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Disclaimer

This repnft was prepgred as an account of work sponsored by
the United States éovgfnment. Neither the United States nor any
agency thereof, nor aSQ of their employees, makes any warranty,
express or implied, or assumes any legal liability.or responsi-
bility for the accurTacy, ctompleteness, or usefulness of any
information, apparatus, product, or process description-dis"

'

closed, or represents that its use would not infringe privately
owned tights. Re?erenca herein te any specific commerical pro-
duct, process or service-bg trade name, mark, manufacturer, or
oetherwise, dngs not necessarily canstitute or iﬁplq its endorse-—
ment: recommendation, or favoring by the United States Governmant
or any agency thereof. The views and opinions of auvthers

expressed herein de not necesserily state or reflect those of the

United States Government or any agency thereof.
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ADSTRACT

The objective of this work is to examine the effects of
nitrogen, as niﬁriﬁe and as a gas phase reactantf on hydrocarbon
synthesis feactiOns over iron catalysts. -In this first quérterlg
period of a three year pfégram,‘two students have been assigned
to the project and have begun acsimilation of the literature and
upgrading of eguipment. initial Hossbauer spectroscopic and
kinetic experiments on bulk iron nitrides show our ability to
propare and jdentifo the F’~FE4H phazz and follop itz =tability
during Fischer—-Tropsch synthesis. Kinetic and characterization
experiments will be the major emphasis of this first phase of the

work.



1. ORJECTIVES AND S8COPE

1.1. BACKGROUND

The feazibility of ukilizing synthesis gas 00 -+ Hgb wia the
Fischer—Tropsch reaction pathwsy far the productign of Fueis and
chemicals is well establicshed. The SASUL ventures, for example.
take advantage‘uF abundant coal resources to produce both desir—
able suynthetic sutomotive fuels and basic chemical feedstocks.
The applicability of these chemi;ql transformations is nonethe~
less iimite&. -The pfesén; ﬁroﬁédure-feéuires"§%¥;55;§é p;;éégs—
ing if tha pvoductéon of non-essential byproducts is to be

avoided. The discovery and subsequent usage of improved

catalysts would therefore be advantageous.

Expenimental results published in the current literature

" show that nitrogen affects the performance of iron catalysts-
catalysts which find widespread use in the Fischer-Tropsch syn~
thesis route., Prenitriding of the iron catalyst has been
reported toc shift the groductldistribution to one exhibiting
lower molecular weight Fractﬁqns é%d enhanced alcohol giélds {1).
On the obher hand, simultan@;us int;ndy:tian of ammonia (NHgﬁ
with synthesis gaz produces nitrogeneous compounds. Furthermore,
and probablu of greater importance,. this addition of ammonia
eFFect; a reduction in the overall, chain length of compounds in
the product spactrum-(E.L). 1% ;s of considerable interest;
therefore:, tn study these and osher characteristics of nitrided

iron catalysts in order te gain a basic understanding of their



S,
Tat

Cog

behaviar, Discovery of the ﬁgm pathways in Fischer—Trapsch sgn::i.

thesis aF%orded by niérogen will addQ%o the Gundamentalhknomledée

from which future synthesis—catalysts can be derived.

i.2. 0OBJECTIVES

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

vole of the gsurface nitrogen in

i) altering the product distribution and

1) stabilizing catalyst activity

NGl
“v—

of the synthesis reactions. In—citu Mpsebaver studies: already
in progress, will identify the various iron nitride phases and
allﬁg for examination of their s?;bilitg ddring reaction.  The
Mossbauver resulté u@ll form the basis for detailed kinetic tracer
experiments involving transient and isotope labeling analyses.
Ultréhighﬁ;a;uum work &sing SIMS and AES will supplement the

Mossbauer and kinetic characterizations.

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

cebzzrwing initial asctiwity changes occurring as & vesult of HH,
. -

pulses. Along with ultrahigh vacuum studies, the transient kinet—

ics off HH_ addition will help clarify which steady stake axperi-

ments would be most productive. The various analytical metheds
v

will define interactions between surface and bulk nitrogen, and

~



their role in affecting new Teaction pathuways,

The primary experiments which define our route to under—

standing which paramsters influence the selectivity and alter the

activity of synthesis rteactions may, therefore:; be outlined as

follouws:

/4

o 4

“ 4
f (

i} Mosshauer and simulbaneous kinetics cof prenitrided iron

iid

iii

)

iv)

catalyste will be vused to determine nitride phace stabifitg
and to correlate these phases to reaction selectivity. The

initial precssure of one atmosphers may later be .increased.

Similar amaly=ziz of the effects of additicon of HH, o the .
Teactant stream will be performed,

4

Transient analysis and isotppe tracer studies of synthesis
reactions over prenitrided catalysts will determine surface
n;;?ide stability. The stoichiometry at the surface and

influence of nitriding on CO discsociation will be souaght.

Ultrahigh vacvum analyses will examine surface stoichiomesTy
~ .

and reaction intermediaées. IntEﬁacéioﬁ between the nitrided

phazes snd adsorpkion bond strengkhs of S0 and H_ will ke

~

RN

investigated.

The effects of N, addition to the

stveam will b
similarly fcllowed by UMV and transient tracer studies to
determine possiblie alterations in reaction pathways envolked

. L
by the presence of MNH,.
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Computer modeling may be undertaken at several stages, pat= -
ticularly to éimglate the effect of HHﬂ5interac£ion az discussed
= .

above.

2. TECHNICAL PROGRESS

2.1. LITERATURE REVIEW

2.1.1. General Properties of Nitridesv

- .
» [

The transition metal carbides and nitrides can possess cer=t
tain catalytic advantages relative to their parent gransition:
metals. 5ecent literature shows that these carbides and n&krides

. » N . .
sometimes ha§b higher levels of activity, better activity mainte-
A% -

nance and overall selectivity to 1ower'moiecdlar weights. and a
greater resistance to poisoning in Fischer—Tropsch synthesis (4)..

Anderson (1), for example, cites examples of areater activities

and altered selectivities of iron nitrides. This resul¥® is?;?"

presented in greater detail below. : 5

Both nitrides and carbides exhibit high melting points {5)

and are extremely brittle and hard. When subgecied %o mechanical

Z M

attrition, therg$§re; these materials exhibit low weight losses.

In addition, the nitrides show the tendency to conduct electrons

. 2¢
and teact to magnetic fields 4in a manner similar to transition

metals.
TN

The actual mode of bonding, subject of mang,bo;d theory cal-
. ¢

culations (4,7), is,still not adequately described. Sophisticated

.
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”theor1=s will be requ1rnd teo explaln th1s complex subJect :The
: Fo]low1ng section d1scu55es the structural aﬁpects of the .iron-

nitrogen 5gstem.

2.1.2. Iron-Nitregen Phases

Studies of the iron-—nitrogen phases by Jack (85 and Andersoan
(95 have giélJéd well documented charactevistics -of the system.
Investlgatlons of the 1ron—carbon‘tr1des have not been so suc-
cessful. |ab1e One outlines the four magor iron nitride phases

prezent at lowttemperatuwes fhelow 47070y The table,

=

Py

7. L -
Eresented by Anderson’ (?), provides for each primary phase the
associated nitrogen weight % atomic ratio N (%atio N stoms to Fé

"
A

atoms) and the sxpected unit cell arrangement. A tazpresentation
of the unit cells is ﬁrpvided in Figure One, showing body-—
centered~cubic (bce)s Face—centeredgcybic {fcc): and hexagonal—.

‘ : | .
close-packed (hecp) arrangements. S

TABLE DNE: LOW TEMPERATURE PHASES OF IRON NITRIDE

Approximate

Phase Stoichiometry N wt % N, atom tatio# Unit cell

cs Fea L 0.2 D, Qi b

¥ Fa 1 5.7-5.1 R S feoo

S Fe M 7.3-11.1 LBL4-. 498 bz 1

< Fez_H S1li.1-11.2 . 4B0—  S0R orthorhombic

# N is detined as the ratio of nitrogen atoms to iron atoms.
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FIGUAE ONE: Unit Cells of Iron Nitrides
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The actual locations of the nitrogen atoms are the inter-

stices between the iron positions. Exact stoichiometries are not
definsd, although the three phases ¥, and & respechiwely

correspond to approxisataly Feqn,'FeSN and Fa_H. The composi-

tipnal dependence of the iron-nitrogen system is presenteﬁ?in
Figure Two.i This phase diagram covers compositions up to 12 wt %
H (S—nitride? and témperatqves From EGGOC Lhrongh ?QGQE. Soe
enalogies may be drawn #vrom the iren—-carbon system, particulavf@

for low concentrations of the non—metal.

4
The nitrogen, as :zhown by Figure Two, exhibits low solubil-

ity in the cubkic body-cernbered w—iton, reaching & mastimoen of 04

Lo . - . - . » -
abom ¥ M ok SP0UC. The solubility increasss markedly in ¥—iraon
= -
CFoc) ah temperatures ahows S00 . Mith less than one nitrogen

atom per ften iron atoms, 2 %0¥% portion of octahedral holes. in the

fcc ivon lattice remains available for intersticial occupation by

the nitrogen. - -

Continual increasing of the nitrogen conteri at these

¢ a . ; .
iz tempeETatores Ty will vield =-phase iron

vl
[o)
o
i
e
=
-
o
i
)
~J
L%

nitride, having a hesaéonal-cluse"packed arrangement. The nitro-
gen is distributed among the octahedral holes once again. Siow

equilibrium coeling at appreximately 20 atomic % nitrogen will

- s . . ‘ Tl . .
gield ¥=—ivon nrtride st toemoeratures belom 22070, This iz the
F91H phiace, and sxhibitz & cubic (Ffeol arrangsment. A lowsr

niitrogon contenkz, below 2000 gt ataows 5907, an aquilibrium

bztween W and ¥ phases will exiszt
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Trer nitrogen martenzite (aﬁ phased will be Fﬁrmed by rapidling
cooling the G-phasze (which iz fermed nitrogen sostenite in anal-
oqy to the Fe-C compound). This M martensite will form a two
plaze solubion with x—iron. The martenzite has irom stoms
arranged tetrahedrally and is repurted to contain up to a maximum

7.4 N per 100G Fe atoms (7).

Occurring at approximately 33 atomic % nitrogen is the
crtborhombic S-phase.  This i% =hable at btemperatures below 50070
and tepresents the nitride phase with the greatest nitrogen con-
bent, corresponding o ﬁhe_F&rmula FEEN. Ttz narram-twa phase
8 and & reglon zep:rafez thiz orthorhombic phass from the hop
e-phazz .  The unit cellz will be sinilsr in form escept the 2

phase exhibits an elongated axics in %the ¢ direction transforming

the orthohexagonal cell to ortherhombic.

Hikriding of c—ivon, ot say 450 L, would sxhibit tless four
cdiztinguishszible nikride phases.  The a-nitrids phazelmeuld Rl R
immediately vpeon N addition, but would uield ta é mixture of
o oand W oatter aspprowimaltely 0005 stom ¥ nitrogen had besn added.
The purs W -nidirogen weald only dthen e sreosonbersd at 0 atam ot
as mentioned previcousliy. Further nitriding would form the

e and ¢ phases

]

dus their respeciive two phase regions.  Thas,
nitriding ak 400-48070 weld emakbls the Four major phases o he
accessible. The nitriding procedures used ‘in this work will be

at these and lower temperatures: and will be discussed below.
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2.1.3. Preparation of Iron Nitrides

The preparation of iren nitrides has been considered by
Bouchard et al. y13>; Juze (12), Jack (8):. and by Andersaon ().
The iTon mbst fiT;;“ke%redu:edvbefove signi?icant nitriding can
proceed. Thus. the n;t%idés aré prepared by ﬁassing ammonia
ever reduced iron. duz; showed that an unreduced samﬁle is only
slowly reduced by the passage of ammgniaﬁ with little ﬁr no
take-up of mitrogen.  Ander=son reparﬁed that the oftharhambic Z
phass (FEEH} can be schiewed aF temperaturas lass than ESDDC, zt
a space velocity of 750 volumes of am&onia (STP) per-volume
aiatalgst per hopr. Anderson reported the fastest rtate of nitrid-
ing at EEﬁ?G, achizwing the limit of the ¢ phasé in 10 hours. A
b sl temperatures';F nitriding, only the = phass (Feg M,

2 < X £3) can be obtained. A higher limit of &:Fe ratio can be
obtained at higher space velocities. An alterhativgvmethod of
nitriding is to pass ammonia and hydrogen over ‘the veduced
catalyst. The presence of hydrogen lowers the effective ﬁartial
pressure of nitrogen, thus producing a lower M/Fe ratio nitride.
in thiz mamneT, ¥ - F94H can b produced.bg passing 3 711 mix—

ture of MH, and H, owver meducsd irvon ab 25072, Table Two summar—
b

o

izes preparation methods.
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TABLLE TWO: PREPARATIOM OF IROM NITRIDES

Vi

Fhase Reactants Tenp. 7C Timz Hr. Foat f
£ — Fe M FasHH, 0 1 B

e - Fz M Fa/MH #H,, 350 1 (13-
& — F= M FefHHg CoeEE 3 L R
WOo— Feg M FesdH_AH, 250 = o CiE

2.1. 4. Cataluytic Properties of Iron Nitrides

Studies of the Fischer~Tropsch sqﬁthesis over iron nitrides
are Tare. Anderson: during the 19950‘c (2) and in review in 1980
(1}, concluded that iron nitrides are more active than conven-
tional iron catalysts. In addition, he found greater selectivity
toward shoriter chain hydrocarbons, and an increase in the yield
of aicnhols. Bennett et al. (11) recently investigated synthesis
aver many cateluysts, iﬁcluding iron nitrides, &nd veachad similar

cenclusions.

- Anderson conducted experiments at a pressure of 7.8 atmo-
sphzTes aver 8 Fusesd iton catkzlyst a3t Ed%DEJ with a 1:1 HngD
feed. His tesults show almost no production of high molecular
weighd bgdrocarbons 0 > 4ea™n b.p.d ever the nikeided E—FmKH
catalust, while 10-20% of the hydrocarbons are high molecular
weight in the experiment over reduced iron (1). The activity for

the nitride was twice that af the reduced catalyst, and the

nitiide catalyst did not lose activity significantly over 10
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weeks of testing. In contrast, the reduced iron catalyst
steadily decreased in activity over the same period. The,
nitrides also remained remarkably stshle over weeks oFﬁtesting in

synthesis gas: in which nitrogen was slowly replaced by carbon

during the synthesis, forming iton carbonitrides.

Synthesis over the nﬁtridcd catalyst yielded significant
émountsbof alcohols, up to 20% of the condensed phases, or 2074 of
the total product exclusive of water and carbcn‘dioxide. The
alcohols were larTgely primary and straight chsin,‘mith ethanol

the most abundant (40%L) of the total.

From thermodynamics, +the low molecular weight slcohols are

leecs favored than the lenger chain products. Methanoymsgnthesis

ot

1

from CO and H, has & positive change of standsrd fres eneroy atb

. =

= ; . : - -
23070 AT =+ 5.1 kRealsmoll znd is thersfore not favored as

i

product .  Ethanol, kowever, is favored, &6 = — 5.8 kcalsmol.

)

’

. PR - S - .
Anderson’s sxperimsnts at 24070 inde=d reflect a preference for
the longer chain alcohols, since methanol was s minor product.
In addition, the standard free enerqy change increases with-tem—

persture, causing production to become less favorable at higher

temperatures.

Bennett investigated many catalgsts fovr Fischef~Tropsch syn-—
thesis, including fused iron, iron nitrides, cobalt, iren/copper
alloy and lathe turnings (11). He concluded that "nitrided fused

iron catalysts look most promising”. The nitrided catalysts pro-

/
X

Al

L(

duced signiricant quankitiss of alcohals, the L, and G, alcohals
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notably mosf abundant..as expected from the thermodynamics.
s

Mitrided iTon has b;en largely ignored as a Fischer—-Tropsch
catalyst, although it was proven to be worthy of interest. The
behaviaor of the iron nit;ides in Fischer~Tropsch synthesis,
namely the tTeascns behiﬁd the selectivi£q, the increased activitby
and the unusual stabf&itg. is no% at present given in the litera-—
ture. Keys %o predicting this behavior are in the determinations
of the catalytically impeortant nitride phases and examination of

their chemical and surface propertiesi
2.2 SUMMARY OF REEBULTS - ‘ v

The main effort in this +irst quarter of the Qrant pericd
has been assignment and orieptatio? of personnel, initiation of -
equipment upgrade; vy and p?eliminarg“ﬁ:5ﬁbauer studieg of éhe.
bulk nitrides. Two excellent éirs@ Qear students, Albert Hummel
and A;an Wilson, Jjoined the progect - last +all. Both are com—-
pleting the core course sequence this spring and have begun
research. Albert gﬁﬁmel will emphasize kinetic studies of the

iron nitrides. Alan Wilson‘s work will center aon Mossbauver stu~—

dies ofF the catalusts. vt

Several modifications and vpgrades of equipment are
described in the uriginai proposal. The power supply for the
axial electron gun for Auger speciToscopy has been ordered and
delivered. Becsuse of_rapid changes in the computer market we
have reesvaluated our proposed computer upgrade. The general

approach and specific main hardware items proposed still seem
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optimum‘and the orﬁers will be written shortly. ~ Funds frem
.another grant have permitted us to'replace the old multichannel
analyzer with a new and more.sophiﬁticated doata analysis system
for the Mossbaver spectrometer. The system is being checked out
nou énd will improve thé reliability of the FMossbauer experiments“

undertaken in this work.

We have initiated experiments on irvon nitrides with a series

of Mossbasuer and kinetic runs on prenitrided iron powdev. The

catslysts were prepared by mixing 30 ng of o-Fe 0. with 270 mg of -
. -

git, and pressing the mixed pouders inko s zelf supporiing wafer.

The wafer was veduced in the Poszhewer ozll in H 3k 12GDC far

onz half  khoor and st G007 For 4 hours. The silica acted as &
diluent for the reduced iron powder. The catalysts were then
exposesd o H2 SHH, mistures o produce the desived nitrides.
Athr the Mosshauer spectum of the nitride was recorded at Toom
temperature. avFischer—Tropsch synthesis experiment was started.
The cztalyst was Fivst hested to 250°C in the MH, amd H, mix-
ture. A zwikch of the flowing gas o a HZfCDfHe mixturé started
the synthesis vun. After six hours of rveasction, the catalyst was

cooied in rtesction gas end then another Mosshaver specirum was

taken.

fhfenpds to makes the = nikride oaw

1]

'n]

unsxpeckhed results. The

Mossbaver spectrum the the nitrided catalyst has a strong %ﬁ
$he ¢ rether than the & nitride. These

e
W

singlet, =uqgeEssive of

experiments need further evaluation.
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Threze koot freatment of the reduced cataluyst in 451 WH,S Hg

st 25070 was empected to produce: the ¥VO-Fe M phaze (18, The
o

Fiossbauver spactrum showed that 2/3 of the iron was still in the
metsllic stake afier this freatment. Furkhsr nitriding st 4000
for E.S-hours gave spectrum A in Figure Three. The splitting of
the outermost lines in this spectrum identifies the major phése
2z ¥, bot the relative inbensikies of the inmer lines sugppesh
that other nitride phacses are present as well. Spectrum B, taken
after the Fischer—Tropsch reoaction, shows loss of zoms of the W
phase (decrease in the intensity of the outer peaks) and the
growth of & new phase which is probably a carbonitride. Complete
analysis of these spectra will require further experiments. Com—
parison of thesze resulte to those for the otﬁer nitrides prepared

in this groop swogest that ke ¥ nitride is the sosh =t ahl

£

i
1

the teaction conditions used

3. Future Resgarch -

~Experiments have .begun as planned in the original proposal.
In this first phasze of the work: the nitride stabilities and the
kinetics will be the prime areas of study. The stability studies
will tely heavily on the PMossbasuer effect as & method of phase

jdentification. As appropriate, 2 vay diffraction will also be

used. We will centinue with the bulk nitrides, hut expect also
to evaluate nitriding effects in supported iron systems. The

kinetic studies will begin with steady state experiments to

evaluate selectivity changes associated with nitride formation.

We are eager to begin transient kinetic analysis also ., however,




100...,

7
VELOCITY <MM/S)

Figure Three:. Room'tefnperature MUssbauer spectra. A) After
nitriding. B) After Fischer-Tropsch synthesis.
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and intend to: start mith studies QF:the surface nitride

stoichiometry. ¢ln preparation for those and other transient =
fimeﬁ“s}imé“éré"?”Tnﬁﬁﬁﬁ"éfteﬁpféyﬁb model the transient
g -

P

w,

n
ot

behavior of the ;%gfem on the computer. We expect that the com—
puter "experiments" will allow us to test various approaches to
studying the system and permit a more streamlined program of
actual experimeﬁfs. " This cépabilitg should bé especially valu—

able in mechanistic studies where the responses of trial

=
Y

sequences of eleéentarg steps can be tested to show the most sen—

sitive experimentes.

I
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