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Bauxite residue (red mud) is a solid waste resulting from the aluminum production industry. Disposal or landfill of
the red mud (RM) poses irreversible environmental problems; therefore, it is compelling to find practical solutions
that can mitigate the negative environmental problems of RM stacking storage. In the past decades, although the
recycling of RM has achieved significant progress, challenges remain from both academic and practical
perspectives. Previous studies have demonstrated that all the aluminosilicate-based solid wastes have pozzolanic
activity, and thus can be considered as resources to manufacture eco-friendly cementitious materials to relieve the
carbon emission burden. Therefore, combining RM and other solid wastes to manufacture green cementitious
materials has become a promising route to alleviate the burden of environmental pollution. However, challenges
from the fluctuation of the chemical compositions, inert activity, heavy metals stabilization, efflorescence, the side
effects of the second pollutions from solid wastes, the hydration process, and mutual interaction mechanisms
between the various types of solid wastes are still unclear, especially for multi-components RM-based cementitious

materials.

red mud solid wastes microstructure characterization durability

| 1. Introduction of Bauxite Residue (Red Mud)

Bauxite residue, also called red mud (RM), is the main solid waste in the aluminum production process. Currently,
the annual disposal amount of RM has reached over 60 million tons, and over 1.3 billion tons in total are stacking in
China, but with a recycling rate lower than 5% . In Europe, dry stacking storage of RM was started about 50
years ago, and even at present, there are still many stacking storage places existing in Europe 28 and the

negative effects of RM stacking have created significant environmental concerns.

As is well known, although the solubility of Al(lll) in water is quite low, it keeps increasing with an increasing pH
value. In the Bayer process, bauxite ore was mixed with a sodium hydroxide solution in a pressure vessel at 150 to
200 °C to extract sodium aluminate [AI(OH)4]". As a result, the bauxite residue (red mud) was a high pH value
material due to the high concentrations of calcium and sodium hydroxide along with a complex chemical
composition, and it has become one of the main solid wastes that pose significant environmental problems.
Although RM has been considered as solid waste, from the perspective of materials chemistry, it is a promising raw
material for manufacturing cementitious materials due to the fact that the main chemical compositions of RM are
primarily composed of iron oxides (5-30%)), titanium dioxide (2—15%), calcium oxide (0—20%), silicon oxide (5—

50%), and undissolved alumina (0—20%) &l which ensure the potential pozzolanic activity of the RM. A previous
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study found that the replacement of RM in ordinary Portland cement could reduce the total porosity of 7 d mortar
samples compared with the controlled cement samples, although the total porosity of the 90 d samples with a 20%
RM replacement was slightly higher than controlled cement and cement/fly ash samples. For the pore size
distribution, it was claimed that the replacement of RM in cement could increase the volume of the pores with sizes

smaller than 100 nm due to the pozzolanic activity of the RM and the filling effect of the fine RM particles 8.

Despite RM having a similar chemical composition to aluminosilicate and showing a potential pozzolanic activity, its
inert nature has significantly confined its application to cementitious material directly. In the 1980s, through an
alkali-activating method, Prof. Joseph Davidovits issued his patent by inventing a high-strength cementitious
binder, named “geopolymer” . From then on, the related research of aluminosilicate cementitious materials has
developed rapidly. It was demonstrated that the hydration products of ancient architecture are stable zeolite-like
phases [0 and other studies have also claimed that the hydration products of metakaolin-based
aluminosilicate are gradually transformed from C-S-H, C-A-S-H, and N-A-S-H to a stable zeolite structure 1. For
the aluminosilicate, it was found that the hydration degree is governed by the molar ratio and alkali content of the
activator. It was pointed out that silica tetrahedral monomers, which were beneficial to the formation of a final
hydration product gel phase, could be formed by using water glass as the activator 22, Previous studies have
claimed that the activation process of aluminosilicate is mainly divided into two steps, namely, the bond-breaking

process and the bond re-organizing process of Ca-O, Si-O-Si, Al-O-Al, and Al-O-Si in raw materials 13,

Although previous studies have demonstrated that RM can be used in manufacturing Portland cement and calcium
sulfoaluminate cement, such as for supplementary cementitious materials in blended cement measuring about 1.5
million tons 4151 as building materials such as bricks and tiles (about 300,000 tons), and as landfill/roads/soil
amelioration (about 500,000 tons) 28 most RM is dry stacked in various areas, and over 90% is not recycled. In
2020, the International Aluminum Institute launched a Roadmap for maximizing the use of RM in cement, in which
details on how to recycle the RM cement production and knowledge gaps and barriers, including soluble sodium,

activation, and leaching problems, were summarized 2],

In the past decade, the exploration of up-cycling use of solid waste as raw materials to manufacture eco-friendly
cementitious materials has attracted extensive interest worldwide due to the huge environmental burden resulting
from the stacking and landfill of these solid wastes 812120  previous studies have demonstrated that
synergistically using various solid wastes is a promising approach to mitigating the challenges of the fluctuation of
the chemical compositions, non-activity, heavy metals immobilization, and the side effects of secondary pollutions
from solid wastes; however, the hydration process and mutual interaction mechanisms between the various types
of solid wastes are still unclear, especially for multi-component RM-based cementitious materials. Although several
outstanding review articles have extensively summarized the research gaps and challenges of RM recycling
technologies [2H[22128124]  including how to combine RM and other solid wastes to manufacture eco-friendly
cementitious materials, what is the optimized mixture proportion, what are the main hydration products, what are
the mutual interaction mechanisms, and what are the practical application protocols, were barely systematically
discussed. According to these challenges, in this entry, how RM was up-cycled by combining it with other solid

wastes, including lime, coal gangue, metakaolin, slags, fly ash, and husk ashes, is reviewed, and the interaction
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mechanisms and influencing factors are summarized in the following sections (Although the sections are divided by
using the types of solid wastes as the sub-headings, they are not limited to binary systems). This entry is not only
beneficial for understanding the hydration mechanism of RM combined with other solid wastes when preparing
eco-friendly cementitious materials, but it is also a guideline for potential practical applications in low-carbon

constructions.

| 2. Lime

Lime is a calcium-containing mineral mainly composed of calcium oxide and calcium hydroxide. The alkali nature of
lime is beneficial for activating the aluminosilicate contents in RM to form a cementitious binder phase, such a C-S-
H or C-A-S-H which contributes to the mechanical strength of the material. In the early 1990s, the mechanical
properties of RM/lime bricks were investigated in India. It was found that with a 5% lime addition, the maximum 28
days compressive strength can reach 3.75 MPa, and with an 8% lime addition, the maximum 28 days compressive
strength can reach 4.22 MPa, provided there are humid curing conditions. In this entry, the chemical compositions
of RM were SiO, (6-10%), Al,O3 (19-26%), Fe,03 (23-31%), TiO, (20-27%), CaO (2—-4%), K,O/Na,0O (4—-7%),
and LOI (8-11%). The lime was a fully hydrated class C lime and although the authors did not implement any
microstructure analysis, they still provided a few potential mechanisms that might explain the RM hydration. First,
lime is beneficial for forming large size aggregates with the flocculation of fine RM particles; second, the
carbonation of lime forms CaCO3; which provides the cementing action; and third, the pozzolanic reaction of lime
with the RM generates new hydration products due to the preferential absorption of Ca cations rather than the

alkali cations on the RM particles (22,

In 1996, a Jamaica-based research group further investigated the strength development of the RM/lime system.
The main composition of the RM in this entry was SiO, (3—-8%), TiO, (6—7%), Al,O3 (16.5%), Fe,O3 (43-50%),
CaO (6—9%), K,O/Na,O (2-5%), and LOI (10-12 %). The main difference in chemical composition between these
two studies resides with the TiO, and Fe,O5. This entry had two additional steps than Arjun’s work. First, the
mechanical properties were significantly enhanced. The 28 days compressive strength reached 15-18 MPa, and
122 days compressive strength reached 18-22 MPa and apart from the mechanical properties, this entry moved a
big step forward on the microstructure characterization. XRD, DTG, and SEM were used to characterize the
hydration products. The XRD results indicated that the strength enhancement was mainly associated with the
formation of stratlingite (CoASHg) and carbonates. One thing to be noted here is that a small amount of silica fume
was mixed with the RM/lime system, and the ratio of the lime and silica fume was 2:1 to form the calcium silicate
phase [26],

After twenty years of development, although the mechanical properties were not palpably improved, the
understanding of the RM/lime system has made considerable progress. Mymrin's study demonstrated that once
mixed with lime waste and furnace slag, the 3, 7, 14, and 365 days compressive strengths of RM were 1.8, 3.4,
6.2, and 11.2 MPa, respectively. In this entry, the chemical compositions of the RM were SiO, (11.7%),
TiO5 (15.2%), Al,O3 (12.6%), Fe,03 (35.5%), CaO (14.8%), Na,O (4.6%), and MgO (1.1%). The lime waste was
composed of SiO, (0.7%), MgO (28.3%), CaO (45.1%), Al,O3 (1.1%), and Fe,O3 (0.9%). In this RM/furnace slag
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system, although the amount of the lime waste was only about 3%, the compressive strength showed a sharp
increase of over 50% higher than the non-lime addition samples. Unfortunately, the reaction mechanism of the lime
was NOT deeply elucidated although the authors had tested the XRD and SEM of the hydrated samples 27,

A recent study reported the mechanical properties of RM/lime systems incorporated with fly ash. The RM in this
entry was obtained from two locations, and the chemical compositions had a slight difference. The chemical
compositions of the RM received from the Shandong aluminum industry Co., Ltd. were Na,O (6.21%),
Al,O3 (17.37%), SiO, (14.03%), SOz (0.45%), CaO (9.56%), TiO, (4.87%), and Fe,O3 (24.87%), and the RM
received from the Weigiao pioneering group Co., Ltd. were Na,O (5.84%), Al,O3 (22.25%), SiO, (10.78%),
S0O3 (0.91%), CaO (2.90%), TiO, (4.91%), and Fe,0O3 (33.16%). In addition, the effective CaO and MgO contents in
the lime were about 55%. The proportion of RM was varied from 17.5% to 75%, and the lime contents were varied
from 2.3% to 45%, with fly ash and soil used as the balance. In this entry, the ratio between the lime and fly ash
was used as a parameter to test the effect on the mechanical properties. The results indicated that the best
proportion of this system should be 50% of lime and fly ash with a ratio of 3:2, 35% RM, and 15% soil. After being
cured at room temperature with a relative humidity of 95%, the optimized 7 d and 28 d unconfined compressive
strengths were 1.8 and 2.3 MPa, respectively. Via XRD and SEM/EDS analysis, the authors concluded that the
main early strength was originated from the formation of CazAl,Og, and the boehmite (c-AlIO(OH)) and goethite
(FeO(OH)) were the active components in the RM that reacted with the lime and fly ash. Furthermore, the late

stage strength was originated from the formation of C-S-H and CaAl,Si,Og-4H,0 phases [28].

Several impact factors on the mechanical properties were presented, including water content, lime content, dry
density, molding water/lime ratio, porosity/volumetric lime content, and microstructure. It was concluded that the
unconfined compressive strength increased non-linearly with an increasing lime content from the dry density
perspective. For the impact of the water/lime ratio, the reduction of this value was beneficial to enhance the
mechanical properties, and it followed a power function. In addition, the decrease of porosity/volumetric lime
content ratio had a positive effect on strength enhancement, but no quantitative relationship could be obtained. The
authors gave an empirical equation to calculate the unconfined compressive strength of the RM/lime cementitious
materials including the above-mentioned factors, shown as:
Q = 4.93E + 11[n/(L,)*>11 (1)

where Q is the unconfined compressive strength, n is the porosity, and L, is the volumetric lime content [22],

Apart from contributing to the mechanical properties, the addition of lime in RM has an important positive effect on
immobilizing the heavy metals and soluble ions when considering the environmental concern of solid wastes’
recycling. Although Garau’s study was not focused on investigating the RM/lime system for manufacturing
cementitious materials, they did shed a light on the possibility of immobilizing heavy metals by using the RM/lime
system with zeolite as additives in polluted soils. The results indicated that the soluble Pb, Cd, and Zn contents
could be reduced in acidic soil; however, due to the main purpose of this entry was not the investigation of

cementitious materials, the interaction mechanisms between the RM and lime were not discussed 3. Similar
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studies have also demonstrated that the heavy metals in soils can be immobilized by using RM along with lime (1]
[32),

Based on the studies in soils, in this decade, researchers have started to explore the feasibility of using lime to
improve heavy metal immobilization in RM-based cementitious materials. In an RM and Pb/Zn smelter waste
system that contained arsenic and heavy metals, the RM showed observable potential cementitious characteristics.
The leaching and toxicity testing results demonstrated that the concentrations of heavy metals were significantly
dependent on the chemical speciation of arsenic and the hydration products. In this RM/sludge waste system, the
aluminum oxide could be activated by lime effectively to form hydration products. For example, some aluminum
positions in the ettringite lattice could be replaced by iron to form calcium sulfoferrite hydration products. The 28
day compressive strength reached 12.05 MPa, and the concentration of As was 0.6 mg/L. It was claimed that this
system meets the requirements from the China Standard of Leaching Test and, therefore, can be used as an eco-

friendly cementitious material 22!,

A most recent study investigated the leaching of Cu, Pb, and Zn in an RM-based cementitious binder by using lime
as a key element to improve the heavy metals immobilization ability of the RM binder. It was found that the
leachate concentrations of Cu, Pb, and Zn from the RM binder decreased significantly with the increase of lime
content. The leachate concentrations, with values of Cu (100 mg/L), Zn (100 mg/L), and Pb (5 mg/L), satisfy the
requirements of the Ministry of Environmental Protection and the requirements of GB5083-2007. According to the
microstructure analysis, it was concluded that the heavy metals enter the ettringite lattice resulting in chemical
trapping. The SEM image shows that in the RM cementitious binder phase, the unreacted hematite presents in the
form of large particles, and with an increasing CaO content and pH value, the particle size of the ettringite reduced
and attached to the surface of the large hematite particles which is beneficial for heavy metal fixing on the particles.
When heavy metals are fixed on the surface of the particles, the SO,2 in the ettringite phase is replaced by other
acid ions in the solution. Although this entry gives a potential heavy metal immobilization mechanism for the lime in

RM, it was not enough to directly prove this assumption based on the SEM and TGA results alone 24!,

Although it has been widely accepted that the addition of lime is beneficial to enhance the mechanical properties of
RM-based cementitious materials due to the ability of lime activating the aluminum oxide and silica in RM, the
conflict between the early age strength and workability is still the main practical challenge. In addition, although
current research has used a few microstructure characterization methods, the real enhancement mechanism of the
mechanical properties is still unknown, especially concerning the early age strength. The hydration products,
microstructure evolution process, and the reaction rates of the diverse phases remain unclear. Furthermore, it has
been proved that lime has a positive effect on heavy metals immobilization, and while the potential mechanism has
been presented, agreement has not yet been achieved. Therefore, it is essential to elucidate the mechanical
enhancement mechanism through a quantitative advanced microstructure analysis, thus, helping to design a RM

eco-friendly cementitious materials system.

| 3. Coal Gangue
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Coal gangue is a solid waste that is produced during the mining and washing of coal. Due to coal being the largest
energy resource, the accumulative amount of coal gangue has reached approximately three billion tons in China
and keeps increasing annually along with coal mining activities. It has become one of the largest industrial solid
wastes that needs to be dealt with. Due to the main chemical compositions of the coal gangue being SiO, (52—
65%), Al,O3 (16—-36%), Fe,05 (2.28-14.63%), K,O/Na,O (1.45-3.9%), CaO (0.42-2.32%), MgO (0.44-2.41%),
TiO, (0.90-4%), and P,0Og (0.007~0.24%), it is feasible to recycle the coal gangue as a potential resource for

manufacturing cementitious materials.

In 2009, Zhang et al. explored the possibility of incorporating RM and coal gangue to manufacture eco-friendly
cementitious materials. The authors defined the RM/coal gangue mixture as a “silica/alumina-based cementitious
material”. The RM and coal gangue with a ratio of 3:2 were homogeneously mixed with a water/solid ratio of 0.3.
The mixture was calcined at 600 °C for 2 h followed by being air-cooled and ball milled to a powder, then
subsequently the calcined mixture (50%) was blended with blast furnace slag (24%), clinker (20%), and gypsum
(6%). In this entry, the chemical compositions of RM were SiO, (17.78%), Al,O3 (6.27%), CaO (37.52%),
Fe,O3 (12.32%), K,O/Na,O (3.21%), MgO (1.15%), TiO, (3.27%), SO3 (0.49%), and loss of ignition (17.76%).
Meanwhile, the chemical compositions of the coal gangue were SiO, (49.41%), Al,O3 (21.32%), CaO (2.52%),
Fe,03 (6.02%), K;O/Na,O (4.29%), MgO (1.56%), TiO, (0.94%), SO3 (0.65%), and loss of ignition (12.75%). The
slag and the clinker were mainly composed of SiO,, Al,03, CaO, Fe,03, and MgO. Through the microstructure
analysis, it was found that the main hydration products of the RM/coal gangue system were ettringite, calcium
hydroxide, and C-S-H binder phase, in which the C-S-H phase and the ettringite contributed the mechanical
properties at the early age. The SEM morphologies of the 28 day and 90 day samples demonstrated a dense
amorphous C-S-H layer on the non-reacted RM and coal gangue particles. The EDS results indicated that part of
the C-S-H phase had changed into a N-A-S-H structure with an increasing hydration age. The authors also agreed

that further investigation was necessary to explain this phenomenon 21,

Based on this assumption, two years later, the authors systematically investigated the microstructure development
of the RM/coal gangue system with the presence of lime. Before the lime was mixed with the RM/coal gangue
system, the raw materials and the preparation procedure were the same as in their previous study. The dosage of
the lime was 10%, 15%, and 20%, and the XRD, FTIR, and TG/DTA were combined to investigate the
microstructure development procedure. It was claimed that the hydration products were mainly the aluminous C-S-
H and CazAl,04xH,0. The TG results indicated that the high amount of Ca (OH), in the pastes was not conducive
to the continuous increase of non-evaporable water content. A big step forward of this entry was that the authors
used the 2’Al MAS NMR to investigate the coordination state of the Al in the hydration product phases. The results
indicate that the content of All in the C-A-S-H phase remained relatively constant during the hydration progress,
while the content of All®l in CasAl,O6:xH,0 increased significantly with the elongation of the hydration time.
Although this entry shed a light on the role of the Al in the RM/coal gangue system, the lack of Si analysis caused
the unclear Al-Si-O structural description 8. Similar XRD, FTIR, and TG/DTA testing results were implemented to

further confirm the hydration process of the RM/coal gangue system [37138],
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To further understand the structure of Al, Si, and O in an RM/coal gauge system, the 2°Si MAS NMR was
implemented to fill in this knowledge gap. The 2°Si MAS NMR testing results revealed that the polymerization
degree of the tetrahedral structure of [SiO,] increased when increasing the hydration time. The form of the [SiO4]
was Si(Q2) and Si(Q3) in the amorphous C-A-S-H gel. In addition, the polymerization degree of tetrahedral [SiO4]

and the amount of [AIO4] combined with [SiO4] in the hydration products reduced with an increase of the Ca/Si
ratio (29,

Apart from the 27Al and 2°Si NMR to investigate the structure of Al and Si, high-resolution transmission electron
microscopy (HRTEM) was also used to observe the morphology and composition of the C-A-S-H gel. The HRTEM
image indicated that the C-A-S-H phase was composed of a continuous amorphous phase and randomly
distributed nanocrystalline with an average size of about 5 nm, shown in Figure 1. From a hydration model, it was
claimed that the hydration process of the RM/coal gangue-based cementitious materials system can be divided into
four types, including (1) the dissolution of the raw materials, (2) the formation of the C-A-S-H and AFt phases, (3)
the condensation process to form hydration products, and (4) poly-condensation of the C-A-S-H phase. It was also

stated that these four types of hydration processes occurred simultaneously with no strict time boundaries 49,

Figure 1. HRTEM images of the C-A-S-H

(0)
phase in the 90 day RM/coal gangue paste with various Ca/Si ratios of (a) 0.95, (b) 1.04, and (c) 1.13 40,

In addition to XRD, FTIR, SEM/EDS, and HRTEM, X-ray photoelectron spectroscopy (XPS) was also implemented
to investigate the microstructure evolution process of the RM/coal gangue system. With a fixed RM to coal gangue

mass ratio of 4.1, the Na/Al and Si/Al molar ratios were about 0.7 and 1:3, respectively. The results revealed that
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the binding energy of the Si 2p in the RM/coal gangue system was lower than the RM and coal gangue raw
materials. After the alkali activation, the RM and coal gangue were both reacted and formed sodium
aluminosilicate. The Si/O was decreased from 1/3.4 to 1/4.0. This phenomenon was considered as proof of the
phase conversion of the crystallized structure to an amorphous structure. Meanwhile, the binding energy of the Al
2p was also lower in the RM/coal gangue system than the RM or coal gangue raw materials, due to the octahedral

coordination in the cancrisilite or because the kaolinite had been transformed into a tetrahedral coordination 411,

Although the mechanical properties have been tested, and the microstructure evolution and the hydration products
have been investigated, the durability of the RM/coal gange system has been barely reported on. The
environmental resistance with exposure to freeze/thaw cycling, chemical attack, or heavy metals or toxic elements
immobilization effects have not been systematically studied. In addition, despite the bonding condition of the Si, O,
Ca, and Al being studied, the phase structure and chemical composition of the hydration products were not
presented. Therefore, future studies should be focused on further microstructure evolution and the hydration

mechanisms of the RM/coal gange system.

| 4. Metakaolin

Metakaolin is a typical aluminosilicate material that is originated from the calcination of clay and kaolinite, which is
beneficial to enhance the pozzolanic reactivity as a resource for manufacturing cementitious materials. Prof.
Joseph Davidovits has demonstrated that metakaolin plays a vital role in the formation of geopolymers. This
statement has also been systematically investigated by Prof. Kriven et al. for decades 42, As a result, it is feasible

to manufacture a RM-based geopolymer by incorporating it with metakaolin.

The mechanical properties of RM/metakaolin geopolymers were investigated and the microstructures and potential
hydration mechanism were investigated. It was found that the replacement of metakaolin by 25% of RM had no
distinctive reduction of the compressive strength. The leaching test result indicated that the concentration of Na in
the leachate was about 100 ppm. Although the RM provided the Al,03, Fe,O3 and oxy-hydroxide, the XRD results
demonstrated that the amorphous cementitious phase was about 90%. The authors also used SEM/EDS analysis
to demonstrate the effect of Si/Al molar ratio on the mechanical properties and stated that the decrease of the

Si0,/Al,O4 ratio would reduce the mechanical properties of the RM/metakaolin geopolymer 431,

Despite the potential feasibility of RM/metakaolin-based cementitious materials that has been reported, it is not
enough to elucidate the potential hydration mechanism by solely using XRD. Kaya further applied XRD along with
FTIR and SEM to explore the activation mechanism of the RM/metakaolin system. The highest content of RM was
40%, and the addition of RM increased the intensity of the XRD peaks of the aluminosilicate, hematite, and
goethite phases. The main FTIR band form of the hydrated RM/metakaolin geopolymer was located at 989 cm™.
Increasing the RM content resulted in a constant band shift to high frequencies, while the intensity of the main

band reduced along with the broadening of the band 44,
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By using FTIR technology, the effects of the Na/Al molar ratio on the mechanical properties and microstructure
evolution process were explored. The results showed that the appropriate Na/Al molar ratio was beneficial to the
geopolymerization process, but a high Na/Al molar ratio would destroy the microstructure of the geopolymers. The
FTIR results, as shown in Figure 2, indicated that the primary band variation was located at 900-1200 cm™ due to
the asymmetric stretching vibration of a Si-O-R (R = Si or Al) bond, which is very similar to the RM/coal gangue
system. In the RM/metakaolin sample, the peak at 1111 cm™ was weaker than the RM raw material, suggesting
an increase of the Al content in the aluminosilicates because of the replacement of the AI** to Si** in the silicon
tetrahedron. This phenomenon revealed the bond breaking of the Si-O-R due to the dissolution and the occurrence
of the geopolymer reaction. Meanwhile, the peak at 1093 cm™ indicated the asymmetric stretching vibration of the
Si-O-R bond, the absorption peak at 807 cm™ corresponding to the asymmetric stretching vibration of the Al-O
tetracoordinate bond, and the absorption peak at 468 cm™ relating to the bending vibration of Si-O-Si and O-Si-O
bonding. Furthermore, the CO, in the air reacted with the alkali and formed a small amount of Na,COs; therefore,
the peak intensities at 1410-1510 cm™ and 879 cm™, which corresponded to the asymmetric stretching vibration
of the O-C-O bond, increased with an increasing Na/Al ratio, suggesting a deeper reaction of alkali with CO, in the

air and a higher degree of the polymerization process 42!,
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Figure 2. FTIR spectra of 28 d coal metakaolin
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In addition to the mechanical properties’ investigation, the RM/metakaolin cementitious material was also
investigated as a remediation of arsenic pollution. It was claimed that the RM/metakaolin system can be used as
an eco-friendly and low-carbon cementitious material to alleviate the arsenic release from arsenic-containing

sulfide minerals. It was found through QXRD results that arsenic could be effectively stabilized via the ion
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exchange in ettringite, Ca/Fe-As precipitation, and the encapsulation of the cementitious hydration products. The
leaching testing results indicated that the leaching concentration of arsenic in the 28 days geopolymer samples
was slightly higher than the 7 days samples. The XPS results also demonstrated that the As(V) concentration was
enhanced from about 10% to 20% after being cured for 28 days due to the formation of Fe-As and Ca-As
compounds. In addition, the effect of the pH value on the arsenic leaching concentration was higher than the

temperature, and a stable pH value was ranged from 2 to 5 48],

Metakaolin-based geopolymer has been investigated for decades and the microstructure evolution, hydration
products, and mechanical properties have been studied systematically; however, the durability of the metakaolin-
based geopolymer is still the main challenge. The efflorescence problem and the alkali—silica reaction problems are
still the primary shortcomings of the metakaolin-based geopolymer materials. How to immobilize the soluble ions

and stabilize the alkali and heavy metal elements should be considered as the biggest challenge in future studies.

| 5. Slags

Although the synergistic use of RM/slag as an eco-friendly cementitious material has been investigated for
decades, and the microstructure evolution, hydration process, and potential hydration product composition have
been presented, agreement on the hydration process and mechanisms of this system is yet to be achieved. Steel
slags or ground granular blast furnace slag (GGBS) is a type of granular powder material that is obtained from iron
and steel-making. Previous studies have demonstrated that slag can be used as a good cementitious material due
to its pozzolanic activity with high calcium and silicate contents (47481491 Simjlar to other solid wastes, the chemical
compositions of slags vary significantly depending on the origin of the steel ore. In general cases, the chemical
compositions of slags are CaO (30-50%), SiO, (28—38%), Al,O3 (8—24%), and MgO (1-18%). Apart from the
chemical composition, another important factor for the recycling of slag as cementitious materials is the reactivity of
the raw materials. Slow cooling of slag will lead to high contents of unreactive crystalline Ca-Al-Mg silicates
phases. As a result, the slag must be rapidly cooled or quenched below 800 °C to prevent the crystallization of the

Ca-Al-Mg silicates phases.

In early 2000, the RM/slag system was introduced for cementitious materials. The alkali-activated RM/slag
cementitious materials were prepared with a slag/RM mass ratio of 7:3. The microstructures were observed, and
the potential hydration mechanisms were presented via XRD, TG/DTA, IR, and TEM/EDXA characterization.
Although the authors did not clearly demonstrate the chemical compositions of the activators, and thus it is difficult
to understand the hydration mechanism, the results can still provide some valuable information. The XRD results
indicated that the hydration products were mainly composed of C-S-H gel with a low Ca/Si ratio. The content of
the B-C,S decreased with an increase of curing time and for the samples that were steam cured at 80 °C, no
zeolite minerals were detected. The TEM/EDXA results claimed that the hydration products were amorphous C-S-

H gels with a fibrous shape and dissolved with a small amount of Al,O5 and Fe,05 59,

The authors also investigated the mechanical properties and durability, including the resistance to carbonation,

seawater, acid, sulfate, and freeze/thaw cycle attacks of this RM/slag system. The mechanical properties testing
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results indicated that the 1 d, 3 d, 28 d, and 180 d compressive strengths and bending strengths were 20.0, 28.1,
56.0, and 66.5 MPa, and 3.3, 4.9, 8.4, and 9.9 MPa, respectively. The durability testing results indicated that this
RM/slag system had an outstanding chemical resistance performance and freeze/thaw resistance. The
microstructure observation demonstrated that the hydration products were dense and integrated without
crystallized products B,

After decades of development, the RM/slag cementitious material has achieved considerable progress. Through
aligning the moduli of water glass and curing condition, the optimized preparation condition of the RM/slag
cementitious material was achieved by using a sodium silicate solution modulus of 2.0, with a RM to slag mass
ratio of 1:1. The 7 day compressive strength achieved 54 MPa at 25 °C. A novel hydration process characterization
method was implemented by using the electric conductance curves of the fresh slurry of the RM/slag mixtures. The
results demonstrated that the electric conductance curves of all samples were divided into two stages, as shown
in Figure 3. At the early age of the hydration process, the ion concentrations were relatively high in the fresh paste
because of the dissolution of the aluminosilicate material which contributed to the increase of the electrical
conductance. With the extension of the reaction time, the electrical conductance decreased palpably due to the
reduction of the mobile ions resulting from the geopolymerization process. This method briefly confirmed that the
reaction stages of the RM/slag system without considering the water loss 52,
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slag/RM prepared with sodium silicate solution of R = 2.0 [22],

Although the mechanical properties have been significantly improved in the past decades, the durability problem is
still the biggest challenge of the RM/slag system. As a result, it is compelling to explore how to control the early age
failure of this cementitious materials system. For the durability challenges, one of the most important failure types
is efflorescence, which is a typical phenomenon of alkali-activated cementitious materials. In Kang’s study, it was
found that the efflorescence was governed by the diameter of the capillary pores. The acceleration of efflorescence
was originated from the increase of the capillary pores with a diameter ranging from 10-1000 nm, and the moisture
content was also a key factor that determined the efflorescence. The main chemical components of the
efflorescence were sodium compounds including Na,CO3 and NaxSOy4, due to the solution and precipitation along
with the wet/dry cycles of the material 53] Except for the sodium compounds, another study also found the
existence of CaCOzs in the leached salt through XRD characterization [24]
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In concrete constructions with exposure to aggressive environments, the corrosion of the rebar resulting from
chloride attack was the top challenge for the Portland cement concrete; however, it was found that the chloride
penetration resistance in the RM/slag cementitious materials was much lower than in the ordinary Portland cement
concrete. For the RM/slag mortar, when the content of chloride salt was lower than 0.5 wt% of the cementitious
material, the average corrosion current of the steel bar was negligible. With the content of the chloride salt
increased to over 0.5 wt%, the corrosion phenomenon started to become observable and was proportional to the
content of the chloride, while the corrosion current of the steel bar was proportional to the chloride content. The
critical chloride content was 0.3 wt.%, and the passivate degree of the geopolymer mortar was greater than the

normal cement mortar 22,

Most recently, ultrafine RM powder was used to prepare an RM/slag cementitious material and its workability was
investigated. In this contribution, the ultrafine RM powder with 920 m2/kg specific surface area was obtained by
900 mesh sieving after grinding. The microstructure was characterized by FTIR, XRD, MIP, and SEM/EDS
analysis. It was found that the RM could extend the setting time and the hydration process of the ultrafine RM was
faster than that of the coarse RM. Furthermore, the ultrafine RM was more beneficial to improve the slurry stability
and mechanical properties than the coarse RM. The microstructure characterization results indicated that RM
played a filling role in the geopolymerization process, and a reduction of the particle size could increase the
reactivity of the RM. In addition, the iron components in ultrafine RM could also have participated in the

geopolymerization process 28!,

Similar to lime, which is beneficial for enhancing the early age mechanical properties, the conflict between the early
age strength and workability of the RM/slag system is the primary challenge for practical applications. Furthermore,
the hydration rates of the main chemical composition in slag and RM were not clear. The metastable hydration
products, final hydration products, and the microstructure evolution process need to be determined. Chemical

additives which fit this system should be developed to satisfy the requirements for practical applications.

| 6. Ashes

Coal fly ash, husk ash, or corn straw ash are all solid wastes composed of aluminosilicates. This chemical
composition guarantees the potential feasibility of recycling them with RM to manufacture cementitious materials.
The mechanical properties and microstructure of the RM/fly ash system were investigated and compared with
metakaolin-based geopolymer materials. The results indicated that the metakaolin-based geopolymer had higher
mechanical properties than the RM/fly ash geopolymer, and the metakaolin-based geopolymer had a shorter curing
time than the RM/fly ash geopolymer because of the higher reactivity and smaller particle size of the metakaolin
powder compared with that of the RM. The microstructure analysis demonstrated that the metakaolin-based
geopolymer had some reprecipitated NaOH or Na,COj crystals, while some plate or needle-like shaped crystals
were found in the pore space of the RM/fly ash system. The mechanical properties of the RM/fly ash geopolymer
were not stable and were affected by multiple factors such as the origin of raw materials, concentration of

activators, and curing conditions. In addition, this investigation suggested that the raw materials with a higher
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reactivity, higher Si/Al ratio, and higher concentration of alkali concentration can have a positive effect on the

mechanical properties of the geopolymers 57,

The mechanical properties and microstructure evolution of the RM/fly ash system were affected by multiple factors,
including curing temperature, curing time, and chemical compositions of the raw materials. It was found that the
curing humidity had little effect on the improvement of mechanical properties. In addition, the compressive strength
and the modulus increased with an increasing curing time. The XRD results indicated that the crystallized
components in the raw materials were difficult to dissolve during the geopolymer process, and thus remained as
filler in the final geopolymer products. The SEM/EDS analysis confirmed that the mechanical properties were
governed by the Si/Al and Na/Al ratios. The nominal Na/Al molar ratio of 0.6—0.8 with the nominal Si/Al ratio of 2.0
was the optimized proportion for preparing geopolymers with various sources of raw materials 8. Similar results
were obtained by the investigation of XRD, FTIR, SEM, and TG, etc. [B2I6d(61]

Apart from the mechanical properties, the authors also investigated the durability and leaching behavior of heavy
metals of the RM/fly ash system. With exposure to sulfuric acid of a pH value of 3.0, it was found that the
compressive strength, flexural strength, and Young’'s modulus decreased by 30%, 70%, and 45%, respectively,
compared with the control OPC samples. SEM, XRD, and FTIR results confirmed that the deterioration of
mechanical properties was mainly originated from the dissolution of the amorphous binder phases. This dissolution
process stopped after 7 days of soaking. The leaching testing results indicated that the concentrations of the As,
Cu, Cr, and Cd in the leachate solution of the RM/fly ash samples met the US EPA standard, and the leaching

behavior of the heavy metals was independent of the curing temperature 2],

Except for the XRD, SEM, FTIR, or TG, Mid-Infrared spectroscopy (MIR) was used to detect the microstructure
evolution of the RM/fly ash cementitious materials. Figure 4 gives the MIR spectroscopy results of the mixed raw
materials and the 7 days RM/fly ash materials with fly ash contents of 0 wt.% (RFG-1), 14 wt.% (RFG-5), and 19
wt.% (RFG-7), respectively. As can be seen in this figure, in the MIR pattern of the raw materials, the absorption
band at the 3610 cm™, which corresponds to the Ca-OH, was relatively strong due to the existence of the
Ca(OH), phase, while in the pattern of the RM/fly ash system, the intensity of the band at the 3610 cm™
was relatively weak due to the occurrence of the pozzolanic reaction. Meanwhile, the absorption band at 3557
cm™! corresponded to the stretching vibration of the Si-OH in the mixed raw materials. The 3416 cm™ in the RM/fly
ash system represented the octahedral structure of [AI(OH)g]®™ in the AFt phase. Quantitative calculation of the
MIR results demonstrated that the integration degree of the sample with fly ash content of 14 wt.% was the
strongest, suggesting the highest quantity of the [AI(OH)g]*~ phase contributed to the development of the
mechanical properties. The band at 1626 cm™ represented the bending vibration of H-O-H, the 874
cm™! represented the asymmetric O-C-O, and the 1453 cm™ represented the CO5~2 resulting from the carbonation

of the materials €3I,
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materials and samples with fly ash contents of 0 wt.% (RFG-1), 14 wt.% (RFG-5), and 19 wt.% (RFG-7) after 7 d
hydration (631,

Excluding the fly ash, the rice husk ash is a giant branch of solid waste that is originates from agricultural
production. The chemical contents of rice husk ash are similar to fly ash, which is mainly composed of
aluminosilicate. As a result, it is feasible to utilize the rice husk ash and RM to manufacture eco-friendly
cementitious materials. Recently, the mechanical properties of the RM/rice husk ash system were investigated. The
results showed that the 28 days compressive strength can reach the range of 6.8 to 15.5 MPa 4], The heavy
metals leaching test results indicated that the RM/rice husk ash system could immobilize the leaching of the heavy
metals, including Cu, Zn, Cd, Pb, Fe, and Cr, based on the European (EN 124572-2 EU CEN TC292/ CEN TC 308)
standard with a pH value 7 : however, the microstructure evolution and the hydration process were not

investigated in these studies, which leaves a big opportunity for future studies.
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