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ABSTRACT

The objectives of this research program are to develop improved
cetzlyst systems for preparation of gaseous hydrocarbons from coal-derived
mixtures of carbon momoxide and hydrogen and to develop & fundzmentzl un-
derstanding of methznztion and Fischer-Tropsch syntheses. To accomplish
the first objective, two versatile catalytic reactor units (CRU-1 and CRU-2)
will be employed to screen a variety of irom-, cobzlit- znd mickel-based
cztalysts. Careful attention will be given to product selectivity. To
zccomplish the second objective, infrared spectroscopic techniques will
be coupled with traditiomzl mechamistic studies. The role of poisoms in

affecting the concentration and nature of surface intermediates will be
investigated.

During this third quarterly period, work has been devoted pri-
mzrily to the zreazs of equipment assembly (Task I), catalyst screening tests
Tzesk II), and preliminary mechznistic studies (Task IV). In the azrez of
the first tazsk, the second catzlytic reactor umit ((RU-2) was completed
znd two of the three nomn-dispemsive infrared amalyzers were calibrated.
e problem with the CO2 anzlyzer was trzced to zm error in shipment by MSA.

i
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In the zrez of Task II, three catalyst tests were completed om
ron-based Fischer-Tropsch C4Lalyst {100 Fe:5 Cu:30 Cz20:100 Kgh, alkali
22). The results provided valuzble training experience as well as amn
;ssess:ent of the performznce of RU-1. Modificatioms im the unit are un-
derwzy to mzke the unit more comvenient to operate. In the areaz of Task
IV electron micrographic studies determimed that the reasom for the poor
cuzlity infrared spectra of mickel zerosol was due to greater coagulation
of the zerosol particles thzn anticipated. Modeling of the aerosol-genera-
tion techmigue is being continued.

-
q
-
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In conclusion, the completion of CRU~2 and the experiences gained
o the imitizl catalyst tests om CRU-1 should speed the returm of this re-
gzrch progrzm to the original Task schedules.

0




. OBJECTIVE AND SCOPE OF WORK

To meet the needs of the increasing energy demand a2nd to satisfy
the corresponding envirommental coustraints, coal gasification has been
proposed as a means of producing clean fossil fuel. Such processes become
increasingly more important when the projections that petroleum oil re-
sources will be effectively depleted within the next twenty years are taken
into account. Likewise, it should be recognized that the depletion of
petroleum oil resources also means that the petrochemical industry must
look elsewhere to obtain their feed-stocks. While there are severazl Amer-
ican processes for conversion of coal to synthetic natural gas (SNG) at
verying stzges of development, there are, however, none available for the
production of synthetic liquefied petroleum gas (SLPG). Fortunzately, how-
ever, SLPG zppears to be obtzinable by a modification of the methanation
step of tne SNG processes. Unfortunately, the methanation step (CO + 3H

= CE —+—
Tat
gas

. . - . 2
; EZO) i1s one of the two least understood steps of the cozl-to-

£l :
Zs process,

This research program, therefore, has as its objectives the pro-
synthetic liquefied petroleum gases, and z fundamental under=-
stznding of catealytic methanation., Thus, work will be developed along

these two mezjor areas, The first area, catalyst development for producing
hydroczrbons, has as its objectives the development and character-

on of catalysts with high selectivity and defining the relevant pro-
verizbles. We anticipate carrying this project to the pilot-plamt

stags whereby &n economic assessment can be made. The second zrez involves
fundamental studies of the hydrogenation of carbon monoxide with the ob-
jective of understanding the nature of the surface reactions involved.

It should be noted that the hydrogenation of carbom monoxide under one

set of conditions leads predominately to methane, whereas under another

set of conditions it leads to higher hydrocarbons, Fischer-Tropsch syn=-
thesis. The processes must be similar, i.,e., involve the same surface
interzediztes, We anticipate achieving an understanding of how catalysts

Or process variables czn be modified to effect the two processes ecomomically.

cuction of

For the first arez, two reactor units will be employed to eval=
entizl cztalysts and to obtain kinetic and mechanistic data. In

uzte pot

zddition to testing potential commercizl cztalysts, laboratory catalyst
preparations of a number of catalysts will be undertaken to establish stan-
derds for comparison. Both types of catalysts will be analyzed for total
metal and active metzl content. More complete kimetic studies will be
concducts

d on the most promising catalysts from the preliminary evaluztions.

In the second arez the emphasis will be placed on achieving z
fundamentzl understanding of the hydrogenztion of carbon monoxide reaction.
To zccomplish this understanding, infrared spectroscopic techniques will
be coupled with traditionzl mechanistic studies to obtazin information about
the nature of surface intermediates. Investigations of both supported end
unsupported metzl catzlysts will be undertaken.



For the infrared studies, two different systems will be employed.
The usual "pressed disk" technique will be employed for supported metal
ztzlysts. However, z novel approach to the unsupported cztalyst studies
will be explored. This new approach imvolves passing infrared radiztion
thkrough 2 long-path-length cell containing the cztzalyst in a metal-aerosol
form. Comperison of the catalytic activity and surface properties as well
zs cheracterization of the surface intermediztes will comstitute the major
work effort in this arez.

The key feature of this proposed study is a combination of sev-
eral technmiques, notzbly, infrared spectroscopic techniques with kinetic
measurements to simultzneously measure reaction rates, surface intermedi-
ztes zod reazction products. The use of isotopic tracers in commection with
these techmiques should greatly increase our understanding of these rezctioms.



II. SUMMARY OF PROGRESS TO DATE

Work under this contract (E(49-18)-1814) began in May, 1975 with
2 division of work into eight (8) tasks:
1. Task No. T - Equipment Assembly
2. Task No. II - Catzlyst Screening Tests
3. Task No. IIT - Kinetic Studies
4, Task No. IV ~ Mechznistic Studies
5. Task No. V - C(Catalyst Preparations and/or
Characterizations
6. Task No. VI - Extended Catalyst Tests
7. Task No. VII =~ Project Summary
8. Task No. VIII - Consultation and Advice by P.I

to ERDA
The timetszble for these tasks is detziled in Appendix A to this report and
represents & more rezlistic approzch to menaging the project. During this
third guzrterly period, work has been devoted to: (ez) the completion of
Lhe cssevnly of Gztalytic Reactor Umit-2; (b) preliminsry tests on aa irom-
ed Fischer-Tropsch cztalyst with (RU-1 for Tasks II and III; and (c)
zckground studies for Task IV.

U‘D

In the zreaz of Task I, (RU-2 assembly was completed and the unit
s been pressure-tested. The unit is now ready for catzlyst testing. 1In
ddition, the problem encoumtered with the CO, NDIR zamalyzer was traced to

zn incorrectly sensitized instrument (carbon monoxide instead of carbon

dioxide). Thne instrument is in the process of being replaced.

-
n
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Tn the zreaz of Task II, three test rums were completed om CRU-1
using an irom-based, zlkazli-free, Fischer-Tropsch catalyst (100 Fe:5 Cu:
30 C=0:100 Kgh). The runs were approximately 48 hours in duratiom and served
to provide experience in operating the unit as well as assessing the per-
formsnce of the unit znd the catalysts. Problems epcountered with pluggi
of the rezctor by solid parzffins during the first runm and with ineffective
trzys during the next two ruas prowpted the modification of the unit. These
nedifications will mzke the unit more convenient to operate and are in progress.

In the arez of Task IV, electron micrographs of nickel zerosol
powder were exmamined. The results showed that the two methods of sample
collection geve equivelent results which suggests thzt the samples collected
for catelytic experiments are representztive of the nickel zerosol. These
two:szmples were observed to have individuzl particle sizes which were quite
close to those determined from the BET adsorption datz, which indicztes
that the pariticles are nom-porous. 1In addition, it was observed that sig-
nificent necking of the individuszl particles produces aggregates which greatly
impair our gbility to observe infrared spectrsz.

In conclusion, the completion of CRU-2 and the experiences gained
from operzting CRU-1 should zccelerate the return of this research program
i o

(=]



II. DETATLED DESCRIPTION OF TECHNICAL PROGRESS

As previously stated, the objectives of this research program
2re to develop improved catalyst systems for the preparation of gaseous
hydrocarbons from cozl-derived mixtures of carbon monoxide and hydrogen,
znd to develop & fundezmental understanding of the reaction mechanisms as-
sociated with cztalytic methanzation and Fischer-Tropsch synthesis. This
will be accomplished in this project by pursuing several aspects of the
problem which imclude: 2) catalysts preparation and chevacterization of
their physiczl properties; b) evaluation of these catalysts for the syn-
thesis of C,~C, hydrocarbons in a screening test; c) conducting kinetic
studies to Gbitdin rzte expressions to predict product yields for the most
promising catzlyst formulatioms; d) imvestigation of the mechznism of for-
mation znd types of reaction intermediate formed during the catalytic re-
actions on these catzlysts; and e) measuring catzlysts activity for ex-
tended periods on the most promising catzlyst to obtzin an economic as-
sessment of the process. The zbove studies require the use of several
typas of reactor systems. For example, the screening test will be com-
ducted in tubular plug-flow reactors and a "Carberry-type" stizred cat-

rezctor. Simce z wide spectrum of products, e.g., methane, ethame,
ethylene, propenme, propylene, carbon diozide, hexames, etc., is anticipated,

s a critical peed for momitoring the individual yields as well as
the totzl conversiom of carbom monoxide. This will be accomplished by the
use of NDIR's to comtimuously momitor methane, carbon dioxide and carbom
monowide znd gas chromztography to momitor all products om an intermittent
bzsis, e.g., every thirty minutes.

The design, purchase, and assembly of the necessary equipment
constitutes the zssignment of the first task (Task I). While much of this
work wes azccorplished during the first two quarterly periods, the remain-
der was completed during this third period. Preliminary work in Task ITI,
which began during the second quarterly period, was continued; an iron-based
Fischer-Tropsch catzlyst was tested in three rums. Ia additiosm, background
work imvolving the chearacterization of nickel aerosol-generated powders
for Tzsk TV was contimued. TFor a complete descriptiom of the various tasks
znd the corresponding timetable, see Appendix A. :

A. Task T - Equipment Assembly and Testing

Tzhle 1 summerizes the work accomplished inm Task I during the
first quarterly period. Columm 3 describes the subtasks that were imvolved
znd column 2 represemts the mumber of weeks imvolved with each of these
subtasks. :

Tzhle 2 summarizes the work accomplished im Task I during the
second quarterly period and that scheduled for this third period. We moted
delays in zccomplishing several subtasks due to either unexpected delays
in receipt of equipment from suppliers or to a backlog of work in the Mellon
Tuskitute's instruments shop. As a result, these subtasks were rescheduled
for the third quarterly period.

Tzble 3 summerizes the work accomplished during this third quar-
er znd thet scheduled for the fourth period. TUpon comparison with Table
it is seen that the delays moted earlier have propagated through this

ter
2
period such that the integration of the znalytical package (NDIR's and gas

2
&



Teble 1 First Quarter Task I Projects: Ecuipment Assembly and Testing

T1tem No.

<to Complete

No. Weeks

Subtask

4

Subtasks Description

w N

g~

0

10

17

18
Totz

# Wks

N NN WL

=

()

(2)

(L

@Y
((3))=

((1)*
(2)
1)

24

Design and assembly of CRU-1

Pressure testing of CRU-1

Flow calibration of needle valves for CRU-1
Temperature testing of CRU-2

Redesign of Dowtherm circulation loop and
preheater for CRU-1

Temperature retest of CRU-1
Design and equipment specification for CRU-2

Consultzation with vendors and order
placements for CRU-2

Design of amalytical package for dral
system anzlysis

Consultation with Varian, Hewlett-Packard,
and MSA szlesmen prior to ordering
analytical package

Literature evzluztion of Autoclave Engineers
CSTCR and consultation with AE salesmen
prior to placing order

Fabrication of CRU-2 components
Pressure and temperature test of (RU-~2
Tlow controller czalibrations for RU-2

Panel mounting of MSA NDIR znzlyzers,
recorder and progrzmmed sequencing timers

Pzmnel mounting of temperature recorders
Complete shakedown of CRU-2

Integration of amzlytical package with
CRU-1 and CRU-2.

*These subtasks will be performed by Mellon Institute's Instruments shop personnel.

—Items in pzarentheses represent work which has been scheduled but which has not

been completed.



Table 2 Second Quarter Task T Projects: Equipment Assemblv znd Testing

No. Weeks +
to Complete
Iten No. Subtask Subtasks Description
L. ((4w’““)) Design and fabrication of electrical
i components of CRU-2.

2 (8 )y Pznel mounting of MSA NDIR anzlyzers,
recorder znd programmed sequencing times.

3 ((6")) Electrical overhaul and panel mounting of
temperature recorders.

& 2 Complete shakedown of (RU-1 at ''reactiom
test' conditions. ‘

5 2 Redesign and modification of (RU-1's
reactor znd prehezter system.

6 1 Temperzture retest of CRU-1 prior to
catalyst reduction.

7 2 . Assembly and modifications of gas chromzto-
graphic analytical system.

8 2 Instzllation of common gas delivery system
for (RU-1 and RU-2.

9 ’ 1 A Panel mounting of temperature recorders.

10 ' (3 Completion of fabrication of RU-2
-plping system.

11 {3 Pressure and temperature tests of CRU-2.

12 €8] Further evaluation of NDIR amnalyzers to
unravel CO2 problem.

13 (L) Flow controller calibratioms for CRU-2.

14 (2) ' Complete shakedown of CRU-2.

15 : (2) Integration of amalytical package with

Total # Wks 24 RU-1 end RU-2.

+Items in parentheses represeat work which has been scheduled but which has
not been completed. -

"Helf of this work was performed by Mellom Institute’s Instruments Shop persommel.

"“These subtasks were performed by Mellom Imstitute's Instruments Shop personmel
gnd are not counted as part of the total number of weeks devoted to the task.

~1



Table 3 Schedule of Remzining Task I Projects

Subtasks Description

No. Weeks
to Complete
Ttem No. Subtask
1 3
2 3,
3 1
4 1,(2)
5 1,(2)
6 - (D
7 1,(L)
8 @9)
¢ (2)
Totzl # wks 20 -

Completion of fabricatiom of CRU-2
piping system.

Pressure and temperature test of CRU-2.
Solution to CO2 NDIR znz=lyzer "problem'.
Flow controller calibrztions for RU-2.

Complete shakedowm of CRU-2.

Modification of CRU-1 flow system for
greater operatiocnzl convenience.

Modification of CRU-1 condensers and
traps network.

Modificztions to gas chromatographic
system.

Integrztion of analytical package with
CRU-1 aand CRU-2.

"Items iz parentheses represent work which has been scheduled but which has

not been completed.




chromztography) must await the next quarterly period. However, zll of the
other subtasks were accomplished, and are described in grezter detzil below.
As & result of work undertzken in Task II, several modificatioms to CRU-1
zre required zmd have been scheduled for the fourth quarter. These are
shown im Tzble 3 also.

1. Catealvtic Reactor Unit-2

In the second quarterly report, we indicated that wherezs work
on CRU-1 was progressing at the expected rate, work on CRU-2 lagged behind
schedule. Therefore, 2 mzjor effort during this third period involved bring-
ing this second unit back onto schedule. As a result of those efforts,
the fzbrication of CRU-2Z has been completed and the umit is ready for op-
vation. TFigure 1 is z schemztic of CRU-2 with the gas delivery system.
Figure 2 is & diagram of the traps and condenser mnetwork for this umit and
Figure 3 is a photograph of the unit during the early stages of zssembly.
The gas cylinders shown in the background (Figure 3) are counected via over-
hezd piping to the gas delivery pamel (see Figure 1). ’

The purpose of the metwork of traps and condemsers (Figure 2)
is to remove water and other liquid products from the gas stream prior to
its entrzmce either to the non-dispersive infrazred (NDIR) anzlyzers which
momitor concentrations of czrbon monoxide, methane and carbon dioxide or
to the ges chromztograph which measures the concentratioms of C.-C. kydro-
czrbons produced during the reaction. A detailed drawing of trép %2 is
shown in Figure &. The finzl design is the result of lessoms learmed from
operztion of CRU-1 (to be discussed.later). The trap comsists of z ome-
iiter Whitey szmple cylinder (Crawford Fitting Company) fitted with z bored-
through, 1/2-inch mzle run tee through which a 1/4-inch stzinless-steel
tube is placed. The end of the tube is bemt in such & msnmer as to ensure
impingement of the gas stream on the immer wall of the cylinder thereby
improving cooling efficiency and vapor-liquid separation. Ligquid product
removal is achieved at the bottom of the cylinder which also contzins =
thermocouple for temperature measurement. Lezk testing of the assembled
trzps was zccomplished by immersing the cylinders in a tube of water, pres-
surizing with helium to 400 psig for a period of 12 hours. The assembly
was considered to be lezk tight when the pressure drop over this period
was less thano 2 psig. Often the mzale rum tees required silver soldering
to achieve leak tightness.

The rezctor indicated in Figure 1 (not shown in Figure 3) is an

internzlly recycled catalytic reactor cobtzined from Autoclave Engineers.
A diagrzm of the reactor is showm im Figure 5. This reactor system consists
of a mzgnetically driven impeller located directly under a varizble volume

catalyst bed. As the impeller rotates, gas is recycled through the bed
at a rate proportiomzl to the rotztion of the impeller. In this manner,
continuous stirred tank reactor (CSTR) conditions cam be achieved. Thus,
kinetic modeling is greatly simplified for this umit as well as reduction
of the temperature rise in the catalyst bed due to the exothermicity of
the Fischer-Tropsch reactioms.

This unit has been successfully tested and is ready for catzlyst
testing following prolonged temperature tests at operating pressures and
completion of the calibration of the flow comtrollers.
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Figure 2, Traps and Condemser Network for (RU-2
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Figure 3 Thotograph of CRU-2

(At carly stage of assembly.
Recorder at lower left is a 12-
point temperature recorder; re-
corder at upper right is a 3-
point, 10-mv recorder for NDIR
analyzers. Switch box to left
of this recorder sequences time
between CRU-1 and CRU-2.)




Figure 4 Schematic of Trap Desi
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Figure 5

Internally Recycled Catalytic Reactor
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2. Catzlytic Reactor Umit-1l

Following the first catalyst screening test (discussed later)
in @RU-1, it was apparent that several modifications were required. These
modifications consisted of improving the condenser system to remove a& grezter
zmount of the liquid products from the gas stream and a2 simplification of ’
the flow system to improve operating comvenience. These modifications have
begun and will be completed during the mext quarter.

3. Anzalvtiecal Packzge for Product Anszlvsis

One of the key features of the proposed resezrch program is the
careful attention to the detzils of the product distributiom for the ver-
iousg catalysts which will be investigzted. To this eand both continuous
znd intermittent anzlyses will be obtaimed to document the performznce of
e catzlyst. Continuous analyses will be performed for cazrbon monoxide,
czrbon dioxide aznd methane using MSA non-dispersive imfrzred analyzers
(XDIR). ZIntermittent znzlyses of the complete product spectrum will be
azchieved by gas chromztogrzphic anzlyses. Beczuse of budgetzry restric-
tions on the conitreact, it became appzrent that replicztion of the zmalytical
portion of the two systems was not feasible. Therefore, comsiderable eif-
fort was devoted to developing an anzlyticzl package which would be com-~
patible to both systems and achieve the goal of continuous momitoring of
ezch rezctor. This package was described im detail in the first quarterly
report. AlL of the components arrived during the second period azmd were
penel mounted into a mobile umit by Mellon Imstitute's instruments shop.
This unit is shown in Figure 6.

In the second quarterly report, we noted that the carbon dioxide
r zppezred to be less respomsive than its specifications predicted
should hzve been. Further investigation established that the unit had
been incorrectly semsitized. In fact, the umnit shipped was zctuzlly z car-
bon monoxide znzlyzer. This unit was subsequently replaced by Mine Safety
Appliznces. However, the replacement unit also proved to be unsatisfactory
since it was semsitized for 0-100 millivolts, wherezs the specifications
stipulated a2 sensitivity of 0~10 mv (to be compatible with the 3-point,
10 mv recorder housed in the unmit). This seecond umit is expected to be
replaced in the very mear future. The methanme and carbom monoxide zmzlyzers
were tested thoroughly by blends of synthesis gas using the gas-delivery
system of (RU-2.

L. Task I - Summery and Work Forecast for Fourth Quarter

Tzble 3 summsarizes the work that is scheduled for the next quar-
texrly period. Severzl modifications of CRU-1 will be undertzken to improve
the operztion of that unit and, thereby, facilitate the Task II assigmment
gcheduled for comtinmuztion.
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B. Tesk IT -~ Cztalysts Screening Tests

1. Introduction

Task IT represents the most important task in this reseasrch proj-
ect -~ the development of catalysts for the synthesis of gaseous hydrocar-
bons. The primzry gozl of this project is to alter the typical product
distribution indicated by the solid limes of Figure 7 to that indicated
by the dotted curve. This will be accomplished by a careful analysis of
the process verizbles including catalyst choice, reactor temperature and
pressure, and EZ/CO ratio. )

Work on this task began as scheduled during the second quarterly
period. To ensure safety of operztion as well as facility of reactant gas
blending, rezector comtrol and product zmalyses, preliminzry studies involv-
ing olefin hydrogenztion over 2 thoriz promoted mickel catalyst preceded
the experimsnts involving hydrogenation of carbon momoxide. These studies
proved to be a useful method of training mew persommel in catalytic research.

Since the studies of Frznz Fischer and Hans Tropsch during the

1920's in which they reported[1] thet alkalized irom turmings at 100-150
gtm of hydrogen plus carbon momnoxide and at 400-500°C catalyzed the pro-

duction of oxygenzted and zliphatic hydrocarboms, comsiderzble efforts have
been devoted to understanding this synthesis and to improving its efficiency.
Excellent reviews by Storch, Anderson and Golumbic[2] and by Greyson{3]
summerize much of the ezrlier work in this field; recent reviews by Mills
znd Steffgen[4] end by Vliasemko and Yuzefovich[5] update the literzture

on this subject. Lee, Feldkirchmer znd Tzibl[6] and Vammicel7] have dis-
nssed kinetic studies over z nmumber of catzlysts. Some feztures vhich

were obtzined from an amalysis of this vast quantity of information that

hzve & direct bearing of the objectives of this resezrch are summazrized
below.

2. Pressure Effect:

(1) For irom and cobalt catalysts, the average molecular
weight of hydroczrbon products increases with operat-
ing pressure up to 15 or 20 atwm.

(2) For iron znd cobalt catalysts, the fraction of olefins

decreases slightly with increases in the operating
pressure.

b. Temperazture Effect:

(1) TFor irom catzlysts, the fractiom of olefins increases
with the operzting temperature, whereas for cobalt
cztzlysts, the olefin fraction doesn't change much
with temperature.

(2) For irom and cobalt catalysts, the averzge molecular

weight of hydrocarbon products decreases with imcreas-
ing temperatures.
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c. HZ/CO Ratio Effect:

(1) For cobalt catalysts, the fraction of solid paraffins
is greater with & 2:1 than with 2 1l:1 ratio.

(2) For iron catalysts, the fractiom of light hydrocar-
bons (Cl-Cé) is greater with 2:1 than with 2 1:1 ratio.

While there are comsiderzbly more aspects of the work reported in the lit-
erature wiich zve important to the studies proposed for this work, the sbove
features will serve to orient our catalyst screening program. 1t must be
kept in mind, however, thzt the objectives of past Fischer-Tropsch resezrches
focused on the production of liquid hydrocarboms from hydrogem and cazrbon
monoxide mixtures, and, therefore, the catalysts were modified zccordingly

to produce the product distributions imdicated by the solid lime of Figure

7. Therefore, such genmsrazlizztions zs noted zbove will serve merely as
guidelines for future work om this project.

2. (Cztzlyst Screening Tests

Tzble 4 summarizes the results of three test rums on catzlyst
mumber Fe-Cu-Ca0-Kg-SZ-7. This typical Fischer-Tropsch type catalyst has
the nominzl composition of 100 Fe:5 Cu:30 Ca0:100 kieselgubr zad was pre-
pered by the coprecipitation of the mitrates of irom, copper aund czlcium
(slurried with kieselguhr) by the addition of 2 boiling solution of ammo-
nium carbonzte so as to be alkali free. Care was tz2ken during subsequent
washines to remove traces of nitrstes to ensure that the catzlyst remained
alkzli Tree. A sgimilar catalyst (Fe-Cu-Ca0-Kg-$Z-8) containing potassium
carbonzte is scheduled for water studies to test alkzli effects.

Reduction of the catzlyst in CRU~1l's fixed-bed reactor was achieved
in hydrogen at 20 psig and 450°C at 2 space velocity of 800 hr~I for two
days. Following reduction, the catzlyst was cooled to 150°¢C under a hydro-
gen pressure of 40 psig. Synthesis was started at this temperature by step-
wise increzsing the carbom monoxide and helium pressures after z six-hour
period umtil the £ipal desired composiition was achieved. This comditioning
period is similar to that of Dry aad coworkers[8] to stzbilize irom catalysts.

The primzry objective of the imitial rum was to train the research
associzte in the menipulation of a Fischer-Tropsch reactor. As aaticipzted,
severzl problems were emcountered during the course of this run. The main
probliem was pressure instzbility due to plugging of the lines downstream
froxm the rezctor by solid paraffins. The cause of this problem was imsuf-
ficient heating end insulation of the exit linmes; correction was achieved
during operztion by infrzred hezters. However, as a result of these "cor-
rections", the cooling system was inadequzte to remove all of the liquid
products from the gas stream. Obviously, this resulted in condeansztion
in unexpected places, thus causing greater prassure instzbility. The rum
was terminzted st that point and the unit was disassembled and inspected.
Most of the problems were corrected prior to rums 2 and 3.
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Table 4 Results of Screening Teslk on an Ti1on Catalystu’

Space Velocity Conversion
end /=17 end € Rased on % cl, in % €O, 1n
Run No. HZ:CO:He of Catalyst® Temperature cod Prodict® Prodiict® Comments
1f 2:1:7 2727 240°¢ 60.5% 0.9% 0.27%  Considerable
' waxes and heavy
liquids formed
28 2:1:7 6080 250°¢ 15.6% 0.4% 0.05%, G 0* paraffins,
a}cohols and
ketones
38 4:1:0 6480 240°¢C 19.5% 0.4% 0.04%  Greatest amt
220, alcohols,
- - 1
Cl6 HC' s

aCatalyst: 100 Fe:5Cu:30 Ca0:100 kieselguhr ( ~ 100 mesh size)

bReactor Pressure = 100 psig; total reaction time ~ 48 hours
“Potal Flow Rate = 3 liters/min.
d
Conversion (x) deflned as: - v [en
- ([col + [co,ly,, (fco] + [eo,D) e
coj + [CO
(Tca] + [eo,Dy,

ePercentages based on NDIR analyses
£

45.95 grams of catalyst used
£21.06 grams of catalyst mixed with 42.12 grams of alumina




In runs 2 aud 3, it became apparent that occasionzl checks of
the stebility of the feed composition by gas chromatographic or NMDIR znzal-
ysis required inmterruptiom of the flow through the reactor. Since this
ceused some discontinuity in the state of the catalyst's surface conditious
of umndetermined mature, it was decided to modify the flow system at this
point. Inm zddition to the zbove moted inmcomveniences, it zlso became ap-~
pearent that the traps were not operating as designed. As a zesult, the
gas chromatographic anzlyses required comsiderzbly longer time for comple-
tion than desireble due to the slow elution of the higher molecular weight
hydroczrbons. Thus, modification of the traps to those described in Fig- -
ure & also is planmed. While these modifications zre scheduled for early
during the next period, z schemzatic of the modified CRU-~1 was completed and
is shown im Figure 8. When completed, the unit will contain two multlaort
velves similar to those installed om CRU-2 to greatly facilitate convenience
of operatiomn.

3. Tazsk TIT's Summery and Forecasts for Next Quarter

As indicated zbove, zctuzl catzlysts testing begean during this

r. Three rums on iroun-based stzndard Fischer-Tropsch type catalysts

zred to be 2lksli free) were completed. The result of these thres
runs was to indicate pecesszry modificatioms inm CRU-1. These modificztions,

icated zbove, will improve greatly its comvenmience of operztion znd
2lify product zmzlyses by GC. They have been scheduled znd appear in
le 3. Eowever, during the next quarter the mzjor effort will be devoted
further tests with this iron catalyst to verify the generalization as
outlined. Tzble 5 summerizes these planned experiments.

C. Backzround Work for Task IV - Mechznistic Studies

The objective of this task is to obtzin z fundzmental understand-
ing of the hydrvogenztion of carbonm monoxide reaction. As mnoted earlier,
mixtures of hydrooen znd carbon monmoxide rezct to form methane under ome
set of conditions (methamation) or higher hydroczrbons (a2lkamnes, olefins
znd alcohols) -- the Fischer-Tropsch synthesis under zmother set of condi-
tioms. Since the catalysts zre similzwr in many respects, the initizl re-~
zZction intermediates, i.e. similar rezctiom mechznisms, must be common to
both syﬂtems Therefore, studies involving the cheracterization of rezc-
tion intermediates and surface species should be useful in understanding
both = -eact¢oz systems. Such studies, therefore, must imvolve techmiques
which permit the elucidation of relevant surface species. The coupling

of infrared spectroscopic techmiques with traditionzl mechamnistic studies
offers the greztest potemtial for providing the nesded informztiom. Tech-
nigues are being developed to facilitzte such studies for both supported
end unsupported metal catalysts uander this task.

To dzte the mzjor effort has been devoted to developing & tech-
nigue To study unsupporited metal catalysts by infrared spectroscopy. Since
the detzils of this zerosol-bed techmique for z nickel catzlyst were re-
Po*tcd in the first quacterly report, we will focus onm work accomplished
during this third period and indicate what future experiments are planmed.
However, a quick review of the technique might prove more informative.
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Figure 8 Modified Catzlytic Rezctor Unit-1l
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Tzhle 5 Scheduled Test Rums with Iron Catalysts

Coznosition Space Velocitya - Tempersturs
E,:C0:He Bl %
2:1:7 6000 275

300

240

2000 275

300

3:1:6 6000 240
275

300

9000 275

300
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1. A System for Studies of Nickel Aerosols in the Infrared

Since nickel is the most effective methaznztion catalyst, we hzve
initiated our studies using this material. Briefly, the zerosol-bed tech-
nique involves generation of the catalyst by arc-vaporization techniques,
gas-phase trazusfer of the aerosol to 2 long-path-length infrared cell where
observetions of surface reactions zre made, and removal of the zerosol from
the system by electrostztic precipitztion. Arc vaporization, which is the
most sophisticzted of the several unit operations imvolved in this process,
is employed as @ means of generating z clean metzl surface of sufficiently
smzll particle size so as to permit infrared transmission through the bed.
In this process, the metzl, e.g., nickel, is vzporized at temperatures in
excess of 4000°K by transfer of a high intensity electriczl arc to the sur-
fzce of z plug of the metzl which serves as the electrode for the circuit.
Since the metel is well above its boiling point, veporization occurs at
& rzte proportionzl to the zmount of hezt trazmsferred to the surface. Hence,
2 dense gzs of metzl ztoms is produced. In this case these nickel atoms
or atom-clusters are razpidly quenched within the vaporization chamber, and
ere swept through the system by the helium carrier gas. As the nickel azero-
sol emerges from the vezporizztion chamber, it passes through two heat ex-
changers where its temperature is adjusted as desired. The aerosol then

s into z 40 meter Wilkes lomg-path-length TR cell which is modified
to retard deposition of the nickel particles on the wmirror surfaces. Be-
czuse nickel in such finely divided stztes represents z potemntizl hezlth
d hazzrd, the zerosol is clezmed by passage through two electro-

€ &
static precipitators in parzllel before venting the gas. Adsorbzate gases
cen be injected into the aerosol just prior to entrapnce to the infrared
cell. Spectrzl observations are made first in the zbsence of adsorbate
gases, 1.e., background conditioms, then in the presence of adsorbate gases,
e.g.. CO, EZ’ CO,, or mixtures of these gases. An equivelent concentration
of adsorbat& gzsés in the reference beam of the Beckmzmm IR 12 infrared
spectr

trophotometer used for these studies permits compensation for the gas
vhase effects. Thus, the difference between these two spectra represents
the spectzum of adsorbed species, assuming of course that the background
remzins comstant over this period. In this menmer, 2 number of mechanistic
studies will be conducted with the objective of characterizing the reaction
intermediztes zt the surfzce of the catalyst.

—\

egbsorb. These observations would be unobtazinzble otherwise. Because of
the manmer of operztion which is essemtially plug flow through the rezctor,
one is zlways observing a fresh surface. This surface may contain zdsorbed
speciles depending upon whether or not adsorbzte gases were introduced in-
to the zerosol stream. This means that z re-examinzstion of the cztelyst

1 the mamner essociated with pressed-disk IR samples is not permissible.
is places a stringent requirement on the rate of aerosol generztion --
St be coustant, and on the particle size distribution in the zerosol
too must be comstant. Tests of the genmeration rate during two-hour
ds of operztion showed that the rate of zerosol generatiom varies by
then 5 percent over this period.
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To date, this project has evolved to the stage where 211 of the
earlier problems zssociated with removing 16-kilowztts of heat from the
2-iiter veporization chember have been solved. As z result, we can gen-
erate zerosol routinely for zny desired periocd. We have moted, however,
that during severzl prolonged rums (2 to 3 hours of zerosol genmeration)
the operzting cheracteristics of the torch changed noticeably. The effect
of these slicht changes have been to produce drastic changes in the back-
ground spectrum. The overall effect is to produce a poor quality spectrum
which mzkes interpretation difficult if not impossible. We have traced
the source of these problems to uncontrollzble oscillzations in the current
supplied by the two welding mzchines which operate the plasmz torch. Since
we hzve been zble to establish z strong correlation between the operating
current level znd the aerosol genmeratiom rztes, we currently are exploring
mathods to exercise grezter comntrol over this behavior. A complete anzl-
vsis of the system's operzting characteristics is in progress. TWhile this
system's of asrosol fluctuztions has limited infrzred studies, it has mnot
prevented us Irom chzracterizing the catzlytic properties of the aerosol.
These zre described im the next sectiom.

2. Physiczl Characterizztion of the Aerosel Particles

Physchl charzctexization consisted of electron microscope exzm-
instion of the particles and surface area measuremen;s using physical ad-
sorption of argom zt liquid mitrogen temperzture (77 K). The surface aresa
mezsurerents were reported im the second quarterly report and are summzarizad
in Figuwe 9 as z function of the generztionm rate of the zerosol. These
dztz zre the results of several experiments obtained at z high torch-gas
fiow rate (60 SCFH, ©) aund at 2 low torch-gas flow rate (29 SCFH, A), and
they suggest 2 means of producing z ramge of surface areas of unsupported
nickel powders by this techmique.

The Debye-Scherrer electron diffraction pattern was obtaimad from

2 szrple of material which had been exposed to the atmosphere for severzl
months. The sample still retzined its typical intense black color, indi-

ting was not completely tramsformed to nickel oxide which is grey in
owever, the electrom diffractiom patitern deF‘nwtely indicated the
presence of nickel oxide., This is illustrated by Table 6 where the first
eight rincs in the pattern are assigpmed to line mumbers (corresponding to
lzttice plznes). The measured interplamnzr spacings were calculated from
the radius of the rings.

Figures 10, 11 znd 12 are electron micrographs of the nickel zero-
sol powder during thls szme generation run. The BET surface arez of this
mzterial was 44£.2 m./c which is equivalent to a spherical diameter of 133
Figure 10 which has z mezgnification of 25,000X (I cmt = 0.4 microms) indi-
cztes that the particles cluster im 2 "tree bramnch" configurztion with an
approximate size of 1-2 microns per aggreoate (longest length). This will
be detrimentzl to infrzred studies of -the aerosol. Figure 11 represents
zn 8-fald magniZicatlon (1 cm = 500 g) of this szme sample. Here the in-
dividuzl perticles cazn be observed to have a size close to that predicted
by the BET measurements. (No statistical znalysis was employed to coufirm

)} This mzateriel was collected by az point~to-plane electrostztic pre-
ation (P-T-P) techunique which directly sampled the nickel aerosol.
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Tzhle 6 Debve Scherrer Electron Diffraction Datad

Interplahar(b) Interplanar Interplanar(c) Interplansr

' (2) Spaci?g Spacing -Spaci?g Spacing
Tine No. Cale. Ni& {Mezsured) Calc. Ni (Measured)
1 &£.20
2 2.97 3.17 °
3 2.42 2.03
A 2.10 1.76 1.77
5 1.88 ’
6 1.71
7 1.59
8 1.48 1.1 1.2
g 1.40
10 1.33 .
11 1.27 - 1.28  1.06 1.08
12 1.21 ) 1.02
13 1.16
14 1.12
15 . 1.08 . 1.08 :
16 : 1.05 ' 0.881 .881
17 1.02 '
18 0.99
19 0.96 | _ _ 0.808 .804
20 0.94 .92 0.788
% = 12 + 1% + 4D ‘
bd = 3.52&4 N-l/z Ni0 is simple cubic
€4 = £.195 H-I/Z Ni is fzce centered cubic and only line mumwbers
corresponding to this structure are tzbulated
e .

£11 speciog inm Apngstrom units.
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On the other hand, Figure 12 which also has a magaification of 200,000X

(L cm = 500 &) was collected (during the szme rum) om & "Millipore mem-
yrzme' (Millipore Co.) by drawing the zerosol through the membrane with

the zid of 2 vacuum pump. The micrograph shows that this "forced” cozgu-
lztion method produces layers of the material which must be fractured in-

to pieces, but the szmple features are similar to the P-T-P sample. Both
figures show that there is significant necking between individual particles,
thus indicating zt least some growth by coagulation. This coagulation prob-
2bly occurs during the very early stages of particle gemeration.

3. Qatalytie Hydrogenztion Studies

We reported earlier that the catalytic activity of the aerosol
gemerzted mickel powder had been studied by ethyleme hydrogemzation at room
temperzture. Analysis of the data show that this mickel is quite active
catzlyticzlly. Since 2n extensive literature review of ethyleme hydrogen-
ztion is still in progress, the significance of these results have not been
zssessed fully. Therefore, we will deleay further discussion until the nexzt
quarterly period.

&, Summzry and Task Forecasts

Tn summary, the electron micrographs have indicated that: (1)
the method of sample has mo effect on the zercsol powder which implies that
the semples collected for catalytic experiments by forced coagulation (i.e.,
"pi1lipore” membrames) should be representztive of the zerosol; (2) the
observed individual particle size (~ 150 8) is quite comparzble to that
czlculzted from the BET adsorption datz, indicating that the material is
pon-pozous; and (3) significant pecking between individuzl particles pro-
duce zgerezates zbout 1-2 microns inm size which will significantly reduce
the infrezred tremsmission of the azerosol. Unless dezggregation can be
achieved, the prospects for infrared studies are seriously jeopardized.

On the other hend, comsiderable progress towerds an infrared techmique for
studying unsupported metal catalysts has been made. The fromt portions

of the unit have been completed and =z fundemental understanding of how the
system works is becoming more apparent. For exawple, Figure 9 indicates
that a range of surface areas and, equivalently, particle sizes can be pro-
duced by judicious choice of operating conditionms. This opens up the pos-
sibility of investigations of catalyst activity as a functiom of particle

gize for this materizl, which should be very interesting.

During the mext quarter, the ethyleme hydrogenation amalysis will
bz completed and design of z system for studying the hydrogenation of ben-
zene will be undertzken.



IV. CONCLUSIONS

Throughout the previous sections, we have stated the work accom-
plishmentsduring this quarterly period. In Task I, Catalytic Rezctor Unit-
2 (CRU-2) weas completed and pressure tested. A problem associated with
the CO, NDIR znalyzer was traced to aa error in the czlibretion znd ship-
ment oI the instrument by MSA. A new instrument has been promised for de-
livery within a week. In Tesk II, three runs on an iron-based, alkzli free,
Fischer-Tropsch catalyst provided needed experience im mznipulation of
CRU-1 and zlso indicated the need for minor modifications to make the umit
more comvenient to operate. A greater understanding of the nature of the

grc-vezporized nickel aerosol was achieved through zn electron micrographic
study of the nickel powder.

This resezrch program has returned to the originzlly proposed
schedule for completion of tasks.
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I, APPENDIX A - CONTRACT TASKS

The investigation of catalytic syntheses of gaseous hydrocarbonms
shzll proceed zccording to the following tasks:

1., Tesk No, 1

a2, Equipment and zpparatus shall be assembled and integrated for
the study of catalytic synthesis of hydrocarbons by means of gas chromato-
grephy and in situ high-pressure infrared spectrometry. Catalyst systems
ezploying both fixed- and fluidized-bed mode of operation shall be provided,

b. Simultzneously with this effort the Principal Investigator
shell zscertzin in greater detail through discussions with catalyst men-
ufacturers and users, the catalysts currently being employed for gaseous
hydrocarbon synthesis, and the principal problems with use of such catalysts.

2, TIzsk No, 2
Screening tests shall be developed for evaluation of catalyst
formztions used in synthesis of C -Cé hydrocarbons. The adequacy of the
tests shall be verified using catZlysts known to be effective for such
reactions., The tests shall be used to evzluate new catzlyst preparationms
that offer the possibility of improved effectiveness and resistance of
poisoning and sintering under the conditions of synthesis of various gaseous

-

hycrocarbons from carbon monoxide-hydrogen mixtures,

3. TIzask No, 3

The most promising catalyst formulations obtained from Task
2 will be used for kinetic studies. Data obtained from the studies will
be usad to develcp equations for predicting product yields of gaseous hydro-
carbons as z function of temperature, pressure, H,/CO ratio, and other ex-
perimentzl parameters. The date will elso be intérpreted in terms of pos-
sible rezction mechanisms, to serve as a guide for more detailed studies
(Task &),

&, Task No, &

Studies shall be carried out on the mechanism of formatiom
and types of reaction intermediztes formed during the catalytic synthesis
of geseous hydrocarbons using the apparatus and approaches described in
Task 1, In additiom, catalyst poisoning and mass transfer effects will
be assassed via 2 gas chromeatogrephic pulsed tracer techmnique.

1

.



5, Tzsk No. 5

Alternative catalyst preparation approaches will be under-
tzken, involving (&) the Michalko technique for imbedding catalytically
zctive metals at z controlled depth within a catalyst pellet, and (b) de-
velopment of catzlyst formulations for simultaneous shift conversion and
methanation,

6, Task No, 6

Tests of long=-term zctivity, poisoning, and regenerationm of
catzlysts shall be carried out in laboratory apparatus, and evaluations
of the most promising candidates shall be conducted in a fluidized-~bed
reactor.

7. Task No. 7

The datz obtzined from Tasks 1 through 6 shall be summarized
znd interpreted in the fimel report om the contract, This final report
shall include the advantages snd disadvantzges of each catazlyst system,
the economics of production of SNG and SLEG from cozl-derived synthesis
zas using differsnt catzlyst formulatioms, and recommendatioms for addi-’

=
d

tionezl research in the field of catalytic synthesis of gaseous hydrocarboms.
8, TITask Ng, 8

The Principal Investigator shall furnish comsultation and
zdvice on subject related to his expertise, at such times and places as
mutually zgresd upon.

These tesks shall proceed according to the following tentative schedule,

35



Reproduced from
best available copy

*32009X U} - s *sojup anp 110001 JuIFUYDDY, - yx
*35r2 UDATY v uT 310M JOo Epojiad PapUdIRD 10 GUNIIDAD o1q1ssod a3ndJpul sBUT] poNSLp YL -
ORI - - . e .. R
T JVOUT 01 *1°d g 9071Apy pur uoTIRINSUOY,, ]
' [}
_ 111a dse] i
" Kacuming
- 3o0{o1g
, 11A xar?_
Illl‘
L8250 AsA1LIe) poapudixy,,
! 1A sty
|
! . ——— e o e e . e i T e amrb = et o .. . -
' LBUOFILTEARIONARY]) pur wiaraedoag 15403 !
! A HSU] , _
| _
e e e et s bt et = e m i e PO T IR SEE . [P

L(SOINNIE AT UCYDD

RS SR/ LA

jmm————— -

\ i 1

! LEOIPNIS D1I0UTY,,
X 111 vusel
i
. - - e e e e ————
[ o e S e s -
._ L v1s0] fujuoasog 1shjuaed,
11
TR TN U F U —
/ ATquossy
1
0Ty Oy By hw u oy "uy by “ 5 uoudynbsy
/ A s . )5,
A ~ A ~ A 0 m , . 1 st _
i T v _ ’ : : T v 1
* i vi|lwt ¢ 1 ¢1 gtflst'wr ctdler 1t ur 6 8 L] 98 .\-m NT i
T R vt @z oi| 8l 1 _ viocipet ool s w _ 13

#:cqumnu:_ Hrty A0 M JO BHIUOKN N: % sz %

g3 npoyos syse] 1v aiqrel

36



der.

ing your or

1-888-584-8332 or (703)605-6050

info@ntis.gov

P Phone

f we have made an error in fill
P E-ma

ive ori

Please contact us for a replacement within 30 days if the item you receive
defect

NTIS strives to provide quality products, reliable service, and fast delivery.

SATISFACTION GUARANTEED

1S

Reproduced by NTIS

National Technical Information Service
Springfield, VA 22161

This report was printed specifically for your order
from nearly 3 million titles available in our collection.

For economy and efficiency, NTIS does not maintain stock of its
vast collection of technical reports. Rather, most documents are
custom reproduced for each order. Documents that are notin
electronic format are reproduced from master archival copies
and are the best possible reproductions available.

Occasionally, older master materials may reproduce portions of
documents that are not fully legible. If you have questions
concerning this document or any order you have placed with
NTIS, please call our Customer Service Department at (703)
605-6050.

About NTIS

NTIS collects scientific, technical, engineering, and related
business information — then organizes, maintains, and
disseminates that information in a variety of formats — including
electronic download, online access, CD-ROM, magnetic tape,
diskette, multimedia, microfiche and paper.

The NTIS collection of nearly 3 million titles includes reports
describing research conducted or sponsored by federal
agencies and their contractors; statistical and business
information; U.S. military publications; multimedia training
products; computer software and electronic databases
developed by federal agencies; and technical reports prepared
by research organizations worldwide.

For more information about NTIS, visit our Web site at

http://www.ntis.gov.

NTIS
Ensuring Permanent, Easy Access to
U.S. Government Information Assets



U.S. DEPARTMENT OF COMMERCE
Technology Administration
National Technical Information Service
Springfield, VA 22161  (703) 605-6000




