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SUMMARY

This study was carried out with the objective of preparing more active and
stable nitrided iron catalysts for the conversion of synthesis gas to a pfoduct with a
~ high alechol content that could be used directly as an automotive fuel ar converted

toa g.asoline-like product over a shape selective zeolite in a dual reactor unit.-

Tﬁe rationale is given for the preparation of a molybdenuﬁ—pfomoted
. nitrided fused iron catalyst. Gatélyst characterization yielded.eq.uivocal results as
to whether a mixed Fe-Mo nitride wr;ls formed. Regardieés af thé nature of the
Mo-containing species, these catalysts Wefe significantly mare active fhan un-

promoted nitrided fused iron catalyst.

Characterization of fused iron catalysts using thermogravirﬁetric anglysis
~indicated the rates | of reduction, carburizafion, and nitriding were strongly
dependent on reaction temperature and particle size as well as the nature C.lf. the
ﬁrorﬁatér. X-ray difffaction'measurements indicated i:ﬁe metal crystallite size of

the reduced catalysts was strongly 'dependent on reduction temperature.

A microreactor unit capable of on-line gas chromographii_: analysis was
' constructed for the écreening of a variety of carbided iron catalysts. The carbon
number distribution obtained using a carbided fused iron catalyst was found to

carrelate with the Anderson-Schluz-Flory equation.



Background and Objectives

This report describes the effort in the Synthesis Gas Chemistry Branch at
PETC to dévelop a more stable and active iron nitride catalyst for the conversion
of synthesis gas to a high octane gasoline. This study was an extension of the work
carried out by R. B. Anderson and coworkers at the Bureau of Mines in the 1950'
and early 1960's(1). While the indirect liquefaction of coal has attained con-
siderable prominence since the 1973 OPEC oil price increase, nitrided iron
catalysts, in particular, have received little attention. Yet, the extensive amount
of work done by the Bureau of Mines researchers led to the successful testing of

iron nitride catalysts in a variety of pilot plant reactors for periods as long as 3000

hours(2,3).

Two routes to high octane gasoline using nitrided iron catalysts were
investigated. Our attention centered on Route A (Figure 1), which involved the
conversion of a H2 + CO synthesis gas over iron nitride to give an aqueous layer
containing primarily Cl'C3 alcohols and an organic layer containing a mixture of
alcohols, olefins, and alkanes. The basis for our interest in nitrided iron catalysts
was its high selectivity for alcohol formation. The alcohol selectivity for a typical
carbided catalyst was only 20-25% of that found for a nitrided catalyst. Figure 1
shows one possible refining scheme in which the Cl"CB alcohols are obtained by
distillation of the aqueous layer. The organic fraction was passed over bauxite,
which results in the conversion of alcohols to internal olefins. This product is then

mixed with the light alcohols to give a high octane gascline.

Another route is shown in which the product from the first reactor is fed to a

second reactor containing ZSM-5 or same other shape-selective zeolite. This route
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would be a modification of the Mabil methanocl-to-gasoline process (4), insofar as
the higher alcohols, as well as methanol, can be converted to (36—011 aromatics

using zeolite catalysts. There is also reason to believe that much of the olefinic

product formed using a nitrided iron catalyst can also be converted to an aromatic

product.

The iron nitride catalyst was prepared in the following manner: Fused iron
oxide catalyst, Fe304, also known as magnetite, was reduced to metallic iron;

ammonia was then passed over the reduced iron to give a mixture of €-Fe,N and

2
S-FezN. The composition of the catalyst was that predicted by the Fe-N phase
diagram (Figure 2). A fully nitrided sample contained about 10 wt.% N, and x-ray

diffraction analyses indicated it to be a mixture of e-Fe,Nand §-Fe,N.

2

Iron nitride is a member of a group of compounds known as interstitial com-
pounds. The term traditionally refers to combinations of relatively large transition
metals such as Mo, Fe, Cr, Co, Ni, V, and Mn with the small metalloids such as H,

B, C, and N. The structure of e-Fe,N is shown in Figure 3(5).

Our analysis.‘ of the Bureau of Mines data indicated that the major problem
involved with the use of an iron nitride catalyst was the following: at
the conditions used for synthesis gas conversion -- H2 + CO synthesis
gas, 220° - 250°C. and 300 psig -- the pitrogen atoms in iron nitride were
slowly replaced by carbon atoms so fhat the high selectivity found
initially for alcohol formation decreased over a period of time.
Eventually, if a sufficient number of nitrogen atoms were replaced, the
product selectivity resembled that found for carbided iron catalyst,

namely, low alcohol selectivity and more heavy oil and wax.
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A portion of the Bureau of Mines data is reviewed in Figures 4-6(1). Reduced
iron catalysts were nitrided to varying degrees, with N/Fe atom ratios ranging
fram 0 (no nitriding) to about 0.45 (fully nitrided). Figure &4 indicates there was a
-sharp decrease in alcohal selectivity with lesser degrees of nitriding. At the same
time there was a corresponding increase in the selectivity for a-olefins, which
suggested that alcohols were the primary reaction product and subsequenﬂy
.underwent dehydration to the carresponding clefin. Figure 5 indicates that as the
degree of nitriding decreased, there was a significant decrease in the selectivity
for the gasoline fraction (27° - 185°C) and at the same time an increase in the
amount of heavy oil and wax. The importance of the N/Fe rafi;:z is again shown in
Figure 6. Nitrided ifon catalysté oxidized far less rapidly than the carresponding
carbided catalyst, resulting in maintenance of the high initial activity .of nitrided
catalystsA for longer periods. Unless these catalysts are studied at very low.CO
conversions, the partial pressures of stgam and 'COZ in the I.'eactor are sufficiently
high for the thermodynamics to favor oxidation of the metallic iron as well as the

iron carbide.

The quective of the research effort described iﬁ this repart was to prepare a
mare stable iron nitride catalyst that would minimize the coriv_ersion_.of the nitride
to the carbide. Fortunately, a considerable amount.of thermodynamic; data was
available on the stability of varicus metal oxides, carbides,' and nitrides (6). If the
assumption is made that the AS® values are nearly the same for a class of
compounds (nitrides or oxides or carbides), then the AH?Y values shown in Table 1

are indicative of the stability of these compounds.
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TABLE 1. :
STANDARD HEATS OF FORMATION (- AH®) FOR THE REACTION

X, + 20M < 2MnX

Cr203 20 MnO 90 F8203 66 CoO 51 NiO 58 CuO 37
Cer 27 M”L;N 31 FeAN 3 C03N -2 NiBN g Cu3N -18
Cr-),(:2 3 Mn3C 4 Fe3C -5 C03C -4 Ni3C -9 Cu-),C unstable
MoO3 60 RUO2 36 RhO 22 " PdQ 23 Ag?_O 7
MoZN 17
MaC 3

Ost 31 II‘203 27 AuzO3 0.3

It is apparent that Mo, Cr, and Mn all form nitrides far more stable than iron.
Since data accurnulated in the latter stages of this study indicated chermical
réactivity of the nitrides towards hydrogen or carbon monoxide was the important
factor in determining the rate of conversion of iron nitride to the carbide, it may
not have been appropriate to use the values iﬁ Table 1 as a guide to s'electla metal
‘to stabilize iron nitride. The specific abjective then was to prepare a mixed metal
nitride witﬁ increased stability and with a selectivity for alccohols at least

equivalent to that of iron nitride alone.

Thermogravimetric Results and Discussion

Data obtained using the thermogravimetric. analyzer (T.G.A.) proved to be
quite useful in choosing the temperatures to be used for reduction, carbiding, and
nitriding in the microreactor tests. In addition, these data provided valuable
insight into the mechanism of the promoting action of various metalsl such as

copper, potassium, and molybdenum.
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Copper and Potassium Promoted Catalysts

Results of the thermogravimetric studies are shown in Figure 7-16, plotted as
percent weight change versus time. Figure 7 shows the reduction of the (200/325)*

mesh catalysts by H2 at 3750(3, according to the equation:
>
Fes0y + 4Hyg) 7 Fe(g) + 4H,0()

The catalyst containing 5.2% potassium (#2) displayed a slow rate of reduction
compared to the reference (#1) or copper promoted catalysts (#3 and #4). This
could be attributed to a number of factors. Firstly, coverage of the catalyst
surface by KZCO3 may block access of hydrogen or carbon monoxide to the
catalyst surface. Secondly, Dry and coworkers (7) have reported that the presence
of K2003 on the catalyst surface increases the heat of adsorption of CO while
decreasing that of HZ' If it is assumed that the rate of adsorption of H2 is the
rate-limiting step in the reduction, then the overall rate of reduction would be
slower for those catalysts treated with KZCO},, provided the rate of H2 adsorption

is proportional to its heat of adsorption.

The reduction rate was markedly increased for copper promoted catalysts.
These results were not unexpected since copper salts are readily reduced to
metallic copper. Reduction of the iron oxide would then be more facile, since H2

could spillover from the metallic copper to the iron oxide.

*(200/325) mesh refers to a particle size range in which the particles pass through
a 200 mesh screen but sit on a 325 mesh screen.

14
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Carbiding of these catalysts by carbon monoxide at 240°C is shown in
Figure 8. Previous work indicated that the Hagg carbide was likely to be formed
under these conditions; the reaction can be approximated by the following

equation:

ZFB(S) + ZCO(g) d FEZC(S) + COz(g).

The potassium promoted catalysts carbided the most répidly; this probably
was due to the increased heat of adsorption of CO on KZ(:O3 promoted catalysts
mentioned above. The copper promoted catalysts carbided somewhat more slowly
than the uﬁtreated catalyst. This may have been due to the fact that a substantial

portion of the catalyst surface was covered with copper, which does not form a

stable carbide.

Figure 9 shows the decomposition of the carbides by H2 at 450°C. Decom-

position probably occurred according to the equation:
FeZC(S) + 2H2(g) > ZFe(S) + CHA(S)

Promotion of the catalyst with KZCO3 imparted considerable stability to the
carbide. Dry's work again would explain this behavior since the presence of K2003
should decrease the surface coverage by H2. In the case of the copper- containing

catalysts, spillover of H2 from the metallic copper to the iron carbide could

account for the more rapid decomposition of these catalysts.

Nitriding of the reduced catalysts with NH3 at 225°C is shown in Figure 10.

The reaction occurred according to the equation:

16
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2Fe(gy + NHg( oy > Fe Ny + 13H, 0

All of the catalysts showed about the same reactivity except the 5.2% K sample,
which nitrided at a considerably slower rate. This again may have been due to
blockage of the sites by l«<2C:O3 or, if the NH3 absorbed more rapidly on acidic

sites, neutralization of these sites by the basic KZCOB'

Figure 11 shows the decomposition of the nitrides by H2 at 200°C.,

FeN(s).+ l%HZ(g) +2 FE(S) + NH3(Q)

Little difference in reactivity was observed, although this may have been due to
the fact that these rates were measured within a temperature range where bulk

diffusion of H2 is the rate limiting step.

Percent weight changes for the (33/7) mesh catalysts are plotted in

Figures 12-16. Thé catalysts studied were as follows:

Catalysts

7 uhpromoted
8 1.0% K,0

9 0.10% Cu

These catalysts are more completely identified in Appendix A. Reduction by H2 at
450°C and carbiding by CO at 250°C showed essentially identical behavior for all
three of the catalysts. The catalysts behaved -similarly,when the carbides were
decomposed by HZ at 45000, with the untreated catalyst showing slightly greater

stability.

20
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All of the large particle catalysts again showed practically identical behaviar
when nitrided by NH- at 350°C and decomposed by H, at 200°C. The similarity in
behavior of these catalysts was probably due to the fact that only small amounts of

the promoters were present.

B. Molybdenum Praomoted Catalysts

In the microreactor studies, a standard reduction temperature of 450°C was
chosen. This temperature was ‘selected as a result of a stuay of tﬁe rate of
reduction of the standard catalyst as a function of temperatufe (Figure 17). While
the reduction is essentially complete after one hour at L.LUOOC, standard reduétion
conditions of 450°C for two hours were chosen. It should be noted however, that a
temnperature of 375°C or lower would have been sufficiently high. if ‘.extended

reduction periods were used.

As described earlier, ane of the objectives of the research describgd in this
reporf was to prepare a iron-molybdenum nitride catalyst. Figure 18 shows that a
considerably higher temperature'is required for reduction of ammonium rholybdate
to molybdenum metal. 'A ‘temperature of 550°C was required for complete
reduction. Even at lang reduct’ion periads (up to 24 hours), temperatures of 500°C
or less could not effect complete reduction. The reduction of ammoniumn
molybdate, after impregnating a fused iron oxide catalyst, may be'mofe or less
facile depending on whether it is associgted with reduced iron met-al or with
alumina found in the catalyst. If the ammonium molybdate is in intim;ate contact
with the iron crystallites, then hydrogen spillover may result in reducticn .o.ccu'rring
more readily, If compound formation occurs betwe_en rpolybdenum oxide and

‘alumina, however, then even a temperature of 550°C might not be sufficiently high

27
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for reduction to occur. Since iron molybdate is more stable than aluminum
molybdate, another interaction that might occur is that of unreduced iron -oxide
with molybdenum oxide. Neither compound could be identified using x-ray

~diffraction.

In the case of the Mo-promoted catalysts, since the redL‘sction. tjemperatur’e
selected, SUUOC, was considerably higher than that required- i":o_r' "rédui:tion of
F‘eBOQ, a study was carfied out to determine the effect of redﬁctioﬁ temperature
. lon the rate of hitfiding and Ialso on the stability of the nitride.in Ho- The' effect of
reduction temperature on the rate of nitride formation is shdwn' iﬁ :the bottom
graph of Figure 19. These data show clearly that catalysts zl'e.dugevd' at higher
temperatures nitrided more slowly. In the top graph the react.ioln of‘f'hé nitride
with H2 at 175°C is shown to proceed more slowly asAthe éatalyst redu'c'tioﬁ
,témperature was increased. Reduction at 600°C resulted in a nitriae far less
Teactive towards-hydrogen than did reduction at 400°C. Since ‘incrég's'ed .nit:ri_de
stability was a desirable objective, it appeared at first glance 'iililat varying

reduction temperature was a useful way to modify nitride stability.

As shawn in Table 2, subsequent x-ray diffraction measurements irjdicatéd,
however, that the T.G.A. data did not reflect a difference in'i-:he' ihi‘l.é‘i'.ént stability
of the nitride but were a result of differences in the metallic iron slurface area of
‘the reduced catalysf, i.e., the lower reactivity observed for catalysts ‘rec.iu.ced -at
higher temperatures was the result of a significant différence in the a'rﬁoun.t af iran

and iron nitride exposed to NH3 and HZ’ respectively.
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TABLE 2
CRYSTALLITE SIZE OF REDUCED FUSED IRON CATALYSTS

Reduction Temperature Crystallite Size, R
400°C ‘ 370
450°C 450
500°C 500
550°C 600

All catalysts were reduced for one hour.

These values represent relative values and should be used only for making
comparisons of crystallite size. Since the primary objective of the nitrided iron
catalyst study was to prepare a more stable nitride, presumably by incorporation of
molybdenum into the catalyst, an attempt was made to develop a T.G.A. technique

that would provide a measure of nitride stability.

Initially it had to be determined if the nitride instability was due to thermal
decomposition of the iron nitride, resulting in a metallic iron species that was
immediately convert‘ed to the carbonitride or carbide in the synthesis gas
_atmosphere. The decompaosition of iron nitride in a helium atmosphere is shown in
Figure 20. Both the reference catalyst and the Mo-promoted catalyst were
reduced at 550°C and nitrided at 450°C. The difference in the rates of
decomposition was within experimental error. Since no decomposition was
observed at temperatures lower than 30000, it was felt that thermal decomposition
did not contribute significantly to carbonitride formation when studying synthesis

gas conversion in the 220°-270°C temperature range.

While definitive evidence is not available on the mechanism for conversion of
iron nitride to the corresponding carbonitride or carbide, one possible mechanism is

a two-step reaction:
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‘ - slow
iron nitride + H2

- iron metal + NH3

‘ fast
iron metal + CO iron carbide + CO2

>
While it would have been most appropriate to determine the stability in a synthesis
gas atmosphere, éonversion of the nitride to a carbonitride or to the carbide
resulted in an insignificant weight loss. The difficulty of measuring this weight
loss accurately wés compounded by the fact that three additional weight changes
occurred. These weight changes resulted from the following:

1. Buoyancy effect resulting from differences in the densities of helium

and synthesis gas.
2. Accumulation of carbonaceous deposits on the catalyst surface.
3. Oxidation of the surface by water vapor or carbon dioxide.

For these reasons no definitive T.G.A. data on nitride stability in a synthesis gas

atmosphere were obtained.

If, in fact, ‘reaction of the nitride with H2 was the rate-determining step,
then nitride stability in a pure H2 atmosphere might be a useful technique for
predicting catalyst stability under synthesis gas conversion conditions. Figure 21
shows the results §btained for the reaction of the unpromoted nitrided catalyst and
the Mo-promoted nitrided catalyst with H2 at 175°C. In spite of the fact that Mo-
promoted nitrided catalysts showed greater activity in the microreactor tests,
these T.G.A. data indicated that it was less stable, i.e., more reactive, in a H2

atmosphere. It is important to keep in mind that the T.G.A. measurements do not
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necessarily reflect changes in the inherent stability of these materials. If the
Mo/N stoichiometric ratio is less than the Fe/N stoichiometric ratio, this could
result in greater exposure of the nitrogen atoms, resulting in a more rapid weight
loss. If unreduced MoO3 minimized sintering of the iron crystallites (in a manner
similar to that of CaO and AlZOB)’ then the resulting greater surface area of the
Mo-promoted catalyst would result in increased reactivity towards hydrogen. The
fact that reaction occurred so readily at a temperature of 175°C, significantly
lower than that required for synthesis gas conversion, in‘dicat‘ed that nitride
stability as determined in a H, atmosphere might be too simplistic a measure of
stability in a synthesis gas atmosphere. Preferential chemisorption of CO on the
iron surface at least partially accounted for the observation that nitrides were
much more stable in synthesis gaé atmospheres, as evidenced by previous Bureau of
Mines (B.0.M.) synthesis studies that extended for hundreds of hours. Thé fact that
in the B.O.M. studies the nitrides were only slowly cénverted to carbonitrides at
temperatures as high as 250°C and pressures of 21.4 atm (HZICO =1) is in sharp
contrast to our observation that nitrides were quite unstable in a pure H2
atmosphere. Our explanation that involves preferential chemisorption of CO is
also consistent with the strong positive dependence of the rate expression on the

H2 partial pressure.
The dependence of the conversion of synthesis gas on the hydrogen partial
pressure has been determined by a number of workers. Dry (8) found the following

expression when working with a fused iron catalyst:

rate = kP
Hy
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Vannice(9) found that the rate of methane formation, using a 15% 'Fe//—\lzo3

catalyst, could be described by the following expression:

- _AEM/RT ox oy
Rate = NcHz = Ae PHZPCO

where x = 1.14 + 0.10

y = 0.05 + 0.07

Microreactor Testing

Single Stage
The microreactor testing described in this report is concerned exclusi'vely

with establishing the effectiveness of meolybdenum as a promoter for fused iron

catalysts. The results are shown in Table 3.
The pertinent conversion data can be summarized as shown in Table 4.

TABLE &4
CONVERSION DATA SUMMARY - Mo PROMOTED VS. UNPROMOTED CATALYSTS

Reaction Temperature  Average Percent Conversion

Unpromoted, reduced @ 450°C 270 15 (#2, 13)
250 10 (#10)

Mo-promoted, reduced @ 450°C | 270 23 (#3, 14)

Mo-promoted, reduced @ 550°C 270 qu (#4, 6, 12)
250 . 25 (#11, 15)

Unpromoted, reduced @ 550°C 270 9 (#94)

(#-run number)
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It is apparent from Table 4 that the Mo-promoted catalyst vx;as considerably
more active than the unpromoted catalyst. Reduction of the Mo-promoted
catalyst at higher temperatures (550°C) resulted in the most active catalyst, in
spite of the fact that significant sintering of the iron crystallites was found when
reduction was carried out at that temperature. This is reflected in the low

conversion found for the unpromoted catalyst reduced at 550°C.

The mechanism for the promoting action of Mo will be speculated’on briefly.
It is possible that in fact a Fe-Mo nitride catalyst was formed, which was the
original intent of this effort. The higher activity observed for catalysts reduced at
550°C may have been due to the fact that this temperature, as suggested by the

T.G.A. studies, was required for reduction of ammonium molybdate to Mo metal.

The second possible mechanism is the formation of a Mo-containing species
on the catalyst surface, which causes significant rate enhancement. In this regard
it first should be pointed out that a number of investigators have established, using
selective chemisorption of CO and CO2 as well as N2 physical adsorption, that a
reduced magnetite surface is made up to a large degree of the various oxides used
as promoters, even though these promoters make up only a few percent of the bulk
composition of the catalyst. Possibly the ammonium molybdate is converted to
MoO5, which at 550°C will react with Al,O (10) as shown in Figure 22 to yield the

Mo-containing species shown. These reduced molybdenum catalysts are known to

have good hydrogenation activity.

As far as selectivity is concerned no significant difference was found in the

amount of C5+ product or in the amount of C5+ product boiling less than QDDOF, as
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determined using simulated distillation. There did appear, however, to be a

significant decrease in the oxygenate content of the C5+ product using infrared

analysis.

The analysis of the aqueous layer for oxygenates (Table 5) was consistent
with results obtained in the earlier Bureau of Mines studies. As indicated in
Table 3, the oxygenate content of the aqueous layer ranged from 27 to 40 wt.%.
The bulk of these oxygenates were normal alcohols, although methanol was found in

only small amounts.

TABLE 5
G. C. ANALYSIS (AQUEOUS LAYER)

METHANOL 1.8 wt.%
ETHANOL 59.4
ACETONE 4.6
2-PROP ANOL 1.4
N-PROPANOL. 17.2
METHYL ETHYL KETONE 2.2
2-BUTANOL 1.1
' 2-METHYL-1-PROPANOL 0.4
N-BUTANOL 6.4
2-PENTANOCL 0.4
1-PENTANOL 5.2
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On-Line Microrsactor

Some of the problems associated with the study of catalysts for th.e’ Fischer-
Tropsch reaction included a lack of continuaus analysis over a wide range of carbon
numbers and a less than accurate analysis of.the Cé'CS fraction produc'ed in the

.reaction. The difficulty encountered in accurately determin'ing the CL!_-C8 ‘fraction
lies in the fact that these hydrqcarbons distribute themselves in both the gas and
liquid phases. Hence, a measure of these carbon numbers in only the gas phase
represents an incomplete analysis. Additionally, the volatility of this carbon‘
fraction gives rise to partial loss from the liquid phase, which again results in an

incomplete analysis af this phase.

- It was felt that an on-line gas chromatographic analysis could provide a
continuous as well as complete analysis of the Fischer-Tropsch product, .-A major
problem asociated with the implementation of this technique, however, was caused
by the fact that Fischer-'-’l'ropsch reactions are generally conducted ét lUU-BQD
psig. Introduction of é. sample into the carrier gas stream ‘at this pressure caused
considerable peak spreading. As a resdlt, .peak resolution is far poorer than that
abtajned with a sample intraduced at atmospheric pressure. An additional problem
invalved keeping the entire Fischer-Tropsch praduct in the'gaseous state fram the

reactor to the sampling valves.

The gas chromatograph procedure was able to distinguish the séven com-
pounds shown in Table 6 using the thermal conductivity detector tCarbosieve
column), and Cl'CZU hydrocarbons using the flame ionization detector (SP2100
column). The retention times of the various compounds are listed in Tébles 6 and

7. Hydrocarbons as high as 024 could also be detected, but due to their low weight
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fraction relative to all hydrocarbons, a determination of their percent composition
was less accurate than other hydrocarbons. In general, the Cl'CZO hydrocarbons
represented >98% of all hydrocarbons, and therefore the decision was made to end

the analysis at Coge A typical chromatogram is illustrated in Figure 23.

The weight fraction of a specific carbon number, Wn’ obtained from the gas
chromatograph analysis was used to generate an Anderson-Schulz-Flory plot.
From such a plot it was possible to determine the polymerization probability, p,
either from the intercept or the slope. Figure 24 shows the Anderson-Schulz-Flory
plot generated from the weight fraction data. The data illustrated in Figure 24 -
were taken from a catalyst run that had been on-stream only 310 min. In the past,

this detailed information would have been very difficult to abtain after so short a

time.

Another advantage of this method of analysis was the opportunity to examine
the change in catalyst sélectivity over a period of time. For example, Tables 8 and
9 show the change in selectivity with time. It is apparent that the catalyst had not
yet achieved a steady state composition in view of the small but definite trend

toward greater light hydrocarbon (Cl-C 4) formation.
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TABLE 6
RETENTION TIMES FOR COMPQOUNDS DETECTED BY TCD

Compound Time (min)
H2 l..6.3
CQO 15.65
CHQ 22.21
H,0 | 23.26
CO2 26.58
Cqu_ 37.95
CZHG | 41.06
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RETENTION TIMES FOR COMPOUNDS DETECTED BY FID

TABLE 7

Compound Time Frame(min)
CH4 1.62

C2H4 1.97

C2H6 2.37

C3H6 5.06

C3H8 5.31

Ca* 8.31-11.01
C5* 12.05-15.00
C6* 16.41-18.46
C7* 18.79-21.80
CB* 22.55-25.60
Cg* © 26.03-28.12
ClD* 28.73-30.65
Cll* 31.25-33.02
ClZ* 33.61-34.88
Cl3* 35.25-36.93
Clll* 37.79-38.85
ClS* 39.50-40.64
Cl7* 43.,13-43.92
ClB* 44,38-45.49
019* 45.96-47.25
Cog* 47.74-49.27

*Retention times for C (n=4-20§ fractions are given for all Cn compounds that are

eluted over the time frame shown.
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TABLE 8
CHANGE IN AVERAGE DEGREE OF POLYMERIZATION WITH TIME*

Tirme(min) P D
310 0.769 433
1354 0.768 | - 4.31
1828 0.762 A X

2510 0.752 - ' 4.04

*CCI catalyst, 300°C, 300 psig, 3/1 syn gas, GHSV: 3600 (v/w)h'l

TABLE 9
CHANGE IN HYDROCARBON DISTRIBUTION WITH TIME*

Weight Percent

Time(min) C{-Cy (caled)** - Cs-Cqy (caled)** - Cg-Cyq (caled)**
310 32.13(32.69) 51.50(47.59)" 34.19(31.92)
1354 36.71(32.93) 47.45(47.60) 29.34(31.68)
1828 36.16(34.04) 48.97(47.62) 31.30(30.63)
2510 40.78(£2.39) 46.31(47.49) 26.01(28.55) .

#CCI catalyst, 300°C, 300 psig, 3/1 syn gas, GHSV: 3600 (v/wh~t
. *%*Values in parentheses represent theoretically calculated values as obtained from

experimentally determined p values.
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FUTURE STUDIES

It has been established that a Mo-promoted nitrided fused iron catalyst is
significantly more‘ active than the unpromoted catalyst at 270°C. Additional
microreactor runs will be required to determined if Mo-promoted catalysts are
more active and stable at reaction conditions that more closely simulate the

conditions likely to be found in commercial-size reactors, namely, 230°-250°C.

Additional studies will be carried out to provide a better understanding of the
mechanism of catalyst promotion--a catalyst species containing Mo as MozN,
3 A1203, which
is known to be a good hydrogenation catalyst. Preliminary ESCA and SIMS data

Mo, C, or (FeXMoy)N, or, on the other hand, a species such as MoO

indicate that the surface of both reduced and unreduced Mo-promoted catalysts
consists largely of potassium and molybdenum. The concentration of alumina on

the surface is probably too low to determine if it is interacting with MoO,. The

30
use of an in situ reduction attachment on the SIMS unit may permit the

identification of the oxidation state of the reduced promoted catalysts.

Microreactar, x-ray, and T.G.A. studies will continue with samples prepared

at Los Alamos National Laboratory. These samples include the following:

1. (Fe, Mo, )N

2. MozN

3. Fe 4N

4. MoCo. 48

5. NbN

6. Nb g,N 597C 163
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7o NBN 4g9C 495

Catalyst samples 2, 3, and 4 represent the end members of the Fe, N, Mg, C system
(the behavior of F’eZC has already been established). Sample 1 represents the
compasition indicating the solubility limit of Mo in iron nitride. Since there is
some indication that niobium has activity for synthesis gas conversion, samples 5-7

will also be investigated.
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APPENDIX A. PREPARATION AND COMPOSITION OF CATALYSTS

The catalysts used in this study were all fused iron oxide catalysts, as
received or impregnated with various promoters. The reference, or standard
catalyst, was CCI-73, a commercially available ammonia synthesis cat'alyst.aljd
similar to the catalyst used in the entrained-bed reactors at SASOL. As shawn in
Table 7, it contained small arﬁqunts of the "structural promoters" A1203, MgO, and
CaQ as well as the "chemical promoter” KZO‘ In addition, five other catalysts

were studied.

TABLE 10
CATALYST COMPOSITION AND METHOD OF PREPARATION
(-200 + 325 mesh)

Catalyst ~ %Fe CaO MgQ ALO; SO, K,0 Cud‘ MiQ

l-reference  67.1 1.82 0.17 3.02 0.21  0.60 0.01 - -—
2 6.56 . " " " 5.20 0.01  ---

Dipped in a saturated solution of KZC03 for 10 minutes,
suction-filtered, and oven-dried. .

3 64.7 " " " " 0.50 -1.a0 -

Dipped in a copper nitrate solution, 6% Cu by weight, for
20 minutes, suction-filtered, and oven-dried.

4 6.6 " " W om 0.50 1.80 -

Dipped in a caopper nitrate solution, 6% Cu by weight, for
60 minutes, suction-filtered, and oven~dried.

5 65.0 n " " u 1.10 6.0z -

Dipped in a solution of K CO3, 12% K by weight, for
10 minutes, suction-~filtefed, and oven-dried.

6 65.0 " n 1" " 0.50 0.01 _—
Dipped in a solutmn of ammonium malybdate, 40 g.

(NHA) Mo O H,0/100 mlL. H 50, for 10
mmutes, suctlon f11 ered, and oven ~dried.
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TABLE 11 '
CATALYST COMPOSITION AND METHOD OF PREPARATION
(-3% + 7 mesh)

Catalyst % Fe Ca0 MgQ  AlLO, SO, K, 0 CuO
7 67.1 1.82 0.17 3.02 0.21 0.60 0.0l
8 65.0 " " " " 1.00 0.01

Dipped in a saturated solution of K2C03 for 60 minutes,
drained of liquid, and oven-dried.

9 66.1 " " " " 0.60 0.10

Dipped in a copper nitrate solution, 6% Cu by weight for -
60 minutes, drained of liquid, and oven-dried.

Ditto marks indicate the percentage of that constituent, while not

actually measured, was nominally the same as that in the
unpromoted catalyst.
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APPENDIX B. THERMOGRAVIMETRIC ANALY SIS PROCEDURE

A Perkin-Elmer TGS-2 analyzer system was used to {study' the rates of
reduction, carbiding, and nitriding of the catalysts, and the rates of decompaosition

of the carbides and nitrides.

| The principle unit of the system was the recording microbalan’cé (Figure 25).
The balance was used to record the weight changes of samples subjected to .a
controlled environment. Quartz stirrups were suspended from the balance to
contain the samples and to tare the balance. The weighing mechanism was purged
continuously with 10 mL/min helium to insure that none of the reactént gases, such
as hydrogen, carbon monoxide, and helium, nor any product gas, such as water
vapdr, could enter the balance mechanism compartment and damage the delicate
parts. The temperature controller unit allowed the operator to program and
monitor all aspects of temperature control, such as the rates of heating and
cooling. A chromel-alumel thermocouple was used for temperature measurement,

and the results were recorded on an X-Y recorder. .

.The system had a sample weight limit of 100 mg and a temperature range of
27° to 10009K. The procedure for operating the TGS involved p-lécing the sample
on the balance, controlling its environment, and recording its weight change.
Initially, it was necessary to zero both the X-Y recorder and the balance. About
10 mg of the (200/325) catalyst was placed in the quartz bucket, and the furnace
- raised to enclose the sample. The sample was then weighed' to s-ix significant
figures in a helium atmosphere (200 mlL/min). To magnify the weight cha_nge as
observed on the recorder, the balance was set to suppress electronically a given
an;lount of the sample weight; the recorder then indicated the degree of weight

change on a much larger scale. Typically 50% weight suppression was used.’
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A three-way valve permitted switching gases without admitting air to the
sample environment. The minimum and maximum furnace temperatures were set

at 50°C and GGOOC, respectively.

In order to carry out an efficient micrareactor testing study, it wés necessary
to determine the most effective temperature to use for catalyst reduction,
carbiding, and nitriding. For this reason it was necessary to study the rate of
reaction as a function of temperature, as indicated in Figure 25. T will be noted
that the fused iron catalyst (magnetite) is not reduced in a hydrogen atmosphere
until the temperature reached about 270°C. (The rate of temperature increase was
0.1°C/min.) Figure 26 shows the reaction proceeded rapidly to completion at
temperatures in excess of 350°C. After reduction, the sarnple was pgr@j'ed from the
unit with hélium, and the‘ ternperature was reduced.to lQUGC. Flowing ammonia
‘was then used as the gaseous environment, and the temperature was increased at
the rate of 1°C/min. The rate of nitriding was insignificant at temperatures less
‘than 200°C. After the sample had been completely nitrided at a temperature of
35000, the temperature was decreased to lDUOC, and the ammonia was expelled
from the unit using a helium purge gas. Then the sample. temperature was
in-creased at a rate of 1°C/min in a flowing hydrogen atmosphere. As inaicated,
nitride decomposition occurred readily at a temperature of about 175°C. This

pracedure was also used to determine the temperatures required for carbide

formation and decompasition.

Once the temperature required for effecting a given reaction had been
determined using the just-described procedure, it was often desirable to make a
comparison of the reactivities of various catalytic materials (oxides, nitrides,

reduced catalysts, and carbides) with reactive gases. Rather than carry out.
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; temperature ‘scana as described earlier, a moare sensitive measure _of 'reat;:ti.vity was
to measure the relevant weight change at a given temperature. Temxperatures
were chosen so that reactlvn:;es could be measured 1n a reasanable penod of tlme,
however, care had to be taken to insure the temperature was not so high that only :
bulk diffusion of ’che gas to the catalyst sample was being measured. Bulk chffusmn |
' could be ehmlnated as the rate- determmmg step by workmg only in a temperature
range in which the react1v1ty (weight change/umt time) was mdependent of the

: catalyst weight and reactive gas flow rate.
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APPENDIX C. MICROREACTOR TESTING PROCEDURE

Two different microreactor unit configurations were used to determine the
reactivity of the éatalysts for synthesis gas conversion. The first configuration
provided for on-line analysis of the product stream, and details are shown in
Figures 27- 29. The.second configuration differed from the first in that, instead of
on-line analysis, an ice trap immediately downstream of the reactor was used to
condense the aqueous product containing light alcohols as well as CS+ hydracar-
bons. (The gas chromatograph was removed from the unit.) The gaseous product

was collected in a sample bottle.

Regardless of configuration, the microreactor itself was a continuous-flow
fixed-bed reactor with the dimensions of 16". length, 1/4" i.d., 3/8" c.d.,
constructed from 316 stainless steel. Initially, the reactor was. placed in a
circulated oil bath as shown in Figure 30, although accumulation of heavy product
upstream of the catalyst bed led instead to insertion of the reactor tube inside an
electric furnace. The reactor tube was held in position by the use of 1 1/4 o.d.

steel spacers, resulting in more uniform temperature control.

As shown in Figure 28, the catalyst was retained in the reactor between
aluminum insulation. Glass wool was unsatisfactory, since the fineness of the
catalyst sample, 200/325, resulted in loss of the catalyst. The catalyst was mixed
with an equal weight of ground glass powder, -50 + 100 mesh. The glass powder
was used to prevent agglomeration of the catalyst into a hard pellet, behavior that
had been observed in trial runs. A chromel-alumel thermocouple was inserted into

the reactor tube so that the thermocouple tip was in contact with the catalyst bed.
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After placing the catalyst in the reactor, and locating the reactor in the
furnace, the reactor was heated to a given temperature with hydrogen flowing
- through it at 60 mL/min. Reduction was carried out at atmaspheric pressure for a

specified period of time, usually two hours.

When carbiding the catalyst, the temperature was l’edL—lCBd to ZQUOC in
hydrogen. Carbon monoxide was then introduced at 60 ml/min and carbiding.
proceeded at atmospheric pressure for one hour. When preparing nitrided
‘catalysts, the reactor temperature, after reduction, was lowered to 350°C.
- Ammonia was then admitted at 100 mL/min for one hour at atmospheric pressure.
After nitriding or carbiding had been completed, H2 + CO synthesis gas was
admitted to the reactor unit at a rate of 100 ml/min until reaction pressure of 300

psig was reached; then the flow rate was decreased to 30 or 60 mL/min.

A Hewlett-Packard 5730A gas chromatograph equipped with dual FID and

dual TCD capabilities was used for on-line analysis. The columns were é 20" x

1/8",‘ 10 % SP2100 on 100/120 Supelcoport for detecting hydrocarbohs and a 7" x
‘ 1/8", 100/120 Carbosieve S column for detecting carbon manaxide, carben dioxide,
' and light hydrocarbons. Sample introdﬁction was performed in means of two
sample loops of 0.125 mbL for the carbosieve column and 0.250 mL for the SP2100
column. The data was recoréed graphically on a dual-pen strip chart recorder an_d
onto a computer through a 2 A/D converters. The flow rates wer.e 30 mL/min for
‘helium (carrier gas), 60 ml/min for hydrogen, and 240 ml/min for air. The
injection port and sample loops were heated to 3000(_':, and bath detectors Qére also
- set at 300°C. The oven was temperature programmed beginning at -5G°C, with a
hold time of Z minutes. The oven temperature was then increased at a rate af
8°C/min until 3UB°C was reached. The oven was held at 290°C far 32 min.

Response factors were determined by standard methods.
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Catalyst tests were continuous, with both gaseous and liquid product samples
being taken ever‘y 24 hours. Gaseous components were analyzed using gas
chromatography while liquid samples were analyzed using simulated distillation and
functional groups were determined using infrared spectrometry. The percent

conversion was defined as follows:

grams of carbon as hydrocarbons exiting reactor

% conversion —

x 100
grams of carbon as CO entering reactor

grams of C5+ « 100

Selectivity (C5+) grams of hydrocarbon product

_ grams of carbon as hydrocarbons, CO,, and oxygenates exiting reactor
Carbon balance ~ grams of carbon as CO entering reactor

Simulated distillation --- percentage of C5+ product with a boiling point less
than 400°F.

Space velocity = Liters syn gas per hour per gram catalyst
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