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Abstract: Palm oil waste is an agro-waste material. For every 100 tons of fresh fruit bunches
processed, approximately 7 tons of fibers, 20 tons of nut shells, and 25 tons of empty bunches are
discharged from the mill. In 2009 Malaysian palm oil industry produced around 60 million tons of
total solid waste annually. The shell, husk and fiber are used extensively as fuel for the production of
steam in the palm oil mills. A number of recent studies have been carried out to examine the
feasibility of using palm oil fuel ash (POFA) as cement replacement material. This work present the
results of the processing of palm oil waste (POW) under controlled calcination conditions in order to
obtain materials with pozzolanic properties. POW samples were burnt in an aired electric oven at
different temperatures ranging from 500 to 1000 °C for 1-6 hrs. The mineralogical behaviour at
calcined temperature, chemical analysis, scanning electron microscopy and strength activity index of
the samples were investigated. The result gives an idea of the temperature and the time required for
the production of ash from palm oil waste.
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INTRODUCTION

The incineration of organic materials, creation of a crystalline phases, or crystallization of amorphous
material, which are heat-releasing process will leads to ash production and loss in the total weight. The
burning of organic materials will result in thermal decomposition (James and Rao, 1986). The ash produced in
this way were ground to a small particle sizes and blended with lime in order to get a material with binding
properties. The quality of ash prepared depends on different heating conditions like temperature, heating rate,
burn time, and grinding conditions. Rapid heating does not allow the oxidation of carbon before the surface
melting occurs, resulting in a higher amount of black particles. But, if the heating rate is reduced, oxidation of
carbon will occur before surface melting of silica and the amount of black particles reduced (Rydholm, 1965;
Dass, 1984; Smith and Kamwanja, 1986; Abou-Sekkina et al., 2010).

Ash from some agricultural by-products such as rice husk ash, baggasse ash, and palm oil fuel ash
(POFA) have been shown to have a good pozzolans properties (Chindaprasirt et al., 2007; Ganesan et al.,
2007; Gastaldini et al., 2007). Their uses are receiving more attention since they result in enhanced properties
of the blended cement concrete. In addition, they can also save the cost of construction materials and keep
down the negative environmental influences (Rukzon and Chindaprasirt, 2009). Palm oil industry plays a large
role in the economic development of numerous tropical countries such as Malaysia and Indonesia which are
the world’s largest producers of palm oil production, according to U.S Department of Agriculture.It has been
estimated that Malaysia produced more than 60 million tons of total waste generated from this industry in
2009 (Chandara, 2011).Through the processing of fresh fruit bunches, it was estimated that of the 100 tones,
there are approximately, 7 tones of fibers, 20 tones of shells and 25 tones of empty bunches produced from the
mill.

POFA is a by-product from burning of fiber, shell, and empty fruit bunch of palm oil tree used as a fuel to
heat the steam for electricity generation and palm oil extraction process(Chindaprasirt et al., 2007,
Jaturapitakkul et al., 2007; Sheng and Kwang, 2010). The chemical composition of POFA shows that the
main components of POFA are silica and/or alumina. The lime content is very low compared to ordinary
Portland cement (OPC) thus it does not have any cementing properties of its own. In the presence of calcium
oxide (CaO) or calcium hydroxide (Ca(OH,)), silica and alumina react and form cementitious materials, and
make it to have a higher possibility to be used as a pozzolanic material (Awal and Hussin, 1997; Tangchirapat
et al., 2003; Rukzon and Chindaprasirt, 2009). However, the chemical composition of POFA can be varied
due to operating system in palm oil mills (Abdullah et al., 2006).
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The majority of previous researches have indicated that the process of POFA production occurs when the
raw materials are burned at a temperature of 800-1000°C, without reference to the required time for burning
and exact desired temperature. Temperature has significant effect according to the combustion processes
adopted in palm oil extraction plants. Practically no literature is available on the exclusive use of palm oil
waste (POW) to produce ash under controlled conditions. This study was aimed at determine the temperature
and the time required for the production of palm oil waste ash (POWA), taking into consideration the physical,
chemical and pozzolanic properties.

MATERIALS AND METHODS

2.1.Preparation of Raw Materials:

Palm oil waste (POW) (Fig. 1) was collected from the plant of United Oil Palm Industries Sdn. Bhd.
located in Nibong Tebal, Penang, Malaysia. The POW was dried at approximately 105 °C in order to get rid of
the moisture absorbed from exposure to rain and as well as during palm oil extraction. The average grain size
of the POW was about 1.5 cm. It was crushed using the crusher machine to reduce the size to average size of 4
mm. The process of grounding the raw materials gave more efficient burning. Thus, this process was followed
by milling for improving the burn reactivity. The process of grounding was carried out in order to obtain a raw
material with particle size of about 400-800 pm (named ground POW).

Fig. 1: Palm oil waste (POW) before crushing.

2.2.Burning of Raw Materials:

The ground POW was burnt at different temperatures and times in an aired electric oven at the rate of 10
°C/min. The furnace was equipped with 6 cm diameter hole for ensuring release of smoke and allowing entry
of oxygen needed to complete oxidation during the combustion reactions. The thickness of each layer was
about 3 cm. At the beginning of the burning processes, non-crushed POW samples were burnt at 500-700 °C
for between 1 to 4 hrs. It was observed that the burnt samples still contained a high proportion of unburnt
carbon. In addition, the texture of the burnt samples was coarse and the loss on ignition (LOI) was very high.
Thus, burning of other samples was neglected and the burning temperature increases to 800 °C during the
main burn processes. The burning was carried out at 800 °C and 1000 °C for 1, 2, 4, 5 and 6 hrs The samples
were divided into two groups according to the temperature of burning. Each group was further divided into 4
samples according to the burn time with each sample divided into 2 to avoid errors and to ensure accuracy.
The weight of each sample was about 1000 g. In addition, another sample of un-ground POW was burned at
1000 °C for 5 hrs in order to compare the result with the ash produced from ground POW.

The ash samples were labeled with appropriate combination of symbols i.e. T and t which correspond to
burning temperature (°C) and burning time (hrs), respectively. For example, the ash sample prepared by
grinding raw materials at 800 °C with a burn time of 4 hrs was designated as POWAS8004 with T = 800 and t =
4. As well as the ash which was grinded after burning was designed as GPOWA8004 whit G= ground. While,
the ash sample prepared without grinding raw materials was designated as CPOWATt with C = coarse.

2.3.Characteristics Methods:

Before testing chemical characteristics of palm oil waste ash, the samples were subjected to dry grinding
for 2 minutes followed by sieving in sieve No0.200 (75 pm). X-ray Fluorescence (XRF) was used to verify the
presence of silicon dioxide, aluminum dioxide, iron oxide and sulfur trioxide. In addition, XRD analyses were
performed to identify differences in the formation of amorphous or crystalline silica. The analysis was
conducted by a Rigaku D/Max 2000 diffractometer operated at 40 kV and 30 mA for the reflection angle of 20
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in the range of 10° to 90°. Morphologies, particle shapes, and particle agglomeration were studied using a
scanning electron microscope (SEM). A laser diffraction particle size analyzer (MICROTRAC HRA, 9320-
X1000) was used to measure particle size distribution and specific surface area. Loss on ignition was
measured by heating the ash samples to 1000 °C according to ASTM C-114 recommendations.

2.4.Strength Activity Index:

Pozzolanic activity of POWA has been determined based on compressive strength according to ASTM
C311. The test mixture, replaced 20 % of the mass of the amount of cement used in the control mixture by the
same mass of the test sample. The control mixture was prepared with 1500 g of Portland cement, 4125 g of
graded sand and 726 ml of water. The test mixture was prepared with 1200 g of cement, 300 g of GPOWA
(GPOWAS8006 and GPOWA10002), 4125 g of graded sand and requisite quantity of water required for flow
of 110% to 115% of control mixture. The mortar mixes were prepared using a mortar mixer. Fifty-millimeter
cubes were casted for this experiment. After molding, the specimens and molds were placed in a moist room at
23 £+ 2 °C for 24 hrs. While in the moist room, the surface was protected from losing water. After 24 hrs, the
molds were removed from the moist room and the cubes removed from the molds. The cubes were later place
and store in saturated lime water. The compressive strength was determined for the three specimens of the
control and the test mixture at ages of 3, 7, 14 and 28 days.

RESULTS AND DISCUSSION

3.1.Loss on Ignition:

It is known that a high value of LOI resulted in increased water requirement and dosage of super
plasticizer (Sata et al., 2007) thus, loss on ignition must be evaluate before using any agricultural by-products
materials. Figure 2 depicts the variation of LOI which is a measure of residual carbon content of the ash and
this carbon content varies according to the combustion process. According to ASTM C618-05 specification,
the LOI must be less than 10% for mineral admixture class N and also less than 6% for class F and C. It could
be noticed that increasing the temperature and time of burning was accompanied by a decrease in LOI. As for
LOI of unground POW, it was noticed that burning duration and temperature (1 to 4h and 1 to 3h for 500°C,
600°C, respectively) were insufficient to achieve complete removal of carbon content. At burning temperature
of 700°C, even after incineration for 4 h, the ashes contained more than 30% of organic materials. Therefore,
unground raw materials incinerated until 700 °C were not further considered in this study for this reason and
other reasons mentioned previously. With regard to ground raw materials, the burning temperature of 800°C
for 1 and 3 hrs resulted in ash samples with relatively high carbon content of 59.3% and 26.9%, respectively.
It was also observed that burning at temperature of 1000 °C for 1 hr and 800 °C for 4 hrs, the LOI was very
close to the limits of specifications for Class N. Burning temperature of 800°C and 1000°C resulted in ash
with low carbon content at longer duration of 4.5 and 2 hrs, respectively. Thus, to obtain LOI within the
specifications, the samples must be burned at a temperature of 800°C and a time of more than 4.5 hrs or at
1000°C and for more than 2 hrs. However, the burning process must remain within economic limits to ensure
access to product at lower costs.

L.OT (%)

Fig. 2: Loss on ignation of palm oli waste ash at different temprature and burntime.

3.2.0ptical Description:

Temperature has effects on the optical and textural properties of ash. The optical properties are dependent
on the color imparted by the carbon produced on heating the ash, which partly gets burnt off at higher
temperature and burn times. The color of raw materials before burning is reflected on the ash that is formed
after burning. The color of the samples also gives an indication of carbon content. The ash color sometimes
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depends on the impurities and chemical composition of the ash. Some researchers (Salas et al., 2009) have
found that during the burning of agricultural residues, various metal ions in the raw materials and unburned
carbon influence the purity and color of the ash. In this study, it was observed that the temperature and burn
time affected the optical properties of ash. When the unground raw materials were burned at 500°C-700°C at
different times, the residues color became systematically blackish and remained even after burning at
temperature of 700 °C for 4 hrs. It was later accompanied by a significant decrease in grain size. While
burning the ground raw materials to a temperature of 800°C for different periods of time, the ash color became
light brownish and as the time increased, the residual changed from light brownish to light gray to brown with
earthy texture. The same situation could be seen for the burning temperature of 1000°C, where the ash color
became light brownish and after milling, the ash color changed to light black and dark brown for 1 and 2 hrs,
respectively. The light brown color remained the same even after milling and burning for 4 to 6 hrs. Ash
texture changed from coarsely to fine sandy and finally earthy texture at burning time of 1, 2 and 4 h,
respectively. However, the formation of glass-shaped particles of a size larger than the original grain was
observed by burning at 1000°C for 6 hrs. As for the residue materials produced by the burning of unground
raw materials, the high temperature of 1000°C for more than 5 hrs lead to the formation of small agglomerates.
The process of gathering particles with each other to form small glass-shaped grains indicated the presence of
crystallization.

3.3.Mineralogical Behavior With Calcining Temperature:

The burning of organic materials containing higher amounts of silica in their cuticle parts produced
crystallization of amorphous silica which gradually converted to different phases of silica with increase in
temperature. In theory, when the temperature is gradually increased, the amorphous silica transforms into
quartz (o-quartz), which will transform into hexagonal B-quartz and upon further heating, the SiO, will
transform into hexagonal B-tridymite and later to cubic B-cristobalite and finally melts (Heaney, 1994).There
are four classes of mineral admixtures according to pozzolanic activity (Ramachandran, 1995). The first was
highly active pozzolans consisting essentially of pure silica in non crystalline form. The second was normal
pozzolans consisting mostly silicate glass containing aluminium, iron, and alkalies. The small quantity of
crystalline matter generally contained quartz, mullite, sillimanite, hematite and magnetite. The third was
natural materials besides aluminosilicates glass is natural pozzolans contain quartz, feldspar and mica. And the
fourth one is a weak pozzolans essentially consisting of crystalline silicate minerals and a small amount of
noncrystalline matter. The XRD patterns of POWA samples are shown in Figure 3. The XRD pattern
confirmed that POWA was mainly amorphous silica. Accordingly, the results obtained could be analyzed as
follows:
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Fig. 3: XRD patterns of POWA samples; Q-quartz, S-amorphous silica, P-potassium gallium silicate, I-Iron
chromium oxide, H-hematite, M-manganese iron selenite, Cr-crystobalit, Tr-trydimite, T-maghemite,
C-carbon.

At temperature of 800 °C for 4 h (POWAS8004), XRD pattern of the POWA samples indicate the
amorphous state. No significant crystalline phase could be detected by the XRD. The XRD spectra showed the
presence of a non-crystalline material and absence of any distinct crystalline species as expected. Alpha-quartz
(Si0,) was detected at peak of 20 of 20.8° while amorphous carbon was detected only at prominent peak of 20
of 26.6°. Hematite (a-Fe,O3) was detected at smaller peak of 20 of 33.1°. Amorphous silica phase was
detected at smaller peaks from 19.2° to 65.4°. The POWA8006 showed that the main peaks were represented
by o-quartz at peaks of 20 of 21.7°, 39.8°, 50.3° 59.9°, and 67.7°. Iron chromium oxide ((FesC,) ,O;3) was
detected at peaks of 20 of 24.3°, 49.7°, 54.6° and 63.4°. These observations almost correspond to POWAS8006
with a simple change in the formation of Alpha-quartz in some of the peaks.
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The XRD pattern of POWA10002 showed that the small peak of a-quartz was detected at peak of 26 of
59.8°. The other small peaks were represented by hematite, potassium gallium silicate (KGaSi;Og) and silicon.
It was clear that the majority of the main phases were represented by amorphous silica (silicon oxide, Si3;Ogo)
which was detected at different peaks along 20 from 17.5° to 70.2°. Furthermore, after burning the raw
material up to 1000°C for 4 h (POWA10004), the amorphous silica and iron chromium oxide were found as
the major phases present. It was noted that majority of the formed amorphous silica phases were between 20
from 17.8° to 57.7°. Under this condition, the a-quartz was present with very low amount. The appearance of
a-quartz was observed at small two peaks of 20 of 26.9° and 60.4°. With an increase in the time to 6 hrs at
temperature of 1000 °C (POWA10006), peaks for the amorphous silica phase progressively decreased and the
crystallinity of a-quartz significantly increased. The phases of cristobalite and tridymite started forming at low
progress and the cristobalite was detected only at very small peak of 20 of 22.6°, while the tridymite was
detected only at small peak of 26 of 23.3°.

3.4.Chemical Analysis:

Table 1 shows the chemical composition of selected POWA samples as determined by XRF. Except
POWA10001 and POWA10004, the chemical composition was conducted on the samples which had LOI of
less than 16%. Chemical constituents in POWA reported in terms of oxides included silica (SiO,), alumina
(AL,O3), calcium (CaO), iron (Fe,0;), magnesium (MgO), sulfur (SO;), sodium (Na,0), and potassium (K,O).
The activated products were mainly formed by silica, alumina, and iron oxide with slight constant variations
with increasing activation temperature. It was found that main oxide contents of POWA were different
according to the different temperature and time. The silica content was found to be 45-55%, alumina 15-19%
and iron oxide 14-16%. The chemical requirements usually consist of 70% minimum of the pozzolans to be
composed of SiO,+Al,05+Fe,0; (ASTM, 2005). The latent hydraulic ability of a pozzolan depends primary
on its reactivity, soluble silica, alumina and iron oxide content (Sheppard, 1986). Increasing the contents of
SiO, have proven to increase the ash effectiveness and also alumina contribute to the pozzolanic effect of
silica (Malvar and Lenke, 2006). It was found that alumosilicates were more effective as pozzolanic additive
than the silicate materials (Shvarzman et al., 2002), however, this depends on the presence of reasonable
quantity of AL,O3 in the ash. According to ASTM C218 (ASTM, 2005), the experimental results showed that
chemical composition of POWA samples was limited under the conditions required for the specification of fly
ash; where POWA8004, POWFA8006, POWA10002, POWA10004, POWA10006, and CPOWA10005 were
found to be under the Class F as specified in ASTMC618-05. In comparing samples burned at 800°C, it was
observed that POWAS8004 contained a percentage of oxides lower than the oxides formed in POWAS8006, and
the total main oxides of POWA8004 was 74%. However, increasing the time to 6 hrs for POWAR8006, lead to
an increase in the percentage of main oxides up to 82%, which was substantial for the silicon dioxide.
Whereas, the total oxides of POWA10002 was up to 87% and increasing the time to 6 hrs for POWA10006,
lead to increased percentage of main oxides of up to 90%. In addition, the percentage of oxides formed at a
temperature of 1000 °C was higher than oxides formed at 800°C. It was also noted that other minor oxides
also changed with changes in temperature and burn time. An increase in the percentage of formed oxides was
due to the decrease in the percentage of carbon (LOI) through raising temperature and time. Chemical
composition of the sample CPOWA10005 corresponded to ASTM C618-05, and the percentage of silicon
dioxide was higher than the other samples.

Table 1: Chemical composition of selected sample of POWA.

Chemical composition (%) POWAS8004 POWAS8006 POWA10002 POWA10006 CPOWA10005
SiO, 45 51 53 55 56
ALOs 15 16 18 19 18
Fe,0; 14 15 16 16 14
CaO 1.1 1.4 1.6 13 1.1
MgO 1.3 2.3 0.21 1.8 2.2
Na,O 0.8 0.19 2.1 0.2 0.32
K,O 5.1 5.8 5.8 5.9 6.3
SO; 0.31 0.41 0.14 0.025 0.073
LOI 15.1 6.82 3.02 0.59 0.37
SiO, + ALO;+ Fe,05 74 82 87 90 88

3.5.SEM and Particle Size Distribution of POWAs:

Figure 4 illustrates the POWA ground samples and other un-ground samples after burning at temperature
of 800°C and 1000°C for different burn times. SEM was conducted on the samples burned at a temperature of
800°C which has rather low LOI. It was seen that the samples burned at a temperature of 1000°C had the
smallest percentage of the unburned residues as determined by XRF. Accordingly, the samples burned at a
temperature of 1000°C were chosen. It is clear that the temperature and time affected the quality of ash
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Fig. 4: SEM of POWA samples at a temperature of 800 °C and 1000 °C for different burn time.

produced. The amount of ash formed at around 1000°C was greater than that at 800°C. However, increasing
the burning time was accompanied by a decrease in the amount of unburned residue. It was found that
unground POWA at temperature of 800 °C for 4 hrs had larger particles with median size of about 30um and
most particles had a porous texture (Fig. 4a). After POWAS8004 was ground for about 2 min, the particles
became irregular and crushed (Fig. 4b) and the median particle sizes reduced to 0.5um with many pores in
their texture. Furthermore, small particles of carbon were observed with the median particle sizes of about 10
um. As for the unground samples burned at 1000°C, it was noted that the particle shapes of POWA10002,
POWA10004 and POWA10006 were angular and irregular with a porous texture (Fig. 4c and d), and the
median particles size of unground POWA1000 range from 12.71um to 15.75um (Table. 2). The unburned
residue was removed as time increases with constant temperature of 1000°C. The unburned residue particles in
POWA10002 and POWA10004 contained a very low carbon percentage of irregular shape. After the
POWA10006 was ground to reduce the particle size, irregular particles with a smaller, crushed sizes were
found (Fig. 4e) which were almost free of carbon with the median particle size of 0.26 pm. The grinding
process reduced not only the particle size but also the porosity of POWA. This could be seen by the increase
of specific surface area of POWA10006 from 525.9 to 9438.8 m’/kg (Table 2). Also, there were no
agglomeration of particles in the unground POWA photograph, thus it seems that agglomeration did not occur
during the burn period until after 6 hrs. However, it does not mean that the glassy phase crystallization did not
occur; instead it might have occurred but was noticed through the SEM analysis. On the other hand, during the
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burning of ungroud POW, the agglomeration occurred throughout the burning for 5 hrs. Most particles of
CPOWAT10005 had a rather spherical, glassy and porous structure with an agglomeration of several particles
(Fig 4f). Accordingly, it was seen that burning the unground raw materials at high temperature lead to the
occurrence of the crystalline phase.

Table 2: Particle size properties of POWA produced under different burning conditions.

Samples Specific surface area (m*/kg) Py (um) Pso (um) Py (Lm)
POWAS8006 430.7 2.19 9.88 24.45
POWA10002 4253 2.65 15.75 58.55
POWA10006 525.9 2.98 12.71 23.3
GPOWASB006 8399.4 0.16 0.29 3.7
GPOWA10002 8121.4 0.18 0.305 5.1
GPOWA10006 9438.8 0.17 0.26 0.47

The particle size distribution of POWA samples is shown in Figure 5. Although the milling time was the
same for all samples, there were slight differences in the distribution of particle size after milling. It could be
seen that GPOWA10006 was the finest, followed by GPOWA8006, GPOWA10002 and other samples without
grounding. According to ASTM C 618-05 standard, 34% of the particles of pozzolanic materials shall retain
on 45 pm, when wet sieved on 45 pum sieve (No. 325). The present results indicate that 80.33% of POWA
particles were below 45pum, which means that the amount retained on 45 um sieve was less than 19.67%. The
expected reduction in particle size and increase in specific surface area with the increase in the time and
temperature of burning was evident for ground POWA (Table 2). It was noticed that temperature and burning
time have effect on the particles size after milling. It was also noticed that the grinding was more effective at
higher temperature in obtaining smaller particles without agglomeration. Burning for a short time lead to the
existence of a greater amount of residual material (carbon particles) which reduced the possibility of obtaining
smaller particles during the time of grinding and there were particles of carbon which needed more time for
grinding than that needed for grinding of POWA.
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Fig. 5: Particle size distribution of POWAs.

3.6.Strength Activity Index (SAI):

The compressive strength of the mortars was determined according to the ASTM C311 standard. The
results were presented in Figure 6. The pozzolanic activity index (PAI) of the GPOWAS8006 and
GPOWA10002 samples was higher than that recommended by the ASTM C311 standard, i.e., 75%, while the
water requirement for flow was less than 115% of control mixture. Furthermore, the mortars of POWA gave
higher strength activity index than control at all ages. Strength activity index for mortars with GPOWA8002
and GPOWA10002 at age of 28 days increased to be 117.61% and 118.75%, respectively. This may due to
their high surface area and smaller particle size, so the pozzolanic activity can be reacted faster. In addition,
their chemical composition and amorphous conditions indicate that GPOWAs have pozzolanic activity.
Although, GPOWA8006 and GPOWA 10002 mortars have almost the same mean particle size (0.29 and 0.305
pum), but their results showed a slight difference in compressive strength. The compressive strengths of mortar
with GPOWA10002 developed comparatively higher strength compare to mortar containing GPOWAS8006 at
all ages. This could be due to difference in the amount and type of amourphous phase. GPOWA10002
containing a greater amount of SiO, and Al;O, in glassy phase. Both of these oxides play a very important role
in the pozzolanic reaction because they can react with calcium hydroxide (Ca(HO),), which is released from
the hydration of OPC, to produce mainly products of calcium silicate hydrate (C-S-H) and calcium aluminium
hydrate (C-A-H) (Neville, 2002).
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Fig. 6: Strength activity index of GPOWAS8006 and GPOWA10002 mortars.

4.Conclusion:

1.

The best temperature and time to obtain less proportion of unburnt carbon is when the burning
temperature of 1000 C° and 800°C were employed for 2 — 6 hrs and 4.5 - 6 hrs, respectively. Burning at
higher temperatures and times was also necessary to obtain a loss on ignition in accordance with ASTM
618-05.

The chemical composition of POWA samples revealed that an increase in temperature and burn time was
accompanied by an increase in main oxides and this increase was significant for silicon, alumina and iron
oxides. This indicates that the oxidation reactions were continuous through the timing period and
temperature rise. Also, the chemical composition of POWAs was within the specifications set by Electric
Power Research Institute and ASTM 618-05 for fly ash to be used in cement and concrete.

The XRD investigation revealed that the main part of amorphous silica could be produced by maintaining
the combustion temperature of 800°C at hold time of 4 to 5 hrs and combustion temperature of 1000°C at
hold time of 2 to 4 h. The formation of a-quartz was detected at a hold time of more than 5 hrs at 800°C.
As the time increased, the conversion to other forms of crystalline silica occurred. For more than 4 hrs
burn time at 1000°C, the amorphous silica transformed into o-quartz and later to crystobalit and then
trydimite. Therefore, the palm oil waste must be burned for a reasonable time and temperature to achieve
the requisite pozzolanic activity as indicated. The burning time was equally important in removing carbon
while keeping the silica in an amorphous and highly cellular form.

Through SEM images, it was observed that there was a clear effect of temperature and time on the POWA
samples. It was noticed that there was a change in the particle size and shape of ash according to
temperature change with time. It was further concluded that burning the unground raw materials at high
temperature lead to the occurrence of the crystalline phase. There was a difference in the distribution of
particle size for both ground and un-ground samples of POWA after burning at temperature of 800°C and
1000°C for different burning time, although the milling time was the same for all samples. The grinding
process reduced not only the particles size but also the porosity of POWAs, which lead to an increase in
the specific surface area.

Up to 117% of strength activity index can be achieved when burning at a temperature of 1000 C° and
800°C for 2 and 6 hrs, respectively. This will indicates the presence of the required properties of POWA
in order to function as a pozzolanic material.
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