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The chemicalnatureand compositionsof thesurfacesof industrial Fe ammoniacatalysts
were investigatedby meansof X-ray photoelectronspectroscopy(XPS). Unreducedcatalysts
exhibit a strong enrichmentof K andAl andonly rathersmall Fe concentrationsin thesurface
region. Treatmentin N

2 + H2 mixtures (1 atm)at 350—400°Ccausescompletereductionof
iron and a substantialincreaseof the surfaceconcentrationof this elementwhereasthe other
cationsremainin their oxidized state.Theestablishmentof the synthesisequilibrium wasfol-
lowed by meansof a massspectrometer.Underreactionconditionsonly relatively small sta-
tionary concentrationsof atomic nitrogenare presenton the surfacewhich supportsthe con-
clusion that dissociativechemisorptionof nitrogenis therate-limiting step.After cooling the
catalystto room temperaturein thereactiongasmixturein addition NH2 adsorbedto theoxidic
componentsaswell asNH and/orNH2 attachedto iron werediscovered.

1. Introduction

The Haber—Boschprocessfor thedirect synthesisof ammoniafromtheelements,
N2 + 3H2 2NH3,over promotediron catalystswasdevelopedduring thebeginning
of this centuryandhassincethen developedinto a hugeindustry [1]. Despitenu-
merousstudiesin the pastsevendecadesthe detailedmechanismof this important
catalyticreactionhasnot yet beenfully explored[2]. It is hopedthat furtherpro-
gressin this field maybeachievedby theuseof modernsurfacespectroscopictech-
niquesalong two lines.Firstly individual reactionstepsandtheirinfluencingparame-
tersmay be studiedwith well-defmed(preferentially single crystal)surfacesunder
gas pressureswhich are very far away from the real conditions.A seriesof papers
dealingwith this aspecthavebeenpublishedrecentlyfrom our group [3—10]aswell
as from other laboratories [11—151.Secondlya characterizationof the surface
propertiesof practicalcatalystsaswell as studiesundermorerealisticpressurescon-
ditions (say 1 atm insteadof< lO~Torr) are needed.The ultimategoal is to com-
bine the conclusionsfrom bothapproachesin orderto obtaina microscopicpicture
of this importantchemicalprocess.

The presentwork follows along this secondway and is mainly concernedwith
the chemicalcharacterizationof the surfaceregionof industrialcatalystsand their
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eventualmodification underreactionconditionsaswell as with the identification of

the nitrogen-containing specieswhich may be formed during the interaction with
the reactants.This information was obtainedby the use of X-ray photoelectron

spectroscopy(XPS). In situ analysisof the compositionof the gas atmosphereby
meansof a mass spectrometerdemonstratedthe activity of the used catalysts
throughtheir ability to establishthe thermodynamicequilibrium betweenthe react-
antsand the product.

2. Experimental

The experimentswere performedwith a modified commercial XPS apparatus
(VacuumGenerators,ESCA 3). The experimentalsetupis illustratedschematically
by fig. 1. The spectrometerchamberis equippedwith a X-ray source (Al Ka and

Mg Kct) and a hemisphericalenergyanalyserand canbe isolatedfrom theprepara-
tion chamberby a Viton-sealedvalve. Chemicaltreatmentsof the samplesareper-
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Fig. 1. Experimentalapparatus(schematic):I spectrometerchamber,2 preparationandreaction
chamber,3 X-ray source,4 quadrupolemassspectrometer,5 ion pump, 6 oil diffusion pumps
with baffles, 7 rotary pumps,8 argonion gun, 9 ionizationgauge,10 Piranigauge,II high pres-
sure manometer,12 Viton sealedgatevalve,13 leak valves,14 gasinlet valves,15 shut-offvalves.
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formed within the preparationchamberat pressuresup to 1 atm while the spec-
trometerchamberis held underUHV conditions.The sample is mountedon a ma-
nipulator which allows transfer from the preparationinto the spectrometersection
andheatingup to about400°C. The temperatureis measuredby meansof a chro-
mel—alumel thermocouple.The X-ray source wasoperatedwith a stabilized elec-
tron currentof 20 mA at an accelerationvoltageof 12 kV. All spectrawererecorded
with theAl source(/i~= 1486.6eV).

High purity gaseswere introducedthroughleakvalves.Thepressurewasmeasured
with a membranemanometerwhich wascompatiblewith UHV conditions(Kontron
P2OX + UM8O, 0.5 to 1000 Torr), a Piranigauge(0.05to 1 Torr) as well as with an
ionisationmanometer(10_10_10_2Torr). Partialpressurescould be recordedwith
a quadrupolemass spectrometer(Vacuum GeneratorsQ7) which was attached
througha variableleakvalve andwaspumpedthrougha bypassline.

The sampleswere industrial ammoniacatalystsfrom BASF andHaldor Tops$e.
Suitable pieceswere mountedon themanipulatorby meansof thin tungstenwires.

3. Resultsanddiscussion

3.1. Characterizationof thecatalystsurfaces

XPS maybe used for qualitativeaswell asquantitativeanalysisof the elemental
compositionof the surfaceregion.The depthprobedby this techniquedependson
the kinetic energiesof the photoemittedelectronsand is roughly about 10—20 A,
wherebyof coursethe topmostatomiclayers contributemore stronglyto the ob-
served intensity [161. Quantitativeanalysiswas achievedby the use of tabulated
(experimentaland theoretical)ionisationcrosssectionsfor thecorrespondinglevels
of thevariouselements[17]. The dataconcernthe weightedaverageof the compo-
sition in the surfaceregion acrossthe probing depth of the techniqueandhaveto
be consideredatbestassemi-quantitativevaluesreflectingthetrendsof surfacesegre-
gation if comparedwith the bulk composition.No attemptwas madeto extract
more preciselythe actualcompositionof the topmostatomiclayerfrom thesedata
sinceit is well known that thevariousconstituentsarein a non-uniformlateraldis-
tribution over the surfaceover which the large diameterof the X-ray excitation
source averages.More detailedand qualitativeinformation would be obtainedby
the use of scanningAugerelectronspectroscopyin connectionwith depthprofiling
by meansof noble gasion sputtering.

Fig. 2 showsa typical spectrumover a limitedenergyrangefrom a non-reduced

catalyst (BASF S 6—10) exhibitingthepresenceof variouselements.Not shownare
the peaksoriginatingfrom 0and C which are theconstituentswith thehighestcon-
centrations.Table 1 comparestheapproximatecompositionsof the surfaceregions
of various unreducedcatalystswith the nominal bulk compositionof one of the
samples.Carbon is consideredasa surfaceimpurity partly arising from contactof
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Fig. 2. Sectionof a typical spectrumfrom anunreducedcatalyst(BASF S 6-10).

the samplewith air andoil vapoursfrom thepumpingsystemand is nottakeninto
accountfor the evaluationof the “true” composition.The concentrationof Fe as
the catalyticallyactive componentis surprisinglylow, whereaspotassiumandalu-
minium (whichact aspromotors)appearto be stronglyenrichedat the surface.The
compositionvariedsometimesappreciablybetweendifferentcatalystsandevenbe-
tween different piecesfrom the same chargeindicating the existenceof strong in-
homogeneitiesevenover macroscopicdimensions.The qualitativefeatures,however,
werein all casesrathersimilar.

Commercial ammoniacatalystsare usually suppliedin the unreducedform but
also as sampleswhere the oxide constituentshavebeenpartly reduced.The latter
needonly rather short reductiontreatmentwithin the synthesisplant in order to
becomecatalytically active.The partly pre-reducedcatalystswere found to exhibit
usually a qualitatively rather similar surfacecompositionas the non-reducedsam-
ples. Typically they exhibited a higher Fe and a lower C-content.Sometimesthe
outmostoxide layerwas rather thin which becameevident from the identification
of smallamountsof metallic iron. (The possibledistinction between Fe in its oxi-
dizedandmetallic form will be outlinedbelow.)

Table 1
Compositions(inat. %) of thesurfaceregionsof variousunreduceddoubly-promotedFecatalysts
andthebulk of the BASF S 6-10catalyst

Element Al Na K Fe 0 Ca Si Cl

Concentration
inthesurface 6—10 <1 6—20 1—6 50—70 1—5 =2 0.5—3.5
region (%)

Concentration
inthebulk(%) 2 0.35 40.5 53.2 1.7 0.25
(BASF S 6-10)
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Three different sampleswere reducedwith N2/H2-mixtureswithin the vacuum
system.The N2 : H2 ratio variedbetween1:2and1:3.The totalpressurewasabout
600 to 700 Torr, and the reductionwasperformedattemperaturesbetween350and
400°C.At different stagesthe reducinggaswaspumpedoff andthesampleanalyzed
by XPS. Since during the reductionH20 is formedwhich in turn may re-oxidize
the surface [18], the compositionof the gasatmospherewas carefullyanalyzedby
the massspectrometerwhich was attachedto the reactionchamberthrougha leak.
As soonas H20 becamedetectablethe gas atmospherewas replacedby a fresh
N2 + H2 mixture. Thesereductionconditionsare quite similar to thoseappliedin
practice [19,201,althoughthe total pressureis then usuallyhigherwhich is, how-
ever, without importance(see ref. [I], p. 97). A higher temperaturewould yield
fasterreduction,butwould alsolower theactivity sincethecrystallitescouldincrease
in size more easily [211.

During the reduction procedureappreciablevariationsof the surfacecomposi-
tion takeplace which are indicatedqualitatively in table2. A typical examplefor
the compositionof the surfaceregionof a reducedsample(catalystII of sect.3.2)
is as follows: Fe 15%, K 8%, Ca 7%,Al 11%, Si 2%,Na 2%,046%,N 0.5%,Cl 0%,
C 9%. It is remarkablethat the concentrationof thecatalyticallyactiveelementFe
increasesconsiderablyby the reductionprocess.In turn the concentrationof C is
lowered,andit was observedthat the carboncontent is the smaller thehigherthe
Fe concentration.From this observationit is concludedthat carbon coversthose
partsof thesurfacewhich do notcontainiron. It is believedthat C atomson metal-
lic iron arereactedoff eitherby hydrogento CH4 or by oxygento CO.

Variations of the chemical stateof the elementsduring reductionmay be fol-
lowed by observingchangesof the correspondingcore-levelionization (“chemical
shifts”). Fig. 3 showsthe Fe

2P3/2peakat variousstagesof reductionwherea very
pronouncedeffect is observed:With the unreducedsamplea broadmaximumcen-
teredat 711.3eV is observedwhichis identifiedwith thestartingmaterialFeA1

2O4+

Table2
Qualitativechangesof thesurfacecompositionsby reductionof thecatalysts

Elements Variationof surfaceconcentration

Fe Increasesby up to a factor 3
K Essentiallyunchanged
Ca Increasesby up to a factor 2—3
Al Increasestypically by 25%
Si Essentiallyunchanged
Na Increasesmarkedly
0 Decreasesappreciably(asexpected)
N Build-up of small concentration
Cl Disappearsnearlycompletely
C Strongly suppressed



104 G. Erti, N. Thiele /XPSstudieswith ammoniasynthesiscatalysts

NCE)

I I I I I I I).

706 710 714 eVI
Fig. 3. XPSdata of the Fe 2p3J

2 level at variousstagesof reduction:a unreducedsample,b—e
continuousincreaseof thecontentof metallic iron, f completelyreducedsample.

Fe203 [22]. With increasingdegreeof reduction this peakis decreasingwhereas
simultaneouslya new one at 706.8eV is growing up. The latter is identified with
metallic a-Fewhich is the only iron speciesleft after completereduction. Its rela-
tively narrow width, the ionization potentialsas well asthe chemicalshift of about
4 eV agreequalitatively well with the resultsof earlier studieson the oxidationof
pure Fe into Fe203(~E4.2eV [23]) andinto Fe304(z~E3.5 eV [241). Slight
differencesin the absolutevaluesof the binding energiesmay be attributedto the
generalproblemof the referencelevel, as well asto the“paracrystalline”structure
of Fe in the reducedcatalysts[251.

Anothervariationis observedwith the 0 is peakwhosemaximumisshifted from
532.9eV to 531.4eV upon reduction.Theunreducedsampleexhibitsonly a weak
shoulderat the latterenergy.This effectis not solelyinterpretedas beingcausedby
the removalof part of the oxygen,since a large portion of the oxygenremainsin
the sample.This obviouschemicalshift might beconnectedwith thestructuraltrans-
formation,e.g. thedisappearanceof an orderedspinelstructureby reductionof one
of the components.With partly pre-reducedsamplesthe 0 is peakwas foundat the
beginningat 53 i .5 eV(sometimesa shoulderat higherbindingenergiesis observed)
and is only decreasingits intensityduring furtherreductionwhich may supportthis
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conclusion.Fe304 has a spinelstructure,consistingof compact02_ ions, which
form octahedraland tetrahedralinterstices.Fe

3+ ions canbereplacedby Al34 ions
to form FeAl

2O4 without altering the lattice.Uponreductionof the iron ionsalu-

minium isstructurally transformedinto A1203.Thishypothesisis supportedby the
observationthat additionof aluminalowersappreciablethe reductionrateof Fe304
[26] which would be difficult to explain if separateparticlesof Fe304 + Al203
would exist.

None of the othercationswas observedto exhibita chemicalshift of its core-
level bindingenergieswhich indicatesthat iron is the only elementwhich is trans-
formed into its metallic stateby the appliedreductionprocedure.Anotherqualita-
tive observationappearsto be worth mentioning: If pure iron oxidesare reduced
into the metallic stateit wasfound thatconsiderablymorerigoroustreatmentshad
to be applied than in the case of the Fe catalysts.This wasalso the caseif a once
reducedcatalystbecameaccidentallyreoxidized.This effect is probablydueto the
much higher degreeof dispersion,but might also be influencedby the presenceof
the othercomponentsalthoughno explanationfor suchan effect could be offered
atpresent.

3.2. Formationofammonia

The establishmentof the equilibrium N2 + 3H2 2NH3 through the formation
of NH3 from N2 + H2-mixtureswas studied with two reducedcatalystsamples,
mainly in order to checkthat the sampleswere indeedcatalyticallyactiveanddid
not further changetheir surface compositionevenby prolongedoperationunder
reactionconditions.The secondpurposewas to demonstratethat reliabledatafor
the gas compositionin a UHV systemmaybecontinuouslyobtainedby massspec-
trometryevenif it is operatedunderatmosphericpressureconditions.

The vacuumsystemwas operatedas a batchreactor.The samplewasmovedbe-
hind the closedvalve separatingthe spectrometerchamberfrom therestof the ap-
paratus.A H2 + N2 mixture with varying compositionand a totalpressureof 700
Torr was introducedand the samplekeptat temperaturesbetween320 and370°C.
Gasanalysiswas performedby meansof a continuouslypumpedquadrupolemass
spectrometerwhich was attachedto the reactionchamberthrougha variable leak
valve. The partial pressuresof H2, N2 and NH3 were continuouslyrecordeduntil
over a longer period of time (severalhours) no further variation took place.The
datawere then consideredto representtheequilibrium compositionof thegasphase
within the reactionchamberat the given sampletemperature.Identicalexperiments
without the catalystsrevealedno detectableformationof NH3 even over very long
periodsof time whichdemonstratedthat in fact only the activity of thecatalystwas
responsiblefor the establishmentof the equilibrium. On the otherhandit was ob-
servedthat the sampleholder (which was alwaysat a highertemperaturethanthe
catalyst)showedsometendencyfor decompositionof NH3. As a consequencethe
equilibriumcompositioncorrespondingto the temperatureof thecatalystcouldnot
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be reachedif the rate of formation wastoo small. It turnedout that this disturbing
effect dominatedat sampletemperaturesbelow 320°C.Since the equilibriumcon-
centrationof NH3 drops rapidly with temperatureno attemptswere madeto per-
form measurementsabove370°C.

The theoreticalequilibrium yields of NH3 at give temperaturesand N2 andH2
pressureswere evaluatedthrough the tabulatedequilibrium constant = PNH3I
p~

2p~2(seeref. [1], p.21).
The experimentallyderivedammoniayields for different conditionsare repro-

ducedin table 3 togetherwith thecorrespondingtheoreticalvalues.As canbe seen
the agreementis (with oneexception)fairly good.The experimentalvaluesare gen-
erallysomewhatlower thanthetheoreticaloneswhichis dueto theabove-mentioned
effect that the hot sample holder tendsto dissociatethe formedNH

3 - Catalyst I
containedless Fe in the surfaceregionthan catalystII andwasthereforelessactive.
As a consequencetheNH3 yield determinedwith this sampleat the lowesttempera-
ture (325°C)is too low by 50%. The resultsdemonstratein general that reliable
measurementsof the gas compositioncanbeperformedby theappliedtechniqueand
that thesamplesarein factcatalyticallyactive.

After finishing theseexperimentsagainXPS datawere recordedwhich demon-
stratedthatno noticeablechangesof the chemicalstateandcompositionof the sur-
face regionof thecatalystshadoccurred.A specialsituationis found,however,with
theN ls peakwhichyieldsinformation on the surfacespeciesformedaswill beout-
lined in the nextsection.

3.3. Nitrogencontainingsurfacespecies

Severalcharacteristicpeakshapesandbindingenergiesof theN is level wereob-
served during this work which maybe usedfor an identificationof variousnitrogen
containingspecieson the surfacesof the catalysts.In a previousstudy[10] the for-
mationof surfaceand bulk nitrides on pureiron wasfollowed by theXPStechnique.

Table 3
Experimentaland theoreticalNH3 yields from N2 + H2 mixturesat variousratioswith a total
pressureof 700 Ton andatdifferent temperatures

Catalyst T(°C) ~N : ~H Experimental Theoretical
2 2 NH3 yield (~/oo) NH3 yield (°/oo)

I 370 0.38 4.4 5.2
I 340 0.73 6.7 7.8
I 325 0.46 5.0 10.8

II 350 0.71 6.7 7.1
II 335 0.58 9.4 9.3
II 345 0.57 6.7 7.8
II 320 0.55 9.8 11.5
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It revealedthat atomic nitrogenexhibitsa relativelynarrow(2 eV wide)peakat an
ionization energy of 397.8eV, which is in agreementwith otherdata reportedin
the literature [11,13,14,27].The shapesand ionization energiesof the Fe 2p core
levels remainedpractically unaffectedby the nitride formation which indicatesa
negligibleionic characterof the Fe—N bond.

(i) A quite similar N is peakwith a bindingenergyof 397.5eVwasobservedif
a well reducedcatalystwas operatedin a N2 + H2 mixture at 350°Cfor a longer
periodof time and if thegaswas completelypumpedoff while thecatalystwas still
hot (fig. 4). Thisspeciesis accordinglyidentifiedwith atomicnitrogen.An estimate
of its actualsurfaceconcentrationwill be given below.The binding energiesof all
the otherelementswere unaffectedby the presenceof this specieswhichis rather
stronglyheld at the surfaceanddisappearsonly above400°C.There is strongevi-
dence that the nitrogenatomsare in fact only attachedto the metallic iron: The
highbondstrengthindicatesa strongchemicalinteraction.A looselyboundnitrogen
specieson the surfaceof oneof the oxidescanthereforebe ruled out. If however
oneof theothercationswould changeits chemicalstatefrom an oxide intoanitride
one would expect pronouncedmarkedchemicaishiftsof their corelevel ionization
energieswhich is not observed.(By transformingiron oxide into nitride this shift is
in fact of theorderof4 eV!)

(ii) If insteadthe reducedcatalystis cooleddownto room temperaturein the
reactionmixture whichis only subsequentlypumpedoff N is spectraasreproduced
in fig. 5 are recorded.Thesefeaturesare rather broad(about S eV) andexhibitat
least threedistinct peaks. Oneof them is still at 397.5eV and is againidentified
with atomic nitrogenon Fe.The origin of the othertwo peakswill be discussedlater.
Upon heating in vacuoat first the speciescharacterizedby a N ls bindingenergy
around 400.5 eV disappearsat about 100°C(fig. 6). At evenhigher temperatures
(~200°C)also the speciesin the 399 eVrangeis removedand thesituationcharac-
terizedby fig. 4 (only atomicnitrogen)is established.

N(E)

J9eV4

396 398 400 402 LeVI

Fig.4. N Is peakfrom atomicnitrogensurfacespecies.
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Fig. 5. N Is spectrumfrom acatalystcooleddownto roomtemperaturein thereactionmixture,
exhibitingthe presenceof atleast threedifferentnitrogencontainingsurfacespecies.
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Fig. 6. N Is spectrumfrom a samplecharacterizedby fig. 5 aftersubsequentheatingto 100°C
in vacuo.

(iii) If the N ls level of thepre-reducedcatalystswithout any further treatment
is recordedone observesonly a weak maximumat about400.5 eV. Whenthe reduc-
tion hadbeenstartedspectraof the type asreproducedin fig. 7 are obtainedwhich
are similar in shapeto fig. 5. According to the Fe 2p peaksthesesamplescontain
most of the iron in the oxidizedform. The shoulderat 397.5 eV in fig. 7 is only ob-
served if thecatalystscontain alreadysmallamountsof metallic iron. Thisobserva-
tion supportsagainthe aboveconclusionthat atomicnitrogenis only attachedto
reducedFe. Thesepre-reducedcatalystswereclearly smellingof ammoniawhenre-
moved from the container.This simple testdemonstratesthat NH3 is presenton
the surfaceof thesesamples.The N Is peakin theenergyrangearound400.5eV is
identified with adsorbedNH3 for the following reason:Grunze[14] reportedon a
N is binding energyof about400 eV if a cleanFe(ll 1) surfacewas exposedto am-
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Fig. 7. N Is spectrumfrom a “pre-reduced”catalyst(mostoftheironisstihintheoxidizedfrom)

•without any further treatment.

monia at 126 K. The non-dissociativecharacterof adsorptioncould in this case
clearly be demonstratedon the basisof the UPSdatafrom the valenceelectronre-
gion [7,8] - On the otherhandammoniaadsorbedon cleaniron eitherdesorbsordis-
sociatesat roomtemperature[8,9], whereasin the presentcaseit isstill stableabove
roomtemperature.This effect togetherwith the observationthat this speciesis even
observedif the catalystcontainsno reducediron at all leadsto theconclusionthat
the adsorbedammoniadetectedin the presentstudyis attachedto thesurfacesof
the oxide particlesratherthanto metallic iron.

The remainingspeciescharacterizedby an ionization energyin therangeof 399
eV has to be identified with adsorbedNH and/orNH2. The maximumof this peak
scattersby about 0.5 eV which indicatesthat in fact a mixtureof bothspeciesmay
be present.Matloob andRoberts[13] suggestedthatparticleswithbindingenergies
around398 and399 eV, which were observedas transientsduring the decomposi-
tion of N2H4 on polycrystalline iron, are to be identified with NHad andNH2,~,
respectively.Similar conclusionswere reachedby Grunzewith the systemN2H4!
Fe(l11) [14]. In a recentstudywith the systemNH3/Fe(l10) adsorbedNH was
identified as predominantintermediatewhich is stableup to about150 C where it

dissociatescompletely [9,28]. Since the 399 eV peakwasalso observedwith sam-
ples which containedalmostno metallic iron it is concludedthat the NH/NH2 spe-
ciesmayalso be formedon oxidesurface,in contrastto N~.

The discussedresults suggestthat under reaction conditions(T � 350°C)ob-
viously atomic nitrogenis the only surfacespecieswhich is presentin appreciable
concentrations.However,onehasto be carefulwith quantitativeconclusionssince
spectroscopicmeasurementsmay neverbe performedunderpressureconditionsas
applied for the reaction.SinceadsorbedNH3 and NH/NH2 eitherdesorbor disso-
ciate in vacuoat higher temperaturesit cannotbe excludedthat thesespeciesare
also presenton the surfaceundertheactualpressureconditionsduring thereaction.

Qualitative information may, however,be obtained on the natureof the rate-
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limiting step under reaction conditionsfrom the following considerations:If the
reactionmechanismis formulatedasa sequenceof consecutivesteps

k5
N2 -÷ 2 Nad

k2
N~+ Had -+ NH~,

k3
NH~+ H~-÷ NH2,ad,

k4

NH2,ad + Had NH3
the stationaryconcentrationof Nad shouldbe rather small if thefirst step (i.e. the

dissociative chemisorptionof nitrogen)is rate-limiting, but should be closeto the
saturationvalue if this step is fasterthan the subsequenthydrogenationof the ni-
trogenatoms.Since no nitrogenatomsare lost duringpumping-offthegas mixture
at 350°Cthe afterwardsrecordedN concentrationshouldreflect the actualsitua-
tion underreactionconditions.(By contrastit canevenbe expectedthat thisamount
still increasesdue to decompositionof NH3 which is notso quickly pumpedoff as
N2 andH2.)

Analysis of the intensitiesof the N Is and Fe 2p peaksrevealedan atomic ratio
in the surfaceregion of aboutN : Fe 1: 15 which is muchsmaller than thatwhich
is observedif the samecatalystis saturatedwith atomic nitrogen(N: Fe 1: 4).
Fromthis result it is concludedthat in fact chemisorptionof nitrogenis the rate-
limiting step for ammoniasynthesisfrom a stoichiometricmixtureof N2 + H2 at a
pressureof about 1 atm and in the temperaturerangearound350°C.Thisconclu-
sion is in agreementwith the assumedreaction mechanismwhich is commonlyac-
ceptedin the literature [2] - It is also supportedby the resultsof a recentmorede-
tailedkinetic study with clean iron surfaces[29]. In thiswork it was foundfor ex-
ample that understeady-stateconditionsat ~N2 = 150 Torr andT 580 K thesur-
face concentrationof atomic nitrogen (as determinedby Auger electronspectro-
scopy)droppedby a factor of 3 whenthe l~I2pressurewasincreasedfrom 10 Torr
to450 Torr.

4. Conclusions

The main conclusionsof thepresentwork are:
(i) Unreducedindustrialammoniacatalystscontainratherlittle Fe in the surface

region (if compared-withthe bulk composition),whereasAl and K are stronglyen-
richedat the surface.Such an effect was alreadysuggestedin the earlier literature
by Emmettet al. [30,311on the basis of indirect information.TheXPS dataindi-
cate theexistenceof aniron—aluminiumspinelwhichwould agreewith theFeAl204
speciesreportedin the literature [22—34].

(ii) Operationof the catalystin a H2 + H2 mixture at reactionconditionsleads
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to the reductionof iron in its metallic state,togetherwith an substantialincrease
of the surfaceconcentrationof this element.All the othercationsremainin their
oxidized state. Complete reductioninto a-Feis alsoreportedin the literature [35].
According to otherpapers [25,36] this processtakescompletelyplace only if the
Al2 03-content(referredto the concentrationof a-Fe)is smallerthan 2%. Although
the studiedBASF catalystcontainednominally more than 2% Al203 therewasno
evidence for the presenceof Fe in the surface region other than in the metallic
state.The situationmight however be different in thebulk which is not probedby
the XPStechnique.

(iii) The surfaceconcentrationof atomic nitrogenunderreactionconditionsat
1 atm is rathersmallwhich supportsthe conclusion[1,37] thatmetallic iron rather
than iron nitride is the catalyticallyactivespecies.Thesefindingsarealsosupporting
the widely acceptedreactionmechanismwhereafterdissociativechemisorptionof
nitrogenisthe rate-limiting step.

(iv) Besidesatomic nitrogen adsorbedNH3 as well as NH and/orNH2 species
were identified. Ammonia is attachedto oxidic parts of the surfacewhereasthe
latter speciesare reactionintermediateson metallic iron. This resultis in agreement
with previousmodel studieswith clean Fe singlecrystal surfaces[8,9,28] andis of
importancefor understandingthemechanismof ammoniasynthesis.
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