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Abstract:

This research studied the effects of temperature, pressure and the type and concentration of a selected
number of solvents and catalysts on the reduction of Colstrip (Montana) subbituminous coal through
the use of carbon monoxide and water. The reactor was a 500-cc rocking autoclave. Conversion was
calculated based on the amount of moisture-and ash-free coal that was converted into benzene-soluble
products in a run.

The operating time--during which the autoclave was maintained at the final temperature--was fixed at 5
minutes. Temperatures under investigation ranged from 300 to 475 °C and the initial pressure, from
1000 to 1500 psi.

The conversion, varying with the individual coal batch as well as with the time of storage, was close to
zero at 300 °C but increased steeply as long as the temperature was raised. Increasing the initial carbon
monoxide pressure also resulted in drastic increases in conversion, but the pressure effect became less
significant as the 1500 psi region was approached.

Of the six solvents studied (decalin, tetralin, naphthalene, anthracene, phenanthrene and FMC coal tar),
phenanthrene was found to perform best. When present at a 2:1 weight ratio with respect to coal,
phenanthrene resulted in conversions twice as high as those of runs without any solvent. Among the
five catalysts investigated.(sodium formate, sodium bicarbonate, sodium carbonate, ferric oxide and
stannous chloride), the bicarbonate appeared most promising, raising the conversion by about 10
percentage points when present at a ratio of 1:100 with respect to coal.

Less than 5 per cent of the converted coal went into the gas phase as methane and ethane. The
remainder was a tar having a H/C ratio of about 1.1, a sulfur content close to 0.3 per cent and' an ash
content of about 0.1 per cent. Preliminary estimates for a plant to produce the tar yielded production
costs ranging from 50 to 90 cents per million Btu's worth of tar, depending upon the plant capacity and
the total direct cost employed.
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ABSTRACT

This research studied the effects of temperature, pressure and
the type and concentration of a selected number of solvents and cata-
lysts on the reduction of Colstrip (Montana) subbitumihous coal through
the use of carbon monoxide and water. The reactor was a 500-cc rocking
autoclave. Conversion was calculated based on the amount of moisture-
and ash-free coal that was converted into benzene-soluble products in
a run.

The operating time--during which the autoclave was maintained at
the final temperature--was fixed at 5 minutes. Temperatures under inves-
tigation ranged from 300 to 475 °C and the initial pressure, from 1000
to 1500 psi. ’

The conversion, varying with the individual coal batch as well as
with the time of storage, was close to zero at 300 °C but increased
steeply as long as the temperature was raised. Increasing the initial
carbon monoxide pressure also resulted in drastic increases in conver-
sion, but the pressure effect became less significant as the 1500 psi
region was approached.

Of the six solvents studied (decalin, tetralin, naphthalene, anthr-
acene, phenanthrene and FMC coal tar), phenanthrene was found to perform
best. When present at a 2:1 weight ratio with respect to coal, phenanth-
rene resulted in conversions twice as high as those of runs without any
solvent. Among the five catalysts investigated, [sodium formate, sodium
bicarbonate, sodium carbonate, ferric oxide and stannous chloride), the
bicarbonate appeared most promising, raising the conversion by about 10
percentage points when present at a ratio of 1:100 with respect to coal.

Less than 5 per cent of the converted coal went into the gas phase
as methane and ethane. The remainder was a tar having a H/C ratio of
about 1.1, a sulfur content close to 0.3 per cent and an ash content of
about 0.1 per cent. Preliminary estimates for a plant to produce the tar
yielded production costs ranging from 50 to 90 cents per million Btu's
worth of tar, depending upon the plant capacity and the total direct '
cost employed.




I. INTRODUCTION

That we are today facing an iﬁcreasingly grave shortage of energy '
has been reiterated often enough by authoritative wvoices (4,12), To
meet this upcoming crisié, a great deal of effort has beén devoted to
the development of latent and &et more abundant energy from the sun,
the atom and the traditional fémily of fossil fuels, of which coal is
the most voluminous member (4,13). |

The great abundance of coal, together with the ever-increasing
cost of fuel, have of late caused much attention to be turned again
to coal conversion technology, and more specifically to the gasifi-
cation and liquefaction of coal (12,15). The present research on the
batchwise réduction of Colstrip (Montana) subbituminous coal using
carbon monoxide and water is a small part of this general effort to
develop cleaner and affordable fuels from low-rank coals.

It 1s hoped that the iﬁformation gained on the behavior of this
particular--and yet.to be popular--process will encourage additional
studies on a larger scale, leading to more detailed knowledge which
can some day be successfully applied to the conversion of our vast

low=-rank coal reserves.




II. TECHNICAL BACKGROUND

A great deal of research and develobment work on céal hydrogena~
tion has been carried out in various countries in the past fifty years,
resulting in a large volume of literature on the subject. These many .
research projects and thgir results have been ably summarized by various
authors (5,27);

The question one may ask at this point is then: Why further studies

.on coal hydrogenation? In order to answer this, it 1s necessary to look
at some of the more teéhnical aspects of coal hydrogenation in_the past
and see how these aspects affect the present state-of-the-art.

Erom the patented‘prpcess by Bergius; concgived in 1913; to its
eventual quification and adaptation to large scale producﬁion during
World Was II by Germany, the principle behind coal hydrogenation had
been merely to break up thé coal"'molecules" into reactive fragments and
subject the latter to the presence of hydrogen, supplied from outside
sources, for hydrogenation through a number of éteps. !

Only four of the eighteen coal hydrogenation plants in Germany
still operated after WOrld'ﬁar IT because the process was extremely
expensive, largely from the high cost of generating hydrogen (27} .

Besides these large scale operations in Germany, a must at the

time becauée of the country's war-time fuel shortage, much additional
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research had been carried out at research institutions in France, Japan,
Germany, Great Bfitain, the Soviet Union and the United States. These

- works involﬁed studies on the effects of pressure, temperature, various
catalysts and solvents, and have been well summarized by Donath (5).

Despite all these efforts, no major breakthrough has been made,
aﬁd'the use of hydrogen from an outside source remains to this day a
main featuré. Hence the continued high cost 6f coal hydrogenation.

From these observations, it is only too clear that drastic changes
in major concepts regarding coal hydrogenation must be made if the
latter is to be more economically attractivé. This 1s explained clearl&
by the Chief of the Division of Coal, Energy Research, U.S. Bureau of
Mines, Dr. G. A. Mills (11), who in the same article enumerafes a number
of new ideas on coal hydrogenation,.presently considered to be of great
significance by Bureau of Mines scientists; Among these ideas is the use
of water and carbon monoxide in coal reduction.

The main difference between the carbon monoxide~water approach
and the ordinary approach to coal hydrogenation is that in the former
dase, the hydrogen does not céme from an outside source. Instead, it is
supplied by the water-gas "“shift" reaction

CO + H,0 = H, + 002,

2
fo take place directly in the hydrogenation reactor. With the_elimina—

tion of the expensive hydrogen generation step, this simpler scheme

should result in large cost reductions. It is worth noting that for
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this particular approacﬁ, the carbon monoxide would come, say, from a
synthesis gas generator using the,hnconverted char, 6r from the reaction
between the latter and the CO, from the shift reaction
C + COp = 2CO0,
thereby making the process CO self—sufficient.

Although the idea of using carbon monoxide and water in coal reduc-
tion was conceived as ear;y ag in the 1920's (7), published works on the
approach have been scarce. Interest in 1t was renewed énly after some
sketchy but encouraging results were reported by Bureau of Mines
scientists in 1968, showing a rémarkable increase in conversion with
the Cd—water approach over that with the hydrogen approach on the
hydrogenatioﬁ of North Dakota and Texas lignites (1). In particular,

. these authors reported a strikiné 89 per cent conversion in the
p&drogenation of North.Dakota lignite for only 10 minuteé at 380 °C.

Additional.fésearch has since been carried out by the Bureau,
which reported further findings-on the CO~water approach in the 1971
North Dakota Lignite Symposium (2). Their results showed a significantly
faster conversion rate when CO was used. Regardless 6f the solvent and
the operating time; highest conversions always resulted from runs made
at 380-400 °C final temperature. Conversion up to 95 per cent was
obtained during a 2-hour operating time at 380 °C. In the same paper,
the aﬁthoré hypothesized the formation and decomposition of alkaline

metal formates as possible intermediate steps in coal reduction reactions.
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At Montana State Uﬁiversity, research to adapt the CO-water
approach to Montana coals began in 1969. The effects of temperature,
pressure, mode of'coal‘grinding and various solvents on the conversion
of a number of North Dakota lignites and Montana subbituminous coals
were briefly.investigated to yield support data for a number of designs
of coal hydrogenation plants (28). |

Although the economics of these ﬁrOposed designs appeér promising,
it was felt that by additional, sysfematic studies of the various
process variables involved, significant improvements in conversion could
still Ee made, giving a more accurate and more realistic process picture,
helpfﬁl not oniy to future economic analyses but also to‘ﬁhe operation
of future larger, pilot-plant types of equipments should commercializa-

tion be eventually visualized.




III. RESEARCH OBJECTIVE

The objective of this research was to study the effects of

1. Temperature,

2. Pressure,

'3. The type and concentration of a selected number of solvents,

4. The type and cdncentration of a selected number of catalysts
on the batchwise, short operating time reduction of Colstrip (Montana)
subbituminous coal via the water-gas "sﬁift” reaction between carbon
monoxide and water. | |

fhe ultimate aim of these studies was to érrive at the most suit-
able operating conditions based on which |

1. More realistip and detailed economic analyses-of the process
could be made in the future, |

2. Provisiéns for the construction and operation of pilot-plant .

scale eguipment for the process could be obtained.




IV. MATERIALS, EQUIPMENT, AND PROCEDURE

A. Materials The materials to be used in each run were subbituminous
coal, the solvent, the catalyst, water and carbon monoxlde.

1. Coal and Analyses of Coal The subbituminous coal was obtained

.speqifically from the Colstrip mine in Eastern‘Montana, a part of the
Port Union coal formation. The proximate, ultimate and ash analyses of
the cpal are given in table l.'It‘is worth noting that the values shown
in this table are average values and often tend to be misleading. For
example, it was found that BOegrgm sampleé from any. one, say, 20-
pound- chunk of coal could differ considerably in ash contents, as typ-

ified in the-following table:

Sample number Per cent ash
163 9.4
165 7.3
167 6.0
169 7-9
171 8.1

These variations pfesentéd.great difficulties in the interpretation of
moiture- and ash-free {m.a.f.) conversion‘data; especially when, in
order to avoid the considerable loss of water and severe oxidgtion in
the coal due to prolonged periods of exposure to air, it was not possi-
ble to ob%ain compietely uniform samples by grinding up‘ét any one time
.an amount of coal large enough for a series of runs. To remedy this in

the later experiments, an ash analysis had to be made with each run.
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TABLE 1. Analyses for Colstrip
Subbituminous Coal (28).

Proximate Analysis

Moisture 23.9%
Volatile matters 30.9
Fixed carbon 37.6
Ash 7.6
Ultimate Analysis
Moisture 23.9
Carbon 50.3
Hydrogen 3.4
Nitrogen : 0.7
Sulfur 0.4
Oxygen ' 13.7
" Ash 7.6.
Ash Analysis
310 36.4
81,65 , 17.6
F3203 ”—. 6
TiO2 0.4
Cal 22.7
MgO 9.4
Nap0 0.3
K20 0.5
803 .9
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The merit of this additional step will be discussed.in Part V. The ash
content determination was done by heating up a ground coal sample in a
covered porcelain crucible, The heating was slow at first to prevent
other materials from being carried away along with the volatile matter ,
then was accelerated until the cruciﬁle became red hot. Combustion of
ﬁﬁe'sample was complete when the weight of the crucible became constant.
The per cent of ash was defined as 100 timés the ratio of. the weight
of ‘the non—combustible materials to fhat'of the original coal sample.

As the coal lost approximately 1.5 per cent qf its water per month
of storage, this water was determined monthly to ensure accuracy in the
calculation of the m.a.f. conversion. In a water test, the ground coal
sample was distilled with toluene, the water volume in the condensed
two-phased distillate being read off on a graduated distillate trap.

2. Solvent The purpose of the solvent is to dissolve the organic
matter in coal, making it more susceptible to attack by the'available
hydrogen. In order to be effective, therefore, a solvent should have é ‘
molecular structure similar to those of the organic compounds constit-
uting coal. From the basic conjecture thét coal contains organic
clusters of compounds haviné'two, three "or four aromatic‘rings (5), the
following chemicals were selected for testing: decalin, tetra}in, naph~-
thalene, anthracene, phenanthfene and FMC coal tar. The structurgl
formulae fér the first five chemicals are shown in figure 1. The struc=

ture of FMC coal tar, a product of FMC Corporation's COED {Char-0il=




0 QU QO

Decalin Tetralin Naphthalene
Anthracene Phenanthrene

FIGURE 1. Structural Formulae of Tested Solvents.

0T
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Energy-Development) proceés (8), is not known.
i Figure 1 does not shoﬁ any féur— or five-ring compounds, which
were not tested becausg of their high melting points. Nitrogenfbased
icompounds such as isoguinoline, which have been shown to be quite
effective (2), were not included due to environmental’problems that
a;e concelvable in the large scale application of the process.

Except for thg naphthalene, available in reagent grade, and for
the FMC coal tar, all.the other cheﬁicals were technical grade.

5. Catalyst For this particular process, two types of catalysts

"had to be tested. The first type would catalyze the hydrogen-forming

reaction

(610] ; Hy0 = Hy + COp,
and the second type wogld catalyzé the reduction and stabilization
reactions between the newly-formed hydrogen and the thermally cracked
coal, the reactifé fragments of.which néw dispersed in the solvent. The
following cémpounds were tested for catalytic effects: sodium formate,
sodium bicarbonate, sodium carbonate, ferric oxide and stannous chloride.

The sodium compounds were selected because of (a) their catalytic

.effects on the water-gas shift reaction (28), (b) their relatively low

price, which would be a must if they were to be used commercially on an
once-through basis, and (c¢) their solubility in water, which ensured
their even distribution among the reaction mass.

.

Ferric oxide was included also because of the well known catalytic
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action of iron compounds on the shift reaction kZO).

The selection 6f stannous chloride was based on observations else-
where (24) that tin compounds were moderately effective as catalysts
for ﬁhe stabilization of the reactive coal fragments through hydroge-
nation reactions. Stannous chloride was also water-soluble, a desirable
ﬁfoberty not found in most tin compounds. Used at very low concentra-
tions, the tin salt was comparable in cost to the sodium salts. And
finally, the corrosiveness of SnCl2 to the reactor could be expected to
be negligible at these.levels of concentrations.

Iin metal aﬁd'other tin compounds were not used either because
they were.nqt soluble in water, which at low concentrations woula have
made them even more difficult to be dispersed among the reactants, or
because they would conceivably, cause environmental prqblems in large
.scale operations. This was also the reason for the exclusion of
ammonium'chloridé in spite of the fact that the latter has been reparted
to be particularly effective when used in conjunction with tin compounds
(24).

I, Carbon.Monoxide Technical grade carbon monoxide was used. In

order for the gas to be continually available at 1500 psi, a pressuri-~
zation system was used in which CO was 1ef flow to a high pressure
cylinder where it was subjected to a decrease in volume by hydraulic
_gil being pumped in from an oil reservoir. FrOm the high pressure’

cylinder, the CO flowed directly into the reaction autoclave (figure 2).
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B. Experimental Procedure and Edquipment Figure 3 shows the major

steps taken in each run. More specifically:

1. Coal Preparation The Colstrip subbituminous coal, under

storage in three-layer plastic bags or bottles as lumps approximately
two inches in diameter, was hand-ground with a mortar and pestle to
—ﬁO mesh. Ball-milling enough coal for more than one run Was‘avoided
because of the adverse effects such prolonged exposure $to air would
cause, through oxidation and.loss of water, on convérsion.

It was felt that at -40 mesh, the coal would still be fine enough
to be easily disinteérated further in the presence of the solvent at the
high final temperature. This was in fact the case because the uncon-
verted coal from eéch run was always found to be in an extremely fine
powder form.

2. Charging Thikty grams of thé ground coal, 30 grams of water
and the appropriate amounts of solvent aﬁd catalyst were charged to the
reaction autoclave. To ensure even catalyst distribution, the catalyst
was first completely dissolved in the water, and the fine coal then
added and allowed to soak up the solution. Where a catalyst was not
water-soluble, as in the case of.ferric oxide, it was manually mixed
with the coal and the solvent before the addition of water. Ball-milling
the catalyst with coal would ﬂave created better mixing, but was not

done because of the negative effects of this type of operation on

conversion, as has been previously discussed,




Water & ash Gases
determil’lations/Heat + agitation (to chromatograph)
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FIGURE 3. Steps for an Experimental Run.
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Alter the addition 6f coal, water, catalysﬁ aﬁd solvent, " .e auto-
ciave was sealed and pressﬁrized with carfon monoxide until‘the desired
initial pressure—arang;ng from 1000 to 1500 psi--was reached.

The reaction autoclave, manufactured by Parr Instrument Company,
was made of Inconel 600 (figure 4). At 500 °C, it could withstand a
p}essure of 7000 psi. The autqclaye had a capacity of 500 cc. Its head
was equipped with a breather ftube connected to a pressure gage which
read from zero to 10,000 psi_vBetweén the body and khe head was a cdpper
gasket which expanded upon heating and effectively sealed the autoclave.
An 8000-psi rupture disc was also installed in the heéd for safety
purpoées. l

3, Reacting The reaction autoclave was brought to final temper-
ature 'by heating in an electric jacket-type heater wﬁich rocked at
.about 36 cycles per minute at an angle of approximateiy 30 degrees.of
the horizontal. The temperature was measured by means of a thermocouple
inserted through the heating jacket, touching the base of the autoclave.
It took about 30 minutes for the autoclave to reach 300 °C, 45 minutes
to reach 400 °C, and 55 minutes to reach 475 °C. As.tﬁe temperature
rose, the pressure rose accordingly to a final value three to four
times the initial pressure. Flgure 5 shoss the temperature-pressure
relationships for a number of similar runs. During the last part of the

heat-up period and especially during the time the autoclave was main-

tained at the final temperature--the "operating time," always 5 minutes
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FIGURE 4. Autoclave and Heater Details.(17)
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unless otherwise specified--before being removed from the heater to cool
in open air, the coal was dissolved and thermally cracked. The coal
fragments then combined with the hydrogen formed by the water-gas
shift reaction to give the final hydrogenated products.

U, Depressurization and Gaseous Products Analysés After the

réactor had cooled to room temperature, it was slowly depressuriied,

the ﬁled-off gas being collected in sample bottles fdr chfomatographic
analyses. The techniques for these analyses were‘deﬁeloped by York (28).
The gas's carbon dioxide and hydrocarbon contents were determined
through a Porapak Q column (1/4" by 6'), and the carbon monoxide, oxygen
and nitrogen through a Linde 5A molecular sieve column (1/4" by 9'). The
hydrogen content was defermined ﬁy difference. The chromatograph's oven
temperature was 75 °C and the hydrogen carrier flow rate was 40 cc per
minute, with the gas Samples being 0.5 ml. One of the three standard
gases was alr. The second standard gas contained CO, CO, and H,, and

the third one contained Hy, Np, CHy and CyHg.

5. Separation of Benzene-soluble Products After the gaseolus

products had been removed, the autoclave assembly was taken apart. The
unreacted water, ranging from 10 to 25 grams, was poured off. The
remaining mixture of the reaction products, the unconverted coal and
the solvent was then dispersed‘in beﬁzene.

The oﬁeration was continued with a seriés of filtration and

extraction steps aiming at separating the benzene-soluble products
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from the unconverted coal. Whatman No. 5 filter papers were uséd for
the filtration. Each extraction with benzene as the solvent was carried
out for at least 24 hours with a Soxhlet extractor and a Y43 X 123 mm

Whatman double-thickness cellulose extraction thimble.

C. Conversion Analysis The materials that remained behind in the
e;tféction thimble due to thelr insolubility in benzene were defined as
the residues. After extraction, the.residues were dried at 100 °C for
12 hours. Their total weight was fthen defermined and used to calculate
the moisture- and ash-free (m.a.f.)‘per cent conversion, defined as

“{m.a.f. weight of original sample) - (m.a.f. weight of residues)

- X 100.
(m.a.f. weight of original sample)

- D, Non-gasebus Products Analyses The extract from the extraction step

-was a solution of both the solvent and the converted coal in benzene.
.Flashing off the benzene gave a solid product which was sent to Huffman
'Laboratories, Ind. (Wheatridge, Colorado) to be analyzed for the hydro-

gen, carbon, sulfur and ash contents.




V. RESULTS AND DISCUSSION

A, Effects of Various Factors on Conversion Most of the results on

conversion will be reported in the form of grapﬁs, and some in tables.
Each point on a graph is the average of two, and occasionally three or
féuf runs. Upper and lower experimental extrehities have been included
t0 show the magnitude of the variation involved at the pérticular point.
Where no such extremities_are drawn, only one run had been made.

Since conversion depended very much on the particular batéh from
which the coal came and on the time the coal had been in storage (figure
6), these properties--batch name and storage time--are included with
every set of data.

As mentioned in Part IV, the differences in ash content betwéen run
samples could also causé considerable errors in tﬁe calculation of the
m.a.f. per cent conversion. These errors could amount up to U4 percentage
points in extreme cases. In the iater experiments, the ash content of
every run sample was determined and used (instead of an average value)
in the particular conversion calculation, but it is difficult to tell
how much this procedure improved the results‘ accuracy because very
often the errors due to the ash content were overshadowed by other
errors due to variations in the ash (and again the coal) chemical com-
postions.

The large degree of variation at each experimental point has
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necessitated statistical analyses, carried out to provide more meaning-
ful interpretation of the results by separating experimental errors

. from the real effects of the particular treatment under consideration,
be it temperaturé, catalyst concentration, or whatever else. The tech-
nigques for these simple analyses may be found in standafd texthooks on
éﬁplied statistical methods (16,21). The outcome of the analyses are
reported together with a "significance level," denoted by the letter
"o, An o of 0.05 means that there is a 100X = 5 per cent chance of
concluding erroneously that there is a'departure from the hypothesis
that the particular trgatment is non-significant--the Null Hypothe;is.

Whenever there is doub£ as to whether a real difference exists

between any two levels of treatment in a multi-level éxperimént, LSD
{Least Significant Difference) tests (16,21) are performed to determine

if the experimentally observed difference is statistically significant.

1. Effects of Temperature and Heating Time The final reactor

temperature has a significant effect on conversion. As shown in figure
T, very little of the coal ‘was converted into benzene-;oluble products
when the final temperature was 300 °C, whereas at 475 °C, the conversion
was over 70 per cent. Although the effects of temperature as shown are
quite obvious, the difference in conversion between 400 °C and 475 °C
for the sake of completeness has been computed to be very siénificant

at o = 0.025 (Appendix A).

At 400 °C, time does not have much effect on conversion, as '
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evidenced from the runs shown in table 2:

TABLE 2. Effect of Operating Time
at 400 °C Final Temperature.

Operating time % conversion
5 min. ' 4o,
5 min. 26.
15 min. 32.

*Characteristics of runs:
Coal: Batch C
Storage time: 18-20 weeks
Catalyst (Na_CO;)/Coal: 0.01
Solvent=(Phe%an%hrene)/Coal: 2.

Initial pressure: 1510 + 40 psi.

Thus the increase in conversion in the first portion of the curve in
figure 7 was due té the difference in ftemperature only. For final tem-
peratures above 400 °C, however, this increase would have to be attrib-
uted partly to the heat-up time, which normally was about 10 minutes
between MOO.and 475 °C. This observation is important in the futﬁre
design of large scale eguipments because when technically feasible,
arrangements could be made to bring the reactants to 400 °C in the
shortest time possible'without negatively affecting thé cohversion.
Finally, it is necessary to examine the indirect effects of tem-
perature oﬂ conversion via pressuré, which b& itself has a great influ-

ence on conversion, too, as will be shown immediately. Fortunately, the
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final pressures in the 400 °C runs ranged from 5300 to 5500 psi, well
in the range attained in runs at the higher level of final temperature,
‘475 °C. From this observation, it may be safely concluded that in these
ranges of operation, there is no interaction between the final temper-
ature and pressure, and consequently the effect of the latter may be
sfudied independently. The fact that no noticeable difference existed
between the final pressures in the'MOO °C runs and those in the 475 °C
nuns was itself not very surprising because one would reasonably expect
better hydrogen consumption at the higher temperature, where the coal
was better fragmented due to the thermal breaking of a larger number

of chemical bonds linking its colloidal size units.

2. Effect of Pressure The effect of reactor pressure on conver-

sion is shown in figure 8. When no carbon monoxide was used, i.e., when
the initiai C0O pressure was zero, the solvent alone dissolved close to
40 per cent of tne coal, no hydrogenation having taken place. The conv-
ersion increaeed roughly to 80 per cent at 1500 psi CO initial pressure.
A routine statistical test (Appendix B) indicates, as expected, the
significance of pressure at o = 0,01. p

Beyond the 1500 psi mark, which would correspond to a final
pressure between 5000 and 5800 psi, the effect of pressure was no
longer as pronounced. It can be concluded fnem this behavior that pore

diffusion, important due to the presence of capillaries in the coal

particles (6), is no longer a controlling factor above the 1500 psi
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inital pressure region.

Attempts to improve conversion by raising the final pressure
through an increase of either the initial water (from 30 to Y0 grams)
or the initial CO pressure (from 1500 to 2000 psi) were not successful
(table 3). A statistical analysis on the data in this table (Appendix C)
revealed no significant effect by either of the particular treatments
just mentioned, even at an o as high as 0.25.

TABLE 3, Effect of Increased
Initial Pressure and Water.

Waﬁer, grams 30 4o 15
Initial pressure, psi 1500 1500 2000
53, 58, 41,

Per cent conversion* - 62. 49, 55.
' 55. - 60.

Average % conversion 57. 54, 52.

*Characteristics of runs:
Coal: Batch B
. Storage time: 21-27 weeks
Catalyst (NaECO )/Coal: 0.01
Solvent (Phenanthrene)/Coal: 2.

Final temperature: 468 + 8 °C.

3, Effects of Solvent Type and Concentration Figure 9 shows the

decrease in conversion as one goes from a double ring aromatic solvent
(naphthalene) to a non-aromatic one (decalin). To be sure, the effect
of the solvent's aromaticity is statistically significant only at

X= 0.15 (Appendix D), but it is reasonable to expect & to have been
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Jower had more experiments been pérformed. (This was not done Dbecause
the cénvergions involved were too low to be worth additional investi-
" gations.) | | |

Three-ring solvents performed better than.double—ring ones, with
phenanthrene exceeding anthracene by about 20 conversion per cent
(fiéure 10).

Regarding solvent concentration, no appreciable change in conver-
sion was observed as the anthracene:coal weight ratio was increased
beyond 1:1 (figure 10).

Phenanthrene, however, gave the highest conversion when present
at a 2:1 ratio with respect to coal (figure 11). This behavior was
s;gnificant at & = 0.05 (Appendix E), and could be attributed to a
compromise-between the adequacy and over-adequacy of the unsaturated
solvent, which in the latter case would tend to compete with the coal
for the availablé hydrogen, théreby decreasing the conversion,

Relevant LSD tests (Appendix E) show thaf the differencg between
the 1:1 and 2:1 phenanthrene:coal ratios was significant at «c = 0.05,
whereas ¢ would have to be at least 0.10 in order for the différence
between the 2:1 and 3:1 ratioé to be significant.

Neither anthracene nor phenanthrene appeared to be chemically
affected to any great extent by run conditions. (The solid product of
a run with phenanthrene alone had a melting point of 100 + 1 °C, and a

C/H ratio of 1.4, which are the properties of phenanthrene itself.)
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In other comparisons between.anthracene and phenanthrene as

solveﬂts, it is worth noting that in addition to the higher conversion
'(figure 10), the extraction of the products from a phenanthrene run
took only 24 hours instead of the 36 hours norﬁally required to extract
the product from an anthracene run. The cause of this longer time was
tﬁe lower solubility in benzene of anthracene and associated hydroge-
nation products. In commercial operations, this w&uld cause a greét
deal of mechanical difficulty to theé filtration steps.

The conversions with FMC coal tar, the last solvent to be tested,
are shown in table 4. These conversions are totally too low to be of
any practical interest. Large experimentél errors are apparent, and a
statistical analysis (Appendix F) shows neither‘Solvent nor the catalyst
tested with it to be significant even at an & as high as:d.2§.:

From a commgrical‘standpoint, FMC coal tar then does not appear
suitable for this process. Examination-of thé products of a run made
with 60 grams of the taf alone, i.e., without any coal, revealed about

.2.7 grams of carbon lay-down. The carbon obviously came from the over-
cracked tar. Although the lay-down itself may not have affected the
real conversion, it still would, in large scale operations, represent
a great loss of solvent and would cause much additional work in product
separation.

L. Effects of Catalyst Type and Concentration The general trend

with the sodium salt catalysts tested was that conversion increased
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TABLE 4. Conversion with FMC
Coal Tar as Solvent.*

Weight FMC coal tar/Weight coal

1. 2.
30.% 29.%
. 0.01 h, 29.
Weight Na2993
Weight coal
) 0.02 34, 41,
21. 27.
*Characteristics of runs:
Coal: Batch A
Storage time: 9-10 months
- Initial pressure: 1150 + 50 psi
Final temperature: U480 + 3 °C.
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with increasing salt concentration (figures 12, 13,'14).

In the particular case of sodium formate {figure 12), there was an
appreciable decrease in conversion at lower formate concehtrations,
‘followed by a gradual increase. As shown in Appendix G, the effect of
sodium formate was significant at o = 0.05. In addition, associated
LéD'tests (Appendix G) show that the difference between the convérsion
at the "no catalyét” level and that at the "1%"= 0.01 level is signi-
ficant at the same ¢ . This is also true between the "1%" and "5%"
levels, as can be seen directly by referring again to figure 12. It
would seem that at higher formafe concentrations, the catalytic effects
of the salt begin to overcome the negative effects resulted from its

. L
own alkalinity on conversion,

The effects of the concentration of sodium bicarbonate are shown
in figure 13. These effects are very significant at oc = 0.05 (Appendix
H), where the differencevbetweén any pair of conoentration.levelsiare
shown by LSD tests (Appendix H) to be also significant.

Although we would expect sodium carbonate to behgﬁgyéfﬁfiafij'EO‘
sodium bicarbpnate, the large experimental errors involved made the
conversion increase in figure 14 statistically significant only at
o = 0.10 (Appendix I). It is seen from the LSD tests in Appendix I
that the difference between tﬁe "no catalyst" and "3% catalyst" levels
is signifiéant.

The last of the water-gas shift reaction catalysts to be tested
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was fe?ric oxide. The least square 1ige in figure 15 shows' the slight
effect of this chemical on conversion. Statistically speaking, the
slope of this line is significant.only at o = 0.35 (Aﬁbendix Jy. It
should be noted that figure 15 shows the effect of Fé203 on the conver-
sion of coal samples from batch A, which at the time of the runs had
éiréady been stored for 47-52 weeks. The initial pressure used in these
runs waé close to 1200 psi. From the behavior of batch A coal with
respect to storage time (figure 6) and from the genéral trend in conver-
sion with respect to initial pressure (figure 8), it is reasomable to
expect conversions with Fe203 to be in the 70 per cent region if the
runs are made with fresh coal and at 1500 psi initial pressure.

The last of the catalysts to be tesfted was stannous chloride. As
mentioned éarlier, SnCl2 was the only catalyst belonging to the second
type~-catalyzing the coal reduction and stabilization reactions--that
was gelected. In the loﬁ range'bf concentration shown in figuré 16,
-SnCl2 did not show any catalytic effect evén at an ¢ as high as 0.25
(Appendix K). This conclusion of non-significance comes from the
scattered nature of conversion data, especially at the "no catalyst"
level. Due to the fact that the autoclave interior waé ﬁot equipped .
with a glass liner, the higher conversion obtained at this level could
have been caused by "memory" éffects left on the reactor wall by
chlorine compounds during the preceding runs w;th SnClz. The use of

a glass liner in a reactor large enough to processhundreds of tons of
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coal per hour, however, would not be realistic, and this question
concerning SnCl, was not pursued any further.

B. Products Analyses: Results and Discussion

1. Gaseous Products In the earlier phase of this research,

gaseous products from a run were ordinarily collected in gas sample
béttles and analyzed by the chromatographic techniques described-earlien
The burpose,of these analysgs was to gain some idea on the composition
of these products. Table 5 shows the analysis of the gas mixture from

a typical run:

TABLE 5. Analysis for Gaseous
Products from a Typical Run.

Gas* Volume per cént

co 52.4
CO, 28.8
CHy 0.9
0.4
7.5

CoHp

Hy 1 (by difference)

*¥Run characteristics:
" Coal: Batch A
Storage time: 27 weeks
Catalyst (NapCO3)/Coal: 0.01
Solvent (Phenanthrene)/Coal: 2.

Initial pressure: 1260 psi

Final temperature: 474 °C.
It could be seen from the above analysis that a large portion of carbon
monoxide Went through the process unreécted.'The presence of both

hydrogen and carbon dioxide attests to the occurrence of the shift
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feaction
H20 + C0 = Hy + COy,

-with some hydrogen.having been consumed by simultaneous hydrégenation
reactions with coal. From the per cent conversion of a particular run
and from the amounts of methane and ethane found in the resulting gas
mixﬁure, the percentage of the converted coal going into the gas phase
could be calculated. From the data obtained, it is safe to say that this
.percentage is less than 5 per cent--an exact value would not be possible
due to the inaccuracy involved in the measurement of the minute methane

and efhahe.

2. Solid Product: Tar Table 6 shows the analysis of the resulting
mixture of phenanthrene--the‘solvent-—and the tar product from a typical
run:

TABLE 6.  Analysis for Solid
Products from a Typical Run.

Weight per cent

Analysis¥ Sample 1 Sample 2

Carbon 91.54 91 44

Hydrogen 5.86 5.89 g
sulfur 0.27 0.29

Ash 0.01 0.13

*¥Run characteristics:
Coal: Batch C
Storage time: 27 weeks
Catalyst (NayCOs)/Coal: 0.01
Solvent (Phenanthrene)/Coal: 2.

Initial pressure: 1500 psi
Final temperature: 471 °C.
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Back calculations using the above -analysis, the per cent conversion for
this particular run assuming no interaction with or by the phenanthrene
_solvent yielded a H/C ratio of 1.1 for the tar. This value agrees with
that obtained by York through analyses of products from runs without
solvent. This confirms York's assumption and the observation ‘earlier in
this work that the'solvent essentially goes through the process chemi -
cally unaffected, The loss of solvent due to unwéntéd hydrogenation
therefore could be expected to be minimal.

With a H/C'ratio of 1.1, the resulting tar from this process still
contains too little hydrogen to be.at all suitable as a refinery feed-
stock. It must be oObserved however that this ratio represents a consid~
erable improvement upon the original coal, the H/C ratio of which is
only 0.81.

Besides the possibility of being furthef hydro-treated to yield a
synthetic crude, the other conceivable use of the tar would be as a
combustion fuel in the MHD (magnetohydrodynamic) generator, where it
is suiltable not,only because of its still low H/C ratio but also because
it contains only a small percentage of ash and would cause less:erosion

’

to the MHD tunnel components (28).




. VI. CONCLUSIONS

The major conclusions that can be drawn from this research on the
reduction of Colstrip subbituminous coal with carbon monoxide and water
are: d

"1, Less than 5 per cent'of the converted coal will go into the
gas phase as methane and ethane. The remaining tarry product has a H/C
ratio of about 1.1, a sulfur contenf close to 0.3 per cent, and an ash
content of about 0.1 per cent, '

2. At the 300 °C final temperature le vel, practically no coal is
reducéd (i.e., converted). The conversion is highest-~over‘70 per cent--
at 475 °C, which was the highest final temperature experimented with,

3, 'The initial,'and therefore finél reactor pressure has a very
significant effect on conversion. The effect is most ﬁronounced below
the 1000 psi iniéial pressure mark, and becomes less s0 around 1500 psi,
where the conversion begins to level out close to 80 per cent,

4, To some extent, the conversion increases with the solvent's
aromaticity. Three-ring solvents are better than double-ring ones, with
phenanthrene being better than anthracene by about 20 percentage points.
The optimal phenanthrene:coal ratio is around 2:1. FMC coal tar is not
suitable for this process, |

5. Tﬁe‘conversion increases with increasing sodium salts! concen-

trations. In the case of sodium bicarbonate, the conversion increase is
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about 10 percentage points as one.goes from a bicarbonate:coal ratio of
zZero fo 0.01:1. The effects of sodium forﬁate and sodium carbonate are
"similar in nature, though not as pronounced. On a coal that has been
in storage for about a year, ferric oxide causés a conversion increase
of only a few percentage points, but the effect of this oxide can be
eipected to be stronger on a fresh coal, At low concentrations (SnClZ:
céal = 0.0006 to 0.0012), stannous chloride shows no significant effect.

In short, it may be concluded that it is possible at a short
operating time of 5 minutes to convert 70-80 per cent of a low-rank coal
such as Colstrip subbituminous into benzene-soluble products by reduct=
ion with carbon monoxide and water. The conversion may be expected to
vary somewhat with the particular batch (of coal) under treatment and
with the time the coal has been stored, but the highest possible con-~
version at this short operating time can be warranted if the reductioﬁ
is carried out at a final tempefature around 475 °¢ and undéiﬁﬁﬁ??ii%iai
carbon mﬁﬁoxide pressure of 1500 psi. Phenanthrene, present at a 2:1
ratio with respect to coal, appears to be the best solvent for the
process, and frém 1 to 3 parts of sodium bicarbonate per 100 parts of
coal will be required.

It is felt that the conditions Jjust enumerated, in particular the
short operating time, present a process picture that is much more
realistic than previously depicted by York (28)a Using York's design .

figures derived from an economic evaluation by the Pittsburg and
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Midway Coal Mining Company (;9) and the simplifying assumption of a
fixed average operating cost, and based on the technical feasibilities
. ascertained by the present‘research (75% conversion, 5 minute operating
time), the cost of producing'l million Btu's worth of tar by this pro-
cess has been calculated to be between 50 and 96 cents depending upon
ﬁhe plant capacity desired and the the fixed capital investment proj-

ected (Appendix L, figure 18).

)




VII. RECOMMENDATIONS FOR FURTHER STUDIES

The present study has shown that it is possible to convert 70 to
80 per cent of subbituminous coal to behzene—sbluble products by reduc-
tion with carbon monoxide and water af 475 °C and under 5000-5800 psi
finél pressufe‘for 5 minutes, heat-up time excluded. To deﬁelop the
process further toward commercialization, additional studies will have
fo be made not only on the process itself but on the product as well.
Regardiﬁg the process, it is felt first of all that conversion can
still\be improved by more vigorous mixing. Studies in this direction
will involve the use of baffles or steel balls inside the present auto-
clave, various rocking rates, or a new magnetic-stirfed reactor.:
Secondly, it has been assumed all albng:that the solvent can be
recycled withoﬁt losing its effectiveness., Although 1t has been shown
that the solvent‘does not appear to be chgmically affected after a run,
the solvent's effectiveness should still be checked by subJecting it to
more than one coal-less run and finally using it in a normal run to see
how well it still works. In addition, the combined product of a number
of "first generation" normal ruﬁs should be used as solvent in new
"second generation" runs to see how well it performs, the procedure
being continued through at leaét three such "generations" of runs.
Thirdiy, as it appears that the large variations experienéed at

each treatment level in a series of runs have been due to a great
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extent to the non-uniforﬁity in coal samples evén from the same batch,
chemical analyses should bé made with each run to determine the nature
of this non-uniformity (e.g., the sodium content in the_ash) and to
correlate it with the particular conversion variations. This endeavor
will involve a'great deal more sophisticated analytical work which is
ngt bossible with the present facilities.

Finally, as far as the process is concerned, 1t can be expected
that the conditipns specified in thé present batchwise studies will be
far from identical to those in'a continuous operation. Therefore, some
sort of continuous system should be set up and its operating conditions
examiﬁed and modified if a more realistié picturé»of the process is to
be gained.

Regarding: the product, various avenues should be ekplored for its
use. Most immediate perhaps is its suitability as a direct combustion
fuel for the MHD'fgwer generatién probess, in which the tar's low H/C
ratio and low ash confent are the assets. To this aim, large quantities
of the tar will have to be produced if.the total amount is to be suffi-
cient for test runs in the MHD tunnel. This will require larger equip-
ments than presently available.

Toward further developments of the product into a synthetic crude
--the second logical use of it--, analyticai methods-will have to be
used to deéermine its exact chemical composition. This will hopefully

. .

shed some light on how- the product can be furthgr hydro—treated to
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increase its H/C ratio, making it a more suitable feed to oil

refineries.




VIII. APPENDICES
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APPENDIX A, F-test (16,21) for the Effects of Final Temperéture.

!

1. Data
Temperaturehlevel, °c
1400 175
, 4o. Th.
Per cent conversion 26. 'Zg.

2. AOV Table

Degress of Sum of

Source of Variation Freedom Squares Mean Square Fa

Total 5 17221

Mean - 1 15345,8000 :

Among temperatures 1 1672.53%3 1672.5333 o8
3 202.6667 67.5556 ’

Experimental error

~ "

3. F~test
HO: Temperature ‘has no effect

Ha: HO not true

Critical region: F, greater than Ft=F.975(1’3)=17.4
Test statistic: FC=24.8, greater than Fy

,

Conclusion: Reject Ho at the 2.5% significance level.
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APPENDIX B, F-test for the Effects of Pressure.

l. Data
Pressure level, psi
0 500 1500
. 38, 6. 80.
Per cent conversion "y 58, ' 8s.

2. AOV Table

Degrees of _Sum of

Source of Variation Freedom Squares Mean Square Fe
Total .6 24129

Mean 1 22204.,1667 ~

Among pressures 2 1892.3333 946.1667 87.%
Experimental error 3 32.5000 10.8333 )

3. F"test ,
Hy: Pressure has no effect

Ha: HO not true -

Critical region: F, greater than Ft=3.99(2,5)=30.8
Test statistic: Fc=87.3, greater than Ft

Conclusion: Reject H, at the 1% significance level.
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APPENDIX C. FPF-fest for the Effects of Higher Initial (CO) Pressure
(2000 psi) and Higher Initial Water (40 grams).

1. Data

Same as in table 3.

2. AQOV Table

Degrees of  Sum of

Source of Variation Freedom Sguares Mean Square Fo
Total 8 23652

Mean 1 23328 -

Among treatments 2 35.3333 17.6667 0.%06
Experimental error 5 288. 6667 57.7333

3. F-test
Ho: The special treatments have no effects
Hy: Hy not true
Cr;tical region: FC grea#er than Ft=F_95(2,5)=5.79
Te;t‘statistic: 'Fc=0.306, much smaller than Ft
Conclusion: Not reject Ho'

Note: Even if an F =F =1.85 were allowed, we

.75(2,5)

still could not reject Ho'
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F-test for the Effects of Various Solvents.

1. Data
Solvents
Decalin Tetralin Naphthalene
Per cent conversion 32. 39. : 40.
27. 30. b,
2. AOV Table
Degrees of Sum of .

Source of Variation Freedom Squares Mean Square Po
Total 6 7983
Mean 1 TT0%, 1667
Among solvents 2 201.3333% 100. 6667 .
Experimental error 3

77.5000 25.8333

3, PF-test

Hy:

No diffgrence exists between solvents
H : H. not true

a (o]

Critical region: Fc greater than Ft=F.95(2.3)=9.55
Test statistic: F,=3.90, smaller than F,
donclusion: Not reject HO.

Note: HO could still be rejected, but only at the

15% significance level.
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APPENDIX E. F-test and LSD Tests (16,21) for the Effects of
Phenanthrene Concentration.

1. Data
Weight phenanthrene/Weight coal
1. 2. 3.
) (Level 1) (Level 2) (Level 3)
39. o4, 50.
Per cent conversion 52. 62. ny
' 38. R -—

2. AOV Table

Degrees of Sum of

Source of Variation Freedom Squares Mean Square Fo
Total T 18045
Mean 1 17400.1429
Among concentrations 2 502.8571 251.4286 7.08
Experimental error b 142.0000 35.5000
3, F-test
HO: Phenanthrene concentration has no effect
Ha: Ho not true

Critical region: F, greater than F.=F g5(p,u4)=6.94
Test statistic: FC=7.O8, greater than F,

Conclusion: Reject H0 at the 5% significance level.

4., 18D Tests

7 N
Let yy be the mean conversion for the "ith" concentration level.

Then yl=u'3- s y2=63- s y3=u'7' .
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Now s2 - s° - 52 =35 5/3‘+ 35.5/2=29 5853 thus s,,=5.439
I Vo Yy 137 o ’ P13
Likewise, s55=35.5/2 + 35.5/2= 35.5, and s,3=5.5982.

gt the 5% significance level, t.975’3=3.182, and LSD; vs. 5=

LSDy s, 3=s13-t.975,3=(3.182)(5.439):17.307;. Also, L8D, yg, 3=

2=2.353

(5.5982) (3.182)=18.9590. For the 10% significance level, t 953

and therefore LSD 3=13.1726.

2 vs.

The results of the three LSD tests involved aré summarized in the
following table:
5% sign. level 10% sign. level

Between these con- "% conversion Is PCD si~- Is PCD si-
centration levels difference (PCD) ILSD gnificant? - LSD gnificant?

1 and 2 20. 17.  Yes m—— e
1 and 3 b, 17. No —— —_—
2 and 3 : 16. 19. No 13, Yes
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APPENDIX I, F-tests for the Effects of FMC Coal Tar Conceﬁtration-and
the Presence of 1% NaZCOF.

1. Data

Same as in table .

2. AQOV Table

Degrees of Sum of

Source of Variation Freedom " 3quares Mean Square Fa

Total 8 8525

Mean 1 8128.1250

Treatments ' .
Tar c¢oncentration 1 1.1300 1.13%00 0.0107
Na,CO ' 1 10,1250 10.1250 0.0963
Tar X Na,COsz 1 105.1200 105,1200 1.4990

Experimental error 4 280.5000 70.1250

3. P-tests

a. Effect of Interaction between Tar Concentration and Na,C0x

Hy: No significant.interaction exists

Ha: HO not true

Critical region: Fo greater than thF.95(l,4)=7'71
Tegt statistic: Fc=ll5, much smaller than Fy
Conclusion; Not rgject Ho'

Note: Even if the significance level were chosen at

25%, one still would not be able to reject H,-

b. Effect of Tar Concentration
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Same conclusion as above.

Effect of Na,CO; Presence

Same conclusion as above.




APPENDIX G.

Concentration.

;. Data
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F-test and LSD Tests for the Effects of Sodium Formate

Weight sodium formate/Weight coal

0 0.01 0.03 0.05
_(Level 1) (Level 2) (Level 3) (Level 4)
‘ 58. L3, 51. 56.
Per cent conversion 50, 47, 48, 58.
53. -- - --
2. AOV Table
. Degrees of Sum of
Source of Variation Freedom Squares Mean Sguare Fe
Total 9 2U136
Mean 1 23921.7778
Among concentrations 3 167.0555 55. 6852 5.90
Experimental error 5 47.1667 9.43%3%3
3. F-test ’
H : Formate concentration has no effect
Ha: Hy not true

Critical region: FC greater than Ft=F.95(3’5)=5.41

Test statistic:

Conclusion:

4, 1LSD Tests

Fc=5.90, greater than Fy

Reject H, at the 5% significance level.

Let yy be the mean conversion at the "ith" concentration level.

Then yl=5“'- > y2=”'5' ’ y3=50. ) and y)_l_=57'
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Using the method similar to that in Appéndix E, we have 51p=
sl3=514=2,8038, and'525=524=334=510714.
=;SD1 vs. 3=
y=7-8965. For

At the 5% significance level then, LSDl vs. 2

LSDy 5. 4=T.2086, and LSD 5=LSD, ,=1SD

2 Vs, Vs, 3 vs.

the 10% significance level, LSDy yg, 3=L8D, g, y=LSD3 g, 4=6.1889.
The fesults of the six LSD tests involved are summafized in the follow-
ing table:

5% sign. level 10% sign. level

Between these con- % conversion Is PCD si- Is PCD si-
centration levels difference (PCD) LSD gnificant? - LSD gnificant?

1 and 2 9. 7.2 Yes - ———
1 and 3 4, 7.2 No 5.6 No
1 and U4 3, 7.2 No 5.6 No
2 and 3 5. 7.9 No 6.2 No
2 and 4 12. 7.9 " Yes - RS
3 and 4 7. 7.9 No 6.2 Yes
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APPENDIX H. F-test and ISD Tests for the Effects of Sodium
Bicarbonate Concentration.

1. Data
Weight sodium bicarbonate/Weight coal
0 0.01 0.03 .
(Level 1) (Level 2) (Level 3)
) 61. 70. 78.
Per cent conversion 61. 1. . h.

2. AOV Table

. Degrees of  Sum of

Source of Variation Freedom Squares Mean Square Fo
Total 6 289473
Mean 1 28704, 1667
Among concentrations . 2 230.3333 115.1667 40.6
Experimental error 3 8.5000 - 2.8333
3. F-test
HO: Bicarbonate concentration has no effect
Hy: Hy not true

Critical region: F, greater than F.=F

L95(2,3)77:?

Test statistic: Fc=40.6, much greater than F,
Conclusion: Reject H, at the 5% significance level.

Note; H_. could still be rejected at the 1% significance

o]

level.

L, 18D Tests

Let y4 be the mean conversion at the "ith" concentration level.
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Then y,=61., y,=70.5 ‘and y3=76,

Using the method shown in Appendix E, we have

.1.6832. At the 5% significance level, LSD =LSD
1l vs., 2 1

5.3561.

,312=313=523=

IS0, s 57

The results of the three LSD tests involved are summarized in

the following table:

5% sign. level

10% sign. level

Between these con- % conversion Is PCD si-
centration levels difference (PCD) LSD gnificant?

Is PCD si-
L3D gnificant?

1 and 2 110. 5.4 Yes
1 and 3 _ 15. 5.4 Yes
2 and 3 5.5 5.4 Yes
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APPENDIX I, F-test and LSD Tests for the Effects of

1.

Sodium Carbonate Concentration.

Data.

. i
Weight sodium carbonate/Weight coal

0 0.01 0.03 0.05
(Level 1) (Level 2) (Level 3) (Level 4)
. 50. 59. 62. . 67.
Per cent conversion
© * 59. 55. 65. 65.
2. AQOV Table
Degrees of Sum of.
Source of Variation " Freedom Squares ~ Mean 3quare Fo
Total 8 29270
Mean 1 29040, 5000
Among carbonate conc'ns 3 17%.5000 58.1667 4,03
Experimental error 4 55 . 13.7500
3, F-test
Hy: Carbonate concentration has no effect
Hy: HO not true.
Critical region: F, greater than Ft=F.95(3’4)=6.59
Test statistic: F,=4.23, smaller than F g
Conclusion: Not reject Ho;
Note: It would be possible to reject Ho at the 10% signi-
‘ ficance level,.
4, 1SD Tests at the 10% Significance Level
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Using the method of'Appendix E, we have sij=3.7081. At the 10% signi-

ficance level then, LSDi j=7.9057.-The results of the six LSD tests

VS

involved are summarized in the following table:

10% sign. level

Between these con- % conversion Is PCD si-
centration levels difference (PCD) ISD gnificant?
1 and 2 2.5 - 7.9 No
1 and 3 9.0 7.9 Yes
1 and 4 11.5 7.9 Yes
2 and 3 6.5 7.9 No
2 and Y4 9.0 7.9 Yes
3 and 4 2.5 7.9 No
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APPENDIX J. Regression Ahalyéis (16) for the Effects of Ferric
Oxide Concentration..

1. Data

Weight Fe203/Weight'coal 0.01 0.02 O0.04% 0.04 0.04 0.05 0.06

‘:Pér cent conversion u7, 58, 63. 63. 47. 54.  6l.

2. Regression Equation

A
Y

bO + blx

n

49475934 + 179.493402'x

3, t-test for Significance of Slope

Ho: Slope not significant

H : H not true

a 0

'Cyitical region: +t, greater than ti=t 975(5)=2.571

Test statistic: © t _=(b,-0)/s, =1.089, smaller than t
c 1 bl t

Conclusion: Not reject Ho.

Note: Interpolation shows that HO could be rejected only

at the 35% significance level.
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APPENDIX K. F-test for the Effects  Stannous Chloride Concentration.,

1.

" Weight stannous chloride/Weight coal

0 0.0006 0.0012
52. 58. 59.
Per cent conversion ggf ?1' 58.
59. -- --
2. AQV Table
Degrees of Sum of
Source of Variation Freedom Squares Mean 3Square Fe
Total 8 26459
Mean 1 26335.1250
Among concentrations 2 22.1250 11.0625 0.54
Experimental error 5 101.7500 20.3500
3., TF-test
H&: Chloride concentration has no effect
H: H_ not true
a o}

Critical region: Fc greater than Ft=F'95(2,5)=5.79
Test statistic: F,=0.54, much smaller than Fy
Cdnclusion: Not reject Ho'

Note: Even if the significance were chosen to be 25%,

one still would not be able to reject Hg.
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APPENDIX L. Preliminary Estimates for a Coal Conversion Plant.

In the design of York's (28) "Alpha" process (figure 17), the
total direct cosﬁ of a planf to convert 417 tons of coal per hour (75%
conversion, 60 minute operating time) is estimated to be $64 million.
Tﬁis figure haé been based on an economic report submittéd to the U.S.
Office of Coal Research by the Pittsburg and Midway Coal Mining Company
in 1970 (19).

It is felt that based on the results ascertained by the present
research (75% conversion, 5 minute operating time), the figure given
by York can now be used more realistically in another preliminary but
still copservative estimate of the production cost for a plant using
tﬁe "Alpha" scheme.

-Due té the lack of experimental data, uncertainties still exist
regarding the exéct total direct cost of such a plant. Based on York's
figure, it is reasonable to assume that this cost lies between 60 and
$100 million. In this preliminary estimate then, let X be the total
direct cost and y be the tonnage of coal.to be processed per hour,

A. Total Annual Cost (TAC) Taking the total direct cost to be 70% of

the fixed capital investment (3), the latter is (x)/0.7 = 1.429 x. We

have the three general cost areas:

1. Depreciation Using the simple straight-line rule, the annual

depreciation ‘at 15 years is (1.429 x)/15 = 0.0952 x/year.
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2. Coal Cost At y pons/héur, 24 hours/day, 350 days/year, and
$2/ton, the coal cost is $16,800 y/year.

3. Operating Cost Since the oVerriding cost in this analysis

can dlearly be seen to be the fixed capital investment once the profit
is included, an average value of’the operating cost can be used without
aitéring to any great extent the economic picture of the brocess. York's
figure for the operating cost is $12 million. Allowing an additional
$2.43 million for the average sodium bicarbonate catalyst tonnage used
annually . (1% of the coal tonnage), the average operating cost‘for the
plant.becoﬁés $14.,43 million/year. |

The total annual cost (TAC) is then

TAC

Depreciation + Coal Cost + Operating Cost

$0.0952 x, + $16,800 y + $14,430,000

.B. Annual Btu Production At 24% water and 7% ash, the annual tonnage

of moisture- and ash-free coal'processed is (8400 y)(0.69) tons of coal.
At 75% conversion, the tonnage of tar produced annually is (8400 y)(0.69)
(0.75) = 4340 y tons of tar/year. At an approximate heating value of

15,000 Btu/1b of tar, the total number of Btu produced yearly is

(4340 3) (2000) (15,000) = (1.303)10 1y Btu/year.

C. Production Cost (Profit excluded)
Annual Total Cost

Annual Btu Production

Production Cost

0.0952 x + 16,800 y + 14,430,000 cents

=100 ¢ B .
‘ (1.303)10%y Btu
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Figure 18 shows the production cost as a function of both X and y.
It can be seen that in the reasondble range of'i (i,e., the total direct

cost) considered,'ﬁhe qost to produce the tar varies from 50 to 90

cents/million Btu.




PRODUCTION COST, cents/million Btu

90

50 1 1 1 | |

60 70 80 90 100

TOTAL DIRECT COST, millions of dollars

FIGURE 18. Estimated Production Cost for a Coal Conversion
Plant using York's (28) "Alpha" Scheme.
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