PART I - OIIL, FROM COAL

RESEARCH AND DEVELCPMENT, COAL-TO-OTI, LABCRATORIES AND PILOT PLAN

T3,
BRICETGN, PA,

Amorg the highlights of laboratory and pllot-plant work at Bruceton, Pa., on
producing liguid fuels from coal by gas synthesis were:

Restoration of spent
Filgchar~Tropsch calalyets (steel turnings ) by Injection of sn glecholic solution of

potasgium hydroxide intc the reactor; studies of Iretreating and activating such
novel catalysts nrg steel wool and alloy steels; develorment of a metheod for reducing
finely divided slurry catelysts in a dry, fized-ted reactor; and rilot-plant con-
firmation thet the hot-czrbonate brecess for removing carbon dioxide from synthesigs
gas offers substantial suvings compared with conventional methods,

In coal hydrogenation, the one-step, high-temperature process was tested in a
continuous pilot plant and gave nearly complete conversion of cosl to oil, hut
yields of gasoline and gasecus hydrocarbons were relatively low. Carbohydrates,
cellulose, and lignin were heated or trested with acid to produce coallike chars
that can be hydrozensted to roducts typleal of coal hydrogenation to obtain addii-
tionel informetion about the formation reactions of c¢oal, Further advances wars
made in daveloping anslytical methods, and studies werc started on micreobial degra-

dation of coml and on the kinetics of the reactions of carbom with carbon diozide
and steam.

Synthesls of Liguid Fuels Frem Eydrogen and Carbon Monozide
(Fischer-Tropsck and Related Processes)

Process Development

ilot-Plant Operations

0il-Circulaticn Process. - Sypthesis of oil from mixtures of hydrogen and car-
- bon monezide (aynthesis gos ) tekes Place in the mresences of catalysts and can be
"eaccomplished in & numhsr of ways. In the oil-cirecslation rroceas, the catalyst is
: completely submerged in oll, and heat given off during reaction is carried off as
,'sensible heat of the liquid. TLagt year, particularly durable catalysts devaloped

for this process were mentloned; they consist of specially activated lathe turnings
of iron and steel.

Two pllot-plant tegts now have been made with turnings pretreated b
Teduction, carburization, and reoxidation to im
Operating at temperalures below 270° ¢
lron carbides and deposits carbon
{de. Reoxidmtion with steem conve

¥y oxidation,
prove activity and longsvity by

+ Carburization converts metsllic iron to

on the surface by decomposition of carbon monox-
Tts carbides to oxides and removes some free
farben, In laboratory tests, this pretreatment had rroduced catalysts of high
activity. In the plaut, howaver, pretreatment was difflcult, and no increased

activity was observed. Flowlng o1l graduzlly removed the soft cogbing of the

catalyst by hydranlic atirition. Wiih conventionally prepared turnings, opera-

tions lasted 2,700 hours under savere oxidizing conditions at temperatures as high

85 292° ¢, With cerburized turnings the experiment had to be terminated sPter 1,530
hours even though the temperaturse never exceeded a7s@ ¢,

Doubly oxidized-reduced turnings elsoc were tried, They wers oxidized with
Seam until 20 percent of the ironm was converted 0 magnetite., Subsequent reductiom
¥ith hydrogen was followed by a second oxidation with steam, impregnation with

ﬂlkali,and & second reduction with hydrogen., This rreparation was no more active
ben conventionally prepered turnings.



Tnjection of alkali had the sams effect on product distributlon from lathe
turnings &5 from other iron yrepsrations. After 1,100 hours of operation, prodye-
tion of (14> gases had incresssd from 28 to 63 grams per cublc meisT OF synthesig
ges converted, waz hsd dscreased from 16 to 1.7 percent of C + materiel, and pro-.
duction of gasoline hed risen from 40 percent to 84, This snift was evidence of
loss of alkeli from the catalyst surfece., Whan alconolic potassiwm hydroxids wag
injected with the recycls oil, normal distribution of producte was restored :
immadistely.

; Samples of the surface layers of turnings teken during synthesls showed that
Wagg iron carbide (indiceted as 'FepC") was Troduced early In the synthesis; its -
emount remained fairly congtant, while metallic iron wes gradually oxidized to
magnetite (sec fig. ).

Removal of Carbon Diozxide From Synthesis Ges. - In the Fiecher-Tropsch synthe
sis, Temoval of cearbon dioxide from symthesis gas is a necessary and relatively
costly step. In the ethanolemine process, the begt svalluble method, steam cosis
ere 2 to 3 cents per gallon of liquid fuel. A purification orocess 1s belng devel-
oped in which amine is replaced by a hot, concentrated golution of potassium car-
yopate &t elsvated pressurs. Ag absorpblon of carbon dioxide takes place at ths -
seme tempersture ss regeneration of the solution, the smoint of steam reguired for
regeneretion is reduced, and the need for expensive hest exchangers is eliminated, -
The pilot plant for this process was described in the 1953 Annusl Repert.

ghudies have been completed of the effect of opcerating variables upon regener-
ation efficiency. Regeneration efficiency 1s & measure of the amount of steam re-
quired for regenerating the spent solution and is expreseed as cubic feet of carbon
dioxide per pound of steam, Feed gemes containing 10, 16, 20, and 30 percent car-
ben dioxide (remaindsr nitrogen) were 1used at sbsorber pressures of 100 o Loo
p.s.l.g. Residual carbon dioxide in scrubbed gas was varied from 0.5 to € percent.
Tegts were made with single-stream and spllit-stream flow Of regenerated carbonate.
In split-streem operation about cne-third of the solution wes coolad 20° C. and
sent to tho t0p of the sbsorber; the main portion was nct cooled and entersd 5 festi
below the top of the absorber, Split-stresm operation was particularly advante~
goons when the desired concentration of carbon diozide in scrubbed gas was less
than 1 percent.

Variznbles that affected regencration efflciency were partial pressures of car-
bon diozide in the raw and scrubbed gases, pressurs of regeneration, and amount of
cerbon dioxide absorbed by the solution., The regemeration efficlency {see Tig. 5)
rogse sharply with increasing partiasl mressure of carbon diozide In the raw gas TP
to sbout 45 p.s.i.g. and then leveled off, Similar results were obtained with
single stresems, From figurs 5 one can predict the regeneration efficiency for a
glven feod gas.

Optimum removal of carbon dioxide and regenerstion efficienciles obtained with
gaveral ges compositions sre given in table 1, The yrocess was compared with smine
scrubbing, with a gas at 300 p.s.i.g., scrubbed from 1% to 2 percent carpen dloxlids,
to 1llustrate savings in steam consumption, For split-stresm flow & meximum Ire-
generation efficiency of 9.0 was attained (tsble 1), In commercial practice with 2
15~ to io-percent solution of momosthanolamine, the ragsneration efficiency i1z aboub
3.0 to0 4.0,
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TARBLE 1, - Optimm operating conditions for removing carbon dioxide from
gymthesis gas by potagsium cerborats solutions

(300 p.s.i.g. sbsorber pressure, 2 to b p.s.1.2. regenerstor presgure)

"0y comtent, Single gtream Split stream
par cent Regeneration Regeneration
Feed | Scrubbed; COo pickup, efficiency, COp pickup, sfficlency,
gas gas ou.ft./gal. | cu.ft. COQ/lb . steam| cu.ft./zal, | cu.ft. CO5/1b, stean
R e .k 358 3.5
20 .8 4.5 6.8 4.0 7.8
20 5 - - L,2 7.5
2 3.7 8.5 3.b 9.8
B 3.7 6.05 3.8 7.7
-6 = = 3 -9 7 03
2 - - 3.1 8.3
b - - 3.1 6.0

Investigation ¢f simuiltaneous removal of carbon dioxide and hydrogen sulfide
heg been started, About 33 percent of the hydrogen sulfide was removed {concentra-
tion lowered frem 0.77 to 0.06 porcent) when the concentration of carbon dioxide
was reduced from 11 pervent to 2. An sdditlonal reducticn of hydrogen sulfide was
gttained when the concentration of carbon dloxlde was decreased further.

Bench-Scale Experimenta

Catalyst-011 Slurry Frocess., - The shirry process also ubilizes oil as =n inter-
213l ecoolant. It differs from the oll-circulation process in that the catalyst perti-
clea are small encugh so that they can be suspended in the oil., Evaluation of mag-
netlte zod fused-iron catalysts was continued, particularly factors that result in
;cperational difficulties such es agglomeration and setiling of suspended particles,
The problem has been attacked mechenically, chemically, and preocess-wise.

Reactor design was aimed at Increasing the flow of slurry by providing enough
igltation to pravent agglomeration, In 1 design, 2 tubes were errunged concentri-
cally go that incoming gas pasged up the central tube and carried glurry as in a gas
VML, The slurry then retwmed to the bottom of the remstor through the smnular
Space ., DBome sgatilsfactory tegts were wade with thls arrangemenl. Ancther system,
Just built, empluys = turbine-type pump that cireculstes slurry through en external
section thet may serve ss = hesi exchanger. Hers too, an aprrecisble ghearing fores
.Bhould prevent agglomeration. The system cen be operated with countercurrent zas
and slurry flows.

Some factors thet msy effect sgglomsration are viscosiiy and composition of
Buspenaion oil, Tegts with olls of high viscosliy were unsucecessful snd suggest

fhat some colloidal phenomenon, such as.adsorption or peptizatlion, may cause trouble.
When g high-molecular-weight alivhatic alcchol {dodseyl alcohol) was added, muach
Nger rmms were obtalned; the reason for this effect 1s belng studied.

& method wag developed for reducing finely divided catelysts in the dry state
by Passing hydrogen over a laysr of catalyst in a horizontal reactor. This pro-
%dure has definite advantages over rsduction of ths cstalyst in o0il, The minimm
temperature was foumd to bs 325° C.



Catalyst-Testing Btudles

gteel Lathe Turnings

Multiple Oxidetions and Effect of Ozidation Temperature. - The effect of Kty
ple oxidations and reductions of 1,018 carbon-steel turnings on catalytlie activity”
wes studied. In each instence, only shout 20 percent of the iron was oxidized wity
steem. The catalyst was impregnated with alkalil bafore final reduction. Activity:
coefficlents (Ap,) of 68, 7h, and 48 were obtained for single, double, snd tripls -4
oxidation, respectively, where Ape 1s the volume of Hp + CO {in cubic centimeters)
that would have reacted per gram of iron per hour at 2o ¢, The triply cozxidizeg °
catalyst produced larger smounts of wex {+han the others sxd gave higher yislds of
olefins in the Cp-ClL frection. At first, doubly oxldized turnings appeared to hs |
aprreciebly more actlve than singly oxidized ones. Howsvyer, the differonces wers
due chilefly to different bulk densities of the two gamples; the activity per gram
o? iron was essentlally the same.

The effect of temperature of oxidation on activity end selectivity of the tum
ings was determined up te 800° C. In 1 test, the temperature was incressed from
100° to 600° €, over a 10-hour period end then held ab 600° 0, for 30 hours. In .
snother, the catalyst wes oxldized at 600° C. for 32 hours and in e third at 800° ¢
for 1—1/2 hours. In all instances, the cxtent of oxidation was aprroximately 20
percent . Each catalyst charge was alkalized with 2-percent potassium cerbonate
solution and given the sbandard reduction with hydrogern. Synthesis tests weTs mads
Por 6 weeks 8b 300 D.g.i.z, with Hp + 100, Activity velues renged from 57 {6000 Gy
oxidstion) to T7 (800° C.). The 100° to 600° C. oxidation that is currently used
resulted in an activity of 68, The rate of oxidation of steel turnings depended
on the temperature. At 875° C., oxidation was a lineer function of tims. A% lowe
temperatures the rates were congtant only Initially. At 575° C., cxldation virtu-
elly stopped after ambout 18 to 20 percent of the irom had been affected., For thor
cugh oxidstion, the temperature must be considerably higher than 575° C.

Composition Tests, - Activity tests om lathe turnings prepered from various
types of steels end alloys are in progress. Turnings of Armco iron {1018, 1042,
1095, 1340 cerbon steels) end 2-percemt copper steel were oxidized with steam to
about 20 percent, alkalized with Z2-percent potasgium carbonate solution, and re-
duced with hydrogen at 450° C. for 8 hours at an hourly space volocity of 1,000,
The copper-stesl alloy was most active (Apg OF 8%). The largest percentege of .
products in the gasoline renge (52 percent of total product ) was obtained with 1018
corbon-steel, Product distributions from the rsmaining teste wore quite similsr.

Pretrestment of Steel Turnings. - Efforis are belng mads Lo improve the activ-
1ty cnd selectivity of 1018 carbon-steel turnings by pretreating the oxidized tuwrn-
ings before addition of alkali and final reduction, These pretrestments are:
Nitriding with emmomia, carburizing with synthesis gas, emd impregnation with 1 _
percent copper oxide. One of the first pretresiments congisted of: (e} Oxidabion
with steam at 600° C., (b) reduction with hydrogen et 1500 ¢ ., (¢} carburization
with 1Hp + 10 et 450° C., (d) reozidation with stesm ot 600°°C., (o) impregnation
-Eitg o-percent potassium carbonate solution, and (£) reduction with hydrogen at

50% G,

Opersting conditione for the comparstive tests were: TFressure 300 pusd B
hourly spece velocity of IHp + 1C0 300, with the temperature sdjusted to maintaiml
£5-percent curbon dioxide-free comtrection. This perticular catalyst was operated
in synthesis for 13 weeks end had an activity coefficlent of 98 at an average tem”
perature of 2540 C. For the first 6 weeks, the period used for comperative purposss



jaized, alkalized, and reduced 1018 turnings hed a lowsr activity of 68 and oper-
a:Eéd at 263° ¢. for the first £ wesks., The only significant differsnce in selectiv-

yas thet the carburized turmnings rroduced 18 percent wex, based on total hydro-
% ybon yield, the uncarburized material only L percent. With the increase in wex,
here Was & proportilonate decresse in other fractions that was divided fairly

q'llﬂllya

" In anogther test the same mrocedure was followed, except that the secaond oxlda-
in and reduction were omitted., This sample had an activity of only 28, The sur-
ce layer was essentimlly cementite (FesC); reoxidation destroys this carbide. 2s
fe reoxidized catalyst was more active than the carblde, either the carbide may be
ceumed to be relatively inactive, or structural changes produced by oxidizing the
nide (grester porosity, higher eurface area) are mainly responsible for grester
ivity. The selsctivity of these two cutalysts was similar, despite a large
ifference in opersting temperature.

.- Another batch of turnings was cxidized 20 percent with gbeam, impregnated with
tasgium carbonete solution (0.039 percent potassium oxide on turnings), reduced
yith hydrogen, end nitrided with ammonia at 350° C. for 16 hours at an hourly space
¢ity of 1,000, The nitrogen-iron ratio, bassd on weight gain, for the nitrided
talyst was 0,099, X-rey diffrection showed the Iresence of hexegonal iron nitride.
e test was terminated voluntarlily after 6 weeks vhen the catalyst wes discharged
nd analyzed. Nitrided turnings were leze zctive than oxldized-reduced turnings
'E‘_e 55 and 68, rar.-;pectively) and produced larger amounts of Cj to Cy hydrocarbons
52 end 27 percent ) and very small amounts of heavier hydrocarbons {5 and 10 per~-
nt). Spectrometric analyses showed high ylelds of alcohols and oxygenstes in the
il and water layesrs. The used catalyst wes extracted wlth tolucne to remove hydro-
rbone and then sheken vigorously for 3 hours o crack off the sctive surface.
ay diffraction showed that this surface was hexagonal ircon carbonitride,

+. Pretreatment of stecl turnings, involving cerburization or nitriding followed
‘oxidation end reduction, produced gignificsnt inereasss in porosity and surface
¢e With o corresponding increase in activity. For surface arews from gbout 0.3
14D square meters per gram, the activity incresssd spproximately linearly with
rface area.

The 1018 carbon-steel turnings were also impregmated with 1 percent copper

ide. The trsatment consisted of: (a) Oxidation with steam =t 600° C., (b) im-
egnation with aboul 1 percent copper oxlde by immersion in a copper niltrete solu-
on and subsequent heating to decompose the nitrate, (¢) alkalization with = solu-
ion of 2 percent potassium carbenate, and (d) reduction with hydrogen at L50° C.
I,ﬁ_-_s cetalyvst had a high activity of 110 mnd sabtisfactory selectivifty. On the besis
Synthegig data and gimpliclty of preparation and pretreatment, copper-impregnated
I_‘nings at pregent appear to be the most attractive catalyst of this type.

2Used Promoted Magnetite

- Boriding Studies. - Catalysts containing horideg of iron apparently have not

30 made =z yet, To obtain such compounds, dlborans (BgHg was prepared in sn all-

laﬂs-apparatus {s@s Ffig. 6) by slow addition o¥ boron trifluoride ebhyl etherate

ft% an zgiteted suspension of lithium hydride in dlethyl ether, The murified gas wes
B oin s gstorage bulb. Because of the explesive properties ot diborane, strict pre-

Utions were tsken to eliminate traces of amir =nd moisture in the apparatus,

A 20- to 30-percent mixture of diborane in helium was pagsed through both re-
Ced and nitrided iron to dctermine whether borides wonld form. Halium was
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; to cbtain Information ag to its suitebility

saturated with diborane vapor by passing it over the surface of liquid diborans
meintained at a suitably low temperature. '

Froliminary boriding experiments indicate that borides ars not Produced 4i-
rectly when rednced iron is treated with 1BoHE + 3He at 150° o 250° C. Under these
conditions, elemental boron is apparently deposited om the surface of the catalyst .
However, when such catalysts are hegted overnight in helium at 450° 4o %50° ¢ o
partial conversion tco ironm borids MRy occur. The use of higher temperatures (for
sxample 600° C.) does not appear to be desirable, beceuse appreciable sintering of
the catalyst may result. Tn soveral tnsuccessful experiments nitrided lron was
treated with diborane-helium mixtures to replace nitrogen atoms with boron., Enough
deta have not yet been obtained to Justify any definiie conclusions.,

Steel-Wool Catalyet

Commercial steel wool (grade 3) has been tested in the hydrocarbon synthesis,
Like steel shot and laothe turnings, it was oxidized with steam (about 52 Percent ),
aelkalized with potassium carbonste and reducad with hydrogen before snybhesis. It
bhad an exceptionally high activity, 211 at an aversge tempersiure of 251° ¢, gg
compared with 83 and 264° ¢, for 1018 eteel, end ylelded a product with relatively
high average molecular welght. A fegt at high temperatures and space velocities,

for hot-gag recycle operaticns, was un-

suceesgful. Carbon deposition was rapld, mrobably because of Inedequate heast trang-
fer in the gmall fixad bed.

Mstal Bydrocarbonyls

The structurs and behavier of metal hydrocarbonyls { compounde composed of iron,
cobalt, or nickel, hydrogen end carbon meonoxide)} were studied ba cavee these com-
pounds, like Fischer-Tropsch catalysts, cam act ag trapnsfer agents for hydrogen and
carbon monoxide . Invastigation of cobald hydroecarhonyl by spectroscopic and nuclear
resonance methods led to the sonclusion thet the hydrogen stom Ircbably 1s abtached
to the cobalt atom., '™is result requires revision of the current view that hydrogen

Previous work with cobalt carbonyls end hydre cerhonyls has provided informstion
concerning the mechanism of addition of carbon etoms to unsaturated hydrocarbonsg end
some indications ss to the dature of adsorbed Intermedistes in the Figcher-Tropsch
Process. Ag iron hasg displaced cobalt in the Flscher-Tropsch procegs, Investigations
of iron hydrocartonyl and substituted iren cerbonyls are now in progress. The dif-
Terence in chemical reactivity between cobalt and iron hydrocarbonyls mey well pro-
vide & partial explanation for the different selectivities of cobalt and irom in the

Figcher-Tropsch Trocess.

Complexes =imilar to those mrevicusly prepered,




