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Abstract This article presents the effect of palm oil fuel ash
as a supplementary cementitious material on chloride pen-
etration and microstructure of blended cement paste. Palm
oil fuel ash (POFA) was ground to obtain two finenesses:
one was the same size as the cement and the other was
smaller than the cement. Type I ordinary Portland cement
(OPC) was replaced by POFA at 0, 10, 20, 30, and 40 % by
weight of binder. All paste specimens were prepared using
the same water to binder ratio as 0.35. The compressive
strength, pore size distribution, total chloride content, free
chloride content, and X-ray diffraction analysis of chloride
penetration into blended cement pastes were investigated.
The results indicated that, at 60 and 90days, the blended
cement pastes containing 30 % of POFA with high fineness
had 1.6 and 4.9 % higher compressive strength than that of
the OPC paste, respectively. POFA pastes had a lower chlo-
ride diffusion coefficient and shallower concentration profile
of free chloride than that of the OPC paste. The specimens
containing coarse fineness and small particle size POFA had
lower chloride diffusion coefficient than OPC paste ranging
between 13.2 and 61.0 %. In addition, the chloride diffusion
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coefficient is linearly correlated with the critical pore diame-
ters. Replacement of OPC by the fine-grained POFA resulted
in the decrease in free chloride and in the chloride diffusion
coefficient.
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1 Introduction

The chloride-induced corrosion of embedded reinforcement
is one of the most severe durability problems for concrete
structures in a marine environment and exposed to deicing
salts. Initially, steel embedded in concrete has a thin pas-
sive film on its surface that prevents the steel from further
corroding. Chloride-induced corrosion begins when the con-
centration of chloride at the steel bars reaches a threshold
value and then destroys the protective film layer [1-3]. This
degradation mechanism leads to a series of structural prob-
lems, such as a reduction in the cross-sectional area of the
reinforcement, cracking, delamination of the concrete cover,
and weakening of the steel concrete bond, thereby reduc-
ing the load carrying capacity of the reinforced concrete
structure [1-3]. To solve this problem, many supplementary
cement materials (SCMs) have been suggested; for example,
fly ash, ground granulated blast furnace slag, silica fume,
and metakaolin have been found to be beneficial in resisting
the ingress of chloride ions into concrete. This resistance is
caused by the microstructure densification imparted by the
pozzolanic reaction or secondary reaction from these mate-
rials. In addition, concrete containing pozzolans has a lower
average pore size and critical pore size decreasing than that
of control concrete [4]. The critical pore size is defined as
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the inflection point on the cumulative pore volume and pore
diameter plot or as the maximum of dv/d(log D). The critical
pore size is the most frequent continuous pores [5].

Numerous studies have utilized by-product materials such
as fly ash, rice husk ash, palm oil fuel ash, and bagasse ash as
pozzolans to reduce the cement content in concrete mixtures.
Palm oil fuel ash (POFA) is a by-product of palm oil facto-
ries, where palm shells, empty fruit bunches, and palm fiber
are burnt as fuel at temperatures of 800-900 °C. More than
100,000 tons of POFA are produced every year in Thailand
[6]. POFA is rarely utilized, and disposing of this waste may
lead to future environmental problems. Previous researchers
have studied the use of POFA as a partial replacement of
cement in concrete. The results showed that POFA with a
high fineness exhibits an excellent pozzolanic reaction and
could be used as a supplementary material to produce high-
strength concrete [7]. Later, Tangchirapat et al. [8] and Sinsiri
et al. [9] found that ground POFA was a good pozzolanic
material and could be used to replace Portland cement up to
30 % by weight of binder. In addition, the use of POFA can
improve concrete strength and decrease water permeability
[6]. Furthermore, the partial replacement of OPC with POFA
assists in the sulfate [8] and chloride [10] penetration resis-
tance of concrete. For microstructure of pastes, the critical
pore size and average pore of blended cement paste con-
taining POFA was lower than the OPC cement paste. The
incorporation of high fineness POFA decreased the criti-
cal pore size and average pore of blended cement paste as
compared to that with coarse POFA [5]. This effect is an
important factor for decreasing permeability and chloride
diffusion.

Previous studies have already reported the influence of
POFA on compressive strength, chloride penetration, and
microstructure of blended cement pastes. However, the rela-
tionship between chloride penetration and microstructure of
blended cement pastes has not been well determined. If a
by-product material from POFA can be used as a cement
replacement in concrete, it will help to reduce energy due
to decreasing the production of cement clinker and reducing
the volume of waste disposed in landfills. In general, con-
crete and mortar can be considered as composite materials
comprising of two phases, i.e., cement paste and aggregates.
Many studies have shown that cement paste phase represents
the main physical and mechanical property of concrete or
mortar. For example, CSH is the principal binding agent in
cement paste and is responsible for strength and shrinkage.
Also, the porosity taking place in the concrete is mainly in
cement paste phase which is the important property for dif-
fusion mechanism related to durability of concrete. Thus, the
objective of this research was to study the effect of palm oil
fuel ash as a supplementary cementitious material on chloride
penetration and microstructure of blended cement paste. The
effect of ground palm oil fuel with two different finenesses
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on compressive strength, pore size distribution, total chlo-
ride content, free chloride content, X-ray diffraction analysis
of chloride penetration of blended cement pastes was deter-
mined.

2 Experiments
2.1 Materials

The materials used in this study were type I ordinary Port-
land cement (OPC) and palm oil fuel ash (POFA). POFA was
collected from thermal power plants in Thailand. The origi-
nal POFA had large particles with low pozzolanic properties
[7-11]. Thus, the original POFA was sieved through a sieve
no. 16 to remove the large particles and any incompletely
combusted material. Then, the POFA was ground to two dif-
ferent sizes. POFA was ground to have the same particle size
as OPC for the first fineness (CPOFA). For the second fine-
ness, the materials were ground to have particles that could
act as fillers between the particles of cement (FPOFA). The
physical properties of the materials are presented in Table 1.
The specific gravity or density of OPC, CPOFA, and FPOFA
was measured according to ASTM C188 and they were 3.14,
2.36, and 2.48, respectively. The Blaine fineness values of
OPC, CPOFA, and FPOFA was evaluated following ASTM
C2042001 and they were 360, 670, and 1,490 m? /kg, respec-
tively. The median particle sizes of OPC, CPOFA, and FPOA
were quantified using laser particle size analysis and they
were 14.6, 15.6,and 2.1 pm, respectively. The chemical com-
positions of the materials are given in Table 2. SiO; is the
major chemical component of CPOFA and FPOFA is 54.0
and 55.7 %, respectively. LOI and SO3 are within the lim-
its of 10.0 and 4 %, respectively. The total amounts of SiO,,
Al,O3, and Fe;O3 of CPOFA and FPOFA were 56.9 and
58.6 %, respectively, both of which are less than 70 %. A
similar finding was also reported by other researchers and
had a total SiO,, Al,O3, and Fe,O3 content less than 70 %
[12]. In general, the pozzolanic reaction takes place due to
the reaction of Ca(OH); with SiO; and Al,O3 existing in
pozzolanic materials leading to the increase of calcium sil-
icate hydrate (CSH). Thus, CPOFA and FPOFA with high

Table 1 Physical properties of the materials

Sample Specific Median particle Blaine fineness
gravity size (jum) (cm? /2)

OPC 3.14 14.6 3,600

CPOFA 2.36 15.6 6,700

FPOFA 2.48 2.1 14,900
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amount of SiO» tend to produce additional CSH in cement
paste.

2.2 Mix Proportion

Ground POFA was used to partially replace type I Portland
cement at the rates of 0, 10, 20, 30, and 40 % by weight of
binder. The water to binder (W/B) ratio of 0.35 was used
for all mixtures and is given in Table 3. To ensure homo-
geneity, the OPC and POFA were first mixed together for
3 min in the mixer, and then, the water was added. Afterward,
the mixture was mixed for another 2 min. After mixing, the
cement pastes were immediately cast into cube specimens of
50 x 50 x 50 mm. The cast specimens were covered with
plastic to prevent water loss. After casting for 24 h, the spec-
imens were removed from the molds and cured in saturated
lime water at a temperature of 23 &+ 2 °C.

2.3 Compressive Strength
The cube specimens of 50 x 50 x 50 mm were prepared

in accordance with ASTM C 109 [13]. They were tested to
determine the compressive strength at the ages of 7, 28, 60,

Table 2 Chemical compositions of the materials

Chemical composition (%) OPC CPOFA FPOFA
Silicon dioxide (SiO3) 20.8 54.0 55.7
Aluminum oxide (Al,O3) 4.7 0.9 0.9
Iron oxide (Fe,03) 34 2.0 2.0
Calcium oxide (CaO) 65.3 12.9 12.5
Magnesium oxide (MgO) - 4.9 5.1
Sodium oxide (NayO) 0.1 1.0 1.0
Potassium oxide (K,0) 0.4 13.5 11.9
Sulfur trioxide (SO3) 2.7 4.0 2.9
Loss on ignition (LOI) 0.9 3.7 4.7
SiO; + Al,O3 + Fer O3 - 56.9 58.6
Table 3 Mixture proportions of the pastes

Mix no. Symbol OPC CPOFA FPOFA W/B
1 OPC 100 - - 0.35
2 10CPOFA 90 10 - 0.35
3 20CPOFA 80 20 - 0.35
4 30CPOFA 70 30 - 0.35
5 40CPOFA 60 40 - 0.35
6 10FPOFA 90 - 10 0.35
7 20FPOFA 80 - 20 0.35
8 30FPOFA 70 - 30 0.35
9 40FPOFA 60 - 40 0.35

and 90days. Each compressive strength value reported is the
average of five samples.

2.4 Determination of the Porosity of the Pastes

In general, pore diameter distribution is the critical com-
ponent of hydrated cement paste that strongly impacts on
durability. In order to have low permeability and durable con-
crete, it is required to decrease pore diameter distribution. It
is well known that the use of pozzolanic materials as a partial
cement replacement can improve the pore diameter distribu-
tion of cement paste [5, 14]. The pore diameter distribution in
the hardened cement pastes was measured by mercury intru-
sion porosimetry (MIP) at a pressure capacity of 228 MPa.
After curing for 90 days, the samples were split from the mid-
dle portion of the hardened blended cement paste. To stop the
hydration reaction, the samples were submerged directly into
liquid nitrogen for 5min and were then evacuated at a pres-
sure of 0.5Pa at 40 °C for 48 h. This method has been used
previously to stop the hydration reaction of cement paste
[15,16]. The pressure is determined by the Washburn equa-
tion [17]. A constant contact angle of 140° and a constant
surface tension of mercury of 480 mN/m were used for the
pore size calculation.

2.5 Chloride Penetration Test

Specimens (100 mm diameter and 200 mm height) were pre-
pared in accordance with ASTM C 39 [18] excepted that
no sand was used in the mixture. The cast specimens were
removed from the mold. Afterward, they were cured in sat-
urated lime water at 23 &+ 2 °C. After curing to the age of
27 days, they were cut into 60 mm pieces. The lateral and
bottom surfaces of the cylinders were coated with epoxy. The
samples were immersed in 3 % (0.513 mol/l) NaCl solution
for 90 days as shown in Fig. 1; after that, the chloride penetra-

3% NaCl
N
Epoxy
60 mm Sample le—— coated
paste
A 4

Fig. 1 Immersion of paste specimen in 3 % NaCl solution
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Fig. 2 Paste specimens coring
and cutting for chloride test

tion into blended cement paste was measured. After 90 days
of the chloride exposure period, the specimen was dry-cut
from the top surface, which was 10mm thick as shown in
Fig. 2. The paste was ground into a powder sample that
could pass through a No. 20 sieve. Nitric acid was mixed
into the 10 g powder sample in a beaker, and the mixture was
heated on a hot plate for 3 min. After removal of the beaker
from the hot plate and filtering the solution, the filtrate was
used to analyze the total chloride content using auto-titration
equipment according to ASTM C1152 [19]. The method to
determine the free chloride content is similar to that used for
the total chloride content. 10 g of powder samples and dis-
tilled water were mixed in a beaker. The mixture was heated
on the hot plate for 5min, and then, the sample was left to
stand for 24 h before filtering the solution. The filtrate was
used to analyze the free chloride content using auto-titration
equipment according to ASTM C 1218 [15].

2.6 Microstructure of the Blended Cement Paste After
Chloride Penetration Test

After 90days of the chloride exposure period, the specimen
was dry-cut from the top surface, which was 10 mm thick. The
paste was ground to a powder sample that could pass through
a No. 200 sieve. The amount of Friedel’s salt was deter-
mined using semiquantitative XRD. The XRD scans were
performed for 260 between 10° and 25° using an increment of
0.02°/step and a scan speed of 0.5 s/step. The mechanism of
Friedel’s salt formation is related to chemical process occur-
ring in cement paste that chloride ions react with certain
components of Portland cement producing chloride bind-
ing. Therefore, XRD allows determination the presence of
Friedel’s salt and helps to evaluate the bound chloride.
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Itis noted that, for all mechanical and physical tests at each
curing time of different cement blends, at least five samples
were tested under the same condition to check for consis-
tency of the test. In most cases, the results under the same
testing condition were reproducible with alow mean standard
deviation, SD (SD/x < 10 %, where X is mean value).

3 Results and Discussion
3.1 Compressive Strength

The compressive strengths of paste samples at 7, 28, 60, and
90days are given in Table 4. At 7 and 28 days, the compres-
sive strengths of the pastes with 10-40 % POFA replacement
are lower than that of OPC paste. At 90 days, the normalized
compressive strengths of 10CPOFA, 20CPOFA, 30CPOFA,
and 40CPOFA pastes are 105.4, 102.9, 98.0, and 88.9%
respectively. This means 10CPOFA and 20CPOFA sam-
ples exhibit higher strength while 30CPOFA and 40CPOFA
pastes gain lower strength as compared to OPC paste. The
effect of POFA fineness on strength development is evident at
28, 60, and 90 days. After 28 days, the normalized strengths
of 10FPOFA and 20FPOFA, 105.7 and 103.1 %, are found
to be higher than OPC sample, while the strength gain of
30FPOFA specimens is observed at 60 and 90days. It is also
obviously noticed that the compressive strength of 30FPOFA
at 60 and 90 days is higher than those of I0CPOFA at 28 days.
This was confirmed from the previous study [5] that the com-
pressive strength of cement paste was significantly improved
with high fineness POFA replacement. However, when using
high amount of FPOFA replacement there is no evidence on
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E?:Ll: :asfeosmpresswe strengths Symbol Compressive strength (MPa) Normalized compressive strength (%)
7days  28days 60days 90days 7days 28days 60days  90days
OPC 53.0 75.0 84.6 99.1 100.0 100.0 100.0 100.0
10CPOFA 513 74.8 86.3 104.5 96.8 99.7 101.6 105.4
20CPOFA 483 72.0 84.6 102.0 91.1 96.0 99.6 102.9
30CPOFA 445 66.7 78.6 97.1 84.0 88.9 92.9 98.0
40CPOFA  41.0 61.5 72.8 88.1 77.4 82.0 85.7 88.9
10FPOFA  53.7 79.3 93.3 111.3 101.3 105.7 109.9 112.3
20FPOFA 519 77.3 92.2 109.6 97.9 103.1 108.6 110.6
30FPOFA  48.3 72.8 86.3 104.0 91.1 96.9 101.6 104.9
40FPOFA  44.0 66.5 78.6 94.1 83.0 88.7 92.6 95.0
strength gain of the pastes as seen on 40FPOFA samples at (3)0‘6 e OPC
all ages. -

It can be concluded from the compressive strength results é 05 L A 10CPOFA
as given in Table 4 that the compressive strength of blended % ~#-20CPOFA
cement pastes increases with increasing of age but decreases g 04 | —#-30CPOFA
with the increase in ash replacement. However, at the early 2 ¢ 40CPOFA
age, the cement pastes containing POFA have lower com- § 03
pressive strength than that of OPC sample due to the dilution E
effect and low pozzolanic reaction [20]. Previous studies g 02
[16,17,21] have shown that the compressive strength of 5
blended cement pastes can be improved by three features: E 0.1 r
the hydration reaction, the pozzolanic reaction, and the filler
effect. The hydration reaction is related to the amount of 0 ' '

. . . 0 0.01 0.02 0.03 0.04 0.05
cement in the mixture. The filler effect comprises of two phe- Distance from surface (m)
nomena that is the nucleation and packing effects depending
mainly on the fineness of materials. The nucleation effect (b), e OPC
takes place when the small particles are spread in blended P
cement paste leading to enhance the hydration reaction while -§ 05 | —&— [0FPOFA
packing effect occurs when the voids in pastes are filled 2 —&-20FPOFA
with fine particles. Thus, to enhance the strength of blended 2 o4 L ——30FPOFA
cement pastes, high fineness of biomass ash is suggested to f;? —>—40FPOFA
be used that pastes become more homogeneous and denser. 203
In addition to filler effect, the use of biomass ash in cement S
paste causes pozzolanic reaction. This process produces an S 02 |
additional calcium silicate hydrate (CSH) due to the reac- %
tivity of SiO, and Al,O3 contained in the biomass ash and T“; 0.1 |
Ca(OH);. The results obtained from this study are similar to S
other studies [22,23] that the optimum replacement of Port- 0 ' '

0 0.01 0.02 0.03 0.04 0.05

land cement type I by rice husk ash (RHA) and POFA is found
to be 30 % by weight of binder and it does not weaken the
compressive strength of pastes when the cement replacement
is not greater than 30 %.

3.2 Effect of Palm Oil Fuel Ash on the Chloride
Penetration Profiles

Figure 3 shows chloride penetration profile of OPC paste
and POFA pastes at 90 days immersion in 3 % NaCl solution.

Distance from surface (m)

Fig. 3 Chloride penetration profile of OPC paste and FPOFA pastes
at 90 days immersion in 3 % NaCl solution. a Coarse palm oil fuel ash
(CPOFA), b fine palm oil fuel ash (FPOFA)

The results showed that both CPOFA and FPOFA pastes had
lower chloride contents than the OPC paste. In addition, the
chloride content decreased with increasing replacement with
POFA. This is due to physical adsorption on the surface of
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the hydration or pozzolanic reaction product, such as C—S—
H, C-A-H, ettringite, and monosulfate [24,25]. The effect of
POFA fineness shows that the chloride penetration of FPOFA
paste was lower than that of CPOFA paste. This is due to the
paste with high fineness POFA having a lower total porosity
than the coarse POFA. These results agree with Chindaprasirt
et al. [26].

3.3 Effect of Palm QOil Fuel Ash on the Chloride
Diffusion Coefficient

The chloride diffusion coefficient (D.) was evaluated based
on the general solution of Fick’s second law of diffusion as
given in Eq. (1).

Clx,1) = Co [1 —erf(%Dct)] (1

where C (x, t) is the total chloride concentration (% by weight
of binder) at depth x and exposure time ¢, C, is the surface
chloride concentration, ¢ is time (s), x is distance from the
top surface of sample (m), D, is diffusion coefficient (m?/s)
at exposure time ¢, and erf is error function. The determi-
nation of D, can be evaluated by fitting the Fick’s second
law on chloride concentration profile of the specimen from
experiments. Figure 4 shows the fitting curve of the general
solution of Fick’s second law of pastes at 90days immer-
sion in 3 % NaCl solution. After the chloride concentration
at paste surface (C,) was obtained that each regression has
its own C, value, the regression analysis yielded the chloride
diffusion coefficient (D.) at 90 days immersion in 3 % NaCl
solution. For the same procedure, the values of D, and C,
could be evaluated in the other paste mixtures.

The effects of palm oil fuel ash on the chloride diffu-
sion coefficients of blended cement pastes are shown in
Fig. 4. For coarse fineness palm oil fuel ash, the chloride
diffusion coefficients of 10CPOFA, 20CPOFA, 30CPOFA,
and 40CPOFA pastes were 13.8 x 10712, 11.6 x 10712,
9.7 x 10712, and 7.1 x 10712 m? /s, respectively, while that
of OPC paste was 15.9 x 10712 m?/s. For the pastes with a
small particle size, the chloride diffusion coefficients of the
10FPOFA, 20FPOFA, 30FPOFA, and 40FPOFA pastes were
11.1x10712,8.1x10712,7.2x 1072, and 6.2 x 10~12 m?/s.
The results showed that the use of POFA to replace Portland
cement type I had a lower chloride diffusion coefficient than
the OPC paste. In addition, the chloride diffusion coefficients
decreased with increasing fineness and an increase in the
replacement rate of ash. This relationship is due to the poz-
zolanic reaction in palm oil fuel ash pastes. Thus, the pore
size distribution in the blended cement pastes was refined.
The small particles fill the voids of the paste [17,21,27,28].

Figure 5 shows the effect of palm oil fuel ash fineness on
the chloride diffusion coefficient of blended cement paste at
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Fig. 4 Chloride diffusion coefficients of OPC paste and POFA pastes
at 90 days immersion in 3 % NaCl solution. a Coarse palm oil fuel ash
(CPOFA), b fine palm oil fuel ash (FPOFA)
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N\; 20 ——FPOFA
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=
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Fig. 5 Effect of POFA on the chloride diffusion coefficients of blended
cement paste at 90 days immersion in 3 % NaCl solution

90days immersion in 3 % NaCl solution. The chloride diffu-
sion coefficients of blended cement paste containing 3 and
6 % of silica fume from Jensen et al. [29] are also plotted in
Fig. 5 and compared with the trended line of POFA paste. The
data from Jensen et al. [29] are lower than those of the POFA
paste. The data of Moon et al. [30] and Ampadu et al. [31] are
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Fig. 6 X-ray diffraction patterns of pastes at 90 days immersion in 3 %
NaCl solution F = Friedel’s salt. a Coarse palm oil fuel ash (CPOFA),
b fine palm oil fuel ash (FPOFA)

also plotted that the chloride diffusion coefficients of blended
cement paste containing fly ash obtained from Ampadu et al.
[31] are slightly lower than that of the POFA paste, while the
chloride diffusion coefficients of concrete containing ground
granulated blast furnace slag obtained from Moon et al. [30]
are close to the trend line of the POFA paste. It is also evident
from Fig. 5 that the chloride diffusion coefficient of cement
paste decreases with higher amount of CPOFA and FPOFA
replacement. The results confirm that the use of pozzolanic
materials to replace Portland cement type I can provide a
lower chloride diffusion coefficient than OPC paste.

3.4 X-ray Diffraction Analysis of Blended Cement Paste
After Chloride Penetration

Figure 6 shows the X-ray diffraction patterns of pastes at
90days immersion in 3 % NaCl solution. The peak intensity
at 2-theta of Friedel’s salt and Ca(OH), were 11.2° and 18.0°,
respectively. Generally, chloride binding capacity in concrete
depends on chemically and physically bound chloride.

(a) L e e e e LA e e e s
2500 [ 425 n
. 40CPOFA
512
2000 [ .
F\, 30CPOFA
486
21500 -
% F 0CPOFA |
S 572
L]
1000 [ F .
10CPOFA
595
500 [ F .
OPC |
ol v v | T S S S S S R
10 11 12
2-Theta
(b) LI s s s e B S e s B S B B
2500 [ 432 .
F\. 40FPOFA
2000 F 462 _
F\ . 30FPOFA
568
21500 [0 4 -
& 20FPOFA
5 L i
= 524
1000 [~ .
F\_ 10FPOFA
595
500 [ .
j F OPC |
0 PO S T T T SR T ST TR NN T SR T SR Y SO ST S
10 11 12
2-Theta

Fig. 7 X-ray diffraction patterns of Friedel’s salt in pastes at 90 days
immersion in 3 % NaCl solution F = Friedel’s salt. a Coarse palm oil
fuel ash (CPOFA), b fine palm oil fuel ash (FPOFA)

Chemically bound chloride is a reaction between chloride
and tricalcium aluminate (C3A) to form calcium chloroalu-
minate 3Ca0-Al;03-CaCl,-10H,O, which s called Friedel’s
salt. The X-ray diffraction patterns of Friedel’s salt in pastes
at 90days immersion in 3% NaCl solution are shown in
Fig. 7. The results showed that POFA paste had a lower peak
intensity of Friedel’s salt than the OPC paste. Increase in
the POFA to replace type I Portland cement resulted in low
C3A, leading to a low peak intensity of Friedel’s salt from
chemically bound chloride. In addition, POFA had a low
Al>O3 content of 0.9 %. The previous research had reported
that the amount of chloride binding increases with the alu-
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Fig. 8 Relationship between the chloride diffusion coefficient and crit-
ical pore diameters of blended cement paste

mina content of the pozzolanic materials [32]. As seen from
Fig. 6, the peak intensity of Ca(OH), decreases with increas-
ing fineness of the POFA and POFA replacement of cement,
resulting in the increase of C—S—H, C—A-S-H, and C-A-H.
This is related to the absorption of chlorides that chlorides
can be physically adsorbed by surface hydration and the poz-
zolanic reaction [24,25]. Thus, the increased use of POFA as
areplacement for cement resulted in an increase in physically
bound chloride.

3.5 Relationship Between the Chloride Diffusion
Coefficient and Critical Pore Diameters of Blended
Cement Pastes

Figure 8 shows the relationship between the chloride diffu-
sion coefficient and the critical pore diameters of blended
cement pastes. It can be seen that the critical pore diameter
increases proportionally with the chloride diffusion coeffi-
cient. Previous research had reported that the relationship
between the chloride diffusion coefficient and critical pore
diameters was linearly correlated and increased with an
increase in the critical pore diameter [33,34]. The equation to
predict the chloride diffusion coefficient of blended cement
paste related to critical pore is proposed as:

D = (0.525d, — 13.74) x 10~12 )

where D is the chloride diffusion coefficient (10~!2 m2 /s)
and d. is the critical pore diameter (nm). The correla-
tion value of 0.83 indicates a strong linear relationship
between the chloride diffusion coefficient and critical pore
diameter.

The data of Halamickova et al. [33] and Yang et al. [34]
studies are plotted in Fig. 8. It is noticed that the results
from Halamickova et al. [33] are higher than the trend line,
whereas the chloride diffusion coefficient and critical pore
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Fig. 9 Concentration profile of free chloride of OPC paste and POFA
paste at 90 days immersion in 3 % NaCl solution. a Coarse palm oil fuel
ash (CPOFA), b fine palm oil fuel ash (FPOFA)

diameters of concrete obtained from Yang et al. [34] study
are lower than the trend line. The distinct relationship of the
trend lines is due to the different test methods and water
cement ratios used to analyze the chloride diffusion coeffi-
cient. In Halamickova et al. [33] study, mortars of two water
cement ratios, 0.4 and 0.5, were used and the chloride diffu-
sion coefficients were determined by ASTM C 1202, the test
method for electrical indication of concrete’s ability to resist
chloride ion penetration, while Yang et al. [34] conducted
the 90-day ponding test following ASTM C 1543 to evalu-
ate the chloride diffusion coefficient with eight water cement
ratios of concrete and mortar specimens ranging from 0.3 to
0.65.

3.6 Concentration Profiles of Free Chloride

Figure 9 shows the concentration profiles of free chloride
of OPC paste and POFA paste at 90 days immersion in 3 %
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NaCl solution. These results show that the penetration depth
free chloride decreases with an increase in the replacement
and fineness of POFA. In addition, the concentration of the
POFA paste decreases with an increase in depth from the top
surface. This result is due to increased physical sorption of
chloride at lower chloride concentrations on the surface of
hydration or pozzolanic reaction products, such as C—S—H,
C-A-H, ettringite, and monosulfate and increased tortuos-
ity, both resulting in decreased diffusion. Furthermore, the
previous research [5,35] had reported that the critical pore
size of the paste with pozzolanic materials was smaller than
that of the OPC cement paste which was the most important
factor for permeability and chloride ion diffusion [33,36].
These results illustrate that the use of palm oil fuel ash to
replace OPC can provide a desirable concentration profile of
free chloride.

4 Conclusions

The results of this study provide the following conclusions.

(1) The use of palm oil fuel ash with particle sizes smaller
than that of OPC to replace Portland cement type I at
the rate of 30 % by weight of binder resulted in good
compressive strength between 86.3 and 104.0 MPa due
to the filler effect and pozzolanic reaction.

(2) The use of palm oil fuel ash led to a lower chloride diffu-
sion coefficient and reduced depth of the concentration
profile of free chloride than the OPC paste. In addition,
the chloride diffusion coefficient was positively corre-
lated with the critical pore diameter.

(3) Theincrease in fineness and replacement of cement with
palm oil fuel ash contributed to the decrease in free chlo-
ride and the chloride diffusion coefficient.

(4) The use of palm oil fuel ash to replace Portland cement
type I had a lower peak intensity of Friedel’s salt in paste
than that of the OPC paste. In addition, the peak inten-
sity of Friedel’s salt in paste decreased with increasing
replacement of POFA. However, increasing the replace-
ment of cement by palm oil fuel ash resulted in high
tortuosity, slower chloride diffusion, and lower chloride
concentration. This led to lower pore water concentra-
tion and increasing of physically bound chloride.
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