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I ntroduct i on 

 

 
The producti on of  H2 by oxi dati on  of  FeO, t a ke n h e r e a s model  c o m p o u n d for steel  sl ags, 

h a s be e n i nvesti gated b oth i n p u r e wa t e r a n d u n d e r aci di c a que ou s condi t i ons i n t h e 373 

e573 K t e m p er a t u r e range. Whereas af ter 65 h, H2 yield w a s negli gible i n pu r e wa te r a t 

423 K, t h e react i on 3 FeO(s) þ  H2O(l ) /  Fe3O4(s) þ  H2(aq) r e ach ed n e a r compl et i on a t t h e s a m e 

t e m p e ra tu r e wi thi n 10 h  i n a sol uti on contai ni ng 0.05 mol / l  acet i c aci d. I ncreasi ng aceti c 

aci d concen t ra ti on by on e order of  magni t ude di d n o t yield signiýcantly m o r e H2. At 

i denti cal  ini tial  pH, aceti c aci d w a s f ound to be m o r e efýcient t h a n oxali c aci d a n d hy-

drochl ori c aci d a t enhanci ng H2 producti on. Acidic condi t i ons i ncr eased FeO di ssol ut i on 

ki neti cs and, consequentl y, i mproved H2 yield. The speciýc efýciency of  aceti c aci d resi des 

i n i ts t he rm al  stabili ty a s well  as i n t h e potenti al  of  l i gand-promoted Fe(II ) di ssol ut i on. We 

s h o w t h a t t h e posi ti ve ki neti cs eff ect of  mi l d aceti c aci d sol u ti ons over H2 yield evi denced 

o n FeO d oes n o t appl y di rectl y t o steel  sl ags whi ch buff er t h e pH to hi gh val ues d u e t o t he 

p res enc e of  l arge a m o u n t s of  CaO. 

 
 
 
 
 
 

el ectrolysi s. However, w i t h t he ai m of  devel opi ng ne w sus-  

tai nabl e hydrogen product i on met hods,  al ternat i ve ways ar e 
 

 
A mong al ternat i ve energy sources, di hydrogen (H2) h a s a n 

i mpor t ant  rol e to play, especi al l y w i t h t he devel opment  of  

f uel  cel l  technol ogi es. Nowadays, t wo m ai n processes ar e 

u sed to produ ce H2 wi t h t he requi r ed puri ty, st e a m m et ha n e 

ref ormi ng w i t h an  addi t i onal  puriýcat i on st ep a n d wat er  

al so bei ng i nvest i gated. For exampl e, extensi ve resear ch i s 

bei ng carr i ed ou t o n hydrogen produc ti on f r om bi omass and 

processes based on t he us e of  renewabl e energy sour ces for 

el ectrol ysi s or t her moch emi cal  cycl e pat hs [1e3]. The H2 

product i on m et ho d pr esent ed h er e i s i nspi red f rom a n 
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abiogenic geochemical  process whi ch corresponds to the 

formati on of nati ve di hydrogen by i nteracti on between rock 

an d hot seawat er  a t mi d-oceanic ridges. Under these natural  

hydrothermal  condi tions, H2 i s a by-product of the hydrat i on 

of ol ivine (Mg, Fe)2SiO4, the mai n mi neral  const i tuent of the 

Earth's upper-mant l e. Ferrous i ron contai ned i n ol ivine i s 

partl y i ncorporated as Fe3þ  i n magnet i te i n the course of 

these hydrat i on reactions (serpenti ni zation) whi ch take pl ace 

i n the oceanic crust [4e6]. Malvoisin et al . (2013, [7]) showed 

tha t high-puri ty hydrogen can be produced f rom steel  slag, a 

massi ve steel  i ndust ry by-product, under the pressure and 

temperature condi ti ons of serpenti ni zati on, i .e., 350 C and 

50 MPa, by oxidation of the i ron (II) contai ned by wust i te (Fe, 

Mg)O, i n steel  sl ags an d by the subsequent  reducti on of water  

[7]. Thi s method of geo-i nspi red H2 production f rom steel  

slags, i s also remi ni scent of the H2 production method used at 

the beginning of the 20th century. Hydrogen was produced 

f rom 823 to 1173 K according to the so-cal l ed steam-i ron 

process based on the same i ron-oxidation principl e, through 

cycles of i ron metal  oxidation i n the presence of st eam and 

i ron oxide reducti on by gasiýed coal [8e11]. More recentl y, 

several  studi es have focused on chemi cal  looping combus-

tion (CLC). CLC i s a cyclic route wher e metal  oxide parti cl es, 

such as i ron oxides, are reduced duri ng the combustion i n a 

fuel  reactor an d then re-oxidized i n a second ai r reactor. If 

thi s method was ýrst devel oped to capture the CO2 produced 

by the fuel  combustion, thi s process can also be used to 

produce H2 by perf ormi ng the oxidation step i n the presence 

of st eam [12e15]. 

Fol lowing t he work by Malvoisin et  al . (2013, [7]) on steel  

slags, we i nvesti gated h ere t he rol e of acidic condi ti ons on 

hydrogen yield and producti on kineti cs f rom pure FeO 

oxidation. Due to t he complex chemi st ry of sl ags, we 

focused here on t he behavior of pu re FeO i n order to un-

ravel  t he chemi cal  processes whi ch l ead to H2 producti on. 

A f ew addi ti onal  experi ments were however perf ormed by 

addi ng CaO, the mai n consti tuent of steel  sl ags, i n order to 

approach FeO behavior i n steel -sl ag-l i ke composi ti ons. 

Ini ti all y p resent  i n t he f orm of l i me i n f resh slags, CaO 

t ransf orms i nto Ca-hydroxi de a nd carbonate by aging i n 

ai r. Therefore, t he CaO component  was i nt roduced ei ther i n 

perf ormed a t ambi ent condi tions, an d li ttl e i s known about 

Fe(II ) aqueous oxidation a t hi gher temperatu re an d pressure. 

 
 

M ateri al s a n d m e t h o d s 

 
Starting materials 

 
Reagent grade wusti te, FeO (99.9%, ALDRICH®), was crushed 

an d si eved to a parti cl e si ze of 50e100 mm wi th a speciýc 

surf ace area of 0.70 m2/g as measu red by N2-BET. The oxida-

tion state of i ron i n the starti ng materi al  was quantiýed by 

Mossbauer spectroscopy to be 91.6% Fe2þ, 5.6% Fe3þ  an d 2.8% 

Fe0. Average i ron oxidation state corresponds to pure Fe(II ), 

consi stent wi th the FeO reagent grade. Both ferric i ron an d 

metal  i ron are resi dues of i ndustri al  FeO synthesi s whi ch 

consi sts i n a high temperatu re reaction between i ron metal  

an d hemati te (Fe2O3). 

 
Sealed gold capsules 

 
A set of experi ments was perf ormed i n cold-seal  vessel s. The 

starti ng materi al  (80 mg) was loaded i n a gold tube (4.0 m m 

outer di ameter and 3.6 m m i nner di ameter) wi th de-i oni zed 

water i n a constant mas s ratio of 1:1. The two ends of the 

tube were wel ded sh u t to form a capsul e whi ch was pl aced i n 

the p ressure vessel,  i tself  i ntroduced i n a hori zontal  f urnace. 

Temperatures i n the 373e473 K range were i nvesti gated a t 

30 MPa argon pressure. Since gold i s ductil e, the water pres-

sure i n both the autoclave an d the i nner capsul e pressure are 

the s am e (see Brunet  an d Chopin (1996, [21]) for experi mental  

detail s); thi s pressure i s kept constant all  along the experi -

ments. At the end of experi ment, the p ressure vessel  was 

quenched under a compressed ai r s t ream. Thi s type of 

experi ment i s easy to set-up and several sampl es can be run i n 

a raw. It  i s therefore conveni ent to i nvesti gate the eff ect of 

tempera tu re or acid concentration on H2 yield i n a mi ni mu m 

amount of ti me. On the other hand, compared to the sampli ng 

autoclave, (1) only large starti ng materi al : wa ter ratio can be 

i nvesti gated (typically 1:1), (2) þuids cannot be sampl ed in-si tu 

an d can only be anal yzed a t the en d of the run. The gas pro- 

t he     f orm of     Ca(OH)2       or CaCO3       i n th ese addi t i onal  duced by the sampl e and enclosed i n the gold capsul e i s 
 

experi ments. 

The role of pH on H2 production kinetics i s somehow 

difýcult to predict. H2 production f rom FeO i nteraction wi th 

water is the resul t  of a t l east two steps, wusti te di ssolution 

an d magneti te precipi tati on. Between these two steps, f errous 

i ron mu s t be partl y oxidized into ferric i ron. Potentiall y, each 

of these th ree steps (FeO dissolution, Fe2þ  oxidation and Fe3O4 

precipi tati on) can be rate li mi ti ng. Indeed, low pH has been 

shown to favor Fe solubili zation [16] whi ch may have a posi -

ti ve eff ect on H2 yield. Precipi tation of i ron oxides (and hy-

droxides) by oxidation of aqueous f errous sal ts h as been 

extensivel y studi ed [17]. Properti es of the solvent (ionic 

strength) an d the na tu re of the ion pai r have a clear i nþuence 

on the kinetics of aqueous Fe(II ) oxidation. It  h as also been 

shown that Fe(II ) aqueous oxidation kinetics by O2 i s positively 

correl ated to pH for 4 < pH < 8 [18]. Furthermore, surf ace of 

hydrous oxides can catal yze the redox process (auto-oxida- 

ti on process, [19,20]). All  these studi es, however, were 



 

recovered foll owing the method described i n Malvoisin 

(2013, [7]) an d inj ected wi th  a syringe through the sep tum 

of a gas chromatograph for anal ysis. 

 
Sampling autoclave 

 
Another set of experi ments was carri ed out wi th a 

sampli ng autoclave i n order to all ow time-resol ved 

moni toring of the H2 production. A 500 mL  autoclave m ad e 

of hastell oyÊ (nickel  based alloy) i s equi pped wi th a set  of 

hi gh-pressure connec-tions for gas an d solution sampli ng 

(Fig. 1). The autoclave i s heated  by two ti ght resi sti ve 

coll ars (upper an d lower). Both gas and aqueous solutions 

are sti rred at a speed of 800 rpm. The experi ments were 

carri ed out wi th a soli d: solution mas s ratio of 1:200. 

HP-HT gas i s sampl ed i n a water-cooled condenser prior 

to i ts injection i n the gas chromatograph (GC) for analysis. 

The 

aqueous solution i s sampl ed through a plunging capill ary an d 



 

prior to carbon coating, the sampl e was ei ther mounted on a 

double-sided carbon tape or embedded in epoxy and poli shed. 

For TEM, a drop of the powder sampl e di spersed in ethanol  

was deposi ted on a Lacey carbon-coated grid. 

 

Derivation of total  H2 production from the experimental  

data 

 
 
 
 
 
 
 
 
 
 
 
Fig. 1 e  500 mL  sti r red autoclave wi th aq u eou s an d gas 

sampl i ng di rectl y pl ugged to t h e gas chromatograph (GC). 

 
 

ýltered at high p ressure and high tempera ture by a t i tani um 

f ri t wi th 0.2 mm pores. Sampl ed solutions were stored i n a 

f ridge until  they were anal yzed usi ng ICP. 

In th e case of the experi ments perf ormed i n seal ed gold cap-

sul es, the sampl e i s quenched before the capsul e i s pi erced 

an d the gas i s sampl ed an d analyzed. Owing to the li mi ted 

solubili ty of H2 i n water a t ambi ent condi tions, i t can be 

considered tha t all  the H2 produced i n the experi ments is 

concentrated, a t ambi ent condi tions, i n the gas phase. The 

si tuation i s totall y diff erent i n the case of sampli ng autoclave 

experi ments where the gas phase i s sampl ed at high T and P. A 

signiýcant amount of H2 may be concentrated i n the solution. 

The H2 di stri bution between gas an d solution can be esti -

mated by usi ng the Henry 's l aw constant and i ts temperature 

dependency as calcul ated usi ng th e SUPCRT92 database [22]. 

Furthermore, mul ti pl e sampl i ng of the gas phase l eads to a 

progressi ve extraction of H2 f rom the system, whi ch mu s t also 

be taken into account. 

Finall y, i t is convenient to express th e total  H2 production 

as H2 produced per kg of ini tial  FeO according to reaction: 

 
Analysis of the þuids 

3FeO(s) þ  H2O(l) /  Fe3O4(s) þ  H2(aq) (1) 
 

Gas components (H2, CO2, N2, O2, CO, CH4) were anal yzed wi th 

a Clarus 500 gas chromatograph (Perkin Elmer®) equi pped 

wi th a polymer ýlled col umn (Restek ShinCarbon®) and a 

thermal  conductivi ty detector (TCD). The temperature of the 

detector, the injection system an d the oven were respectivel y 

set to 523, 373 an d 353 K. Argon was used as gas carrier. Each 

gas sampl e was anal yzed a t l east three t i mes consecutively. 

Iron content i n the solution was determi ned ri ght af ter 

sampli ng, on 2 mL  ali quots, by UV-spectroscopy af ter 

complexation by orthophenantrol i ne. Thi s method all owed a 

f ast quantiýcation, compatibl e wi th the sampli ng f requency, 

wi th a detection li mi t of 0.1 ppm. K ept i n the f ridge, all  solu-

ti ons were measu red at another t i me for total  i ron content by 

ICP-OES. 

 
Solid characterization 

 
The recovered soli d products were ýrst wash ed through 

repeated water ri nsi ng and then crushed for X-ray powder 

diff raction (XRPD). XRPD pat terns were coll ected wi th a D8 

diff ractometer (Bruker, CuKa radiation) operated wi th a 2q 

step si ze of 0.026 an d a counting t i me of 8 s. 

 

Reaction progresses are therefore cal cul ated as th e amount  

of H2 produced per kg of FeO in the starti ng materi al di vi ded by 

9.28 g of H2 per kg of FeO. However, i n the case of experi ments 

perf ormed at low pH, part of the i ron i ntroduced i n the system 

is sequestered as aqueous Fe2þ  due to the reaction: 

 

FeOðsÞ þ 2Hþ
ðaqÞ%Fe2þ

ðaqÞ þ H2OðlÞ (2) 
 

an d will  not be avail able for H2 production or magneti te. 

Consequentl y, i n order to compare a t various pH values the 

extent of Reaction (1) deri ved f rom H2 content i n the gas 

phase, a correction for Fe2þ  h as been appli ed. 

 
 

Thermodynamic background 

 
Stabili ty of i ron oxides i n water has been calcul ated at 423 K 

an d 20 MPa, in the absenceof  a gas phase;  usi ng the SUPCRT92 

thermodynami c database. Two types of reactions have been 

considered, redox reactions among i ron oxides, e.g., Reaction 

(1) an d oxide e  water equili bria, e.g., Reaction (2). Aqueous 

Fe3þ  was negl ected si nce i t is f ar l ess abundant t h an Fe2þ. 

Consequentl y, oxide e  water equili bria involving i ron oxides 

Part of the recovered soli d sampl e was kept unground for containing     ferric     i ron     are     al so     redox     reactions,     e.g., 
 

f urther el ectron microscopy characteri zation, Field Emission 

Scanning Electron Microscopy (FE-SEM) an d Transmi ssi on 

Electronic Microscopy (TEM). FE-SEM characteri zati on was 

perf ormed wi th a ZEISS Ul tra 55 usi ng both secondary an d 

back-scattered el ectrons. TEM was perf ormed on a Jeol FEG 

2100F operated a t 200 kV. Both FE-SEM an d TEM were equi p-

ped wi th a n Energy-Dispersi ve X-ray spectroscopy (EDS) de- 

tector for chemical  anal ysis. For FE-SEM characteri zation, 



Fe3O4ðsÞ þ H2ðaqÞ þ  6Hþ
ðaqÞ%3Fe2þ

ðaqÞ þ 4H2OðlÞ: The system is 

deýned by three activi ty variables, aHþ  , aH2;aq      
an d aFe2þ . All  

equili bria can be plotted i n a logaFe2þ=aHþ
2  log aH2aq 

di agram 

(Fig. 2). In thi s di agram, the H2(aq)      %  H2(g)     equili brium 

boundary fall s i n a range of H2 (aq)  activi ty wh ere Fe3O4 

i s stable meani ng tha t the tripl e point 

FeO(s)eFe3O4(s)eFe2þ
(aq)  will  never be reached wh en reacting 

FeO wi th water (see so- 

l uti on reaction path, Fig. 2). In other words, a t constant 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 e  Compari son of  hydrogen product i on b e t ween th ree 

di ff erent acids af ter 11 d a ys of  reacti on (423 K e  30 MPa). 

 
Fig. 2 e  Stabi l i ty di agram of i ron oxi des i n wa t er as a 

f uncti on of  th e activi ty of  di ssol ved Fe2 þ  activi ty di vi ded by 

sq u a red H þ  activi ty a n d th e activi ty of  di ssol ved H2. The 

dot ted l ine cor responds to t h e sol uti on reacti on p a t h 

f ol l owed by a n ñoxi di zedòsol uti on to whi ch FeO i s ad d ed a s 

calcul ated wi th PHREEQC [32]. Hemati te (Fe2O3) sa tu ra ti on 

wi ll  ýrst be reached. Then, assu mi ng tha t hemati te 

nucleati on a n d growth ki neti cs a re n ot l imi ting, FeO 

di ssol u ti on wi ll  be accompani ed by Fe2O3 preci pi tati on an d 

H2 producti on. The sol uti on wi ll  get enri ched i n H2(aq)  an d 

wi l l evolve on the Fe2O3 saturati on l i ne up to the t r i pl e poi nt, 

Fe2O3 e  Fe3O4 e  aq u eou s species. At thi s point, hemati te 

shoul d be totall y converted i n to magnet i te bef ore FeO 

di ssol u ti on al l ows th e sol u ti on to get f urther enri ched i n 

H2( a q) . M agneti teand H2 , a q areproduced unti l H2( g)  sa tu ra ti on 

i s achieved. At H2 saturati on, f urther Fe3O4 f ormati on i s 

accompani ed by H 2( g)  product i on. I f Pand T arekept constant  

t h en aH2;aq 
i n t h e aq u eou s sol uti on i s ýxed. Note t h a t t h e 

tri pl e poi nt FeOeFe3O4-aqueous speci es i s never reached, 

meani ng t ha t FeO sa tu ra ti on wi ll  n o t be achieved. 

 
 

pressure an d temperature, FeO will  never be stable wi th water 

an d should therefore react until  di sappearance. 

 
 

Resul ts 

 
Sealed gold capsules 

 
Acetic, oxali c an d hydrochloric acid solutions were p repared 

a t concentrations of 0.05, 0.001 an d 0.001 mol /L  respectively, 

corresponding to a starti ng pH of 3. These solutions were 

seal ed together wi th unsi eved FeO powder f rom the same 

starti ng materi al  i n gold capsul es an d reacted for 10 days at 

423 K an d 30 MPa. Af ter quenching, the capsul e containing 

acetic acid was signiýcantly more i nþated t h an the others. 

The amount of H2 recovered f rom acetic acid experi ments was 

about 10 t i mes hi gher t h an i n experi ments wi th hydrochloric 

an d oxali c aci ds (Fig. 3). 

Three experi ments were p repared wi th the s am e protocol 

but wi th acetic acid concentrations of 0.005, 0.05 an d 0.5 mol  

 
per li ter corresponding to starti ng pH of 3.5, 3.0, 2.5, respec-

tively. Af ter three days at 423 Ke30 MPa, only 0.074 g H2/kg FeO 

was produced for the 0.005 mol /L  experi ment whereas 2.58 

an d 1.91 g H2/kg FeO were recovered for ini tial  acetic acid 

concentrations of 0.05 an d 0.5 mol /L, respectively, i.e., about 

25% of reaction. For these two experi ments, the ýnal  pH 

values are calcul ated to be 5.0, 4.7 an d 4.5, respectively. 

Three ru n temperatures were tested at 30 MPa, 373, 423 and 

473 K wi th capsules containing FeO and acetic acid at  a con-

centration of 0.05 mol /L  and for run durat i ons f rom 3 to 172 h  

(Table1, Fig. 4). After 72 h, theamount of H2 produced at 373, 423 

and 473 K resul ted, respectively, i n 0.058, 2.58 and 5.34 g H2/kg 

FeO (Table1). Datacould not besuccessful lyýtted to aýrst-order 

kinetic model,  a square root f unction yielded better ýts (Fig. 4) 

whi ch al lowed to deri ve an activation energy of 27 kJ/mol. 

 
 

Sampling autoclave: eff ect of pH 

 
Two experi ments were conducted by i ntroducing FeO i n 

disti l l ed water at 423 and 573 K i n the sampl i ng autoclave. 

Hydrogen was produced at  both temperatures fol lowing two 

di f ferent kineticmodels. At 423 K, af ter aýrst periodof hydrogen 

production i n the ýrst 10 h  up to a value of 0.14 g H2/kg FeO, H2 

production ceased (Fig. 5). Magneti te grai ns were i dentiýed 

through XRPD. At 573 K, corrected H2 production i ncreased 

during the ýrst 24 h and slowed down progressively to reach 

1.28 g H2/kg FeO af ter 144 h. M axi mum H2 production i s equiv-

alent to 23% of the reaction progress. H2 production at 573 K has 

been ýtted to a pseudo ýrst-order kinetics (Fig. 5). In both ex-

peri ments, i ron (II) concentration was too low to be detected by 

UV-spectrophotometry. Calculations usi ng PHREEQC predicted 

a concentration of around 107 mol  per l i ter a t 573 K, i.e., f ar 

below the detection l imi t of UV-spectrophotometry. 

FeO dissolution i n aqueous solution containing 0.05 mol /L 

acetic acid was moni tored in a sampl ing autoclaveby analyzi ng 

aqueous Fe2þ  an d H2 i n the gas phase. FeO dissolution occurred 

according to a two-step process (Fig. 6a). Fast dissolution was 

encountered duri ng the ýrst 10 h  until  a max i mum [Fe2þ]  con-

centration of about 0.02 mol /L  was reached. At thi s stage, more 

t han 10%w of the ini ti al  sampl e had dissolved. Within the next 

fol lowing 10 h [Fe2þ] decreased to reach aplateau at 0.01 mol /L . It  



 Table 1 e  Experi mental  condi ti ons, H2 yiel d (GC) a n d p resence of  i ron oxi des (besi des FeO a n d Fe3O4) a s detected by XRPD.  
  

Sampl e n a m e Method Solution Concentrati on Temperatu re Pressure End t i me Starting Normali zed hydrogen Goethi te (G) 

(mol /L)                         (K)                    (MPa)            (hours)         solution pHa            production at theend        or Lepidocroci te (L) 

of experi mentb FeO(OH) presencec 

(g H2/kg FeO e  g/kg) 

 CT-H2-Acd Capsule Acetic acid 0.05 423 30 240 3 2.62 (28%) e  

CT-H2-Oxd Capsule Oxali c acid 0.001 423 30 240 3 0.24 (3%) e  

CT-H2-HCld Capsule HCl 0.001 423 30 240 3 0.20 (2%) e  

CAc-H2_01 Capsule Acetic acid 0.005 423 30 72 3.5 0.074 (1%) e  

CAc-H2_02 Capsule Acetic acid 0.05 423 30 72 3 2.58 (28%) e  

CAc-H2_03 Capsule Acetic acid 0.5 423 30 72 2.5 1.91 (21%) G 

CAc-H2_04 Capsule Acetic acid 0.05 373 30 72 3 0.058 (<1%) G 

CAc-H2_05 Capsule Acetic acid 0.05 473 30 72 3 5.34 (58%) L 

CAc-H2_06 Capsule Acetic acid 0.05 423 30 24 3 1.34 (14%) G þ  L 

CAc-H2_07 Capsule Acetic acid 0.05 423 30 3 3 0.068 (<1%) G 

CAc-H2_08 Capsule Acetic acid 0.05 423 30 168 3 4.08 (44%) e  

CAc-H2_10 Capsule Acetic acid 0.05 423 30 72 3 2.46 (27%) e  

CAc-H2_12 Capsule Acetic acid 0.05 423 30 8 3 0.30 (3%) G 

CAc-H2_13 Capsule Acetic acid 0.05 373 30 172 3 0.23 (2%) G 

CAc-H2_14 Capsule Acetic acid 0.05 473 30 24 3 3.74 (40%) L 

CAc-H2_15 Capsule Acetic acid 0.05 473 30 3 3 2.86 (31%) e  

CAc-H2_16 Capsule Acetic acid 0.05 473 30 48 3 3.26 (35%) e  

CHCl-H2_11 Capsule HCl 0.001 423 30 72 3 0.084 (<1%) e  

CHCl-H2_17 Capsule HCl 0.001 473 30 72 3 0.19 (2%) e  

CAc-Ca(OH)2 Capsule Acetic acid þ  Ca(OH)2*  0.05 423 30 72 3 0.0005 (<1%) e  

CAc-CaCO3                          Capsule            Acetic acid þ  CaCO3*                       0.05                                 423                           30                      72                             3                                   0.05 (<1%)                                         e  

APAc-H2-150              Sampli ng         Acetic acid                                          0.05                                 423                           16                      48                             3                                   8.06e (87%)                                        e  

autoclave 

APW-H2-150  Sampli ng Water e  423 15 64.5 6 0.26e (3%) e  

autoclave 

APW-H2-300  Sampli ng Water e  573 18 144 6 2.18e (23%) e  

autoclave 

 

* Addi tional  soli d unus e d for starti ng pH calculations. 
a Starti ng pH calculated f rom acidic solution ini tial  concentration. 
b  M ass of H2 produced deduced by gas chromatography divided by ini tial  ma s s of soli d reagent, calculated reaction progresses are presented i n brackets. 
c Observation or not of goethi te and/or lepidocroci te by XRPD on retri eved soli d sampl es. 
d  Experi ments conducted on unsi eved starti ng materi al s. 
e Corrected hydrogen production. 
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can be seen on Fig. 6a that  [Fe2þ]  of 0.02 and 0.01 mol /L are the 

expected concentrations at  FeO and Fe3O4 saturati on, respec-

tively, i n the condi tions of the experi ment. 

Evolution of H2 production (Fig. 6b) i s characteri zed by a 

ýrst s tep of f ast production, again wi thi n the 10 ýrst hours. 

About 8.06 g of H2 were produced per kg of sampl e duri ng thi s 

step, equi val ent to a reaction progress of 87%. Af ter thi s ýrst 

step, dihydrogen was no longer produced i n the gas phase. A 

small  decrease was even observed whi ch i s attri buted to H2 

removal  by gas sampli ng. Indeed, for each gas sampli ng, 

es ti mated to 27 mL , the total  pressure i s l owered an d part of 

hydrogen i s removed f rom the experi mental  system. 

 
 
 
Fig. 4 e  Hydrogen product i on f rom FeOeH2O i n gold 

capsul e s ys t em a t 373 (square), 423 (circle) a n d 473 K 

(di amond) e  30 MPa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 e  Corrected H2 product i on ki neti cs i n pu re wa t er a t 

423 K (square)  a n d 573 K (circle); Dashed l i ne cor responds 

to a p seu d o ýrst-order kineti c ýt to t h e 573 K data, log k  i s 

es ti mated to ¡3.26. 

Hydrogen parti al  pressure, i.e., i ts concentration, remai ns 

constant even though i ts molar amount i s reduced. H2 pro-

duction data p resented on Fig. 6b are corrected accordingly. 

 
Characterization of the sol id products 

 
X RPD on recovered soli d samples i ndicates, besi dewusti te and 

magneti te, the production of goethi te, FeO(OH) and, possibly, 

lepidocroci te (Table 1). Inspection of the run products wi th FE-

SEM i n back-scattered el ectron mode all owed to di sti ngui sh 

between FeO an d magneti te. FeO of hi gher average atomic 

number i sbri ghter than magneti te (Fi g. 7a). Resi dual i ron metal  

parti cl es were found to occur asbright spots wi thin FeO grai ns. 

FeO oxidation in aceti c acid proceeded f rom FeO grain rim to 

core ei ther through progressi ve repl acement of the FeO grai ns 

wi thout signiýcant morphological change(Fig. 7a), thisprocess 

will  be call ed pseudomorphi c repl acement i n the foll owing or 

by FeO dissolution (Fig. 7b) foll owed by the precipi tati on of 

coronae of magneti te nanoparti cl es (Fig. 7c an d d). Magneti te 

precipi tati on was also observed wi th the formati on of nano-

parti cl eaggregates (Fig. 8a). Oxidation through dissolution and 

precipi tati on domi nates i n sampl es produced i n the sampli ng 

autoclave. Resi dual  FeO recovered f rom capsul e experi ments 

preferenti all y shows pseudomorphi c repl acement pointing 

therefore towards a possible role of sti rri ng on the oxidation 

reaction process. In pu re water, oxidized products occurred as 

a mul t i tude of dendri tes growing pervasi vel y wi thi n the FeO 

grai ns (Fig. 7g an d h). Compari son a t the sam e magniýcation 

between resi dual  FeO grai ns recovered f rom both acetic acid 

an d di stil l ated water experi ments (APAc-H2-150 an d APW-H2- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 e  Ti me-resol ved moni tori ng of  of  aq u eou s Fe a n d H2 of  t h e 423 Ke15 MPa exp eri ment wi th a 0.05 mol /L  acetic acid 

sol uti on (a) aq u eou s i ron (II  þ  III ) concentrati on f rom ICP d a t a (circle) a n d UV spect rophotomet ry (square); (b) Corrected H2 

product i on as m ea s u r ed by GC. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 e  FE-SEM back-scat tered imaging of  t h e experi mental  products. a) a n d b) FeO oxi dati on f eatures a t th e grai n scal e i n 

acetic acid i n gold capsul e (CAc-H2-2) a n d sampl i ng autoclave (APAc-H2-150), respecti vel y; c) a n d d) nanomagneti te 

covering resi dual  FeO grai ns (CAc-H2-14); e) a n d f) FeO oxi dati on f eatures a t t h e sampl e scal e i n acetic acid (APAc-H2-150) 

a n d wat er (APW-H2-300), respecti vel y; g) a n d h) mi crotextural  detai l s of  th e FeO (l ight grey) repl acement by Fe3O4 (dark grey) 

i n wa t er (APW-H2-300). Experi mental  condi t i ons for each sampl e a re f ound i n Table 1. 

 
300 respecti vel y, Table1) arepresented on Fig. 7eand f . Particl e         a t the interf ace between sampl e and gold-capsule wall.  L ep-

si zes close to ini ti al  (50e100 mm) are still  p resent i n both sam-          idocroci te was detected usi ng XRPD i n sampl es wi th 

pl es, however, whereas parti cles have nicely kept thei r shape 

i n water, i n acetic acid parti cl es are spli t up an d n ew reacti ve 

surf ace area has been created. 

Goethi te, FeO(OH), was detected by XRPD i n about half  of 

the experi ments perf ormed wi th acetic acid (Table1). Goethi te 

grai ns were easil y i dentiýed by FE-SEM due to thei r l ower 

average atomic number an d thei r di stinctive morphology 

(needl es or very thi n pl ates, Fig. 9). Goethi te was mai nl y f ound 

comparati vel y hi gher hydrogen yield. 

In acetic acid experi ments, nanoparti cl es of magneti te 

wereobserved included in acarbon matrix (Fig. 8b), suggesti ng 

tha t the carbon-ri ch compound precipi tated duri ng or af ter 

FeO oxidation. EDS da ta and el ectron diff raction i ndicated 

tha t thi s soli d is composed of amorphous carbon. This lack of 

crystalli ni ty explai ns why thi s soli d was not identiýed by X- 

ray powder diff raction. To quantif y the amount of amorphous 
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Fig. 8 e  TEM i mages of  sampl e APAc-H2-150. a) M agneti te nanopart i c le aggregates; b) i nclusi ons of  magneti te nanopart i c les 

i n a n am o r p hou s carbon phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9 e  FE-SEM i mages of  goethi te (a) CAc-H2-14 i n back-scattered mod e, (b) CAc-H2-12 i n secondary el ectron mod e. 

 

carbon, carbon el ementary analysi s was conducted an d 

retu rned a carbon mas s proportion of 1e1.5%w. Soli d carbon 

has been detected i n both capsul e an d sampli ng autoclave 

runs (CAc-H2_03 an d APAc-H2-150 sampl es). 

Effect of calcium addition 

 
In order to simulatetheoxidation behavior of FeO in steel slags, 

CaO, whi ch i s a major component of steel  slag, was added to 

wusti te. Two mi xtures of FeO e  Ca(OH)2 (portlandi te), and FeO 

e  CaCO3 (calci te), i n a mass ratio of 1:1 were run i n gold seal ed 

capsuleswi th 0.05 mol /L acetic acid at 423 Ke30 MPafor 3 days. 

A thi rd capsul e containi ng FeO an d pure water was also run i n 

parall el  as a reference. Corresponding H2 yields are p resented 

i n Fig. 10. The addi ti on of calcium ei ther as hydroxide or car-

bonate clearly i nhibi ted FeO oxidation, hydrogen production 

was very low, i.e., about two orders of  magni tude lower than i n 

the Ca-f ree system under the same condi ti ons (Fig. 10). 

At 423 K, H2 i s only produced wi thi n the ýrst 10 h to an 

amount whi ch corresponds to 3% reaction progress. Minor 

magnet i te was i dentiýed by XRPD among resi dual  FeO. Af ter 

thi s ýrst H2 product ion stage and unti l  the end of the run 

(65 h), no more H2 i s produced. Thi s type of H2 producti on 

behavior i s i nterpreted as ei ther due to (1) the di ssoluti on/ 

oxidation of smal l  FeO part i cl es wi th hi gh surf ace area 

 
 

Di scussi on 

 
Effect of acidic conditions and temperature on H2 yield 

 



In pu re water, hydrogen production through FeO aqueous 

oxidation h as been moni tored i n a sampli ng autoclave a t two 

temperatu res, 423 an d 573 K (Fig. 5), a t a pH of ca. 6 (Table 1). 

Fig. 10 e  Eff ect of  th e addi t i on of  calci um to FeO a s ei ther 

portl andi te or calci te o n t h e H2 yiel d i n a 0.05 mol /L  acetic 

acid sol uti on a t 423 K e  30 MPa for 3 days. 
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mi xed wi th the 50e100 mm f raction, (2) the reaction of re-

si dual  grai ns of Fe metal  or (3) t he preferent i al  di ssolution 

(and oxidation) of hi gh-energy si tes a t the surf ace of FeO 

grai ns. Consequentl y, i t wi l l  be consi dered h ere that  FeO 

grai ns i n the 50e100 mm si ze range do not react wi th water  

to produce H2 i n the presence of pure water at  423 K at  the 

t i mescal e of a day. 

At 573 K, wi thi n the ýrst 10 h, dihydrogen production ki -

netics i s four t i mes hi gher th an a t 423 K. By contrast to the 

423 K experi ment, H2 i s still  produced af ter 10 h at a rate whi ch 

decreases progressively wi th t i me (Fig. 5). Af ter 144 h, a re-

action progress of 23% is attai ned. At the micro-scale, FeO 

oxidation into magneti te is mainl y locali zed i n channel s ho-

mogeneously di stri buted i n the bulk of the grai n (Fig. 7h). 

Magneti te seems to nucl eate on structural  def ects or cracks. 

Magneti te f ormati on mi ght be rel ated to an auto-oxidation 

process as al ready emphasi zed for Fe(II ) aqueous oxidation 

a t the surf ace of hydrous i ron oxides [19]. Whatever th e exact 

 

saturati on i s calculated, at 423 K an d 30 MPa, to be 4.7 an d 5.2, 

respectively. Ei ther thi s H2 production diff erence i s due to a 

proton promoted Fe(II ) di ssolution i n rel ation to the 0.5 pH 

uni t  diff erence between the two solutions or i t i s due to a 

li gand-promoted Fe(II ) di ssolution by acetic acid. Whereas 

oxalate-li gand has been showed to enhance the dissolution of 

Fe(III ) compounds [26], acetate h as a pronounced afýni ty for 

Fe(II ) to form a complex such as FeCH3COOHþ whi ch becomes 

the domi nant Fe(II ) aqueous form for pH > 5 (Fig. 11). Disso-

lution of i ron-bearing sili cates i n acetic acid solutions seems 

to converge towards a proton-promoted rather t h an a li gand-

promoted dissolution [27,28]. However, due the stabili ty of 

acetate e  i ron aqueous complexes a t 423 K (Fig. 11) an d above, 

li gand-promoted Fe(II ) di ssolution i n acetic acid soluti ons a t 

high pressure an d temperatu re cannot be rul ed out. 

H2 production and Fe(II) di ssolution i n acetic acid a t 423 K 

have both been moni tored i n the sampli ng autoclave a t 

150 MPa. Fe(II ) concentrati on reached a max i mum af ter 10 h 

oxidation process, formati on of magnet i te i n the bulk of the whi ch corresponds to wusti te saturati on. Then, Fe(II ) 
 

FeO grai ns suggests tha t oxidation kinetics will  not be di rectly 

rel ated to the surf ace area of the FeO starti ng materi al.  In 

other words, the reducti on of the FeO grain si ze by grinding 

mi ght not signiýcantly enhance the reaction kinetics. 

FeO oxidation was f ound to be strongly enhanced i n the 

presence of acetic acid (Fig. 6b). Whereas we showed tha t FeO 

grai ns i n the 50e100 mm si ze range do not react wi th pure 

water at 423 K, the same experi ence perf ormed wi th 0.05 mol /  

L of acetic acid (starti ng pH of 3) reached completion (or near 

decreased to reach magneti te saturati on i n a t i me interval  of 

l ess t h an 15 h (Fig. 6a). All  the H2 is produced wi thi n these ýrst 

10 h  (Fig. 6b). XRPD anal ysi s of post-mortem soli d i ndicates 

full  conversion of FeO into Fe3O4. 

It  can be concluded f rom these resul ts tha t (1) FeO h as full y 

reacted wi thi n the ýrst 10 h of experi ments, (2) as long as FeO 

is present , i t controls the aqueous Fe(II ) content, (3) most, if  

not all,  of both magneti te an d H2 i s produced wi thi n the ýrst 

10 h. Consequentl y, FeO dissolution step i s f aster th an Fe(II ) 

completion) wi thi n 10 h. oxidation and/or magneti te precipi tati on step(s) whi ch 
 

For tempera tures i n the 293e303 K range i n acidic solu- 

tions, di ssolution rates of simpleoxide mi neral s were found to 

be proportional  to ðaHþ Þ0:40:7 by Casey et al. (1993, [23]) where 

ðaHþ Þ denotes H þ  activi ty. This m ean s that, a t ambi ent con-

di tions, a pH decrease by 3 uni ts between pure water and 

acetic acid experi ments is expected to resul t  i n a hi gher 

di ssolution rate by 1e2 orders of magni tude. The eff ect of 

tempera ture an d p ressure on the dependency of FeO di sso-

l ution rate wi th pH i s not known but a diff erence by 1e2 orders 

of magni tude for a diff erence of 3 pH uni ts i s consi stent wi th 

wh a t is observed here a t 423 Ke15 MPa. Preli minary tests i n 

seal ed gold capsul es containi ng the sa m e unsi eved FeO 

powder along wi th th ree diff erent acidic solutions, acetic, 

oxali c an d hydrochloric a t pH ¼ 3 gave contrasted H2 yields at 

423 K an d 30 MPa (Fig. 3). Actuall y, thi s resul t  i s not i ncon-

si stent wi th a ýrst order pH eff ect on FeO dissolution (and 

oxidation). Fi rst, aqueous oxali c acid i s thermall y unstable. A 

reaction constant of 109 i s cal cul ated for oxali c acid decom-

posi ti on into 2CO2(aq) an d 1H2(aq) at 423 K an d 20 MPa. Crossey 

(1991, [24]) showed tha t at 433 K, pH ¼ 3.6, about half  the ini tial  

oxalate i s decomposed af ter 45 h. On the contrary, aqueous 

acetic acid i s stable a t hi gh tempera tu re wi th a decompo-

si ti on reaction constant of 1017     (C2H4O2(aq)     þ  2H2O(l)     %  

2CO2(aq) þ  4H2(aq)). In the absence of a catalyst, Bell  et al. (1994, 

[25]) showed tha t at a temperature as high as 608 K, only 1% of 

the ini tial  acetic acid solution (ca. 1 mol /L) decomposed af ter 

10 days. It  can therefore be considered acetic acid decompo-

si ti on as negli gibl e i n our experiment perf ormed at 423 K for 11 

days. H2 production i s hi gher by 1.5 order of magni tude for 

acetic acid solution (ini tial  pH ¼ 3) t h an for HCl solution (ini tial  

pH ¼ 3). The i n-si tu pH of these acidic solution at magnet i te 



 

therefore occur to be the rate-l imi ti ng step(s). This li mi tation 

i s conýrmed by the formation of magneti te nanoparti cl es. The 

quick di ssolution step prevents magneti te to grow l eading 

to aqueous i ron oversaturati on and the forced precipi tati on 

of magneti te as nanoparti cl es (Fig. 8a). However, a t  the 

resolu-ti on of our sampli ng f requency, the experi mental  

condi ti ons appear to be close to optimal  since all  these 

reaction steps seem to proceed at simil ar rates si nce FeO 

transformati on i nto Fe3O4 i s achieved wh en aqueous Fe(II ) 

reaches FeO saturati on. If the kinetics of the s teps l eading 

to the formati on of magneti te would have been lower 

t h en H2 (and magneti te)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 e  Speciati on of  a q u eou s i ron (II ) a t 423 Ke15 

MPa assumi ng 0.01 mol /L  of  total  Fe (no mi neral  

equi l ibria) i n 

0.05 mol /L  of  acetic acid. 




