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Table 1 Aqueous electrolyte model

Models Calculation formula of y, Applicable range/(mol-L)
Debye-Huckel ! lgy, =—AZ°\T 1<0.005
Davies* JI

lgy, =—AZ>(—"—~—031) 0.100<1<0.500
1+~/1
Extended Debye—Huckell>% 311 7
lgy, =42~ V1 1<0.1000
1+ Ba/T
Iy, =2 L, 0</<1.000
T sai "
B-dot equationl>?! -4,7) \/—
lgy, 0</<1.000
& Bva‘x/—
SITE
-AZ\1
Igy, = + > e(i,k)ym 1<3.000
BT z )
Meissner correlation!>*] ym = il 2.000</<20.000
Bromley modell**! AT
Iy ==12e2, 15 Gl 1<6.000
Pitzer!3] 2v,,v, 2(v,, v, )
’ Ing, =|Z,Zy| /7 + 2000 pypr 4 2OV~ 1<6.000
v v
PSC model* 57} Iy, = 24,037 1 (14 pIY) =y 2y By exXp(=aty I3 =Xy 2y Bhyy exp(—appe 1Y)+
X7 Wy + (0 = 3)U g )+ 42000 Xy (2= 35,
R t1 d 1[58] % 2 172 2. .
caction moce g =in 2Lyt A= L 20 A(bl”z+]—2]n(l+b1”2)—;]/2]
7 Vv, 16l 5 +b1
A~:2~1]§,2 2.V.- A4 1
o 0 2 p 2 1 —2In(1+ b1 ) - ——
14617 3 " (12115 14617
EOS-based models™! p
V=
¢
UNIQUAC model[ Iny, = ln}/DH + ln;/C n }/R
eNRTL modell®! Iny, = Iny"™ + Iny*
Extended eNRTL modell* ¢3! Iny, =Iny”™ +Iny* +Iny"™
Iny, =Iny” +InyS +Iny”™ +Iny°
MSM approximation model!®4! Iny, = Iny +Iny’* [<24.400
MSE model(®] Iny, = Iny* +Iny"™ +Iny*

SIT=Specific Ion Interaction Theory, PSC=Pitzer-Simonson-Clegg, UNIQUAC=Extended universal quasichemical, EOS=equation of state, eNRTL=electrolyte
Non-Random Two-Liquid, MSM=Mean Spherical Model, MSE=Mixed solvent electrolyte. For the Debye-Hiickel, Davies, extended Debye-Hiickel, WATEQ,
and B-dot models, z; denotes the charge number of ion 7, and 7 represents the ionic strength. 4 and B are the Debye-Hiickel parameters at a specified
temperature and for a given solvent, g; is the ion-size parameter, and b is an empirical or semi-empirical parameter. In the SIT model, ¢ is the specific
ion-interaction parameter, m is the molality, and yis the ionic activity coefficient. In the Meissner correlation model, /”denotes the reduced activity coefficient,
while Z¢ and Z, represent the charge numbers of the cation and anion, respectively. In the Bromley model, C¢; is the interaction parameter between cation C
and anion 4. In the Pitzer model, Zy, and Zy denote the charge numbers of the cation and anion, respectively; vi, vx, and v represent the stoichiometric
coefficients of the cation, anion, and total ions, respectively; f” represents the long-range electrostatic contribution; B” and C” are ion-interaction terms. In the
PSC model, 4, and I, are the mole-fraction-based Debye-Hiickel parameter and ionic strength, respectively. x;, xu, Xx, and x; denote the mole fractions of the
solvent, cation, anion, and total ions, respectively; Bar, Ba'", aary, oa, Wia, Urnmx, and Vi yx are the ion-interaction or solvent-electrolyte interaction
parameters used in the PSC model. In the Reaction model, a; n;, n, Vi, and V; represent the activity of species 7, the amount of species 7, the total amount of all
species in the solution, the molar volume of species i, and the total volume of the solution, respectively.
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#2 M-S-HRNDFHIRE
Table 2 Thermodynamic database of M-S-H
Phase A/G°/(kJ-mol™) AAHP/(KI-mol ™) S°/(J- K" -mol ™) Cp/(J-K"-mol ™) V°/(cm? mol )
MgsSi4016(OH)," —9062.78 —9637.84 418.00 549.153 1 198.4
Mg SiO47 205275 217185 95.10 118.671 3 430
Mg;SiOg(OH)s™! —6609.65 —7129.87 350.00 462374 5 142.6
Mg;SigOn(OH)," —11342.22 ~12 068.59 536.00 650.276 9 263.8
Mg6Si4010(OH)4l" -8078.47 —8744.20 408.00 521.304 8 187.1
MgysSizOgs(OH)e! 74! —70 622.39 —71417.98 3591.00 4380.654 0 1754.8
Mg;Si;O5(OH),™! ~4030.75 ~4358.46 221.30 273.696 6 227.4
Mg;3Si4010(OH),1" -5516.73 ~5896.92 260.00 323.558 4 136.3
MgOB7! -569.31 —601.60 26.95 37.240 0 113
Si02, amorphous’>”! -850.36 —903.15 46.90 59.890 0 29.0
Mg(OH),7) -831.99 —924.14 59.43 77.270 0 24.6
Mg S0 385(OH)o 717! —1453.94 ~1560.14 80.13 66.770 0 28.8
Mg; 678i02,075(OH); 9917} -1739.26 ~1895.91 75.35 72.380 0 33.7
(MgO)1.5(Si02)2.0(H20), 576! -321843 -3507.52 270.00 318.000 0 95.0
(MgO0); 5(Si02)1.0(H;0),57¢! —2355.66 259422 216.00 250.000 0 74.0
(Mg0)o.75(Si02)1.00(H20), 4% ~1682.20 ~1846.70 123.00 176.000 0 57.0
(Mg0)1.30(Si02)1.00(H20)1.50**! ~2073.50 ~2270.40 119.00 218.000 0 71.0
(Mg0)o.75(A103)0.10(Si02)1 00(H20)2.156! ~1985.24 58.0
(Mg0)1.50(A1,03)0.10(Si02)1.00(H20)3.32! -2 684.16 75.0
MgsAL(OH),4(H,0)578 —6358.00 ~7160.00 549.00 648.000 0 219.0
MgsAly(OH),5(H20)3178) —8023.00 -9.007.00 675.00 803.000 0 305.0
MgsAl(OH)a5(H,0)578 —9.687.00 ~10 853.00 801.00 958.000 0 392.0

PRI BONEIR, JCHS = AR AUSI . Mg/Si
FERIR FE 264 P RGE S 4. Bk, KK M-S-H %
PR — P 4 SRR 920 . NMRL XRD. TG
M SEM/EDS S8 RAEFBL, EALRERS SR nvgo/nsio,
FEARAL B4 N AN AN E 52 M () 38 2
2.2 MPC #RSIZHURE

5 M-S-H 7K e HIR 45 b FE&E AR 1) #4727 4
RANIE, MPC 185 B MgO 5 B2 £h 147 kA BRI,
TG, B EES A bR . 5L A 9 B vy A e R TR
HEF R R HIKAE FEAIE S MgO ¥ il
Mg> B8, 2 BRRRIEA A0, pH {HE A
Mg/POs Ll IR ThIS A S iR FE S R Z il R,
MPC #7554 e AN 75 200, 2 [ AR B IR 85 26 7K
W1 F SR, 3 RAER IR HsPOsy HoPO4
HPO,> . POs~. Mg?. K. NHs 2 /Kismnfhz
() F0) TRl 188 N 285 6 S B o AR R TR 3R R A A
7], MPC & 0 55y i IR 4 % 7K JE (Magnesium
potassium phosphate cement, MKPC). EREEE/K
Je(Magnesium ammonium phosphate cement, MAPC).
RN EE /K Jé (Magnesium sodium phosphate cement,
MSPC) FI IR F5 5 /K e (Magnesium calcium phosphate
cement, MCPC)%§4A& R[71, Zhangl!?3 8013551 % MKPC

H1 MAPC 14 ZAH I ) 22 3 m AT 7 A
Hor, MKPC & & F Z 0 4+ MgHPO43H20 .
MgKPO4-6H,0 MgKH(POa4),- 15H,0 % HoAth A0EE 1k
R Eh /K461 MAPC 14 R F £40.45 MgHPO4-3H,0.
(NH4)2Mg(HPO4)2 '4H20 N (NH4)2Mg3(HPO4)4' 8H20 N
MgNH4PO4'H20\ MgNH4PO4'6H20 ﬂzﬂ Mg3(PO4)2'4H20
G BERRTR H KA P, MR BIRIC B TR 3.
Lothenbach 55R01E — @i v FERUR R 75 7%, 1
7 MKPC F 2K I1E 25, 38 ‘CHI 50 C Y
P I H R T MKPC 508 B 7E A [R5
- RERE VIR . 5T MAPC & &, Bl 2 g2 s )
B H B NHa'/NH; P S B iR SR /K A=
YIRIARRENE . N BRI X MPC B ePEL
B, B ok R4 I B ] DT MR VAL ST
Mg3B2(PO4)2(OH)e6H,O HIFN 125 dE, IHehE
FRA BRI UE T BT ST AR T Stk . bk, w
MEARAASE T LB DTERIE T T MgNH4PO4-6H,0
Sl i 5 U AR A R R AL, S MAPC 7EANFA]
I 2 26 AF T A AT AR I T S 8RR . 5
MKPC #1 MAPC #itt, MSPC } MCPC HK# )y
LRI EONER . CF R ARIE T MSPC H
R AN EE £h /K AL P2 LA e MCPC PR -5 85 i h sl 5
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BRI S AR P I R, 3R W] Na* Al Ca? il 2 5
MPC 7R S NI PR IR h AR AL P DAL 79 831, %
1M, IXLEF= YRI5l H ATk = R GUHGE,

JeHSEFRUEAE X Gibbs F HIRE« ARvHEAE RS . P2
JBE IR AR F il FE A M S A AN e 3, DRI PR 1) T
MSPC 1 MCPC 14 ZAHP A48l ) e

&3 MPC ANZEHIREE
Table 3 Thermodynamic database of MPC

Phase A/G°/(kJ-mol™) AAHP/(KI-mol ™) S°/(J- K" -mol ™) Cp/(J-'K"-mol™") V°/(cm? mol )
MgKPO,4-H,0B¢] —2 054.800 -2 245.800 141.300 142.500
Mg;B3(PO4)(OH)s-6H,0P4) ~7994.920 7725920 902.230 636.83
MgKPO,-6H,01%] —3241.000 -3 724.300 156.500
MgKH(POy), 15H,023 -6 969.890 -8 142.330 293.000
NH,H,PO,4 24 —1210.560 —1445.100
MgHPO,-3H,0¢] -2 286.500 -2 600.600 195.900 82.200
MgHPO,-7H,014] —3238.390 —3794.090 142.830
MgNH,PO,-6H,04] -3 051.100 -3 681.920 143.430
MgNH,4PO,-H,0F4 —1 865.900 -2 126.200 72.250
(NH,);Mg(HPOy),-4H,014 ~3821.050 —4466.120 177.270
(NH,);Mg(HPO,),- 8H,014] 7 886.940 ~9083.880 313.800
Mg;3(POy),% -3 550.129 -3792.110 189.200 213.44 95.250
Mg;3(POy), 4H,0B0 -4 482.100 -4 864.900 650.000 140.700
Mg;3(POy), 8H,0B3 —5458.100 -6 199.380 223.100 185.420
Mg;3(POy),-22H,08¢! —8 748.700 —10265.100 1 046.600 401.900
B(OH);[3! -968.763 -1072.326 162.297 86.06 39.601
NayB;07-10H,0?] —5516.600 —6298.600 586.000 220.450

MARKE, MPC #2550 OO0 74
MKPC 1 MAPC H = B REE Shk AL =4, Res 3
FFANF] Mg/POu- B 1% 5 S TR R P55 2% A1 B AH 2H
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3 KA = RIS AR, HAR DGR =R AT B
A IAHEY EEELES T4 MKPC fil MAPC
12, WHREM G NG T REE U RERR 2h . SR Eh
PRERR Eh . R IR Eh S I A A 1) 3 ) R R
A RN, BEIR R AW L M2 % i
pH VEALAIBERR EE b AR e YR s i = R Gk T)
FHEA . R, RRRIE—2 583 MSPC. MCPC.
H4 MPC R RFNSHEFRIVER T AT 225805, LA
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Mg(OH)2+ MgSO4nH0 S & 7 il X FREEAH, 15
3-1-8+ 5-1-7 SRR MIEA FIRFE T )5
SR TEE . B TR A AR Tl [E 5] N30,
MOS 1k RiZ#i & N Mg-S—Si—Al-Ca-H,0 £ 4 %>
R &, ATREFEE M-S-H. M-(A)-S-H. /KA 3540
KRR AR S IR A ). R, SRR —
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R4 MOS HRAFHIEE
Table 4 Thermodynamic database of MOS

Phase A/G°/(kJ-mol™) AFP/(kJ-mol™) S°/(J- K" -mol ™) Cp/(J K "-mol ™) 7°/(cm? mol ")
MgsSO4(OH)s-8H,0B4 -5 608.450 —6450.250 600.890 676.010 285.1100
MgsSO4(OH);9- 7H,0B4 -7 031.060 —7998.610 674.320 786.930 234.380 8
MgsSO4(OH);9-2H,0B4 -5871.720 -6 556.790 471.040 569.430 195.110 0
Mg;SO4(OH),-5H,0B4 -3223.120 -3 712.540 362.620 391.090 155.670 0
Mg3(SO4)2(OH), 3H,084) 3942930 —4444.300 327.830 400.480 160.710 0
Mg3(SO4)2(OH), 2H, 084 3704220 —4149.640 282.200 356.980 142.710 0
MgSO4-7TH,013] -2 870.093 —3388.141 370.280 372.790 146.800 0
MgSO4-6H,01] -2 631.583 -3 086.695 348.110 357.610 132.830 0
MgSO,4-5H,0133] —2392.388 —2791.303 303.340 109.600 0
MgSO,4-4H,0033] -2 153.021 -2 495.630 258.936 81.860 0
MgSO,4-H,Ol%] —1437.205 —1610.706 126.360 138.910 54.040 0
MgSO,[3] —1147.411 -1261.790 91.400 96.230 41.080 0
H;Citricl2! 331 —1543.800 252.100
B(OH);12! %3] -968.760 -1072.330
HAEDTAP! 3] —1761.700
H,Malonatel?!: 3] —891.100

2.4 MOC HRAOZEHIEE

H A1, MOC ¥ 2 H AR B A ) Al 3= B4
T MgO. Mg(OH),. MgCl, /K &#ILL K P3 Fl P5 %
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(% 6). Bernard ZEUMRHL CO:> M3 Mg-AILDH  CO, 21l , 44 & a] fig 4 i MgoCOs(OH)Cl-3H,0
SE N TR ISOBR IR £ B 7K 3 F1 (COs-hydrotalcite), FF  Fil MgCO;-MgCly-7TH,O 255 &KL BEAH, AT
HHETHANHSHEE 6). oAb, £ MOC 23] ZHIEHPEIINE 6.

&S5 MOCHRNZEHIRE
Table S Thermodynamic database of MOC

Phase A/G°/(kJ-mol ™) AFP/(kJ-mol™) S°/(J- K" -mol™) Cp/(J-'K"-mol™") V°/(cm? mol ™)
Mg,CI(OH);-4H,0U"% 871 -2 551.004 —2944.573 292.744 295.967 076 111.369
Mg;CI(OH)s-4H,0"% 871 -3 385.000 —3 898.000 394.000 372.130 000 139.144
MgCl,[7% 871 —592.091 —641.620 89.630 71.380 000 40.810
MgCly-6H,0"0 871 -2115.196 —2507.430 339.727 245.770 000 129.500
FeSO4 7TH,O37] —2507.752 -3 012.600 409.200 394.500 000 469.500
KH,PO,*7) —-1418.076 —1570.700 116.570 116.570 000 60.809
NaH,PO4% —1385.974 —1536.800 127.500 116.860 000
MgCly-4H,0] —-1623.770 —1910.100 264.000 255.440 000 98.330
MgCly-2H,0%] —1118.300 —1290.500 179.900 69.570
Mg;Cly(OH)4-4H,01%] -3 306.055 —3762.785 393.890 362.080 000 157.432
Mg;ClL(OH)4-2H,088] -2 815.800 -3 158.670 309.170 299.840 000 123.186
Mg oClo(OH),5-4H,0188] -9136.206 —10 228.288 842.430 885.060 000 338.927
KMgCls-6H,0183] -2 529.666 —2944.700 439.476
(KCI(MgCly)-6H,0055) 2529323
KMgCISO4-3H,08] —2325.613 -2 640.100 296.222

&6 RMC RIXFUEM BRI AN F IR

Table 6 Thermodynamic database of RMC and carbonation products of magnesia cements

Phase A/G°/(kJ-mol ™) AAHP/(KI-mol ™) S°/(J- K" -mol ") Cp/(JK"mol ™) 7°/(cm? mol ")
MgCO5-3H,01%] —1723.781 —1977.300 195.600 239.350 74.790
Mgs(CO;3)4(OH),-4H,0183 -5 870.184 -6 516.000 520.000 571.310 208.800
Mgs(COs)4(OH),- SH,0[ —6 081.700 —6 777.400 585.900 225.900
Mg,CO3(OH),-3H,0 —2568.352 -2920.612 232.923 296.050 96.900
MgCO;(#] —1029.509 —1113.300 65.100 76.090 28.018
MgCO5-5H,08 -2197.737 -2574.270 249.520 101.988
MgCO5-35Mg(OH), H,0*] -844.310 —936.800 64.000 78.000 25.220
Mes(CO3)s.25(OH)(CH;CO0), 5 SH,012) ~6229.200 ~7.069.600 484.000 525.000 208.000
Mg(CH;CO0), 18.500 20.000 9300
MgyAly(OH);2(CO3)-4H,077 -6 827.750 -7 670.920 621.000 727.000 222.000
MgsAly(OH);6(CO3)-5H,077 —8729.470 -9 805.530 810.000 953.000 301.000
MgsAly(OH),0(CO3)-6H,077 —10 631.000 —11933.190 1022.000 1200.000 380.000
MgyAly(OH)13 5(CO3)g.1-4H,07) —6 681.160 —7467.820 619.000 723.000 224.000
MgeAly(OH),7.5(CO3)p.1-5H,07) -8 519.680 -9 600.100 815.000 959.000 303.000
MggAly(OH),; 5(CO3)o.1:6H,07) —10421.200 —-11727.310 1.029.000 1209.000 382.000
Mg,CO3(OH)CI-3H,087] —2497.010 —2760.180 -270.129 115.043
MgCO;3-MgCl,-7H,0187] -3 386.256 -3918.114 449.594 179.780

JRAE RMC REEFUREM BHRAC 80 R R IAL R R, IR REZE COo 73 1 ARAHE
S TRZ AR, BUEERRA . AR S R R A . Bk, Ao
ENE. B, KEBRREAMIGZ, AR T as ROR L RENS 58 2 WU iR AL i R UL %
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Extended Abstract

Magnesia cements have attracted increasing attention as low-carbon and functional binders because of their diverse reaction
pathways, rapid hardening characteristics, and potential applications in rapid repair, fire-resistant boards, waste immobilization,
carbon sequestration, and specialized engineering environments. Typical magnesia cement systems include magnesium silicate
hydrate cement (M-S-H), magnesium phosphate cement (MPC), magnesium oxysulfate cement (MOS), magnesium oxychloride
cement (MOC), and reactive magnesia cement (RMC). These systems involve complex reactions among MgO, soluble salts, siliceous
or aluminosilicate components, water, and COz, leading to the formation of various hydration and carbonation products, such as
M-S-H/M-(A)-S-H gels, 3Mg(OH)2-MgClz2-8H20, 5Mg(OH)2-MgCl2-8H20, 3Mg(OH)2-MgS04-8H20, 5Mg(OH)2-MgSO4-7H20,
and KMgPO4-6H20. Because these products are often highly sensitive to mix proportion, temperature, pore solution chemistry,
relative humidity, CO2 concentration, and aggressive ions, it remains difficult to fully elucidate their phase assemblage evolution and
long-term durability using experimental characterization alone. Thermodynamic modeling provides an effective approach to predict
stable phase assemblages, pore solution composition, saturation indices, and phase stability boundaries under defined boundary
conditions and has thus become an important tool for understanding the hydration, modification, degradation, and carbonation
mechanisms of magnesia cements.

This review summarizes recent progress in thermodynamic modeling of phase assemblage evolution in magnesia cements. First,
the basic principles of thermodynamic modeling are introduced, including the role of ion activity, saturation index, chemical
equilibrium, Gibbs free energy minimization, and mass action law. Particular attention is paid to the selection of activity coefficient
models, because magnesia cement systems, especially MOC, MOS, and salt-exposed systems, commonly contain highly concentrated
electrolyte solutions. Second, this review collects and summarizes the thermodynamic databases currently available for magnesia
cements and further discusses their main limitations. The reviewed databases cover M-S-H, MPC, MOS, MOC, and
carbonation-related systems, including poorly crystalline M-S-H/M-(A)-S-H gels, magnesium phosphate hydrates, basic magnesium
sulfate phases, magnesium oxychloride hydrate phases, and magnesium carbonate hydrates. These data provide the basis for
thermodynamic modeling of hydration, modification, salt attack, leaching, and carbonation processes. Nevertheless, important gaps
remain in the existing databases. For M-S-H-based systems, thermodynamic data are still insufficient to describe the continuous
variation of Mg/Si and Al/Si ratios in M-S-H and M-(A)-S-H gels. For MPC, the thermodynamic data for intermediate phosphate
hydrates and retarder-related complexes remain incomplete. For MOS and MOC, more reliable thermodynamic parameters are needed
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for magnesium sulfate/chloride phases, especially under variable temperature and high-salinity conditions. In addition, the
incorporation of silica fume, fly ash, slag, metakaolin, and other industrial by-products introduces Si, Al, Ca, and Fe into
magnesium-based systems, potentially leading to M-S-H, M-(A)-S-H, C-S-H, hydrotalcite-like phases, calcium phosphate phases, and
other secondary products; however, thermodynamic data for these multicomponent reaction products are still insufficient. For
carbonation thermodynamic modeling, further improvement is needed in the thermodynamic data of metastable magnesium carbonate
hydrate phases, as well as in the ion interaction parameters for multicomponent Mg—Cl-SO4—Na—Ca—K—CO>—H20 systems. Therefore,
future database development should move from the compilation of individual phase data toward internally consistent multicomponent
databases that can better represent the complex reaction environments of magnesia cements.

Third, the applications of thermodynamic modeling in different magnesia cement systems are reviewed. For M-S-H, modeling
studies show that the Mg/Si ratio strongly controls the equilibrium among M-S-H gel, Mg(OH)z, and SiO2. Low Mg/Si systems tend
to form silica-rich M-S-H with better chemical stability, whereas high Mg/Si systems are more likely to generate Mg(OH)2, which
may reduce resistance to salt attack and carbonation. The introduction of metakaolin, sodium carbonate, or other aluminosilicate
components can further induce M-(A)-S-H gel, hydrotalcite-like phases, Al(OH)s, and zeolite-type phases. For MPC, thermodynamic
modeling reveals that the Mg/POs ratio, pH, phosphate type, and temperature govern the transition from acidic magnesium phosphate
phases to intermediate phases and ultimately to more stable struvite-type products. Modeling has also been applied to assess the
effects of wollastonite, carbonation, chloride attack, sulfate attack, and seawater exposure on MPC phase assemblages. For MOS,
modeling studies indicate that nmgo/nmgsos and nm20/nmgsos ratios strongly affect the formation of 5-1-7, which is closely associated
with compressive strength and water resistance. Chemical modifiers, especially citric acid and tartrate species, can alter Mg?" activity
and promote the formation of 5-1-7. For MOC, thermodynamic modeling has been widely used to clarify the stability of P3, P5, and
Mg(OH): as functions of nmgo/nmgcr2, nH20/nMgcr, temperature, modifiers, carbonation, chloride attack, and sulfate attack. These
studies explain why P5 can provide high early strength but tends to decompose into Mg(OH)2 under leaching or dilution conditions.
Finally, carbonation modeling of RMC and other magnesia cements is discussed. The phase composition of magnesium carbonate
hydrates is highly sensitive to CO2 concentration, humidity, temperature, and reaction time. Because full-equilibrium calculations tend
to overpredict thermodynamically stable phases such as MgCOs or Mgs(CO3)4(OH)2-4H20, metastable equilibrium modeling is often
performed by suppressing selected stable phases to better reproduce experimentally observed intermediate products. This approach
has been applied to RMC, M-S-H, MPC, and MOC carbonation, revealing the importance of kinetic limitations and environmental
boundary conditions.

Overall, thermodynamic modeling has provided important insights into the hydration, modification, salt attack, leaching,
carbonation, and durability of magnesia cements. Nevertheless, several limitations remain, including incomplete thermodynamic data
for key hydrates and carbonates, insufficient ion interaction parameters for high-salinity multicomponent systems, simplified
descriptions of low-crystalline gels and metastable phases, and limited coupling with kinetic processes. Future studies should further
improve thermodynamic databases, validate predictions using XRD, TG, NMR, FTIR, SEM/EDS, ICP-OES, and pore solution
analysis, and integrate thermodynamic modeling with kinetic, transport, humidity-controlled, and performance models. Such advances
will enhance the predictive capability of thermodynamic modeling and support the rational design, durability assessment, and
low-carbon applications of magnesia cements.

Summary and Prospects Thermodynamic modeling has become a useful tool for understanding hydration, phase evolution,
modification mechanisms, and the durability of magnesia cements. It can predict stable phases, pore solution chemistry, saturation
indices, and phase stability boundaries under defined conditions, providing theoretical support for mix proportion design and
performance optimization. Existing thermodynamic modeling studies have investigated the effects of raw-material mix proportions,
temperature, modifiers, carbonation, and aggressive ions on the phase assemblages of M-S-H, MPC, MOS, MOC, and RMC system:s,
and considerable progress has been made in understanding the formation and transformation of M-S-H/M-(A)-S-H gels, magnesium
phosphate hydrates, basic magnesium sulfate and chloride hydrate phases, and magnesium carbonate hydrates. However, several
limitations remain. Thermodynamic data for M-S-H/M-(A)-S-H gels, magnesium carbonate hydrates, metastable intermediate
products, and the temperature-dependent parameters of some hydration products are still incomplete. In addition, high-ionic-strength
pore solutions require appropriate activity coefficient models, but Pitzer parameters for multicomponent systems remain insufficient.
Moreover, thermodynamic modeling mainly reflects equilibrium or quasi-equilibrium states and cannot directly describe MgO
dissolution, nucleation, growth, transport, or early hydration kinetics. Future work should focus on improving thermodynamic
databases, refining activity models for high-salinity systems, and coupling thermodynamic modeling with experimental
characterization, kinetic modeling, and transport simulations. This will enhance its reliability in guiding material design, durability
assessment, and low-carbon applications.
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