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Abstract:

The reduction of a sub-bituminous coal and three lignites ,using CO rather than H2 was investigated.
The sub-bituminous coal was mined at Colstrip, Montana, and the three lignites were mined at Savage,
Montana, and Stanton and Noonan, North Dakota. The equipment in this study consisted of a 500
ml,,rocking"autoclave which operated between 380°0.' and 45000;, and a maximum operating pressure
of 5000 psi. The analyses which were made included the conversion of the MAF coal to benzene
soluble material, gas analyses of the reaction gases, and ultimate analyses and molecular weight
determinations of the liquefied coal.

The results show that increasing pressure and temperature increase conversion, however, hydrocarbon
gas production increases with temperature as well. The best solvent that was investigated for lignite
was a mixture of alpha-naphthol and phenanthrene, and for sub-bituminous it was anthracene oil.
Grinding the coal in a mortar and pestle produced better conversion results than pulverized coal
because the coal was less oxidized in the former grinding method. Noonan lignite is more reactive than
Stanton lignite, which in turn is more reactive than Savage lignite.

The reason for these differences has been attributed to the composition of the ash in the coal. Na2CO3
was studied as a catalyst for the liquefaction of coal using C0. with quite successful results.

The tar product obtained from the coal has a hydrogen-to-carbon ratio of about.1.1 and an ash content
of less than 0.1% compared to coal’s hydrogen-to-carbon ratio of 0.8 and 7% ash. This product would
be an ideal fuel for magneto-hydrodynamics, and will overcome many of the obstacles that have
prevented magnetohydrOdynamics from becoming a reality.

TSro processes utilizing the liquefaction of coal using CO were designed and studied economically.
One process produces CO from char, H20 and 02, while the other produces the CO from CO2 and the
char. The first process is competative with existing liquefaction, processes using; hydrogen, and the
second process is more economically attractive than any liquefaction process that has been proposed
for the production of tar products.
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ABSTRACT!

The reduction: of a sub=bituminous coal and three lig-
nites. using:C0 rather than Hp was investigated. The sub- '
bituminous coal was mined at. Colstrip, Montana, and the:
three. lignites were mined at Savage, MOntqna, and Stanton
and Noonan, North Dakota., ThHe equipment in. this study con-
sisted of a 500 ml.rocking autoclave which operated between
38000 and 450°C, and a maximum operating pressure of 5000
psi. The analyses which were made included the conversion
of the MAF coal to behzene soluble material, gas analyses
of the reaction gases, and ultimate analyses and molecular
weight determinations of the ligquefied coal,

The results show that increasing pressure and temper-
ature.lncrease conversion, however, hydrocarbon gas pro-
duction increases with temperature as well. The best
solvent that. . was investigated for lignite was a mixture of
alpha-naphthol and phenanthrene, and for sub=bituminous it
was anthracene oil, Girinding the coal in a mortar and pes-
tle produced better conversion results, than pulverized coal
because the coal was less oxidized -in the former grinding,
method,., Noonan lignite is more reactive than Stanton lig-
nite, which in turn is more reactive than Savage lignite,
The reason for these differences has been atitributed to the-
composition. of the ash in the coal. Na,00; was studied as
a catalyst. for the 11quefactlon of coal us?ng C0. with.quite
succesSful results,.

' The tar product obtained from the coal has a hydrogen=.
to-carbon ratio of about 1.1 and an ash content of less than
Os 1% compared to coal's hydrogen—to—carbon ratio of 0.8 and
-Z% ash., This  product.would be an ideal fuel for magneto=-
hydrodynamics, and will overcome many of the obstacles that
have prevented magnetohydrodynamlcs from becomlng a reality.

Tiwo processes utilizing the liquefaction of coal" u81ng
CO were designed.and studied economically.. One process pro-
duces C0 from char, HpO and. 02, while the other produces the
CO from ©0o and the char, The first process is competative
with ex1st§ngAliquefaction processes using hydrogen, and
the second process 1is more economically atitractive than any .
liguefaction process that has been proposed for the produc-
tion  of tar products.




I.. INTRODUCTION:

A, United States Bnergy Reguiremehts

- Only until recently have we been able to keeﬁ'pacé
with our country's insatiable appetite'for energy. For
the first time in our history in 1970, there was consider-
able dlscussion of power shortages,“ There are many reasons
for the shortages, but the major factors are: the over-
selling of nuclear energy, mine safety laws which result
in the closing of coal mines, coal exports, -pollution:con-
trol, and Middle East oil import curtailments (1).

" Not only must we supplemeht”present shortages of

fuel, but we must supply the expected increase of fuel

“requirements in the years to come. - Since 1880, the United

States' energy consumption has_doubléd every 30 yeérs and
it is expected to do so again:in the mext 20 to 25 years,
Even more important, the United States'' power consumption

has been doubling every eighfﬁto ten years, DBased on.

-these predictions, we will require well over 125 quad-

rillion: BTUS of energy in the year 2000 (2). This increase
is due to the population increase and. the per capita in-
crease in energy consumption,

In addition to the growth problem, we are now facing
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the possibility of shortages in presently used fuels, For
example, the natural gas and petroleum reserves-to-
consumptionzratiosshaﬁe beeh'degreasing fbr the_iast
several years, and even the Alaskan oil find will not
: replace the expected shortages (3,4}, ~Known recoverable
United States reserves of oi1, gas, and vranium each
could supbly about 300 quadrillion BTUs of enmergy or a
total of 900 quadrillion BIUs. About ten percent of the
fossil fuel consumption is also used as a feed stock for
the organic cheﬁical industryf'.Bécause of the increase in
future energy requirements and the ﬁotential shortages of
presently used fuels, we must obviously find new and more
effecient ways of producing energy and organic cheﬁicals.

The most desirable solution to this problem would
be atomic fuéion, and at this time the Atomic Energy
GommiSSioﬁ is convinced that fusion-power reactors are not
blocked By laws of nature., "Depending on.one's underlying
assumptions, or the level of the effort and the diffioul—
ties ahead, the tine it would take to produce a large
" prototype could range from as-muéh as 50 years to as little
a8 ten:yearé (5)." This would indicate that commercial
hydrogen;powered reactors may be develdped by the turn. of

the century, which is much too long to wait for a suitable
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solution to the energy problems for the near future.
Breeder‘reactors; which: will nizake more éfficiént use of
nuclear fuels, are more promising and may be'used on'a

commercial scale by 1984 (6.

B. Fossil Fuel Potential

Possil fuels will continue. to play a very important.
role in satisfying our energy demands, particularly in: the
tranSpdrtation sector, More efficient methods of gener-
ating electricity from fossil fuéls, énd new processes to
utilize or convert. heretofore unused fossil fuels into
usable fuels will have to be investigated, The three major
sources of these fuels are cbal, tar. sands, and oil shale,
but each qfrérs advantages and disadvéntageéo

The advantage of tar sands is that the oll is easy
to extract frpm the sand., The oil after extraction re=-
quires only small'améﬁnts of.hydrogetho obtain. a synthetic
crude oil, Tdr sands are undesirable‘in that they are
located in northern. Canada, which is a considerable dis-
tance. from markets in the United States. The ore contains
only 15 percent.carbon, but nonethéleés Sun 0il Gbrpofationl"
has a 45,000 bbl/damrpiant processing tar sands.

0il shale technology is fairly well developed and the




—dfm
reserves are.fairly large (they contain‘abéut'BO billion.
barrels of oil). Unfortunately, the crude oilﬂié of
rather poor quality and the éhale 0il reserves are not
close to processing water sources..

When compared to other fossil fuels, we note that
fhere.are huge reserves of coal in the United Statés,-or
about 4,600'quadrillionABEUs. Coal reserves afe a short
distance from market; are cheap to obtain. in many areas,
and provide é great versatility of uses. However, the big
disadvantage is fhat technology has not been fully develop-
ed in order to make use of many of coal's potentials..
Thus, with futﬁfe improvements in.coal fechnoloéy, and
-with utilization oi its vast reserves and versatility,
coal will play a major roié in supplying enefgy for the:
future. Factors, other than techno;ogical factors, which:
will dictate when coal will be used for the production of
hydrogenated coal products indlude:. cost 6f money, taxes
on mineral eitraetion,'aésigning of royalties for coal
leaseé, and guidelines for bil import guotas (f#.

One of theslaréest'reserveé of coal in. the world is:
the Fort Union fpfmation,(Figupe'1), It contains about
700 billion tons of sub-bituminous coal-and lignite, or

about seven. percent -of the world's known reserves (25
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B
pércent of the Uni%ed States ' 'reserves). Montana shares
about 220 billion: tons of this coal, of which about 20
billion tons can be strip mined economically today. -

The Fort Union coal will prdbably have four major
~ uses before the tﬁrn of the century. Ii.will be liguefied,
gasified, used to obtain.chemicals,.and burned for electric
power generation. Ih. fact many elaborate systems utilizing;
these processes have been proposed (9,10},

Liquefactioﬁ:to gasoline,‘aviation fuel, and syﬁé
thetic crude oll has been studied for many years.. Because
of its imborfance_to the direction:that this project took,
the histérica; developments of liquefaction: will be dis-
cussed in the next chapter, Chemicals and carbon prodths
are produced from coal by assentia;ly.the same methods as
liquefaction. During the early 1950's, Usion Garbide had
a‘iarge pilot-piant.in West Virginié to obtain chemical
feeds, but the Bergius précess thaﬁ they used ﬁpoved to be:
uneconomical (]1)., New concepts of\obtaining chemicals -
from coal via hydrogenation have since been proposed (12}..

Gasification. is becoming’increasinglj important-andi
a great deal of research is being conducted in. the United
States (13,14,15), The proceéses afe designed to replace

natural gas with:a high BTU.gas containiﬁg"mdstly methane,
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Méﬁy oil éompanies have realized the importance of
coal, particularly in.the Fort Uriion. regiom. Consolidation
Coal Gompany merged Withz&bntinental‘Oil; Pittsburg and
Midway Coal Company with, Gulf 0il Gbrﬁoration, and Island
Creek Goal Company merged with Occidental Petroleum. Im
raddition, Standard 0il of New Jérsey has spent 25 million
dollars leasing coal land in Illinois, Montana, and
Wyoming (16), Shell 0il has bought coal leases in.
Montana as well,. |

ITodu01ng electriclty from coal is already a big
bu31ness in Montana and the surroundlng states,. A new
process for generating‘electricity from fossil fuels,
which is currently being studied by the Avco Corporation
promises to be more efficient, thereby pfoducing less
pollution than the conventional steam generating method.
This new method is called magnetohydrodynamics (MHﬂ)
The details of the operatlon are glven-in several articles
(17,18), and need not be given here. Hoéwever, some gen—
eral discus31on_of the process will be given. in: order to
orient the reader to some aspects of the .process,..

A simple diagram of the MHD.system is shown im
Figure 2,. As in the. steam generating;method, a conduc=

tor must be passed through a magnetic field in.order %o
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produce an electric current., Ih the MHD;systém aﬂ,elec~,.
trical'conducﬁing plasﬁa is passed through a géneratbr at
super=sonic spéeds. Around the generator is a supercon-
ducting magnet to supply the magunetic. field. Thus, By the
movement -of the conducting plasma through the magnetic
field,gan;electric current is produced. MHD. is more
efficient in.that the steam turbine and generator are
eliminated. |

The plasma is. produced. by burning_fuelvwith com-
pressed,  preheated air (or ox&genﬁ and a seed containing:
potassium is added to incfease the plasma'’s electrical
conductivity. But the potassium mist be recovered by
electrostatic precipitators in.order to make the process
economical, 'This sort of elecﬁfical generation; has an
effiéiency of about 60%'as compared to about 40% with.
steam generating systems. |

Coal is the most likely fuel to be used in. the MHD:
process because qf its great abundance, but it .does ﬁfe-
sent problems. The biggest objeétion-is tﬁét the ash .in
the coal is very erosivé to the generator gt_high tempere
afures, and it interferes with_potassiuﬁ recovery; There=-
fore a cleaner fuel needs to be proposed for électfical

generation by MHD,
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Methgne.and'oil are clean fuels, but they contain
a considerable amount of hydrogen which has poor electri-
" eal conductiyit&e. What is needed then is a fuel free of
ash and low in hydrogen content. |
The problem with the use éf coal is that present
processes are found to be uneconomical., New, unique
technoldgical ad¥ances will be required to help solve the
United States' energy‘demands and to help utilizelenmana"br
coal resourc'eé0 The industrial development for the state
of Montana based on.coal will give the state'an econonmic
base that will help to aleviate the frustrating economic

situation that the state now faces,

¢. Coal Structure gnd Composition:

Goal in itself is not a chemical, but rather it is a
mixture. that is found to be non-uniform and very complex.
One of thg analysés of cﬁél is called the proximate
analysis-which breaks coal down: to water,. volatilg'matter,
fixed carbon, and ash, The volatile matter is that
material which‘will vaporize when heated to a high temper-
ature (900°C),. excluding Watgfe The remaining organic
matter after heating is called fixed carbon, and the

inorganic matter is called ash.
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The coal can be further broken down by méans of
the use of the ultimate analysis., This determines the
amount of carbon, hydrogen, sulfur, nitrogen, and by dif-
ference, oxygen in the organic ﬁorﬁién of the coal.

The sfructufe of coal is really not very well known,
particularly for the lower grade coals such as sub-
bituminous and lignite; waevér, in. order to ggt some
sort of an idea of the complex structure we are Wbrking:
with, a ftypical structure of a high volatile cdal:iSf
shown in Flgure 3..

The .arrangement of ash in:coal is very complex and
is not fully understood,_ However, the élements in; the:
ash are known; it contains silicon, aluminum, iron,
titanium, phosphorus, calcium, magnesium, sodium, potas-
sium, sulfur, and many other trace elements including:
uranium,

Tn. order to make chemicals, synthetic crude oil,
gagoline, or natural gas, the ash aloﬁg with the oxygen,
sulfur, and nitrogen must be removed. A4t the sameAtimQ,
the huge structure of coal mﬁst be broken down. into

smaller fragments and hydrogen added to these fragments,
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Figure 3. Typical Cross-bonded Structure for High
Volatile Coal. (20)




II., HISTORICAL BACKGROUND

A, Coal Liguefaction: Thirough 1960

' In order +to -understand why this research projedt
took the direction. that it.did take, it would Be most
helpful to understand the historical background of cogl
conversionb,TOﬁr primary cqncérn is coal liquefadfion,'so
this topic will be discussed in. some détail.

The first successful attempt to convert coal to an.
0il was achieved by Gharles Berthelot in the 1860's... He
reacted the coal with”hjdrogen‘iodide in: a sealed glass
tube: at. 270°0; for 24 hours (21), Under these conditions,
. his method .was far from being an acceptable commercial
process and remained a laboratory curiosity until 1910,
At this time Germany became concerned about shortages
- which were develbping in. their high grade coals, and they
askedfﬁbrgius to-investigate'the production. of coai from
peat. During thé course of these experiments, he reacted
his coal product from the peat through the use of hydrogen
in a high pressure autoclave (2,000 psi) at a fairly
high. temperature. (450°C:) to form an oil, In 1913 he
applied. for a patént fér the production. of oil'from coal,

and as a-result he received a Nobel prize.
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After the Pirst World War, I. G. Farben (a German.
dye trust) obtained the Bergius patents and developed the ..
process to the point that. it was‘technically.i@asihie to
make oil from coal. I. G. Farben Joined with Standard
0il of New Jgrsey, Royal Dutch-shell Co., and the British.
Imperial Ghemical_Industries to form the intérnational |
Hydrogenation Patents Ltd. The process that.fhey had
licensed was called the Bergius process. Thlis process is
showniin.Figﬁre 4, |

The. Bergius process has been the standard method of
coal hydrogénationzand in. recent years many modifications
of the process have been made in. order to make it more
-economical, Because of 1ts importance, the probéss will
be discussed in some detail,

~ There.are two basic.steps im: the Bergius process;:
_fhe first step is the liquid-pﬁase hydrogenation.and the
—second step is the vapor~phase hydrogenai:ion° In the
liquid-phase, coal is processed mostly to a middle frace
tion oil which boils below 325°C.. This oil is then: sent
to the vapor-phase hydrogenation:unit where it ig processed
to gasoline and.aviation: fuel,

In the liquid=-phase hydrogenation,.coai and a cat=

alyst (which: increases conversion.of coal to oil) are
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Figure 4. Liquid-phase Hydrogenation in the Bergius Process. (22)
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~added’ to a pésting oil, Which.forms a slurry. 4 slurry is
used because‘it can,easi;y be transported to the reactor,
and conversion 18 increased if the coal is in an oil
medium, | .

The‘slﬁrry passes into a conﬁertgr ﬁhefe it is
contacted,with,hydrogen,fbr one houf at 4500@ aha 10,000
psi. After the reaction;,a considerable amount of light
0il and gas pass out of the reactor, The light oil is.
then. condensed and saved for the vapor phase hydrbgenationo
The liquids and solids are passed through centrifuges to
separate the unreacted cqal from the heavy oil; Mést.gf_‘
-this heavy oii is used as the pasting 611 and the éentri;
fuée residue is sent ib the coker. There, coke is pro-
duced, which prevents the pasting oil and the coal slurry
from becomiﬁg too viscous to be pumpedo.‘ ’

The hydrogen.is supplied by reacting cgal and water‘
to form hydrdgen.and carbon monoxide. The carbon. mon- .
‘oxide is then reacted with water to form more hydrogen:
and carbon.dioxi@e, with the latter being removed, .

The product from the liguid-phase, middle. oil, goes
to the vapor-phase hydfogenationasystem which consists of
8, higﬁ preséure hydrogenation. reactor with.a fixed bed of

an expensive cétalyst,(nickel, tungstenj. The primary
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products after thig treatﬁent aré gasoline and aviatiom
fuel, .

During-World War II, Germany had twelve such coal
hydrogenation plants (most of which.had minor modificae-
tions) which.supplied fuel fbr tﬁe German Air Force.and 
Army..” The planfs were not.very,lafge and all twelve
plants combined produced only 100,000 bhil/day of_liqﬁid
hydrocarbon products, A single large Uanited Sitates rew
finery today will easily produce an. equivalent amount of
0il products.. ' .

After the war, a great deal of interest in éoal
liguefaction: developed.. Russia (which has about one=half
of the world's known.coal reserves) ﬁoved many of the
German plants to Siberia for research in:coal conversion
(23). Bhgland used its large Bergius process industry to
manufacture oil and in: this way ecut dowat o 0il imports;
and inm the United States, the Bergius process was demom=

" strated by the United States Bureau of Mines using Ameri-
can coals. (24,25).. Most of the.informétioﬁiused to build
the demonstration:plant was captured from the Qermansol

The Uhioh.Qarbide'cbrporationvused the Bergius pro-

‘cess for several years to obtain chemica1s from coal,.

However, after 1953 théere was. not a single Bergius plant
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in: operation., The reason for this was that the oil and
gas companies Were,easily meeting demands by conventional
methods of production:and by importatiﬁn; The other fac-
tors resulting in the decline éf-the\BErgius-process were
economic in mnature. |

There are several reasons for the economie.failure:
_of the Bergius process.. Perhaps the biggest obstacle was:
the high pressure of 10,000 psi and the long residence
time thét were required in the process,. This required'a
large amount of steel, 1arée compressors and pumps, which
in: turn meant a large caﬁital investment.. In the 1940's,
18 tons of steel and 13,000 dollars of investment per
barrel of gasoline per déy were requlred in: the process,
‘Tb make gasoline from coal using the_Bergius process, it
cost 22.6 cents/gallon, whereas gasoline from an oil re=-
finery would cdst about 6lcents/gailon;(21)oi The other
serious set=back is the cost for the production. of the’
ﬁydrogenojllhfsome cases this can account. for one-third
of the cost of the entire plant.

Other minor obstacles inciuded pump .failures due to
the abrasiveness.of the cozal slurrjﬁ this is particularly
serioﬁs.to high.pressure pumps.. The other mechanical

problem was that.the oil could not easily be separated
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from the solids in. the centrifuges.,

By using only the ligquid-phase hydrogenation. in: the:
Bergius process and milder conditions, a tar could be '
produced.’ This is what the Germans;did in order to form
an eésentially ash free product Which{coulq be used to
produce electrode carbon: for their éluminum process.. This:
modification. of the Bergius process became known: as the:
Pott-Broche process, and had very little significant im-
portance after World War II (26j..

At. the same. time that the Bergius process was being -
developed, Germans by the names of Fischer and Tropsch.
developed the proéess of using carbon monoxide and hydro-
gen to ﬁakeﬂoil? where the GO and Hj.are reacted at 250°0
by using n;ckei, cobalt, and irom as catalysts. vﬂhe.syn«
thetic crude oil produced was not of very good quélity;

. however, the s&nthetiq:niesél fuels and lube oils were:
satiéfactory, Thé Eiécher—Tropéch process ran iato the
same financial trouble aé the Bergius process had, but
presently there is still a Eischer-T@stch.plant in: South
Africa. ' -

Between. 1953 and 1960 there.was.really very little.

interest in.coal conversion. with the ‘exception. of the )

interest shown: by the United States Bureau of Mines which.
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tried to make imprOVements.inlﬁhe Bergius and Fiscﬁer-
‘Tropsch processes. For the Bergius process they tried to
find more active catalysts for the ligquid-phase hydrogeh-
ationziniorder.fo decrease the pressure requirements of the
reaction,. This was done, bﬁt;%he catalysﬁs were very
expensive and would have had-to‘haVe,been.iscpveredffrom

the products after completion of the reaction..

B.. Coal Liguefaction from 1960 - 1970

Because of the predicted decrease in. United States
oil and gas reserves,.the oil'qompanies'were stimulated to
reinvestigaté the coal conversion-processesa. The Offiée
of Coal Research was formed. within: the Department of In=-
terior in order to provide funds. for the improvemeﬁt of
processes utilizing coal. 4s a result of this, funds
were appropriated for major modifications . of the Bbrgius 
process in: order to make éynthetic'crude oil competative.
with crude oil. |

There.were three.major'mddifications which. have. been
-researched and studied economicaliy to at 1eést the pilot
plant state, 'EErhaﬁs the process most foreign to the
Bergius pracesé is-Projéct GOED}(Gha;,hOil an& Energy

. D?velopmentﬁ shown: in: Pigure 5i. It. is basically a carbou=-
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ization process which drives off all volatile matter in
multi-stage beds With<hydrogen gases going in;countér-
cufrent flow to the coal and char. The three products
that are formed. in .this process are: gas, a high grade
synthetic crude, and char for boiler feed (27). Conver-
sion to gas and oll is not very high, but it does eliminate
a great.deal of the high pressure equipment needed in;thé
Bergius process. A‘large amount of char is produced and
char is generally considered to be an'undésiraﬁle product.

H:Goal (Figure 6) is a single stage prbceés using
- an ebulated bed‘of a very expensive, reactive cétalyst
(285, . This process can.be. operated at 2,500;péi to obtain
90%”conversiqn.fo an.oily product and 70% yield to a . |
middle. 0il whichhcould be used as a refineri feed stock.
The reduction: of reactor operating pressure,plué the
simplificatiom of the pfbcess'resultipg in a reduction of
plant capital investment, are important factors which:
makes this process quite atﬁraetive,

The process receiving.the greatest financial suﬁport
is the Consol Process (Pigure T7J); developed by Gonsolidatiom
Cioal Company.,. This process yields a TO% conversiom of
éoal to a synthetic. crude oil with the rémaining'being a

char by-product.. In the first.step, oil from the second
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stage: is added to the coal and hydrogenation takes place.
at low pressure and fairly high temperature by means of
hydrogen transfer from the sécond-stage 0il to the coal.
The heavyioil product is recovered from the first stage by
cyclones (the pilot plant is Having difficulty with. this
particular step) and then.is passed through high pressure
fixed bed reactors with catalysts to produce & high quality;
synthetic crude and the recycle oil,. '

Project HkQoal and the Gonsol Process have improved
the state-of-the-art to fhe point that the cost of syn-
thetic crude oillis approaching the cost of conventional
crude oil, but because of the high capital costs, no com=
pany would want to take the risk.of producing,érude‘oil
from coal. ' ‘

The other major‘objections-to the new .concepts in?‘
clude the high cost of the hydrogen and the production of
~ undesirable char.. The improvements that were made, however,
include the reduction. of pressure by means of new catalyst
methods and simﬁlifications in the Bergius ﬁrocesso |

During;thié time period, slight modifications of the |
Pott-Broche process ﬁhich:resﬁlted in- the production. of a
low sulfur and ash produét for use in making electrode

carbon and for use in. steam generating plants, were. made
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by the. Pittsburg and Midway Coal Company.

C, - Puture Potential Processes.

Further_research bf new processes will certainly be
of additional value and hasten.the day when hydrogenated
coal products will be.producedo New concepts are being,
investigated,. and an article written.by G. Alex Mills,
which this author donsiders to be a classic in coal ligue=
faction, describes new concepts Which may produce é new
generation of coal conversion processeé (30, A very brief
description of each of these new concepté will be givem@

@om@léxes of transition metals gsed as hydrogenation
catalysts have been studied by the Bureau of Mines,. The.
reéults show séléctivity and éctivity at a relatively low
temperature (200°G:). | | -

Massive amounts of halide catalysts, developed by
Consolidation: Coal providés the promise‘of production. of a
light oil from coalvin only one step. However, "a come
merciasl prpcess-using-meta; halide'cgtalysts‘must provide
a viable method for regeneration: of the cﬁtalysfu(BO)b"
The Chemical Engineering Deparﬁmeht at Montana State Uni-
Versify is working to solve the regenefation:problemo

Organic. hydrogen. donor solvents have. been. studied
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for years and with: future investigation it 1is possible
that a satisfactory solvent will be found. Also, alkali
metals are belng explored through. the use of several 4if-
ferent m.ethodse The Bureau of Mines is using alkalil.
netals as a hydrogen_actlvatlonLcatalyst,.reductionzbyr
alkall metal amines, and. electrochemical reduction of coal;

Reductive alkylation. is another method being investigated..

D. Water-Gas Shift Reaction: on.Coal

The other process which Mills supported as giving
\considerable promise'as a new generatiomn: process was the
use of the water-gas shift reaction (GO.+:H§Q -y H% +
00, ) with coal,. Rather than adding hydrogenlts the reac-
tor, carbon monoxide and water were added with -the shift
reactian-taking place, thus broducing the hydrogen., Since
the hydrogeun is produced ig:g;tg, it isvavailable to the-
coal in a nascent form, Heénce, it is mpchimore‘reactiva
than gaseous hydrogen -and gives greater conversion inia
- shorter period of time than does the molecular hydrogen..

The first:time that this reactlon was used on coal
rwas in. 1921 by Pischer, who noted. that the shift reaction
onpgoal.liquefiéd more of the coal thaﬁ gaseous hydrogen.

liquefied (31). More work was done during_the early

e -
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1920'5, which: showed that it did work well on.coal but
experimentation.sfill did not succeed in hydrogenating
aéphalt (32,33). . ?Although the early.fesults looked pro=
mising, the relati%ély low conversions, the emphasis on:a
one-step: process for converting coal to gasoline, and the
impact of the Fischer-T@dpsch.reacxion.éaused the carbon’
monoxide plus water approaéh to be igncfed after 1925
(34)." |

‘The reaction;with coal was not investigated again
until about 1968 when.the Udited States Bureau of Mines
decidéd_to-reinvestigéte‘fhe reéctionw \Bbcause of the
reaction's increased convefsion over .that which used gas=
eous hydrogen and.because of the advent of new hydrocrack~
'ing'catalyéts which.would cénvert the coal product of thQ
shift reaction;fo'gasoline, the study was instigated by
the Bureau of Mines,

~Several runs were made usiné carbon; monoxide and
water with.bituminous coal and Noonan, North Dakota lig-
nite using alpha-naphthol and:phenanthrene.as solvents,
The most striking curve that they obtained is- shown in
Pigure 8.. This:figure illustrate& the compariséom of thes
convefsionfof;coal to'a benzene $oluble.material when €0

and H50 are used in the reactor and whem hydrogen alone
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was used-in.fhe.reacmoréﬂ Whénr@O}and“H%Oiare used the
conversions. took place in a much.shorter timé and the con- :
version: was much greater than When.hydrogénrwas used,
Thué, high convérsionawas achievéd in a short time without
the aid .of catalysté.< Another papef eminating from the
Bureau's work (35) was published later Cﬁﬁi§\ia not found
.inlthe‘literaﬁuréJLm In: this: paper, Appell and Wender
discussed hydrogenation of different'materials by using CO
and Héd;. They were trying‘to understand why the reaction
works on. coal, They then postulétéd some possible meéh—‘
anisms,. The conclusions that they reached werer 1) that
the reaction.is effective because of the hydrogenation:
with.activated hydrogen produced‘by the[water-gas shift
reaction, 2) +that the infcroductiom of alkyl groups in: the
coal aids the feactipn, and 35 that carbon;monoxide‘has:a
unique ability to cleave certain types of bonds, or o
inhibit condensation:reactions leading.to benzene—insoluble:
materials. -At.the time that this investigation was in-
stigated at Montans State University, that was all the
- information. about the shift reaction on: coal that could- be
obtained., No literatufe has been,puﬁlished since that:
tinme,

The results of this work,.particularly Figure 8,
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prdmpted us to investigate-processes which could use this.
reaction, thereby, hopefully reducing the cpst.of coal
hydrogenation, Before a plant could be designed and’
economically ‘evaluated, experiﬁental runs had to be made:
om various types of éoal in;fhe For# Union: regilon using
several different conditions to see how ﬁell they reacted .

© and to see what characteristics the .products would.pdsseSS4




IIT,. RESEARCH OBJECTIVES

The primary objective of this préject was to develog:
a coal liqﬁefaction.process Whiéh would: 1) help relieve
present and,futﬁre.energy prbblems of the Uﬁited States,
2} incorporate the watef-gaé shift reaction because of
its rapid reaction and because of its-elimipation.of.a
catalyst, by-product char and of gaseous hydrogen produc-
tion in the process, 3} utilize fhe coal in. the Fort
Union fbrmafion; particularly the sub-bituminous coal and
lignite of Montana, and 4) be'economically;attractivea |

Supporting research had to be conducted in order to
meet the pfimary objective, Various types of coal were:
reacted using several different conditions im: order %o
obtain:data for a plant désign. ‘Also, the quality and
" quantity of the gas, liquid{ and solid’produéts ﬁroduced
by the réaétion had to be investigated. The prbperties_of
~the hydrogenated product had to be studied’to determine its
uses, or the need for further processing which would result.
in the production of a usable.product.

Ii was also.hoped that additional information could:
be obtained.which would give a clue as to why or hqw the

shift reaction hydrogenated coal much . more effectively
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than did. the process which used gaseous hydrogen.




IW..  MATERIALS, BQUIPMENT, AND PROCEDURE:

A. Materials and Analysis of Materials -

Pour coals were used.in the experimental ruﬁs° Sub=-
bituminous coal, which.was originally ﬁined near @6lstrip,
Montana, was obtained from the steam~-generating plant in
Billings,, The sub~bituminous coal could be obtained im
" either pulverized form (minus BOO'mesh);‘or in. crushed
form (minus one inch). The other coals were lignites |
which came from Sidney, Montana (Savage, Montana minef,
Noonan, NbrfhnDakota, and Stanton, North Dakota. Of the
lignites, only Savage lignite could be obtained im a pul-
verized form.. The ultimate, pféximate, and ash.analyses
for each of. the coals are given in. Table I,

The pulverized‘coal had loét a considerable amount
of water since 1t was transported with het air in the
steam-generating. plants, but the coal was kept enclosed
in metal drums to prevent further aging (water loss and
oxidation) by air. The crushed coal was kept in large
“plastic bags with as much aif as 'possible being forced out
of the bhags.

The analysis of coal which varied the most even when

the.coal came from the same mine, was the proximate anala
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TABLE I. Proximaée, Ultimate, and Ash Analyses for Col-
strip Sub-bituminous and Savage, Nboonan and
' Stanton. Tignites. .

Coals: Colstrip Savage

Stanton:  Noonan
Sub=bituminous: ILignite: Iignite  Lignite
Proximate .
Moisture 23,9% 37.9% 38.,4%  35.4%.
Volatile Matter 30.9 25,1 - _
Fixed Carbon. 37465 - 29,65
Ash. ] 706 704 : - 705.r . 6"09
Ultimate
Moisture. 2%.,9%" 37.9%: 38.4%°  35.4%
. GarbOn ' 5003 3902 3804 4202
H’]drogem 3‘64 206 ' 207 209
l\l?i'brog;e*n; 0.7 0065 0.5: - 0aT!
Sulfur T 0.4 0.5 0.4 0.3
Oxygent ' . 1307 11 07. 120] 11 o6k’,
Ashr ' Teb T4 Te5 6.9
Ash Analysis of Major Components.
510 ' 3604%" 27 1% 36,0%  30.0%
A1283 ' 17@6, 1895 1400 11no
Fe 03 4061‘-‘ 501 y 7»2 696
T10o 0.4 0.7 065 0,6
P505 0.8 0.2 = .
cao T 22,7 15,6 18,0 21,0
Mg0 9.4 656 458 4.7
Na,0 0.3 0.2 Sod 11,0
k20 0.5 0.4 1.3 0.65
SO’B ‘ 1409 1496\»
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ysis because of the,variability of the water and ash cons.
tents. The water content was determined by using the
apparatus shown.inaﬂigure,éB% Toluene and a known amount.
of coal were addedffo the boiling-flask. The %étér from:
the coal and the toluené vaﬁorized; condensed‘in éhe con=
denser, and collected in.a gradﬁated receiver with, the
toluene réturning té the boiling flask. The volﬁme of
_Water collected was recorded and a simple ratio calculétion
was made o deterﬁine the percentage of_water preéent in
the coal, The ash ahalysis was made simply by adding:é
known: amount of coal to a covered porcelain crucible,
After all of the volatile matter was driven off, the 1id
on thejcrucibie was removed and the remainiﬁg fixed carbon
was burned off, The ash Wés welghed and a calculatiom was:
made to' determine the percentage of ash ﬁresent in the coal,

The amount of volatile matter and fixedkcarbon:was:
not determined since it was of littie ﬁalue-to us. The
Bureau of Mines ih'Grand_Forké perfbrmed ultimate and:ash
analyses by using standard equipmeﬁt and procedurés (363,
Hﬁffman‘Laborétories in. Wheatridge, Golorado did someA
ultimate analyses using micro techniqﬁes'on;some'of the
coal h&drogenation;produets.

The pulverized coal was used as 1t was received even

a4
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though. it. had lost a consideraﬁle amount of water (as much.
as 50%). However, the crushed coal was grdund=eipher by
using a ball #mill or by using a mortar and pestle.

The porcelain 1iné ball mill nad about a 15 gallom
capacity aﬁd steel balls were used., The gfinding lasted -
.for about 24 hours,.and the coal was then put into closed--
steel drums for storage.  If the coal was ground using the
mortar and pestlg, about.106 grams was prepared one hour
before fhe run: was made., This was déne to pfevent any aging:
of the coal caused by extended contact with the air,

In nearly all of the runs a solvent for the coal was
used., The solvents tried included alpha-naphthol, phenan-
threne, a tar product from a coking process, anthracene
0il, and isoguinoline. The tar, which ias processed from
a Bituminous-B coal, was obtained. from the United Stétés
Bureau of Mines' cokiﬁg pilot plant in:Grand. Forks. The
anthracene oil was obtained from the Reilly Tar and Chem-
cial Corporation, It.is a distillable oil fraction from

coking ovens, and has the following composition:

Fluorene 9%
Anthracene . ' 9%
Carbazole o%".

‘a “
Phénanthrene 35%.
Unidentified ~ 38%

Thie remaining chemicals and solvents such.as sodium
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carbonate,viron:bxide; benzene, toluene, carbon monoxide,
and hydrogen were all technical grade., .. -

Ih a feﬁ runs the maﬁerialhbeing reacted was Esso.
Bunker O fuel oil and 85/100 penetration. asphalt, cement.
Ihspecfions‘on;these samples are given;in:Tabie IT, and
were determined by Bsso Research and Engineering at Linden,

New Jerseys.

Bi, Bduipment and . Procedures for Making Runs

The reactof used for this study was a 500 ml. Parr
rocking stainiless steel autoclavé Whichwrocked at about
365 strokes per minute. It was rated.at 400°C and about
8,000 psi at room temperature, although it was_ffequently
run at 450°¢., The autoclave and tﬁe rocking-heating sys-
tem are shown in. PFigure 10..

The pressure was indicated by the pressﬁre gauge on.
the autoclave valve block; this was periodically checked

with other gauges in the system, Témperature was detected

. by an iron-constantan thermocouple whichiwas placedlin.the,

thermocouple well of the autoclave. The temperafure was:
then;recordeduonba chart.recorder. The thermocouple and.
eharﬁ‘recorder were checked by placihg.the thermocouple

in molten zinc and letting the zinc cool to form a solid..
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TABLE II. Inspections on Samples of Bunker C.and 857100
Penetration Asphalt Cement.

- Sample - Bunker ¢ Penetration Asphalt. -
Viscosity @ 122°F SFS 2130 | | '
Viscosity @ 275°F SFS 190"

_ Viscosity-@ 14O°FQ.§3- ' ' | i;SbO
Penetration @ 77°F - 98
Pen. Ratio 39,2°/770 36
Sp..Gr. @ 60/60°F . 0.970 1,015,
Flash °, P.M. 225; ; 500%
BTU/4 | 18,570
Lsh, % , 0,04
Pour Point, °F BT
% ¢ 860 86.0

H | 1.0 1044
N o 0.3 0.5
Ss | 1.9 C 2.8 |
0 s 0ok 0.6"

“Estimated from other data.
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Because of the latent: heat of fusion, the temperature
would remaim constant for about a minute. This constant:
temperature was checked with the melting point of zinc at
419°G (39)..

Because of FOOU regulations the carboﬁ,monoxide'wass
shipped in 1,500 psi cylinders.. In order to meke maximum
use of the CO, a-pressurizationhuhit was used to maintain
the 00 préssure'between 1,506 and 3,000 p§i,, The unit is
shown in. Figure: 11.. | | |

The.commercial 00 cylinders were connected to the
system, and some of ‘the 0O .was added totthe high. pressure
eyliﬁdero Then hydraulic oil was pumped into the high
pressure cylinder, and simply by displécement, the GO0
pressure was incfeased to the desiréd pressure., When most
of the CO from.the cylinder was consumed the oil was
drained, more CO was added, and the cycle Wa.s'repeatéda

In: order to make a run, the material (Which'genefal~
ly'consisﬁed of cozal, solvént, and water) was weighed to
the nearest one one-hundredth of a gram and added to the
‘autoclaven The autoclave was then sealed'and.placed in
the. rocker-heater portion of the equipment. fhe CO was.
then;added‘from thg high pressure cylinder %o the.autociave‘

until the desired pressure was reached. . The initial
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pressure of most runs was between 1,350 and 1,500 psi,

The equipment.was left at static conditions for
“about ten minutes: to check for leaks. As a safety precau=-
tion, a Bacharach 0O detector was always readily available
in. case ény leak did develqp;' If there were no ieaks,,the
heaters.and roeker were tufnedaén@ A fypical heating |
curve for a 15 minute run is shown. in: Figure: 12.. I%. took
about 40 to. 50 ﬁinutes for the autoclave to reach tenper-
ature, and once reached; that Was considered a'reaction
time equal to zero. The operating pressure was in: the -
4,000 to. 5000 psi range. After ﬁhe desired reactionltime
had passed, the hot autoclave was pulled out of the heaters:
(by.meaﬁs of threaded pull rods), and set upright on bricks: -

to cool overnight.

O, Reaction Product Analyses

In most. of the rums, there wefe two primary purposes
~for the analyses. First, the analysis of the reaction
gases was made in order to determine the.quality and quan-
tity?of'each.cons’cituent° ihe'secqnd, and:most important.
objective, was to determine the. conversion of the coal's
organic'matter to a benzehe soluble material.. Coal itéelf'

. 1s not soluble in benzene,. but tar and oil dre. Therefore,
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we are able to tell how much of the coal had converted %o.
tar, oil, or ‘gas by this method° Product guality cculd
'also be further determined by checking the solubility of
. the product in hexane. That which is scluble in: benzene
but not in: hexane is defined'as asphaltenes, aud the mater=
ial soluble in.ccth benzene and hexane is defined as. oil,
Hexane solubllites were not made because it turned out
that nearly all of the 1icuid material was hexane ingsol-
uble. A block diagram of the analytical procedure is

shown. in: Pigure 13,.

1.. EBguipment and. procedure for gas analyses'

A 20 gallom drum was equipped with piping and valves;
so that it could;be evacuated;:reactionugases were added
from the autoclave to the drum, and samples were teken.out
of the drum through.the use of a gas syringeo- After the

“autoclave had cooled overnightlthe gas.was slcwiy bled (%o
prevent foaming of 1liquid) to the 20 gallon: drum.. Final
pressuree varied from runxto run;ﬂbecause of this, thew
final pressure in. the drum did not always reach atmospheric;
pressure. As a consequence eir was added to achieve the

necessary pressure. vAt the most, 25% of the: gas in. the

drum was air., The drum was thengfaken to the gas chroma~
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tograph to analyze the quantity and quality of the reaction
gases. o

First a system had to be developed Which would de=
tect 00, 00, Hp, 0y, Ny, OHj, CpHj, O
order to make the analysis with the equipment that we had

0 Hé’.and-cﬁHio° In:
avallable, the analysis system required two columns in.
parallel'in.one gas chromatograph. One column: was packed
with Porapak Q and the other with.a Linde S5A ﬁolecular
seive., The Porapék Q column (1/4" x:6') detected G0, and
the hydrocarbon. gases while the Linde SA golumn_(1/4" X
g'y detected co, Oé, and,Né. Tﬁe oven temperature was
maintained at 75°C for\both‘coiumﬁs and the hydrogen flow -
rate was 40 ec/min, Since hydrogen:was the carrier gas:
for both columns, the quantiti of hydrogen present had to
be calculated by difference. _ | ' ”

All gas samples were 560'ﬁl,iand two standard gases
were used, one-eontainihg mOgAQOé, and.Hj while the other
contained the hydrocarbon.gase;, hydrogen, and nitrogen..
Air was used to standardize the oxygen and nifﬁoéen peaks.,
Then samples from the reaction;gases were injected into
the chromato‘gfaphe The recorder had an. integrator which

recorded the area undef each peak and gas concentrations

were calculated by ratios of the peak area.
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2. Bdulpment and procedure for conversion analyses:

AIter the gas had been removed, the autoclave was
opened benzene was added and stirred to make a slurry.
The slurry was then.added to a nine cm. Bruchner filter
(with a Wattman #2 filter paper) under a vacuum..
| The residue remeining-in the filter was allowed %o
air dr& for about 12 hours to facilitate easy and clean.
removal., ThHe residue was fhen;piaéed:in.a Weighgd.loozﬁ
15 mn. double thickness cellulose thimble, and the thimble
was ‘then placed'in,a Soxhlet extraction unit (Figure 9A).
The material in the thimble which is soluble im 'boiling
benzene is then removed and added to the boiiing flask of
benzene. The unit was run:for 24 hours or unfil the ben-
. zene Was'colorlesso After extractién; the thimble was
. removed and placed in a stean heated‘dryer for 24 hours..
The dry thimble and residue. were weighed and éonversion,
was calculated.. |

By knowing the- amount of ash and water in the coal,
the amount of moisture and asH free (MAF) content of the
coal was known. Subtracting the ash. from the reSidue in_
the dry thimble gave the MAES content of the resmue° Then

-

by using the. equatlon.
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o - VAR - MAR;
W, x 100% |
where C.= percent.of the organic: matter im -

coal which: becomes benzene soluble,
MAF; = weight of moisture and ash free;
: material in. the coal added to the:
reactor,
MAEihz.weight of moisture and ash.free

material in: the residue remainlng
in the thimble,, -

Oiher anglytical procedures were tried in:an effort to
determine the conversion: but this method was by far the

most reliable and consistent method. .

D, Runs with Special Objectives:

‘ Some runs were not done precisely in the manner de-
scribed above because a special objective had to Be‘meto
In.some‘runs sodium carbonate was used asgs a catalyst in an
_effort_to determine if the sodium carbonate would help fo
increase the conversiom of coal %o 0il. In;these‘runs; an
aqueous sodium carbonate solution was added to coal which
had beenlpreviously groun@ by use of the ﬁortar and pestle.,
After letting the coal air dry overnight, a water analysis
“had to be performed on. that particular sample of coal be= .
cause that: sample of coal would certalnly not have the

same water content as mlned coaln The run was then carried




|  -51-

out in: the usual manner,

Several times it was desireéd to obtéin a sample of
the hydrogenated product from the coal for analysis. I
these runs, no solvent was used fo prevent its interfer-
ence in the product analyses,. The product ﬁas then. placed
directly in the Soxhlet,éxtraqtion\th;mblea After extracs
tion, the 5enzene was then. distilled (using a hot water
bath) from the product. The product.ﬁas then poured into

viles and sent to Huffman Laboratories.
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Vo RESULTS AND: DISCUSSION

A. Results and Discussion of Conversion. Analyses.

Well over 100 runs were made with.the objective of
obtaiﬁing informatiom which.would allow the design of a
- plant which: would gtilize the water-gas; shift reactionlfor
the reduction: of coal, Variables such as solvents, - tem-
~ perature, pressure, typé of coal, and time had to be inves-
tigated. New ideas were tried im:an effort to reduce the |
baéital and operating costs of the potential processes..
Also, it was hoped supplemental inforﬁation,could be‘added
about thé reduction of coal-through the use of the water-
gas éhift reaction. The easiést and fastest method of
making these determinatiéns was byifinding 6ut what the
‘conversion of coal to benzene soluble material was. Uiiless:
otherwise indicéted, 30 grams of coal were uség and the

water=to=coal ratio for the runs was 0.5..

1.. Accuracy of conversion analyses:

The first eight.runs were made for tito. reasons, One
- was to learn.the technique of dbtermining;ﬁhe coal conver=
" sion and the other was to determine how ﬁuch accuraéy

could be expectedmfrpm the technique being used. After

the first.five runs were made, it.was felt.that.a satis-
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factory technique had been acquirédoﬁvThe last three rums
were each.made under the same conditions and the limits of
accuraecy were determined to be X 3% on: the cbnversion

analyses,

20. Bffect of additional water:

- Water is already available in:the coal; however, it
was desired to learn whether additional water would be of
any benefit to conversion., Since additional Watef would
increase the operating preésure, a rgduetionaof initial GO
pressure had to be made in.order to maintain constant
operating'préssure,A

Twwo sets of runs were made, one set haviné runs of
one hour reaction time using sub~bituminous coal and the .
other set using qunan‘lignite coal with a 15 minute reac-
tion time (Pigure 14). PFrom the results, when Golstrir
sub—bituminous coal ﬁés5ﬁsed, if appears that suffiéientJ
water is available in the coal to obtain%conversions ﬁearlm
equal. to the gonveféioﬁs obtained wheniadditional water ..
was added., However, for the 15 minute runs on:lignité,.
the additiénal water does inéréase'conversion.significantlyo

The reason. for fhese.observations seems to be that:

during the initial part of the runs, the additional water -
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makes more nascent hydrogen available for reaction thereby
increasing*conversion,- Biut in time (at least in an hour)
enough-hydrégen.is evéntually‘available to reach qonver;
sions .equal to the conversions found where additional water
was addéd, -Im.is felt that in a cnn%@nﬁpgsﬁﬁgac¢arfWherg
“the contact between the gas and the slurry would be much.
bette} than in a rocking autoclave, the conversion. would

be the same.with‘or without the addition of water, even for'

short time ruuas,

3. Bffect of presgsure on:conversion:

In a pofential cqal'conversion:prqcess it would be
desirable to ha&e the operating pressure as low as possible
to reduée Steel, pump, and gompreséor cpsts° The conver-
siﬁn;versus opéfa?ing pressure-éurve for a ball-milled sub-
bituminous coal at two different temberatures ig shown. in
Figure 15, The maximum pressure that was felt to be a
safe operating pressure for our equipmeht was 5,000 psi,
especially at 450°07, Pressure was found to have a very
significant effec#;onfaonﬁersion:throughout the pressure

range studied.

-4, Bffect of temperature on conversion:

The effect of temperature on conversion was invest-
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lgated quite extensively and will be shown as a variable
in many of the results. Four hundred and fifty degrées

Centigrade was the temperature limit of the equipment that -
was used and below 380°%: the éonversion-was not very sige
nificant, espeeiail& when the reactioﬁ would be increased

with. incréeasing temperature (Figure 15}).

5.. Bffect of coal solvents on- conversion:

Most of the stﬁdies,on solvents were done using
ground sub-bituminous coal and a few runs were made with
ground Noonan lignite. The four solvents sfudied were:
anthracene oil, a 50-50 mixture of alphé-naphthol and
phenanthrene (ANP)} the tar from-a,eokiﬁg'process, and
iéoquinoline, o : |

The best solvent for sub-bituminous coal was iso=-
quinoline and a close seéond Was-anthraeene 0il (Figure.
16Yy. The alﬁha-naphtol - phenanthrene (ANP) mixture was:
not as good as the first two especially during the short.
time runs (15 minutes).. The tar was bys far the most in-
ferior; im fact it was found to be worse tham using no.
solvent at all.. _

| .Eor.long;tiﬁe-runs.(one hour} at low pressure, an-

thracene 0il was always quite superior to ANP, while at -
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high pressure the conversion. obtained when the two- sol-
vents were used were about the same (Figure 17)..

H When. solvent studies were made on. Noonan. lignite;.
the results were quite surprising. This time AN was.
found to be the superior solvent when it was compared to
anihracene,oil.(Figure-18)}" Aboutythe same conversion
level was obtaihéd With*iéoquinoline-as Withﬁanthracene
0il as solvents which is the same results seen when. sub-
bituminous. coal is used.. |

‘Perhaps the reason ANP works better on\lignite than
it d&es on: sub~bituminous is because alpha-naphthol is.a
better solvent for the hydrogenated prodﬁct from lignite.
It is‘noted that lignite has much more oxygen per carbon
atonm than:does sub-bituﬁindus coal (Table IJ. It is also
possible that alpha-naphthol reacts Wifh the lignite's
organic structure in some ménner, but it does not react
with the sub-bituminous coal structure in the same manner,
Probably the reason. that the tar was such.a ﬁoor‘sol€ént
was that.some of the tar was benzene insoluble to begim
with.. At this point it would seem.that. a product rec&cle
as a solvent. (; when tar ﬁas,the:sdlvenﬁy,ﬁould;be unde- -
sirable in a &oﬁmercial plant‘because this would. result

"in. low conversions., , Perhaps the best.solvent would. be
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anthracene o0il since it. does give good conversions and is
inexpgnsive when compared to the cost of isogquinoline and

ANP, .

6%. Bffect of gg!cycleé Qg:conversion:

One method that was expiored.in an attempt to in-
creasergonversioh;was.to add fresh CO to the reactiom from
time to time. This was done by'making,a normal funzand
then removing the gas. from the reactor after it had cooled.
Then a fresh supply of.QD.Was‘added to the autocléve,and:a'
second run.was made, or two cycles of 00 were added,

At. first it appeared that we were obtaining gquite
satisfactory results throughlﬁhé use of this method (Figure
19), and.several runsiwere mades But the total residence
time of the coal in thelautoclavé increased and fhis had |
to be taken into account:

A run using one cycle and a three hour residence
time was made and was then:compared %o a run made with
three cycles; each one hour long. The three cycles run.
produced conversioﬁs,that were about ten‘pércent‘higher
than the conversion seen in.the one éyqle run. (Figure 20},
mhén.; three.cycle run with the residence time of each |

cycle lasting ten minutes was made and conversion was about
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ten percent lower ‘than the conversion obtained from a one .
cycle, one hour run, Therefbre, it does appear that fhis
sort of cycle method does have some advantage, but it is
hard to be definite about the statement. The reason.is
that.during the heating of the agtoclave to temperature,
reaction. ls taking place. Thierefore, a ten ﬁinute run may
have signifiéant reaction téking“place for . an édditional
30 minutes while the autoclave is heating and cooling.
The reagon.for the slight'increaselin 6onversion would pro=-
bably be due to the fact that the water-gas shift reaction
would be taking place quite rapidly at the start of a new |

cycle, thereby making more nascent hydrogen available to

the coal,

T. BEffect of grinding-methodé on conversion:

At first pulverized coal was used'but it was. thought:
that aging (oxidatioﬁ'and loss of moisture) of ﬁhe coal
ma.y haVe-had an adverse effect on conversion. Therefore,
coal ground in a ball mill was uged and compared with the
reaction‘of pulverized coal (Figure 21}. An imbrévement
was noted.. | |

The ball-milled‘coal, when . compared to sub~-bituminous

coal's. black color, still looked. brown.after it came outb

-




CONVERSION (%)

100

90

80

70

60

50

40

30

20

o)

I

T

Figure 21.

i |
|
% Run Conditions: I
4
| .

: Coal: Colstrip Sub-bituminous
L Solvent: ANP !
Time: 1 Hour 1

Pressure: U4T00 psi
& Temperature: 390 C 1
| |
i :
7 1
| |
1 1

PULVERIZED BALL MILLED MORTAR AN[I) PESTLE

TYPE OF GRINDING

Conversion Versus Type of Grinding Using Colstrip Sub-bituminous.




-67=

of the ball mill, so the coal was then. ground using a mor-
tar anﬁ pestle, hoping to pfevent agiﬁga. Again an improve-
ment was noted which was probably due fo shorter contact
wilth. air, - |

Inh a commercial process'of coal liiuéfaction;using
the Waﬁer-gas shift reaction:it would be desirable not to
dry the cﬁal before it .is added to the reactor in: order to

prevent aging. Also, grinding should be kept‘to a minimum,

8,. Effect of coal type on couversion:

fhé results obtained when different types of coal
were examined under the same condition is shown in the
same manner as used in Figure 21 (see Figure 2é}. The
regulté show that lignite is more reactive than_sub-bituh
minous, but even. the three lignites give quite different
results. Noonan lignite is,mo%e reactive thaﬁ.Stanton
lignite which is more_reactive.than‘Savage lignite, The
dashed iinés indicate what conversions based on;eiperimen-
tal resulté would be expected by using other;gﬁinding'
methods. | :

The .reasons for thése differences ﬁill be discussed

after the results of the gas analyses are described.
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9. EBffect of Gopfo-coal ratio om conversion:

BE¥ren though. the autqciave had.a volume of 500 ml, due
to the physical structure of the autoclave and the foaming 
of the liquid products, only 50 grams of coal could be
feacted. valeSS thanTBQ‘gxéms was used, it was felt that
this would'represent an.insufficient amount of material on
which an accurate analysis;of‘conversionicould be made.

Incrgasing;thé anl charge f;om 30 grams.to 50 grams:
made véry little difference in conversiom results., Under
the samelconditions, the conversion: for 30 gréms was 64.5%
and 65.4% for 50 grams. |

The CO-to-coal ratio in. the autoclave was calculated
to be 1.74 grams for CO' per gram of coal when 30 grams of
‘coal were used, and 1,20 grams of CO per gram of coal when
50 grams of coal were used. The minimum theoretical ratio
to obtain 90% conversion: has been: calculated to be.O.11
grams of GO’ per gram of coal. Therefore, even.wifh;SO
grams of coal, it.appéars that there is more than enough
00 available in the autoclave to obtain maximum conversion
under given conditions. It is desirable to have the CO-to-
coal ratio as small as possible since it would reduce the |

size of the reactor that would be needed. .
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10, BEffect of mixing on conversiom:

The rocking mechanism on.the autoclave was éuité slow,
but we still wanted to see wha't theheffect would be if no
rocking action was used (static condition}j.

With all conditions,beingfthe»same,'a 39,8%. conver=-
sion. was obtained.with;the reactor in.a static condition
and a 60,5% conversion. was obtained with .the rockef on,
During the preliminary runs; a run was made with hydrogen
on. Savage lighite under the same éoqﬁitions as were used
im another research project where a stirred autoclave was: =
used. In the rocking -bomb' experiment, 3505%’conversioni
was obtained while im the stirred autoclave about 85% cons
version was obtained (%0}). _Althoughuno cgtalyét was used
in. either of the exﬁeriments, the stirred autoclave was
used for catalytic studies from time to time and may have
hed catalytic cbntamination:ffoﬁ _pfceviousv.eiperimentsa
Nonetheless, these facts do boint out that the conversion
results obtained from the rocking autoclave should be con-
sidered as very conservative. The reason. for this is that .
the reaction: involved a gas-slurry type of reaction;, and
the greater the miiing,_the better the contact petweenﬁthe

gas and slurry. This is especially true when a short lived
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intermediate such as hasdent'hydrogen is involved.

1. Overall 1mprovements in conversion:

When the first runs were made, pulverized Savage lig=
nite was used with. very little success. By applying what.
we had learned from the above results, conversions in-
creased to the point where it could at least be considered
possible to.use‘thetreaction.iﬁia commercial proéessn -By
increasing the tempefature, uéing coal grbund in a mortar
an& pestle, and by switching to Noonan lignite, conversions
in the 80 to 90\pércent.range could be made in. relatively

short reaction times (Figure 23).

12. Géeneral run .characteristics:

The most. complete investigation. on any of the coals.
in: this study was made on:Noonanlignite° Thé effects of;
solvent, time, and temperature are all shown.in;ﬁigure 24,
It appears that at about one hoﬁr reaction time the conver?
sion\isJessentuallyfcoﬁpleted sinee the couversgion after
one hour is about. the same as it is after tﬁo hours, Also;
the amount of convers1on that takes place before reaction
temperature has been . reached is shown for 450 & and 380°C,
Prom the above results the trends of conversion for Noonan:

iignite were fairly well determined,. It'was -assumed Euas. "
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_Shvage lignite and.Gblstriﬁ sub~bituminous coal would be-
have ima similar mannef, However, additional information
about the conversion of Savage lignite and Colstrip sﬁbu_
bituminous.éoél waé needed, The runs made on these two
coals where couversions wefe_expected to be'below 60%: or
which required reaction. times of greater thaﬁaone hour were
considered to be undesirable for use im a commercial plant
deéign study} Rigure 25 does show that conversion is 1gss
fqrvSavage lignite than. for Noonan lignite when the sanme.
Jconditions are used., Colstrip sub=bituminous does not con-
vert.to as much benzene soluble.materiai as the lignite
coals do. This is especiallygﬁrue at higher temperatures
(Eigﬁre 26Y.,. The other trend, of“course, is that anthra-
cene olil is a better solveunt thgn‘ANP for subs=bituminous

coal and vice versa for lignites,

B, Results and Discﬁssion.gg Gas Analyses.
The gés‘analyses proved to be~ﬁery valuable ini deter-
mining what was happening inside the éutoclave,' Unfortus=-
nately, gas anaiyses were not being made during thé-first
35 rﬁns since the gas analysis system was Being designéd

and developed at that time..
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1. Effect of Solvents, temperature, and Lime on:
‘gas analxses'

Gas.analyses were made on all of the runs which. used

Noonan lignite, and the same trends in. the gas analyses
were noted for the other coals, Therefore, only the results
of the Noonan lignite and the Colstrip subfbituminous runs
Wwill be presented in.detail when considering the variables
of solvent, temperature, and time.. |

- The rums in Pigure 24 are numbefed, and the concen-
trations of CO, C0s, and‘Hé for the runs are given in
Table III, TIn most cases %he_GO concenfrationLdecreaees
and Gﬁé and ﬁ% cencentrations ;nereaee with increasing:
conversion. Thus the shift reection.had gone further to
completion:when conversions were higher, thereby producing
more available hydrogen. .Also, some CO;

2
the coal itself and under these conditions it would be

was produeéd from

nearly impossible to say how much GDQ comes from the coal
and_hoﬁ much comes from the water-gas shifid reaction;' There
are mefhods for determiniﬁg-fhe amount of Gﬂé in. the mineral
matﬁer as carbonates, but some Goé probably comes from the_.
.organlc oxygenated materlal in the coal as.well,.

' Figure 16.is .also numbered and the gas analyses for

these runs are given.ln\Table IIT, The same general trendsa
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TABLE III.. Gas Analyses on an Air-free Basis of Noonan
. Lignite and Oolstrlp Sub~ bltumlnous@

Run: ’ co. 802 . Hp
Noonan Lignite: .
1 ‘ 86, 8% 5.3% ' 7w87
2 85.5" Bo& ' 96l
3 —— - D e
4 58,6 23 .4 18,0
5 5203 25.65 22,2
5 - 85.5. . . 5o4 9,1
ya : 70.8 13.6° 15,6:
8 56,6~ : 22,4 19.5
9 61,65 25.6 11,9
10 39.3 . 31.8 29.1
1 60,8 _ 28,1 Q.4
12 T1 .4 15.7 - 12,5
13 50.1 28.6% 21,0
14 3502 . 3801 . 2562
Colstrip Sub-bituminous
15 T84 , 14,65 7.0
16 ———— B -
17 88.8 : T4 308
18 68,4 15.9 15.3
19 = TO .1 19.0 9.0
20 - 84,1 12,3 2.9 .
21 69,8 - 21 .4 Tof
22 774 “11.3 11.1
’ 23 7131 1805 ’ 906.
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are noted for sub-bituminous coalé as. are.noted when using
Noonan lignite,.

The watef-gas:shift reaction Was.nearer_équilibrium
with the focker on, . When the rocker was off, the U0 cone
dentration was. 83.8%; while with the rocker on, the CO
concentration was 70,8%%fwith.corresPonding chénges im CO,

and'H2 concentrations,Q

2, . Bffeckt of %type of coal ow gas analyses:

The conversion. of coal to a benzene soluble material
and the,completion;to equilibrium of the water-gas shift
reaction: were quite differenﬁ for each iignite used. The
runs in. which .gas analyses were made are numbered on Pig=
.ure 22, ©Even though the coals were qf differént grades,
the gas analyses for sub—bituminous:aﬁdlsavage lignite were
about the same (Table IV}.. However, the water-gas: shift
reaction: was more productive.withistanton;iignite tham
with . Savage iignite and the. reaction:was even more complete
when Noonan lignite was used..

It. is noted that.the‘ash in. the coal acts as catalysts. -
for the water-gas shift. reaction. Iron.has more of a .Jew-:
catalytic. effect than.any 6ther eleﬁent in: the ash, In

fact 1t was stated that,Fé203 and,Négaoz have been. shown

~
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TABIE IV.. Gas Analyses of Different. @oals at the Same

Oonditions.
Runm go._ Qﬂé 8
1. TBAF 14,6%; 7. o%’
2 79 RERE Tk
B 63,00 134 12,8
4 58,6 e3.4 18.0

5 6.7 . 17.5. 7.8
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to have a catalytic éffect, but silica,‘alumina, or fire-
¢clay did not appear to have this effect (41)., However, the
iron: oxide concentration in all of the coals used in: this:
study is about the same (Table IJ. Thé ma jor difference is
the NaQQ}conpentration, and an increase in: the sodium con-
centration. in the ash.of the coal corresponds to aﬁ.in—
crease in.convefsion; The so@ium in the ash.has been showw
to be evenly disperséd ﬁhroughout the coal in the form of a
salt.of a humic acid (42). Wit@qthe aid;of sodium and iron,
' the shift reaction.would ﬁrobably:take place on the coal
thereby makingvnascent'hydrogen;readilj available at the

reactlion. site..

3. Analyses of hydrocarbon: gases:

In:all of the coal rums, hydroéarbonugases.(@1 through
@4) were produced ig various'émouﬁts depending upon: conw-
ditions of the runs. Hoéwever, hydrocarbon.gas production.
is suqh that the concentration of these gases is less than
that.of the other three main. constituents (GO, 00y, and Hy)
and it was very hard to obtain an accurate determinatiom -
'of concentrations. Therefore there was considerable scat~
' ter in:the results, ﬁut'gene#al“trends.could still be séeno.

In. the first.few runs where g?é analyses were made,
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it was obvious that the‘G% and~w4 hydrocarbon. gases were
produced only im trace amounts, -and were not recorded in
later runs. 'Only concentrations of,methane and ethane
were determined.. | |

The increase in.conversion.of coal to methane and
ethane increased signifieantly with.increased time and tem-
‘perature. The amount of ‘methane and ethane in a long time
and high temperature run.would be typlcally 1.3% and 0. 37
respectively. & £ypical analysis of tnese two varlables
is shown in Table Vi | _

If one percent.of the'reactionzgases is nethane, it
was calculated that this corresponds to about 1.5% of the.
coal reacted to form methane, - Thus, for a long time, high
temperature run it appears that no. more than,four percent.
of the coal goes %o hydrocarbon. gases and no more than one
percent of the coal‘ccnverxé:to hydnocarbonﬁgaees in a

short. time, high temperature run.
. . \"

4,. Gas analyses for cycle runs:

Shown. in Table WIiare the gas analyses for a three
cycle run. Durlng the first. cycle, the greatest conversion.
takes place, w1th perhaps up to 50%:of the organlc portion.

of the coal going to a benzene soluole materlal, then
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TABLE W. Goncentration of Methame and Ethane From‘af
Typical Run Séries,

RunL@pnditions;

Coal: DNoonan,lignite:

Pressure: 5000 psi

Solvent: ANP:

Grinding Method: Mortar and Pestle

Low Teémpersture High Temperature

Short. Time . methane: trace me thahe 0.33%
(15. Minutes) .ethane  trace ethane 0,09%
Long Time - methane © 0.5%'  methane 1.0%

("1 mour) ethane trace ethane 0.4%
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TABLE V. Results of Gas Analyses for Oycle Ruus.

Run Conditions:

Coal: Colstrip Sub-bituminous
Témperature: 4700 psi -
Pressure: 450°C

Solvent: ANP

Grinding Méthod: Ball-milled

Ga.s: @1¢le A Gycle B gycle G

0o T3.9% .82.8% 865 5%
002 . 1508. 908. 703
HJ-2 ’ 1000 803 508 ‘

CHj, 0.20 0.11 . 0.07
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conversion will probabiy‘increase five persent in.each of
the other two cycles (Figure 20). The water-gas shift
reaction.was.nof.és\céﬁplete in;cycle Eas it was ih.A, nor
was 1t as complete in ¢ as it was in B, HOwever, even
though.increase in'conversioniof the coal was rather small
in: the last two injectionms, the water-gas shift reactigm.
was still taking;piade at a respectable rate,..This‘Wéuld
indicate thaﬁ,the catalysts in. the coal are still somewhat

active to ihitiéte thé_shift,reaotion.inlthe last two cycles.,

5. Analyses of gas rums without coal:

‘Since it was known. that the sodium and iron in fhe;
ash may have an effect on converéﬁonb some runs were made
Just with 00 and water long with.sodium carbonate and iron
oxide. | ’

The results of these three runs are indicated in
Table ViT. In run GAS-2, five grams of‘iron.oxide were
added to the aﬁtoclave, and in GAS~3, fivé grams of sodiug
carbonate were added. | | o ‘ |

| If no.catalyst'were used the shift reactiom did not
take place to any great degree. If, however, iron oxide is
added, some reaction does occuram“SDdium carbonate is

found to be an.even”more.effective catalyst, This supports‘
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TABLE VII. Results of Gas Runs without:Coal,

go
93, 2%"
78.5
45,8

‘Run Conditions:

Time:

i .Hour

Temperature:: 385?@

Pressure:

¢0>
2. 7%
562
22°7f

5000. psi

K,
3»?%@
15.4.
30,65

- Catalyst

nene,‘

Na 005
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the fact.that the éodium and iron in the coal does-catai32e.=
the watef-gas shift. reaction. |

Itiis nbfed that. in all of these_runs,the hydrogen
conceﬁxration is higher than;the'ﬁﬁé concenﬁrétion; when
‘thej should actually'bg.the saméo'.Ih;the early gas runs,
water bottles were used tojstore thé reacﬁion.gas sample
and it.wés believed that the G0, Was;ahsorbed-in the water.
This was not-tpe_case inaiater runs when. the - 20 gallon

drum was used for gas stof@ge%.

¢. Product.and Residue Analyses.

The hydrogenated product was analyzgd by Huffman
Iaboratories since they could make the.;nalyses fhrough
the usé af‘ﬁicro techniques.. Our laboratory was not equip~
péd to make this kind of analysié} The analyses. were quite
expensive; as a result only two compléte analyses were made,
one from the hydrogeﬁated product produced from Savage lig-
nite and one from Gblstripcsub-bituminous"hydrogenated
product, . _ ‘ |

The ﬁiﬁimate analyseé and .the molecular weight deter=-
minations for the two coals are shown:inﬁ?able VII.. The
moleculér_hydrogen@to—carboﬁ.fatib for the ﬁroduéﬁ ranged

from 1,10 to 1.17.and the ash content was very low (less
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TABLE VIII. Proximate and Ultimate Analyses, and Molecular
Weight Determinations of Hydrogenated Product

and Char,
Analysis. Redidue- Savage Lignite Colstrip:
. . Product Product
Proximate .
Water 1.2%
Volatile 19.5
Pixed Carbom 49,7
Ash: 29,6
Ultimate
Ash 29,7 10 .02
Hydrogen 303 8,09 TaTd
! Garbon:. 56%6. . 82988 84@1 O
Sulfur 003 500 ’ 024
Nitrogen 1.0 - 0,99 1,86
Oxygen 9,1 ———— 6,07/

Molecular Weight | 414 365;
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than 0.1%). Also the molecular weight is quite high and Lt
appears from these results‘that the hydrogenated prodnct _
has the characteristics of a tar. In faet it seems that
if we assume the structure shown. in. Figure 3 to be slmilar
to that of the coals studied, it appears that only the
bonds linking the.ring structures are broken.. Thus, the
product would probably consist of thellarge multi-ringed
structures shown in Figure 3. ' 4 |

The only uneXpected value of these analyses is the
sulfur analysis of the tar from the Savage 1ign1te which is:
5.0% compared to the expected value of 0.2%. The reason
for this discrepancy can be explained by the fact that coal
contains both.pyritic sulfur and.organic sulfur (43). The.
large percentage.of snlfur in this'sample,was probably-due
to the additional pyfitic sulfur (which sometimes is seen
visually). im: the particular coal sample used. |

The proximate and ultimate analyses. of the char pro-
- duets (or residne} is given: ini Table WIII, When compared
o coal; the hydrogen-confenﬁ had. decreased nhile the ash .
confent inereased eonsiderably,' It is also worth. noting:
that the char contalins some volatile”matter.which could be
driven off by heating in.the aﬁsence of air to obtain more-

‘tar and .oil. These ultimate analyses are similar to those




obtained by the Uhited States . Bureau of Mines. when. they

used Noonan lignite (35).

Di;. Runs with Sodium Carbonate as a Catalyst..
) After learning of the”deéiféble;effecﬁé of NapC0; on.

the shift .reaction, this chemical was:added to the coal to

serve as a catalytic agent. Sodium carbonate was added to

Golstriﬁ sub-bituminous and Sévage.lignite coals (both. low
in sodium} so that the total sodium content in these two
céals would be the‘same as the high sodium content foﬁnd
in Nbonan.lignite,. |

The conversion for both coals increased; -this was

noted especially when the Colstrip sub-bituminous coal was:

used (Figures 27?ahd;28}° The increase was greatér for
the sub=bituminous coal because anthracene oii is fbund to
be the best'solvent for this coal. Saﬁage lignite oun. the
other hand did not increase in.conversion. as much because
anthracene 0il is not as effective a solvent as ANE is for
this particuiar coal., If ANP had been used as a solvent:
for the Savage lignite ﬁith-N22@OB,,the conversionuprobf
ably would have bBeen puch:bettei;;

The gas analyses show an increased consumption of @O,
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which was expected (Table IX}.

E. Runs with Materials Other Than.Coal.

Several runs were made with cellulose, Bunker O fuel .
oil, and‘asphalt to see if any informaﬁion aboud the'ceﬁ—
version. of ceal:to tar via the shift reaction:could be ob=
tained.,. Run A, which used Golstrlp sub-bituminous, shown
in Table X, .1is placed there for comparison Wlth results
obtained when:materials other than.coal_were used in the
water-gas shift.reaction,.

The cellulose used in. run B was used because it may’
have a structure simllar 0 coal, and it contains a small

amount of ash and a large amouant of oxygene The ash con-

tent of the cellulose was 0.13% and about 7.6% of that gsh.

is Nay0.. Asphalt and Bunker ¢, which.were used in runs O
and Direspectiﬁely; were low in: both oxygen and ash.. Ruw
B was the same as D except that Nay00; was added to act as
aniartiflcial ash which would be high in sodium,

.The-ges anelysis for each of these runs is shown. in

the same taﬁleo, The results of these runs tend to show

that there is noldirect reletionship.between“oxygen-eontent.

and the degree to which.the water;gas shift reaction will

take place. If this were the case, the concentration. of
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TABLE IX. Gas Analyses of Coal Runs With and Without Na,00s..

Run Conditiong:

Solvent.:
Pregssure:

Anthracene 0il
4800 p81

Temperature: 450° @
Coal: Sub~bituminous Coal: Sub~bituminous;
Time: 15 Minutes Time: 1 Hour
Without. Gas = With Without  Gas:  With:
Meol0; ¥.500; Neo0O; . . Bap00.
68,4% 00 55 6% T0.1%  CO 38.6%
1509 002 2692 19 O G( 31 09
1563 H% 1754 9.0 28.65
0o A 0.8 1.3 0: ﬁ 0.7
Qo1 0‘21%«). 001 Qo6 22 6 002
Coal: Savage Lignite Coal: BSavage Lignite:
Time: 15 Minutes Time?: 1 Hour
Without Gas = With Without Gas: With
NepCO3: .. NaoCoy .INagGO3 Ne.,00 5
T8.7% QO 67.9% 79.5%  CO 58, 9%
12.,5. C0o 1754 Q.4 €0, 22,5
8.8 Hi 14:9 10,8 . > 175
0.1 cﬁrﬁ 0.4 0.3 Ofy, . 0.9
- — - 6/ Oo 1 ) - = G}gﬁ%_' 002




TABLE X.

Properties of Materials Reacted with CO and H, 0, and the

Resulting Run Gas Analyses. 2
‘Run Conditions:
Time: 1 Hour
Pressure: 1500 psi Initial
Temperature: L450°C
Water: 15 @Grams
Run Properties of Materials ' Gas Analyses
. ] . } : 4
Material %4 0in % Ash in % Na O in o e
' Material Material MateFial % CO %002 i H2 ~ éiCHh,
A | Sub~bituminous 13.7 7.6 .01k ] 82.8 10.3 5.3 . 0.k4
‘B |Cellulose 49 . b .13 .009 87.% 5.7 7.0 trace
C |Asphalt 0.6 .105 S oh.7 1.9 1.9 1.1
D |Bunker C Ok .0k —— | 97.6 0.8 0.8 0.8
E |Bunker C with 0.4 2.k 1.46 64L.7 "19.5 14.8 0.8
Na2003 .

-56-
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C0. in the gas analysié of run B?would.beigreater than the
OTO“céncentrationlfound'iﬁhrun:A° |

The oﬁher factbr that.was considefed'to have an effect
on: the degree of conversionqof the shift reaction, was the
quality and quantity of the ash .in. the material being reac-
ted, It.was not known what the ash‘cmmposition'for the
Bhnker4@‘was, but. the askh.analyses of oiluis:rouéhly the .
same as that.of coal (44y. Bunker thaé less ash.in it
than aﬁy of the ﬁaterialé reécted, and‘the:shift reaction.
did not produce good yields of hydfogeno. Asphalt contained
more ash and the shift reaction yield of hydrogen was bet-
ter than that seen when Bunker C' was used. h
. The shift reaction produced better yields using cellu=-
lose rather than asphalt but Golstrlp sub=bituminous: pro-
-duced only slightly better yields even though the coal hasg
con31derab1y more ash., However, if the amount of sodlum
in the ash is coﬁéidered, Colstrip coal had only slightly
greater sodium content than cellulose has., I&% appéars that
the amount of sodium inqthe'material being reacted via the
water-gas shift.reaction is the contributory factor.in:de—
termining how well the 00 and HQO react to form. Hé and COs.

T serve as a check one gram of Na OO3 was added to

40 grams of Bunker. ¢ to act as a synthetic hlgh sodium ash..

e ——T L ol It e Y S i |
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The results again show a significant yield of @02 and Hj
from GO and .HR0 thus confirming the above hypothesis that
ash quality and_quantity)qéntribute %o a productive water= |
gas Shift. reaction, ' |

The results found when samples of Bunker. ¢ and asphalt
were reacted with:CO and H%O, and in some cases withﬂNQEQOB,
. are shown in: Table XT, The original Bunker @ had a hydros:
genato-carbon;ratioiéf 1;53 before reaction. Aftef thé
reaction.withgwowand H%O (run.Dﬁ; the Bunker C hydrogen-to=-
carbon. ratio decreased %o 1.38,. The resson for this is
that the original hydrogen in the Bunker C went to form
- methane, and that there waé very little hydrogen producéd
by the shift reaction to make up .for the hydrogen losses
in the Bunker Q=incurredA5y methane production.

When Bunker O was reacted with G0, HLO, and Na ;00
(run Ej, the hydroggn-tofcérbonmratio‘Was 1.47.. Tt is
noted thaf‘thé methané pfoductioﬁjwas the same as that
 seen in run D; (Table X). This would indicate that the:
" production.of methane was not retarded,. Rather, the hydro=-
gen produced by the shift reaCtién was added to the Bunker
@; thereby making up for some of Bunker C's hydrogen losses:

caused by methane production, The same general trends were

noted when.asphalt'was used.




TABLE XI,

Ao
G products.

"98,9

Bunker ¢

“Blemental Analyses of Bunker 0 and Asphélt°

Elemental analysis of reacted asphalt and Bunker

Asphalt Asphalt , Bunker ¢
Without Na9003 With. N39003 Without. Nachz With;NaQGO

J 86,2 84,5 86 T 86.,8

HI 9.8 9.9 9.9 10,65

o 1.0 0.8 0.5 005"

8! 2.9 2.8 2.1 2.0

B,

Hydrogenytd-carﬁon.ratios‘of Bunker ¢ and asphalt

before and after reaction with €O and H%GO

Before treatment

Treatment with CO
+ HL0"at. 45090, 1 -
hour, 5000 psi

"Treatment with G0
60 + N, 003 at
450 1 hour, 5000 psi

Bunker G

O g

CGyHy 47

Asphalt:
G5 45

OB 37

Cq By 4

3
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It is noted. that there was essentially no sulfur or
nitrogen removal from. these products. This was noted in

the coal runs as well.

B.. General Mechanism )

Weller, Olark, and Pelipetz. proposed. a meéhanism~of
coal hydrogenation (45§ which.tliis author believes is a
very good.one, Theﬁweéker bonds between the aromatic: ring:
cluster are broken by a thermai depolymerization regctién,
.forming reactive fragments,, These fragments .may either re;
combine to form lafger, less reactive fragments, or they |
cam be stabilized and go into solution. in: the solvent..

With this informationm; a general mechanism can. be pro-n
posed which would explain,the observations we havé made on
the conversion and gas analyses. After the thermal de~-
.polymeriiation-reaction, the fragments mist be stabilized
with hydrogen if they are to be soluble in the solvente
Since the sodium, and probably the iron, are bound eveuly
throughout the coal they are very near to or even in the
fragments themselves. With the aid of these catalysts in.
the coal, the water-gas shift reaction. takes place and
nascent.hydrogen.is readily available to stabilize the

fragments.
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The aromatic ring cluster does.noy appear to be brokep
because  of the high molecular_weight of the product, at.
least to any great extent. Again, the characteristics of
the solvent determiﬁes if the fragmeﬁts will become soluble
in. the solvent, It is very difficult ﬁo say exactly what
is happening, since the structure of theéé'low grade coals
is not brécisely known. .

These results and general mechanism do not in‘any‘way
discount the findings of Aﬁpell and Wender, bﬁt siﬁply add
to what they found, This explains how the activated hydfo-
" gen. becomes avéilable, and why it works well on. some coals.
and not on others. The other points that they present, the
introduction. of alkyl groups, and the ability of GO, to
~ cleave bonds or inhibiﬁucqndensation‘reactions leéding_to
benzene~-insoluble products, though unlikely, could be cons‘
tributing factors. for this réactioﬁfé'effectivéness;' For
example, the aging of the coal may héve an. effect on how
many»alkyl groups are in the‘coal; thereby having an effect:

on conversion,.




WI. PEANTJDESIGNLAND ECONOMICS

The primary reason: for doing the experiméntal work
.Was to obtain information leading to the design and economia
evaluatlon of a commer01al plant,.. From the 1nformatlon ob=
- tained from thls research.and from feports WhichAeﬁaluate‘
existinghcoél hydrogenation.processes,.it was felt thaf:a
‘good estimate of the coéts.of pr;ducing‘tar via the water-
gasvshift'reaétion,could be made,

',There'are'many uses for a tarlﬁroduct produced from
coal, TFor example, thg.tar is considered a deashed coal
and can be bﬁrned in steam'generating plants thus restilting
in. the elimination. of a need for an ash collecting system..
The tar can also be'used.to produce electrode carbon; éan
. be uged as a fuel for fugl cellé? or-oan.bé further h&dro-
genated to produce a synthetio,crude 0il (463, As has-been
mentioned in the 1ntroduct10n, the lower the hydrogen con=-
tent, and partlcularly the lower the ash content in the.
fuel, the more des1rable 1t,iS'for use as a MHD: fuel. The:
 ‘analys1s of the tar product shows that:it.is low in hydrogen
and does have a low ash content; therefore, it should be - am -
~ideal fuel for MEHD. |

TWo'liquefabiion processes which. use existing knowledge
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of coal hydrogenation processés and ianformation obtained
frqm this experimental work are proposed as é'result of
this étudya One process is called'ﬁhe Alpha Proéess and
-the other process is calleq fhe Bbta‘Processo.'mhe primary
difference between fhe.two is the different methods"used to

.produce the 00..

A, Alpha Plant Design and Economics.. .

The basic flow diagram of the'Alpha.Process is showm
in. Figure 29. -The ground coal is mixed Wiih aqthracene
01l and enters the reactor with CO where the water-gas
shift reaction takes pléce and coal'is,reacteﬁ to form the
tar product. After the feaction, the éolids and liguids
go to the filters for separation. Since coal hydfogenation
plants Were firs§ deslgned, separation bj means of'filters
has always beeh a problem., But the best concept appears to
be: filter the liguids from the éolias,tnendry the solidss
in an externally heated. kiln to remove'the reﬁainder of
the liguids and. tar. | |
ﬂhefliquids:(%ar and oil) would then go to a distilla-
tion unit ﬁo.sepéfate the anthracene oil from the tar pro=-
duct.. In this dtiidy, it was. assumed. that the anthracene oil’

could bé recycled and. the same conversion of coal to tar’




Figure 29.
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Basic Flow Diagram of the Alpha Coal
Liquefaction Process.
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could be produced as was found wheh.freeh.enthracene oil
was used,_ It is true thet anthraceﬁe oii is hydrocracked,
‘but it is not veryjsignificaﬁr even: when a,hydregenatiam
catalyet is used (47}.

The solide ‘éhari from the kiln would go to‘the Texaco
synthesis gas preeess’for the manufacture of 0O (48j. Im
the Teéxaco Process; char, steamn, and‘oxygenrare reaeﬁed
at about 1000°¢ to produce CO and Hp (synthesis gas) and
some COo-isvalso produced. Thus an‘exygen.plant would have -
to be builﬁ to previde the required Oé'for this process,p

The @Oé would be removed from the synthesis ges by
ﬁeing either the Purisol or Rectisol processes (49), and
the GO would be enriched to over 9577pur1ty by removing
most of the Hp from the synthe31s gas by means of Du Pont's
Permasep process (50}, A

Thewreaemion gases from the reactor would centain many-
components (i.e. GO, OOE,HH%, hydrecarbon gasee), and it
would be very difficult to'separate the unreacted GO and
recycle it to the reactor. Therefore the reaction gases
would be used as a fuel elsewhere in, the process, perhaps

for the emternally heated kllna
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‘1. Design of the Alpha Process.

A very complete economic study of the Pittsburg and
Midway Process (P&M: Process) of producing tar from coal by
using'hydrogen'faﬁher'than.da was made under an Office of

Goal Research.contract (Figure 30)}.. This is the process ’

which was a modification of the o0ld. Germen Pott-Broche Pro-

cess. In order to make their economic study, they had to
design,é hypothetical'plént based oﬁtinformation that-théy
obtainéd from a small pilot plant. In many respects the
design is similar to the Alpha Process, therefore much of
the Pittsburg and'Midway’é,desigh,and‘economic data was
used for this study. Additional data was needed for the
high pressure equipment, and this information*was obtained
from an economnic study of the Consol Process by @onsolida%
tion Goal (52), ) - |
The basis for the desiganas the creation: of a plant.
- which utilized 10,000 tons of either Nooman lignite or
Savage lignite or Colstrip sub-bituminous coal per day for

the production.of tar, Contrary to Pittsburg and Midway's

economic. study, there were to be no by-products such.as tar'

acids, phenol, sulfur, and carbon.dioxide in processes used

in. this study..
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In the P&M:. Process, they relied. upon natural gas for
their hydrogen, and the char that they produced was used
for the production of electricity.. The P& report. was. felt
to be very Optiﬁistiw; Many large plants with thelir nume r-
ous.byspréducts would. saturate the market.and result in a
reduction of the selling price of these by-prodﬁctso Ehié
Would‘necessitate a consi@erable inérease-in the cost'of'
the tar.. The:adVantages of thé,Alpha and Beta Processes
are that there ére no by-products and the processes would.
be self-contained since they use all of the char they pro=-
duce for the production of CO,

The P&l Process was broken down into 19 basic areas;
these are listed in. Table XII, Bach: of these areasqwas;
reviewed very earefully,and~modifications were made to
"adapt the process to the Alpha Process.,.

Some comments about certain' portions of the plant de-
sign are needed. In order to‘héve enough OO for the reac-
tor, 75%ﬁ§onversion”mhst be obtained so thét the remaining
25% of the coal will Be char which will go into the Texaco
process for GO production.. Aisp, for pumping;purposeé, the
rafio of recycle oil 1o coal (méisturé ffee)_in,the coal
slurry was two to one. If the ratio is much lower, - the

slurry Becomes too viscous to be pumped..
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TABLE XII., GCapibal Cost for the P&MTProcessaby Areas,

Area

o1

Q
N

000000
O O FJ

o
\O

T N N iy G I Gy

© OO HF WD = O

NS

Description: Cost

Coal Handling and Preparatlom
Ooal crushing, screening, drying # 4,228,000:

Coal slurrying and pumping; 1, 810 000

' , - - 63 038,000
Dissolver S 16, 356, 000
Solid: Separation : ' ' 7,256 000 .
Solvent Recovery 7,817,000 -
Gas Recovery: ' 371,000
Mineral Residue Processing’ — 2,097,000
Coking Unit _ 0]
De-ashed Product Solidification and
Storage 3,873,000
Power Generatiom ' < 11,897,000
Cooling Water System 1,969,000
Waste Water Ireatment ‘ _ 1, 374 000
Tank Farm 363 000
Hydrogen Plant : : 65, 300,000
Sulfur Plant .4,500,000
Acid Gas Removal Plant 2,290,000
Phenol and Cresylic- Acid Recovery Unit 750,000
Instrument and Service Air . 110,000
Support Buildings 1 380 000

Site Preparatiom 60,000
S ' %75, 104,000
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The CO-to-coal. ratio was assumed to be 0,22, or twice
the theoreticalyminimumom From ah_ecoﬁomic.viéwpoint; if
the ratio is much larger, the size of the reactor needed
and the amount of CO required would make .the process very
iﬁpractieal, With this @d-to—coal.ratiq,'the reactors’
volume which .would be needed would be 25,000 £t2 for a
residence time of 15 minutes and 100,000 £t7 for a resi-
dence time of one hour..

Areas 14 through. 16:were not added to the Alpha Process
since by-products were not.considered in;this study. The |
P&M Process obtained a greai deal of éulfur from its coal
.sincé it contains about three percent sulfur. The coais.
used in this study have considerably'less'sulfur‘and very.
little sulfur ié removed from the 6oale Only small quan-
tities of H:8 are available for m@kingfelemental sulfur

from Fort Uhion region: coal.,

' 2.. Hconomics gi the Alphs Procéss}

There are many factors in an economic analysis, but
' ‘these . factors can be br&ken down:into'four general areass
Factors considered in this report are: cost ofvcoal,
Sperating}costs; plant depreéiation, and profit,. Several

different methods allowed by the Internal: Revenue -Service
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can. be used to determine plant depreciation° When. using
straight-line depreciation, the write-offfof the plaﬁt iss
the same from year fo year,. waéwef, there are accelerated
depreciations in which the plant write-off is the most; rapid
during the early years df'the.plantfé operation., Tro of
the most commonl&-used methods éf aécelerated depreciation
are the sum~of-the-year's digitslmethod and the double-fate
declining=balance method.. This report only considered the
‘straight-line:and the sum—of;fhe;year"s digits method., The
rate of return. was céloulafed;by takiﬁg the profits and.
dividing by the investmeﬁt'when straight-line depreciation
" was ﬁsed° When the sumfof;the-ygar"s digits method was
used, the discounted caéh flow method of calculating rate
of return was used, Im this case both profits and depre-
ciation are considered savings and are invested. -.The use
of this method is described by Kroeger (5 '

Three coals'(Savage lignite, Noonan 1ignite, and Col-
strip subpbitﬁminous) were studied using~the‘Alpha Process,
- In order to obtain. 75% conversion, a reactor with one hour
residence time ﬂéd o be used for both Savage lignite én@
Colstrip sub-bituminous,' Since Noonan lignite was much
moré reactive, a reactor with a 15 minute residence time

was considered.. The coal cost was assumed to be $1.50 per
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ton: whether 1t be sub-bltumlnous or lignite coal.

The Alpha Process with. Savage lignite requires a plant
investment of %64,000,900, and;this cost is itemized aaqord-
ing' to the 19 éections in Table XIII.. The operating costs
are based on fuel, manpoweﬁ, main%éﬁanéé,_property taxes
and insurance, and are given.iﬁ.Table X1V, A profit:of‘
ten percent was assumed, and. Federal taxes were computed at
52,8% of the gross profit., :

Using -straight-1line depre01ation, the selling price of
the‘tar-(product) would be $22.74 per tpngwithj4,250 tons
per day being-producedo. ﬂhé P&M Process could produce tar
from their coal at about $9.40 per tqng.if credits were
included.. If no credits were included the cost of produc-
ing the tar~waé about. $16500 per ton. ({ they used the sum=
of-the-year's digits method and discounted cash flow). 4
- summary of the costs is shown. in. Table XV for tar productlon
from Savage lignite using the Alpha Processo

Since some of the tar cost calculatlons are doné by
trial and error, when sum—of-the-year s dlgits method. is:
used along: w1th the discounted cash flow, ﬁhe ealculatlons
become rather long and tedious. Therefore a computer pro-

gram was used to solve for <the anﬁual income required to

cover for depreclation, profit, and Federal taxes.. A
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TABLE: XIII. Gapltal Qost. for the Alpha Process Us1ng

Area

01

weh wmk emd wwh aed sk swk amdh
O O~ O\JI £ D

Savage Lignite.

Description Cost:

Coal Handllng and Ereparatlon

Coal crushing, screening; drying $ 2 000,000

Ooal slurrylng and pumping 4 900,000
_ 76,900,000
Dissolver s 21,200,000
Solid Separation: . 5,600,000
‘Solvent. Recovery 5,200,000
Gas Recovery S 0
Mineral Residue Processing : 4,500,000 -
Coking Unit -0
De-ashed Product Solldiflcatlon and
Storage 0
. Power Generation: 2,200,000
Cooling Water System ' 2,000,000
Waste Water Treatment : 3, 800 000
Tank Farm ‘ 800 000
Carbon. Monoxide Plant _ 10,100,000
Sulfur Plant: , ‘ 0
Acid Gas Removal Plant - ' 0
Phenol and Cresylic Acid Recovery Unit. -0
Instrument and Service Air 100,000
Support; Buildings - 1, 400 000
Site. Preparation ' 400 000

‘B6%, ooo 000
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TABLE XIVL.. Operating Costs for the Alpha Process Uslng

Savage Lignites.

Ztem:
Operating Iabor (147 men)
Maintenénce-
Indirect Iabor
Payroll Overhead
Property Tax and Insurance

‘Puel (2,200 MM BIUS  per hour @
10¢ per MM BTUS )

Water

Catalyst and Chemicals

Electricity (48,800 KWHL@ 5.5¢/KWH);
Ihferest on;WorinéiGapital

Gost (Annual)
$'1,220,ooo
2,360,000
340,000,
. 1,300;600
1,130,000

1,900, 000:
380,000
200, 000

2,300, 000.
400,000

. §12,000,000
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TABLE ¥V,  Gost.of Prdducing Tar from Savage Lignite Using
the Alpha Process and Straight-line Depreciationm,

Cost of Coal:

(%1 50/ton of coal)(1l ton: of coal/'565 ‘tons of organ~-

e matter)(1 ton: of organic matter/.7T4 tons of tar)

T %é 0. per ton of tar

Operating: Closts:

($12,000,000/year}/(10,000 tons of coal/yeari{.565

tons of organic matter/ton of coal) (.74 tons of tar/

ton. of organic matter)(360 operating days/year) |
= $8,00 per tom of tar

Deprecistions

= $2,12 per ton of. tar

= $9aoelper ton of tar

$3.60 + $80002+‘$2.12 + 9,02 = $22,74 per ton of tar:

.....
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sample of. the calculations is shown in Table XWI@ .A SUm-
mary of the cost of producing the tar using the'Alpha Pro-~
cess, but switching to. the sum-of—the-ﬁear'é.@igits method
and discounted cash fiowfshows 5 decrease inm the tar cost
(Table XVIL).. | I |

. Ih.tﬁéﬂremainder to the economic. studies, the sum-of=-
the-year's digits method will be used since it is more
economicélly'attractive than the straight-line dgpreciation
method is.. _ _

If Noonan lignite is used rather than: Savage lignite, -
the only major.variable‘that changes is the reactor size.
The decrease'in‘reaétor size résuits in- a decrease in the
investment cﬁ%t of the tar production.. The'cost of pro=
ducing the tar goes from $18.58 per ton to $18.05 per ton.

When Oolétripcéub;bituminous.is used in the Alpha
Process, the cost is reduced considerably simply because:
thére.is more organié matter in one ton:of sﬁbrbituminousw
than im lignite. The total planﬁ cost. increases from
%64,000,000.to $665, 700,000, but: yet the cost of the tar
aecreases from ;bnut $i8.58'to #]52963,or about. the same
costﬂas £ar.produced By»the P&MEProc@ss“(about,$]6;00 per )
ton). Thé‘Alpha Process_wiliwprbduce about 4,960 tons of

tar per'day*when'éubybituminous.coal is usedo.
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TABLE XVI. Sample Calculations. Using the Sum-of-the-Year's
Digits and Discounted Cash Flow.

Investment: $64,000,000
Rate of Return: .10% DCF

Note; Numbers in Table are Thousands of Dollars
Cash
Earnings . Discounted
BRefore . Income Net Factor
Income Deprec— -Taxable Tax Cash (10% at '
Yéar Taxés 1&b15H " Income (52:8%) Faow Mid-year) FEggsnt
i 10,500 . 6,125 4,37k 2,309 8,190 .953 7,809
2 . 5,820 b, k79 2,b70 8,029 .866 6,959
3 5,516 4,983 2,632 7,868 .787 6,200
4 5,211 5,288 2,792 7,707 .716 -5,521
5 4,906 5,593 ° 2,953 7,546 .651  L,01L
6 4,601 5,898 3,21k 7,385 .592 4,372
T 4,297 6,202 3,275 T,22h  .538 3,888
"8 3,992 6,507 3,346 7,063  .L89 3,456
9 3,687 6,812 3,596 6,903  .Luk 3,070
10 . 3,382 7,117 3,757 6,742 Lok 2,726
11 3,078 T,h21 3,928 6,581  .367 2,419
12 2,773 7,726 L,079 6,b20 .33k 2,146
13 2,468 8,031 h,2h0 6,259  .303 1,901
1k ' 2,163 ° 8,336 4, k01 6,098 .276 1,684
15 - 1,859 8,640 h,562 5,937 .251 1,490
16 1,554 8,945 4,723 5,776 .228 1,318
17 1,249 9,250 4,884 5,615 .207 1,165
18 okl 9,555 5,045 5,454  ,188 1,028
19 640 9,860 5,206 5,293 ,171 907
20 335 10,16k 5,366 5,133 155 800
63,781 63,761
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TABLE XVIIL.. Cost. of Producing Tar from Savage Lignite
Using  the Alpha Process and Sum=of-the-Year's
Digits.Depreciation Method,

Cost.of Coal:

(%1.50/%on. of coalj(1 ton of coal/.565 tons of organic
, métter)(I ton. of oféanic,matter/o74 tons of tar)

P

= $3.60;per.ton of tar

Operating Costs:

(#12,000,000/year)/(10,000 tons of coal/year)(.565

téns,of organic matter/ton: of coal)(.74 tons of tar/

ton. of organic'matter)(360_oﬁerating'days pei year}
= $#8.,00 per tom of tar

Depreciation, Profit, and Federal Tax:

= $6%98Lper ton of tar

$3.60 + $8.00 + $6.98 = $18.58 per tom of tar
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With: one exception, the P&M Process is slightly cheap-
er than the Alpha Process,. but yet.the éxperimental work‘in
this study and. in others show that the water-gas shift.
reac£ion1should_definitély be better. Where is the discre-~
pency? The P&M Process uses 1,006 psi pressﬁre ana 15
minutes fesidénqé time for the feactor, which is a much:
lower pressure than the 5,000 psi_used in the Alpha plant:
design.. This indicated that the conversions obtained im.
the rockiﬁg autoclave are very low, thereby éiving us werj
.conservativg results. A4lso, the P&M Process uses a hiéher
. grade coal (an Appalachian bituminous) and more-organic:.
material is found in this coal than is in. ligniteé: and sube

-
. bituminous coals,

B, Bbta,PlantiﬂeSign:and.EcOnomieso

The basic flow diagram of the Beta Process is shown
in Figure 37, 'ﬁhe production of thé‘tar from the coal, the
separatioq of solids from the tar and oil; anq tbe separa-
tion. of the tar from the recycle oil is the same as seen
in the Alphia Process, | .

The difference in this process is in the production of
00, and in the utilization 6f. the tar. The tar in this

process 1is used.specifically for,MHD;hsiﬁce heat®: £from the
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2,600°K.exhaust gas from MHD will be used to.produce the CO.
.mhe ggses from the reactor contain 0O, ODQ, H%,
hydrocarbon gases. The coé will react with.the carbon. in

‘ an_d

the char at,temperatﬁres‘aﬁoveg1,2000K.resulting:in essen-
tially pure GO (55,56?3‘ Tn order to obtain a balance so
That no excess char existé, there must be at least 87%
conversion, and‘65%"of the reaction gases must be recycled
intorger to have-eﬁough.c'o2 for the ppoduction of CO,. In
order to preventﬁan,acqumulationtof H% and the uﬁdesirabie
géses, the remaining 35% of the reaction gas is passed out

of the reactor as a fuel.

1. Design of the Beta Process:

e same basic design criteria applies to the Beta
Process.as is seen in' the Alphé Process., Ih this study,
only Noonan lignite and Colstrip sub-bituminous with NaQQQB
were used since they were the only qoais Wh;ch would yield

87% conversion in one hour reaction. time,

2.. Bconomics of the Beta Process:

The same general procédure is used to make the econom-
ic study in the Beta Process as was used in. the Alpha Fro-

cess., . Again, the suﬁ»of-the-year's digits and discounted

casH”flow will be used in this study.
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If Noonan lignite is used in. the Beta Process the cost
of the tar is now reduced frém $18,05 per ton (in. the Alpha
Process) to $14,04 per ton, mhé decrease inAcést is attri-
buted‘to a higﬁer conversion: of the coal to tar, and to a
more efficiént process of producing the 00. The Beta Pro-.
cess, using Colstrip sub~bituminous,. reduces the cost from |
$15.96 ‘per ton to $13.78 per toh,. A summafy of the costs:
ﬁsing"subﬁbituminoﬁs:in'the Beta Process is shown-in Table
IVIIT,

_I% méy,be easier for the réader to compare the cost.ofl
tar if other umits are used. The $13.78 ber ton corresponds

to about $2.40 per barrel, or 42,9 cents per million BIUE.

Gl . Changes in Economic Variables..

All of thé variables in: the previous discussion: were
fixed. It is the purpose of this section to investigate
the effects of the more impoftanf variables on.tﬁe cost of
producing the tar product. Figures 32, 33, 34, and 35
show the effects of changing coal costs, plant costs, oper-
ating costs, and- rates of return.on.the cost of the tar
' prodﬁcﬁ; The Beta Process using Golstrip sub-bituminous
will be uséq aé an example. ' '

Erbm‘Eigure 32 we see that a change in the operating:

-
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TABLE XWIII. Oost.of Producing Tar from Colstrip Sub-
. bituminous USing: the Beta Process..

Cost.of Coal: : $ 2.67 per ton of tar
Operating Cost: 6.21 per ton. of tar

Depreciation, Federal Taxes,

and. Profit:. O per ton of tar

4.9
$13.78 per ton of tar
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cost;does not constitute a great.change.in. the cost of tar '
production., For example, a reduction of #2,000,000 in:
annual Qperating;cosfs would reduce the‘cést of the tar
from $13.78. to about $13.45,. Also, . the reduction of the

plant.costs has even iess'effect on. the ﬁotal cos®t, of the

tar (Eiguré 33} o-

héhe future cost of coal is a very important. factor,
and this cost could range from #1.00 per ton to as high
as $2.50 per ton.. Rate. of petu}n-is a very important var-
iabié in: the prodhction cést.of the tar. For éxample, if
a rate of return of 5% is desired, the pfoduction.cost:of'
the tar would be about.$12.00 per ton, If a rate of re=

turn of 15% is desired, the production cost of the tar

would be about $16.00 per ton,

From'a technological standpoint,'the variables of
operating costs and plant costs (capital) are the most
influential to & pﬁocéssﬁ‘success, but in this case they
change the econonics 1es§ than coal cost and rate of xeﬁuxns;
Therefore, this rough. economic: estimate should be fairly
accurate.. It.was found that major modifications or a
great number of minor modificationé‘will have to be made

to significantly change the cost.of producing the tar..




VII.. GONGLUSIONS °

The supporting research, which. consisted of experi-
mental runs using the water-gas shift?reactiqn on. coal
produced the folloﬁing’major conclusions:

.(j) Increasingﬂoperatingjpressu#e will increase the
conversion. of the coal to‘a benzene soiub;e material,

(2) TIncreased temperature increases conversion, bub
the h&dfocérbon gas productionm production also increases.

(3} There appears to be sufficient water in' the coai
to obfain ﬁéximum conversion without adding additional
water,-partiqulérly for a dommerciél'reactoro ‘

(4) The effective solvents for conversion of sub-
bituminous boal'in decreasing order are: isogquinoline,
anthracene o0il, ANP, no soivenf, and tar. For lignite the.
order is: ANP, isoquinoline, and anthracene oil,

(5) The more grinding: that is done to the coal, thé
less the converéion. This ié-probably caﬁsed by aging of
the coél taking :place during the dryingjand'grinding
processes (bxidation)°

(6) When tested using the same conditions, the four
coals studied all gave different conversions and it is

believed that the sodium in the coal accounts for these
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differenoes.. _

(7) The gas analyses shoir that the water gas shift.
reactién is mqré complete toward equilibriﬁmxwhenthnVer- o
sion is greater.. , | “‘

(8) The liquefied. product from the coal has an.ash
content of less than 0. 17 and a hydrogen=to~carbon ratlo of .
about 1,14,_ The produet ‘has a molecular weight.of ‘about; |
 400.and looks very much like a tar. . The char product has:
an ash content of about 29%kand a hydfogen-to-oarbon ratio
of about.0.70. |

| '(9) Im most cases when Ne.,C05 was added to the coal,
conversions increased by at least 10%; |

(10) The results of runs using several different
organic materials (aSphalf' cellulose} show that the quan-
tity and quallty of the ash has a very strong 1nfluence in
‘cataly21ng the water-gas shift react10n°
| - Information was obtained to indicate why CO plus water
works more effectiVély in. converting coal to liquid:pro-.‘
ducts than.is seen when.hydrogen is used.. The sodium and
iron in the coal act as catalysts for the Water-gas shift
.reactlon.thereby producing nascent,hydrogen, This reactive
hydrogen.then.stabilizes‘the reactive fragments produced

from the thermal depolymerization.of the coal.
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With the aid of the supporting research. and through
the use of existing, proven.processes,'the primary objective

of this research project was met, Two coal liquefaction

. processes were developed which utilized. Fort Union region:

coal and incorpqrated the water-gas shif% reaction. on: the

doal. The important comtributions of these processes are

that théy eliminate'the costly process of producing hydro~

gen in a separate steﬁ,”and there is no char'produce¢ as a

by~product in the process.. One of the processes (4lpha}

- which produced tar from coal was competitive with existing

coal reduction procesées<using hydrogén,, It is importaﬁm;'
to point,but that the economic studies were done on a very.
conservative basis and that it is quité poséible that. the
Alpha frocess would be eveﬁ;more economigaliy attractive
than. the existing processes. Ihe:second procesé which

produced tar for MHD)is definitely more economicaily

~attractive than thé Alpha Process..

The use of the tar product from these processes as a
MHD: fuel will ovefcﬁme many of thle obstacles that have. .
prévented MHD - from becoming a réality,‘ If this fuel does
indeed_makehMHD.a reality,-ii wi11 help;immensely in.

solving'the Uhited.States"energy-problems;




WITIT,. RECOMMENDATIONS FOR: FUTURE STUDY.

(1) Puture study should begin.with.an investigation
with an inétitution interested in MHD to see précisely
what the produotion of tar from coaliﬁsing the Beta Process
will do to the economics of the .MHD system.

(2) It.is felt that the processes proposed in this
study‘shoﬁid at 1eastwbe studied with a continuous reactor
so that thé effects of<mixing;vreactor size, and operating:
conditions could accurately be detérmined. -4ilsc, a siall
pilot plant should be bullt to investigate thé entire pro-
cess, This is a.very expensi&e procedure and requires |
personnel‘éXperiencéd.in high pressﬁre téchnologyo A pilot
plant neceséary.to make this study would cost at least:
$150,000 plus operating expenses,

| (3) Ways of mutually improving both the MHD system
and the coal liqueféction process should be investigatedo
Por example, since it does have an important effect on MHD
_the hydrogen—td-carbpn ratio-as a function of the 0peratiné_
variables in the reactof should be investigated. |

(4 There are many other studies that could be made
usingﬁtﬂe focking autoclavef This'couldlinclude investi- |

gation of coal particle size, ratio of solvent to coal, and
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"~ the intereaction.of‘pressure and solvent on conversion..

(53 The use .of gaseé othgf than pure 0G0 would be
well wofthfihvestigating since an industrial plant would
not be expected to produce pure C0. Some gas mixtures
could include mixtures of 00, Hé;‘COQ,'and the hydrocarbon
gases,. ' ’

(6 A catalyst.hgeding_investigétion which may be
cheapérﬂand produce better resuits than Né2003 is the
waste pfoduct.ﬁranLthe alumina process called "red mud."
This typically consisfs of Fe,03, 40,.8%; Algoi, 15, 2%;
8105, 9.8%5. T0p,.5.8% Nan0, 9.3%; 0a0, 4.1%: By0g, 1.3%
(57 | |

(79 By;ﬁroducts could be valuable in. reducing the
cost of the tar produced.frbﬁ the coal. For example, the
prbduotion of the tar acids, phenol, sulfur, and ammonia
should be studied. |

(8} Using the waber-gas shift reaction on coal as a
means of removing sulfur from high-sﬁifur coglé would_be
worth investigationo, This would be of value since it may:
be a way of redgcipg;air pollution iﬁ<stéam generating

plants?;
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IX.. APFENDIX
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Lignite.

/

The basis of the design is 10,000 tons.of coal per
day, or (10,000 tons per dayJ(2000 lbs/ton}(day/24 hours)
= 833,000 lbs/hogr, The proiimate analysis for Savage
lignite -is: 36°O%Ewaﬁer, 7.5% ash, and 56.5% organic mat-
ter, therefore the rate of water, ash, and organic mattef |
the plant is (833,000 lbs of coal/hour)(.360). = 300,000
1bs of water per hour, (833,000:155 ofyooal/hour)(GOZS) =
63,000 1lbs of ash per hour, and”(833,600 lbs of coal/hour)
(.565) = 470,000 1lbs of organic matter per hour. The
ratio of solvent to coal, on.a water-free_basis is 2 o0 1,
therefore '2(“,4'70,000 + 63,000) = 1,066,000 1bs of solvent:
per hour. - |

A stoichiometric balance of the carbon in the plant

" must be made so ‘that enough €O is available to convert coal

to tar.. First it would be-desirable to know how much.of the

carboﬁ\in the 6har goes to CO in. the Texzaco synthesis gas.
process., The.char that the IGmfgasification"process pro-
duces is quite different thaﬁf%he.chaf.We obtained; how-
ever, for the lack of anything better, we went. ahead and

used the IGT char as.a baéis for the calculations (Table
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TABLE XIX: Stoichiometric Balance of the Texaco Synthesis
Gas. Production Process Using IGTE Char..

Analysis of the IGT char:

element weight percent ibs/hour
3 76525 3065977

IE ’ R 1 o 777 ' 79 1 25)

3 1055 & 246

N . 0.52 2,016

S | 0,41 | A4
ash: 15.80 79,684

Additional material needed to make syntheslis gas:

0, - ‘ N 317,312,
H0 | 241,603
total 961,413

The output:streams will consist of:

Gomponent .molévﬁercent; moles/hour 1bs/hour
430) ~47,20 19,086% 534,618
o, 10,57 4,274 188,103

HS 27 o 24 11,013 22,202
Ny . © 0.18 72 2,0165
Ar , 0.10 43 1,718
CHy, 0.12 48 770
HpS 0,04 165 544
H,0 14,55 5,883 105;983
The residue will consist of:
_ Weight,ﬁercent_. ' ibs/hour
3 oh 49 25,808
aShE. ) 75"o 5-1 j

: 79,628
Total - o 961,413
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XIX). The percent of the carbon'in‘the char going to GO
is: 19,086§maies of 00/hour. contains 19,086 moels of G/hr,
and (19,086 moels of @/hour)(12 1lbs/1lb mole) = 228,000 lbs
of O per hour in the dcm. (228,000 1bs of ¢ in GO)(}O?&OOO
1bs of O in cparY(iOO%ﬁ = T4.5% of the G in the char goes "
to 00, 4

Now we must find out.what cdnvérsion,is required to
have a carbon-balanceo' This was a trial and error compu=
tation, and only the final results will be given,. Assunme
75%fcogversioh'of the coal to tar and gés. The hydrogen=-
to-carbon ratio for the gases produced from the coal is:
3,0 and. ;3% of the coai.goes to these hydrocarbon.gaseso
The hydfogen—to~carbon ratio for the tar product is 1.1 and
7407%f0f the coal goes to the tar, Thé hydrogen~to=-carbon
ratio for the. char is 007"‘and_2'5%’,-’;' of the coal goes to char,
therefore the coarbon-to-hydrogen ratio for-all of the
reéction;products'woulé be approximately: (3,0}(00037 +
(1o1)(T47) + (DQT)KQEBO) = 1,006 The hydrogen~-to-carbon
fatideor the érigiﬁal céal was O°83; therefore the inérease
in the hydrogen-to-carbon ratio would Bg (1,01 -0.83) =
0.18., The coal contains 42;2%fcarbon;xthéref0re BO'éramsz
of Savage lignite would contazn.12.68fgrams of carbon or

1,05 gram moles of carbon. Thus, the amount.of hydrogen
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required to give T75%. conversion would be: (1.05 g=moles
carbon)(0.18) =.0.19 g=moles hydrogen, which is equivalent
t0 0,095 g=moles of. HL,. If we double the amount of hydro-
gen that will be poténtiaily avalable, thén;we must have
2(0,095), or 0,19 g-moles.of Hi.. From the equation GO +
H§0"4?H% + 00p, .we must then manufacture 0,19 g=moles of
00, | ’
| Next, we must see 1f enough carbon in the char is.
available to broduce the requiréd amount of GO0, TI% is
shown that. (1.05 g=moles of CJ(0.25) = 0,26 g=moles of car-
bon in the char, or (.26)(.745) = 0,197 g—moleé of CO is
avaiiable, Which‘will.supply the 0.19 g=moles of CO0 that is
required.. _ _ _

Fach sectiom of the Pittsburg and Midway coal ligue-
faction process will be revieﬁed, and adjusted to give a
cost estimate of our Alpha Process.

Area 01 = doal Handling and ?reparationa(boal crﬁéhe
ing; screening, drying). The cyclones and flash. dryers
ﬁere removed from the D&M Process because it is undesirable

to remove the water from the coal. The crushing and screen-

ing  equipment were left.as they Were)designed, but conveyors

and other auxiliary equipment for the dryers were removed.

The P&M Process cost of §4,200,000 less the cost of the
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drying equipment. ($2,200,000) gives an Alpha Process cost.

of $2,000,00Q.. '
 Area 01 - Coal Handling and Erepgratiqn/(boal slurrying

and pumping).. It was very difficult to find 5ost.estimat§s
‘on:pumps Which.ﬁill pump -2 slurry, so the 0.8.power factor
rule was used.. The f&M procéss pumped 2,500,000.pounds of

slurry per hour %o 1060 psi, while the Alpha process pumps
| 1,900,000 pounds of slurry per hour to 5000 psi. Thke slurry
pumps in the P&M process cost $1 6bO'OO therefore the -
Alpha process pumps are extlmated to cost (1,600, ooo)

(5000/1000)°° 8(1

, 900, oeo/e 500, ooo) = $4,700,000. The
remaining heat exchangers and other vessels would have
about the same cost of,$200,000, or the cost of thié section
of the plant would be %4,700;000 + $200,000. = $4,900,000,
The total cost of Area 01 is $2,000,000 + §$4,900,000 =
%6 900,000, “ |

Area 02 =~ JJ‘:Lssolver° ‘Pirst the volume of the reactor
must be determined before the cost can:be éalcglatedof The
volume of éoal for a 1 hour residence time in.the reactor
is: (533,000. 1bs/hour of moisture free coal)( 1/62.4 1lbs/
£t2)(1/density of 1.5) =-5,6OQ_ftj;. The Volﬁme of water
for a 1 hour residence time is:: (300,000 lbs/hour)(lbp

moles/18 1lbs) = 16,560 lb~moles HQO, or W= nRT/P
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(16,560 1b-moles)(.730)(1290°RY (14,7 psi/atm)/(5000 psi) =
47,200 ft§,. The volume of GO for & 1 hour residence time
is: 0,19 gemoies OO/SO grams of coal = 0,0063, or ,0063
(833,000 1bs of coal/hour). = 5,240 lb-moles of GO which
éorrespénds to 14,800 ftﬁjof CO0. The volume of solvent.for
2 1 hour residénce time is (1,066,000 1bs/hour)(£7/62.4

1bs)(1/density of 0.9) = 19,000 £+°. Thus the total volume,

of the reactor would be :. 5,600 + 47;260 + 14,800 + 19,000
= 86,600 £t7,. |

The Consolidation. Consol Process used a serieé of
rgactors which had a total Voluﬁe'of 170,000 fﬁs at .a cost
of $10,200,000, therefore the cost.of the 5000 psi reactors
for the Alpha Process would bes (87@000/170,000)Q°8 |
($10,200,000) = $6,000,000.. The vaule of the remaining
equipment in the dissolvef section was assumed to be:
heat exchangers, $2,400, OOO; vessels, %1.200 0003 fired
heaters, $10,000, 000; compressors, %1 500 000 for a total
cost of Area 02 of $21,200,000,.

Area 03 - Solid Separation. The amount of solvent.to
be separated is less than. in the P&M‘Processo, The toﬁal
amount.of material to-be separéteauin:the,P&MiPfocess is
2,500,000 1bs/hour, at & cost of §7,300,000.. The total

amount of material to be separated in.the'Alphé Process:
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is 1,900,000 lbs/hour, or (#7,300, ooo)(1,9oo 000/
2,500,000)°+8 = #5,600,000..

Area 04- Sblvent.Recovery; The,amounf of tar and sol-
vent. to be separated in the Alpha Process is éonsiderabiy
_less than in the P&M Process which.cost $7,800,000. By
again using- the 0.8 pdwer.factof rule, tﬁe cost of the.
area in the Alpha Process is((( 75 conversion} (470,000} +
1,066 ooo)/((@9o convers1on)(750 ooo) + 1,667, ooo))O -8
(%7’800 000) = $5,200,000,.

Area O5 - Gas Recovery. In the Alpha Process there
Wwas no-gas recoverys .

rea 065- Mineral Residue Processiﬁgx ‘The production:
of char from the Alpha Process»is considerably greater than
in. the P&M Process which.cost %2,100;000. Thérefore, the
cost of the Alpha Procéss mineral residue processing would
be.((2(,25?(470,0003/(90,0007)o°8($2,100,000) = $4,500,000,
‘The factor 2 on the :humerstor was added because thelﬁ;pha ,
Process product is considered to be quite heavy, therebyr
requiring a large amqunt of the tar tO'be,rémoved in this
step..

Area Q7’- Coking: Unit, Théré'was;no coking,unit-in'
the Alpha Process. ' |

Area 08 - De—ashed‘prduct Solidification and Storage..
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There was no solidification énd.solidystorage ih.thé Alpha
Process,

Area 09 - Power Generation.. In. the P& Process, the
char was used for the generation.of electricity. In the
Alpha Process, the char.is all used for the productipnxof
Cco, although.éome 8team bollers will be required for the.
Alpha Process. . Thus, all of the of the turbine generators
and mineral residue fuei bollers were removéda This re-
duced the power generation area from %11 900,000 to mo
" more than $2,200,000. . | _

Area 10 - Uooling ‘Water System; There: did not appear
to be any significant”differenoes between the Alpha'énd '
P&M‘Prqcesses, so. the. same figure as'was derived from the:
P&M study was used (31%{2,000,'ooo)°

Area j1 - Waste Watér Treatment°5 This part of the
process.Was proﬁably the most difficult one to obtaim an
estimate:oh sincé itlis not. known. what happens to most of
the rgaction-waﬁer in. the M&P Process.. The Alpha Process
has considerabl& more reaction.watef:than:the P&M Pfocess,
but most of it.probably would not have.to go through a
treatment; Ii;was'therefore assumed that o waste water
treatment plént thrée times the size of. the one in the P&M

: 8.
Process would be adequate. Thus, (3)0 (41,400,000} =
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~ $3,800,000,.

Area 12 - Tank Farm. The size of the tank farm was:
doubled in the Alpha Process from what was called. for 1n
the P&l Process, or a cost of $800 000..

drea 13 - CO Generation. The cost estimate for this
part of the etu&y came from the’IGmistudy on a coal gasi-
fication process. In the IGEEprecess, they ﬁrooessed
402,000 1bs of char per hoﬁf’and the capital cost was
$77, 500, 000, therefore our cost would be: ((;253(470,000)/
(402,000))° (%7 500,000); = §2,800,000,. The 00, removal
is included in this cost, however, the removal of the Eb
had to be done by using-the deéignAdata given by Du Pont,
and the cost of hydrogen removal to obtain 96% CO would
cost: approximately*%?OO 000, .

The oxygen:plant for the oxygen. required for generation
of synthesis gas was also obtained frdm the IGT report.
Oalculations for the oxygen.plant costs were’dene in the
same manner as the cost.of the synthe81s gas generator:
((.25)(470,000)/(402, ooo))O 8(#9 400,000}, = $7,300, ooo, or
the total cost of 0O generation is $2 800 OOO + $7 300, 000
= $10,800,000.. .

. Area 14 - Sulfur Plant. There was .no sulfur plent in

the Alpha Processs
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Area 15 - Acid. Gas Removai Plant, There was no acid.
gas removal plant in. the Alpha Process.

Area 165 - ?henol and Cresylic Acid.Recovery Unit.
There was no phenol'and,cresylic acid recovery unit in the
A;pha Process, »

Area 17.- Instrument and.Service Air. The instrument
and service air Were assumed to cost the same in the Alpha
Process as in the D& Process, or $1OO OOOo

" Area 18 - Support:Bulldlngs. The cost.of the support
buildings was assumed to cost. the same in the Alpha Process
as in the P&M Process, or $1, 400 000,

Area 19 - Site Preparationa The cost of “the site pre-
: paratlon was assumed to cost.the same in.the Alpha Process
as in: the P&M. Process, or $4OO 000 | |

A summary as to how the operatlng costs were obtained
uill be-given° Table XX shows the areas whlch,consume the
greatest amounts of heat.and'electrioityo. ﬁ

The reaction: gases from'the reactor'has a heating value
of about only:100;MM.BEU7 hour'if the exhaust: reaction
vgases are assumed to oouraiud327flb-moles of_Hé, and. 327/
1lb-moles of.wo along with some hydrocarbon..gases° Also
gome hydrogen could be used . as fuel which was produced in

the GO purifloatlon step, and this would yleld about:400.
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TABLE XX, Heat and Electrical Requirements: for the Alpha
Process Using: Savage, Montana Lignite.

A, Heating Requirements by Areas.

Consumption.

Area Description ' (MM BTU/hour)
02 Dissoléer ﬁréheater ﬁ 1,500
o4 Vacuum flash heater 300
04 Wash solvent. heater 300
06: Mineral dryers 100
09 Power generation 100
13 CO0 generation ' 400
Total cohsumption: ~ 2,700

B, Blectrical Requirements by Areas.

Gonsumption

Area Description (KWH?w,,,_
Ot Grinding, conveyors 20 OOO
02 Pumping;, compression 35,500
- 03- PFiltration . ' 1,300
. o4 Pumping _ 1, 400
. 06 Rotaty kiln-'*-- = = ' 400
10 - Pumping, cooling fans- 35200
11 Pumping 600.
13 Oxygen plant ‘ 17,200
17 " Compressors 200
Miscellanious ' 1,000

Total reguirements 48,800
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MM BIUfhour of heat, therefore the total amount. of heat:
" required would be: 2,700 -'1oo~ - 4oo.= 2,200 MW BTU/hour.

The mahpower requirements were calculated from the
P&M report. and the subtrac#ion.bf manpower in thé. sulfur
piant-and.phenol plant.were consldered.. Also, fhe,additions
of men in. the oxygeﬁ plaﬁt were.consldered. ﬂhe P&M. pro=~
cess required 155 men, and the Alpha Process would require

147 men., .
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The Thermodynamic Ghemlcal Equlllbrium Calculations- for
The Water—gas Shift. Reactionl,

The water-gas shift reactlon and the changes in

entropyfand enthalpy are given as:

0o (g) + Hy0 (g) —_ co, (g) + Hy (g)

AHpygg (~26.41)  (~57.80) (<94.05)  (0.00)
h A ) ; AXHT98 = -9,840 cal/g";-mole°
8308 . (47.30)  (45.11) (51.06)  (31.21)

435298 = =10.14 cal/mole-°C.
The equlllbrlum constants for the reaction have

been determined by Rossini (58), and are as follows:

Témperature (°C) Keq
27, - 9,01 x. 10;
1277 1.48 x 10
207 1,32 x 102
327 270 1
427/ 9.01
6127; . i 2 ) 1 1 ?
827T¢ ' 0.949
1027 0,547

To determine what the conversion of~the=water—gas
gas shift.reaction is at the conditions werwere operating
at, the equation KN PAnKeq/K is used, butan = 0, and
K,’{_is foupd by us:Lng the equa‘blon K&’_ XO:OQ 3/1.152/ g/cjo JHQ@"‘
y is found by using the equation 1n ) =(‘T9PT.“'¢/§128_-ZE’6'ZI'L‘)L(1=-
sxmg/m?)), where An is the chenge in the number of moles
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in the reaction, P 'is the pressure, Py 1s the critical
pressure, TI'is the temperature, $5'is.the critical pressure,
J is the activity coefficients, and Kﬁgs the equilibrium
constant, -

The eritical pressures.and temperatures for the gases
being‘studied are:

Po,  34.5 atm 218 Btm 72.9 atm 12.8 atm

T4 133K 64T°K . 049K 33.3°K

The equilibriqmuconstant:in_terms:of the. change iw

the number of moles isg

@O* “+ . Hbo ~—_€> G@E -+ Hé
at. start. 1 1 0 0
at equil. (1-x) (1-x) X x

atid the total relative number of moles at equilibrium is:
2, therefore Ky = (x/(1-x)laof Thus by using the equation
(x/(i-x))? = Keq/Kg ,.the'final'resuits are obtianed:

" Pressure ' Temperature X. Ky %’conversion
300 atm " 327°%0 1,72 15.8 79.8
. ‘ 427 . 1.39 6.49 71.9
627:‘ 1017 1689 ' 57@9
400 atm 327°¢ 2,06, 13.2. 78.5
4o7 1,56° 5,78 T0.6>
1.80 57 o &

627/ 1.23
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