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Abstract: This paper represents a critical review on alkali-activated materials (AAM) containing 

organics with high homogeneity at nano-scale (<1 μm). Organics including organosilicons, 

surfactants, water-soluble polymers and epoxy resins can contribute to performance enhancement and 

tailorability of AAM based on their molecular characteristics. Hence, AAM with organics can 

generally possess improved characteristics between organic and inorganic components and may even 

exhibit emerging functional properties. According to the hybridisation modes between AAM and 

organics such as chemical bonding, physical adsorption, electrostatic attraction or phase crosslinking, 

these AAM with organics are categorised into four distinct types: organic-grafted, organic-adsorbed, 

phase-crosslinked and phase-separated AAM. In this paper, the hybridisation modes and reaction 

mechanisms of AAM with organics are summarised, for the first time, followed by a comprehensive 

discussion on the phase assemblage, microstructure, mechanical properties, durability and potential 

applications. Afterwards, the fundamental insights are gained and the remaining challenges for future 

research are identified and discussed. 
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1. Introduction 

Alkali-activated materials (AAM) are a class of inorganic aluminosilicate materials formed by the 

reaction of solid precursors including fly ash, slag and metakaolin with alkaline activator such as 

sodium or potassium silicate and hydroxide [1-2]. AAM have been regarded as a promising alternative 

to ordinary Portland cement (OPC) [3-6]. The global production of OPC reached 4.1 billion tonnes 

in 2020, accounting for approximately 6–8% of global anthropogenic emissions [7-8]. AAM have a 

significantly lower carbon footprint, with production energy consumption and carbon emissions being 

only 40% and 20% of OPC, respectively [3,9-10]. The predominant reaction products within AAM 
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are sodium aluminosilicate hydrate (N-A-S-H) or/and calcium aluminosilicate hydrate (C-A-S-H) 

gels, depending on the chemical composition of the precursors [11-12]. Specific designations are 

employed to represent these AAM systems: AAMK for alkali-activated metakaolin, AAF for alkali-

activated fly ash, and AAS for alkali-activated slag. Moreover, mixtures of alkali-activated fly ash-

slag or metakaolin-slag are denoted as AAFS and AAMKS, respectively. AAM, when prepared with 

appropriate material mix design and curing conditions, exhibit exceptional properties in terms of 

early-age strength, ductility, bonding characteristics and fire-resistance, making them highly suitable 

for a variety of applications, including building restoration, structure protection and 3D printing 

[6,13-16]. However, certain performance deficiencies and controversies of AAM, such as pronounced 

capillary water absorption [17-19], high drying shrinkage [20-22] and susceptibility to efflorescence 

[23-24], would impede their broad utilization in engineering applications. AAM exhibit high 

hydrophilicity (with a water contact angle of less than 30°) and rich pore structure (total porosity of 

30–45% for AAMK), resulting in their high water absorption and corrosive transport performance 

[17-18,25]. A comparative study revealed that the water permeability of AAF concrete (1.52×10–10 

m/s) is approximately 10 times greater than that of OPC concrete (1.73×10–11 m/s) [26]. Additionally, 

the drying shrinkage of AAM is about 2–4 times higher than that of OPC, which promotes the 

formation of cracks and leads to negative effect on durability and long-term performance of civil 

infrastructure made with AAM [27-28]. To tackle these limitations, the incorporation of various 

additives is a commonly employed strategy to enhance the performance of AAM [14,29-30]. Among 

them, the synthesis of organic-containing AAM with improved properties or even new functional 

performance through organic-inorganic hybridisation strategies has recently gained a lot of attention. 

In recent years, organic-containing AAM characterised by high homogeneity at nano-scale (<1 μm) 

have garnered significant attention in engineering materials, particularly construction materials. 

According to the IUPAC standard, these AAM with organics are generally composed of an intimate 

and uniform mixture of the inorganic and organic components, which usually interpenetrate at nano-

scale of less than 1 μm [31]. Thus, they exhibit features that are intermediate between the organic and 

inorganic components and may even have new functional properties, e.g., hydrophobicity, water and 

corrosion resistance [32]. AAM with organics can be synthesised by blending organics with fresh 

AAM via direct-incorporation, pre-dissolution or pre-emulsification [33-34]. The organics 

encompass a range of categories, including micromolecular organosilicons (e.g., silane coupling 
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agents and ionic organosilicons), surfactants (e.g., micromolecular surfactants, superplasticisers and 

alcohol organic compounds), silicone oil, water-soluble polymers or their emulsions, and epoxy resin. 

These organics may be grafted on the initial and final gel matrix through chemical bonding, attached 

to precursor particles and matrix through physical adsorption or crosslinked with the inorganic gel 

network [35-37]. In final AAM systems, the inorganic gel usually plays the role of providing the main 

foundation that is the source of strength. The effect of organics on the synthesis reaction and 

performance of AAM depends on their chemical structure and active functional groups, as well as the 

characteristics of raw materials and the inherent structure within the AAM system. 

Organic-containing AAM with nano-scale homogeneity was initially reported in 2005 in a research 

on the synthesis and thermal behaviour of the epoxy-AAMK composite [38], and numerous 

investigations on these AAM have been subsequently reported, particularly after 2013 [39-43]. To 

date, literature reviews on topics related to the processing routes of organic liquids into AAM [33], 

the rheology of AAM incorporating chemical additives [44-45], hydrophobically modified AAM [46-

47] and the adsorption of organic pollutants on AAM [48-50] have been reported. However, a 

comprehensive review on AAM with organics in terms of hybridisation modes and reaction 

mechanisms between organic and inorganic components is still lacking. 

This paper presents a state-of-the-art review on AAM with organics, focusing on the reaction 

mechanisms, phase assemblage, chemical composition, microstructure, mechanical properties and 

durability in terms of wettability, water absorption, corrosion resistance, volume deformation and 

thermal stability. The potential applications of these AAM are also discussed. Fig. 1 shows the outline 

of this review, where the main focus is placed on inorganic systems of AAM derived from fly ash, 

slag and/or metakaolin as precursors. Organics with stable chemical structures including but not 

limited to rubbers, cottons, superabsorbent polymers, organic fibres, vegetable oils and mineral oils 

are excluded. They can be used as aggregates or toughening materials but are generally considered 

incompatible with cementitious materials at micro-scale [30,51-58]. 
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Fig. 1. Outline of this review. 

2. Hybridisation modes of AAM with organics 

Due to the different molecular structures, sizes and functional group types of organics, their 

binding forms and sites with inorganic materials are significantly different. Based on the hybridisation 

modes of organic and inorganic components, AAM with organics can be categorised into the 

following four distinct types (Fig. 2). 
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Fig. 2. Schematic illustration of hybridisation modes and synthesis reaction mechanisms of four 

types of AAM with organics. 

 Organic-grafted AAM 

In organic-grafted AAM, organics and AAM are mainly combined through chemical bonds, and 

supplemented by van der Waals forces, hydrogen bonds and electrostatic attraction, as illustrated in 

Fig. 2. The main organics are micromolecular organosilicon compounds (hereinafter referred to as 

organosilicons) such as silane coupling agents and ionic organosilicons, which can undergo chemical 

bonding with inorganic species and phases in alkaline solutions (Tables 1 and 2) [59-61]. The general 

chemical structure of organosilicons is R-Si-X3, where R represents an organic structure, typically a 

carbon or -C-O- chain that may incorporate various functional groups such as vinyl, amino, epoxy, 

ester and urea [62-63]. X denotes a hydrolysable functional group, containing methoxy, ethoxy, 

chlorine, etc. These groups can undergo hydrolysis in alkaline solution, yielding silanol active 
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structures (Si-OH). Then, covalent bonds of Si-O-Si or Si-O-Al can be formed through condensation 

reactions, facilitating the coupling reactions with inorganic materials [64-65]. Ionic organosilicons 

such as sodium methyl siliconate (SMS) and potassium methyl siliconate (PMS) can also be 

hydrolysed in alkaline solution and engage in polymerisation, leading to the direct chemical graft 

onto aluminosilicate hydrate gels [59,66-67]. These organosilicons typically have molecular weights 

below 300 g/mol and exhibit favourable solubility and dispersion characteristics in alkaline solution 

or fresh AAM slurries (Table 1). They can establish consistent and robust chemical bonds with AAM 

at micro-scale, thereby inducing alterations in chemical composition and microstructure of gel 

particles and clusters [66,68]. Organic-grafted AAM are emerging materials with broad development 

prospects, and more than 90% of related research was reported after 2019 (Table 1). 

 Organic-adsorbed AAM 

In contrast to organosilicons, most organics that can be used as additives for cementitious materials 

lack active structures analogous to Si-OH, rendering them incapable of chemical bonding with gels 

in AAM. In organic-adsorbed AAM, the organics predominantly combine with the solid precursors, 

initial gel particles or final gel network of AAM through physical adsorption caused by van der Waals 

forces and hydrogen bonds [44,69]. Additionally, specific instances may involve the presence of ionic 

and covalent bonds to a lesser extent [69-70]. 

The organics frequently employed in the synthesis of organic-adsorbed AAM are surfactants and 

silicone oil (Tables 3 and 4). Surfactants are amphiphilic compounds composed of hydrophilic 

structures (polar groups such as carboxylic acid, sulfonic acid, sulfuric acid, amino, hydroxyl, amide 

group, and ether bond) and hydrophobic structures (non-polar hydrocarbon chain). Their primary 

function is to mitigate the interfacial tension within target suspensions or emulsions [71-72]. For 

AAM, three types of surfactant additives are commonly adopted: micromolecular surfactants, 

superplasticisers and alcohol organic compounds (hereinafter referred to as alcohols). 

Micromolecular surfactants in cementitious materials primarily offer two essential functions as 

dispersants for various raw materials (e.g., solid precursors, carbon nanotubes, graphene, and fibres) 

[44,73-78] and as stabilisers for foam or oil in fresh systems [48,79-80]. As seen in Table 4, foamed 

AAM are the most common specimen type of micromolecular surfactant-adsorbed AAM, and the 

additive dosage generally does not exceed 2.5% [81-83]. The additive dosage in this review represents 

the mass ratio of organics to the inorganic binder (i.e., AAM paste). Superplasticisers are a special 
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type of polymer surfactant [84]. Superplasticiser molecules have multiple hydrophilic and 

hydrophobic structures, facilitating their adsorption onto precursors and enhancing the workability of 

fresh AAM [69,85]. Alcohols, including ethylene glycol (EG) and propylene glycol (PG) 

monomer/polymer and other glycols, represent a distinct category of non-ionic surfactants. The 

molecular structure of alcohols consists solely of hydroxyl groups and hydrocarbon chains, which are 

often used as shrinkage reducing agents for cementitious materials [86-87]. Polydimethylsiloxane 

(PDMS), a type of silicone oil, has recently been approved effective as a typical organic polymer for 

hydrophobic and anti-corrosion modification of AAM [18,88-94]. In addition to the controversy over 

the stability of superplasticisers in strong alkaline solutions, micromolecular surfactants, alcohols and 

PDMS exhibit robust physical and chemical stability in fresh AAM, implying that they generally do 

not form chemical bonds with AAM [95-96]. 

 Phase-crosslinked AAM 

In phase-crosslinked AAM, organics and AAM predominantly form interconnections via the 

crosslinking of two self-condensation systems, with significant contributions from van der Waals 

forces and hydrogen bonds. The organics involved in this type of AAM are water-soluble polymers 

or their emulsions. Water-soluble polymer monomers possess a molecular structure of carbon-carbon 

double bonds (C=C), providing them the capability to condense and create organic polymer networks 

or films, which can crosslink with inorganic gel networks (Table 5 and Fig. 2) [97-98]. The majority 

of these polymers are esters, capable of preserving their inherent structures and material 

characteristics within AAM systems [99]. With uniform dispersion in water, water-soluble polymers 

can be mixed with surfactants, catalysts and other ingredients in aqueous solutions to prepare organic 

emulsions or latex, which are used to regulate the mechanical properties, bonding characteristics and 

durability of building materials [97,100-101]. The commonly used polymers for enhancing cement-

based materials include polyacrylate, ethylene vinyl acetate (EVA), styrene butadiene rubber, styrene-

acrylic copolymer and polyvinyl alcohol with main functional groups such as ester, alkyl, amino and 

benzene rings [101-105]. Although water-soluble polymers have been widely used in cement-based 

materials, the hybridisation mechanisms and impact of them on performance of AAM have been 

rarely studied (Table 6). 

 Phase-separated AAM 

Phase-separated AAM stand for a composite system where organics and AAM each harden into 
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separated phases connected by hydrogen bonds. Epoxy resin is a polymer compound that exhibits a 

phase transition when exposed to heat or reacting with a curing agent, resulting in the formation of a 

hardened 3D network with high density [106]. In epoxy resin-containing AAM, AAM generally 

dominate as a continuous phase, and hardened epoxy resin primarily exists in the form of solid 

particles with dimensions ranging from 1 to 20 μm [41,107-108]. There exists strong adhesion 

between organic epoxy resin and AAM because of the presence of a nano-scale hybrid interfacial 

transition zone (ITZ) between them [41,107], which can enhance the mechanical properties and 

durability of AAM composite, making the system worthy of discussion in this review (Table 7) 

[41,109-111]. 

3. Reaction, microstructure and properties of organic-grafted AAM 

 Reaction mechanisms 

The incorporation of organosilicons significantly affects synthesis reaction mechanisms of 

organic-grafted AAM by direct participating in the gelation and polymerisation processes. As seen in 

Fig. 2, when organosilicons are introduced into either water or alkaline solution, they undergo swift 

hydrolysis, which leads to the rupture of silicon-oxygen bonds between the silicon atom and 

hydrolysable functional groups (X), resulting in the formation of silanol structures within the 

organosilicon molecules. A state of hydrolysis dynamic equilibrium is typically attained within 20–

30 min upon mixing [68,112-113]. The organosilicon dosage in AAM is generally less than 7% and 

mainly below 2% (Table 2). When organosilicons or their hydrolysates are added into fresh AAM 

slurry, the molecules typically manifest the following distinct physical and chemical behaviour 

[60,114]. Firstly, organosilicon molecules can rapidly adsorb onto precursor, oligomers or gel 

particles through hydrogen bonds. Such physical adsorption in the early-age stage of reaction 

facilitates favourable spatial positions for subsequent chemical bonding. As reaction progresses, the 

adsorbed organosilicons participate in the synthesis of gels in AAM through continuous chemical 

bonding reactions. Some adjacent organosilicon molecules grafted onto the gel can form organic 

networks or films through further self-condensation [60,115]. 

Fig. 3 displays the evolution of heat flow of AAMK and AAFS containing molecular or ionic 

organosilicons. All reaction heat curves exhibit distinct peaks characterised by exceptionally high 

heat flow values within the initial 30 min of the experiment. These peaks are indicative of the swift 

dissolution of aluminosilicate precursors, leading to the release of monomers and oligomers into the 
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alkaline solution [116]. As the reaction proceeds, both AAMK and AAFS experience an induction 

period with low reaction heat lasting around 6–12 h with heat flow less than 0.5 J/g, followed by a 

distinct exothermic peak at 12–48 h, which corresponds to the rapid formation of initial N-A-S-H 

and/or C-A-S-H gels [36,59,117]. In contrast to AAMK, AAFS exhibits a specific exothermic peak 

at about 3 h after the reaction initiation, lasting for approximately 5 h (Fig. 3g), which can be ascribed 

to the initial reaction between the dissolved silicate and calcium sources [118]. The incorporation of 

0.8–3.2% organosilicons of 3-aminopropyltriethoxysilane (KH550), 3-

methacryloxypropyltrimethoxysilane (KH570), triethoxyoctylsilane (S823) and SMS notably 

accelerates the early-age heat release rate of organic-grafted AAM (Fig. 3). Their initial 30-min 

cumulative heat release is almost doubled compared to the plain AAM, primarily owing to the rapid 

hydrolysis of organosilicons accompanied by the heat release in alkaline environments [60]. The 

nature of organosilicons can alter this effect on the early-age reaction of AAM. As seen in Fig. 3a and 

c, adding 0.8% KH550, 1% S823, 1% dodecyltrimethoxysilane, (S1213) and 1% KH570 leads to a 

change in the maximum rate of heat release of AAMK by 138%, 103%, -10% and 62%, respectively. 

Except for S1213 that has a long hydroxyl chain, other organosilicons can be rapidly hydrolysed in 

the first 10 min of the reaction, and the hydrolysis by-products adsorb onto solid particles, with 

concurrent formation of hydrogen bonds that also release thermal energy [115,119]. The reaction 

progress including precursor dissolution and initial gel formation is further facilitated, attributed to 

heat accumulation and heightened alkalinity [60]. Moreover, it can be found that all these 

organosilicons can delay the time reaching the maximum rate of heat release by 0.4–3 min, suggesting 

that the hydrolysis and adsorption rates of organosilicons may be slightly lower than the hydrolysis 

rate of AAM precursor. 

The early-age reaction mechanisms of AAM can be reflected by the evolution of fresh properties 

to some extent. The incorporation of 1–2% KH550 rises the fluidity and consistency of AAMK by 7–

13% and 32–66% respectively [120], whereas 5% KH550, [(2,3-

epoxypropoxy)propyl]trimethoxysilane (KH560) or KH570 reduces the fluidity of AAS by 18–20% 

[121]. The change in fresh properties of AAM results from the competitive balance between the 

dispersion and agglomeration effects following silanol adsorption [120,122]. An appropriate dosage 

of organosilicons (≤2%) can increase the zeta potential of the precursor in alkaline solution, thereby 

reducing particle agglomeration [121,123]. Hydrophobic groups on organosilicons can also diminish 
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the surface energy of precursor particles, consequently enhancing their dispersion characteristics. 

However, organosilicons with over-dosage (>2%) may induce the formation of spherical micelles in 

the system, thereby resulting in particle agglomeration and a subsequent reduction in the mobility of 

fresh AAM [122,124]. 

 

 

Fig. 3. Evolution of (a, c, e, g) heat flow and (b, d, f, h) cumulative heat release of (a, b) AAMK 

with 0.8% KH550, (c, d) AAMK with 1.0% S823/S1213/KH570, (e, f) AAMK with 3.2% SMS, and 

(g, h) AAFS with 1.1% S823 [41,59-60,68]. 



11 

As for the overall reaction, the degree of polymerisation in AAM drops with the addition of 

organosilicons with long hydrophobic hydrocarbon chains or alkyl groups (alkyl-organosilicons), e.g., 

S823, methyltrimethoxysilane (MTMS), SMS and PMS [59-60,66]. The incorporation of S823 

contain a hydrocarbon chain of C8 results in a notable reduction in the intensity of the humps 

representing amorphous phases in AAM detected by the X-ray diffraction (XRD) technique [60]. The 

presence of organic hydrocarbon chains in the gels hinders the condensation of oligomers due to the 

steric hindrance effect [36]. The addition of SMS and PMS, featuring methyl groups, also reduces the 

degree of polymerisation of the final gels. The initial gels bonding with the organic structure [R-

Si(OH)3] exhibits less binding sites compared to the plain gels [Si(OH)4]. As evidenced by 29Si 

nuclear magnetic resonance (NMR) analysis, the addition of 3.2–6.6% SMS results in a slight rise of 

Q2 and Q3 structures by 3–10% in the final AAMK, which can be ascribed to the gel rearrangement 

and organosilicon monomer structures [59]. Q4 units linked to four silicon/aluminate tetrahedra are 

more difficult to synthesise in AAM as the initial gels and oligomers may have been grafted with 

SMS. Therefore, the incorporation of alkyl-organosilicons, often as terminal units, can disrupt the 

continuous development of tetrahedral linkage, leading to an increase in the face/chain gel structure 

and a decrease in the amorphous network structure [59,61]. Additionally, the addition of 3.9% PMS 

reduces the binding energy of Si-OH, Si-O-Si and Si-O-Na bonds by 0.152, 0.153 and 0.594 eV as 

confirmed by X-ray photoelectron spectroscopy (XPS) analysis, indicating a drop in bond strength 

and a reduced degree of polymerisation between constituent atoms within the final gels [67]. However, 

more gel products are generated in AAS with PMS and the Si-O-Si content goes up by 23.4%, 

attributed to the enhanced alkalinity and heat release (Fig. 3). Alkyl-organosilicons with hydrophobic 

structures can also bind to precursors and/or initial gels through physical adsorption or chemical 

bonding, leading to the formation of a protective hydrophobic film that can effectively impede the 

precursor dissolution and the initial gel rearrangement. It is also a main reason for these 

organosilicons to inhibit the degree of polymerisation of gels in AAM [66]. 

For organosilicons with organic functional groups like amino, epoxy, methacrylate and benzene 

(functional-organosilicons), the polarity of the molecular structure plays a crucial role in determining 

the development of gels in AAM. The incorporation of KH550 (with amino) and KH570 (with 

methacrylate) facilitates the polymerisation process of AAM, resulting in the formation of densely 

crosslinked gel networks [111,113-114,121]. KH570 notably exhibits a more pronounced enhancing 
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effect in formation of silicon tetrahedral structures with high degree of polymerisation in AAS, as the 

bridging silicon proportion of C-A-S-H gels increases by 75.18%, as estimated using XPS [121]. 

Amino and methacrylate groups are highly polar and hydrophilic, thus promoting the dispersion of 

precursors and initial gels. This can potentially explain why these functional-organosilicons can 

improve the degree of polymerisation. In contrast, there exist varying conjectures regarding the 

impact of KH560, bearing epoxy groups, on the degree of polymerisation. It was reported that KH560 

slightly inhibits the polymerisation of C-A-S-H gels in AAS, due to the weaker hydroxyl 

polycondensation between epoxy groups and C-A-S-H gels [121]. Aforementioned organosilicon 

dosage, referring to a content of above 2%, noticeably suppresses the reaction and thus reduces the 

degree of polymerisation [114]. For the organic structures with functional groups, longer hydrocarbon 

chains introduce increased steric hindrance, which subsequently inhibits the rates of continuous 

hydrolysis and condensation of organosilicon [111,125]. Regarding hydrolysable functional groups, 

the hydrolysis rate of trimethoxy group is higher than that of triethoxy group, and thus the early 

polymerisation and adsorption of organosilicons with hydrolytic functional groups of low molecular 

weight are more intensive [41]. 

 Phase assemblage and microstructure 

Organic functional structures grafted on gels in AAM can typically be identified through various 

analytical techniques such as Fourier transform infrared (FTIR) spectroscopy, energy-dispersive X-

ray spectroscopy (EDS), XPS, NMR and derivative thermal gravimetry (DTG)/thermal gravimetry 

(TG) [59-60,66-67]. Fig. 4 presents some representative examples of 29Si NMR and FTIR patterns of 

organic-grafted AAM, showing the detected organic structures. 29Si NMR peaks at the chemical shift 

of −40 to −60 ppm are associated with Si atomic sites linked to a methyl, x tetrahedral units and (3−x) 

hydroxyl groups from organosilicon SMS [59,126-127]. FTIR peaks denoting the vibration of Si-CH3 

and C-H bonds appear at wavelengths of around 775/1275cm−1 and 1440/2960 cm−1, respectively 

[128-129]. These results indicate that the SMS molecules can be grafted on the gel structure of AAMK 

to form a modified gel system. Similar organic structures like alkyl-linked Si sites and chemical bonds 

can also be detected in AAS with PMS [67] and AAMK with MTMS [61]. 
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Fig. 4. (a) 29Si NMR and (b) FTIR patterns of organic-grafted AAMK with SMS, indicating the 

detected methyl-linked Si sites and chemical bonds from SMS (adapted from [59,66]). 

It is noteworthy that the thermal stability of these organic structures at elevated temperatures is 

significantly lower compared to that of aluminosilicate gels in AAM. When exposed to temperatures 

of approximately 350–550 °C, organosilicons undergo partial or complete decomposition, resulting 

in a loss of novel emerging properties [60,66,130-131]. Hence, it is imperative to account for the 

temperature and thermal radiation influences when implementing organosilicon-grafted AAM in 

practical engineering applications. 

Owing to the low molecular weight of organosilicons, the morphology observed using scanning 

electron microscopy (SEM) or transmission electron microscopy (TEM) exhibit no notable 

distinctions or discernible novel products in organic-grafted AAM compared to plain AAM at micro-

scale to nano-scale [66,68]. As seen in Fig. 5, the gel particles observed by TEM in AAMK with 6.6% 

SMS have smaller sizes than those in plain AAMK [66]. The result indicates that the chemical 

bonding of alkyl-organosilicons inhibits the reorganisation and growth of gel particles. As discussed 

in Section 3.1, SMS molecules are bound to the aluminosilicate oligomers or initial gels through 

physical adsorption and chemical bonding in the early-age reaction, reducing the bonding sites on the 

surface of the gel particles [59]. The alkyl groups on the organosilicons molecules also further hinder 

the initial gel binding and expansion due to steric hindrance, causing changes in the microstructure 
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of gels in AAM. 

 

Fig. 5 TEM images gel particles in (a) plain AAMK and (b) organic-grafted AAMK with 6.6% 

SMS (adapted from [66]). 

Organosilicons with dosage of below 2% induces pore structure densification, whereas an excess 

of organosilicons fosters pore development [113-114]. The addition of 0.4–6.6% alkyl-organosilicons 

increases the porosity of gel pores with a diameter of <10 nm in AAMK containing SMS and AAFS 

containing S823 by 3–10% measured through the mercury intrusion porosimetry (MIP) test [60,66]. 

This consequently leads to a substantial augmentation in the surface area of AAM [114]. In contrast, 

organic-grafted AAM generally have lower capillary porosity (10–10,000 nm) compared to plain 

AAM [66,111,121]. Organosilicon exerts diverse regulatory influences on the pore structure of AAM. 

These effects can be categorised into both positive and negative impacts. On the positive side, 

organosilicons contribute to pore refinement by partially occupying pore space when bound to the 

pore wall. Additionally, different silane molecules form an inter-connected network through silicon-

oxygen bonds, effectively filling the pores and stabilising the matrix. This also leads to a drop in 

volume fraction of micro-cracks and pores due to volume shrinkage. However, there are also negative 

effects to consider. Organosilicons adsorbed on precursors and initial gels may inhibit the gel 

polymerisation and promote pores in immature AAM. Furthermore, the self-condensation of 

organosilicons leads to the creation of numerous micropores, typically with the size of smaller than 

10 nm [132]. 

 Mechanical properties 

As seen in Fig. 6a and b, the addition of 0–1.5% alkyl-organosilicons (S823, S1213, and SMS) 

generally weakens the compressive strength of organic-grafted AAM, mainly due to the reduced 

degree of polymerisation of the gel structure (see Section 3.2). When assessing the curing duration, 

6.6% SMS accelerates the early-age reaction of AAMK so that its 1-d compressive strength 
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significantly increases by up to 195% [59]. However, organic-grafted AAM exhibit lower 

compressive strength (reduced by 90% with 0.75% S1213) compared to plain AAM after 3 d of curing, 

and the final strength (≥7 d) fluctuates between -48% and 97%. After 3 d, a substantial amount of 

loose initial gels, oligomers and unreacted raw materials exist in organic-grafted AAM, creating 

numerous sites for the adsorption and bonding of organosilicons [133-135]. This early-stage 

adsorption significantly inhibits the strength development of organic-grafted AAM. Upon the 

completion of the polymerisation and reorganisation reactions in all specimens, the reaction time of 

organic-grafted AAM is longer than plain AAM when the curing time extends to 7 or 28 d. Hence, 

the strength difference between organic-grafted and plain AAM becomes smaller after 3 d of curing 

[60]. The influence of alkyl-organosilicons on the final compressive strength of organic-grafted AAM 

is typically minor compared to that on initial strength (≤3 d), resulting in a strength variation within 

±50%. Additionally, the compressive strength of organic-grafted AAM can be negatively affected by 

the grafted organosilicons, due to their lower elastic modulus compared to the inorganic gel matrix 

[122]. 

In contrast, the addition of 1–7% functional-organosilicons (KH550, KH560, KH570 and N-[3-

(trimethoxysilyl)propyl]ethylenediamine, i.e., KH792) leads to a rise in compressive and flexural 

strengths of final AAM by up to 102%, indicating that these organosilicons can bond firmly with the 

matrix of AAM (Fig. 6c and d). Functional groups are the key components that can enhance the 

polarity, dissolution and dispersion of organosilicons, further facilitating the probability of 

organosilicons binding to aluminosilicate oligomers or gels [121,136-137]. Consequently, AAM 

containing functional-organosilicons can experience higher polymerisation with denser matrix. 

Different types of functional groups have varying impacts on the strength of AAM (Fig. 6c and d). 

KH570, featuring a methacrylate structure, exhibits the most substantial enhancement effect due to 

its carbon-carbon double bonds which can undergo cleavage, leading to the organosilicon self-

condensation and the formation of a denser and stronger organic network [138]. Due to the weak 

physical and chemical interaction between epoxy groups and gels, the compressive strength of AAM 

can be barely affected by KH560 with epoxy groups (varying within ±20%) [121]. The addition of 

4–6% KH560 rises the flexural strength by 10–47%. KH550 with amino groups can significantly 

enhance the strength of AAS by up to 93%, whereas its effect on the strength of AAMK can be 

negligible (varying within ±15%) [113,120-121]. The main reaction products of calcium-based AAM 
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include C-A-S-H gels which exhibit a disorder tobermorite-like structure, consisting of silicate chains 

held together by calcium oxide layers [1,139-140]. Compared with N-A-S-H gels with highly 

crosslinked disordered structure, C-A-S-H layered structure seems to be better coupled by silicone 

and thus its mechanical strength is improved. 

 

Fig. 6. Relative change in compressive strength of organic-grafted AAM incorporating alkyl-

organosilicons with different (a) organosilicon type and (b) curing time, as well as (c) organic-

grafted AAM with different functional-organosilicons. (d) Relative change in flexural strength of 

organic-grafted AAM incorporating different organosilicons [41,59,112-113,120-122,141]. 

 Durability-related properties 

 Wettability 

Hydrophobic and waterproof modification of organic-grafted AAM can be achieved by 

incorporating alkyl-organosilicons, including S823, S1213, MTMS, SMS and PMS. Water contact 

angle on a solid relies on the free energy and microstructure of the contact surface, indicating the 

equilibrium of surface tensions at the interface of solid-liquid-gas phases [142-143]. Plain AAM is 

highly hydrophilic with a water contact angle of below 40° (Fig. 7). The gel surface resulting from 
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the chemical condensation reaction contains numerous free hydrophilic hydroxyl groups, making 

AAM rapidly wetted by water [35]. As seen in Fig. 7, the addition of alkyl-organosilicons can 

hydrophobically modify AAM in an effective way [66-67]. When the organosilicon dosage exceeds 

1%, the hydrophobic performance of organic-grafted AAM becomes more obvious with a water 

contact angel over 90° (grey points and shading in Fig. 7). The contact angle of organic-grafted AAM 

can reach a maximum value of approximately 140°, surpassing hydrophobic organic materials like 

epoxy, rubber and biofilm [144-145]. The alkyl-organosilicons are chemically bonded into the AAM 

through the reaction of the silanol structure with the hydroxyl groups on the gel surface. The alkyl 

groups and/or hydrocarbon chains from organosilicons can evenly attach to the AAM matrix, forming 

a continuous but not necessarily dense hydrophobic film [60]. The hydrophobicity of AAM is 

significantly enhanced when partially or fully covered with low-surface-energy organosilicons. 

However, due to the limited bonding sites on gels, there is a restricted capacity for bonding 

organosilicon molecules. The excessive organosilicon dosage (>1%) leads to the formation of a 

thicker hydrophobic film through organosilicon adsorption instead of increasing the proportion of 

hydrophobic areas, thus causing a retarded growth in hydrophobicity of organic-grafted AAM [146]. 

 

Fig. 7. Water contact angle of organic-grafted AAM containing organosilicons (grey dots and 

shading denote alkyl-organosilicon-grafted AAM; red dots and shading represent functional-

organosilicon-grafted AAM) [60,66-67,114]. 

Functional-organosilicons can moderately deduct the hydrophilicity of AAM but cannot impart 

hydrophobic modification (red dots and shading in Fig. 7). The addition of KH550 or HK560 in 

AAMK increases the water contact angle, reaching a maximum point of approximately 75° with 1% 

dosage [114]. The typical organic structure of functional-organosilicons consists of 
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hydrocarbon/carbon-oxygen chains along with organic groups. Although the hydrocarbon chain and 

alkyl groups (e.g., -CH3, -CH2- and -CH=) are hydrophobic, organic functional groups (e.g., amino 

and ester groups) show strong hydrophilicity [147]. Therefore, the capability of functional-

organosilicons to regulate the wettability of AAM is potentially related to the composition and 

polarity of their organic structures [148]. More than 1% functional-organosilicons can reduce the 

water contact angle of organic-grafted AAM, different from alkyl-organosilicon which can slightly 

increase it. When excessive functional-organosilicons are grafted on AAM matrix, the hydrophilic 

functional groups, typically endpoint groups, are more likely to exist on the surface of the organic 

membrane compared to hydrocarbon chains, thereby reducing the hydrophobicity of organic-grafted 

AAM [149-150]. 

 Water absorption and permeability resistance 

It was reported that the incorporation of 1.0–6.6% alkyl-organosilicons (S823, SMS and PMS) can 

substantially reduce the water absorption of AAM by up to 90% [60,66-67]. A schematic illustration 

of waterproofing mechanisms of organic-grafted AAM is given in Fig. 8. The driving force for water 

absorption is the tendency of liquids to spontaneously diffuse across solid surfaces, which is 

determined by the surface energy relationship at the solid-liquid-gas interface [151]. Alkyl-

organosilicons effectively substitute hydrophilic hydroxyl groups, resulting in the creation of a 

hydrophobic film on the capillary wall characterised by low surface energy and a high water contact 

angle [152]. Consequently, the matrix fails to generate adequate upward suction for water, leading to 

a significant drop in the capillary absorption rate of organic-grafted AAM, thereby enhancing their 

waterproofing properties [60]. Furthermore, the reduction and optimisation of capillary structures is 

another significant reason contributing to decreased water absorption. The infiltration effect of 

organosilicon SMS can fill capillary pores with a size of 10–1000 nm, while blocking small 

mesopores and transition throats, effectively hindering the water diffusion and transport in organic-

grafted AAM [66]. It is noteworthy that organic-grafted AAM still exhibits capillary adsorption 

capacity as the organosilicon hydrophobic film cannot inhibit the process of water vapor free diffusion 

[153]. Water vapour can enter the capillary pores under the action of moisture gradient, condense and 

adsorb on the inner pore wall or hydrophobic film layer [88,154]. Overall, the outstanding waterproof 

properties of organic-grafted AAM make it a compelling choice for further research and engineering 

applications. 
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Thanks to the outstanding capability on waterproof modification, the addition of alkyl-

organosilicons has been employed to enhance the corrosion permeability resistance of AAM, 

particularly when mitigating chloride ingress into concrete structures exposed to marine 

environments [155-156]. The flexural strength loss of AAMK containing 1% organosilicons (S823, 

S1213 and KH570) after immersion in seawater is significantly slowed down compared to plain AAM 

[111]. The organic-grafted AAM have a dense microstructure and are resistant to microcrack 

formation during seawater corrosion due to the formation of an organic-inorganic 3D network, 

resulting in higher strength stability. Their flexural toughness is even improved with additional 

organosilicons. The bonding of organosilicons not only impedes the seawater penetration of but also 

enhances gel network density, thereby mitigating alkali ion leaching and material degradation [157]. 

PMS-grafted AAS can also serve as protective coating on concrete structures in aggressive chloride 

environments which can provide excellent and long-term corrosion protection for rebar [67]. Alkyl 

groups from PMS served as gel terminals, covering the transport pathways of the corrosive fluid and 

making it difficult for chloride to be adsorbed and chemically bound onto the gel structure in organic-

grafted AAS. In addition, AAM containing KH550 of less than 0.2% dosage exhibit an enhanced 

resistance to sulphate corrosion and freeze-thaw damage, due to a more stable and denser matrix 

structure [113,120]. 

 

Fig. 8. Schematic illustration of transport channels and capillary water absorption behaviour in (a) 

plain AAM and (b) waterproof organic-grafted AAM. 

 Volume deformation 

Compared to plain AAMK, the chemical and autogenous deformations of AAMK with alkyl-

organosilicon SMS at 7d were found to drop by 27.0% and 91.1%, respectively [90]. The early-age 

volume deformation of AAM arises from the combined effect of mechanical properties of the gel 

matrix, pore structure, capillary stress and separation pressure [158-160]. During matrix hardening, 
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internal liquid depletion and redistribution result in the emergence of many liquid columns and 

menisci, inducing capillary stress that is recognised as the primary driver of autogenous shrinkage 

[161]. The results of internal water distribution obtained by low field 1H NMR reveal that the 

proportions of free and capillary water in the final AAM containing 6.6% SMS go up by 2.0% and 

1.6%, respectively, while the inter-gel water content drops due to the water redistribution caused by 

self-desiccation [90]. As shown in Fig. 9, in hydrophobic organic-grafted AAM, water tends to diffuse 

in the unsaturated pore network and be stored in large capillary pores rather than accumulating in 

narrow gel pores owing to the effect of meniscus surface tension [162]. The water in large pores 

causes much less stress on the AAM matrix than in small pores, which is the key reason for the sharp 

reduction in early-age autogenous shrinkage of hydrophobic organic-grafted AAM [90,163]. 

Furthermore, the meniscus curvature of the water column decreases with increasing hydrophobicity 

of the pore wall. In pores of the same size, the stress exerted by water on hydrophobic pore walls is 

much smaller than that on hydrophilic pore walls [27,164]. Moisture transport tendency of 

agglomeration mitigates dispersion of water column and liquid-vapor meniscus in organic-grafted 

AAM. Thus, hydrophobic organic-grafted AAM exhibit reduced susceptibility to volume deformation, 

in comparison with hydrophilic plain AAM. 

 

Fig. 9. Schematic illustration of water/moisture transport trend and possible distribution in pores of 

(a, c) hydrophilic plain AAM and (b, d) hydrophobic organic-grafted AAM (adapted from [90]). 
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The drying shrinkage of AAMK containing 0.1–1.0% alkyl-organosilicons S823 and S1213 also 

shows an obvious drop by approximately 25% [111]. Organosilicons can form covalent bonds with 

gels in AAM through condensation reaction, leading to an optimised gel structure which effectively 

mitigates the rapid water evaporation and drying shrinkage [68,165]. The rapid hardening can also 

decrease the plastic shrinkage rate of fresh organic-grafted AAM, while the inclusion of functional-

organosilicon weakens the drying shrinkage of AAM with a minor impact [111-112]. 

4. Reaction, microstructure and properties of organic-adsorbed AAM 

 Reaction mechanisms 

Surfactants regulate the synthesis reaction process and affect the degree of polymerisation by 

adsorbing on precursors and initial gels. They are partially adsorbed on gels in final AAM, while the 

remainder resides within the pore solution (Fig. 2) [166]. The effect of superplasticisers on the 

reaction heat evolution of AAM is relatively modest. The addition of 4% naphthalene 

superplasticisers (NS) or polycarboxylate superplasticisers (PS) can result in a slight reduction in both 

the synthesis reaction rate and intensity of AAFS, and the 72-h cumulative heat is reduced by 9.8–

12.2% compared to plain AAFS [167]. In contrast, the incorporation of 0.8% NS, PS or aliphatic 

superplasticisers (AS) increases the formation rate of hydration products including N-A-S-H and C-

A-S-H, as the occurrence of corresponding exothermic peak of organic-adsorbed AAM can be 

observed 1.5–3 h earlier than plain AAM [168]. Superplasticisers adsorbed on the precursor surface 

promotes the particle dispersion through steric hindrance and electrostatic repulsion, thereby raising 

the contact area between the precursor and the alkaline solution [44,169]. Moreover, superplasticisers 

can alter the charge distribution on the precursor surface, thus elevating the leaching of silicon and 

aluminium oligomers and promoting the reaction process [168]. 

The addition of alcohols can significantly prolong the synthesis reaction of AAM by up to 17 d, 

and the reaction intensity is weakened [21,145,170-173]. Alcohols with lower molecular weights 

exhibit a more pronounced effect [170,172,174]. Fig. 10 illustrates the change of calorimetric 

response of AAS containing alcohols with dosages and molecular structures within 20 d of curing. 

The exothermic peak corresponding to the rapid polymerisation of gels in AAS with PEG200 (i.e., 

propylene glycol polymer with average molecular weight of 200) is postponed to about 10 d of curing, 

while the synthesis reaction of plain and other organic-adsorbed AAS containing EG monomers, 

PEG400, PEG1000 or PEG10000 is almost completed in the first 3 d. PG monomer also retards gel 
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polymerisation by about 6 d. EG/PG monomers and polymers with low molecular weight tend to 

quickly dissolve in alkaline solutions and interact with AAM in the initial reaction stage, e.g., 

adsorption on precursors. By contrast, high-molecular-weight polymers can exert a more extensive 

influence on the overall polymerisation process [170,173]. The addition of alcohols results in a lower 

surface tension of the pore solution and a slight hydrophobic modification of gels in AAM, thereby 

inhibiting the reaction between the precursor and the alkaline activator [21,171]. Thus, alcohols can 

lead to a diminished precursor reaction, ultimately yielding a reduced degree of polymerisation [174]. 

 

Fig. 10. Effects of (a) hexylene glycol dosage, molecular weight of (b) EG/PEG and (c) PG/PEG, 
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and (d) selected alcohols on the calorimetric response of AAS (adapted from [172]). 

PDMS, as a representative of silicone oil, has little effect on reaction mechanisms. In the synthesis 

reaction of AAM, PDMS can be uniformly dispersed in fresh slurry through high stirring, and 

effectively adsorbed onto the aluminosilicate gel matrix [18,175]. The early adsorption behaviour of 

organic components blocks the further reaction of solid and liquid raw materials to a certain extent, 

which is a main reason for the decreased degree of polymerisation of PDMS-adsorbed AAM. The 

molar fraction of silicate structural units Q3 and Q4 slightly drops by about 10% in the final PDMS-

adsorbed AAM, compared to plain AAM [18]. 

 Phase assemblage and microstructure 

The chemical composition and gel structure of organic-adsorbed AAM, prepared by incorporating 

surfactants, remain unchanged in comparison with plain AAM. These organics are primarily physical 

adsorbed onto the matrix rather than directly engaging gel formation [21,168,176]. As for morphology, 

similar to organosilicons, micromolecular surfactants and superplasticisers may not be directly 

distinguished from AAM by SEM and TEM. In contrast, alcohol monomers can further condense, 

resulting in the formation of distinguishable fibrous or flaky phases that are closely integrated with 

gels (Fig. 11a) [171,177]. Different morphologies appear in AAS with 0.16% hexylene glycol (Fig. 

11b) [172]. The matrix and unreacted precursors are covered with a conspicuous organic film, which 

binds the inorganic phases together through adjacent surfaces. PDMS can not only be adsorbed on 

gels in AAM at nano-scale but also hybridise with the matrix to form micro-scale organic-inorganic 

hybrid particles with certain shapes (Fig. 11c) [18]. PDMS-AAMK hybrids mainly involved shapes 

of irregular blocks and long chains have a 13–26% higher carbon content, i.e., a higher proportion of 

organic PDMS, compared to the gels in PDMS-adsorbed AAM (approximately 5%). The 

hybridisation reaction is more pronounced at the end of PDMS molecules, with the main chain 

generally preserving their original structure [178-179]. Although the incorporation of PDMS 

enhances the formation of the hybrid particles, its effect on the aluminosilicate gel structure can be 

negligible [18,175]. 
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Fig. 11. Microstructure of (a) organic-adsorbed AAS with 5% EG and (b) 0.16% hexylene glycol, 

as well as that of (c) plain AAMK, AAMK with 5.4% PDMS and (d) PDMS-AAMK hybrids. (e) 

Chemical composition of gels in plain AAMK, gels in organic-adsorbed AAMK with 5.4% PDMS, 

and corresponding block/chain hybrids (adapted from [18,172,177]). 

Regarding pore structure, as foam stabilisers in foamed AAM, micromolecular surfactants can 

adsorb onto air bubbles in fresh slurry to avoid bubbles merging through electrostatic repulsion and 

steric hindrance [79,81-82,180-182]. In non-foamed AAM, most micromolecular surfactants can also 

promote the development of pore structure. In particular, adding 1% sodium lauryl ether sulphate 

(SLES) enhances the total porosity of AAMK by 16.2%, while alkyl polyglycoside (APG), 

benzalkonium chloride (BAC) and sucrose fatty acid esters (SE) have a modest effect on the change 

of nano-pores [183]. The influence of micromolecular surfactants on nano-scale gel pores is primarily 

linked to the degree of polymerisation for gels, and there remains a research gap in this area. Organic-

adsorbed AAM with superplasticisers generally have a refined pore structure. The addition of 0.44% 

PS, AS and NS reduces the porosity of alkali-activated red mud-slag by below 10%, and its micro-

scale pores are refined [168]. The dispersion effect of superplasticisers weakens the bubble stability 

in fresh AAM, and a controlled superplasticiser dosage of no more than 1% can mitigate the formation 
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of large bubble pores [184]. However, superplasticisers with a dosage of more than 3% foster the 

formation of large pores (>100 μm) due to the agglomeration of numerous organic molecules into 

micelle structures and flocculates [69,168,185]. Although there exist inconsistent findings on the pore 

structure of alcohol-adsorbed AAM, most studies suggest that alcohols (0.72% PPG or 2% hexylene 

glycol) notably enhance porosity and pore size of AAS and AAF [22,174]. The impact is more 

pronounced with polymer alcohols of lower molecular weight [174]. Nevertheless, adding PPG with 

a dosage of less than 1.5% optimises the pore structure of AAS at various curing ages [21]. The effect 

of silicone oil, represented by PDMS, on the pore structure of AAM is modest [18,88,94]. PDMS 

with a low dosage of 0.5–4% reduces the total porosity of AAMK by 5.8–12.2% measured by MIP, 

while PDMS with a high dosage of above 4% notably promotes the transformation of small gel pores 

(<10 nm) into large capillary pores (>10 nm) [18]. PDMS also makes it easier to introduce air bubbles 

into fresh AAM, possibly due to increased slurry viscosity [94]. 

 Mechanical properties 

It was found that the incorporation of 1% micromolecular surfactants including SLES, APG, BAC 

and SE can reduce the final compressive strength of AAMK by 9–30%, due to the role of surfactants 

in introducing bubbles [183]. Current research on superplasticiser-adsorbed AAM predominantly is 

mainly focused on the compressive strength of AAS or AAFS, while the flexural strength and 

toughness of low-calcium AAM have been rarely explored. As illustrated in Fig. 12a, adding 1.5% 

lignosulfonate superplasticisers (LS) substantially reduces the compressive strength of AAM by 

around 75%, while the impact of incorporating 0.5–3% melamine superplasticisers (MS) is relatively 

less noticeable (with less than 20% change). Conversely, the inclusion of NS or AS by less than 1% 

into AAM can enhance the compressive strength by up to 60%, whereas higher dosages over 1% have 

negligible effects [186]. The incorporation of 0–4% PS can generally trigger the strength development 

of AAM (Fig. 12b). The compressive strength of AAM containing 2% PS goes up by 54%. Adsorbed 

superplasticisers improve the dispersion and dissolution of precursors through the electrostatic 

repulsion and steric hindrance, thereby promoting the development of gel structure in AAM [187]. 

Nonetheless, the decreased stability of certain SP in alkaline solution or the propensity to agglomerate 

into clusters can lead to increased defects in AAM matrix [167,188-189]. 
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Fig. 12. Relative change in compressive strength of superplasticiser-adsorbed AAM with different 

superplasticiser types and curing time: (a) LS, MS, NS and AS and (b) PS [167-168,176,187-191]. 

As seen in Fig. 13, the addition of 0–9% alcohol on the strength and toughness 

(flexural/compressive strength ratio) of AAM is prone to exhibit more negative impacts. In early stage 

of curing (<3 d), the compressive strength of AAM is reduced by 95% with the addition of 10% EG 

alcohols, due to the delaying effect of alcohols on the synthesis reaction [177]. Besides, the 

incorporation of alcohols reduces the compressive and flexural strengths of AAS throughout its 

development, and a low dosage of no more than 2% shows an obvious effect (Fig. 13b and e). 

Alcohols, as shrinkage reducing agents, inhibit the drying shrinkage and crack propagation of AAM, 

thereby benefiting the strength growth [87,170]. On the other hand, the addition of alcohols may slow 

down the gel polymerisation and formation of large pores in AAM [174]. Furthermore, alcohols 

impact the gel strength development by altering the gel structure through the formation of weak 

hydrogen bonds, affecting both chemical reaction and microstructure [192]. As displayed in Fig. 13c 

and d, the molecular weight of alcohol polymers is an important factor that affects the strength levels 

[174,193]. AAM containing alcohol monomers or polymers with low molecular weights of below 

1000 exhibit enhanced strengths over plain AAM [170,174]. The addition of alcohols with low 

molecular weights significantly inhibits the early-age reaction, indicating the superior solubility and 

activity in AAM, which can be ascribed to the improved hydrophilicity and hydroxyl value (i.e., 

hydroxyl concentration in a molecule, mgKOH/g) [194-195]. Moreover, the incorporation of alcohols 

enhances the water retention of AAM, potentially leading to remained high strength during the drying 

process [177]. Followed by heat treatment and drying, aluminosilicate gels in alcohol-adsorbed AAM 

exhibit a substantial rise in degree of polymerisation. The drying shrinkage, cracks and microdefects 
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caused by water loss in alcohol-adsorbed AAM are slight against plain AAM. The suppression of gel 

crystallinity due to the thickening effect of alcohols is also a main reason for maintaining the strength 

development of AAM [177]. 

 

 

Fig. 13. Relative change in compressive strength of alcohol-adsorbed AAM with different (a) 

curing time and (b) AAM systems, as well as that of AAM incorporating (c) EG/PEG [193] and (d) 

PPG [174] with different molecular weight. Relative changes in (e) flexural strength and (f) 

toughness of alcohol-adsorbed AAMK and AAS [21,96,170,173,177,192,196]. 

In contrast, the strength of PDMS-adsorbed AAM goes up with rising dosage (<3%) of PDMS by 
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up to 25% but drops by 11–28% with an over-dosage (>3%) [18,94]. PDMS molecules can be 

dispersed, adsorbed and crosslinked in and with the AAM matrix, playing a similar role to nanometre 

fibres in reinforcing the gel matrix, and thus enhance the compressive strength. However, excessive 

PDMS leads to molecule agglomeration and cluster formation, inducing matrix defects and strength 

reduction [18]. 

 Durability-related properties 

 Wettability and water absorption 

Similar to alkyl-organosilicon-grafted AAM, AAM containing PDMS also exhibit excellent 

hydrophobicity with a water contact angle of around 130° [18,88]. The hydrophobic alkyl layer 

covering the matrix reduces the surface energy, and the micro-scale PDMS-AAM hybrid particles 

increase the surface roughness by 1.9 μm [18]. According to the Cassie-Baxter model, these changes 

in chemical composition and microstructure contribute to the formation of a solid-liquid-gas 

hydrophobic interface between PDMS-adsorbed AAM and water [197-198]. 

The capillary water absorption process in PDMS-adsorbed AAM exhibits a prolonged transition 

stage with an exceptionally slow water absorption rate lasting for up to 60 h [89,91]. The sorptivity 

for low-adsorption stage in AAM containing 1.6% PDMS goes down by 98% compared to that of 

plain AAM, which can be mainly ascribed to the effective and durable hydrophobic modification of 

AAM by sufficient PDMS [88]. The hydrophobic PDMS layer greatly reduces the capillary-induced 

upward force on water, preventing immediate wetting of AAM upon contact [199]. However, 

hydrophobic PDMS-adsorbed AAM still possess capillary adsorption capability as the PDMS layer 

cannot prevent the moisture diffusion. The low-adsorption stage ends when the PDMS layer is 

completely covered by condensed water. The water vapor adsorption test also proves that vapor 

absorption is the main physical process in the low-adsorption stage of PDMS-adsorbed AAM [88]. 

 Volume deformation 

Alcohols have a good mitigation effect on the autogenous shrinkage of AAM. The incorporation 

of 1.9% polyether drops the autogenous shrinkage of AAS by over 60% [145]. Alcohols can reduce 

the surface tension of pore solution and help AAM retaining a high internal humidity, thus leading to 

a reduction in capillary stress [145,166]. This is different from the shrinkage reducing mechanism of 

hydrophobic modification for alkyl-organosilicons. The addition of alcohols including EG, PEG, PPG, 

hexylene glycol, alkyl polyether, aminoethanol and propionamide with a dosage of over 3% can 
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reduce the drying shrinkage of AAM by 20–80%, while the addition of 2% alcohols can decrease the 

polarity and surface tension of distilled water by approximately 50% [22,145,166,170,174,177,200]. 

The improved hydroxyl ion concentration in pore solution accelerates such reduction in surface 

tension [201-202]. As per the Laplace-Kelvin law, the reduced surface tension of pore solution 

significantly weakens the shrinkage stress induced by capillary water. The separation pressure theory 

suggests that alcohols also weaken the attraction within the inorganic matrix and hinder shrinkage in 

space [170]. The extension of the reaction induction period caused by the addition of alcohols also 

contributes to reducing the collapse and reorganisation and maintaining the stability of gel phases, 

thereby reducing the internal micro-cracks [21]. In addition, the incorporation of alcohols enhances 

water evaporation in AAM, implying that drying shrinkage may not be solely dependent on water 

loss [145,166,200]. 

The influence of alcohols on drying shrinkage of AAM is affected by molecular weight and curing 

environment. As seen in Fig. 14a, PPG with low molecular weight (e.g., PPG400) of dosage 0.72% 

exhibits more superior shrinkage resistance than PPG with higher molecular weight (e.g., PPG1000 

and PPG2000) in AAS [174]. However, another study reported that macro-molecular alcohols of 

PEG2000 and PEG10000 are slightly more effective in reducing shrinkage of AAS compared to EG 

monomers, PEG400 and PEG35000 (dosage: 0.74%, Fig. 14b) [170]. Alcohols with higher molecular 

weights can accelerate separation pressure reduction and increase resistance to leaching, while their 

limited solubility in alkaline solution declines the concentration of active ingredients, thereby 

weakening the shrinkage resistance. Hence, it is vital to select alcohols with a suitable molecular 

weight for reducing shrinkage of AAM. As for curing conditions, the incorporation of 0.72% PPG 

reduces the shrinkage of AAS by 50% when drying at a relative humanity (RH) of 43%, while its 

impact is negligible at 75% RH [174]. In AAM, the majority of alcohols are adsorbed onto pore 

surfaces of the matrix to decrease the surface tension, leaving only a limited proportion of alcohols 

in pore solution [203]. Higher RH levels (e.g., 75% RH) may reduce the presence of organic 

molecules at the liquid-air interface, potentially hinder their effectiveness in reducing shrinkage [166]. 

Rising alcohol dosages beyond their critical micelle concentration can partially mitigate this effect. 

Although this approach does not further reduce the surface tension of pore solution, it effectively 

expands the interfacial area through the use of micelles as buffers [204]. PDMS (1.6%) can also 

reduce the autogenous shrinkage of AAMK by approximately 40% [90]. Its shrinkage mitigation 
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mechanism is similar to that of alkyl-organosilicon (see Section 3.4.4). 

 

Fig. 14. Drying shrinkage of alcohol-adsorbed AAS incorporating (a) 0.72% PPE or (b) 0.74% 

EG/PEG with different molecular weight (adapted from [170,174]). 

5. Reaction, microstructure and properties of phase-crosslinked AAM 

 Reaction mechanisms 

Organic polymers (or their constituent monomers, emulsions or latexes) typically engage in 

reactions to synthesise phase-crosslinked AAM at various stages (Fig. 2). Initially, organic polymer 

particles dispersed in the aqueous phase exhibit a preference for adsorption onto precursors and/or 

the initial gels of AAM [205]. As the exothermic reaction and internal water loss proceed, organic 

polymers further condense into an organic film that encapsulates the gels, resulting in the 

establishment of a crosslinked network with the gel skeleton in AAM as a whole [206-207]. The 

molecular structures such as ester and ether in organic polymers can effectively enhance their affinity 

with the inorganic matrix via hydrogen bonds [97,208]. Polymers with reactive functional groups like 

carboxyl can potentially undergo chemical condensation reactions when interacting with gels in AAM 

[208-209]. 

Organic polymers can hinder the workability of fresh AAM and delay their polymerisation and 

hardening process [121,208,210]. The presence of organic polymers adsorbed onto or enveloping the 

precursors tend to form clusters which may inhibit the reaction of solid-liquid raw materials, and 

thereby impeding the formation of gel products [121,211]. The addition of polymer emulsion also 

reduces the alkalinity of fresh AAM slurry, and thus slows down the synthesis reaction rate [208,210]. 

The addition of 3–12% styrene-acrylic (SA) emulsion declines the content and degree of 

polymerisation of aluminosilicate gel in final AAS by up to 31% [208]. The poly(acrylic acid) (PAA) 
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emulsion promotes the transformation of silicon tetrahedrons Q4 and layered silicon tetrahedrons Q3 

into chain structures Q2 and end structures Q1 in AAMK, thus the gel structure may become more 

disordered [209]. The carboxyl group in PAA can also form chemical bonds with the initial gel, 

thereby occupying the site on the gels that extends the binding silicon or aluminium tetrahedral 

structures [121,212]. 

 Phase assemblage and microstructure 

Similar to other organics, the addition of water-soluble polymers or their emulsions does not alter 

the type of mineral phases and gel products in AAM [138,208]. Compared with organic-grafted and 

organic-adsorbed AAM, the microstructure of phase-crosslinked AAM presents a uniform phase with 

a larger spatial scale. In other words, organic polymers, inorganic gel and their interfaces within the 

phase-crosslinked AAM can be distinguished by SEM (Fig. 15). Organic polymers develop into an 

extensive spatial organic network through the breakage and reorganisation of carbon-carbon double 

bonds, and its volume is significantly larger than organic molecules such as organosilicons and 

surfactants. In addition, although the organic components in AAM are protected by the crosslinked 

gels, they still decompose at high temperatures. The styrene-acrylic (SA) emulsion and styrene-

butadiene rubber (SBR) latex in AAS begin to decompose when the exposure temperature exceeds 

300 °C [208,211]. Adding 0.5–3.0% SA emulsion slightly increases the total porosity of AAMK and 

facilitates the transformation of gel pores (<10 nm) into capillary pores (10–50 nm) [138]. Although 

the hydrogen bond generated rises the density of gels, the polymer network disrupts the matrix 

continuity in AAM, promoting the generation of micro-pores. The addition of excessive SA emulsion 

(>10%) sharply increases the harmful pores with size of more than 100 nm in phase-crosslinked AAM 

due to the reduction in fluidity of fresh slurry [208]. 

 

Fig. 15. SEM images of (a) plain AAS, as well as distinguishable organic polymer and inorganic gel 

in phase-crosslinked AAS with (b) 3.1% and (c) 12.2% SA emulsion (adapted from [208,213]). 
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 Mechanical properties 

Various organic polymers (dosage: 0.5–11%) such as PAA, sodium polyacrylate (PAAS), 

polyethylene co-vinyl acetate (PVA), acrylate (AE) and SBR can improve the compressive strength 

by up to 60% (Fig. 16a). The optimum mechanical performance can be achieved when the polymer 

dosage is around 4%, while the strength-enhancement effect diminishes gradually weakened after 

exceeding this critical dosage [121,209]. It is worth noting that the organic polymers have a more 

significant effect on improving the flexural strength, toughness and ductility. As seen in Fig. 16b and 

c, almost all organic polymers offer a substantial enhancement in flexural strength by up to 78% for 

AAM [214]. In contrast, the incorporation of 1.8–12.2% SA leads to a drop in compressive strength 

by 0–60% but significantly boosts the toughness by up to 190%, which can be ascribed to the steric 

hindrance of benzene ring group [138,208]. In the phase-crosslinked AAM, a resilient organic 

polymer network with high ductility and toughness is formed through self-condensation. Organic 

network integrates and interlaces with the inorganic gel network, and these two phases are closely 

connected through hydrogen bonds and a few covalent bonds (e.g., Si-O-C bonds) [208,212]. Organic 

polymers can also enhance the bond between matrix and aggregates while minimising the micro-

cracks in the matrix by optimising the ITZ [215-216]. Therefore, the mechanical properties of phase-

crosslinked AAM are significantly improved. In contrast, polymers with an over-dosage 

(generally >4%) may compromise the mechanical properties of AAM through hindering the gel 

synthesis reaction, introducing macro-pores by increasing the viscosity of fresh slurry, and increasing 

organic impurities synthesised by self-condensation [215]. 

Adding silane coupling agents can further promote the crosslinking and bonding between organic 

polymers and inorganic gels [121,212]. The 28-d flexural strength of AAS with multi organics of 5% 

PAAS and 5% KH550/KH560/KH570 is 23.1–103.8% higher than those with 5% PAAS alone, and 

they also exhibit improved fracture toughness and elastic modulus [212]. As discussed in Section 3.1, 

these silane coupling agents undergo hydrolysis in alkaline solutions and generate multiple active 

hydroxyl groups. These organosilicons not only bridge organic polymers and inorganic gels but also 

self-condensate into a silane network, further reinforcing the entire multi-component AAM structure. 
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Fig. 16. Relative changes in (a) compressive strength, (b) flexural strength and (c) toughness of 

phase-crosslinked AAM with different types of water-soluble polymers or organic emulsions 

[121,138,208-209,211-212,215]. 

 Durability-related properties 

The addition of SBR latex with an appropriate dosage inhibits the water absorption of AAFS 

mortar. The organic polymer fills some small pores and transitional channels during the 

interpenetration process with the matrix, effectively reducing the moisture transport pathways 

[215,217]. Furthermore, the organic polymer adhered to the capillary wall may introduce a mild 

hydrophobic effect, despite its lower alkyl group and hydrocarbon chain density compared to alkyl-

organosilicon and PDMS [217]. Due to the reduction in capillary absorption, the chloride-induced 

corrosion resistance of AAFS mortar with SBR latex is also improved, while sulphate ions can interact 

with SBR to weaken the interface strength, so that phase-crosslinked AAM may not be suitable for 

applications in sulphate-corrosive environments [217]. It is interesting to note that the change in pore 

structure of phase-crosslinked AAM with excessive polymer can increase its capillary absorption 

[138,215]. 
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With regard to volume deformation, the incorporation of organic polymers such as SBR latex, AE 

latex and SA emulsion can reduce the moisture movement and drying shrinkage of AAM by up to 

55% [208,211,217]. The micro-pore filling and sealing effects of the polymer are the primary factors 

resisting moisture escape [138,218]. The slow and gradual accumulation of polymerisation products 

due to the reduced reaction rate in AAM also lead to the drop in drying shrinkage of phase-crosslinked 

AAM. 

6. Reaction, microstructure and properties of phase-separated AAM 

 Reaction mechanisms 

The formation of epoxy resin-AAM composite involves a multifaceted chemical reaction process, 

including resin curing reaction, AAM synthesis, and organic-inorganic hybridisation (Fig. 2). The 

pre-mixing of liquid epoxy resin and curing agent first initiates the ring structure opening within the 

epoxy resin molecules [109,111]. A substantial quantity of active hydroxyl and ether groups are then 

generated on resin molecules, resulting in enhanced dispersion within the fresh AAM suspension 

[219]. As the reaction proceeds, a large proportion of resin molecules first undergo self-

polymerisation. The curing reaction of epoxy resin is much faster compared to the synthesis of AAM. 

The operational time of epoxy resin depends on different factors such as material composition and 

curing temperature, typically falling within around 1 h [220-221]. Upon surpassing the designated 

operational time limit, the resin experiences a swift viscosity escalation, ultimately culminating in 

complete hardening within a period of 5–7 h [219]. In contrast, the synthesis reaction of AAM is 

gentler but more complex, involving simultaneous processes of precursor dissolution, gelation, 

reorganisation and polycondensation within the first 3 d [222-223]. Afterwards, the polymerisation 

and hardening dominate the formation of amorphous gels with higher density [224]. 

AAM with 30% epoxy resin exhibits a final setting time approximately 38% shorter than plain 

AAM [111]. The curing reaction characteristics of epoxy resin also cause a drop in the frequency of 

collisions between components in the mixed suspension, resulting in heterogeneous products with 

phase separation [110]. Consequently, a larger proportion of resin solidifies before AAM hardens, 

leading to the formation of a phase-separated composite. The phase-separated epoxy resin is 

connected with AAM matrix primarily through hydrogen bonds with a cohesive integration [111,225]. 

A minor proportion of chain resin molecules can experience condensation with hydroxyl groups 

presented on aluminosilicate oligomers or initial gels, and potentially participate in the formation of 
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continuous hybrid gels [109-110]. Certain resin molecules feature a minor presence of uncondensed 

active silicon-oxygen structures (Rm-Si(O-)n), facilitating their chemical bonding with the gel network 

in AAM [107,226]. Hydroxyl groups on resin can also impede the water evaporation by adsorbing 

and stabilising water molecules, thereby promoting the polymerisation reaction of AAM [111]. The 

curing and hybridisation of epoxy resin significantly accelerate the exothermic peak of AAM from 

650 min to 100 min post-mixing, inducing a shortened setting time [226]. 

 Phase assemblage and microstructure 

Phase-separated AAM containing epoxy resin are a system of multiple coexisting phases, 

including AAM matrix, hardened epoxy resin, hybrid regions, unreacted precursors, pores, and cracks. 

The main matrix contains a highly crosslinked amorphous aluminosilicate gels and xonotlite crystals, 

surrounding the hardened epoxy particles [1,227-229]. The dosage of epoxy resin in composites is 

generally less than 30% (Table 7), the addition of which does not alter the mineral phase and chemical 

composition in AAM but slightly affects the arrangement and polymerisation of silicon-oxygen and 

aluminium-oxygen tetrahedra in gels [219,227]. 

Fig. 17 displays the microscopic morphology of composite AAM with various precursors and 

epoxy resin at different dosages obtained through SEM and energy dispersive X-ray spectrometer 

(EDS) techniques. Within the dosage range of 10–30%, hardened epoxy resin usually exists in the 

AAM matrix as discontinuous spherical, crescent-shaped and basin-shaped solids with a diameter of 

1–20 μm [41,107-108,227]. The morphology and distribution of hardened epoxy resin are typically 

independent of the specific inorganic materials used but are closely related to the wettability and 

dosage of organic additives. As seen in Fig. 17d, the hardened epoxy resin is matte and porous, 

attributed to the utilisation of a hydrophilic curing agent [226]. In aqueous fresh AAM, this resin 

demonstrates a propensity to form small and non-spherical aggregates with a random distribution. 

Water-based epoxy resins and curing agents tend to have greater compatibility with AAM compared 

to their oil-based counterparts. The epoxy resin dosage also significantly affects the uniformity of the 

matrix [226]. When the mass ratio of organic additives to inorganic binder is equal to 1 (dosage: 

100%), the continuity of the AAM matrix is disrupted. In this ratio, the hardened epoxy resin forms 

independent intertwined networks with AAM in 3D space, which is a dominant factor influencing the 

macroscopic properties of composites. 

The epoxy resin particles exhibit tight interlocking within the AAM matrix, displaying an 
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improved ITZ devoid of visible micro-cracks (Fig. 17) [41,107]. The thickness of the ITZ between 

AAM and epoxy resins is generally less than 1 μm, much smaller than the size of hardened epoxy 

particles [107]. The commendable binding affinity of epoxy resin with gels in AAM features a notable 

level of nano-scale hybridisation that enhances the adhesion between organic and inorganic 

components [227]. The ITZ in phase-separated AAM exhibits more superior nano hardness and 

elastic modulus in comparison with epoxy resin or AAM [41,111,219]. The addition of 5% epoxy 

resin improves the crack resistance of the matrix [230], while the uniformity of the ITZ is limited, 

confirming that the nano-scale hybridisation of epoxy resin and gels in AAM is relatively limited and 

uncertain [41]. 

 

Fig. 17. Morphology images of phase-separated AAM with various precursors and epoxy resins at 

different dosages obtained through SEM and EDS techniques (adapted from [219,226-227]). 
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In terms of pore structure, adding epoxy resin with a dosage of less than 30% can reduce the 

volume fraction of air pores (>10 μm) in composite AAM while increasing the volume fraction of 

capillary pores (<10 μm) [111,227]. The total porosity of composite AAM drops as the micro-sized 

hardened epoxy resin can fill a proportion of pores, while excess epoxy resin increases the viscosity 

of fresh AAM, thus introducing air bubbles into composites [110]. For engineering applications, the 

preparation of composite AAM requires a judicious selection of epoxy resin dosage to achieve a 

balance of filling and air-entrainment effects resulting from the incorporation of organics. 

 Mechanical properties 

For low-calcium AAM the main precursor of metakaolin or fly ash, the addition of epoxy resin has 

a positive effect on the compressive strength development (Fig. 18a and b). The compressive strength 

of composite AAMK with an epoxy resin dosage of 10–30% in short-term (1 d) and long-term (≥7 d) 

of curing is increased by up to 60% [110,219]. Epoxy resin can effectively mitigate defects, e.g., 

micro-cracks, without compromising the structural integrity of N-A-S-H gels, which can be attributed 

to the strong bonding between organic and inorganic phases and the reduced drying shrinkage within 

composites [230]. The presence of organic resin as a reinforcement can absorb partial load through 

crack deflection mechanism and plastic deformation [40,219]. The heat released by the self-

polycondensation of epoxy resin also contributes to enhancing both the extent and rate of the synthesis 

reaction, so that the AAM containing a high dosage (>30%) of epoxy resin still maintains high 

strength [226]. In contrast, the compressive strength of phase-separated AAMK at 3 d closely 

approximates that of the plain one (Fig. 18a). The rise in fresh slurry viscosity caused by the epoxy 

resin incorporation leads to a drop in the uniformity of hardened composite, which is a potential cause 

for strength reduction [219]. In addition, epoxy resin has a positive effect on the compressive strength 

of AAF (approximately twice that of AAMK), due to the presence of more defects and unreacted 

precursors in AAF (Fig. 18b) [231]. Hardened epoxy resin can fill more cracks and pores in the matrix 

of AAF and bind otherwise separated inorganic phases such as gels and unreacted fly ash. 

For high-calcium AAM with slag, the addition of 0.5–3% epoxy resin brings a modest 

enhancement in compressive strength by up to 30%, followed by a significant drop by up to 70% with 

a dosage of more than 3% (Fig. 18c) [109,230]. Incorporating epoxy resin can negatively influence 

the C-A-S-H gel layered structure compared to its effect on N-A-S-H gels with highly crosslinked 

disordered structure, mainly due to the competitive reactions with organic and AAM, as well as 
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binding sites of resin molecules with C-A-S-H gels during reaction process. The use of epoxy resin 

exerts a more pronounced adverse impact on the compressive strength of initial AAS composites 

cured for 1 d and 3 d when contrasted with the final composites. This finding indicates that resin 

molecules can impede the formation of C-A-S-H gels which also disrupt the structural integrity of 

calcium oxide layers and dreierketten silicate chains [1,37]. Additionally, AAS containing 2.8% epoxy 

resin and 0.3–0.6% silane coupling agent (KH560) exhibit superior compressive strength compared 

to those with only epoxy resin [230]. Silane coupling agents can act as bridge between different 

phases and promote the interface bonding from electrostatic adsorption and mechanical bonding to 

covalent bond between the hardened epoxy resin and the gel structure in AAS [232]. Thus, the 

synergistic effects of epoxy resin and silane coupling agent result in the improved mechanical 

properties of AAS. 

 

Fig. 18. Relative change in compressive strength of epoxy phase-separated AAM with the main 

precursor of (a) metakaolin, (b) fly ash and (c) slag cured for 1, 3 and ≥7 d [41,109-110,219,226-

227,230,233]. 

As seen in Fig. 19a–c, the effect of epoxy resin addition on the flexural strength of phase-separated 
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AAM with a certain precursor is similar to that on the compressive strength, especially for AAS. For 

low-calcium AAM, the flexural strength first goes up rapidly and then retains a fluctuation balance 

as the epoxy resin dosage increases. The critical dosages of epoxy resin for AAMK and AAFA 

composites are about 10% and 4%, respectively [41,227]. The inclusion of 0–30% epoxy resin 

enhances the long-term toughness of AAMK and AAS by around 40%, in contrast to its limited effect 

on that of AAF with fluctuation of no more than 20% (Fig. 19d–f). Organic epoxy resin with excellent 

ductility and adhesive properties can be tightly bound to the matrix of AAM with high brittleness and 

rigidity [234]. The hardened epoxy resin can also take part of the load via plastic deformation, thereby 

further improving the toughness [40,235]. It is worth noting that epoxy resin shows a greater influence 

on the toughness of AAM with short-term of curing. During the early-age stages of formation, the 

rapid hardening of epoxy resin outpaces the polymerisation of AAM, making the hardened epoxy 

resin as the primary load-bearing phase. 

 

Fig. 19. Relative changes in (a–c) flexural strength and (d–f) toughness of phase-separated AAM 

with the main precursor of (a, d) metakaolin, (b, e) fly ash and (c, f) slag cured for 1, 3 and ≥7 d 

[41,109-110,227,233]. 

As a potential repair material, the bond strength of AAM to other substrates is an important index 

for evaluation, which depends primarily on the adhesion and mechanical bite of the interface 

involving cohesive bonding [6,236]. Compared to plain AAM, the bond strength between phase-

separated AAM and concrete indicates a notable enhancement (with an about 35% rise), mainly due 
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to the following reasons [111,227]. First, the reduced porosity and increased reactivity help optimise 

the microstructure of the repair interface [227]. The drop in shrinkage and micro-cracks also declines 

the deformation of composites relative to the old substrate [237]. Moreover, more hydroxyl groups 

from epoxy resin and curing agent can be coupled with old substrate via chemical condensation or 

hydrogen bonding, enhancing the bonding properties and durability of AAM [238]. 

 Durability-related properties 

The capillary water absorption of phase-separated AAFS exhibits an initial rise, followed by a 

subsequent decline with the increasing epoxy resin dosage (from 2% to 8%) [227]. The water 

absorption coefficient of AAFS containing 6% epoxy resin is the highest, which is about three times 

that of plain AAFS, ascribed to the increased capillary porosity and inter-connected pores exiting in 

the ITZ [227]. In contrast, adding a large quantity of epoxy resin (8%) diminishes the proportion of 

porous matrix within AAM, consequently leading to a drop of approximately 25% in water absorption 

[227]. Phase-separated AAM shows better chloride resistance than plain AAM thanks to the improved 

microstructure with the addition of epoxy resin [111]. The curing agent can further strengthen the 

interaction between epoxy resin and inorganic gels, stabilising the 3D aluminosilicate network that 

can effectively adsorb chloride ions to prevent chloride penetration [239-240]. Moreover, the addition 

of 30% epoxy resin can reduce the drying shrinkage of AAMK by 37% [111]. Following the ring-

opening reaction, numerous hydrogen bonds exist among epoxy resin, water molecules and gels in 

AAM, which can help stabilise the unbound water within the matrix, consequently mitigating the 

drying-induced shrinkage [40,109]. 

Fig. 20 presents the TG analysis results of thermal stability in terms of weight residue and 

decomposition temperature of phase-separated and plain AAM. All AAM exhibit rapid mass loss due 

to water evaporation and dehydration in the temperature range of 50–200 °C [241-242]. At this stage, 

free and adsorbed water in the capillary pores of AAM, as well as structural water in the gel network 

and hydroxyl groups are removed [243-244]. Dehydration reactions also occur in hardened epoxy 

resin [245]. The addition of epoxy resin rises the hydrogen bond content and moisture/hydroxyl 

stability, so that the dehydration temperature of phase-separated AAM is slightly higher than plain 

AAM [110]. Epoxy resin experiences degradation when subjected to temperatures above 250 °C. The 

polyamine chain and carbon scaffold of epoxy resin undergo rapid thermal fracture at around 280 °C, 

while aromatic hydrocarbons begin to decompose after 400 °C [245-246]. The phase-separated 
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AAMK after heat treatment at 800 °C exhibits a highly continuous network of pores and cavities. The 

presence of the matrix within the AAM provides a protective barrier, effectively preventing complete 

degradation of the organic phases [110]. The addition of 1% and 5% epoxy resin can improve the 

thermal stability of the inorganic structure in AAM and reduce the strength loss under high 

temperatures (up to 850 ℃) [233], since organic epoxy resin can be inserted into the gaps of the gel 

network in AAM as an active filler, and further condense with the matrix through dehydration to form 

continuous gels at high temperatures. Overall, the thermal stability of AAM can be relatively 

improved by adding epoxy resin, due to the coupling effect of the organic and inorganic phases. 

 

Fig. 20. TG curves of plain and phase-separated AAM, as well as morphology of phase-separated 

AAMK before and after heat treatment at 800 °C [39,107,110,227]. 

7. Potential applications and challenges 

 Potential applications 

Organic-containing AAM with improved performance and new functions open up a range of 

potential applications, which can be categorised into following three distinct areas (Fig. 21): 

(1) High-performance building materials: phase-crosslinked AAM with water-soluble polymers 

and phase-separated AAM with epoxy resin always demonstrate superior mechanical properties and 

thus can be adopted to produce high-performance concrete for civil engineering applications [97,227]. 

A study reported that AAFS with 4% epoxy resin exhibits a dense microstructure and excellent 

bonding performance, which can be used to strengthen or repair structures as the 28-d compressive 

and flexural strengths can reach over 65 and 7 MPa, respectively [227]. It was also found that the 
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microscopic fracture toughness of a phase-crosslinked AAS with 2% PAAS and 7% KH570 went up 

by 104% compared to traditional AAS [247]. Besides, adding superplasticisers can enhance the 

workability of fresh AAM, enabling the production of high-performance AAM with reduced water 

content and superior mechanical properties [44]. The incorporation of these organics effectively 

addresses the limitations of traditional AAM such as high brittleness, poor toughness and 

susceptibility to cracking, thereby expanding their applications in various environments. 

(2) Corrosion-resistant materials for wet environments: As alkyl-organosilicon-grafted AAM and 

PDMS-adsorbed AAM exhibit superior hydrophobicity, waterproof performance and corrosion 

resistance, they can be used as coatings or binding materials for civil infrastructure in corrosive 

environments such as underground engineering, water conservancy engineering, marine and coastal 

engineering [67,248]. These organic-containing AAM with hydrophobic surface even exhibit 

excellent anti-fouling, self-cleaning, anti-icing and anti-biological adhesion, and are considered the 

most effective strategy to reduce corrosion [249-250]. For instance, a hydrophobic PMS-grafted AAS 

possesses significantly enhanced water and chloride resistance, leading to a remarkable 97% 

reduction in corrosion rate, thereby effectively protecting steel bars [67]. Phase-crosslinked AAM and 

phase-separated AAM, despite lacking hydrophobic modifications, offer desired corrosion resistance 

owing to the well-defined structures and dense microstructures. 

(3) Functional organics in AAM systems: Organics introduced into AAM systems can impart 

unique functionalities, e.g., coupling agents, dispersants, stabilisers and shrinkage reducing agents. 

Functional-organosilicons can not only directly modify the AAM matrix, but also serve as coupling 

agents to enhance the interfacial bond between organic and inorganic phases [251]. Admixtures of 

epoxy, organic polymers, fibres and rubber particles can form stronger bonds with AAM through 

functional-organosilicon bridges (e.g., KH550, KH560, KH670 and KH792), resulting in the 

formation of final products with superior performance [41,121,138,252]. These reinforced AAM 

composite can serve in real-world construction projects for better durability. Additionally, 

micromolecular surfactants and superplasticisers are commonly used as dispersants for solid raw 

materials and stabilisers for bubbles or oily liquids in fresh AAM. These organics promote the 

formation of homogeneous composite systems [48,180]. Organic-adsorbed AAM containing 

appropriate superplasticisers can be used as raw materials for 3D printing in construction, as these 

fresh AAM possess good pumpability, extrudability, printability and buildability available for use in 
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practical operations [16,45].  

 

Fig. 21. Potential applications of AAM with organics. 

 Challenges 

Although AAM have been acknowledged for their potentials to significantly reduce CO2 emissions 

and energy consumption compared to traditional cementitious materials, the integration of organics 

within AAM introduces complexity in assessing their environmental benefits. Firstly, the 

incorporation of organics can affect the leachability of AAM, leading to potential release of organics 

into the environment and thus would cause risks to water sources and ecosystems, challenging the 

"green" reputation of AAM [253]. The stability of organics such as silicone oil and surfactants 

embedded in AAM is generally relatively lower compared to those that are grafted, like 

organosilicons. Some surfactants (e.g., superplasticisers) contain phthalates or other substances that 

can adversely impact environmental health [254]. When used in wading projects, the organic 

components of AAM may leach out slowly, contaminating the environment and possibly harming 

wildlife and human health [255]. Additionally, over the course of their service life, organic-containing 

AAM would degrade slowly, releasing volatile organic compounds and other hazardous by-products, 

especially from organosilicons and alcohol organic compounds [256]. The degradation of epoxy resin 

in phase-separated AAM may also result in the release of harmful components such as bisphenol A 

and epichlorohydrin into ecosystems, which can lead to air and water pollution [257]. Moreover, it is 

important to note that most AAM with organics are unsuitable for high-temperature applications. 

They are effective up to temperatures of 300 °C but beyond this, heat can cause the decomposition of 

organic phases, resulting in the loss of functional properties and increased CO2 emissions [66]. 

Overall, although AAM with organics offer substantial advantages for sustainable development, 

their widespread adoption must be approached with caution. Rigorous environmental and health 

assessments are required to fully understand and mitigate potential risks associated with these 
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materials. Ongoing research is needed to gain a good understanding of their behaviour under different 

environmental conditions, developing safer and more stable formulations and establishing clear 

guidelines for their use to protect environmental and public health. 

8. Conclusions and perspectives 

 Conclusions 

As a novel class of building materials, AAM with organics exhibit highly homogenous 

microstructure and improved properties. This paper presents a systematic review of organic-

containing AAM in terms of hybridisation modes, reaction mechanisms, phase assemblage, 

microstructure, mechanical properties, durability and potential applications (Table 8). The main 

conclusions can be drawn as follows: 

(1) Hybridisation of organics and AAM can be achieved through various bonding mechanisms, 

including chemical bonds, hydrogen bonds, physical adsorption, electrostatic attraction and phase 

crosslinking. Based on the specific hybridisation modes, the AAM with organics can be 

categorised into four distinct types: organic-grafted, organic-adsorbed, phase-crosslinked and 

phase-separated AAM. 

(2) Organic-grafted AAM, synthesised by the reaction of organosilicons grafted with active silanols 

with AAM, exhibit uniform microstructure and notable improved early-age strength, toughness 

and resistance to corrosion and volume deformation. The incorporation of alkyl-organosilicons 

with hydrophobic hydrocarbon chains or alkyl groups also significantly improves the 

hydrophobicity and water resistance of organic-grafted AAM, thereby bolstering the suitability 

for applications in wet environments. 

(3) In organic-adsorbed AAM, various organics like surfactants (micromolecular surfactants, 

superplasticisers and alcohol organic compounds) and silicone oil (PDMS) exhibit a propensity 

for physical adsorption onto solid precursors, initial gel particles and final gel networks. 

Superplasticisers primarily affect the macroscopic properties of final AAM by improving fresh 

properties, while alcohols can mitigate the volume deformation. PDMS has comparable effect of 

waterproof modification to alkyl-organosilicons for AAM. 

(4) In phase-crosslinked AAM, the organic network formed by self-condensation of water-soluble 

polymers interpenetrates and crosslinks with the gel skeleton in AAM. The toughness and 

corrosion resistance of them are greatly improved, with a broader range of potential applications. 
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(5) The combination of AAM and epoxy resin results in a phase-separated composite due to 

discernible hardened resin particles (1−20 μm). The interfaces between organic and inorganic 

phases possess dense microstructure and exceptional strength, toughness and bonding properties. 

The mechanical properties of epoxy resin-AAM composites, prepared with low- and high-

calcium precursors, exhibit distinct variations due to their gel structures. 

 Perspectives 

Given the great potential of AAM with organics in practical applications and the current research 

gaps, the following aspects can be considered for future research. 

(1) Since there exist distinct preferences and limitations in the selection of AAM systems within 

certain types of organic-containing AAM in literature, a thorough investigation into both low- 

and high-calcium AAM with organics is required, as well as alcohol-adsorbed AAM due to 

significant discrepancies in findings among existing studies. 

(2) It is vital to further explore the significance of organic functional groups such as amino, 

methacrylate, epoxy, ether, ester and hydroxyl in AAM with organics. These functional groups 

play a crucial role in the chemical bonding and adsorption behaviour between organic and 

inorganic components, and their coupling effects may lead to new hybridisation techniques. 

(3) The influence of environmental conditions such as temperature, humidity and CO2 presence on 

the reaction mechanisms of organic-containing AAM needs to be further explored. It helps 

understand how these conditions alter the hydrolysis, adsorption and condensation reactions or 

introduce new pathways to produce high-performance AAM. 

(4) Although micromolecular surfactants and water-soluble polymers are widely employed in cement 

systems, AAM with these organics have been rarely studied. Due to the difference in AAM and 

Portland cement, further research is required to better understand the interaction between AAM 

and these organics as well as the overall performance of the resultant AAM. 

(5) More studies are required to better understand the durability of organic-containing AAM such as 

corrosion resistance, efflorescence and thermal stability, which help evaluate their potential 

applications in real-world construction projects. 

(6) It is necessary to understand the expending roles of organics in AAM systems. In addition to 

serving as organic additions, some alkaline organics, e.g., alkali-citrates, have demonstrated 

potential as alkaline activators for fabricating novel AAM [258-259]. For instance, tri-potassium 
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citrate can be used to produce alkali-activated slag pastes with high compressive strength (up to 

75 MPa at 28 d) and low porosity [258]. Thus, the binding modes of organics as alkaline 

activators with gel structures and mineral phases in AAM deserve investigation. 
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Table 1 Parameters for organosilicons used to synthesise organic-grafted AAM. 

Organosilicon Abbreviation Functional groups 
Molecular 

formula 

Molecular weight 

(g/mol) 
Chemical structure 

3-aminopropyltriethoxysilane KH550 Amino C9H23NO3Si 221 

 

[(2,3-epoxypropoxy)propyl]trimethoxysilane KH560 Epoxy C9H20O5Si 246 

 

3-methacryloxypropyltrimethoxysilane KH570 Methacrylate C10H20O5Si 258 

 

N-[3-(trimethoxysilyl)propyl]ethylenediamine KH792 Amino C8H22N2O3Si 222 

 

Triethoxyoctylsilane S823 Hydrocarbon chain (C8) C14H32O3Si 276 
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Dodecyltrimethoxysilane S1213 Hydrocarbon chain (C12) C15H34O3Si 291 

 

N-[3-(trimethoxysilyl)propyl]aniline PAMS Amino, benzene ring C12H21NO3Si 255 

 

Methyltrimethoxysilane MTMS Methyl C4H12O3Si 136 

 

Sodium methyl siliconate SMS Methyl CH3Na3O3Si 160 

 

Potassium methyl siliconate PMS Methyl CH3K3O3Si 208 
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Table 2 A summary of existing studies on organic-grafted AAM synthesised using organosilicon as one of the raw materials. 

Reference Precursor 
Alkaline 

activator 
Organic Dosage 

Specimen 

type 
Processing route Curing condition Characterisation 

[61] MK 
Na2SiO3 

+ NaOH 
MTMS / Paste 

Mixing organosilicon 

with fresh AAM paste 
Room temperature 

Reaction mechanisms, chemical 

composition, microstructure, 

mechanical properties, wettability 

[60] 
FA + S 

(1:1) 

Na2SiO3 

+ NaOH 
S823 

0.38%, 

0.76%, 

1.14%, 

1.52% 

Paste 
Mixing organosilicon 

with fresh AAM paste 
20 ℃, >95% RH 

Reaction mechanisms, chemical 

composition, microstructure, pore 

structure, mechanical properties, 

wettability, water absorption 

[41] MK 
Na2SiO3 

+ NaOH 

S823, 

S1213, 

KH570 

0.1%, 

0.5%, 

1.0% 

Mortar 
Mixing organosilicon 

with fresh AAM paste 
25 ℃, 75% RH 

Reaction mechanisms, chemical 

composition, microstructure, 

interface performance, 

mechanical properties 

[212] S 
Na2SiO3 

+ NaOH 

KH550, 

KH560, 

KH570 

5% Paste 

1) Mixing all liquid 

materials including 

organosilicon; 2) 

Mixing all liquid and 

solid materials 

24 h steam curing at 

80 °C and room 

temperature for 6 d 

Microstructure, mechanical 

properties 

[66] MK 
Na2SiO3 

+ NaOH 
SMS 

3.2%, 

6.6% 
Paste 

1) Mixing AA 

including 

organosilicon; 2) 

Mixing the pre-mixed 

solution from 1) with 

solid precursor 

25±2 °C, water 

conservation 

Chemical composition, 

microstructure, pore structure, 

wettability, water absorption, 

corrosion resistance, thermal 

stability 

[59] MK 
Na2SiO3 

+ NaOH 
SMS 

3.2%, 

6.6% 
Paste 

1) Mixing AA 

including 

organosilicon; 2) 

25±2 °C, water 

conservation 

Reaction mechanisms, chemical 

composition, microstructure, fresh 

properties, mechanical properties 
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Mixing the pre-mixed 

solution from 1) with 

solid precursor 

[90] MK 
Na2SiO3 

+ NaOH 
SMS 

0.32%, 

1.60% 
Paste 

1) Mixing organic 

additive and AA 

solution; 2) Mixing 

pre-mixed liquid 

solution from 1) with 

solid raw materials 

25±2 °C, water 

conservation 

Pore structure, wettability, water 

absorption, volume deformation, 

moisture movement 

[111] MK 
Na2SiO3 

+ NaOH 

S823, 

S1213, 

KH570 

1.0% Mortar 
Mixing organosilicon 

with fresh AAM paste 
25 ℃, 75% RH 

Chemical composition, 

microstructure, pore structure, 

fresh properties, mechanical 

properties, volume deformation, 

chloride penetration, thermal 

stability, wear resistance, anti-

carbonation performance 

[121] S 
Na2SiO3 

+ NaOH 

KH550, 

KH560, 

KH570 

1%, 3%, 

5%, 7% 
Paste 

1) Mixing all liquid 

materials including 

organosilicon; 2) 

Mixing all liquid and 

solid materials 

80 °C for 4 h and then 

cured at 25 °C 

Chemical composition, 

microstructure, pore structure, 

mechanical properties, fresh 

properties 

[114] 

MK + 

cement 

(6:4) 

Na2SiO3 

+ NaOH 

KH550, 

KH560 

1%, 2%, 

3%, 4% 
Mortar 

Mixing organosilicon 

(hydrolysate) with fresh 

AAM mortar 

/ 
Pore structure, wettability, water 

absorption, water resistance 

[113] MK 
Na2SiO3 

+ NaOH 
KH550 

0.06%, 

0.12%, 

0.29%, 

0.59% 

Paste 
Mixing organosilicon 

with fresh AAM paste 
20±2 ℃, ≥95% RH 

Chemical composition, pore 

structure, microstructure, fresh 

properties, mechanical properties, 

corrosion resistance 

[120] MK + Na2SiO3 KH550 1%, 2%, Mortar Mixing organosilicon 20±2 ℃, 95% RH Chemical composition, 
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cement 

(6:4) 

+ NaOH 3%, 4% (hydrolysate) with fresh 

AAM paste 

microstructure, pore structure, 

fresh properties, mechanical 

properties, corrosion resistance 

[67] S Na2SiO3 PMS 

0.08%, 

1.54%, 

2.31%, 

3.08%, 

3.85% 

Mortar 
Mixing all raw 

materials 
/ 

Chemical composition, 

microstructure, mechanical 

properties, mechanical properties, 

water resistance, corrosion 

resistance 

[141] MK 
Na2SiO3 

+ NaOH 
KH550 

0.06%, 

0.12%, 

0.29%, 

0.59% 

Paste 
Mixing silane with 

fresh AAM paste 
20±2℃, ≥95 RH 

Chemical composition, 

microstructure, pore structure, 

fresh properties, mechanical 

properties 

[112] MK 
Na2SiO3 

+ NaOH 
KH792 

0.1%, 

0.2%, 

0.5%, 

1.0% 

Paste 

Mixing organosilicon 

(hydrolysate) with fresh 

AAM paste 

20 ℃, ≥90 RH (seal 

curing for 24 h); 20 ℃, 

99% RH (after 

demoulding) 

Chemical composition, pore 

structure, properties, volume 

stability 

[122] 
Ultrafine 

MK 

Na2SiO3 

+ NaOH 
KH560 

2%, 4%, 

6% 
Paste 

Mixing all raw 

materials 
/ 

Chemical composition, 

microstructure, pore structure, 

fresh properties, mechanical 

properties 

[68] MK 
Na2SiO3 

+ NaOH 
KH550 

0.2%, 

0.4%, 

0.6%, 

0.8% 

/ 

Mixing organosilicon 

(hydrolysate) with fresh 

AAM paste 

20±2 ℃, >95±5% RH 
Reaction mechanisms, chemical 

composition, microstructure 

[260] MK 
Na2SiO3 

+ NaOH 

KH570, 

KH550, 

PAMS 

/ / / / 

Reaction mechanisms, 

microstructure, pore structure, 

mechanical properties, volume 

stability 

[261] MK Na2SiO3 KH570 7.2% / 1) Mixing 25 °C Chemical composition, 
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+ NaOH and/or 

KH550, 

PAMS 

organosilicon with MK; 

2) Mixing mixture from 

1) with AA 

microstructure, bond performance 

Notes: (1) Dosage is the mass ratio of organic to inorganic binder; (2) MK, FA and S denote metakaolin, fly ash and slag, respectively; (3) AA is alkaline 

activator; (4) RH is relative humidity; (5) The arrangement is made according to the chronological order of publications, from the most recent to the 

furthest in time.  
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Table 3 Parameters for surfactants and silicone oil used to synthesise organic-adsorbed AAM. 

Organic Abbreviation Functional groups 

Molecular 

weight 

(g/mol) 

Molecular formula Chemical structure 

Micromolecular surfactant 

Tween 20 (non-ionic) / 

Hydrocarbon chain, epoxy, 

ether, ester, hydroxyl 

/ / 

 

Tween 60 (non-ionic) / / / 

Tween 80 (non-ionic) / / / 

Triton X-100 (non-ionic) / 
Benzene ring, ester, 

hydroxyl, methyl 
/ / 

 

Alkyl polyglycoside (non-

ionic) 
APG 

Hydrocarbon chain, epoxy, 

ether, hydroxyl 
320 C16H32O6 

 

Sucrose fatty acid esters 

(non-ionic) 
SE 

Hydrocarbon chain, epoxy, 

ether, ester, hydroxyl 
609 C30H56O12 

 

Sodium dodecyl sulphate 

(anionic) 
SDS 

Sulphate group, 

hydrocarbon chain 
288 C12H25NaO4S 
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Sodium lauryl ether 

sulphate (anionic) 
SLES 

Sulphate group, 

hydrocarbon chain 
328 C12H26Na2O5S 

 

Stearic acid (anionic) STA 
Hydrocarbon chain, 

carboxyl 
284 C18H36O2 

 

Disodium laureth 

sulfosuccinate (anionic) 
DLS 

Sulphate group, 

hydrocarbon chain, ester 
414 C16H28Na2O7S 

 

Cetyltrimethylammonium 

bromide (cationic) 
CTAB 

Amino, hydrocarbon chain, 

methyl 
364 C19H42BrN 

 

Benzalkonium chloride 

(cationic) 
BAC 

Amino, benzene ring, 

hydrocarbon chain, methyl 
284 C17H30ClN 

 

Superplasticiser 

Lignosulfonate 

superplasticiser 
LS 

Sulphate group, 

hydrocarbon chain, benzene 

ring, hydroxyl, methyl 

/ / 
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Melamine superplasticiser  MS 
Sulphate group, amino, 

benzene ring, hydroxyl 
/ / 

 

Naphthalene 

superplasticiser 
NS 

Sulphate group, 

naphthalene 
/ / 

 

Aliphatic superplasticiser  AS 

Sulphate group, 

hydrocarbon chain, 

carbonyl 

/ / 

 

Polycarboxylate 

superplasticiser 
PS 

Hydrocarbon chain, ether, 

carboxy, methyl 
/ / 

 

Vinyl copolymer 

superplasticiser 
VCS Hydrocarbon chain, C=C / / / 

Alcohol organic compound 

Ethylene glycol monomer EG monomer Hydroxyl 62 C2H6O2 
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Polyethylene glycol PEG Hydroxyl / / 
 

Propylene glycol monomer PG monomer Hydroxyl, methyl 76 C3H8O2 

 

Polypropylene glycol PPG Hydroxyl, methyl / / 

 

Pentylene glycol / Hydroxyl 104.15 C5H12O2  

Hexylene glycol / Hydroxyl, methyl 118 C6H14O2 

 

Silicone oil 

Polydimethylsiloxane PDMS Si-O, methyl / / 
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Table 4 A summary of existing studies on organic-adsorbed AAM synthesised using surfactant or silicone oil as one of the raw materials. 

Reference Precursor 
Alkaline 

activator 
Organic Dosage 

Specimen 

type 
Processing route Curing condition Characterisation 

Micromolecular surfactant 

[81] FA 
K2SiO3 + 

KOH 

Tween 60 (non-

ionic), Triton X-

100 (non-ionic), 

SDS (anionic), 

CTAB (cationic) 

0.2% Triton 

X-100 or 0.1 

Tween 60 + 

0.005% CTAB 

or 0.2% SDS 

Foamed 

paste 

Mixing surfactant and 

foaming agent with fresh 

AAM paste 

Room 

temperature for 

24 h, 45 ℃ for 4 

h, then room 

temperature and 

water retention 

Chemical composition, pore 

structure, fresh properties, 

mechanical properties, gas 

permeability, heat conduction 

[82] MK 
K2SiO3 + 

KOH 
SDS (anionic) 1.80% 

Foamed 

paste 

Mixing surfactant and 

foaming agent with fresh 

AAM paste 

/ 

Pore structure, mechanical 

properties, heat conduction, 

fire resistance 

[180] FA 
Na2SiO3 

+ NaOH 

SDS (anionic), 

SLES (anionic) 
<0.1% 

Foamed 

paste and 

mortar 

/ 

90 °C for 24 h, 

and then room 

temperature for 6 

d 

Chemical composition, 

microstructure, pore structure, 

mechanical properties, fresh 

properties, thermal stability 

[183] MK 
Na2SiO3 

+ NaOH 

SLES (anionic), 

APG (non-ionic), 

BAC (cationic), 

SE (non-ionic), 

STA (anionic) 

1% Paste 

1) Mixing surfactant and 

AA; 2) Mixing pre-mixed 

solution from 1) with 

solid precursors 

20±1 °C and > 

99% RH for 7 d, 

20±1 °C and 

50±5 % RH for 

21 d 

Microstructure, pore structure, 

fresh properties, water 

absorption, mechanical 

properties 

[181] FA + S 
Na2SiO3 

+ NaOH 

Washing liquid 

(anionic) 

0.1%, 0.3%, 

0.5% 

Foamed 

paste 

1) Mixing surfactant and 

AA; 2) Mixing pre-mixed 

solution from 1) with 

solid precursors 

Room 

temperature 

Pore structure, mechanical 

properties, fresh properties, 

thermal stability, heat 

conduction, fire resistance 
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[83] S 
Na2SiO3 

+ NaOH 

SDS (anionic), 

SLES (anionic), 

DLS (anionic) 

0.5%, 1%, 

1.5%, 2%, 

2.5% 

Foamed 

paste 

Mixing surfactant and 

foaming agent with fresh 

AAM paste 

70 °C for 24 h, 

and then room 

temperature for 7 

d 

Chemical composition, 

microstructure, pore structure, 

mechanical properties 

[182] MK 
Na2SiO3 

+ NaOH 

Pluronic L35 

(non-ionic), 

Tween 80 (non-

ionic), Triton 

X100 (non-

ionic), SDS 

(anionic), CTAB 

(cationic) 

/ 
Foamed 

paste 
Mixing all raw materials 

Room 

temperature for 

10 h, and then 

60 ℃ for 24 h 

Microstructure, pore structure, 

mechanical properties 

[262] MK 
K2SiO3 + 

KOH 
Egg white / 

Foamed 

paste 

Mixing surfactant and 

foaming agent with fresh 

AAM paste 

1) Room 

temperature; 2) 

75 ℃ for 24 h 

Reaction mechanisms, pore 

structure, thermal stability 

Superplasticiser 

[187] 
FA + S 

(1.83:1) 

Na2SiO3 

+ NaOH 

Sulphonated MS, 

NS, PS 

0.5%, 1%, 

1.5%, 2%, 

2.5%, 3% 

Mortar 

1) Mixing 

superplasticiser and AA; 

2) Mixing pre-mixed 

solution from 1) with 

solid precursors 

Water 

conservation for 

1 d, and then 

room 

environment 

Fresh properties, mechanical 

properties 

[186] 
FA + S 

(3:1) 

Na2SiO3 

+ NaOH 
Sulphonated NS 

0.5%, 1%, 

1.5%, 2% 
Concrete / 

Ambient-cured or 

oven-cured 

Fresh properties, mechanical 

properties, thermal stability 

[168] 
Red mud + 

S (1:1) 
NaOH PS, AS, NS 

0.11%, 0.22%, 

0.33%, 0.44%, 

0.55% 

Paste 

1) Mixing 

superplasticiser and AA; 

2) Mixing pre-mixed 

21±1 °C and 

water 

Chemical composition, 

microstructure, pore structure, 

fresh properties 
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solution from 1) with 

solid precursors 

[190] 
S or FA + S 

(1:1) 

Na2SiO3 

+ NaOH 
PS 1%, 2%, 3% Concrete / / 

Mechanical properties, water 

absorption 

[185] 

Lunar 

regolith 

simulant 

NaOH NS, PS 3% Paste Mixing all raw materials 80 ℃ for 6 h 

Chemical composition, 

microstructure, fresh 

properties, mechanical 

properties, freeze-thaw cycle 

[191] 
FA + S 

(1:1) 
Na2SiO3 NS, MS, PS 1%, 3% Paste 

1) Diluting SP; 2) Mixing 

diluted superplasticiser 

and fresh AAM paste 

Water 

conservation 

Reaction mechanisms, 

chemical composition, pore 

structure, fresh properties, 

mechanical properties 

[263] 
FA + S 

(1:1) 
Na2SiO3 NS, MS, PS 1% Paste 

1) Diluting SP; 2) Mixing 

diluted superplasticiser 

and fresh AAM paste 

Water 

conservation 

Fresh properties, mechanical 

properties 

[188] 
FA + S 

(1:1) 
Na2SiO3 

Three types of PS 

and two types of 

NS 

1% Paste 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with water 

60 ℃ for 24 h, 

23±3 °C 

Fresh properties, mechanical 

properties 

[264] S 
Na2SiO3 

+ NaOH 
PS 

1.2%, 1.8%, 

2.4%, 3.0%, 

3.6% 

Concrete 

1) Mixing all solid raw 

materials except SP; 2) 

Mixing pre-mixed 

materials from 1) with 

AA solution; 3) Mixing 

SP, water, and pre-mixed 

materials from 2) 

22–25±2 ℃ 
Fresh properties, mechanical 

properties 
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[265] 
S + Micro 

silica 
NaOH 

LS, sulfonated 

MS, sulfonated 

NS, PS, AS 

0.50% Mortar / / 

Chemical composition, 

microstructure, fresh 

properties, mechanical 

properties 

[176] 
FA + S 

(17:3) 
Na2SiO3 

PS, sodium and 

calcium LS, 

sodium 

triphosphate, 

sodium gluconate 

~1.5% Paste 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with water 

20±2 °C, 

70±10% RH 

Chemical composition, 

microstructure, fresh 

properties, mechanical 

properties 

[184] FA 
Na2SiO3 

+ NaOH 

LS, NS, MS, PS, 

VCS 
0.4%, 0.67% Mortar 

Mixing superplasticiser 

with fresh AAM mortar 

23±2 °C, water 

conservation 

Chemical composition, pore 

structure, fresh properties, 

mechanical properties, water 

absorption 

[266] 
Palm oil 

fuel ash 

Na2SiO3 

+ NaOH 
Sulphonated NS 3.1%, 7.2% Mortar 

Mixing superplasticiser 

with fresh AAM mortar 

25 °C for 1 d, 

60±5 ℃ for 1 d, 

and then room 

temperature, 

water 

conservation 

Chemical composition, 

microstructure, mechanical 

properties 

[267] 
FA and/or 

Kaolin 

Na2SiO3 

+ NaOH 

or 

Na2SiO3 

+ KOH 

NS, MS, PS ~0.7% Concrete 

1) Mixing 

superplasticiser with AA 

solution; 2) Mixing pre-

mixed solution from 1) 

with solid raw materials 

Room 

temperature 

Chemical composition, 

microstructure, mechanical 

properties 

[268] FA 
Na2SiO3 

+ NaOH 
/ <11.5% Concrete 

Mixing superplasticiser 

with fresh AAM concrete 

23 ℃ or 70 ℃ 

for 24 h, and then 

Fresh properties, mechanical 

properties 
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at fog room 

[189] FA 

Na2SiO3 

+ NaOH 

or NaOH 

PS, NS, MS 0.77% Paste 
Mixing superplasticiser 

with fresh AAM paste 
/ 

Fresh properties, mechanical 

properties 

[167] FA + S 
Na2SiO3 

+ NaOH 
PS, NS 

1%, 2%, 3%, 

4% 
Paste / 

Room 

temperature 

Reaction mechanisms, 

chemical composition, 

microstructure, fresh 

properties 

[269] FA 
Na2SiO3 

+ NaOH 
PS 

3%, 4%, 5%, 

6% 7% 
Concrete 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with all liquid materials 

70 °C for 48 h, 

then at outdoor 

environment 

Microstructure, fresh 

properties, mechanical 

properties 

[270] MK 
Na2SiO3 

+ NaOH 
/ 1%, 2%, 3% Mortar 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with all liquid materials 

20 °C 
Fresh properties, mechanical 

properties 

[271] FA 
Na2SiO3 

+ NaOH 
PS 

3%, 4%, 5%, 

6%, 7% 
Concrete 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with all liquid materials 

70 °C for 48 h, 

then at outdoor 

environment 

Fresh properties, mechanical 

properties 

[272] FA 
Na2SiO3 

+ NaOH 
PS 

3%, 4%, 5%, 

6%, 7% 
Concrete 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with all liquid materials 

70 °C for 48 h, 

then at outdoor 

environment 

Microstructure, fresh 

properties, mechanical 

properties 

[273] S 
Na2SiO3 

+ NaOH 

PS, MS, NS, 

VCS 

0.3%, 0.5%, 

1.0%, 1.5%, 

Paste and 

mortar 
/ / Fresh properties 



62 

2.0% 

[274] FA 
Na2SiO3 

+ NaOH 
MS ~2–8% Mortar 

1) Mixing all solid raw 

materials; 2) Mixing pre-

mixed materials from 1) 

with all liquid materials 

25–28 ℃ Fresh properties 

[95] S 
NaOH or 

Na2SiO3 

NS, PS, VCS, 

MS 
1% 

Paste and 

mortar 
/ 

20±2 °C, 99% 

RH 

Fresh properties, mechanical 

properties 

Alcohol organic compounds 

[172] S Na2SiO3 

Hexylene glycol, 

EG, PEG, PG, 

PPG 

0.4%, 0.8%, 

0.16% 
Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

25 °C 

Reaction mechanisms, 

chemical composition, pore 

structure, microstructure, 

fresh properties 

[192] MK 

Orthopho

sphoric 

acid (AR 

grade 

85%, 10 

M) 

PEG 1%, 2%, 3% Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

Room 

temperature 

Chemical composition, 

microstructure, mechanical 

properties 

[200] 

S and coal 

gangue 

calcined at 

700℃ (1:1) 

Na2SiO3 

+ NaOH 
Alkyl polyether 1%, 2%, 3% 

Mortar and 

concrete 
/ 

20±2 °C, 95±1% 

RH 

Microstructure, pore structure, 

mechanical properties, 

chloride resistance, sulphate 

corrosion resistance, freeze-

thaw cycle, volume 

deformation 

[96] MK Na2SiO3 EG 0.5%, 1%, Paste / Ambient Chemical composition, 
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1.5%, 2% temperature for 

24 h, and then 

40 °C, 100% RH 

microstructure, mechanical 

properties, thermal stability 

[174] S NaOH PPG 0.36%, 0.72% Paste / 
20±0.5 °C, 100% 

RH 

Pore structure, fresh 

properties, mechanical 

properties, volume 

deformation 

[166] S Na2SiO3 
Aminoethanol, 

propionamide 
<0.5% Paste / 25 °C 

Reaction mechanisms, pore 

structure, mechanical 

properties, surface tension 

[145] S 
Na2SiO3 

+ NaOH 
Polyether 1.9% Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

20 °C, 50% RH 

Reaction mechanisms, 

chemical composition, water 

absorption, internal humidity, 

volume deformation 

[171] S 
Na2SiO3 

+ NaOH 
PEG 2.5% 

Mortar and 

concrete 
/ 

22±2 °C, 50±4% 

RH 

Reaction mechanisms, 

chemical composition, 

microstructure, volume 

deformation 

[22] FA 
Na2SiO3 

+ NaOH 
Hexylene glycol 2% Paste / 

50±2 °C, 55% 

RH 

Pore structure, fresh 

properties, mechanical 

properties, volume 

deformation 

[170] S 
Na2SiO3 

+ NaOH 
PEG 0.74%, 1.48% 

Paste and 

mortar 

1) Mixing organic 

additive, water, and AA 

solution; 2) Mixing pre-

/ 

Reaction mechanisms, pore 

structure, fresh properties, 

mechanical properties, surface 
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mixed liquid solution 

from 1) with solid raw 

materials 

tension, volume deformation 

[196] S 
Na2SiO3 

+ KOH 
PEG 

0.25%, 0.37%, 

0.49%, 0.62% 
Mortar 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

Room 

temperature, 

90±5% RH 

Chemical composition, 

microstructure, pore structure, 

mechanical properties 

[193] MK Na2SiO3 PEG 

0.5%, 1%, 

2%, 5%, 7% 

and 10% (by 

MK) 

Mortar 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

40 °C, 45±5% 

RH 

Microstructure, pore structure, 

density, mechanical properties 

[173] S 
Na2SiO3 

+ NaOH 
Pentylene glycol 

0.25%, 0.50%, 

1.0% 

Paste and 

mortar 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

Laboratory 

temperature 

Reaction mechanisms, 

microstructure, pore structure, 

mechanical properties, 

volume deformation 

[177] S NaOH EG 
2.5%, 5%, 

7.5%, 10% 
Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

Room 

temperature, 

100% RH 

Chemical composition, 

microstructure, fresh 

properties, mechanical 

properties, volume 

deformation 

[275] MK 
Na2SiO3 

+ NaOH 
PEG 3%, 6% Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

45 °C for 24 h, 

and then room 

temperature 

Chemical composition, 

microstructure, mechanical 

properties 
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liquid solution from 1) 

with solid raw materials 

[21] S Na2SiO3 PPG ~0.7%, ~1.3% Mortar Mixing all raw materials 
20±2 °C, 99% or 

50% RH 

Chemical composition, 

microstructure, mechanical 

properties, pore structure, 

volume deformation 

[95] S 
Na2SiO3 

or NaOH 
PPG 1% 

Paste and 

mortar 
/ 

20±2 °C, 99% 

RH 

Fresh properties, mechanical 

properties 

[276] Kaolinite 
Na2SiO3 

+ NaOH 
PEG 

0.2%, 0.4%, 

0.6%, 0.8%, 

1%, 1.2% 

Paste Mixing all raw materials 
40–90 °C, 99% 

RH 

Fresh properties, mechanical 

properties 

Silicone oil 

[90] MK 
Na2SiO3 

+ NaOH 
PDMS 0.32%, 1.60% Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

25±2 °C, water 

conservation 

Pore structure, wettability, 

water absorption, volume 

deformation, moisture 

movement 

[94] 
FA + S 

(3:2) 

Na2SiO3 

+ NaOH 
PDMS 

0.31%, 0.63%, 

0.94%, 1.25%, 

1.56%, 1.88%  

Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

20±2 ℃, 

95±3%R H 

Microstructure, chemical 

composition, pore structure, 

mechanical properties, 

wettability, water absorption 

[88] MK 
Na2SiO3 

+ NaOH 
PDMS 

0.16%, 0.32%, 

0.80%, 1.60% 
Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

25±2 °C 

Microstructure, pore structure, 

wettability, water absorption, 

moisture absorption 
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with solid raw materials 

[18] MK 
Na2SiO3 

+ NaOH 
PDMS 

0.54%, 1.35%, 

2.70%, 4.06%, 

5.40%, 8.12%, 

10.80% 

Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

25±2 °C, 60±5% 

RH 

Microstructure, chemical 

composition, pore structure, 

mechanical properties, 

wettability, roughness 

[277] Silica fume 
Na2SiO3 

+ KOH 
PDMS 1.50% Paste 

1) Mixing organic 

additive and AA solution; 

2) Mixing pre-mixed 

liquid solution from 1) 

with solid raw materials 

/ 
Chemical composition, 

microstructure, fire resistance 

[175] MK 
Na2SiO3 

+ NaOH 
PDMS 

5%, 10%, 

15% 
Paste 

Mixing organic additive 

with fresh AAM paste 

Room 

temperature, >95

% RH 

Microstructure, chemical 

composition, pore structure, 

mechanical properties, fire 

resistance 

[93] MK 
Na2SiO3+ 

KOH 

Sol-gel synthesis 

of the 

hydrophobic 

alkoxysilane 

/ Paste Sol-gel synthesis / 

Reaction mechanism, 

chemical composition, 

microstructure, pore structure 
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Table 5 Parameters for water-soluble polymer and organic emulsion used to synthesise phase-crosslinked AAM. 

Organic Abbreviation Functional groups 
Main 

components 

Chemical structure of 

monomers 

Chemical structure of 

copolymer 

Sodium polyacrylate PAAS Carboxyl / 

 

 

Polyacrylamide PAM Amino, carbonyl / 

 
 

Polyethylene co-vinyl acetate PVA Methyl, ester group / 

   
 

Ethylene-vinyl acetate-vinyl 

neodecanoate 
EVA-VN 

Methyl, hydrocarbon 

chain (~7C), ester group 
/    

  

Acrylate latex AE latex Ester group, C=C Acrylate 
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Poly(acrylic acid) emulsion PAA emulsion Carboxyl 
Poly(acrylic 

acid) 
 

 

Styrene-acrylic emulsion SA emulsion 
Alkyl, benzene ring, ester 

group 

Acrylate and 

Styrene   

 

Styrene-butadiene rubber latex SBR latex Benzene ring, C=C 
1,3-Butadiene 

and Styrene   
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Table 6 A summary of existing studies on phase-crosslinked AAM synthesised using water-soluble polymer or organic emulsion as one of the raw 

materials. 

Reference Precursor 
Alkaline 

activator 
Organic Dosage 

Specimen 

type 
Processing route Curing condition Characterisation 

Water-soluble polymer 

[212] S 
Na2SiO3 

+ NaOH 
PAAS 5% Paste 

1) Mixing all liquid 

materials including 

polymer; 2) Mixing all 

liquid and solid materials 

24-h steam cure at 

80 °C, room 

temperature for 6 d 

Microstructure, mechanical 

properties, adhesive properties 

[121] S 
Na2SiO3 

+ NaOH 

PAAS, 

PVA 

0.7%, 2.1%, 

3.4%, 4.8% 
Paste 

1) Mixing all liquid 

materials including 

polymer; 2) Mixing all 

liquid and solid materials 

80 °C for 4 h and 

then cured at 25 °C 

Chemical composition, degree of 

polymerisation, microstructure, pore 

structure, fresh properties, mechanical 

properties 

[278] S 
Na2SiO3 

or K2SiO3 
SA 

1.6%, 3.1%, 

6.3% 
Paste 

Three method: pre-

addition, normal addition, 

and delayed addition 

20 ℃, 100% RH 

Chemical composition, 

microstructure, pore structure, 

mechanical properties 

[279] S Na2SiO3 
SA, EVA, 

EVA-VN 
/ Colloid / / Stability of colloid 

[280] FA Na2SiO3 PVA 0.69% Mortar / 
70 ℃, 80 ℃, or 

90 ℃ 
Pore structure, mechanical properties 

Organic emulsion 

[138] MK 
Na2SiO3 

+ NaOH 

SA 

emulsion 

0.5%, 1.0%, 

2.0%, 3.0% 
Paste 

1) Mixing all organic raw 

materials to prepare an 

organic emulsion; 2) 

Mixing pre-mixed 

20±2 °C, >90% 

RH 

Chemical composition, 

microstructure, pore structure, 

mechanical properties, thermal 

stability 
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emulsion from 1) with 

fresh AAM paste within 

60 min 

[215] 
FA + S 

(3:2) 

Na2SiO3 

+ NaOH 

SBR 

latex 

3.1%, 6.3%, 

9.4% 
Mortar 

Mixing organic latex with 

fresh AAM mortar 

29±3 °C, 70±10% 

RH 

Chemical composition, 

microstructure, fresh properties, 

mechanical properties, durability 

(water absorption, volume 

deformation, chloride ion 

permeability, acid resistance, sulphate 

resistance), thermal stability 

[208] S 
Na2SiO3 

+ NaOH 

SA 

emulsion 

0.16%, 1.83%, 

3.05%, 6.11%, 

9.16%, 

12.22% 

Paste 

Mixing all raw materials 

including organic 

emulsion 

20±1 ℃, 95±5% 

RH 

Chemical composition, pore structure, 

fresh properties, mechanical 

properties, volume deformation, 

thermal stability 

[209] MK 
Na2SiO3 

+ NaOH 

PAA 

emulsion 

2.5%, 4.2%, 

6.0%, 8.7% 
Mortar 

Mixing all raw materials 

including organic 

emulsion 

40 °C for 6 h; 

20 °C and 95% RH 

for 28 d 

Chemical composition, pore structure, 

mechanical properties 

[211] S 
Na2SiO3 

+ NaOH 

SBR 

latex or 

AE latex 

3.6%, 7.1%, 

10.7% (SBR); 

3.6%, 7.1% 

(AE) 

Mortar / 30 °C or 60 °C 

Microstructure, mechanical 

properties, fresh properties, volume 

deformation 

[210] 
FA + S 

(3:2) 

Na2SiO3 

+ NaOH 

SBR 

latex 

5%, 10%, 

20% 
Mortar 

Mixing all raw materials 

including organic latex 
20 °C, 90% RH 

Fresh properties, mechanical 

properties, adhesive properties 
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Table 7 A summary of existing studies on phase-separated AAM synthesised using epoxy resin as one of the raw materials. 

Reference Precursor 
Alkaline 

activator 
Organic Dosage 

Specimen 

type 
Processing route Curing condition Characterisation 

[41] MK 
Na2SiO3 

+ NaOH 

Epoxy resin (E51) and curing 

agent (Q17) 

10%, 

20%, 

30% 

Mortar 

1) Mixing epoxy resin and 

curing agent (5:3); 2) 

Mixing pre-mixed epoxy 

resin with fresh AAM 

paste 

25 ℃, 75% RH 

Reaction mechanisms, 

chemical composition, 

microstructure, interface 

performance, mechanical 

properties 

[227] 
FA + S 

(7:3) 

Na2SiO3 

+ NaOH 

Epoxy resin (waterborne 

epoxy emulsion) and curing 

agent (2:1) 

2%, 4%, 

6%, 8% 
Mortar 

1) Mixing epoxy resin and 

curing agent for 2 min; 2) 

Mixing pre-mixed epoxy 

resin with precursors and 

AA 

20±3 ℃, 90% RH 

Microstructure, mechanical 

properties, water absorption, 

thermal stability 

[111] MK 
Na2SiO3 

+ NaOH 

Epoxy resin (E51) and curing 

agent (Q17) 

10%, 

20%, 

30% 

Mortar 

1) Mixing epoxy resin and 

curing agent (5:3); 2) 

Mixing pre-mixed epoxy 

resin with fresh AAM 

paste 

Ambient condition 

(about 25 °C, 75% 

RH) 

Chemical composition, 

microstructure, pore structure, 

fresh properties, mechanical 

properties, volume 

deformation, chloride 

penetration, thermal stability, 

wear resistance, anti-

carbonation performance 

[110] MK 
Na2SiO3 

+ NaOH 

Solid epoxy resin (diglycidyl 

ether of bisphenol A) and 

solid curing agent 

(dicyandiamide) (10:1) 

1.1%, 

2.8%, 

5.6%, 

11.1% 

Paste 

1) Grinding the mix of 

precursors, solid epoxy 

resin, and solid curing 

agent at 400 rpm for 5 min 

(10–100 μm); 2) Mixing 

Heat cured 

(220 °C, water 

conservation for 2 

h) + ambient 

condition (27 ℃, 

Chemical composition, 

microstructure, mechanical 

properties, thermal stability 
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solid materials from 1) 

with AA 

99% RH) 

[281] 
FA + S 

(11:9) 

Na2SiO3 

+ NaOH 
Epoxy resin (bisphenol F) 

0.7%, 

1.6% 
Paste 

Mixing epoxy resin with 

precursors and AA 

70 °C for 24 h + 

20 °C until test, 

water conservation 

Microstructure, mechanical 

properties, thermal stability, 

alkaline dissolution behaviour 

[282] 

Glass wool 

waste with 

epoxy 

resin 

Na2SiO3 / / Paste / 

1) room 

temperature; 2) 

40 °C on the first 

d, followed by 

room temperature; 

3) 60 °C on the 

first d, followed by 

room temperature. 

Reaction mechanisms, 

chemical composition, 

microstructure, fresh 

properties, mechanical 

properties, thermal stability 

[106] S 
Na2SiO3 

or NaOH 

Epoxy resin (bisphenol A, E-

51) and curing agent 

(polyamide resin) (1:1) 

/ Mortar 

1) Mixing epoxy resin and 

curing agent; 2) Mixing 

pre-mixed epoxy resin 

with fresh AAM paste 

/ 

Chemical composition, 

microstructure, mechanical 

properties 

[230] S NaOH 

Epoxy resin (bisphenol A) 

and curing agent 

(sulfonyldianiline) (1:1.2) 

2.8%, 

5.6%, 

11.9% 

Paste 

1) Mixing epoxy resin and 

curing agent; 2) Mixing 

pre-mixed epoxy resin 

with fresh AAM paste 

7 ℃, 10 ℃, or 

15 ℃ 

Reaction mechanisms, 

chemical composition, 

microstructure, fresh 

properties, mechanical 

properties, thermal stability 

[226] 
MK + S 

(5:1) 
NaOH 

Epoxy resin (bisphenol A) 

and curing agent (waterborne 

polyamine) (2:3) 

14.3 %, 

33.3 %, 

100 % 

Paste 

1) Mixing epoxy resin and 

curing agent; 2) Mixing 

pre-mixed epoxy resin 

with fresh AAM paste 

7 ℃ 

Reaction mechanisms, 

microstructure, fresh 

properties, mechanical 

properties 
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[219] FA or MK 
Na2SiO3 

+ NaOH 

Epoxy resin (Epojet, two-

component epoxy adhesive) 

11.1%, 

25% 
Paste 

1) Mixing epoxy resin and 

curing agent; 2) Pre-mixed 

resins being cured at room 

temperature for 10 min; 3) 

Mixing pre-mixed epoxy 

resin with fresh AAM 

paste 

25 °C, >95% RH 
Microstructure, mechanical 

properties, thermal stability 

[107] MK 
Na2SiO3 

+ NaOH 

Epoxy resin (N,N-diglycidyl-

4-glycidyloxyaniline) and 

curing agent (melamine) 

(6:1, 3:1) 

5.3%, 

11.1%, 

17.6%, 

25%, 

33.3% 

Paste 

1) Mixing epoxy resin and 

curing agent; 2) Pre-mixed 

resins being cured at 60 ℃ 

for 20 min; 3) Mixing pre-

mixed epoxy resin with 

fresh AAM paste 

60 ℃ for 24 h + 

room temperature 

for 6 d (>95 % 

RH), room 

temperature and 

humidity for 21 d 

Chemical composition, 

microstructure, pore structure, 

mechanical properties, 

thermal stability 

[39] MK 
Na2SiO3 

+ NaOH 

1) Epoxy resin (N,N-

diglycidyl-4-glycidyl-

oxyaniline, 82.0 wt.%) and 

curing agent (bis-(2-

aminoethyl)amine, 18.0 

wt.%) 

2) Epoxy resin (N,N-

diglycidyl-4-glycidyl-

oxyaniline, 79.6 wt.%) and 

curing agent (bis-(2-

aminoethyl)amine, 4.4 wt.%; 

2,4-diamino-toluene, 16.0 

wt.%) 

25% Paste 

1) Mixing epoxy resin and 

curing agent; 2) Pre-mixed 

resins being cured for 45 

min at room temperature 

before complete 

crosslinking and 

hardening; 3) Mixing pre-

mixed epoxy resin with 

fresh AAM paste 

Room 

temperature, 99 % 

RH 

Chemical composition, 

microstructure, mechanical 

properties, thermal stability 



74 

[40] MK 
Na2SiO3 

+ NaOH 

Epoxy resin (Epojet and 

EpojetLV, two-component 

epoxy adhesive) 

25% Paste 

1) Mixing epoxy resin and 

curing agent; 2) Mixing 

pre-mixed epoxy resin 

with fresh AAM paste 

25 °C, >95% RH 

Chemical composition, 

microstructure, mechanical 

properties, thermal stability 

[233] 
MK + S 

(1:4) 
Na2SiO3 

Resin powder (polyvinyl 

acetate) and resin emulsion 

(acrylic acid butyl acrylate) 

0.7%, 

3.2% 
Paste 

Mixing resin with 

precursors and AA 

20 °C, 99% RH 

for 24 h + room 

temperature 

Chemical composition, 

microstructure, mechanical 

properties, thermal stability 

[109] 
MK + S 

(1:4) 
Na2SiO3 

Resin powder (polyvinyl 

acetate) and resin emulsion 

(acrylic acid butyl acrylate) 

0.7%, 

3.2%, 

6.2%, 

9.0% 

Paste 
Mixing resin with fresh 

AAM paste 
20 ℃, 99% RH 

Chemical composition, 

mechanical properties, 

thermal stability 

[38]  Kaolin 
K2SiO3 + 

KOH 

Epoxy resin (diglycidyl ether 

of bisphenol-A) 
400% Paste 

Mixing epoxy resin and 

curing agent with fresh 

AAM paste 

60 ℃ for 6 h + 

180 ℃ for 2 h 
Thermal stability 

Table 8 A summary of basic systems, reaction, microstructure, properties and potential applications of AAM with organics. 

Type Organic Dosage 

Primary 

AAM 

system 

Bonding 

mode 

Reaction 

process 

Degree of 

polymerisation 

Chemical 

composition 
Morphology 

Pore 

structure 

Mechanical 

properties 

Water 

absorption 

Corrosion 

resistance 

Volume 

deformation 

Thermal 

stability 

Potential 

applications 

Organic-

grafted 

AAM 

Alkyl-

organosilicon 
Mainly: 

<2%, 

Generally: 

<7% 

AAMK 

(>75%) 

Chemical 

bonds, van 

der Waals 

forces, 

hydrogen 

bonds, 

electrostatic 

attraction 

Promoted in 

early-age 

reaction 

Decreased 

Grafted with 

organic 

structures 

Similar to 

plain AAM 

Increased in 

porosity of 

gel pores 

(<10 nm) 

Increased in 

early-age 

strength and 

slightly 

decreased in 

final strength 

Significantly 

decreased; 

being 

hydrophobic 

Significantly 

improved 

Significantly 

decreased in 

early-age 

deformation 

and drying 

shrinkage 

Organic 

structures 

decomposing 

at 350–

550 °C 

Corrosion-

resistant 

materials for 

wet 

environments 

Functional-

organosilicon 

Increased in 

most studies 

Decreased in 

porosity of 

capillary 

pores (10-

10,000 nm) 

Increased in 

strength 
N/A Improved 

Slightly 

decreased in 

drying 

shrinkage 

Coupling 

agents 
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Organic-

adsorbed 

AAM 

Micromolecular 

surfactant 
N/A 

Foamed 

AAM 

Van der 

Waals 

forces, 

hydrogen 

bonds, 

electrostatic 

attraction 

N/A Increased 

No change 

Similar to 

plain AAM 

Promoted in 

development 

of pore 

structure 

Deceased 

with most 

surfactants in 

strength 

N/A 

N/A 

N/A 

N/A 

Dispersants; 

foam/oil 

stabilizer 

Superplasticiser 

Mainly: 

<1%, 

Generally: 

<4% 

AAFA, 

AAS or 

AAFS 

(>85%) 

Van der 

Waals 

forces, 

hydrogen 

bonds, 

electrostatic 

attraction 

Slightly 

promoted 
Increased 

Similar to 

plain AAM 

Refined in 

pore 

structure 

LS: 

Decreased in 

strength; 

MS: Slightly 

affected; NS 

and AS: 

Increased 

with low-

dosage in 

strength; PS: 

Increased in 

strength in 

most studies 

N/A N/A 

Dispersants; 

high-

performance 

building 

materials 

Alcohol organic 

compound 

Mainly: 

<3%, 

Generally: 

<10% 

AAS 

(>65%) 

Van der 

Waals 

forces, 

hydrogen 

bonds 

Significantly 

delayed 
Inconsistent 

Fibrous or 

flaky organic 

phase; 

organic film 

Inconsistent Inconsistent N/A 

Significantly 

decreased in 

autogenous 

and drying 

shrinkage 

Shrinkage 

reducing 

agents 

Silicone oil 

(PDMS) 

Generally: 

<15% 

AAMK 

(>70%) 

Van der 

Waals 

forces, 

hydrogen 

bonds 

N/A Can be ignored 

Micron-scale 

hybrid 

particles with 

shapes of 

irregular 

blocks and 

long chains 

Slightly 

affected 

Increased 

with a 

proper-

dosage and 

decreased 

with an over-

dosage 

Significantly 

decreased; 

an induction 

stage with 

low 

sorptivity; 

being 

hydrophobic 

Decreased in 

early-age 

deformation 

Corrosion-

resistant 

materials for 

wet 

environments 

Phase-

crosslinked 

AAM 

Water-soluble 

polymer or 

organic 

emulsion 

Mainly: 

<5%, 

Generally: 

<13% 

AAS or 

AAFS 

(>80%) 

Phase 

crosslinking, 

van der 

Waals 

forces, 

hydrogen 

Delayed in 

polymerisation 
Decreased No change 

Differentiable 

organic and 

inorganic 

phases at the 

micron-scale 

Inconsistent 

Decreased 

with SA but 

increased 

with others 

in 

compressive 

Decreased 

with a 

proper-

dosage and 

increased 

with an 

Enhanced in 

chloride 

resistance; 

Impaired in 

sulfate 

resistance 

Slightly 

decreased in 

drying 

shrinkage 

Organic 

structures 

beginning to 

decompose at 

300 °C 

High-

performance 

building 

materials; 

corrosion-

resistant 
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bonds strength; 

Significantly 

increased in 

flexural 

strength and 

toughness 

over-dosage materials for 

wet 

environments 

Phase-

separated 

AAM 

Epoxy resin 

Mainly: 

<12%, 

Generally: 

<40% 

AAMK 

(>55%) 

Hydrogen 

bonds, van 

der Waals 

forces, 

chemical 

bonds 

Promoted 

Slightly 

affected in gel 

network 

N/A 

Separated 

organic and 

inorganic 

phases; dense 

hybrid 

interface 

Decreased in 

air pores and 

increased in 

capillary 

pores 

Deceased 

with most 

surfactants in 

strength 

Decreased 

with a 

proper-

dosage 

Enhanced in 

chloride 

resistance 

Decreased in 

drying 

shrinkage 

Improved in 

thermal 

stability of 

composites; 

Organic 

structures 

decomposing 

at 250–

550 °C 

High-

performance 

building 

materials; 

corrosion-

resistant 

materials for 

wet 

environments; 

used in 

thermal 

environments 
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