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Disclaimer

This report was prepared as an account of wark sponsored by
the United Sta;es Government. Neither the United States nof any
agency thereof, nor any of their employees. makes any warranty,
express or implied, or assumes any legal liability or recponsi-—
bility for the accuracy, completeness: or usefulness of any
information, apparatus, produci, or process description dis-
tlosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific zommercial prao-~
duct, process or service by trade name, mark: manufacturer, or
otherwise, does not necessarily constitute or imply i%s endorse-
ment. recommendation, or favoring by the United States Government
or any agency thereof. The views and opinions ef authors

expressed herein do not necessarily state or reflect those of the

United States Government of any agency thereof.
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ABSTRACT

The objective of this work is to examine the effects of
nitrogen, as nitride and as a gas-phase reactant:; on hydrocavbon
synthesis reactions over iron cataigsts. This is the third quar-
terly period of a three-year program. Procedures for preparing
the pure K’—Fe4ﬂ'and g—FegN bulk phases have been refined and
these phases have been confirmed by Nﬁssbéuer_spectroscopg.

After four hours of Fischer— Tropsch Teaction with a 3/1 mixture
of H2f00 at S22 K both unsupporied nitrides form new phases,
presumably carbonitrides, retaining little of the original
nitride struckure. A pure 3’—Fe4N waz prepared from a highly
dispersed iron on carbolac. Mossbaver spectrum of tﬁis sample
after rea&tion showed considerable retention of the nitride
phase. The stability of this catalyst was #further raflected in a
steady reactivity and selectivity during synthesis, in contrast
to the gradual activity loss over the unsupported catalysts.
Kinetic measurements suggest a hydrogen deficient surface during
the first minutes of exposure to synthesis gas.‘ These érelim—
inary studies identify the short time behavior of the catalysts

as worthy of more thorough study by transient methods



1. OBJECTIVES AND SCOPE
1.1 BACKGROUND

The feasikility of utilizing sgnthesis gas <CO + H2> vwia the
Fischer—Tropsch reaction pathway for the production of fuels ana
chemicals is‘well established. The SASOL ventures, for example,
take advantage of abundant coal resources to produce both desir—
able sqnthetic auvtomotive fuels and basic chemical feedstocks.
The applicabilitg of these chemical transformations is nonethe-
less limited. The present procedure requires extensive process—
ing if the production of non—-essential byproducts is to be
avoided. The discovery and subsequent usage of improved

catalysts would therefore be advantagaous.

Experimental results published in the current literature
show that nitrogen affects the performance of iron catalysts—
catalysts which find widespread use in the Fischer—Tropsch sgh—
thesis route, Prenitriding of the iron catalyst has been
reported to shift the product distribution to one exhibiting
lower molecuiar weight fractions and enhanced alcohol yields (1),
O the other hand, simultaneows introduction of ammonia (NH3)
with synthesis gas preduces nitrogeneous compounds. Furthermore,
.nd probably of greater importance; this addition of ammomnia
effects a reductic- in the overall chain length of compounds in
the product specérum (2, 3). It is of considerable interest.
therefore, to study these and other characteristics of nitrided

iron catalysts in order to gain a& basic understanding of their



behavior. Discavery of the new pathuays iniFischer-Tropsch syn—

fi

thesis afforded by nitrogen will add to theifundamentél knowledge
: {
from which #future synthesis—catalysts can bé derived.

‘\

i.2 OBJECTIVES

The scope of the program may be broken d

own into two mein
arsas of concern. Firstly:, consideration must be given to the

role of the surface nitrogen in

ij. altering the product distribution and

ii. stabilizing catalyst activity
of the synthesis Teactions. In-situ Mossbaver studies. already

in progress, will identifg the various iron nitride phases and
allow for examination of their stability during reaction. The
Mossbaver results will form the basis for detailed kinetic tracer
experidents involving transient'and isotqpe labeling analyses.
Ultrahigh vacuum work using SIMS and AES will supplement the

Mossbauer and kinetic characterizations.

The second area of consideration will involve thé kinetic
and catalytic effects observed during the addition of ammonia to
the synthesis gas stream. Trénsient work will be ideal far
observing initial activity changes accufring as a re=uvlt of NHE
pulses. Along.mith vltrahigh vacuum studiss, the transient
kinetics of NHg addition will help clarify which steady state
experiments would he most productive. The various analgﬁical

methods will define interactions between surface and bulk



nitregen: and their role in effecting new reaction pathways.

The primary experiments which define our voute to under-—

standing which parameters influence the selectivity and alter the

activity of synthesis reactions may, %therefore, be outlined as

follows:

ii.

iii.

iv.

tMossbaver and simultaneous kinetics of prenitrided iron
catalysts will be used to determine nitride phase sta-
bility and to correlate these phases to reaction selec—
tivity. The initial pressure of one atmosphere may

later be increased.

Similar analysis of the =ffects of addition of NH3 fo

the veactant stream will be performed.

Transient analysis and isotope tracer studies of syn-
thesis reactions over prenitrided catalqstg will deter~
mine surface nitride stability. The stoichiometry at
the surface and influence of nitriding on CO dissocia-

tion will be sought.

Ultrahigh vacuum analysis will examine surface
staeichiometry and reaction intermediztes. Interaction

between the nitrided phases-and adsorption bond

.strengths of 0 and H2 will ke investigated.

The effects of NH3 addition to the reactant stream will

be similarly followed by UHV and transient tracer stu—

dies to determine possible alterations in reaction



pathway=z invoked by tie presence of HHS'

Computer modeling will be undertaken to aid in quantitative

interpretation of transient data.
2. TECHNICAL PROGRESS
2.1 LITERATURE REVIEW
2.1.1 Carbolac-supported Iron

Vannice and coworkers (4-4) have used carbolac supported
iron in their studiecs of thg CO hydrogenation reaction. This
carbon black, as patented by Hucke (73, retains many properties
asséciated with activated carbon and glassy carbon supperts. The
material is characterized by & High surface ares ~100Gm2fg),
good electron conduction and a highly controllable porosity (4).
The uniform and narrow pore distribution of this ﬁarbon black
provides considerable advantage over the polgmodai pore distribu-
tions found in activated cafbons. Catalytically éctive metals
may be added during the actual carbolac manufacturing or more

commonly via incipient wetness or similar impregnation tech-

nigques.

& partial characterization of iron supported uwpon carbolac
by Missbauer Spectroscopy has already been successfully under—
. taken by Jung et.éi.. (&) and by MNiemantsverdriet (8)., These
investigators have shown by CO chemisorbtinn and Mdssbauer spec—
troscopy that 5 wti iren on carbolac :ﬁnsists of very small iron

particles (2.2 nm),. vannice (4) reports that €O hydrogenation



over this catalyst yields a product several fold higher in olefin
concentrafion compared to that from other Fe catalysts. The
catalqsf also shows a four fold increase in activity per gram of
iron ever iron supported upen either silica or alumina. We are
interested in whether nitriding of such a supported iron catalyst

would provide any additional benefits.
2.1.2 Carburization During Fischer-Tropsch Synthesis

The Fischer—Tropsch synthesis has been studied extensively
over reduced iron: revealing the unique characteristic that its
activity is initially low and increases to a maximum £9~12).

This behavior ﬁs undoubtedly due to the formation of iron car-
bides during synthesis, a process which is analogous to the for-
mation of iron carbonitrides from initially nitrided iron.

Models that explain the activity behaviar of iron and the simul-
taneous formation of the carbide are therefore instructive in the

case of iron carbonitride formation.

Three explanations concerning iron during synthesis have
been proposed in the literature. In the “"carbide"” model, iron is
not active for F-T synthesis unless it is "activated" by a bulk
carbide structure. Raupp and Delgass(2) have shown that the
activity of iron can closely match the carburization of the bulk,
and therefore suggested that the bulk carbide influences the
number of active sites on the surface. This model, however, does
not explain why preoxidized iron, which resists carburization, or

an FeRu alloy, which does not form a bulk carbide. both show a



high initial activity.

Niemantsverdriet, et.al., (11-12) therefore ﬁropoﬁe the
"competition" model, in which an activated carbon species parti-
cipates in three reéction pathways; carburization, hydrogenation.,
and deactivation. Initially the carvburization step dominates the
overall activity until diffusion of carbon is inhibited by the
formation of the bulk carbide. This model assumes the dissocia-
tion of CO to be a relatively slow step or that the tarbqn cerr—

age is self limiting.

The "slow activation" madel (11-12) assumes CO dissociation .
is faster than subsequent reactions, thus providing ample carbon
for all reaction pathways. Hydrogenation occuri bnlq through a
preferred complex that is formed at a slow rateél This mbdel is
not supported by the FeRu and preoxidizad iton e;periments %inCE'
theve is no reasaon why these cataiysts shduld'preferentiallg form

the required complex (11).

The selectivity of hydrocarbon products over iron is depeé-
dent on both conversion and the nature of the catalyst. Pub-
Alished data indicate that as conversion is increased, the olefin
to paraffin ratio decreases (10). In addition: the type of sup-
port effects both the distribution of products and tThe time
dependent activity although thsse effects could be due primariig
to particle size changes (9-11). The factors that influence
activity and carburization of iron will undoubtedly also affect

the Fischer-Tropsch synthesis behavior of. the iron nitrides. We



have now begun the proress of examining these effects.
2.2 SUMMARY OF RESULTS

The previous study by MBssbauver spectroscopy of bulk iron
nitrides has been expanded to include a carbon black (carbolac?
supported iron catalyst. Preparation procedures for two af the
three iron nitride ghases have been refined to produce nearly
pdfe K’(Fe4N) and gﬁFeEN) from bulk iron samples. \Steadg statwe
kinetic analyses of these two phases have been undertaken. A
nearly pure ¥ iron nitride supported upon carbon has also been
produced. Preparation, Missbauer spectra, . and kinetic analyses

of these catalysts are discussed below.
2.2.1 Catalyst Preparation

The p;eparation procedure for the bulk iron nitride
catalysts has been detailed previously (13). Preparations dié—
cussed below involve slight modification of these procedures. To
begin with: a new source of iron oxide precursor was prepared
because our coriginal supply was depleted. Additional u—Fe203 had
been-sppplied by BASF, but these supplies were determined to be
‘cataIQticallq inactive. Scanning Electron Microscopy EDAX
analysis of this material showed substantial sulfur contamination
of two separate samplesi § = 0.43 + .05 wt% and 0.20 & .C5 wti.
These samplés showed no increase in catalytic activity after
cycliz oxi&atian amd reduction sequences at 732 K in flowing °2
and H2 respectively. The particles probably sintered during this

procedure. The subsequent decrease in surface area combined with




sulfur consamination account for an essentialluy inactive sample.

Thus, we resoried to preparing an iron oxghydroxide precur-

sor by precipitation of Fe(Nﬂa) .9H20 with ammonium hudroxide,
a

NH4OH. The hudroxide was added dropuise ta a .17 M Fe<N03>

3
solution (pH ™~ 2.5). The scolution was kept at a temperature of
348 + 2 K undeT constant mechanical agitation. The NH4OH was’
added continucusly, precipitating the dark brownviron compound,
until the pH of the solution reached 7.0 (bétch 1) or ‘10.5 (batch
2). Agitation was continued at 348 K to ensure solutibn unifor-
mity. The suspension was vacuum Filtered,'washed gith distilled
water and aiv dried at ambient conditions For.90+ hours. +he
rasuiting brittle black cake was ground with an agate martar and
pestle and &aICined for 24 hours in 02 e 282 + 85 K (bakch 1> or
in air for 4 hrs at 573 K (batch 2). A nitrogen BET at 77 K of

the inactivated precursor gave an estimated surface area of 357

10 mafg for batch 1 and 122 + 10 mafg for batch 2.

The iron on carbon support was prepared from a high surface
area (950.H2fg> carbolac carbon black suppliesd by Cabot Corpova—
tion. A 5 wt% iron on carbolac was obtained from M. A. Vannice at
Penn State, agd we prepared a calculateﬁ 8.2 wt% iron on carbalac

by using a standard incipient wetness technigque (14).
2.2.2 Mﬁésbauer Effect Characterization

Nitriding in an ammeonia rich (895X NHq in H2) stTeam at

atmospheric pressure and &73 K for three hours yielded a nearly



1))

pure bulk H’—F94N phase., The room‘temperature Mésshauer spectrum
of this phase‘is shown in figure 1a. This spectrum resembles
clasely those K’—FE4N Missbauer spectra reported by Lo et.al.,
(13) and by Gielen and Kaplow "16). The %two putside peaks at
approximate Doppler velocities of -5.2 and 5.8 mm/s are charac~

teristic of the ¥ nitride.

The intensity of these outside peaks is significantly
greater than that shown in the mixed nitride phase ¢(¢ and ¥/ >
spectrum repofted by us previously (13}, This indicates prepara—:
tion of a mors pure ¥’ nitride phasze by the new procedure. The
low temperatufe, 85 K, Mdssbauer spectrum of this single phase
material is shown in figure 1b. Essentially similar to the room
temperature spectrum, this spectrum shows the increase in the
recail free fraction through an increase in the precent adsorp-
tion of the obsesrvable peaks. The temperature dependency of the
isomer shift is also apparent from this figure. Upon reaction =%
522 K for four fowrs in oa 3H2fﬂ0 aynthesiz mixture, the room and
low tempervature Mossbaver spectra, figures Ic and d respectively,
were obtained; The decrease in the quantity of K’—Fe4H aFﬁer
reaction is shown by a substantial decrease in percent absorption
of the two chéracteristic outer peaks in both the room and low
temperature spectra. A corresponding emergence of new peaks at
aroaund + 2 amd/s itdicate the formation of 3 new, nnn—Fe4H stTuc—
ture, probably a carbonitride, Computer fitting of these spec—
tra, which will aid in the elucidation of structures present in

this sample, is in progress.
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We also investigated the stabilitu of K’—FE4N nitride with
regspect to axidation. A 21X G, i He gas mixture was flowed over
the bulk iron nitride for 1 1/4 hours at 298 K. The Mdssbaver
speckra abtained before and after the exposure %o °2 were identi-
cal. Thus: with vespect to Mﬁssbéuer effect sensitivity, the

effects of tréﬁSpartatimn of the ¥’ nitride through ambient con—

ditions should be negligible.

Far compaﬁison to the above bulk iron nitride, a K’—Fe4N
phase was alsa produced from the 5 wtZ iron on carbelac precur-
sor. Other investigatoars (4-4, 8) have suggested that severe
reduction schedules are needed for camplete rveduction. Such a
procedure can ;ead to sintering. Figures Za and b show the
effect of an incresse of 25-K in reduction temperature. The
M&ssbaver spectrum of the 16 hour reduction in H2 at 723 K (fig~
ure 2a) shows only minor existence of the six line pattern which
characterizez large particle a-Fe. Figure 2b portraus the ident—
ical catalyst reduced at 748 K and here the existence of both

large and small iren particles is clearly visible.

Nitriding of the sample shown in figure 2b for & hours in
?o% NH3 in H2 at 823 K yielded & strong ¥ nitride component (see
figure 2¢c}. The Mdssbaver spectrum of this catalyst after reac-—
tion in SHEHCO:at 522 K for ¢4 hours iz shown in Figure 2d. This
latter spectrum shows rTemarkable stability of the small particle
K’-Fe4H when it i=s compared to the ¥'—- specktrum of bulk iron
nitride after reaction. Small peaks appear to occur at approxi-

mately =2.5 and + 2.0 mm/s which may be indicative of



-

i PO | 3 3 Y ted
T e =T T L T LI
e o, T o, . LOKEN
AL . - L] . -
- . - K .
» LA
., .
[ . . " .'.
- d .
b » - 1
L] * a® *
-
.
) B
-
.
.
o o
s

TRANSMITTED

7
(-4
ot
=
[+
o
3
L]

w0
w0

98

—
=
=

Figure 2:

nnnnnnnnn
+ + t+ *

1
o
-
+
4

5 @ )
VELOCITY C(MM/SO

Missbauer spectra (298 K) of 5 wt’ Fe on carbolac

after reductiom in H2 for 16hr at &) 723 K and
b> 748 K then <3 6hr~25% NH, at 623 K then

d> 4hr reaction in 3 H, /C0%at 523 K.

13



carﬁanitride formation. Slight reduction to o—~Fe is probable as
ctan be seen in the -5 mm/sec region. but most of the iron is
still 3’—F94N. This stability during reaction is surprising con-
sidering the iron particle size. Smaller iron particles should
carburize more rapidly than bulk iron at identical reactioh con—

ditions, but they have not.

A high nitrogen containing nitride:, an approximation of

2”’ has alzo been preparsd from unsupported iton. Figure 3a
shows the M8ssbausr spectrum of a reduced o—Fe wafer nitrided at
672 K in 90K MH:3 in H2 for 2 hours and then treated an additional
2 hours with pure ammonia at 623 K. A decreased velocity range
has been employed to improve resolution and to emphasize the
doublet pmak. This doublet is characteristic of high nitrogen
containing Ef%‘FEENJ bt is no longer wisible after carburiza-
tion. Figure 3b shows the MBssbauver spectrum of this essentially

pure g—FegN after 4 hours of reaction in 3H_ /00 at 528 K.

A comparison of thic spectrum against figure 1lc, the spec—
trum of the bulk ¥ mitride after reaction, shows sewveral notice—
able differences. The peaks appearing in the latter spectrum at
velocities -2.9 and 3.0 mm/s are either absent or severely
reduced in intensity in the 2 nitride spsctra. Furthermore, fig-
ure 1c shows a spectrum with a spectral ares 15-20%4 greater than
that shouwn in ¢ nitride spectra (figure Sk2. Clearly after a 4
hour reaction period these catalysts still have different chemi-
cal structures. Computer fittings of spectra are in progress to

help identify the contributing components in these and other
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nitride samples. The influence of the different nitrides on

activity and products on the CC hydrogenation reaction is con-

sidered belouw.

TABLE I

Initial activity Data for Unsupported Catalysts

Fe Fe4 N
amt. catalyst precursaor .1g .1qg
flow Tate HEHCQ tmlsmin? &l &G
min. after initiation of run 2.9 3.5
CQ conversion o CH4 CHD 1.35 0.53

L2H6 .15 $.15
EaH“ .12 .04
CEH4 n.d. .09
BEHE n.d 0.2?

n.d. — not detectable
2.2.3 MWinetic Results

In this stage of experimental work: the steady state
Fischer—Tropsch (FT? sunthesis behavior of a—Fe,H’-Fe4N,§—Fe2N
and Fe/Carbolac was studied. The results of this study can be
separated into two regions, an initial ({1Omin ) region of FT
synthesis and a slow development (“3hrs) region. In all cases
the oxidized catalust precursor was teduced in Flowing H2 a¥

4OG°C For at least 4 hrs., Surface arez determination of the

16
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reduced catalyst is in progress.

During the initial minutes of FT synthesis over iron and all
of the iron nitrides studied: the activity started low and
increased, reaching a maximum during the first hour of synthesis.
In the case of iron, this behavior could be explained by the
"compeftition" model. where cavrburization competeg’wiﬁh hydraogena—
tien for aétive adsorbed“carbon. The competition model can alse
account for the nitride behavior, but a more thorouagh analysis of
reaction of surface nitrogen with Hg ezt be underta%en beéore
!

firm conclusions can be reached.

Table 1 lists the CO conversion to various prodﬁcts‘during
the initial region of activity for the unsupported éatalgsts. As
found in published resul$s, unsupparted iron produces an abun-
dance of methané in this region. In conbrast, hbhee f’Fe4N pTo-
duces a wider range of products. It appears that thé nitride
surface is hydrogen deficient during the initial minutes of syn-—
thesis, perhaps due to a competition with hydrogenation of sur-

face nitrogen. Transient experiments will elucidate this possi-

bility.

Figure 4 shows the conversion and olefin/paraffin ratio
rasults for unzupported Fe and K’—FE4H. Both catalysts were
prepared from .1g of the iron oxide pfecursur; and were subjected
to the same reaction conditions. Noée that because of the very
low conversion and small chromatogféph peaks.'the first

olefin/paraffin data points'For iron were not resolvable. It is
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i
clear, however:. that even at longer times the production of pro-
:
pylene is significantly enhanced in the nitride compared to pure

iron.

Figure S5 shows the kinetic resuwlts of synthesis owver 3’—F94N
made from 25 mg of the iron oxide precursor and run in the
Mdssbauer reactor. The data reflect the same trend as the
results for the nitride in figure 4. The overall activity goes
through 2 maximum and slowly drops., and the relative difference
between the 83 atd Cg olefin to paraffin rgtiu is the same.

Since the conversion in this sample is less than for the nitride
in figure 4, the olefin/paraffin ratios are acfordinglg higher.
The zhort time data point=s for CE and B4 mere also unattainable

because of the low initial conversion.

The carbalac-suppofted E’—F94N shows both activity and
selectivity trends distinctly different from those of the bulk
nitrides under similar reaction conditions. In comtrast to the I
and ¥’ bulk phase reactiwity, the activity of the carbalac
catalyst reaches a steady maximﬁm‘aftgr the first fifteen minute
period. This stability is further reflected in the catalyst’s
product selectivity. The time dependent Ci-C4 product distribu—
tion is shown in figure &  This comparison of selectivities at
increasing reaction times clearly shows the stable nature of the -
catalyst after the initial half hour transient period. We intend
to invéstigate this phenomenan more completely by considering

Fe/Si0. catalysts in order to differentists betwsen bulk and sup—

2
ported iron niftride kinetic trends.
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Figure 3: Time dependency of CO canversion and olefin/paraffin
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ratiac of bulk Fe4N prepared from ©.025g of iron
oxide precursor.
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c)

BB - PARAFFIN
[ ] - oEFIN

Figure &: Selectivities of O wt’ Fe on carbolac. Reduced for
16T in H2 at 748 K then 6hr ?5% NH, at €23 K.
Product distribution after a) ¢.07 BAr, b> 0.61 hr,
) 1.15S hr, d? 1.70 hr and e 3.88 hr in 3H2f00 at
523 K. _



FUTURE RESEARCH

Our first task is to complete the studies of the stabilifby
and kinetic characteristics of the iron nitride phases. In vie@
of the results obtained for iron on carbon, we will compare the
behavior nf the unsupported iron nitride phases to that for iron
nitrides an silica and carbon. Studies of the short time
(minutes) kinetics aver these catalysts will utilize the btran—
sient kinetic facilities. By using isotopes, material balances
and trancient Tesponses we expect to elucidate surface nitrogen
stability and effects of the presence of nitrogen on the
stoichiometry of the adsorbed phase and kinetics of the surface

reactions.

Together these studies should provide a thorough evaluation
of the tapabilities and potential of the iron nitrides for syn-—
thesis at 1 atmasphere. With this information secured we will
decide whether to pursue higher synthesis gas pressures or con-
tinvous addition of MH, ¥o the feed gas during reaction in order

to further alter product seiectivitg.
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