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Abstract:

The reduction of sub-bituminous coal mined at Costrip, Montana using CO + H20 was investigated.
The equipment used in this study was a 500 ml rocking autoclave which operated up to 500°C with a
maximum operating pressure of 7000 psi. The analyses which were made included the conversion of
the MAF coal to benzene soluble material, water and ash analyses of the coal, and proximate and
ultimate analyses of the coal and the liquefied coal along with a molecular weight determination of the
liquefied coal also being made.

The results show increasing the heating- time will increase-the conversion of the coal. An optimal
particle size for the coal is -25 to -40 mesh for a pressure range of 1210-1590 psig. Exposure of the
coal to air decreases conversion of the coal. The method of contacting the coal and solvent makes no
significant difference in conversion. ZnCI2 and CaCO3 as catalysts are not as effective in increasing
the conversion as another catalyst, Na2CO3. A. combined gas atmosphere of H2-CO makes no
appreciable increase in conversion over an atmosphere of pure CO.

The product obtained from the coal has a H:C ratio of about 1.1 and an ash content of 0.1% compared
to coal’s H:C ratio of 0.7 and 7*0$ ash. This product seems to be ideally suited as a fuel for magneto
hydrodynamics.
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ABSTRACT

The reduction of sub-bituminous coal mlned at COStrlp,

Montana using CO + H.O was investigated. The equipment used in this :\

study was a 500 ml rdécking autoclave which operated up to 500°C
with a maximum operating pressure of 7000 psil. The analyses which
were made included the conversion of the MAF coal to benzene soluble
material, water and ash analyses of the coal, and proximate and
ultimate analyses of the coal and the liguefied coal along with a
molecular welght determination of the llquefled coal also being .
made. : :

The results show increasing: the: heating timer wilTl  increase:
the conversion of the coal. An optimal particle size for the coal

is -25 to -U4O mesh for a pressure range of 1210-1590 psig. Exposure f”

of the coal to air decreases conversion of the coal. The method of
contacting the coal and solvent makes no significant -difference in
conversion. ZnCl,. and CaCO. as catalysts are not as effective in
increasing the cofiversion ag another catalyst, Na_CO A combined
gas atmosphere of H,-CO makes no apbrec1able 1ncreas§ in conversion
over an atmosphere of pure CO.

The product obtained from the cosl has a H:C ratio of about
1.1 and an ash content of 0.1% compared to coal's H:C ratio of 0.7
and 7. 0% ash. This product seems to be 1deally sulted as a fuel -
for magneto hydrodynamics.




INTRODUCTION AND BACKGROUND

' Introduction

- The demand for power in’the United States is'fé%tfbecoﬁiﬁg'_',
a major problem, particularly as this'demaﬁd doublés.every fifteen '
xgars; ;With the United States using 1.9 billion.tons 6f:fpssil
fﬁels-per“year“(30%“of?ﬁhe~wofl&“g*consmm@tion)ﬁam@?pré&&éingrﬁﬂiyv:
"1.7 billion tons with the gap-ihcréasing, the probleﬁ is‘eépeéially |
acute. ' - - o

In 1970, the United States consumed. 7lOfmil;ion‘toﬁs of bii;‘-

or 15 million barrels per day.“Thé barrels pef daj use isnpfgjeétéd‘
t0o be- from 20 to 25 million by 1980. Howevér, United-Sta%es pré-‘
duction is only 10 million barrels pef day now -and - is 6nly expécted:
to-rigse to 11 million ﬁarrels pe¥ day ﬁith pfesehfly knowﬁ sources.
Tt should be nobed that the newly discovered Alasken oi; f£e1d§ nd
new off-shore deposits could inérease‘this, bgt there afe many ﬁr&b- '
Tems to be met (mainly enVironméntal).,:ﬁven Wi£ﬁ theéé,'thelunited'
States,mpst import oil andlthis~is becoming more expensive and moreﬂl
competitive. . | | |

~In 1971, 22.1 trillion £t7 of natural gas weré~édn§umed by_f'
users.. Two hundred forty—seven’trillioﬁ ft3_remaiﬁ in”préjeﬁ doﬁ;
estic reserves (high of 289 trillion in 1967). 'The ﬁossibility of

more gas in United States and off-shore is good but.cost\bf explor-




ation is ‘high. Also, a, two- or three—mile drill shaft istbecominé
commont Add to this the fact that United States gas companles say.
they can not meet current demands at offlclally regulated prlces and
are considering importing gas; then it seems natural gas is not our.-
hope -for future energy needs.

The United States cohsumed 530 millionm tons of coal, ity
most abundant fuel, in 1970. The'known reserves of coal are two .
trllllon tons. Though coal is plentlful 1t also presents problems
in pollution control and mlnlng, for strlp mlnlng is prevalent ‘and

inexpensive.

) With 25% of all United States f"os‘silii“ueis going to pr'Oduce"".
1.6 quadrillion kilowat hours of electricity, this is one area for
improvement in use of the natural,resources. .Magnetohydrodynamics
(MHD) is a possible improvement.. In. MHD,. a ¢onductor is passed
through a magnetic field to produce an electric'current. "An elec-.
trical conducting piasma, produced by'burning‘a fuel withfcompressed; :
preheated oxygen, and a seed, usually potasSium, added to increase
conductivity, is passed through a channel at supersonlc speeds.._A.
large conductlng magnet surrounds the channel “thus the movement of‘
the conducting plasma through the magnetlc field produces an elec;

tric current. MHD has a potential 60%'efficiency, whereas steam

generation systems yield an efficiency of 35-L0%. The increase in




efficiency is partly due to the elimination of‘the.stedmgﬁurbine,and

a generator.

Coal is ‘one of the. proposed fuels for MHD due to its éfug;
dancewl There is a-drawback to using coal.- The ash in'the‘goal will
he very erosive to the chénnel of high_temperétufes and‘iﬁ Wili in-
terfers with the potassitm seed recovery. It s in this area thats

this research may provide an answer.

By hydroéenafing the coal with the.objecfivé’bf;producing:é
suitable fuel (low in ash>; an improvement in use of United States
resources can be realized. There exists one ektra.attraction in
hydrogenating coal. A,mate?ial ﬁay be produqed that in.additién to
being a possible fuel for MHD, the produét may be suitable for | -
hydrocracking. Thus a new feed stock may be found for the ﬁetrolaﬂn‘

and petro-chemical industries.

Background

At Montana State University, the hydrogenation of coal is
carrie& out by the water-gas shift reaction. The reaction 'of water

and carbon monoxide is usedAto produce hydrogen. .
Co + HZO heat H2_+ CO2

The water-gas shift—reaction:was first used on coal by_Fraﬁz

Fischer, in Germany in 1921. For his experiments, he used Rhenish. -
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brown coal. He found that the shift reaction preduced be%ter,resﬁlts
"than hydrogenation by hydrogen alone. He coneluded that the libera-

tion of nascent hydrogen was the reason for the'improvement;

Hoéwever, due to Fischer’s poor results, his.best'run yielded i
only 35% conversion of the coal to an ether-soluble materlal and
the advent of “fhe Flscher—TroUsch reaction caused theAwater—gas
shift ‘reaction to fall 1nto relative obscurity after 1925 Interest
was revived in the shlft reaction in 1968 when the United Statesi'
Bureau of Mines began to re;ievestigate the shiff reeetion withleoal.
G. Alex Mills also discusses the.shift reaction in ﬁis paper on;:“

hydrogenated coal products in 1969 (2).

- For the Bureau of Mines' study of the sHift reéctien,'brtu—_'
minous-and lignite coals were used. It was found that the eddifion,'
of earboﬁ monox1de and water to coal produced more conversion to
. benzene—soluble materlal than dld the addltlon of hydrogen to coal,
as 1llustrated in Figure 1. The study. also showeq-that the addition
of a solvent and/or alkali or alkaline earth carbonatee'wili'increase

the conversion of the coal. As ‘can be noted from Flgure 1, the

Bureau of Mines was able to achleve conversions of 80 to 90 percent. -

In further studies of the shift reactioq on various"materials;

' the Bureau was able to suggest.reasons for the reaction's‘effective—

ness. They concluded: 1) that the reaction is effective, due to
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Figure 1, Coal Conversion Results Obtained by The United States Bureau of Mines.




hydrogenation with actlvated hydrocen produced by uhe sﬁlft re-
actlon, 2) that the- 1ntorudction of alkyl groups in the coal aids”
the reaction; and 3) that carbon monoxide has- a unlque abllity to
cleave certain types of" bonds or to-lnhlbit:condensatisn.reactlons’

leading to benzene insoluble materials (3).

Spurred b& the Bureau's publications,.and intestigation df-
coal h&drogenation via the water—gas-shift resctidﬁ4was launched dt‘
Montana State University. The main theme ofnthis investigétion Was 
© to reduce the cost of coal hydrogenation‘whiié:still'producing a :
suitable product. Wayne York, who has sincefgraduatsd Witﬁ'ahPh.D;, .
was the first graduate student to work on‘this éréjeét. He workéd' .
with one sub-bituminous and three lignite‘éoals.t He found that: .

1) increasing the initial CO pressure will iﬁcrease csnveision to_'
benzene-soluble material; 2) increased temperatuie increases con—.f
version; 3) solvents vary invtheir effectiteness-ffam coal to coal;
) the msre grinding done to the coal,,the'less‘ths éOnversion;;S)
inder the same conditions, the coals would'yieid.diffel;snt rosuls
and. he«believed,that this was due to the sodium‘éontent'df'the coalsi'

6) the amount of ash affects the conversion; aﬁd'7)ANa (sodium

3

carbonate) added to the coal increases the convers1on (7)

At present, there are two graduate students investigating the.

* ghift reaction on coal at Montana State University. Some work is




i
being done as a follow-up of Dr. York's #ork, but much- of. the work
1ls proceeding along new lines in an effort to expand the present -

knowledge of coal hydrogenatioﬁ by the water-gas shift reaction and

to make the hydrogenation more economical.




RESEARCH OBJECTIVES
The primary objective of this invest;gatibn'wés to increase -
the knowledge of coal hydroéenation resulting from the water-gas .’
shift. reaction. This. was done by reacting the cbal under several..

.different sets of conditions and by studying the results.

It was believed that this investigation would help relieve
the energy problems of the United States. - Thisg was to bé,done by‘
- converting the coal to a product suitable as a fuél £or MHD and/or -

suitable for hydrocracking.

If the shift reaction on coal were to prove attractive, both -
. from the technicai and the economical viewpoints, thé ﬁossibility__ 
.of utilization of Montana's coal resﬁﬁrces gxists._:This'is the
reason that the investigation was conducted with Mon%aﬁé—mined

sub-bituninous coal.




MATERIALS, EQUIPMENT, AND PROCEDURES

Materials

The coal used during this inve;tigatioﬁ was sub-bituminous
coal that was strip-mined near Colstrip, Montana. It Waézobtainéd -
from the steam-generating plant of Montana-Poﬁer Company.ét Biliings,
Montana in crushed for@, which is minus one ihch. After ﬁhe coal'has
been received it is stored in plastic bags, three léyers thick, with :
. as much air forced out of the bags as possible. The three laygrs of
bags and the air being forced out of the bags are steps taken to
prevent drying of the coal (moisture loss) and aging of the coal”

(oxidation).

Tt should be noted that coal is not a chemical; rather it is
a mixture that is complex and non-uniform. What.the coallis com-
posed of may be found‘by:two methods: the proximate analysis and the
ultimate analysis. The proximate anaiysis categorizes the coal as
water, volatile matter, fixed carbon, and ash. Volatile matter is ,
the part of the coal'thar caporizes when heatéd to a‘temperature .
: around‘960°c, excluding water. The organic matter that remains after.
heating is called fixed carbon and the inoiganic-matter is ash. In
an ultimate analysis, the coal is broken down as to the smount of
carbon, hydrogen, sulfur, nitrogen, énd oxygen pfesent. The oxygen
is determined by difference. For the proximéte and ultimate analyses

of Colstrip sub-bituminous coal, see Table IT.
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Table I. Prox1mate Ultlmate, and Asn Analfses for Colstrlp

Sub-bltumlnous

Colstrip Sub-bituminous

Proximate

Moisture

Volatile Matter

Fixed Carbon

Ash.
-Ultimate

Moisture
Carbon ..
Hydrogen
Nitrogen
Sulfur

- Oxygen
Ash

-Ash Analysis of

Major Components

8102

A1203

.Fe203

1.0
Ti 5
0
P2 5
Cal
MgO

0
Na2

o3
30.9 -
37-6

T6

0.8

22.7

A'9.A-‘

0.3 -
0.5 -

-1k.9
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The ash of coal is also a mixture. Its arrangeﬁent in coal
is complex (not fully undersfood), but the elements of the ash are
known. They are silicon, alumihum, iron, titanium,‘phosphEIOus,
calcium, magnesium, sodium, potassium, sulfur, and,maﬁy'trace ele~-
ments. The ash analysis of Colstrip sub-bituminous coal can be

seen in Table I.

While the exact structure of coal is a subject of debate and

- largely a matter of conjecture, a typical structure of a high vola-

tile coal is shown in Figure 2. To make something oub of coal, it
is necessary to remove the ash, oxygen, sulfur, and nitrogen from
the coal, and 1t is necessary t0 break the structure of the coal

into smaller fragments and to hydrogenate these fragments.

For each run a solvent for the coal was used. Phenanthrene
was the solvent and was of a technical grade. A catalyst was also
used in every run and the catalyst was sodium carb'onate,iﬂaéco-?)o
The water used in each run was tap water.

A1l other materials, carbon monoxide; hydrqgen,'calcium.cér~
bonate, zinc chloride, benzené, and toluene, in this inveétigation

were obtained from commercial suppliers. They all were technical

grade.
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Egquipment and Procedure

The main pieces pf eqﬁipmentrﬁsed in this investigation Wefe.
a 500 ml Parr Inconel autoclave and a'rockingﬁheating‘appératus'
for the autoclave. Both are shown in Figure éa ..The éutbclave Was';

used as.the reactor and was rated at 7000 psi at 500°C or 8800 psi

‘atbroommtemggﬁatux&wz-Thebnqékinggheatingéap@@xaﬂu&%géakedgat;abouﬂ;x__
4o strokes.per minute. ' -
As.;an.be seen from.Figuré-3, thé pressure'%as&monitéred by f.'
a gauge in. the block assembly of the aﬁtoclafe,éﬁd Qés féa by:a. |
breather tube. ihis éauge was.cﬁééked aéainst é‘gaugezin fhe _
pressuriéing system and Waéioécasionally ;hecked By é éaﬁge ﬁesting
éystem. The temperaturé of the autoclavg.was detected b§.an“iron;
. eonstantan thermocouplé.that was placed in a the?mbcouple well a£
the"ﬁottom‘éf‘thewauﬁﬁciaveﬁ This thermoeou@le,waé ééqnecte&”to a

.chart recorder to keep a %emperature history for'a run.

A pressurizing system, Figure'h¢ waé used,_for'FCQ regula- .

tions only allow carbon. monoxide to be.shipped in_l500.psi cylin-

ders. A pressurizing éystem allowed: the maximum use of a.cylinder o o

of carbon monoxide and ‘allowed the initial pregsurerf the reactor
during a run to be méintéined‘ardund 1400 psi for a greater number . .

of runs than would be possible without such'a systems-
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In the pressurizing systéml fhe CO;cylinder-was connected tol
the system and some CO was tran;ferred to a high pressufe cylinder;.
To gchieve a desired bressure, oil ﬁas thén éumped‘into £he“high'
pressuré cylinder and the preésuréfﬁas'aéhievea simply by diéplécé—; i
ment. When the high pressure system was out of CO, the oil ﬁés\i B

drained and more CO was added. The éycle was then repeéted.‘

In charging the autoclave to make & run, all @hematériais-'
were weighed %o hundr;dths-of a gram for-accurécy. 'Thejcatalyst,
~usually 0.3 grams of Na2003, was_gdded to thelaqtoclavé. " Then 30.0
grams of tap water was added. UNext, 30.0 grams of coai, ﬁhich Wéé- |
ground with a mortar and pestle to reduce exposufg to thé air and
thus reduce loss of water and oxidétién, was adﬁed to the‘aut04

clave. The solvent, 60.0 grams of phenanthrene, was added last. .

The autoélave was thén seéled and assembled. (See'Figurg'3;) :-‘

" The next steﬁ was to pressurize the a@toéiave:witﬂ CQ, usually té .
fihoo psi, from.the high-pressure cylinéér; Aftér this Was‘dbne,.'.

the aqtoclave was plaped in the rocking-héatﬁngnassemﬁiy aﬁd;allowed_/‘
to rem;iﬁ motion;ess for five minutes to éhéckkfor leaks. If no.

leaks developed, the rocking and heafipg'elemeﬁts wergrturned.on.

In a typicél Tun ﬁhe éutoclave woﬁld feach thé desired.tempeiatufe,':
around M7S°C, in 50 to 65 miﬁutes. Oﬁce the desired températﬁre

was reached, the reaction time started at zero and the reaction
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. proceeded for five minutes at the final temperature. . The final =~
- pressure was usually around 5100 psi.. Aftef fivé miﬁdteslof,re—.

. action time, the autoc;ave was, pulled from the'rockihg—heating,
assembly my ﬁeans of threaded pull rods and was allowed to cbol o

overnight.

Aﬁtwentyhgailem:drumﬁwésgéquippeﬂﬁsr#$ha¢“ﬁt:cd&lﬁ&bé>e§§€'ha
ated to twenty-four inches of Hg. 'Thus, after the autéciave waé -
cooled to room temperature, the reaction éases were.bled.tq the =
drumm: This bleeding was done slowiy to ﬁfévent foamiﬁg,: The imﬂg
wags equipped with é sampling poff‘SO'samplés of fhe gaé goﬁl& be; ;”

taken with a syringe.

After the gas. had been removed the’auﬁoclévé was o@eﬁed and .
a'liquid--water;—was poured. off.aﬁd measured;. The reaéted‘matérialﬂtx
vas ﬁhen'removed‘and placed in a containér;'lBenzene was added to
the material to form a slufry.and if lgrge:chunks of materiaiﬂwere:_¥'
present an effort was made to reduce ﬁhesé‘chﬁnkslaslmuéﬁ.éé foéf...;:
sible. \ |

The slurry %és poured into a weighed 43 x 123 dbuﬁié thick;Li;
ness cellulose ‘thimble . The:thimble.wa,s ‘$hen placed in o Soxleb . ...
extractioﬁAunit. (See Figure 5A.) Tﬂe‘liqﬁié uéed in‘th;fextfac—z
tion.was benzené; 'Benzeﬁe was uséd becausé.tﬁe»organic'mattér ini.

coal (as well as the rest of the coal) is not soluble in benzene
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but'a.tar or oil produced frbm'the érganic méttof ié...Thus a ben-
zene’extra0u10n indicates the conversion to a.benzene—solubTe
material, hopefully tar qr an oil. The thlmble was left in the
extraction unit for at least twenty-four hours. fhe'£himble and %he
residue it contained were removed from the_unit,-the benzene-soluble
matefial now beiné iﬁ the boiling flaék, and.plgced in,aniéleCtric'f"
forced air cabinet dryer for at least twenty-fouf ho;fs§i Tﬁe dried::

thimble and residue were then weighed;>»

To calculate the conversion of the coal fo benéene;sélu£le
material, it was necessary to know the ash and wéter;con£ent of the -
coal. By'knowing.these, it was possible to knpw‘#he'amgunt:of
moisture- and ash-free (MAF) coal ﬁut in thé'aufoclévé and i% was
possible to calculate fhe amount of ash-free cosl in-the thimble
residue (the water was lost in the reaction and in dryiﬁg). Bjﬂ

using this knowledge in the equation -

. MAF MAFf ’
C:—WXlOO%
i
where _ C = percent of organic matter in;coai thaﬁ is
benzene soluble (the conversion), -
MAFi = welght of moisture and ash-free coal added
to autoclave, :
MAFf = weight of moisture and ash- free material .

" remaining in thimble residue, the conver31on'
could be calculated. - '

This analytical procedure was found to be the bestldné.from.pésttwofk.
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Special Procedures

It occasionally was'neceSSary to make asn-and weter-analyses
during this investigation. * The water analysis ﬁas'done4with.the
apparatus shown in Figure 5B. Toluene end a small emount of nater C
were first added to the flask and allowed to b01l for twenty-four
hours. This was' done to saturate the toluene w1th water. ‘A known
Weight of coal was then’ added to the boiling flask and the mixture
- was again allowed to boil for twenty-four hours. At the end of |
this time the amount of water collected in the graduated receiver
was measured (the toluene and water formed layers withtthe'excess
toluene being returned to.the flask).. A sinple‘retio calculation

was then done to determine the percent water in the'coal..

_For the ash analysis, a Weighed amount'of;coal wes added to
a porcelain cfucible. The crucible was plaCedlover'a‘fleme until a :
) Whlbe res1due remained (coal stirred carefully occa31onally) then -
a direct flame was applied to the residue untll the sparkling .
ceased. The residue was then weighed.and a siméle;celculation.was-

done to determine-the amount.of ash in theicoal.\




RESULTS AND DISCUSSION-.

A. Experimental Work and Results
The run time is defined as time at the final temperature

and was always five minutes.

~ Over sixty runs were made during the course ofnthis investi—
éation; The main purpose of these ruhé was to increaée fhé kﬁow;;
ledge of the hydrogenation of coal due fo the water—gaé shift-fef
action. Vériables that’were studied are: 'particlé sizé;Aaging;

ecatalyst,, éonﬁacting method, time, ahd gas étmospheremf :x

In all cases; conVefsions are basg& upon the amount of ben~ )
zene-soluble material.produced.from the éoal reacted. It is to be
assumed, unless otherwise stated, that éll of thé;following materi;
als were:added to the autoclave for each rﬁn:

0.30 g of Na (catalyst:) -

2%%3

30.0 g of H,0

60.0 g of phenanthrene (solvent )

30.0 g of coal
CO until.initial pressure was lhloibsig.:
An attenmpt was made to repeat all runs for verification of
results. "However, this was not always done due to the nature of

the particular experiment or in the interest of time.
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1. Préiiminar& Runs
In a traininé period undér bgt Nyugen, technique and
procedu?e ﬁere learned.. Somé runs to dupiicaté previéus work wére
. made fér practlice and learning, though no fécofds were ‘kept of these
runs; Near the end of this period a decision Qas made to pﬁrchase
an. Inconel aubtoclave. This was doné to.a;Lomymarévnunswtmstm&ﬁmﬁﬁéyy ;
but. primarily the autoclave was purchased'because it allowed-oper~
ation at higher pressures aﬁdupressures more.tﬁan safely possible,

with the present stainless steel autoclaves.

Once fhe new autocléve was receiﬁed,‘runs were m;dé to-detgr; E
mine the heating.characteristics of the Incqﬁel and tovdevelOP at‘
method of controlling the final teﬁperéture. The ini£ial results
are shown below. After these runs had been made, a téchnique-wés:
develoﬁéd that reduced thé heating timelto around 65 minuteS"at'a
finai temperature of L75°¢C £_8°; However, éhe copveréions never
agaiﬁ‘went above 70%. It should be noted. that the shorter hegtiné -

time is desirable to reduce the initial.cost ‘(steel) and the run~ -
ning costs’ (pumping) of a continuous plant.

From Table II below it can be seen that time is a very im- -
portant factor.in the hydrogenation of coal by the ﬁater~gaé shift
z reaction. Even at relatively low temperatures the conversion can

be increased by allowing the heat-up time to increase.
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Table IL. Results of Firét'Three‘Runs-,

Mesh Size Time in Heater Tf -u: Conversion
-40 85 minutes = . u51°C - 81.h9
. o 85 minutes . h69°C © 85.19

1o 95 minutes Lesec 73. 5%

2.. Particle Size

In a commercial operatioﬁ it would be desirable £q"know,
the optimal grinding policy for the coal S0 thaf'méximum conversion
might ﬁe obtainea at ‘a minimgl cost. In the study of the effect of
partiéle size upon conversion, mesh sizes‘of'—lz, —25,'~MO,'—lOO,
and ﬁlhO U. S. Stendard Size Segies #ere-investigated; For each
mesh‘;ize, runé were made in three pressuré raﬁgés: ‘lQlQ—129O psig,
1390—1430.psig,.dnd 1540-1590 psig. The results are’tabﬁlated in

Table IIT and graphed in Figures 6, 7, 8, and 9.

kFér the 121041290 psig range, the'optimai mesh éizerccurred :
between —25'and 40 meshes. It could be ﬁqticed.fhat the vériatioﬂ :
from one mesh to another is not Very lérée,'for the_lafgesﬁ_fari~‘
ation'is'oniy 8%. However, the ~100 and -1L0 meshes are tﬁe léagt

desirable grinding sizes.




Table TIII.

ol

Effect of Particle Size on Conversion

Screen P, - T _ Conversioﬁ_.’ © Average
i £ . : .
Conversion
12 1230 469 | 56.51 . -  56.51
25 1290 470 56,04 :
3 L 57.20
25 1210 L65 58.36
40 1220 LeT 57.69 o
oo 1 58.045 .
Lo 1220 470 58.40 . .
100 1270 475 46 .22 L
_ ‘ IR 50.415
100 1270 L67 Sh.61 T
100 1240 469 54.35 -
' - . 50.04
140 © 1200 W71 45.73 . '
12 1430 473 55.02 ‘
o . A ; 55.81
12 100 h72 56.60 - ' :
25 1420 h71 hg.,23 -
. ‘ . 54.05
25 1430 L5 58.87° -
ko . 1430 475 69.55 _
" - o 6k.36
4o 1430 LW71 © 59.17
100 1410 469 59.79 Y
, S 54.88
100 1390 k72 ho.97 . B
140 1410 h69 59.08~" : '
: - 45.30
140 1410 475 , 30.73
140 1400 470 u6.99-”




Table III. Effegt'of,Particle Size on Conversion (coﬁtinued):

Screen Pi- _ Tf ‘ Conversion- - .. Average
‘ T : " . Conversion -
12 1580 W78 61.03 .. . 6I.03
.25 - 1570 . k72 66.49 I
, , ' : ‘ 1 62.89
- 25 1580 - b5 59.29 ~
o 1570 - . L3 61.39 S
40 . 1590 - b70 - 57.37 - .
1100 1590 466 47.00° S
‘ R . L B1.67
100 1580 W75 56.34% oL
140 - 1560 - 475 ' 40.29 o : -
: o o C 42,115
iho . 1540 - Les . 43,94

In the 1390~ lh30 psig range, the mesh size yleldlng the beSu 
conversion was -40. In this range a peak occurred at —hO mesh’ w1th.
the conﬁersioﬁ falling off on either side of —LOf espe01ally_for:
-1o§~and -1%0 meshes. If the initial preésure-ié t6 pe 13901430
psig, it is indicated that a -bO mesh be used tqnﬁffain{fhe bost

conversions.

The 1540—1590 p51g range ylelded results that showed,the —25‘:, f .

mesh, to be the optimal’ grlndlng pollcy However,_lt shquld.be men—-

tioned that -12 and’ 40 meshes do not differ from--25 mesh by.much
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(maximum deviation - 3.51%). Again there is av}afge‘decrease in
conversion wheﬁ -100 aﬁd ;lhO meshes are used.l .

The results for thls part of the 1nvest1gatlon 1ndlcated that
an optlmal grinding policy would be to use a mesh size between —25
and -40, inclusive, for any 1n1t1a1‘pressure from 1210 psig to
1590 psig. |

3. ‘Aging

| Two questions that may arise in:operaﬁing e commercial .

hydrogenation plant are: . | |

a) Should the coal be stockpiled as lﬁmpe of'after
1t has been ground‘7 | | .

b) Can the coal be stockpiled after’ grlndlng as a
precautlonary.measure against equlpment falluresdand
'delivery delays? -

In seeking the aﬁswer to these and othef gueetionsé the effecﬁ of

. aging upon coal conversion was studied.

For this phase Qf the investigatioﬁ,;two lGd;grem saméles of .
coal were ground to 725 and -100 meshes. Tﬁen.30»grams of each
particle size were reacte& immediately whileethe‘otherﬂﬁo—gfem
samples of each size were set out in the air for twotweeks. ‘After

the two weeks had elapsed, these 30-gram samples iere reacted.

~
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Water analyses were also made on eaéh‘pérticle~éize immedidtely
after grinding and after the two weeks' expoéure; The results are -

shoyn in Table IV.

Table IV. Effect of Aging

Mesh Size Length of Water Content Conversion
‘ ' Exposure- ' : -
-25 0 23.67% . - 58.8L .
-25 2 weeks 4.65% : "~ hk,99 .
-100 ' o . . 23.67% . 66.15
~-100 2 weeks 3.h9% - 55.58

The results showed that exposurelto.the air fpf two weeks,
resulted in a decrease in convprsion for eabh‘pérticlé‘siie; ‘The
-25 mesh convefsion aropped about 14% while the.—lOO~mésh:conﬁersion
decreased by about 11%. The water content.was lowered u?én ex-
posure. It went down about 19% foff;25 mesh.gn& downféb§u£-20%

for -100 mesh.

The loss in conversion due to aging Qf.fhe-coal’can be due

to the loss of water from the'gogl‘and/or the oxidation of the coal. ..

The large water loss of the two samples upon aging would seem tQ'
indicate that the water loss is a factor in the dfop in conversion.
How much of a factor is hard to say. This is one area:fha% is open

to future study.‘
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There is one oddity about thls data’ that snould be nOUed.
In each case, lmmedlate reaction or two weeks exposure and then
reaction, the -100 mesh coal.yieldéd higher‘convers1on3'than the —25
mesh.coal. According to the preV1ous flndlngs of this 1nveSulgatlon, ‘
the opposite should be true. To explaln this reversal is beyond the
capabllity of this investigator. |

L.  Contacting Mgﬁhqd

| The next phase éf the investigatiqn was to study thé:con~ 

‘tacting method of the coal and pheﬂanthrene;f,Since.éhé :eacfor was.
an autdcléve, it was decided that three contactiﬁg methods could
be uééd: The methods were pouring the coal_inﬁo the feactor'first,
then pouring in the phenanthrene, layéring the‘coal and pﬁéhénthrene~
by first pouring one and then the other, énd.mixing the éogl and _-‘

- phenanthrene before pouring them into the autoclave.

The results of this series of runs is shown in Table V.

Table V. Effect of Contactiﬁg Method-

Initial Piessufe Contacting Method - Conversion

1390 pouring - .. 57.80% .
oo lsyering . © - - - 56.28%
1390 ' ’ layering S 58.79%'
1400 mixing R 56 .14

1410 " mixing , 6L .26%
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- From these resuits it was-éqncluded tﬁat the contaéﬁing.
method used- for coél and phenanthrene made'n6>diffé%ence in thé:
conversion of the coél to benzenersqluﬁle ﬁa%ériéi.‘ This'waé the °
expected resulﬁ. 'It‘was'felt tha£‘tﬁe focking‘ﬁotion‘df-ﬁhe.ﬁeaﬁéf
'would provide enough agitatioﬁ_£o thoroughly ﬁix tﬁe reaéﬁiﬁg |
ﬁéterials{_rega:dless of the coﬁtactingﬂﬁéﬁhoa‘emploxgd'as thé

higher temperatures and pressures were reached.

5. Catalysts
~In.the early Bureau of Mines' work.and in.Ybrk'é'thesis
'(7), it was stated that alkali or alkaline earth carbonates, in

particular Na » would increase the conversion of the coal if

2CO3
added to the reactor. It is for this féason'thaf a searcﬁ was-made
during this infe;tigation for a catalyst to improve thé coal's con-
vérsion,.thus enhancing4the,ﬁaier—ga&,shift reacﬁion as'a'coél
hydrogénator. The term 'catalyst' was used even thoﬁgh:it-wasinot
certain if £he chemicals remained after.ﬁhe hydroééﬁafi&n"or.if‘

they were incorporated in the hydrogenation producﬁ;

an alk-

3

aline earch carbonate. It was selected due to the Bureau's re-

Two catalysts were studied. One of them. was CaCO

commendation of alkali or alkaline earth carbonates, and -since

NaECO an alkali earth carbonate,Ahad already -been proven effec-

3)

tive, it remained to be seen if an alkaline earfh_carbonaﬁe could -




be as effective. ACaCO

3

3k

'is also the cheapest alkaline earth carbon-

ate. The results are shown in Table VI.

| Table VI. CaCO

as a Catalyst, B

3
Amount of Cacd3 Initial Piessure - - _Conversion
0.3 grams 1390 - 50.26%
0.6 grams 1410 . 39.30%
0.6 grams 1410 51.407,
0.9 grams 1h10 . L7.66%
0.9 grams 1400 L 42619,

The other catalyst studied was ZnCl..

2

It was chosen because

it is a hydrocracking catalyst and could possibly aid in breaking

down the coal, thus aiding the hydrogenation, and it hed been re-

comuenided as a catalyst by others in this fieidfﬁ The results are

shown in Table VII

Table VII. ZnCl

as a Cataly#t

2
* Amount of ZnCl, . . Initial Pressure - Conversion
0.3 grams 1410 Ch1.76%
0.6 grams 1400 . -30.85%
0.6 grams 1410 . 39.529
0.9 grams 1410 . 739.43%
0.9 grams 1400

29.72%
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' Neither CaCO3 nor Zn012 proved to beran effectivélhydrd— g
- genation catalyét'for the water—gas éhift reaction. Results were
not as high as those obtained with Na

,C0,. : This indicated that -

NaZCO should remain ~as the cafalyst until'a'better one is found.

3
§J"Gas’AfmospHére

* The remaining factor studied infthe éxperﬁmenﬁal'work
~ was the effeét ofvthe autocléve‘éiinitiai gas aﬁmosPherg-ﬁpoﬁ cén*.
versioﬁ; The autoelave'was'not always‘charéedlﬁith.6ﬁlinO'aS daqeix
previousl&. An ;nitiél pressure of H, wéé gddéq for'thearunévaﬁd..~ -
-then the initial pressure was brought up.to éﬁouﬁ ihOO ﬁsig by7 .-'
2dding CO. L | L

' ' There were two ieasons that the'ga§ atﬁ§sphere waé'studied.l:
o %6uid'su;pass thg J

conversion achieved by adding only CO fé-the autoéiave; ‘The other

The first.was to see if. an atmosphere of CO-H

reason is that in many processes a CO—Hz,produéﬁ;gaé‘is common and.

this results in CO—‘H2

gas being cheaper then pure CO of{HZ.

Some previous work has been done in this area. Fischer, in . .

tﬁe‘initial investigation7of the.CofHZO reécfion on coél; repdrted

that CO was more satisfactory than H2 under the s@mé conditions.

In the Bureau of Mines' work it was found thaﬁ the conversion of.

low rank coals ﬁith‘CO—HQO is greater than that obtained.with B,
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evén yhén the H, initial pressure was significéntli'highef'thén tﬁe '
CO-HZO initigl’pressure.' It was also found thaf,fér,short contact‘l;”::
times, the fofmatibn of benzene-solublé‘matérial:pfécéedsimbre‘-'
rapidly for CO-H,0 than for H,. The ﬁse of~syn£ﬁesis gas (coﬁnz)

was also studied. The results are shown in Table VIII. As'éan be":.

Sseen, the,synthgéis gas ylelds almost the. same éoﬂveréion as CcO.-

Table VIII. Effect of Gas Composition-

Gas : Initial Operating ~ Time, . Temp. 1 'Conversipﬁl,
psi psi min. ec -
2:1 syn? - 800 . 3,070 . 15 380 . TT%
1:1 syn K 800 , 3,000 - 15 o380 - 'f-82%'
1:1 syn "~ 800 - . 3,010 T 120 . 380 8 -
o . g0 2,970 15 380 . . 8% . .

weight percent on a dry, ash-free basis

2 two parts H, to one part CO

2

The.results of the investigation are shown in Table IX and
graphed in Figure 10, In Figure 10, there‘a&e two lines drawn.i One

line is a least squares line (seeAAppendix);that,assumes a straight . .

line will represent the tendency of the data.. It.should be stated .. =~ - '

" that this line is based on all eleven data'points. The equetion @

Tor the line is

v = 0.554 - 0.00001916x
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where y is the conversion while x is the initial H2 partial pres~
sure. The other line in Figure 10 is a line that assumes the data
fits a curve. The curve, as are all curves in this thesis, is an

estimate of the best fitting curve.

The conciusioﬁs one reachés on the effect of gas atmosphere
depend upon which line one selecﬁs, but in either case the con-
clusioﬁs are esséntially the same; If the straight line.relatioﬁ—
ship is chosen, one is forced to say that any‘combined atmosphefe~ 

of CO--H2 Willlhélp in achieving the highest conversion possible N

under any conditions. If the curve is chosen, one is led to believe -~

that except for pure CO and nearly pure H2,

the combination of CO-H, -
used in charging the autoclgve‘makés no difference in the final

conversion. Also, the use of pure CO or of nearly pure H
. b y P

5 OQLy :

slightly decreases the confersion.
B. . Product Description and Analysis
The product received from the hydrogenation of coal by'the 7.
water—ggs shift.reaction oftéh varied in appegraqce.' It rangéd B
from a flaky, fluffy materiai to a'hafd, cgked méss at tﬁe Bottoﬁ
of the autoclavé.' Often, varying ;mOUnts of each typé of product

were found.

The fluffy product always yielded good.conversions. The

caked product would at times yield'good conversion, but mostly the
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‘Table IX. ' Effect of Gas Composition

Partial H Initial Initial ‘Temp., Conversion -
Pressure Pressure H, L . °C S 9
o 10 0.0 .. W75 . - . 51.BG"
290 - 110’ 0.5 - wpt . s7.3
520 _ 1410 "36.9 . " W16 . 55.65
520 . 1o 370 . k86 63.23, -
610 : k10 - k3.3 : 79 - 59.43
610 1410 43.3 . . 480 . 58.%
800 20 . 56.3 :.u80,-~ 55,10
800 © 1k00 571 483 M7
1000 . 1430 69.9 . . 183 . 58.78
1210 w0 8.8 - W82 . koo
1400 1400 100.0 - - L73 43.14

yields were low. The caked material would also. at times yield a - -
cakes substance that was unreacted coal or carbon. The caked mat-
erial would vary in color. At times, it was black,'bréwn, or black

streaked with brown. The fluffy product was always a black.

The only.anaLySiS‘that was“eve: made-qf:thé pféducf‘was maae
by the Huffhan Laboratories, for our labs Were‘not‘eéuippeq fo makéhl
analyses through micro techniqﬁes, :This-anaiysis wés made for York
(7). - The results for the anal&sis of:Colst:ipvsub—bitumiﬁous hydro;'

genated product and the residue are shown in Tablé X.


































