microstructure Study of Hardened Cement Paste 
 

In this study, the hydration and pozzolanic reaction progress were investigated through the 
microstructural analysis includes the Thermogravimetric (TG) analysis, XRD analysis, morphology 
analysis and FTIR analysis. The thermogravimetric analysis was conducted using a Perkin-Elmir 
Thermal Pyris Diamond TG/DTA Analyzer. Experiments were carried on hcp specimens under 
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dynamics conditions from room temperature up to 1000°C at a heating rate of 10°C/min in a nitrogen 
atmosphere. 

The XRD analysis was performed using a Siemens/ Bruker Advance D5000 diffractometer with Cu 
Kα radiation (λ = 1.54060 Å). Diffractometer settings were 40 kV, 25 mA, a scan range of 2θ from 2° 
to 70°, step size of 0.05° and scan speed of 0.05°/min at room temperature. The morphology of small 
hcp fragments was captured using a Phenom ProX SEM and operated at 10 kV. The infrared spectra 
of hcp specimens were recorded in the range of 4000 cm-1 to 450 cm-1 using a Perkin Elmer Spectrum 
One FTIR spectrometer. A KBr-hcp pellet was prepared using hcp specimen to KBr ratio of 1:100. 
 
3. Result and Discussion  
 

The effect of nPOFA in the degree of cement hydration in hcp at early curing age will be discussed 
in this section based on the findings from the microstructural studies. 
 
3.1 Thermal Analysis 
 

The DTG curves of cement pastes and the relative loss weight of CH for OPC, mPOFA, and nPOFA 
hcp were shown in Figure 1(a) and Figure 2(b), respectively. Based on DTG thermograms in Figure 
2(a), there are three substantial weight losses for all hcp which were detected in the temperature 
range of 30ºC to 210ºC, 410ºC to 480ºC, and 510ºC to 700 ºC. Respectively, these endoterm peaks 
correspond to the decomposition of the evaporation-water in capillary pores and dehydration 
hydrated products; dihydroxylation of CH and decarbonation of carbonated phases [13]. 

In this study, the rate of the cement hydration of hcp incorporates with nPOFA through the 
relative weight loss of CH in hcp. The relative weight loss of OPC, mPOFA and nPOFA at 28 days curing 
age are shown in Figure 1(b). As can be seen in Figure 1(b), the OPC hcp displays the weight loss of 
CH 4.3%. In mPOFA hcp, the relative weight loss of CH in 10mPOFA, 20mPOFA and 30mPOFA hcp at 
28 days curing age is 4.1%, 3.4% and 2.9%, respectively. In nPOFA hcp, the relative weight loss of CH 
of 10nPOFA, 20nPOFA, 30nPOFA, 40nPOFA, 50nPOFA and 60nPOFA hcp at 28 days curing age are 
3.7%, 3.2%, 2.6%, 2.3%, 2.2%, and 2.2%, correspondingly. It is also detected the reduction of relative 
weight loss of CH as the replacement amount of POFA increases. As shown in Eq. (1) and Eq. (2), CH 
is one of the hydration products as it contributes to a high CH amount in OPC hcp. Meanwhile, the 
consumption of CH in the pozzolanic reaction (see Eq. (3)) is attributed to a reducing amount of CH 
in mPOFA and nPOFA hcp.  The different amount of CH between mPOFA and nPOFA is due to the fact 
that the nanoparticles of nPOFA accelerate the rate of cement hydration and pozzolanic reaction. 
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(a) 

 

 
(b) 

Fig. 1. (a) DTG curves of cements pastes at 28 days curing age 
and (b) relative loss weight of CH phase obtained from 
thermogram of OPC, mPOFA and nPOFA cement pastes at 28 
days curing age 

 
2(3CaO.SiO2)(s) + 8H2O(l) → 6Ca2+ (aq) + 10OH- (aq) + 2H3SiO4

- (aq)                                                        (1) 
 
2(3CaO.SiO2) (s) + 6H2O (l) → 3CaO.2SiO2.3H2O (s) + 3Ca(OH)2(s)                                                            (2) 
 
Ca2+ (aq) + H2SiO42- (aq) + H2O (l) → CaO.SiO2.2H2O (s)                                                                              (3) 
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3.2 X-Ray Diffraction Analysis 
 

Figure 2 shows the diffractogram of OPC hcp at 28 days curing age. The intense peak at 2θ = 29.4º 
is assigned to the overlap peaks of alite, calcite, and tobermorite (CSH). However, at this early curing 
age, the peaks might be subjected to the appearance of C3S. Other intense peaks at 2θ = 18.1º and 
34.1º determine the existence of portlandite (CH) in all hcp.  Observation on these peaks, the OPC 
hcp has the highest peak intensity of CH compared to mPOFA and nPOFA hcp. In addition, the α-
quartz peaks at 2θ = 26.5º were not observed in OPC hcp as it was detected in all mPOFA and nPOFA 
hcp. The findings could explain the effect of nPOFA on the degree of cement hydration through the 
qualitative examination on the peak, specifically based on the CH peaks. It is suggested that the low 
of CH peaks detected in mPOFA and nPOFA hcp is attributed to the reaction between POFA particles 
with CH to generate secondary CSH. In addition, the low-intensity peaks in nPOFA hcp justified the 
significance of nanoparticles in increasing the rate of pozzolanic reaction. These findings were 
similarly discussed in thermal analysis. The existence of silica in mPOFA and nPOFA hcp is confirmed 
based on the appearance of the α-quartz peak. These findings are in the agreement with the previous 
studies by other researchers. 
 

 
Fig. 2. Diffractogram of OPC, mPOFA and nPOFA hcp at 28 days curing age 

   Notation- (1)Alite (2)Portlandite (3)Calcite (4)CSH (5) α-quartz 

 
3.3 FTIR Analysis 
 

Figure 3 shows the FTIR spectrum of OPC, mPOFA and nPOFA hcp at 28 days curing age. A sharp 
peak in the range of 959 to 973.1 cm-1 is observed and the peaks correspond to the Si-O asymmetric 
stretching vibration, resulted from the polymerization of silicate unit (SiO4

4-) which indicates the 
formation of CSH gel during the cement hydration. The appearance of the medium-strong peak 
around 3650 cm-1 is assigned to the O-H is symmetric stretching vibration which arises from the 
generation of CH. Other peaks with strong intensity at 1450 cm-1 and 875 cm-1 are the characteristic 
bands for C-O stretching vibration and C-O bending vibration, respectively. These peaks arise from 
the carbonate (CO3-) group in calcite.  
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Fig. 3. FTIR spectrum of OPC, 10mPOFA, 20mPOFA, 30mPOFA, 10nPOFA, 
20nPOFA, 30nPOFA, 40nPOFA, 50nPOFA and 60nPOFA hcp at 28 days 
curing ages 

 
Table 2 shows the wavenumbers of Si-O band from FTIR analysis. At 28 days curing age, most of 

Si-O bands in the mPOFA and nPOFA hcp show high frequencies than the OPC hcp. The hydration can 
be discussed growth based on the intensity progress of Si-O stretching vibration [14]. Thus, the high 
frequency in 20mPOFA, 30nPOFA and 40 nPOFA hcp can be explained by the high rate of cement 
hydration due to the presence of mPOFA and nPOFA particles (acceleration effect) and the formation 
of secondary CSH (pozzolanic reaction). In addition, it also could be attributed to the high rate of 
pozzolanic reaction to generate the secondary CSH. This agreement was confirmed by the findings in 
the thermal analysis, as these hcp shows high CH consumption (see Figure 1(b)). Meanwhile, the hcp 
with a high replacement of mPOFA or nPOFA increases the dilution effect, as it could reduce the 
formation of CSH and the rate of pozzolanic reaction. 

 
Table 2 
Wavenumbers of peaks from FTIR analysis 
Assignment peaks Cement pastes 

 OPC 10mPOFA 20mPOFA 30mPOFA 10nPOFA 
Si-O 963.2 971.4 965.0 963.1 963.2 
 20nPOFA 30nPOFA 40nPOFA 50nPOFA 60nPOFA 
Si-O 965.2 973.1 965.2 959.3 959.3 

 
3.4 Morphology Analysis 
 

The morphology image of OPC, mPOFA, and nPOFA hcps was shown in Figure 4(a)-(f). The findings 
further confirm the thermal, mineralogical and infrared spectroscopy results. According to Figure 
4(a)-(f), all hcp at 28 days curing age filled with the anhydrous cement and hardened hydration 
products. Yet, only mPOFA hcp displays the POFA particles as can be seen in Figure 4(b). The CSH 
could be observed based on the presence of fibrous hydrates on the platelet-like layers or irregular 
particles as well on the surface of anhydrous cement. The CH is detected in the form of various 
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hexagonal plates of flakes. In addition, it is been observed that the CH plates in 20mPOFA, 20nPOFA, 
30nPOFA and 40nPOFA hcp (see Figure 4(b)-(e)) are covered with fibrous CSH. It is proposed that the 
fibrous CSH on the CH surfaces are formed from the pozzolanic reaction. The presence of ettringite 
also been detected in OCP hcp (see Figure 4(a)) as it presents as a thin and long needle-like phase. 
Meanwhile, as can be seen in Figure 4(b), the POFA particles are embedded with the hydrated 
products. It shows that the POFA particles act as nucleation sites for hydration and pozzolanic 
reaction products. It can be seen in Figure 4(c)-(e), the 20nPOFA, 30nPOFA and 40nPOFA hcp display 
a dense and compact microstructure compare to the OPC and nPOFA hcp. However, the 50nPOFA 
(see Figure 4(f)) hcp show a low dense and compact microstructure at this curing age. 

It is suggested that the distribution of nPOFA on the hardened cementitious matrix lead to the 
optimum potential due to its high fineness, as well as reinforce its ability to act as nucleation sites 
and filler. Furthermore, its small diameter particles and high specific surface area (see Table 1), 
resulting in the high dissolution of both crystalline and amorphous silica in the pores solution as it 
accelerates the rate of cement hydration and pozzolanic reaction. Consequently, it enhances the 
microstructure of the hardened cementitious matrix into a dense and compact microstructure 
compared to OPC and mPOFA. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

Fig. 4. SEM micrographs of (a) OPC (b) 20mPOFA, (c) 20nPOFA (d) 30nPOFA (e) 
40nPOFA and (f) 60nPOFA at 28 days curing age 
Notation: 1-CSH, 2-CH, 3- Ettringite, 4- Alite/Belite, 5- POFA particles 

 
4. Conclusions 
 

Based on the microstructure analyses, the findings examined the effect on nPOFA in the cement 
hydration in the hardened cementitious matrix. The high CH consumption in nPOFA hcp through 
thermal analysis shows that the high rate of cement hydration and pozzolanic reaction. In addition, 
the low-intensity peaks of portlandite at 2θ = 18.1º and 34.1º in nPOFA hcp confirmed the high CH 
consumption in pozzolanic reaction. As the high frequency in Si-O band in 30mPOFA, 30nPOFA and 
40nPOFA hcp indicate the high rate of CSH formation in hcp compare to OPC hcp. Meanwhile, the 
dense and compact structure in 30nPOFA and 40nPOFA hcp shows the high fineness of nPOFA 
particles accelerates its dissolution and rate of reaction with CH to generate secondary CSH, as it 
increases the ability of POFA as nucleation sites and filler. These findings confirm that the presence 
of nPOFA enhanced the cement hydration in the early-age of the hardened cementitious matrix as it 
could improve the mechanical and durability of cement-based products.  
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