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FOREWORD

This report summarizes the work accomplished under contract AF 3”( 615)-
1210, for research on catalytic reduction of cerbon dioxide to methane and
waters This work was performed under project 6146, "Atmosphere and Thermal
Control”, and task 614612, "Oxygen Recovery From Car'bon Dioxide." The
effort was initiated on 6 Januery 196l and compléted 31 December 1964, by the
MRD Division of the General American Transportation Corporation, 7501 Natchez
_Avenue; Niles, Illindis 60648. The work was monitored by Tt. Derry W.
Marshall, Environmental Control Branch (FDFE), Air Force Flight Dynamics
Iaboratory, Research and Technology Division, Wright-Patterson Air Force Base,
Ohio 45433,

The work reported herein was performed by personnel withir the Chemical
anG Biological Research Section of MRD's Env:Lronmenta.l Systems Group, under
the direction of Mre. R. A. Bambenek and supervision of Mr. J; D. Zeff,

Mr. G. A. Remus served as project engineer withk the assistance of Mr. R.
We Ferris for the preparation and testing of catalysts.

Tll_is report has been reviewed and is approved,

/ ot _"'.’ J«;u:
¢ P g LN
- 'T,. J. Raker
,Assistant for R& T
Vehicle Equipment Division

Manuscript released by the author 15 January 1965 for publication as an
RTD Technical Documentary Report.
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ABSTRACT

A literature seerch was conducted to determine suitable cand:.date
catalysts for the Sa‘bat:.er reaction. A test system was des:.gned and fabn-
. cated for evaluatmg the candidate catalysts msterial to select an. optimum
catalyst. The system inclnded a reactor sized to . handle 2.5 1bs of CO _per
day, equivalent 10 one-man output. Three ‘smaller reactors weré alsc used.
to test more accurately the effects of changes in temperature, flow and.
catalyst configurationa

_The optimum catalyst gas determined to be ruthenium metal powder, having
a bulk density of 85 lb/ft and an average Dart:.cle dismeter of 0.002-0.003
inch. The minimum temperature requlred with this catalyst to provide over

9% conversion of 002 was 35( 1 at one atmosphere. a H,:C0, ratio of 4.k,
and a.space velocity of 310 hr™. During a thirty-day duration test ws.th
ruthenium metal: powder CO, conversion remained -essentially at 99%, and the
catalyst remained uncnanged. A short period of intermittent injection of
HyS gas into the feed gas line did not affect pe_formance. Operation at
reduced pressures down to 5 psia caused cnly a 1»2% decrease in C.'O con-
version with all other parameters held constant.

The theoretical equllw‘brlum reaction Yimitations are discusséd in the
reporte Various la‘boratory catelyst preparations and their effects on the

reaction are described, and conclusion and recommendations are J;sted at
the end of the réport.
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“SECTION 1

INTRODUCTION

1.1 Program :Qbjectives,

i
N

The overgll objective of this program was to .develop a catalyst which
would efficiently promote the Ssbatier process, i.e., reduction of carbon
‘dioxide with hydrogen :at low temperatures to form water .and methane :in high
¥yilelds. -Complete conversion :is promoted by operating :at 3009F .or lower,
based .on theoretical equilibria with stoichiometric guantities .of ‘hydrogen
and -carbon dioxide. 'The :accompanying ©objectives were: -

1. 'To welate catalyst performence with catalyst propertiés, -
Ppreparations :and possibile poiscning.

2. To determine :yields at varying *ten}peratures, filow rates .and
‘Pressures.

3. ‘'To measure .and relate power reguirements for heating :and initiaticn
of the reaction with :a system .capeble of pprocessing 2.5 ibs.
Cop/aay.

From the results of these Objectives, @nd won the basis of -z comparison
iof performance .and operating temperatures .and power regulrements -an -optimum
catalyst was to be selecteda

1,2 Program Phages

The initial phase of the program consisted of @ literature .search of
publications «of work weported for the reactions between wcarbon dioxide and
hydrogen and for @ll catalycts mtilized in fthese reactions. From this
isearch ;2 Listing of candidate catalyst materigls was prepared.

‘The :second jphase -consisted of the .design :and fdbrication «of :an
experimental system which was wused to measure the catalyst perfio~ 1ance of
the selected candidate materials.

The third phase of the program was the ;actual testing of :catalyst
materigls -and the measurement of operating varidbles. In this phase data
were «collected -on yields, temperatures, flow rates, pressures, and pover
requirements for the -various materials tested; ithe .effects of using
-Aifferent catalyst preparations were also correlated with catalyst performance.
‘The test xresults fram tais Phase were used as the basis for selection of
the .optimum catalyst :and for the final program conclusions .and recommendations.
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1.1 I‘rggram QbL tives

i

'
.
R R 1o 4 e i

The overall objective of this program wes to &e?elon 2 ca.te.l;rst yhich
would ef'fic.;enﬂy promote the Sa‘be.tier process; i.e. > reductiou of carbon: -
dioxide with byd.rogen at low temeratures 4o form: water: and nethane in high
yieldss Complete: ccn“ersién is prmotea. by opera.ting at 3000F cr lower,
based:-on- theoretical équilibria with stoichiometric quantities of hy&rogen ] S
and ca.r‘bon d_o:dae. The accanpa:m.ng ondectieas weres ‘ ) -z
1. 'Io relate ca.ualrt per"omance with cata]yst pronerties,
preparations and possible pcisonings . -

2, To determine ,ne.xds 8% v'.::'ving temperatures, fiow rates and
pressures.

-

30 “To-measure and relate DPowes requ.i:::enents for heating aﬁa :!nitintmn

of the reactien with & syste:n capable of :processing 2.5 Ibs. . - - ’
coglaay. : . L : i
From the 'resul‘l'.s of these obaectives, and oi "the hsis of a- calpe.rison =
of performance and operaﬁng temperatures a.nd :power :requirenent. an, optmm R -3

] ca.talyst wasto be selected. .

1.2 Program?hases E ‘ h . : - ;' - !' V o o
The Initisl phase of ~'t'.he program consis’c.ea of a literature search of
publications:-of work Teported for ‘the rvactions between- car‘b'\n dlon le and:
hydrogen and. for ait ‘catalysts o il.zeal in these reac‘cions. h‘an ‘bu.'.s
search a listing of’ canaldate ca:ba]:yst mterials “Was- ‘orepare&.\
The second phs.se consisted: of-the demgn and i‘a‘brication ‘of &n:
experimen’cal system which was used to measm'e *tfhe cata]yst perrormance of T
‘the selected candidate ma‘berials. - , - b

‘The thrrd Pphase of the program was the -actual testing ot v.,a‘t*a.lyst
materigls and. the: mee.surelneni: of opera.ting varia‘bles. In this paase data
were collected on Jields, temperaturés; Llow: :rates 3 PLessuresy and power _
reuun'ements forsthe various materials tested,“ ‘t‘he effects. of using i
differént cetalyst preparations were .alsd corrélated with cata]Jst performance.
The test results. from This phase were vsed 8s uhe ‘oa.sis for seléction. og
‘the optimum ca‘talyst and. for ‘the. i‘ma.l program conclusions and recomendatlons.
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SECTION 2 - A
7 LITRRATURR-SEARCE %

on CO2 nethu.mtion and. :ceduc..ion catalysts tased on :Inuepeaient, gcvern-ent
+nd industrisl research The investigation was not limited only to reactions
whick give methere andva.’ber as the. primary erd products but alzo- considered
the general kydregenation -of csroon: dioxide regardlesg of end prodncts,

‘because “the catalysts used had pcte.tial app]ieatim, with: )odii‘ieaticn, to
the Sabatier process.

2.1 Inc‘tependentResearch o - ) ' -

oyt Mﬁ—vv»«dﬂ»- =
> . . "

‘The investigatioz of in&epenﬁeiﬁ; researcn was initiated with an: extensive
examination of the American’ ‘Chemical Society “Chezmical Abstra.cts‘
References cn. rethanst jon-and :recmction of carben: amnﬁe ersa examined:

: Mginningviththeyea.. 1900 and extena.ing «)n‘mghl&f}. A large nimber of
references, approximately seventy, were found pertingnt and their- -abstracts
racorded. ‘SHghtly over- -cneshelf df the references dealt with. methane as the .
002 reauction product, . w‘hﬂe the remainder indicated I:roauction of’ h:lgher i
hyaroearooas, caroonmonoui&e, an&:gure carbons ) i

‘Meny catalysts and combinations of catalysis were ﬁescribed, . *chose
which indicated the ‘highess. nmethanation capebility were Group VIII metals -
Ru, Rh, Ir, Wi, and Co: Barly vork (1925): by Fischer and-Trcpsch showed: )
that mthemm Will promote the reducticn of C% with B 10 -give only c&
and B0 at '300° %o 00° F and atmospheric ,pressu:e, with cooplete conversion
.of the coa, pertial conversion starts.at 20Q°F Various other nems ﬂ.]l .
also give comple’oe cenversion but. not necessarm -at as low ‘l’.emneratures as
with ruthénium. The order of nethamﬁng a.etinty of these me‘bals isas ‘
shmm above, acceraing to‘Fischer. i L . -5
Catalysis other than Grmp,VIII ;oure metals prcmoted t‘be formation of
- higher lwarocar‘bons sucl as :’r*mlde‘hyae. “Thesé ca.ta.lvsts were alloys of -
Group VIII metals with each cths- or with Cu, Ag, Au; Zn,. Mn, JBa, Cr, or ‘
oxides. of Aly Zn,. Cr,uZBa, Mn, Sh, Ce, Irh, Mo, or Ii. T

In aa.dition to ‘the Chemical Abstracts, the ‘Science Abstracts published
by the Inst'ltutlon of Electrical Engineers -and ‘the Engineering Index
yublished Yy Engineering Index, Inc., were :imreS‘l:i.ga:tzea.~ they- dﬁ xot provide -
any data. beyond that ‘shown. I in the Chemlca.l Abstracts.

2.2 Governmen‘l; Pu'blicahons

~-

Documents and publi ca‘bions From verious government :resea:rch and testlng
la‘bora‘tories als0 were inveshgatea 3in -the same wmenner, particularly in
Iight of ‘the Ilm‘ge mnoun‘b of work per.formed in: recen’b years in ‘the ares of
ca‘te.lysis ‘by thése agencies.

The ntera‘t;ure gsearch of government publications on contract :projec‘ts,
symposia, e.na indopenaen‘t &'eports Inclunded:

i
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Host of the infomtioa extracte& ﬁ'cn +hese sources confimea. expandel,

. :,em, Technical Abstracts &ﬂl’etin ’

.

ARG, Fucleer Science Abstract h
¥ASA, Scientific and Technical Aerostace Reports
KASR, Techricel Prblications Apnouncements

MASA, Internstionsl Aerospace #bstracts -

O‘S, J. S: Gmrezment Research ‘Renoris

T or refmed eerl.er :referenced vorx.

.3 Indus‘cr:.al ?ublicaﬁoas

-.gated as
I
2.

3.
1&.

5.

6.

Pa‘bhca.%lms ‘by mo.ustrral g,ata]yst mnufact\n-mg concems were investi-

h.

=7

Bngleherd Industries, Int.; Technical Bulletin,

: Platimen Metels Review (3’. ?Blshon & Co.),

Ruﬂzennm. The Metal, Itleloys . Chem:.cal Cannounds and
Ca‘ba];yh.c Properhes (a.n _nterna.tional Hickel Go., Inmc. *broc}mre) 5

Anhotated Bi‘b]iograp!w -on Ru%‘hemmn, Rhoamm, -and Ir.:”um *as
Cetglysts {Thé Internstionsl ]1(:1(..1 To.,y Inc.) 3-

General cgtalogues aescri‘b...ng caxmerc:tal‘ly avallable cata]ysts, .
methode: of production; and-equiraent and: proz:eﬁures For- evelustiag.
catalystlc paremeters were obtained from Engelhard: In&ustries s Inc.,
~J. Bishop % Co., Nuclear: Metals, Incs, Dow Metal Products Div.,

Dow Chemicel Co., In‘herna‘tlonal Nickel Co., Inc., The Harshew

.Chemical Co., Catalyst s1id Ceram:Lc Div., Ghemical Products Division

of Chemetron Corp., Ca‘telytlc Com‘oustion Corp., and Fansteel
Metallurgical Corp. .

Catslogues dealing specifically with catalyst supports and promoters
were ob%ained from the Norton Cos, Johns-Mamv.ﬂle Celite Division,
Kreft Chemical Go. {Chicago) 3 Temms Tndustries Co. (Chicagd).

The

Iiterature search indicgted the successful use of seversl materials -
as catalysts for carbon dioxide reduction with approximately total methanation

at ‘temperatures between 3000 snd 500°F. Of these materials, ruthenivm

provided the best performance, while other Group VIII metals also ca:talyzed
carbon dioxide reluction.

AlX

of the references consulted In the three areas of the li‘bera“bure »

search sre *ta‘bula“teﬂ in the appendix.
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SECTION 3 -

The experimenisl system. vas aes:.gned and i‘a‘bricated to operate at &
nowingl tapacity of 20 1bs. carbon dn.ondej’aaw over 8 test. ‘temperature range
from 2000 to 600°F. and at pressiures of 5, 10 and 14,7 PSTA.. The system was
to vrovide the test data reguired to accurately monitor catelyst performancs
in terms of the rea.ct:.cn ylela. a.nB. temperature, at varied flow rates. ‘

. The system consists of.
3. A reesctor and electric heater vit . :veriable roltage control
2. GO, and By iild%; reéﬂatgrg: and rotameters °
3. A temperature sénsing. controller for operation of the healer
k. Menometers for rsactor pressure indication
5. An outlet gé.s water trep abd sbsorbent
6. An outlet 'ge.s_ flowmeter

T~. Thermocouples. end ‘hemperature 1nﬁice.tors.

A gas chroma’ccgra:o‘h &nd: several infra-red detentors ~were used to monitor
the dnlet and ou*.;let gas stream composition.

Four B.ifferen’c reactor configurations were used in the experimental
system during different phases of testirg. As- the program progressed it
‘became spparent that dii‘ferent .configurations were needed becruse no one

configuration alone proviﬁed for sccurste measurement of all ‘the testing
varigbles.,

3.1 Reactor Confipguration

3.1.1 Réactor 1-G

The first reactor was fabricated from glass. This reactor was utilized
prior ¥o the design and fabtrication of a fullw-size stainless-stesl reactor
for preliminary testing with commercially prepsred rholium and* ruthenium
catelysts. The purpose of these tests was to obtain experience with catslysts
as supplied from a comm3rcial source and to observe any performance

characteristics which might affect the design or fabrication of the full-size
reactors

The 1-G reactor was made of Vycor glass, cspable of withstanding 1200°F.
It was 1 inch in diameter mnd 18 iInches long. Approxima‘bel‘y 35 grams of
! /B-uinch catalyst pellets filled & 10-inch length in the tubz. Two 1/8-inch
-Qlameter thermocouple wells ran through the length of %he ‘tube.

A series of preliminary tests were run with the gless tube at low COp

RPN
.




feed rates (0.2-0.3 1b. CO, /&ay) , and no unusual results. were noted.
Gonsequently, the fu]l-size reactor was fabricated and incorporated into the

system,

3.1,2 Resctor 1-8 4

The full-size reantor, designated 1-S, was made of stainless-steel and
was sized to handle the carbon dioxide output of one man. This xreactor was
suitable for use with catalyst particles gbove 0.0% inch in dismeter.

The d@mgn of the catalytic reactor was based on thrge.maagr factgrg,:"

Y. A carbon dioxide flow of 2.5 .].‘bs/day with a stoichiometric ng‘xitity
of hydrogen. ‘ -

2. A catalyst bed space velocity nominelly of 500/hr or higher with a
catalyst bed lengthfdismeter ratio tetween 3 and 4.

3. Control of the catalyst bed temperature both B.ur:Ing sta.rt-un which
requires heating, and during continuous opera.tion Vh:.ch Tequires

cooling. b -

Various other factors were considered, jncluding:

1. Treheating the inlet gases to reaction temperature before *‘he gases
entexr the catalyst bed, .

2. Preventing outlet gases from cooling and condensmg 1120 formed in
the reaction,

3. Simple but muitiple temperature measurements at selected points
: ¥ithin the xresctor and cetalyst bed,

L. Simple removel and replacement of the catalyst material.

The reactor assembly drawing 3z shown in Figure 1, ard 3 photograph in
Figure 2.

Based on the reguired coe flow, space velocity, and ded length/aiameter
ratio, for operation at approximetely L0G°F and 1%.7 psia the catalyst bed
dimensions are 8-irches long and 2-inches in dimmeter. The bed volume is
2k evbic inches and holds epproximately 450 grams of 1]8-inch cylindrical
alumina pellets. To provide for removing the heat of the exothermic reaction
the reactor was fitted with & permanent cooling Jjacket, which forms an
annular passage around the length of the catalyst bed. The anmulus is 1/16-inch
thick, and alr circulates during cooling along the bed length perallel to
0N :ﬁ‘low vithin the bed. The annwlus is only 1/16-inch thick to minimuze
resistance to heat transfer during start-up or subseguent bed heating. An

electric heating tepe, with s nominal output of 150 watts, was wrapped spirally
around the ou‘bsi&e of ‘the jacket,

Incoming C:()ﬁ an& are heated to reaction tempersture by rassing )

centrally through the length of the catalyst within a 1/2—incn diameter tube.

r mr e e
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After leaving this tube tiae gases reverse flow direction and pass through the
cztelyst bed. By this means the center of the bed 2s cooled and the inlet
gases ere simuitaneously preheated.

The end of the reactor where.gas flow direction reverses is f£i%ted with
a flenge and remcveble end-plate for access to the -catalyst. A silicone
rubber O~ring seals the end-plaie to the flange. A thin metal baffle plate
is attached to the inside of the end plete. This beffle prevents gas Tlow
from striking the end-plate and traps & stationexry ges volums to prevent over-
heating of the end-plate and possible damsge t0 the O-ring seal.

At the opposite end of the reactor a 1/2-inch diemeter outlet tube ais-
charges from the wall of the reactor. HoOt Temetion gases contevt 811 surfaces
of this end to maintain & high temperature and prevent HZO condensation.

The catalyst is contained between two removable peri’ora'ced B.lsks v“knch

slip over and ere supported on the central. ges inlet tubg. Iwo “temperature
-wells of 1/8~inch diaretetr are located in the catalyst along the length of
(1) the gas inlet tube, and (2) the imner sarface of the reactor wall.
Tamperatures are-measured at verious points in the well ‘bymoveable ‘thermp~
couples, The resctor was febricated entirely from stainless-steel; g1l semms
wers helisrc welded, except for the thexrmocouple well connections which were-
Brazeﬂ.

"‘his resctor configuration provided data on gas Flow rates, power inputs,
gngé; temperature ‘control. ‘teckniques. :However, Juring operation, 8 1000-2500F
temperature gradient in both the axial and rsdisl direction of Lhe ccatelyst
“bed prevented accurate measurement -of the reaction temperature,

3.1.3 Reactor ats

ZPr:Lma.ri]y %0 -eliminate the extreme temperature graiient problem, a
second glass Treactor was fabricated, and designated No. :2<G. The reactor,
shown in Figure 3, provides the following:

1. A catalyst support for fine catalyst metel powiders, and catalysts on
fine support powders, up to 150 mesk;

2e A smaller rcatalyst bed volume which permits testing smaller :amounts
of -catalysts, and which mininizes ‘the ‘tempersture ,gradients in the
‘bed.

This reactor diﬁ'erea from “the original glass reactor {1-G) in that its
length to diameter ratio was approximetely 2:1 instead of 103 1, although ithe
totel ccatalyst bed volumeq were approximately the same, The 2-G reactor
was ‘hested ‘externally by a spirally wrapped heating coil. WNo provision was
made for cooling the reactor because it was :anticipeted that radistion and
convection .away from the -outer reasctor isurfaces would provide adequate hest

" removals

Two thermocouple wells, ‘one ‘at the bed wall and ‘the other @t the bed
‘center, were used to measurs temperstures within the catalyst. Inlet gases
were not preheated.
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Although operations with: this reactor -essentizlly -€liminsted excessive
‘temperature gradients in.the catalyst bed, and permitted testing -of cataiyst
powdérs, the reactor voiume was 1Arge and did not provide for ‘hesta_n'g of Jow
velumes, in the Tange of 10-cc, of -catalyst mat..mals
3alh Reactor B-G s 7

In order thet -tests ‘could be perfomea 'on Jimited :amotnts ©f -cetalyst, =
{;h:ra :glass reactor ﬁaesigna:cea 3—C) was i‘abrica.teﬁ. This reactor is shown

in Figere k. ) .

This reactor was -Gesigned primarily for testing pure metals in ‘Ehe
Platimm family wrich are generev:!:br availeble <on1y Ar powder form, @pproxis
mately 150- to QOOmsh (0.003 “to ‘04002-inch average ;oart:.cle B:J.a;meter).
Flow in #his-reactor is upward, :since preliminary tests showed -downward Flow
“hrough powler of this mesh 'size ¢restes a very high (3-14{951) ‘pressure 3rop
‘through @ 1~ to 2winch déep ldayer, ‘The top .of the remctor is curved Into
:an €lbow :and theated to prevent condensation :0f product water wiich :could
fotherw:.se wcondense anB. collect on *b"he xca.i;a.".LyS'i: surface and 3_mpa3m “the _
Tesction. }

342 Test ZMoni‘toz'iﬁfg 'é.na. 'Contro":l_ "System

The test monitoring :and «control isystem ‘consis uea of the Ffollowing
xcomponents ms :shown'in Figure 53 :

1. 00, =nd §, Flow repilators and Tobometers

2+ A temperature sensing rcbﬁt’ro";[mer Ffor heater «operation

3. A water manometer for imlet weactor pressure indication

4, An outlet gas flowmeter ‘

Be 'Thermocouples :@and tempersture Indicators

6o (Gas :analyzers for measuring feed and outlet gas 'composiitirons_

‘Ehe iCO2 :and ‘52 flow regulsitors were 1/ linch Nuclear Progucts Company
werni€er fine metéring valves, fed by Bastian :and Blessing low pressure
singlemstage regulators set @t 2 psige ‘The robometers were Fischer and
Porer 28A=10202 glass Ffilowmeters with isapphire floats, with @ nomingl
maximum wapacity of 960 <ccfmin ibased on standard @ire 'The temperature
controller was & West Tustruiment Corp. Model J indicating pyrometric centroller
actuated by i thermocouple ssensing the catalyst bed temperature. The -outiet
gas flowmeter was :an American Meter Company Model Wo. AT~1T«1 Wet Tes't
Meter, having @ maximum flow xate capacity of haT Zlﬂ.ters//:hr. 'The ‘thermo=
couple used was Chromel~Alumel, and the temperature indicator~recorder was
& Minneapolis Honeywell :Sh=point multipoint mecordere

A Beckman (GC=2 «chromatograph with @ thermel :conductivity detector was
used initially %o monitor ‘the irilet and outlet gas :stream. 'The chenges in
composition were fairly rapid :and he «chromatograph response time was
insdequete for clogely relating degree of :conversion to “temperature.

10
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Subsequently; the chromatograph was replaced by two Mine Safety

Appliance Co. LIRA Model 300 Infra-red detectors both veading 0-3 CCp by -

volumes. The dotectors continually and: separately monitored the et and
outlet gas composition.. The signal from the outlet de‘bector was fad Intd
a series of points on the ah-po.mt recorder %o give a relatively contihuous

indication of degree -of GOo conversion simuitanecusly with femperature
indicatione )




- SERTION %
CATALYST msmm’s: "PROGRAM

The C&t&].YSu tesmng program was concerned w“l-.h the actual peri‘omance
rating of :a series of catalysts tested under “V&I‘J.ea opera‘t:mg conditions.

The primaxy objective was %o ’detennme ql:‘he o‘_ot:.mum catalyst which would pro= _

vide essential:y compiete (99% Or higher). TO,,. conversion at the Yowest
Lemperature, The accompanying major o‘bgect:wes were to relate ca‘talys"t Yer=-

formance with. cata.l.yst properties ard preperations, and to 'de“temme ‘temperature,

pressure, end space velocity -effects on CO, conversion.. During testing the
power and cooling nece<sa:cy for initiation and control of the reaction were
‘measure@ for a sysk bem opereting -at one=man capacitys

L1 General Plan

The overall approach for catalyst testing considered sevéral basic
factors, First, the theoretical aspects of the chemical reaction weré
examine’ to determine temnerature and pressure limitstions, where possible,
based on chemical equilibrizm ‘theory. The theoretical calcu]atlons Iindicated
%he practical temperature :canges and the effects of su‘batmosphera.c ,pressures
¥or actual experimental ’cest

Second, candidate catalyst materials were ;orbcurea $pecitically as

_ tatalysts from industrial manufacturers, to teké advantage of the specific
Jroperties dc,s:Lgned into the wmeterials by ‘the mamefacturers. The physical
‘oropertlet of ‘these. @a‘ba]ystfs, such a5 size, »densuy, sha‘pe, chemical ¢om=
position, support material, ete., were used as the basis for Final selfectlon
Tor attual testing. -

S ’I'hlra, based on the performance of industrial catalysts,. laboratory
Preparations were made of high performance catalyst materials to show the
effects of :prepa:ra'hons on ‘the amount of’ G0, converted. Also, various
industrial catalyst materials were ‘oren“trea.%ed in %the mbomtory to determine
‘the effects of pre~trestments such as n;yarogen reduction, air oxidation, or
surfsace activation with mineral acids.

Finally, both ‘the industrial and ‘the lshoratory-prepared catalyst
nmaterials were tested under varied conditions of ‘temperature, flow, feed
composition, @nd pressure. These parameters were varied to provide
sufficient data to adequately rate the performance of each material, to
determine ‘the minimum opersting reaction tempersture, and to ultimately
determine the coverall optimum catalyst along with the power and cooling
requirements for sustained, controlled and efficient reactor operation,
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%.2 Resction Theory

The chemicsl equation Tor the Sebatier reaction st
co, * lé‘ﬂz —— CH, ¥ 2H,0
The éqx‘fi]i'brim relation iss
e 1707 -
K= -
P eogrE,tet

viere K = Equilibrium eonstant, pressure
11 = Volume concentration = MWole fraction
7 = Total pressurz
IF ‘the degree of conversion of €05 Is represented by X, ‘then ‘the mumber
of moles of G0p &t equilibriwm s 1 - X, of H is L - Y%, of CH, 3s X, of
B0 i3 2X, and the total present is 5 ~ 2X.

The €quilibrium velation becomes:

- Wi’ | g

From the Gibbs' free energy relationship, enthalplies, and standard heats of
formation the equilibrivm constant may be related to temperatures to give
‘the graph shown In Figure 6.

From ‘the equilibrium egvation @nd this graph, ‘the theoretical depree of
C0, conversion can be related directly to the equilibrium temperature. This
relationship Is depicted in Figure T which shows the maximm possible COp
conversion @t atmospheric pressurs and any given ‘tempersture for a
stolchiometric HyC0, ratio of 4l

From this curve It can be seen that, from equilibrium considerations,
it is desirable to operate the reattion at temperatures approximating 3J00°F
Yor 100% COp conversion, or wp to HOUOF For 99% conversion; operation zt
‘temperatures higher than these will prohibit this high degree of €0 con-

- versions

If ®ll of ‘the reactor bed were at = temperature higher than 4O0OF, it
would be Impossible to achieve 99% conversion, with ‘the actusl possible
degree conversion governed by the minimum temperatures in the beds In
Practice, however, ‘there is usually a tempersture gralient in the bed, with
‘the inlet rumning higher then the outlet.

15
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X; Theoretical Fraction of €0, Conversion

Figure 7

03+ Np > CH, + 260
R = H,3CC, ratlc, volumetriz
or-m Neantion Prassure, Pain.
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For ‘excmple, ®t the inlet where the tempersture msy ‘be 550 F;, @due %o The
exothermic energy release, conversion will approximste 96%, vhile the niddle
"3Is at 400°F with 99% conversion, and the outlet at 300°F, with -conversion
approachmg 100%.

Ccmplete conversion would ‘thus be achieved but ‘only because & sufficient
portion of the reactor was at S009F. The ideal theorstical reactor would
Operate isothermally at a maximum of 300°F, with the inlet gases preheated to
this temperature lével.. If the réaction could be initiated and .sustained &t
even lower temperatures ‘comple't;e -eonversion would 'st111 be achlnvea». This
Jower ‘temperature would be limited only by the vapor pressure anEi ‘correspond=
ing dew point of the product water. Conllensation of product water within the
«catalyst bed could have the undesiravle effeéct of decreasing the activity and
‘capacity of ‘the xeactors

The theoretical temperature to which ‘the gas mixture could rise In an
adiabatic reaction may be calculated . om ‘the standerd heat 1 ¥ reaction,
the heat ‘capacities of %the reactants mnd products, and the degree of COp
conversion.. By using mean molal heet capac:d;" es the ‘temperature mngy e fclosely
approxmatea. by ‘the i‘o]lomng equation:

T = Tpep, + W/, + 20, + 2 -X) G+ 1 Q-1 1y

fl.

where T ‘theoretital reaction ‘tempersture

Toop, T Standard reference temperature, TTOF (25°G).
;AHR = standard heat of reaction

X

ff

degree of €0, ‘conversion

€ = mean molzl heat capacity between T :and IP:R ¢
with subseripts 1 = fCHJL;, 2= H0, 3=T0, @nd
2 2,

=%,

Burves ©f ‘the teupersture versus ‘€0, conversion are shown ‘8150 ©On
Figure 7, Tor HpiC0p ratios of 4.0 and %75, {For H300, = 4,5 “the
zoefficient of (J_ X)CJ4 becomes 4,5)

The Intersection of this curve with the equilibrium conversion curve
Iindicates the maximm temperature to which the reactor bed could rise in an
uncovled reactors

As ‘can be seen from ‘the graph, thz ‘tempera'ture would approximate 1080°F
and -conversion would be 50%. This tempera‘bure is -of importance in reactor
design since it -demonstrates ‘the maximum to which resctor materisls would be
‘subjected in an -emergency ‘operation where cooling fsiled.
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For operation with the "He: €O, ratio greater then 4.0 the :famf.ly of" short
curves -aligned with the eth‘brnm curve shows ‘the effect of ‘these ratios
with values of 4.1, 4.3 and 4.5, At & Tatio of 45 'a conversion of 99% is
possible at tempera‘l'ures up to anproxmate]y SY5CF, as comparea ‘o UOOOF for &
5,0 vatics These onrves thus demonsivete thet '99-100% conversions ‘are
Possible well above the “U0GOF Tdmit if the Hp3iC0, ratio Is :mcreased by only
& §1ight amount.

The €ffects of operating &t pressures. below a'bnzospherao ‘can also ‘be deter~
mined ’theoret:ncal’]y from ‘the e€guilibrivm relation, by su‘bstltutmg appropria,te
values for7iin the - eguﬂi‘bm\m -equation. The dotted Tineé on Figure T shows
‘the maximum possible €0 conversion versus temperature for 'sto:.chlometnc-
H3CO, ratio of 431, but at 5 psia.

From the dotted curve it «can be iseen ‘that ‘the maximum tempera‘hure For
'99% conversion at this pressure is apnroxma‘te]y '366°F, which is -4O°F below
‘the maximum @t a‘tmosphemc pressure. ‘The ccurve shows that the effect of
-operating &t Tower ;pressures amay be foffset if 'Ehe regction ‘can ‘be catalyzed
to ‘completion ‘at & Jower tempersture. This agein is due o thé Fact that the
‘equilibrium constant Incresses. with ‘decreasing "’cemperature.

In UMYy, ‘the effect ‘of operating @t ‘subatmospheric pressures down to-
5 psia sshould be neg"hga.‘b;e from ‘equilibrium considerations in & reaction
‘temperature range ©of 300° ‘to 400OF,

"The £ffects of ‘changing the space velocity through the reactor cotild not
‘be predicted with Teli8bility, since these effects are dependent on the
kinetics of “the reaction, The Theoretical hnetlc agpects of the xreaction
|re such that 'estima‘bes of %he Teaction rate could be 3n ‘exrror by ‘one or two
‘orders of magni:tuae, Yased «on the present istate of Kinetic 'Eheory.

In practice the space veloclity ‘through the reactor was held In ¥he range
©of 500]111-, ‘based ‘on “the conclusions in Technical Documentery ‘Report To. -
FDL Bl~22, Part I, “Investigation of Tatalytic Reactions for COo IReductlon,

E, B, Thompson, Jre, October 195k,

4,3 Experimental Test Resulbs

In this section ‘the experimentsl results are discussed For all of the
catalysts tested In ‘each ©f the Aifferent reactors., Summsries of a1l tests
in the complete program ‘are listed consecutively in numerical order «@and are
:shown in the appendix.

Also in this section the commercial catalysts used are described along
with support materials. "The results of the tests are isummarized In terms of
catalyst performance, :and ‘the effects of various catalyst preparations,
temperature, pressure, and ispace velocity are related to overall performance.
Following the discussion ‘of the test results The Jetails ‘of the <Chemical

proparations are summerized for ‘egel ©f the catalysts prepared in “the MRD
© laboratoriess

Based on TOp conversion, sustained operation, minimum temperaturc, and
power ‘and ‘cooling requirements “the «optimum catalyst was selecteds
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%31 Catélyst and Support Materials

The materials tested in ‘this progra.m ‘ag ,potent:.a”l catelyst *canaiaa'tes
were selected froma Listing ’basea ‘on ‘the Jitersture 'search. 'The Aist of
icandidate materials was: -

Bu Rh, lr, Ni, Co, 0s, Pt; Pd, Ta, ?W, ), MOe
These Jna‘terials were jprocured. primeriiy from ’ca.‘te.lyst manufacturers but also
from: mnufact“'crs 6F the pure meta.ls or metal ‘oxides, The materials ,procurea
'specu.‘fical]y as catalysts were ‘supported, on various media,. mamely-, Blumina
’(LAZLQO )5 ‘éarbon, ‘and heselgu‘nr f@iatamaceous -earth). 'These wuppors. zmea:.a
. were 3n the Form ©of either 18 x 18 and 3]156 x 3716-1116!1 cylinders, ©
" powders ‘between 150 :and 250 mesh.

AY1 ©OFf the canﬂida‘be ;materials exeept tungsten :and tantelum were procured
‘specifa.ca:]ﬁ:y as fca‘ba]ysts :and. 'shpplied on ‘one ‘or more oFf ‘these .support medisa.
Most Lf ‘b‘he materials were -also procured ‘as pure metals in powder form rangmg
3n :size from 80 to 5250 mesh. ‘The table in. Figure B8 rs"nows @ Tisting of the
) candidete meterials ‘and ‘supports tested and £he. associgted experiment
muriber(is) For eath material.

For Initial %esting in ‘the program, commercial fca:te.lysts were selected
msteaa iof laboratory prepared ccavalysts, to take advantege of the Speclflc
ca*ta];y'tic properties dﬂs:.gned dmto “the catalyst :and ‘support by the commercial
mufacturers. In %his manner the «experience @nd preparative technigues of
these manufacturers were utiltl.zea,, -and the Likelthood ©f ‘successful reactor
'opera‘blon was increased.

Pelleted catalysts were used because they provided a high :surface area
for ‘a miven welight ©of catalytic &gent. This was of importance din testing
metals in the platinum family. Blso ithe pelleted catalysts were easily and
readily ‘tested in the Full=~size reactor while powdered meterials were mot,
since the pewders could pass through ithe perforated disks on Ehe ends of
the catalyst bed.

The pelleted ‘alumina~supported catalysts in the platinum Family were
5% metal by welght on #A150.. Physical exsmination of This ;:pel‘l =t ishowed
the metals impregnsted to \depths between O ‘and 03 Inches into the rsurface
‘of ¥he ®lumina, rather then :as @ very thin pure metallic layer on the outer
pellet .surface. MNickel and its oxide :and ‘amine derivetives in pelleted Torm,
‘both ‘on alumine :and kieselguhr :supports, were homogeneous pellets with mo
‘distinctive -outer isurface layer., The ‘amount of mickel in the pellets ranged
From 10% %o 60% by weight.

Although ‘the :supported «catalysts were metallic in msture, they were mot
felectr:.cally iconductive, indiceting that the metals were ‘combined with the
supports in other than :a purely mechanical fashion. "The :support materials
were :actlvated :alumina, pure carbon, :and kieselguhr, JKieselglihr is ‘essentially
‘a hydrous amorphous silica containing %race :amounts ©of iron .oxide, :alumina, and

‘other oxide impurities. :Several types of rcommercial kieselguhrs were used
‘88 ‘supports:
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o

8o Micro-~cell E Synthetic :calc:mm silicate fome& by reacting sai'atomi‘be:

-with Jime. Sudface area 175 majpm, particle size
=< 0.1 lb . Product ©F foo“hns-:Ma.nviiliLe fCorp.

be Filter-cel  Natursl ((‘uncalclnea) ﬂiatomi‘hea Surface area 10~15
tm%ﬂg;n, pearticle size Ubju. Proguct of Johns “Manviille
fCOI‘;p.

i, (000 Mulitimcel Dia‘tomaceous weerth. [Surface area 46,1 :1:12/ Jigm; ‘average
particle size 10-12,5 ji. Profuct ©of Tamms Tndustries
Cos.y "Chlcago, Tid, -

‘The surface :areas ©of seversl llmeselguhrs range betyeen 10 and: 175 @m ; ggm s
while activated gamma luning is 220 / gm, -and carbon. :Ls BOO 16 2000 m2/ BTl

Pure metal jpowders /and metal oxide powders.used In the program were used
-essentially in %he form o“btainea from commercial :sources. “The powders ranged
From 80 to 250 mesh, Ehe platinun i‘am:l.ly metals were Obtained from manufac=-
‘turers who desl in Tboth - catalysts :and the pure precious metals. The :other
metals and metel oxides were obta‘lne& from commercial sources in the chemical
and metEliurgicdl industries.

The physical properties, support material :and supply ssource for :all the
fca‘taﬂ.ysts wsed @are Lighed in the wappendix.

W32 (Catalyst Mests

The basic operating conditions For measuring catalyst ;performance were
as Follows:

o, Flow (one=manj) 2.5 Iﬂ.?bg,//:aay = 1430 co/min @it L abm.,, '1?(5035'
;8 Flow P Ls0 %o b5 x €O, Flow

Reector Pressure . A7, 1040 @and 540 psia

The Tuli~size .stainless isteel reactor, No. 1~S, was built .and sized %o operate
under ‘these wconditions, while #the three gloss reactors, Nos, L=, 2=, @nd

345, were built for sspecial purposes -and were not :designed :specifically to
woperate wnder @1l ©of the :gbove condiitions,

During cperation of the :system Ethe objective ©f performance testing
primexily was ‘to melate the degree tf carbon dioxide wconversion with
temperature, &t varied flow rates mnd pressures For @ifferent catelysts and
:supporits. The degree of .carbon dioxlde convension is the Lfraction :of carbon
@ioxide ientering which reacts with hydrogen to Fform methane :and water.

From ‘the weaction «eguation,

v », 1 . g
xcq2 #F lrge i i fcx;l+ “+ 20

the degree of .conversion .may be calculated Ffrom o measurement .of the inlet
and. -outlet “00,2 ‘concentrations. Assuming the product water #s condensed out,
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the degree ©f «conversion iss
| % = {(a = H)fa = be)
where X = HFraction ©F irﬂ:et (0(22 converted
A ® = mole Fractionof o, in et gas

b = mdle Fraction of €0,ih outlet gas.
with product.wetér fondensed wiit,

n the :é;cﬂ;uail. systen-where the Jnilet €O, !cdr_x::en‘trﬁ‘hi@n;, @, was-Fixed,
ithe Gag ree ©F €05 cconversion was read directly firom Hhe outdet as €O con-
centratien, b, o

"The @raph in Figure 9 shows the degree ©f €0, convension wersus C0p
outlet concentration For severdl dnlket (CGJ‘E «concentrations.

The -5 reactor was designed o @lilow ©pergtion @t one-man capacity with
measurements of carbon dioxide conversion, Teaction temperature ®nd pressurs;
@and isystem heating mnd cooling xreguirements. Mg will e @escribed siib-
sequently, accurate ccatelyst bed tempersture measurements were mot possible,
and smaliler reactons wsuch@s the 2<G @nd 3<G were meeded o decrease ithe
catalyst bed wsize mnd permit @ecurate temperature measurements,

Based ©on The resulits ©f the Niterature search, mithenivm @nd rhodium
were indicated dmitislily @s the ibest catilysts For dow tempergiture (0
methanation. (Conseguently both to test xreactor gperation :and 1o gain experi-
ence with the testmonitoring system .several preliminary ‘tests were initimted
with these watalysts wmsing the 1<G @gless meactor.

A&t @ 130, Thow ©F @pproximabely ©J2-man capacity («~ 00 ccfmin),, with
il_.f'/a8-=i'i:n<:’hw pellets of 0.5% rhodiun on @luming, conversion begen &t LOUOF, and
meached €/ @t 500%F. With similar pellets of muthenium, €0 conversion
ibegan @t .approximately 3000F @nd completed between 386° :and L5008, ‘These
tests :shcwed .no unusual results @nd testing was conseguently changed to %the
Pulil=sizi: 1«5 reactor.

32,1 Reachor No. &8 = A meries ©f ‘twenty~one itests were mun in
the 1-5 reactor, Ruthenium, iridium; .oud rhodium on 1/8~inch elumina pellets,
iand mivkel on Ig!/B-j:nc‘h kieselguhr pellcsts were tested in this series., Thege
weatalysts were supplied by commercial manufacdturers.

The best performance with this xesctor &t one-man .’002 cgpacity ((:a;p_prcx‘i~
mately WL cc CQ/min, HysCO, of Ui6) was witth awtheniun Fhere 9% €Oy
‘conversion .occurred at approximately SWOOF, 1 atm., and & space velocity -of
470 nr-L (Test #8). Spece welocity is ‘Total Gas Volume Flow Rete, S.T.P/Total
xmeactor Wolume.

The .other catalysts tested under the .seme conditions .and providing Hhe

‘same conversion reguired reactiun temperstures .of &5°F For nickel-kieselguhr
{#19) ‘and over 50°F For rhodium (#18). Iridium promoted no conversion up %o
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700°F (16, 17)» The temperatures indicated are the maximm Sn the cetelyst
‘bed and parts of the bed were at considerably lower ‘bemperatures. However,
any decrease below this maximm temperature resulted in Jowering of the
pereentege of €O, tonverteda

2
- ‘The lemperaiure in The bed of the 1-S resctor :can typically as Tollows: N
Inlet End Middle - Outlet End
a1l 395 - 5 250 (Test %-18) 1
Center 1ys5 503 : 275

The widdle of Ythe Yeactor ran at mgher ‘temperatures than either éend ©f the

8-inck long reactor. Once the reaction xeached complete 002 tonversion ‘the
.- maximum temperature rémained in the middle. However, at ¥ne start of the

reaction the highest tmeratu-e was 2t the center of the inlet end,

The temperature profa.le m the reactor rermained relatively constent
during ‘sus omea cperakion if alternate heatmg 2nd codling were p.operly
. regulated. When cooling wa8. not provided the reaciion tempereture would
- nse snonoannously &% one~man CCo i’ee& rates, and in some tests rose readily
3 ’ 750 'F 'and would have gone higher if 21lowed.

The l’arg‘e ‘temperature gradients in the 1-8 reactor urevented accurate
ceorrzlation ©f a true reacktion temperature with G0, conversion, end 21so
crezted difficulties in closely contro]_:mg ‘the temperature by either heating
or ‘cooling the reactor.

The pest performancas with the 1-5 rezetor at varied fract olons '0f one-man
capacity for these ¢atelysts were as Pollows, Tor 99% comversion =% 1 aim., ,
-e...& tCOﬁ s g 06. i

Cos Space Reactior ‘Test
CCl min "Vel.oln""‘L g.."b_g?e %y F .HOC
Ruthenium k72 70 540 8
382 380 175 11
221 220 500 15
117 ny 525 21
Hickel-Kies. U2 ¥70 675 19
382 380 640 19
291 220 530 19
117 17 410 19
Rhodium L2 ¥70 > 750 18
382 380 T40 18
221 220 667 18
17 17 585 18
Again ruthenivm prov.ided the best overall preformance although ‘the
req_uired reaction temperature J1i not decrease as anticipated with decreas-
ing space velocities, as it did with nickel and with rhodium. This disparity
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in temperatures is ettributed to the Fact that ‘the temperature measurements
for yuthenivm were made in Four different tests With varying chengés in ‘the
considerable temperature profile in the I~S regetor. ‘The ‘temperature measura=
ments ‘were seqiéntial during the same tests For mickel and for rholium, =end
showed &t least a consistent trend within Sach ‘test.

%,3,2,2 Reactor Yo. 2<¢ = The Aifficulties in megsuring a Yrye reac-
tion “bempera‘bure 3n “the I~S reactor led ‘to *the construction ©of the 2-G
reactors A series of twenty-=three tests (NOS: 22 %o Ul) were yun with ‘the
2-G reactors Rubhenium and nickel, each on 1/8-~inch wlumina, ©obalt and
nickel, esch on l/8-ﬁnch Kieselguhrs and yuthenium on lunine powae’r were
‘tested 3In this series. .

‘The 2-G reactor volume was @pproximately 0.25 of ‘the 1~8 reactor volume,
A fiow 02 N7 ce T [:nm (3n terms of space velocity,. ¥20 ‘to 11;703 was
equ:.valent %0 » ‘One~man 002 fiow $n the 1~3 resctor. At this ‘space velocity
‘he maximm temparature in the reactor Tor 99% €0, ‘conversion @t 1 atm. @nd
HEpiChy of k.6 with ruthenium on 1/8-inch @lunina Was 4BOF =t The outlet
of the catalyst bed {Test Fok),

The verticle temperature gradient was 200°F 4n “the weactor, bud this was
not unexpected becavse the inlet gases were not preheated. 'The Front end ©of
the bed heated The Inlet gas end ran at @pproximately ABOF. ‘Since ‘the -
yeaction is exothermic the true Y%emperature Yor 99% conversion in *the 24
resctor bed was between 3800 and UBOOF For Lhis ‘test. MThe radisl temperabure
graiient was approximately 100 - 15CR

To decrease ‘the vertical temperature gradient *t'he space velocity in the
Yeaeicr was Jowersd ‘to epprogimate values ©of 420, 330, 130, and 65 hrd 3n
the 1~S veector. The bes: perfomnces for approxmately fcomplete eonversion
(95-99%) at 1 atm. =nd 30, of LK5 vere:

O, Flow Space_, Reartion Test
cefmin Vel. hr Temp., F Nos
Rutheniwn 117 18 105430 o

1/8" Alum. 38 > 132 430470 31
15 €6 368-L12 28

Nickel 95 330 465532 36
1/8" Xies. 38 132 330-3% 35
19 (53 360-%00 3k

In these test uS the vertircal tempera‘t:ure gradient in the bed Jecreased
40 4OOF at 46 hr™Y and 759 at 418 hr ~L. The true resetion “temperature
was 't.hus ‘more closely related to CO conversions.

In later tests of ruthenium on ]JS-inch alumina (#37 »38) the degree of
Ty conversion -dropped OFf sharply to between 40f and 75% &t ‘temperatures
‘and velocities w hic"l Previowsly were adequate Tor 99% conversion, i.e.,
480°F end 118 m~ Reactivation of the ruthenium by reduction with hydrogen
at 300°F for I70 hours raised the conversion to 85% of expected capacity
(#hs) but only temporarily, since in the mext test the conversion dropped to
L8d (#L—‘l-)a at ¥15-Y¥230F and 66 1L,
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In a1l the tests with the 26 reactor ‘the ‘temperature and conversion values
were ‘gllowed to ccme o eqnilibrivm and stabilize by operating the system For
sufficiently long periods vp to one hour &t esch temperature Jevels

Tests with ruthenivm on alumina powder showed no conversion even up %o '70’()017',
Nickel on 1J8-inch glumina only after reduction with hydrogen at 6500F for
16 hours provided 38% conversion at G43CF and 66 hr~l, Tobalt on 1f6-kiesslgohr
Provided 83% conversion at 6770F and 66 mr-l, ~

Several 2dditional factors were observed during this series of tests:

@. Decreaging the H,3C0, ratio from ki o 4.0 decreased conversion
© from 96% o B0% (#381

v. Carbon dioxide Qesorbs from ‘the catalyst surface when “the bed
tempergture is lowered, g;iyigrg,ra ‘temporary, @pperent but False
change in 0, conversion (#26,33)

te 00, ‘conversion increases with temperature increase Up to @ particuler
temperature. Above this ‘-tempe;gthre conversion either increases no
Further or actually decreases (#35, 37, 38)-

d. With both mickel @nd cobalt catalysts ssome carbon monoxide
(©.25-0.40%) was Formed In the 500°-550°F renge.

The catalyst volume in the 2-6 reactor (83 cc) was too lavge For testing
samples of pure precious metal catalyst powderse The 3G reattor {10 <)
‘was bulilt primerily For this purposes

14,3.2.3 Reactor No. 3G = A series of 79 tests were run wikth ‘the
3~ reactor. 0Of this numbér 5k tests were run on commercislly supplied catalysts,
and 25 on catalysts prevared In the MRD laboratories. Both vertical and
walial temperature gradients in ‘the catalyst bed @pproximated 100F.

The majority of tests in the series were made on ruthenium @nd nizkel in
severel forms on various supporbts, and as pure metal powders. The remaining
members ‘of. ‘the plstinum group and cobalt were tested on verious supports, and
with ‘the exception of platinum zand palladium, as pure metals. In addition,
‘tungsten, columbidm and its oxide, molybdenum znd its oxide, and ‘tantalum
oxide were tested.

] ALl of ‘?thellca’talyrs?ts tested with the exception of two were in ‘the form
of jpowders or 1fB~inch and 1f16-inch pellets. ‘The two exceptions were
ruthenium on “two different metal gauze BsuUPPorts.

The best CO, conversion performance in all of the ‘tests in the 3~ reaztor
was with 10 -ec of ruthenium metal powder {150~200-mesh) which promoted over
99k conversion @t 357°F, 1 atm., HytC0p of b5, =nd & space velocity of
310 hrd {'rest #53). This performence was schieved only after the ruthenium
was activated with nitric acid washing and air roasting as described in
Section 4.3.3«1« The raw, unactivated, ‘commercial ruthenium powdsr promoted
no conversion of €0y up 4o ¥759F; after reduction with hydrogen at 3259F for
16 hours it promoted only S7% conversion at ST3°F (#46, 48). TFor comparison
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purposes, 10 ce of ruthenium on 1/8+inch slwmina pellets {used in earlier
tests in the 2-G wéactor) were similarly activated with nitric @cid and air
rogsting @nd ‘tested, but promoted 9% conversion-only after the resction

rgached 000r; conversion war 0% et 357°F and 4id not wetually start until
W50F {#57)s

Ruthenium ‘on kieselgulr :pawae; provided 95% conversion at ’,5';75%‘_, end on
wlumine powder only Y0% at (55’0’05‘ {#60, 62}~ Ruthenium on esrbon promoted
1o ‘conversion up o 585°F (#64).

The second best performance in the 3G reactor was with ‘osminm metal
powder {150-mesh) vhich promoted over Gyh €0y conversion @t W50°F wller w1l
the wame conditions as with ruthenivm metal powdery bul €% & space velocity
of 620 hrL {Test JU0). ‘The osmivm was activated only by reduction With
hydrogen @t 3259F Tor 16 hourss For comparison, osmivum on 1f8-inch 2lwmiina
peliets were tested after similar hydrogeh activataion but promoted only T8%
conversion st G609 conversion A3d mot actually start until ‘the reactor
temperature reactEd S00°F {#81). Further wetivation was etiempted by nitric
acid washing and gir roasting but this completely removed the osmivm metal
from the alumina gupports. HActivation im this menner is dangerous bevense
poisonous fb'sminmg‘ etroxide vEpors cen be gererateds

‘The third best performence was with nickel which prometed 99 conversion
Bt 500° %o S200F. Both micksl metal powder amnd nickel on kieselguhr povder

@nd 1f/8~inch pelliets promoted the reaction (65, 83, 9l)s However, the mickel

metal powder repuired preparation by thermal decomposition of reagent grade
nickel Formate with ubsequent hydrogen reduction, anl storsge In @ 0,
‘sitmosphere until wsed in The reachor to prevent the highly pyrophoric nickel
from sponteneously oxidizing and losing its catalytic properties. Unless
‘these procedures and precavtions were Observed, ise., use ©f reagent grade
maberiais, liydrogen reduction, &nd carbon dioxide storage, Fhis conversion
‘temperature conld not be atitained with pure nickel we'tal,

A special commercial stabilized rickel amine originally provided 97%
conversion @t YB5F, but the test was ©of short duration, and atter the
catalyst was refuced in hydrogen @t 325°F For 16 hours G754 conversion
required 595%F (#89, Toj~

Neither rhodium or ridium metal powders, pre-reduced with hydrogen,
Promotea @y conversion up to SB0°F (#53, Th)« The other pure metals tes'ted,
columbium, tungsten, and molybdenum, showsd meager ©Or no conversion wp o
B500F (#73, Bl B5)e

An Interesting phenomenon was noted with columbivm. The metal powder
s commercially supplied rangzd fron 80 to 200-mesh in size, @nd in this
form @3d mot promote Chp conversion, The metal was sieved wnd @ sample
with size 150 %o 200=mesh was separateds T ‘s gample promoted 30% con-
version @t G60°F (#867), where mo conversion oecurred with the coarser
sample (73)«

Nickel on kieselguhr, @ither commercially available or Iaboratory pre-

pared;, reguired wetivation by hydrogen reduction, but i mot require
storage in @ €Oy wtmosphere. Both pellets wnd powder performed eyually well
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in ‘the 3-G resctors The Isboratory preparsd nickel on kieselguhr Involved
hickel Formate end :ammonia as described In Section #33u3.3¢

None ©of ‘the wther catalysts performed as well as yutheniwm, oemiun or
nickel, A comnercizl cobalt catalyst on 178 x 373:6—3:@1; Xieselguhr provided
O7% conversion but only @t "653701‘ wfter activation with hydrogen &t 325 F ¥or
25 hours {#79)- Pure cobalt metal powder promoted only 65% conversion &t

®50°F (#86)~

The ©ox3ides of ‘columbium, tantalum and. molybdenun promoted no fb'onversifoi;
up to GOOCF (#80, 82, 92)-

Among the members ‘of ‘the platinum grovp (excepting ruthenium) on various
‘supports ‘the best performante was with 5% rhodivm ©n ®luming powder which
promoted 0% conversion st G50°F (FTL). None ©f the other supported catalysts
in ‘this group showed any wppreciable conversion egpability.

Among the mixtures ©f powders made by grinding wp ithe 1/8-Inch wlumina
pellets having 0.5% platinum group costings, the best performance was with @
50-50 mixture ©f ruthenium and palladivm. This mixture promoted 98% con-
version &t 650 F (H1k). Each of these powders wlone promoted 83% {Ru) =nd
1% (P3) conversion between 675 =nd TOGF (130, 135). This indicated that
& synergistic effect does take place with miktures of the platinom metals.

The two samples ©f ruthenium deposited on the surfave of 200-mesh stain-
dess steel gauze, and 200-mesh nickel gauze provided no conversion up o
S009F, (#108,. 109).

A Tong Guration run was made wiith pure ruthenium metel powder to determine
‘the rélative 1ife of this catalyst (#123). "The run wes tontinued For thirty
(30) dmys. The ruthenivm metal powder was @ mixture of catalysts from runs
#116 o F11G, The reguired reaction temperature was U35F For complete TO
conyersion, although in previous testing, the reguired ﬂ;empera}ure was only
357%F (#53)« "The space velocity and B30, ratio were 310 hr — and b5,
Tespeetivelys. “

Duxing the entire ‘thirty-dgy run, the ertalyst provided continuous &nd
complete 0, conversion with no signs of deterioration ©r chenge in the
catalyst. After the test was stopped ‘the physical zppearance ©f the catalyst
was essentially unchanged, althoogh ‘the ruthenium ‘did appear somewhst lighter
In color than &t the start.of the test. This slight color change may have
been Aoe ‘to dezorption of surface water from the Tatalyst, brought ebout by
the susitained high temperature.

During the last ‘three dgys ©of the test, hydrogen sulphide gas was
Introdueced into the carbon dioxide and hydrogen Tezd line to Aetermine the
effects, it wny, ©f poisoning the tatalyst. MALL of the Group VIIT metals
catalysts, both the platinum group &@nd Fe, To @nd Wi, have been reported
susceptable o poisoning by sulfur compounds, suth as 3;2«“3‘, mercaptens snd
cgrbon ‘disulTide, particularly when these metals were used In the Fischer-
Tropsth synthesis ©Ff paraffins from carbon monoxide @and hydrogen.

The hydrogen sultide was injected into the inlet gas stream which wes
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£lowing @t & total Tate OF 50 ccfuin of 00, and Hye At I5-minute intervals
a guantity of 0.01 ce of S was injected i@zﬂ;o. the stresm For @ period of
six hours ‘on Three successive days. This amount ©f HS produced no change
in the T, conversion effectiveness ‘of ‘the yuthenium catalyst.

%33 Preparstions of Catalysts

The results ©F the Iiterature search @nd of Initisl experimentsl tests
Indicsted that yutheniuwn was the catalyst with the-grestest potential For
ssuccessTully promoting compliete and low<tempersture reduetion of carbon
Qioxide. 0n ¥his basis ruthenium was selected For experimental laboratory
Yraparation $o determine the efferts ©of @lfferent preparations wnd ‘supports
on TQp Yeduction. FPlatinum @i niickel were 2lso selected For laboratory
preparation. A total of twenty<Tive tests were male with Igboratory-prepared
catelysts, @1l In the 3-4 reawctor. The numbers of these tests @re: 5, 52,
555 56y 58, 59, €0, 61, V5, W6, TT> 80, B3, B9 D0, 9L, Oy G5, 96, 9T, 98,
106, 107, 108 @and 109.

Beveral ditferent methols were used For pre:par&:dg catalystsy TThese
WErSY

‘e  Decomposition ©f @ thermelly wmstable compound or H, reduction to
give ® Finely divided compound such @s % pure metal or metal oxide
Trom @ mebal sali.

be Impregmution of @ carrier or support materiel with @ solution of
‘the catalyst salt; Followeld by reduction or Iznition ©f & mixture,
Aegving pure metals or metal oxiles deposited on materials with
high strface @rea 0 volume ratics.

ity  Precipitation ©f @ catalyst meterial Irom solution, with subseguent
washing ©of extransous Jons, @nd Final conversion by hesting or
Arying.

@» Co=precipitation of @ catalyst meterisl @and support meterial Trom
solution %o provide & grestly dispersed catalyst with = high
aetivitye.

e, Application ©of Films of writive metal catalysts Lo surfaces by
aetual evaporation ©f the metal with conlensation wpon the support
surfece.

In aAd%tTon 0 These chemical preparstions, various platinum group catalysts
Trom commercial sourtes on 1?8—&111&1 alunmine pellets were ground dO powder,
Epproximately I00-150=mesh, &nd mechanically wixed in varying ratios of one
metel o @nother, For measuring the effect ©f using mixtures of these metals
oy catalysts.

, ‘ 4,3.3.1. Ruthenium Preparstions = To prepare solutions of ruthenium
from The metel @ specinl techniyue i required, sinte yuthenbum metal §s
highly s'table and unreactive with most @eids @nd bases.

‘a» Preparation of K R0y, @nd PuriTied Ro Metal
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. I’o’tassiugi ‘ruthenste, K Ru0y s prepared from ruthenium metdl by mixing
‘one pars {by weight) ©of ¥inely Aivided wuthenium, ‘one part XNOg, and ten
parts XOH in ‘@ pure silver crucible :and heating to fusion at epproximately

‘900°F. ‘The probable resction Isz
v : . P }—;, o A% .V.{”’{_
Ra+ 2KN03 + EKOHM}%Rth 4+ 2NO 4% I_{eo 4 1120
A silver ccrucible and silver stirring spatuls are required since silver
is mot @attacked by the fused :aTkall,

Wo particular precautions are mecessary @uring this preparstion ‘other
‘than ‘observing ‘the tempersture winimum. At B20°F, the reaction does mot proceed
even after seversl hours. At QOO°F, the conversion is practically ‘complete
wfter 10 minutes, but to Insure complete conversion ‘the mixture should be
mainteined ©t this temperature for & minimum ©f one hour. When $he reaction
I neardly complete, the melt surfave becomes jet—black, andl Iustrous 3n
‘gppesrsnce.

On -completion ©f the reaction ‘the wcrucible =wnd contents are cooled 1o
room temperature, followed by dissolution :of the solidif¥ed mass in distilled
water. "The resulting soluticn is deep wel in colors.

The solution Is heated ¥o boiling ard an excess ©of ©thyl wicohol aided
Qrop=wise. A Finely-Tivided black precipitate of Ru(OH) ), mmediately forms.
The weaction Suvolvad Jst

ek S Aees ST 4 TOM. 4 D0 X OF <1 O0F 1 4 H
KRy, <+ e H 08 ~—————>Ru(i0H)), + 208, OK + LOR{CHO +

The precipitate Is ‘then separated Trom the solulion by means ©of &
Buchner Funnels.

The precipitate Is washed between ten @and Fifteen times wifh Aistilled
water amtil @ meutral YH s indivated. A Jilute HNO, solution mauy be used
Initially ‘to mewtrelize mny remaining KOH, but this Is unnecessary IF the
previpitate ds Thoroughly washeds

On completion of ¥the washing step, the precipitate Is placed in @n
‘evaporating @ish and baked @t PO0°F in air. This converts the hydroxide o
Rulpe

To obtein @ puritied Tinely-divided ruthenium metal, The resultant
RuD, Is reduced in @ stream of hydrogen &t 300°-4OOCF For Four to Five hours.,
The resultant metal particle size is between A5D= and 250-mesh {(.T030=0015~
Ineh) (Test F56)%

To -obtain a finely~divided ruthenium metal-kieselguhr catalyst, ‘a quantity
of k¥eselguhr ‘approximately 100 times The Jtal welight of ruthenium Is @dded
to a ?Ké*Ru‘O#wwa“cer solution followed by addition -of :ethyl alechol. This brings

% Numbers in pearentheses indicate the nuwiber ©of the ‘experimental test in which
the catalyst was tested @s Listed in the mppendix.
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:sbout the precipitation «©f Ru(0H)) ¥n Ehe presence ©f *the kieselguhr suppert.
The profuct I's weshed repestedly wntil mo traces ©f KOH remein, @nd then s
@rded &t 2000F ‘o ‘convert ithe precipitate o R0y, Wwhich «can then be converted
“to yufthenium metal -on Kkieselguhr by reduction dnll, @t 300%F.

“The jpowder ©an ‘be wsed either in Ehis siate ror pressed into pellets,
‘gl though pellets :made From £his jpowder are ifficult %o Form, have Little
mechanicsl strength, and disintegrate in water (#51, 52, 60).

be Wapor Deposition with RO,

Rufhenium tetroxide, Rul), Was prepared @ccording %o the Following
Procedures. - : .

A snall quantity of Rud, {prepared s deseribed presfously) s placed 4dn
a Qistillation flask, Followed by the :@idition ©F @an excess of concentrated
pperthloric meid. ‘The mixtare Is iheated %o gentle boilimg &t Which Time the
Flask becomes FilA2ad with yellow ;gaseous R0y The rprobable resction ¥s:

R0, + WG, —————> 2RQ)/(i8) + BWCL

The RuD), ‘was ‘Ariven off @ard condensed @s @ yellow i5olid in @ Flagk |t
tre “temperature ©f @ry Jce-acztone. The E’Ru"(‘)l\L was then Jissolved dn «cold
waters

©On completion ©f Ehe reaction, ®he solution ©f RuQ), was hested o xroom
temperature @nd transferred to @n @lumina support by means ©f the system
shoen sschematically imn Figure 10,
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Figure 10 ERu”Qh Deposition Bystem

Heating the RuD), solution relegsed an ERu‘Qu wepor &and the wapor -collected
‘on the surface of the support, @t the same time ronverting to @ shiny black
deposit after . Few hourse This deposit is believed o be Rulpe The deposit
<lings tenaciously o the pellet, being removed only by scratching the .surface
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with @ €harp instrument {(#95, ©6, 106, 107):

/An :é.l-‘terns;te me'thod was tried For the zp:eparziﬂon ©f Ru0), besed on
igenergl information in the Iiterature indieating “the RuQ), couid ‘be prepared
Jirectly from themetsl by theating in .oxygen. This method was fa;ﬁtemp'tea with
mo {success ‘over ia Hemperature wrange Prom T0° o 5C0°C. :

(N 3.‘:211‘04‘L Tmpregnation -

The @luiine ;supports (both 1/8<inch spheres :and cylinders) were immersed
Jirectly in Liguid Ru0), removed Fxom the Liguid, end @llowed to dry in alr.
The yellow M% /ageiin changed color $o = Qull, Tight grey [deposit on the

}?%%ri})aée .of the guppoﬁ@, A Fering markedly from the wapor-deposited supports
W9

e ERu’QQ = Perchloric Acid TJmpregnation

{On completion ©F :an Ru0), preparation, as described @bove, @ Viscous,
black Jiguid remsins im the distillation Flask. When w1l rengining water
4% -driven .0ff by ‘hest, the remamining 1iquid containing dissolved or highly
subdivided ruthenium is jet-black in color and similar ‘to concentrated
perchloric acid im wiscosity.

When IABQ’OS pellets are dmmersed in Hhis Tiquid :and Fhen removed and
‘heated to BOOCF 4n hydrogen, @ poorly adherent black deposit remsins (H#98).
ies Elevttrolytic Deposition ©Ff Ruthenium

Attempts were made to deposit ruthenium black on michrome ¥iBbon using
2 platinum anode, @nd the Following €lectrolytes:

(=) ©5 mm szms <4 05N HeL,

() ©5 @m 'RuDH), + 1 fgm sl fanic il In J00 ail HLO
(@) 5% 16w R{(G) 0L 4+ ©.5N HCL

Gases (@) =nd () produced Aull grey, poorly adherent deposits over a
range of current walues From 25200 milliamperes, at room tempersture. In
ccase () 1o plating occurred For condftions identical to those in (@) =nd
{c). Rather,, rubthenium metal collected in the 'vottom of the cell Tirectly
ibelow ithe cathode.

., Activetion of Ruthenium iMetal Povwder

The Following ‘trestment was Found to markedly Jmprove ‘the catalytic
artivity -of wuthenium metrl powder.

Ten grams of ruthenium (epproximately T -cc) was placed in a ‘begker contain-

ing 75wl of 5N BNOy. The mixture was heated to 10590, held et temperature
For $ive minutes :and then cooled to xroom temperature. The mixture :was then
washed repestedly with distilled water until FPHmeasurement indicated




‘neutrality. ‘The metal was {then @ried.

ENext ,y ‘the n'uthenium wes jplaced in & fsi‘lver crucible and thegted im wir to
1(00 iCe ‘The aruthenium was maintained @t whis temperature ,For one thour, =t
which #ime #% was :cooled repidly o room tempersture, ‘and. subseguently *used
For ttesting.

iz« Deposition ©f Rl , ©on Steirless Steel mnd WNickel (Gauze

Ruthenium @ioxide was @epusited .on 200-mesh stainless steel fgauze by
wrap’olng the .Stainless .steel 4 ghtly around a strip «of mickel ¥oil, @nd then
dmmersing ¥t in 8 solution of RiQ), @nd 5132 /A Wlack Deposit ffome‘a. @after m
Few mrautes which became powdery :and poorly aﬂheren‘t on drying. No deposition
took plmce when the .stalitiless .ste€l was jplaced .alone in the Rii0s-HJ0 solution,
Andicating kthat tne.mickel probably acted as & reducing agent. "This meteridl,
.on- Festing, was Found %o be cEtalytically inactive however. After testing,
dnspection .showed that ‘the .origimal jpowdery .deposit had ‘been replaced by =
grey<brown, tenacious @eposit (F108).

Rutheniuwm @ioxide wes deposited From- w.anuOh- ;0 solution ‘on 200-mesh.
mickel gauze, in the same way @5 on stainless gauze, but .gave much ‘the sanme
Tesults as the stainless-gtedl Ry materisl, Onme exception moted wes that
&he mo deposit, sibseguent ‘to ‘testing mppears o *have ‘been weplaced by
.meta]llc uthenium instéad of the dull, grey—i}arown Aeposit Obzerved with the
sstainless<stesl ($109)«

4,3.3.2 Platinum Preparation

Preparation ©oFf Platinum Black on Filiter~Cel:
Whis preparation is based on the weaction

IPCT), + WHC0D -~ Wa ~———3 1Pt UCO, # UN&CL ++ 28,

In practice, :a 0,85 ;gm sample of PtCly, was dissolved in 250 1l Tistilled water
Followed by the addition of 4.5 zm Filter-cel which results in the Formation
of & :flurry. .A 0485 :gm amount of NZCOOH is subsequently added. This cffects
the reduction of £the PE£C1), to the black which 3z adzorbed .on the FTilter-<Cel.
The Filter~cel is then washed and Tiltered xepeatedly in = Tritted glass,
Buchner funnel. .After ‘washing, the platinum-black-Filter-cel mixture is dried
&t 150%F in @ir. The .dried powder is Finally ground to P00smesh particle

®ize and tested {(Test o).

1,3.3.3 Wickel Preparstions

Various methods were used %o prepare both pure nickel metdl mnd nickeél
on .support medin., Nickel is xeadily .soluble in bases and acidsg, mnd 3ts

- isalts mre easily «converited tto the metal or dts oxide.

Pure nickel powder was prepared in seversal ways, Trom ‘the carbonate,
.oxide, :and Formate. Only after careful preparstion from reagent grade
materials, end without exposing the precipitated nickel to sir was 'any depree
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Of wconversion achieved, Nickel in %8 pure ;Ftate Is readily oxidized by wir
iand, :rapidly Jdoges its ©atalyzing properties. The ;:prgparations are 'as follows:

Reagent sgrade mickel oxide was thedted in ?byinogen ®t s'(OO ;E‘ An:-m
Nycor iglass #ibe Fer 316 dours To provide pure mickel 'metail mowﬁer,, mpproxi-»
mately ‘200-mest, For wse in Sesting (G- ,

- b, Nickel {Carbonsate on Kieselgihr,

In this method, @ 0.k molsl ssivtion «f INES0), s wrepared, £ollowed by
the -addition «of .a catalyst carrier .such :as Kieselgihr or mctiveted charcosl.

Next, Aot mazco solution is :added to. ‘the .leqrnar.mer mixXture, precipitating.

Ni00z, which 45 mdsorbed on the carrier, The Niflg-carrier is weparated
£rom the .solution and weashed repeatedly with dist: 1ired water wuntil ail
detectable ‘SQA thas een xemoved.

iAPter washing, the INiCO,~carrier is evaporated %o dryness. The product
Jbeconmes ;granular .and -haxrd .a.n At ds mecessayy bo g£rind :and sieve ‘the compound
For wbe ws @ catalyst.

The .Gri=d product s .now placed in @n @Alumina crucible @nd hegted %o
"(QD F dn air, which hr:mgs £Bbout he decarborization of “the igpple<green
NlCOB,, Forming green=black iNi0. The conversion seems 6 be complete :5fbter
Bpproximately I 72 ‘hours. The Ni0 cen mow be reduced o N1 fin hy‘d.rpgen
Bt 22009F For 16 hours completing Ehe mreparations.

The carrier materisls weed in this preparstion included ‘Milticél, H61)
&nd activated wcarbon, Milticel worked: metisfactorily,, mdsorbing "NiCO,,
With ease; the mctivated carbon, ‘however,, mdsorbed finsgignificant BmoUnts, 3.y
Obviiating Its wse ®5 @ csrrien,

ce INickel MOmé:te Decomporsition %o iNickel @and INickel on Kieselgihr

.N::\(UOH) was :grec:;piltated From NiGl, sclution with NeOH w#nd washed with
distilled wiater. The Ni (DH)2 Flurry wes then dissolved in sa s1ight excess

-of JHCOOH .2and +the .solution .evaporated to dxryness ob‘ta:l.ning crystal¥ization
of mickel FLormate,

The miickel Formsate was then *heated tto ;506D:F “in 8 “hydrogen \tmosphere
Which . resulted .in .its .slow .decomposition to nickel metdl eccording to the
reaction:

"v "' \ “A raTe . X‘ - f
xNi,(FHCOé)E — > [N+ 1, % 200

The decarbonization .was allowed .'2-:“.'!;22 Hays o go to completion. TThe
Tresulting nickel powder weighed .slightly less than the theoreticgl yidld
Andicating the possibility that .some moisture was originally present in the
Formete crysteals (#55, 58, 75, T6).

JIn preparing .nickel .on kieselgihr the .above described procedure was ussd
with the modification that Multicel was added to the Ni(LOH?) after it was
dissolved .in @ slight excess of HOOOH. The weight of Multicel used was

approximetely equal to the weight of the nickel in the ‘Nif(:’oﬁr)e (Test #89).
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n sandther micke‘l Formate decmnposni:{on 5 m’he ‘hydrogen Feed was
Hrterrupted when,. :ﬁuring .uhe thegt-up, ithe Tormate weached 5009, Bas evélve'd ]
From ‘the decomposing Formate Bt Beverdl huhdred oc/min, The “empersture of
Ehe reaction memained =y ,SOOQF :’Lor -approximetely one thour @and “‘then :rose o
’9009’5‘ PR mpparent]y {because ithe ‘decm_mosi‘b:.on reaction thed:cerded =|nd mo ;g8s
#Yoy wes @avaitdble do AisEipate $he *hégt From ‘the reactor hegter, The mickel
wowder 50 Obtained was @Jlowed o me‘duce “two hours:=gt {6000 <J00%F 4n llwﬂrggen 3
Followed ty wcooking o moom ttemperdture Hn = ~CO Etmogrhere. The mchél WES
“then :si:ored:::n (€O, wmitil weed (G#B3).e. i

iIn mancther :_nrepaxa:hmn of mckél jon Xiesélgihr “the F6]llowing procedure
was used.

A Ehree =m uartity ©f meagent-grade Ni(CO0H),, was ~za'.‘d.de’d. “to 200:1ﬁl ©of
conceritrated N OF :solutios, bringing Sbout the AfEschition of the ‘N:.(‘EOOH)
Since .Nl(LCOOH)E is dunsoiuile in HJ0, Tt -vexy :soluble Zin cconcentrated
ﬂTH@H, it sseemed sadvisable o use tHis. medium For disso‘lutlon, since it would
e of Idittle @ifPiculty to drive .ORf the INH OH :&05 'and 150 2t a duter si:age
©f “the prepardtion, thershy Jeaviing the .mckél unco d. 9n “its Binal
sstate,

Next, 20 cc {(B @gn) of Milticel -was :added to the mg*om—mi(roon),,
ssplution, Fforming . Thin ;pasi:e. This paste was Placed Jdn :an oven :a6d theated
o 200%F o remove ;NH,‘z 30 and Finally decomposed &t ‘500?5;, 4mn :=in, -to
mreduece tthe .Ni(C"OH) “to metallse miiékE), The réaction :egudtion For the
reduction Is 3iverr°

Ni{COOH),, ———=% Ni-# L0, FH0= L0
2 2 G

This procedvre =ffects fhe preparation oOf wpproXimately 50% (by weight)
micksl ~ 50"’ Midticel cdatglyst of :reasondble purity and ssurface mrea
{5#90;91).

A, Nickel Powder From Nicksl [Nitrdate

Nickel mitrgte was thermdlly decomposed to Fermmiickel -trioxide, -which
An tturn swas xeduced 2t BO0F-210009F Jin & ‘hydrogen -afibient. The -resiltarit
mlckel metdl, however,, Formed s ccompacted mass "unsiiitable For use =5 :a
ccatdlyste

b3k Discussion of Tesh Resilts

bBolal Catalyst Performance -~ The “best catelyst performances are
ssummerized dn the téble “below For the 224G :and 3<G wreactors, “Raiking is
‘based -on -essentiglly .complete .cafbon dioxide conversion (97%<99%) €t ~the
Jowest reaction temperature, and at equivdlent space velocities -and “He C
ratios. Conversions bélow this range :and =t “temperatures @bove HT5F
“were not JIncluded.




, 4 Con~ Temp.  Spece 1 q ~002 Test
’Ran}c Catalyst ‘Re‘e‘cter version  CF. Yela.br Ra.tio ~ Ro.
1 Suthenium 3% 9 357 310 L% 53
mesal powder 35)  (310) (16
NT)]
2 Osmivm metel 3¢ 9 o 620 L.Y5 X9
powder
3 -‘R‘dt‘g‘enilm on 256G 99 180 418 4,6 2L
1/8 A0,
1 Nickel metel 3-G 99 500 310 LS 83
powder
5  Nickel on - 3-G 99 520 310 ks 91
Malticel pudr.
6  Kickel on 1f8" 3% 99 520 310 L 65
Kieselguar  (2€) (9%) 1532) (33) (3%)
7  TWickel on Kies. 3¢ g1 485 3i0 LR TR () ]
powder (98) 153D i)

Tn several other Sests J7%-98% conversion was schieved at temperatures
ranging between 3090°-L58°F but at dower gpace velocities. Kickel on 18~
inch kieselgunr provided 984 conversion at 290°F and 8% 132 hr =L bt as
shown ebove ‘this same catalyst reguired 5’20°F 2t 310 hr = Sﬁnﬂarly ruthemmn
" on 1’1’8-mch }5.1203 Provided 984 ‘conversion @t H12°F but &% BT nrt

These performances are based on essentially complete conversions at
the liwest temperafture in the best test Tor ‘each category of catalyst in
its most ’a’ctlve state. For example, rathehivm on l]'x-mcha 03 pellets
provided 99 conversion et 4BOCF in test #2L. In wmubseguent Tests the identical
catelyst sample gave lower conversions with other conditions equal iadicating
a Llow decrease In the catalytic capacity ©of this sampleo

In tests whith provi@sd less then 95% conversion no higher conversion
could be ’aehieve& than ‘the i"lgures r"hown, 'even ‘wnen ’the temperature was
Increased.
of ‘temperature.

All of the cetelysts I this fHummary teble, wivh the excepticn of two,
were eitk:r pure metal powders or commercial catalysts from industrial
catalyst manufacturers. The nickel netal poswder in %est #83 was prepared in
the MRD leboratories, as was ‘the nickel on kieselguhr powder in 4est #51.
Both laboratory prepared catalysts required specisl preparative procetures
as discussed irn Secticn 4.3.3.3.

3

L,:.h.2 Effects of Taborabory Preparations ~ During the course of
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the experimentel program rutheniwnm ‘and nickel eppesred to give the highest
ccrversion performances. Coaseguently laboretory Ureperstions of potentigl
catelysts were coaterred cainly with “these two metels on several different
SUDPOTTSa .

Rutheniun was pregered on kieselpihr powier, ;‘:,]aein‘ch Zluming pellets,
stainless sheel gauze, nickel geuze, and as pure wetel.

Pure retel powder was prepared from 2 Sclution of ‘2 rutheniw: s2lt,
oricarily to deternine if Ther? were any differences in performance tetween
The Jzboratory prepared senple and Yhe cocercialiy ‘supplied metale Bot
were powders of very <losely Similsr size, 150~ to 200-meth. Tre prepared
metel powder provided 1% conversion at %70°F, wpproxicstely I000F higher
than achieved with coomercia)ly supplied retal, btut 2t 2 space velocity
zpproxirately five times o3 high (£56).” Futheniu= dn Keseigulr powder pro-
viZed 95% conversion et 515 F (F60), which Is euproxizately 10007 higher Than
was needed for camercially supplied rutheniuz on ‘ahmine peliets. None ©f
the other rutheniwa prevarations provided any eoorecisdle conversior. in
generzl, the laboratory preparation of rutheniwm did wot provide 25 high
performance @s the carzercizl netal powder or sipported catelivsis.

Fickel was Dprepared on kieselguhr powder 2nd 2s ‘the pure metel. After
several @ifferent preparation techniques were used, pure nickel wetal powder
was prepered friom 2 sali of ithe wetal. The prepered nickel wetal powier pro-
vided 99 ‘conversicn at 50098, 2nd the nickel on Xieselguhr 9% conversion 2%
5200F (£83, 91). Use of reagentwgrele materizls, reluction with hydrogen, @nd
Storage in ‘2 carbon dioxide ‘=irosphere were ‘essential o provide This per-
formaxices Whese performances are coneidered slightly better thon with
‘eammerceizl nickel catalysts primarily because the -degree 6f conversion Was
$1ightly higner {995 vs 9% in tests £83, J1 ve. £47, 121) 2% similar wpace

velocities and ‘temperature ranges.

In summsETy, the @ffects of the lzboratory preparations on "ct)‘2 wonversion
performarce were as foliows:

1. ‘The laborzicry preparations of Tuthenium, both o5 metal powder
and ‘=5 Supports, required approximately I00CF ‘higher operating
“‘temperztuies Tor tomplete ’co,z conversion than §i§ tomrercially
suppiied ruthenium.

2. 'The lzboratory preparation of nickel both zs metal powder ‘end on
‘supports did wot reguire s high operating temperatires for
complete fc‘02 ‘conversion as 4id commercially supplied catalysts.

3. ’For both ruthenium and nickel, ‘the laboratory-prepared powders

provided lower reaction ‘temperztire ‘than supported metals.
‘4, For both metals or ‘supports ‘the best support meterial wes kieselguhr.
L.3.k.3 Experimentel Temperature, Composition, Pressure, znd Space
Velocity Effects ~ The effect of temperature npon the
Teaction was generally as expected from ‘the information collected during the
Iiterature search, and from the theoretical considerations of the Chemical
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qi1Tbrivm zel'ati'onship.- -

Various references showed Thst the minimm :bemp refture @t which 'tomplet’e
«002 reduction was possible was 310°F with @ ruthenivm catalyst, and thet the
reaction was initiated at @pproximetely 200°F. In %est #53 with ruthenium the
reaction begar at 273CF enld completed 't 357°F bearing out the effect of
activation temperature «cn Initia'ting and ‘completing the 'CO reduction in the
. rexdected 300° %o HOUOF wemperdture renge.

“The chemical ‘equﬂ.ﬂ)rnnn relgtionship irdicated that essentlﬂh complete
C0, conversion was possible up %o 2 given temperature, @nd that conversion
would decrease if wll ©f Lhe reactor bed were @hove this temperature. ‘This
wWas ‘shown true Sn ‘several tests where increasing the resction temperature 4id
not Increase conversion and actually ‘caused ‘a Jdecrease in ‘some instsnces, with
Ftterdart Pormation ©Ff CO as an uniesirdble end preduct. “Phis beravior was
Femonstrated in tests #35, 37 38, Sk ana BY.

For &n H,C0, ratio of wpproximstely B /b2l ‘the eonilibrivm relation,
inficates ‘the mavmum Yemperature for 995 complete 0, conversion is *61(:0}?:.
“In ‘@ccordznce with this, test "L35 showed 2.drop Lrom'! 36‘}6 conversion 2@t 500033'

tO 5% al: @5%@

‘Theoretically, from vequlllomum consiGerations, it i$ mp‘o’s'si’ble %o,
‘gchieve essertially comp'lote > ‘99%) ‘conversion -at tanperamres gbove 300%F
Por 2 H,¥0, ratio of Lil. This wes verified in %est #36 where 964 conversion
r‘e‘q_u::ce& 3§°F = A ‘52‘-00 ratio of I’J-J%/S «. When the ratio wes faecrea's“ea E o)
1,01, %he conversion ’(h'oppea to 8% =t 537 {OF. Thus 2 10% ‘excess ©F hydrogen
in ©he Peed allowed approximately - ‘complete (G0, ‘Conversion with :all ‘other ‘conditions
rema._nmg eaual. Tn 28dition, the excess -of | ogen has béen reported desireble
%o ‘prevent ‘the Pormation of CO which :acts effectively @as a trausient jnhibitor
©of the 'CL Teduction rrocess.

"The fPect ©f Becreased pressire on the raaction %as shown theoretically
to ‘ve relatively s'light Por -essentially ‘complete TOp conversion. Tests with
ruthentum ‘mwetal povder inficated only = SLight fc:hange From 9% o 984 con-
‘(rers;bn when the reaction jpressure wgs changed from 1k.7 psia %o 5.0 psie,
rolding ‘the ‘temperature constant (FI07, 118, 119). This Change is in very
close agreement with ithe behavior predicted from ‘chemicsl ‘equilibrium ‘theory.

"The efTect of space Vvelocity with @ll ‘other Pactors remaining ‘equal was
‘4o decrease ‘the Traction of fco conversion es the space velocity increased
(-L8 Jl, 18 19 5] ‘2@'&

Wb Cptimm Cstalyst

LA Catalyst Selection

On the basis of the results of the ‘experimental testing program ruthenium
Yas developed as ‘the optimum catalyst. The Pactors which determined the
optimum cata‘.lyst weres /(1) completness of @02 conversion, ! (2) minimum reaction
sictivation temperature, {3) catelyst coni’lguraolon and ‘support material,

%) reaction pressire, (5) space velocity, and (%) chemical inertness end
Ton-=toxicity- s
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The primary comparison-of the three most efficient catalyst materials,
rethenium, osmium; and nivkel was Aiscussed in Sertion ¥.3.4.0. On the
combined besis of €0, conversion, reaction temperature end space velocity,

- ryutheniom and osmiun metal powders Could be rated os @pproximately cqual,
* both beling well @bove pure Or Supported nickels. .

The pure metal povders in all cases performed better than When supported.
‘However 7 ‘comparison «©of ruthenium @nd osmium ©On supports Indicated supported
ruthenium @s Far Superior o Supporbted osmitm. -

\ In =w88ition; osmivm metal is reldatively easily oxidized to the tetroxide
whick is @n extremely jpoisonous gasy /Although rutheniim tetroxide is glso
@ highly poisonous gas It is Vvery difficult o Form From ¥he pure metel.

Tn tests of ruthenium exd Micksl @t reduced pressures, ruthenivm end
nickel both performed epproximately eqially on the basis of pressure variation,
but @gain, ruthenium ‘opersted @t 2 lower reaction Tempergiure ievel Than

nickel. {Ru wt UY5OF; 0% conversion st WhT psia, 985 @t 5 psie. M at
U85 1% it AT psia, 3% @t 3 psia)s

b2 Catalyst Properties ant Design Data

“The jpure ruthenium metal powder has @ bulk Jensity of 85 17b7.i>d;3,., 2ng ¥he
particles havs an @verage diameter between 0,002 2nld 0,003 inches. The
pressure drop throbngh the pavticles with wpward flow Through an unrestrained
bed i's ‘approximately 3 inches W.G. per inch ©f bed Yength @t 2 Yinesr Velotity
ot 0.33 Ttfmin, For restrained beds {such &3 would be reguired For mero-
{gravity -operation, ‘or for downward Flow) larger particle sizes @re essential,

In @ one-man System @t 2 Space velocity ©f 310 Shr"l,-, Approximately o
jpounds «f the ruthenivm powder tested would be required for the redctor bed.
Based -on the thirty-day Quration test performed, the weignts of catalyst
mneeded For 100~-, 200~ and 300-08y missiors would be 6.6, 13.3 znd 20 Ibs,
respectively. These :are maximim welights and could be reduced depending on
‘the ssuccess of more extensive durztion Tests. Diring the urstion tests,
the ‘catalyst @ppedred unafPected by The short perioldic injection ©f hydrogzn
suiphide Jinto %he Teeld wases. '

For @ ©one<man -reactor {Aesigned approximstely siwilar to the 18 reactor)
weighing ‘seven pourds @nd containing two pounds of ctatalyst, the heating
requirement $o initiate the reaction would approximate 350 Btu, which is ®he
‘estimated heat input to raise %he reactor and catalyst to 350°F. The cool~
ing rate requirement %o maintain the system wt this temperatire level is
167 Btu#hr,, which is the @pproximate value of #he heat of reaction Tor

-orie-man «capacity. Cooling would ite @ecomplished both by heat losses ‘through
insulation axd by circulation of @ <cooling TIuid arowmd the reactor; the

emount of Fluid coolant needed is thus Jdependent upon ‘the Tiuzl y-eactor and
insulation Qesign. :




SECTION 5

CONCTUSTONS AND RECCMMENDATIONS

On the basis of the combined phases ©f the complete program o determine
BY wppliceble Tow temperstire~high yield catelyst For promoting the Sabatier
reaction, the Pollowing conclusions hdve been regched.
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“The optimum catalyst was determined to e pure ruthenium wmetal

powder, ‘ufisupported, Everag ‘§ particle diemeter C~002 to 0003
3nch, balk density 85 An/rs,

With ¥his catalyst the mirimum opera‘ting ‘tempéra‘ture Por xomplete

(>%9%) single<pass €0, Tonveysion was 3579F, ut Ih.7 psia when

*bhe space velocity wes 310 hr -y @nd the H «.CO ratio was 4 @5
Z minimum.

Pretresitment ©f the ruthenium me'tal powder wilth D normal mitric

acid washings @t 2009F @nd @ir oxilation &t T50OF was mevessary
%o activate the catalyst.

SBupported ruthenium, both commercially supplied and laboratory
prepared, ¥id not provide @ hHigh K0 conversion @s 4id pure
rathenium metal Wwith @ll other Factors being eguals.

Ruthenium metal could not be oxidized %o @iy of 1‘bs oxides,
particularly o poivonoys ruthenium tetroxide (RuD, ), When roasted
in jpure ‘oxygen up ‘to BOOQF Jemonstrating & hzg:ﬁ.yuhesnra‘ble
Snertness ‘to oxidation.

Continuous ‘operation ror @ thirty-day jperiod with riuthenium metal
jpowder caused mo changes in €Y, conversion or in ‘the catalyst
‘material. On this basis, Tor a One-men reattor;, @ maximim of twe
pounds of catalyst @re h‘&'e‘qua‘te For = thirty-3&y mission.

Pure ruthenitm, nickel and osmium metal powders in 2ll instances
provided higher 0, conversion than @ny of thelir supported forms,
‘elither a3 pellets or @5 powders.

‘Ruthenium on |luning »’(.fmféb ?) Thowed @ gradusl loss of catalyzing
egpacity with passage of vime, @and could not be effectively re~
aActivateld by mitric @cid vashing @nd &ir roasting.

Osmivm ‘metal powder wss rated as the second best performing catal
wi'th zomplete conversion at 4500F @nd @ space velocity of 620 hre™l,
with ®11 other parumsters the same 3% For rutheniium metal in b,

Niskel wetal povder was rated a5 the third best performing catzlyst

with complete conversion at 500°F with @1l other jparameters the
Fame @s ‘FPor ruthenium metal in b,

]
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%k, All ©f the platinum group metals promoted Varying depgrees of &302 - ]
conversion ®ither @s pure wetals Or On VArious Supports, With -
the fexception ©F irifium. Neither jpure Powder mor @lumina -suppor:teﬁ
Iridium provided ony fco conversmn.

A. Pure:metel tungsten poyder, wnd The oxides of columbium, tantalvm,
and :mojy‘baenum, ¥n yowaer Porm, 833 Mot promote 'CD conversion &% _
emperatures up “to €50%F. _ o

m. ‘Pure metal povders of cobaly, Tolumbium, @nd Holybientm provided
oty partiel (35-65%) 00,, wonversion @t 650°F.

A o gy

ne Combinztions of powders ©of 1) ruthenium on #2405 wndl pallaiivn
on 50, wnd ) ritheniun on Al 505 end pletimit on A1:0., Provided
nigher 002 conversion then @y o~r the Singl= niaterials Mlone.

Cirres v

s Operstion @t 5 psia versus I4.7 psia causel @ Jeeresse in xco Ton~ ;|
wersion from 9% o 984 With Ehe ruthenim catalyste

e vt o

p. A stoichiometric H 200, xatio is not Tdeguate £or repid single<pass
complete ‘002 Convessich, A TEtio of wpproximately i HPPEETS
@dequate.

T

Cdad

Aok eew

Q. -Operzition @t temperatures din excess of HO0OF Tansed = aebrease in
00, wonversion &t an HT0,, ratio of bt in accordance with
;preai@‘zf:ron’s azed on €quilibrivm theory.

skt .

JSR1 SITRS)

Te Prestment of &:a‘talys*tfs Wwith hydrogen kk 300 F %o ’b'OobF For ‘extended
e weriods {16 nr or JAonger) in pererEl I3 mot aleguate Blone
%o ‘activate oOr regenerate ruthenivwa or mickel catalysts. Additional
specific preparations and pretreatments @re necessary. N

iwdh o,

&e The 1~8 xreactor with yuthenivm on A‘l 0, pellets Sustained Sheman
{0, conversion with no electrical :mpu% @il regiired controlled
Tooling o Prevent excessive Lemperatire rise.

%. (Operstion of %he 8" Yong x 2" Jizmeter one<man regetor (Wo. 1=8)
Jemonstrated ‘b}m‘t Jurpe temperatiure gradients existed In the s
reactor bed, with “the Exial zgraﬂi'en‘ts ranging From 100° To 250°F. )
@nd the :r;a‘dial gradient Trom 25° to 150%F,

R Ry R T Ty

w.  Continuous infra-wed detection of Ehe Inlet =nd owtlet 0, Ton-
centration was required For mccuraste correlation of @02 Tonversion j
with reasction Yempergtiure.

5.2 Recommendztions ‘ i

Based on the -observations and conclusions drawn from the tomplete program
the FPollowing recommendstions gre made -toncerning ‘the use, operstion, evalu- .
ation @nd future testing of catalyst materials and a full-size rEactor Tor ;
‘the Sebatier reaction. |

&, The full-size one-man resctor Should be desiynmed o wminimize ‘the

«
s
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H
¥
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£

h.

temperature gradient Wwithin whe catalyst bed and bpéra‘te =% nearly
Ssothermadly s possible, by using Jdevices such Ts hewt transfer
Fins, or special reactor shapes to 233 In rapid *embval ofF the hegt
of reaetion.

AJonger Auration test showld be mede with Ehe optimum catelyst,
and the efRects of poisoning should be Purther explored.

When the\j;tmm catalyst, ruthenium metsl powder, 35 to “be nz;ea
in & Yero-=gravity envitomment, ¥t should be wsed In the form of
particles :Larger ‘than 0,002 to 0.003=inch 4n Jimneter, to Eliminste
the ‘High Dressure drop ‘which woiuld result from packing of the
smaller sized particles.

Pure yuthenium metal powder should be tested in larper grain sizes
%o Jdetermive the relstion between an ZTonversion &nd pressure drop
For “va:ra.%i particle dizmeters,

A3 tional controlled tests with rothenium metal powder should Le
Tun ‘2t varied space velocities sinve this Information is of impor-
‘tance in trede-oil stulies Tor the desizn of 2 Tull~size reattor.

Mixtures of pure rutherium metel powder, with other wmetels such &5

:p]at&nm, pallalium, =nd rhodium Should be tested @5 potentizl
Improved Tatalysts to determine IT the mixtures of mietals demonstrete

the synergistic e¥Pects nobed with powdered mixtures of these metals
©n alunina Supportse

Bimilarly metsl powders of ®11oys of ruthenium and other members
‘of *the plztinum group Shotld be testeld ws potential Improved
cetalystse .

Athough ‘osmiws has the potentiality of crezting = poisonous
By-=product it it is Insliventently oxidized, its catzlyzing
Tapabilities should be Purdher investirated.

The reactor bed should yun Isothermally and not be cooled by the
Inlet .gases. Hewt of reavtion should be removed externally, ot
Dby “the resction .gases. The inlet gas to outlet gas heat exchanger
in 2 Pull~size reuctor should Ye sepurste Prom the reattor cstalyst
bed.
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L
Test  Reactor s CO2 Feed _ | $ 00, Catalyst Space® Stay Pize
Ctalyss @ e/mn Epi0 Lo 2. ‘P Vel, B Bec. Reaarks

1 L8 R e 56 N 330 L0 1.6 Teap, poasured st xdddle cester
(&/21) 1/8° 11 (xt2-cent) of bed 21y, AT cc/xln & legan
(335 <c) catput, Besctor inmiated
ot cooled.

Paga n 56 % x¢ &0 1.6 Tezp. coirolled with bester
1/8° 0. {=td-cext) ocly, mecually, Texpersture 10
Einimss which atill allovs 9%
cceveraion, Resctor uainsu.
1ated 223 pot cooled.

3 -8 PRren n 56 9%° 105 470 7.6 fezp. measured st six poicts,
(4/28) /8" 1 (top-cezt) Top, Mid, Bot. st vall anA cacter,
o Bighest teay. oscurs sttop-
97 665 center, Bt thic sppears to te
(top-cent) tte cootrollisg tamperature,
Tere 1o & 500°F werticsl gra-
dlent, % cooling alr; unissu
Jated.

13 18 Rico m 56 %° s, P 1.6 Toe mex. temp, 13 initially ot i
(%,29) 1/8* a {=i6~cent) Eié-center, for 99% ccav., tut ¢
o ESves LD to top-cester and remics,
99 25 Gr3disnts &3 before, Xo cocling ,
Jpecest) air; usizsulsted, '
8 Ruan n b6 gt

s 535 ¥ 1.6 Used coolsog eir foo first tims,
(/%) /8" n {miccent) Max, tzmp. poirt moved from mid-

$3° so5 Cooling crostes sbarp temp,
(top-cezt) changss, mettrg contsol diffieult,

é -8 Rico o 565 9 5% k70 7.6 Adlad temperatire ccutroller to |
(5/1) 1/8" 1 (tse-var1) eccizol bester, Used cooling sir
30 cyele Pesction axd keep temp,
43 lov &3 possible, Costrol 4a
8ifficult,” Cyelirg cresies 157
to 200°F texp, fluctuetisrs,
Csversion epproximte 41§ ot
b5z,
7 L8 ma &0 65 93° 475 k70 1.6 Coztroller now turre cff beater e
(5/%) 1/8° A (top-cazt) eod turns oo copling eir simil. !
- tenzously &t & given coptyol
tewpersture, Beector yas ipsu.
lated vith & 1/2° isysr of acbestos
&round body only: eis et1)l un-
jcsulated, Cootrol ot & single
level 4s ptil} difficult,

8 L8 ®mwxm 40 k6 ¢ su0 470 1.6 Bizltegecus comtrol of heat and
(5/5) /8 (=2e-wn21) &ir crestes 100-200° texperature
Syeling, BReactor tespersture
rratile contiruglly sbifts, rakirg
relation of cocyersion to tesp,
585 Girficalt, YVerticel gredtent is
(top-cent) 200° to 250°F, redlel gradiect
1e 150° 0 25°F,

9 .8 PRica ko 16 g 650 470 7.6 With o cooling, resctor rose to
(5/13) 1/8* (top-cent) 650° ¢z top center: with mec:al
cooling conversion dropped off
to 54% at 535°F, (top-cester),
10 18 Ruen 20 L6 9 w7 220 16,5 Flov reduced 503, A k-inch dayer
(5/18) 1/8" a1 (top-cent) of fiberglass vas added arawmd
resctor, With no coolirg *caction
w38 pearly self- st
B1T°P, but cooled £0 391° where
ochy, droppad to 92%, A 0-0,2¢
carbon noncxide LiRA was added
to ponitoring system in cutlet
€8 lipe, S

(1}1 ) 1-8 Ry ca 380 4,65 gyl 75 380 9.5 At 3/bemen flow resction sus-

5/19 /6" 1 (top-cent) teined itself dovn to b75'F but
began vo fall off at LiGF,
Resctor vas eir-cooled after

. Ve . resction achieved 99% conversion,
Ru on 70 , 9 840 b0 1.6 Reaction 1o self-susteining ¢
0 ' - or

/8" a1 (top-cent) l-zan flovw dovn to 6iG°F, Dgut
fell off to 93§ at 600°F when
cooled by air,

2 1-$
(/22

Y SR VR

¢ e s e e e

12 1-8
(5/20)

8. Bpace Velocity = Totel (002 +By) Voluze flov rate at 70°7, 1 ata./Catalyst bed volune,
b, Stay Time = 3500/space vel,

¢ Jas composition measured by Beckman GC-2 Cae Curoratozraph

4. Qa3 composition measured with LIRA infrered €O, amalyser, O-i§ ©0,
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Test
%,

s

1%
(5/21)

15
(5728)

6
(/29)
1
e

18
(6/2)

L
@

20
(6/%)

21
(¢/5)

2
(6/15)

23
(6/16)

24
(¢/18)

2
(0719)

26
(6/24)

27
(8/25)

Eesctor

e,
1-6

-8

1-8

1-8

1-8

1-8

1-8

2-0

2-¢

v et % 15

B ez a0
/8' &
Fus -
Aoart pote 0
&1 pellets
B3 ez A0
e
R on 220
1/8* i
Ir ca 220
1/8° &
Irea 17
1/8° 2
< 17
/8" A 220
380
570
¥ < n7
1/6° Kies. 220
380
70
R oz 17
/8" m
R oo paig
/8 n
R oo 17
Auxive
Powder
(o
52 ec)
Eu cn 17
Alwdnx
Povder
(52 cc)
ney
7 20
(9% o)
3%
Ru on 9
1/8" AL
(9h cc)
Ru on 9
1/8" &L
(54 ec)
Ru on 10
1/8*
(9% cc)

3.6

%,6°

5,6

5.6°

%6

5,6

5,65
5.6
5.6
L6
4.6
k6
k.6
%6

5.6°

5,6°

b.6°

k.6°

‘héc
4,6
k.6°

4,6°

Cetilyst  Epmee®
2. 7 Ve, &Y
s* 73 0
(top-cext}
%° 50 220
(toprcezt)
%° 60 ¥
%° s0 220
¢ 220
& nr
9t 58 n7
95 667 220
99 4 350
%9 270 s
998 510 n7
99 530 220
99 60 380
$9 &5 70
96 535 n7
%* 525 17
ot 755
700
ot o 55
760
9 a0 18
% & 85
%94 73 1360
- to g2
500
- o 2
360
%° W 35
8s(s) Lo

e, Os» composition measured by LIRA infrared snalyzer, 0-30% €0,

52

7.6

16,5

7.6

30.8
16,5
9.5
7.6
20.8
16,5
9.5
1.6

[

k.7

8.6
L6
2,6

113

13

106

ey ‘i".mb
Lee,

Reearis

Top 2-1/2" o2 mcb:;zoomm
catslyst. Lover 5-1/2° pov
741168 with aludima arial 1/8°
pellets. The to?r—c‘,er inlet
tesp. res 751007 hKigher than
ke resctor 1s filled witk
catelyst,
This test sbowed the texp.
required for sclf-sustaiced re-
actics ruzoing at &0°, o« 50°F
ooted in

open for four Geys yrior to use.

Tatalyst xas reduced overight
at 300°Y. Beactlos 1s oot guite
self.gusairing. Txwersiod
£slls cff et 500°F,

Bo spsreciable coovertusm o O,
vas found with Iridiua catelyst,
Iridiun vas otogacsed uoler
vacoz st 700°2,

¥ sppoeciable converaicn o

even ot Lf%-msn capecity vi‘-hmz
Irtdiva. Iridiuz was reduces
over-ndght ot 300 5 vwith Fyéruge.

Fhodiun roduced orer-pight ot
30°F vith E,.

Xickel-Xicseigubr reduced over-
pight ot F0O°F with E.

Jest of Ruthenium capacity et
1fk-man flov, Catsdyst was
ot reduced.

Catalyst reduced crver-right at
H0°F 20 F,. S2igkAly higuer
couzersion resulis. at approdi-
metely gaze tesperature,

First tesis with 2-C resctor, to
tect povder cetalysts add smmllor
azcunts of pellets, No gcuver-
alon, Cetslyst wvas pre-reduced
vith H st rocm te=p, for 3 heurs
to e ebagrbed 0,

Catalyst was reduced for 16 bhrs
&t 300°F vith By, Lock of cone
versioo was not anticipsted.

96 grans of Ru on Aluzice pellets
was vested for cosparison witb
1-8 reactor, since smsller temp.
gredients would be expected.
Yertical grsdient 150-200°F,
redisl 10-30°F,

A% these loz €0, and total flov
retes bespemcu?-u could not dbe
readily related to gas coxposi-
tion.

Absorption and desorption of

fron cathlyst surface caused
fllictustions 1in g8 composition
vhen teaporature level was
changed preverting corrclation
of temy and si0n,
Outlet and initial inlet com-
pooition measured with 0-30%

LIRA infrarcd anslyzer, Tem-
perature and outlet composition
equilibria are required to relute
accurstely conversion with
temperature.,




Sene Yeed €92,
. TR wtagw gl g 509,

28 28 ten 19 bu® st
(6/28) /8" 1
(95 cc)
208 PRiem 9 LR A
A
&) 57 x
13
0
30 26 BRsioco 19 §.5¢ gg°
(6/2) 1/6° AL
(9% cc)
<! 26 R 38 k.bs5®
) e n @y 7 F
(5% cc)
2 26  Niemd 19 bEs® o2t
(7/2) %y
(2% cc)
33 20 Idexd 15 kbs®  o5°
(1/6) 5;5.,
T % ce)
20 M oam 1 5Ls®  os¢
(‘?/‘7) Kies., (1051’)
/8"
(5% cc)
35 2.6 M et 38 LusT pe
(17/9) Kies,, 8
1/8"
(% cc) 96
85
3 20 Hiaa 95 kst @
(7/20) Kie:,) 67
(9% cc) 91
96
k.0 80
37 2.0 fuoe 95 Lust  g3°
(11 (-
/13) %gb cﬁ &
&
38 2 Ru LV ¢
N A
(94 cc) 87
a4
84
26 @ 2 ¥t of
(Fhs) yon P >0
(9% cc)
ko 2.6 W on 19 sust of
(7/16) 8"
% e »

£, Ges composition moasured with 0-28% €0, LIRA,

Cztalyst Space®

Texp. ‘7
ko7

20
250
200
175
2

k7o

§

VR

WM\ g
ey ¥RIEYR

538
7
2@?

702
2o
600

558

53

vel. ar”

671

(74

132

13

33

33

330

1 Stay ﬂaeb
8ec.
sk

]

»

109

109

109

54

Bemarks

Righer flov rates orxdt oore
T3pdd pesrurement of outlet o588
cazpo8iticn,

Veri2icstion of lower teperature.
coaversica relatica,

Ceeck ca run ¥o. 28

At this flor rate 97% coo-
versics ;“ézcmvd at X70°7, rels.
tively & cocstant tezp. through.
out catalyst bed. Cotveralon
erted at 205°7. Cocversice
Fxolile vas verified by ooaitor-
irg the outlet gas flow mates
€0, conrersisn leve) wvas edicowsd
10 sabilize Lor cach tcxp, a4
ficw measureoecy

Earsdav Bo, E1.0105, 565 Xi ca
Kieselguhr, Catelyst yus ot
Trediced during constantly charg-
1irg ecnversica.

Catalyst w33 reduced for 60 hrs
vith £, at 200°F. Eigher corver-
sicn achieved at lower texp,,

but results ot clesr due to
2haremddon oot FTSGn oF Ci'vg
by the catalyst itcelf yith tezp,
chstge,

Bepeat & clarification of Run

So. 33, Reactica ctarted st 170%
Maxizz cocversim vas 9% at
500°2,

Iocreesed the co,‘, flov rate.

Iplet and cutles“ca. concentntics
v continually tored by sepu~
rate LIRA apalyzers. Checked
effect of increased resctor texp,
Above S00°P conversion appears to
decrease at this flov and space
velocity,

Xoeressed fiovw requiras higher
texp. for conversion in cozpari-
Son with previcus run. Change 4o

100, rtdc to k.0 -decreased
zgnvcg;don to 80% at 537°r.

Comparable test to No. 35 ust

Rz on 1/B" Al shows o kigher :gnp
required, Jhx. €0, conv. was £4g
at ShO'Y, Baising tezp. addit{ional
55°7 to 595°, 414 not increase
¢onversion,

fepeat of Ko, 37, dut raising
tezp. to T0D°F. 8t411 aid pot
Increase conversion, dbut cony.
414 pot dscrease slgaificently
2ither,

Catalyst 18 Harshew Xo. K-0707,
14% Xickel cxide on Aluxina, D14
oot form any C€0,, but 414
formtion of 0.95% CO at 5307 cp
Beasured on 0.0 2o 0.2§ €O LIRA
infrered detoctor,

Redyced N1-0707 for 16 hra at 650°r
vith B,. Sowme (0 coaversicn
achieved as shownt Co began to
Zorm at 400-500"F, and reachod 0.4%
at 643°r,




Test  Rascter . Fosd $.00, Catulyst Zpace ® . Btey Tioe
Ko, Ko, aalys: cg‘i/:sn Eyec0, o2 Tezp, '7 Vel br fes, Remerks
M 2.6 Coca ¥ st o s 8 s Zarstav catalyst ¥o. Co-9108, 306
(7/17) 1/8° 8 a8 codalt oo Xianalguby, supsplied as
XMes. activated, reduced and stediliged ]
(9% ¢c) 63 k23 YA3 598 without pretrsatzent with
E,.
) 2.6 Coea 19 a8 o 220 65 % The cataiyst vas seduced with
{7/20) /8" 149 188 for €0 bours at 250%7. 0,043
J.ITH 15 510 was roted at 510°27
(5% <c) &8 én j
»3 20 ®ion 19 kit o 291 & 3% Rrthenduz pellets vare refuced 4n ,
()‘;/21) /8" L5 363 at 300°F fer 170 bouss prior
(% cc) P kL1 uss in reactor. Comvarsico
5 ﬁ{o ¥as 0ot as kigh at comparable tex-
e 1 FATALUTTS 43 i earller tests
97 458 vhich ma% &t even higher space
velocities,
5 20 PRiga 15 5,455 ﬁ" 285 & s Feducod catalyst orwrpite with
(/) /8" at 300°F. Fepeat ¢f previcus nuf,
(5% ce) k8 3 Conversion vas aves lowez than ic
15 Pio k3. Activity of catdlyss
K1) 257 2rpears to be dicrearing.
b5 36 Bico 9.5 s of 0 &o 5.8 Richantus on aluxice povder (sem
(7/23) As=iza sule used 4n tert Xo. 22 &23)
Fovdar was reduced for 120 bours with
(3.5 st 300°P. Zest performed in
5 ccf Tearier
Kl 36 Radetal 9.5 a8 € om0 gk 1.8 Rutbontin petat powssr (150-200
{1/2%) (1.6 ¢2) m£) ~v;e-.tmod.u suppiied from
1} D.F, Oolds=ith Co., a4
162 Bl ss ks 0 ke 1m0 2.3 (i3] Rpansme G wot :
. 3.6 LS o 475 550 L tico vas perforsed,
Sr W M 8.5 LS 2ff 10 1.6 Folles of =0y Moks
(7/27) s, 53 gos; o x;::um?;: ;vi? z;‘;;f
Povier 54 3% ez, ?m 150 nesh and reduced
(10 c2) 15 for 16 hours with E, at X0°7.
$
" $8 531
; 30 Riketal 9,5 PR TR 0 1.6 : >
W 7 poder S B b o, (35w e
(10 cc) a 20 ;u;:: for 16 hours vih B, At
& 338 .
83 555
& 573
4 30 O3 nrtar 9.5 Boks 9 268 &0 .8 Fraah Ergle
(1/25) Forter Yo g Toks (150200 mash) —recenseonerd
(5 o2, 29% AS hours with E, et 325°P, 7nis
10 ) 93 f20 catalys; vas to shov total
99 kso convarsion, ¥99% An ary tests tc
98 L3 date, Conversica tesp, for the
5 %03 :::.h :,g:i; voloaity and lov stay
50 3.0 RaMtal o, 4.4 0 ; .
(17/30) Powlder 93 5 % N 2k mhxﬁ;?&%.ﬁn ,;a"ﬂ:;
(§~1 éi' for 16 bours vith X, et BE'P,
28 30 Ruon 9 k. 0 22 e
(7/a) iJe* g g I B 58 Qi povien (005 ares oo Kogele
a8, 500 of kiesalguhr foraed into
(10 <2) & 365 1/6" asd. x 1/8" long peilets,

The pellete vere redused for 16
bours with E, &t 300°P,

€ 088 composition measurad with Oukof €0, LIRA
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Test  Reactor . , Fewd £ Catalyst Bpacs . 6iay Zime
. o, Clalyst cf;”c/m Epice, 1% Dezp. °P Vel BrY Beo, Remarks
2 36 BRic 9.5 k.45 [} 588 &o 5.6 Aoprax. 508 Rotherziun metal: wos
(&/3) Xize, 30 s&e =ized with Kiesalgubr, doth 200
-Fovdar 2esd, to form & hooogeneous mix~
(10 <c) ture. Kiesolguhr 1s 00) Muticell,
frea-the Tazms Co., Chicago, "011. !
Catalyst vas pre-rofuced with 22 H
at 30°P for 2 hrs,
52 30 BNetal 9,5 A5 (] 273 30 5.8 The yutbeniun 18 the sase sagjle in
(6/%) Fovler 7 296 B Fo. 58, It was troated vith
(10 ce) L3 28 boiling 5% . R0, for 10.Rln,,
8.5 3% and tben roasted’in air at £50°p
9% 33 for 2 bra.
9 3
100 357
5 30 Reletal 200 B0 0 0 30 5.8 Baze catalyst s R 52, ;
(&/5) (10 cc) 23 S Tatio vas lovered -to.k,0; %&%{n
95 23 tcé;for 5% conversion increased
95 515 t0 525°F, Bigher than 954 vas et

acadeved.up.to 515°7,

55 36 MBetal 9.5 k&5 5.8 Nickel povder wae prepared from
(8/6) (20 cc) 0 595 nickel forzite end rednced for 16
Bours with §, at 350°F. Durirg
T scee €0, up to 0.02%, vas
ooted above S00°P.

(-]
¥
g

6. 36 Rkl 95 Lis § o 1550 1.2 Rethendu= vas by reduce
(8/6) (2 cc) n 415 ‘Hon of B0, vith I, at 300°F for
16 yrs, Xo-Srestcest with m3 or
wasting in air,
57 3G Ruen 9.5 ks [ 415 kil 5.8 Ruthenfu= cn sluxina vas treated !
&/7) 1/8* 17 Lss vith doiling 5K« EX., for 10 mip, ]
M\BO 3 510 804 roasted 4n air a8 650°F for g .
(16 &) gz 550 2 hrs, Peduction vith B, at R5°F . = :
570 or 16 hours folloved, : :
” m 1 H
58 3G M Katal 9.5 h.ks [+] 575 30 - 5.8 Baze cstalyst fro= run-Ko. 55,
(6/10) (20 cc) but -reduced for 60 hrs at £00-
650°P wivk : W
59 30  Bwelf8" 9,5 L.%5 0 600 3o 5.8 Pure 1/8” dden x 1/8" long Kies. '
(6/10) Kies. alguhr pellets vero run es a ! ¢
Pellets blezk-to test catalytic Faoper- )
{10 cc) ties of support materiel, ;
€ 36 R 9.5  Lhs 0 350 10 5.8 Buthenius iras sited cn kie- :
(8/11) Ktes, 46 425 s2lgutr povder, 535 Ry, 573 ;
Fowder & L0 Kies., ard -reduced for 16 hrs !
(10 ¢c) % st 350°F vith B,, pricr to
95 55 testing. -
63 36 Mcea 9.5 4.5 ] 390 30 5.8 Bickel frcm nickel carbonate wes |
(6/32) Kies. 55 kso ggoum on Xieselguhr povder, ) ‘
Povder 8 590 N4, 35% Xies., and-reduced . :
{10 cc) for 16 h=s, at 375°F with : 0 i :
prior-to testing.
173 30 mon 9.5  Lbs 0 275 30 58 . 5% Rutheniun cn ALD, .povder
(6/13) AL, L3 (150-200 mash) -£raf Brglehard
Poddr 6 Tnd,, vas-trested vith bailing
(10 cc) 90 650 5K ma for 10 minutes ax
roustedat 650°F for 2 hrs in
air, and then in E, at 325°F for
16 hours.
6? 30 Coocn 9.5  hbs 0 5’28 3o 5.8 Cobett on Kieselguhr, Type Co-
(871k) Kies, 50 €108 Hershav Chen. Co., -An.powder
Povder o5 610 form vas-prepared by crusking
(10 cc) comaercially supplied pellsts.
Powdor vas reduced for 16 hrs at
300°F 1n:E, prior-to testing.
& 3¢ Rion 95 Ui 0 $85°7 390 4.6 5% Rutheniuz on carbon powder
(8/29) Carbon (150-200 zash) from Englebard Ind,
Povder vas-treated with boiling SX. mn3
(8 cc) and roasted in air for 2 hrs at
650°F, and then reduced for €0 hrs
st 275°F vith B,
] 30 Mo 9.5 b5 0 300 310 5.8 50% Nickel on 1/8" Kiesslgunr pel-
(8/17) 1/6" 23 350 lets, Harshav Fo. H1-000k vere
Xies, 55 375 reduced vith H, at 5 for tvo
(10 oc) T8 390 bra. pricr to esting.
86 Loo
95 b5
99.5 520
55




-

Test  Resctor ., Teed
Ba. B, Ostalyst cgzc/ﬁn B0 332
86 3.0 MT.R6) 9.5 ks 0
(8/18) 1/8%x3/16" &7
-Diaz, 95
(10 ac) 97.5
&7 30 FhKstal . RY 0
(6/18) Fordor 95 5
(20 ec)
(g?xg) 36 1Ir 8:: 1/8% 9.5 ks 0
ﬁs EN)
& 0 E(2-325) 9.5 kb5 o7
(&/19) 1/8"x3/i6"
Disx,
(20 cc)
10 30 E(D35) 9.5 45 35
(6/20) (m cc) g
9'.555
36 Faen 9.5 ks 0
(2121) 0
/ 5% %
(20 ce)
G 3¢ Ir- . 'R
(éf21) yeeg PO o
{10 ¢c)
36 CbMetel 9,5 .k
(372!;) ‘Povder 9 5 °
{10 ¢co)
Tk 3.0 Irdatal 9,5 bt 0
(8/24) Powder
(10 cc)
gs 3-0 Rl Metal 9,5 ks 0
(8/25) “Fordor 0
(20 ce) k1
(2]
&7
6 30 Bl Metal 9.5  Ludis 0
(8/26) Powder 59
{20 oc) f#3
9.5 kb5 0
3-G  Ni Metal
oy 30 1 o »
za 3.6 Bonl/8" 9.5 LA4s5 0
0 Lo
(e/27) fulﬁﬁ
(20 ce)
3¢ 0ofG-61) 9.5 L5 . o
(&8) Y 43
KXiss, kel
(20 ce) 81
81
97
8 3.8 0 9.5 ks 0
(8/31) Pehat
(7 cc)

Catalyss
Qe=p. 7 Vel. Er
oo
i

585

580 e
570 30
565 2o
355 310
»0

510

e

450 o
650

60 20
635 310
550 20
35 310
3

&5

680
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§35

700
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5.8

5.6

5.8

5.8

5.8

5.8

5.8

508

5.8

5.8

5.8

5.8

5.8

5.8

9.8

Fuonrks [

Girdler Co. T-326 recuced and
stabilized Xicke) o= spects)
SUpport. . Xo etreatzent.

Fodiv= meted powdar (150.200
pesh) et supplied f-oc Irglebass,
vas-reduzed vith -2, st 325°r for
16 hrs vrior to teSting, .
Irlddu= mete) powvdar (150200
Desh) a3 supslied frem Pnglebard,
wae reduced with 4, st 325°F for
16-brs pricr to-tedtizg. Up to
0.,2% CO vas noted ot STO°F.

Girdlor Catalyst Dept. of Chemew
201 CoTY., "Type T-325 -roduced
and stsbilized mickel axtze, Ko
Fetreatoernt, Tesporature shom
s udder equilibriux conditicos,
vita-depuravure ant cosposition
uncharged for over 1/2 b,

Baze calalyst used in'Run Mo, 69
but-reduced for 16 nrs at 25%
vith E,

5% Rhodiun ca Aluxine powder (150-
200 pesh), Engledard, vas reducsd
for b brs vith K, st 375°7.

0.5%-Iridium ca 1/8" Alutine pol-
lets was-trsated -for 10 pinutes
rith:-boiling 5X - EX0, and roastea
in.air.at-600°F for 3 trs, and
then-reduced vith-E, at 350°F for
16 heurs,

Colizhiun metal (80-200 pesh) as
suppiied by-Fansteel Corp., wes
-reduced for 60 hrs. .vith B, ot
35°P. Boec CO was-noted, G.2¥,
during-teating et 635°F,
Tridiun nstal -povder (150-200
pesh) vas-reduced at 3957 vith
E,-for 3 hours,

Mickol -oatal povder (approx.
200 mesh) vas prepared frea
-bochnicel grade nicke) formate,
and after-preperaticn kept in e
CO, stmosphere to-pravert nicksl
de formation. Ca vas
oot E, reduced inmediately berove
use,

Same sample as An-test no. 15,
but reducsd before use for i6 hrs
at 600°F with -

Nickel -zateal powder (spyrez., 200
nesh) was-prepared from Hickel
cxide by reduction with 82 for
16 hours at 600°F,

0.5% Palladium on 1/8" alumina
pellets was reduced for two hrs
at 500°F vith H.‘,

Gixdler Catalyst No., G-61, Cobal:
on Xieselguhr, was reduced for
16 hrs with H, at 325°9,

Colusdium pentoxide was propared
by oxidationtof Coluxbiwn matel
with oxygen at 800°F, Yo pre-
treatnent with hydrogen, Up to
15% carbon monaxide formed at

650°F, Pentoxide changed in
color from vhite to grey, possi-
bly & difforent oxide of colum-
biun,
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.5.8

5.8

5.8

1.6
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Resnrks

Catalyst roducéd 16.hrs
et 375°27 in g,

Catalyst pot-reduced prior
to use

Preparad by decomposition
of reagent. grude picksl
Lormute

Reduced for two hours at
650°F.

Faduced 16 Mcurs ot 500°P
15'32

Reduced 70 =in..at 5%
in 22

“Pine meen {150-200) -re-

duced 35 bours.at 350°7,
Catalyoc oot -reduced prior
to use. Hi0.on.activated
A!203 1/8"-pellets,
Prezared-fre nickel-formate
yeccipated coqmiiticel 2
decouposed- st -500°F,
Prepared-ty dissolvirg
24{C00T), in cone. &F, 09 and
etdtrg tMticel to foin &
thin paste, Puste vas
Beeted et ZOD'F <0 resove
and £,.0 and then decoo-
po¥ed at 500°P.
Catalysi ceme a8 in-Tun of
9/xk, ReAuced 16 hrs at
530°F in X,

M0, on AL,O, pellets not
r:ﬁéeed ;}iioﬁ :o use.
catalyst reduced 16 hrs
at 500°r.

Fropared bty rrecipitating
Pt on"Mltercel in o slurry
vith sodiun-forsate, Pt
~25% wt, of catalyot.

Prepared by condensing mo,.
Yapor cn.surface of high
surface area 1/8" A1 0
spheres, No reducticonprior
to use,

Catalyst of test 95 reduced
overnight at 300°F i E,.

Propared by immersing
sphsyres in Ru0, ~-H.0 solution
followed by n# ting to
dryness. Reduced overnight
at 300°F,

Frepared by immersing ophores in
perehloric acid-Ru0, mixture.

Catalyst vashad with 4
mos for 10 min. et room tempersture.

Catalyst unreduced prior to use:
obtained from Engsiband, '




“Tezt -Reactor Foed Catslyst S Etay Pime :
. 3o m“f&éjm 2300, go:yoa Torp, °F Hop it B A Seaotis :

e .

o1 36 SSFhen 9.35  b.AS [ 650 310 1.6 Catalyst xoretuced prior to use;
(20/23) Carbea cbtained from Bngelbard. :
Powder N
(20 ce) *
2 36 HRwm 935 45 o @5 a0 1.6 Seze entslyst @s 10413, reduced .
(20/1k) Caztcn 16 bours at 375°r. '
Powder
{1c co .
103 3 Mo 915 545 (] 315 0 n.6 Catalyst umreduced prior to use; j
(10/1%) Carbon 37 552 obtained from Engeiband. "
Porier ]
{10 ~2) ‘
10% 30 SSRoa 9.35 bks 0 550 310 1.6 Seze catalyst a3 10/1%, -reduced N
(20/15) Carbon 37 g5 16 bours et 2007,
Porder
(10 ce)
165 30 H-032 9.5  &.k5 37 725 N0 1.6 Catslyst cbtained fro: Earshoy,
(10/15) reduced Zor 16 hrs ot bo0'F.
108 3 RucmlfEU9.a15 b5 33 €15 20 n.6 Catalyst prepered by yapor deposition 3
(30/19) 0. a7 25 ©0f Ru0, on bare slu=ine support,
FeLidts fron R0,+2,0 solutica.
107 30 Racnlff 9.15 L.4s5 (4] 600 310 11.6 Fellets vapor-dsposited vith Rad,,
(10/20) M%o};. from B, -E0 soluticn followed
“Pe by 182 4n-pure 0,.8t:900°F,
followed by reductios & '320 for
15 brs et 250°P.
108 3¢ Ruca 9:15  h.&s o 606 0 11.6 Tbe catelyst was-prepared by
{10/28) 200.08h i=ersing 200-mesh stainless-steel
stxinless- Be gauze vhich is in direct cenmtact
steel gouwe ¥%ith pure nickel f0il, 4n a Ruoh- 0
solution, The gouze was then cut i
inie oircles the sare radius as the
3-0 resttor ana mouTtad on a stain-
dess steel thermovell.
3.0 “Ruom 9.15 k.45 o 125 310 12,6 This Zatalyst vas prepared in the
(1329) 200 pash erse fashion &3 tbe stainless-steel
Hickel cstalyst zenticaed in-Test
gtuze 108, vith the exceptions thet nickel

0

gsuze alone uwas placed in the
solution; and the plated gauze wi
cut into thin strips and vound into
ezall dalls.
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Yo,
10

(1/2)

pany
{12/3}
nz
(1/4)
13
(1/5)
1%
(11/6)
15
(11/10)
15
(n/18)

(12/ko)

118
(12/23)
(11/3u)

120
(1/25)

121
(11/25)

122
(11/25)

123
(1/25
to
12/24)

Reector
Ko,

36

30

3-G

X

3-¢

30

3-¢

36

3-6

3-G

3G

3-6

Cstalyst COp Feed

ce/xin
0.5% Ru 9.15
an 03
10 ¢o

2:1 rdxture

of 0,56 py 9+15
on AI0,,

0.5% $ton
a0,

(10 ¢cc)

2:1 mdxture 9,15
of 0.5% Ru

ca AL,
0.5213933
41,0,

(20 cc)
12 zixture 9,15
of 0,5% Ru
on AL0.,
0.5% 8a3
0
13 ec)
Catalyst of 9,15
Test $113
(20 cc)
0.5 24 on 9,15
O3

Ru metal 9.15

?ovder
10 ce)

Ru metal 9.15

fio o0

Ru metal 9,15
er
ﬁ;dcc) -
Ru metal 9,15
der
10 cc)
Ni-010% 9.15
er
ﬁgdcc)
N1-010% 92.15
er
mdcc)
Ni.010% 9,15
er
ﬁgacc)
Ru metal 9,15

fioce)

B,

L.l

kb5

ks

4.45

bus

ks

kb5

Lubs

ks

L.4s

bels

bubs

bubs

bbs

% Catalyst Space® | Btoy Pime
cogs? Texp. °F Vel. Er-t Sec.
1 k75 3o 12
60 ?5
83 I+
1 ke 310 12
17 610
1 155 310 12
T €00
& &0
1 k20 310 12
6 485
S5 700
0 koo 310 12
98 650
1 500 310 12
23 700
90 750
35 385
100 L35
1 350 310 12
2 koo
L7 ho
67 420
9 k35
98 ko 310 12
T2 Lo 310 12
98 5o
93 485 310 12
97 185 310 12
97 485 310 12
98 435 310 12
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Remarks

1/8" peliets (Egeihard) vere grouza
t0 200-zesh powder and testsd vithcut
prior reduction

1/8" peilets (Begelhand) vere growmd
£0 200-mesh povder. Thew 10 co 0.5%
Ru or 0, vas thoroughly nixed with
Sccofggton 0., This mixture
of powders was thefi §educed for tvo
hrs at 200°P in hydrogen, end subse.
quently tested,

Saxe mixture as Test F111, but in
additico, mixture was reduced #or 16
bours at 210°F and then tested,

1/8" pellets (Exgelhard) vere growd
to 200-neeh powder. Then 5 cc 0.5%
Ru on 0, ¥a3 tioroughly mived with
5ec0, on Alzos, end subsequent.
1y tested.

Catalyst of Test §113 reduced 16 hrs at
100°F in E,-C0, ardient,

1/8" peliets (Englenand) vere grouna
to 200-resh powder and subsequently
tested,

This powdsr vas & cazbination of pov-
ders cbtained from Engelhard and
Coldemith, The povder vas boiled in
5N 50, for 10 ain. and then thoroughly
vashedprior to use.

Saze powder tested in Test $116.

Eame cotalyst as the one tested in
test #117, The reactor vas held
undes’ & vacuun during this nm,

the Pressure in reactor being 10 psia,

Sme catalyst is in test 118, The
reactor vas egain held under a vacuum,
the pressure being 5 psia,

Same catalyst as tested in test §47,
Reduced, for 16 hrs at 315°F prior to
use, Reactor held under vacuws, the
pressure being 3 paia.

Same cotalyst as in test 120, Re-
sctor under vacuum, pressure being
10 psia,

Same catalyst as in Test §121, Re-
actor umder atmospheric pressure,

Same catelyst as in Tests - 19,
Resctor at atmospherie pressure,
Duration run for thirty days A14 not
change performance or appearance of
catalyst. Conversion varied betweon
98 and 99%, Hydrogen sulfide injec-
ted into feed gas stream at 15 pin,
intervels, quantity 0.01 cc., for
Perdods of six hours on 27th to
29th days 414 not cause any change
in conversion,
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CATALYST LISTIDC

Catalyst facufectired¥rr. Xo. | Support™ o i lsee Test
Bl i Otber %, To.
Robests | Eugeltard | ee--s | Bive Meted x - | 62,18,53,5%
- Colde=ith JER Pure Yetad X - {861
- w0 JR— Puaxe Metal x - |56
- Ergelbard, | -oo-o Pure Yetel x 5% F16119,123
Golerxsth
. Eagelbard - Aluziza b 33 {1.15,20,2,2, 3,
37,38,%3,4%
. Ergethard P Amtoe x I51 57,64 22,23,45,62,110
- ¥ cmeee {Rltmiza x 59 |106,207
o o Aztza 1/8" spieres L5 |95-58
- lco) Py 000 Batseel| X 53 |58
- y20 S 000 tescel x e |se,&
- Zegelhard —oone Curbez x I, 72 16
- ¥ . 5t, Steel 200-Yech Geuze 63 {108
. R - Hickel 200-Yesh Geuze L6 {109
Ruthesiws & { Engeibard onee Alu=ira X Origirzlly 1/8” Pedlets] 55 ji11,112
Plsticu grousd to 200-mesh pwdr
Rutheniuz € | Engelhard ovmen Auzing x Origirally /8" Pellets] 43 {113,233
Pelledite ground £o 200-zesh podr
Rhottun Exgelbaxd | oo--e  [Pure Metal x & 50,67
- - . Alwzina X -ee 28
- - ,——— Avuzine x 0 in
- - ————- Cardon x 73-76 {101,1¢2
Istatun Ergelbard Pure Metal x 65 {7
- - JRi— Aluzins x 2ha32 26,27,65,72
Onpdum Egelbard - Pure Metal x 66 |9
. - R Alu=tra x 15+23 181,59
Platinz Ergeibard ————— Carbon x 77 |93
- w0 [ Piltercel x 1
Palladiuz Engelherd cesee [Rlumtng x 9-1% |78
- - ——von ARuzing x 58 {100
. - ——vee Carbon x 79 1103,10h
" " R Quxine x Origimily 1/8" Pellets| 78 115
Mickel 3D ————— Pure Metad X | Froc Nickel Formate Lo 155,58,75,76,83
X | ¥rom Micke) Oxide - |77
b Harshav 51.0707  |Mu=ina x 3 {3k
. Harshav 10106 |Kieselgr | X 5 19,32,35,65
- Harshey #0104 [Kieselguhr x Originally 1/8* Fellets| 52 147,100,122
. HRD oome 000 Baticel X Prom Kickel Carbonate 6 6
. WD - 000 $aaticel X | Prom Mickel Formste 57 {89-91
- Girdler 7-326 Special 1/8* x 3/16" Pellets 6 |66
- Earsiev #1-032  [Aluxina x 1 105
Hickel Oxtde [Sirdler 731 [T x 5 les '
Mickel Azive [Girdler 7-225 Speciel x 7 {&,10
Cobalt ﬂnauzm Co-0108  [Kieselguhr | X 2 |b1,b2,63
" Girdler G-61 Kiesclguhr 1/8% 2z 3/16" Pellets 8 Im
. City Cvem, | -o--- Pure Metel x 39 18
Coluwdiua Fanstoel P— Pure Hetal 80-200-Mesh Povder b,b2 73,87
Con05 MAD J— Pure Powder x 50 léo
Tay05 D Mackey] eo--e Pure Powder x 36 jee
[Turgsten . Pure Jetal x & e
Holybdenum  [Pacsteel er Hetad X 37,38 |85

$*A11 sup; orted platimum group netals are 0,5§ metal on 1/8” aluzina pellets, and 5,08 metel on alwxive or

eardon ;nvd.ero.
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