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Table S1. Standard chemical potentials of pure components, for T =800 K [62,63].

Component u? [J/mol]
Feg) -29964
FesOus) -1287418
Fex0ss) -929580
FeClag) -459241
FeClag) -397550
H2O) -402982
HCl) -250261
Ha -112937
Oz -172901
Clag) -188680
NaCly) -484053
NaCl) -375822
Naz20gs) -500326
NaFeOq) -794281

Table S2. The Deacon reaction (HCI-O2—-H20-Cl2)(g).

1
ZHClg) + 503 = Hy0¢) + Clagg

AG2 [J/mol], T =800 K K gk
-4689 2.0239 0.3062 lgPo, = 2(1gPc,*1gPy,0 — 219Puci — lgK)

Table S3. The range of persistence of the Fe—Fe3Ous) system.

3Fe(s) + 202(g) = Fe304(5)

AG? [J/mol], T =800 K K lgK Apey = 1, Arejo,, = 1
1
lgPy, = _Eng
-851,724 411-1055 55.6138 lgP,, = —27.8069
, .

Table S4. The range of persistence of the Fe3Ous—Fe20s() system.

1
2F9304(S) + EOz(g) = 3Fe203(s)

AG? [J/mol], T =800 K K lgK Arey045 = 1/ Are,055 = 1
lgPy, = —2lgK
-127,453 20.9-107 8.3221 lgPy, = —16.6444
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Table S5. The range of persistence of the Fe—FeCla) system.

Fe(s) + Clz(g) = FeClz(S)

AG? [J/mol], T =800 K K lgK ey = 1, Qreciyy = 1
lgPClz == _ng
-240,641 5.13-10%5 15.7129 lgPg, = —15.7129

Table S6. The range of persistence of the FeClxs—Fe3Ou(s) system.

3FeC12(S) + ZOz(g) = Fe304(5) + 3C12(g)

AG? [J/mol], T=800 K K lgK Areclygy = 1 Are;0, = 1

2
~129,933 3.05 - 108 8.4841 lgFar, = 2.828 + 3 Igho,

Table S7. The range of persistence of the FeClxs—Fe203() system.

3
ZFECIZ(S) + Eoz(g) = FEZO3(S) + 2C12(g)

AG? [J/mol], T=800 K K lgK Arectygy = 1 Are,0, = 1

3
-129,106 2.69 - 108 8.4301 lgPar, = 4.215 + 7 1gPo,

Table S8. Hydrogen production at Fe/FesOu interface, in Fe—-HCl reaction, lgPy, = f(lgPyci)-

Fe(s) + ZHCl(g) = FeClZ(S) + HZ(g)

AG? [J/mol], T=800 K K lgK Areclyyy =1, Qe =1
lgPy, = lgK + 21gPyc
lgPy, = 2.722 + 2lgPyq
lgPy, = —9.278 + 2lgPyc, [ppm]

-41,692 527 2.722

Table S9. Hydrogen partial pressure at Fe)/FesOus interface, in Fe—-HCl) reaction, lgPy, =

fgPucn)-

Pyci [ppml Pyci [atm] lgPyc [atm] lgPy, [atm] Py, [ppm]
500 0.0005 -3.3010 -3.8800 132
1000 0.0010 -3.0000 -3.2780 527
1500 0.0015 -2.8239 -2.9258 1186
2000 0.0020 -2.6990 -2.6759 2109
2500 0.0025 -2.6021 -2.4821 3295
3000 0.0030 -2.5229 -2.3238 4745
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Table S10. Hydrogen pressure in iron oxidation, lgPy, = f (lgPHzo).

3Fe(s) + 4H20(g) = Fe304(5) + 4H2(g)

AGY [}/mol], T =800 K K lgK Qresoue = 1 Greg = 1
lgPy, = 0.251gK + lgPy,o
-37,346 274 2.4386 lgPy, = 0.6096 + lgPy,o

Table S11. Hydrogen pressure in magnetite oxidation, IgPy, = f(lgPy,0)

3F9203(S) + Hz(g) = 2Fe304(s) + HZO(g)

AG2 [J/mol], T=800 K K lgK re;04 = 1 Qre,05, = 1
lgPH2 = lgPHZO — lgK
-76,126 93,487 4.9708 lgPy, = lgPy,o —4.9708

Table S12. The dissociation of water vapour.

1
H;0¢) = Hyg) + 5029

AG? [J/mol], T=800 K K lgK lgPo, = 2(IgK + lgPy,0 — lgPy,)
lgPy, = —9.278 + 21gPyc;[ppm] (Table S8)
lgPO2 = 2(—4.0134 + lgPHZO — 2lgPyci[ppm])

.10~ 14 —
203,594 51-10 13.2914 lgPo, = —27.8069 ; Fe — Fey0,,

lgPy,0 = —9.89 + 21gPyc[ppm]

Table S13. The carbon content in the boiler steel.

Boiler steels: C =0.08 —0.2%
16M03(16) C=0.16-0.22%

C=0.2% x¢c = 0.0092; xp, = 0.9908
Assumption: C=FesC

Table S14. Thermodynamic properties of the Fe-C system, Inype,c = f(T,xpe), aic) = f(T, Xpe,c),

T =800 K [66].

INYpe,c = 41886 = 1gype,c = 1.8191
lnge:;C = _203621
l9ape,c = 1gVresc + 1gXpesc
l9ape,c = —0.217112 > g,y = 0.60658

3350
Mype,c = <T + 0.04) * Xpe

lgk =0.16025 - K = 1.4463

IgK = (— - 0.536) aic) = K * Apeyc
FesC) = 3Fe(s) + C :
€3t = 3w T ey T aj; = 0.8773 ; lgaj; = —0.05685
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Table S15. Oxidation of carbon in steel, at Fe)/FesOxs) phase interface, Pco, = f(Po,, a(c))-

Cis) + Oz = COz(g)
AG? [J/mol], T=800 K K lgK lgPco, = lgK + lgPy, + lgay
for Fe(s — Fe304 )
lgPO2 = —27.8069 (Table S3)
~395,525 6.7-10%5  25.8262 lgag = —0.05685  (Table S14)
1gPco, = —2.03755 — Py = 9.172 1072 [atm]

Table S16. Boudouard reaction at Fe(s)/FesOu phase interface.

Cs) + COyg) = 2C0(q

AG? 1], T=800 K 1
Gr [J/mol], T =800 K lgK lgPco = 5 (19K + LgPco, + 1gayc)
lgPco, = —2.03755 (Table S15)
30,537 0.01014 —1.994 lgajc) = —0.05685 (Table S14)

lgP;p = —2.0442 - P,y =9.032-1073 [atm]

Table S17. Influence of Ha), CO), H20() gas phase on the activity of carbon in steel at Fe(s)/FesOu)
interface, lgajc; = f(lgPHZO,lgPHCl).

Hag) + €O = Hy0¢ + C)
AG2 [J/mol], T =800 K K 19K

lga[c] =IlgK + lgPH2 +1gPco — lgPHZO

lgPco = —2.0442 (Table S16)
—21,062 23.7301 1.3753 lgPy, = —9.278 + 2lgPyc; [ppm] Table S8
lgajc) = —9.9468 — lgPy, o + 21gPyc, [pPm]

Table S18. Carbon activity and carbon surface saturation coefficient of Fe—FesCys) alloy as a func-
tion of steam pressure and various HCl) partial pressures, aj¢) = f (lgPHZO), for Py =500 — 3000

1gPu,0 ae;, g > 1
500 ppm HCl 1000 ppm HClg 1500 ppm HCl 2000 ppm HClg 2500 ppm HClg 3000 ppm HClg
-1 2.8-10+4 1.13-103 0.0025 0.0045 0.0071 0.0102
-2 2.8:103 0.0113 0.0254 0.0452 0.0706 0.1017
-3 0.0283 0.113 0.2543 0.4522 0.7065 1.02
-4 0.2826 1.13 2.54 4.52 7.06 10.17
-5 2.8 11.3 25.4 45.2 70.6 101.7

-6 28 113 254 452 706 1017
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Table S19. Pressure of saturated chloride sodium vapour above solid NaCl.

NaCl(g) = NaCl(S)

Unacl(s) = UNacl(g)

.u'I?laCl(s) = .Lll(\)laCl(g) + RTInPyye
RTInP§,¢ = “I%aCl(s) - .UI(\)IaCl(g)
INPS,c, = —162724  1gPSye = —7.067
PYaci = 0.0857 [ppm]  saturation state

Table S20. Phase equilibrium of a Fe-O-Naz0 system, lgayg,o = f (lgPoz), T =800 K.

() Reaction lgK; Az2Nare0, s = 1 Are,03 ) = 1
lga = —lgK
Nazo(s) - Fe203 Naz0 1
1 ) 10.359 lgaya,o = —10.359
Na;0s) + Fe;03(5) = 2NaFeOy(s) gllgaéizm < IgP,
. —_— 02
aF€304(S) = 1/ aF6203(5) =1
1
lga = —IlgK, — =lgK, —=IgP,
2 Nazo(s) _ Fe304(s) 63221 Na,0 1 3 21 6 ()
2Fe304(5) + 1/202(g) = 3F6203(5) ) lgaNazo = _13133 - glgPOZ
—27.8069 < lgPy, < —16.6444
Aregs) = 1, AFe;045) = 1
Na;0(5) — Fegs) 9o = —lgK: — ~1gK, — 2 lgKy — > 1gP
Na0 = 1 2 3 o
3 3Fe(s) + 203 = Fe30ys) 55.6138 “ 3 3 2 :

3
lgaNazo = —50.2089 — ElgPOZ
lgP,, < —27.8069

1 T T T T T T T 1 1 T T T T 1
l9aNa,0
L {1
Na,Fe, O, 2
4
S
K=
! Fe
L I 410
T I
I I
l I
Fe,O, | Fe;0, !
I I
| I
PR PR PR P SR N PR PR PRI EP NP TP PR NP MR B Y 4

| I
2 -4 6 -8 -10-12-14-16 -18 -20 -22 -24 -26 -28 -30 -32 -34 -36
IgPy,

Table S21. lgPyc = f(lgaNazo,lgPHzo,lgPHC,) in thermodynamic interpretation of 2NaFeOx)
production.
2NaCl(g) + HZO(g) = NaZO(S) + ZHCl(g)
AG? [J/mol], T=800 K K lgK lgaya,0 = lgK + 1gPy,o + 21gPygc; — 21gPyq
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1
153,778 91 : 10_11 _10041 lgPNaCl = E(lgaNazo - ng - lgPHzO + ZlgPHCl)

Table S22. lgayg,o = f (PHZO,PNaCl,PHCl) in thermodynamic interpretation of 2NaFeOx) produc-
tion, for Pyuc; =100 ppm (IgPyaci = —4).

I lgaNaZO
9Pu,0
Py = 1000 ppm Py = 2000 ppm Py = 3000 ppm
1.682 /48 atm/ -10.359 - -
2.284 /192 atm/ - -10.359 -
2.636 / 432 atm/ - - -10.359
-1 -13.041 -13.643 -13.995
-3 -15.041 -15.643 -15.995
-6 -18.041 -18.643 -18.995
Table S23. IgPyuci = f (PHZO) in thermodynamic interpretation of 2NaFeOxs) production, for Py¢;
=1000 ppm and lgayg,o =-10.359.
LgPu,0 lgPnact Pygci [ppm]
1.682 -4 100
-1 -2.659 2192
-3 -1.659 21,928
-6 -0.159 693,425
Table S24. Standard chemical potential u?(s'l) = f(T) temperature function of i(s,!) = FeCl,, NaCl
[63].
; sy = a+bT + cTinT [J/mol] Hir=800 )
a b c [J/mol]
FeClz(s) -367,000 438.3 -82.82575 —-459,286
FeCl, W —341,800 544.3 -102.15442 —452,650
NaClg) —428,700 310.1 -56.75335 -484,119
NaCly -410,300 367.1 —67.375498 -476,923

Table S25. The coordinates of the liquidus curve FeCl>-NaCl (pseudo-eutectic range) [94].

T[K] XFecl, T [K] XFecl,
939 0.94509 845 0.68808
932 0.91540 816 0.63791
926 0.89245 800 0.61299
917 0.86139 798 0.60999
914 0.85177 762 0.55981
896 0.80002 731 0.52147
883 0.76755 699 0.48576

867 0.73171 648 0.43762
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Table S26. Gibbs-Duhem equation of two components liquid solution Iny; = f(T,x;), i=1,2 [66].

( Iy, = (1T
S = m m m-1 1
indlnyi=0 -i=(12) - ln)/z—w(T)lx2 _m—1x2 +m—1
i=1 a
w(T) = 7

Table S27. Calculation procedure of Inypeci, = f(T, Xpeci,), activity e, and Xp,; , for hypoeu-

tectic composition.

HFeciy(s) = Hreci, (D)
“?s)_ M?z) = RTlnaFeClz(l)
RTInapec;, = A+ BT + CTInT

A+BT+CTLnT ]
lnapeclz = T; R =8.314 [mol K]

A=as—a; B=bs—b;; C=c,—¢
A =—25200; B =—106; C = 19.32867
Inagec,, (800 K) = —0.997756
magec, = f(T); Xpeci, = f(T) (lig. Table S25)
InApect, = INXpect, + INYpeci,
lnyFeClz = lnazrecz2 - lnxzrea2

X m
lnl’peczz = T (1 - xFeClz)

Tln)/peclz = (1 - xFeClz)m
lg(—TlnYFeaz) =lgx +m lg(l - xFeClz)
3.5 T T T

30} 1
25| J
320} 1
G
k=)
K5t 4
5
1.0 | 1
Q,
0.5 ° 19(-Tig(vrecy,)) .
—— y =2.1315x+3.4934, R?=0.9983
0_0 1 1 1 1 1 1
14 12 40 08 06 04 02 00
19(1-Xgect,)
«= —3121, m=2.1314
3121 21314
anFeClz = T (1 - xFeClz)

T =800 K, Xpec1,1iq) - hypoeutectic composition

~0.997756 = Inxp,q, — 3.90125(1 — xpoe, )
Xpecr, = 0.614657;  Xp,ry, = 0.61299 [94]
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Table S28. Calculation procedure of Inyrec, = f (T, Xpeci,), activity agecy, and Xgecy,, for hypereu-
tectic composition.

X m m m—1 1
Iynaer = T l(l — Xpect,) — po— (1= Xpect,)  + m]
for x=-3121 , m=2.1314
3121 )2.1314

Mmynac = — T l(l — XFecl, )1.1314

—1.883861(1 — Xpecy, + 0.883861J

Unaci(s) = Unaci()
.U?s)_ H?l) = RTlnaNaCl(l)

RTInayqe = A+ BT + CTInT
A+BT+CTLnT ]
Inayge = = R = 8314 [—]
A=as,—a; B=bs—b;; C=c,—¢

A = -18400; B = —57; € = 10.62215

Inayqc (800 K) = —1.081919
T =800 K, X;oc1,1iq) - hypereutectic composition

Inayger = Mxyacr + MY nac
—1.081919 = In(1 — X},¢,,)

—3.90125 [(1 ~ Xfecr,) —1.883861(1 — X}, )
Xpecr, = 0.3858;  Xpop, = 0.3561[94]

2.1314 1.1314

+ 0.883861J

Table 529. Iron chloride activity for various concentration (Xpc;, = Xjecy,) Of FeCl-NaCl liquid
solution, for T =800 K.

x‘FeClz lga’FeClz a‘FeClz x;eclz lga;:eclz a;“eclz
0.6147 -0.4333 0.3687 0.3858 -1.0131 0.097

Table S30. Hydrogen partial pressure above FeCl-NaCl liquid solution, at metal-oxide interface,
IHPHZ = f(gPuci, lgaFeClz(l))-

Fe() + 2HClg) = FeClyq) reci,-Nacijg) + Hag)
AG2 []/mol] K lgK
-35,056 1945 2.289

Areclys) = 1, Qres) = 1
lgPy, = IgK + 21gPyci — 19arec,,
lgPHz = 2.289 + ZZgPHCl - lgapeaz(l)

Table S31. Hydrogen partial pressure above FeCl-NaCl liquid solution, at metal-oxide interface,
lgPyu, = f(1gPuci 19 aFect, (l)), for various concentration of HCl(g).

Xpecl, lgPy,
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19 apecy 1000 ppm 2000 ppm 3000 ppm
2o 1gPyc, = =3 1gPyc, = —2.699 lgPyc, = —2.523
Xpec, = 0.6147 -0.4333 -3.278 -2.676 -2.324
Xpoct, = 0.3858 -1.0131 -2.698 -2.096 -1.744

Table S32. Pressure of iron chloride saturated vapour Prc;, above FeCl-NaCl liquid solution,
l9Prect, = f(arecty, ), for T=800 K.

FeClz(l) = FeClz(g)

HFect, (1) = Hrecly(g)
Ky + RTIArec, g = Higy + RTINPrecy,

RTINPpecy, = iy — Ulgy + RTinagcci,,,
lgPFeClz = _35949 + lgaFeClz(l)

Table S33. Pressure of iron chloride saturated vapour Pg,c;, above FeCl>-NaCl liquid solution,
l9Prect, = f(arecty ), for T=800 K.

XFecl, lgaFeClz(l) l9Preci, Preci, [pPmM]
Xpect, = 0.6147 -0.4333 —4.0282 93.7
Xpect, = 0-3858 -1.0131 —4.608 24.7

Table S34. Parametric Equation Formalism [58-61].

x; = x{ + tcosq; i=1,..,s
s is a number of reagents,
x;, x{ are equilibrium and inlet molar fraction of gas component i,
a; is direction angle,
Tisaline parameter, T ER.

S
Vi —X; Z =1V ,
cosa; = i=1,..,5s

2
\/ Zl 1(VL L =1 Vi)
v; is stoichiometric coefficient of reactant i.

i T X Zl 1 Vi .
xi=x)+71 i=1,..,s

\/zl?:l(vi P52
v; adopts positive values for the products of the reaction and negative values for the
subtracts,

S
— — ’V. .
(Zin) = x=x+10G-x)) ; Y= i=1..,5s

ra v.
i=1 =171

N
(Evr=0> = x'=x-°+‘rL i=1,..,s
i ; ; ) e
i=1 V2o (v)?

Table S35. Fe-O phase diagram fragment, in a range of FeClan—Fe20s() equilibrium.

FeCl,q) — Fe; 055 AGP_goo k [J/mol] lgK
ZFeClz(l) + 1.5 02 = Fe203(5) + chz —142,378 9.2967
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Table S36. Phase system of Fe-O in the range of FeCl-Fe:Oss equilibrium, [gPg, =
f(lgPoz, lgaFeClz(c))~

lgareci,, lgPci, = 4.64835 + 0.75 IgPy, + lgarecy,, Range of lgP,,
X, ; —0.4333 4.2150 + 0.75 lgP,
FeCly’ - - lg 02 |-16.6444 — —1]
Xpoer,; —1.0131 3.6352 + 0.75 IgP,,

Table S37. The range of persistence of the Fes—FeClzg system.

FE(S) + ClZ(g) = Feclz(])
AG? [J/mol], T=800 K K IgK Qe = 1
-234,006 1.9-101° 15.2796 lgK = lgagec,,, — lgPc,

Table S38. Equilibrium of HCI-CI-H system.

2HClg) = Hyg) + Clyg
AG2 [J/mol], T =800 K lgK
198,905 -12.9876

lgK = lgH, +1gP, — 2 IgHCI

Table S39. Oxidation of iron chloride in the "active oxidation" model.

Reaction AGP_goo k [J/mol] lgK
2HCl g, + 05 Og) = H,0(g) + Cly -4689 0.3062
3FeCly(g) + 2055 = Fe3040s) + 3Clygg) 315,006 20.5686
2FeClygg) + 1.5 055 = Fe,035) + 2Clyg) 252,488 16.4864

Table S40. Oxidation of iron chloride in the "active oxidation" model, IgPreci, = f (lgPo,)-

System lgPrect, Range of IgPy,

1
FeCly(g) — Fe3 04 —6.55 — 1gPy,0 + 2lgPyci — z LgPo, [-27.8069 — -16.6444]

1
FeClyg) — Fey 035 —~7.937 = lgPy,0 + 219Pucy — 7 1gPo, [-16.6444 — -1]




