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Abstract: This study examined the fresh and hardened
characteristics of alkali-activated binders (AABs) based
on ternary mixtures of red mud (RM), class F fly ash
(FA), and ground granulated blast-furnace slag (GGBFS).
The binders were prepared by dry mixing of 50% RM,
25-50% FA, and 0-25% GGBFS. The alkali activators were
prepared from sodium hydroxide solution with different
concentrations (6-14mol) and sodium silicate solution.
Curing at room temperature was adopted for the prepara-
tion of all samples. The flowability, setting time, and com-
pressive and flexural strength tests were used to examine
the properties of the resulting binders. To study the micro-
structural characterization, the scanning electron microscope,
X-ray diffraction, and Fourier transformation infrared techni-
ques were used. The results show that the flowability of
the AAB decreases with higher GGBFS content, the addition
of GGBFS reduces the setting time, and the incorporation of
GGBFS increases the flexural and compressive strengths of the
AAB. Microstructural and chemical analysis results indicate
that in addition to geopolymer gel, calcium silicate hydrate
(C-S-H) is formed upon adding GGBFS, producing a denser
microstructure.
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1 Introduction

One of the problems of the aluminum industry is red mud
(RM). RM remains after the Bayer process in which bauxite
ore is digested using caustic soda for alumina production.
RM is a hazardous waste as a result of its fineness and high
alkalinity, and its disposal is one of the significant environ-
mental problems [1]. RM inventory worldwide is estimated
at 4 billion tons, increasing to 150 million tons annually [2].
RM disposal requires a large area of land as well as high
management costs. Thus, from economic and environ-
mental viewpoints, adapting a method to reuse RM in a
considerable amount is indispensable [3]. Construction
and building materials present a valuable opportunity to
consume bulk volume of RM [4-9]. Geopolymers, as pro-
mising eco-friendly construction materials, could utilize
RM as it has silicon and aluminum-containing minerals
and high alkalinity [10,11].

Alkali-activated materials (AAMs) are synthesized
by polymerization reactions of aluminosilicate precursors
such as fly ash (FA), ground granulated blast-furnace slag
(GGBFS), waste glass powder, natural pozzolan, RM, and
metakaolin (MK) along with alkali activators (e.g., sodium
silicate and sodium hydroxide) [12-15]. Geopolymer not only
reutilizes industrial byproducts but can also reduce green-
house gas emission to the environment compared with tra-
ditional concrete (which use cement). Geopolymer concrete
is superior to Portland concrete in terms of compressive
strength, acid resistance, shrinkage, absorption of heavy
metals, and excellent potential for improving stability so
that it may be a suitable alternative [16].

AAMs are generally divided into two groups based on
their calcium content. The first group consists of Ca-rich
precursors (class C FA and GGBFS) activated with moderate
alkalinity to form C—A-S-H hydration gels. The properties
of high-Ca AAMs are shorter setting times, superior early
strength, and a greater tendency to crack and shrink [17-19].
Alternatively, the second group contains precursors with
low Ca content (i.e., class F FA and MK). These materials, called
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geopolymers, require a high-alkali environment to activate,
producing N-A-S-H gels. Low-Ca AAMs can be activated by
moderate alkalinity, producing a dense matrix by forming
chain-type C—(A)-S-H gels [20-22]. AAMs with high Ca content
can generally harden at room temperature since CaO provides
more nucleation sites. Low-Ca AAMs, on the other hand,
usually require elevated curing temperatures [23].

Over the past years, using RM has received increasing
attention in producing geopolymers. Since RM is primarily
crystalline and shows low reactivity, good structural prop-
erties could not be obtained from pure RM-based geopo-
lymer [9,24]. Thus, most recent studies on the production of
RM-based geopolymer materials used it in combination
with other aluminosilicate-containing materials, such as
FA [25-36], GGBFS [37-41], MK [42-44], and rice husk ash
[45,46]. The mechanical properties of RM and class C FA-
based geopolymers were investigated by Zhang et al. [26]
by analyzing the RM/FA ratio, curing duration, solution/
solid ratio, and sand filler. The samples were activated
with residual alkalinity in RM, and added sodium silicate.
The compressive strength was reported to be between 7 and
13MPa, which increased with curing time, and decreased
with increasing the RM/FA ratio. Moreover, sand presence
in the binder led to a negative effect on mechanical proper-
ties. A study by Zhang et al. [25] investigated how the che-
mical compositions of precursors and curing conditions
influenced the mechanical and microstructural properties
of geopolymers made of RM and FA. With an RM to FA mass
ratio of 1:4, three FA sources were used to prepare the sam-
ples. They were activated using a solution of sodium hydro-
xide and sodium trisilicate. Na/Al and Si/Al molar ratios of
0.6-0.8 and 2, respectively, are suggested as the starting
point for synthesizing geopolymers. Results demonstrated
that compressive strength ranged from 11.3 to 21.3MPa in
ambient conditions, and up to 180 days of curing could lead
to good mechanical properties. Hu et al. [11] produced geo-
polymers by mixing RM and three types of FA (one class C
and two class F) at a ratio of 1:1 and used NaOH and com-
posite solution of NaOH and Na,SiO; as alkaline reagents.
The compressive strengths of RM-class C FA samples that
were cured in ambient conditions for 28 days were reported
to be 15.2 and 30.3 MPa for activated with the NaOH solution
and composite solution, respectively. The CaO in the class C
FA composition contributes to the C-S-H formation along
with geopolymerization in ambient curing. A NaOH solution
alone was not enough to activate the RM-FA geopolymer,
even after 2 months of curing in ambient conditions. The
results proved that curing at elevated temperatures or acti-
vating with a composite activator is essential to acquire
adequate compressive strength in the case of RM-class FA-
based geopolymer. Lemougna et al. [40] substituted 25-75 wt
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% of slag by RM in inorganic polymer systems activated with
sodium silicate and cured at 25, 40, and 60°C. As the RM
content rose, the reactivity and setting time decreased,
and shrinkage increased. The sample with an RM/slag ratio
of 50:50 cured at 25°C for 7 days had 54 MPa compressive
strength. The highest compressive strength was obtained
with a modulus of sodium silicate solution of 2.0. Although
using sand and H,0, led to a decrease in mechanical proper-
ties, it introduced the potential utilization of the RM/slag
system as mortar and lightweight material. Curing at ele-
vated temperatures and extended time played a crucial role
in strength development in a system with high RM content.
Bayat et al [41] investigated the influence of replacing slag
with 10-40 wt% RM and 40 wt% thermally treated RM on fresh
and hardened properties of alkali-activated slag paste and
mortar. The result revealed that using more RM content
reduced the fluidity, consistency loss rate, and flexural strength
while it increased cohesiveness. The highest compressive
strength was reported in 20% RM substitution for slag. The
microstructural investigations indicated that the main pro-
ducts were calcium aluminosilicate hydrate (C—A-S-H),
and using RM increased the Al incorporation in the paste.

Although there are some studies on AAMs from RM in
combination with FA or slag in the literature of research,
there still needs to be more research on using FA and GGBFS
simultaneously in producing RM-based AAMs. Furthermore,
past studies illustrated that the desired mechanical proper-
ties of AAM lie in the minor use of RM. In addition, most of
the studies reported so far in this field have focused on the
development of heat-hardened alkali-activated binders
(AABs), which limits their application for in situ casting.
AABs produced with ambient temperature curing can be
used beyond precast elements, thereby reducing energy
and costs associated with elevated temperature curing.
Therefore, the aim of this research was to investigate
the feasibility of synergistic use of GGBFS and FA in
such a way as to enable the significant use of RM in the
AAB structure at ambient temperatures. The changes in
the effect of sodium hydroxide molarity on the mechan-
ical properties of the binder were also investigated in this
study. The RM amount was constant at 50%, and the
GGBFS and FA varied from 0 to 25% and 25 to 50% of solid
precursors, respectively. Alkaline activators were pre-
pared from sodium silicate and sodium hydroxide com-
posite solutions. The fresh and hardened properties were
evaluated by testing the flowability and setting time of the
binders along with compressive and flexural strengths.
Scanning electron microscopy (SEM), X-ray Diffraction
(XRD) analyses, and Fourier transformation infrared
(FTIR) were employed to investigate the microstructural
characterization.
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2 Material and methods

2.1 Solid precursors

RM was obtained from the aluminum company of Xinfa
group, Shandong province, China, which was ground and
sieved to pass No. 50 sieve (300 um). Using commercially
available class F FA (as defined in ASTM C618 [47]) was
considered the primary source of aluminosilicate material.
The GGBFS used in this study was kindly provided by
Songhe Group, Shandong, China. The solid precursors used
in the tests are shown in Figure 1. The specific gravity of
materials was obtained following the ASTM C188 [48] test
method, and the specific surface area was determined using
Blaine’s air permeability apparatus, according to ASTM C204
[49] specifications. The particle size distribution (PSD) of the
solid precursors were obtained by laser diffraction analysis.
The X-ray fluorescence tests were carried out to determine
the chemical compositions of precursors. These chemical
compositions and physical properties of RM, FA, and GGBFS
are presented in Tables 1 and 2. Also, Figures 2—4 show PSD,
XRD patterns, and SEM images of raw powder materials,
respectively.

AAB based on red mud with class F fly ash and GGBFS under ambient temperature
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Table 2: Physical properties of the RM, FA, and GGBFS (%)

Material Specific Grain size (um) Specific surface
ravit area (m*cm™
9 y d10  d50 d9o ( )
RM 3.09 110 220 431 2883
FA 2.24 568 1670 3555 0.379
GGBFS 272 456 1070 2119  0.600

As shown in Table 2, since all raw materials contain
alumina and silica, they can all be used to prepare AABs.
Additionally, RM possesses 32% iron oxide, which is respon-
sible for its rusty appearance. As GGBFS has a high CaO
content (35%), it can accelerate the hardening process of
the binder and solve the slow reaction rate problem when
the binder is cured at ambient conditions.

According to Figure 2, in comparison to the GGBFS and
FA, RM has a relatively smaller particle size. FA comprises
more large particles among solid precursors. Particle size has
a vital role to play in the alkaline solution’s initial dissolution
since it determines how much surface area is available.

The XRD pattern of the precursors in Figure 3 showed
that GGBFS was mainly amorphous with a wide diffuse

Figure 1: Samples of RM, FA, and GGBFS used in the tests.
Table 1: Chemical compositions of solid precursors (%)
Composition(%) [0% _
Material " S 2 - =
S ) N 2 3 Q o ISy Q, S [} S = Q Q Q ) o Q
|3 |8 [£|R |8 |8 || |2 |& |8 |5 |% |2 |8 |8 |2 |5 8
94 94
RM 32.03 | 21.24 | 14.62 | 12.10 | 7.12 | 4.17 | 0.61 | 0.28 | 0.26 | 0.18 | 0.13 | 0.13 | 0.09 | 0.06 | 0.06 | 0.01 | 0.01 0.00
PPM | PPM
68
FA 2.33 | 36.36 0.52 | 1.06 | 2.57 | 0.46 | 0.23 | 0.88 | 0.00 | 0.01 | 0.09 | 0.02 | 0.00 | 1.59 | 0.01 | 0.01 0.05 | 0.10
PPM
GGBFS 0.30 | 15.36 | 26.17 | 0.45 | 2.06 | 35.29 | 2.38 | 0.00 | 10.74 | 0.00 | 0.00 | 0.06 | 0.51 | 0.00 | 0.27 | 0.00 | 0.00 | 0.00 | 0.05 | 0.00
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Figure 2: PSD of RM, FA, and GGBFS.

hump at 23-37°(26), and there were some crystalline reflec-
tions around 30-33. Meanwhile, the crystalline phases found
in RM at room temperature were mainly hematite and lime
(Ca0). FA is composed primarily of quartz and mullite.

Figure 4 illustrates that FA mainly consisted of solid
sphere-like particles and that some particles also contained
smaller spheres. Flaky form, rugged texture, and large sur-
face area were some characteristics of the RM particles.
There were several lumps with irregular shapes in the
RM sample, and these lumps were composed of much
smaller particles. Since the composition of the RM mainly
consists of hematite, the clusters are probably hematite par-
ticles [50]. The microstructure of GGBFS had an irregular
polygonal geometry that varied in shape and size and con-
tained large particles with smooth surfaces [51,52].

2.2 Alkali activators

An alkaline solution increases the pH level and eases dis-
solution by adding alkali cations. The solution extracts Si
and Al atoms from the solid precursors to create polymeric
Si—0-Al bonds during polymerization. The activator solu-
tion was composed of sodium hydroxide and sodium sili-
cate because the NaOH has a great capacity to liberate the
silica and alumina monomers, and Na-associated soluble
silicates speed up the polymerization process [53].

Sodium hydroxide flakes containing 96% purity and sodium
silicate solution containing 8.2% sodium oxide and 26% silicon
dioxide and a density of 1.38 g¢m™ at 20°C were supplied from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and
Jiashan Yourui Refractory Material Co.,, Ltd (Jiaxing, China),
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Figure 3: XRD patterns of RM, FA, and GGBFS.
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Figure 4: SEM micrographs of (a) RM, (b) FA, and (c) GGBFS.

respectively. For preparing the NaOH solution, first, sodium
hydroxide flakes, depending on their molarity, were weighed
and then dissolved in tap water using a magnetic stirrer.

The hydroxide solution was used after cooling the
exothermically heated liquid to room temperature for about
2h. A review of previous research suggests that the sodium
silicate to sodium hydroxide mass ratio should be 2.0-2.5 for
AABs to react more efficiently. In this research, this value is
considered constant and equal to 2 [16]. In the required
amount, sodium silicate solution was mixed with hydroxide
solution to create an alkaline solution. The alkaline solution
was prepared 24 h in advance.

2.3 Mix proportion

As mentioned earlier, this study aims to use a large amount
of RM (50% of solid precursors) in the AAB structure. In
laboratory trials, we found that binary RM and FA systems
with a 1:1 ratio and different activator dosages did not
achieve sufficient strength, whether cured at room tem-
perature or 60°C. To address this issue, GGBFS was par-
tially substituted for FA. Based on the authors’ initial

Table 3: Mixture compositions of AABs used in the present study

AAB based on red mud with class F fly ash and GGBFS under ambient temperature
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assessment of ternary binders and previous studies on
binary systems based on FA and slag, to achieve a workable
mix with acceptable setting time and mechanical properties,
the GGBFS content was kept around 20% [54,55]. To deter-
mine the optimum content of CaO in solid precursor com-
positions, FA was replaced with GGBFS at 5, 10, 15, 20, and
25% of the total weight of solid ingredients. In the study, it
was decided to use a fixed solution/solid ratio of 0.4 for all of
the AABs. First, through fresh and mechanical properties,
using RM at a fixed amount of 50% of the total weight of
solid precursors, the optimum contents of GGBFS and FA
were determined, and then the influence of various NaOH
concentrations in composite activators on the optimal mix-
ture from the previous stage was investigated. Table 3 pre-
sents the mix proportions of AABs.

2.4 Mixing procedure and sample
preparation

First, the solid precursors, including RM, GGBFS, and FA,
are mixed in the Hobart mixer for 4 min to obtain a homo-
geneous powder. The composite activator was then added

Sample ID RM (%) FA (%) GGBFS (%) NaOH (mol) Na,SiOs/NaOH W/B
R50F50G00-10 50 50 0 10 2 0.4
R50F45G05-10 50 45 5 10 2 0.4
R50F40G10-10 50 40 10 10 2 0.4
R50F35G15-10 50 35 15 10 2 0.4
R50F30G20-10 50 30 20 10 2 0.4
R50F25G25-10 50 25 25 10 2 0.4
R50F30G20-06 50 30 20 6 2 0.4
R50F30G20-08 50 30 20 8 2 0.4
R50F30G20-12 50 30 20 12 2 0.4
R50F30G20-14 50 30 20 14 2 0.4
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to the mixture and mixed for two sets of 3 min at low and
high speeds. For flexural and compressive strength tests,
binders were immediately cast in plastic prism molds of 40 x
40 x 160 mm; then, an electric vibrator was used to vibrate
the specimens for 2 min. Molds were covered with plastic
sheets, and the specimens were demolded after 48 h, sealed
with clear polyethylene sheets, and cured at a temperature
of 23 + 2°C.

2.5 Fresh, hardened, and microstructural
test methods

The flow value was measured by the ASTM (1437 [56] flow
table test. Following mixing, AABs were poured into the
cone at the center of the flow table, and the cone was lifted
after 1 min. After that, the table was dropped 25 times
within 15s. Then, a ruler was used to determine the flow
diameter. The percentage flowability was calculated using
the average diameter of the two orthogonal readings as the
flow diameter and the cone’s internal base diameter. ASTM
standard C191 [57] was used for calculating initial and final
setting times with the Vicat apparatus. Observations of
setting time began with adding the alkaline solution, which
activated the aluminosilicate minerals. The initial setting
time was defined as the time when the Vicat needle pene-
trated 33-35mm into the Vicat Apparatus mold, and the
final setting time was defined as the time when the needle
made an impression on the AABs, but the annular collar
did not. The flexural strength tests were conducted using

100
—@— R50F50G00-10
80
—®— R50F45G05-10
60 !
= .
RS R50F40610-10
3
K
T 40
R50F35G15-10
20
R50F30620-10
(1]
10 20 30, psorzszs5-10
Time (min)
(a)
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three-point loading as specified in ASTM 348 [58]. The spe-
cimens were placed in the center loading system of two
load-bearing rods with a clear span of 120 mm. After that,
the load-applying rod was brought in contact with the spe-
cimens’ surface at the third point, and a load was applied
until the specimens broke. The compressive strength tests
were conducted using the broken prism samples from the
flexural strength tests as per ASTM €349 [59] standard pro-
cedure. Specimens were tested after 7 and 28 days of
curing. The maximum load was recorded on the test sam-
ples, and the average strength was taken from the average
value of three and six of the test samples for flexural and
compressive strength, respectively. Standard deviation is
indicated by the error bar in Figures 7 and 8. A diffract-
ometer was used to perform XRD, while SEM was used to
evaluate the samples’ morphological characteristics. Phase
transformations during the processes of decomposition and
geopolymerization were investigated with the FTIR test.

3 Results and discussion

3.1 Workability

Figure 5(a) shows the effect of GGBFS addition on the flow
of fresh AABs with a solution/solid ratio of 0.4 in 10, 20, and
30 min after adding alkali activator to solid precursors.
The flow of alkali-activated pastes decreased with the
increase in the GGBFS content. The results are consistent
with previous studies without RM, where mixture with

80
—@— R50F30G20-06
60
| —0— R50F30G20-08
~
& 1
; 40
£ R50F30620-10
20
R50F30620-12
0
10 20 30 R50F30G20-14
Time (min)
(b)

Figure 5: The flow of fresh AABs: (a) effect of GGBFS content and (b) effect of NaOH concentration.
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Figure 6: Initial and final setting times of the binders: (a) effect of GGBFS content and (b) effect of NaOH concentration.

lower ratio of GGBFS to FA showed improved flowability
[60-63]. This decrease in flow value could be attributed to
the angular shape of GGBFS particles in comparison to the
spherical FA particles, as shown in Figure 4. The angular
particles in the paste matrix increased after FA was replaced
by GGBFS, increasing the friction between the particles and
thus reducing the paste mobility. A decrease in workability
might also be due to the accelerated reaction of GGBFS. In
addition, GGBFS has a higher specific surface area than FA,
leading to a higher requirement for liquid, resulting in
decreased workability [64-67]. The slump value was
reduced by 25.6, 31.4, 36.8, 41.5, and 47.9% with the addi-
tion of 5, 10, 15, 20, and 25% GGBFS compared to

R50F50G00-10, respectively. As shown in Figure 5(a),
the flow of R50F50G00-10 (without GGBFS) showed a
slight drop with time up to 30 min, and R50F25G25-10
(with 25% GGBFS) lost its flow after 20 min, and then its
flow almost reached zero after 30 min.

Figure 5(b) shows the effect of different concentrations
of NaOH in the composite activator on the flow of binders.
Increasing the NaOH concentration reduced the binder
flowability so that the binder flow values in concentrations
of 6, 8, 10, 12, and 14 mol of NaOH were equal to 71.5, 62, 55,
46.5, and 42%, respectively. Also, according to Figure 5(b),
with the increase in NaOH concentration, the amount of
flow drop increased with time. This could be due to the

50 | N7days B28days

40
30
20 N

10 3 N

Compressive strength (MPa)

10%
GGBFS content

15% 20% 25%

7 days @28 days

Flexural strength (MPa)
w

v

10%
GGBFS content

15% 20% 25%

(a)

(b)

Figure 7: The effect of GGBFS content on AABs: (a) compressive strength and (b) flexural strength.
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increase in sodium hydroxide concentration, which raised
the pH of the mixture resulting in faster dissolution and
greater penetration of SiO, and Al,0s. Thus, accelerating
the process of geopolymerization. Furthermore, the higher
molarity of NaOH solution has resulted in lower mixture
workability due to its higher viscosity [68-70].

Based on the result from the above experiment, it is
recommended that superplasticizers or a higher solution/
solid ratio be used in the development of mortar and con-
crete based on RM-based AAB in order to compensate for
the high water absorption of RM due to its high specific
surface area.t

3.2 Setting time

Setting time is one of the most critical parameters in
binding materials. It should be sufficient to allow for
appropriate mixing and molding. A long setting time, on
the other hand, negatively impacts production efficiency
[71]. According to the above explanation, the ASTM C150
standard [72] has considered an acceptable range for the
setting time, according to which the setting time should not
be less than 45 min and more than 375 min. The initial and
final setting times of the binders are presented in Figure 6.
The variations in the setting time of binders with various
GGBFS content are illustrated in Figure 6(a). As the GGBFS
replacing level increased, both the initial and final setting
times of binders decreased. In the case of no utilization of
GGBFS (R50F50G00-10), the initial and final setting times
were more than 24 h.

As GGBFS content increased to 25%, the initial and final
setting times, and their differences, significantly decreased,
so that the initial setting time of the mixture with replacing

DE GRUYTER

of 5, 10, 15, 20, and 25% of GGBFS was equal to 404, 173, 101,
63, and 25 min, respectively. The final setting time was equal
to 476, 193, 117, 77, and 35min, respectively. Samples with
higher GGBFS content decreased their setting time by a more
significant percentage because C-A—S-H gel and N-A-S—H gel
were formed in the early stages due to the corresponding
higher amount of reactive GGBFS, which accelerated the
reaction process [73] — the setting times of R50F40G10-10,
R50F35G15-10, and R50F30G20-10 samples agreed with the
ASTM C150 [72] limits.

Alkaline solutions greatly influenced the setting time
of AABs. The setting times of binders for different NaOH
concentrations are depicted in Figure 6(b). All AABs were
observed to set faster when NaOH concentrations were
increased from 6 to 14 mol. The initial setting time of
R50F30G20 pastes (50% RM, 30% FA, and 20% slag) with
NaOH solution concentrations of 6, 8, 10, 12, and 14 mol was
equal to 76, 68, 63, 58, and 55 min, respectively. The final
setting time was equal to 97, 87, 77, 70, and 61 min, respec-
tively. The reason for this was that the dissolution of alu-
minate silicate species was improved by higher NaOH con-
centrations and calcium (sodium) aluminosilicate hydrate
(C(N)-A-S-H) gel could be easily formed by accelerated
decomposition and hydration of the GGBFS structure in
the presence of OH™ ions from alkaline solutions, thereby
enhancing the geopolymerization process and accelerating
the setting of the binder [74-76].

3.3 Mechanical properties
Pursuing high compressive strength has been a substantial

aim in AAMs development. This is because of the significant
characteristic of structural composites sustaining compressive

50 | N7days M28days

40

30

20

10

Compressive strength (MPa)

6 8 10 12 14

NaOH concentration (mol)

6 | N7days I28days|

Flexural strength (MPa)
w

77777

NaOH concentration (mol)

(a)

(b)

Figure 8: The effect of NaOH concentration on AABs: (a) compressive strength and (b) flexural strength.
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forces. The 28 days compressive strength is the main para-
meter in the concrete design and can be regarded as an indi-
cator for such materials. Moreover, the simplicity of measuring
this property and its observed relationship with other proper-
ties at the microstructural level contribute to its popularity.
Also, flexural strength is the property of the material to with-
stand energy-induced bending deflection. It is determined as the
highest stress that the material demonstrates during failure due
to the three points flexural load.

The results of compressive strength and flexural strength
tests on samples after 7 and 28 days curing are shown in
Table 4 and Figures 7 and 8.

3.3.1 Effect of GGBFS content

It was observed that the mixtures without GGBFS after
7 days were not yet hardened enough and would deform
with little pressure. It was due to the slow chemical reac-
tion of silica and alumina contents of FA and RM, as
breaking the Si and Al monomers from the FA and RM
particles is difficult at ambient temperature. The dissolu-
tion of the Si and Al monomers in the alkaline solution is
very slow; hence, condensation of the geopolymerization
process was not able to initiate at an early age [77]. Thus,
flexural and compressive strength tests were performed
for these samples only at 28 days.

With the increase in GGBFS content, binders’ compres-
sive and flexural strengths at 7 and 28 days increased. In
addition, all samples’ compressive and flexural strengths
increased with the increase in the curing age.

Figure 7(a) illustrates the compressive strength of sam-
ples with various GGBFS substitution levels. As can be seen,
with the increase in GGBFS content in the mixture, the com-
pressive strength increased at both ages of 7 and 28 days. For
example, when the GGBFS content was increased from 0 to
5, 10, 15, 20, and 25% by weight, the compressive strength
was increased from almost 0 to 3, 9.7, 14.5, 19.3, and 28.5 MPa
at 7 days, and from 4 to 19.8, 25.4, 29.1, 35.4, and 48.5 MPa at
28 days, respectively. The results are consistent with those
reported in previous studies [61,78]. It could be explained
that with the geopolymer phase, C-S-H and C-A-S-H are
formed, reducing the porosity and making the geopolymer
paste denser [60,73,79-82]. Furthermore, the heat generated
by GGBFS’ exothermal reaction with alkaline solutions facil-
itates geopolymerization. In addition, because this reaction
consumes water and increases alkalinity, FA particles dissolve
faster, increasing polycondensation [83-85]. Also, according to
Figure 7, with the addition of GGBFS, the increase in the rate of
strength at the age of 7 days was more than that of 28 days.
This was because geopolymer paste with high GGBFS content

AAB based on red mud with class F fly ash and GGBFS under ambient temperature
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Table 4: Flexural and compressive strengths of AABs

Sample ID Flexural strength Compressive strength
7 days 28 days 7 days 28 days

R50F50G00-10  NT 0.9 NT 4.0
R50F45G05-10 0.5 3.2 3.0 19.8
R50F40G10-10 1.3 35 9.7 25.4
R50F35G15-10 1.7 39 14.5 29.1
R50F30G20-10 2.2 4.9 19.3 354
R50F25G25-10 3.2 4.9 285 48.5
R50F30G20-06 1.3 33 13.6 23.8
R50F30G20-08 1.7 4.2 16.1 274
R50F30G20-12 2.1 4.6 19.1 37.0
R50F30G20-14 2.1 4.2 18.5 27.9

NT: Not tested.

hydrates faster due to the nucleation effect of Ca**, resulting in
higher early-age strength [62,86,87].

Figure 7(b) shows the effects of different GGBFS sub-
stitutions on the 7- and 28 days flexural strength of AAB.
Similar to compressive strength, the flexural strength of
binder samples was also improved by increasing GGBFS
content. When the GGBFS content increased from 0 to 5,
10, 15, 20, and 25% by weight, the flexural strength
increased from 0 to 0.5, 1.3, 1.7, 2.1, and 3.2 MPa at 7 days
and from 0.9 to 3.2, 3.5, 3.9, 49, and 4.9 MPa at 28 days,
respectively. The reason is the same as that mentioned in
the compressive strength discussion. As could be seen, with
the increase in the GGBFS replacing level from 20 to 25%,
although the 7 days flexural strength increased, the 28 days
flexural strength did not change and remained almost
constant.

3.3.2 Effect of NaOH concentration

An evaluation of the flexural and compressive strengths of
AAB was carried out with solutions containing 6, 8, 10, 12,
and 14 mol NaOH in the activator phase. In the activator
phase, a mass ratio of sodium silicate to sodium hydroxide
was maintained at 2, and based on the results of the first
experimental series, the proportion of RM-FA-GGBFS in the
solid phase was 50:30:20. The charts in Figure 8 show how
the flexural and compressive strengths of the binders’ sam-
ples depend on the concentration of NaOH in the activator
solution.

The highest 7- and 28 days compressive strengths at 10
and 12 mol NaOH were 19.3 and 37 MPa, respectively. The
highest 7- and 28 days flexural strengths were in the 10 mol
NaOH, which were equal to 2.2 and 4.9 MPa, respectively.
Increasing the concentration of the NaOH solution from
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these optimal values to 14 mol has reduced the compres-
sive and flexural strengths. Although with the increase in
NaOH solution concentration from 10 to 12 mol, the 28 days
compressive strength increased from 35.4 to 37 MPa; due to
this slight increase (4.5%) and considering the fresh prop-
erties and flexural strength, the 10 mol NaOH was consid-
ered as the optimal concentration. The results showed a
non-uniform effect of NaOH concentration on the mechan-
ical properties of the AAB. Increasing NaOH concentration
to the optimum value resulted in an increase in flexural
and compressive strengths since increased NaOH concen-
tration led to the rise in the dissolution of silica and alu-
mina from the solid precursors. In this case, the Si0,/Na,0
mass ratio increased, resulting in a greater level of poly-
condensation. In turn, this increases the polymerization of
soluble Si and Al species, leading to a more compact gel
structure and thus better mechanical properties. Alkalinity
increased with an increase in the concentration of the
activator, which enhanced the alkaline activation reaction. As
a result of the high concentration of OH™ in the solution, it
and AI*" dissolve faster, while Na* acts as a charge-balancing
cation in the structure [88-93]. On the other hand, the decrease
in flexural and compressive strength with the increase in NaOH
concentration beyond the optimal amount was because the
dissolution of silica and alumina from solid precursors usually
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reaches a steady state under high concentrations of NaOH. This
negatively affected the polycondensation process because the
Si0,/Na,0 mass ratio decreased as the free NaOH increased,
and the dissolved silica and alumina remained almost constant
[94]. Another reason could be that the forming of GGBFS pro-
ducts was restrained at high NaOH concentrations. The reaction
between Ca”* from GGBFS particles and OH~ from NaOH solu-
tion could form a layer of Ca(OH), around the surface of GGBFS
particles during alkali activation. The layer of Ca(OH), was not
thick enough to prevent diffusion of dissolved Ca®" from GGBFS
particles at low OH™ concentrations, but Ca(OH), accumulated
around the surface of GGBFS particles when the concentration
of OH" is high, which makes diffusion of dissolved Ca®* more
difficult. Consequently, the strength decreased because less Ca**
was available to react with dissolved Si*" and AI** to form the
C-A-S—H gel. Due to the thick layers of Ca(OH),, the formation
of C-A-S-H gel might also be prevented due to the insufficient
space around the GGBFS particles [95,96].

3.4 Binder microstructure through SEM
analyses

SEM tests were performed on small pieces of samples with
different GGBFS content that were tested for 28days

Figure 9: SEM micrographs of (a) RS0F50G00-10, (b) R50F45G05-10, (c) R50F4010-10, (d) R50F35G15-10, and (e) R50F30G20-10, at 28 days.
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compressive strength. Golden conductive coatings were
applied to samples to prevent charging balance. Tests
were conducted using the JEOL JSM-7610F model. The
SEM images of the AAB samples prepared with 0, 5, 10,
15, and 20% by weight of GGBFS are shown in Figure 9.
When alkali activators were added to the precursors,
the active calcium, silicon, and aluminum from the raw
materials were dissolved to form C(N)-A-S-H gels. It was
also observed that the dissolution of the starting precursor
was not complete after alkali activation. Although Al and Si
constituted 35% of the RM, substantial amounts of them in the
crystalline form provided inert filler to the matrix. Other
researchers have also pointed this out [9,11,97]. Also, each mix-
ture contained different amounts of unreacted and/or partially
reacted FA and GGBFS particles alongside the alkali activation
products. SEM images of samples with different percentages of
GGBFS showed that in the sample without GGBFS (R50F50G00-
10), there were sponge-like geopolymer gels, and with the
increase in GGBFS content in the blends, the sponge-like geo-
polymer gels could be hardly seen and matrix was denser and
more compact. This was because the active calcium in GGBFS
can form hydrated products, including C-S-H and C-A-S-H,
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contributing to the geopolymer network and forming a denser
structure. Furthermore, active Ca®* acted as a seeding agent for
precipitating dissolved precursors and triggering quick hard-
ening at room temperature (as shown in Figure 6(a)) [61].
When GGBFS was utilized, aluminosilicate geopolymerization
and heterogeneous nucleation-crystallization appeared to act
simultaneously during hardening [11]. Some microcracks were
also observed in samples with 15 and 20% GGBFS, possibly
caused by shrinkage and quick hydration process [5598,99].
Moreover, the angular shape of GGBFS (as shown in Figure
4(c)) might contribute to a stronger bond between the particles
and the matrix, as well as an enhanced mechanical interlocking
that increased microstructure densification [56]. The alteration
in AABs’ microstructure when GGBFS was added explained the
mechanical properties results adequately (Section 3.3.1) and was
consistent with the findings of the previous research [54,100].

3.5 XRD analysis of binder

To conduct XRD tests, broken samples remaining after
the 28 days compressive strength tests were ground into
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Figure 10: XRD patterns of the binders at 28 days.
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powders and sieved to pass the No. 200 sieve (75 pm). It was
conducted using a Cu anode. The scanning step size was
0.02°, and its range was 5-80°. The XRD patterns of alkali-
activated pastes with different GGBFS content at 28 days
are presented in Figure 10. According to the pattern of pre-
cursors in Figure 3, it was observed that after alkali activa-
tion, there was no formation of new crystalline phases. In this
way, the newly formed phase could be described as amor-
phous. It is also important to note that the original crystalline
reflections of the raw material were also present in the final
product, which indicated that these crystalline phases were
difficult to dissolve in alkaline conditions. Additionally, XRD
analysis revealed that the addition of GGBFS to the AAB blend
reduced the intensity of crystalline reflections due to the rela-
tively amorphous nature of slag and the products of alkaline
activation of these ternary systems (RM-FA-GGBES) [71].

3.6 FTIR analysis

The FTIR test was performed on the samples prepared
according to the XRD section to study phase transformation
during the decomposition and alkali activation processes.
The FTIR spectrums of AABs containing 0-20% GGBFS after
28 days are depicted in Figure 11. It could be seen that
regardless of the GGBFS content, absorption bands were
generally found in similar locations on all specimens. The
bands at 1,645 and 3,436 cm™* in all samples resulted from
H-0-H bending vibrations and O-H stretching vibrations

R50F50G00-10 R50F45G05-10

120

R50F40G10-10
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of molecular H,O that were absorbed on the surfaces of
alkali activation products or entrapped inside their cavities
[101-103]. All mixtures exhibited absorption bands at around
1,420 cm ™., which indicated 0-C-0 stretching vibrations in
carbonates [24,104]. The high alkaline activator aqueous phase
has been atmospherically carbonated, which was diffused on
the surface of geopolymeric materials [105106]. All mixes
showed the main absorption band representing the Si-O
bond around 996 cm™. The asymmetric stretching vibration
of the non-bridging Si-O bonds was attributed to this band,
indicating that a chain-structured C—-A-S-H gel was predo-
minant in the product [107,108]. The region with the wave-
number of about 460 cm™ was characteristic of the
deformation stretching of Si-O-Si and 0-Si-O [109-111].

3.7 Potential applications of the RM-
based AAMs

High-temperature curing has become the primary con-
straint for using AAMs in cast-in-situ applications. For
AAMS to be widely used in the construction industry, over-
coming this limitation of curing at elevated temperatures is
essential. Also, curing without high temperatures reduces
costs by avoiding thermal activation. RM-based AAMs eval-
uated in this study were cured at ambient temperature and
had 28 days compressive strength of 4-48.5 MPa, compar-
able with Portland cement, which has a strength ranging
from 9 to 24 MPa [45]. Consequently, these composites are

R50F35G15-10

R50F30G20-10

100

Transmittance (%)

4000

3600 3200 2800 2400
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Wavenumber(cm-1)

Figure 11: FTIR spectra of the binders at 28 days.
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suitable for use as cementitious materials in specific civil
engineering applications, including the construction of
roads [112-114], and use as building materials such as
bricks [2,27,50,115,116], ceramics [24,117-120], thermal and
sound insulation [121,122], paving blocks [34], mortar, and
lightweight materials [40]. Also, RM has a reddish-colored
pigment due to the presence of iron oxide in the composi-
tion and can be used to produce colored architectural con-
crete for aesthetic purposes [123].

4 Conclusion

In this study, by utilizing RM, class F FA, and GGBFS, AABs
with satisfactory mechanical properties were produced
at ambient temperature. Systematic experimental studies
have been conducted to determine the optimal GGBFS con-
tent and NaOH concentration in composite alkali activators
to modify the workability, setting time, and mechanical
properties of RM-based AAB. The following are the conclu-
sions drawn from the study:

* The flow of alkali-activated pastes decreased with the
increase in the GGBFS content due to the higher specific
surface area and angular shape of GGBFS. Increasing the
NaOH concentration accelerated the geopolymerization
processes and reduced the binder flowability.

* Increasing the GGBFS replacement level reduced the bin-
ders’ initial and final setting times. The initial and final
setting times of all AABs also decreased with the increased
NaOH concentration.

* The compressive and flexural strengths of binders at 7
and 28 days increased with the increase in the GGBFS
content. It could be explained that due to the formation
of calcium silicate hydrates (C-S—-H) and calcium alumi-
nosilicate hydrates (C-A-S-H) along with the geopolymer
phase (N-A-S-H), the porosity was reduced, which led to
a denser geopolymer paste.

* The optimum replacement rate was 20% FA with GGBFS
based on the binders’ fresh and mechanical properties
assessment. In addition, 10 mol of NaOH concertation was
optimal in RM:FA:GGBFS blends with ratios of 50:30:20.

* The RM used in this study was mainly crystalline and
was composed of aluminum and silicon-containing
minerals, showed low reactivity, and served as an
inert filler. Furthermore, the intrinsic alkalinity of
the RM provided alkalis for AAM formation.

* The performance of RM as a component of the alkaline
active binder has been satisfactory. Reusing RM in large
quantities in construction projects will be environmen-
tally beneficial.
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