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[X,Y, Z] and [A, B, C] represent the concentrations of aqueous ions X, Y, Z and A, B, C, respectively; t is time.

K1 BRI R 2 SRS 2 2 i s =
Fig. 1 Anillustration of thermodynamics in AAMs

K2 #Or B A R
Fig. 2 Anillustration of the thermodynamic modelling scheme
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Table 1 Reaction products of AAMs and ordinary Portland cement (OPC) based materials!?®!

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, CoASHg, C4ACH 11, CsACH24 Hydroxysodalite, Na-chabazite, faujasite, zeolite P

(N3A3814H15), zeolite Y (NAS4H3)

Notations: C=CaO, S=Si0,, A=Al,03;, N=Na,0, H=H,0, c=CO,, AFm=monosulfate aluminate hydrate, AFt=ettringite

2 CNASH_ss IRBVE AR [ K HR AU %(298.15 K)B2
Table 2 Dissociation reactions and solubility products of CNASH_ss (298.15 K)[32

Molar ratios
Solids calSi AU Dissociation reactions lg(K)
5CA 1.25 0.25 (Ca0), s - (AL,0,)y 15 - (SI0,) - (H,0), o <> 1.25Ca% +Si0? +0.25Al0;, +0.250H +1.5H,0 -10.75
INFCA 0.84 0.26 (Ca0) - (AL,O,)g15555 - (S10,); 1575 - (H,0); 5525 +0.687 BOH™ <> Ca® +1.187 5Si0% +0.312 5AI0; +2H,0 -8.90
5CNA 1.25 0.25 (Ca0), 55 - (Na,0)4.5 - (Al,0,), 125 - (SIO,) - (H,0), 5 <> 1.25Ca* +Si0; +0.25AI0, +0.5Na* +0.750H +H,0 -10.40
INFCNA 0.84 0.26 (Ca0) - (N2,0)q 54575 - (AL,04 )0 15625 - (SI0, )y 1675 - (H,0), 5 <> Ca® +1.187 5Si02+0.312 5Al0; +0.687 5Na* +1.312 5H,0 —10.00
INFCN 0.67 0 (Ca0) - (Na,0), 5155 - (SI0,), 5 - (H,0), 1575 +0.3750H" <> Ca? +1.55i02 +0.625Na”* +1.375H,0 -10.70
T2c* 1.50 0 (Ca0),, - (Si0,) - (H,0),; «>1.5Ca* +Si0> +OH +2H,0 ~11.60
T5C* 1.00 0 (Ca0), ,5 - (SI0,), 55 - (H,0),5 «>1.25Ca? +1.255i0% +2.5H,0 -10.50
TobH* 0.67 0 (Ca0) - (Si0,),; - (H,0),5 <> Ca®+1.55i02 +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(32],
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Table 3 Dissociation reactions and solubility products of MgAI-OH-LDH_ss (298.15K)[%
Solids Mg/Al Dissociation reactions Ig(Kf;)
(MgO)4 {A1,03) {H,0)10 2 Mg,Al, (OH),, (H,0), <> 4Mg? +2AI0, +60H +7H,0 ~49.70
(MgO)s {Al203) {H,0)1, 3 Mg,Al, (OH),; (H,0), <> 6Mg? +2AI0;, +100H +7H,0 —72.02
(MgO)s {Al203) {H,0)14 4 Mg,Al, (OH),,(H,0), <> 8Mg? +2AI0, +140H +7H,0 -94.34
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N(C)ASH_ss 5 8! Jk H A2 240, RIAT i 3L ik
RAREG 1A 2 (0 38 2 5500

4 N(C)ASH_ss BRI 43R B1 B H37A B R %0 (298.15K) 38
Table 4 Dissociation reactions and solubility products of N(C)ASH_ss (298.15K)[38]

Molar ratios

Solids - - Dissociation reactions lg(Kg)
Ca/Si Al/Si
NASH_1-12 0 100 (Na,0)ys - (ALO,),s - (SI0,), - (H,0),+20H" <> SiOZ +AlO; +Na* +2H,0 -6.51
NASH_2-1 0 050  (Na,0)qs - (AlLO,),s - (SI0,), - (H,0), +40H™ > 2Si0; +AlO; +Na* +3H,0 -8.01
NASH_3-1 0 033 (Na,0)s - (AlL0,),s - (Si0,), - (H,0),+60H" <> 3Si0Z +AlO, +Na* +4H,0 -9.51
NASH_4-1 0 025  (Na,0)qs - (AlO,),s - (SI0,), - (H,0),+80H" > 4Si02 +AlO; +Na* +5H,0 -11.01
NCASH_1-0.1 0.4500 1.00 (N2,0)45 - (Ca0)q 46 - (Al,05)5 - (SI0,), - (H,0),+20H" <> Si0Z +AlO; +0.45Ca* +0.1Na" +2H,0 -8.51
NCASH_2-0.1 0.2250 0.50 (Na,0)q5 - (Ca0)q 45 - (Al,0,)os - (SIO,), - (H,0),+40H"~ «> 2Si02 +AIO; +0.45Ca* +0.1Na" +3H,0 -10.01
NCASH_3-0.1 0.150 0 0.33 (Na,0),5 - (Ca0)y 5 - (AL,0O,),s - (SIO,), - (H,0),+60H" <> 3Si0% +AIO; +0.45Ca* +0.1Na* +4H,0 -11.51
NCASH_4-0.1 0.1125 0.25 (Na,0)q 45 - (Ca0), 45 - (Al,04)q5 - (SIO,), - (H,0), #80H" <> 4SiO2 +AlO; +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 reaction products are: 1, CNASH_ss; 2, MA-OH-LDH_ss; 3, strélingite; 4, katoite; 5, ettringite; 6, C,ASHss ; 7, natrolite; 8, Ca-heulandite; 9,
portlandite; 10, brucite; 11, AHzme. 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. 3 Phase diagram of alkali-activated slag cement[*]
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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!5?
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Table 5 Differences induced by sodium sulfate attack and magnesium sulfate attack on alkali-activated slagf®?

Items Sodium sulfate attack

Magnesium sulfate attack

Change of pH in pore solution

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)

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)

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.
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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, Na2O/slag ratio= 6.2%, reaction temperature=60 “C)[8l
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(a) Alkali-activated slag and fly ash (slag/fly ash=1:1, water/binder ratio=0.4,
Na,O/binder ratio= 6%, and activator modulus=0.93)

(b) Alkali-activated MSWI bottom ash (water/bottom ash ratio=0.35,
activator is NaOH)
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Fig. 6 Thermodynamic modelling of the phase evolution of
alkali-activated slag and fly ash, and alkali-activated
MSWI bottom ashf3: 561
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Extended Abstract

Alkali-activated materials (AAMs) are a new class of green cementitious materials in the building materials industry and
beneficial to the goals of carbon peaking and carbon neutrality. In comparison with ordinary Portland cement (PC) based materials,
however, the raw material composition, reaction products and pore solution composition of AAMs are more complex and thus their
reaction mechanisms and performance evolutions still need to be further clarified. Thermodynamic modelling is an effective method
in studying 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 and reveal the reaction mechanisms and
performance evolutions of AAMs. Currently, thermodynamic modelling has been increasingly applied in AAMs and fruitful results
have been achieved. However, a comprehensive review is lacking on the state-of-art in thermodynamic modelling of AAMs. A clear
and systematic knowledeg of the principles, thermodynamic databases, methods, challenges and gaps remains inplicit for
thermodynamic modelling of AAMs. In this context, the present paper aimed to review and summarize the recent progresses in
thermodynamic modelling of AAMs, point out the deficiency gaps of current thermodynamic modelling researches and put forward
the relevant perspectives. With this review paper, it is expected to provide theoretical guidance for thermodynamic modelling of
AAMs.

Chemical reactions in AAMs follow the laws of thermodynamics. There exists two thermodyanmic equilibriums in AAMSs: one is
between the precursor and aqueous solution and the other is between the reaction products and aqueous solution. By assuming the
thermodynamic equilobriumes, thermmodynamic modelling can be performed to predict the phase assemblage and pore solution

composition of AAMs as illustrated in Fig. 2. The accuracy and reliability of thermodynamic modelling results largely denpends
on the quality of thermodyanmic database that consits of solubility products (Ksp), heat capacity (C¢ ), entropy (S?), Gibbs free
energy( A,.G? ), enthalpy (A,H?) and molar volume (V®) for all solid, liquid and gas phases involved in the system. The
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thermodynamicdatabase of AAMs is usually established based on the thermodynamic database of PC by introducing the unique
reaction products of AAMs. The unique reaction products and their thermodynamic parameters are tabulated in Tables 1-4 for
alkali-activated high-Ca system and alkali-activated low-Ca system.

Thermodynamic modelling of alkali-activated slag was initially conducted by using the thermodynamic database of PC.
Altohough the modelling results can predict the phase composition evolution, it still needed experimental measurements to calibrate.
With the established CNASH_ss model for describing C-(N-)A-S-H gel, thermodynamic modelling has been increasingly conducted
to investigate the phase assemblage evolution of alkali-activated slag cements. Besides the phase evolution, thermodynamic modelling
was also applied to predict the phase diagram, providing thretocal 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, such as the combined attack by chloride and sulfate salts. Thermodynamic modelling has also been applied to
predict the phase assemblage evolution of alkali-activated low- and medium-Ca systems. However, it is less applied as compared 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 to being used alone to study the phase assemblage evolution, thermodynamic modelling has also been coupled with
other simulation techniques to numerically study AAMs. For instance, by coupling thermodynamic modelling and lattice Boltzmann
method, a novel numerical model GeoMicro3D was developed to simulate the reaction process and microstructure formation of
alkali-activated slag cement, with which the interaction mechanisms between chemical reaction, multi-ions transport and
microstructure formation can be clarified. 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.

Conclusions and Prospects Thermodynamic modelling show strong 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 study AAMs. At present, however, there are still some issues that need to be further
studied:

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. With the development of atomic- and
molecular-scale simulation techniques, 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.

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 that needs 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 at the equilibrium state, ignoring the Kinetic issues before
reaching the equilibrium. Considering the kinetic parameters such as dissolution rate and reaction rate etc. in thermodynamic
modelling should be the focus of current and future thermodynamic modelling studies.

4) 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 ignores the interaction between the phase evolution, microstructure damage and ions transport. In future
studies, it is necessary to consider the interaction and establish the chemical-damage-transport model to numerically study the
durability performance of AAMs.
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