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Introduction

Among alternative energy sources, dihydrogen (Hy) has an
important role to play, especially with the development of
fuel cell technologies. Nowadays, two main processes are
used to produce H, with the required purity, steammethane
reforming with an additional puri

The producton of H, by oxidation of FeO, takenhereas modd compoundfor sted slags,
hasbeeninvestigatedbothin purewaterandunderacidic aqueousconditionsin the 373
e573 K tempeaturerange. Whereasafter 65h, H, yield was negligible in pure water at
423K, thereadion 3FeO) b HOqy/ FesOuis) b Hoag reachednearcompletion atthesame
temperaturewithin 10h in a solution containing 0.05 mol/l acetic acid. Increasng acefc
acid concentraton by one order of magnitude did not yield signi ganity more H,. At
identical initial pH, acefic acid was found to be more ef gientthan oxalic acid and hy-
drochloric acid at enhandéng H; producton. Acidic conditionsincreasedFeO dissdution
kineticsand, consequenty, improved H; yield. Thesped §ef giency of aceic acid resides
initsthermd stahlity aswell asinthe potenial of ligand-promotedFe(ll) dissdution. We
showthatthe positive kinetics effect of mild acefic acid solutionsover H, yield evidenaed
on FeO doesnot apply directly to steel slags which buffer the pH to high valuesdueto the
presenceof large amountsof CaO.

electrolysis. However, with the aim of developing new sus-
tainable hydrogen production methods, alternative ways are
also being investigated. For example, extensive research is
being carried out on hydrogen production from biomass and
processes based on the use of renewable energy sources for
electrolysis or thermochemical cycle paths [1e3]. The H;
production method presented here is inspired from an

yation step and water
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abiogenic geochemical process which corresponds to the
formation of native dihydrogen by interaction between rock
andhot seawater at mid-oceanic ridges. Under these natural
hydrothermal conditions, H; is a by-product of the hydration
of olivine (Mg, Fe),SiO,4, the main mineral constituent of the
Earth's upper-mantle. Ferrous iron contained in olivine is
partly incorporated as Fe®® in magnetite in the course of
these hydration reactions (serpentinization) which take place
in the oceanic crust [4e6]. Malvoisin et a. (2013, [7]) showed
that high-purity hydrogen can be produced from sted slag, a
massive sted industry by-product, under the pressure and
temperature conditions of serpentinization, i.e.,, 350 C and
50 MPa, by oxidation of the iron (Il) contained by wustite (Fe,
MQ@)O, in sted slags and by the subsequent reduction of water
[7]. This method of geo-inspired H, production from sted
slags, isalso reminiscent of the H, production method used at
the beginning of the 20th century. Hydrogen was produced
from 823 to 1173 K according to the so-called steam-iron
process based on the same iron-oxidation principle, through
cycles of iron metal oxidation in the presence of steamand
iron oxide reduction by gasiyed coal [8ell]. More recently,
several studies have focused on chemical looping combus-
tion (CLC). CLCis a cyclic route where metal oxide particles,
such as iron oxides, are reduced during the combustion in a
fuel reactor and then re-oxidized in a second air reactor. If
thismethod was yrst devel oped to capture the CO, produced
by the fuel combustion, this process can also be used to
produce H; by performing the oxidation step in the presence
of steam [12e15].

Following the work by Malvoisin et al. (2013 [7]) on sted
slags, we investigated here the role of acidic conditions on
hydrogen yield and production kinetics from pure FeO
oxidation. Due to the complex chemistry of slags, we
focused here on the behavior of pure FeO in order to un-
ravel the chemical processes which lead to H, production.
A few additional experiments were however performed by
adding CaO, the main constituent of sted slags, in order to
approach FeO behavior in sted-slag-like compositions.
Initially present in the form of lime in fresh slags, CaO
transforms into Ca-hydroxide and carbonate by aging in
air. Therefore, the CaO component was introduced either in

the form of Ca(OH), or these additional
experiments.

The role of pH on H; production kinetics is somehow
di fcult to predct. H, production from FeO interaction with
wateristhe resut of at leasttwo steps wistite dissolution
andmagnetite precipitation. Betweenthesetwo steps ferrous
iron mustbe partly oxidizedinto ferric iron. Potentially, each
of thesethreesteps(FeO dissolution, Fe?? oxidation and Fe;O,
precipitation) can be rate limiting. Indeed low pH hasbeen
shown to favor Fe solubili zation [16] which may have a posi-
tive effect on H; yield. Precipitation of iron oxides (and hy-
droxides) by oxidation of aqueous ferrous sats has been
extendvely studied [17]. Properties of the solvent (ionic
strength) andthenatureof theion pair have a clearinpuence
on the kinetics of aqueous Fe(ll) oxidation. It has also been
shown thatFe(ll) aqueous oxidation kinetics by O, is positively
correlated to pH for 4 < pH < 8 [18]. Furthermore, surface of
hydrous oxidescan catadyze the redox process(auto-oxida-

CaCO; in

performed at ambient conditions, and little is known about
Fe(ll) agueous oxidation at highertemperatureandpressure

Materals and methods
Starting materials

Reagent grade wustite, FeO (99.9%, ALDRICH®), was crushed
and sieved to a particle size of 50e100 mm with a speci §
surface areaof 0.70m?/g as measuredoy N,-BET. The oxida-
tion stateof iron in the staring mateial was quani &d by
Mbssbauerspectroscopy to be 91.6% Fe?”, 5.6% Fe®f and 2.8%
Fe’. Average iron oxidation state correspondsto pure Fe(ll),
consistentwith the FeO reagent grade Both ferric iron and
metd iron are residues of industial FeO syntheds which
consistsin a high temperaturereaction betweeniron metd
andhemaite (Fe;0s).

Sealed gold capsules

A setof experimentswasperformedin cold-sed vessés. The
starting material (80 mg) wasloadedin a gold tube (4.0 mm
outerdiameterand 3.6 mm innerdiameter) with de-ionized
waterin a constantmassratio of 1:1. The two endsof the
tube wereweldedshutto form a capsude which wasplacedin
the pressurevessé, itsdf introducedin a horizontal furnace.
Temperatues in the 3732473 K range were investgated at
30 MPa argon pressue. Since gold is ductile, the waterpres
surein both the autoclave andtheinnercapsue pressureare
thesame(seeBrunet and Chopin (1996 [21]) for experimentd
detdls); this pressureis kept constant all along the experi-
ments At the end of experiment, the pressurevessé was
gquenched under a compressed air stream This type of
experimentiseas tosetupand several samgdescanberunin
a raw. It is therdore convenient to investgate the effect of
temperatureor acid concentraion on H; yield ina minimum
amount of time. Onthe otherhand comparedtothesamgding
autoclave, (1) only large staring mateial: waterratio can be
investgated (typically 1:1), (2) puidscannot besamgdedin-situ
andcanonly be andyzedatthe endof therun. The gaspro-

duced by the samde and enclosed in the gold capsue is
tion process [192(Q]). All these studes, however, were



recovered following the method desribed in Malvoisin
(2013 [7]) and injected with a syringe through the septum
of a gaschromatograph for andysis.

Sampling autoclave

Another set of experiments was carried out with a
samfding autoclave in order to allow timeresolved
monitoring of the H,production. A 500mL autoclave made
of hastéloyE (nickel basedalloy) is equippedwith a setof
high-pressureconnec-tions for gas and solution samgding
(Fig. 1). The autoclave is heated by two tight redstive
collars (upperand lower). Both gasand aqueous solutions
are stirred at a speedof 800 rpm. The experimentswere
carried out with a solid: solution massratio of 1:200.

HP-HT gasissamgdedin a watercooled condenr prior
toitsinjection in the gas chromatograph (GC) for andysis.
The
aqueoussolutionissamgedthrough a plunging capill ary and
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Fig. 1 e 500mL stirred autoclave with agueousand gas
samgding directly pluggedto the gaschromatograph (GC).

y leredat high pressureand high temperatire by a titanium
frit with 0.2 mm pores. Sampled solutions were stored in a
fridge until they wereandyzedusing ICP.

Analysis of the puids

Gascomponents(H,;, CO;,, Ny, O,, CO, CH,) wereandyzedwith
a Clarus 500 gas chromatograph (Perkin Elmer®) equipped
with a polymer y led column (Resté&k ShinCarbon®) and a
thermd conductivity detector (TCD). The temperatire of the
detector, the injection systemandthe ovenwererespetively
setto 523 373and 353K. Argon wasusedasgascarrier. Each
gassampde wasandyzedat leastthreetimesconsecutively.

Iron contentin the solution was deternined right after
samgding, on 2 mL aliquots, by UV-spectroscopy after
complexation by orthophenantoline. This method all owed a
fastquani gation, compatble with the samging frequercy,
with a detection limit of 0.1 ppm. Keptin the fridge, all solu-
tionsweremeasuredt another timefor total iron contentby
ICP-OES.

Solid characterization

The recovered solid products were yrst washed through
repeatedwater rinsing and then crushedfor X-ray powder
diff raction (XRPD). XRPD patternswere collected with a D8
diff ractometer (Bruker, CuKa radiation) operatedwith a 2q
stepsizeof 0.026anda counting time of 8s.

Part of the recoveredsolid samfde was kept unground for
furtherelectron microscopy charecterization, Field Emisson
Scanning Electron Microscopy (FE-SEM) and Transnission
Electronic Microscopy (TEM). FE-SEM characterization was
performed with a ZEISS Ultra 55 using both secondaty and
back-scattered electrons. TEM was performed on a Jeol FEG

prior to carbon coating, the samfde was eithermounted on a
double-sidedcarbon tapeor embeddedin epoxy andpolished
For TEM, a drop of the powder samgde dispersedin ethaml
wasdeposited on a Lacey carbon-coatedgrid.

Derivation of total H, production from the experimental
data

In the caseof the experimentsperformedin seded gold cap-
sules, the samde is quenched before the capsue is pierced
and the gasis samfded and andyzed Owing to the limited
solubility of H, in water at ambient conditions, it can be
considered that all the H, produced in the experimentsis
concentrated at ambient conditions, in the gas phas. The
situation is totally diff erentin the caseof samgding autoclave
experimentswherethegasphasissamgdedathighT and P. A
signi gant amount of H, may be concentratedin the solution.
The H; distribution betweengas and solution can be esti-
matedby using the Henry's law constantanditstemperatre
depencancy as calculatedusing the SUPCRT92 database[22].
Furthermore, multiple sampling of the gas phaseleadsto a
progressive extraction of H, from the system which mustalso
be takeninto account.

Findly, it is convenientto expressthe total H, production
asH, produced per kg of initial FeO according to reaction:

3FeO b H20q)/  FesOucs) b Haag (1)

Reaction progressesarethereore calculated astheamount
of H, producedper kg of FeO inthestaring mateial divided by
9.28g of H, perkg of FeO. However, inthe caseof experiments
performedatlow pH, partof theironintroducedinthesystem
issequese¢red asaqueous Fe?? dueto the reaction:

FeOss P 2HP 5agp %FE® 5000 b H20010 (2

and will not be available for H, production or magnetite.
Conseqlently, in orderto compareat various pH valuesthe
extent of Reaction (1) derived from H;, contentin the gas
phase a correction for Fe?! has beenapplied.

Thermodynamic background

Stability of iron oxidesin waterhasbeencalculatedat 423K
and20MPa, intheabserceof agasphase usingthe SUPCRT92
thermodynamic datadbase Two typesof reactions have been
considered, redox reactions among iron oxides e.g., Reaction
(1) and oxide e water equili bria, e.g., Reaction (2). Aqueous
Fe®® was neglected since it is far lessabundantthan Fe?’.
Conseqlently, oxidee waterequli briainvolving iron oxides

containing ferric iron are also redox reactions, eg.,
210CF operatedat 200 kV. Both FE-SEM and TEM were equip-
ped with an Energy-Dispersve X-ray spectroscopy (EDS) de-
tector for chemical andysis. For FE-SEM charecterization,



FesOuss P Hosagp P 6HP sagp % 3Fe? sage p 4H2055: The system is
deyned by three activity variables, aup, au,,, and age. All
equili bria can be plotted in a logarezp=anp? log an,,, diagram
(Fig. 2). In this diagram, the Hzag % Hag equlibrium
boundary falls in a range of H; (ag activity where Fe;O,
is stable mearing that the triple point
FeO(seFe;04(seFe® aq Will never be reachedwhen reacting
FeO with water (seeso-

lution reaction path, Fig. 2). In other words, at constant
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Fig. 2 e Stability diagramof ironoxidesinwaterasa
function of the activity of dissdved Fe?P activity dividedby
squaredHP activity andtheactivity of dissdvedH,. The
dottedlinecorrespamdstothesolutionreactionpath
followed by anfioxidizedosolutiontowhich FeOisaddedas
calculatedwith PHREEQC[32]. Hemaite (Fe,Os3) saturaton
will yrstbereached. Then, assuning thathemaite
nucleationandgrowth kineticsarenotlimiting, FeO
dissdutionwill beaccompaniedby Fe,O3 precipitation and
H, production. Thesolutionwill getenrichedin Hzag and
will evolveonthe Fe,O;saturatonlineuptothetriplepoint,
Fe,O; e Fes0O, e aqueousspecies. Atthispoint, hemaite
shoud betotally convertedinto magnetite before FeO
dissdutionallowsthesolution to getfurtherenrichedin
Hzaq. Magnetiteand H; aqareproduced until Hyg saturaton
isachieved. At H; saturaton, furtherFe;O, formationis
accompanied by H;g) production. If Pand T arekept constant
thenay,, intheaqueoussolutionisyxed. Notethatthe
triplepoint FeOeFe; O -aqueouspeciesisneverreached,
mearing thatFeO saturaton will notbe achieved.

pressureandtemperatre, FeOwill neverbestablewith water
andshould thergore react until disappeaance.

Resuts
Sealed gold capsules

Acetic, oxalic and hydrochloric acid solutionswere prepared
at concentrations of 0.05, 0.001and 0.001 mol/L respetively,
corresponding to a staring pH of 3. Thesesolutions were
seded togethe with unseved FeO powder from the same
starting mateial in gold capsuesand reacted for 10 days at
423 K and 30 MPa. After querching, the capsue containing
acetic acid was signi gantly more inpatedthan the others
Theamount of H, recoveredfrom acetic acid experimentswas
about 10timeshigherthanin experimentswith hydrochloric
andoxalic acids (Fig. 3).
Threeexperimentswerepreparedwith the sameprotocol
but with acetic acid concentraions of 0.005 0.05and 0.5 mol
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Fig. 3e Compaiisonof hydrogen productionbetweenthree
differentacids after 11 daysof reaction (423K e 30 MPa).

per liter corresponding to staring pH of 3.5, 3.0, 2.5, respe-
tively. Afterthreedaysat423Ke30MPa, only 0.074 g H./kg FeO
was produced for the 0.005 mol/L experiment whereas2.58
and 1.91 g Ho/kg FeO were recovered for initial acetic acid
concentraions of 0.05and 0.5 mol/L, respetively, i.e.,, about
25% of reaction. For these two experiments the yna pH
valuesare calculatedto be 5.0, 4.7 and 4.5, respetively.
Threeruntemperatureswere tested at 30MPa, 373, 423 and
473 K with capsules containing FeO and acetic acid at a con-
centration of 0.05mol/L and for run durations from 3to 172 h
(Tablel, Fig. 4). After 72 h, theamount of H, produced at 373, 423
and 473 K resaulted, respectively, in 0.058, 2.58and 5.34g H,/kg
FeO (Tablel). Datacould not besuccessfully yttedtoayrst-order
kinetic model, a square root function yielded better yts (Fig. 4)
which allowedto derive an activation energy of 27 kJ/mol.

Sampling autoclave: effect of pH

Two experiments were conducted by introducing FeO in
distilled water at 423 and 573 K in the sampling autoclave.
Hydrogen was produced at both temperatures following two
different kineticmodels. At 423K, after ayrst period of hydrogen
productionintheyrst 10h up to a value of 0.14g H./kg FeO, H,
production ceased (Fig. 5). Magnetite grains were identiyed
through XRPD. At 573 K, corrected H, production increased
during the yrst 24 h and slowed down progressively to reach
1.28 g H,/kg FeO after 144 h. Maximum H; production is equiv-
alent to 23% of thereaction progress. H, production at 573 K has
been yttedto a pseudo yrst-order kinetics (Fig. 5). In both ex-
periments, iron (II) concentration wastoolow to be detected by
UV-spectrophotometry. Cal culations using PHREEQC predicted
a concentration of around 10" mol per liter at 573 K, i.e, far
below the detection limit of UV-spectrophotometry.

FeO dissolution in aqueous solution containing 0.05 mol/L
acetic acid was monitored in asampling autoclave by analyzing
aqueous Fe?? and H, inthe gas phase. FeO dissolution occurred
according to a two-step process (Fig. 6a). Fast dissolution was
encountered during the yrst 10h until a maximum [Fe?] con-
centration of about 0.02mol/L was reached. At this stage, more
than 10%,, of the initial sample had dissolved. Within the next
following 10 h[Fe*] decreasedto reach aplateauat 0.01 mol/L. It



Table 1 e Experimentd conditions, H, yield (GC) and preserce of iron oxides(beddesFeO and Fe;0,) as detected by XRPD.

Samplename  Method Solution Concentraion  Temperature Pressure Endtime Starting Normalizedhydrogen Goethite (G)
(mol/L) (K) (MPa) (hours) solution pH*® production attheend or Lepidocrocite (L)
of experiment’ FeO(OH) preserce®
(g Ho/kg FeO e g/kg)
CT-H2-Ac’ Capsue Acetic acid 0.05 423 30 240 3 2.62 (28%) e
CT-H2-0x‘ Capsue Oxalic acid 0.001 423 30 240 3 0.24 (3%) e
CT-H2-HCI¢ Capsue HCI 0.001 423 30 240 3 0.20 (2%) e
CAc-H2 01 Capsue Acetic acid 0.005 423 30 72 35 0.074 (1%) e
CAc-H2_02 Capsue Acetic acid 0.05 423 30 72 8 2.58 (28%) e
CAc-H2 03 Capsue Acetic acid 0.5 423 30 72 25 1.91 (21%) G
CAc-H2_ 04 Capsue Acetic acid 0.05 373 30 72 3 0.058 (<1%) G
CAc-H2_05 Capsue Acetic acid 0.05 473 30 72 3 5.34 (58%) L
CAc-H2_06 Capsue Acetic acid 0.05 423 30 24 3 1.34 (14%) Gp L
CAc-H2_07 Capsue Acetic acid 0.05 423 30 3 3 0.068 (<1%) G
CAc-H2_08 Capsue Acetic acid 0.05 423 30 168 3 4.08 (44%) e
CAc-H2_10 Capsue Acetic acid 0.05 423 30 72 3 2.46 (27%) e
CAc-H2_12 Capsue Acetic acid 0.05 423 30 8 3 0.30 (3%) G
CAc-H2_13 Capsue Acetic acid 0.05 373 30 172 3 0.23 (2%) G
CAc-H2_14 Capsue Acetic acid 0.05 473 30 24 3 3.74 (40%) L
CAc-H2_15 Capsue Acetic acid 0.05 473 30 3 3 2.86 (31%) e
CAc-H2_16 Capsue Acetic acid 0.05 473 30 48 3 3.26 (35%) e
CHCI-H2_11 Capsue HCI 0.001 423 30 72 3 0.084 (<1%) e
CHCI-H2_17 Capsue HCI 0.001 473 30 72 3 0.19 (2%) e
CAc-Ca(OH), Capsue Acetic acid p Ca(OH),* 0.05 423 30 72 3 0.0005(<1%) ®
CAc-CaCOg Capsue Acetic acid p CaCOsz* 0.05 423 30 72 3 0.05 (<1%) e
APAc-H2-150 Sampling Acetic acid 0.05 423 16 48 3 8.06° (879%0) e
autoclave
APW-H2-150 Sampling Water e 423 15 64.5 6 0.26° (3%) e
autoclave
APW-H2-300 Sampling Water e 573 18 144 6 2.18 (23%) e
autoclave

* Additional solid unusedfor stariing pH calculations.

& Starting pH calculatedfrom acidic solution initial concentraion.

® Massof H, produced dedwced by gaschromatography dividedby initial massof solid reagent, calculatedreaction progressesarepresentedn brackets.
¢ Obsevation or not of goethite and/or lepidocrocite by XRPD on retrieved solid samgdes.

Experimentsconducted on unsieved staring mateiials.

Corrected hydrogen production.

e
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can be seen on Fig. 6a that [Fe*] of 0.02and 0.01 mol/L are the
expected concentrations at FeO and Fe;O, saturation, respec-
tively, in the conditionsof the experi ment.

Evolution of H, production (Fig. 6b) is characterized by a
yrst step of fast production, again within the 10 yrst hours.
About 8.06g of H, wereproducedperkgof samgde during this
step equivalentto a reaction progressof 87%. After this yrst
step dihydrogen was no longer producedin the gasphase A
smdl decrease was even obsewved which is attributed to H;
removal by gas samging. Indeed for each gas samgding,
estimatedto 27 mL, the total pressureisloweredand part of
hydrogen is removed from the experimentd system
Hydrogen partial pressure i.e, its concentraion, remans
constanteven though its molar amount is reduced. H, pro-
duction datapresentedon Fig. 6b are corrected accordingly.

Charecterization of the solid products

XRPD onrecovered solid samgdesindicates besdewustiteand
magnetite, the production of goethite, FeO(OH) and, possbly,

lepidocrocite (Table1). Inspection of therun productswith FE-
SEM in back-scatteredelectron mode all owed to distinguish
betweenFeO and magnetite. FeO of higher average atomic
number isbrighter than magnetite (Fig. 7a). Resdua ironmetd

particleswerefound to occur asbright spotswithin FeO grains.

FeOoxidationinaceticacidproceede fromFeOgrainrimto

coreeitherthrough progressvereplacementof the FeO grains
without signi gant morphol ogical change(Fig. 7a), thisprocess
will be calledpseudmorphic replacementin the foll owing or
by FeO dissolution (Fig. 7b) followed by the precipitation of
coronaeof magnetite nanoparticles (Fig. 7candd). Magnetite
precipitation was also obsewved with the formation of nano-

particleaggregates(Fig. 8a). Oxidationthrough dissolution and
precipitation dominatesin samfdesproducedinthe samgding

autoclave. Resdud FeO recovered from capsue experiments
preferenially shows pseudmorphic replacement pointing
therefore towardsa posdble role of stirring on the oxidation
reaction process In purewater, oxidizedproducts occurredas
a multitude of dendiites growing pervasvely within the FeO
grains (Fig. 7gandh). Compailison at the samemagni gation
betweenresdual FeO grainsrecovered from both acetic acid
anddistill atedwaterexperiments(APAc-H2-150and APW-H2-
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Fig. 6e Time-resolved monitoring of of aqueousFe and H, of the 423 Kel5 MPaexperimentwith a 0.05mol/L acetic acid
solution (a) aqueousiron (Il p Ill) concentration from ICP data(circle) and UV spectrophotometry (squarg; (b) Corrected H,

production asmeasuredby GC.
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Fig. 7e FE-SEM back-scattered imaging of the expetimenta products. a) andb) FeO oxidation featuresatthe grain scalein
acetic acid in gold capsue (CAc-H2-2) and samding autoclave (APAc-H2-150), respetively; c) andd) nanomanetite
covering residua FeO grains (CAc-H2-14); e) and f) FeO oxidation featuresat the sampe scale in acetic acid (APAc-H2-150
andwater(APW-H2-300), respectively; g)andh) microtextural detalsof the FeO (lightgrey) replacementby Fe;O, (dark grey)
in water (APW-H2-300. Experimentd conditionsfor each sampde arefoundin Table 1.

300respetively, Tablel) arepreseited on Fig. 7eand f. Particle

sizescloseto initial (50e100mm) arestill presentin both sam-

ples however, whereasparticleshave nicely kepttheir shape
in water, in acetic acid particlesaresplit up andnew reactive
surface areahasbeencreatel.

Goethite, FeO(OH), was detected by XRPD in about half of
theexperimentsperformed with acetic acid (Table1). Goethite
grains were easly ident &d by FE-SEM due to their lower
average atomic number and their distinctive morphology
(needesor very thin plates Fig. 9). Goethitewasmainly found

at the interface betweensamgde and gold-capsue wall. Lep-
idocrocite was detected using XRPD in samgdes with
comparatively higherhydrogenyield.

In acetic acid experiments nanoparticles of magnetite
wereobsewedincluded in acarbon matrix (Fig. 8b), suggesting
that the carbon-rich compound precipitated during or after
FeO oxidaton. EDS data and electron diff raction indicated
thatthis solid is composedof amorphous carbon. This lack of
crystdlinity explains why this solid was not ident &d by X-
ray powderdiff raction. Toquanify theamount of amorphous
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Fig.8e TEM imagesof sampde APAc-H2-150 a) Magnetite nanopaticle aggregates b) inclusions of magnetite nanoparticles

inanamorphous carbonphase

Fig. 9 e FE-SEM images of goethite (a) CAc-H2-14 in back-scatteredmode, (b) CAc-H2-12in secondaryelectron mode.

carbon, carbon elementary andysis was conducted and
returned a carbon massproportion of 1e1.5%,. Solid carbon
has been detected in both capsue and samgding autoclave
runs (CAc-H2_03and APAc-H2-150samges).

Effect of calcium addition

Inordertosimulatetheoxidationbehavior of FeOinsted slags,
CaO, which isa ma or component of sted slag, wasaddedto
wustite. Two mixturesof FeO e Ca(OH); (portlandite), and FeO
e CaCO; (calcite),inamassratio of 1:1wereruningold seded
capsueswith 0.05mol/L aceticacid at 423 Ke30 MPafor 3days.
A third capsue containing FeO andpurewaterwasalsorunin
pardlel asarefererce. Corresponding H, yieldsarepresented
in Fig. 10. The addtion of calcium eitherashydroxide or car-
bonateclealy inhibited FeO oxidation, hydrogen production
wasvery low, i.e,,abouttwo ordersof magnitudelowerthanin
the Ca-freesystemunderthe sameconditions (Fig. 10).

Discusdgon

Effect of acidic conditions and temperature on H; yield

At 423 K, H; is only produced within the yrst 10 h to an
amount which corresponds to 3% reaction progress. Minor
magnetite was identiyed by XRPD among residual FeO. After
this yrst H, production stage and until the end of the run
(65 h), no more H; is produced. This type of H, production
behavior is interpreted as either due to (1) the dissolution/
oxidation of small FeO particles with high surface area
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In pure water, hydrogen production through FeO aqueous Fig. 10 e Effect of the addition of calcium to FeO aseither
oxidation hasbeenmonitored in a samgding autoclave attwo portlandite or calcite on the H, yield in a 0.05mol/L acetic
tempemtures, 423and 573K (Fig. 5), at a pH of ca. 6 (Table 1). acid solution at 423K e 30 MPafor 3days



mixed with the 50e100 mm fraction, (2) the reaction of re-
sidual grains of Fe metal or (3) the preferential dissolution
(and oxidation) of high-energy sites at the surface of FeO
grains. Consequently, it will be considered here that FeO
grains in the 50e100 mm size range do not react with water
to produce H; in the presence of pure water at 423 K at the
timescale of a day.

At 573K, within the yrst 10 h, dihydrogen production ki-
netics is four times higher than at 423 K. By contrastto the
423K experiment H; isstill producedafter 10h ataratewhich
decreasesprogressively with time (Fig. 5). After 144 h, a re-
action progressof 23% is attaned. At the micro-scale, FeO
oxidation into magnetite is mainly localizedin channéds ho-
mogeneously distributed in the bulk of the grain (Fig. 7h).
Magnetite seemsto nucleateon structural defects or cracks.
Magnetite formation might be related to an auto-oxidation
processas already emphaszed for Fe(ll) aqueous oxidation

atthesurface of hydrousiron oxides[19]. Whatever the exact
oxidation process formation of magnetite in the bulk of the

FeO grainssuggeststhat oxidation kinetics will not be directly
related to the surface areaof the FeO starting mateiial. In
other words, the reduction of the FeO grain size by grinding
might not signi ganty enharce thereaction kinetics.

FeO oxidation was found to be strongly enharced in the
preserce of acetic acid (Fig. 6b). Whereaswe showed that FeO
grains in the 50e100 mm size range do not react with pure
waterat 423K, thesameexperience perfformedwith 0.05mol/
L of acetic acid (starting pH of 3) reached completion (or near

completion) within 10 h.

For temperatres in the 2932303 K range in acidic solu-
tions, dissolutionratesof simpleoxideminerdswerefoundto
be proportional to day b®°7 by Casey et al. (1993 [23]) where
dapbPdenotes HP activity. This meansthat, at ambient con-
ditions, a pH decrease by 3 units betweenpure water and
acetic acid experiments is expected to resut in a higher
dissolution rate by 1e2 orders of magnitude. The effect of
temperatire and pressureon the dependegy of FeO disso-
lutionratewith pH isnot known but a diff erence by 1e2 orders
of magnitude for a diff ererce of 3 pH units is consistent with
what is obsewved hereat 423 Kel5 MPa. Preliminary testsin
seded gold capsues containing the same unseved FeO
powder along with three different acidic solutions, acetic,
oxalicandhydrochloric at pH % 3 gave contrastedH; yieldsat
423 K and 30 MPa (Fig. 3). Actudly, this resut is not incon-
sistentwith a yrst order pH effect on FeO dissolution (and
oxidation). First, aqueous oxalic acid is thermdly unstable. A
reaction constantof 10° is calculatedfor oxalic acid decom-
position into 2CO5aq and 1Haq at 423K and 20 MPa. Crossey
(1991, [24]) showedthatat 433K, pH % 3.6, about half theinitial
oxalateis decomposed after 45 h. On the contrary, aqueous
acetic acid is stable at high temperaturewith a decompo-
sition reaction constant of 10" (CoHsOzaq b 2H20¢ %
2C0O5ag b 4Hzag). In the abserce of a catdyst, Bell etal. (1994
[29]) showedthatatatemperatire ashigh as608K, only 1% of
theinitial acetic acid solution (ca. 1 mol/L) decomposedafter
10 days. It cantheregore be consideredacetic acid decompo-
sitionasnegligiblein our experiment performedat 423K for11
days. H; production is higher by 1.5 order of magnitude for
acetic acid solution (initial pH ¥4 3) thanfor HCI solution (initial

saturatoniscalculated at 423K and 30 MPa, to be 4.7 and5.2,
respetively. Either this H, production diff ererce is due to a
proton promoted Fe(ll) dissolution in relation to the 0.5 pH
unit diff ererce betweenthe two solutions or it is due to a
ligand-promoted Fe(ll) dissolution by acetic acid. Whereas
oxalate-ligandhasbeenshowedto enharce the dissolution of
Fe(lll) compounds [26], acetatehas a pronounced af gity for
Fe(ll) to form a complex such as FeCH;COOHP which becomes
the dominant Fe(ll) aqueous form for pH > 5 (Fig. 11). Disso-
lution of iron-bearing sili catesin acetic acid solutions seems
to converge towardsa proton-promotedratherthanaligand
promoted dissolution [27,28]. However, due the stability of
acetatee iron aqueouscomplexesat 423K (Fig. 11) andabove,
ligand-promoted Fe(ll) dissolution in acetic acid solutions at
high pressureandtempemture cannot be ruled out.

H, production and Fe(Il) dissolution in acetic acid at 423K
have both been monitored in the samgding autoclave at

150 MPa. Fe(ll) concentration reached a maximum after 10 h
which correspnds to wustite saturaton. Then, Fe(ll)

decreasedto reach magnetite saturaton in a time interval of
lessthan15h (Fig. 6a). All the H; isproducedwithin theseyrst
10 h (Fig. 6b). XRPD andysis of post-mortem solid indicates
full converson of FeO into Fe;O,.

It canbe concludedfromtheseresutsthat(1) FeO hasfully
reactedwithintheyrst10h of experiments, (2) aslong asFeO
is presat, it controls the aqueous Fe(ll) content, (3) most, if
not all, of both magnetite and H; is produced within the yrst
10 h. Consequenlty, FeO dissolution stepis fasterthan Fe(ll)

oxidation and/or magnetite precipitation steps) which
pH % 3). Thein-situ pH of theseacidic solution at magnetite
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therefore occurto betheratelimiting step(s). Thislimitation
isconyrmedbytheformationof magnetitenanoparticles The
quick dissolution step prevents magnetite to grow leadng
toaqueous iron oversatuation and the forced precipitation
of magnetite as nanopatrticles (Fig. 8a). However, at the
resolu-tion of our samding frequency, the experimental
conditions appearto be close to optima since all these
reaction stepsseemto proceedat similar ratessince FeO
trandormation into Fe;O, is achieved when aqueous Fe(ll)
reachesFeOsaturaton. If the kinetics of the stepsleadng
to the formation of magnetite would have been lower
then H; (and magnetite)

Fig. 11 e Speciation of aqueousiron (Il) at 423Kel5
MPaassuning 0.01 mol/L of total Fe (no mineral
equilibria) in

0.05mol/L of acetic acid.






