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Abstract:
The hydrogenation of Savage, Montana lignite was studied with a reactor system capable of
temperatures up to 4750C and pressures up to 3000 psi. Two catalysts were investigated, Houdry "C"
and Harshaw's 4401-E nickel-tungsten. This study showed the nickel-tungsten catalyst was capable of
producing hydrocarbon gases, oil boiling from less than 100°C to 412°C, and a tar residue boiling
above 412°C from the lignite. The runs with Houdry "C" produced only depolymerized lignite boiling
above 412&degC.

The lignite was reacted in the form of a slurry with anthracene oil. The effect of the anthracene oil was
then subtracted, yielding the product distribution from the lignite.

From analysis of the products, the yields were determined for the specific hydrocarbon gases, water,
and various temperature fractions of the oil including the residue.

Several variables were studied in order to obtain a maximum yield of oil product and establish trends
that will be the foundation for future research.

Maximum lignite conversion using the nickel-tungsten catalyst was greater than 99%. A maximum
yield of 46.6% oil with a yield of 21.2% residue was obtained from the lignite at 475°C, 2.8% catalyst
concentration, and 2500 psi hydrogen pressure as the reaction conditions. 
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ABSTRACT

. The hydrogenation of Savage, Montana lignite was studied with a 
reactor system capable of temperatures up to 4750C and pressures up 
to 3000 psio Two catalysts were investigated, Houdry "C" and Harshaw1s 
440I-E nickel-tungsten. This study showed the nickel-tungsten cat
alyst was capable of producing hydrocarbon gases, oil boiling from less 
than IOO0C to 412°C, and a tar residue boiling above 412°C from the 
lignite. The runs with Houdry "C" produced only depolymerized lignite 
boiling, above 412°C.

The lignite was reacted in the form of a slurry with anthracene 
oil. The effect of the anthracene oil was then subtracted, yielding 
the product distribution from the lignite.

From analysis of the products, the yields were determined for 
the specific hydrocarbon gases, water, and various temperature frac
tions of the oil including the residue.

Several variables were studied in order to obtain a maximum yield 
of oil product and establish trends that will be the foundation for 
future research.

Maximum lignite conversion using the nickel-tungsten catalyst was• 
greater than. 99%. A maximum yield of 46.6% oil with a yield of 21.2% 
residue was obtained from the lignite at 4750C, 2.8% catalyst concen
tration, and 2500 psi hydrogen pressure as the reaction conditions.



INTRODUCTION

Lignite is a non-coking, low quality coal with a high moisture 

content and about sixty percent carbon. For this reason, its use has 

not been productively significant in the past. Nowadays, the use of 

lignite is increasing due to recent technological advancements in 

furnace design.. Electrical energy conversion is the major factor 

for the increased use of lignite.

In the future, as energy demands increase, the use -of- lignite will 

increase for electrical energy conversion, but it is probable that 

nuclear energy will absorb most of this future demand. Therefore, other 

methods of energy recovery must be found for lignite which are econ- ■ 

omically attractive.

Hydrogenation and gasification are both processes.that will yield 

product's from lignite to supply energy in a form other than that of 

electrical energy.

Hydrogenation of coal is not new. Germany, during World War- II, 

used high pressure coal hydrogenation to supply synthetic fuels for 

the war effort. Since that time the U.S.S.R.,-has done extensive work 

in the field of coal hydrogenation (5). In the United States, the 

Union Carbide Corporation has completed research on the hydrogenation 

of higher heating value eastern coals.
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The Office of Coal Research has sponsored or is sponsoring sev

eral projects concerned with the hydrogenation of coal. The first 

major pilot plant to be erected under the Office of Coal Research 

funding is at Cresap, West Virginia, The purpose of this project, 

known as "project gasoline", is to develop the Consolidation Coal 

Company's Synthetic Fuel Process for converting coal to liquid fuels.. 

Initially, Pittsburgh seam coal from West Virginia will be processed 

to provide sufficient data to permit the process to be applied 

commercially (6).

At present, the Office of Coal Research is sponsoring several 

projects concerned with the gasification of coal. One project,. gran

ted to Consolidation Coal Company, involves the design, construction, 

and operation of a lignite gasification plant at Rapid City, South 

Dakota for converting lignite into a high Btu gas (I).

Justif-ication of Research Topic

Within the borders of Montana are contained some of the world’s 

largest known coal reserves, the Fort Union coal region (Figure I). 

This region contains an estimated reserve of 460 billion tons of ■ 

lignite and 240 billion tons of sub-bituminous coal (3). If the coal ■ 

from this reserve were hydrogenated to a high quality liquid product 

it not only would be useful as a petroleum fuel substitute but as 

a source of organic chemicals.



-3-

Because this lignite has not been hydrogenated to liquid prod

ucts heretofore, it is not known if an appreciable quantity of 

straight chain materials will be produced for use as a Diesel fuel 

or if the product will be almost entirely aromatic, as is that pro

duced from high grade eastern coals. If a method of lignite hydro

genation can be found that is economically- attractive, a potential 

high quality synthetic fuel supply would be available to meet future 

energy demands. From this fuel supply, a source of Diesel fuel other 

than that from petroleum crudes might be available. The. production 

of various organic chemicals could also result from the hydrogenation 

of the lignite. Thus, it is felt that research concerned with the 

hydrogenation of lignite from the Fort Union coal region is very 

fruitful and worthwhile.

Research Objectives

The primary objective of this research project was to design and 

construct the proper equipment for a moderate pressure hydrogenation 

and to hydrogenate lignite in an exploratory manner so that the gen

eral results would be available to guide future research in a more 

meaningful, manner. In doing this, the products of the hydrogenation 

were, to be analyzed to determine not only the conversion of lignite 

but the yield of various materials.

From this data, the changing trends in product distribution were >

to be determined for various hydrogenating conditions.



EQUIPMENT AND EXPERIMENTAL PROCEDURE

Equipment for this project was not available from a previous 

project and had to be obtained and constructed in a manner that 

would allow semi-continuous operation. .

Main Reactor

The main reactor in which coal slurry is subjected to reaction 

conditions was donated to the Chemical Engineering Department, Montana 

State University, by Monsanto Chemical Company. This reactor, built 

by Autoclave Engineers in 1951, is stirred and made of Type 316 stain

less steel. The top seal is achieved by an internal thread bearing 

down on a tapered copper seat which provides a positive metal-to-metal 

seal. The rotating stirrer shaft is sealed by compression type pack

ing contained in a six-inch-long stuffing box. The stuffing box is 

water cooled internally through the stirrer shaft. The stirrer is 

driven at approximately 900 rpm by a one-horse-power, explosion-proof 

motor. The reactor is fitted with a bottom dumping valve that provides 

a metal-to-met a I seal in the bottom of the reactor. Heating the r'e- 

actor is achieved by a series of electric bar heaters mounted on the 

outside of a lead bath around the reactor. Presently, 10 kw are sup

plied to the heaters using 7 kw continuously and 3 kw for automatic 

on-off control of the temperature above 400oC. The entire set of 

heaters can be shut off at the control board if desired. A rupture 

disk protects the unit from operation at pressures higher than intended.
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Support Equipment

Another reactor manufactured b_y Autoclave Engineers is used to 

cool, stir, and separate the fraction boiling less than 200°C from 

the product produced in the main reactor. This reactor, purchased 

used, is in poor physical shape due to corrosion of the inside. Built 

of stainless steel, it has been recently hydrostatically tested to 

4000 psi; however, in its present use a maximum pressure of 2000 psi 

will be applied to the unit. The temperature of the reactor is con

trolled by a gas heater which is remotely controlled by the operator 

using electric solenoid switches on the fuel and air lines with a 

spark igniter.

The third reactor in the system was furnished by the Dow Chemical 

Company. This reactor is a' copper, steam-heated, stirred kettle 

capable of pressures greater than 300 psi. It is used to mix coal 

slurry and to keep the slurry uniform, with the help of a circulating 

pump, during storage.

The complete system (Figures 2 and 3) also includes a measuring 

unit to measure a certain volume of. slurry with the use of a standpipe. 

A pressure filter is used to remove any residue from the product and 

a condenser is connected to the product handling unit to condense the 

materials boiling below 2000C. Several fluidized beds have been con

structed and are placed in the hydrogen feed line to supply catalyst

to the main reactor.
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Because hydrogen at a pressure greater than 2000 psi could not be 

economically purchased, a hydrogen pressurization unit was added to 

the system. The hydrogen is pressurized by displacing its volume in 

a high pressure cylinder with hydraulic oil pumped from a large oil 

reservoir. The system has a safety release valve that releases at a 

pressure of 3400 psi. The normal operating range of the unit is up 

to 3000 psi.

Instrumentation

Instrumentation consists of two.temperature recorders, one tempera

ture controlIer-indicator, and four pressure gauges. The temperature 

controller-indicator is used in conjunction with three 20 amp mercury 

relays to control the temperature in the main reactor. This instru

ment measures the temperature with an iron-constantan thermocouple.

A continuous, single point recorder is connected to a multiple 

point switch allowing the operator to record the temperature in detail 

in either the main reactor or in the product handling unit. This 

recorder also measures temperatures with iron-constantan thermocouples.

For simultaneous measurement of various temperatures, a multiple 

point recorder is used. This recorder.has a slow chart drive giving 

less detailed temperature profiles than the continuous recorder. It 

records the temperature of the main reactor, the mixer, the product 

handling unit, and the measuring unit, using chromeI-aIumeI thermo

couples.
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Safety Features

All of the instruments, mercury- relays, electrical switches, and 

the fuse box are mounted on a panel board outside a concrete wall 

that shields the operator from the equipment. Mirrors are arranged 

so that the operator can see behind the cement barricade without ex

posing himself to-the high pressure equipment. All valves that need 

manipulation during a run have stems extended in such a manner that 

they can be opened or closed from outside the barricade.

Materials

Hydrogen is obtained from a commercial supplier at 2000 psi. After 

use - down to 1000 psi by other projects, it is used to fill the high 

pressure cylinder of the pressurization unit and then pressurized to 

3000 psi. No purification steps are performed on the hydrogen; it is 

used as received.

Anthracene oil is used as the slurrying medium for the lignite.

This material, a wide range distillation, out of coal tar, contains a' 

variety of coal chemicals. By its nature it has a variable composition. 

A typical composition shows;(4):

Compound Wt. %

Fluorene
Anthracene
Carbazole
Phenanthrene
Unidentified

9
9
9
35
38
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Lignite from the Savage strip mine, located at Savage, Montana., • 

is the material investigated. The Lewis and Clark power generating 

plant at Sidney, Montana supplied the lignite, along with an analysis 

(Table I)} in a precrushed form in which all pieces were less than 

one inch in diameter.

Upon receipt of the lignite, it was further ground in a ball mill 

and separated. The +100 mesh was regroundLuntil all of the lignite 

passed through 100 mesh screens. After all the lignite was ground, 

the entire batch was mixed in order to keep uniformity throughout the 

material. Then, after drying at ISO0F for several days, the coal was 

ready to mix into a slurry.

Lignite slurries are prepared in the mixing unit by first adding 

the desired weight of anthracene oil. Both the stirrer and the circu

lation pump are then turned on and the lignite is added slowly. With 

the known weight of anthracene oil and lignite the slurry concentration 

can be calculated.

The catalysts used for this project had to be prepared in such a 

manner that they could be placed in the chamber of a fluidized bed 

and fluidized .with a moderate flow of hydrogen through the bed. This 

meant grinding, the catalyst until it would pass, through a 200 mesh 

screen. Because the catalysts would deactivate in the presence of 

oxygen, they were ground in a dry box with an argon atmosphere. Care
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was taken to grind all of the catalyst and keep the ground material 

uniform by mixing.

Two catalysts were examined for this project. The Houdry Process 

and Chemical Company's Houdry "C" was examined initially. This cat

alyst is composed of 3% cobalt and 15% molybdenum on an alumina sup

port. The other catalyst used was Harshaw 440I-E. Composition of 

this catalyst is 6% nickel and 19% tungsten on a silica-alumina support. 

The catalyst was supplied in the active sulfide form.

Performing a_ Run

Several preparations are made before each run. The old, spent

catalyst bed must be removed from the hydrogen line and replaced with

a bed that has been just loaded in the dry box. The slurry is heated

to ISO0C in the jacketed mixer to reduce the thermal shock as the charge
o

enters the main reactor, which is at 400+ C. Then a sample of slurry 

is taken for analysis. After these preparations are made,, the entire 

system is checked for trouble spots or any area in need of maintenance.

If the system is in good condition, the run is begun. Slurry is 

pumped into the measuring unit from the mixer until slurry returns to 

the mixer through the standpipe. At this point all valves are closed 

to the measuring unit and 300 psi of hydrogen is supplied. The valve 

between the measuring unit and the main reactor is opened and the
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slurry is charged to the reactor. Immediately following this, the • 

valve is closed and hydrogen is supplied to the main reactor through 

the hydrogen feed line. It is at this point in the run that the cat

alyst is fluidized in the bed and elutriated into the main reactor. 

After the reactor has been charged, pressure and.temperature data are 

recorded. Except for occasionally adding hydrogen to maintain the 

desired pressure, the operator's time is spent preparing for the period 

when the reactants are dumped into the product handling unit or, if 

desired, analyzing samples of the reactor's gas phase on a gas chrom

atograph.

After a desired period of time, preparations are made to dump the 

products from the main reactor into the product handling unit. The 

product handling unit is heated to IbO0C to reduce thermal stresses 

and to maintain the temperature of the products after the dump at 

greater than 2000C. Just before the dump the stirrer is stopped on 

the main reactor so that the gases will not channel through a stirred 

liquid.and cause incomplete transfer of the product, and so that the 

liquid will be lying on the bottom of the reactor and thus must be 

transferred before the gases can escape.. The bottom dump valve on the 

main reactor is then opened and the product is transferred to the 

product handling unit. Pressure is maintained in the system until 

the temperature of the product is 200°C. At this time the pressure is 

released through a condenser and samples of the non-condensable gases
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are taken for-analysis on a. gas chromatograph.* The liquid products 

are then filtered with nitrogen pressure. After the products have been 

recovered, the system is flushed with nitrogen to clear any residual 

material out of the lines and reactors. Both the light and heavy 

product fractions are weighed, bottled, and coded for identification. 

The residue from the filter is weighed and stored for future analysis.

After each run, hydrogen is repressured and the filter is replaced 

along with other continual maintenance duties.

Analysis of Product

Residue from the filter contains catalyst, unconverted lignite, and 

heavy product oils. To determine the amount of oils in the residue, a 

sample is washed with benzene in a Soxlet extractor. After the ex

traction is complete, the residue is comprised of catalyst and uncon

verted lignite. From this analysis the conversion of the lignite is 

determined.

The material ,passing through the filter, the heavy oil, is analyzed 

to determine the" amount of product in various temperature ranges.

This is achieved by'a. vacuum distillation at 20 mm Hg, The distil

lation apparatus (Figure 4) is set up in such a- manner that fractions 

can be taken during the distillation. By this method,-'oil-was. split 

into four fractions; initial to 200°C, 200°C to 325°C, 325°C to 412°CS
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and greater than 4I2°C at 760 mm Hg. Each fraction was weighed and 

the specific gravity of each determined.

The lower boiling materials, those that condensed when the pressure 

was released on the system, are in the form of a water emulsion. The 

water content of the emulsion was determined by performing an azeotropic 

distillation on the emulsion. The overhead from the distillation con

sisted of two phases, one water and the other a light oil,. Water was 

separated from the overhead in a separatory funnel and weighed. The 

oil was remixed with the residue from the distillation and redistilled 

at atmospheric pressure up to 200°C at 760 mm Hg. After cooling to 

room temperature, a vacuum was applied to the residue from the second 

distillation and a third distillation was made separating the residue 

into the same fractions as the filtered heavy materials.

Gas samples taken during the run were analyzed on a gas chromato

graph. Quantitative values were determined for the amount of each 

gas in the gas phase by comparing the peak height of the gas sample, to 

the peak height of a known composition calibration gas of the same ■ 

,sample size.

From the non-condensable gas analysis and a combination of the 

distillations run on the liquid products, a mass' balance was performed 

and the weight of each of the following fractions was determined:
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1) weight of water-
2) weight of materials from initial to 200°Ch
3) weight of materials from 20O0C to 3250C
4) weight of materials from 3250C to 412°C
5) weight of materials greater than 412°C
6) weight of methane
7) weight of ethane
8) weight of propane
9) weight of iso-butane
10) weight of n-butane



DISCUSSION AND RESULTS

Run Numbers
Throughout this Section, run numbers will be used to identify 

various runs. These numbers are in the form of a code that charac

terizes the run in a unique manner. The first letter, or set of 

letters, identifies the material being hydrogenated. In the next 

block, the set of letters identifies the catalyst being used. The 

third block contains identification of either the batch of slurry be

ing hydrogenated or the shipment of anthracene oil being hydrogenated. 

The last block of the code gives the particular number of the run from 

either the batch of slurry or the shipment'of anthracene oil. In the 

first block, AC represents anthracene oil and L represents lignite 

slurried with anthracene oil. Catalysts, in the second block, are 

identified by NC -- no catalyst, HC -- Houdry "C", and NT -- nickel- 

tungsten. Batch numbers are identified by alphabetical letters, A to 

Z, and runs per batch are simply numbered. For example, L-NT-C-2 is 

interpreted as the second run with the lignite slurry C using nickel- 

tungsten catalyst.

Purpose of Runs.
In order to establish a basis for comparing the results obtained 

by hydrogenation with nickel-tungsten catalyst, several runs were made 

with Houdry "C". These runs not only established a basis by which a 

comparison could be drawn but also provided the technical knowledge
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and experience needed to operate the equipment in the best manner 

possible for the nickel-tungsten runs.

After the series of Houdry "C" runs, several series of runs were 

made with Harshaw1s 4401-E nickel-tungsten catalyst. Having been 

found to be a good oil hydrotreating catalyst (2), it was anticipated 

that this catalyst would produce some liquid products when used for 

hydrogenating lignite.

Because the lignite hydrogenation was performed with the lignite 

slurried in anthracene oil, a series of runs'was made using both 

Houdry "C" and nickel-tungsten catalysts hydrogenating just anthracene 

oil under the same conditions as the slurry runs. These runs provided 

data enabling the effects of the anthracene oil to be subtracted from 

the results of the slurry runs, thereby determining the product dis

tribution from the lignite.

A complete listing of the runs successfully completed is given in 

Table II. Runs not listed in this Table were not successfully com

pleted due to equipment failures. Catalyst concentrations are listed 

as weight percent using the weight of lignite as a basis. For the runs 

with only anthracene oil, either an H .or' an L is found in Table II for 

the catalyst concentration. The H refers to ,the same concentration of 

catalyst which the anthracene oil would be in contact with-if it were
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in a slurry with 3% catalyst based on the lignite weight. The low 

catalyst concentration, L, is based on a catalyst concentration of 

0.5% in a slurry.

Variables Examined

Although hydrogen pressure can be considered as a variable,, it is 

well known that the greater the pressure the more readily coal will 

hydrogenate. For this reason, all of the runs made for this project 

were at 2500 psi which was the maximum pressure available with safety 

and ease of operation considered.

With the pressure set at a fixed value, the temperature at which 

the hydrogenation reaction takes place is very important. If the' 

temperature is too high and the pressure low or moderate, thermal ' 

cracking will result. Tf the temperature is too low, the rate of 

hydrogenation will be very slow (5). Thus, for a fixed pressure, a 

temperature must be found that is high enough to allow reaction to take 

place but low enough so that thermal decomposition does not take place.

If.the temperature required for the reaction is greater than that 

required for thermal decomposition, a catalyst must be used that will 

cause the reaction to occur, at a substantial rate, below the decom

position temperature. Therefore, the type of-catalyst is a variable.
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Dlfferent catalyst concentrations cause the contact area of the 

catalyst to change, introducing another variable to be examined.

The slurry concentration was also examined both from the stand

point of lignite conversion and the feasibility of transporting var

ious slurries in the reactor system. Before hydrogenation of the 

lignite takes place, the lignite must be dissolved in the anthracene 

oil. The solubility of the lignite is appreciable when the slurry is 

under low hydrogen pressure and at temperatures in the range from.

SOO0C to 500°C (4, 5). The solubility is not affected to a great de

gree by variations of hydrogen pressure but it is dependent on tempera

ture. For many coals including brown coal, or lignite, the most
O ■ Oeffective temperature is from 390 C to 410 C. Any increase or decrease 

of the temperature from these values will lessen the solubility of the 

coal (5). For this reason, slurry concentration at a certain tempera

ture is an important factor in influencing the percent conversion 

of the lignite.

Run length or the residence time of the run is" also a variable. 

Unlike the other variables, the run length was determined by data ob

tained during the run. After the run was initiated the pressure was 

observed to drop due to reaction. After small pressure drops', the 

reactor was continually repressured to the initial value. When the 

pressure reached a steady state condition, little or no pressure drop,
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the run was continued for a period of about one hour. In this manner 

the reaction at the various conditions was complete for the purpose 

of this investigation.

S sufficient run length with Houdry "C" catalyst was found to be 

two hours. Run length with nickel-tungsten catalyst was set at a 

period of eight hours on all runs except one.

Mass Balances

For runs where the non-condensable gases were analyzed, complete 

mass balances were made (Table III).

The weight of the original charge was determined by pumping hot 

slurry into the measuring unit until it would, flow out of the standpipe 

into the mixer. After the flow ceased, the volume occupied by the 

slurry was 1475 + 35 ml, determined by calibration with cold anthracene 

oil. Thus, the density of the slurry times the volume gave the weight 

of the charge.

After the reaction, the non-condensable gases were analyzed and 

the total mass calculated. The condensable products were removed from 

the condenser and weighed, as were the filtered heavy products. A 

total of these values plus the weight of the residue removed from the 

filter constituted the total weight recovered..
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For this project it was found that mass balances were very erratic 

in nature with both positive and negative deviations. Also, one of 

the balances could not account for as much as 43.3% of the material 

charged. Several reasons for these discrepancies are evident.

When either the anthracene oil or the slurry were heated to 150°C 

and continually mixed as was done before charging, these materials 

would foam substantially. After pumping this material to the measur

ing unit and allowing the flow through the standpipe to cease, the 

material was immediately charged to prevent sedimentation of lignite 

out of slurry. This did not allow all the vapor bubbles in the slurry 

to escape and actually less weight was charged than calculated. Due 

to an oversight, one batch of slurry was charged to the reactor at 

room temperature. The mass balance for this run, L-NT-C-1, was as good 

as the balances obtained when using cold anthracene oil to calibrate 

the volume of the measuring unit.

Positive differences obtained for. the mass balances were due to 

premature charging to the reactor of the slurry before the material 

ceased to flow in the standpipe. This condition occurred during run 

L-NT-C-2 when the valve between the measuring unit and the reactor was 

■ not completely closed. This caused a small amount of slurry to be - 

charged to the reactor while the measuring unit was being filled.
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Equipment failure is also a cause of negative differences in the 

mass balances. Because of the operating conditions, valve packing will 

deteriorate and allow product to leak through the packing gland. This 

loss is not accounted for in the mass balance and contributes to the 

negative differences. Another form of equipment failure caused a 

negative difference as great as 43.3% for Run L-NT-B-2. During the 

filtration of the heavy products, the filter support broke, causing 

a considerable amount of product to be spilled on the floor.

For the previous reasons, the calculations made to determine the 

weight of the various products were based on the mass of the products 

recovered.

Houdry "C" Runs

The first runs made with Houdry "C" were on anthracene oil in 

order to determine how it would react under the conditions of hydro

genation. These runs were made to determine if the anthracene oil 

would be greatly affected and to provide data that would enable the 

effects of the anthracene oil to be subtracted from the results ob

tained in the slurry runs, thus enabling the yield of the lignite to 

be listed as various product fractions.

The anthracene oil was hydrogenated at a maximum pressure, a high 

catalyst concentration, and two temperatures (Table II). Vacuum dis
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tillations were run on the anthracene oil before treatment and after 

hydrogenation (Figure 5). From the distillation curves it appears 

that the oil is hydrogenated slightly, giving a lower boiling material. 

The reaction at the higher temperature (475°C) produced lower boiling 

materials from the lighter oil fractions than at the lower temperature 

(425°C). The heavier fractions were hydrogenated the same extent for 

each temperature and appeared to be affected very little.

Following the runs with anthracene oil, a 20% lignite slurry was 

mixed and a series of runs made with conditions similar to those used 

for the anthracene oil, again using the most stringent conditions so 

that the greatest effects possible would be produced.

Although no gas analysis from these runs was made, a partial mass 

balance revealed that at least 95+% of the lignite converted was 

accounted for either as a tar boiling above 412°C or as water. The 

conversion for each run was greater than 95% and thus the lignite was 

dissolved by the anthracene oil but the conditions were not stringent 

enough to hydrogenate the dissolved material.

■ In order to compare the results obtained from the Houdry "C" series 

a run was made at the maximum temperature (475°C) and pressure condi

tions for the Houdry "C" series but without catalyst. Again the mass 

balance accounted for greater than 95% of the lignite either, as water
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or as a tar boiling greater than 412°C with the same conversion as 

obtained in the Houdry "C" series. Vacuum distillations were performed 

on the products obtained from the Houdry "C" and no-catalyst runs. The 

results of these distillations (Figure 6) show that little or no dif

ference can be observed between the. product obtained with Houdry 13C" 

and the product obtained without catalyst.

NickeI-Tungsten Runs

After a basis of comparison had been established with the results 

from the Houdry "C" series, several series of runs were made using
’ t

the nickel-rtungsten catalyst.

In order to examine more than one slurry concentration, a 33% slurry 

was mixed. The first run, L-NT-B-1, was made with this slurry at 475°C, 

2500 psi, and a catalyst concentration of 1.7%. Immediately after the 

run was initiated, it appeared from observations of pressure data, to 

react differently from the previous runs with Houdry MC". The rate.of 

pressure drop was much greater and as the run continued the rate did 

not decrease as it.did with the Houdry "C" series. The pressure for the 

first four hours was allowed to drop until it reached 1700 psi. The

pressure was.then increased by 100 psi giving an almost instantaneous.
o ' : 'temperature increase of 13 C. Each time hydrogen was added a-tempera

ture increase was noted. After 2500 psi was again reached, the pres

sure was maintained at 2500 psi by periodically adding small amounts of 

hydrogen to the reactor. . - -

r



-23-

After seven hours of reaction the rate of pressure drop was de

creasing rapidly and had all but ceased after.eight hours. Then the 

products were dumped out of the reactor. After cooling, an attempt 

was made to filter the heavy oil remaining in the product handling 

unit. Due to the increased slurry concentration, the product con

tained a substantial amount of unconverted lignite which plugged the 

transfer line from the product handling unit to the pressure filter. 

After cleaning the line, a second attempt was made to filter the 

material but again the increased amount of unconverted lignite caused 

the filter to plug solidly. The material was then removed from the 

filter and put back through in smaller amounts.

From the pressure and temperature data obtained during the run, 

it appeared that the hydrogen was being replaced in the reactor by 

other gases. Before the next run a chromatograph was set up to an

alyze the non-condensable gases in the reactor. Also, a sample draw 

was added so the samples could be obtained.

With-the ability to collect gas samples, Run L-NT-B-2 was made 

at the same conditions as Run L-NT-B-I except that the temperature 

was 4250C instead of 4750C. Gas samples were taken periodically dur

ing the course of the run and introduced into the gas chromatograph. 

As the run proceeded, methane.appeared in the chromatograms, followed 

by ethane, propane, iso-butane and n-butane, and a trace of pentane,
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respectively. The chromatograph was very unstable, however, and the 

data indicated only qualitatively the various gases present in the 

gas phase. After eight hours the product was again dumped and the 

same problems with plugging occurred once more.

Because a quantitative gas analysis was not made for Runs 

L-NT-B-I and L-NT-B-2, data was taken from runs made at a later date 

in order to estimate the amount of gas produced and thus perform a 

complete mass balance. In order to estimate the quantity of gas pro

duced, the amount of gas produced per gram of lignite and the amount 

of gas produced per gram of anthracene oil were calculated for runs 

with similar conditions but with a 20% slurry. These values were then 

multiplied by the weight of lignite and of anthracene oil to estimate 

the total weight of hydrocarbon gases for each run. Undoubtedly, 

error is introduced into the results obtained from a mass balance 

using these estimates, but this estimation does allow a comparison to 

be made between various, slurry concentrations. If the estimated gas 

amounts are in error by 50%, the error in the mass balance for Run 

L-NT-B-I would be 9% vs. 3% for Run L-NT-B-2. The errors in the 

estimates, however, are unlikely to be this great because the gas phase 

after each run with 20% lignite slurry was about 20 mol percent hydro

carbon gases at 4250C and about 80 mol percent hydrocarbon gases at 

475°C. With an increased slurry concentration of 13% the percentage
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of hydrocarbon gases, in the gas phase, for the various conditions 

should remain almost the same.

Using the estimated gas quantities, mass balances were made for 

each run and weight percents of the various product constituents were 

calculated (Table IV). The conversion for each run was also found 

and a higher conversion was obtained at 425°C than at 475°C. This 

result is supported by the fact that the solubility of the coal in 

the anthracene oil is less at 475°C than at 425°C, which is closer 

to the optimum temperature for maximum coal solubility (5).

Because of the difficulties encountered with the 33% slurry, a 

new batch was mixed with 20% lignite. The first run with this slurry, 

Run L-NT-C-I, was at 475°C, 2500 psi, 2.8% nickel-tungsten catalyst, 

and a run time of eight hours. No difficulties were.experienced dur

ing this run. The material from the product handling unit was easily 

transferred, and filtered.

To analyze the non-condensable gases from the reaction, a dif

ferent chromatograph was used. This chromatograph gave relatively 

consistent results and therefore- was easy to calibrate. For the first 

time the non-condensable gases were analyzed in a quantitative manner, 

allowing after analysis, a complete mass balance (Table III).
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With the decrease in slurry concentration the conversion for Run 

L-NT-C-I was again greater than 95%, similar to that obtained with 

the 20% slurry runs using Houdry. "C".

With Run L-NT-C-I completed at the conditions of maximum pres

sure, temperature, and catalyst concentration, the next run, L-NT-C-2, 

was made at conditions that were milder in order to obtain a compari

son. The second run with slurry batch C was performed at 425°C with 

a catalyst concentration of 0.5% and the pressure and run length the 

same as for Run L-NT-C-I.

In order to study the effects of catalyst concentration, a third 

run was made with conditions similar to Run L-NT-C-I except that the 

catalyst concentration was 0.7%.

The results from the analysis of these runs (Table IV) were com

pared. Production of hydrocarbon gas was found to be much less at 

4250C than at .475°C but because the effects of the anthracene oil were 

not considered in making the mass balance, other comparisons could 

not be made.

The gas analysis for the runs at 4750C indicated only about 20 

mol - percent of the non-condensable gases was hydrogen after eight 

hours of reaction time. . Thus, the decreased rate of reaction that
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was detected could have been caused because the partial pressure of 

hydrogen was not great enough to sustain the reaction.

To examine this aspect of the reaction, a run was planned where 

the gas phase would be bled off during the reaction and replaced with 

hydrogen. Run L-NT-D-I was initiated with a catalyst concentration 

of 3.5%, 2500 psi, and a temperature of 4750C. After six hours the 

concentration of hydrogen was 40 mol percent. The gases were then bled 

from 2500 psi to 10,00 psi and hydrogen was added slowly until 2500 psi 

was again maintained in the reactor. During the period of repressuri

zation a temperature increase of 12°C was evident but it was not as 

pronounced as the .temperature increases obtained from previous runs 

when the pressure was increased 100 psi after three hours of run time.

After -the repressuri-zation, it was noticed that the pressure 

drop,. which indicates the use of hydrogen, was slightly greater than 

the pressure drop noticed just previous to the repressurization pro

cedure. The increased.rate of hydrogen usage was not significantly 

greater, however, and of the total hydrocarbon gases produced, only.

15 .wt% were produced during the last eight hours of the run or after 

repressurization with hydrogen. With little or no pressure drop 14 

hours -after the run was initiated, the mol percent hydrogen in the 

gas phase was 65% and the pressure drop had all but ceased.' At this 

point the run was terminated and the products analyzed.
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When comparing the results of this run with Run L-NT-C-I, which 

was performed under similar conditions, it is evident that the total 

gas production was not significantly increased. Also, there were no 

significant differences in the product distributions when comparing 

these runs.

In order to subtract the effects of the anthracene oil from the 

product distributions and determine the actual yield of the lignite, 

a series of hydrogenation runs were made with anthracene oil. The 

conditions for these runs were similar to those for the slurry hydro

genations. No run was performed, however, in a manner similar to 

Run L-NT-D-I.

After the runs with anthracene oil were completed, they were 

analyzed and the yields calculated in the same manner as the previous 

slurry runs (Table IV). From the results obtained it was evident 

that the production of hydrocarbon gases was greater with anthracene 

oil for runs performed at higher temperatures. Also,- the higher tem

perature runs contained a greater percentage of product that boiled 

above 412°C. It appears that the higher temperature causes a polymer

ization of the anthracene oil to a tar. ;

With the data from both the slurry and anthracene oil runs, cal

culations were made to determine the products produced from the lig

nite. In order to perform these calculations the assumption was made
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that the anthracene oil would hydrogenate in the same manner whether 

or not lignite was slurried in the material. The contribution from 

the anthracene oil was then calculated and subtracted from the results 

of the slurry runs, yielding the product distributions of the con

verted lignite (Table V).

From these results, many comparisons can be made and an indica

tion of the best operating conditions is evident.

From Table V it is observed that the yield of water for each 

run was rather high when compared to the reaction water recovered 

from the anthracene oil runs. This large yield is not, however, en

tirely reaction-water in the sense that water was produced by hydro

genation. Water is bound so tightly in the lignite that it cannot be 

removed by drying unless the conditions are stringent enough to drive 

off some volatile matter. Thus, the yield of water from the lignite 

is due mainly to the water being released during the reaction and 

not produced through the use of hydrogen. The Lewis and Clark Station 

has reported that after drying the lignite used to feed their furnaces 

it still contains at least 15% water when it is charged. This result 

agrees well with the results obtained for this project.

Run L-NT-C-3 was performed at a high temperature (4750C). and low 

catalyst concentration. The yield of hydrocarbon gases under these
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conditions was extremely .high (36%). When comparing the results of 

this run with Run L-NT-C-I, performed at the same temperature but a 

higher catalyst concentration, it is noticed that the gas production 

is less when the catalyst concentration is higher. Also, the total 

oil yield was greater for Run L-NT-C-I. These results indicate the 

conditions for Run L-NT-C-3 were such that considerable thermal 

cracking occurred because the catalyst concentration was too low.

Run L-NT-C-2 was performed at 4250C and a low catalyst concentration. 

The production of hydrocarbon gases was substantially decreased as 

compared to Run L-NT-C-3 but the yield of oil was less and the amount 

of residue boiling above 412°C was greater.

From the standpoint of the least amount of residue, Run L-NT-C-3 

is the most desirable,of the .three runs. The production of hydro

carbon gases by hydrogenating lignite is very inefficient, however, 

and economically not justifiable. Therefore, the most desirable con

ditions from the standpoint of the greatest yield of oil and a low 

yield of hydrocarbon gases were those of Run L-NT-C-I.

From the results of Table V, the various yields obtained from 

the lignite were calculated on the basis of total lignite charged 

(Table VI). These values account for both the conversion and the 

product distribution obtained during the hydrogenation of lignite 

with nickel-tungsten catalyst.
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Determination of Specific Compounds Produced From Lignite

An attempt was made to isolate specific materials produced from 

the hydrogenation of lignite. The oils boiling below 2000C were col

lected from each of the slurry runs made with nickel-tungsten catalyst 

and composited. A precision rectification was performed on this 

material and the overhead fractions were sampled and analyzed both 

on the gas chromatograph and for the refractive index.

From these results and a chromatogram made of the oil boiling 

below 2000C from the anthracene oil runs, it was determined that there 

were too many compounds with relatively close boiling points' to make 

it possible to isolate specific materials. Also, the various materials 

produced from the anthracene oil in the lignite slurry runs made it 

impossible to identify the specific materials produced from the lig

nite. Hence, no further attempts were' made to analyze the products 

produced from lignite.



CONCLUSIONS

From this exploratory study of the hydrogenation of Savage, 

Montana lignite, several definite conclusions can be made and a num

ber of comparisons indicated.

The hydrogenation runs using Houdry "C" as a catalyst were effec 

tive in producing a depolymerized lignite boiling greater than 412°C. 

If any other products from the lignite were produced from these runs 

they were in such insignificant amounts that they were not detected. 

The product obtained from hydrogenating the lignite without catalyst 

was the same as that produced with Houdry "C". Both the Houdry "C" 

runs and the run without catalyst were with 20% lignite slurry and 

gave conversions greater than 95% to the depolymerized product.

Hydrogenation of lignite slurry with Har.shaw's 4401-E nickel- 

tungsten catalyst produced a variety of products. These products 

range from methane to the depolymerized lignite tar boiling greater 

than 412°C (Table V).

A number of comparisons were made from the lignite runs in order 

to establish various trends. It was found that conversion was rel

atively- independent of temperature with- 20% slurry concentrations.

For 32% slurry the conversion is dependent on temperature.. Less con

version was obtained from the 33% slurry than from the 20% slurry 

(Figure 7), because there is considerably more unreacted lignite.
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The grams of lignite converted per gram of charge, however, was 

greater for the 33% slurry (Figure 8). From these data it is highly 

unlikely that Figures 7 and 8 would be represented as straight lines 

as shown. However, in order to show the trends a straight line was 

constructed between the two data points. In actuality, the grams of 

lignite converted per gram of charge should increase with little or 

no effect on the conversion up to a certain slurry concentration.

At this concentration, the point of maximum solubility is reached and 

further increases in the slurry concentration causes the conversion 

to decrease.

It appears that the optimum slurry concentration is greater 

than 20% and less than 33% because the results indicate that the 

maximum solubility is not reached with a 20% slurry and is probably 

exceeded with a 33% slurry.

Hydrocarbon gas production is dependent on the temperature 

(Figure 9)'. The total production of hydrocarbon gases at 425°C was 

50% of the total gas production at 475°C.- The temperature also 

affected the yield of residue boiling greater than 412°C (Figure 10). 

Much less of the residue was converted to lighter materials at 425°C 

than at 475°C.

Catalyst concentration also affects the amount of hydrocarbon 

gases produced (Figure 11). At a catalyst concentration of 2.8%
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the production of hydrocarbon gases was less than for a catalyst 

concentration of 0.7%. Also, the yield of oil was greater at the 

higher level of catalyst concentration (Figure 12).

The best yield or most optimum run of those attempted from the 

standpoint of producing usable products in an efficient manner was 

Run L-NT-C-1. This run was performed at high temperature (475°C), 

high catalyst concentration (2.8%), and on a 20% slurry. Oil yield 

for this run was 46.6% and the conversion of the lignite was greater 

than 99% (Tables IV and V).

In order to perform a more complete analysis and to determine 

the specific products produced from the hydrogenation of lignite, 

the anthracene oil must be eliminated as the oil used for the 

slurrying medium. In place of the anthracene oil, oil produced from 

the lignite should be used.



.RECOMMENDATIONS FOR FUTURE STUDY

Since the completion of this project, several areas of future 

study are evident that would produce data of higher quality.

In order to balance the amount of charge with the amount of 

material recovered, a better method of determining the weight of 

the charge should be used. This can be accomplished by a weight 

measurement instead of a volume measurement of the material to be 

charged.

The anthracene oil should be eliminated as a slurrying medium. 

This would allow a more detailed analysis of products obtained from 

the hydrogenation of lignite. In order to eliminate the need for 

anthracene oil, a series of runs should be made at the. optimum con

ditions for oil production and the product separated, eliminating 

the lower boiling fractions. This heavier material should then be 

slurried with lignite and another series of runs made in an identi

cal manner. After repeating this procedure several times, the amount 

of materials remaining from the original anthracene oil will become 

negligible.

Although Run L-NT-C-1 was the most optimum run from the stand

point of oil yield, it is very likely that the optimum conditions 

for oil production are different from those of Run L-NT-C-1. More
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runs should be made and a statistical optimization performed to find 

the optimum hydrogenating conditions with nickel-tungsten catalyst 

within the constraints of the equipment.

Many hydrogenation catalysts may also be investigated in a 

similar manner to discover the best catalyst for producing the most, 

desirable products for the least cost.



APPENDIX
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TABLE I. ANALYSIS OF SAVAGE, MONTANA RAW LIGNITE

Coal
(As Received)

Coal Coal
(Moisture-Free) (Moisture- and Ash-Free)

Moisture 37.17

Volatile Matter* 25.77 44.01 46.89

Fixed Carbon 29.18 46.45 53.11

Ash 7.88 12.54 -

■ 100.00 100.00 100.00

Hydrogen 6.87 4 .3 8 5.00

Carbon 39.55 62.95 71.98

Nitrogen 0.63 1.01 1.15

Oxygen 44.56 18.31 20.94

Sulphur 0 .5 1 0.81 0.93

Ash 7.88 12 .54

100.00 100.00 100.00
^Determined by modified method



TABLE II. LIST OF RUNS'SUCCESSFULLY COMPLETED

. Run- 
Number.

Material Treated Catalyst . Catalyst
Type Concentration

Pressure
psi

Temperature 
deg. C

Run Length 
Hours

AO-NT-B-3 Anthracene Oii Nickel-Tungsten H 2500 475 8
AO-NT-B-2 Anthracene Oil Nickel-Tungsten L . 2500 425 8
AO-NT-B-I Anthracene Oil Nickel-Tungsten L 2500 475 8 .

L-NT-D-I 20% Lignite 
Slurry

Nickel-Tungsten 3.5# 2500 4?5 14

L-NT-C-3 20# Lignite 
Slurry

Nickel-Tungsten 0.7# 2500 475 8

L-NT-C-2 .■ 20% Lignite 
Slurry

"Nickel-Tungsten
1 0.5# 2500 425 8

L-NT-C-I 20# Lignite 
Slurry

Nickel-Tungsten 2.8# 2500 475 8

L-NT-B-2 33# Lignite 
Slurry .

Nickel-Tungsten 1.8# 2500 425 8

L-NT-B-I • 33# Lignite 
Slurry

Nickel-Tungsten ■ 1.7# 2500 475 8

L-HC-A-2 - 20# Lignite 
Slurry

Houdry "C" 4.0# 2500 475 2
L-HC-Arl 20# Lignite 

Slurry
Houdry "C" 4.2# 2500 475 . 2

L-NC-A-I 20# Lignite ' 
Slurry

No Catalyst 0.0# 2500 ' 425 2

AO-HC-A-2 Anthracene Oil Houdry "C" H 2500 ' 475 2
AO-HC-A-I Anthracene Oil Houdry "C" H 2500 425 2
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TABLE III. MASS BALANCES

Run
Number

Volume
of

Charge
(ml)

Density
of

Charge
(g/ml)

Weight
Charged

(g) •

Weight
Recovered

(q)
%

Difference

AO-B-3 1475 1.115 1655 1520 -8.2
AO-B-2 1475 1.115 1655 1543 -6.7 .
AO-B-I 1475 1.115 1655 1488 -10.0

L-NT-D-I 1475 1.13 1670 1354 -18.8

L-NT-C-3 1475 1.13 1670 1389 -16.8
L-NT-C-2 1475 1.13 1670 1856 +11.1
L-NT-C-I* 1475 1.13 1670 1720 +3.0

L-NT-B-2 1475 1.20 1770 1014 -43.3
L-NT-B-I 1475 1.20 1770 1768 -0.1

* charged cold



TABLE IV. PRODUCT ANALYSIS FOR THE NICKEL-TUNGSTEN RUNS

Run
-Number

Fractions in Wt.% of Product Conversion 
of Coal

Up to 
•2000C

200°C to 
325°C

325UC to 
412°C

Greater than 
412°C

Water Hydrocarbon
Gases

Wt.%

AO-NT-B-3 6.7 42.7 23.7 12.2 0.4 14.3 ----

AO-NT-B-2 2.9 48.4 38.4 ' 8 .2 0.2 1.9 — — - —

AO-NT-B-I 6.1 37.0 27 .7 18.3 0 .3 10.6 — -  —  -

L-NT-D-I 9.0 33.5 21.4 16.0 4.3 15.8 99+

L-NT-C-S 7.8 30.1 25.6 17.5 3.3 15 .7 97.4

L-NT-C-2 4.1 38.5 ' 33.5 14.2 5.2 4.5 93.4

L-NT-C-T 6 .3 3 9 .2  . 22.0 14.1 3.8 14.6 99+

L-NT-B-2* 5.7 3 9 .2 25.2 18.8 4.5 6.6 87 .5

L-NT-B-1* 6 .8 30 .2 18.9 18 .8 6.5 18.8 76.2

*Gas Percentage Estimated



TABLE V
LIGNITE YIELDS FROM THE NICKEL-TUNGSTEN RUNS 

Yield of Converted Coal. Wt. %
Run ' 
Number

Less than 
200°C .

200°C to 
325°C

325°C ,to 
lt!2°C

Greater than ' 
Ul2°C

Water

L-NT-C-3 iu.5 3.2 16.4 lU.7' 15.2
L-NT-C-2 7.0 0.0, 12.7 39.3 25.6
■ L-NT-C-I. ‘ It.8 26.1 ' 15.7 21.2 16.7
L-NT-B-2* 9-5 15.2 0.0 1*3.7 lit.2
L-NT-B-1* 8. It 12.0 0.0 19.5 ' 20.6

vGas Production Estimated V

Methane- Ethane Propane Isobutane Normal
Butane

■ Total Hydro
carbon Gases

29.1 2.0 lt.lt 0.1 0.1* 36.0
5.3 lt.lt It.3 0.5 0.9 15.1*
6.8 5.6 2.1t 0.2'. 0.5 ' 15-5

17.lt

39.5



TABLE VI
PRODUCT DISTRIBUTION OF LIGNITE CHARGED

Yield of Coal Charged, Wt. %
Run
Number

Uncon
verted

Less than 
200°C

200°C
to

325°C

325°C
to

4l2°C

Greater
than
4l2°C

Water Methane Ethane Propane Isobutane Normal 
Butane .

Total
Hydro
carbon
Gases

L-NT-C-3 2.6 14.1 ■ 3.1 16.0 14.3 14.9 28.3 1.9 4.3 0.1 ■ 0.4 35-0
L-NT-C-2 6.6 6.5 . 0.0 11.9 36.7 23.9 4.9 . 4.2 . 4.0 0.5 0.8 i4.4
L-NT-C-I less than I 4,8 26.1 15.7 21.2 16.7 6.8 5.6 2.4 0.2 0.5 15.5
L-NT-B-2* 12.5 . 8.3 ' 13.3 0.0. 38.3 12.4 15.2
L-NT-B-Iw 23.8 6.4 9.1 0.0 14.9 . 15.7 30.1

wGaa Production Estimated
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□ - anthracene oil before treatment 
A - anthracene oil hydrogenated at 425°C (AO-HC-A-I) 
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Figure 5. Distillations Curves Comparing Anthracene Oil Runs 
With Houdry "C" vs. Anthracene Oil Before Treat
ment.
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□ - no catalyst; 475°C (L-NC-A-I)
A - Houdry "C" at 425°C (L-HC-A-I) 
O - Houdry "C" at 475°C (L-HC-A-2)
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Figure 6. Distillation Curves Comparing Slurry Run With 
Houdry "C" vs. the Run Without Catalyst.
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Figure 7. The Effects of Slurry Concentration and Tem
perature on Lignite Conversion.
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Figure 8. The Effects of Slurry Concentration and Tem
perature on the Grams of Lignite Converted 
per Gram of Charge.
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Figure 9. The Effect of Temperature on the Yield of 
Hydrocarbon Gases.
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Figure 10. The Effect of Temperature and Slurry Con 
centration on the Yield of Residue.
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Figure 11. The Effect of Catalyst Concentration cn the 
Yield of Hydrocarbon Gases.
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Figure 12. The Effect of Catalyst Concentration on 
the Yield of Oil.
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