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ABSTRACT

Cement brick is an essential construction component, which
uses cement as the primary binder. The cement industry
was identified as the major contributor to carbon dioxide
emission, which is a greenhouse gas. The application of
agro-industrial waste as partial cement replacement can
reduce the negative impacts on the environment. In this
study, the palm oil wastes, namely Palm Oil Clinker Powder
(POCP) and Palm OQil Boiler Ash (POBA), were used as partial
cement replacement. A total of 60 specimens were pre-
pared with 0%, 10%, 20%, and 30% cement replacement by
POCP and POBA. The physical and mechanical properties of
bricks, such as density, water absorption, voids, and com-
pressive strength, were investigated. The results show that
the brick with 20% CP and BA could be used as a severe
weathering brick.
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1. INTRODUCTION

Cement production is one of the
highest carbon dioxide (CO;) emission
contributors among various industrial ac-
tivities. It contributed 5% to 8% of the to-
tal global CO, emission (Kajaste and Hur-
me, 2016). According to Flatt (2012), the
chemical decomposition of limestone dur-
ing cement production releases a vast
sum of CO,, a greenhouse gas that traps
heat in the Earth’s atmosphere. For their
environmental impacts, greenhouse gases
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have drawn attention worldwide, seeking
technological or technical solutions for
the global warming problem. The Malay-
sian government has promoted a low-
carbon economy by providing integrated
sustainable development policies for all
socio-economic sectors (Ministry of Natu-
ral Resources and Environment Malaysia,
2014). There is a need to reduce cement
consumption in the construction industry
to support these policies.

Cement comprises approximately
91% of clinker that is converted from
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limestone. The large portion of clinker in
cement could be replaced with supple-
mentary pozzolanic material to produce
blended cement, and this indirectly helps
to reduce CO; emission by reducing the
amount of cement used.
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Figure 1. Palm oil boiler ash and palm oil clinker
powder production.

Utilizing the waste from the agro-
industrial processes in concrete and ce-
ment brick helps to consume the waste,
and this can reduce the negative impacts
on the environment (Ling et. al 2021).
Palm oil boiler ash (POBA) and palm oil
clinker (POC) are those from the palm oil
industry (Figure 1). According to Karim et
al. (2017), POBA can be used as a supple-
mentary binder in the production of con-
crete and brick. Both POBA and POC pow-
der (POCP) contain a high percentage of
silica, which is vital for forming hydrated
products. Some significant studies con-
ducted by Ahmmad et al. (2016), Ahmmad
et al. (2017), Kanadasan and Razak (2015),
Kanadasan et al. (2018), Nayaka et al.
(2018a), Nayaka et al. (2018b), Karim et

al. (2016), and Abutaha et al. (2016) had
confirmed the feasibility of using POC as
the supplementary binder, filler, and ag-
gregate in the production of concrete and
cement mortar. Kanadasan and Razak
(2015) found that 100% cement replace-
ment using POCP had elevated the slump
flow of self-compacting mortar. Cement-
lime replacement up to 40% with POCP
attained minimum compressive strength
of mortar (12.4 MPa) based on ASTM
C270 — 14 (Nayaka et al., 2018a; Nayaka
et al., 2018b). Karim et al. (2016) investi-
gated the effect of thermal activated
POCP in cement mortar, noticed a signifi-
cant increase in the compressive strength
of mortar. The significant increase was
due to the decomposition of the organic
compound that reduced the porosity of
raw POCP. Based on these studies, the
application of POCP seemed to have posi-
tive effects on mortar flow and strength.

Contrary to POC, feasibility study on
the application of POBA as a construction
material is very limited. Over the years,
POBA was utilized as a bio-sorbent (Lau et
al., 2019), a catalyst to transesterification
of palm olein (Boey et al., 2011), silica gel
(Kow et al., 2015), nanocomposite filler in
thermoplastic (Bukit et al., 2018) and ge-
opolymer (Yahya et al., 2015). POBA is
typically found in powder form, and could
replace cement or as a filler in concrete or
cement mortar. Roslan et al. (2020) re-
ported that 5% and 10% cement replace-
ment by POBA could attain compressive
strength beyond 30 MPa on day 28.

There has never been a study that
used a combination of POBA and POCP as
partial cement replacement from the lit-
erature review. Therefore, the physical
and mechanical properties of bricks con-
taining composite palm oil ashes (POBA
and POCP) as cement replacement mate-
rials were studied and presented in this

paper.
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Table 1. Replacement level for POBA and POCP and Test Details.

Brick c™m 10BA+10CP 20BA+20CP  30BA+30CP
OPC 100% 80% 60% 40%
POBA - 10% 20% 30%
POCP - 10% 20% 30%
Test* No. of Samples
Density 3 3 3 3
Void content 3 3 3 3
Water Absorption 3 3 3 3
Compression 3 3 3 3
Weight Loss 3 3 3 3

*In accordance with ASTM C62-17

2. METHODOLOGY

The palm oil boiler ash (POBA) and
palm oil clinker (POC) used in this study
were collected from the palm oil mill in
Mukah, Sarawak. The sand used was the
river sand locally available in Sibu, Sara-
wak. The samples were prepared in pow-
der form and stored in airtight containers.
The materials properties such as density,
specific gravity, chemical compositions,
gradation, and morphology were ob-
tained.

Four series of mixes were prepared.
Control mix (CM) was made of ordinary
Portland cement (OPC), sand, and water
with a 1:3 (C:S) mixing ratio. The wa-
ter/binder ratio and superplasticizer dos-
ages were 0.6 and 1%, respectively. The
modified mortar was a mixture of OPC,
POBA, POCP, sand, and water. The re-
placement percentages of POBA and
POCP are presented in Table 1. Nayaka et
al. (2018a) and Nayaka et al. (2018b) rec-
ommended limiting the replacement of
POCP at 40%. Thus, the exact replacement
percentage was also applied for POBA.

The bricks were fabricated in the size
of 215 mm x 90 mm x 70 mm. Bricks were
removed from steel molds after 24 hours
of casting and cured in water for 7 and 28
days. A total of 60 specimens were pre-
pared (Table 1). Each mix comprised three
specimens, and the average values were

taken. The density, water absorption,
voids, and compressive strength of the
bricks were measured at 7 and 28 days.
Flow test for fresh mortar was conducted
according to ASTM C1437.

3. RESULTS AND DISCUSSIONS

3.1. Material Properties

The density and specific gravity of
materials are tabulated in Table 2. The
density and specific gravity of POBA and
POCP are 52.7% and 28.6% lower than
OPC, respectively.

Table 2. Density and specific gravity of POBA,
POCP, OPC and sand.

Density Specific

Material (g/cm?)  Gravity
Palm Qil Boiler Ash 1.49 1.49
Palm Qil Clinker Powder 2.25 2.25
Ordinary Portland Cement 3.15% 3.16
Sand 2.54 2.54

*Karim et al. (2017)
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Figure 2. Gradation of sand.
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The average water absorption of sand
was 0.4%, and the sieve analysis was pre-
sented in Figure 2. According to BS EN
12620 (British European Standard, 2013),
the sand gradation fell under medium
gradation with a fineness modulus of 2.61.

Table 3. Particle size of POBA, POCP and OPC.

Average Size (um)! POBA  POCP oprc?

D(v, 0.1) 6.36 2.76 -
D(v, 0.5) 24.5 11.3 27.98
D(v, 0.9) 105 788 -

Specific surface

4. 7.4 1.
area (m?/ke) 3643 80 331.0

1D = diameter, v = volume, 0.1, 0.5, 0.9 = percent-
age (10%, 50% and 90% respectively) of the parti-
cles are smaller than this diameter.

’Kanadasan and Razak, 2015

Table 4. Chemical compositions of OPC, POBA,
and POCP (in %)

Composition OPC POBA POCP
SiO, 20.29 30.5 56.6
Al,03 5.37 0.66 2.01
Fe,0s3 2.94 46 2.66
KO 0.17 10.2 9.01
Cao 64 4.93 25.7
MgO 3.13 3.4 2.83
P,0s 0.07 1.4 ND
SOs 2.61 2.03 0.58
ZrO, 0 0.47 0.27

The average particle size and chemi-
cal compositions of POBA, POCP, and OPC
are listed in Tables 3 and 4, respectively.
The particle of POCP was generally finer
than POBA and OPC. Its D(v, 0.5) was less
than half of POBA and OPC, and its specif-
ic surface area was 2.2 to 2.4 times great-
er than POBA and OPC (Table 3). The fine-
ness of POBA was similar to OPC.

The porous structures of POBA and
POCP, as observed in Figure 3, affected
the materials' density and specific gravity.
The POCP and OPC had fewer pores than
POBA. Its density and specific gravity were
high.

(b) Palm Qil Clinker Powder
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Niedzwiedzka, 2015)

Figure 3. lllustration of (a) POBA, (b) POCP, and
(c) OPC microstructure kernel shells.

3.2. Fresh mortar

Figure 4 shows the flow behavior of
the control mix and POBA-POCP blended
mixes. The results showed that the addi-
tion of POBA and POCP as partial re-
placement of cement increased the flow-
ability of fresh mortar. Similar behavior
was observed by Ahmmad et al. (2017),
whereby the slump value of concrete in-
creased when POCP was added to the
concrete. This was due to the high con-
tent of silica (Table 4) and dicalcium sili-
cate (C2S) as the presence of wollaston-
ites in POCP lowered the hydration rate at
early stages (Ahmmad et al., 2017; Neville
and Brooks, 1987). In addition, POBA
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comprised high silica content. For that,
the combination of POBA and POCP had
boosted the flowability of blended ce-
ment mortar, which is important for the
workability of concrete.
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Figure 4. Flow spread of mortar.

3.3. Brick Properties

3.3.1 Density, Water Absorption, and
Void Test

Figure 5 presents the bulk density of
the bricks on days 7 and 28. Overall, the
density of bricks decreased as the per-
centage of cement replacement in-
creased.
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Figure 5. Bulk density of bricks.

In general, the brick density was
affected by the void content and the
material density. Macro and micro-voids
were present in bricks due to the irregular
shapes of POBA and POCP particles
(Figure 3). However, the void content on
day 28 was relatively low, which ranged
between 3.6% and 3.72% (Figure 6). This

implied that the density of bricks was
more significantly affected by the density
and specific gravity of the material instead
of the void content in the mix. The density
and specific gravity of POBA and POCP
were 52.7% and 28.6% lower than OPC
(Table 2). Thus, the brick density ranged
between 2 kg/m3 and 2.25 kg/m3.
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Figure 6. Voids volume in bricks.

The water absorption of bricks shown
in Figure 7 indicates a slight increment as
the replacement level increased. The wa-
ter absorption for the bricks ranged from
1.66% to 1.75%. According to ASTM C62
(ASTM International, 2017), the water ab-
sorption of cement brick should be less
than 7%, thus all bricks achieved the
standard requirement.
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Figure 7. Water absorption of bricks.

3.3.2 Compressive strength

Table 5 shows that the optimum per-
centage of cement replacement was 20%
as it yielded the highest compressive
strength of the bricks. Figure 8 presents
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the differences in the compressive
strength between the modified bricks and
the control mix. From the results, the re-
placement of 20% OPC with POBA and
POCP increased 28.4% strength as com-
pared with the control mix (CM). The
compressive strength at 28-days for CM
was 16.93 MPa whilst 20BA+20CP brick
was 21.72 MPa. The minimum compres-
sive strength of CM for no weathering
(NW) brick is 10.3 MPa (ASTM Interna-
tional, 2017). According to Roslan et al.
(2020), interfacial bonding between parti-
cles was affected by the contact surface
area. The large surface area of POBA and
POCP (Table 3) had enhanced the chemi-
cal reactivity of siliceous and aluminous
components with calcium hydroxide to
form compounds that possessed cementi-
tious properties. This led to the increment
of the brick’s compressive strength.

Table 5. Compressive strength of bricks (MPa).

Mixes Day 7 Day 28
cM 11.27 16.93
10BA+10CP 13.33 17.10
20BA+20CP 14.47 21.72
30BA+30CP 9.43 13.93

30 28.428.4
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Figure 8. Changes in compressive strength of
bricks.

There was a sudden drop of the com-
pressive strength up to 17.7% for
30BA+30CP brick (Figure 8). According to
Paya et al. (2001), pozzolanic materials
with high porosity can affect the hardened

properties of the mix. The water added to
the mixture would end up filling the pores
of the particles, thus disrupt the hydration
process.

The brick 20BA+20CP gave a com-
pressive strength of 21.72 MPa, which
was slightly higher than the minimum
compressive strength of 20.7 MPa for se-
vere weathering (SW) brick as required by
ASTM C62. Thus, it could potentially be
used as SW brick. Overall, 10BA+10CP,
and 30BA+30CP bricks can be used as NW
bricks as the bricks achieved the minimum
strength of 10.3 MPa (ASTM C62).

3.4. Relationship between compressive
strength and weight loss

The quantity of weight loss implied
the rigidity of the brick against the com-
pressive load. From Figure 9, both graphs
(compressive strength on days 7 and 28)
show an inversely proportional relation-
ship between compressive strength and
weight loss. This indicates that the in-
crease of POBA and POCP (more than 20%
replacement) affected the rigidity of the
brick resulting it being more brittle. A
good correlation between the two pa-
rameters was observed as the R-square
for 7 and 28 days were 0.7758 and 0.8158,
respectively. Figure 10 illustrates the fail-
ure mode of bricks at 28 days and the rup-
tures appeared to be more severe when
cement replacement exceed 20%.
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Figure 9. Relationship between compressive
strength and weight loss.
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and POCP) as partial cement replacement
materials in cement brick. The two mate-
rials enhanced the flowability of the fresh
mortar due to its high silica content. The
densities and void content of bricks de-
creased as the percentage of cement re-
placement increased. It showed that the
density of bricks was significantly affected
by the density and specific gravity of
POBA and POCP. The water absorption of
' ;M- bricks increased slightly as the replace-
o (b) 10BA+10CP brick ment level increased. The water absorp-
o tion was less than 7%, thus all bricks
achieved the standard requirement.

Before

From the results, the replacement of
OPC with 20% POBA and 20% POCP in-
creased 28.4% strength of the control mix.
Brick 20BA+20CP had the potential to be
used as severe weathering (SW) brick for
meeting the minimum compressive
strength set by ASTM C62.

(d) 30BA + 30CP Brick
Figure 10. Failure mode of bricks after compression
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