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Abstract: This paper presents a new method for predicting the final products of red mud-slag-based
alkali-activated materials (RM-AAMSs) using comprehensive phase analysis. As the first step, a
quantitative method by X-ray diffraction (XRD) was used to analyze six different types of red mud
and ground-granulated blast-furnace slag (GGBS). Secondly, X-ray fluorescence (XRF) was employed
to determine the bulk elemental oxide contents of the precursors. A procedure combining XRD and
XRF was then used to quantify both the crystalline and amorphous components of the precursors.
In addition to investigating precursors, soluble silica from sodium silicate has been considered in
calculating reactive silica. The research includes forty sets of alkali-activated samples using various
activators with different concentrations. The XRD results of hardened paste samples revealed that the
method could successfully predict the final products of RM-AAMs. By predicting the final products
of the alkali-activation process, the optimization of raw material types and contents will be more
efficient. For example, in the case of having C-S-H as the final product, adding substances with high

reactive alumina would be unnecessary.
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1. Introduction

Red mud (RM) is an industrial by-product of the aluminum production process. The
Bayer process extracts Al out of bauxite ores and remaining substances include heavy metals
and alkalis. The color of RM varies from reddish gray to brownish red, depending on the
content of Fe oxides. During the Bayer process, clay and aluminum silicate minerals of the
bauxite are dissolved under various temperature conditions and caustic concentrations [1].
Red mud contains some percentage of aluminum if the process is not able to retract this
element completely. The presence of a relatively high amount of silica in RM is also likely.
The possibility of the existence of calcium, aluminum, and non-crystalline alkalis in RM is
strong, and RM is potentially an economically and environmentally friendly choice for the
production of alkali-activated materials (AAMs) [2].

The first terminology for geopolymers is attributable to Davidovits [3]. Geopolymer-
ization occurs through chemical reactions of powders containing aluminosilicate oxides
with alkalis leading to the formation of 5i-O-Al bonds. These three-dimensional networks
are amorphous to semi-crystalline silicoaluminate structures [3]. Material scientists classify
any binder system obtained from the reaction of alkali sources with solid silicate powders
as AAMs [2,4,5]. The precursor can be calcium silicate or aluminosilicate-rich powders such
as blast furnace slag (BFS), fly ash, natural pozzolans, or bottom ash. The alkali activators
can be soluble materials, which increase the pH in the mix and accelerate the dissolution
process [2,6].

Except for a particular study [7] in which red mud was directly activated by sodium
silicate, comparatively low alumina in RM makes it rarely the sole precursor for AAMs. It
is more common to add other Al-rich sources to form binders with satisfactory strength and

Sustainability 2023, 15, 3473. https:/ /doi.org/10.3390/su15043473

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15043473
https://doi.org/10.3390/su15043473
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-9850-8499
https://orcid.org/0000-0003-3177-4407
https://doi.org/10.3390/su15043473
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15043473?type=check_update&version=1

Sustainability 2023, 15, 3473

20f22

durability. Dimas et al. blended metakaolin and RM to synthesize inorganic polymers [8].
Calcined oil shale at elevated temperatures was found to be able to enhance the hydration of
red mud and fly-ash-based cementitious materials [9]. It has also been reported that AAMs
have developed by substituting a limited percentage of fly ash with RM [10]. Blast furnace
slag (BFS) is an excellent source of reactive alumina, silica, and calcium, which makes it
possible to use BFS as the primary precursor of the AAMs. However, the high cost of BFS in
some regions, fast setting time, and potential rheological issues have encouraged scholars to
replace some part of BFS with waste materials such as RM. Pan et al. [11] activated RM-BFS
cementitious materials using solid sodium silicate and achieved satisfactory mechanical
properties at room temperature. Red mud was also used as a part of the binder along with
BFS and Portland cement [12].

The pore structure of alkali-activated materials cast by red mud has been studied
recently. Li et al. [13] investigated the microstructure of the C-A-S-H gel in red-mud-based
AAMs and concluded that the gel was mainly composed of SiQ (3) structure in mature
samples. Another study (study [14]) confirms that the red mud acts as a micro-filler that
refines the pore structure and, thus, reduces the concentration of harmful pores (>50 nm).
Song et al. [15] evaluated the microstructure of red mud-iron tailing-based alkali-activated
mortar and found that the main products of their samples was the C-A-S5-H gel and
suggested the utilization of iron tailing and red mud in AAMs.

However, the mentioned studies have yet to focus on the critical role of reactive
alumina, silica, and calcium as the main components of the red-mud-based AAMs. The
present paper follows a novel procedure to quantify the reactive portion of silica, alumina,
and calcium in AAMs mixes, compare it with a ternary diagram, and predict the final
products of alkali activation that could be C-S-H, C-A-S-H, or N-A-S-H. The prediction will
be important to optimize the raw materials, specifically the chemicals, including sodium
silicate and sodium hydroxide leading to lower fabrication costs.

It is crucial to better understand the mechanism of chemical reactions and predict the
final products of alkali activation to optimize the costs and performance of AAMs. Limited
studies are available in the literature, at which satisfactory mechanical properties were
achieved by replacing significant percentages of BFS with RM. As of this moment, the levels
of contribution from reactive calcium, alumina, and silica have not been systematically
considered in the fabrication of AAMs by RM and BFS. The chemical composition of
precursors obtained from XFR has typically been used in the literature as the base for the
mix design of AAMs, which may lead to unnecessarily high concentrations of alkalis to
dissolve the crystalline or semi-crystalline portion of the precursors. Because alkalis are
the most expensive raw material in the AAMs, a mix design using high concentrations of
chemicals could be uneconomical and impractical.

This research presents a new method to predict the final products of red mud-slag-
based alkali-activated materials to optimize the mix-design procedures. This method can
quantitatively identify the crystalline and amorphous phases of the RM, as well as of
the slag. The final products can be successfully predicted based on a ternary diagram of
reactive calcium, silica, and alumina. The predicted final products were verified by the
XRD results of paste samples prepared by different activators.

2. Materials and Methods
2.1. Raw Materials

As shown in Tables 1 and 2, six different types of red mud stemming from the Bayer
process, were studied in this study. All samples were in wet conditions except RM1-d and
RM2, which were in the form of hard lumps. A laboratory ceramic ball mill was used to
ground the lumps before use. Water contents of samples, listed in Table 1, were considered
as part of the total amount of water in each mix.
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Table 1. The moisture contents of RM samples.

Red Mud Moisture Contents (%)
RM1-a 30.67
RM1-b 37.87
RM1-c 29.94
RM1-d 2.37
RM2 1.12
RM3 34.86

Table 2. Chemical compositions of precursors.

XR(I;;"C{‘:; (Cvi‘te‘;‘;cal RM1-a RM1-b RM1-c RM1-d RM2 RM3 BFS
ALO; 23.64 21.45 20.07 23.77 17.78 21.69 12.05
SiO, 20.85 20.27 18.99 20.51 28.33 16.16 31.15
CaO 20.28 204 25.68 18.84 13.98 1.75 4555
Na,O 9.32 7.05 6.59 8.24 6.73 12.97 0.31
KO 148 1.99 1.67 2.09 1.62 0.00 0.58
Fe,Os 5.58 9.94 7.89 6.93 17.29 31.58 0.49
TiO, 442 5.69 484 3.94 331 6.08 0.53
SO, 1.22 0.67 0.60 1.10 0.37 043 2.01
MgO 0.88 111 1.20 1.21 1.19 0.00 5.93
P,0s 0.27 0.18 0.22 0.22 0.32 0.00 0.00
cl 0.20 0.00 0.54 0.17 0.23 0.00 0.00
71O, 0.15 0.19 0.17 0.13 0.00 0.22 0.03
SrO 0.11 0.00 0.14 0.11 0.14 0.00 0.09
MnO 0.00 0.00 0.00 0.00 0.13 0.00 0.11
CuO 0.00 0.00 0.00 0.00 0.15 0.00 0.00
BaO 0.00 0.00 0.00 0.00 0.00 0.00 0.06
LOI 11.60 11.06 11.39 12.72 8.56 9.11 111
Total w/LOI 100.00 100.00 100.00 100.00 100.00 100.00 100.00

LOI = loss on the ignition.

Sodium hydroxide and sodium silicate were used as the activators. Sodium hydroxide
(NaOH) (Ward'’s Science, Rochester, NY, USA) was in pellet form with 99% purity. Three
different classes of sodium silicate were used as the sources of soluble silicon ions with the
general formula of SiO;-(n1)NayO-(ny)H,O. Sodium silicate solutions with SiO; /NayO =3
and 37 wt% (Fisher Scientific, Waltham, MA, USA), sodium silicate with SiO, /Na,O = 2.1
and 44.1 wt%, and solid sodium metasilicate pentahydrate (PQ Corporation, Malvern,
PE, USA) were used. The fine aggregate used was local Hawaiian basalt sand. The sand
could pass through a #8 (2.38 mm) sieve but was retained on a #50 (0.297 mm) sieve in the
gradation test (see Figure 1).

Table 2 summarizes the XRF results of the chemical composition of the precursors,
including six red mud and BFS samples.
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Figure 1. Grading curve of sand used in mortar samples.

2.2. Experimental Procedure
2.2.1. X-ray Diffraction

X-ray powder diffraction was used to characterize the crystalline components of the
precursors. All samples were dried, ground, and prepared for scanning to identify the
phases. An advance diffractometer (Bruker D8, Billerica, MA, USA) [16] collected the data
with Cu K« radiation, operated at 40 mA, and 40 kV. The scan was from 5° to 85° 26 with
increments of 0.01° at the speed of 192 s/step.

A commercially available software package (DIFFRAC EVA, Billerica, MA, USA) was
used for qualitative analysis. The software identified the “background” pattern and fitted
either cubic spline or shifted polynomial functions, depending on the general shape of
the base. The process subtracted the broad “humps” caused by the amorphous powder
fractions. The program employed the Crystallography Open Database (COD) [17] to
compare reference patterns of crystalline phases. Commonly known reference patterns of
minerals found in red muds were clues to locating diffraction peaks.

The software in [5,18] could quantify the relative proportion of each crystalline
phase [19]. A user needs to enter the chemical compositions of the precursors based
on the XRF results into the software, which were used to determine the bulk amorphous
fraction. Additionally, an analysis by Rietveld was carried out using TOPAS [20] to quantify
each component. The analysis procedure was like the study of Li et al. [17].

The procedure characterized the crystalline fraction of the powders by providing the
concentration of each element or metal oxide separately. The amorphous proportion of each
compound could be calculated directly by subtracting the concentration of non-reactive
metal oxides from the total amount achieved by XRF.

2.2.2. Mortar Sample Preparation and Mix Procedure

In this study, twenty one RM-slag precursors were dissolved using sodium hydroxide,
and sodium silicate was added as the source of soluble silica. Table 3 shows the detailed
proportioning of these mixes. Under the Mix Label column, “RMx” stands for red mud,
followed by numbers indicating the type of red mud. The “Sxx,” followed by two-digit
numbers refers to the amount of slag that has been used in the mix. “Chx” stands for
chemical type. For example, in the RM4S30Ch1 mixes, Type 4 red mud was mixed with 30%
slag, and RM5540Ch1 had the same sodium silicate and sodium hydroxide as RM4S30Ch1.
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A precursor/sand ratio of one was used for all specimens. The concentration of [Si**] was
less than 1.5 M. The final molarity of sodium hydroxide (NaOH) was from 1.5 to 2.7 M.
The water content in the sodium silicate solution decreased the sodium hydroxide’s final
molarity from 6 M to the mentioned values. Low concentrations of [Si**] and [OH ] were
selected to optimize the cost and performance of concrete. Yip et al. [21,22] also reported
that the activation of calcium silicate sources at lower concentrations would achieve higher
mechanical properties.

Table 3. Mix proportioning of the alkali-activated mortars.

Row # Mix Label Si** Mole OH~ Mole S‘(;\llitteif)/n SE:ESZ:/ I;::cx;l(;ir/ Prfcl:liéor Prseecl:fs/or
(wt.%) (wt.%)
1 RM1-aS40Ch1 091 2.30 0.84 0.37 60 40
2 RM1-aS20Ch1 0.79 2.00 0.86 0.42 80 20
3 RM1-aS20Ch2 1.14 1.80 0.84 0.44 80 20
4 RM1-aS30Ch1 1.11 2.10 0.84 0.39 70 30
5 RM1-aS30Ch2-1 0.14 1.90 0.83 0.43 70 30
6 RM1-aS40Ch2-1 0.17 2.40 0.79 0.37 60 40
7 RM1-aS30Ch2-2 0.18 2.70 0.78 0.37 70 30
8 RM1-aS30Ch2-3 0.26 2.40 0.74 0.4 70 30
9 RM1-aS30Ch2-4 0.34 2.30 0.71 0.42 70 30
10 RM1-aS30Ch2-5 0.28 2.60 0.73 0.58 70 30
11 RM1-aS30Ch2-6 0.25 2.40 0.75 0.6 70 30 1.00
12 RM1-aS30Ch3 1.11 2.10 0.84 0.39 70 30
13 RM1-bS20Ch1 0.43 1.80 0.89 0.46 80 20
14 RM1-bS30Ch2 0.99 1.90 0.85 0.43 70 30
15 RM1-c¢S20Ch1 1.46 1.60 0.82 0.49 80 20
16 RM1-c¢S30Ch2 1.12 2.10 0.84 0.39 70 30
17 RM1-dS30Ch1 1.05 2.00 0.84 0.35 70 30
18 RM2540Ch1 1.28 2.40 0.82 0.31 60 40
19 RM2S25Ch1 1.16 2.20 0.83 0.33 75 25
20 RM3540Ch1 0.62 2.10 0.87 0.33 60 40
21 RM3520Ch2 0.61 1.50 0.89 0.4 80 20

The mixing procedure started with the preparation of a solution of 6 M NaOH to
dissolve the precursors, which was a mixture of RM and BFS. Sodium hydroxide with a
designed concentration was added slowly until a soft paste was achieved after ten minutes
of mixing (See Figure 2a). The sand was then added to the paste and mixed to obtain a
homogenous mortar, over the course of approximately five minutes. The final step was to
introduce a sodium silicate solution to the mixture (See Figure 2b).

2.2.3. Paste Samples for XRD Analysis

Paste cylinders with dimensions of 25 mm diameter x 5 mm height were prepared to
investigate the effects of different types of soluble silica in the final product of RM-based
AAMs. Samples were moisture-cured in a plastic container at a temperature of 21 £ 2 °C
until the desired ages.
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Figure 2. Mortar sample mixing procedure: (a) Dissolution of red mud and slag in 6 N NaOH;
(b) Final red-mud-based AAM.

Paste samples were prepared based on the mix proportion of the RM1-aS30 in Row
4 of Table 3, except no sand was added and different types of sodium silicate were used
(see Table 4). RM1-aS30 was chosen because of its high compressive strength. Solid sodium
silicate with different mixing procedures was used for mixes SS1P1 and SS1P2 (see Figure 3).
In mix SS1P1, solid sodium silicate pellets and sodium hydroxide solution were mixed first
and then were added into the precursor. In the case of SS1P2, a sodium hydroxide solution
was introduced to the precursor first, mixed for 10 min, and then the solid sodium silicate
pellets were added to the mix. The sodium silicate solution with a SiO, /NayO = 2.1 and
3.0 and the sodium hydroxide solution were the chemicals in mixes L52.1P3 and LS3.0P3,
respectively (see Table 4).

Table 4. Mix proportioning of the alkali-activated pastes.

Red Mud/ BFS/ Sodium

Mix Label Si** Mole OH~ Mole Wat?r/ So%utlon/ Precursor Precursor Silicate Mix
Solution Binder Proc.
(wt.%) (wt.%) Type
SS1P1 P1
Solid
SS1P2 P2
1.11 2.11 0.84 0.39 70 30 Solution
L52.1P3 (Si/Na = 2.1)
_ P3
1L.S3.0P3 Solution

(Si/Na =3.0)
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*SHS
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**MIX FOR 10 MIN.
RM: Red Mud  SHP: Sodium Hydroxide Pellets SS5S: Sodium Silicate Solution
SHS: Sodium Hydroxide Solution §5: Solid Sodium Silicate

o SHP
o WATER

**PREPARE 3 HOURS
BEFORE THE PROCESS

SHS

Figure 3. Mixing procedure of the alkali-activated pastes (* The mixing duration should be selected
based on the explained method).

For each sample set (SS1P1, SS1P2, LS201P3, and LS3.0P3), nine 2” x 2” x 2” specimens
have been cast, and the compressive strength of them has been measured after 1, 7, and
28 days (See Figure 4). Figure 5 shows the 28-day compressive strength of the alkali-
activated paste samples. The chart shows that the compressive strength is sensitive to the
amount of soluble silicate in the mix. The concentration of the active silica from the sodium
silicate would not be the only factor contributing to the total amount of reactive silica.
Therefore, the absolute reactive values of silica, calcium and alumina will be discussed in
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the following section to better understand the factors affecting the formation of the final
alkali-activation products.

Figure 4. Compressive strength test of red-mud-based samples.

80

Compressive Strength, MPa

SS1P1 SS1P2 LS2.1P3 LS3.0P3

Figure 5. Twenty-eight-day compressive strengths of the alkali-activated pastes.

X-ray powder diffraction was conducted on paste samples after 1, 7, and 28 days.
The hardened specimens were crushed, ground by an agate mortar and pestle, and then
micronized by a mill (XRD-Mill Crone) to 5 um (see Figure 6). Acetone was utilized to stop
the chemical reaction at the specified testing age. No heat was applied during the drying
process of the samples because the elevated temperature could have changed the final
products from the alkali-activation reaction. Figure 7 illustrates a vacuum oven working at
lab temperature. The wet powder was kept in a vacuum oven at room temperature until
the complete evaporation of the blend of water and acetone was achieved.
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Figure 7. Vacuum oven operating at lab temperature.

3. Results and Discussion
3.1. Quantitative Crystalline Phases Identification

Figure 8 illustrates the quantitative proportions of distinctive crystals detected in
samples RM1-a to RM1-d. Although the source ore bauxite of these four red muds was the
same, minerals with different proportions appeared in these substances after the aluminum
extraction process. The difference could be attributed to the different concentrations of
sodium used by various plants. However, the thought-provoking point in the phase
analysis of RM1-a to RM1-d is that Hydrogarnet (CazAl»(SiO4)3_x(OH)sx) and Cancrinite
(NagCaz[(CO3), | AlgSigOp4]-2H,0) are the primary phases of these materials. The total
percentages of these two crystals are 88%, 78%, 84%, and 68% of the whole non-amorphous
phase for RM1-a to RM1-d, respectively. The hardness of Hydrogarnet is 7-7.5, and is 5-6
for Cancrinite on the Mohs scale. Perovskite (CaTiO3) and Hematite (Fe,O3) with the Mohs
hardness of 5-5.5 and 5-6.5 are the minor minerals that retain their mineralogical properties
after alkali activation.
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3.4%
20.1

1.3%

=

2.2%
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39.7%
B Amorphous
® Hydrogarnet
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m Perovskite

o Calcite

3.3% 3.6%
20.8%
1.4%

2.3%

RM1-c

34.0% B Amorphous
B Hydrogarnet
M Hematite
m Gibbsite
M Cancrinite

m Perovskite

1 Calcite

B Amorphous
B Hydrogarnet
m Hematite

m Gibbsite

M Cancrinite

u Perovskite

= Calcite

Figure 8. Quantitative crystalline phase analysis of samples RM1-a to RM1-d.

sum of these hard minerals comprises 83% of the RM3'’s crystalline structure.

Figure 9 demonstrates different crystalline phases, as well as the total amorphous
phases in samples RM2 and RM3. In RM2, Quartz (5iO,), albite (NaAlSi3Og), Cancrinite,
Hydrogarnet, Hematite, and perovskiteare are solid phases of this type of RM. The hardness
of Quartz is 7, and is 5-6.5 for Albite. The total percentage of the aforementioned hard
crystals accounts for 80% of the total crystalline materials in RM2. Magnesio-foitite and
anatase polymorph (TiO;), with the hardness of 7 [23] and 5.5-6 [24], respectively, are
distinct stable crystals in RM3 in addition to Cancrinite, Hydrogarnet, and Hematite. The

RM2

m Amorphous
M Hydrogarnet
= Hematite

m Cancrinite

M Perovskite

W Calcite

W Quartz

m Albite

4.9%
0.6%

"\

12.6%

1.6%

RM3

50.8%

B Amorphous
M Hydrogarnet
= Hematite

H Gibbsite

m Cancrinite

m Calcite

Figure 9. Quantitative crystalline phase analysis of samples RM2 and RM3.

The relatively high hardness of the crystalline phases indicates that even if the red
mud could not participate in the alkali-activation process, the crystals would still serve as
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strong and durable micro-fillers in the matrix. The comparison between the hardness of
granite (with a compressive strength as high as 131 MPa), which is 6-6.5, and the hardness
of the aforementioned crystals supports the hypothesis.

Small amounts of crystals are also available in RM samples that activators could ionize.
Gibbsite (y-Al(OH)3) with a hardness of 2.5-3 is an aluminum hydroxide mineral that origi-
nated from bauxite. Depending on the type of RM used in this study, small proportions (1-8%)
of gibbsite from the extraction process were formed. Although Koshy et al. [25] concluded
that this mineral could negatively influence the strength development of their samples, this
does not seem to be the case in the present study. The reason may be that a transformation
of Gibbsite to Boehmite (y-AIOOH with the hardness of 3.5) occurs in environments with
high pH, such as AAMs. The transformation is evidenced in previous studies [26] and in
Section 3.4 of this study.

Furthermore, the amount of Gibbsite in the RM samples is low enough to have little
interference in the alkali-activation process. Moreover, Humed et al. [27] reported that the
dissolution of Calcite and its replacement with C-A-S-H is possible, resulting in higher
ultimate compressive strength. The formation of C-A-S-H as a minor product of alkali
activation is also investigated in Section 3.4.

It is reasonable to conclude that most RM crystals are hard and stable in high alkaline
environments. Therefore, increasing the concentration of activators to dissolve these
crystals to contribute to the alkali activation is not necessary and may lead to the following
undesirable consequences. Firstly, higher levels of activators will increase costs since
they are the most expensive ingredients in AAMs. Secondly, efflorescence problems may
occur, which is more likely in the case of low-strength mixes with a porous and open
microstructure [28-30]. Thirdly, an overdosage of strong alkali-activators, such as sodium
and potassium hydroxide (at high concentration), and low water content could lead to flash
setting [31,32]. Lastly, high levels of alkalis in the pore solution may lead to a significant
expansion in alkali-silica reactions (ASRs) [33].

3.2. Quantitative Vitreous Phase ldentification

Table 5 tabulates the quantitative phase analysis of the RM samples. The table does
not show components of less than 1% by mass. Because of the high hardness of the above-
mentioned crystals and the low concentration of sodium hydroxide in samples of this study,
almost no Na*t, AI3*, CaZ*, or Si** ions could be detached from the crystals and contribute
to the formation of new products after the alkali-activation process. Therefore, only the
vitreous phases of metal oxides from RMs might be involved in the alkali-activation process,
and this assumption will be verified in Section 3.4.

Reactive Alumina (Al,O3), Silica (SiO;), and Calcium Oxide (CaO)

Although XRF results show that the percentage of Al,Os is higher than 20%, in the
RM1-a through the RM1-d samples, only 4.8% of the alumina is glassy. This means
that for an RM1-a sample with 30% slag and 70% RM, the mix has only around 7%
(0.3 x 12.05 (Table 2 for BFS) + 0.7 x 4.80) reactive alumina. So, it is expected to have a few
percentages of aluminum-containing materials. RM2 and RM3 contain 9.4% and 6.2% of
reactive alumina, respectively, and are expected to generate more N-A-S-H since RM2 and
RM3 have more alumina compared to RM1-a through RM1-d.

Table 5 also shows quantitative amounts of silica for each RM sample. Samples RM1-a
to RM1-d have 8.7% to 13.9% of glassy SiO,, while these portions are 5.3% and 4.1% for
RM2 and RM3, respectively. Interestingly, despite acceptable amounts of SiO; based on
the XRF results, especially for RM2 with 28.3%, the major part of silica is crystalline and
non-reactive. The amount of vitreous calcium oxide was limited to less than 10% in most
cases, except for RM1-b and RM1-c with 11.7%. This means that RM-AAMs would be more
reliant on slag to provide calcium in alkali activations. Section 3.3 will thoroughly discuss
the prediction of the final products of RM-AAMs based on the reactive components of raw
materials using a ternary diagram.
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Table 5. Quantitative phase analysis of the RM samples.
C RM Al,03 SiO, CaO Na,O K,O Fe,O3 TiO, SO3 MgO
omponents

XRF 23.6 20.9 20.3 9.3 15 5.5 4.5 1.2 0.9
RM1-a Crystalline, % by mass 18.8 7.0 155 47 0.0 2.2 2.1 0.0 0.0
Amorphous, % by mass 4.8 13.9 4.8 4.6 15 3.3 2.4 12 0.9
XRF 21.5 20.3 20.4 7.1 2.0 9.9 5.7 0.7 1.1
RM1-b Crystalline, % by mass 18.5 10.1 8.7 7.0 0.0 3.7 0.0 0.0 0.0
Amorphous, % by mass 3.0 10.2 11.7 0.1 2.0 6.2 5.7 0.7 11
XRF 20.1 19.0 25.7 6.6 1.7 7.9 4.8 0.6 1.2
RM1-c Crystalline, % by mass 19.6 10.3 14.0 5.5 0.0 2.8 2.0 0.0 0.0
Amorphous, % by mass 0.5 8.7 11.7 1.1 1.7 51 2.8 0.6 1.2
XRF 23.8 20.5 18.8 8.3 2.1 6.9 4.0 1.1 1.2
RM1-d Crystalline, % by mass 20.1 7.6 11.9 5.2 0.0 2.8 2.2 0.0 0.0
Amorphous, % by mass 3.7 12.9 6.9 3.1 21 41 1.8 1.1 1.2
XRF 17.8 28.3 14.0 6.8 1.6 17.3 3.4 0.4 1.2
RM2 Crystalline, % by mass 8.4 23.0 8.1 3.8 0.0 44 15 0.0 0.0
Amorphous, % by mass 9.4 53 59 3.0 1.6 129 1.9 0.4 1.2
XRF 21.7 16.2 1.8 13.0 0.0 31.6 6.1 0.4 0.0
RM3 Crystalline, % by mass 15.5 12.1 0.4 7.0 0.0 7.2 1.7 0.0 0.0
Amorphous, % by mass 6.2 4.1 14 6.0 0.0 244 4.4 0.4 0.0

3.3. Prediction of Final Products of RM-AAMSs Based on Reactive Components

Table 6 summarizes the mole percentages of total reactive CaO, S5iO,, and Al,O3 in
each mix design. The subsequently listed steps were taken to arrange this table.

e  Step 1: Based on the mix proportions of each sample, the total mass values of H,O,
5i0,, AlO3, CaO, and NayO are computed. For example, the mass values of glassy
silica in RM, slag, and sodium silicate (in solution or solid form) are accumulated
for SiO,;

e  Step 2: The quantities obtained in the previous step are then divided by the molar
mass of each oxide or water.

e  Dividing the results of Step 2 by the total molarity and then multiplying them by one
hundred leads to the mole percentage of each oxide.

Garcia-Lodeiro et al. [34] used the precipitation—dissolution approach to study the
compatibility of C-A-5-H and N-A-S-H. Different aqueous solutions were prepared using
NaOH, AI(OH)3, SiO;, and Ca(OH), to prepare sodium aluminate, sodium silicate, and
calcium hydroxide. They plotted a ternary diagram to illustrate different possible final
products of alkali activation for various compositions (mol.%) of CaO, 5iO;, and Al,Os.

Based on Table 6, the CaO/SiO, ratio is between 0.68 and 1.29, and the Al,O3/SiO,
ratio is in the range of 0.09-0.41. Figure 6 also illustrates the ternary plot based on the
total reactive silica, alumina, and calcium oxide in the present study. By adapting the
ternary diagram in Figure 10 and the findings of Garcia-Lodeiro et al. [34], the prediction
of the main product(s) in the RM-AAMSs system is possible. In the highlighted area, red
stars in the green circle, in Figure 10, the main product is C-(A)-S-H in which the C-(A)-
S-H composition ranges from Cj 94SHy to Cj 944 06SHx, depending on the availability of
alumina. Although the cited research did not predict the final products, it can be used as a
basic guideline by analyzing the proportions of reactive SiO,, CaO, and Al,O3. Various
factors influence the formation of reaction products, such as reaction kinetics and alkalinity.
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However, the proposed methodology would predict major reaction products. More details
in the following sections will be discussed to illustrate the accuracy of this hypothesis.

Table 6. Total reactive mole percentage of CaO, SiO,, and Al,O3 in each mix design.

Number  MxLabel QN o) lmetn mon  moby GOS0 AROuSIO:
1 RM1540Ch1 70.95 10.84 2.05 11.14 5.02 1.03 0.19
2 RM1S20Ch1 78.73 8.39 1.49 6.26 5.13 0.75 0.18
3 RM1S520Ch2 78.98 8.55 1.39 5.82 5.27 0.68 0.16
4 RM1S30Ch1 74.12 9.72 1.78 8.71 5.68 0.9 0.18
5 RM1S30Ch2-1 75.47 9.21 1.69 8.28 5.36 0.9 0.18
6 RM1S40Ch2-1 71.58 10.38 1.96 10.62 5.47 1.02 0.19
7 RM1S30Ch2-2 72.81 10.08 1.85 9.06 6.2 0.9 0.18
8 RM1S30Ch2-3 73.73 9.92 1.68 8.26 6.41 0.83 0.17
9 RM1S30Ch2-4 74.58 9.76 1.52 7.44 6.71 0.76 0.16
10 RM1S30Ch2-5 76.93 8.32 1.17 5.75 7.83 0.69 0.14
11 RM1S30Ch2-6 78.87 7.62 1.07 5.26 7.17 0.69 0.14
12 RM1S30Ch3 7417 9.65 1.78 8.72 5.68 0.9 0.18
13 RM2S20Ch1 82.64 5.84 1.02 7.18 3.33 1.23 0.17
14 RM2S30Ch2 75.36 8.84 1.33 9.32 5.16 1.05 0.15
15 RM3S20Ch1 80.86 7.19 0.62 6.77 4.56 0.94 0.09
16 RMB3S30Ch2 74.55 8.6 1.15 10.8 49 1.26 0.13
17 RM4S30Ch1 73.35 10.17 1.72 9.47 528 0.93 0.17
18 RM55S40Ch1 68.04 10.08 3.36 12.68 5.83 1.26 0.33
19 RM5525Ch1 73.87 7.88 32 9.08 5.96 1.15 0.41
20 RM6540Ch1 70.89 9.41 2.58 12.18 4.93 1.29 0.27
21 RM6520Ch2 81.86 57 1.86 5.83 475 1.02 0.33

AlI203(mol%)

Figure 10. Ternary diagram based on total reactive alumina, silica, and calcium in the binder.

3.4. XRD Analysis of Final Products

X-ray powder diffraction was employed to study the effects of different types of
sodium silicate as the source of soluble silica on mechanical properties of RM-based
AAMs. X-ray powder diffraction may provide an insight into the microstructural analysis,
which helps explain why samples with different types of soluble silicate could achieve
different strengths.



Sustainability 2023, 15, 3473 14 of 22

Figure 11a,b shows the XRD patterns of RM1 and slag as raw materials. X-ray powder
diffraction patterns of hardened paste samples after 1, 7, and 28 days are illustrated in
Figures 12-15 for mixes SS1P1, SS1P2, S52.1, and SS3, respectively. The X-ray powder
diffraction pattern of RM1 is shown at the bottom of each figure to better distinguish new
crystals and humps in comparison to phases remained unchanged from the RM.

Intensity (Counts)
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Figure 11. XRD patterns of (a) red mud and (b) slag. (a) XRD pattern of red mud (RM1); C:
Cancrinite; H: Hydrogarnet; He: Hematite; G: Gibbsite; P: Perovskite. (b) XRD pattern of slag; M:
Magnesiumdiphosphat; Me: Melilite.
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Figure 12. XRD patterns of SS1P1 (a) 0° to 85°; (b) 0° to 40°; and (c) where C-S-H humps appear.
(a) XRD patterns of SS1P1 (0° to 85°); (b) XRD patterns of SS1P1 (0° to 40°); (c) XRD patterns of SS1P1
where the C-S-H hump appears.

Figure 12a demonstrates the XRD patterns of SS1P1, which basically shows no changes
after 20 = 40°. Therefore, the illustration limits were set to 0° to 40° in Figure 12b to better
illustrate the differences. The only peak attributed to Portlandite (Ca(OH);) not hidden by
the RM peaks is at 18.3° and is labeled “CH (Portlandite)”. The appearance of this CH peak
is most evident on the 7-day chart, where it goes up on top of the Gibbsite peak from RM.
While for the 28-day chart, the intensity of CH decreased, which possibly turned into C-S-H
(as broad humps on 29.4° and 32.6°). These asymmetrical maxima of C-S5-H are similar to
the disordered layered structure of tobermorite [35].

The broad peak at 7° shows the formation of amorphous Stratlingite, which is also
known as Gehlenite hydrate (CayAl;SiO7-8H,0O). It is well known as C-A-S-H in the
literature. The structures of amorphous halos centered at 8.9° and 11.5° are assigned to
N-A-S-H (Nag g6 Aly2Sis0 8H4140096). C-A-S-H and N-A-S-H are the two main components
of AAMs.

Figure 12c shows two broad peaks at both 29.3° 26 and 32.6° 20 associated with the
formation of C-S-H, the nano-crystalline calcium silicate hydrate. The XRD pattern of
RM could be used as a baseline to help compare phase changes after alkali activation.
According to published XRD patterns, since the reactive Ca/Si ratios range between 0.68 to
1.29, the XRD pattern on these peaks is expected to be fully compatible with nanocrystalline
and turbostratic tobermorite [35].

Similarly, the XRD patterns of SS1P2 are illustrated in Figure 13. The only difference
between SS1P1 and SS1P2 is the sequence of mixing. Sodium silicate in solid form had
a chance to dissolve first in solution SS1P1. A small peak of CH appeared immediately
after the concrete hardened in the 1-day sample, and the intensity decreased in the 7-day
sample and remained relatively unchanged in the 28-day sample. Regarding the C-5-H
asymmetric broad peak at 29.2° 26, which can be seen more clearly in Figure 13b, a sharp
peak occurred in the 1-day curve and then hid under the hump that went up in the 7-day
and 28-day curves.
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Figure 13. XRD patterns of SS1P2 (a) 0° to 40° and (b) where the C-S-H humps appear. (a) XRD
patterns of SS1P2 (0° to 40°); (b) XRD patterns of SS1P2, where the C-S-H hump appears.
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Figure 14. XRD patterns of (a) S52.1 (0° to 40°) and (b) SS2.1 where the C-S-H humps appear. (a) XRD
patterns of S52.1 (0° to 40°); (b) XRD patterns of SS2.1 where the C-S-H hump appears.
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Figure 15. XRD patterns for (a) SS3 (0° to 40°) and (b) SS3 where the C-S-H humps appear. (a) XRD
patterns of SS3 (0° to 40°), (b) XRD patterns of SS3 where the C-S-H hump appears.

Figures 10 and 15 illustrate the XRD results of SS2.1 and SS3. The formation of C-S-H
after 7 days was faster in the 552.1 samples compared with SS3 specimens. Upon inspection,
it can be seen in Figure 14b that the intensity of 7-day samples at 29.2° 20 has not changed
significantly compared with the 28-day samples. This figure may explain why for the
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552.1 samples, the major proportion of the strength had been achieved by the end of the
seventh day.

In Figure 15, while the intensity of the XRD results at 29.2° 26 was very low after
1 day, the intensity increased after 7 days and again on the 28th day. This increase in the
peak of the C-5-H over time suggests that the Ca/Si ratio may not been suitable initially.
However, more dissolved calcium became available after 7 days to form more C-5-H with
highly soluble silica available in the SS3 samples.

4. Conclusions

This study employed a new method to predict final products of red mud-slag-based
alkali-activated materials (RM-AAMSs) using comprehensive phase analysis. Different types
of red mud samples have been investigated to evaluate their potential as the precursor for
alkali-activated materials (AAMs), and the following conclusions can be drawn based on
results presented in this investigation:

e  Although the XRF results present general ideas about the chemical compositions of
precursors, AAMs should not be designed solely based on XRF analysis. A quantitative
method could be employed to optimize the mix design of AAMs;

e A quantitative crystalline phase analysis of RM samples could identify various crys-
tals along with mass percentages. Information about types and hardness of these
crystals could help in understanding whether certain crystals may contribute in alkali-
activation reactions (AARs). Increasing the concentrations of alkali solutions to dis-
solve the aforementioned crystals in the RM samples could unnecessarily increase
material costs and adversely affect mechanical properties;

e  Certain RM may contain hard crystals that can be considered micro-fillers and may
enhance the mechanical properties of AAMs;

e A quantitative amorphous phase analysis of RM samples could be used to identify
essential components for alkali-activation reactions, including the percentages of
reactive calcium, silica, and alumina. Reasonably accurate estimations of the final
products of AARs could be possible with the help of this information.

e A ternary diagram based on the total concentration of reactive CaO, SiO,, and Al,O3
can be created after a quantitative analysis of the crystalline and amorphous phases of
the precursors for AAMs, such as RM and slag. This diagram could help predict the
final products of alkali-activation;

e  The new analysis technique for RM samples presented in this paper could successfully
predict final product types, which is critical in optimizing the mix proportions of
RM-slag-based AAMs;

e Depending on the amount of reactive alumina in RM samples, the formation of N-A-
S-H and C (A)-S-H traces in the final products of AARs is possible. However, C-S-H
was the major product of RM-slag-based AAMs for this study, which controls the
mechanical properties of the AAM samples.

e  Since the nanocrystals of C-S-H contribute to strength development, the Ca/Si ratio
should be optimized in the design of AAMs based on RM, slag, and alkalis. Through
the optimization process the amount of soluble silica, which would be available in
sodium silicate solutions, is critical and should be considered in the calculation of Si.
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