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ABSTRACT 14 

In this paper, the effect of slag composition (slag basicity CaO/SiO2 and 15 

FeO concentation) on the amount of H2 gas and magnetic spinel phase 16 

precipitated as a result of the reaction between synthetic steelmaking slag 17 

and steam at 1873 K (1600 °C) was studied by thermodynamic simulation 18 

(using Thermodynamic Package FactSage 7.0) and laboratory 19 

experiments. The thermodynamic calculation showed that, with 20 

increasing slag basicity (CaO/SiO2) from 1.0 to 2.5, for 100 g slags 21 

reacting with 100 g H2O gas, the accumulated amount of the produced H2 22 

gas increased from 0.17 g to 0.27 g, while the amount of magnetic spinel 23 

phase first increased and then decreased, with the maximum of 16.71g at 24 

the basicity of 1.5. When the FeO concentration increased from 15% to 25 

30% for the slag with basicity of 2.0, the accumulated amount of the 26 

produced H2 gas increased from 0.17 g to 0.28 g, and the amount of 27 

magnetic spinel phase increased from 5.88 g to 10.59 g. The laboratory 28 

experiments were conducted in confocal laser scanning microscope to 29 

verify the reaction between 0.2 g slag and 3.75 l H2O-Ar gas (30 

2
P  0.2H O atm= ). The results indicated that, for 100 g slags, with increasing 31 

slag basicity (CaO/SiO2) from 1.0 to 2.5, both the produced H2 gas and 32 

magnetic spinel phase first increased and then decreased, with the 33 

maximum of 0.09 g gas and 37.00 g magnetic spinel phase at the slag 34 

basicity of 1.50. For the FeO concentration increasing from 15% to 30%, 35 
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the amount of both the produced H2 gas and magnetic spinel phase 36 

increased from 0.04 g to 0.10 g and from 18.00 g to 27.00 g respectively. 37 

The reaction rate between molten CaO-SiO2-FeO-MnO-Al2O3-MgO slag 38 

and the moisture (
2

P  0.2H O atm= ) increased with increasing FeO activity in 39 

the slag. The dependence of the reaction rate (mol/cm2/second) on FeO 40 

content can be expressed as ( ) 7

FeOr (7.67 a 2.99 10−= − ) . 41 

Keywords: steelmaking slag; moisture, H2 gas; spinel; basicity; reaction  42 

 43 

I. INTRODUCTION 44 

Steel slag is a by-product from the steelmaking process. Although the 45 

steel slag composition varies with steelmaking furnace type, steel grades 46 

made and pre-treatment method, the main components in steel slag are 47 

CaO, SiO2, FeO (Fe2O3) with certain amount of Al2O3, MgO, MnO and 48 

P2O5. [1, 2] The molten steelmaking slag, in the temperature range of 1723 49 

- 1923 K (1450-1650 °C) contains substantial amount of high quality 50 

thermal energy. Researchers have been exploiting various chemical 51 

methods to recover the waste heat, including methane reforming [3, 4], coal 52 

and biomass gasification [5-8], and direct compositional modification of 53 

slags [9-11]. During the heat recovery by using chemical methods, slags can 54 

act as not only heat carriers but also catalysts and reactants, which 55 

expands the field of slag utilization. However, due to existing gaps in 56 

knowledge, the industrial deployment of these energy recovery methods 57 
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is some way off. These include managing the low thermal conductivity of 58 

slags [12, 13], kinetics of crystallization [14, 15] and discontinuous availability 59 

[16, 17]. 60 

Besides the high-temperature waste heat, the slag contains valuable 61 

material. Taking into account 15%-35% of FeO in the steelmaking slag 62 

and about 114 Mt BOS (Basic Oxygen Steelmaking) process slag 63 

generated worldwide in 2013 [18], it is extremely important to develop 64 

efficient solutions to recover valuable materials from slags that could be 65 

utilized as raw materials including for sintering mixture or for pelletizing 66 

iron ores. Several carbothermal reduction methods [19-21] have been 67 

developed to recycle iron from steelmaking slags. However, its 68 

implementation is constrained by unavoidable carbon footprint and large 69 

energy consumption. A sustainable approach to utilize steelmaking slag 70 

components based on transformation of non-magnetic iron monoxide to 71 

magnetite by oxidation has been investigated by Semykina et al. [22-24]. In 72 

this process, air could be used to produce an oxidizing atmosphere to 73 

transform FeO into magnetite, followed by a magnetic separation of 74 

magnetite from the pre-treated slag. The rest of the slag (non-magnetic) 75 

could be effectively used in production of cement binder or in other 76 

applications.  77 

Bhattacharjee et al. [25] and Mukherjee and Bhattacharjee [26] sprayed 78 

water on molten slag, and subsequently thermo-chemical decomposition 79 
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of steam took place on the slag surface, resulting in the generation of H2. 80 

With regards to the steam-slag process for the generation of hydrogen 81 

gas, Matsuura et al. [27] predicted the effects of slag temperature, slag 82 

composition, gas temperature and partial pressure of H2O on production 83 

behavior of H2 gas by FactSage calculation. Accordingly, Sato et al. [28] 84 

designed experiments to realize this reaction.  85 

The current authors are aiming to develop a novel process to recover 86 

both the thermal heat and valuable materials from the molten slag by 87 

reacting molten slag with steam. As the continuation of our previous 88 

study [18], this paper studies the effect of slag composition (slag basicity 89 

CaO/SiO2 and FeO concentration) on the H2 generation during the 90 

reaction and the precipitation of magnetic spinel phase from the slag after 91 

the slag-steam reactions. BOS slags comprise major components of CaO, 92 

SiO2 and FeO (totalling more than 80 mass%) and minor components of 93 

MgO, Al2O3, MnO and P2O5. Hence, the main components of basicity 94 

(CaO/SiO2 ratio) and FeO concentration on the production of H2 gas and 95 

the generation of magnetically susceptible compounds in the reaction 96 

between molten slag and water vapor are studied in this work. The 97 

reaction mechanism and reaction rate have also been investigated. 98 

 99 

II. EXPERIMENTAL  100 

A. Slag Samples 101 
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The composition of the synthesized slag samples characterized by XRF 102 

(XRF-1800X from Shimadzu Corporation) in the present study are listed 103 

in Table 1. As the main components of steelmaking slag are CaO, SiO2 104 

and FeO, with small amount of Al2O3, MgO and MnO, as a result, for all 105 

the slags, the compositions of Al2O3, MgO and MnO were kept constant 106 

at 5.0 mass%, respectively. Slags #1 to #4 were prepared to study 107 

different bacisities (CaO/SiO2 ratios) in the range of 1.0 to 2.5, while 108 

slags #5, #6, #3 and #7 were used to study the effect of FeO concentration 109 

in the slags. 110 

All the slags were made from chemical reagents of CaO, SiO2, FeO, 111 

MnO, Al2O3 and MgO, with a purity of 99.9 wt.%, supplied by Sigma 112 

Aldrich. Prior to mixing, the chemical reagents of CaO and SiO2 were 113 

dried at 1273 K (1000 °C) for 4 hours under Ar atmosphere to remove the 114 

small amount of volatiles and hydrones. The dry chemical reagent 115 

powders were well mixed with FeO and MnO powders based on Table 1, 116 

then placed into a platinum crucible, and heated in a tube furnace at 1873 117 

K (1600 °C) for 2 hours under high purity of Ar atmosphere to 118 

homogenize the slags. Finally, the molten slag was rapidly cooled to 119 

room temperature under high purity of Ar atmosphere and the slag 120 

achieved in this process was called pre-melted slag. The temperature of 121 

the tube furnace in this study was controlled by a program controller with 122 

an R type thermocouple, within the observed precision range of ±3 K.  123 
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B. Experimental Apparatus and Procedure 124 

Figure 1 shows a schematic diagram of the experimental apparatus, 125 

 126 

Figure 1 Schematic diagram of experimental apparatus: 1. Retort stand; 2. 127 

Round-bottom flask; 3. Heating mantles; 2. Temperature probe; 5. Heater 128 

tape; 6. Halogen lamp; 7.Thermocouple; 8. Temperature controller; 9. 129 

Samples; 10. Platinum crucible; 11. Furnace chamber; 12. Lens; 13. 130 

Beam splitter; 14. He-Ne laser; 15. Pin hole; 16. Ion source; 17. 131 

Accelerating voltage; 18. Electromagnet; 19. Vacuum pump; 20. Detector 132 

which mainly consists of the moisture generator, high temperature 133 

confocal laser scanning microscope (CLSM) and mass spectrometry. The 134 

details of the moisture generator and the CLSM have been described in 135 

the previous publication [18], and the mass spectrometry (HPR-20 QIC 136 

from Hiden Analytical), with the scanning cycle of 12 s, was employed to 137 
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analyze the real-time gas composition of H2, Ar, O2 and H2O from the 138 

off-gas of the reaction chamber. Prior to each experiment, 0.2 g of the 139 

pre-melted slag was placed into a Pt crucible and then heated at the hot 140 

stage of CLSM under Ar atmosphere. To ensure the slag fully melted, the 141 

sample was kept at 1873 K (1600 °C) under argon gas for 5 minutes and 142 

then the argon gas was switched to H2O-Ar gas (with the Ar gas rate of 143 

300 ml/min and H2O partial pressure of approximately 0.2 atm) to react 144 

with molten slag for around 10 minutes at 1873 K (1600 °C), which was 145 

equal to 3.75 l H2O-Ar gas (
2

P  0.2H O atm= ) introduced into CLSM during 146 

the reaction. After the reaction, the H2O-Ar gas was switched to Ar gas 147 

and the slag was cooled at a fixed cooling rate of 10 K/min. The mineral 148 

composition of the cooled slags was analyzed by XRD (Empyrean from 149 

Panalytical). 150 

Parallel experiments were carried out under Ar atmosphere only, that 151 

is, the molten slag was held under Ar gas (instead of reacting with 152 

H2O-Ar gas) at 1873 K (1600 °C) for 10 minutes. All the other 153 

experimental procedures are exactly similar. The samples obtained in the 154 

experiment of reacting with H2O-Ar gas are thereafter labelled as 155 

“Reacted” slags, while the samples obtained in the parallel experiments 156 

(without reacting with H2O-Ar gas) are labelled as “Un-reacted” slags. 157 

 158 
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III. RESULTS  159 

A. Thermodynamic simulation of H2 generation and precipitated 160 

phases 161 

Thermodynamic calculations by using FactSage 7.0 with databases of 162 

FactPS and FToxid were conducted to predict the amount of H2 generated 163 

during the reaction and the precipitated phases during the cooling for both 164 

the un-reacted (in Ar) and reacted (in moist) slags with different slag 165 

compositions as listed in Table 1. The calculations comprised three steps. 166 

The first step of calculation is for slag melting in Ar, that is, 100 g of 167 

synthetic slag was equilibrated at 1600 ℃ under Ar atmosphere in order 168 

to start with a homogenous molten phase. Step two is for slag-gas  169 

equilibrium, that is, 100 g of molten slag from the first step was 170 

equilibrated with H2O-Ar gas (100 g, 100°C) resulting in condensed 171 

phases and H2-H2O-Ar gas. Finally, the reacted molten slag and 172 

condensed phases from step two were cooled under Ar atmosphere to 173 

calculate different phases precipitated in the cooled slags including 174 

magnetically susceptible compounds. The methodology of 175 

thermodynamic calculations has been described in detail in the previous 176 

publication. [18]  177 

The calculation results show that when the molten slags as listed in the 178 

Table 1 were equilibrated with the inert Ar atmosphere at 1873 K (1600 179 

°C), no H2 gas was generated. However, when the slags were equilibrated 180 
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with the moist atmosphere at 1873 K (1600 °C), the accumulated H2 gas 181 

generated increased not only with increasing the mass of H2O introduced, 182 

but also with increasing the slag basicities (CaO/SiO2) from 1.0 to 2.5 183 

(Figure 2) and FeO concentration from 15% to 30% (Figure 3). 184 

 185 

Figure 2 Change in the accumulated amount of H2 gas produced as a 186 

function of the mass of H2O introduced at different slag basicities 187 

 188 
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Figure 3 Change in the accumulated amount of H2 gas produced as a 189 

function of the mass of H2O introduced at different FeO concentrations 190 

Figure 4 shows the calculated amount of different phases present in the191 

 192 

Figure 4 Change in the total amount of different phases precipitated from 193 

un-reacted slag #3 194 

slag (CaO/SiO2=2.0) during solidification after equilibrium with the Ar 195 

gas at 1873 K (1600 °C) (i.e. un-reacted slag). The precipitation sequence 196 

of phases was in the descending order of α-Ca2SiO4, monoxide, 197 

β-Ca2SiO4, melilite, Ca(Al, Fe)2O4 and Ca2(Al, Fe)2O5, with the starting 198 

precipitation temperatures of 1781 K (1508 °C), 1780 K (1507 °C), 1683 199 

K (1410 °C), 1470 K (1197 °C), 1409 K (1136 °C) and 1376 K (1103 °C) 200 

respectively. The slag-liquid completely solidified at 1364 K (1091 °C). 201 

In comparison, when the slag (with same CaO/SiO2) was solidified after 202 
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being equilibrium with the moist gas at 1873 K (1600 °C) (i.e. reacted 203 

slag) (Figure 5), the 204 

 205 

Figure 5 Change in the total amount of different phases precipitated from 206 

reacted slag #3 207 

precipitation sequence of phases was in the descending order of 208 

α-Ca2SiO4, β-Ca2SiO4, monoxide, Ca3MgSi2O8, spinel, melilite and 209 

Ca2(Al, Fe)2O5, with the starting precipitation temperatures of 1734 K 210 

(1461 °C), 1673 K (1400 °C), 1657 K (1384 °C), 1589 K (1316 °C), 1548 211 

K (1275 °C), 1524 K (1251 °C) and 1441 K (1168 °C) respectively. The 212 

slag-liquid completely solidified at 1391 K (1118 °C). The metal 213 

monoxides in both the un-reacted and reacted slags were the solid 214 

solution of FeO-MnO-MgO-(CaO-Fe2O3), with FeO accounting for more 215 

than 60%, while the melilite phase was mainly solid solution of 216 

Ca2AlSi2O7 and Ca2Al3O7. The spinel phase was only formed in the moist 217 
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gas and its constitution is presented in Figure 6. The spinel phase 218 

consists of 64.53% Fe3O4 and 219 

 220 

Figure 6 Constituents of spinel phase generated in the reacted slag #3 221 

the rest of MgO-Fe2O3/Al2O3 and is labelled as magnetic spinel phase. 222 

Figure 7 and Figure 8 show the change in the accumulated amount of the 223 

 224 
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Figure 7 Change in the accumulated amount of spinel phase precipitated 225 

from reacted slags with different basicities 226 

 227 

Figure 8 Change in the accumulated amount of spinel phase precipitated 228 

from reacted slags with different FeO concentrations 229 

magnetic spinel phase precipitated from the reacted slags with slag 230 

basicity from 1.0 to 2.5 and FeO concentration from 15% to 30% 231 

respectively. As listed in Table 2, the amount of the magnetic spinel 232 

phase of the reacted slags first increases from 13.99 g to 16.71 g with 233 

increasing the slag basicity from 1.0 to 1.5 and then decreases to 10.03 g 234 

and 7.39 g with the slag basicity further increasing to 2.0 to 2.5. As the 235 

FeO concentration increases from 15% to 30%, the amount of spinel 236 

phase increases from 5.88 g to 10.59 g. In addition, the other Fe3+ 237 

containing phase (Ca2(Al, Fe)2O5) begins to precipitate from the slags 238 
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with slag basicity equal to or above 2.0 and its amount increases with the 239 

increasing of slag basicity and FeO concentration. 240 

B. H2 generation behavior characterized by mass spectrometry 241 

Figure 9 and Figure 10 show typical gas composition for unreacted 242 

slag- and reacted slag (slag 3#) as determined by the mass spectrometer. 243 

 244 

Figure 9 Gas composition for the unreacted slag as determined by mass 245 

spectrometry 246 
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 247 

Figure 10 Gas composition for the reacted slag (slag 3#) as determined by 248 

mass spectrometry 249 

As for the unreacted slag (Figure 9), there is a negligible change of gas 250 

composition with the progress of the parallel experiments, with the Ar 251 

accounting for 99.86% of the gases. It should be pointed out that on 252 

average oxygen partial pressure of 2.62x10-5 Pa and 26 ppm H2 were 253 

detected in the parallel experiments. As for the reacted slag (Figure 10), 254 

with introducing H2O, H2 concentration in the generated gas firstly 255 

increased and then decreased, while the O2 concentration kept the same 256 

during the reaction.  257 

In order to investigate the effect of reactive moist atmosphere on the H2 258 

generation, the H2 concentration in the parallel experiments will be 259 

deducted from the off-gas composition from the slag-steam reactions. 260 
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Figure 11 shows the change of accumulated H2 gas in the moist 261 

atmosphere as a 262 

 263 

Figure 11 Changes of accumulated H2 as a function of reaction time for 264 

slags with different basicities 265 

function of reaction time for slags with different basicities from 1.0 to 2.5. 266 

The rate of H2 gas evolution rapidly increased, reaching its maximum 267 

value after 120 seconds, and then gradually decreased. The change in 268 

accumulated H2 gas during the reactions also showed a similar 269 

dependence with reaction time for the FeO concentration varying from 15% 270 

to 30% (Figure 12).  271 
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 272 

Figure 12 Changes of accumulated H2 as a function of reaction time for 273 

slags with different FeO concentrations 274 

According to the slope of accumulated H2 vs time (Figures 11 & 12), 275 

three distinct stages (stages I to III in Figures 11 and 12) are observed in 276 

these curves: 277 

(1) Region I: the initial period of H2 gas generation, 278 

(2) Region II: a steady-state reaction region in proceeding reaction with 279 

gas film, and  280 

(3) Region III: a degradation period by local deficiency of FeO at the 281 

gas-slag interface. 282 

C. Iron species in the reacted and unreacted slags 283 

The different valences of iron in the reacted and un-reacted slags were 284 

determined by chemical titration [29]. As shown in Table 3, the change in 285 



 19 / 50 
 

Fe3+ contents between the reacted and un-reacted slags with same basicity 286 

increased with increasing the slag basicity from 1.0 to 1.5 and then 287 

decreased with further increasing the slag basicity from 1.5 to 2.5, with 288 

the maximum value presenting in the slag at basicity of 1.5. With the 289 

increasing of FeO concentration from 15% to 30%, the change in Fe3+ 290 

contents between the reacted and the un-reacted slags with same basicity 291 

increased.  292 

D. precipitated phases characterized by XRD 293 

The phases presented in the un-reacted and reacted slags at the 294 

continuous cooling rate of 10 K/min were characterized by using XRD 295 

and, as an example, Figure 13 shows the crystallized phases in slag #3. 296 

 297 

Figure 13 X-ray diffraction patterns of reacted and un-reacted slag #3 298 
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Generally, three phases (magnetite Fe3O4, Ca2SiO4 and Ca2Fe2O5) were 299 

detected in both the un-reacted and reacted slag #3. However, the main 300 

phases in the reacted slag #3 were found to be magnetic spinel (magnetite 301 

Fe3O4) and di-calcium silicate (Ca2SiO4) with a small amount of 302 

Ca2Fe2O5, while the un-reacted slag comprises mainly di-calcium silicate 303 

(Ca2SiO4) with a small amount of Ca2Fe2O5 and Fe3O4. By comparing the 304 

integrated intensities of the diffraction peaks from each of the known 305 

phases, the weight fraction of magnetic spinel phase in the reacted and 306 

un-reacted slags were semi-quantitatively determined and presented in 307 

Table 4. With the slag basicity increasing from 1.0 to 1.5 to 2.0 to 2.5, 308 

the amount of the magnetic spinel phase increases from 4% to 6% (at the 309 

basicity of 1.5) and then deceases to 3% to 2% for the un-reacted slags, 310 

and increases from 29% to 37% (at the basicity of 1.5) and then deceases 311 

to 26% to 22% for the reacted slags. With the increasing of FeO 312 

concentration from 15% to 30%, the amount of magnetic spinel phase 313 

increases from 1% to 3% for the un-reacted slags and from 18% to 27% 314 

for the reacted slags. 315 

  316 

IV. DISCUSSION  317 

A. Reaction mechanism and effect of slag composition on H2 318 

generation 319 
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Thermal decomposition of water to produce hydrogen and oxygen can 320 

only be achieved thermodynamically at very high temperatures of above 321 

2500 K (2227 °C) and under normal atmospheric pressure. In this study 322 

CaO-SiO2-FeO-MnO-Al2O3-MgO slag can be considered as the ‘catalyst’ 323 

or the ‘sink’ of oxygen which enabled the hydrogen generation from the 324 

reaction between CaO-SiO2-FeO-MnO-Al2O3-MgO slags and moisture. 325 

Therefore, the reaction between molten CaO-SiO2-FeO-MnO-Al2O3- 326 

MgO slag and moisture could be illustrated in Figure 14. Consequently, 327 

 328 

Figure 14 Schematic diagram of the reaction between molten 329 

CaO-SiO2-FeO-MnO-Al2O3-MgO slag and moisture 330 

the oxidation of FeO in the molten slag by moisture or the resulting 331 

hydrogen generation can be simply considered as the following 332 

consecutive two-stage reactions from reaction (1) to reaction (2), and 333 

reaction (3) is the overall reaction. The reaction (1) was also suggested by 334 
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Glaws and Belton [30] to describe the decomposition of H2O on the surface 335 

of molten iron silicates by using the HDO-H2 deuterium exchange 336 

technique. 337 

H2O(g) = O(ads.)+H2(g)                      (1) 338 

      2Fe2++O(ads.) = 2Fe3++O2-                    (2) 339 

      H2O(g)+2Fe2+ = 2Fe3++H2(g)+O2-                (3) 340 

The reaction rate of H2 generation (reaction (3)) can be calculated 341 

by equation (4) by using the off-gas composition.  342 

           2

2

273 1

298 22.4

H

H Ar

Ar

V
J v

V A
=   •


                     (4) 343 

where 
2HJ , A, Arv ，

2HV  and ArV  are, the mole flux of H2 (mol 344 

/cm2/second), the reaction area (cm2), the flow rate of Ar gas (l/second), 345 

the volume fraction of H2 (%) and the volume fraction of Ar (%) in the 346 

off gas composition respectively. 347 

The rate-controlling step(s) for the molten slag – moisture gas reaction 348 

in this study can be any or mixed of three steps: 1) gas phase mass 349 

transfer, 2) gas-slag reaction, and 3) Fe2+ (FeO) diffusion in the liquid 350 

slag. The detailed discussion can be found in Appendix. It can be 351 

reasonably concluded that under the experimental conditions in this 352 

study, the rate-controlling step can be considered as the Fe2+ (FeO) 353 

diffusion in the liquid slag, which can be particularly the case when the 354 

Fe2+ (FeO) concentration is decreasing due to its continuous oxidation to 355 
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Fe3+ (Fe2O3). This may explain why the reaction rate is in a linear 356 

relationship with the FeO activity in molten slag (Equation (5) and Figure 357 

15).  358 

It is generally believed that with increasing slag basicity the network 359 

structure of silicate anion in molten slag is broken by basic component 360 

added, [31] resulting in the decrease in strength of the network structure. 361 

The change of slag basicity will also change the physicochemical 362 

properties such as liquidus temperature and viscosity. In addition to 363 

altering the physical properties, the basicity will also alter the activity of 364 

FeO. It is therefore reasonable to introduce the activity of FeO instead of 365 

the concentration of FeO, since the chemical potential is the driving force 366 

of the reaction. [32,33] As shown in Table 5, the activity of FeO increases 367 

from 0.58 to 0.70 with increasing slag basicity from 1.0 to 2.0, which 368 

results in the increase of H2 gas produced (Reaction (3)). However, with 369 

further increasing of the slag basicity to 2.5, the activity of FeO in slag 370 

decreases to 0.61, which results in the decrease of H2 gas produced. With 371 

the increasing of slag basicity to 2.5, the slag may contain solid phase, 372 

which will increase the viscosity and FeO diffusion rate become small, 373 

resulting in the decrease of H2 gas produced according to reaction (3). A 374 

similar trend of FeO activity was reported by Fetters and Chipman, [34] 375 

who investigated the equilibria of liquid iron and CaO-MgO-FeO-SiO2 376 

slags and concluded that activity of FeO reached a distinct local 377 
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maximum corresponding to a basicity of approximately 2.0. The similar 378 

conclusion was given in the investigation of FeO activities in constituents 379 

of iron- and steelmaking slags by Turkdogan. [35] To sum up, the 380 

maximum amount of H2, corresponding to the maximum FeO activity in 381 

our study, should be generated for the slag with basicity of 2.0. Similar 382 

trend on H2 generation in the reaction between molten CaO-SiO2-FeO 383 

slag and moisture was also reported by Sato et al. [26].  384 

Because alterations of Ar and moist atmosphere in experimental 385 

conditions change the reaction rates of regions (I) and (III), the 386 

reaction-rate constant is estimated from the slope of region (II), where the 387 

concentration of H2 changes linearly with time (Figures 11 & 12). Figure 388 

15 shows the relationship between the FeO activity and the measured 389 

 390 

Figure 15 Reaction rate with FeO activity 391 
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overall reaction rate, where the activity of FeO in the present slag system 392 

was estimated by an interpolation or extrapolation from the known 393 

activity of FeO in the CaO-SiO2-FeO-MgO system at 1873 K (1600 °C) 394 

as listed in Table 5. [36, 37] The production rate of H2 increased with 395 

increasing FeO activity at various concentrations of FeO. From the linear 396 

relationship of the results, the measured H2 generation rate 397 

(mole/cm2/second) can be expressed by Eq. (5). A similar relationship 398 

between the activity and the reaction rate was reported by Min [38] in spite 399 

of the different slag systems and the experimental technique. 400 

                 ( ) 7

FeOr (7.67 a 2.99 10−= − )                  (5) 401 

As shown in Table 6, the cumulative H2 in the reaction between 100 g 402 

molten CaO-SiO2-FeO-MnO-Al2O3-MgO slag and moisture was 403 

predicted by thermodynamic calculations, measured by using the mass 404 

spectrometer, and deducted by chemical titration of Fe3+ content in the 405 

reacted slag and the un-reacted slag. Both the mass spectrometry and 406 

chemical titration data show good agreement except slag #2. However, 407 

the data of the accumulated H2 predicted by thermodynamic calculation is 408 

greater than that obtained by both mass spectrometry and chemical 409 

titration. While thermodynamic calculation is used for the purpose of 410 

predicting the related reactions occurring between molten CaO-SiO2- 411 

FeO-MnO-Al2O3-MgO slag and moisture under equilibrium state, the 412 

reactions in laboratory experiments are affected by various kinetic factors 413 
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such as the reaction time and the reaction area of the slag-gas system. 414 

This results in the extent of the studied reactions away from the 415 

equilibrium state as predicted by the thermodynamic calculation. As a 416 

result, the mass spectrometry, online analyzer, provide more accurate data 417 

to evaluate the H2 generated in the reaction between molten CaO-SiO2- 418 

FeO-MnO-Al2O3-MgO slag and moisture at 1873 K (1600 °C). 419 

B. Comparison of magnetic spinel phase determined by different 420 

methods  421 

As shown in Table 7, the amount of magnetic spinel phase in the 422 

studied slags was predicted by thermodynamic calculations and 423 

semi-quantitatively determined by XRD. Both the thermodynamic 424 

calculation and XRD data show similar trend. However, the amount of 425 

magnetic spinel phase predicted by thermodynamic calculation is less 426 

than that determined by XRD. This is because the number of the phases 427 

presented in the laboratory slags (three phases in Figure 13) is much less 428 

than that predicted by FactSage 7.0 in equilibrium condition (six phases 429 

for un-reacted slag in Figure 4 and seven phases for the reacted slag in 430 

Figure 5), which results in the relative high amount of the phases 431 

determined by XRD. It is seen that, with increasing slag basicity, the 432 

maximum amount of magnetic spinel phase was generated in the slag 433 

with basicity of 1.5. However, previous discussion on the H2 generation 434 

indicated that, the maximum amount of the H2 was generated in the slag 435 
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with basicity of 2.0. The difference between the maximum amount of H2 436 

and magnetic spinel phase should be attributed to the generation of 437 

calcium ferrite (Ca2Fe2O5) by the reaction (6) [39] with the increasing of 438 

slag basicity. As shown in Table 2, when the slag basicity is small than 439 

2.0, the generated Fe2O3 by the reaction (3) is mainly forming Fe3O4 by 440 

the reaction of Fe2O3(s) + FeO(l) = Fe3O4(s) and the maximum amount of 441 

magnetic spinel phase was generated in the slag with basicity of 1.5. 442 

However, when the slag basicity is equal to or above 2.0, the reaction (6) 443 

occurred, resulting in the decreasing of transformation of Fe2O3 into 444 

Fe3O4.   445 

2CaO + 2FeO+ H2O = H2 +Ca2Fe2O5                  (6) 446 

For the slags with basicity of 2.0, the amount of both magnetic spinel 447 

and Ca2Fe2O5 increase with the increasing of FeO concentration from 15% 448 

to 30%. In general, FeO in the silicate slag, plays a same role as CaO to 449 

break the network structure of silicate anion in molten slag, resulting in 450 

decreasing of the viscosity, softening and melting temperatures of the 451 

slag systems, closely correspond to the changes in FeO activity in molten 452 

slag. Figure 16 shows the comparison of the variation of FeO activity  453 
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 454 

Figure 16 Comparison of variation of FeO activity with FeO 455 

concentration at 1873 K (1600 °C) for slags with basicity of 2.0 between 456 

Basu[40] and this study 457 

with FeO concentration at the basicity of 2.0 between Basu et al. [40] and 458 

this study. It should be noted that the slags with the basicity of 459 

approximately 2 (from 1.9 to 2.1) from Basu’s work was selected to plot 460 

the Figure 16. The figure shows a nearly linear increase of the FeO 461 

activity with increasing FeO concentration, and clearly illustrates that the 462 

activity of FeO exhibits positive deviation. A similar trend was reported 463 

by Kishimoto et al.[41] and by Bodsworth.[42] As a result, in the present 464 

study, the amount of Fe3+ containing phases (magnetic spinel phase and 465 

Ca2Fe2O5) increased since the FeO activity in molten CaO-SiO2-FeO- 466 

MnO-Al2O3-MgO slag at 1873 K (1600 °C) increased with increasing the 467 
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FeO concentration from 15% to 30%. 468 

The presence of Fe3+ containing phases including magnetic spinel and 469 

calcium ferrite (Ca2Fe2O5) in the un-reacted slags, as analyzed by 470 

chemical titration in Table 3 and determined by XRD in Figure 13, 471 

should be attributed to the oxygen partial pressure in the Ar gas, which 472 

results in the partly oxidization of FeO at the high temperature. Based on 473 

the composition of gases in Figure 9, the oxygen partial pressure in the Ar 474 

atmosphere in this study is 2.62x10-5 Pa, corresponding to the dot line 475 

marked in Figure 17, and the magnetic spinel phase, mainly made up of 476 

 477 

Figure 17 Precipitated phases of CaO-SiO2-FeO-MnO-Al2O3-MgO slag 478 

with oxygen partial pressure 479 

magnetite Fe3O4, thermodynamically starts to precipitate from the liquid 480 
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slag when the temperature is lower than 1197℃. 481 

  482 

V. CONCLUSIONS 483 

A novel process for energy (in the form of fuel gas) and materials (in 484 

the form of magnetite Fe3O4) recovery in steelmaking slags has been 485 

investigated by both thermodynamic calculation and laboratory 486 

experiments. This process is based on the reaction of molten steelmaking 487 

slag with the moist atmosphere. The capability of this process was 488 

fundamentally verified by online measuring H2 production, determining 489 

the conversion from Fe2+ to Fe3+ via titration analysis and quantifying the 490 

magnetite Fe3O4 amount for the slags with different basicities and FeO 491 

concentrations. The results are stated below. 492 

The thermodynamic calculation showed that, for 100 g slags reacting 493 

with 100 g H2O, with increasing slag basicity (CaO/SiO2) from 1.0 to 2.5, 494 

the accumulated amount of produced H2 gas increased from 0.17 g to 495 

0.27 g, and the amount of magnetic spinel phase first increased and then 496 

decreased, with the maximum of 16.71 g presenting in the slags with 497 

basicity of 1.5. With increasing the FeO concentration from 15% to 30%, 498 

the accumulated amount of produced H2 increased from 0.17 g to 0.28 g, 499 

while the amount of magnetic spinel phase increased from 5.88 g to 10.59 500 

g.   501 
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The laboratory experiments were conducted in confocal laser scanning 502 

microscope to verify the reaction between 0.2 g slag and 3.75 l H2O-Ar 503 

gas (
2

P  0.2H O atm= ). The results indicated that, for 100 g slags, with 504 

increasing slag basicity (CaO/SiO2) from 1.0 to 2.5, both the produced H2 505 

gas and magnetic spinel phase first increased and then decreased, with the 506 

maximum of 0.09 g and 37.00 g presenting in the slag with basicity of 507 

1.5. In the case of FeO concentration increasing from 15% to 30%, both 508 

the produced H2 gas and the magnetic spinel phase increased from 0.04 g 509 

to 0.10 g and from 18.00 g to 27.00 g respectively.  510 

The rate of hydrogen generation from the reaction between molten 511 

CaO-SiO2-FeO-MnO-Al2O3-MgO slag and the moisture (
2

P  0.2H O atm= ) 512 

increased with increasing FeO activity in the slag. Its dependence on FeO 513 

content can be expressed as ( ) 7

FeOr (7.67 a 2.99 10−= − )  (mol/cm2/sec). 514 
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Table captions: 620 

Table 1 Chemical composition of synthesized slag samples (wt.%) 621 

Table 2 The amount of the Fe3+ containing phases (g) in the reacted slags 622 

Table 3 Different valences of iron in the reacted and un-reacted slags 623 

determined by chemical titration  624 

Table 4 Weight fraction (%) of spinel phase in the un-reacted and reacted 625 

slags at the continuous cooling rate of 10 K/min  626 

Table 5 Activity of FeO in CaO-SiO2-FeO-MgO slag at 1873 K (1600 °C) 627 

[36, 37] 628 

Table 6 The amount of the accumulated H2 obtained by thermodynamic 629 

calculation, mass spectrometry and chemical titration (g) 630 

Table 7 Comparison of spinel amount obtained by thermodynamic 631 

calculation and XRD (g) 632 

 633 

 634 

 635 

 636 

 637 

 638 
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Table 1 Chemical composition of synthesized slag samples (wt.%) 639 

Samples CaO SiO2 FeO Al2O3 MgO MnO CaO/SiO2 

#1 29.49 29.93 25.88 4.83 4.93 4.93 0.99 

#2 35.67 24.11 25.68 4.89 4.85 4.81 1.48 

#3 39.38 19.94 26.12 4.85 4.89 4.82 1.97 

#4 42.01 17.06 26.30 4.93 4.82 4.89 2.46 

#5 46.11 23.07 15.96 4.91 4.97 4.98 2.00 

#6 42.76 21.47 20.98 4.88 4.97 4.93 1.99 

#7 36.04 18.17 31.21 4.92 4.85 4.82 1.98 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 

 649 
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Table 2 The amount of the Fe3+ containing phases (g) in the reacted slags 650 

Samples #1 #2 #3 #4 #5 #6 #7 

Spinel 13.99 16.71 10.03 7.39 5.88 9.46 10.59 

Ca2(Al,Fe)2O5 0 0 14.61 27.01 12.06 13.07 15.64 

 651 

 652 

 653 

 654 

 655 

 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 
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Table 3 Different valences of iron in the reacted and un-reacted slags 664 

determined by chemical titration  665 

 Fe2+/% TFe/% Fe3+/% ΔFe3+(Fe3+(R)- Fe3+(U))/% 

1# (U) 14.9 26.2 11.3  

1# (R) 11.6 26.2 14.6 3.3 

2# (U) 12.6 25.7 13.1  

2# (R) 6.5 25.7 19.2 6.1 

3# (U) 12.8 23.9 11.1  

3# (R) 7.4 23.9 16.5 5.4 

4# (U) 14.4 21.5 7.1  

4# (R) 10.7 21.5 10.8 3.7 

5# (U) 9.6 15.8 6.2  

5# (R) 7.0 15.8 8.8 2.6 

6# (U) 12.9 19.5 6.6  

6# (R) 8.8 19.5 10.7 4.1 

7# (U) 17.1 28.4 11.3  

7# (R) 9.8 28.4 18.6 7.3 

U indicates the un-reacted slags, R indicates the reacted slags. 

 666 

 667 

 668 

 669 
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Table 4 Weight fraction (%) of spinel phase in the un-reacted and reacted 670 

slags at the continuous cooling rate of 10 K/min 671 

Slag #1 #2 #3 #4 #5 #6 #7 

Un-reacted 4 6 3 2 1 2 3 

Reacted 29 37 26 22 18 24 27 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 

 681 

 682 

 683 

 684 
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Table 5 Activity of FeO in CaO-SiO2-FeO-MgO slag at 1873 K (1600 °C) 685 

[36, 37] 686 

#1 #2 #3 #4 #5 #6 #7 

0.58 0.65 0.70 0.61 0.53 0.62 0.74 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 

 696 

 697 

 698 

 699 

 700 
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Table 6 Comparison of accumulated H2 amount obtained by 701 

thermodynamic calculation, mass spectrometry and chemical titration (g)  702 

 #1 #2 #3 #4 #5 #6 #7 

Thermodynamic 

calculation 
0.17  0.22  0.25  0.27  0.17  0.21  0.28  

Mass spectrometry 0.05  0.08  0.09  0.06  0.04  0.07  0.10  

Chemical titration 0.06  0.11  0.10  0.07  0.05  0.07  0.13  

 703 

 704 

 705 

 706 

 707 

 708 

 709 

 710 

 711 

 712 

 713 
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Table 7 Comparison of spinel amount obtained by thermodynamic 714 

calculation and XRD (g) 715 

 #1 #2 #3 #4 #5 #6 #7 

Thermodynamic 

calculations 

13.99 16.71 10.03 7.39 5.88 9.46 10.59 

XRD 29 37 26 22 18 24 27 

 716 

 717 

 718 

 719 

 720 

 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 
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Figure captions: 729 

Figure 1 Schematic diagram of experimental apparatus: 1. Retort stand; 2. 730 

Round-bottom flask; 3. Heating mantles; 2. Temperature probe; 5. Heater 731 

tape; 6. Halogen lamp; 7.Thermocouple; 8. Temperature controller; 9. 732 

Samples; 10. Platinum crucible; 11. Furnace chamber; 12. Lens; 13. 733 

Beam splitter; 14. He-Ne laser; 15. Pin hole; 16. Ion source; 17. 734 

Accelerating voltage; 18. Electromagnet; 19. Vacuum pump; 20. Detector 735 

Figure 2 Change in the accumulated amount of H2 gas produced as a 736 

function of the mass of H2O introduced at different slag basicities 737 

Figure 3 Change in the accumulated amount of H2 gas produced as a 738 

function of the mass of H2O introduced at different FeO concentrations  739 

Figure 4 Change in the total amount of different phases precipitated from 740 

un-reacted slag #3  741 

Figure 5 Change in the total amount of different phases precipitated from 742 

reacted slag #3  743 

Figure 6 Constituents of spinel phase generated in the reacted slag #3 744 

Figure 7 Change in the accumulated amount of spinel phase precipitated 745 

from reacted slags with different basicities 746 

Figure 8 Change in the accumulated amount of spinel phase precipitated 747 

from reacted slags with different FeO concentrations 748 
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Figure 9 Gas composition for the unreacted slag as determined by mass 749 

spectrometry 750 

Figure 10 Gas composition for the reacted slag (slag 3#) as determined by 751 

mass spectrometry 752 

Figure 11 Changes of accumulated H2 as a function of reaction time for 753 

slags with different basicities  754 

Figure 12 Changes of accumulated H2 as a function of reaction time for 755 

slags with different FeO concentrations  756 

Figure 13 X-ray diffraction patterns of reacted and un-reacted slag #3 757 

Figure 14 Schematic diagram of the reaction between molten 758 

CaO-SiO2-FeO-MnO-Al2O3-MgO slag and moisture 759 

Figure 15 Reaction rate with FeO activity 760 

Figure 16 Comparison of variation of FeO activity with FeO 761 

concentration at 1873 K (1600 °C) for slags with basicity of 2.0 between 762 

Basu [40] and this study 763 

Figure 17 Precipitated phases of CaO-SiO2-FeO-MnO-Al2O3-MgO slag 764 

with oxygen partial pressure  765 

 766 

 767 

 768 
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Appendix 769 

In general, the rate-controlling step(s) for the molten slag – moisture 770 

gas reaction in this study can be any or mixed of three steps: 1) gas phase 771 

mass transfer, 2) gas-slag reaction, and 3) Fe2+ (FeO) diffusion in the 772 

liquid slag. Under the experimental conditions in this study, the 773 

rate-controlling step can be considered as the Fe2+ (FeO) diffusion in the 774 

liquid slag, which can be particularly the case when the Fe2+ (FeO) 775 

concentration is decreasing due to its continuous oxidation to Fe3+ 776 

(Fe2O3). This is because the diffusion of FeO in liquid slag is found to be 777 

the lowest among the three steps. 778 

1) Gas phase transport of reactants 779 

According to Taniguchi et al [43] and  Kasai et al [44], an empirical 

780 

equation of the mass transfer rate N (mol/(s·m2)) to the vertical direction 

781 

in the gas phase for an experimental set-up similar to the present case is 

782 

given by equation (A1):  

783 

                   ( )/= g gk PN RT                         (A1)                            
 

784 

where P is the partial pressure difference of transferring gas between 

785 

gas film and bulk stream and kg is the mass transfer coefficient (m/s) 

786 

calculated by equations (A2) and (A3) [45]: 

787 

                

11

320.332 (Re) ( )xSh Sc=                        (A2) 788 

                     

g

x

g

K L
Sh

D
=                           (A3) 789 
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=    

 790 

where gD : diffusion coefficient of gas (m2/s),  R: radius of the 791 

crucibles (m),
 

 : kinematic viscosity (m2/s), gu : linear velocity of gas 792 

(m/s). 5=2.17 10 −  m2/s [45], gD  was estimated from the values of a 793 

literature assuming a Ar-H2O system which is the main component of the 794 

gas mixture in the present work, with the value of 58 10−  m2/s [46]，795 

R=0.0045 m， 6 3=5.0 10 m /gu s−  796 

2 11 1

5 5 63 62 2

3 3

4

0.332 10 (0.0045) (2.17 10 ) (5 10 )

     = 0.332 1.86 10 14.91 5.99 2.24 10

     = 1.2 10 /4

g

s

K

m

−−
− − −

− −

−

=       

     



（8 ）

 

797 

As a result,
 

798 

( ) 4 5 3 2= =1.24 10 0.2 1.01 10/ / (8.31 373) 7.8 /7 1 )(0g gk P TN lR mo sm− −  =      799 

2) Gas-slag reaction at the gas-slag interface 800 

Based on the investigation results of Glaws and Belton [30], the rate of 801 

dissociation of H2O on silica-saturated iron silicate melts can be 802 

expressed in the equation (A4) 803 

              2

3 2 2= ( / )H Ov kp Fe Fe+ + −                     (A4)
 

804 

where k is a temperature-dependent constant,
 
in units of mol/(cm2s), 

805 

can be given by the approximate expression  
log =-6700/T-0.08k

. 
806 
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As a result, for the temperature 1873K and 2
P  0.2H O atm= , k = 

807 

0.000044 mol/(cm2s) = 0.44 mol/(m2s). 
808 

3) Diffusion of FeO in liquid slag 809 

According to the investigation regarding the rate and rate-controlling 810 

reaction of FeS droplets with simplified reactor gas and slags determined 811 

using a confocal scanning laser microscope (CSLM)[47], the mass transfer 812 

of FeO in the liquid slag phase could be given by equation (A5). 813 

           
= [(% ) (% ) ]

100

s s
FeO B E

FeO

m
J FeO FeO

M


−                  (A5)

                                
814 

Where, sm
is the mass transfer coefficient  in the slag, 

(% )BFeO
,

815 

(% )EFeO
 are the bulk and equilibrium FeO content, respectively, and 

816 

FeOM
 is the molecular weight of FeO.  

817 

2 2 2

1
H ( ) O ( )=H O( )

2
g g g+  818 

251880 58.33G T = − +  (T=1500-2000K) 819 

2

2

2

2

2

1
( )

( )

H O

O

H

P
P

P K
=     820 

2

2

2

lg 2lg( ) 2lg
H O

O

H

P
P K

P

= −  821 

When T=1873K,  822 

251880 58.33
lg = 6.93 3.05 3.88

19.147 1873 19.147
K = − = − =


 823 
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As illustrated in Table 6, the accumulated H2 amount of slag #3 824 

obtained by mass spectrometry was 0.09g (1.04 l) for 10 minutes, while 825 

about 1875 l H2O-Ar gas (
2

P  0.2H O atm= ) was introduced into CLSM 826 

during the reaction, which was equal to the total volume of steam 375 l 827 

for 10 minutes. As a result, the 2

2

H O

H

P

P
can be simply considered 360.58 as 828 

the uncertainty in the shape and exposed area makes a detailed analysis of 829 

the onsite gas composition difficult. 830 

2

2

2

lg 2lg( ) 2lg =2 lg360.58 2 3.88 5.11 7.76= 2.65
H O

O

H

P
P K

P

= −  −  = − −

 

831 

2

3=2.24 10OP − atm, or 
2
=224PaOP

 
832 

Based on the equation (2) in the section “A. Reaction mechanism and 833 

effect of slag composition on H2 generation” and the oxygen partial 834 

pressure of 224Pa, for an initial FeO content ranging from 15% to 30% in 835 

100 mg slag, there will be no Fe2+ in the final slag if all Fe2+ reacts to 836 

Fe3+. As a result, (% )EFeO  can be considered to be 0 when the reaction 837 

reaches equilibrium. Taking slag #3 as an example (25% FeO), then the 838 

mass transfer of FeO in slag can be calculated as:  839 

30.004 3
= 25=4.17 10

100 72
FeOJ −

 
  mol/(m2s) 840 
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