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Abstract—The main aim of the present study is to 

investigate the difference of ordinary Portland cement 

(OPC) content (˂30%) on the production of sustainable 

hybrid alkaline cement (HAC) from treated palm oil fuel 

ash (TPOFA) to obtain better performance of mechanical 

strength and engineering properties. The difference of 

OPC content was studied at different ratios of 0, 5, 10, 20, 

and 30 wt.%. The combination of Na2SiO3 and NaOH was 

sued as an alkaline activator solution. The mechanical 

strength and engineering properties were investigated 

based on compressive strength, bulk density, porosity, and 

water absorption. The results show that the increase in 

cement content increased strength and enhance 

engineering properties' values. The optimum cement 

contents to obtain high performance at the early and later 

age was found to be at the range from 20 to 30 wt.%. The 

results show that the highest compressive strength value 

was 65.54 MPa achieved at 28days. Meanwhile, the 

engineering properties of HAC specimens somewhat was 

enhanced with the increase in the content of OPC at 30 

wt.%. 
 

Keywords—TPOFA, OPC, alkaline activator, hybrid 

alkaline cement   

I. INTRODUCTION  

The most common binder in construction is ordinary 

Portland cement (OPC). The production of OPC required 

high energy and caused air pollution and climate change due 

to CO2 emission. There are efforts to reduce the overall 

cement production via blending OPC with supplementary 

cementitious materials (SCM) [1]. The most common SCM 

are industrial or agriculture waste by-product is granulated 

blast furnace slag (GBFS), fly ash (FA), silica fume (SF), 

and palm oil fuel ash (POFA), in the hope to reduce the 

landfilling effects of this hazardous waste that contain a 

high concentration of heavy metals. The solution is to 

develop new binder technology and ecological cement 

binders like geopolymer and hybrid alkaline cement (HAC). 

The HAC is synthesized through alkaline activated 

cementitious materials where their main chemical 

composition should comprise in the Na2O-CaO-SiO2-Al2O3-

H2O system [2]. The main principle of HAC is to use the 

ash content in OPC blends to ˃70wt% without 

compromising initial mechanical strength [3]. The HAC 

curing of this system is not higher than ambient temperature 

to alkali activate the blend [3]. The most commonly used 

SCM in synthesis HAC contains blends of OPC or clinker 

and GBFS and FA [4], but these materials may pose 

difficulties of availability and consistency that could be 

solved if treated POFA (TPOFA) are used in their place 

which still not investigated yet. 

In the absence of alkaline activators in HAC, the SCM were 

reported to fail to develop initially suitable compressive 

strength. In contrast, the attempts of these activators’ types 

and concentrations and the heat released in early cement 

hydration expedited the SCM ration substantially [5]. 

However, the usage of alkaline activators in HAC to hasten 

the initial reactions, the main problem posed by using a high 

content of SCM is that they lengthen the setting times that 

influence the early mechanical strength [6]. The acceleration 

of early age reactions of HAC could be obtained with the 

usage of curing temperatures between 65 to 90 ˚C, which 

influenced the early hydration reaction with the production 
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of 1-day compressive strength upward 30 MPa [6]. The aim 

of this current research is to explore the potential of using 

TPOFA blended with a variation of cement content at 

different ratios of 5%, 10%, 20%, and 30% based on 

mechanical strength and engineering properties. 

Experimental 

A. Materials 

The aluminosilicate materials were POFA and OPC. In this 

study POFA was utilized from United Palm Oil Industries 

Sdn. Bhd. The steps or procedures adopted for the treatment 

of POFA to obtain the TPOFA followed exactly those in 

previous research’s [1, 7]. The cement used in this research 

is OPC, sourced locally. The oxide compositions and 

physical properties of the OPC and TPOFA are provided in 

Table 1 and Table 2. 

Table 1: Oxides composition and physical properties [8] 

 
Comp. Cement T-TPOFA 

 % % 

SiO2 21.01 65.01 

Al2O3 4.68 5.72 

Fe2O3 3.20 4.41 

CaO 64.89 8.19 

MgO 0.81 4.58 

P2O5 0.08 4.69 

K2O 1.17 6.48 

SO3 3.66 0.33 

TiO2 0.22 0.25 

MnO 0.19 0.11 

Na2O 0.09 0.07 

C - 0.09 

LOI 0.48 2.53 

 

Table 2: Physical Properties of OPC and POFA 

 
Material Specific 

gravity  

Median 

particle 

size, d50 

(µm) 

Specific 

surface 

area 

(m2/g) 

Blaine 

fineness 

(m2/g) 

OPC 3.16 6.79 0.785 0.329 

T-POFA 2.56 2.99 1.438 0.788 

 

B. Alkaline activators 

The alkaline activator which is usually in the form of a 

concentrated aqueous solution of Na2SiO3 and NaOH with 

certain amount of water. The analytical grade NaOH was in 

pellet form with 98% purity with a specific gravity of 2.13 

@ 20 °C, 97-98% purity collected from Qrec Sdn Bhd, 

Malaysia and commercial Na2SiO3 was in liquid form with 

2.2 silica modulus (Ms = SiO2/Na2O). 

C. Aggregates 

To produce the mortar mixtures, river sand with fineness 

modulus and a specific gravity of 2.8 and of 2.65, 

respectively, which complied with the requirement of 

ASTM 2000 [9] was used.  

D. Design of mixtures casting and curing 

Period before Period before the mixing process, the current 

study used a dry homogenization of TPOFA and OPC as 

source materials were performed. These two materials are 

used to prepare the binder B0 (0%OPC/100%TPOFA as 

control), B1(5%OPC/95%TPOFA), 

B2(10%OPC/90%TPOFA), B3(20%OPC/80%TPOFA), and 

B4 (30%OPC/70%TPOFA). These binders were hydrated 

with alkaline activator solution (The ratio of alkaline 

activator solution to binder  (source material) =0.52 in each 

mixture was chosen based on our previous work [7, 10]). 

The alkaline activator combination and concentration was 

exactly as described in previous study [10]. The resulting 

binder was mixed in combination with river sand aggregates 

at the proportion of 1.5 which is similar to that used in 

previous work [7, 10]. The performed mortar binders that 

were designed per cubic meter using the absolute volume 

method are represented in Table 3. Thereafter, the 

specimens of ready-mixed mortar were made as per ASTM-

C305 [11] and casted into 50 mm3 dimensions cubic steel 

molds with and compacted in 2 layer according to ASTM 

C109 [12] and vibrated for 2 min to eliminate entrapped air 

bubbles during the mixing process. After 24 hours the 

demolded specimens were covered in plastic bag to diminish 

water evaporations followed by curing for 24 h in an oven 

set at 75°C and then left at laboratory conditions (28 ± 2 ᵒC, 

70% RH) until the testing age. 

                        

Table 3: Mixture proportions of blended TPOFA and OPC 

based HAC mortar (kg/m3) 

 

Solid material Aggregate Alkaline activator 

 

Added 
water 

Mixture 

# 

TPOF

A (kg) 

OPC 

(kg) 
Sand (kg) 

Na2SiO3 

(kg) 

10M 

NaOH 

(kg) 

8M 

NaOH 

(kg) 

0 736.11 - 1104.17 273.41 109.37 55.94 

1 699.3 36.81 1104.17 273.41 109.37 55.94 

2 662.49 73.61 1104.17 273.41 109.37 55.94 

3 588.88 147.22 1104.17 273.41 109.37 55.94 

4 515.27 220.83 1104.17 273.41 109.37 55.94 

   
 

II. TESTING PROCEDURES 

The specimens were then cured in laboratory conditions 

until tested at 7, 14, and 28 days for compression as per   

[12]. The specimens were tested, porosity (𝑝) and water 

absorption ( 𝐴 ) test were performed using a vacuum 

saturation apparatus [13] on 50 mm3 cubic mortar samples 

at curing age of 28 days. The porosity (P) was calculated 

using the following equations 1 and 2: 

 

 

𝑝(%) = (
𝑊1 − 𝑊3

𝑊1 − 𝑊2
) ∗ 100 

(1) 

𝐴 (%) = (
𝑊1 − 𝑊3

𝑊3
) ∗ 100 

(2) 
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where W1 is the mass of sample in saturated and surface dry 

condition in air, W2 the mass of sample in water, and W3 is the 

mass of oven dry sample Bulk density (unit weight) was 

determined as per BS 1881: Part 114 at curing age of 28 days [14]. 

The bulk density was calculated using the equations 3 and 4;  

 

𝑣 = (
𝑚𝑎 − 𝑚𝑤

ρ
) (3) 

ρ =
𝑚𝑎

𝑣
 

(4) 

 
Whereby V is recognized as the specimen’s volume in 

m3, ma is considered as the specimen’s mass in the air under a 

saturated condition, Kg, mw is the apparent mass of specimen in 

immersion into water, kg, ρ is the specimen density.  

III. RESULTS 

A. Compressive strength (CS) 

Figure 1 shows the results of the CS of all the specimens at 

different curing age of 7, 14 and 28 days. The effect of OPC 

content (≤30 wt.%) on the compressive strength 

development of alkaline activated TPOFA were studied 

using B0, B1, B2, B3, and B4. A remarkable development 

in compressive strength can be observed with the increase in 

OPC content along with curing time from 41.2 to 65.54 

MPa at 28 days. This may likely be a result of the 

pozzolanic reactions of TPOFA with OPC, as the highest the 

OPC content the faster the rate of reaction. In particular, the 

high content of TPOFA (≥70 wt.%) on blended TPOFA-

OPC reaction rate is typically more sensitive to temperature, 

reacting more slowly than OPC at low temperatures which 

often limits their performance for a high level of cement 

replacement. The higher temperatures (≥ 60 ⁰C) greatly 

accelerate the rate of reaction in current HAC in TPOFA-

OPC. Hence, the high alkalinity is provided via alkaline 

hydroxide (NaOH) and Ca(OH)2 derived from OPC content 

which leads to justify the reduction in alkalis during the 

initial hydration reactions and their concentrations slowly 

increase over time as it could be observed through the 

increase in CS results over time due to formation of C-A-S-

H [4]. 

 

 
 
Figure 1: Compressive strength of HAC specimens at different 

curing ages  

 

B. Bulk density 

Figure 2 presents the bulk density results of all specimens at 

28 days. The results of control specimens recorded the very 

small increase in the values of bulk density with increase in 

OPC content. By increasing the content of OPC up to 20 

wt.% caused to increase the bulk density results from 2.162 

to 2.176 (Kg/M3) then slightly reduced to 2.165 (Kg/M3) at 

30 wt.% at 28 days. The result finding linked to fact that the 

bulk density of OPC (3.15 kg/m3) is higher than TPOFA 

(2.56 kg/m3) which could not be the main reason as the 

hydration reaction of binder with alkaline activator solution 

occurred affect the structure and properties of gel binder 

formed in system. The activator used in this study in 

combination with OPC content at certain level of 20 wt.% 

enhanced the formation of more compact cementitious 

structure of (C,N)-A-S-H gel binder reflected by the 

increase in values of bulk density. The presence of Na2SiO3 

in the alkaline activator solution play a decisive role in the 

CS results as well as yielded denser matrix of gel rich in Si. 

 

 
  
Figure 2 Bulk density of HAC specimens at 28 days of curing age  

 

C. Porosity & Water Absorption 

Figs. 3 and 4 present the porosity and water absorption test 

results at 28 days of curing age. The results of porosity and 

water absorption at all specimens reflected the reduction and 

increase irregularly. The porosity of control specimens was 

indicated to improve at the replacement level of 5wt.%. 

While in the case of replacement level at 10 wt.% shows the 

worst result obtained. Meanwhile, with regards to 

replacement level in the range from 20 to 30 wt.% indicated 

to improve the drawback of the results obtained in the 

previous stage.  

The increase in replacement level of control specimens 

TPOFA to 5% the percentage of water-absorbing started to 

decrease from 8.56% to 7.71%. In the case of replacement 

level of 10 wt.%, the percentage of water-absorbing demand 

was indicated to rise to 9%. This was due to the high 

porosity of the structure indicated in this stage. In the 

meantime, the percentage of water-absorbing started to 

decrease seamlessly from 8.52 to 8.19% with the increase in 

OPC content from 20 to 30 wt.%, respectively, which was 

lower than the 10 wt.%. This behaviour was due to the high 

pozzolanic reaction and filling effects occurred between 
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blended TPOFA and OPC leading to dense microstructure 

[1]. 
 

 

 
 

Figure 3: Porosity of HAC specimens at 28 days of curing age 

 

 
 

Figure 4: Water absorption of HAC specimens at 28 days of curing 

age 

IV. CONCLUSION  

The present findings showed that a (hybrid cement) binder 

can be manufactured with a low (30-20 %) OPC content and 

high (70-80 %) percentages of TPOFA when activated with 

alkaline activators. The results revealed that the replacement 

of TPOFA with OPC leads to improve their performance. 

The results show that the compressive strength among all 

the blended TPOFA-OPC was observed with replacement 

level of TPOFA at 30% from OPC which give 65.54 MPa at 

28 days, whereas the control specimens give the highest CS 

with the value of 41.2 MPa at 28 days. Meanwhile, the 

engineering properties were performed better than control 

specimens at replacement level beyond 10 wt.%. Thus, the 

use of high amount of TPOFA with less amount of OPC 

help to reduce the overall CO2 emissions from the concrete 

production contributed to development of eco-efficient 

construction. 
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