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Abstract

This study deals with the use of ground palm oil fuel ash (GPOFA) in combination with ground granulated blast furnace slag
(GGBFS) and ground calcium carbide residue (GCR) to produce the binary and ternary binders-based alkali activated mortar.
The appropriate content of materials in each binder type was determined as a function of compressive strength. The results
revealed that both GPOFA:GGBFS and GPOFA:GCR binders had an optimum blending ratio of 70:30 wt%, while the
GPOFA:GGBFS:GCR binder was 55:30:15 wt%. An alkaline catalyst of NaOH was admixed to the best mixture in each
binder type to stimulate the mortar's compressive strength. The sulfuric acid (H2SOa) resistance of the mortar in terms of
weight change was also examined. The addition of 1M NaOH in both binary and ternary binders could enhance the
compressive strength and H2SOa resistance of the mortar. The highest compressive strength and lowest weight change due
to soaking in H2SO4 solution were found in the ternary binder mortar with a 1 M NaOH. The mortar with GCR immersed in
H2S04 solution resulted in an increased weight, which was different from that of the mortar without GCR. The
microstructural analysis of the alkali-activated pastes indicated more reaction products than in the case of the pastes without
alkali activator. However, a higher concentration of 2 M NaOH resulted in a poor microstructure, which had a negative effect
on the compressive strength and H2SO4 resistance.

Keywords: Calcium Carbide Residue; Granulated Blast Furnace Slag; Palm Oil Fuel Ash; Alkali Activated Mortar; Sulfuric Acid Resistance.

1. Introduction

The conservation of natural resources and the reduction of greenhouse gas emissions are currently being widely
discussed around the world. The cement industry is one of the segments with high consumption of natural resources and
high greenhouse gas emissions. Emissions from cement production account for about 6% of anthropogenic activities
[1]. Therefore, the utilization of pozzolans from industrial wastes such as fly ash (FA), coal bottom ash (CBA), bagasse
ash (BA), and palm oil fuel ash (POFA) can now be used as cement replacement materials. However, the use of various
pozzolanic materials must require a part of cement to be included in the mixture. Currently, studies are being focused
on the 100% replacement of cement with an alternative binder for use as a cementing material. The use of pozzolanic
materials mixed with calcium-rich materials such as granulated blast furnace slag (GBFS) or calcium carbide residue
(CCR) is a cement-free binder that has the potential to replace cement.
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In Thailand, about 300,000 tons of POFA are produced annually [2], and the trend is increasing every year. Thus,
the use of POFA to produce cementitious material is a good way to reduce the amount of this agricultural waste. POFA
is acceptable as a pozzolan to partially replace cement when its fineness is increased. The chemical properties of POFA
depend on the nature of the raw product before combustion, the temperature, and the conditions of combustion. Safiuddin
et al. [3] summarized that the chemical composition of POFA was mainly silicon dioxide (SiO») with a proportion of
44-66%, while the proportions of aluminum oxide (Al20s) and calcium oxide (CaO) were lower, at 1.5-11.5% and 4.0—
8.5%, respectively. Some research [4-7] addressed the use of ground POFA (GPOFA) in combination with alkali agents
as a cementitious material such as geopolymer or alkali activated binder. Most of the literature indicated that the binder
prepared from pure GPOFA with alkali activators should be cured by heating to about 65-90 °C. However, the
compressive strength was still low, especially at early ages, because the deficiency of alumina content caused a delay in
the chemical reaction of aluminosilicate. To solve this problem, the addition of material with a high alumina content,
such as FA, was a way to enhance the chemical reaction of aluminosilicate, resulting in an increase in strength [8].
However, a temperature-cured process was still necessary in the geopolymer mixture when adding alumina-rich
material. Najimi et al. [9] also mentioned that the alkali-activated binder of low-calcium material was limited in the
formation product at ambient temperature, which must be cured at elevated temperature. Therefore, GPOFA that has a
low calcium content should be used together with other calcium-rich materials to accelerate the formation of the early
solid matrix at ambient temperature, such as calcium silicate hydrate (C-S-H) and calcium aluminosilicate hydrate (C-
A-S-H). Two by-products of calcium-rich materials, GBFS and CCR, were used in this study.

In steel or iron production, the iron ore mineral is melted together with limestone and coke at approximately 1500°C,
producing steel and slag from the blast furnace. This slag is expeditiously cooled and converted into GBFS [10]. The
chemical compositions of GBFS are mainly composed of CaO (30-50%), SiO, (30-40%), Al.Os (7-19%), and MgO
(3.5-21%) [11, 12]. GBFS is an amorphous material and can therefore be used to partially replace cement or used
together with other waste materials as an alkali-activated binder. For instance, Kumar & Mishara [13] investigated the
influence of ground GBFS (GGBFS) on the strength of alkali activated concrete. The result showed that increasing the
GGBFS content in the alkali-activated fly ash concrete led to a significant increase in the strength of the concrete.
Moreover, with the same solid/liquid ratio of 0.5, an alkali activator ratio (sodium silicate; Na,SiOs/sodium hydroxide;
NaOH) of 1.8, and a 24-hour heat curing at 60 °C, the alkali activated concrete consisting solely of GGBFS could
increase the strength by 245% over an alkali activated fly ash concrete. Similar to the result of Sunarsih et al. [14], they
also found that the addition of a slag substituted low calcium fly ash mixture could improve the compressive strength of
the fly ash-slag base geopolymer. The optimum content of silica, alumina, and calcium in precursor material was a key
factor in chemical reactivity and mechanical properties. Tanu & Unnikrishnan [15] studied the production of alkali-
activated concrete from GGBFS and ground BA (GBA), which set the target strength of 30-35 MPa. The information
revealed that although the decline in compressive strength of the concrete occurred when the GBA content in the mixture
was increased by 0—20% by weight (wt%), the concrete with GGBFS:GBA in the ratio of 80:20 wt% (Na,SiOs/NaOH
ratio = 2.5) could achieve the target compressive strength. Moreover, microstructural analysis of the binder from GGBFS
and GBA at the higher NaOH concentration of 12 M indicated the alkali-activated product of C-A-S-H.

CCR was another calcium-rich material used in this study. Many studies had shown that CCR in combination with
pozzolanic materials could completely replace cement, producing the cementation products from the pozzolanic reaction
[16-19]. However, the strength of mortar or concrete from the binder of CCR in combination with pozzolanic materials
was low when there was no activation method. Dueramae et al. [20] investigated the mortar prepared from ground CCR
(GCR) and ground FA (GFA) using the different activation methods of adding NaOH at 1 wt% of the binder and curing
the GCR:GFA mortar at 60 °C for 24 hours. The use of NaOH in the mixture and heat curing produced higher early
strength (at 3 days) than non-activated mortar of 11.8 and 19.7 MPa, respectively. However, the use of the heat curing
method showed the least development of compressive strength, i.e., the compressive strength after 28 days of the mortar
with heat curing was about the same as that of the non-activated mortar, while the mortar with NaOH in the mixture was
9.0 MPa higher than the non-activated mortar. Hanjitsuwan et al. [21] and Suttiprapa et al. [22] inspected GCR
combination coal ash, ground CBA (GCBA), and GFA using Na,SiOz and NaOH as alkali catalysts and a constant
Na,SiO3/NaOH ratio of 2.0. The results showed that both 70 wt% GCBA and GFA mixed with 30 wt% GCR gave
suitable results in terms of compressive strength. Both alkali-activated GCR:GCBA and GCR:FA resulted mainly in C-
S-H and C-A-S-H formation.

Based on the previous literature, GPOFA is used in conjunction with two calcium-rich materials, GGBFS and GCR,
and has received limited investigation. Therefore, the compressive strength and microstructural analysis of binary and
ternary binders composed of GPOFA:GGBFS, GPOFA:GCR, and GPOFA:GGBFS:GCR were investigated, and only
NaOH was used as an alkali activator in this study. Moreover, calcium-containing binders can affect the acid resistance
of mortar or concrete. In the case of binders with a high calcium content, an electrochemical ion exchange between
calcium ions and acid protons (H* or H3O") could occur, which leads to the destruction of the structure of the hardened
reaction products [23]. In addition, the calcium content in the formation of calcium hydroxide (Ca(OH)2) could respond
to H.SOs, engendering the formation of gypsum [24]. The deposition of gypsum affected the weight gain of the
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specimen, and the continuous deposition of gypsum could cause the specimen to crack due to internal stresses [25].
Therefore, the study of the H,SO4 resistance of the mortar is essential, since there were no or few studies on these binders
for H,SO4 resistance, especially binders with CCR in the mixture. It is believed that the results of this study have the
potential to reuse industrial waste products as novel binders without Portland cement by utilizing the by-products POFA,
GBFS, and CCR to expand the knowledge of concrete technology. This not only reduces the dependence on new natural
raw materials but also converts waste into valuable materials.

2. Material and Method
2.1. Methodology Method

Figure 1 summarizes the workflow diagram of the research investigation.

POFA CCR GBFS

|

—  Passing with No. 16 Sieve

Oven dried at 105£5 °C to get rid moisture content

Ground with a ball mill

Granulation Process
(GPOFA, GCR and GGBFS)

' !

Physical and Chemical Properties

Design Binder Ratios (Figure 3) and
(Specific Gravity, Retained on a Sieve No. 325, Mixing Mortar Symbols of B-J in Table 2
XRF, XRD and SEM)

Compressive Strength at 7, 28 and 90 days

3

h 4

Determination of Optimum Binder Ratio of GPOFA:GCR, GPOFA:GGBFS
and GPOFA:GGBFS:GCR from Highest Compressive Strength

k4

Mixing Mortar with NaOH at 1 and 2 M in PO70CR30,
PO70GB30 and PO55GB30CR15 Mixture as Shown in Table 2

Weight Changes Due to H,SO, Attack Microstructural Analysis
(XRD, TGA and SEM/EDS)

Data Analysis » Conclusion

Figure 1. Methodology flow chart
2.2. Materials

In this study, GPOFA, GGBFS, and GCR were used as materials for the preparation of mortars. GPOFA, GGBFS,
and GCR exhibited fineness in terms of retained on sieve No. 325 of 0.65, 3.61, and 9.23 wt%, respectively,
corresponding to specific gravities of 2.37, 2.95, and 2.58.
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Figure 2 shows scanning electron microscope (SEM) images of GPOFA (Figure 2-a), GGBFS (Figure 2-b), and
GCR (Figure 2-c). GPOFA had some spherical particles, as shown in Fig. 1a. Both material particles, GGBFS and GCR,
had irregular shapes. However, GGBFS was a solid particle that looked like cement particles, while GCR was apparently

a soft particle with a rough surface.

SEl  15kV

SEl  15kV

c. SEM of GCR

Figure 2. SEM of materials (GPOFA, GGBFS, and GCR)

Table 1 shows the tabulated chemical compositions of GPOFA, GGBFS, and GCR. The sum of silica, alumina, and
ferric oxides (SiO2 + Al,O3 + Fe203) in GPOFA was more than 50%, and more than 10% CaO was observed in GPOFA.
The main component of GGBFS was CaO (38.1%), and in addition, SiO; accounted for 36.8%. The total alkali content
(Na20 + 0.658K;0) and SO3 content of GGBFS were 0.8% and 1.3%, respectively, which met the chemical requirements
for slag cement for use in concrete and mortar according to ASTM C989/C989 [26]. To ensure the reaction properties
of GGBFS, the hydration modulus was considered. Chang [27] suggested that the hydration modulus was the ratio of
the sum of CaO, MgO, and Al,Os to SiO,, which should be not less than 1.4, while the GGBFS used in this study had
the hydration modulus of 1.6. GCR consisted of the calcium hydroxide (Ca(OH)) and calcium carbonate (CaCOs)
compounds [20, 28-30], thus the CaO of GCR had a high value of 65.40%, and the high LOI of 26.5% was also observed
due to the dehydroxylation and decarbonation of GCR during the LOI assay.

Table 1. Chemical compositions of materials

Chemical compositions (%) GPOFA  GGBFS GCR
Silicon dioxide (SiOy) 49.3 36.8 3.9
Aluminum oxide (Al,Os) 1.4 14.6 2.3
Ferric oxide (Fe;0s) 2.0 0.6 0.5
Calcium oxide (CaO) 15.8 38.1 65.4
Sulfur trioxide (SO3) 3.9 13 0.7
Magnesium oxide (MgO) 35 6.5 0.7
Sodium oxide (Na;O) 0.1 0.3 -
Potassium oxide (K,0) 13.9 0.8 -
Loss on ignition (LOI) 10.2 1.0 26.5
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XRD patterns of raw materials for use as the binders are presented in Figure 3. The broad humps around 20°-36° 26
displayed the amorphous phase of the GPOFA. In addition, phases of quartz (SiO), corundum (Al,O3), dipotassium
oxide (K20), and lime (CaO) were detected in the GPOFA, which were consistent in chemical composition with x-ray
fluorescence (XRF) analysis. GGBFS had a good amorphous phase, while GCR showed mainly phases of portlandite
(Ca(OH),) and calcite (CaCOs). For calcite (CaCO:s), it may be formed from the reaction between Ca(OH); of the GCR
and carbon dioxide (CO) in the air.

1 1. Quartz (8i0,)

2. Corundum (AL0,)

3. Dipotassium oxide (K,0)
4. Lime (Ca0)

5. Portlandite (Ca(OH),)
1

_ ’ 6. Calcite (CaCO,)

3
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Figure 3. XRD patterns of materials

3. Experimental Design

3.1. Mix Proportion

The method used to determine the volume of each material for the ratio of binary and ternary binders in this study is
illustrated in Figure 4. The mortar was divided into 3 groups that contained a high volume of GPOFA (> 50 wt%) in
each mortar mixture, as shown in Table 2. In the first group, GPOFA was mixed with GCR; the mixtures of
GPOFA:GCR were 85:15, 70:30, and 55:45 wt% (designated as PO85CR15, PO70CR30, and PO55CR45, respectively).
The mixtures of GPOFA:GGBFS in wt% were also 85:15 (PO85GB15), 70:30 (PO70GB30), and 55:45 (PO55GB45)
for the second groups. The last group was the ternary group consisting of GPOFA:GGBFS:GCR at the ratios 55:15:30,
55:30:15, and 70:15:15 wt% (assigned as PO55GB15CR30, PO55GB30CR15, and PO70GB15CR15, respectively).

0.0

: ® ® B
0.1
0.6
y S @@ 0.0
0.4 0.5 0.6 0.7 0.8 0.9 1.0
GPOFA

Figure 4. Determination method of the volume of each material (Symbolsof B, C, D, I, H, G, E, F and J can be seen in Table 2.)
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Table 2. Mix proportion of mortars

Without alkali activator

bol Proportion of materials (wt%o) SP. (Wt% of NaOH Flow
Symbols Mortar "
Y GPOFA GGBFS GCR Sand Water binder) (Molar) (%0)
B PO85CR15 85 - 15 275 50 1.2 - 108
C PO70CR30 70 - 30 275 50 2.8 - 106
D PO55CR45 55 - 45 275 50 3.0 - 105
| PO85GB15 85 15 - 275 50 1.0 - 111
H PO70GB30 70 30 - 275 50 1.0 - 112
G PO55GB45 55 45 - 275 50 1.0 - 107
E PO55GB15CR30 55 15 30 275 50 1.8 - 108
F PO55GB30CR15 55 30 15 275 50 14 - 105
J PO70GB15CR15 70 15 15 275 50 14 - 107
With alkali activator
PO70CR30+N1 70 - 30 275 50 2.0 1 109
PO70CR30+N2 70 - 30 275 50 3.0 2 108
PO70GB30+N1 70 30 - 275 50 3.4 1 106
PO70GB30+N2 70 30 - 275 50 4.2 2 106
PO55GB30CR15+N1 55 30 15 275 50 3.2 1 107
PO55GB30CR15+N2 55 30 15 275 50 3.8 2 105

Once the optimum mixture of all 3 groups was obtained, characterized by the highest compressive strength, NaOH
flakes were used as an activator at concentrations of 1 and 2 M in each mixing group. The material ratios of the mortar
mixes with alkali activator are also shown in Table 2. In this study, the ratio of water to binder (W/B) was constant at
0.5, and the ratio of binder to sand was 1 to 2.75. Superplasticizer polycarboxylate-based (Type A&F) was applied to
increase the flowability of the fresh mortar between 105 and 115%. The time frame for mixing the mortar was 8 minutes.
In the first 2 minutes, the binder was mixed with 30% water or NaOH solution. Then 40% water or NaOH solution and
sand were added and mixed for 3 minutes. Another 30% water or NaOH solution mixed with superplasticizer was added
and mixed continuously for 3 minutes to form a homogeneous mortar mixture. For the alkali activated mixture, the
NaOH solution was prepared for 24 hours before mixing to reduce the heat of the mixture during mixing. The fresh
mortar with mold was wrapped with plastic wrap for 24 hours. After demolding, the mortar sample in each mixture was
stored in water under the same conditions to cure.

3.2. Testing Program
3.2.1. Compressive Strength and Weight Change under H2SO4 Attack

A 50 mm cubic mortar was used to determine the compressive strength and weight change of the mortar when it was
soaked in H,SO, solution. ASTM C109 [31] was used as a guideline for compressive strength testing. A compression
rate of 1000 N/s was applied. The compressive strength of the mortar was determined at 7, 28, and 90 days.

To investigate the effect of non-alkali activated mortar compared to alkali activated mortar and the effects of three
different binders on the H,SO, attack of the mortar, PO70CR30, PO70GB30, PO55GB15CR30, PO70CR30+N1,
PO70GB30+N1, and PO55GB30CR15+N1 mortars were used to determine the change in weight of the mortar. In
addition, the groups of the PO55GB30CR15, PO55GB30CR15+N1, and PO55GB30CR15+N2 mortars were tested to
study the effects of NaOH concentration. The H,SO4 solution was prepared at a concentration of 3 wt% (pH=0.5). Before
the mortar samples were soaked in the H,SO. solution, the mortars were cured in water for 28 days to increase their
strength. The weight change of the mortar was measured every 1 week until the end of the test at 15 weeks.

For each mortar mixture, the compressive strength and the change in weight of the mortar as a result of the immersion
in H,SO4 were determined based on the average result of three mortar samples.
3.2.2. Microstructural Analysis

Paste samples of PO70CR30, PO70GB30, PO55GB30CR15, PO70CR30+N1, PO70GB30+N1, PO55GB30CR15+N1,
and PO55GB30CR15+N2 (same mix proportion as in Table 2 without sand) were analyzed for microstructure at 28 days
by x-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and energy
dispersive x-ray spectroscopy (EDS).
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XRD was applied to analyze the crystallinity of raw materials and paste samples. The XRD investigation was
operated with the diffractometer with x-ray source Cu Ka-radiation (A = 1.5418 A) using the scan range from 20 to 70°
(20) and resolution of 0.02°/step.

TGA analysis was used to estimate the extent of dehydration, dehydroxylation, and decarbonation of the pastes by
examining the mass loss at each temperature range. TGA analysis was performed using a thermogravimetric analyzer
(Pyris 1 TGA). The paste sample was heated to 900 °C in a nitrogen gas atmosphere at a heating rate of 10 °C per
minute.

The characteristic microstructure, such as the microphotography of the formed hydration, and the chemical elements
in each paste sample were analyzed using the techniques of SEM and EDS. Before testing, the paste sample was coated
with gold under vacuum conditions to improve electrical conductivity.

4. Results and Discussions
4.1. Compressive Strength of Mortar
4.1.1. Compressive Strength of Mortar without Alkali Activator

Figure 5 presents the contour maps of compressive strength at each mix ratio at 7 days (Figure 5-a), 28 days (Figure
5-b), and 90 days (Figure 5-c). According to these contour maps in Figure 5, a binary binder mixture of GPOFA:GCR
shows lower compressive strength of mortar than the binder mixtures of GPOFA:GGBFS. The reaction between GPOFA
and GCR is only a pozzolanic reaction, which requires a long time and has a slow reaction rate [17, 20, 32]. Considering
that the mortar used the binary binders of GPOFA:GGBFS, the sole GGBFS could generate the hydration products such
as C-S-H and Ca(OH); [33, 34]. When GPOFA was used together with GGBFS, the secondary C-S-H was generated
from the pozzolanic reaction. Therefore, the compressive strengths of all mortars containing GGBFS in the mixture were
higher than those of the mortar made from a binder of GPOFA:GCR. However, in the case of the PO85GB15 mortar,
this had a similar compressive strength to those of the GPOFA:GCR mortar due to the PO85GB15 mortar containing a
low GGBFS content of 15 wt%. Therefore, the C-S-H from GGBFS hydration occurred to a lesser extent. In addition,
the low GGBFS content resulted in a deficiency of Ca(OH), from GGBFS hydration, which affected the pozzolanic
reaction with GPOFA.

Compressive Strength (MPa) Compressive Strength (MPa)

0 13.70 20.80
12.53 19.06

11.35 17.33

10.18 15.59

- , 9.000 13.85

7.825 - 12,11

6.650 10.38

5.475 - 8.638

4.300 6.900

GPOFA GPOFA
a. Compressive strength at 7 days b. Compressive strength at 28 days

Compressive Strength (MPa)

23.50
21.51
19.51
17.52
15.53
13.53

11.54

GPOFA

¢. Compressive strength at 90 days
Figure 5. Contour map of mortar compressive strength of different mixtures
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To reduce the effect of the lacking Ca(OH),, GCR was added to the mixture as a ternary binder. Observation of the
compressive strength of PO55GB15CR30 and PO70GB15CR15 mortars (constant GGBFS content of 15 wt%) showed
that their compressive strengths were increased comparable to the PO85GB15 mortar, especially at 7 and 28 days. Figure
5-a shows that the compressive strengths of PO55GB15CR30 and PO70GB15CR15 mortars were 8.8 MPa (green color
zone) and 11.0 MPa (yellow color zone), while PO85GB15 mortar had a compressive strength of 6.9 MPa (cyan color
zone). At 28 days (Figure 5-b), the compressive strengths of PO55GB15CR30 and PO70GB15CR15 mortars were in
the green color zone, but the compressive strength of PO85GB15 mortar was still in the cyan color zone. However, the
compressive strengths at 90 days of the PO55GB15CR30 and PO70GB15CR15 mortars were as high as those of the
PO85GB15 mortar (see Figure 5-c). Furthermore, increasing the GGBFS content to 30 wt% in the ternary binders
(PO55GB30CR15 mortar) resulted in the excellent compressive strength of mortar at all curing ages, which was higher
than that of the PO70GB30 mortar and all mortar mixtures. This finding indicated that the use of ternary binders
consisting of GCR, GPOFA, and GGBFS was more effective in terms of compressive strength than binary binders
containing blends of GPOFA with GGBFS and/or GPOFA with GCR. This was due to the fact that the compressive
strength could be generated by the products from three reactions, namely the hydration product of GGBFS, the
pozzolanic products of GPOFA and Ca(OH), from GCR, and GPOFA and Ca(OH), from the hydration reaction of
GGBFS.

From this study, the optimum ratio of the GPOFA:GCR and GPOFA:GGBFS binary binders was for PO70CR30
and PO70GB30. For the ternary binders, the optimum ratio from the mixture of GPOFA:GGBFS:GCR was 55:30:15
wit%.

4.1.2. Compressive Strength of Mortar with the Alkali Activator

For the alkali activated mortar, the PO70CR30, PO70GB30, and PO55GB30CR15 mixtures, each of which exhibited
the highest compressive strength for the binary and ternary binders, were used to investigate the effects of NaOH
concentration on the compressive strength of mortar. The results of the compressive strengths of the alkali-activated
mortars are shown in Table 3. For the mortars with binary binders, the PO70CR30 mortar had compressive strengths of
7.6, 11.0, and 12.2 MPa, and the PO70GB30 mortar had compressive strengths of 11.2, 20.6, and 21.6 MPa at 7, 28,
and 90 days, respectively. When 1 M NaOH was added into the mixture, PO70CR30+N1 mortar exhibited the
compressive strengths of 10.0, 11.8, and 15.0 MPa at 7, 28, and 90 days, respectively, while the compressive strengths
of the PO70GB30+N1 mortar were enhanced to 12.9, 21.5, and 26.3 MPa at 7, 28, and 90 days, respectively. Similarly,
the compressive strengths of the ternary binders of the PO55GB30CR15+N1 mortar were higher than those of the
PO55GB30CR15 mortar by approximately 0.8, 1.8, and 6.9 MPa at 7, 28, and 90 days, respectively.

Table 3. Compressive strength of mortar with the alkali activator

Compressive strength (MPa)

Mortar
7days 28days 90 days

PO70CR30 7.6 11.0 12.2
PO70CR30+N1 10.0 11.8 15.0
PO70CR30+N2 3.2 6.1 9.1
PO70GB30 11.2 20.6 21.6
PO70GB30+N1 12.9 215 26.3
PO70GB30+N2 8.1 124 15.0
PO55GB30CR15 137 20.8 235
PO55GB30CR15+N1 145 22.6 304
PO55GB30CR15+N2 8.7 13.2 17.0

According to the experimental findings, the appropriate use of the NaOH concentration herein as 1 M could increase
the compressive strength of the mortars made from both binary and ternary binders. This was owing to the silica ion of
GPOFA or the silica and alumina ions of GGBFS being leached by NaOH, resulting in a more complete reaction with
Ca(OH); [22, 35]. However, the compressive strength of the mortars prepared from all three binders was reduced when
2 M NaOH was added to the mixtures. The higher NaOH concentration affected the workability of the fresh mortar. The
mixing process and pouring of the fresh mortar into the mold were difficult because the fresh mortar was very sticky
and coagulated quickly. In this case, high air entrapment may occur in the hardening state of the mortar, resulting in
lower compaction of the mortar. In addition, there was a possibility that the aluminosilicate gel was precipitated in the
initial stages due to the excessive hydroxide ions in the mixture, which led to an impeded subsequent reaction and a
decrease in compressive strength [36, 37]. Alonso and Palomo [38] reported that the dissolved ion species (OH")
increased at the high NaOH concentration, which limited the dispersal of ions and delayed the formation of hardness
structures.
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For the aforementioned reasons, the mortars in this study with 2 M NaOH had lower compressive strength than the
mortars with 1 M NaOH and no NaOH in the mixture. The binary and ternary mortars with the addition of 2M NaOH
had compressive strengths ranging from 3.2 to 17.0 MPa, while the binary and ternary mortars with the addition of 1M
NaOH and without NaOH addition had compressive strengths ranging from 10.0 to 30.4 and 7.6 to 23.5 MPa,
respectively. The diminution in compressive strength owing to the increase in NaOH concentration is consistent with
previous studies that investigated the different binders. Najimi et al. [9] discovered that the compressive strength of
mortars made from alkali-activated slag mixed with natural pozzolan decreased with the increasing NaOH concentration
in the mixture, especially for the mortars with a high content of natural pozzolan and a low content of slag. This was
due to the higher NaOH concentration which led to greater difficulties in the diffusion of the ion species in the aqueous
phase, resulting in a decrease in the reaction rate. Dueramae et al. [39] summarized that the compressive strength of the
mortar containing 70 wt% GFA and 30 wt% GCR as a binder could be increased by adding NaOH at the rate of 0.5-1.0
wt% of the binder. However, when the amount of NaOH was escalated to 2.0 wt% of the binder in the mortar mix, the
compressive strength decreased and dropped sharply when NaOH was added in an amount up to 3.0 wt% of the binder.

4.2. Sulfuric Acid (H2S0s) Attack
4.2.1. Weight Changes due to H2SO4 Attack of Mortar with and without Alkali Activator

The results of the changes in weight owing to a 3% H,SO4 solution of non-alkali activated and alkali activated mortar
from both binary and ternary binders are presented in Figure 6. The weight changes of the PO70GB30 and
PO70GB30+N1 mortars behaved similarly to cement-based mortars in the previous research studies [25, 40]. Most of
the spalling on the surface of the mortar was effectuated by the combination of decalcification and dealumination of C-
S-H and C-A-S-H at the surface, rather than by internal expansion of the mortar. This weight loss phenomenon also
occurred in alkali-activated concrete made from GGBFS as a binder in the previous study [41].
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Figure 6. Weight changes due to H2SO4 attack of mortar
The weight of the PO70GB30 mortar decreased continuously with the increasing duration of immersion. At 15 weeks
of immersion, the weight loss was 4.66% (Figure 6-a). The PO70GB30+N1 mortar (Figure 6-b) also showed a

continuous weight loss, but the final weight loss of the PO70GB30+N1 mortar was 2.36%, which was lower than that
of the PO70GB30 mortar. The PO70GB30+N1 mortar could reduce the weight change by up to 49% as compared to
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PO70GB30 without NaOH activation. This was due to the fact that the PO70GB30+N1 mortar exhibited higher
compressive strength than the PO70GB30 mortar, indicating the higher density of the mortar. In addition, according to
EDS results (Section 4.3.3.), PO70GB30 paste had a higher calcium content than the PO70GB30+N1 paste. Therefore,
more calcium ions (Ca?*) resulted in the greater ion exchange of calcium ions with acid protons such as H* and H3O* or
greater formation of calcium sulfate (gypsum) by the reaction of calcium ions with sulfate ions (SO4%), resulting in
greater decomposition of the structure of the hardened product [42, 43]. Although sodium ions in the PO70GB30+N1
mortar could also be leached by an electrophilic attack with acidic protons, PO70GB30+N1 mortar contained much less
sodium ions compared to calcium ions. Moreover, sodium ions were leached to a considerably lower extent than calcium
ions for the process of corrosion by acid [44]. The weight change of the PO70GB30 and PO70GB30+N1 mortars showed
that the emergence of calcium sulfate was confined to the surface of the mortar, with no or less propagation to the inner
part of the mortar.

However, the behavior of the weight change of the mortar containing GCR in the mixtures (PO70CR30,
PO55GB30CR15, PO70CR30+N1 and PO55GB30CR15+N1 mortars) was different from those of the PO70GB30 and
PO70GB30+N1 mortars. The weight of the mortar decreased only in the first 3-4 weeks, and thereafter the weight of
the mortar tended to increase continuously. The highest weight gain of 5.16 and 1.69% was observed at 14 weeks in the
PO70CR30 and PO70CR30+N1 mortars, respectively, and then the sample was cracked at 15 weeks, as shown in Figure
7. For the PO55GB30CR15 and PO55GB30CR15+N1 mortars, the weight of the mortars after immersion for 15 weeks
increased to 3.08 and 1.04%, respectively. This finding suggested that the weight loss in the first 3-4 weeks indicates an
attack of H,SO4 on the surface of the mortar. As the acidic solution migrated into the mortar, the H,SO4 reacted with
the calcium component, especially the Ca(OH),, which occurred at high levels in the mortar containing GCR in the
mixture. The increase in weight of these mortars could be due to calcium sulfate inside the mortar matrix which formed
by the reaction of calcium ions with sulfate ions. In the initial stage, calcium sulfate filled the pores and shrinkage
microcracks [44]. Note that the PO70CR30 mortar had the change in weight decreased of 62% with adding of 1M NaOH
similar to the change in weight of PO55GB30CR15 mortar was also reduced up to 66% with adding of 1M NaOH. Thus,
the addition of 1M NaOH as alkali activator could reduce the change in weight both of binary binder of GPOFA-GCR
and ternary binder of GPOFA-GGBS-GCR. In the other the 1M of NaOH activator was significantly affected to improve
acid resistance.

v

PO70GB30

PO55GB30CR15+N1 PO55GB30CR15+N2

PO55GB30CRI15

Figure 7. Surface appearance of mortar after 15 weeks immersion in sulfuric acid
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When sufficient calcium ions were present in the system, continuous deposition of calcium sulfate occurred over a
long period of time, resulting in an increase in the weight of the mortar. However, this continuous deposition of calcium
sulfate in the low strength mortar led to expansion and internal stresses which resulted in cracks in the corners, as
observed in the PO70CR30 and PO70CR30+N1 mortars (clearly visible in Figure 7). This analogous mechanism of the
H>SO. solution destruction was found in alkali activated GGBFS mortar incorporation with hydrated lime [25]. That is,
there was an ion exchange between the calcium ions and the cations of the acid on the surface, which led to a disruption
of the silicate framework on the surface during the first period. When the acidic solution was allowed to penetrate the
mortar, it caused calcium sulfate to accumulate until the mortar expanded and eventually cracked. Moreover, the binary
binder from GPOFA and GGBBF showed better performance than the binary binder from GPOFA and GCR when
exposed to H2SO4 solution due to difference in chemical and phase compositions. The different behavior between the
mixture with and without GCR could also be explained by the fact that Ca(OH), in GCR readily adsorbs the H,SO4
solution, leading to the immediate formation of the calcium sulfate in the first reaction. In the PO70GB30 and
PO70GB30+N1 mortars (without GCR), the Ca(OH), was formed by the hydration reaction of GGBFS, which was
accompanied by the formation of C-S-H. Therefore, the calcium sulfate in the PO70GB30 and PO70GB30+N1 mortars
was formed by a secondary reaction and may occur along with the formation of the pozzolanic product derived from the
reaction between GPOFA and Ca(OH), from the hydration reaction of GGBFS. It is possible that the erosion of the
mortar without GCR is due to the gradual destruction of the solid structure such as C-S-H and C-A-S-H (as described
above) greater than the accumulation of calcium sulfate in the mortar. In comparison to alkali activated slag (AAS) [41],
in which NaOH and Na,SiOs; were used as alkali activators, the AAS mortar exhibited a lower weight loss than the
PO70GB30 and PO70GB30+N1 mortars. At 13 weeks, the weight losses of the PO70GB30 and PO70GB30+N1 mortars
were -4% and -1.7%, respectively, while the AAS mortar demonstrated a weight loss between -0.5% and -1.7%,
depending on the NaOH molarity and the NaOH/Na,SiOs ratio. It is noteworthy that the strengths of PO70GB30 and
PO70GB30+N1 mortars were inferior to those of AAS mortars.

4.2.2. Effect of NaOH Dosage on Weight Changes due to H2SO4 Attack

The investigation of the change in weight of the mortar at different NaOH dosages on the mixture of ternary
binders is shown in Figure 6-c. Since the ternary binder mortar contained GCR in the mixture, the weight of the mortar
increased during the 15 weeks of soaking in H,SO4, which was explained in the above section. The weight gains of
the PO55GB30CR15, PO55GB30CR15+N1 and PO55GB30CR15+N2 mortars were 3.08, 1.04 and 2.10%,
respectively. The result showed that the use of NaOH as an alkali activator could reduce weight gain. This was
explained by the fact that the use of NaOH could accelerate the reaction of GGBFS and the reaction between Ca(OH).
and SiO2 [45], which probably resulted in a lower Ca(OH). content in the PO55GB30CR15+N1 and
PO55GB30CR15+N2 mortars. Meanwhile, the PO55GB30CR15 mortar contained more Ca(OH). due to the non-
accelerated reaction with NaOH (see TGA results), therefore, the interaction between Ca(OH) and H>SO4 was rapid
and the deposition of calcium sulfate was much higher. It should be noted that the PO55GB30CR15+N2 mortar had
a lower weight gain than PO55GB30CR15 mortar, but the visual observations for PO55GB30CR15+N2 mortar appear
to reveal initially cracking at the corner. This was attributed to the higher concentrations of NaOH in
PO55GB30CR15+N2 mortar which promoted the rapid formation of the products of hydration of GGBFS and the
pozzolanic reaction, resulting in rough surfaces and uneven distribution, thus forming a defective structure and lower
strength [46]. Teymouri et al. [41] was also found that excessively high concentrations of NaOH in alkali activated
slag mixture causes more irregular structures and high pore structure contents in the microstructure matrix led to
negatively affected after exposed to acid. Therefore, even though the deposition of calcium sulfate in
PO55GB30CR15+N2 mortar was not as high as in PO55GB30CR15 mortar (which can be observed as a weight
increase), the internal stress in the low strength mortar could lead to mortar cracking.

4.3. Microstructural Analysis
4.3.1. XRD

Figure 8 illustrates the XRD patterns of the pastes in this study. For three binders without alkali activator (Figure 8-
a), the XRD patterns of PO70CR30, PO70GB30 and PO55GB30CR15 pastes showed the product of C-S-H
(tobermorite) which had the hump position at 29.5° 20. This result proved that GCR and GPOFA could be used as
cementing materials via the pozzolanic reaction between portlandite in GCR and oxides of silica in GPOFA. Figure 8-a
gives further information that the aluminosilicate (Al.OsSi) phase was detected in the form of kyanite, andalusite, and
sillimanite. Moreover, calcium aluminosilicate (CaAlSiO.) appeared in the PO55GB30CR15 paste. This was attributed
to the fact that the supplementation of GCR in a binder caused an increase in calcium ions in the system. Since the binder
was rich in calcium while GGBFS contained alumina ions, the C-S-H in the system could be synthesized or replaced to
stabilize the C-A-S-H [47, 48].

2205



Intensity (a.u)

Civil Engineering Journal Vol. 10, No. 07, July, 2024

L. ALOSSi (Kyanite) 2. 510, (Quartz) 1. ALO.Si (Kyanite) 2. Ca,HO,Si (Tobermorite)
3. Ca,HO,Si (Tobermorite) 4. Ca(OH), (Portlandite) 3. NaAlSiO, (Nepheline-) 4. CaAlSiO, (Anorthite)
5. ALO,Si (Andalusite) 6. CaAlSiO, (Anorthite)

5. NaAlSiO, (Albite)

(=3

. ALO,Si (Sillimanite)
7. ALO,Si (Sillimanite)

7. Ca(OH),(Portlandite) 8. ALO.Si (Andalusite)

1 3 L
1 |
1, | 'M‘ 6 s Ly M:w S a4, POS5GB30CR15+N1
™ Y skl f i I 4
t!iw‘n'*‘-l“#"h’*l " ‘“"*‘M’wﬂmw iUw: PO55GB30CRI15 Lot LI AP ANt s s i
T (bl a " " N — 5
, A s o o bl u E , 2
e | . 1
1 2 |? Mo 3 4 POT0GB30+N1
I é F ot i ’w""""»rmm .? n &
3 PO70GB30 2 Vo 3 bl W‘~""\’“'M'V"“W*'-W\W-‘.qu’-vh*'th,lm;.-..ru,.,,-_..‘ !

2 4N 5
A 1 AT Wi
gt e YN
ot T r’“ﬂ*‘m\m.mr\.u.,“n;w»\w\ I M et A i |

] ¥

Vo4

f | - s
] ! I Y PO70CR30+N]
W 4 _ At T
4'l " Wﬂf il u.u.d-&%“};“ S 4. PO70CR30 bl it v e N AR o st
W ! W'“"wr\“‘MWM"‘WW\#“M\WM\NMMN ik
T T T T T T T T T
20 30 40 50 60 70 20 30 40 50 60 70
2 Theta (degrees) 2 Theta (degrees)
a. Pastes without NaOH b. Pastes with 1 M of NaOH

[

1. NaAlSiO, (Albite) ALO;Si (Kyanite)
3. Ca,HO,Si (Tobermorite) 4. Ca(OH), (Portlandite)
5. ALO.Si (Andalusite) 6. CaAlSiO, (Anorthite)

7. ALO,Si (Sillimanite)

3
)

2

jMLM".M' }

A , POSSGB30CR15+N2

wr*iﬁl N .
o,
Wt s el s e

o |
|
& 5 ~ POSSGB30CRIS+NI

| 6
okl i : 407
Lt . L I A

Intensity {a.u)

b N b

2 b

\

|
2 2 " LM‘ 3 i

f o 5 POSSGB30CRIS

Aok w,,u.rm’f ol 4 7
b 'W«wﬁ‘w.mrwgmdu TR Tra o

T T T T
20 30 40 50 60 70

2 Theta (degrees)
c. Pastes with different NaOH concentrations

Figure 8. XRD patterns of pastes

The XRD patterns of the pastes with different binders with 1 M NaOH (Figure 8-b) also showed C-S-H. However,
sodium aluminosilicate (NaAlSiO4) was detected in the form of albite and nepheline. It should be noted that the
PO70CR30+N1 and PO70GB30+N1 pastes contained calcium aluminosilicate, while the PO70CR30 and PO70GB30
pastes did not appear. The presence of calcium in the alkali activated paste system could be replaced by sodium and
aluminum, resulting in C-A-S-H, sodium aluminosilicate hydrate (N-A-S-H), or a hybrid C-(N)-A-S-H [20, 48]. The
apparent C-A-S-H in the alkali-activated binder may result in greater compressive strength of the mortar than is the case
with the non-alkali-activated binder.

Figure 8-c displays the effects of NaOH in the mixtures. The paste sample without NaOH appeared to have lower
peak intensity at 29.5° and 32.5° 26 than the paste sample with NaOH in the mixture. It was possible that the presence
of NaOH in the mixture enhanced the pH of the pore solution, leading to an increased occurrence of C-S-H and C-A-S-
H [49]. Considering the mixture with 1 M NaOH (PO55GB30CR15+N1 paste) and 2 M NaOH (PO55GB30CR15+N2
paste), the peak of C-S-H at 29.5° 20 of the POS55GB30CRI15+N1 paste was sharper than that of the
PO55GB30CR15+N2 paste, indicating the growth of strength [50]. The result of the XRD investigation also showed
that the peaks of both the calcium silicate and aluminosilicate products were higher in the mixture with 1 M NaOH than
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in the mixture without NaOH. However, when the NaOH concentration was increased to 2 M, it was clearly seen that
the peak of those products was lower than that of the mixture with 1 M NaOH and even lower than that of the mixture
without NaOH addition. This result was confirmed by the compressive strength result, which explains the effect of
NaOH concentration on the compressive strength. Furthermore, it was observed in Figures 8-a to 8-c that the XRD
patterns of pastes containing GCR exhibited Ca(OH),. This was the reason that the mortars with GCR in the mixture
showed a significant increase in weight when the mortars were exposed to H,SO,. Certainly, Ca(OH) can easily react
with H,SO4 to form calcium sulfate, as described above.

4.3.2. Thermogravimetric Analysis

The evaluation of thermogravimetric analysis (TGA) and derivative thermogravimetric (DTG) of the paste with and
without alkali-activated pastes is illustrated in Figures 9-a to 9-c. It could be seen that the TGA/DTG curves showed a
very rapid mass loss that occurred in the large cusps of the peak temperature of nearly 100 °C, especially for the pastes
containing GCR in the mixture. This spectacle was attributed to the fact that the pastes with GCR in the mixture
contained more calcium ions, which could store the pore water rather than the paste without GCR in the mixture [51,
52]. Therefore, the free water was more easily evaporated, resulting in an increase in the mass loss at temperatures below
100 °C. Figures 9-a to 9-c give further information that the little cusps of the DTG curve in the pastes containing GCR
occur after temperatures higher than 550 °C. This means that decarbonation had occurred. GCR consisted mainly of
Ca(OH); and CaCOs as shown in Figure 3. It is the fact that at suitable humidity, Ca(OH); can react with CO; in the air
to form CaCOs. Moreover, it was noteworthy that for samples without an alkali activator (Figure 9-a), the final mass
loss at a temperature of 900 °C tended to decrease significantly when the samples contained a higher amount of GPOFA.
It was possible that the samples without an alkali activator led to a decrease in the reaction rate and consequently to high
amounts of unreacted GPOFA. Therefore, the amorphous silica of GPOFA can be transformed into the crystallization
of cristobalite and quartz at a temperature of up to 900 °C [53].
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Figure 9. TGA and DTG curves of pastes

For the products of hydration, these could be determined by mass loss in thermal analysis. However, it was not
possible to determine the quantity of each hydration product because there was overlap in each temperature range [54].
Thus, in this study, the temperature was separated into three ranges to determine the distinction in products from the
changes in mass loss. The mass changes in the temperature ranges of 105-440 °C involved dehydration such as C-S-H
and C-A-S-H phases. Dehydroxylation (Ca(OH)2) and decarbonation (CaCOs) occurred in the temperature ranges of
440-580 °C and 580-900 °C, respectively [55-57], as shown in Table 4. The symbols AM1, AM2, and AM3 represent
the percentage changes in mass loss at the temperature ranges of 105-440 °C, 440-580 °C, and 580-900 °C, respectively.

Table 4. Calculation of mass changes from TGA curve

Dehydration (105-440 °C)  Dehydroxylation (440-580 °C)  Decarbonation (580-900 °C)

Pastes

AM1 (%) AM, (%) AM; (%)
PO70CR30 8.95 2.22 5.25
PO70GB30 9.48 1.20 2.60
PO55GB30CR15 12.01 1.82 391
PO70CR30+N1 10.32 2.04 5.84
PO70GB30+N1 11.10 1.33 2.56
PO55GB30CR15+N1 13.18 1.55 3.55
PO55GB30CR15+N2 11.23 1.36 4.15

Considering the dehydration of the samples without the alkali activator, AM1 was 8.99, 9.48, and 12.01% for the
PO70CR30, PO70GB30, and PO55GB30CR15 pastes, respectively. According to these results, the appearance of the
hydration products of the binary binders of PO70CR30 was lower than for PO70GB30. Since GGBFS is a good
amorphous material (see Figure 3), this has led to the fact that GGBFS generates the hydration products itself upon
contact with water and can also react with GPOFA through a pozzolanic reaction. However, the ternary binders with a
GCR content of 15 wt% in the mixture was able to promote the hydration products because Ca(OH); in the GCR
facilitated a more complete pozzolanic reaction. Guo et al. [58] observed that the pozzolanic reaction of GGBFS was
accelerated when the alkaline component Ca(OH), was added to the system, resulting in greater formation of hydration
products. The alkali activated pastes with a concentration of 1 M NaOH for the PO70CR30+N1, PO70GB30+N1, and
PO55GB30CR15+N1 pastes had AM1 of 10.32, 11.10 and 13.18%, respectively.

Comparing the content of hydration products between the pastes without and with NaOH in the mixtures, the pastes
with a concentration of 1 M NaOH were overall more enriched in hydration products than the pastes without NaOH. As
mentioned earlier, the leached silica and alumina oxides by NaOH led to enhancements in dissolved silicates and
aluminates resulting in the increased reaction with Ca(OH),. Thermogravimetric analysis also found that the pastes with
GCR in the mixture had a higher percentage of dehydroxylation than the mixture without GCR. This may be attributed
to the unreacted GCR in the mixture, which led to the decomposition of Ca(OH), from the components of the raw GCR
at elevated temperatures. Thus, the TGA result of the mixture with GCR had a higher weight loss at the temperature of
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dehyroxylation and decarbonation than the mixture without GCR. This result was related to the XRD analysis.
Moreover, the percentage of decarbonation of the pastes had a high value, especially for the PO70CR30 and
PO70CR30+N1 pastes, for which the reasons had been discussed above.

The PO55GB30CR15, PO55GB30CR15+N1, and PO55GB30CR15+N2 pastes were used to explain the effects of
different NaOH concentrations. AM1 was 12.01, 13.18 and 11.23% for the PO55GB30CR15, PO55GB30CR15+N1,
and PO55GB30CR15+N2 pastes, respectively. It was noteworthy that the percentage of dehydration of these pastes
significantly correlated with their compressive strength of the mortar. However, the PO55GB30CR15+N2 paste had a
higher percentage of dehydration than the PO70GB30 paste and a similar value to the PO70GB30+N1 paste while the
compressive strength of the PO55GB30CR15+N2 mortar was lower than that of the PO70GB30 and PO70GB30+N1
mortars. It was possible that the PO55GB30CR15+N2 mortar developed more hydration products, but these hydration
products were present in the form of a poor pore structure due to the high NaOH concentration in the mixture [46].

4.3.3. SEM/EDS

Figure 10 exhibits SEM/EDS of the pastes from the binary and ternary binders. According to the SEM
microphotographs, the pastes without NaOH (Figures 10-a to 10-c) showed the unreacted raw materials. More pores and
irregular structures were observed. Meanwhile, the SEM microphotographs of pastes with a concentration of 1 M NaOH
(Figures 10-d to 10-f) illustrated fewer pores and denser structures compared with the pastes without NaOH. This finding
confirms that the use of NaOH as an accelerator was able to improve the microstructure of the pastes prepared from
binary binders (PO70CR30 and PO70GB30) and ternary binders (PO55GB30CR15). Thus, the mortar with a
concentration of 1 M NaOH gave better results in compressive strength and H,SO, attack than the mortar without NaOH
in the mixture. The visual observations on SEM microphotograph of the PO70CR30+N1 paste (Figure 10-d) showed a
rough and irregular surface in the structural matrix compared with the PO70GB30 and PO55GB30CR15 pastes, which
corresponded to the compressive strength; i.e., the compressive strength of the PO70CR30+N1 mortar was much lower
than that of the PO70GB30 and PO55GB30CR15 mortars. Additionally, the structure of the paste with a rough and
irregular surface could be easily leached out when exposed to an acidic environment [41]. The SEM microphotograph
of the PO55GB30CR15+N2 paste (Figure 10-g) showed the paste at a high NaOH concentration. It showed more pores
and unevenly distributed surfaces. Fu et al. [46] reasoned that although the formation of hydration products was rapid
at a high NaOH concentration, the formation pattern had poor pores in the microstructure of the paste.

The EDS results of both the binary and ternary pastes showed the major elements of Ca and Si, indicating the C-S-
H formation consistent with the XRD information. It should be noted that the pastes containing GCR in the mixtures
indicated a higher element of Ca than the pastes without GCR. This suggests that the Ca element not only comes from
the formation of hydration products, but that the Ca element could also come from unreacted Ca(OH), from GCR,
especially the PO70CR30 paste. Obviously, the apparently high content of this Ca element in the pastes had a significant
influence on the weight increase of the mortar when immersed in H,SO4 solution. Moreover, the K element was present
in all pastes because these pastes contained the high-volume GPOFA, which had high K0 content. Certainly, the pastes
with 1 M NaOH (Figures 10-d to 10-f) appeared as Na elements. With the number of Na, O, Al, Si and Ca elements, N-
A-S-H or C-(N)-A-S-H products could be formed [59]. When the EDS results were examined together with the XRD
results of the pastes with 1 M NaOH, it was possible that C-A-S-H products could be formed because the addition of
NaOH to the mixtures increased the pH, which increased the number of C-A-S-H products [49]. For the
PO55GB30CR15+2N paste, the result of EDS was not different from that of the PO55GB30CR15+1N paste. However,
as described above, the characteristic structure of the PO55GB30CR15+1N paste seemed to be better than that of the
PO55GB30CR15+2N paste, describing a good compressive strength and higher H,SO, resistance of the
PO55GB30CR15+1N mortar.
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Figure 10. SEM and EDS of pastes

5. Conclusions

This study contributes to the development of the waste materials from POFA, GGBFS, and CCR as the binder. The
investigation of mortars and pastes with and without the alkali activator made of binary and ternary binders on
compressive strength, H,SO, attack, and microstructure analysis is summarized as follows:

e In this study, optimal binder ratios were determined for both binary and ternary mixtures. The binary binders
GPOFA:GCR and GPOFA:GGBFS in a ratio of 70:30 wt% achieved the highest compressive strengths of 12.2
MPa and 21.6 MPa at 90 days for the PO70CR30 and PO70GB30 mortars, respectively. Notably, the ternary
binder GPOFA:GGBFS:GCR in a ratio of 55:30:15 wt.% (PO55GB30CR15) vyielded the highest overall
compressive strength of 23.6 MPa at 90 days.

e The use of 1 M NaOH as an alkali activator significantly accelerated the compressive strength development in
both binary and ternary mortars. However, formation of hydration products was rapid at a concentration of 2 M
NaOH, which exhibited a detrimental effect on the compressive strength of the mortar.

e The mortar prepared from PO70GB30 as a binder exhibited weight loss with increasing duration of immersion in
a 3% H2SO4 solution. This behavior was in contrast to the mortar with GCR in the mixture, which increased in
weight at the end of the immersion time. In particular, a high proportion of CCR in the mixture (PO70CR30 mortar)
showed low resistance in the H,SO4 environment and cracked after 14 weeks of immersion.

¢ Both binary and ternary mortars containing NaOH showed less weight change when immersed in a 3% H,SO4
solution. This indicates that the addition of NaOH as an alkali activator increases the resistance of the mortar to
H,SO4 environments.

The XRD and EDS analyses showed C-S-H as the primary component of the pastes. In addition, the alkali-activated
pastes displayed the presence of N-A-S-H and C-A-S-H phases. The TGA results indicated a higher mass loss of
hydration products in alkali-activated pastes compared to non-alkali-activated pastes, which correlated with their higher
compressive strength. Correspondingly, SEM observations revealed denser microstructures in alkali-activated pastes
compared to non-alkali-activated pastes. However, the use of a higher NaOH concentration at 2 M resulted in a poorer
microstructure than the paste with 1 M NaOH.
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