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Table 1 Reaction products of AAMs and ordinary Portland cement (OPC) based materials

125]

AAMs
Reaction products OPC
Alkali-activated slag Alkali-activated fly ash
Primary C-S-H C-(N-)A-S-H N-A-S-H
Secondary CH, AFm, AFt Hydrotalcite, C4AH;3, C;ASHg, C4AcH;;, CsAcoHag Hydroxysodalite, Na-chabazite, faujasite, zeolite P

(N}A3S]4H15), zeolite Y (NAS4H3)

Cis CaO. S is SiOs. A is A,Os. N is Na,O. H is H,0. ¢ is CO,. AFm is monosulfate aluminate hydrate. AFt is ettringite.

2 CNASH_ss R M5 R B R HE B (29815 K)™
Table 2 Dissociation reactions and solubility products of CNASH_ss (298.15 K)©**!

Molar ratios

Solids CalSi AUSI Dissociation reactions Ig K::
5CA 125 025 (Ca0),,;-(ALO,), s - (Si0,) (H,0), 5 ¢>1.25Ca* +Si0F +0.25A10,+0.250H +1.5H,0 -10.75
INFCA  0.84 026 (Ca0): (ALO,)y 5005 - (Si0,), 1575 - (Hy0), 45605 +0.687 SOH™ ¢ Ca* +1.187 58i03 +0.312 5A10; +2H,0 —-8.90
5CNA 125 025 (Ca0),,,-(Na,0),,s - (ALO,), s - (S0, ) (H,0), 5 <> 1.25Ca* +8i03 +0.25A10;+0.5Na ' +0.750H +H,0 —-10.40

INFCNA  0.84 0.26 (Ca0)-(Na,0), 555 - (ALO, )y 1sas - (Si0,), 1575 - (H,0), 5 > Ca® +1.187 581027 +0.312 5A10;+0.687 5Na*+1.312 5H,0  —10.00

INFCN 067 0 (CaO)-(Na,0),sp,s - (Si0,), s - (H,0), 155 +0.3750H > Ca> +1.58i0> +0.625Na" +1.375H,0 -10.70
T2C* 150 0 (Ca0),,-(SiO,)-(H,0),, «>1.5Ca>+Si0> +OH +2H,0 ~11.60
T5C* 100 0 (Ca0),,-(Si0,),, - (H,0),, > 1.25Ca> +1.258i0% +2.5H,0 ~10.50
TobH*  0.67 0 (Ca0)-(Si0,),,-(H,0),, ¢> Ca*+1.58i0% +3H,0 ~7.90

*It indicates that these components have the same bulk chemistry but slightly modified thermodynamic properties relative to the T2C, T5C and TobH

end-members of the downscaled CSH3T model*?..
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Table 3 Dissociation reactions and solubility products of MgAl-OH-LDH_ss (298.15 K)"3!
Solids Molar ratio of Mg/Al Dissociation reactions lg Ki
(MgO)y-(Al,03)-(H,0)10 2 Mg, Al,(OH),,(H,0), <> 4Mg* +2A10;+60H"+7H,0 —49.70
(MgO)g(Al,03)-(H,0)1, 3 Mg, Al,(OH), (H,0), <> 6Mg> +2A10; +100H™+7H,0 ~72.02
(MgO)g-(Al,03)-(H,0)14 4 Mg, Al (OH),,(H,0), <> 8Mg> +2A10; +140H +7H,0 -94.34
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Table 4 Dissociation reactions and solubility products of N(C)ASH_ss (298.15K)!

Molar ratio
Solids ) i Dissociation reactions Ig Kf;
Ca/Si Al/Si
NASH_1-1* 0 1.00 (Na,0),; - (AL 0,), - (Si0,), - (H,0),+20H" ¢ Si0 +Al0;+Na' +2H,0 -6.51
NASH_2-1 0 0.50 (Na,0),, - (AL,0,),5 - (Si0,), - (H,0),+40H" «> 2Si0; +AlO; +Na " +3H,0 -8.01
NASH_3-1 0 0.33 (Na,0), - (ALO,), - (Si0,); - (H,0),+60H" <> 3Si0J +AlO; +Na'+4H,0 -9.51
NASH_4-1 0 0.25 (Na,0),; - (ALO,), - (Si0,), - (H,0),+80H™ «> 4Si0} +Al0; +Na" +5H,0 -11.01
NCASH_1-0.1 04500 1.00 (N2,0),45 - (Ca0), 5 - (ALO,), - (Si0,), - (H,0),+20H" «> Si0OJ +Al0;+0.45Ca* +0.1Na" +2H,0 -8.51
NCASH_2-0.1 02250 0.50 (Na,0), 45 - (Ca0), 5 - (ALO,),; - (Si0,), - (H,0),+40H™ «> 2Si07 +A10;+0.45Ca* +0.1Na" +3H,0 -10.01
NCASH_3-0.1  0.1500 0.33 (Na,0),45 - (Ca0), 5 - (ALO,), - (Si0,); - (H,0),+60H" ¢ 3Si0} +Al0;+0.45Ca* +0.1Na" +4H,0 -11.51
NCASH_4-0.1  0.1125 0.25 (N2,0),4 - (Ca0), 5 - (ALO,), - (Si0,), - (H,0),+80H™ «> 4Si07 +A10;+0.45Ca* +0.1Na" +5H,0 -13.01

a. The first and second number after N(C)ASH represent the molar ratio of Si/Al and Na/Al in the solid solution member, respectively.
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Simulated solid phase assemblage

Region T _2 3 4 5 6 7 8 9 10 11
a X MT MT
b X M
¢ X T MT MT
d X T M
; X T M M

X T M MT MT
g X ML MT MT
h X MT MT MT MT
i X MT T MT MT
J MT T M MT
k x MT MT T M T
1 X MT MT T M
m X M M
n X M MT MT
o X MT MT MT T
P X M M T
q X M T M
r X MT XMT MT MT
s XM MT XMT MT MT MT
t XM MT XMT MT MT
u MT MT XMT M M T
v MT X M M MT
w MT X M M_MT MT

Simulated solid reaction products are: 1, CNASH_ss; 2, MA-OH-LDH_ss; 3, stritlingite; 4, katoite; 5, ettringite; 6, C4A§Hss ; 7, natrolite; 8, Ca-heulandite; 9,

portlandite; 10, brucite; 11, AH3e). X, M and T represent major, minor and trace amounts, respectively. Multiple letters are used where more than one category

applies.
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Fig. 4 Thermodynamic modelling of the phase evolution and pore solution pH value of alkali-activated slag cement under stepwise

accelerated carbonation’®”
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Table 5 Differences induced by sodium sulfate attack and magnesium sulfate attack on alkali-activated slag

[52]

Items Sodium sulfate attack

Magnesium sulfate attack

Change of pH in pore solution

Solid phase expansion (y, %)

Increases with the maximums of 0.21 (NH) and 0.41 (NS) Decreases with maximums of 2.06 (NH) and 1.72 (NS)
Reduction of Ca/Si in C-(N-)A-S-H gel Maximum reductions of 0.11 (NH) and 0.16 (NS)
Reduction of Al/Si in C-(N-)A-S-H gel Maximum reductions of 0.02 (NH) and 0.03 (NS)
Maximum values of 4.79 (NH) and 8.96 (NS)

Maximum reductions of 0.28 (NH) and 0.30 (NS)
Maximum reductions of 0.11 (NH) and 0.10 (NS)
Increases up to 43.50 (NH) and 38.41 (NS)

NH and NS represent sodium hydroxide activated slag cement and sodium silicate activated slag cement, respectively.

PERLAT R K ACRERR B, R I Bl R V4 7K g R A AR
SES YIS
33 WEAESERBNHR I FRY

A TR S T &R, RO R AT A4 2R 1) 34
JIERERRE AN LR B = . 36T S AR AT 1A R 4
T2 KR A BB 145 TR ZuoP Y YR
FH 38 7 2RERDRT B A K B K W) A 2 RS TE I () 24 P
ARSI FAT R (LE Sa), KGN
= (NayO/Fy SR K ) 2= 5 BUIU R R B K - N-(C-)A-
S-H HER & S PRI A o B, s nEoR
FHEE(Si02/NayO) 2 N-(C-)A-S-H it & &3 n
AN A B B, thah, IR RE BoR
T8 R R IR A S ot R v 5 A B R R A 22

x® O
(=R

Aqueous solution

~
[T )

Goethite Portlandite Brucite

(=]

Natrolite

100 g fly ash/cm’
(O8] g W (o)

(=]

93
(=]

Unreacted fly ash

id
0 : : i Cavities : ey
0 20 40 60 80 100 120 140 160
t/h

(a) Phase evolution

4, AN RN RN AT R — 2
N-(C-)A-S-H #iZ Ll C-(N-)A-S-H HEREA HELAI1L
SEEEL KT N 5.29%~11.44%F11 12.56%~23.81%),
PEAE AL SRR A B /N A R AN A ) 25
%(2.375 glem™, A —EWctE, AT LLoRkh i
TERI 224 o B 5o BRI A K FLI AL 7 4
FR A R S8 S R A4 SR, R AL
i Siv Na. Ca JLEA OH BTk FEIFA ) 244
AR IR EEL] MERZ N, HRENHARE
FHEPY, (B AL JGRIRE R A4 5 R
SERMENANBER, XU WA N-A-S-H BT
Iy Y R I ) 5 2R AT e 2 (RS e
BATRIE

10 000

L 1 000 M ° [OH-]_model &
E u [Na]_model
g [Si] model X
= 100 |
E ®[Na]_exp. 4 [Al]_exp.
% 10 = % [OH-]_exp. # [Ca]_exp.
£ L .
§ n [Sl];exp.
f=]
3 1 LS [Ca]_model .
E 1
2 M [Al]_model
m

0.01 : . .

0 50 100 150 200

t/h

(b) Pore solution composition

5 BB A S K I R AL R R AL e 3R/ TR L OK R 0.35, 8= 6.2%, [SLE

9 60 C)PY

Fig. 5 Thermodynamic modelling of the phase evolution and pore solution composition of sodium hydroxide activated fly ash (in
the calculations, water/fly ash ratio= 0.35, Na,O/slag ratio= 6.2%, reaction temperature=60 ‘C )[38]
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Extended Abstract

Alkali-activated materials (AAMs) are one of green cementitious materials in building materials industry and beneficial to the
goals of carbon peaking and carbon neutrality. Compared with ordinary Portland cement (PC) based materials, however, the raw
material composition, reaction products and pore solution composition of AAMs are complex and thus their reaction mechanisms and
performance evolutions still need to be further clarified. Thermodynamic modelling is an effective method in analyzing AAMs. It can
predict the phase assemblage and pore solution composition based on the raw material composition and given reaction conditions,
which is of great significance to profoundly investigate the reaction mechanisms and performance evolutions of AAMs. The existing
thermodynamic modelling is increasingly applied in AAMs and the related results are achieved. However, the corresponding
comprehensive review on the state-of-art in thermodynamic modelling of AAMs is lack. A clear and systematic knowledge of the
principles, thermodynamic databases, methods, challenges and gaps remains implicit for thermodynamic modelling of AAMs. In this
context, this review summarized recent progress on thermodynamic modelling of AAMs, pointed out the deficiency gaps of current
thermodynamic modelling research work and put forward the relevant prospects. This review could provide a theoretical guidance for
thermodynamic modelling of AAMs.

Chemical reactions in AAMs follow the laws of thermodynamics. There exists two thermodynamic equilibriums in AAMs, i.e., one
is between the precursor and aqueous solution and another is between the reaction products and aqueous solution. Thermodynamic
modelling can be performed to predict the phase assemblage and pore solution composition of AAMs by assuming the
thermodynamic equilobriume. The accuracy and reliability of results by thermodynamic modelling largely depend on the quality of
thermodynamic database that consist of solubility products (Ks,), heat capacity (C¢ ), entropy (S°), Gibbs free energy( A,G? ),
enthalpy (AH®) and molar volume (V ¢) for all solid, liquid and gas phases involved in the system. The thermodynamic database of
AAMs is usually established based on the thermodynamic database of PC via introducing the unique reaction products of AAMs. The
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unique reaction products and their thermodynamic parameters are available for alkali-activated high-Ca and alkali-activated low-Ca
systems.

Thermodynamic modelling of alkali-activated slag was initially conducted via the thermodynamic database of PC. Although the
modelling results can predict the phase composition evolution, it still needs the corresponding experimental measurements to calibrate.
with the established CNASH_ss model for describing C-(N-)A-S-H gel, thermodynamic modelling is increasingly used to investigate
the phase assemblage evolution of alkali-activated slag cements. Besides the phase evolution, thermodynamic modelling is also
applied to predict the phase diagram, providing a theoretical basis for the refined design of chemical properties of alkali-activated slag
cement. In recent years, thermodynamic modelling tends to be used to investigate the durability of alkali-activated slag cements under
single factor action such as carbonation, chloride attack and sulfate attack, as well as under multi-factors action, i.e., the combined
attack by chloride and sulfate salts. Thermodynamic modelling is also applied to predict the phase assemblage evolution of
alkali-activated low- and medium-Ca systems. However, it is less applied to those for alkali-activated high-Ca system. This is mainly
due to the less developed thermodynamic database for alkali-activated low- and medium-Ca systems.

In addition, thermodynamic modelling is also coupled with other simulation techniques to numerically analyze AAMs. For
instance, a novel numerical model GeoMicro3D was proposed by coupling thermodynamic modelling and lattice Boltzmann method
to simulate the reaction process and microstructure formation of alkali-activated slag cement, clarifing the interaction mechanisms
between chemical reaction, multi-ions transport and microstructure formation. However, the numerical studies by coupling
thermodynamic modelling and other simulation techniques are still limited for AAMs when compared to those for PC based materials.

Summary and prospects Thermodynamic modelling has a robustness in studying the phase evolution and durability performance
of AAMs induced by chemical reactions. Firstly, thermodynamic modelling can predict the reaction products assemblage and pore
solution composition of AAMs. Secondly, thermodynamic modelling can calculate the phase evolution of AAMs under the action of
aggressive media, and then study the deteriation mechanism of AAMs. Finally, thermodynamic modelling can be combined with other
numerical simulation techniques to investigate AAMs. At present, however, there are still some issues that need to be further studied
as follows:

1) The incomplete thermodynamic database for alkali-activated low-Ca system is an important reason for the limited
thermodynamic modelling studies on alkali activated low and medium calcium systems. It is expected that a thermodynamic model
describing the N-A-S-H gel can be established by ab-initio calculations and molecular dynamics simulations with the development of
atomic- and molecular-scale simulation techniques.

2) It is generally assumed that the amorphous phases in precursors are dissolved synchronously in current thermodynamic
modelling of AAMs. However, the heterogeneous distribution of composition and structure of precursor makes this assumption in
doubt. The non-uniformity of the dissolution of amorphous phases in precursor is an issue to be further considered in future
thermodynamic modelling studies.

3) The phase evolution of AAMs is actually a process coupling thermodynamics and kinetics. However, most of the
thermodynamic modelling studies only focus on the phase assemblage in the equilibrium state, ignoring the kinetic issues before
reaching the equilibrium. Considering the kinetic parameters (i.e., dissolution rate and reaction rate, etc.) in thermodynamic modelling
should be a focus of current and future thermodynamic modelling studies.

4) The phase evolution, microstructure damage and ions transport are three inter-dependent aspects for studying the durability
performance of AAMs. However, the current thermodynamic modelling studies mainly focus on the phase evolution under the
chemical attacks, while ignoring the interaction between the phase evolution, microstructure damage and ions transport. In future
studies, it is necessary to consider the interaction and establish a chemical-damage-transport model to numerically analyze the
durability performance of AAMs.
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