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Prince of Songkla University, Faculty of Engineering, Department of Mining and Materials Engineering,
Hat Yai, Thailand

The utilization of local waste by-products as a building material has attracted great attention for an environmental
sustainability and become a fundamental part of sustainable construction. In this experimental research, the local
palm oil industrial waste and agricultural waste are utilized for the green mortar production. To examine the compres-
sive strength and the durability performance of the green mortar mixtures, Palm oil boiler clinker (POBC) was used as
a substitution material for natural fine aggregate. An ordinary Portland cement was partially replaced by rice husk ash
(RHA) and calcium bentonite (CB) in the proportion of 10%, 20%, and 30% by weight of cement. The compressive
strength, water absorption, porosity, durability against sulphuric acid and sodium sulphate attacks, and microstruc-
tures of the POBC mortar mixtures were evaluated at the curing age of 7, 28, and 56 days. The experimental results
revealed that the compressive strength, water absorption, porosity, and durability characteristics of POBC mortar
incorporating RHA and CB were improved by long-term curing. Particularly, the 56-day POBC mortar incorporating
up to 30% of RHA and 10% of CB yielded the superior durability against sulphuric acid and sodium sulphate attacks.

Key words: palm oil boiler clinker, rice husk ash, calcium bentonite, compressive strength, durability against

Sulphuric acid and sodium sulphate attacks

INTRODUCTION

The exploitation of waste materials in mortar and con-
crete is studied as a means toward a sustainable, envi-
ronmental-friendly construction [1]. Currently, the prac-
tice of using the industrial by-products as supplementary
cementitious materials (SCMs) and as an aggregate
substitution is spreading constantly. Apart from strength
properties, durability is an important issue for local mor-
tar production. Several studies reported that the intro-
duction of the SCMs from waste by-products such as
fly ash, silica fume, ceramic waste, ground granulated
blast-furnace slag, and rice husk ash can improve the
long-term durability of the cementitious composite. This
is due to the formation of calcium silicate hydrate by the
pozzolanic reaction which improves the pore structure
and clogs up the cement matrix [2-6].

The palm oil boiler clinker (POBC) is a waste-by product
of palm oil mill [7]. In 2019, the agricultural productivity
of palm oil in Thailand was 16.8 million tons [8]. Particu-
larly, the vast cultivation area of palm trees covers 6,765
km?, with an approximate annual crude palm oil produc-
tion of 2.4 million tons [9]. A solid wastes of crude palm
oil production (such as palm fibers, empty fruit bunch,
palm shells) are used as biomass fuels in boiler for ster-
ilization process [10]. The POBC and palm oil fuel ash
(POFA) are derived after the end of combustion in boiler.
The POBC, POFA, and several industrial wastes derived
from the palm oil industry have resulted in a significant
environmental impact and landfill usage [11-12]. In an ef-
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fort to mitigate this, the POBC properties were tackled by
various researchers. The study on the feasibility of using
the waste of palm oil mill for construction applications
confirmed that the utilization of palm oil clinker as a sand
replacement can reduce the cost of construction and
carbon emission by 17% and 9.6% compared to that of
using natural river sand [13]. In addition, the use of high
replacement ratio of palm oil clinker as a sand substitu-
tion caused a 56-day mortar’s strength reduction of only
22%, as compared to conventional sand mortar [14].

Rice husk ash (RHA); an agricultural by-product, is ob-
tained after using the rice husk as a local biomass fuel.
The main constituent of RHA is the reactive amorphous
SiO, [15], therefore, several studies investigated its con-
tribution to the properties of cementitious materials when
used as an additive. It was confirmed through an XRD
analysis that the addition of reactive SiO, derived from
RHA reacted with the Ca(OH), contents of the hydra-
tion products [16]. Thus, consuming a portion of the free
Ca(OH), and forming the additional calcium silicate hy-
drate (C-S-H) gel. Moreover, it was found that the pozzo-
lanic reaction was promoted by the addition of RHA [17-
18]. The promoted pozzolanic reaction contributed to the
strength development and increased C-S-H content. As
a reactive filler, C-S-H plays an important role in reducing
the capillary pore size in the cement paste. Moreover,
utilizing the RHA as supplementary cementitious materi-
al can enhance the acid resistance of recycle-aggregate
concrete by decreasing calcium hydroxide (Ca(OH),)
content, while strengthening the bond between the dif-
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ferent phases within microstructure [19]. This explains
the mortar’s enhanced durability by the additional C-S-H,
since the C-S-H forms by cement hydration and pozzola-
nic reaction. The deterioration reaction between the hy-
dration product of the cement paste and sulphuric acid
is the depletion of Ca(OH), and the forming of gypsum
(CaS0,.2H,0). Then, the degradation mechanisms by
sulphuric acid attack occur. Subsequently, the gypsum
gel can fill up the pore, intensive gypsum deposit, and
the pore structure damaged [20-21].

Furthermore, calcium bentonite (CB) is a natural pozzo-
lanic material and contains more than 60% of SiO, [22].
According to the assessment of the strength activity in-
dex (SAIl) of concrete containing CB, the addition of up to
25% CB by weight of cement can provide a satisfactory
SAl (more than 75%). Likewise, the compressive strength
of concrete containing 15% CB by weight of cement is
close to that of control concrete at the age of 28 days
(the strength reduction was only 5% in comparison with
the compressive strength of the control concrete speci-
men) [23]. In addition, the longer curing periods have a
positive impact on improving the strength and durability
characteristic of the mortar containing CB [24]. Besides,
the addition of 8% CB decreased the porosity of 28-day
mortar by 16.9% [25-26].

In the pursuit of promoting sustainable construction, this
research focuses on the utilization of local by-products as
both a fine aggregate substitution and a cement replace-
ment. Therefore, in this study, the RHA and CB were in-
troduced as a partial cement replacement, along with a
100% POBC fine aggregate replacement to determine
the strength and durability characteristics of the mortar
mixtures at different curing ages. The strength and dura-
bility characteristics; namely, the compressive strength,
porosity, water absorption, and resistance to mild con-
centration of sulphuric acid and sodium sulphate attack
were investigated together with the microstructural char-
acterization via scanning electron microscope (SEM).

C

MATERIALS AND METHODS
Materials

An ordinary Portland cement (OPC) complying with
ASTM C150 [27], was used in this study, while the RHA
derived after raw rice husk (a local by-product from Phat-
talung province, Thailand) was conventionally burned in
open air as a local biomass fuel. Moreover, the calcium
bentonite (commercial grade) was purchased from a
manufacturer in Saraburi province, Thailand. Meanwhile,
the POBC was collected from the waste disposal area
near the palm oil plant at Surat Thani province, Thailand.

Firstly, the obtained RHA was then exposed to a tem-
perature of 700°C for 1 hour in a muffle furnace in order
to eliminate some presence of unburned carbon and/or
some organic matter contaminants. Then, it was ground
with a jar mill at 70 rpm for 12 hours. The particle size
distributions of the RHA and CB were analyzed by a la-
ser particle analyzer (LPSA); model: Analysette 22 Nano
tec. The mean particle size (d,,) of RHA and CB was
12.4 and 2.5 pm, respectively. Regarding the POBC, it
was washed to remove any clay particles and organic
matter. Then, it was oven-dried at 105+5°C for 24 hours,
to be crushed with jaw crusher and sieved through No.4
sieve mesh (or aperture size of 4.75mm). The fresh
POBC samples obtained from palm oil mill disposal area,
crushed POBC, RHA, and CB powders are depicted in
Figure 1. The chemical composition of the POBC, RHA,
and CB were analyzed via a wavelength dispersive X-ray
fluorescence spectrophotometer (WDXRF); model: Ze-
tium, and it is expressed in Table 1. The total amount of
SiO,, ALO,, and Fe,O, contents of RHA and CB were
higher than 70%, which met the chemical requirements
of class N (raw or calcined natural pozzolans) and class
F (fly ash) as per ASTM C618-19 [28]. The percentage
passing results of the sieve analysis for crushed POBC,
RHA, and CB were plotted against particle diameters
and presented in Figure 2. Finally, the physical proper-

Table 1: Chemical composition of POBC, RHA, and CB analyzed by WDXRF

Oxides (wt.%) SiO, Fe,O, SO, K,O ALO, | CaO | MgO MnO P,O, LOI
POBC 65.23 1.78 0.04 9.56 1.66 | 10.00 | 5.37 0.17 5,50 | 0.04
RHA 93.83 0.36 0.21 1.77 0.66 | 0.76 | 0.36 0.11 1.04 | 0.67

CB 56.62 0.02 0.69 0.96 19.81 | 1.16 | 0.55 0.03 0.05 |10.12
:i"'“'h.;eiﬁ""‘*"' ‘
(a (b) (c) (d)

Figure 1: Lumps of POBC collected from palm oil mill disposal area (a), Crushed POBC (b), RHA powder (c),
and CB powder (d)
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ties of POBC fine aggregate were tested and tabulated
in Table 2 for convenience.

Mix proportions

Seven mortar mixtures were prepared with POBC fine
aggregate and incorporating RHA and CB as an ordinary
Portland cement (OPC) replacement. The OPC was par-
tially replaced by RHA and CB at the replacement ratios
of 10%, 20%, and 30% (by percent weight of OPC), re-
spectively. The mixture proportions are 1:2.75 (Binder:
POBC aggregate). Water to binder ratio of the mixture
was kept constant at 0.48 in accordance with ASTM
C109 [29]. The percentage of flow was carried out as
following ASTM C 1437-15 [30]. The mixture series are
tabulated in Table 3.

Testing methods

To determine the compressive strength, water absorp-
tion, porosity, and durability against acid and sulphate
attacks, three cube specimens of 50-mm of each mix-
ture were cast and then cured in saturated lime water
at the temperature of 27+5°C for a period of 7, 28, and
56 days before testing. The compressive strength test
was performed according to ASTM C109 [29] by using
digital concrete compression machine model KC-150g
with capacity 1,500kN. The strength activity index (SAl)
was calculated as per ASTM C618-19 [28]. The water
absorption and porosity measurements were conducted
in accordance with the Archimedes method based on the
ASTM standard C373-14a [31].

The sulphuric acid (H,SO,) and sodium sulphate (Na,SO,)
resistance tests were carried out after the specimens were
cured in saturated lime water for periods of 7, 28, and 56
days. During testing, the 7-day, 28-day, and 56-day spec-
imens of each mixture were weighted by digital precision
balance (0.001g), and then exposed to 0.005M (pH=2.5)
sulphuric acid solution (H,SO,) and 0.5M (pH=8) sodium
sulphate solution (Na,SO,) for a period of 42 days. The

Table 3: Mix proportions of POBC mortar (kg/m?®)

Binder aggriggeate -
No. | Nomenclature (kg/m?) (kg/m?) (OZ\;V
OPC|CB |RHA| POBC
1 Control 500 | O 0 1,375 121
2 R10 450 | O 50 1,375 98
3 R20 400 100 1,375 83
4 R30 350 150 1,375 75
5 B10 450 | 50 0 1,375 111
6 B20 400 |[100, O 1,375 106
7 B30 350 [150| O 1,375 97
195

Table 2: Physical properties of crushed POBC

(fine aggregate)
Crushed POBC properties Value
Loose bulk density (kg/m?) 1,145.71
Void (%) 32.59
Compacted bulk density (kg/m?) 1,310.71
Void (%) 22.88
Fineness modulus 3.74
Specific gravity 2.20
Soundness (%) 2.05
Water absorption (%)
1 day 3.13
7 days 3.94
Moisture content (%) 0.80
Organic impurity (ASTM C40-20) None
100 :
ap 1| ——POBC _/}/r
—_ —a—0PC Py
%SD | ——RHA __;J‘JJ ,y‘ i
270 H {
& —s=— B L] f 1(
& 80 ~ .
e FIMIY. F*
B /
[ I/ TA !
© 20 / r'|
10 {II f |
0 d=a=F1 i
0,0001 0,001 0,01 0,1 1 10 100
Particle diameter (mm)

Figure 2: Grading analysis of raw materials

acid and sulphate solutions were refreshed every week,
in order to maintain the pH value and reduce the effect of
pH gaining by excessive lime due to the cement hydra-
tion. After 42 days of exposure to each acid and sulphate
solutions, the weights and compressive strengths of
each specimen were examined. Subsequently, through
comparing the weight before and after exposure to the
acid and sulphate solutions, the weight loss was esti-
mated. Moreover, the change in compressive strengths
after exposure to acid and sulphate solutions was inves-
tigated in comparison to the compressive strength of the
specimen before exposure, as to assess the compres-
sive strength loss.

For the microstructural analysis of the POBC mortar’s
cement paste, the scanning electron micrographs were
carried out by using Thermo Fisher Scientific scanning
electron microscope, model Quanta 400 (SEM-Quanta)
at the accelerating voltage of 20 kV.
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RESULTS AND DISCUSSIONS
Compressive strength

The compressive strength results of the POBC mortars
incorporating the RHA and CB at different ages are pre-
sented in Figure 3. Generally, it is evident that the 7-day
compressive strengths of the RHA and CB specimens
were lower than the control specimen. However, it can
be noticed that the compressive strength of all mix types
increased through a prolonged period of curing.

Particularly, it was observed that the mortar incorporating
the RHA developed strength gradually in the long term.
At the curing age of 56 days, an increase in the compres-
sive strength and strength activity index (SAI) was 16%,
18%, and 15% for the mortar specimens incorporating
10%, 20%, and 30% RHA, respectively, as compared to
that of the control mortar; This is shown in Figure 3(a)
and 4. This increase in the compressive strength of RHA
mixtures with age could be due to the high pozzolanic
reaction that is gradually promoted by the reactive amor-
phous SiO2 contents of the RHA [32-33].

On the other hand, the compressive strength decreased
with the increase in the CB replacement ratio. At the age
of 56 days, a decrease in the compressive strength of the
CB mixtures was observed to be 9%, 15%, and 20%, for
the mortars incorporating CB content of 10%, 20%, and
30%, respectively; as shown in Figure 3(b). However, the

60
55 1
50
45
40
35
30
25
20

w7day ®28day WS56-day |

Compressive strength (MPa)

R10 R20
Type of mortar mixture

(@)

Control R30

60
55 +
50 +

| m7-day ®28-day W56-day

Compressive strength (MPa)

B10 B20
Type of mortar mixture
(b)
Figure 3: Compressive strength of POBC mortar
containing RHA (a) and CB (b) at different ages

B30
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Figure 4: Strength activity index of POBC mortar
containing RHA and CB at different ages

percentage of the strength development from the age of
28 days to 56 days for the specimens incorporating 0%
and 10% CB was 26% and 39%, respectively. Besides,
the strength activity indexes (SAl) of the mixture contain-
ing 10% CB content were 81%, 83%, and 91% at the
ages of 7, 28, and 56 days, respectively; as shown in
Figure 4.

Thus, it is observed that the replacement by weight of
OPC by 10% CB provided the lowest strength reduc-
tion and the most desirable SAIl, as per the standard re-
quirement of ASTM C618-19 [28]. This finding is in good
agreement with the previous studies [24, 34].

Water absorption and porosity

Figure 5 shows the water absorption and porosity of the
POBC mortars incorporating RHA and CB at the age of
7, 28, and 56 days. In general, the water absorption and
porosity of all mixtures decrease as the curing age in-
creases.

An increase in the replacement ratio of the RHA signifi-
cantly reduced the water absorption and porosity of the
RHA specimens, compared to that of the control speci-
men; as shown in Figure 5(a). At the age of 56 days, both
the water absorption and porosity of the specimen incor-
porating 30% RHA were lower than the control specimen
by 36% and 33%, respectively. The decrease in porosity
could be due to the high pozzolanic reaction and the filler
effect of RHA [35].

On the other hand, it was observed that incorporating
10% CB content reduced the water absorption and po-
rosity by 9% and 14%, respectively, compared to that
of the control specimen at the curing age of 56 days;
as shown in Figure 5(b). However, an increase in CB
replacement of OPC above 10% (by weight) showed a
negative impact on the water absorption and porosity
characteristics of the mortar. This finding is consistent
with previous researches [25-26], where it was shown
that incorporating 8-15% CB content can decrease the
porosity of mortar. Conversely, they pointed out that the
water absorption and porosity of the mortar incorporating
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high replacement ratio of CB (more than 15%) increased
owing to the high CB content, which could hinder the hy-
dration reaction. Thus, it could lead to aggravating the
more heterogeneous matrix structure of mortar. In addi-
tion, an excess CB replacement absorbs additional wa-
ter content. Consequently, the water absorption of the
mortar incorporating a high amount of CB increases [23].

Effects of sulphuric acid attack
Weight loss

The weight loss of the specimens containing RHA and
CB at different ages was assessed after 42 days of ex-
posure to 0.005M (pH=2.5) sulphuric acid solution, as
shown in Figure 6. The overall trend shows a decrease
in weight loss with prolonged curing before exposure to
sulphuric acid.

The examination of the RHA specimens, clearly demon-
strates that an increase in the RHA replacement ratio sig-
nificantly reduced the weight loss of the RHA specimens
compared to that of the control specimen. For instance,
the weight loss was 1.53%, 0.81%, 0.68% and 0.47%
for the 56-day specimens containing 0%, 10%, 20% and
30% RHA content; as shown in Figure 6(a).

I 7-day O 28-day I 56-cday
---@--—-7-day - -a---28day - B 56-day
17 30

- =
w o

Water absorption (%)

9
7
5
Control R10 R20 R30
Type of mixture
(a)
s 7-day o 28-day  EEmmm 56-day
-——--- 7_day - A - 28_day ,,,,,, »-- 56_day
17 30
15 + g I S s + 25
513 + “‘{— ......... & + 208
5 |
% 11+ - 15 ::{
S o9+ - 108
2
27+ 15
Control  B10 B20 B30
Type of mixture
(b)

Figure 5: Water absorption and porosity of POBC
mortar containing RHA (a) and CB (b) at different ages
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Weight loss (%)

CB replacement ratio (wt.% of OPC)

(b)
Figure 6: Weight loss of POBC mortar containing RHA
(a) and CB (b) after exposure to sulphuric acid solution

Likewise, it was found that the 56-day specimen con-
taining 10% CB content, provided 0.97% of weight loss,
which was lower than that of the control specimen and
the specimens containing 20% and 30% CB content; as
per Figure 6(b). On the contrary, an increase in the CB
replacement ratio of more than 10% performed greater
weight loss and has a negative effect on the resistance
to sulphuric acid exposure.

Strength loss

The compressive strength loss values of different mix-
tures at the curing ages of 7, 28, and 56 days are re-
vealed in Figure 7. Generally, a decrease in the strength
loss is noted with an increase in the curing age before
the exposure to sulphuric acid. For instance, the strength
loss was recorded to be 4.93%, 3.84%, 2.90% and 1.59%
for the 56-day specimens incorporating 0%, 10%, 20%
and 30% RHA, respectively, as depicted in Figure 7(a).
In addition, the 56-day specimen containing CB content
of 10% provided the lower strength loss (4.43%), in com-
parison with the specimen containing 20% and 30% CB
content; with a strength loss of 5.54% and 6.08% (Figure
7(b)).

Consequently, an increase in RHA replacement ratio of
RHA showed a decrease in the strength loss and has
a positive effect on sulphuric acid resistance, while the
specimen incorporating more than 10% CB content pro-
vided an increase in strength loss and has an adverse
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effect on the resistance of POBC mortar to sulphuric acid
attack.

Effects of sodium sulphate attack
Weight gain

An increase in weight was observed in all specimens af-
ter 42 days of exposure to 0.5 M (pH=8) sodium sulphate
solution, as demonstrated in Figure 8. Generally, there
is a mild decrease in the weight gain with exposure to
sodium sulphate solution after prolonged curing. For ex-
ample, the weight gain was 0.13%, 0.09%, 0.07% and
0.03% for the 56-day specimens incorporating 0%, 10%,
20% and 30% of RHA, respectively, as presented in Fig-
ure 8(a). Additionally, it is found that the 56-day speci-
men incorporating 10% CB provided the lowest weight
gain by 0.12%, whereas the weight gains of the control
specimen and the specimens with 20%, and 30% CB
content were 0.13%, 0.15%, and 0.16%, respectively, as
illustrated in Figure 8(b). Hence, the increase in propor-
tions of RHA replacement of OPC and the specimen in-
corporating 10% CB yielded a better performance to sul-
phate resistance by demonstrating the lower weight gain
when compared to that of the control specimen. This re-
sult is in agreement with that of [36], who explained that

-

the weight gain after early exposure to sodium sulphate
solution (up to 90 days) could be due to the sulphate salt
and hydration products were formed.

Strength loss

Figure 9 presents the compressive strength loss of the
RHA and CB mixtures at different curing ages before ex-
posure to the sodium sulphate solution. The overall trend
shows a decrease in the strength loss with prolonged
curing age for all mixtures.

As for the RHA specimens (Figure 9(a)), it is constant-
ly observed that the strength loss gradually diminishes
as the RHA replacement ratio increases. For example,
the loss in compressive strength of the 56-day control
specimen was 1.15% while the strength loss of the 56-
day specimens incorporating 10%, 20%, and 30% RHA
content was found to be 0.85%, 0.55%, and 0.32%,
respectively. Furthermore, the strength loss of the 56-
day specimen containing 10% CB content was 0.98%
in which was lower than that of the control specimen by
14.78% (Figure 9(b)). However, an increase in the CB re-
placement ratio up to 30% slightly extended the strength
loss by 34.69% compared to that of specimen containing
10% CB content.

‘ —8—7-day —&— 28-day —®—56-day ‘ —e—7-day —aA—28-day —=— 56-day |
10 10 ; !
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(a) (b)

Figure 7: Strength loss of POBC mortar containing RHA (a) and CB (b) after exposure to sulphuric acid solution
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Figure 8: Weight gain of POBC mortar containing RHA (a) and CB (b) after exposure to sodium sulphate solution
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Figure 9: Strength loss of POBC mortar containing RHA (a) and CB (b) after exposure to sodium sulphate solution

Microstructural analysis

The scanning electron micrographs of the control spec-
imen, specimen incorporating 10% RHA, and 10% CB
at the ages of 56 days (before exposure to sulphuric
acid and sodium sulphate solutions) are demonstrated in
Figure 10. It can be observed that the microstructure of
each POBC mortar mixtures consisted of 3 components,
including POBC fine aggregate fragment, cement matrix,
and interfacial transition zone (ITZ) located between the
POBC fine aggregate and the cement matrix. As depict-
ed in Figure 10(a)-10(c), the POBC fine aggregate had
an angular shape and smooth surface with subconchoid-

i ¢
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20
BQ
7]
o
-
oS
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(b)

al fracture. In addition, the mixture containing RHA also
provided a denser ITZ structure when compared to those
of control specimen and CB specimen. The denser ITZ
could contributed to the compressive strength improve-
ment of the POBC mortar.

After 42 days of exposure to the sulphuric acid solution
(pH=2.5), alterations of the hydration products were ob-
served under the scanning electron microscope. The
photomicrographs of 56-day OPC specimen, specimens
incorporating 10% RHA, and 10% CB are presented in
Figure 11. It can be seen that the acid attack promoted
some disintegration features within the microstructures,
which accounted for both a weight loss and a strength
reduction.

-

ol

Figure 10: Scanning electron micrographs of the 56-day OPC specimen (a), specimen incorporating 10% RHA (b),
and 10% CB (c) before exposure to sulphuric acid and sodium sulphate solutions

(c)

Figure 11: Scanning electron micrographs of the 56-day OPC specimen (a), specimen incorporating 10% RHA (b),
and 10% CB (c) after exposure to sulphuric acid solution for 42 days
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The deleterious mechanism of acid attack is the dissolu-
tion of calcium hydroxide (a hydration product of cement
paste) and the formation of gypsum (Ca,SO,.2H,0) and
ettringite (Ca,Al(SO,),(OH),,.26H,0) [37-38]. As a re-
sult, the softening of cement paste and the propagating
of some microcracks could lead to the weakening of the
mortar specimen. The gypsum (a light monoclinic shape
with one direction cleavage) and the ettringite (nee-
dle-like or elongate prismatic shape) crystals embed-
ded in the matrix of the control specimen, as depicted
in Figure 11(a). While a small amount of gypsum and
ettringite crystals were observed in the specimens in-
corporating the RHA and CB supplements, as shown in
Figure 11(b) and 11(c). In addition, the control specimen
revealed less compactness, high porosity, and loosed
matrix. Contrastingly, the specimens incorporating either
the RHA or CB supplements displayed a denser matrix
occupied by the C-S-H framework.

The SEM micrographs of the 56-day OPC specimen,
specimen incorporating 10% RHA, and 10% CB exposed
to sodium sulphate solution (pH=8) for 42 days, are illus-
trated in Figure 12. It is apparent that the specimens in-
corporating the RHA and CB exhibited lesser pore space
and denser matrix (clogged up by C-S-H), compared to
that of the control specimen. Moreover, the less ettringite
and microcracks were observed in the specimens incor-
porating the RHA and CB supplements, as shown in Fig-
ure 12(b) and 12(c), when compared to that of the control
specimen (Figure 12(a)).

In general, the external sodium sulphate attack mech-
anism is the penetration of dissoluble sulphate salt into
the cement matrix which resulted in weight gain at the
early sulphate exposure [39]. Such an attack can provide
the deleterious effects on the cement matrix by induc-
ing in the precipitation of sulfoaluminate phase ettringite
(E) and gypsum (G) due to the destabilized calcium hy-
droxide in cement paste reacts with dissoluble sulphate
salt. Additionally, the formation of ettringite causes an
increase in the volume of the cementitious matrix and
induces some micro cracks. Subsequently, the expan-
sion and microcracks could lead to the strength reduc-
tion [40-41]. An increase in the densification of the matrix
within the POBC mortar incorporating the RHA and CB
supplements could contributed to the pore refinements

L

and reduction of the connectivity of pores, which in turn
mitigates the deterioration from the penetration of the
dissoluble sulphate salt into the matrix.

CONCLUSIONS

This study investigated the performance of mortar con-
taining waste materials namely, palm oil boiler clinker as
a fine aggregate substitution, the rice husk ash and calci-
um bentonite as a partial cement replacement. The com-
pressive strength, water absorption, porosity, durability
against sulphuric acid and sodium sulphate attacks at
the age of 7, 28, and 56 days were examined. Based on
the experimental results, the following conclusions are
drawn:

* The compressive strengths of the POBC mortar in-
corporating the rice husk ash (RHA) and calcium
bentonite (CB) were enhanced by a prolonged pe-
riod of curing up to 28 days. The highest SAI of the
RHA and CB mixtures at the age of 28 and 56 days
was obtained in the mixtures containing RHA content
of up to 20% and CB content of 10%.

* The increase in the RHA replacement ratio and the
curing ages of POBC mortar have a positive impact
on reducing both the water absorption and porosity.
Additionally, the POBC mortar incorporating up to
10% CB provided lower water absorption and poros-
ity compared to the control mixture. However, any
increase in the CB replacement ratio of more than
10% significantly increases the water absorption and
porosity.

* The weight variation and strength loss due to sul-
phuric acid and sodium sulphate attacks of each
POBC mortar mixtures were mitigated by increasing
the curing duration before such exposure. Evidently,
the POBC mortars incorporating the RHA supple-
ment of up to 30%, and 10% of CB yielded the op-
timum durability against sulphuric acid and sodium
sulphate attack.

* The SEM micrographs revealed that the interfacial
transition zones were found to be denser in the mix-
ture incorporating RHA. After exposure to sulphuric
acid and the sodium sulphate solutions, the POBC
mortars incorporating the RHA and CB provided less
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Figure 12: Scanning electron micrographs of the 56-day OPC specimen (a), specimen incorporating 10% RHA (b),
and 10% CB (c) after exposure to sodium sulphate solution for 42 days
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disintegration combined with a dense matrix occu-

pied by C-S-H.
The POBC mortar in this study can be served as the
non-heavy duty construction materials, eco-brick, and
eco-mortar block productions. Besides, the supplement
of up to 30% RHA and 10% CB can be possibly added as
an OPC replacement to alleviate the cement consump-
tion and promote the performance of the POBC mortar
against the non-aggressive environment.
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