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ABSTRALT

W2 have Feuaé that the nitréée catalgsts ipse sugstaﬁtiaz
ameunts of nitrogen during %be 3nat3a3 minutes o? Fzschar—?rc;sch
sgnthesas. i order ta further stuég the stabaaatg c? these
.:atalgsts, we have concentrated on the decem;asztaan o? the
nitride in hydregen. In addition;‘we have prepared & range of
e—FexH 2 < x €< 3> phases. The Missbauer parémeiefs-?fom thasé
pheses will aid in the identification angd fitting of the dran—

sient € phases formed during the carburization of g—FEQH.

Extremsiy rapid nitrogen loss haé been'dbserued from g—F;EH
in M =t 528 K both in comstant velocity Mssbeuer and in tran-
. .sient mass specirometer experiments. In crder to étudg the phase
changs fron g—FeQH 1o ag~-Fe in aoTe getail, the hgdrogenatio; tem—
perature was decreased to 473 R and inte?meéiate samples-mere
quenchéé'in liguid nitfagen te lochk in the éh;éé distribution for
subsegguent Mossbaver study.  The specira show complete conveTsion
to a-Fs ot or before 21 minutes &t 473 K. The intermediste sam-
ples show evidence of an eztrémalg shatp graﬁieﬁtsnonig a very
small amount of ¥° or € phass is observed. Thus, & moving front

model of the phease trensformation appears te be appropriate.

Mass speciroscopy of the hudrogsnation of g—FEEN at 523 K
showed similar bshavior $c that of both the ¥ and € phasss; in
which an active surfare species end & sliowly activeting oneg wsre

ocbserved. Ths H2 was veplaced bg‘DE in this experiment iﬁ order



to observe partially hydrogenated surface species in the initial
spike of ammonia. ﬁll-NHng (x + y = 3) species were observed in
this spike, indicating extremely rapid surface H/D exchange with
gaseous ammonia. The fragmentation pattern of NH3 in the mass
spectrometer was alsc determined and will be used to calculate

initial NHx‘surPace contributions.



3. CB.ECTIVES AND SCOPE

1.1 BACKSROUND

The fessibility of utilizing cunthesis gas €GO + Hy> wvia the
Fischer-Tropsch reaction pathﬁag for the’prpéuctinn'cf fuels and
chemicalslis well establiished. The SASéL ventures: for exaﬁple: |
take éévaﬁtage cf abundant ceal,résnurces to produce boih desir=
sble syndhetic sviomstive fuels éné basic chemical Feeastacks.

The applicadility of these chemicalztraﬂs¥ermations is ﬁcnathg-
vless limited. The present procedure requives exté#éivg process—
Ang if the p?oduétion of non—ecsential byproducts is to be
avpided. The discovery anﬂ_scésequeﬁt ussgs of improved

cet=lysts wowld therefore be advantagecés.

Experimental r%sults,puhléshed in the curren? literature
show that nitrogen affects the per?ﬁfmgnce cf iron catalgstéf
catalysts which.Finé_wiéesgread use in the Fis:hér~?rapsch égn_
thesis_raut@. Prenitriding cf the fused prémotgﬁ iron ané pre-
cipitated irvon catalyst is said to shifd the»preduct d;stributiqn
Tz one exhﬁbiting lower mplecular weight éractiens anélenhanced
eicohpl yields (1,231 iron nitrides with high initiai acti?itg ‘
ens significant stability over weg&s‘éf EH?ETiME%%BtiBﬂ'a?E élSa
reporied (1.2). Or the othev hend, simulianeous introduction of
ammonia (HH3> @ith sunthesis gas produces nitragenebus ﬁomp%unds.
Furthermsre, and'prebabzg of greater imporiance, this addition of
ammnnié effezts & reduétiﬁn in.t%e everall chain'leﬁgth of com—

poungs in the preoduct specirvum {3, 8). 1% is of considerable



interest, therefore, to study tﬁese and other characteristics of

nitrided iron catalysts in order to gain a basic understanding of
their behavior. Discovery of the new pathways in Fischer-Tropsch
synthesis afforded by nitrogen will add to the fundamental

knowledge from which future synthesis—catalysts can be derived.
1.2 OBJECTIVES

The scope of the program may be broken down into two main
areas of concern. Firstly, consideration must be given to the

role of the surface nitrogen in
i. altering the product distribution and
ii. stabilizing catalyst activity

of the synthesis reactibns. In-situ Mossbaver studies, are aid-

ing in the identification of the various iron nitride phases and
allow examination of their stability during reaction. The
Mossbauer results are forming a the basis for detailed kinetic
tracer experiments involving transient and isotope labeling ana-
lyses. Ultrahigh vacuum work using SIMS and AES will supplement
the Mossbauer and kinetic characterizations. XRD studies will
supplement the Mossbauer effect in identifying the bulk iron

nitride phases.

The second area of consideration will involve the kinetic
and catalytic effects observed during the addition of ammonia to
the synthesis gas stream. Transient work will be ideal for

observing initial activity changes occurring as a result of NH3



puises. Along with ult%ahigh vacirum studies, the transient

kinegbtics of HHS addition will help clarify which steady state
esperiments would be most productive. The various analgtital
metheds will define interactions between surface and bulk nitro-

gen. ond their role in effecting new veaction pathuays.

The primary experiments which define our voute to under-
staznding whick parameters influence the selectivity and aiter the
attivitg cf sunthessis resctions may, therefore: be’cutlined as

follows:

i. 'ﬁissbauer snd simultanszous kinetics of prenitrided iron
catalysts are being used -to determine mitride phase
stability and toc correlaete these phases to reaction
eplectivitu.

ii. Similar analusis of the effects of addition o¥-NH to

3

the resctent streem will be performed.

iii. Transient snalusis and isolope tracer studies of syn-
thesis veactions over prenitrided catélgsts‘will.deter—
mine surfare nitride stabilidy. The stoichiomeiry at
the surPace and influence of nitriding on {0 dissocia-

tion will bz socwght.

iv. Uligrahigh vacuum ansigsis will exomine surfoce
stoichiometry and reaction intermediastes.. Interaction
between the nitrided phases and adsorpition bond

strengths of CO and-Hé will be inwvestiagated.



v. The effects of NHS addition to the reactant stream will
be similarly followed by UHV and transient tracer stu~
dies to determine possible alterations in reaction

pathways invoked by the presence of NHS'

Computer modeling will be undertaken to aid in quantitative

interpretation of transient datsa.

2. TECHNICAL PROGRESS

2.1 MOSSBAUER PARAMETER REVIEMW

Several investigators have used the Mbssbauer effect to help
characterize the iron nitride phases. Other spectroscopic
methods include x-ray diffraction and magnetization studies. An
appreciation of the reported Mossbaver spectra of iron nitrides
aids vus in interpreting our Mossbaver results [5]. We consider
here an update of our previous spectral parameter review, but
limit the reported spectra to ¥'— and e-ivon nitrides. The third
major phase, ¢-Fe2N, is well established to be a paramegnetic
doublet at 300 K. The characterization of the remaining two
phases is not, however, so facile and is a contentious subject in

the literature to date.

So, although the eight line spectrum of K’-Fe4N is well
established, the actual assignment of electronically different
iron sites in this nitride is still under debate. Shirane pt al.

[63, Cielen and Kaplow [73], and Maksimov et al. [83 consider tuwo



supsrimposed six_line:patterns in the analusis of the ¥ -nitrids.
Giher r@sgerche¥s; hewevg?a suppoTt. 8 th;fﬂ,site in the agaigsig._
 Mpzik et 21, [93: Lc-aﬁé coworkers [iD3, Fect g% gl;'_:izg, and
Clavser [123 are amsng éuch investigators., The sxaci asgignment-
cf this third sits is, howsver, unresocived within fhislgfeup cf.
researchers. T¢§ e;glanéticns exist, either the 11A and IIB sits
are electronically éi??eren%: or the ineguality a?ises From‘a.,
nanetg deg?e; éz%?e?eﬂce in the EFG-magnetaza%aan vecto? angle‘
'betwean atam= en aﬁgacent s:des of the cubic umit celi. ‘Makeimpy
‘ang ccusrkev: IBB; in Fa:t;.enig repa?t e znéenta?zab!e 3ron'
sites in thﬁ Fe H latt:ce buﬁ rsmark that the da??eren:e Betvsen
the I!é and 1iIB s:tes msg be mas&ed bg the estzmateﬁ ‘error in
thea? repe?tnd paramnters ?able I haghlaghts the Hnssbaunr
paramﬂters reportsd For 3'-F94N bg ths a?orementacned reseerch—'

'e7Ts.

The wider range of nifrogen compﬁsifion for the e-irom
nitrides further complicates this characterization by the
Moszbhavsr effect. These hesagonsl clese packed nitrides exhibit
an average bulk mitrogenm cemcentration vanging from approvimately
24 2% % to 33.3 et % Sperial quenéhing or preparation tech- ‘
nigues cen preduce hexagonal unii cells with nominal cemgcsitiéns
below the ToDm temgera%ére 24 at % limit [133. Overall inhomo-
genzity of e-nitridss, where the nitrogesn is disiributed through
the iren léttice‘enzg statistically, creates & wider va?iétiﬁn of
magnetic fields a2t the ivom nucleus than is encountered in either

3’-F64H or a~Fe. Recent work [14-151 reports increasing peak



widths with distance from the center of the isomer shift. Thus.
constraining of peak dips to 3:2:1 (with equal‘bidth) is no
longer valid for randomly orientated Fe powders under such condi-
tions. Other interpretations of ‘e-iron nitride spectra are given
by DeCristofaro and Kaplow [16]1. Eichel and Pitsch [17] and Foct
et al. [11l1. The reported bulk compositions and Mdssbaver

parameters are summarized in Table 1.

As evidenced by Tables I and II, the characterization of
even tﬁe more defined 3'5Fe4N stoichiometry is mot triwvial. Par-
ticle size distributions, sample inhomgeneity and synthesis con-—
ditions play a role in altering the Mbssbaver parameters. A
given nitride may then be characterized differently despite an
equivalent nominal stoichiometry or identical x-ray diféfraction
pattern. Care must be exerciged in interpréting suéh parameters,
and the sample condition and pretreatments should be clearly

cited.



Iron .
1dentitg

Fe-1
Fe-11-4
Fe-ii-B

Fe=-1
Fe-11

Fe-1
Fe-11

Fe—-1
Fe-118
Fe-1138

Fe—!
Fe—-11
Fe-1

Fe-11ia
Fe~iI1IR

Superpara.

Fe-1
Fe-131
Fe-13

MUSSEAUER PARAMETERS FOR ¥/—Fe ;ﬁ

Temp.
(R

300
300

300

360
30D

360
305

360
300
30D

300
300

300

300
300

- 300

77
77
77

Isbmer
8xift
{mm/e)

+0.
+D,
-0.

<D, 30+,
+0. 45+,

+{.
+0.
+0.

+0. 0i1+D.
+0. 110,

+0, 25,
+0. 30+,
+05. 30+,
L0, 25+,

+0. 3&+.
+0. 80+,
+0. 41+,

Tabdie 1

24
52

1S

08

0b

24
30
3D

0% -

G1
01
o1
01

o2
o2
o2

Guadrupole

Splitting
{mm/s?

0.0

-0, 22
+0. 43

0.0
-0, 22
+D. 43

" +0.2:0. 4

~-Q. 12+, 02
+0. 12+, 02

0. 02+ 02
-0, 25+, 02
0. 12%. 02

Hyperfine

. Field

{kie)

380.6 - -

215. 5
219. 2

. 38045

21625

33510 |

. 215%10 -

340

339+4
2D2+7

- 337+
217+1
217%1

<]

. 370x2

23432
23542

- ‘Reference

10
10
10

1D

11
11

11



Nitride

&eFe N
x

€—-Fe

e-Fe

e-Fe

«Fe

e—Fe

€-Fe

2.

2.

4.

2.

2,

67

47

66

Table 2

MUSSBAUER PARAMETERS

Iron
Identity

inm
2nn
3nn

Fe-1
Fe-11
Fe-111

Fe-1
Fe—-11

Fe-111A
Fe-I11B

Fe~-11

Fe-111

Fe-11
Fe-I1IA
Fe-111B

Fe-11
Fe-11

Fe-1
Fe-111

Fe-11
Fe-111

Fe—-11
Fe-11I1
Fe—-Q

Temp.
{K)

well
below
T
c
300
300
300

o
R

i
N

295
295

7
77
77
300

300
300

18
{mm/s)

+0

+0.
+0.
+0.
+0.
+0.
+0.

+0.
+0,
+0.
+0.
+0.

+0.
+0.

+0 29+
+0. 344

+0, 45+

+0.45%.

+0

+Q.
+0.

FOR e—FexN
Qs HFS
{mm/s) {(kOe)
298
238
130
.26 ... 273
34 I 205
40 ... 99.
40 e 330
48 . 258
54 Ce . 140
52 . &4
35 Ca 186
41 C 84
47 e 259
97 . 132
&0 N bé
24 ... 298
33 . 238
.03 0.0+.03 298+2
.01 0.02+.01 22231
.05 ~-0.03+ .08 24343
06 D.00 85+5
.34 0.0 220
41 0.0 112
40 . 0

10

Reference

1&
16
16

- 14
i4
14
14
14
14
14

14
14
14
14
14

1?7
1?7

11
11

11
11

15
19
15



2. 2 SUMMARY OF RESULTS

2.2.1.  5—?exH Cataluysts

The wide distvribution of nitrogen steichiometfieé'in thé e~ .
iren nivride wss discuesed in the previous section. Different
-ivon sites msy be predicied, dependiﬁg Upoﬁ the statisti?ai gig—
¢ribution of nitregea mifhin the_buik lettice! " The hyperfine
splitting for each site will vaTy with localized ﬁitrégen con-
tent. An apprecistion of the veristion of spect?ai parameters of
the Fe-H sustem, noiablg in the e—FexH.regicn, @ag b@ nsceséarg
vin crder o clearlg vnderstand the spectral variatioﬁs cccur?ing
with in:ﬁrpc?ation cf carbén inte the'cataigst izttice. HWe have
ébserveﬁ that’during Fischer—-Tropsch sunthesis {a% 523 k.in
:SHEICG sunthesis gas? the initial t+ansisnt period (is'minutesb
is :haracterizéd by é ma jo7r nit?ngeﬁ cantent:degaetian{ rather
t%an by carbon incorporation. The rapid lnss'ef buik nitrogen
from a nithQEﬁ'rith Q—Feaﬁ to.én efFexH, undsT sgntheéis coﬁdi%
tion is documsnied [14,183.,  The sbiliiy fo distinguisE thé e—

_ ireﬁ‘nit?iée over whick the resction then proceeds thus ;e?cmes

imporitant.

In =n attemp: to praﬁuce.an informative sequéﬁce of ==iron
nitrides, ws performed the experiment illustrated by Figurse 1.
Here onz sees the sequemtisl iesaching of ni%TBQEn from the»zeta
vnitride. The 5taéting pgase was produced by nitriding a freshly
reduced o-Fz wafer with pure ammonis (10D ml/mind at 873 k. The

gas phase ammonia concentration was then diluted to Fi% by édding
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Figure 1: MOssbauver spectra (298 K> of e—iron nitrides
A> Starting e/¢-Fe_ N then consecutively annealed in
914 NH3 for 6 hours at respective temperatures (B-E)

I
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hydrogen =nd make up ammonia te 2 150 ml/min toisl flow rate

The sample was then annealed at 673 K in 91% NHS for approna—
matelg ) hcurs. Tha Missbausr specirum of this new e phase is

. ehowm in Figure 1B. An additiomnal six hour anneaiing cgcla did
not produce @ nmoticesble change in this spectrum. The saﬁple wés
then ssquentially annsaled in P14 HHS for & hours, bt ét ErcF
gressively lewsyr temperatures. Figure 16, D and E shcm'théAspec—
%rarfram 5524, 553 K, and 523X annzaling treatments reépe:tivelg.
This spguence furiher demonstrates thét the sgntheéis of = higher
‘ nitregen comizining nidtride mag.be eccompliched bg'an incresse in
the synihesis temperature. Additionally, 2 similar effect is .
se2n for an incresse in ammonis concentration when tpe témggra—
ture is kept consiant. In the temperature range‘ééﬂ—?éﬁﬁ;.the
'lines of egual nidriding potential ave therefore représented by a
decreasing smmonia mole fraction with énéreasing tempg?aturé.
This trend feollows the nitriding envelopes presented'hggEiéenhutt

and Raupp [193 in their eariy study of irom nitrides.

The épe:tra shown in Figure 1 span & nitrogen ccncent}atien
ranging from 33,3 a% %Z K te an estimated Eé 2t % N.  Alshough
final lesst sguares Ffit speciral parameders aTe not QEt afaiiable
for thesz specivas certain t?endsga?e.wortﬁ méntiaaing. The mag—
neti:_spEittiﬁgs of the twe major & 1line patterns e:pe;teé in the
: Figurs 1 spectré;=HFe_II and HFe-IiI’ increasse PPQ@ 4] io approaxi-
mately 190 end 10D kDe in Figure 3IE. The eusct increase in the

pesk intensities of the Fe-II and Fe—111 sites with decreasing N

content 'is difficult to deziermine exéctlg without the completion



of computer fittings. The prominence of the inner two peaks is
probably complicated by a paramagnetic doublet, whose quadropole
splitting also appears to increase with decreased nitrogen con-
tent. These and others more exact trends should be conPirmed

after fitting and will then form the basics for the analyses of

samples carburized previously.
2.2.2 Intermediate Phases in Denitriding

The transient nature of iron nitride denitriding is fast in
hydrogen rich atmospheres at the present synthesis temperatures
{523 K) and greater. The mechanism of phase change and nitrogen
migration from the bulk to the surface is thus difficult to fol-
low under such conditions through Mossbauer effect measurements,
In an attempt to slow the rate of nitrogen removal kinetics. the
gas phase was kept as pure hydrogen while the denitriding tem-
perature was reduced from 523 K. The experiment was partly suc-
cessful and serves as an upper bound estimate as to the behavior

of the bulk nitride exposed to hydrogen rich atmospheres.

Figure 2 shows the room temperature Mossbaver spectra of a

2-Fe_N sample denitrided in hydrogen at 473 K for 2.5, 5.0, 10.0

2
and 21.0 minutes. After the specified exposure to HQ' each sam—
ple was liquid nitrogen quenched to prevent further loss of
nitrogen. Hydrogen was flowed during the quench. After the room

temperature spectrum had been acquired. the sample was then

nitrided for approximately & hours in flowing NH3 at 673 K to

14
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reestablish the homogeneous g—FeQN. The sample was then cooled
in flowing ammonia to 473 K before switching to hydrogen. Total
denitriding to a-Fe is seen to occur in 21 minutes or less and
corresponds well to constant velocity measurements of g-FeaN loss

in H2 at 4723 K.

The two intermediate spectra, 2B and C, accentuate the deni-
triding phenomenon. The former shows a slight change of the ini-
tial g—FeaN phase to an intermediate nitride with very broad
peaks. An additional five minutes of hydrogen then produces sub-
stantial amounts of o—Fe. The broad center peak (doublet> shows

that the nitrogen rich e/¢-Fe_N phase is presumably covered by a

2
Fe® domain. OQuantities of an intermediate nitride are clearly
visible in 2C. The small amount of this intermediate (¥ /e
phase further shows the rapid nature of this‘transition from
d‘—Fe2
concentration gradient between the two major phases.

N to o-Fe, and also serves as an indication of the steep N

The inhibition of this rapid denitriding must be accom-
plished if the catalyst is to retain its nitride structure and
associated kinetics. Conditions and treatments for stabilizing

the nitrides will be considered and emphasized in future work.

2.2.3 Transient Kinetics by Mass Spectrometry

Transient denitriding behavior of g-FeaN in H2 has been

further investigated by mass spectrometry. Results of the deni-
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$riding bghavior of 3’—F94N and e—Fe2 ?N’hévs beenAreparteﬁ in
previbus progress reports (20.21). 1In addition, e:%rémelg Tapid
decomposition of g-Feaﬁ has been cbserved in our pre#ious

Misshsuer siudies.

‘Frcmithe hgdrcgenatian (dacémpcsition> of ¥’~Fe4H, e—Fegﬁ
<213 and in the present case g-Fe M, it is apparent that there
are twe distincit nitvogen species asssciatéé wéth the Qirgin
nitride.._én active angd presumably partielly hudrogenasted suf%ace
species reacts ib form 2 First smell spike of NH,, and then a -
second slow activating species builds $o asaxisnua NHa produciiop.
Tie active, pariialiyg hudrogesnated HHX species could‘apﬁsa%.due
te a rate limiting step éuring the nitriding process; obviouvsly, |
ammnﬁia must adsord and decempose through this species-te becoms
the nit%ide. Drechsler and cemnrkeré {223 and Brunze et glf
{E23) have in fart Feuné evidence for en NH species in ?he decom—

position of EHS on irom single crusial sqf#aces..
i# this ective speries is indesd pertially hydrogenated.

2

= 3) ammpnia in the short spike.  Figure 3 shows the result of

decomposition of the &~Fe_ M nitride imn DE should yield HHxDQ 3y

switching $to a pulsse of BE from the argon, followsd by 2 step to

HQ'

species ars observed indicating the pressnce of NHK (x # 03

fs can be se=n in the BE pulse, partially hudrogsnated HHng

species on the surface prior to the step o DE' Rlse, from tﬁe
varietyu of HHXBQ (¢ + y = 3> species ranging from NHS to HBS, it
is evident ihst H/D exchange was occurring in the ammcnia_as'it

traveled acrose the cataiuyst bed.
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Figure 3: Denitriding of ¢-Fe N in a pulse of D

STEP FROM AR TO D2 THEN H2 OVER FEZN
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N
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18

H. at 523K. The masses shown are the deuterateg isotopes of

agmonia with contributions due to the fragment ions shown in

the legend.




The diffesrent masses-shawﬁ in Figure 3 bgve,céﬁt?ibutioﬁs
dus "both tn'thgtpsvent méBecule-anﬁ to fragments formed in the
- mass specivometer. ~ In order o subtract owt the $fagment{cen§ri_
butions, 2 fragmentation tabie tTabﬁe'lIZ) was éeveieééé from
calibraticntﬁﬁs data. Ths calibration was made‘immgdiatglg a?ﬁgf
the D

2
da3s of figure 3 From the fragmentations of Tabdle 111 are

experimeﬁt.. Computer prograns designed to deconwolute the

currentiy being éebﬁggeﬂ. The €inal vesuld will be data in which
the toi2l .emount of N and H can be estimated in the shorl spike

in order to éetermine the dzgres of huydrogemation (fhé value of

x)-ih:the:NHx species. .

19
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Table 3.

Fractions of Parent Molecule Contributions to Masses Due to Fragmentations.

Mass H2 HD Da NH3 NDH2 NDQH NDS Ar
2 1.00
3 1.00
4 1.00
15 0. 014 0.009 0.005
16 0.346 0.120 0.009 0.014
17 0. 64 0. 231 0. 231
18 0. b4 0. 344
19 0. 64
20 0. 64 0. 133

40 0. 867



3. FUTURE RESEARCH

Ressarch éu?3ng ths ?e?thcemzng th?ee month periocd wa!l be
twbfolds & continuation of search for stable rea;taen_ccnda—

tions, and & continustion, if not completion. of :émputef fig~

tings ©f thz Missbauer parameters. This latter direction will be

directlg aided by the analuysis of receni e—nitride'phase_speitra.
The formey divection. conditions for incvreased nitride siabilitg;
will continve 3o éevélea the stuég ef locwer hydvrogen fatio sén—
fhesis conditiens. In adéitian: we Qill consider the inclusion
cf gas'phase'ammania during the synthesis reaction. vThis poten—
tialistabijizing treatﬁant,)hameugr, may reguire signﬁ?itant HHS

concentrations and could alter the distributicon a?-hgdrncafhpn

produces.
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