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6.4 HANINAADINAZTNIIAIIZT
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Specific Mean Particle Size
Sample
Gravity d,,(micron)
OPC 3.15 14.12
A 1.87 2.51
ZN 2.09 16.17
S 2.14 34.81

A, MNBIBVE 4,000 191UBI OPC V. NNDWVE 15,000 1N1UD ZS
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M13199 6.2 8aA1lsznoUIATIVEY OPC, ZS, ZN 11ag S

Chemical
OPC ZS ZN S
Composition (%)

Si0, 19.85 65.30 75.32 5.53
ALO, 4.49 26.18 10.28 3.78
Fe,0, 3.56 0.03 2.66 -
CaO 66.96 0.12 3.95 25.32
MgO 1.36 0.08 1.20 -
K.,0 0.34 2.64 4.29 -
Na,0 - 1.87 0.89 -
NiO - - - 40.88
CuO - - - 13.08
ZnO - - - 10.33
CrO - - - 0.64
LOI 0.98 5.65 2.30 0.44
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AT NN 6.3 NANDAVDINDUBINUALNET A

Compressive Strength (ksc.) - (Percentag, %)
Sample
7 Days 28 Days 90 Days

OPC100 462.5 (100) 742.7 (100) 809.2 (100)
OPC20ZS 220.2 (47.6) 317.2(42.7) | 389.0(48.1)
OPC40ZS 103.6 (22.4) 238.6(32.1) | 273.8(33.8)
OPC20ZN 530.5(114.7) | 635.9(85.6) | 731.4(90.4)
OPC40ZN 413.3 (89.4) 516.8 (69.6) | 624.6 (77.2)
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{ o v o v ]
@niN‘ﬁ 6.4 NIANDAVDINDUYIABDLLUN

Compressive Strength (ksc.)
Sample
7 Days 28 Days 90 Days
OPC40S 8.8 13.3 15.1
OPC50S 5.8 9.7 11.8
OPC60S 5.4 8.4 10.5
OPC20ZS40S 20.6 136.7 164.0
OPC20ZS50S 13.2 49.8 108.6
OPC20ZS60S 8.0 13.6 19.7
OPC40ZS40S 2.5 60.6 177.2
OPC40ZS50S 2.6 42.6 139.0
OPC40ZS60S 1.3 4.9 334
OPC20ZN40S 441.9 584.0 664.7
OPC20ZN50S 363.7 500.5 594.8
OPC20ZN60S 311.3 420.9 513.4
OPC40ZN40S 198.6 368.5 442.9
OPC40ZN50S 155.0 321.2 401.3
OPC40ZN60S 123.0 264.9 345.1
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OPC100 [OPC20ZS| OPC40ZS | OPC20ZN | OPC40ZN
Air Void (%) (> 1.0 pm) 6.36 8.37 10.75 7.11 9.24
Large Capillary (%)
8.12 9.72 6.54 12.32 11.41
(0.05-1.0 pm)
Medium Capillary (%)
5.31 11.75 23.30 6.19 10.52
(0.01-0.05 pm)
Total Porosity (%) 19.79 29.84 40.59 25.62 31.17
Average Pore (nm) 47.11 44.00 40.25 46.68 45.99
Total Pore Area (mz/g) 8.80 17.14 25.90 13.84 21.57
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6.4.5 M33IA3124 Fracture surface Y9N0 UHABIU
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317 6.6 MND1WVEY Fracture Surface N91¢ 28 T1
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VDINDUNADLUIDEY 28 IU

szansanlumsaamsyzazais (%)
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Ni Cu Zn Cr
OPC40S 6321 | 6164 | 6831 82.21
OPC50S 5572 | 5847 | 60.09 | 78.42
OPC60S 5143 | 53.71 61.11 78.10

OPC20ZS40S 83.54 80.85 86.42 100.0

OPC20ZS508 81.93 83.31 84.61 98.81

OPC20ZS60S 77.22 76.63 85.72 97.33

OPC40ZS40S 82.13 83.80 84.2 99.73

OPC40ZS50S 81.02 87.87 79.51 99.34

OPC40ZS60S 74.35 70.02 82.10 99.33

OPC20ZN40S | 92.56 91.67 94.11 100.0

OPC20ZN50S | 92.72 91.43 94.33 100.0

OPC20ZN60S | 91.40 91.34 92.83 100.0

OPC40ZN40S | 90.84 90.31 94.0 100.0

OPC40ZN50S | 90.22 91.11 94.24 100.0

OPC40ZN60S | 90.41 90.15 90.06 100.0
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This paper presents the effect of palm oil fuel ash fineness on the microstructure of blended cement paste.
Palm oil fuel ash (POFA) was ground to two different finenesses. Coarse and high fineness palm oil fuel
ash, with median particle sizes of 15.6 and 2.1 pm, respectively, were used to replace ordinary Fortland
cement (OPC) at 0%, 20% and 40% by binder weight. A water to binder (W/B) ratio of 0.35 was used for all
blended cement pastes. The amorphous ground palm oil fuel ash was characterized by the Rietveld
method. The compressive strength, thermogravimetric analysis and pore size distribution of the blended
cement pastes were investigated. The test results indicate that the ground palm oil fuel ash was an amor-
phous silica material. The compressive strengths of the blended cement pastes containing coarse POFA
were as high as that of OPC cement paste. Blended cement paste with high fineness POFA had a higher
compressive strength than that with coarse POFA. The blended cement pastes containing 20% of POFA
with high fineness had the lowest total porosity. The Ca(OH); contents of blended cement paste contain-
ing POFA decreased with increasing replacement of POFA and were lower than those of the OPC cement
paste, In addition, the POFA fineness had an effect on the reduction rate of Ca(OH),. Furthermore, the crit-
ical pore size and average pore size of blended cement paste containing POFA were lower than those of
the OPC cement paste. The incorporation of high fineness POFA decreased the critical pore size and the
average pore size of blended cement paste as compared to that with coarse POFA,
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1. Introduction

The Portland cement clinker process results in the emission of
C0;. Every ton of Portland cement produces around 850 kg of
€O, emitted to the atmosphere, thus causing greenhouse effects
| 1]. Therefore, it is necessary to reduce the production of Portland
cement clinker. To solve this problem, the partial replacement of
ordinary Portland cement with pozzolanic materials has been pro-
posed. Pozzolanic materials, such as fly ash, rice husk ash, palm oil
fuel ash and baggage ash, are used as mineral admixtures to reduce
the cement content in the mixtures. These materials have been re-
ported to increase the durability of paste, mortar and concrete [2-
4],

Palm oil fuel ash (POFA) is a by-product from biomass thermal
power plants where oil palm residues are burned to generate elec-
tricity. More than approximately 100,000 tons of palm oil fuel ash
are produced every year in Thailand |5]. Palm oil fuel ash is rarely
utilized, and it may add to future environmental problems. Many
researchers have studied the use of POFA as a partial replacement
of cement in concrete, The main chemical constituent of palm oil
fuel ash is silicon dioxide [4,6]. Tangchirapat et al. [4] found that
ground palm oil fuel ash is a good pozzolanic material and can
be used to replace Portland cement up to 30% by binder weight.
Sata et al. [7] also showed that POFA with high fineness has an
excellent pozzolanic reaction and can be used as a supplementary
material to produce high strength concrete. In addition, the utiliza-
tion of POFA can improve concrete strength and water permeabil-
ity [5]. Furthermore, the partial replacement of OPC with POFA
assists in the sulfate resistance [8] and chloride resistance of con-
crete [2].

Silicon dioxide (Si0z) and aluminum trioxide (Al;03) contents
in pozzolanic material react with calcium hydroxide (Ca(OH);) to
produce CSH, C;ASH;s and C4AH,3. Most researchers have studied
Ca(0H}); in cement paste containing pozzolanic material by ther-
mogravimetry (TG). The Ca(OH); content is reduced with
increasing replacement of pozzolanic material and fineness [9].
Barbhuiya et al. [10] found that the reduction of the Ca(OH);
content indicates consumption in the pozzolanic reaction. In
addition, the use of pozzolanic material to partially replace ce-
ment reduces the Ca(OH); content in concrete, which could im-
prove the sulfate resistance of the concrete. Furthermore,
Chaipanich and Nochiya [11] used differential thermal analysis
(DTG) to determine the hydration products involved and ex-
plained the increase in the compressive strength of paste. They
showed that blended cement paste containing fly ash and silica
fume reduces the amount of Ca(OH); content while the mass
loss of ettringite, C-S-H and C;ASHy increases when the curing
time is increased.

The porosity and pore structure are very important for perme-
ability and durability. The pore system in cement-based materials
consists of two types of pores [9,12]: (a) gel pores with a diameter
less than 10 nm that affect shrinkage and fatigue and (b) capillary
pores that are divided into large capillary pores with diameters be-
tween 50 and 10,000 nm, which affect the compressive strength
and permeability, and medium capillary pores with diameters be-
tween 10 and 50 nm, which influence the compressive strength,
permeability and shrinkage. Khatib and Wild |13] studied cement
pastes containing metakaolin at 5%, 10% and 15% and found that
the pore size of a cement paste depends on refinement of the pore

structure. In addition, Chindraprasirt et al. [14] used fly ash to
replace Portland cement and showed that the cement paste con-
taining fly ash had a smaller average pore diameter than that of
control cement paste. [n addition, Halamickova et al. [15] studied
water permeability and chloride ion diffusion in Portland cement
mortar and showed that they are influenced by the critical pore
size.

Many researchers have already reported on the influence of
palm oil fuel on the physical properties of mortar and concrete,
including compressive strength, sulfate resistance and chloride
resistance. However, the pore size distribution and microstructure
of blended cement pastes containing palm oil fuel ash with differ-
ent finenesses have not been well established. An understanding of
the influence of the fineness of palm oil fuel ash on the pore size
distribution and microstructure of cement paste could lead to an
increase in the use of palm oil fuel ash in concrete and could be
productive for the environment by reducing the volume of waste
disposed of in landfills. Thus, the objective of this research was
to study the effect of palm oil fuel ash fineness on the microstruc-
ture of blended cement paste. The chemical properties and amor-
phous structure of ground palm oil fuel ash were determined.
The effects of ground palm oil fuel ash with two different fineness-
es on the compressive strength, calcium hydroxide and pore size
distribution of blended cement pastes were investigated.

2, Experimental details
2.1. Materials

Type | Portland cement was used in this study. Palm oil fuel ash (POFA) from a
thermal power plant in Thailand was used as a pozzolan. The POFA was sieved
through a No. 16 sieve to remove large particles and incompletely combusted mate-
rials |16,17]. The POFA was ground to two dilferent sizes. The first fineness was
ground to have the same as that of OPC with grinding machine. The second fineness
was ground by attrition mill for 60 min at 1000 rpm using 2 mm diameter steel ball
[18,19], The abbreviations G1 and G2 were used to identify the ground POFA as hav-
ing the same particle size cement and the smaller particle size, respectively.

SEM photos of POFA with different finenesses are shown in Fig. 1. G1POFA and
G2POFA consist of irregular and crushed shaped particles. A similar observation has
also been reported by other researchers |4). The physical properties of OPC and
POFA are given in Table 1. The specific gravity of OPC was 3.14, and those of G1POFA
and G2ZPOFA were 2.36 and 2.48, respectively. The Blaine fineness values of OPC,
G1POFA and G2POFA were 3600, 6700 and 14,900 cm?[g, respectively. The specific
gravity and specific surface area of POFA increased with increasing grinding time
|8.20.21]. The median particle sizes of OPC, GIPOFA and G2ZPOFA were 146, 156
and 2.2 pm, respectively. Fig. 2 shows a comparison of the particle size distributions
of type | Portland cement and POFA. The two group of POFA particle size are similar
to the particle size of the cement and smaller, respectively.

2.2, Mix proportion and curing

Type | Portland cement was partially replaced by POFA (G1POFA or G2POFA) at
the rate of 0%, 20%, and 40% by binder weight. The water to binder (W/B) ratio was
constant at 0.35 for all mixtures. The cast specimens were covered with plastic to
prevent water loss. After casting for 24 h, the specimens were removed from the
mold. Thereafter, they were cured in saturated lime water at a temperature of
23 £2 °C. The mix proportions of cement paste and blended pastes containing POFA
are given in Table 2.

2.3, Compressive strength

Cube specimens of 50 x 50 x 50 mm were used for compressive strength tests
of the pastes. The strengths were determined at 7, 28, 60 and 90 days according to
ASTM C 109 |22]. The compressive strength of the pastes at each age was the aver-
age value of five samples.
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Fig. 1. Scanning electron microscopy of palm oil fuel ash (a) ground palm oil fuel

ash (GIPOFA), (b) ground palm oil fuel ash (G2ZPOFA).

Table 1
Physical properties of OPC and POFA.

Sample  Specific Median particle size, dsg Blaine fineness
gravity (pm) (cm’fg)

arc 14 146 3600

GIPOFA 236 156 6700

GIPOFA 248 21 14,900

2.4. X-ray diffraction (XRD)

The XRD scans were performed for 20 between 10° and 65°, with an increment
of 0.02 deg/step and a scan speed of 0.5 s/step. The amorphous structure in the
palm oil fuel ash was determined by quantitative XRD analysis using Bruker's TO-
PAS soltware,

2.5, Thermal analysis

Thermal analysis 15 a widely used method for determining hydration products
such as ettringite, calcium silicate hydrate (C-5-H), calcium aluminum silicate hy-
drate [C;ASH,), calcium aluminate hydrate (C4AH, ), calcium hydroxide (Ca(OH),)
and caleium carbonate (CaC0;) |23]. Thermogravimetric analysis was carried out
using Netzsch STA 409 C/CD equipment. The sample was heated from room temper-
ature to 1000 *C at a heating rate of 10 *C/min under a nitrogen atmosphere. The
thermogravimetric (TG) signal was used to calculate the weight loss during heating
and to estimate the content of Ca(OH ), and carbonated phases. The Ca(OH), content
was calculated from the weight loss between 450 and 580 °C [24]. Furthermoare, the
derivative thermogravimetric (DTG) data of the weight loss can be used to further
determine each phase [25],

0
0.m i8] 1 ] 104 1000
Particle Size (um)

Fig. 2. Particle size distribution of OPC and POFA,

Table 2
Mix proportions of cement paste and pastes containing POFA.

Mix No. Symbal orc GIPOFA G2POFA w(B
1 oPC 100 - - 035
2 20G1POFA 80 20 - 0.35
i 40G1POFA (1] 40 r 035
4 20G2POFA 80 - 20 035
5 40G2POFA 60 - 40 0.35

2.6, Determination of the porosity of the pastes

The measurement of the distribution of pore diameters in the hardened cement
pastes, determined by mercury intrusion porosimetry (MIP), was conducted at a
pressure capacity of 228 MPa. After curing, the samples were obtained by carefully
breaking the cube specimens with a chisel. The representative samples of 3-6 mm
pieces weighing between 1 and 1.5 g were taken from the middle of the specimen,
To stop the hydration reaction, the samples were submerged directly into liquid
nitrogen for 5 min and were then evacuated at a pressure of 0.5 Pa at —40°C for
48 h. This method has been used previously to stop the hydration reaction of ce-
ment paste |2627], The p is d d by the Washburn ion |28].
A constant contact angle of 140° and a constant surface tension of mercury of
480 dynes/cm were used for the pore size calculation.

3. Results and discussion
3.1. Properties of OPC and POFA

The chemical composition of the POFA is given in Table 3. The
main chemical component of the POFA was silicon dioxide (5i0;),
which accounted for 54.0% and 55.7% for G1POFA and G2POFA,
respectively. The losses on ignition (LOI) for G1POFA and G2POFA
were 3.7% and 4.7%, respectively, The sums of 5i0;, AlO3 and
Fe;0; for G1POFA and G2POFA were 56.9% and 58.6%, respectively.
Awal and Hussin |29] reported that POFA might be grouped be-
tween Class C and Class F pozzolan as specified by ASTM C 618
|30] and the sum of Si0;, Al;0; and Fe,0; content of palm oil fuel
ash used in their study was 59.7%, which was close to the finding in
this research. However, the LOI was 18.0%, which is much higher
than that in this study. The burning efficiency and the material
source are the major causes of differences in the chemical compo-
sition of palm oil fuel ash [7,31].

The X-ray diffraction (XRD) patterns of G1POFA and G2POFA are
shown in Fig. 3. It was found that the major phase was a-quartz
(5i0;), and the minor phase was cristobalite (Si0;). A similar result
was reported by Chandara et al. [16]. Quantitative XRD analysis
based on the Rietveld method was carried out using Bruker's TO-
PAS. The percentages of amorphous G1POFA and G2POFA were
70.2% and 67.2% (by mass), respectively. Moreover, the proportions
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Table 3 100
Chemical composition of OPC and POFA.
Chemical composition (%) 0OPC G1POFA G2POFA 95
Silicon dioxide (5i0;) 20.8 54.0 55.7 @*
Aluminum trioxide (Al,04) 4.7 09 09 < 90
Iron oxide {Fe;04) 34 20 20 H
Calcium oxide (Ca0) 65.3 129 125 =
Magnesium oxide (Mg0) - 49 5.1 B 85
Sodium oxide (NayQ) 01 1.0 1.0 ?':'
Potassium oxide (K;0) 0.4 135 1.8
Sulfur trioxide (50,) 27 40 29 80
Loss on ignition (LOT) 09 7 47
5i0; + Aly05 + Fe;04 - 56.9 586 % s PR e
0 200 400 600 800 1000
Temperatures (°C)
4000 (a) Curing time 28 days
3 Q Quartz
E Q C Cristobalite
3000
= Q
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E s
1000 5
3 k]
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Fig. 3. X-ray diffraction patterns of G1POFA and G2POFA. Temperatures (°C)
(b) Curing time 90 days

of quartz and cristobalite were 65% and 35% and 73% and 27% (by
mass) for G1POFA and G2POFA, respectively. These results suggest
that the amorphous content of the palm oil fuel ash was approxi-
mately 67-70%.

3.2. Compressive strength

The compressive strength and normalized strength of pastes
containing POFA compared to OPC paste (cement paste) are shown
in Table 4. At 7 days, the compressive strength of the pastes con-
taining palm oil fuel ash was less than that of OPC paste. For the
paste containing POFA with the same particle size as cement at
28 days, the compressive strengths of the 20G1POFA and
40G1POFA pastes were 72.0 and 61.5 MPa or about 96% and 82%
of that of the OPC paste, respectively. They increased to 102.0
and 88.1 MPa or about 103% and 89% of that of the OPC paste,
respectively, at 90days. The compressive strength of the
20G1POFA paste at 90 days was slightly higher than that of the
OPC paste, and that of 40G1POFA was lower than that of the OPC
paste. For pastes with the small particle size, the compressive
strengths of 20G2POFA and 40G2POFA at 28 and 90 days were
77.3, 66.5 and 109.6, 94.1 MPa or about 103%, 89% and 111%, 95%
of that of the OPC paste, respectively.

Fig. 4. TGA curve results of OPC paste and 20POFA pastes.

The compressive strength of the blended cement paste in-
creased with curing time but decreased with an increase in the
replacement of POFA. When the POFA was ground to a reasonably
high fineness, the rate of compressive strength gain of the blended
cement paste was significantly improved due to the hydration
reaction, nucleation effect, packing effect and pozzolanic reaction.
The hydration reaction occurs due to the chemical constituents in
cement and water, while the pozzolanic reaction occurs due to the
reaction of Ca(OH); with Si0; and Al;05 from palm oil fuel ash,
which produces an increase in calcium silicate hydrate, C-S-H.
The pozzolanic reaction of high fineness POFA is faster than that
of coarse POFA [8,31]. The packing effect is exhibited as the small
particles fill the voids of the paste, allowing for denser packing
within the material particles and the matrix phase [32,33]. The
nucleation effect, arising when the smaller particles are dispersed
in the blended cement paste, accelerates the reactions and forms
a smaller cementing paste product [34,35], Thus, the paste contain-
ing POFA with high fineness was more homogeneous and denser,
which improved the compressive strength of the paste. These

Table 4
Compressive strength of OPC paste and pastes containing ground palm oil fuel ash.
Mix no. Symbol Compressive strength (MPa) Normalized compressi gth (%)
7 days 28 days 60 days 90 days 7 days 28 days 60 days 90 days
1 orc 53.0 750 84.6 99.1 100 100 100 100
2 20G1POFA 483 720 84.6 102.0 a1 96 100 103
3 40G1POFA 41.0 61.5 728 88.1 77 82 86 89
4 20G2POFA 519 773 92.2 109.6 98 103 109 m
5 40G2POFA 44.0 66.5 786 94.1 83 89 93 85
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Fig. 5. TGA curve results of OPC paste and 40POFA pastes. (b) Curing time 90 days

results are similar to those of Chindaprasirt et al. [9,14]. From these
results, it can be concluded that POFA with high fineness can be
used as a good pozzolan in cement-based materials and can be
used to replace Portland cement up to 20%. In addition, the com-
pressive strength of 20G1POFA at which G1POFA has the same par-
ticle size as cement is 96% and 103% of that of OPC paste at 28 and
90 days, respectively.

3.3. Thermogravimetric analysis

3.3.1. Hydrated phase of cement pastes containing palm oil fuel ash

Thermogravimetric analysis (TGA) results of the OPC paste and
pastes containing POFA are given in Figs, 4 and 5, respectively.
Three step mass loss transitions were found. The first step shows
the mass loss of dehydration such as ettringite, C-5-H and
C,ASHg, which occurred at 105-450 °C [23]. The second step mass
loss of Ca{OH); was detected between 450 and 580 °C |24], and the
third step at 580 and 1000 °C showed the mass loss of calcium car-
bonate (CaCOs) [24].

The derivative thermogravimetric (DTG) results of the OPC
paste and 20POFA cement paste are plotted in Figs. 6 and 7, respec-
tively. At 28 and 90 days, the DTG curves of all pastes showed sim-
ilar phases, which are C-5-H, C;ASHjg, Ca(OH); and CaCO; detected
at 126-134°C, 188-194 °C, 488-520°C and 741-797 °C, respec-
tively. Similar findings have also been reported by other research-
ers [1136]. The DTG curve peak for Ca(OH); of the pastes
containing palm oil fuel ash decreased with increasing replace-
ment of the palm oil fuel ash and also decreased with curing time.
The high fineness palm oil fuel ash was more effective for decreas-
ing the peak intensity of Ca(OH); than that with a large particle

Fig. 6. DTG curve results of OPC paste and 20POFA pastes.

size because the high fineness palm oil fuel ash has a large surface
area to provide the silica and alumina compounds for pozzolanic
reaction. These compounds reacted and consumed Ca(OH),. The
Ca(OH); consumption was used as an indicator of the pozzolanic
reaction. The reduction of Ca(OH); in all palm oil fuel ash pastes
became more subtle with age. The fineness of the palm oil fuel
ash had an effect on the pozzolanic reaction rate. The paste con-
taining high fineness palm oil fuel ash showed a higher pozzolanic
reaction rate than the paste containing coarse palm oil fuel ash.
The reduction of Ca{OH); led to an increased peak intensity for
the C-S-H and C;ASH; phases with increasing curing time, which
resulted in an increase in the compressive strength.

3.3.2. Ca(OH),, content

The Ca(OH); contents of the pastes at different ages are shown
in Fig. 8, The Ca(OH); contents of the OPC paste at 7, 28, 60 and
90 days were 19.02%, 19.64%, 20.22% and 20.46%, respectively.
The increase in the Ca(OH); contents of the OPC paste was due
to hydration of the cement. The Ca(OH); contents of the pastes
containing POFA decreased with the pozzolanic reaction of POFA.
The Ca(OH); contents of 20G1POFA and 20G2POFA were between
15.10-15.82% and 13.93-15.24% or reduced by approximately 5%
and 9% of that of the 20G1POFA and 20G2POFA pastes at 7 days,
respectively. The reduction of Ca{OH}), in the blended cement paste
indicates its consumption by the pozzolanic reaction [37]. In addi-
tion, the pastes containing G2POFA showed lower Ca(OH); con-
tents than that of the GIPOFA due to the high fineness of the
particles and the silicon dioxide (5i0;) contents in the POFA, which



