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Abstract: Alkali-activated cementitious materials (AAMs) are a kind of low-carbon building
materials. This review considers the related research on the AAMs to systematically summarize the
results on its materials composition and performance influencing factors. The precursor material is
mainly industrial solid waste containing Al>Os and SiO,. The alkali activator (AA) is compounds
containing caustic alkali and basic elements, which can provide alkaline environment. Meanwhile,
some new green precursors and AAs are summarized in this review. The main mechanism of alkali-
activated reaction is that the hydroxide ion from the AA nucleophilically attacks the covalent bonds
of Al-O and Si-O in the precursor material, which generates Si(OH)4 and Al(OH)4. They generate
three-dimensional network gel of tetrahedral structure of [SiOs] and [AlO4]" through
polycondensation reaction, which form cement stone-like block material after setting and hardening.
Too high or too low AA concentration is detrimental to the workability and mechanical properties
of AAMs. When the ratio of Na/K to Al is small, the mechanical properties of AAMs is reduced.
When the Ca content in the AAM is high, calcium ions enter the polycondensation chain and reduce
the degree of polymerization and mechanical properties of the aluminosilicate gel phase and
increase the shrinkage deformation. The hydration products in the AAM are free of calcium
hydroxide, calcium aluminate hydrate, ettringite, etc., and can resist the erosion of acid and sulfate
media. With the development of the theory and technology of AAMs, it may be used to completely

replace ordinary Portland cement in the future.
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1. Introduction

Ordinary Portland cement (OPC) is the most widely used construction cementing material in
the world and can be used in the construction of dam, airport, and other engineering fields (Wang
etal., 2020). The coal is burned to calcinate limestone during the production process of OPC. In the
process, a large amount of carbon dioxide is released. Meanwhile, a large amount of solid waste,
such as fly ash (FA), is also generated. In the cement industry, around 800 kg of carbon dioxide is
produced for every production 1000 kg of OPC, which accounts for around 6%-9% of global carbon
dioxide (Geng et al., 2019). The carbon dioxide is a greenhouse gas, which can increase the earth
temperature, cause frequent natural disasters, and pose a serious threat to people lives and properties.
Therefore, low-carbon, zero-carbon or negative-carbon building cementitious materials are needed
to replace OPC completely or partially according to the properties of different engineering fields.
Precursor materials are mainly based on industrial solid wastes containing silica and aluminum
oxide as raw materials (Deng et al., 2021; Gavali et al., 2021). These materials are not gelatinous or
have very weak cementing properties. When alkaline compounds are used as activators, precursor
materials are stimulated to form the same or similar chemical composition of the hydration product
of OPC (Calcium silicate hydrate (C-S-H) gel), which is named as AAMs (Parathi et al., 2021).
Therefore, they are low-carbon building cementitious materials.

In the 1940s, alkaline materials are firstly mixed with slag and then the AAM is prepared
(Zhang et al., 2020). In the 1950s, the industrial production of AAMs is realized by the former
Soviet Union for the first time (Zhang et al., 2020). At the end of the 1970s, the aluminosilicate
material is used as the precursor, which has [SiO4]* and [AlO4]*> structures. Under the action of the
alkali activator (AA), a new type of three-dimensional network structure of the polyaluminosilicate
cementitious material is prepared. Therefore, hydration products structure of some AAMSs is
significantly different from OPC, so they have specific properties, such as high strength, low heat
of hydration, and good durability. Its preparation process is simple, and emissions of CO, can be
reduced during the production process compared to OPC, which is one of the important ways to
achieve carbon emission reduction (Xue et al., 2021). Meanwhile, the resource utilization of solid
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wastes can be realized. In recent years, the research and application of AAMs have attracted
extensive attention from civil engineers.

Recently, the research on AAM is very active, and it is constantly developing towards low-
carbon, eco-friendly, and high-performance. Shi et al. (2019a) systematically reviewed low-carbon
cementitious components and proved that AAM plays an important role in the sustainable
development of building materials. Albidah (2021) reviewed the impact of alternative materials on
the freshness and mechanical properties of AAMs. Meanwhile, because AAM paste tends to have
high viscosity and hardening rate, Lu et al. (2021) reviewed the ways to improve the rheological
properties of AAM. Li et al. (2019a) focused on summarizing the mixture design method of alkali-
activated FA- round-granulated blast furnace slag (GGBS) binder, and considered the properties of
raw materials, the type and amount of activator, and the curing regime. In addition, Fu et al. (2021)
reviewed the microstructure evolution and durability of FA-based geopolymer. Further, Zhang et al.
(2017) and Tabhri et al. (2021) reviewed the long-term service performance of AAM in complex
environments, and discussed the corrosion of steel bars, alkali-silicon reaction, permeability and
resistance to carbonization. As the research of AAM is updated rapidly, it is necessary to review the
latest material composition and performance influencing factors on AAMs.

The domestic and foreign research progress on the selection of raw materials and performance
influencing factors of AAMs is reviewed. Looking forward to the future development prospects of
AAMs. In terms of the selection of raw materials, the commonly used raw materials for AAMs
include FA, metakaolin (MK), GGBS, and other industrial wastes containing high silicon/aluminum
and low calcium. Commonly used AAs are sodium hydroxide, calcium hydroxide, sodium carbonate,
water glass, and their mixtures. Meanwhile, some new green precursors and AAs are summarized.
In terms of performance influencing factors, the type and concentration of the AA, the ratio of
Si/Na/K to Al, the content of Ca, and the type and content of water have a greater impact on AAMs.
Therefore, AAMs can be used to replace OPC, which is a type of low-carbon cementitious materials

that meets green and sustainable development.

2. Selection of raw materials
Two key components of AAMs: (a) precursor materials (aluminosilicate source), solid waste
that may contain Al, Si, and Ca, et al.; (b) AA (alkaline solutions), e.g. NaOH, KOH, Na,SiOs,
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K2SiOs, et al. In addition, like traditional cement-based materials (CBMs), aggregates such as sand
and crushed stone are also necessary for AAMs.
2.1. Precursor materials

Ternary diagram of SiO.-Al,O3 and Fe;Os-CaO containing in precursor materials is presented
in Fig. 1. The commonly used precursor materials are aluminosilicate materials contained FA, MK,

GGBS, rice husk ash (RHA), and palm oil fuel ash (POFA).
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Fig. 1. Ternary diagram of SiO2-Al203 and Fe203-CaO containing in precursor materials.

2.1.1. Fly Ash

The FA is formed by pulverized coal entering the furnace at 1300-1500 °C, after being
subjected to heat absorption by the hot surface under suspension combustion conditions, and it is
then cooled. The 250-300 kg of the FA usually needs to burn 1 ton of coal. It mainly comes from
the tiny ash particles collected in the flue gas of coal-fired power plants. The main chemical
components of FA are oxides of silicon, aluminum, iron, calcium, magnesium, etc., as shown in Fig.
2(b) (Temuujin et al., 2004). It has potential chemical activity. The morphology is mainly in the
form of spherical structure with diameter in the range of 1-20 um (Fig. 2(a)), which is generally
beneficial to the fluidity of AAMs (Temuujin et al., 2004). The FA can be divided into low-
calcium/high-calcium FA according to the content of CaO or free CaO. For example, the content of
CaO (>8%) or content of free CaO (>1%) is the high calcium FA. Generally, the low-calcium FA
is used as the precursor material when the FA-based AAM is prepared, as listed in Table S1
(Supplementary File). However, due to the fast setting speed and high availability of class C high
calcium-FA under alkaline conditions, it has not been widely used as the precursor materials

(Rattanasak et al., 2011).
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Fig. 2. SEM and EDS image of FA (Temuujin et al., 2004).

2.1.2. Metakaolin

The MK is anhydrous aluminum silicate (Al.O3z 2SiO2) formed by dehydrating kaolin
(Al203 2Si02 2H,0) at 800 °C for 6 h. The molecular arrangement of the MK is irregular (Fig. 3(a)),
it presents a thermodynamic metastable state, and has cementing properties in the AAM (Wianglor
et al., 2017). Due to the amorphous phase hump in the XRD pattern (Fig. 3(b)), MK has higher
reactivity under alkaline conditions (Gbozee et al., 2018). The network structure of the
aluminosilicate gel can be formed by depolymerization-polymerization process when the metastable
state of the MK is reacted with AAs. The metakaolin in the concrete is a powdered state and usually

has the small size and high specific surface area.
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Fig. 3. SEM and XRD image of MK (Wianglor et al., 2017; Ghozee et al., 2018).
2.1.3. Ground-granulated blast furnace slag
The GGBS is the micronized slag powder with a high-fineness and high-activity obtained by
water-quenched blast furnace slag. The GGBS is a traditional industrial waste residue, which is a
pozzolanic active material. GGBS is the angular and irregular particle with a smooth surface, as
presented in Fig. 4(a) (Deng et al., 2021). It contains active SiO, and Al.Os (Fig. 4(b)), which can

chemically react with the AA at room or high temperature to form gels with a stable structure. For
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example, the GGBS can be activated by lime containing high amount of CaO, and the C-S-H gel is
then produced (Kogbara and Al-Tabbaa, 2011). Therefore, the GGBS can be used as a precursor

material.
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Fig. 4. SEM and XRD image of GGBS (Deng et al., 2021).

2.1.4. Biomass ash

Globally, agriculture produces approximately 140 billion metric tons of biomass waste each
year, and the ash produced by calcination of these agricultural wastes is called biomass ash
(Martirena and Monz@ 2018). Rice is the main food crop in Asia, and the ash from the burning of
its shell is called RHA. According to the different calcination temperature, as the internal carbon
content decreases, its color gradually changes from black to white. Meanwhile, during the
calcination process, the decomposition of organic matter leaves a large number of small pores inside
the RHA, as presented in Fig. 5 (Kang et al., 2019; Lertwattanaruk et al., 2018). Therefore, RHA
has a higher porosity and specific surface area, so that it has a water retention function and plays an
internal curing role in the cementitious component. The reactivity of RHA is closely related to its
amorphous SiO; content, which is affected by the calcination temperature (Table 1) (Martirena and
Monzd 2018). Generally, RHA obtained with a calcination temperature of 600—700 °C has good
pozzolanic activity. Higher calcination temperature (800—1000 °C) leads to the crystallization of
SiO; similar to cristobalite and phosphate quartz in RHA, thereby reducing reactivity. In addition,
RHA generally contains a small amount of KOH, which is also beneficial to increase the pH value

of the system and make RHA react further.
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Fig. 5. SEM and XRD image of RHA (Lertwattanaruk et al., 2018; Kang et al., 2019).

Table 1. The influence of calcination temperature on the chemical composition and activity index of RHA.

Calcination temperature Al,O Ca Fe.0 K2 Mg P.0 Na; LO Ref.
SiO; SO3 28-d NCS
(Time) 3 o 3 (0] o 5 [¢] |
Muthadhi and
89.4 2.6 0.8 0.9 2.2 1.26
500 °C (120 min) — 0.62 1.16 2.09 Kothandaraman.
7 9 3 3 7 (10%)
(2010)
92.0 0.9 4.0 0.5 15 Bie et al. (2015)
600 °C (60 min) 0.1 0.07 0.53  0.96 0.11 1.1 (10%)
9 7 4 5 2
0.9 3.6 0.4 14 1.23 Bie et al. (2015)
600 °C (120 min) 0.1 93 0.07 045 091 -
2 2 6 8 (10%)
934 0.9 3.2 0.4 3.2 Bie et al. (2015)
700 °C (60 min) 0.12 0.07 0.37 0.68 0.27 1.07 (5%)
2 2 6 4 4
Venkatanarayana
1.6 0.1 1.35
800 °C (40 min) 0.26 92.4 0.3 0.38 1.24 n and Rangaraju.
3 1 (15%)

2015

*NCS: 28-d normalized compressive strength (replacement level).

POFA is also a common biomass ash used in AAMs. The morphology of POFA is spherical,

and its main crystalline phases are cristobalite and quartz, while some researchers think that they

are mullite and quartz (Fig. 6) (Sarde et al., 2021).

$3400 15.0kV 8.1mm x1.00k SE

Fig. 6. SEM and XRD image of POFA (Sarde et al., 2021).
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Sugarcane is the largest crop in the world, and the ash that is burned after extracting syrup from
bagasse is called sugarcane bagasse ash (SCBA). Meanwhile, the ashes produced by burning end-
cuts of canes and sugarcane leaves are called sugarcane straw ash (SCSA) (Cordeiro et al., 2017).
Both SCBA and SCSA are porous structures and contain a large amount of amorphous SiO2, which
makes them have the potential as a precursor. Due to the difference in calcination temperature,
SCBA may contain different contents of crystal phases (e.g. quartz and cristobalite). Villar-Cocina
et al. (2008) believed that when the calcination temperature was 800-1000 °C, the performance of
SCBA was better. Meanwhile, the SiO» content in SCSA and SCBA is low, which can improve its
purity by pretreatment. The researchers found that the content of SiO, without pretreatment was
73.4%, while the SiO, content after hot water washing and acid treatment was 83% and 95%,
respectively (Cordeiro et al., 2017).

The use of biomass ash to replace the main precursor has become a trend, because in most
countries, biomass power plants produce a large amount of biomass ash every year. Meanwhile,
crop wastes such as olives, corn ears, corn stalks and cotton husks all produce ash after being burned,
and contain part of active SiO, but they contain high potassium content, which makes it possible to
replace activators.

2.1.5. Other solid waste powder

A large amount of solid waste powder with SiO; and Al,Os as the main components is used to
produce AAMs, such as waste glass powder (WGP), water treatment sludge powder (WTS) and so
on (Abbas et al., 2020). The city produces a large amount of solid waste every day, which becomes
municipal solid waste incineration fly ash (MSWI) after being processed and incinerated (Jiang et
al., 2019). The researchers used MSWI to replace the main precursor to prepare AAMs, and verified
the feasibility of using MSWI to prepare AAMs, as listed in Table S2 (Supplementary File).
Pretreatment methods such as washing can reduce the chloride and sulfide content in MSWI, thereby
improving its reactivity under alkaline conditions (Jiang et al., 2019).

With the development of urbanization and industry, a variety of sludge solid wastes are adopted
as precursors in AAMs, for example, WTS (Pham et al., 2021), dredged sludge (Lang et al., 2021),
and papermaking sludge. Mafsa et al. (2021) used WTS to replace part of clay to prepare AAMs,
and found that Al,O3 and CaO in WTS promoted the formation of C-A-S-H and C-S-H gels.
Meanwhile, the reaction activity of WTS can also be increased through acid treatment and heat
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treatment, so that it can exert pozzolanic activity. The main components of many kinds of sludge
are SiO; and Al,Os3, but due to differences in the raw materials and treatment processes, they also
contain CaO and FeO3 (as presented in Table 2). The content of SiOz and Al,O3in WTS is relatively
high, while the content of CaO in dredged sludge, waste sandstone sludge, and paper sludge ash is
relatively high, and part of the sludge contains heavy metal ions.

Table 2. The main chemical components of municipal sludge.

Slud Fe;0O Cu Mg Na, Pb Ce Mn La, Ref.
Sio; Al,03 Ca0O K20 SO; TiO: P20s LOI
ge 3 o [¢] [¢] (o] (o)} [e] Oz
Lang et
DS 42.2 21.6 7.2 8.2 12.8 2 3 31 al.
(2021)
Pham et
uw 0.7
26.4 28.3 5.4 1.2 7.7 0.5 11 29.5 al.
TS 1
(2021)
Pham et
CWT
311 47.7 43 1 5 3.4 0.3 1 6.2 al.
S
(2021)
Nimwin
CWT
59 24.6 0.7 15 6.6 11 4.1 14 14 yaetal.
S
(2016)
Saleh et
18.
GS 41.2 12 3.7 3.9 8.6 04 0.3 11 4.7 0.3 18 14 al.
7
(2021)
Clausi
WSS 435 8.3 19.5 17 2.4 0.2 4.2 0.4 18 etal.
(2018)
Mengas
16.4- 9.1- 43.5- 0.2- 0.4- 0.2- 2.7- 0.1- 0.3- 0.0 0.1- 0.01-
PSA ini etal.
25.7 18.9 61.2 13 0.9 11 5.2 1.6 0.7 4 0.5 1.03

(2021)

* DS: Dredged sludge, UWTS: Untreated WTS, CWTS: Calcined WTS, GS: Glass sludge, WSS: Waste sandstone
sludge, PSA: Paper sludge ash.

At present, WGP from a variety of sources is used to produce low-carbon AAMs, including
windows glass, container glass, display screens, cathode tubes, and fluorescent lamp glass, etc (Sun
etal., 2017). Because WGP is rich in SiO and alkali metal oxide (e.g. Na2O), gel nucleation occurs
around it. Tho-In et al. (2018) used container glass and fluorescent lamp glass to replace part high-
calcium FA to prepare low-carbon AAM, and found that the performance of specimens prepared

with 20% of container glass was better than that of the control and experimental groups with
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fluorescent lamp glass. Sun et al. (2017) found that under the condition of alkali activation, the
surface of glass particles was accumulated by continuous size gel particles to form a relatively
smooth gel surface. Under the same conditions, the surface of the WGP was relatively rough,
consisting of 2-3 pm spherical gel particles (as presented in Fig. 7). This was mainly due to the
rapid dissolution of SiO; in the glass under alkaline conditions, which caused the product to

precipitate on its surface.

ACMAL 10.0kV'21.3mm x20.1k SE(V)

Fig. 7. SEM image of glass particle (a), and glass powder (b) (Sun et al., 2017).

At present, highly active GGBS and FA are still the main precursors in AAMs, while other
materials with high-content Al,O3 and SiO; are used as partial substitutes. Two or more precursor
materials can be mixed to meet the corresponding engineering requirements after being ground into
powder by adjusting the Al/Si ratio in SiO; and Al;Os.

2.2. Alkali activator

The AA is similar with chemical catalysts, usually is caustic alkali and basic elements such as
sodium silicate, sodium hydroxide, and so on. The AA activates the precursor material to form a
cementitious material. It has an important influence on the type, mechanical properties, thermal
properties, volume stability, setting time, etc. of AAMs. The hydroxide ions in the AA can
nucleophilically attack covalent bonds of Al,O3 and SiO; in the precursor material, causing them to
break. The binary/ternary-based AAs are often used to activate precursor materials.

2.2.1. Hydroxide activators

The dissolution of hydroxide activators (e.g., NaOH, CaOH, KOH, LiOH, CsOH, RbOH)
produces OH- to promote the dissolution of the precursor, which is caused by the mutual diffusion
and ion exchange of solutes (such as alkali cations, H,O and OH") and aluminosilicate network
modifier cations (such as Ca?* or Na*), as shown in Eg. (1). In an alkaline environment, the Si and

O bonds in the aluminosilicate are broken, as presented in Fig. 8 (Garcia-Lodeiro et al., 2015).

-10-
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Meanwhile, -O-Si and -OH attract electrons to make Si atoms lose electrons. When the dissolved
monomer or alumina (AI(OH)*) and oligomeric silicate reach a certain concentration, they
combines to form a new aluminosilicate network (intermediate structures, C-A-S-H, or N-A-S-H)
and release some hydroxyl groups (Garcia-Lodeiro et al., 2015).
Na™ (aluminosilicate network) + H;O (aq) = H* (aluminosilicate network) + NaOH (aq) (1)

Generally speaking, as the alkalinity of the activator increases, the dissolution of the precursor
increases. However, researchers think that the concentration of alkali hydroxide should match the
concentration of soluble Al in the system, so that the molar ratio of Al/alkali metal in the binder is
about 1. In addition, high alkalinity may cause flowering in AAMs, and also reduce the degree of
polymerization of silicate (substrate spacing of C-(N)-(A)-S-H gel and average silicate chain length),

which is detrimental to the long-term durability of AAMs.

T T T T ] i
O=——gj_, —§5—0 HO —0=— g; _ g—0M g ‘ 0
/ 0 \ / I~—~0H 40— ‘\ /51 “—OH—4M0— S"\

o 0 ) 0 0 Y

Fig. 8. The schematic diagram of the Si—O-Si bond breakage by the action of OH".

2.2.2. Silicate activators

Sodium silicate (Na2O xSiO;) is one of the most commonly used silicate activators, and its
aqueous solution is usually called water glass. It can ionize hydroxide ions in water, which can break
the covalent bonds of Al,O3z and SiO- in the precursor material (Egs. 2-4). The modulus x in the
sodium silicate is the molar ratio of SiO, to Na;O, indicating its composition ratio. The larger the
modulus, the more difficult to dissolve in water. When the x is 1, the sodium silicate can dissolve
at room temperature. At x>3, steam above 4 atmospheres are needed to dissolve. Meanwhile, the
greater modulus of sodium silicate, the greater content of silicon content, and its viscosity is high.
Therefore, the sodium silicate corresponding modulus is selected as the AA according to the
properties of the precursor material. For example, an industrial-grade sodium silicate solution is
used as an AA, and its modulus is 2.2 (Yan et al., 2021). Concentration and molar ratio (SiO2/M-0,
M is Na or K) are important indicators to control the effect of silicate activators, and the two

indicators affect each other. i.e., when silica modulus does not change, an increase in concentration

-11-
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increases the viscosity of the activator and make it unstable. Usually, alkali hydroxide is used to

adjust the modulus of silicate activators, thereby depolymerizing the polysilicate species.

NaySiOs=2Na* + SiO3z* (2)
SiO3?% + 2H,0=H3SiO4 + OH" €))
H3SiO4 + H,0= HSiO4 + OH- (4)

2.2.3. Carbonate activators

Only a few carbonates such as Na,CO3 and K,COs can be fully dissolved in water, however, a
few slightly soluble carbonates (Li2CO3) are also used as activators. The Na,COs is known as soda
ash, is easily soluble and ionize in water. Finally, carbonate and hydroxide ions are produced, so the
pH of the solution is alkaline, as shown in Egs. (5-7). The hydroxide ions in sodium carbonate can
nucleophilically attack to destroy the covalent bonds of Al,Os and SiO.. The strength development
and setting time of AAMs can be delayed when Na,COs is selected as an AA, which has attracted
less attention (Akturk et al., 2020). However, since the carbonate solution is relatively low in

alkalinity, its activation effect on the low-calcium precursor is relatively low.

Na,COs=2Na* + COz> (5)
CO3% + H,0=HCO3 + OH" (6)
HCO3 + H,0= H,CO3 + OH- (7

2.2.4. Sulfate activators

At present, neutral salt is considered by researchers to be a suitable activator because it can
avoid efflorescence caused by high alkalinity, short construction time and potential impact on the
environment. Because the pH of the sulfate solution is low, it is often used to stimulate high calcium
precursors (e.g. pH of Na;SO4 solution about 8) (Rashad et al., 2013). Although the pH value of the
NazSO;4 solution is low, the pH value of the paste obtained by mixing it with the GGBS can reach
12.0-12.5, which is significantly higher than the pH value of the GGBS-water solution (8.0—10.0)
(Rashad et al., 2013). This may be because the exchange between ions or the hydration reaction of
the calcium-silicate phase in the GGBS is improved. In general sulfate activation system, the
precipitate mainly includes ettringite, calcium sulfate, AFt and AFm (Deng et al., 2020). Since the
pH value of the solution of sulfate activators is low (Fern&ndez-Jiménez et al., 2006), the reaction
rate of the activation system is slow, but when Al,(SO4)s is used as an activator, the cation AI®* is
hydrolyzed into AI(OH). (lowering the pH value), thereby improving the reaction speed of the

_12-
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system. In addition, Hajimohammadi et al (2010). also found that the rapid dissolution of AI**
hindered the dissolution of Si?*.
2.2.5. Other activators

Borate (e.g. Na2B4Oy) is also often used as an activator, and its alkalinity is relatively weak.
For example, the pH value of Na;B4O7.10H,O water solution (0.1-4.0%) is 9.2-9.3, therefore,
borate is often used in combination with hydroxide activators (e.g. NaOH) (Smith and McBroom.
2020). Tetraborate and NaOH generate perborate. It is generally thought that when borate and
NaOH are mixed, the effect of NaOH is better when the concentration is 4-8 M (Smith and
McBroom. 2020). The boron atom in the borate usually replaces the Al in the precursor. However,
some areas think that boric acid is harmful to health, so its application is limited. In addition, some
researchers also dissolve AI(OH)s in an alkaline activator (i.e. NaOH, KOH) to prepare alkali
aluminates, thereby obtaining corner-sharing AlO4 tetrahedra with a three-dimensional network.

It has become a trend to use natural solid waste to replace AAs, because it is relatively eco-
friendly and has not been well utilized. The main components of natural alternative activators are
shown in Table 3. They are usually solid waste materials made of silica and alkali metal oxides,
which can be adopted as sustainable substitutes for commercial alkali silicates and alkali hydroxides.
The composition of most alternative activators has been described in Chapter 2.1. The pH value of
the alternative activator solution is often higher (> 10), and this type of activator often has a higher
potassium oxide content (i.e. Biomass ash). Olive biomass ash contains 17-33% K>0O, which makes
its solution pH above 13.0, so it can be used to replace activators such as KOH (Alonso et al., 2019).
Meanwhile, Al,Oz and SiO; in the olive biomass ash may participate in the reaction, and most of
the olive biomass ash has a porous structure with internal curing effect. De Moraes Pinheiro et al.
(2018) used olive biomass ash to successfully activate GGBS binder had similar or higher
compressive strength than NaOH/KOH-activated GGBS binder. The stalks of crops tend to have
higher potassium content, while leaves have lower potassium content. For biomass ash with low
potassium content, its pH value is often low, so it cannot be directly used to replace AAs, but it can
be used to partially replace activators or act as water glass (Si source). RHA is a low-potassium
biomass ash representative, and its aqueous solution has a pH value between 8.02 and 10.86. Bouz&
et al. (2014) used the reflux method to prepare a mixed solution of RHA and NaOH, and found that
the compressive strength of the fluid catalytic cracking catalyst residue sample activated by the
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mixed activator could reach 31-41 MPa, which was similar to the reference mortar activated by the
mixture with water glass and NaOH. The pH of WGP and RHA are similar (about 10), so researchers
often use it to replace water glass to prepare AAMs. For low-alkaline siliceous waste (e.g. RHA,
WGP), researchers often use chemical means to extract the Si element and prepare an alkaline
activator. The hydrothermal method is one of the most common methods. WGP is dissolved in
NaOH solution at a temperature of 25—-100 <C or ground state in a ball mill, and placed for several
hours to several days, and finally filtered and cooled to obtain AA (Kamseu et al., 2017). Of course,
in the hydrothermal treatment process, the concentration and type of alkali, reaction temperature,
type and fineness of silicon-rich powder, mixing and stirring time are important factors that
determine the efficiency of silica extraction. Generally, increasing the fineness and reaction
temperature of the silicon-rich powder can increase the solubility of SiOj, but the effect of
increasing the concentration of NaOH is not obvious. In addition, some researchers have also
extended the method based on the hydrothermal method and proposed some new methods
(thermochemical-fusion method), which is similar to the hydrothermal method, except that the solid
NaOH and silicon-rich powder need to be mixed in advance (EI-Naggar and El-Dessouky. 2017).
In the process of bauxite mining, a large amount of Bayer liquor and red mud (RM) are also
produced, both of which are relatively alkaline and have the potential to be used as an alternative
activator (Yeetal., 2016). The pH of RM can reach 10.0-12.5, and it mainly contains iron, calcium,
aluminum, silicon, and titanium. However, unlike other waste residues rich in alkali metals, the
sodium content of RM varies greatly (0.4-20.0%), which may be affect the stability of the activator.
In addition, some industrial wastes are also considered as alternative activators, for example, paper
sludge, water glass sludge, and distillation waste from the Solvay process production of sodium
carbonate, as presented in Table 3.

Table 3. Overview of the properties of alternative activators.

Alter

Al K Fe M L
native Si Ca S Na
20 2 20 g ol pH Ref.
activa 0O o O3 20
3 o 3 [¢] *
tor
85. 0.2 0.2 8.0
0. 1. 0. 0.
58-  5- 1- 0. 6. 2- Bouzdn et al. (2014); Font et al. (2020); Varela Milla et al. (2013); He et
RHA 91 59 19 32
9. 03 0.8 19 69 10. al. (2017)
2 8 2 86
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83 39 26 5
68. 0. 0. 7. 0.
16 7- 0.1
7- 6- 0. 5- 5- 2- 10.  EI-Naggar and El-Dessouky. (2017); Jiang et al. (2019); Tho-In et al.
WGP - 13 -
77. 1. 1 1. 14 0. 2 (2018); Torres-Carrasco and Puertas. (2015); Lu et al. (2020)
26 .8 1.9
5 0 7 3 6
5.2 20 17 0. 0. 13.
0.7 35 13
- 6-  .3- 8- 5- 7- 1- Alonso et al. (2019); De Moraes Pinheiro et al. (2018); Font et al.
OBA - - A4-
23. 271 32 4. 6 1 13.  (2020)
55 6.1 19
6 8 1 0 3 5
39 16 2 0. 16. 2. 8. 10

RM Ye et al. (2016); Li et al. (2019b); Ye et al. (2016)
19. 24 11 o0 3. 7 3 13 14 12

7 0 2 7 3 4 3 5
18. 23
Bayer 4- 2-
- - - - - - - - Jamieson et al. (2016). Jamieson et al. (2015)
liquor 35. 24
6 8
Paper
95 0.
sludg 0.7 1 - 01 - - 50 - Mengasini et al. (2021); Adesanya et al. (2018)
1 8
e
10
Soda 59 0. 3. 4,
24 12 0.7 2 51 - Bilginer et al. (2020)
waste 5 1 3 8
12
13
< <
MSA 21 1 3 30 1 4 30 - Peys et al., (2016)
1 1
14
<
MCA 18 1 1 32 1 2 - 37 13 Peys et al., (2016)
1
11
5. 32 23 0. 7. -
CSA 83 12 0.6 Balo et al. (2018)
3 4 2 7 3 13
3
Oak/b
< < <
eech 2 35 8 3 4 45 13 Peys et al., (2016)
1 1 1
ash

*The chemical composition in the table only includes the chemical composition of the material when it is used as a substitute activator; OBA: Olive

biomass ash, MSA: Maize stalk ash; MCA: Maize cob ash; CSA: Calcined cotton shell ash.

341 3. Performance influencing factors
342 3.1. Types and concentration of alkali activators
343 The performance of AAM mainly depends on the raw materials’ fineness, composition, soluble

344  silicon-aluminum content, etc., among which the composition and content of the glass phase are
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very important. Generally, the glass phase in the precursor only quickly dissolves in an alkaline
environment and forms a gel. Therefore, the types of AAs have an important influence on the
composition, setting time and strength of hydration products. It is known that the hydration product
formed by stimulating the precursor material with sodium or potassium-based AA is mainly K-A-
S-H or N-A-S-H according to the mechanism of alkali-activated reaction. The hydration product
formed by stimulating the precursor material with calcium-based AA is mainly C-A-S-H or C-S-H
or the mixture of the two. In sodium or potassium-based AAs, the radius of sodium ions is smaller
than that of potassium ions, resulting in differences in the generated gel speed and hardening time
(Rahier et al., 2007). As presented in Fig. 9, for the mixed paste of GGBS, FA and RHA, the
activation rate of the strong base NaOH is faster, which leads to the decrease of fluidity (Karim et
al., 2015). Among the three activators (Ca(OH),, KOH and NaOH), the activation rate of Ca(OH)>
is relatively slower, which means that the dissolution rate of the glass phase is slower. Scientists
have confirmed that the structural stability and corrosion resistance of AAMs prepared by sodium
hydroxide is better than potassium hydroxide. However, the mechanical properties of AAMs
generated by potassium-based AA are better than sodium-based. The cost of potassium-based AAs
is usually higher than that of sodium-based. When the sodium silicate is used as an AA, it can not
only provide hydroxide ions but also Si-O, can participate the formation of K-A-S-H or N-A-S-H,
and is conducive to the formation of three-dimensional network gel of [SiO.] (Yan et al., 2021).
Therefore, the single or mixture type-AA is selected according to the requirements of the project.
In addition, some researchers adjust the hardening rate and mechanical properties of AAM by
adjusting the ratio of Na,CO3, NaOH and NazSiOs, as presented in Fig. 10 (Fern&ndez-Jiménez et
al., 2003). However, Luo et al. (2014) found that the microstructure of the GGBS-FA binder
prepared using Na;COs and Na;SiO3 was not as dense as the system activated by NaOH and Na,SiOs.
Fernéndez-Jiménez et al. (2003) systematically studied the performance evolution of the Na;COs-
NaOH-Na,SiOs activated binder system, and found that when the Na,CO3 content increased, the
setting time of AAM was prolonged but the mechanical properties remained basically unchanged,

as presented in Fig. 10(c).
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Fig. 9. The effect of activator type (2.5 M) on the fluidity and setting time of GGBS-FA-RHA paste (Karim et

al., 2015).

*MS = same

Fig. 10. The effect of Na2COs-NaOH-Na2SiOs activators on the setting time of AAM. (a) initial setting time, (b)
final setting time. (c) in which MS is compressive strength; ti is initial setting time; t2 is the time of exothermic
peak of the main product appears (Shi et al. 2019a; Fernadez-Jiménez et al., 2003).

The concentration of the AA affects the dissolution rate of Al,O3; and SiO- in the precursor
material and the mechanical properties of the AAM. When the concentration of the AA is low, the
concentration of hydroxide ions produced is also low, and the ability of nucleophilically attacking
covalent bonds of Al-O and Si-O is weakened. It is difficult to form more Al (OH)s and Si(OH)a.

Meanwhile, the concentration of metal ions is also low, which detrimental to the formation of gel
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structure. The performance of the AAM formed by activating the precursor material with a low
concentration of the AA decreases. Therefore, it is necessary to determine a reasonable
concentration of AAs to optimize the performance of the AAM. For example, the anti-chloride ion
performance, strength, and heat of hydration of AAMSs increases with the increase of the
concentration of AAs (Wang et al., 2005). AAMs have more compact matrix when the concentration
of the AA is increased (Acevedo-Martinez et al., 2012). However, an excessively high concentration
of the AA will reduce the workability and mechanical properties of the AAM. Generally, the optimal
concentration of the AA is determined under specific test conditions. For example, the hydration of
GGBS can be effectively activated when the pH of the mixture solution is higher than 11.5 (Song
et al., 2000). For the MK component activated by NaOH, the reaction exotherm curve is shown in
Fig. 11 (Zhang et al., 2012a). The first peak is the dissolution exotherm of MK in alkaline solution.
The second peak is the heat released by the polymerization of aluminate and silicate monomers to
form the gel. As the molar concentration of NaOH increases, the exothermic heat of the AAM
component increases significantly, which means that the reaction rate of the system increases. As
presented in Fig. 12, the two new bands respectively represent the asymmetric stretching vibration
of the Si-O-T chain in the AAM backbone and the asymmetric stretching vibration of the non-
bridging oxygen site (Zhang et al., 2012a). With the increase of NaOH concentration, the two new
bands move to lower wavenumbers, which indicates that the degree of transformation of Al from
the non-tetrahedral in MK to the Si-bonded tetrahedral in the AAM framework becomes higher.
However, there is no uniform standard for the choice of the modulus of NaOH because of the
difference in the material composition. Some researchers use lower molar concentration NaOH (3
M) to activate the FA-GGBS system, and some scholars believe that high molar concentration
NaOH (10 M) has a better effect on strengthening the mechanical properties of FA-based AAM
(Huiskes et al., 2016). Generally speaking, there is an optimal molar concentration of NaOH for the
activation effect of AAM. As the molar concentration of sodium hydroxide increases, the
performance of AAM first increases and then decreases. Aliabdo et al. (2016a) found that the AAM
prepared by using 16 M NaOH had higher strengths than the AAM prepared by 12 M and 18 M
NaOH. For the ratio of NaOH to Na,SiOg, the range of 0.4 to 4.5 is adopted by researchers, but the
ratio of 2.0-2.5 is relatively more. Of course, there is also an optimal number for the ratio of NaOH
to Na,SiO; for alkali activation, as presented in Fig. 13.
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416 Fig. 11. Effects of molar concentration of NaOH on heat evolution of MK-AAM at 30 °C (Zhang et al.,
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422 Fig. 13. The effect of NaOH to NazSiO: on the strengths of AAM (Posi et al., 2015; Olivia and Nikraz. 2012;
423 Ryu et al., 2013; Joseph and Mathew. 2012).
424  3.2. Ratio of Si/Na/K to Al
425 The ratio of Si/Na/K to Al will affect the strengths and microstructure of AAMs. In the alkali-

426  activated reaction, the Al can promote the reaction rate, the Si can promote the growth of strength,
427  and Na/K contributes to the formation and stability of the three-dimensional network gel structure.

428  Therefore, the performance of the AAM can be improved by adjusting the ratio of Si/Na/K to Al.
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For example, an appropriate increase in the ratio of Si/Na/K to Al can make uniform and dense for
gels structure, which can improve the strengths of the AAM. At the low ratio of Si and Al, the AAM
has a fast setting and hardening rate after the polycondensation reaction of AI(OH)4 and Si(OH)a.
On the contrary, its setting and hardening times are relatively long. Steveson et al. (2005) prepared
AAMs with a Si/Al of 4, and found that when the Si/Al ratio increased from 3 to 4, the compressive
strength of the samples increased from 16 to 48 MPa, and the specimens with high Si/Al ratio had

a denser microstructure (Fig. 14).

Fig. 14. The microstructure of AAM with difference Si/Al ratios (Steveson and Sagoe-Crentsil. 2005).

In the AAM, the AI(OH). unit has a negative charge, and a positively charged Na/K ion is
required to combine with it electrostatically to form a complete unit system. Therefore, 1 mol of
AI(OH)4 unit needs to be combined with 1 mol of Na/K ion. When the ratio of Na/K to Al is small,
the mechanical properties of AAMs will be reduced. When it is higher, excessive Na/K ions will
cause the resulting gel phase to crystallize, thereby reducing its mechanical properties. If elements
Siand Al in the precursor material can be completely dissolved and participate in the reaction under
the action of the AA, the optimal ratio of Si and Al, Na/K and Al is 2 and 1, respectively e (Zhang
et al., 2020). In fact, there will always be some precursor materials that do not participate in the
reaction in the alkali-activated reaction system, and the final mechanical properties of the AAM
depend on the soluble Si and Al e (Zhang et al., 2020). The highest strength of the FA-based AAM
are required to achieve when the ratios of SiO2/Al,O3 and SiO2/Na;O are 2 and 5, respectively
(Bhagath Singh and Subramaniam, 2019). Zhang et al. (2012a) discussed the effect of Na/Al ratio
on the performance of AAM by isothermal calorimetry and other microstructure testing methods,
and found that when Na/Al ratio was less than 1.0, increasing the Na/Al ratio had a significant effect
on improving the reaction degree of MK system (Fig. 15). Meanwhile, Zhang et al., (2012a) also
found that although increasing the ratio of Na/Al ratio could increase the reaction rate of the MK
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system at different temperatures (25—40 °C), the high Na/Al ratio made the effect of temperature on

its final reaction degree lower, as presented in Fig. 16.
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Fig. 15. The influence of Na/Al ratios on the reaction extent of MK system (Zhang et al., 2012a).
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Fig. 16. The influence of Na/Al ratios and temperature on the reaction extent of MK system by isothermal
conduction calorimetry (Zhang et al., 2012a).

3.3. Content of Ca

In the calcium-based AAM, the content of Ca has different effects on the performance of the
AAMs. When the content of Ca is high, calcium ions enters the polycondensation chain and reduce
the polymerization degree of the aluminosilicate gel phase, thereby reducing the mechanical
properties of AAMs, and the shrinking deformation increases (Gomez-Zamorano et al., 2017). On
the contrary, it is detrimental to the formation of C-S-H, and it will also cause the mechanical
properties of AAMs to decrease. A proper content of Ca will promote the formation of C-S-H, and
the AAM has similar properties to cement. Therefore, it is necessary to determine the ratio of
calcium to silicon through experiments, so that the AAM has good properties in terms of mechanics,
heat resistance, crack resistance, and carbonization resistance. For example, the thermal shrinkage
resistance of the FA-based AAM is the best when the content of calcium hydroxide is 8% at high
temperature (Dombrowski et al., 2007). Dombrowski et al. also found that in the Ca(OH).-FA
system, with the increased of Ca(OH). content to 8%, the mechanical properties and high
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temperature resistance of AAM were improved, as shown in Fig. 17 (Dombrowski et al., 2007).
This was mainly due to the presence of aluminosilicate network phase and a small amount of
hydrated calcium silicate phase in AAM with Ca(OH).. Meanwhile, the Ca(OH), as the germ of
the system reaction, accelerated the hydration rate of the product. In addition, Li et al. (2019) found
that in the SiO2-Al,03-CaO system, as the calcium content increased, the reaction rate of the GGBS-
AAM system increased. This study presented that in AAM, calcium was a network modifier that

accelerated the dissolution rate of available precursors, as presented in Fig. 18.
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Fig. 17. Compressive strength of FA-AAM at 111d (Dombrowski et al., 2007).

I: Initial (min)
F: Final (min)

I: 136
F: 151

4
0 0.2 0.4 0.60

Fig. 18. Setting time of AAM in SiO2-Al203-Ca0 system (Shi et al. 2019a).

3.4. Curing conditions

AAM is generally cured at 60—100 °C for 2448 h, and then cured at room temperature, which
is more stringent than the curing regime of ordinary CBMs. Aliabdo et al. (2016b) found that as the
curing temperature increased, the strength of FA-AAM first increased and then decreased.
Meanwhile, Joseph and Mathew (2012) also found that as the curing temperature increased, the
strength of FA-AAM first increased and then stabilized, as presented in Fig. 19. However, for
different precursors and activators (reaction rates of the system), the optimal curing temperature
was also different. GGnez-Casero et al., (2021) used KOH and K3SiOs3 to activate biomass bottom
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ash and steel slag to prepare AAM. It was found that high temperature curing (60 °C) could
significantly increase the early-ages (~28 d) mechanical properties of AAM, but it was detrimental
to the development of long-term strengths, and the strength of the AAM was reduced in 90 days due
to the difference in the microstructure of the gel dehydration. Meanwhile, the room temperature-
cured group (20 °C) obtained a higher 90-day compressive strength. Hoang and Do (2020)
systematically investigated the effect of the curing regime on the dissolution rate of the active
substances in the RM-FA binder, and found that with the increased of the curing temperature (50 to
200 °C under atmospheric pressure), the dissolution rate of active SiO, and Al,O3 in FA and RM
increased under alkaline conditions. Although the dissolution rate of SiO; in RM was low in alkaline
environment, it increased significantly under autoclave curing, and, the dissolution rate of SiO,, and
Al;O3 also increased with the extension of curing time, as presented in Table 4. Hoang and Do (2020)
also found that with the dissolution of SiO. in the RM-FA system, the compressive strength of the
specimen increased linearly. Of course, prolonging the curing time under normal pressure could
also increase the compressive strength of AAM to a certain extent (Fig. 19), but when the curing

time was too long, the gain of the strength of the specimen was not obvious.
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Fig. 19. The effect of the curing regimes on the compressive strength of AAM at 7 days (Joseph and Mathew.
2012; Aliabdo et al. 2016b).

Table 4. Dissolution ability of active composition after difference curing regimes.

Curing regimes Dissolution ratio (%)
Temperature  Time FA RM

(°C) (h) Al203 SiO2 Al203 SiO2

50 10 211 2.23 1.74 0.00

High temperature curing 100 10 314 365 295 0.0
150 10 3.88 4.10 3.02 0.00

200 10 4.25 4.37 3.22 0.00

Autoclave curing 144 10 6.25 8.34 4.25 1.28
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170 10 10.25 9.69 6.25 1.87

188 10 16.35 11.65 7.98 2.38
201 10 20.25 13.72 8.45 2.89
188 4 10.33 10.33 6.42 1.95
188 8 13.65 11.46 7.02 2.08
188 12 17.98 13.00 8.33 2.44
188 16 20.33 18.25 9.03 2.98

In addition to the curing temperature and time, the researchers also investigated the
performance evolution of AAM under a special curing regime (El-Feky et al., 2020). EI-Hassan et
al. (2021) found that for the full-volume GGBS binder, the long-term water-cured group performed
better than the air-cured group and the combination of water curing and air curing group. However,
for different binder systems, the optimal curing regime was also different. For 25%FA+75%GGBS
binder, water cured for 2 days + subsequent air-cured group had the best performance, while for
50%FA+50%GGBS binder, water-cured group had the best performance. El-Feky et al. (2020)
found that the strength of the AAM specimens cured under high temperature conditions (dry, heating
in an electric oven at 80 °C) was significantly lower than that of the water-cured group and the air-
cured group. However, 2 min of microwave treatment could strengthen the compressive strength of
the sample to the highest, as presented in Fig. 20. It can be seen that there are obvious differences
in the optimal curing regime for different AAM systems. However, it has become a possible way to

use combined curing or other new curing methods to deal with AAM.
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Fig. 20. The effect of curing regime on the strength of GGBS-AAM (El-Feky et al., 2020).
3.5. Type and content of water
With the construction of buildings on the seashore or islands, sea sand and seawater are also
used to prepare AAM, but the complex ions contained in seawater have an impact on the

performance and development of AAM (Zhang et al., 2021). Water participates in the dissolution
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of precursor materials and the transmission of internal ions and plays a vital role in the entire alkali-
activated reaction. Seawater and tap water have different effects on the structure and strength of
AAMs. This is because calcium, sodium, and potassium ions in seawater will be incorporated into
the gel structure to form N-A-S-H, K-A-S-H, C-S-H and C-A-S-H or partial mixed gels, which has
an important impact on the mechanical properties and durability of AAMs. Compared with tap water,
seawater-based AAMs generally have well mechanical properties (Kang and Kim, 2020). However,
Shi et al. (2019b) reported that although the microstructure of seawater-based AAM was not
significantly different from that of tap water specimens, the strength of seawater-based AAM was
significantly lower than that of tap water specimens. This is mainly due to the ion exchange between
sodium silicate and seawater. As a result, soluble ions are converted into insoluble products, as
presented in Fig. 21 (Shi et al., 2019b). This process is presented in Eq. (12), CI~ and Na* combine
to form NaCl, forming insoluble SiO, gel and M-S-H gel (as presented in the XRD of Fig. 21),
achieving charge balance, and this process is often accompanied by a decrease in pH (from 11.30
to 11.01) and a decrease in the content of soluble silica in the solution. Therefore, the decrease of

the pH value of the activator and the decrease of soluble SiO. hinder the strength development of

cr Cr - Cristobalite (SiO,)

Cl - Clinoenstatite (MgSiO5)
Calcined
Precipitates c C{: Cr &
Cr |&F 1
Cl
(o] Cr(&crcr

VK

L L L ' '
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Fig. 21. The alkaline solutions composition with top water and seawater (Shi et al., 2019b).
MgCl3+Na0.2.4S8i0>+mH:0—MgO0.nSi02xH,0(M-S-H)+(2.4-n)Si0-(m-x)H,0+2NaCl  (12)
The water-binder ratio can impact on mechanical properties and durability of AAMs, as shown in
Fig. 22 (Zhang et al., 2021). Whether it is seawater or ordinary water, the effect of water-binder
ratio on the performance of the mixture is relatively similar. As water-binder ratio increases, the
fluidity and setting time of the mixture increase. However, a small amount of liquid is detrimental
to the compactness of the mixture and the dissolution of active substances of precursor, which makes
its compressive strength lower. But the excess liquid increases the pore content of the hardened

mixture and reduces the pH value in AAM. When the ratio of water to alkali-excited raw materials
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is low, it is detrimental to the formation of AAMs, the dissolution of precursor materials, and the
transmission of internal ions. Therefore, it is detrimental to strength and durability. On the contrary,
excessive water makes AAMSs have good fluidity and transport internal ions. However, excessive
water reduces the pH of the AAM, thereby inhibiting the reaction. Meanwhile, excessive water
increases internal pores and reduce strength. The best ratio of water and precursor should be

determined according to the type of raw materials, particles size, workability, fluidity, viscosity, etc.

I Slump (mm)
Seawated I Initial setting time (min)

i Compressive strength (MPa)
| I Flow (%)
. I Compressive strength (MPa)

Topwater

5255049549

0.36 039 0.42 0.45 0.36 039 0.42 0.45 036 0.39 0.42 0.45 0.3 043 0.52 0,60 0.71 0.33 0.43 052 0.60 0.71

Fig. 22. The effect of water-binder ratio on the performance of AAMs (Shi et al., 2019b; Zhang et al., 2021;
Sathonsaowaphak et al., 2009).

4. Sustainability evaluation

Fig. 23(a) presents carbon emissions from common precursors and activators. OPC has the
highest carbon emission, which has reached 0.83 kg/kg. As a highly-reactive precursor, MK has a
higher carbon footprint due to the calcination process. From the perspective of reactivity and carbon
emission, FA and GGBS are still better choices. Compared to the precursor, the carbon emission of
the activator is higher. Meanwhile, the most commonly used sodium silicate and sodium hydroxide
have the highest carbon emissions, forcing researchers to develop more eco-friendly activators. Salt
activators and alkaline solid wastes have become alternative activators. The carbon emissions of
AAMs are calculated based on previous studies (Shi et al., 2021a), as shown in Fig. 23(b).
Incorporating solid waste into AAM can significantly reduce its carbon footprint (Foit et al., 2018;
Shi et al., 2021a). The carbon emissions of OPC blends are still significantly higher than that of
AAM. Shah et al. (2021) used lithium slag powder to prepare AAM with 39% lower carbon
emissions than OPC mixture. Meanwhile, Ma et al. (2018, 2019 and 2020) developed a series of
one-component activators to replace traditional activators and found that the carbon emissions of
AAM were significantly reduced. Compared with commercial activators, seeking alternative
activators is still an effective way to reduce the environmental burden of AAM. Mellado et al. (2014)
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used sodium hydroxide reflux, RHA-based activator to prepare AAM, and found that its carbon
footprint was reduced by about half compared to commercial water glass-based AAM. Gao et al.
(2017) also used olivine nano-silica instead of silicate and concluded that the CO, emissions of the
activator were reduced by 20.4-29.0% compared to commercial water glass. It can be seen that the
development of sustainable activators is the key to the production of low-carbon AAMs, but there

are limited studies on the life cycle assessment of novel activators-AAMs.
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Fig. 23. Environmental assessment of raw material (a) and AAMs (b). LP: limestone powder, SF: silica fume,
WBP: waste brick powder (Kathirvel et al., 2021; Ma et al., 2018, 2019 and 2020).

5. Conclusions and prospects

AAMs are a kind of low-carbon building materials. On the one hand, they can realize the
disposal and resource utilization of industrial solid waste and the requirements of sustainable
development. On the other hand, they have similar properties to cement, has broad application
prospects in the field of civil engineering, such as sustainable construction materials, repair
materials, protective coatings, low-cost ceramic materials, porous thermal insulation, functional
composite materials. Researchers have done a lot of basic research on the preparation and parameter
optimization of alkali-activated cementitious materials (AAMs) and achieved fruitful results.
Although researchers have done a lot of work on the performance enhancement of AAMs, the
shrinkage deformation, flowering, phase stability and its long-term effects still need to be further
studied. The following conclusions and prospects can be drawn:
(1) AAMs are a type of low-carbon building cementitious materials. The alkali activator (AA)
activates the precursor material to generate the AAM through the combined process of

decomposition and polycondensation. It is unquestionable that more green and sustainable
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precursors and AA materials will be widely used in the future, but their related reaction mechanisms
and derivative problems need to be further resolved.

(2) Different alkali/alkaline-earth metal-based AAs can activate precursor materials to generate
different types of cementitious materials. The type and concentration of AAs, the ratio of Si/Na/K
to Al, the content of Ca, and the type and content of water can have a greater impact on the
performance of the AAM. The ratio of Si/Na/K to Al will affect the internal structure and
mechanical properties of AAMSs.

(3) The performance indicators such as strength, impermeability, and durability need to be
considered when AAMs are prepared. In the AAM, scientists need to systematically study and
determine the systemic reaction mechanism and stable performance indicators, and formulate
relevant theories and industry standards, so that AAMs will become common building cementing
materials in the field of civil engineering.

(4) It is beneficial to develop low-cost precursors and activators, and it is a challenge to use
activators with low environmental impact to prepare AAM with similar properties. The performance
of AAMs is often difficult to meet application requirements. Their overall performance had to be
improved through physical or chemical modification. For example, the crack resistance of AAMs
can be improved by adding fibers and admixtures. The factors affecting the performance of OPC
should be considered into AAMs, a systematic theory and industry standards for alkali-activated
mortar and concrete have been established.

(5) The mechanism of alkali-activated reaction is complicated, which is different from the hydration
reaction of cement and the polymerization reaction of organic matter. The mechanism should be
studied through current testing techniques, big data techniques, theoretical models, and other
methods. Clarifying the alkali-activated mechanism under different raw materials. By summarizing,
the systemic mechanism of the alkali-activated reaction is obtained.

(6) The performance of AAMs prepared from the same raw material fluctuates greatly due to the
different sources of raw materials. By accumulating preparation data, raw materials and
proportioning standards should be formulated, is similar with the preparation of OPC, to guide the
preparation of AAMs with dense structure, excellent performance and meeting engineering

requirements.
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