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ABSTRACT 

A 4.5 wt%..iron supported on Carbolac - 1 catalyst was prepared by incipient wet- 

ness and c[~araeterized by in-situ M~ssbauer spectroscopy. The reduced catalyst exhi- 

bited superparamagnetic iron at RT as well as extreme sensitivity to oxygen. Both of 

these results are indicative of small (~,-20~), very. highly dispersed iron crystallites. 

After nitriding to ~-Fe2N followed by Fischer-Tropsch synthesis (with 3:1 H ~ / C O  at 

250 ° C) for 20 hrs, the sample was re-reduced in I-I 2 for 8 hrs at 400 ° C. The re- 

reduced spectrum showed that ~84% of the iron appeared to be bulk-like, indicating 

that the reaction environm.ent can induce iron migration on the catalyst. 

Computer simulation of the decomposition of a ~-Fe~lN catalyst in hydrogen al, 

523 K indicates that the observed ammonia evolution curve can be modeled by a two 

step process. The model incorporates a conversion from a homogeneous mixture el' 

nitrogen in the core into a surface nitrogen species, which.is._.,, subsequently hydrogen:~l.ed 
" /~i} 

to ammonia. The model demonstrate-s that competition DeLween this nitroge.n snrr~.~'~, /: 

species and adsorbed hydrogen for the available surface sites can account for the [n.'~x- 

Qmum in the observed NH 3 evolution rate. Other models incorporating shrinkin~ core 

distributions of nitroge n in the core failed to fit the experimental results. 



1. O B J E G T I V E S  A N D  S 6 ' O P E  , 

I.I BACKGROUN~ 

The feasibility of utilizing synthesis gas (CO+H2) via the Fischer-Tropsch reaction 

pathway for the production of fuels and chemicals is well established. The SASOL yen- ! 

tures, for example, take advantage of abundant coal resources to produce both desir- 

.able synthetic automotive fuels and basic chemical feedstocks. The applicability of 

these Chemical transformations is nonetheless limited. The present procedure requires 
"/2 "~ L 

extensive processi'ng if:the production of non-essential byproducts is to be avoided. 

The discovery and subsequent usage of improved catalysts would therefore be advanta- 

geous. 

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 synthesis route. Prenitriding of the iron catalyst has been reported to shift the 

product distribution to one exhibiting lo~.;er' molecular weight fractions and enhanced 

alcohol yields {1). On the other hand, simultaneous introduction of ammonia (NH3} 

with synthesis gas produces nitrogeneous compounds (2, 3, 4). Furthermore, and prob- 

ably of greater importance, this addition of ammonia effects a reduction in the overall 

chain length of compounds in the product spectrum (2). It is of considerable interest, 

therefore, to study these and other characteristics of nitrided iren 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 ~reas of cor.~eern. 

Firstly, consideration must be given to the role of the surface nitrogen in 

:2 

i. altering the pFoduct distribution and 

ii. stabilizing catalyst activity 

of the synthesis reactions. Ia-situ M}~ssbauer studies identify the various iron nitride 

phases and. allow, for examination .of their stability during reaction. The MSss.bauer 
• ~ ° 

results-..form 'the basis for detailed kinetic tracer experiments involving tr?.nsient and 

isotope labeling analyses. Ultrahigh vacuum work using SIMS and AES will supple- 
5 

ment the Mbssbauer and kinetic characterizations. 

The second area of consideration involves the kinetic and.c~talytic effects observed 

during the addition of ammonia to the synthesis gas stream. Transient work is ideal 

for observing initial activity changes occurring as a result of NH3 pulses. Along with 

ultrahigh vacuum studies, the transient kinetics of N}I~ addition will help clarify which 

steady state experiments would be most productive. The various analytical methods 

will define interactions between surface and bulk nitrogen, and their role in effecting 

new reaction pathways. 

The primary experiments which define our route to understanding which parameters 



influence the selectivity and alter the activity of synthesis reactions may, therefore, be 

outlined as follows: 

i. MSssbauer and simultaneous kinetics of prenitrided iron catalysts will be 

used to determine nitride phase stability and to correlate these phases to 

reaction selectivity. The initial pressure of one atmosphere may later be 

increased. 

ii. Similar analysis of the effects of addition of NH 3 to the reactant stream will 

be performed. 

iii. Transient analysis and isotope tracer studies of synthesis reactions over 

prenitrided catalysts will determine surface nitride stability. The 

.. stoichiometry at the surface and influence of nitridin~ on CO dissociation 

will be sought. 

iv. Ultrahigh vacuum analysis will examine surface stoichiometry and reaction 

intermediates. Interaction between the nitri~'ed phases and adsorption bond 

strengths of CO and H 2 will be investigated. 

v. The effects of NH 3 addition to the reactant stream will be similarly follo~w:d 

by UHV and transient tracer studies to determine possible alterations in 

reaction pathways invoked by the presence of NH 3. 

Computer modeling will be undertaken to aid in quantitative interpretation of transient 

data. 



~. T E G H N I C A L  P R O G R E S S  :. " 

2.1 Summary of results 

In this report, we consider computer simulation o! different proposed models for the 

decomposition of a ~-Fe4N catalyst in hydrogen into ~-Fe and Ntt 3 at 52~K. The 

experimental results, which we presented in an earlier report (5), indicated a slow 

activation of the decomposition reactiol/: Ammonia produced from the catalyst built 

slowly to a maximum only after approximately 100 seconds. Intuitively, we can rule 

out nitrogen diffusion within the catalyst bulk as the sole rate limiting step, since this 

process would have the highest rate at the start of the reaction. Likewise, a s!ngle rat, e 

limiting surface reaction would build to a steady state decomposition rate which is als¢~ 

not Observed. 

Relatively simple models combining a number of reaction steps can be written for 

the catalyst system in a CSTR. W e  have found that the experimentally observed 

ammonia decomposition rate can be qualitatively reproduced by a model incorporating 

a step to convert bulk nitride to surface nitrogen followed by subsequent hydrogenation 

of the surface nitrogen species, tn the model, surface nitrogen dominates the surface at 

the start of the reaction, effectively blocking out surface hydrogen, and thus the rate of 

ammonia production is low. As the bulk nitride concentration decreases, so does the 

surface nitrogen, thus allowing for more surface hydrogen and higher surface' reaction 

rates to ammonia. Finally, the conversion from nitride to surface nitrogen limits the 



reaction as the nitride concentration becomes small. Other m~dels incorporating 

diffusion or shrinking core approximations could not fit the experimental results.' - 

Also in this reporting period, a 4.5 wt%.iron supported on Carbolac - 1 catalyst was 

prepared by incipient wetness and characterized by in-situ M~Jssbauer spectroscopy. 

The reduced catalyst exhibited superparamagnetic iron at RT as well as extreme sensi- 

tivity to oxygen. Both of these results are indicative of small {',-20,~}, very highly 

dispersed iron crystaltites. After nitriding to ~j-Fe2N:followed by Fischer-Tropsch syn- 

thesis (with 3:1 H2/C(~;at 250 ° C} for 20 hrs, the sample was re-reduced in t] 2 for 8 hrs 

at 400 ° C. The re-reduced spectrum showed that ,,,84% of the iron appeared to be 

bulk-like, indicating that the-reaction environment can induce iron migration on the 

catalyst. 

2.2 Computer :~imulation of Denitriding in Hydrogen 

In a previous report (5), we presented the experimental result for the decomposition 

of ~]-Fe4N in hydrogen at 523K. The ammonia curve, reproduced as the "experimen- 

tal ~ line in Figure .1~ indicates two distinct maxima. The first small spike is primarily 

from an active surface species and the second large maximum is from hydrogenation of 

nitrogen from the bulk. The bulk hydrogenation exhibits a~. "autocatalytic ~ 

phenomenon in which the rate steadily increases over a long period. This behavior 

immediately rules out simple models for the reaction mechanism. If the reaction were 

limited by the diffusion .of nitrogen to the surface from the bulk, the reaction would 

proceed at the maximum rate and decrease thereafter. Likewise,~ a surface reaction 
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limitin~ would quickly come to steady state and evolve ammonia at a constant rate. 
~. 

Since neither a simple bulk diffusion model nor an equilibrium surface reaction 

model will predict the behavior observed in Figure I, a mode] incorporatin~ both the 

bulk conversion to surface nitrogen and the subsequent reaction must be proposed to 

explain the "autocatalytic" phenomenon.:- For the first approximation, the surface area 

and the reaction rate constants are azsumed to be constant durin~ the entire decompo- 

sition. Since the surface of ~-FedN is the first to be converted to ~-Fe, this is not an 

unreasonable assumption. For the higher nitrides (E and ~'), however, the surface may 

not convert to the a phase immediately, since the decomposition rate is significantly 

different for these catalysts. 

The simplest model for this process involves only two key i~"action steps and sn 

equilibrium step: .... 

" k l  (1) 

"~-~nltride ~ S ---+ Nsurr 

k2 .~2} 
Ns~r -.+ llsurr .--, NHsurr 

..; 

fast (3) 
NHs,rr + 2Hsurr .--* NH 3 • 



~t 

K : ,, 

H 2 + 2s -+ 2Hs,lr r 1'41 

The fast step does not affect the production rate of NHs. .. 
, i  

.For the calculation of hydrogen surface coverage, the adsorption]desorption 

processes are assumed to be in" equilibrium. These processes are very fast compared' to 

surface reaction rates to produce ammonia. The rate, with appropriate activation 

energy and preexponential factor, for hydrogen desorption from iron at temperatures 

around 400 K is given by Benziger, et al. (6) as: 

rate = (1.5 x 10 -2 cm2/atom s)a~'exp(-86.6(Kcal/mol)/RW} (S.} 

where a H is the coverage of hydrogen in atoms/cm 2. The adsorption is assumed to 

proceed through an unactivated process at the collision frequency with an empty site, 

given by: 

rate : 1 /4v  nil2 n s (6) 

where v is the velocity and nil2 is the density of H 2 at reaction conditions, 523 K. By 

undimensionalizing the factors N, ns and all, the equilibrium constant K is pbtained by 

equating these two rates at 523 K such that: 

K =" {Hsurf)2 kads - ~ = 1584 (7} 
($)2(][[2} kdes 

The sites available for hydrogen adsorption are those not occupied hy nitrogen, since 

NH x species are very reactive and present only in small quantities. By a total site bal- 

ance: 

{Ssurr ) + (S) + (Nsurr) - 1 (8} 



Since Nsurr is known at.i.any time step in the simulation, we can combine equations (7) 

and (8) to solve for (S) and (Hsurr) in terms of Nsurr : 

S -- O.03(l-INsurr ) (O) 

C: 

Hsur r = 0.07(i_Ns,,rf) (10) 

These last two equations describe the hydrogen surface coverage during the simulation. 

In the simulation, the nitrogen surface coverage is determined by the numerical 

solution to the differential equations describing the model. The corresponding hydrosen 

surface coverage and empty sites are determined as a function of the surface not occu- 

pied by nitrogen. Physically this corresponds to rapid surface hydrogen adjustment to 

changes due to the two reaction steps (1) and (2) during an individual time step. In 

essence, the time it takes to adsorb and desorb hydrogen is assumed to be infinitely fas- 

ter than the rates of change of nitrogen reactive intermediates. 

For the first approximation, the initial spike of ammonia is not bonsidered, since 

this fast reaction might indeed be of the same speed as hydrogen adsorption, and thus 

the assumption of equilibrium for hydrogen would be invalid. Furthermore, the addi- 

tion of the reaction steps for this species would necessitate the mathematical modeling 

of an extremely stiff set of differential equations, which is possible but not justified for 

the first approximation. The two reaction steps (1) and (2) are also considered to be 

irreversible to make the simulation as simple as possible. 



'2 

This model assumes ~that the bulk particle is a homogeneous mixture of ni.tride 

while it decomposes. Reaction step (I) shows that production of surface nitrogen 

species Nsurr is dependent oniy on the number of empty surface sites and a bulk concen- 
.-: 

tration Nnitricle.~..which reflects the homogeneous core approximation used in this model. 

Other models that consider either diffusion or heterogeneous nitride mixtures within the 

core will be considered subsequently. -:. " 

Figure 1 displays the results of the simulation for the decomposition of "7'-Fe4N in 

hydrogen. Although the rise in ammonia to the maximuin rate is not weli matched by 

the simulation, the general features of the experiment and the sinmlation are similar. 

The decay in the ammonia signal in the simulation agrees well with the experimental 

results, and is the result of equation {1), the conversion of nitride to surface nitrogen, 

dominating the rate of ammonia production. The decay curve can be made to fit 

exactly but at the expense of further disagreement with the rise to the maximum. : the 

fitted parameters are given in Table 1. 

The uncertainties in the parameters are measures of the sensitivity or the sinmlation 

to changes in that value. The most critical parameter is k.9, the slJr[ace reaction rate 

constant. A change in this parameter moves the position of the maximum, and k., is 

virtually independent of changes in the other parameters. The parameters ql and q~ 

are included to convert the individual rate units to the normalized dimensionless con- 

centration of NIl 3 (gas phase), Nsu,r (surface), or Nni~rid e (bulk). Tile entire success of 

the model is due to the choice of so, the fraction of empty sites, and tile correspdfiding 

hydrogen surface coverage hsurf o in equilibrium with this choice. At the initial exposure 
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Table 1 

Simulatio~ Pa, rameters 

k! 
Nnkdd e q" s --* Nsurr 

k2 
Nsurr + Hmrt "* NI'I3 

parametdr 

kl 

k2 

q[ 

qo." 

So 

• HsurrO 

NsLirr0 

units 

mol N ~onverted 
imol surl'aee atoms)(sec) 

tool N converted 
(mol suri~ace .~torqsJ(sec) 

too| surface atoms 
m01 original nitride 

tool surface atoms 

tool void volu~ne 

mol empt~ sites (time:O) . 
mol surface atoms 

tool surface H ( t ime=0)  
tool surface atoms 

mol surface N 
tool surface ~tom=i" (time=0) 

value 

23 4- I sec -l 

0.02 4" .01 see -l 

2.207 x 10 -2 

6.037 

2.0 4-1x I0 -4 

0.97 
~ X S  o 
0.03 

I - Hsur{ 0 - s o 

"fixed parameter .for system 
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J 

L I  

to hydrogen, the model predicts that the surface is virtually saturated with nitrogen, 

and hydrosen is limited to less than 3% of the surface. The surface reaction to form 

ammonia (equation 2) is limited because Hsurr is small. As the reaction proceeds, the 

nitride is depleted, and the surface nitrogen decreases, causing an inci'ease in surface 

hydrogen. The maximum rate of ammonia production correspo,nfls to the point where 

nitrogen and hydrogen surface coverages are equal. Ammonia production thereafter 

. decreases due to further decreases in nitrogen surface coverage. During the decay part 

of the curve, the conversion of nitride to surface nitrogen iequation I) becomes kineti- 
t .  

cally important. 

A number of other models were considered that did not converge on the experimcn- 

tal curve. The:conversion of nitride to surface nitrogen, reaction (l), assumes that, the 

concentration of bulk nitride is homogeneous within the catalyst particle and therefore, c, 

diffusion does not play a.role in this model. Wilson (7.)._l!as observed "bands" of nitride 

in intermediate samples of a ~ nitride hydro~ehated at 473 K, and has s~lggested th:l.t 

this represents a shrinkin~ core of nitride, a substantially different physical picture t.li;m 

the~homogeneous model in the simulation. Two different models were considered t.lmt 

inc~rpdrated the shrinking core analog.  In the first, the rate of accumulation of s,~r- 

face nitrogen was assumed to be a function of the area of the shrinking core (core_. area 
] . .  

model), while the second modei'eonsidered the concentration ~adient wit, hin a part.iele 

{diffusion model). In the latter model, the surface nitrogen was given by tlm concentra- 

tion of nitrogen at the surface as a function of radial distance from the shrinking core. 



( . 14! 

The first shrinking core model (core area) involves a reaction of nitride on the boun- ' 

dary of the shrinking core to nitrogen'that quickly difftises to the surface. The 'area of" 
i .  * 

the shrinking core is simply proportional to the fraction of nitride remaining raised to 

the 2/3 power, and thus the original homogeneous model is siinply modified by replac- 

ing Nnitrid e with --n,mQe-N213"" The results of this model are shown in Figure 2. Not only did 

the rise in the simulation ammonia curve not match the experimental curve, but the 

• decay missed as well. The simulation=caused the ammonia signal to fall off much faster 

than desired, regardless of the parameters chosen. 

mode!).~o.lved the mass transfer equation for The second simulation (diffusion 
• t I . - ~  

diffusion in a solid: ";. ::. 

1 • 0 (D~r 2:OCN O~N (111 
r" Or '/W-r 1= 0--V 

wher£ r is the radial distance in a particle, a n d  D e is thediffusion coefficient of nitrogen 

; :2 
• in c~-F e . . . .  -. 

';?If w e  consider the time:term as insignificang between time steps, this e(lUation c a n  

be soh/ed with the additionai•~i~wo boundary conditions 

a t  r ---- r~ ,  C N i t r i d  e - -  CFc4N 

at r = R, diffusion flUX = surface reaction rate (13) 

where r e is the radius of the shrinking core and R is the radius of the original particle. 

The second boundary condition simply states that the chan~e in surface coverage is 

insignificant during a time step. The solution of this equation gives the concentration 
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gradient within the particle: 

_ - A  (1.I) 
C N i t r i d  e - -  ~ + B 

r'. r 

where A and B are constants in terms of the radius of the shrinking core r~, and are 

given by!i ~:,,..~ 
,,:t " 

A = 
R 2 k 2 nsurr 0 CN(R ) h~,,r r L 

S Dc CN(Fe~N) 

(l,s) 

I. &l 

B = CN(F%N) + A (16) 
r e  

where 

R = radius particl,;~.: . 
9-" ""  

k 2 = surface reaction rate constant 

nsurr 0 = initial surface nitrogen 

CN(R ) = concentration of N at surface 

hsurr = surface hydrogen 

L - moles surface sites 

.:f 
• --': S : surface area of total particles 

The simulation calculates the radius of the shrinking core during each time step ~ a 

function of the total nitrogen removed, and then solves equation (14) to find the con- 

centration of nitrogen at the outer surface of the particle. Schwerdtfeger has deter- 

mined the diffusivity of nitrogen in various phases and reports a -vahm of 

2 x 10 -I° cm~/sec for a iron at 773 K (8). Using; this value in the simulation causes 

complete saturation of the surface with nitrogen, re~;ardless of the radius of the shrink- 



ing core. The radial gradient for nitrogen is near zero for this case. When the 
• J. 

• t 

diffusivity constant is decreased to order 10-1S"cmS/sec, the diffusion is sufficiently slow 

to compete with the surface reaction. The results of this model are also sl~iwn in Fig- 

ure 2. The result of this simulation is an "autoignition" point, where the increase in 

surface reaction accelerates the decrease in size of the core until the nitride is 

exhausted. The failure of this model is in its inflexibility; the other models h.Rd a reac- 

• tion for nitride ,c.onversion to surface nitrogen whereas this model assumes the surface 

coverage is given entirely by the radial gradient in concentration. In fact, any model 

that relies on the boundary condition of a radial gradient determining the surface nitro- 

gen concentration cannot predict the experimental results. As soon as the core is 

significantly depleted, sharp radial gradients translate into virtually no surface nitrogen, 

and the reaction quickly diminishes to a low rate. 

A number of modifications were made to the surface reactions of the original homo- 

geneous model in attempts to fit the experimental rise in ammonia evolution in Figure 

I. These modifications included making either reaction [I) or (2) reversible and fitting 

rate constants for these back reactions. In neither case, however, could a satisfactory 

fit be achieved• Adding an extra reaction step: 

k+ - (17) 
NHsu a + Hsurr -~ NH2,.~ 

provided promising results, but at the.cost of missing the maximum. This simulation 

involved fitting B different parameters, including the surface coverages before introduc- 

tion of hydrogen and the reaction rate constants. In all probability a sequence of rever- 

~7 



sible reaction step's, with this extra species included, would provide an exact fit of the 

experimental data. This simulation, however, would involve so many adjustable 

parameters that many sets of values could probably be found to fit the data, thereby 

diluting the desired goal. 

The simulations have at least provided a basic mechanism by which the decomposi- 
.-: 

tion in hydrogen could occti~-. The remarkably good fit of the homogeneous nitride 

model with the decay curve supports the homogeneous core mechanism of i~quations l 

and 2. Alternatively, il' the volume of the shrinking core could somehow be linearly 

related to the rate of nitride conversion to surface nitrogen, the simulation could 

accommodate this form of decomposition. 

2.3 Preparation and Initial Characterization of Carbon-Supported Iron Catalysts. 

a) Preparation 

The nominal loading of .5 wt% iron on a carbon support was prepared by an inci- 

pient wetness technique (12). The carbon support used was Carbolai~-I (C-I), obtained 

from Cabot Corporation. The Carbolae was desulfurized prior to impregnation by pro- 

longed reduction in H 2 at 1223 K for 18 hrs. The BET surface area was 1000m°-/~. An 

aqueous solution of iron nitrate (Fe(NO3)jgH20) was added dropwise and mixed 

between additions. The final weight loading was 4.5 wt% based on iron metal. The 

catalyst was air dried at RT for several days, then the nitrate ion was decomposed by 

reduction in H 2 (75 ml/min at 140 ° C for 4 hrs, followed by 200 * C for 1 hr). Air was 
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allowed to back-diffuse to the catalyst overnight to gently passivate the surface. Tile 

catalyst was sieved to 40-60 mesh to allow adequate void space between particles after 

compression. The self-su~lSbrting M~issbauer absorber wafer of catalyst (OD = 5/8") 

was composed of 160 mg of 4.5 wt% iron on carbon catalyst and approximately I00 mg 

of desulfurized 40-60 mesh C-1 (as a diluent). 

press at ",, 3000 psia. 

The compression was done in a hydraulic 

The wafer was then mounted in the in-situ M~Jssbauer cell, and the cell was leak 

checked by pressurizing to 300 torr above atmospheric and observing any pressure 

change over a 30 min period. Once the cell had been found leak-free, the purge and 

outgas cycle was begun. First, we flushed the cell with purified He at 50 ml/min and 

RT for 20-30 min to remove any O 2. Next, we switched to H 2 and heated to 120 ° C to 

remove tt20. The sample was reduced in flowing H 2 at 50 ml/min and 400 ° C (673 K) 

for 16 hrs. Following the prolonged reducl;ion, the sample was cooled to RT, the flow 

of H s reduced, and a RT spectrum was obtained (Fig: 3a). We then exposed the sam- 

ple to flowing He: at RT for 21 hrs and took another RT spectrum (Fig. 3b). The sam- 

ple was again reduced briefly (3hrs) in H 2 at 400 °C prior to nitridinl~. The nitriding 

conditions were 100% NHs flowing at 50 ml/min at 400 °C (673 K) for 8 hrs. Tt~e 

f--Fe2N phase was formed as is seen in the RT spectra (Fig. 3c). A premixed blend of 

3:1 H2/CO was then reacted over the catalyst wafer at approximately 1 atmosphere 

and 50 ml/min at 250 °C (523 K) for 20 hrs (Fig. 3d).. Finally, the sample was rere- 

duced in H 2 at 400 ° C for 4 hrs, cooled, and another RT spectrum obtained (FIB. 3e). 
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Figure 5. ~IBssbauer Spectra of  4.'5 wt~o Fe Supported on Carbolac.  

a) Reduced in H 2 @400°C for 16 hrs. 

b) Exposed to He @RT 9or 21 hrs. 

c) Nitrided to ~ -Fe2N using 100% NH 3 

d) Post - FTS @250°C for 20 hrs. 

e) Rereduced in ~l 2 @400=C for 4 hrs, 

@400°C for  8 hrs .  
,i 
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b) M~ssbauer Spectra 

The bowed bacl~'.~ound and broad singlet at 010 mm/see shown in Fig. 8a may be 

• o 

ascribed to superparama~etic Fe Because of thermal randomization of the nuclear 
f 

spins, a magnetically split spectrum will collapse when the sample is heated above the 

Curie or Neel temperature or when the particle size is small such that the magnetic• 

anisotropy energy (KVsin20) is less than kT (10). In other words, the typica.l six line 

iron pattern collapses to a superparamagnetic singlet when the relaxation time is shorL 

compared to the lifetime of t.he excited state of the nucleus. Since our sample shows 

superparamagnetism at 298 K (vs 10.46 K for bulk Fe), we may conclude that our iron 

crystallites are very small. Further work, including x-ray diffraction line-broadening 

and H 2 chemisorption will provide quantitative values for the size of the crystallites. 

Another unusual feature of spectrum 3a is the peak at 0.8 mm/sec. We assign this 

peak to Fe z+ , which arises from incomplete reduction of the passivated iron. Ilow- 

ever, Fe ~+ is normally a doublet with measurable quadrupole splitting, instead of a sin- 

gle peak. The lack of QS is the result of the fortuitous cancellation of the valence con- 

tribution to the electric field gradient with the lattice contribution (10). When t~m 

spectrum is obtained at different temperatures, the magnitude of the vahnce contribu- 

tion to the electric field gradient changes and no longer cancels the lattice part. The 

singlet then splits to a doublet. 

Spectrum 3b was obtained after exposure of the sample giving 3a to He at 298 K for 

21 hrs. The most important feature of this spectrum is the increased absorbence of the 



25 

Fe 2+ peak at 0.8 ram/see. This Change indicates the extreme sensitivity of highly 

dispersed reduced iron to trace amounts of 0 2 (9). Our helium was Matheson UIIP 
I 

grade (N2,O2,Ar,CO2,THC as CH4,H20 < 10 ppm) and was further purified by two 

Scott Specialty Gasses Oxygen Traps, each with 99% oxygen removal efficiency. Thus, 

the oxygen concentration was about 1 ppb. So we see that it is risky to expose a 

reduced sample to helium "for any length of time and therefore all subsequent spectra 

• are taken in the gas to which the sample was exp..osed during pretre~tment or reaction. 

Helium will only be used to passivate the samples prior to exposure to air and ti~ purge 

the in-situ cell prior to .treatment. The third spectrum, Fig 3c, was'taken after nitrid- 

ing in 100% NH~ at 673 K for 8 hours. According to (7), this treatment should give the 

~-Fe2N phase, which has a charact:,eristic M~Jssbauer spectrum consisting of an intense 
- .  

doublet with IS = 0.43 ram/see ..... -" a n a , . ~  = 0.28 mm/sec. Attempts to fit Fig 3c with 

these parameters have not succeeded. The peaks are slightly asymmetric and appear 

broader than previous bulk g'-Fe2N samples. These results may be caused by the small 

size and thus more heterogeneous environment of the iron phase. 

The fourth spectrum, Fig 3d, was obtained following Fischer-Tropsch synthesis at 

523 K for 20 hrs. This spectrum has the same general appearance of other bulk. 

nitrided samples following FTS and indicates a complex mixture of nitride, carbide and 

carbonitride phases. These spectra are very difficult to fit because of the multiple over- 

lapping patterns. M~ssb~uer spectroscopy at cryogenic temperatures is planned to 

increase the splitting of the hyperfine fields and confirm the assignments of the room 

temperature spectra. 
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The fifth and final spectrum of this series, Fig 3e, followed a re-reduction in I][2 at 

673 K for 8 hrs. The obvious feature is the bulk Fe metal pattern. This fitted spec- 

trum contains additional species with inLensity near the center and accounting for 16% 

of the spectral area. The remaining 84% corresponds to bulk Fe with characteristic 

parameters. We may conclude that the iron crystallites have increased in size caused 

by sintering during the nitriding-reaction-re-reduction process. 

c) Kinetic results 

After nitridin~ the 5 wt% supported iron catalyst to f--Fe2N by exposure to 10Q% 

NH~ at 673 K for 8 hrs and obtaining a RT spectrum in NH s , we heated the cell to 

250 °C {523 K} prior to beginning Fischer-Tropsch synthesis. Once the temperature 

had stabilized, the gas was switched to a premixed blend of Hz and CO with a ratio of 

H 2 to CO of 3:1. The gasses were of UHP quality and stored in an aluminum high 

pressure cylinder to avoid the format;.on of undesirable iron carbonyls. Reaction tem- 

perature was 250 °C {523 K} and ,~he total pressure was approximately 1 atmosphere. 

The reaction products were sent to an automated gas chromato~aph for analysis. 

Each GC analysis cycle took 40 minutes. 

The olefin-paraffin ratios for C 2 's and C a ' s  were high initially and then stabilized 

for the remaining period of time (Figtlres 4 and 5). The CO conversion (COo-free 

basis) exhibited an initial peak and then a slow decline as shown in Fig ft. 

Without an accurate measure of iron cr~,stp.llit~ size, we cannot accurately calculate 

turnover frequencies for compariso~ with literature values. However, since we know 



25 

N 

Q 
b. 

Q 

Z 

U_ 
b_ 

n~ 

Z 

b- 
bJ 

O 

@ lO 

oI±V~ 

-.,o 
Io 8 

! 

! 
i 
i 

l 

( 

i 
! 

Z 

Q 
r.~.' 

! 

,-j 

V 
O 

W 

H 

°~ 
q~ 
q~ 

o 

q~ 
O 

O 



26 

O9 

C~ 

Q 
L~ 

Q 
H 

.< 
[K 

7 

.< 

D~ 

Z 

b. 
b] 
..3 
Q 

~:: : \i. 

v~ 

Iv 

! 

÷m 
! 

! 

i 

i 
1 01 

J i 

m 

i--- 

OIJ.VU 

J 
r - i  

.iJ 

Z 

C) 
r.~ 

i 

0 

0 

0 

*~I 
b~ 

W 

m 

0 
4-J 

°r-4 

~J 

0 



2 7  "" 

I 
U 

Z 
Q 

Q 

U- 

ul 

U 
! 

Z 
c,4 

• : I 

F-I +~ 

O 

¢'% G 

co 
r( 
-i- 

ra 

H q~ 
p_ ' 

l O 
u 

g ~ 
! 0 

U 

0 
U 

..4 

J 

I ' ~  - -  " I  

I "  

(%~ NOISS3ANO3 O0 



that the iron particles are small, we estimate their size to-'be 25 A .  Using this value we 

calculate the turnover numbers at the maximum to be 7x10 -3 molecules This number 
sitesec 

is sti~htly below the value of 4x10 -2 found for the bulk nitride and is consistent with 

the findino~s of Vannice et al that the specific rates for small iron particles on carbon 

are slightly below values formed for more conventional iron catalysts (91 . We also note 

that the decline in activity after a maximum is different from the steady rates found for 

unnitrided Fe/Carbolac. The decline may well be related to the sinterin~ observed 

after rereduction and will be examined in further detail. 

FUTURE RESEARCH 

We will computer fit the MSssbauer spectra in Figure 3 using our new fitting pro- 

gram which uses combinations of elementary subspectra. This program avoids the mul- 

tiple linear constraints which must be imposed on thd old program to yield physically 

meaningful parameters, and also allows for distributions of parameters. The next task 

will be to prepare supported iron catalysts having higher weight loadings and 

correspondingly larger particle sizes. The average particle size will be determined by 

x-ray diffraction line broadening, M~ssbauer spectroscopy, and selective II 2 chemisorp- 

tion. After nitriding these catalysts, we will study the effect of particle size on cal.z~lyst 

activity and selectivity. We also plan to confirm the altered selectivity following pr~,- 

oxidation of a nitrided catalyst, which was discussed in an earlier report. We will be~in 

by repeating the procedure on a bulk iron catalyst and later extend these experimeni..~ 

to supported iron catalysts. 
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