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EXECUTIVE SUMMARY

Research in this project centered upon developing and evaluating catalysts
and process improvements for coal liquefaction in the two-stage,
close~coupled catalytic process. The project was carried out under

contract to the United States Department of Energy.

The major results are summarized here and they are described in more
detail under each Task. 1In Tasks 2 and 3.1 and 3.3 for coal pretreatment
and beneficiation, it was shown for coal handling that drying of both
lignite (Martin Lake, Texas) or subbituminous coals (Black Thunder,
Wyoming) using warm air, vacuum oven or exposing to air for long time was
detrimental to subsequent liquefaction. Coal beneficiation is done to
remove mineral matter and unreactive components (inertinites) from the
coals prior to liquefaction. Both laboratory and bench-scale
beneficiations indicated that in order to achieve increased liquefaction
yield for Illinois No. 6 bituminous coal, size separation with in sink-
float technique should be used. With this method, the fines fraction is
rejected to reduce mineral matter & inertinites and low density fraction
(float) is separated. For Black Thunder coal, the best beneficiation was
aqueous S0, treatment, which reduced mineral matter. The same
beneficiation was also suitable for Spring Creek subbituminous coal if
sodium removal is necessary. In case of Martin Lake lignite, the fines
should be rejected prior to aqueous SO, treatment and sink-float gravity
separation. Pretreatment in coal-derived solvent or tetralin, even in

presence of soluble catalyst showed little decarboxylation in temperatures
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up to 700°F. Up to 5 wt% of CO, is removed when the temperature is
increased up to 800°F. A slight increase in liquefaction yield was seen
by pretreating the Black Thunder coal with acetic acid, however, aqueous
SO, treatment is more effective and preferred. Caustic pretreatment was

shown to be detrimental to liquefaction.

In liquefying coals with supported catalysts in both first and second
stages, coal conversion was highest (93%) with Illinois No. 6 coal, which
also had the highest total liquid yield of 80%, however, the product
contained unacceptably high level of resid (30%). Both low rank coals
{Black Thunder and Martin Lake) gave lower conversion (85~87%) and liquid
yields (57-59%), but lighter products (no resid). The analysis of spent
first stage catalysts indicated significant sodium deposits from Black
Thunder and calcium from Martin Lake liquefactions causing severe
deactivation. The second stage catalysts were in better condition showing
high surface areas and low coke and metal deposits. The use of dispersed
catalyst in the first stage would combat the severe deactivation that was

seen, especially liquefying Black Thunder coal.

In Task 3.2.1, first stage catalyst testing, the high temperature
liquefaction study with Illinois No. 6 coal showed that the use of
supported AMOCAT™ 1C above 820°F is not recommended due to significant
deactivation. Using dispersed Molyvan L in the first stage and supported
AMOCAT™ 1C in the second stage is a good combination. Molybdenum on
sulfated iron oxide (Wender’s catalyst) was even better than Molyvan L,

and if the preparation cost would be low enough, this would be the
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preferred catalyst for Illinois No. 6 coal liquefaction. Powdered
molybdenum carbide and nitride did not perform as well as oil-soluble
molybdenum catalysts. For Black Thunder coal liquefaction, molybdenum on
Wender’s sulfated iron oxide and a sulfiding agent again showed the best
performance. Supported catalysts like AMOCAT™ 1C gave high initial
coal/resid conversion but deactivated quickly from coke and calcium
deposition. Prehydrogenation of the solvent (hydrogen-rich) was shown to

improve Black Thunder coal liquefaction.

In Task 3.2.2, second stage catalyst screening, various NiMo catalysts had
similar activities for resid conversion and it is difficult to develop
resid conversion catalysts due to deactivation by coke and asphaltenes.
Noble metals (Pt, Rh, Ir) were poisoned by sulfur in the feed. Molybdenum
carbides and nitrides had good initial activities on active site basis,

however, low activities on volume basis.

In Task 3.2.3, the screening results from the mini-ager unit warranted
further testing of the Sandia’s hydrous titanate catalysts in the
continuous two stage unit. These catalysts, especially thin film titanate
on AMOCAT™ support with NiMo promoters showed significantly high
dis£illate yields compared to the reference AMOCAT™ 1C catalyst. The
Sandia catalyst should be tested with other heavy feedstocks in the

future.

This project had an extension for an additional year and its total value

was $1,946,990.
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BACKGROUND

National energy policy requires that a reliable supply of reasonable-cost
transportation fuels be available for both national and economic security.
Unfortunately, the United States is importing about 50% of its petroleum
supplies. Projections suggest an even greater reliance on imported oil in
the future. An alternative to imported oil must be found if the

United States is to achieve energy independence. Synthetic fuel from
other fossil fuels is an alternative to imported oil. Coal is the most
abundant of all fossil fuels, and the United States has one of the largest
reserves of coal deposits in the world. The conversion of coal to
transportation fuels would thus appear to be a necessary element of a

serious synthetic fuels energy policy.

The conversion of coal to synthetic fuels through both direct and indirect
routes was practiced commercially in Germany during World War II.
Currently, South Africa produces transportation fuels through the indirect
liquefaction of coal. Both technologies are uneconomic compared with
producing transportation fuels from crude oil, but are or were practiced
because of political considerations. Previous assessments are that direct
liquefaction offers the best chance for producing transportation fuels
from coal at an economically viable cost; however, this is currently being

compared to indirect liquefaction.

There are no commercial direct coal liquefaction plants in operation

anywhere in the world. However, several direct coal liquefaction
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technologies, such as the H-coal and the Exxon donor solvent processes,
have been extensively studied. For many years, the most promising direct
coal liquefaction route was a two-stage, close-coupled catalytic
liquefaction process studied at the Advanced Two-Stage Coal Liquefaction
Facility at Wilsonville, Alabama. This facility is now shut down. It
served as a research and demonstration plant to test new process options
and catalysts for converting coal on a 6 tons of coal per day scale. HRI
has currently a 3 ton/day DOE-supported proof-of-concept facility.
Projected costs for direct coal liquefaction have dropped from over $90
per barrel in 1981 to about $36 per barrel today primarily because of
improvements tested and demonstrated at Wilsonville. While the cost is
still high, direct coal liquefaction by the two-stage process continues to

show improving economics and viability as a commercial technology.

The two-stage, close-coupled liquefaction process is a hydrotreating
process that is conducted in two reactors in series with minimal residence
time between reactors. This has been designated as "close-coupling."” The
first reactor is the primary coal conversion reactor where coal, a
recycled coal-derived solvent, and hydrogen react to produce a
hydrogenated coal product slate. The first reactor may be operated as
either a catalytic or a thermal (non-catalytic) stage. The second reactor
is operated with catalyst and serves to upgrade the first stage products
by removing oxygen, nitrogen, and sulfur heteroatoms, increasing the
hydrogen content of the products, and further reducing the boiling point
of the products. The process is optimized to produce a maximum distillate

product slate, optimum hydrogen utilization, high coal conversion, and
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sufficient coal-derived solvent for recycle. While the class of reactions
taking place in both reactors are similar, each reactor sees a different
feedstock because of the ongoing conversion. It is thus probable that
each reactor will need to be optimized to produce the best overall
liquefaction process. Two obvious areas for improvement to the two-stage
process are improved catalysts and improved process options to reduce

hydrogen consumption.

In view of the aforementioned considerations, the Department of Energy
funds research programs designed to improve the economics and viability of
direct two-stage coal liquefaction processes. This Department of Energy-
funded research program is directed toward finding better catalysts and
alternative process options to improve the overall liquefaction process.
Better catalysts would improve liquefaction performance by increasing coal
conversion, distillate yields, and/or hydrogen utilization. Ideally,
catalysts should have good hydrogenation, cracking and heteroatom removal
activities, as well as good activity maintenance. Process improvements
include the removal of heteroatoms from coal before liquefaction to reduce
hydrogen requirements and beneficiation before liquefaction to remove

unreactive ash and other components from the coal.

PROGRAM OBJECTIVES

The overall objectives of this program were to develop and evaluate new
catalyst formulations and process improvements for use in two-stage,

close-coupled coal liquefaction. Improved catalysts are needed that can
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lead to higher coal conversion at lower temperatures while maintaining
high distillate yields. First stage catalysts were optimized primarily
for enhanced coal conversion, and second stage catalysts for coal-resid
upgrading. Process improvements included pretreatment to lower the oxygen
content and unreactive components in coal prior to liquefaction. This
program required close cooperation between Amoco 0il and other Department
of Energy-sponsored research efforts, particularly the now shutdown
Wilsonville Advanced Two-Stage Coal Liquefaction Facility, where some of

the technology studied here was demonstrated.

PROJECT DESCRIPTION

The technical approach to this project included developing first and
second stage coal liquefaction catalysts and testing the effects of
selected pretreatment procedures on subsequent liquefaction. The
procedures that were evaluated were methods for removing oxygen from coals
and the beneficiation of coals to reduce ash and unreactive components
prior to their liquefaction. Partially removing oxygen from coals prior
to liquefaction has the potential of reducing hydrogen requirements and
prolonging catalyst life. Beneficiation and pretreatment to reduce ash
and unreactive components increases reactor throughput, improves catalyst
life, and reduces the losses of product carried along with the unconverted

coal and mineral matter rejected from the process.

Our overall approach to catalyst development was to prepare new

formulations and modify existing refinery catalysts as candidates for
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either first or second stage coal liquefaction processing. First stage
catalysts need to be accessible to large coal fragment molecules and
promote both further fragmentation and hydrogen transfer to radical
fragments. Second stage catalysts are required to promote aromatics
saturation and heteroatom removal as well as reduce molecular weight to

produce usable distillable liquids.

Coal liquefaction catalysts serve to promote both molecular weight
reduction and hydrogen transfer to coal. Candidate catalysts were
screened in fixed-bed reactors for upgrading a coal-resid and Panasol
mixture. The fixed-bed unit allowed accurate measurements of catalyst
aging. Catalysts that indicated good second stage activity and activity
maintenance for upgrading the coal-resid mixture were also good candidates
for further testing as first stage catalysts. Coals that were used as
feedstocks were Illinois No. 6 (bituminous), Black Thunder
(subbituminous), and Martin Lake (lignitic) coals. Resids were
coal-derived liquids from the Wilsonville Coal Liquefaction Facility.
Panasol (byproduct from naphtha reforming) was used as a solvent. Base
case runs using a standard catalyst combination were done to provide
meaningful comparisons. Our approach allowed accurate comparison of the
relative effects of various pretreatments, coals, solvents, or catalysts

on the liquefaction process.

Seven tasks were identified to bring about the above objectives. Task 1
called for the completion of a detailed project management plan, which was

issued. Task 2 was a general laboratory support task for the coal
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liquefaction tests. It provided the analytical support for characterizing
most of the liquefaction samples and catalysts being tested. It included
microautoclave tests to more fully understand the results of larger scale
experiments and qualification of solvents used or produced during
liquefaction. Task 3.1 was directed toward determining the liquefaction
behaviors of standard coal samples and comparing them with the
beneficiated or pretreated samples. Pretreatment procedures emphasized
methods for oxygen removal and beneficiation to remove ash and inert

materials.

Catalyst development and testing were done under the three parts of
Task 3.2. Task 3.2.1 was used to test a series of candidate first stage
catalysts and the best second stage catalysts as first stage catalysts
with Tllinois No. 6 bituminous and Black Thunder subbituminous coals in
our continuous pilot plant unit. The objective was to identify a high-

activity first stage catalyst.

In Task 3.2.2 up to 50 candidate catalysts were evaluated with an Illinois
No. 6 coal-resid and Panasol mixture to identify the five best second
stage catalysts. Novel and conventional catalysts were prepared and
tested. Several of Sandia’s hydrous metal oxide catalysts were tested,
and two additional tests were done under Task 3.2.3. Consultation to

Sandia on preparing their catalyst in a suitable form was provided.

Other process developments were evaluated under Task 3.3, Decarboxylation

of low-rank coals by hydrothermal and caustic- or catalyst-aided
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treatments were tested. The reporting of the results from Task 3.3 is
done under Task 3.1, since decarboxylation and acid-base treatments fit in

the coal pretreatment section, where beneficiation is also discussed.

RESULTS AND DISCUSSION

Task 2: Taboratory Support and Microautoclave Runs

In this task, general analytical support was provided for characterization
of catalysts and liquefaction samples. In addition, micro- and batch
avtoclave tests were conducted to characterize the liquefaction behavior

of the coals and to qualify solvents.

EXPERIMENTAL

Description of Research Units

Prior to describing the work in detail in Task 2, it is pertinent to
briefly explain the various research microunits and pilot plants used

during this contract. They were as follows:

1. Microreactors - 20 ml reactors that are immersed in a pre-heated

sand-bath that allows rapid screening of coals and solvents and

provides a test for initial activity.




29

2. Batch Autoclaves - 300 ml Autoclave Engineers reactors with glass

liners.

3. Pilot plants

a) AU-44L, a continuous flow single-~stage CSTR unit with 300 ml
reactor capable of operating with coal slurries. It’s limited
to short space times (20-40 minutes) and can only be operated

with dispersed catalysts.

b) AU-51L and AU-135L, two-stage continuous flow units with two
one-liter reactors capable of operating with coal slurries.
These reactors can be configured with catalyst baskets. They
are primarily operated with long space times (1-2 hours) and can

provide catalyst deactivation data.

c) AU-126L, a catalyst mini-ager flow unit with five parallel fixed
bed reactors in a single sand bath, capable of studying initial
activity and aging characteristics of up to five catalysts at

one time. Only coal liquid feeds can be used.

Experiments in Task 2 were carried out in a microautoclave system, SGU-1
(Figure 1), and a 300 cc autoclave. SGU-1 consisted of 50 cc tubular
reactors in a sandbath, which were charged with 15 g coal/solvent blend,
pressurized with 500 psig of hydrogen. The heat-up and cooling times were
fast (1-3 minutes). The 300 cc autoclave was a standard Autoclave

Engineer’s unit with a glass liner. While the heat-up and cooling times
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in the autoclave are longer, larger samples (75-90 g) can be tested and if
presoak is needed, it can be done without air exposure. Reaction products
were analyzed using Soxhlet extraction with toluene, THF and hexane.

Coals of varied ranks were tested raw, beneficiated and dried.

RESULTS

Solvent characteristics were evaluated in microautoclave tests at varying
conditions and solvent/coal ratios (Table 1) using Indiana No. 5 coal (0ld
Ben Mine). Conversion to THF solubles was insensitive to varying
conditions, however, the level of toluene solubles was dependent on
operating conditions and thus it was used for comparing solvent qualities

in further studies.

Microautoclave Testing of Beneficiated Coals

The objective of beneficiation is to remove mineral matter and unreactive
components from coals prior to their liquefaction. More detailed
discussion on coal beneficiation is in Task 3.1. Five drums of Burning
Star Illinois No. 6 coal were received; three drums were pulverized under
nitrogen at Resource Engineering and two drums were beneficiated by heavy
media (magnetite) separation at Hazen Research. These samples were
liquefied using tetralin as a solvent (solvent to coal ratio of 2 to 1).
In Table 2, the conversions at 755°F for 60 minutes to tetrahydrofuran
(THF) solubles on moisture-ash-free basis (MAF) were 87.1% (Hazen sample)

and 65.6% (Resource Engineering sample). The conversion for the sample
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from Resource Engineering did not improve at higher temperature and it was
concluded that this sample was contaminated and consequently it was

discarded.

Microautoclave runs were also made with beneficiated Martin Lake lignite
from Texas. Table 3 shows high levels of conversion (86-88%) to THF
solubles with the fine (-60 mesh) lignite sample. Conversion levels of
the coarse fractions (raw, sulfurous-acid treated, overflow and underflow)

varied between 76 and 86%.

Testing of Dried or Aged Coals

Experiments with dried/aged Black Thunder subbituminous coal and Martin
Lake lignite were carried out using both the microautoclave, SGU-1 and
batch autoclave reactors. The samples were subjected to one or more of

the following drying and/or aging procedures:

1. Drying overnight in vacuum oven with nitrogen at 210°F.

2. Partial drying for a specified time in air at ambient temperature.

3. Partial drying in flowing steam at 220°F followed by nitrogen at
ambient conditions.

4. Heating in boiling tetralin (405°F) using Dean Stark apparatus to

azeotrophe the water over to a condenser for removal.
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RESULTS

Black Thunder Subbituminous Coal

The reference liquefaction runs with raw Black Thunder coal and tetralin
(solvent/coal ratio of 2/1) are given in Table 4. As expected, higher
conversions to THF solubles were obtained with increasing temperature.

The liquefaction results of the dried and aged samples in Table 5 show
that the coal conversion decreased from 87 to 80% when the coal was dried
at 210°F overnight in a vacuum oven. However, a limited aging by air
exposure (overnight) with some drying was not detrimental to conversion as
seen in Table 5. Comparable results were also seen in a test, where the
sample exposed to air overnight showed similar conversion to THF solubles
as a non-oxidized sample, however, resid conversion was lower, which shows
some loss in reactivity (Table 6). Detailed results of the latter

experiment are discussed in Task 3.1 Feedstock Effects.

Martin Lake Lignite

The reference runs were done in 300 cc autoclave at 750°F and at 825°F
with raw lignite (Tables 7-9). Again, as expected, higher conversions to
THF solubles were seen at increased temperature or increased reaction

time: 69% at 750°F and 81% at 825°F; 69% at 750°F for 10 minutes and 81%

at 750°F for 60 minutes (Tables 7-9).
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The drying of Martin Lake lignite overnight in a vacuum oven at 210°F was
detrimental for subsequent liquefaction (Tables 7-9). Similarly, air
exposure for longer periods of time, or warm air (140°F) decreased the
conversion considerably (Table 8). The conversions to THF, toluene and
hexane solubles decreased in both cases between 10-15%. Even if water was
removed by azeotrophing it overhead with boiling tetralin using Dean Stark
apparatus, conversions fell in subsequent liquefactions (Table 8). On the
other hand, partially drying the lignite for a short time, only minimal
loss of conversion was seen. Further testing with overnight air exposed
sample showed again no loss of conversion to THF solubles but 15% more
resid (Table 10). More detailed discussion of this experiment is given in
Task 3.1. For a reference, two liquefaction runs were made with retained
samples of lignite from Wilsonville Run 255. As shown in Table 9, the
lignite samples had relatively low moisture levels (1l to 16%), but they
had aged as indicated by reduced liquefaction yields. It cannot be
determined if the aging was due to the Wilsonville handling procedure or

to subsequent storage.

SUMMARY ON COAL DRYING AND AGING

The drying of both Black Thunder subbituminous cocal and Martin Lake

lignite using warm air or vacuum oven was detrimental to subsequent

liquefaction, as was exposure to air for extended periods of time (7 days

oY more).
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Shorter exposures to air showed very little or no loss in conversion,
however, some loss in reactivity of the subbituminous coal or lignite

occurred as indicated by increased resid make.

Task 3.1: Feedstock Effects

Feedstocks

In this task, the liquefaction behavior of various rank coals was studied

and comparisons were made between beneficiated, pretreated and raw coals.

Three feedstock coals used in the program were Illinois No. 6

(bituminous), Wyoming Black Thunder (subbituminous) and Texas Martin Lake

lignite. The feedstock analyses are in Table 11.

Beneficiation

The objectives of the beneficiation study were to remove mineral matter
and unreactive components from the coals prior to liquefaction and

evaluate the liquefaction behavior of the beneficiated samples.

Both physical and chemical beneficiations were used, where the goals and
methods are different. 1In physical beneficiation, the goal is to reduce
mineral matter and unreactive coal macerals (physical discrete

constituents of coal) such as inertinites by size (redistribution of fine

mineral matter) and by gravity separation (inertinite reduction in low
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density fractions). In chemical beneficiation, the goal is to reduce the
level of alkali and alkaline metal cations associated with carboxylic
acids in low rank coals by washing with mild acidic solution (Figure 2).

Both laboratory and bench-scale experiments were conducted.

Laboratory-Scale Beneficiation

Martin Lake lignite samples were beneficiated using a combination of
sizing, aqueous sulfur dioxide treatment, and sink/float density gradient
separation. This work was done in cooperation with Professors A. Davis
and P. Luckie of Pennsylvania State University. The goal was to reduce
the levels of ash and unreactive macerals. The results of this work are

reported in Appendix 1. The major findings are summarized here.

Martin Lake lignite contains 13.4 wt$% ash and 13.3 wt$% inertinite
macerals. Both of these are generally detrimental to liquefaction.
Density gradient separation is often an effective technique for removing
mineral matter. Because the less reactive inertinites are more dense than
the reactive vitrinite and exinite macerals, they can be removed with high
density fraction during density gradient separation. Low rank coals also
contain alkali or alkaline earth metals tied up as carboxylic acid salts
that cannot be removed by density gradient separation. However, Amoco
demonstrated that aqueous SO,-treatment was effective in removing these
metals. The first sample was heavy media separated (< 1.40 specific
gravity) and the ash content decreased to 6.2% but the overall recovery

was only 62%. The second sample was treated with SO, prior to the
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separation and contained only 2.5% with 82% overall recovery. Thus the
combined SO, and density gradient separation produced less ash and had

higher recovery.

Petrographic analyses of the various fractions were performed to determine
the distribution of macerals after the treatment process. As expected,
the reactive vitrinite fractions were concentrated in the < 1.40 specific
gravity fraction and the inertinites were in the heavy (> 1.40

sp. gr.) fraction. The exinites were distributed in both fractions and
seem to be associated to some extent with the mineral matter and cannot,

therefore, be easily removed by density gradient separation.

Bench-Scale Beneficiation

Large-scale beneficiation of Illinois No. 6 coal, Martin Lake lignite and
Spring Creek coal were done at Hazen Research, Inc. (Boulder, Colorado) in
order to prepare sufficient samples for two-stage liquefaction

experiments.

Jllinois No. 6 Coal

Two drums of Illinois No. 6 coal were crushed to pass 8 mesh screen. The
fines (-60 mesh) sample was removed and remaining 8 x 60 mesh sample was
isolated. A sample was set aside for liquefaction tests and the rest was
separated by using heavy media cyclone. Based on laboratory results, a

bulk sample was separated using a magnetite slurry with a specific gravity
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of 1.35, which resulted in a 70/30 split between overflow and underflow
coal product. The ash contents were 6.5% (overflow) and 18.5%
(underflow). The procedure, which includes several steps of screening,
pulverizing, filtering, is in Figure 3. The analyses done by Commercial

Testing and Engineering Co. are in Table 12.

Martin Lake Lignite

Two drums of Martin Lake lignite were beneficiated using a combination of
sizing, density gradient separation and SO,-treatment (Figure 4). The
analyses of the beneficiated lignite samples are given in Table 13. The
ash level in the fines (-60 mesh) was high and thus, these fines could not
be used as a plant fuel in a commercial liquefaction facility. The
treatment of the coarse lignite with aqueous S0, reduced the ash from 13.2

to 10 wt$. The overflow contained 5.6 and the underflow 39.3 wt% ash.

Spring Creek Coal

Spring Creek subbituminous coal was used in Wilsonville Run 258 and was
chosen as a feedstock because of its low ash content of 4%. Although
initial liquefaction results were good, performance rapidly declined, and
the liquefaction catalyst was shown to be heavily contaminated by sodium
salts and coke. The ash levels of Spring Creek cocal were low but one of
the major metals was sodium, which is a powerful catalyst poison. SO,
washing of Spring Creek coal should remove most of the sodium, and size

and density separation could remove additional ash. Because of potential
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large benefits of production of a reactive, super-low ash feed,
beneficiation studies with Spring Creek coal were substituted, with DOE’s

permission, as one of the tests,.

Fresh samples of Spring Creek coal were obtained from Nerco Coal
Corporation. Portions of the coal were pulverized under nitrogen and
subsequently stored at 40°F. The samples were beneficiated by SO,

treating and sink/float density separation.

The product distribution of a bench-scale beneficiation run made with
Spring Creek at Hazen Research, Inc., is shown in Figure 5. Size
separation (Table 14) gave a fines stream with lower hydrogen content (H/C
of 0.83 vs. 0.89) and a higher ash content (6.01 vs. 3.99), which probably
should be used as fuel rather than as a liquefaction feedstock. Because
of the small size of the fines stream, composition of the coarse stream
and the starting feed were similar. Metals present in coarse and fines
streams were quite different, with sodium and calcium enriched in the

coarse sample and iron and silicon depleted in the coarse sample.

Aqueous SO, treatment (Table 15) removed most of the sodium and one third
of the calcium, but did not significantly reduce total ash content. Much
of the calcium was not removed, indicating that calcium was present in the

form of clay minerals, not exchangeable organic carboxylate salts.

Density beneficiation of the SO, treated coal removed some ash in the sink

fraction, showing some selectivity for removal of silicon minerals and
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enrichment of calcium minerals in the float fraction. Ash removal by
density beneficiation was small (3.3% vs. 3.8%), and would not be

economically justified.

SUMMARY ON BENEFICIATION

1. Size separation in combination with gravity (sink/float) beneficiation
is effective in preparing coal for liquefaction. With Burning Star
Illinois No. 6 coal and Martin Lake lignite, crushing followed by
screening to remove fines resulted in coarse fractions that were lower

in ash content than the feed coal.

2. Heavy media gravity beneficiation was shown to be effective for ash
reduction. With bench-scale separation of Illinois No. 6 coal, the ash
content of the float and sink fractions were 6.5 and 18.3%
respectively, while that of the feed was 10.7%. The recovery of the
float fraction was 66% of unit feed. However, recovery can be
increased without a substantial increase in ash content of the float

fraction.

3. With raw Martin Lake lignite in laboratory-scale equipment, the float
and sink fractions contained 6.8 and 18.4% ash, respectively. In this

case, recovery of the float fraction was only 62%.
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4. Aqueous S50, treatment of lignite improved ash removal. With Martin
Lake lignite, about 30% ash removal was achieved in bench-scale runs,
and up to 50% in laboratory-scale runs. Subsequent density separation
resulted in a float fraction containing only 5% ash, and recovery was
about 65% of the overall feed and 75% of that to the gravity unit.
Again, it is likely that these yields can be increased by optimizing

the treatment procedure and cut points.

5. Size beneficiation of Spring Creek subbituminous coal rejected a low-
hydrogen, high-ash fraction. Washing with aqueous SO, removed sodium
and some calcium, but did not significantly decrease ash content.
Density separation gave little additional benefit. Samples severely
degraded in cold storage, which may indicate that Spring Creek coal is

very sensitive to storage and handling.

Liquefaction of Beneficiated Samples of Illinois No. 6 Coal

The objective of experimentation was to evaluate the liquefaction behavior
of the various fractions of beneficiated Illinois No. 6 coal using a two-

stage, continuous flow unit.

EXPERIMENTAL

The analyses of beneficiated Illinois No. 6 coal are given in Table 12.

Portions were pulverized and screened under nitrogen and subsequently

stored at 40°F prior to use.
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The liquefaction solvent (V-203/V-1074) was obtained from the Wilsonville
facility. It was derived from the liquefaction of Illinois No. 6 coal in

Run 257. The analysis of this solvent is given in Table 16.

The bench-scale liquefaction runs were made in AU-51L, which operates in a
once-through, continuous mode with regard to H,, solvent, and coal, and in
a batch mode with catalyst. Each stage functions as a continuous,
stirred-tank reactor (CSTR). Presulfided AMOCAT™ 1C catalyst was used in
both reactors. Operating pressure was 2500 psig, temperatures in the two
stages were 790°F and 740°F, and nominal residence times were 1.5 and 1
hour, respectively. Feed slurries with the samples of Illinois No. 6 coal
were 33/67 coal/solvent. Catalyst was lined out for about one week.
Subsequent samples were run for about three days each. A solvent only

period was also included.

Coal conversion was defined as tetrahydrofuran (THF), toluene, and hexane
soluble material determined by Millipore filtration. Modified ASTM
distillations were carried out with subsequent conversion to atmospheric
pressure. Products were analyzed for C, H (Leco), N (Auto Kjeldahl), S
(X-ray fluorescence), and metals (Inductively Coupled Plasma

spectroscopy/ICP).

RESULTS

Differences in conversion, resid yield, and hydrogen consumption in the

liquefaction of the Illinois No. 6 coal fractions are shown in Table 17.
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The sink fraction produced about 2% less conversion to THF solubles than
the float fraction. This is indicative of a high inertinite content.
However, liquid product from the sink fraction was of very high quality,
containing virtually mno resid. Conversely, product from the float
fraction contained higher boiling distillate but less resid than product
derived from the reference coarse coal. Therefore, sink/float
beneficiation of Illinois No. 6 coal did more than just change the level
of unconverted coal and ash. The removal of some of the mineral
components, which probably had catalytic properties, affected the

upgrading aspects of liquefaction.

The effect of beneficiation is also indicated by the level of hydrogen
consumption. An internal catalyst was present in the sink fraction, as
indicated by hydrogen conspmptions of 6.0% for the sink fraction and 4.7%
for the float fraction. Iron was the likely internal catalyst as shown
from the metals analyses in the unconverted coal solids (Table 18). The
sink sample was enriched in Fe, and to a lesser extent Ca. Lower nitrogen
and oxygen contents of the sink fraction (Table 12) may have contributed

to the resulting higher quality of the resulting liquefaction product.

The product derived from the float fraction was about the same as that
from the reference coarse sample in terms of conversion to the various
solubility fractions and boiling range of products. First, about two-
thirds came from the coarse fraction. Secondly, there may have been an
effect of minerals. The float fraction contained a lower iron content,

which is known to be catalytic. However, the contents of calcium, iron,
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and other metal salts in the float fraction were also lower (Table 18),

and this may have resulted in an offset in conversion.

A reference solvent only period was added near the end of each run to
measure the extent of solvent upgrading. Corrections for solvent
upgrading reactions were subtracted from the reported results (Table 17).
These corrections were assumed to be constant throughout the run, but they
actually should have been larger at the beginning of the run when the
catalyst was fresh. The results given in Table 17 were obtained with
lined-out catalyst, so yields should provide a good basis for evaluating

the beneficiated samples as feedstocks.

A period using reference coarse coal was included after the solvent only
period to study catalyst deactivation. Results from this period (Samples
21-22) gave an unusually high C,-650°F distillate yield, high apparent
conversion (98.9%), and 650°F+ residue that could not be fractionated.
The high yield of light distillate was probably a result of solvent
cleaning of the catalyst prior to this period; such cleaning gives a
temporary increase in activity. Apparent high coal conversion probably
resulted from holdup of solids in the catalyst bed. Because results from
the end-of-run reference sample were not representative, they were not

used.

Elemental analyses of fractions that boiled in the same range were similar

(Table 19) with the exception that the heterocatom content slowly increased

with sample number, reflecting slow catalyst deactivation. All fractions
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boiling below 975°F were low in sulfur (less than 0.1%), and even the
residue (975°F+ and unconverted coal) from the coarse and float samples
contained only about 1% sulfur. Residue from the sink sample contained
over 2% sulfur, which was probably due to mineral matter (pyrites, etc.)
Distilled fractions derived from the sink sample were low in nitrogen,
reflecting either the low nitrogen content of this fraction or the

catalytic activity of the mineral matter.

In summary, differences in elemental analyses of distilled fractions from
beneficiated samples were small. However, there were significant
differences in mineral content and the yields of distillable product from
the beneficiated samples. The float sample was the preferred feedstock
due to its low ash content (6.5%) and high distillate yield. The coal
sink fraction should be rejected in the design of a commercial unit due to
its high ash content (18.3%), even though the product here was especially

light.

SPENT CATALYST ANALYSES

Analyses of spent catalyst recovered from the Illinois No. 6 run are given
in Table 20. The first stage catalyst contained larger deposits of coke
and metals than the second stage catalyst. This first stage catalyst had
lower surface area and pore volume. This difference in catalyst

characteristics is normal for two stage catalytic liquefaction.

Deactivation of the first stage catalyst was severe, but sufficient pore
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volume was available to provide reasonable hydrogenation activity in the

first reactor even at the end of the run.

Liguefaction of Beneficiated Samples of Martin Lake Lignite

The objective was to evaluate the liquefaction behavior of the fractions
of sulfurous acid washed and density beneficiated Martin Lake lignite

using the two-stage continuous flow unit.

EXPERIMENTAL

The analyses of the beneficiated samples are given in Table 13.

Feedstocks differed primarily in ash and sulfur content. Size
beneficiation gave a coarse fraction with 13.1% ash compared to 1l4.6% ash
in the combined feed. The fines fraction contained 23.6% ash which was
enriched in silicon but had a lower amount of iron (Table 21). The SO,
washed coarse fraction contained 10.0% ash, reflecting removal of calcium,
magnesium, sodium, and some iron, but the SO, was retained in the sample,
increasing sulfur by 0.9%. Adsorbed SO, could probably be removed by
additional washing. Subsequent density beneficiation gave a float fraction
with a normal sulfur level. The SO,~treated float fraction contained 5.6%
ash; roughly equal portions of all metals were removed. The SO,-treated

sink fraction was heavily contaminated with magnetite.

All lignite samples were dried under ambient nitrogen and sieved through a

100 mesh screen for liquefaction tests. The liquefaction solvent
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consisted of 650 to 1000°F product that was derived from the liquefaction
of Black Thunder subbituminous coal in Wilsonville Run 258. The analysis

of this solvent, designated V-203/V-1074, is given in Table 16.

Bench-scale liquefaction runs were made in AU-51L in the same manner as
described above for the Illinois No. 6 samples, except that feed slurries
were 25/75 lignite/solvent. Two runs were made; both runs included
periods with sulfurous acid-washed coarse lignite and solvent only periods

at the end to serve as tie points.

RESULTS

Conversion of sulfurous acid-treated lignite to THF solubles was higher
than that of the untreated lignite (Table 22). The second lignite
liquefaction run was made only with samples of sulfurous acid treated
lignite. Surprisingly, conversions of both the sink and float samples
were lower than that of the coarse treated material that was used as their
feedstock (Table 23). The treated sink fraction gave only 82% conversion,

which is consistent with a high inertinite level.

The yield of resid from sulfurous acid-treated lignite was significantly
higher than from untreated lignite, 12% vs. -6%, respectively. The

difference between resid yields in a plant with solvent recycle would not
be as large. In this test, conversion of resid in the solvent was higher

at the beginning of the run, which decreased resid yields from lignite.
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However, there was at least 10% more resid produced from the treated

lignite, regardless of contributions from solvent reactions.

High yields of distillable product, defined as 975°F- liquids, were
obtained from the treated float and sink fractions. In fact, no resid was
recovered from processing the treated float or sink fractions. There was
a large negative resid yield in the case of the sink fraction, indicating
that much of the resid present in the feed solvent was converted in
addition to that generated from the lignite. The sink fraction was
heavily contaminated with magnetite (Table 21), which apparently acted as
an upgrading catalyst. Hydrogen consumption was 2% higher for the
contaminated sink fraction, which suggests that magnetite acts as a

hydrogenation catalyst when present at high levels.

Elemental analyses of the distilled fractions are reported in Tables 24
and 25. 1In general, fractions that boiled in the same range had similar
elemental analyses, with the exception that hetercatom content slowly
increased with sample number, reflecting slow catalyst deactivation. All
fractions boiling below 975°F+ were low in sulfur (less than .03%), and
even the residue (975°F+ and unconverted coal) samples contained less than
1% sulfur. (The high sulfur level in the S0O,-treated feed sample in the
second lignite run is probably an error). Hydrogen to carbon atomic
ratios for products from tie point periods were lower in the second
lignite run (Table 26). Together with lower hydrogen consumption in this
run, the lower H/C ratios are evidence of increased catalyst deactivation

which was confirmed by spent catalyst analyses.
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In summary, the SO,~treated float fraction was the preferred feedstock due
to its low ash content (5.6%) and high distillate yield. The sink
fraction should be rejected as a liquefaction feedstock due to its high
ash content and low conversion. The fines fraction should also be
rejected due to its high ash content (23.6%). Elemental analyses of

distilled fractions from all beneficiated lignite samples were similar.

SPENT CATALYST ANALYSES

Analyses of spent catalysts recovered from the beneficiated Martin Lake
lignite runs are given in Tables 27-28. As in the Illinois No. 6 run, the
first stage catalysts contained larger deposits of metals and coke than
the second stage catalysts. The first stage catalysts also had lower pore
volumes and surface areas, which is normal for two stage catalytic
liquefaction. There was a sizeable difference in catalysts from the two
lignite runs with higher deposits, lower pore volumes, and lower surface
areas in the second run that used all SO,-treated lignite feed. Severe
deactivation in the second run was most likely from initial operation with
the S0,-treated sink fraction, which gave low conversion and may have
caused heavy deposits on the catalyst. In spite of this deactivation,
catalyst from the second run was still able to provide enough
hydrogenation activity to produce a resid-free product from the SO,-
treated float fraction, the last lignite sample in the run. Bimodal
catalysts like AMOCAT™ 1C catalyst have the advantage of good performance
under conditions of severe deactivation, as was demonstrated in the second

lignite run.
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Liquefaction of Beneficiated Spring Creek Coal

EXPERIMENTAL

Feed slurries consisted of 33/67 mixtures of -100 mesh coal in Black
Thunder solvent. The catalyst, molybdenum on sulfated iron oxide powder,
was added directly to the feed (0.7% Fe and 100 ppm Mo/coal). The reactor
temperature was 820°F, with a nominal residence time of 1.5 hours.

Analyses of the beneficiated coal samples are given in Table 15.

RESULTS

Liquefaction of the coarse fraction before SO, treatment and the S0,-
treated coarse fraction were carried out 1.5 years after the samples were
prepared. Although the samples were stored at 40°F under nitrogen (in
plastic buckets), no conversion of the coal was seen in the continuous
pilot plant run. These were the least-reactive samples that ever were

encountered.

CONCLUSIONS ON BENEFICIATION

Illinois No. 6 Bituminous Coal:

1. Reject the fines fraction to reduce levels of mineral matter and
inertinites.

2. Separate a low density (float) fraction to achieve increased

liquefaction yield.




Black Thunder Subbituminous Coal:
1. Beneficiate with aqueous S0, treatment to reduce mineral matter.

2. No advantage for gravity separation.

Spring Creek Subbituminous Coal:

1. Beneficiate with aqueous S0, treatment only if sodium removal is

necessary.

Martin Lake lignite:

1. Reject the fines fraction to reduce levels of mineral matter.

2. Beneficiate with aqueous S0, treatment to remove alkali and alkaline
metals, improve density separation and liquefaction.

3. Separate a low density (float) fraction to achieve increased

liquefaction yield.

Pretreatment of low Rank Coal to Decompose Oxvgenates

Although pretreatment and decarboxylation studies were carried out under
Task 3.3 (Additional Process Developments), the reporting of the results
is done here after beneficiation, where it complements the section for

coal treatments prior to liquefaction.

50
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INTRODUCTION

There are numerous reasons to pretreat low-rank coals to reduce the
content of organically bound oxygen prior to liquefaction. Low-rank coals
are richer in oxygen than bituminous coals, and much of the additional
oxygen is present as carboxylic acid groups and their salts. These groups
bind water strongly, making low-rank coals expensive to dry. Also, water
and metal ions liberated from the salts accelerate catalyst deactivation,
and the metal ions retard liquefaction. Under liquefaction conditions,
decarboxylation liberates CO, that lowers reactor H, partial pressure.

This necessitates scrubbing CO, from recycle gas stream.

Some literature sheds light on the underlying chemistry of decarboxylation
of coal. Steam pretreatment to activate coals for subsequent liquefaction
has been studied by Ross, ) Chao et al.,!?’ and Graff and Brandes.‘® In
each case, conversion of the pretreated coal was significantly enhanced,
although the conditions of the subsequent conversion step differed widely.
Recently, Brandes and co-workers‘®’ elucidated the chemistry responsible
for this activation. Upon treatment with subcritical steam at 320°-360°C,
the oxygen content of Illinois No. 6 coal decreased from 12.84% to 9.20%.
However, a comparison of IR spectra showed that hydroxyl content was
increased by the steam treatment. This was confirmed by O-alkylation,
which indicated that the steam-treated coal contained 7.4 OH’s/100 C’s,
while a sample heated under helium contained only 2.6 OH’s/100 C’s. The
added OH-groups are largely phenols. Brandes, et al.(®) dried their

steam-treated coals at room temperature under a flow of helium. 1In
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contrast, decarboxylated coals were dried overnight at 110°C in the
present work. Also, Ross has observed that hydrothermal activation is

partially transient and can be lost on air exposure.®

Because decarboxylation occurs during the initial stages of liquefaction,
it is likely that partial decarboxylation can be achieved during a presoak
period before liquefaction. Therefore, a limited number of such

experiments was included in the research plan of this project.

Testing in Batch Autoclave

EXPERIMENTAL

Samples of Martin Lake lignite and Black Thunder subbituminous coal were
treated with solvent or water at elevated temperatures using one of the

following conditions:

1) Contacting with water, as above, but with the addition of non-
donor solvent, Panasol (methyl naphthalenes), to prevent air
exposure during solids recovery using a modified agglomeration

technique.

2) Contacting with hydrogen donor solvent, tetralin, to observe the

combined effect of decarboxylation and pre-socaking.
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The pretreatment and liquefaction experiments were carried out in the
300 cc batch autoclave (a standard Autoclave Engineer’s unit with a glass
liner). While heat-up and cooling times were 45 and 60 minutes,
respectively, the vessel was at reaction temperatures of 750°F or more for
only 5 to 10 minutes longer than that of the set reaction time. A total
charge of 75 to 90 g was normally used. When water and panasol were used
for pretreatment, the water was removed as a separate phase, and coal was
retained in the organic phase. Tetralin was added to the organic phase
for the subsequent liquefaction run. Liquefaction reaction products were
analyzed using Soxhlet extraction with toluene, tetrahydrofuran (THF), and
hexane, unless otherwise specified. Selected samples of gases from both
the pretreatment and liquefaction runs were collected over water and

analyzed using gas chromatography.

Caustic pretreatment experiments were made by charging Black Thunder coal
with NaOH solution (1 or 5 wt%) to a batch autoclave, heating at the set
temperature and time, and recovering the product slurry. A portion of the
coal dissolved with the generation of a gel product. This gel was diluted
with water and filtered using a 100 mesh screen. The filter cake was
washed with additional water. The filtrate and wash water were then re-
filtered. The filter cake was partially dried under a vacuum at 100°F. A

sample of the solids was then liquefied in tetralin.

The organic and carbonate carbon contents of the aqueous phase were
determined to observe the level of coal dissolution and to calculate an

overall carbon balance.
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Pretreatment runs using acetic acid were made in a similar manner, but
direct filtration was used to recover the treated coal for sampling and

liquefaction.

RESULTS

Presoaking in Donor Solvent

Laboratory-scale experiments were made in the 300 cc batch autoclave to
observe the effect of presoaking upon decarboxylation and subsequent coal
liquefaction of both Martin Lake lignite and Black Thunder subbituminous
coal. Slurries of coal in tetralin (1/2 ratio) were heated under nitrogen
(50 psig, cold) at temperatures between 400° and 600°F for 30 minutes.

The products were cooled, gases vented and analyzed, and the slurries
reheated for liquefaction using a hydrogen atmosphere (500 psig, cold) at
conditions of about 825°F and 10 minutes. It is noted that the reaction
intermediates were not exposed to air between the presocaking and

liquefaction periods.

The results of the series using Martin Lake lignite are summarized in
Table 29. The conversion of raw lignite to THF solubles was 82.3%, while
those of the presoaked samples were in the range of 81.7 to B4.7%, so
statistically hardly any effect of presoaking at reduced temperatures
followed by liquefaction at 825°F was observed. An effect was seen in the
conversion of coal to toluene solubles. The conversion of raw lignite to

toluene solubles was about 71%, while those of the presoaked samples
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(temperatures of 500° to 600°F) were in the range of 72 to 78%. With low
conversion, there is a quite a bit of variation in measured yields to oils
plus gases (hexane solubles) and to asphaltenes, thus these results will
not be discussed here in any detail. These data are, however, available

in each of the tables for the two coals.

The results of liquefying the pretreated Black Thunder coals are given in
Tables 30 through 32. As shown in Table 30, the conversion of prescaked
(607°F and 30 min.) coal to THF, and toluene solubles was the same as that
of two runs with untreated coal when subsequent liquefa%tion was carried
out at 750°F and 10 minutes. At liquefaction conditions of 810°F and 10
minutes, a slight increase was observed in the conversion of coal to
toluene, and THF solubles as a result of presoaking at 605°F for

10 minutes (Table 31). When the treated coals were liquefied at the more
severe conditions of 825°F and 10 minutes, conversions of raw and treated
coals to THF and toluene solubles were essentially the same with averages

of 87% and 77%, respectively (Table 32).

The above conversion data indicate that there is little advantage to
presoaking Black Thunder coal or Martin Lake lignite in a hydrogen-donor
solvent, such as tetralin, at temperatures up to 600°F. There was a
nominal increase in coal conversion to toluene solubles of about 2% when
the liquefaction runs were made at 810 to 825°F and a short reaction time
of 10 minutes. However, our previous experience from runs made with
different heat-up cycles shows that conversion equilibrates at long

reaction times, such as that used at Wilsonville.. Only the gases released
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during the presoaking stage of the treatment of Martin Lake lignite were
analyzed, as given in Table 33. The release of CO, was about 2.0 wt% CO,
based MAF feed lignite at pretreatment temperatures of 500 and 550°F. The
results of the two runs made using tetralin at 600°F were widely different
with yields of 3.0 wt% (Run 164) and 7.2 wt% (Run 167). There may have
been some un-recorded variation in reactor temperature that accounted for
this difference. A pretreatment run (175) made with Panasol (methyl

naphthalenes) resulted in an intermediate yield of 5.5 wt% CO,.

The gases generated during the Black Thunder presocaking and liquefaction
runs were analyzed. The results are summarized in Table 34. The CO,
released during presoaking increased at higher temperatures as shown in
the following summary. The €O, released during the liquefaction stage is

also shown for reference.

€0, Released During Pretreatment and Liquefaction (Wt% MAF)

Coal Pretreatment, °F Raw 400 500 600
Presoaking -—- 0.8 0.9 1.3
Liquefaction _5.5 3.3 5.1 3.1
Total 5.5 4.1 6.0 4.4 (Avg. 5.0%)

The amount of decarboxylation that occurred during the presoaking of Black
Thunder coal in tetralin in the temperature range of 400 to 600°F was

relatively small. The presoaking stage accounted for less than 25% of the
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total CO, that was generated during the combined presoaking and

liquefaction stages.

Presoaking in Water

Literature indicates that decarboxylation is only advantageous when the

resulting treated coal is handled in the absence of air. To partially

achiieve this, experimentation was undertaken using feed mixtures of coal

{or Lﬁgnite}LWfth'water and Panasol. The goal was to have solvent coat

the cozl particles and provide a means to separate the coal from the

S agueous phase in a manner similar to spherical agglomeration.

The reattor was«chafgéd-aifﬁ/;aouf 20g coal, 5g Panasol, and 40g of water.

The slurry was heated to 600°F for 30 minutes. Typical maximum reactor
e

pressurgg;ééré~ébOQg¥ggEL£fE§. After cooling, removal of most of the -

aqueous phase was carried out, tetralin was added, and the liquefaction

run was made at about B25°F.
. ,ﬂ/ —

The procedure of adding Pamascl to wet cozl for subseguent remeoval of an

quegg§/phése is daifficwlt in laborateory-scale equipment. It was -found

- _

that a number of rums had to be aborted, because excess water remained and

the pressure increased to the meximun rupture disk pressure during the

/74

—~

subsequent liquefactfiom ¥um.

. e
—— ~

liquefaction run_afé/éummarized in Table 35. The levels of conversion of

The results of the smcgfgsful Martin Lake lignite pretreatment and
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treated lignite to THF and toluene solubles were about equal to those of

the reference run made with untreated lignite.

The results of the runs made with Black Thunder coal are given in Table
36. Run 1 was planned to be made at liquefaction conditions of 825°F and
10 minutes; however, excess water remained and the run was terminated
early due to excess reactor pressure. The liquefaction results are
included for reference. Run 8 was made successfully. However, there was
a significant decrease in coal conversion levels as a result of the
pretreatment with water and Panasol. A sizeable amount of time was used
in separating the phases, and the treated coal may have had excess contact

with air.

The gas generated during the aqueous pretreatment of Martin Lake lignite
was analyzed to determine the level of CO, formation. The results are
summarized in Table 37. The yield of CO, at a pretreatment temperature of
500°F was 2.3 wt%, based on MAF coal. The average yield of the 600°F runs
was 5.6 wt%. Within the range of reproducibility (0.6 wt%), the yield was
not affected by the choice of liquid system (water, Panasol, or water plus

Panasol).

The yield of CO, generated during the aqueous pretreatment of Black
Thunder coal at 600°F was 2.8 wtg (Table 38, Run 1). When a sample of
similarly treated coal was liquefied at 825°F, an additional 2.1 wt% CO,
was generated. The total 4.9 wt% was nominally less than the yield of

5.5 wt% generated by the direct liquefaction of untreated Black Thunder
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coal in tetralin. It is noted that the above 2.8 wt% is greater than the

1.3 wt% yield observed when pretreatment took place in tetralin.

The levels of decarboxylation of both Martin Lake lignite and Black
Thunder subbituminous coal were relatively low at pretreatment
temperatures up to 600°F. Yields of CO, were equal to or less than 6 wtx.
This is equivalent to about 4.4 wt% oxygen, or about one-fourth of the
organic oxygen content of the raw low rank coals. For reference, the
yield of CO, approaches 7 wt% during thermal (non-catalytic) liquefaction
of Black Thunder coal in the Wilsonville facility. Therefore, more severe
pretreatment conditions were necessary, and experimentation was conducted

using higher temperatures in the AU-441 continuous flow unit.

Presocaking with Additives

Pretreatment runs were made with Black Thunder coal with added molybdenum
octoate or ferrous sulfate to explore alternate approaches for
decarboxylation and liquefaction. The results of the molybdenum octoate
series are given in Table 39. Runs 71 through 80 were made with the
addition of a solution of molybdenum octoate (The Shepherd Chemical
Company, Cincinnati, OH) at a level of about 2000 ppm Mo on feed slurry.
Conversion of coal to THF and toluene solubles were about equal both with
and without presoaking and with and without additive (Runs 71, 80 and
199). The level of THF solubles of Run 80 appears to be too low
considering the level of toluene solubles. In Runs 74 and 77, coal with

added molybdenum octoate was pretreated with water at 600°F, filtered in a




60
micropore unit, and then partially dried with a stream of nitrogen at
ambient temperature. The liquefaction results indicate that the coal
samples had lost some of their reactivity by the treatment. Perhaps
excessive drying and/or exposure to alr had occurred. These latter
results are consistent with the concept that a process must be developed

in which air exposure is avoided.

The results of experiments made with ferrous sulfate are given in

Table 40. The ferrous sulfate was added as crystalline powder; therefore,
two runs were made using a mild pretreatment (200°F, 30 min) for increased
coal/catalyst contact before liquefaction. These mild pretreatment
conditions were thought to be adequate for activation. Based on the
liquefaction data, there was no benefit gained from adding ferrous sulfate

by this method.

Pretreatment with Acids and Bases

The contacting of low rank coals with acids and bases can significantly
affect subsequent liquefaction; therefore, exploratory laboratory-scale
experiments were undertaken with emphasis toward the pretreatment aspects.
The base used in the preliminary experiments was sodium hydroxide due to
its reactivity in solubilizing low rank coals.® With respect to mild
acid treatment, previously tests were done with low rank coal which was
treated with agueous S50, for cation reduction, so supplemental
experimentation was limited to making runs with acetic acid at 200° and

400°F. For reference, extensive experimentation has been reported!®
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using the addition of hydrochloric acid. While this addition is
beneficial, it has been studied widely and the presence of chlorides is
detrimental for most liquefaction units, which are constructed of

stainless steel. Therefore, no work was done with hydrochloric acid.

The results of the pretreating experiments in which Black Thunder coal was
contacted with aqueous sodium hydroxide solution are summarized in

Table 41. When the runs were made with 1 wt% caustic at 210°F at reaction
times of 5 or 30 minutes, 2 to 4 wt% of the organic portion of the coal
dissolved in the aqueous phase. About 25% of the dissolved material was
C0, as carbonates. Therefore, little decarboxylation occurred. When the
caustic concentration was increased to 5 wt%, about 30% of the organic
portion of the coal dissolved at temperatures of 200° and 400°F. On the
average, 12% of the dissolved organics were carbonates. This is
equivalent to 4.2 wt% of the MAF coal being released as CO,. Again, this
is a fairly low level of decarboxylation considering that Black Thunder

coal contains about 17 wt% organic oxygen.

It was very difficult to recover the solids from the caustic-treated coal
slurries. The dissolved coal formed gel particles that blinded filter
paper. After losing several rumns, it was found that the slurry could be
filtered through a 100 mesh screen. The cake was washed with water, and
the total liquids were then filtered through coarse paper. If a process
was to be developed using this caustic pretreatment step, more research in

the area of solids separation would be necessary.
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Three pretreatment experiments were carried out at a 30 minute reaction
time using 5 wt% acetic acid solution; one at 200°F and two at 400°F. No
appreciable dissolution of organics occurred as indicated by coal/solids
balances of 100.6% through 103.3% (some retention of acetic acid) and a
lack of color in the aqueous phase. The levels of demineralization were
28.2%, 35.2%, and 21.4% with an average of 28.3%. This level is about
equal to 32% observed for aqueous S0, treatment. At ambient temperature,
demineralization with acetic acid is much less effective than that with

S0,.

The analyses of selected samples of the pretreated Black Thunder coals are
given in Table 42. The results fall within a normal distribution with the
exception of that of the sodium hydroxide treated sample in which the H/C
ratio was low and the ash level high. Results given in Table 43 confirm
that sodium retention occurred as a result of caustic treatment, thereby
accounting for the increased ash level. Table 43 also confirms that
pretreatment with acetic acid results in a reduction of alkali and

alkaline earth metals in the product coal.

Samples of the acid and base treated coals were liquefied using tetralin

at 825°F and 10 minutes. The results are given in Table 44,

In comparing the results of Run Nos. 122 with 25, there is an increase of
coal reactivity measured as THF solubles as result of acid treatment.
However, at the higher reaction temperature (825°F), both the THF and

toluene solubles are similar (Run Nos. 46 and 199). Considering
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the above indicated reduction in cation content, there is some
justification for further study of acetic acid treatment. However, since
aqueous S50, treatment was more effective at lower temperatures, no further

work was done with acetic acid.

Treatment with caustic solution does not appear to be beneficial as shown
in Table 44. After Black Thunder coal was treated with 1 wt% sodium
hydroxide solution, conversion to THF and toluene solubles decreased
significantly. This decrease was greater than the 2 to 4% dissolution of
coal into the aqueous phase that occurred during the pretreatment step.

In the case of pretreatment with 5 wt% sodium hydroxide, a sizable
fraction of the coal was dissolved into the aqueous phase (35% at 200°F
and 28% at 400°F; Table 41). If these yields are assumed to be THF
solubles and are normalized into those of the liquefaction runs, the
overall conversions to THF solubles are 80 to 83%. These values are less
than the 88% achieved with liquefaction alone. Considering reduced
overall coal conversion, the difficulty of solid separation in the caustic
treatment step, and the sodium addition to the treated coal solids (sodium
is a liquefaction catalyst poison), no further research in caustic
pretreatment was undertaken in conjunction with donor-solvent coal

liquefaction.

In summary, laboratory-scale pretreating experiments showed little
advantage for presoaking Black Thunder coal or Martin Lake lignite in a

hydrogen-donor solvent, such as tetralin, at temperatures up to 600°F

prior to liquefaction at higher temperatures. Only a nominal increase in
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coal conversion to toluene solubles was observed. The amount of
decarboxylation that occurred during the presoaking of Black Thunder coal
in tetralin in the temperature range of 400 to 600°F was also relatively
small. Experimentation using a bench-scale flow unit at higher reactor
temperatures was undertaken. There was a limited positive effect as a
result of acetic acid pretreatment of Black Thunder coal. A reduction in
cation content of the coal occurred, and there was a nominal improvement
in coal liquefaction. However, aqueous S0, treatment is more effective,
and 1is preferred. No further research in caustic pretreatment was done in
conjunction with donor-solvent coal liquefaction, because overall coal
conversion was reduced, solid separation was difficult in the caustic
treatment step, and sodium (catalyst poison in liquefaction) addition to

the treated coal solids was seen.

Testing in a Continuous Unit

a) AU-44L

Further experimentation was carried out using coal-derived solvent and
Black Thunder coal as feed to the AU-44L continuous-flow unit over a range
of operating temperatures. The primary goal was to determine the extent
of decarboxylation and changes of the structure of the unconverted coal

samples.
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EXPERIMENTAL

Flow experiments were carried out in the AU-44L continuous flow, bench-
scale, liquefaction unit. The unit consists of a heated feed tank, Moyno
slurry recirculation system, Milton Roy high-pressure piston pump,
preheater, 300 cc CSTR reactor, pressure letdown valves, product

receivers, and gas metering systems (Figure 6).

After a line-out operating period, product slurry samples were collected
and analyzed using Soxhlet extraction with toluene, tetrahydrofuran (THF),
and hexane. Elemental analyses of selected fractions were carried out.
Samples of product gases were also collected and analyzed using gas
chromatography. 1In addition, product slurry samples were extracted with
THF alone. The THF insolubles, representing unconverted coal, were dried
in a vacuum oven with nitrogen gas flow at 60°C to minimize thermal

effects. These solids were characterized using FTIR.
RESULTS

Thg initial series of runs were made at a reaction temperature of 600°F
with Black Thunder coal and coal-derived solQent (V-1072, 650-1000°F) at a
ratio of 1:2. The first period had a nominal space time bf about

20 minutes. Molybdenum octoate was added to the feed in the second and
third periods, which operated with space times of 15 and 27 minutes,
respectively. This space time is calculated as the reactor volume divided

by the volumetric feed rate measured at ambient conditions. Considering
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reaction temperature and entrained gases in the reactor, the actual slurry

residence time 1s probably about one-half of the reported space time.

As shown in Table 45, little conversion of the feed coal to THF solubles
occurred at 600°F. The extraction results of the feed and product
slurries are reported on a basis of 100 units of either total slurry or
coal. The "negative" values of the feed slurry resulted because some of
the heavy portion of the solvent was retained in the coal during
extraction. This solvent retention also probably occurred in the
extraction of the product slurries; therefore, higher levels of conversion

of coal to liquids and gases actually occurred than were reported.

As shown in Table 46, conversion of coal to THF solubles increased with
increasing reactor temperature (except from 625 to 650°F). These results

are summarized below, after averaging duplicate extractions:

Temperature, °F 600 625 650 675 700

THF Solubles, Wt% 4.8 9.2 6.3 16.5 24.2

In summary, the liquefaction of Black Thunder subbituminous coal just
starts to get under way at reaction temperatures above 650°F when reactor

residence time is relatively low.

The level of decarboxylation was also relatively low at the above reaction

conditions, as shown in Table 46 and summarized below:
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Temperature, °F 600 625 650 675 700

CO, Yield, Wty MAF 1.1 1.4 1.5 2.1 2.7

It appears that presoaking in coal-derived solvent, or even in tetralin as

discussed above, is not an effective means to achieve decarboxylation.

The study was extended with the use of higher temperatures and the
addition of Molyvan-L (an organometallic compound containing molybdenum,
sulfur, and phosphorus). This additive previously had been shown by Amoco
to be effective for promoting coal liquefaction. Reactions have been
completed in the AU-44L unit at temperatures between 650 and 800°F. The

results are summarized in Table 47.

Coal conversion to THF solubles was in the range of 17 to 70 wt% on an MAF
feed coal basis when Molyvan-L was added to the feed and the nominal space
time was about 30 minutes. A graph of coal conversion to hexane and THF
solubles as a function of reactor temperature is given in Figure 7.

Again, more significant coal conversion starts to occur at reaction

temperatures above 650°F.

Even in the presence of Molyvan-L catalyst, little decarboxylation
occurred at reaction temperatures up to 700°F. The combined yields of CO
and CO, gas were less than 0.5 wt%. As shown in Figure 8 and Table 47,
there appeared to be a step increase in CO, yield as temperature was
increased further. A correlation of CO, generation and coal conversion is

in Figure 9.




To test the above observations and to further describe changes of coal
functionality during liquefaction, selected samples of unconverted coal
(THF insolubles) were analyzed using FTIR. The samples were prepared in
an inert atmosphere as quantitative KBr pellets. Transmission FTIR
spectra were then obtained at 4 cm™® resolution using 1000 scans on a
Mattson Cygnus 100 FTIR spectrometer. The following manipulations were

performed on the spectra:

1. A mild smoothing was done to eliminate spectral
fringing. This smoothing did not distort the broad

spectral absorbances in the carbonyl region.

2. Spectral subtraction of the H-bonded water spectrum
was used to eliminate the absorbance feature near
1630 cm™! due to the bending vibration of water
absorbed or chemically bound to the sample or KBr.

3. Baseline correction was done near 1770 and 1515 cm’?!

endpoints.

4. A curve fitting program ("Curvefit" in Spectra Calc
software from Galactic Industries) was used to fit the

spectra to individual lineshapes (Gaussian/Lorenzian profile).
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The intensities of significant wavenumbers are given in Table 48, and the
assignments of these wavenumbers are given in Table 49. The intensity of
the carboxyl band at 1700 cm™! of the undissolved coal remained
essentially constant up through a liquefaction temperature of 700°F, after
which the intensity dropped by one-half. This is consistent with the CO,
yield data. However, it is noted that the band at 1655 cm™, assigned to
carboxylate salts, did not undergo such a reduction. It’s intensity that

varied somewhat as the coal dissolved.

The ester band at 1735 cm'! essentially disappeared at a liquefaction
temperature of 750°F. The ether and alcohol bands at 1040 and 1100 cm™
remained flat or increased; this is consistent with the occurrence of
cross-linking. The on-set of cross-linking is confirmed by examining the
intensities of the 1010 cm™! band which is attributed to dibenzofuran-type
linkages. The intensity of this band increased by about an order of
magnitude at a point when most (70%) of the coal was dissolved. The
increase is at least twice that which could be attributed to concentrating
all of the dibenzofurans in the unconverted coal if the converted coal

fraction contained none.

The level of aliphatic CH (2900 cm!) varied significantly as the coal was
converted. The biggest change occurred between 700° and 750°F, when the
step in conversion occurred. 1In confirmation, a similar step of intensity
of the 1450 cm™® band (also attributed to aliphatic CH) occurred between

these two temperatures. As anticipated, the aromaticity (1600 cm™!) of
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the unconverted coal fraction increased with increasing levels of

dissolution.

b) AU-135L

Decarboxylation of coal is enhanced by the presence of water and inhibited
by the presence of hydrogen. In AU-44L pilot plant, hydrogen is
introduced before the reactor, which also sweeps water from the coal out
of the system. Hydrogen feed to the pretreatment reactor is not needed in
AU-135L pilot plant, which has independent hydrogen supply to the second
liquefaction reactor. Conditions would be more favorable for
decarboxylation, and liquefaction would be close-coupled, eliminating

problems from storage of unstable decarboxylated product.

EXPERIMENTAL

Analyses of the Black Thunder subbituminous coal feed, obtained from the
mine and ground at the University of North Dakota, are given in Table 50.
Coal sample FCL-135 was used for this test. Liquefaction solvent was a
blend of V-1074 and V-203 liquids from Wilsonville Run 258. The analyses
of the Black Thunder solvent used in these studies, FSN-136, are given in
Table 51. The bench-scale liquefaction runs were made in AU-135L
continuous, two-stage pilot plant with 1-liter stirred autoclave reactors.
Feed slurries consisted of 33/67 mixtures of coal/liquefaction solvent. A
molybdenum on sulfated iron oxide dispersed catalyst was used which was

developed by Wender and Pradhan®. Sulfated iron oxide was precipitated




from a solution of ferrous sulfate with ammonia®, dried at 125°F, ground
to -100 mesh, impregnated to incipient wetness with a solution of ammonium
molybdate in water, dried at 125°F, and used without calcining. Physical
and chemical properties of the catalyst are described in Table 52.
Catalyst was added directly to the feed slurry to give 100 ppm Mo/coal and
0.7% Fe/coal. TPS-20, an oil-soluble sulfiding agent containing 20%

sulfur, was added directly to the feed.

Both stages were operated at 2500 psig pressure. Nominal residence times
were 1-1.5 hours in each reactor. The first stage temperature was varied
from 650-750°F, and the second stage was kept constant at 800°F. The
first stage hydrogen rate was varied from 0-1000 SCFB, and hydrogen was

added to the second stage to maintain a total rate of 5000 SCFB.

Product solubility was determined by millipore filtration, distillate
yields were determined by modified D-86 and D-1160 distillation, and
distilled fractions were analyzed for C, H, S, N, 0, and aromatic carbon
by *C NMR. Unconverted solids were analyzed for metals by ICP

(inductively coupled plasma spectroscopy).

RESULTS

Net yields from coal and hydrogen consumptions are given in Table 53.
Carbon oxide gas yields were about 5%, the same as from liquefaction
without the pretreatment stage, even for pretreatment at 750°F and
essentially zero hydrogen rate in the pretreatment stage. Product resid

yields increased from 12% with no pretreatment to 34% with 750°F
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pretreatment, becoming higher as the temperature of the pretreatment stage
increased. High resid yields indicate that retrogressive reactions during
pretreatment had damaged the reactivity of the coal. Coal conversion to
THF solubles increased from 85.6% (no pretreatment) to 89.7% (700°F
pretreatment). Distillate yields dropped sharply from 48% (no

pretreatment) to 30% (700°F pretreatment).

Analyses of product with and without the pretreatment stage are given in
Table 54. Oxygen analyses are higher for all fractions with pretreatment,
and the H/C atomic ratio of the resid plus unconverted coal is

substantially lower (.80) with pretreatment than without (.84).

CONCLUSIONS ON DECARBOXYLATION AND PRETREATMENT

Presoaking in coal-derived solvent or tetralin, even in presence of
Molyvan L catalyst little decarboxylation occurred at reaction
temperatures up to 700°F. There seems to be a step change at higher
temperature and up to 5 wt% (MAF basis) of CO, is removed at 800°F.
Pretreating Black Thunder subbituminous coal in a low-temperature, low-
hydrogen pressure stage did not reject additional oxygen as carbon oxide
gases. The pretreatment had a strong detrimental effect on resid
reactivity, resul%ing in high resid yields and lower hydrogen content.

Moist thermal pretreatment is not recommended prior to catalytic

liquefaction.
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Feedstock Liguefaction Studies

The objective was to evaluate the liquefaction behavior of three coals of
varied rank: Illinois No. 6 bituminous and Black Thunder subbituminous
coals, and Martin Lake lignite in a two-stage, continuous-flow unit. The
Illinois No. 6 coal run was used as a reference for both feedstock and

first stage catalyst testing.

EXPERIMENTAL

The experimental procedures for Black Thunder coal and Martin Lake lignite

were identical, but differed slightly for Illinois No. 6 coal.

Two drums of Black Thunder subbituminous coal or Martin Lake lignite were
pulverized under nitrogen at the University of North Dakota, Energy and
Environmental Research Center, using a 200 lb/hr Micro pulverizer (hammer
mill with a 325-mesh screen). The coal or lignite was ground twice to
obtain a reasonably fine grind. Sieve fractions of the pulverized sample
are given in Table 55 for Black Thunder and 56 for Martin Lake. The
"pulverized coal or lignite was sieved through a 100-mesh screen at Amoco
to remove large particles (1.65% larger than 100 mesh) that would
interfere with smooth operation of the pumps. The analyses are for both
coal and lignite are given in Table 57. A small sample (20 1b) of the
pulverized coal was exposed to ambient air for three days. This coal

sample was not analyzed, but was used in the liquefaction rums.
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The liquefaction solvent (a blend of V-1074 and V-203 liquids) was
obtained from the Wilsonville facility. It was derived from the
liquefaction of Black Thunder subbituminous coal in Run 258. The same
solvent was also used for the Martin Lake run, since lignite derived

solvent was not available. The analysis is given in Table 51.

In the case of Illinois No. 6 coal, a pulverized sample from Wilsonville
Run 257 was received and tested for reactivity before its use in the

continuous pilot plant.

Samples were liquefied in tetralin (6:1 coal:tetralin) under 2000 psig
flowing hydrogen for 1 hour at 750°F with equilibrium AMOCAT™ 1C catalyst.
Several samples of Illinois No. 6 coal were tested, including an Argonne
Premium sample and a poor-performing sample (DOE-1) originally tried in
the Illinois No. 6 feedstock reference test. Sample DOE-2 was used in the
Illinois No. 6 beneficiation studies reported earlier, and Sample DOE-3
was used in all liquefaction studies on Illinois No. 6 coal in this

contract. Results are summarized in Table 58.

The batch liquefaction test showed that DOE-3 sample gave good
liquefaction yields and should be a good feedstock for the continuous
tests. Sample DOE-1, which gave low conversions in continuous tests, also
gave a low conversion in the batch test. Originally, it was thought that

the DOE-1 sample was contaminated during grinding, but analyses before

grinding were very similar to those after grinding (Table 59). The
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unreactive DOE-1 had low H/C ratio, low sulfur and oxygen and high

nitrogen content.

Complete analyses of the Illinois No. 6 coal feed for the continuous tests
(DOE-3) are given in Table 57. The pulverized coal was sieved through a
US 100-mesh screen and stored in plastic bags under nitrogen in a sealed
barrel. Liquefaction solvent (a blend of V-1074 and V-203 liquids) was
obtained from the Wilsonville facility. It was derived from the
liquefaction of Illinois No. 6 coal in Run 257. The analysis is given in

Table 16.

The bench-scale liquefaction runs for Black Thunder and Martin Lake were
made in a two-stage unit, AU-51L (Figure 10), which operates in a once-
through, continuous mode with regard to H,, solvent, and coal and in a
batch mode with regard to catalyst. Each stage functions as a continuous,
stirred-tank reactor (CSTR). Presulfided AMOCAT™ 1C catalyst was used in
both reactors. Operating pressure was 2500 psig, and temperatures in the
two stages were 790°F and 740°F, and nominal residence times were 1.5 and
1 hour (0.1-0.15 kg coal/sec/m® catalyst), respectively. Feed slurries
with the samples of Black Thunder coal or Martin Lake lignite were 33/67
coal/solvent. For the Black Thunder coal run, the catalyst was lined out
for 17 days with normal feed, then the air-oxidized sample was tested for
three days. The run was ended with a solvent-only period. For Martin
Lake lignite, the catalyst was lined out for 13 days with normal feed

>

then air-oxidized sample was tested for three days, followed by a three-
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day solvent only period and the run was ended with a three-day normal feed

period.

AU-135L used for the Illinois No. coal run is virtually identical to
AU-51L. Again presulfided AMOCAT™ 1C was used in both reactors.
Operating pressure was the same as previously (2500 psig) but the
temperatures were 790°F and 760°F, instead of 740°F in the second stage.
Higher second-stage temperature was used in order to increase the yields
of distillable liquids. Again feed slurries were 33/67 coal/solvent. The
run was operated with slurry feed for 18 days and then ended with a three-

day solvent-only period.

Coal conversion was defined in terms of tetrahydrofuran (THF), toluene,
and hexane-soluble material as determined by Millipore filtration.
Modified ASTM distillations were carried out with subsequent conversion to
atmospheric pressure. Products were analyzed for C, H [Leco], N [Auto
Kjeldahl], S [X-ray fluorescence], and metals [inductively coupled plasma

spectroscopy (ICP)].

The distillation end point was decreased from 975 to 935°F for Illinois
No. 6 run and all subsequent continuous runs to improve the precision of
the resid/heavy distillate cut. Residence time in the reboiler of the two
stills was different, leading to different amounts of cracking at high
temperature. Limiting the maximum temperature of the reboilers should
reduce the amount of cracking and give better agreement in results from

the two stills. 1In addition, one of the vacuum pressure sensors was
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replaced because the zero drifted rapidly. Both sensors were calibrated
more frequently to ensure reproducibility of distillation results. Even
with the improved apparatus and procedures, distillate yields from coal
are subject to about 5% error because coal is only 30% of the feed and
product distillations are accurate to about * 1%. Several distillations

for this run were repeated, and the new distilled samples were analyzed.

RESULTS

a) Black Thunder Subbituminous Coal

Conversions, yields of distilled fractions, gas yields, and hydrogen
consumptions are shown in Table 60 and B-1 in Appendix. Product from the
fresh samples of Black Thunder coal contained no resid and over half of
the liquid distilled below a 650°F end point. The amount of 650°F
distillate remained constant throughout the run, in spite of catalyst
deactivation (Figure 11). Calculated resid yields for the fresh samples
were negative because more resid from the solvent was converted early in
the run when the catalyst was fresh (corrections for solvent reactions
were determined with aged catalyst at the end of the run). Hydrogen

consumption remained constant for the fresh coal samples.

Coal conversion to THF solubles was 86%, which is on the low side of the
86-95% conversion range observed at Wilsonville in Runs 258 and 260,

presumably because reactor temperatures were fairly low (Stage 1 was

790°F, and Stage 2 was 740°F). These conversions are similar to
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Wilsonville periods 260-E and 260-F (C/T at 790/797°F and 775/804°F,
respectively), but no resid was produced in this C/C run (Wilsonville
260-E and 260-F gave 6% and 9% resid). Resid conversion is clearly

improved by the presence of catalyst in both reactors.

Compared with the Wilsonville results, however, C,~-C; gas yields are
higher in this C/C run, 8-9% vs. 5-6%, leading to higher hydrogen
consumption (6.2% for this test vs. 5.6% for Wilsonville 260-E and 5.4%
for Wilsonville 260-F). The cost of higher hydrogen consumption may be
acceptable, however, because distillate yields are very high (63% 975°F-
material, assuming zero resid make) for C/C liquefaction. Tt may be
possible to operate at higher temperatures in the C/C mode with a
dispersed molybdenum catalyst to further increase coal conversion. A C/C
liquefaction test with a molybdenum catalyst was done as part of the

first-stage catalyst program.

There was a lot of scatter in yields of 650-975°F distillate and 975°F+
resid, as shown in Figure 11. This has been shown to depend on the time
that the distillation flask is kept above 600°F. One of the two
distillation stands was slower and invariably produced less resid (more

thermal cracking). This source of error was corrected in the next runs.

The air-oxidized sample gave about the same conversion but more resid than
the fresh sample (10.6% 975°F+). Hydrogen consumption was lower for the
oxidized sample, which is consistent with the lower reactivity of the

liquid. Also, the oxygen content was very high, 4.9%, for the resid and
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unconverted coal from the oxidized sample compared with 2.3-3.1% for the
fresh coal (Table 61). Oxygen in the resid and unconverted coal is
determined by difference and is subject to higher-than-average error, but
triplicate analyses were obtained for the oxidized sample and all showed
high oxygen in the residue. The high oxygen and low resid conversion may
indicate retrogressive reactions that lowered the reactivity of the
oxidized Black Thunder sample. Elemental analyses of other distilled

fractions were similar for the fresh and oxidized coal.

Spent Catalyst Analysis

Analyses of spent catalysts from the Black Thunder reference run are given
in Table 62. As in most C/C liquefaction runs, deposits were higher on
the first-stage catalyst. Surface areas were reasonably high for both

catalysts.

b) Martin Lake Lignite

Conversions, yields of distilled fractions, gas yields, and hydrogen
consumptions are shown in Table 63 and B-2 in Appendix. Product from
Martin Lake lignite was very light, giving no resid, except in the last
period where the catalyst may have been deactivated by operation with the
oxidized lignite sample. Half of the product boiled below 650°F, and 10-
15% C,-360°F distillate was recovered. Yields of C,-360°F and 650-975°F
distillates were fairly constant throughout the run for fresh lignite

samples, in spite of catalyst deactivation (Figure 12). The 350-650°F
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distillate yield was low at the end of the run, which could also be from
catalyst deactivation. Additional evidence for catalyst deactivation was
seen in the hydrogen consumption, which was 1% lower for the fresh lignite
sample at the end of the run compared with the same sample in the middle

of the run.

Conversion was not particularly high at 82-87%; however, it is still
better than the 80% conversion achieved with Martin Lake lignite, the C/C
portion of Wilsonville Run 255. The Wilsonville C/C test used Shell 324
catalyst and our test used AMOCAT™ 1C catalyst. Conversion might be
increased with AMOCAT™ 1C catalyst by raising temperatures in one or both
of the reactors, which operated at 790 and 740°F. The AMOCAT™ 1C catalyst
can be used at as high a temperature as 810°F with acceptable deactivation

rates.

It iIs difficult to compare distilled product yields with those from the
T/C portion of Wilsonville Run 255 (the C/C portion of this run was too
unstable to get accurate yields), because organic losses in the CSD were
quite high (20-22%) for most of the run. Even so, resid yields were
significant, 7.5% for period 255-A, at Wilsonville. This C/C test with
AMOCAT™ 1C catalyst gave less than 20% resid plus unconverted coal, which
is a distinct improvement over the results at Wilsonville, 20% losses plus

7.5% resid, but a different solids separation process would have to be

used in view of unstable CSD operation with C/C liquefaction of lignite.
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Sulfur levels in the distilled fractions were less than 0.02 wt% and were
less than 0.8 wt% in the residue (Table 64). The resid plus unconverted
coal fraction could be used as a low-sulfur boiler fuel. Nitrogen in the
distillate was relatively high at 0.4~0.5 wt% for all the fractions, which
would require significant hydrotreating. The resid plus unconverted coal

contained about 0.8 wt% nitrogen.

The air-oxidized sample produced 15% more resid than the previous fresh
sample at the expense of 650-975°F distillate (Table 63) and also gave 6%
€O, compared with 3% CO, from the fresh feed. The resid contained 2.9%
oxygen from the oxidized lignite compared with 1.6% for fresh lignite.
(Note that sample 4 also has high oxygen in the resid, but the first-stage
reactor heater was off and conversion was low). Air oxidation of lignite
is clearly detrimental, giving higher resid yields without affecting
conversion. Substantial oxidation of the lignite occurred, giving enough
additional oxygen to measure in the resid fraction and increase production

of carbon dioxide gas.

Spent Catalvst Analysis

Analyses of spent catalyst from Martin Lake lignite reference run are
given Table 65. Deposits were higher in the first-stage than in

the second-stage catalyst, which is normally observed for C/C runs. The
low pore volume, low surface area, and high carbon deposits indicate
severe deactivation of the first-stage catalyst. Calcium deposits are

also high on the first-stage catalyst. Generally, catalyst from both
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stages was in worse shape after liquefaction of Martin Lake lignite than

after liquefaction of Black Thunder coal (Table 62).

¢) Tllinois No. 6 Bituminous Coal

Results here reflect the new analyses (different distillation) which gave
higher resid yields, different heteroatom analyses, and lower hydrogen

consumption than described previously with beneficiated coals.

Conversions, yields of distilled fractions, gas yields, and hydrogen
consumptions are shown in Table 66 and B-3 in Appendix. The operation of
the pilot plant was very smooth until about 300 hours on-stream, when a
valve handle came loose and led to complete opening of the product
receiver, which was not apparent until the end of the run. Solids were
retained in the unit after the valve malfunctioned, giving low apparent
coal conversions at the end of the run. Thus, the data points taken

before 300 hours of operation are the most reliable.

A significant amount of resid was produced from Illinois No. 6 coal, and
the yield of resid is fairly steady except for initial periods. The
production of C,-360°F, 360-650°F, and 650-935°F distillate decreased
slightly as the catalyst aged (Figure 13). Distillate ylelds were steady,
indicating that the revised distillation procedure gave good results.
Yields for light hydrocarbon and carbon oxide gases were low, similarly

hydrogen consumptions were also low.




83
The analyses of the products (Table 67) showed a steady increase in oxygen
and nitrogen levels in distilled fractions as the catalyst aged. The
hydrogen and sulfur content of the distilled fractions was relatively
steady after initial catalyst deactivation. Carbon and hydrogen elemental
analyses were repeated on a new Perkin Elmer instrument, and total
elemental analyses are consistently near 100%, which is an improvement

over earlier results from a Leco instrument.

Overall, results from Illinois No. 6 coal showed good conversion to
liquids, but a high-boiling product was produced. Once-through yields
from coal are reported in Table 66, and about 10% of the resid would be
converted during solvent recycle. Allowing for recycle, resid yields are
still about 30%, which is too high by Wilsonville standards. Reaction
severity must be increased. Higher reaction temperatures are the cheapest
way to increase severity, but a supported catalyst like AMOCAT™ 1C
deactivates rapidly at high temperatures. Upper temperature limits for
use of this catalyst were not previously known and a study of the use of
this catalyst at high temperature was completed as part of the first stage

catalyst program.

Spent Catalvst Analvsis

Spent catalyst analyses are reported in Table 68. Two thirds of the
surface area were lost in the first stage catalyst, in spite of the
moderate operating temperature of 790°F. Loss of the surface area is

normal for first stage catalysts and was also seen for the Martin Lake
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lignite and Black Thunder feedstocks. This could be a consequence of the
presence of large, low-solubility coal liquids in the first stage. Second
stage catalyst retained most of its original surface area. A significant
amount of coke was measured on the first stage catalyst. Metal deposits
from coal ash were low except for 1.5% titanium on first stage catalyst.
Most of the ash components were removed with unconverted coal. Although
the molybdenum content of the spent catalyst samples is low, the ratio of
molybdenum to aluminum is fairly constant for fresh and spent samples,

indicating that loss of molybdenum has not occurred.

Comparison of Feedstocks

This section compares yields and product quality from Black Thunder
subbituminous coal, Martin Lake lignite and Illinois No. 6 bituminous coal
for C/C liquefaction with AMOCAT™ 1C catalyst. First stage temperatures
were 790°F, and second stage temperatures were 740°F for the low rank
coals and 760°F for Illinois No. 6 coal. Process conditions were similar
for all three feedstocks, which allowed comparison of coal reactivities,
but did not give optimum yields for any of the feedstocks. Results of
these tests and other work show that for liquefaction of the lignite and
subbituminous coal, an iron catalyst is required to give high conversion
of THF insolubles, and supported catalyst may not be needed in both
reactors. When resid conversion is limiting the performance, supported
catalysts in both stages may be beneficial. However, deactivation of

supported catalysts is extremely rapid. For Illinois No. 6 coal, highef

severity is needed to increase resid conversion.
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Product yields were calculated two ways. Yields in Table 69 include
contributions from coal and solvent reactions, and are the best that could
be achieved with solvent recycle. Resid yields that appear negative
resulted when there was less resid in the product than in the original
solvent (Black Thunder and Martin Lake): net resid would be zero in
actual recycle operation. Once-through yields from coal, with corrections
for solvent reactions, are given in Table 70. Actual yields will be
between corrected (once-through) and uncorrected values. Recycle results
will be closer to corrected values (Table 70) for low rank coals and
closer to uncorrected values (Table 69) for Illinois No. 6 coal. General
conclusions about feedstock reactivities and yield structures are the

same, regardless of which set of numbers is used.

Illinois No. 6 coal gave the highest total liquid yield, about 80%, and
the highest conversion, 93%, but the product contained a significant
amount of resid. Both low rank coals gave low conversion (85-87%) and
lower liquid yields (57-59% C,-975°F+), but products contained no resid.
The high oxygen content of the low rank coals and low conversion
contributed to the low liquid yields. Hydrogen consumption was high for
the low rank coals, which is consequence of the high C;-C; gas make, light
product formation, and hydrodeoxygenation. Hydrogen consumption could be
decreased by use of catalyst in only one reactor or by rejecting oxygen as

carbon dioxide.

Martin Lake lignite produced the lightest product: most of it distilled
below 650°F. Black Thunder subbituminous coal gave product with the

lowest sulfur: less than 0.2% sulfur in the resid plus unconverted solid
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fraction. Illinois No. 6 coal gave the highest conversion to liquids, and

the heaviest product.

Spent AMOCAT™ 1C catalysts from the first stage from the three feedstocks
are compared in Table 71. Spent catalyst from Martin Lake lignite showed
the greatest deactivation, retaining very little surface area (17 m?/g) or
pore volume, and containing the highest coke levels (33%). Spent first
stage catalyst from Martin Lake lignite should have very low activity.
Spent catalysts from Black Thunder subbituminous coal and Illinois No. 6
coal have coke levels, surface areas, and pore volumes that are typical of
spent first stage catalysts. The spent catalysts from Black Thunder run
contained 0.4% sodium, which suggested that sodium poisoning of active
sites could be significant during extendéd use with this feed. The
catalyst from Martin Lake lignite test co;tained 2% calcium. Spent first
stage catalyst from Illinois No. 6 coal contained 1.6% titanium. Spent
first stage catalysts from both low rank coals had significant iron
deposits, which may indicate the presence of ion-exchanged iron in the

parent coals.

Spent catalysts from the second stage all had high surface areas, high
pore volumes, low coke levels, and low levels of metal deposits. All
spent second stage catalysts should have good activity. Complete analyses
of spent first and second stage catalyst samples are given in Table 62

(Black Thunder), Table 65 (Martin Lake lignite), and Table 68 (Illinois

No. 6).
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CONCLUSIONS ON FEEDSTOCK

Feedstock tests showed that Black Thunder subbituminous coal and Martin
Lake lignite gave lighter products than Illinois No. 6 coal at similar
process conditions (C/C liquefaction with AMOCAT™ 1C catalyst at 790/740-
760°F). The C/C liquefaction process was probably too severe for Black
Thunder and Martin Lake especially due to long residence times in this
study, however, and use of supported catalyst in only one stage is
recommended. In addition, supported catalyst should not be used in the
first stage for liquefaction of Martin Lake lignite because deactivation
is severe. The conversion of Black Thunder subbituminous coal and Martin
Lake lignite could possibly be increased by using a dispersed iron
catalyst. Use of supported catalyst in the first stage only and use of
dispersed iron with Black Thunder feed was tested as part of Task 3.2.1

First-Stage Catalysts.

Conditions were not severe enough for high resid conversion with Illinois
No. 6 coal. Severity can be increased by raising the temperature, but
catalyst deactivation will increase as the temperature is raised.
Dispersed catalysts can be used successfully at high temperature, and may
be preferred in the first stage where catalyst deactivation is most
severe. A high-temperature C/C liquefaction of Illinois No. 6 coal with
AMOCAT™ 1C catalyst and a test with dispersed catalyst in the first stage
with Illinois No. 6 coal feed were completed as part of Task 3.2.1 First

Stage Catalysts.
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Task 3.2.1: First Stage Catalysts

The objective of experimentation was to evaluate first stage catalysts for
liquefaction of Illinois No. 6 coal and Black Thunder subbituminous coal

using a two-stage, continuous-flow unit.

First Stage Catalyst Tests with Illinois No. 6 Coal

Several different catalysts and their combinations were tested with

Illinois No. 6 coal:

- AMOCAT™ 1C at high temperature
- Molyvan L/AMOCAT™ 1¢
- Molyvan L or molybdenum octoate
- Novel dispersed catalysts
Molybdenum carbide, molybdenum nitride
Wender’s sulfated iron oxide/molybdenum
Sandia powdered hydrous titanate (discussed in Task 3.2.3)
- Sandia thin film titanate on AMOCAT™ alumina (discussed in Task

3.2.3)

INTRODUCTION

Illinois No. 6 coal served as the reference liquefaction feedstock at the
Advanced Coal Liquefaction facility in Wilsonville, Alabama, for several
years. The process evolved over time from single-stage, high-severity to
two-stage, moderate severity. Significant improvements were made in coal

conversion, energy rejection during solids separation, distillate yield,
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and coal throughput. The best results were obtained using a new catalyst,
EXP-A0-60 (with a pore structure similar to AMOCAT™ catalysts), in the

two-stage catalytic process.

High-temperature use of AMOCAT™ 1C catalyst at Wilsonville was frequently
proposed as a way of increasing both resid and coal conversion. Amoco has
consistently recommended a 810-820°F maximum operating temperature for
AMOCAT™ 1C catalyst. This temperature limit was determined in earlier
work with other versions of AMOCAT™ catalysts that differed in pore
structure (less macroporosity), extrudate, diameter, and other properties.
An evaluation of the high-temperature performance of the new generation of
AMOCAT™ 1C catalyst was undertaken to test the validity of the old
temperature limits. The Illinois No. 6 reference test had shown
considerable coke deposition on the first stage catalyst at 790°F, but
modest coke deposition on the second stage catalyst at 760°F. The high-
temperature run pushed the capacity of the second stage AMOCAT™ 1C

catalyst with the first stage at 800°F and the second stage at 860°F.

Because it is becoming increasingly difficult to develop a new supported
catalyst that gives a large beneficial effect on process economics, oil-
soluble molybdenum catalysts were tested for liquefaction of Illinois

No. 6 coal in place of the supported catalyst in one or both stages. The
use of oil-soluble catalysts would simplify the reactor design and
decrease its cost. Molyvan L (8% Mo, $3.20/1b.) and molybdenum octoate
(8% Mo, $2.00/1b.) are commercially available oil-soluble lubricant
additives. Molyvan L was used as a first stage catalyst for liquefaction
of Black Thunder coal in Wilsonville Run 262 and 263 (Shell 324 in

stage 2). In this work, the use of Molyvan L and molybdenum octoate for
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liquefaction of Illinois No. 6 coal was examined. Results were very
promising, suggesting that oil-soluble molybdenum compounds are good
alternative catalysts for a Wilsonville-type process with Illinocis No. 6

coal feed.

EXPERIMENTAL: FEEDSTOCK DESCRIPTIONS AND TEST METHODS

Analyses of the Illinois No. 6 coal feed, from Wilsonville Run 257, are
given in Table 57. Liquefaction solvent was a blend of V-1074 and V-203
liquids from Wilsonville Run No. 257. Its analysis is given in Table 1l6.
The bench-scale liquefaction runs were made in AU-135L continuous, two-
stage pilot plant with l-liter stirred autoclave reactors. Feed slurries
consisted of 33/67 mixtures of coal/liquefaction solvent. Molyvan L or
molybdenum octoate was added to the feed tank without additional sulfiding
agent. Two runs with dispersed catalyst were completed, one with
Molyvan L added to the feed as the first stage catalyst and

AMOCAT™ 1C catalyst in the second reactor, and one with Molyvan L or
molybdenum octoate and no supported second stage catalyst. AMOCAT™ 1C
catalyst was presulfided with 8% hydrogen sulfide in hydrogen before use.
Product solubility was determined by millipore filtration, distillate
yields were determined by modified D-86 and D-1160 distillation, and
distilled fractions were analyzed for C, H, S, N, 0, and aromatic carbon
by 3C NMR. Unconverted solids were analyzed for metals by ICP

(inductively coupled plasma spectroscopy).
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Illinois No. 6 Coal: High-Temperature Test with AMOCAT™ 1C Catalyst

Operating pressure was 2500 psig and temperatures in the two stages were
800°F and 860°F, and nominal residence times were 1.5 hour in each stage
or 3.0 hour overall. The run was 11 days long. A solvent-only period was

not included.
RESULTS

Yields for the high-temperature run are compared with yields from the
Illinois No. 6 reference run in Table 72 and Figure 14. Resid yields were
low when the catalyst was relatively fresh, but increased at the end of
the run because of severe catalyst deactivation. It should be noted that
catalyst deactivation for the reference run was modest. Gas yields (C;-
C;) were high. Except for the initial period where catalyst activity was
high, liquefaction with AMOCAT™ 1C catalyst at 800/860°F did mot improve

results compared with liquefaction at 790/760°F.

Distilled product analyses for the high-temperature and reference runs are
compared in Table 73. The product from the high-temperature run had less
nitrogen, sulfur, and oxygen when the catalyst was fresh, but performance
declined sharply as the catalyst aged. At the end of the run, the
hetercatom content of distilled fractions was the same as or higher than
from the reference run. The product from the aged catalyst actually
contained less hydrogen than the product contained when the catalyst was
fresh. At high temperature, the equilibrium is shifted toward
dehydrogenation, and an active catalyst will increase rates of

dehydrogenation as well as hydrogenation. At the end of the run when the
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catalyst was severely deactivated, the product was more hydrogen rich

because dehydrogenation rates were slow.

Spent catalyst analyses are given in Table 74. Because stirred autoclave
reactors have a large liquid volume compared with the catalyst volume,
thermal reactions are more important in AU-135L pilot plant than at
Wilsonville. Catalyst in AU-135L accumulates more coke at a given
operating temperature than the catalyst in Wilsonville reactors. Relative
catalyst coking rates in the two units are not known, but it is probably
safe to say that a catalyst can be used at 10-20°F higher temperature at
Wilsonville than in AU-135L. Even the small increase in first stage
catalyst temperature from 790 to 800°F caused an increase in carbon
deposits from 25% to 40%, a decrease in surface area from 65 to 29 m?/g,
and a decrease in pore volume from 0.16 to 0.08 cc/g. The higher first
stage temperature increased Fe and Ca deposits but decreased Ti deposits.
Based on these results, AMOCAT™ 1C catalyst should not be used above
820°F in the first stage at Wilsonville type of operation, typically with

short residence times.

Spent second stage catalyst was in worse shape. Compared with the
reference second stage catalyst at 760°F, carbon deposits at 860°F
increased from 9% to 45%, the surface area decreased from 151 to 10 m?/g,
and the pore volume decreased from 0.38 to 0.03 cc/g. Second stage
catalyst deactivation was much too severe at 860°F. Metal deposits were
not much different at the high temperature. Coke deposits on the catalyst
were the limiting factor for high-temperature operation of the second

stage, which should be kept well below 860°F.
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SUMMARY

Use of AMOCAT™ 1C catalyst above 820°F for the first stage reactor of a
close-coupled two stage direct liquefaction is not recommended. 1In the
first stage, catalyst deactivation increased significantly with a 10°F
increase in reactor temperature near the high-temperature limit.

Operation of the second stage at extremely high temperature (860°F) is not
recommended because catalyst coking was severe. Overall, deactivation was
rapid in the high-temperature run and net results were worse than from the

reference run because more light hydrocarbon gases were produced.

I1iinois No. 6 Cozl: Molyvan L Stage 1/AMOCAT™ 1C Stage 2

Liquefaction of Illinois No. 6 coal may place greater demands on the
catalyst for hydrogenation of aromatics than liquefaction of Black Thunder
coal. This test used Molyvan L in the first stage and AMOCAT™ 1C
catalyst in the second stage to keep hydrogenation activity high. Feed
slurries contained 800 ppm of Molyvan L (192 ppm molybdenum as a fraction
of coal). Operating pressure was 2500 psig, temperatures were 800-820°F
for the first stage and 760 °F for the second stage. Nominal residence
times were 1.5 hour in each stage or 3 hours overall. The run was
operated with slurry feed for 15 days and then with solvent-only feed for

6 days.
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RESULTS

Product yields are compared with those from the reference run with
AMOCAT™ 1C in Table 75 and Figure 15. The run with Molyvan L in the
first stage is labelled T/C, and the reference run with AMOCAT™ 1C
catalyst in the first stage is labelled C/C. The resid yield was lower
with Molyvan L (800°F) than with AMOCAT™ 1C (790°F) catalyst in the first
stage (15% vs. 28%). Resid yield decreased to 7% with Molyvan L when the
first stage temperature was raised from 800 to 820°F. Heavy distillate
(650-935°F) increased from 5% to 13% with Molyvan L, and yields of 360-
650°F distillate increased at the higher first stage temperature from 35%
to 43%. Hydrocarbon gas yields and hydrogen consumption increased

slightly at 820°F.

Analyses of distilled products are given in Table 76. AMOCAT™ 1C
catalyst in the first stage gave better hydrogenation and heteroatom
removal in the lightest (360-650°F) fraction than Molyvan L. This result
is not surprising because smaller pore catalysts are more effective for
hydrotreating light distillate fractions. The Molyvan L acts like a very
large-pore catalyst and does not very effectively hydrotreat light

fractions.

Product yields from solvent-only periods showed similar trends (Table 77).
Resid conversion and distillate yields were higher from Molyvan L (first
stage 800°F) than from AMOCAT™ 1C (first stage 790°F). Resid conversion
and distillate yield increased with Molyvan L in the first stage at 820°F.

Product analyses from solvent-only periods, Table 78, showed better
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hydrogenation of 650-935°F distillate, which was also seen with

AMOCAT™ 1C catalyst in the first stage.

Spent second stage catalyst analyses are given in Table 79. With

Molyvan L in the first stage, the second stage catalyst was in worse shape
than when it was protected by AMOCAT™ 1C first stage catalyst. Carbon
levels were higher (25% vs. 8%), the surface area was lower (84 vs.

151 m?/g), as was the pore volume (0.21 vs. 0.38 cc/g), and metal deposits
were higher. Solids appear to deposit on the first supported catalyst
that is available. 1In fact, spent second stage catalyst from the run with
Molyvan L is similar to spent first stage AMOCAT™ 1C catalyst. The
second stage catalyst replacement rate would have to increase if Molyvan L

was used in the first stage.

SUMMARY

Overall, a process with Molyvan L catalyst in the first stage and
AMOCAT™ 1C catalyst in the second stage gave a higher distillate yields
than a process with AMOCAT™ 1C catalyst in both stages. Because

Molyvan L catalyst can be used in a less expensive slurry reactor, it
would be the preferred first stage catalyst for liquefaction of Illinois
No. 6 coal. With Molyvan L in the first stage, deactivation is more rapid
for supported second stage catalyst, and the catalyst addition rate would
have to be increased. Also, hydrogenation of light distillate was not as

good, which would require additional hydrotreating.
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Illinois No. 6 Coal: Dispersed Molybdenum Catalysts in Stages 1-2

Molyvan L or molybdenum octoate were tested without supported catalyst for
liquefaction of Illinois No. 6 coal at 192 ppm and 84 ppm Mo:coal (64 and
26 ppm Mo:slurry) for Molyvan L, and 96 ppm Mo:coal (32 ppm Mo:slurry) for
molybdenum octoate. Operating pressure was 2500 psig and temperatures
were 800-820°F for both reactors. The nominal residence times were 0.75-
1.5 hour in each stage or 1.5-3.0 hours overall. Each set of conditions
was maintained for 3 days to obtain representative samples. At the end of
the run, a solvent-only feed was processed with Molyvan L catalyst (48 ppm

Mo:solvent).

RESULTS

Product yields from all conditions were good (Table 75, columns labelled
"slurry"). Resid yields were 3-8%, C,-935°F distillate yields were 66~
72%, and coal conversions were 94-96%, which was as least as good as from
the first stage test with Molyvan L. Hydrogen consumption was somewhat
lower (4.8-5.7%) than from AMOCAT™ 1C (5.6%) or for first stage Molyvan L

(5.4-6.1%).

Product yields did not change when the molybdenum level was decreased from
192 ppm to 84 ppm. Product yields were also unchanged when the residence
time was decreased from 3 to 1.5 hours and the temperature was raised from
800 to 820°F. 1In this study, molybdenum octoate gave less resid than
Molyvan L at the same conditions and would be the preferred oil-soluble

molybdenum catalyst because it is less expensive.




97
Distillate product quality, Table 76, was not as good as when AMOCAT™ 1C
catalyst was present. Nitrogen and oxygen levels were higher, but sulfur
and hydrogen levels were about the same. It is interesting to note that
the resid plus solid fraction has a higher H/C ratio (0.98) with Molyvan L
catalyst at 800°F than with AMOCAT™ 1C catalyst (0.95-0.96). It seems
that there is better hydrogenation of the heaviest components with
Molyvan L. At reactor temperatures of 820°F, the H/C ratio of the resid
plus solids fraction dropped to 0.92, reflecting a shift in equilibrium
toward dehydrogenation. Molybdenum octoate was not as active for

hydrogenation of resid plus solids, giving a H/C ratio of 0.91 at 800°F.

Unlike results from coal, solvent-only periods with Molyvan L did not show
higher resid conversion than for runs with AMOCAT™ 1C catalyst (Table

77). This implies that dispersed molybdenum catalysts are most active for
conversion of the heavy primary products from coal. Analyses of the
product from the solvent-only period was about the same as when

AMOCAT™ 1C catalyst was present in the second stage, indicating that good

solvent quality would be maintained with Molyvan L catalyst (Table 78).
SUMMARY

A process with dispersed molybdenum compounds as the only catalyst offers
several advantages over liquefaction with AMOCAT™ 1C catalyst, including
a less expensive reactor design and simpler operation of the reactors.
Product was better than when AMOCAT™ 1C catalyst was used in both
reactors and as good as when AMOCAT™ 1C was used in stage 2 with

Molyvan L in stage 1. Low levels of molybdenum, 84 ppm Mo:coal, were

effective. Production of a low-resid product at 1.5 hours residence time
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and 820°F was demonstrated. Molybdenum octoate, a less expensive
dispersed molybdenum catalyst, performed well, perhaps because of the high
sulfur content of Illinois No. 6 coal. Use of dispersed molybdenum

catalysts for liquefaction of Illinois No. 6 coal is recommended.

Illinois No. 6 Coal: First Stage Catalyst Tests vs. Wilsonville Results

Yields from Wilsonville Run 261-B with Illinois No. 6 coal were compared
with the best first stage catalyst results from this study (Table 80).

The best yields with Illinois No. 6 coal feed were obtained with Molyvan L
catalyst in the first stage and either Molyvan L or AMOCAT™ 1C catalyst
in the second stage. Resid yields were the same as those from
Wilsonville, within experimental uncertainty (x 2%). Distillate yields
were 3-4% higher than those from Wilsonville. Hydrogen consumptions were
fairly close to those from Wilsonville (4.9-6.1% vs. 5.7%). Light
hydrocarbon gas yields were 10-11% vs. 5% from Wilsonville, which might be
explained by the high temperature (820°F) of the dispersed catalyst run
and the relatively low space velocity (coal wt./reactor vol.) of the
Molyvan L/AMOCAT™ 1C run. 1In spite of the high gas yields, distillate
yields were good for both runs with Molyvan L, suggesting that Molyvan L
is a good alternative catalyst in stage 1 or stages 1-2 of a Wilsonville-

type liquefaction process.

Other Dispersed Catalvysts

Other dispersed catalysts were tested for liquefaction of Illinois No. 6

coal. The first was molybdenum on sulfated iron oxide, developed by

Professor 1. Wender®, which was also tested for liquefaction of Black
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Thunder subbituminous coal. In addition, high-surface-area molybdenum
carbide and nitride powders prepared by Professor T. Oyama’ were

evaluated. These were part of the second stage catalyst testing also.

These bench-scale liquefaction runs were made in AU-51L continuous, two-
stage pilot plant with the same feedstock (coal and solvent mixture) as
for the earlier runs. Dispersed catalyst powders were added directly to
the feed without a sulfiding agent. All powders were 100 mesh or smaller.
Nominal residence times of 1-1.5 hours were achieved by operation of the
first stage at reaction temperature (800-820°F) and operation of the

second stage at 500°F. Product handling was identical to previous runs.

Illinois No. 6: Mo/Sulfated Iron Oxide

Preparation of the molybdenum/sulfated iron oxide catalyst was described
in Task 3.1. Standard amounts of 100 ppm Mo/coal and 0.7% Fe/coal were
used, and results were compared with those from Molyvan L at the same

molybdenum level (no added iron). The reactor temperature was 820°F.

RESULTS

Molybdenum on sulfated iron oxide was an extremely active catalyst for
Illinois No. 6 coal liquefaction. Net yields from coal are summarized in
Table 81. Resid yields for this run were much higher than in previous
tests, indicating that this batch of coal was relatively unreactive, but
comparisons of catalyst activities within the run should be wvalid.
Mo/sulfated iron oxide gave much less resid (22% vs. 51%), and more 650-

935°F distillate (37% vs. 7%) than Molyvan L. Product elemental analyses,
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Table 82, show lower aromaticity and higher H/C atomic ratios for 360-
650°F distillate from Mo/sulfated iron oxide, which confirms that is a
more active catalyst. Other elemental analyses of product fractions from

the two catalysts were comparable.

SUMMARY

Molybdenum on sulfated iron oxide was better than Molyvan L for
liquefaction of Illinois No. 6 coal at 100 ppm Mo/coal. Superior
performance of the iron catalyst may be attributed to significant
hydrogenation activity of highly-dispersed iron sulfide, which is produced
in situ from the sulfated iron oxide. 1If the cost of preparation of
sulfated iron oxide is low enough, it would be a preferred catalyst for

liquefaction of Illinecis No. 6 coal.

Illinois No. 6 Coal: MoC and MoN, vs. MoS,

Molybdenum carbide, nitride, or sulfide powders were added to coal slurry
feed to give 300-600 ppm Mo/coal. The molybdenum carbide and nitride

7 and were used without

caFalysts were prepared by Professor T. Oyama
calcining or pre-reduction. The molybdenum carbide had a surface area of
42 m?/g (N, BET) and a CO uptake of 98 umoles/g. The molybdenum nitride
had a surface area of 80 m?/g and a CO uptake of 59 umoles/g. Operability
of the pilot plant was very poor with all three catalysts because of the

poor product quality. Pilot plant operability and product quality

improved immediately when a proven catalyst, Molyvan L, was added, which

confirmed that catalyst performance was linked to pilot plant operability.
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RESULTS

Powdered molybdenum carbide, nitride, and sulfide gave low-solubility,
high-boiling product in spite of the relatively high molybdenum loadings
of 300-500 ppm Mo/coal. Yields are summarized in Table 83. Molyvan L
gave much higher oil and distillate yields at 100 ppm Mo/coal, which is
probably linked to the high dispersion of molybdenum in oil-soluble

Molyvan L. Products were not analyzed because of the poor quality.

SUMMARY

Powdered molybdenum carbide and nitride, even high-surface-area forms
prepared by Oyama, do not perform as well as oil-soluble molybdenum
catalyst precursors. Good dispersion may be especially important in coal
liquefaction because large, insoluble molecules tend to foul catalyst
surfaces. Molybdenum carbide, nitride, and bulk sulfide powders are not

recommended as liquefaction catalysts for Illinois No. 6 coal.

First Stage Catalyst Tests with Black Thunder Coal

Both supported and dispersed catalysts were tested for liquefaction of

Black Thunder subbituminous coal.

- C/C run with AMOCAT™ 1C

- C/T run with AMOCAT™ 1C or AMOCAT™ 1B (Mo only)
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- Dispersed catalysts tested with short residence time:
Molyvan L, alone or with red mud

Molybdenum octoate with red mud

- Dispersed catalysts tested with long residence time:
Molyvan L + ferric sulfate
Molyvan L + Wender’s sulfated iron oxide
Ammonium molybdate on Wender’s sulfated iron oxide

Effect of sulfiding agent on sulfated iron oxide

-~ Dispersed catalyst with a hydrogen-rich liquefaction solvent

EXPERIMENTAL: FEEDSTOCK DESCRIPTIONS AND TEST CONDITIONS

Analyses of the Black Thunder subbituminous coal feed, obtained from the
mine and ground at the University of North Dakota, are given in Table 50.
Different batches of coal were used in the Black Thunder reference test
(FCL-126) and first stage catalyst tests (FCL-135). Liquefaction solvent
was a blend of V-1074 and V-203 liquids from Wilsonville Run 258. The
analyses of the two batches (FSN-113 and FSN-136) are given in Table 16
and 51. The bench-scale liquefaction runs were made in AU-135L
continuous, two-stage pilot plant with 1-liter stirred autoclave reactors.
Feed slurries consisted of 33/67 mixtures of coal/liquefaction solvent.
AMOCAT™ catalysts were presulfided with 8% hydrogen sulfide in hydrogen
or with TPS-20 in liquefaction solvent before use. Product solubility was
determined by millipore filtration, distillate yields were determined by

modified D-86 and D-1160 distillation, and distilled fractions were

analyzed for C, H, S, N, 0, and aromatic carbon by ?3C NMR. Unconverted
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solids were analyzed for metals by ICP (inductively coupled plasma

spectroscopy) .

Improvements made in laboratory procedures reduced the time and cost of
analyses of pilot plant products. Three distillations and three large-
scale preparations of insolubles were completed at the same time, which
allowed workup of three pilot plant samples in one day. One sample a day
was analyzed at the beginning of this contract. Additional laboratory
time was available for batch studies of liquefaction fundamentals. Use of
tetrahydrofuran (THF), which is very expensive, was cut in half by using
toluene for preparation of large-scale insolubles for analysis of ash
constituents. The modified procedure gave identical ash yields and

acceptable speed and ease of analysis.

Supported Catalvsts

The tests that were performed used a C/T configuration with AMOCAT™ 1C
catalyst or AMOCAT™ 1B catalyst in the first stage without dispersed
molybdenum catalyst. C/T liquefaction of Black Thunder coal was studied
in Wilsonville Run 260, but the second stage temperature was too low
because of furnace limits. Iron oxide and a sulfiding agent,

TPS-20, or iron sulfate were added to the feed for most of these tests.

Black Thunder Coal: C/T with AMOCAT™ 1C Catalyst in Stage 1

Operating pressure 2500 psig and temperatures 780°F and 800°F. The first
week of the run was very smooth; then a few small upsets occurred that may

have affected the end of the run. The decline in performance was not
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immediate and did not seem reasonable in view of the minor nature of the
process upsets. After the next run, which was very short, a disintegrated
bearing in the first stage stirrer was discovered. It is likely that
inadequate stirring could have partly been responsible for poor

performance at the end of this run.
RESULTS

Catalyst activity was good for the initial part of the run and probably
reflects true performance of this system. A period late in the run with
low catalyst activity is also included for completeness. Yields are
compared with those from the Black Thunder reference run (C/C) and a
dispersed catalyst period ("slurry,"” Molyvan L/iron oxide/TPS-20) in

Table 84.

Initial results from the C/T run with AMOCAT™ 1C catalyst showed
conversion of all of the resid from the coal and some of the resid in the
slurry solvent (-32% resid yield). Excess conversion could be corrected
by operation at shorter residence times or lower temperatures. Light
hydrocarbon gas yields were quite high, 16%, but could be decreased with

lower severity. Coal conversion was excellent at 94%.

Late in the run, after the catalyst had deactivated, the resid yield had
increased, coal conversion had drépped to 87%, but hydrocarbon gas yields
were still high (18%). Gas yields must be strongly influenced by the
thermal second stage. The product analyses for both early and late

periods in the run are in Table 85.




105
Product analyses are also compared with those from the Black Thunder
reference run and the earlier dispersed Mo catalyst run in Table 86. The
hydrogen and heteroatom content of the product was about the same as with
the dispersed Mo catalyst, even for C/T periods where catalyst
deactivation was severe. However, deoxygenation was better initially in
the CG/T run, and about the same as from the dispersed Mo at the end of the
C/T run when the catalyst was deactivated. Supported catalyst in stage 1
(AMOCAT™ 1C in the C/C and C/T runs) appeared to increase deoxygenation
but did not have much effect on hydrogen addition, desulfurization, or
denitrogenation. The supported catalyst in stage 2 (AMOCAT™ 1C in the
C/C run) provided additional deoxygenation, hydrogen addition,

desulfurization, and denitrogenation.

Overall, the results from the early part of the C/T run with AMOCAT™ 1cC
catalyst were outstanding and showed excess capacity for resid conversion.
It may be possible to operate this type of process at much higher coal
throughput. The severe catalyst deactivation after one week was
disturbing (Figure 16). Deactivation may have been caused by poor
stirring in the first stage, but could be a reproducible feature of this

type of process.

Black Thunder Coal: C/T with AMOCAT™ 1B Catalyst in Stage 1

Molybdenum catalysts are more resistant to deactivation than
nickel/molybdenum catalysts for certain heavy feedstocks. Molybdenum
catalysts are initially less active for hydrogenation and heteroatom

removal, but aged molybdenum catalysts often retain higher activity than

the corresponding nickel/molybdenum catalysts. Results from the previous
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C/T run were very promising initially, but the catalyst deactivated
severely after about a week. This run with AMOGCAT™ 1B molybdenum
catalyst was an attempt to maintain higher, more stable activity for a
longer period of time. Instead, product from this run deteriorated
sharply after three days. When the first stage reactor was opened, it was
obvious that the stirrer bearing had disintegrated and the reactor
contents were not stirred at all during this run. Process conditions were

the same as in previous run.

A second C/T run with AMOCAT™ 1B catalyst was completed. It had been
hoped that AMOCAT™ 1B (Mo) catalyst would show more stable activity,
although initial activity was expected to be low. Initial results from
two runs with AMOCAT™ 1B catalyst are given in Table 87, and both show
poorer conversion to THF solubles and poorer resid conversion than with
the NiMo catalyst. The performance of AMOCAT™ 1B improved somewhat when
ferrous sulfate was used as the iron additive instead of iron
oxide/sulfiding agent. Product elemental analyses from all three tests

were comparable early in the run (Table 88).

The AMOCAT™ 1B catalyst did not show more stable activity as the catalyst
aged, which is shown in Table 89 and Figuré 17. The first period was
operated with a second stage temperature of 800°F. No supported catalyst
was present in the second stage. The second stage temperature was
decreased to 780°F in a successful attempt to reduce gas yields, and
distillate yields also dropped, which was expected. As the run continued,
resid yields increased from 12% to 27%. Product‘hydrogenation and
heteroatom contents remained relatively constant throughout the run (Table

90). Analyses of spent catalyst from this run showed severe coke
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deposition as well as formation of a calcium-rich shell on the catalyst
surface. AMOCAT™ 1B catalyst is not resistant to this important mode of

fouling from liquefaction of Black Thunder coal.

Effect of Solvent Hydrogenation on Conversion

Coal conversion to THF soluble material was highest in C/T runs when the
catalyst was fresh. Improved conversion could be from good hydrogenation
of the slurry solvent by active catalyst. The role of solvent hydrogen
content on conversion of Black Thunder Coal was tested in two batch
experiments. Distillate fractions (650-935°) from Black Thunder coal with
H/C ratios of 1.11 and 1.22 were used to liquefy Black Thunder coal at a
1:2 coal:solvent ratio. The hydrogen-rich solvent gave 78% conversion and
0.7% preasphaltenes (1 hr, 790°F, 2000 psig). The hydrogen-poor solvent
gave only 67% conversion and 7.3% preasphaltenes, a ten-fold increase in
preasphaltenes, at the same conditions. Good conversion of preasphaltenes
appears to be the key to good conversion of Black Thunder coal to liquid,
and good hydrogen donor strength is essential. Prehydrogenation of the
slurry solvent may give higher conversion at high space velocity, which

has been difficult to achieve with this feedstock.

Analvses of Spent Catalyst Samples

Initial performance of all the C/T runs with Black Thunder coal was
excellent. No resid was produced, and the coal conversion was over 90%.
To prolong the period of high activity, spent catalyst samples were

studied to determine the cause of deactivation. Samples from Professor

Haynes (University of Wyoming) showed a layer of calcium on the surface of
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the catalyst. Haynes noted that coke could be burnt off only after the
catalyst pellets were broken, suggesting that the calcium layer hindered
diffusion. Our spent AMOCAT™ 1B catalyst was easily decoked at 860°F
without breaking the pellets, but they also showed a thinner,
discontinuous Ca shell. Because Ca contributes to catalyst deactivation,

SO,-demineralization should improve the catalyst life.

Our AMOCAT™ 1B-1C catalysts contained more coke than the sample from
Haynes (29% vs 11%, Table 91). Haynes’ catalyst was used at 800°F
compared with 780°F for our test. Our spent catalyst contained more coke
at 780°F than at 790°F (Black Thunder reference run), possibly from poorer
preasphaltene conversion at the lower temperature. Preasphaltene
conversion can be improved by hydrogenation of the slurry solvent, as
shown in the previous section of this report. Use of a prehydrogenated

solvent may also extend catalyst life.

Black Thunder Coal: Dispersed Mo Catalysts in Stages 1-2

Two dispersed catalysts were used in the first run: Molyvan L and
molybdenum octoate. Molyvan L was added to the feed tank without
additional sulfiding agent and at lower concentration than in Wilsonville
Run No. 263 (96 vs. 200 ppm Mo:cocal). Molybdenum octoate, a less
expensive oil-soluble Mo compound, was never used at Wilsomville. It
required addition of a sulfiding agent, TPS-20 (20% S), to the feed. Iron

oxide (red mud) was added to feed at 1 wtg (iron oxide:coal) along with 2

wt% TPS-20.
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RESULTS

Most periods from the dispersed catalyst run gave good coal conversion and
very little resid in the product. The one exception was the high-
temperature, short-residence-time period which gave 17% resid (Figure 18).
Molyvan L was an effective catalyst at 96 ppm Mo:coal, giving only 5%
resid and a distillate product boiling below 650°F. When iron oxide/TPS-
20 was added, no resid was produced--actually resid in the solvent was
overconverted--giving a negative net resid yield. Raising reactor
temperatures with Molyvan L from 800 to 820°F with iron oxide/TPS-20 over-
converted the solvent 650-935°F fraction, giving a -26% yield, and
produced 25% light hydrocarbon gas. Operation at 820°F and 3 hour
residence time with a dispersed catalyst is too severe for liquefaction of
Black Thunder coal. It should be noted that coal conversion dropped from
90% at 800°F to 88% at 820°F, possibly from increased retrogressive
reactions at the higher temperature. Molybdenum octoate/iron oxide/TPS-20
gave about the same distillate yield as Molyvan L/iron oxide/TPS-20, but

coal conversion was higher (92% in Figure 19).

Product analyses are given in Table 92. The difference between the
reference run with AMOCAT™ 1C catalyst in both reactors and the dispersed
catalyst run was much larger than with Illinois No. 6 coal. With the
dispersed molybdenum catalysts, the hydrogen content was lower for
distilled product and resid. All product fractions contained more oxygen,
sulfur, and nitrogen (Table 93). One of the more serious consequences is

that solvent quality will probably be lower with the dispersed molybdenum

catalysts, which could affect coal and resid conversion.
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SUMMARY

Overall, dispersed molybdenum catalysts with sulfided iron oxide were
effective for liquefaction of Black Thunder subbituminous coal. High-
temperature use is not recommended because of high gas yields at long
residence time (3.0 hours) and high resid yields at short residence time
(1.5 hours). Molybdenum octoate gave good results in the presence of iron
oxide and a sulfiding agent, and may be preferred because of its lower
cost. In spite of poorer product hydrogen and heteroatom contents, use of
dispersed molybdenum catalysts is recommended for liquefaction of Black

Thunder coal because of the simpler reactor design.

Black Thunder Coal: Other Dispersed Catalvsts

This series of tests used dispersed iron plus molybdenum catalysts for
liquefaction of Black Thunder subbituminous coal. Initial tests with
Molyvan L dispersed molybdenum catalyst plus iron oxide gave good results
at long residence times, but high resid yields at short residence times
similar to those used at Wilsonville. To combat the severe deactivation
that was seen with supported AMOCAT™ 1C or AMOCAT™ 1B catalysts,
different forms of dispersed iron plus molybdenum catalysts were
evaluated. These dispersed catalysts might be more active for
hydrogenation but not be susceptible to deactivation by pore plugging like
supported catalysts. This series of runs tested Molyvan L together with
ferrous sulfate or Professor I. Wender’s sulfate iron oxide catalyst,
which are both more active catalysts than iron oxide. Wender’s sulfated

iron oxide was also tested as a support for molybdenum and also without
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addition of a sulfiding agent to retain higher catalyst acidity, which

could be beneficial.

Dispersed iron or molybdenum plus iron catalysts were added directly to
the feed. Ferrous sulfate was dissolved in a minimum amount of distilled
water before addition to the feed tank. Standard amounts of 100 ppm
Mo/coal and 0.7% Fe/coal were used (Molyvan L contains 0.8% Mo). Sulfated
iron oxide was precipitated from a solution of ferrous sulfate with
ammonia®, dried at 125°F, ground to -100 mesh, and used without calcining.
TPS-20, an oil-soluble sulfiding agent containing 20% sulfur, was added
directly to the feed for all except two of the test periods. 1Illinois

No. 6 solvent was used in the last period to study effects of solvent

composition (FSN-109, Table 16).

Nominal residence times were 1-1.5 hours, which were similar to the ones
used in Wilsonville. These shorter residence times were achieved by
operation of the first stage at reaction temperature (780-820°F) and
operation of the second stage at 500°F (little reaction in the second

stage) .

Black Thunder Coal: Dispersed Iron and Molybdenum Catalvsts

In previous tests, Black Thunder coal was liquefied with Molyvan L
dispersed molybdenum catalyst, Molyvan L/red mud (iron oxide) or
molybdenum octoate/red mud at 3.0 hours nominal residence time. At this
relatively long residence time, performance was good, giving over 88% coal
conversions to THF solubles at 800-820°F, and less than 5% resid. Periods

with iron oxide gave no resid in the net product from coal. At the end of
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the run, one period was included at 1.5 hours residence time and 820°F
with Molyvan L (no iron oxide). Coal conversion was good (88%), but the
resid yield was very high (17%). This was much different from results of
Illinois No. 6 coal, where the results were similar at 800°F/3.0 hours and
at 820°F/1.5 hours. Catalyst requirements for liquefaction of Black

Thunder subbituminous coal and Illinois No. 6 coal are clearly different.

Batch autoclave liquefaction of Black Thunder coal in tetralin showed that
impregnation of the coal with ferrous sulfate in methanol or water gave
better results than red mud. Autoclave liquefaction studies also showed
good performance from an iron oxide catalyst precipitated in the presence
of sulfate, developed by Wender and Pradhan®. Ferrous sulfate or sulfated
iron oxide catalysts, used in combination with molybdenum, might give
sufficient hydrogenation activity for good conversion of Black Thunder

resid at reasonably short residence times.

Black Thunder Coal: Ferrous Sulfate and Molvvan L

Operating pressure was 2500 psig and temperatures 820, 800°F/500°F.

The effects of temperature on the liquefaction yields from ferrous sulfate
plus Molyvan L catalysts at 1.5 hours residence time are summarized in
Table 94. Liquefaction at 820°F gave 87% conversion, compared with 84.5%
conversion at 800°F, and the resid yield dropped to 9% from 21%, but
distillate yields actually decreased to 40% from 45% because hydrocarbon
gas yields nearly doubled at the higher temperature. The high gas yield
also contributed to 1% higher hydrogen consumption. Analyses of the heavy
distillate and resid, Table 95, showed that 650°F- product from the higher

temperature was hydrogen-poor, which would make it difficult to upgrade.
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Ferrous sulfate/Molyvan L catalysts gave better performance at 1.5 hours
residence time than Molyvan L, but coal conversions were still too low and

gas yields were too high.

Black Thunder Coal: Sulfated Iron Oxide and Molyvan L

Physical and chemical analyses of the sulfated iron oxide catalyst are
given in Table 96, and the pore size distribution is shown in Figure 20.
The surface area was 189 m?/g, more than twice as high as reported by
Wender and Pradhan, and surface areas of 400 m?/g should be possible

because of the small average pore radius (164).

Without a sulfiding agent, product yields from sulfated iron oxide
catalyst and Molyvan L were about the same as from ferrous sulfate and
Molyvan L, Table 97 and Figure 21. With added sulfiding agent TPS-20,
resid yields dropped from 18% to 12-13%, giving more 650-935°F distillate.
Reaction temperatures were kept low (800°F) to avoid high hydrocarbon gas
yields, which were slightly lower in the presence of the sulfiding agent.
Hydrogen consumptions were 1.2% higher with sulfiding agent, indicating

that improved performance was from increased hydrogenation.

Instead of Molyvan L, molybdenum was directly supported on the sulfated
iron oxide catalyst, which was used for liquefaction in the presence of a
sulfiding agent. Yields were identical to those from sulfated iron oxide
plus Molyvan L (Table 97, right-hand columns). The sulfated iron oxide is
a good surface for dispersion of molybdenum, and the dispersed molybdenum
does not appear to benefit from any unusual interaction between molybdenum

and iron.
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Product analyses, Table 98, showed all product fractions were more
hydrogen-rich if the catalyst contained sulfated iron oxide, molybdenum,
and a sulfiding agent. Good hydrogenation activity is the key to good
performance of this catalyst combination. The small pore size of the
sulfated iron oxide does not contribute any special cracking activity,
because essentially all porosity is lost in the liquefaction reaction.
The sulfated iron oxide particles probably disintegrate during sulfiding,

giving well-dispersed, reactive iron sulfides.

The combination of Wender’s sulfated iron oxide with molybdenum is the
most effective catalyst for liquefaction of Black Thunder coal at
relatively short residence times. Compared with other Fe/Mo catalysts,
distillate yields were increased from less than 40% to 47-48%. Because
ammonium molybdate impregnation onto the sulfated iron oxide would be less
expensive than Molyvan L, the molybdenum form of Wender’'s catalyst is

preferred.

Liquefaction of Black Thunder Coal in Illinois No. 6 Solvent

Coal conversion and distillate yields from Black Thunder coal were still
relatively low compared with those from Illinois No. 6 coal at 1.5 hours
residence time, in spite of the catalyst improvements. Relatively poor
liquefaction performance of Black Thunder coal could be from the hydrogen-
poor (H/C = 1.11) nature of the solvent compared with that from Illinois
No. 6 coal (H/C = 1.19). 1In batch autoclave tests, conversion of Black
Thunder coal increased from 67% to 78% when the hydrogen content of the
650-935°F Black Thunder liquefaction solvent was increased from H/C=1.11

to H/C=1.22. To test the effect of solvent composition in a continuous
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pilot plant, Black Thunder coal was liquefied in Illinois No. 6 solvent

using ferrous sulfate plus Molyvan L catalysts.

Product yields are given in Table 99 and Figure 22. Illinois No. 6
solvent gave 23% more distillate, 18% less resid, and 5% higher conversion
than Black Thunder solvent at the same conditions (800°F and 1.5 hour
residence time). Pre-hydrogenation of Black Thunder solvent could give
comparable improvements, which would have a large beneficial effect on

process economics.

SUMMARY

Sulfated iron oxide plus molybdenum and a sulfiding agent is the most
effective catalyst for liquefaction of Black Thunder coal. Ammonium
molybdate impregnated onto sulfated iron oxide is the most economical form
of the catalyst. Results are better than from supported catalysts like
AMOCAT™ 1C, because the supported catalysts deactivate rapidly with this
coal. Good performance of the sulfated iron oxide catalysts is linked to
high hydrogenation activity, which may upgrade the primary product from
coal and the liquefaction solvent. Liquefaction of Black Thunder coal
improved in Illinois No. 6 solvent, which is relatively hydrogen-rich,
indicating that prehydrogenation of Black Thunder solvent may improve

liquefaction performance.

CONCLUSIONS FROM TASK 3.2.1

In Illinois No. 6 coal liquefaction, comparing the dispersed catalysts to

C/C liquefaction with AMOCAT™ 1C catalyst, dispersed Mo is effective at




116
only 100 ppm level and in Stage 1 gave higher distillate yields. In both
Stages 1 and 2 dispersed Mo showed good performance at short residence
times, but the product had poorer quality (decrease in hydrogenation and
heteroatom removal). Both Molyvan L and molybdenum octoate are effective.
Mo on Wender’'s sulfated iron oxide catalyst may be superior to Molyvan L,
because it has better resid conversion and higher distillate yields than
Molyvan L. Mo carbide and nitride showed poorer coal and resid conversion
than MoS,, the catalyst dispersion was too low and the low catalytic

activity caused poor pilot plant operability.

In Black Thunder coal liquefaction, AMOCAT™ 1C gave high initial
coal/resid conversion but deactivated rapidly from coke and calcium
deposition. Mo on Wender’s sulfated iron oxide was the most effective
catalyst at 1.5 hr residence time. Using a more hydrogen-rich solvent

(I11. No 6) increased the distillate yields at 1.5 hr residence time.
All dispersed catalysts will allow the use of a less expensive slurry
reactor, which should have a large beneficial effect on coal liquefaction

economics.

Task 3.2.2: Second Stage Catalysts

The objective was to screen commercial, modified commercial and novel
experimental catalysts in a five-parallel fixed-bed sandbath reactor
system. The best catalyst formulations were then further tested in the

two-stage continuous unit reported in Task 3.2.1.
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EXPERIMENTAL

Testing Egquipment

Catalyst screening was done using five-parallel fixed-bed reactor pilot
plant, called the Miniager (Figure 23). This reactor system allows the
simultaneous testing of five catalysts in independent upflow fixed-bed
reactors. Each reactor has its own feed supply and product receiver
system and can be run at independent feed flow rates and pressures.
Because all the reactors share a common heated sand bath, they must be

operated at the same temperature.

The standard catalyst loading consists of 10 cc of 14 by 20 mesh catalyst
particles diluted with 10 cc alundum chips in a 9/16 inch diameter
reactors (Figure 24). With some of the more unconventional catalysts,
same amount of active sites measured by static chemisorption of 0O, or CO)

were loaded into the reactor.

Feedstocks and Process Conditions

Total of 10 runs were made in this part of the program. One of the
reactors in each run was loaded with AMOCAT™ 1C, which was used as a
reference catalyst. All catalysts, except those with noble metal
components, were sulfided in a flowing mixture of 8 vol% H,S in H,. The
procedure consisted of first flushing the catalysts with flowing nitrogen
(140 cc/min) overnight at 300°F. The H,S/H, mixture was then flowed

through the reactor at a temperature of 450°F for 1 hour and at 760°F for
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additional 4 hours. After sulfiding the reactors were pressurized to

2000 psig and the oil flow started.

The feedstock for all runs except 1A, 3B and 6A was FSN-106, approximately
45/55 blend of Panasol and coal resid. The properties of this feedstock
are in Table 100. Panasol was a 650°F- material that is a byproduct of
naphtha reforming and consists primarily of methyl-substituted
naphthalenes. The coal resid was a deashed resid from the Critical
Solvent Deashing (CSD) unit from Wilsonville Run No. 257
(catalytic/catalytic mode using Illinois No 6. coal). The feedstock for
Run Nos. 1A and 6A was 1000°F- feed (gas oil cut) from Wilsonville Run

No. 257. 1Its properties are in Table 10l1. Run 3B was used to study the
effects of feedstocks and resids from Ohio No. 6 coal, Martin Lake lignite
and Illinois No. 6 coal (thermal/catalytic mode). The properties of these

feedstocks are in Tables 102-103.

Generally, the operating conditions were 2000 psig, 10,000 SCFB hydrogen
and 760°F for the FSN-106 runs and 2000 psig, 10,000 SCFB hydrogen, 680-
700°F temperature for the coal gas oil with varying space velocity of feed
depending on what basis (volume vs. same amount of active sites) the
reactors were loaded. The feedstocks and operating conditions for

Run Nos. 1-10 are discussed in the results section.

Mass Balances

Detailed mass balances were calculated for each run. Generally, total and

elemental mass balances could be closed to within 5-10%.
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Catalysts

Three categories of catalysts were tested: commercial, modified
commercial and novel experimental catalyst formulations, which are
summarized in Table 104. The various commercial catalysts included resid
hydrotreating catalysts from Amoco: AMOCAT™ 1B (Mo/Alumina), and AMOCAT™
1C (NiMo/Alumina) used as a reference catalyst here; other resid
hydrotreating catalysts: Resid HDS (a small pore, 10 wt% Mo/Alumina),
RCM-4 from UOP (NiMo/alumina), zeolite containing catalyst from Idemitsu
(CoMo/Alumina USY-zeolite), TK-771 from Topsoe (NiMo/Alumina); gas oil
hydrotreating catalysts: NiMo/Alumina HDN-60 from American Cyanamid (now
Criterion), Shell-324 and -411 (both NiMoP/Alumina and made now by

Criterion).

The modified commercial catalyst had active promoters added to catalysts:

Ru/AMOCAT™ 1A (CoMo/Alumina); Ti, Cr or Ca added to AMOCAT™ 1cC.

Several novel catalyst formulations were also tested. AMOCAT™ support
was promoted by Ru, or Ir; NiMo promoted Cabot aluminas, which have a
specific "popcorn"-like pore structure; Professor Oyama’s (Clarkson
University) nitrides promoted by Mo, carbides promoted by Mo or W, and
AMOCAT™ supported Mo-nitride or Mo-carbide. The testing of Sandia's

novel hydrous titanate catalysts is discussed in Task 3.2.3.
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RESULTS AND DISCUSSION

1. Testing of Commercial Catalysts

The reproducibility of the testing was compared on AMOCAT 1C™ in

Runs 1-4, the ratio of standard deviation to the mean, expressed as a
percent, was 5, 6, and 4% for product nitrogen, ramsbottom carbon and
970F+, respectively, indicating good reproducibility (Table 105).
Additionally, Run 4 tested a thermal blanc reactor and with a reactor
operated at a low LHSV of 0.2. The purpose of the latter test was to
determine whether equilibrium or changes in the refractory nature of the
feed with conversion were limiting. The results in Table 119 (Tests (1)
and (2) show that the thermal contribution to the conversion was small and

other limitations were not significant under these test conditions.

The properties of commercial catalysts tested in Runs 1, 3 and 4 are in
Tables 106-108. The process conditions for the same runs are in 109-112.
The first set of results are compared under standard conditions with
Panasol/resid feed after 9 and 14 or 17 days on stream. The product
qualities are reported in Tables 113 and 114 (Run 1B) and 115, 116 (Run
34A) and the first order rate constants for Run 3A are in Tables 117 and
118. The product qualities for Run 4 are in Table 119 and rate constants

in Table 120.

Comparing the AMOCAT™ series, AMOCAT™ 1C (NiMo promoted) outperformed
AMOCAT™ 1B (Mo promoted), which indicates the beneficial effect of the
Ni-promoter (Run 3A). AMOCAT™ 1C, Shell 411, HDN-60 and Shell 324 gave

comparable performances for hydrogenation, desulfurization, deoxygenation,
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Ramscarbon and resid conversion (Runs 1B and 3A). The Resid HDS (small
pore Mo/Alumina) and Idemitsu (CoMo/Alumina/Zeolite) catalyst performed
poorly. The poor performance of the Idemitsu catalyst was disappointing.
The addition of acidic zeolite component to this catalyst support
potentially induced more coke formation. In Run 4, AMOCAT™ 1C and UOP’s
RCM-4 are almost identical. Topsoe’s TK-771 is perhaps slightly better

than AMOCAT™ 1C and RCM-4 for Ramsbottom carbon conversion (Table 119).

The ranking of the catalysts for both resid and Ramscarbon conversion was:

TK-771 => AMOCAT™ 1C = Shell 324, 411 = HDN-60 = RCM-4 > Resid HDS >

AMOCAT™ 1B > Idemitsu

Shell 324 and 411 showed superior denitrogenation activity compared to the
other commercial catalysts. Both of these are promoted with phosphorus,
which could have an additional promotion effect. TK-771 was slightly
better than AMOCAT™ 1C. The ranking of these catalysts for nitrogen

removal was as follows:

Shell 324 = Shell 411 > TK-771 > HDN-60, AMOCAT™ 1C > AMOCAT™ 1B = Resid

HDS > Idemitsu

Using the coal gas oil feed (1000°F- from Illinois No. 6 coal, Wilsonville
Run no. 257), the results (Run 1A) after 10 days-on-oil indicate
comparable performance for AMOCAT™ 1C, HDN-60 and Shell 411 for
hydrogenation, sulfur and oxygen removal (Table 121). Again nitrogen

removal was better with Shell 411.
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The different feedstocks were studied in Run No. 3B. Product qualities
are in Tables 122-124. The blends of coal resids from Ohio No. 6, Martin
Lake lignite, and Illinois No. 6 from T/C operation at Wilsonville with
Panasol all led to different nitrogen, Ramscarbon and resid concentrations
in the feedstock. Consequently, feedstock effects had to be judged on a
basis that is independent of concentration. This was done by comparing

first-order rate constants calculated from:

k, = [1n C,/C] [LHSV)

where C, is the initial concentration of nitrogen, Ramsbottom carbon, or
resid, C is the product concentration, and LHSV the liquid hourly space

velocity.

Figure 25 shows the data graphed on this basis. The data indicate that
the Chio No. 6 coal-derived resid is more difficult to denitrogenate,
remove Ramsbottom carbon from, or convert than the reference feedstock
(Illinois No. 6 resid from Wilsonville operated in C/C mode). The resid
from Martin Lake lignite, with the exception of denitrogenation, behaved
remarkably similar to the reference feedstock as shown in Figure 26.
Denitrogenation appears to be easier with the resid from Martin Lake
lignite. The expectation was that the Martin Lake lignite coal resid
would be much more reactive than the reference feedstock, because lignites
are structurally quite different from bituminous coals. Figure 26
indicates that this was not the case. This is not necessarily
contradictory, because the coal resid produced in Wilsonville operation
was recycled repeatedly, so that the differences between liquid products

could be reduced.
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Figure 27 compares the rate constants.for Ramsbottom carbon, nitrogen
removal and resid conversion for AMOCAT™ 1C and Shell 324 for Illinois
No. 6 resid from both C/C and T/C operations at Wilsonville. Again,
except for denitrogenation, the reactivity of the resids are comparable,
even though originally they were produced at much different conditions.

Shell 324 is again superior compared to AMOCAT™ 1C for nitrogen removal.

The overall results from the commercial catalyst testing (Runs 1, 3, and
4) suggested that significant improvements could not be made in the
economics of coal liquefaction by changing from AMOCAT™ 1C to other
commercial catalysts. Consequently, the efforts were shifted to modified
supports (to reduce coking propensity) and other novel catalyst
formulations, such as nitrides, carbides (Clarkson University) and hydrous

titanates (Sandia National Laboratory).

2. Testing of Modified Commercial Catalvsts

Ruthenium-containing catalysts have been shown to be extremely active for

desulfurization® and denitrogenation®!!

of model compound feedstocks.
This motivated the test of Ru-promoted AMOCAT™ 1A (prepared by Dr.
Hirshon at SRI). Ru promotion does not give any additional activity and

it appears that Ru is deactivated by high molecular weight components in

the resid feedstock. (Table 119).

The promotion effects of chromium and titanium on AMOCAT™ 1C were
examined in Run No.5. The levels of Cr and Ti were chosen to give nominal
coverage of one-fourth and one-half of a monolayer of the alumina (Table

125). The process conditions are in Table 126. The differences in the
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performances for HDN, Ramsbottom carbon and resid conversions were all
within estimated experimental error (Table 127 and 128). The similar
performance of these and other commercial catalysts was postulated to be
due to the nature of the reaction network for resid conversion as modeled
by Chen and Schindler!? for the conversion of 850°F+ coal liquids. This
model could explain why this reaction network makes the overall resid
conversion relatively insensitive to only changes in catalyst
hydrogenation activity. The hydrogen consumption is in Table 129. Other
than slightly higher coke level with the reference catalyst, little

difference was seen with spent catalyst properties in Table 130.
Calcium was added to AMOCAT™ 1C in order to reduce the surface acidity.
It appears that this modification caused an improvement for resid

conversion compared to AMOCAT™ 1C without Ca (Tables 131 and 132).

3. Testing of Novel Catalvysts

a, Ru and Ir Promotion

The motivation for testing Ru and Ir promoted AMOCAT™ supports as
catalysts was a large number of literature references which suggest that
these two metals are among the most active for hydrodenitrogenation!3-!®
and hydrodesulfurization'®?® in model compound studies. These catalysts
were not sulfided prior to use, but reduced in flowing hydrogen. The
properties of these catalysts are in Table 106, and process conditions in
Tables 109 and 110. As can be seen from Tables 113 and 114, these
catalysts were inactive for heteroatom (N, S, 0) removal and hydrogenation

for various coal resids. The coal gas oil product analysis in Table 121
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showed high nitrogen level after only 10 days on stream, which suggested
that severe deactivation had occurred. Deactivation was probably caused

by high molecular weight and heteroatom contents in the coal liquids.

b. NiMo on Cabot Alumina Support

Three different large pore volume alumina supports were obtained from
Cabot Corporation. Cabot calls these fumed aluminas, which have a
"popcorn” type pore structures. The nominal pore volumes were 1.2, 1.4,
1.7 em®/g and these catalysts were tested at both the same LHSV as the
reference catalyst and in case of 1.7 em®/g alumina, at the same WHSV.
Although the pore volumes of Cabot aluminas are probably too large, and
consequently the attrition rates too high, there was still interest to
test these supports to see what incentives (if any) exist for reducing
intraparticle diffusion limitations by radically changing the support pore
structure. The properties of these catalysts are compared to those of the
reference in Table 133. The process conditions are in Table 134. These
catalysts were tested in Run 2. As the results in Tables 135 and 136
show, the reference catalyst, AMOCAT™ 1C, outperformed all three Cabot
catalysts for hydrogenation, denitrogenation, resid and ramscarbon
conversion. It appears that the open pore structure of the Cabot aluminas
does not further increase the intraparticle diffusion rates more than is
already achieved by AMOCAT™ 1C. Consequently, increasing the pore volume
from Cabot’s nominal values of 1.2 up to 1.7 cm’/g brings no further
improvement in catalyst activity, but adversely affects the pseudo-first
order rate constant (on per volume of catalyst basis) k, (Table 137) due
to accompanying decreases in bulk densities and surface area. The spent

catalyst properties are in Table 138.
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c. Nitrides and Carbides

MODERATE SURFACE AREA NITRIDES AND CARBIDES

The motivation for testing Professor Oyama’s (Clarkson University)
molybdenum carbide and nitride catalysts was the previous report(?29 that
these materials were three times as active as a sulfided commercial
hydrotreating catalyst for the denitrogenation of quinoline at 1,000 psig
and in a batch reactor. Tests of catalysts with model compounds, however,
can be deceiving. Therefore, this testing was conducted with commercial
feeds. A further motivating factor for testing these catalysts was their

availability in rather high-surface-area forms (about 20 m?/g).

Molybdenum carbide and nitride differ from molybdenum sulfide in that the
former two are interstitial compounds in which the nitrogen and carbon
reside in the interstices of the close-packed molybdenum atoms as shown in
Figure 28A and 28B. 1In contrast, the molybdenum atoms in molybdenum

sulfide lie within the interstices of the sulfur atoms (Figure 28C).

In the testing, a bulk molybdenum nitride and an alumina supported
molybdenum carbide were compared against AMOCAT™ 1B (Mo/Al,0,) and

Shell 324 (NiMo/Al,0,). AMOCAT™ 1B was chosen because it does not
contain a nickel promoter. Shell 324 was chosen because it was used in
the earlier published study of quinoline denitrogenation.(??? 1In addition,
a blank réactor packed with inert alundum chips served as a thermal
control. The comparison was made in the miniager (AU-126) which allows

simultaneous comparison of all the catalysts and the thermal control.
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Two coal-derived feeds were used as part of a continuous run. A coal gas
oil from Wilsonville was used first, followed by the standard feed.

Process conditions are listed in Tables 139 and 140.

Catalyst Characterization

The molybdenum carbide and nitride catalyst were characterized prior to
use in the reactors by N, physisorption to determine their BET surface

areas and by CO chemisorption.

Sulfided Shell 324 was characterized by static 0, chemisorption.

Shell 324 and AMOCAT™ 1B were further characterized by the chemisorption
of CO and 0, in the pulse mode. This was done by pretreating the
molybdenum carbide and nitride at 350°F in flowing He for 2 hours,
switching the flow of helium to an 8% H,S/balance H, (sulfiding gas)
stream and ramping 2°C/min to 800°F, holding at this temperature for two
hours, cooling to 300°F in the flowing sulfiding gas, purging with flowing
N, for 10 minutes, and finally cooling to room temperature in flowing N,.
The catalysts were then dosed with 100 0, (or CO) pulses until saturation
uptake was reached. Table 141 summarizes BET surface area results and the
chemisorption characterization of the catalysts. The reactor packings

were compared using various techniques (Table 142).

X-ray photoelectron spectroscopy (XPS) was performed on the molybdenum
carbide and nitride catalysts prior to and after use in the reactors,
Before XPS analyses, the catalysts were reduced at 790°F in flowing H, at
atmospheric pressure in an ex-situ XPS reduction cell. The catalysts

after reaction are referred to as "used" catalysts below.
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Catalysts removed from the reactors were extracted with THF overnight and
then dried at 230°F in a rough vacuum overnight before analysis by X-ray

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS).

XRD was performed with a Scintag PAD V powder diffractometer using samples
mounted on double-sided adhesive tape using curve deconvolution to remove
the tape signal. XPS was done with a Surface Science Instruments SSX-100
microprobe equipped with a UHV transfer system for in situ reductions in
flowing hydrogen. Surface concentrations were calculated after correcting
the peak areas for differences in photoionization cross-section using the
Scofield tables and differences in the electron mean free path. The
software used was Version 8.2 from Surface Science Instruments. The

quantitation is accurate to within 10%.

The nitrogen content of the product vs. time on o0il during Run 6A is
described in Figure 29. It is also apparent that the molybdenum carbide
and nitride catalyst were, indeed, active by comparing the nitrogen
content of their products with that of the blank reactor. Furthermore,
the molybdenum carbide and nitride catalysts also yield products with

lower nitrogen contents than those from Shell 324 and AMOCAT™ 1B.

Table 143 gives a more comprehensive summary of the product qualities
after 256 hours on oil. The molybdenum carbide and nitride catalysts
yield products that are significantly better than that from the blank
reactor. Furthermore, all the measurements indicate that product

qualities are better than those from Shell 324 and AMOCAT™ 1B.
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Table 144 compares product qualities after one week on oil with-coal resid
feedstock during Run 6B. As found for Run 6A, the molybdenum nitride and
carbide catalysts yield products that are substantially better than those
from the thermal treatment and even those from the AMOCAT™ 1B and Shell

324 catalysts.

Activity Determination by Rate Constants

The pseudo-first-order rate constants for desulfurization,
denitrogenation, and aromatic saturation are compared to Shell 324 in
Table 145. The first-order rate constants are normalized by the amount of
active sites in each of the reactors. As previously stated, the active
sites were counted by the static chemisorption of 0, in the case of Shell
324 and AMOCAT™ 1B and CO chemisorption in the case of molybdenum

nitride.

Table 146 is a more comprehensive comparison of the rate constants for
denitrogenation referred to a number of different bases--including a
volume and weight basis where the rate constants were normalized relative
to Shell 324. It is notable that despite the low surface area of
molybdenum nitride, its value of k, is only about one-half of that of

Shell 324.

A concern with using molybdenum carbide and nitride for hydrotreating
applications is that the formation of molybdenum sulfide is
thermodynamically favored in the presence of sulfur.(?®’ Consequently,
the catalysts were characterized after reaction by XRD and XPS analyses.

XRD did not show the presence of crystalline MoS, at the detection limit
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concentration of 1 wt% on the molybdenum nitride (molybdenum carbide was

not examined). The results from XPS are shown in Tables 147 and 148.

The used molybdenum nitride in Table 147 had a sulfur-to-molybdenum ratio
of 3.2/12.5=0.26, far below the expected ratio of 2 should MoS, have been
formed within the sampling depth for XPS (roughly 10-20 Angstroms).
Consequently, it does not appear that extensive sulfiding of the
molybdenum nitride occurred during its use. The same argument and
conclusion applies to Mo,C/A1,0,. It cannot, however, be ruled out that
some MoS, was formed at topmost atomic layers of the nitride (carbide)

crystallite surface.

An analysis of the oxidation states of molybdenum in the used molybdenum
carbide and nitride catalysts indicates that not all the molybdenum was
reduced to the Mo** state (only 63% in the case of Mo,N) during the
pretreatment. To determine if the unreduced molybdenum was caused by
exposure of the materials to air during their removal from the reactor,
the fresh catalysts were also reduced in a separate experiment in the XPS
in situ chamber at conditions resembling those used to originally pretreat
the catalysts. The results from these experiments are shown in rows
labelled "reduced" in Table 147 and 148. They indicate that the
molybdenum in the nitride and carbide was more extensively reduced after
removal from the reactors than after the in situ treatment prior to XPS.
This result may be due to exposure to higher hydrogen partial pressures
over a greater length of time during the pilot plant run as contrasted
with the shorter reduction at atmospheric pressure during the in situ
reduction prior to XPS. Because the amount of reduction and reoxidation

remains unknown, the amount of the molybdenum in the Mo* state shown for
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the used catalysts in Table 148 represents a lower bound for that present
at reaction conditions. Unfortunately, one cannot distinguish between
Mo** associated with carbon (nitrogen) and sulfur from XPS. Consequently,
it is not possible to determine the degree of sulfiding from the oxidation

state of molybdenum.

It is clear from the results that molybdenum carbide and nitride are
active for hydrotreating under practical industrial conditions. While the
feedstocks were coal-derived liquids, it is very likely that molybdenum
nitride and carbide will exhibit similar catalytic properties for

hydrotreating petroleum-derived liquids.

There was, however, one unique property of the coal feedstocks that may
make them more amenable to conversion over carbide and nitride catalysts--
it is their low sulfur content. As noted earlier, carbides and nitrides
are thermodynamically unstable under practical hydrotreating conditions
and should form molybdenum sulfide. If such a transformation Qere to
occur, it is likely the materials would exhibit catalytic properties
similar to that of conventional hydrotreating catalysts .and, consequently,

the effort of making carbides and nitrides would be wasted.

The XPS and XRD characterization of the catalysts did not indicate that
the catalysts were extensively sulfided, even after hydrotreating coal
residuum (0.08% sulfur). Unfortunately, the formation of molybdenum
sulfide at the topmost atomic layers of the carbide and nitride cannot be
ruled out at this time. However, the issue of the sensitivity to sulfur
remains crucial for the carbides and nitrides to become viable substitutes

for conventional supported molybdenum sulfide. An additional critical
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issue for the practical application of carbides and nitrides is their
activity. Because the preparations of molybdenum nitride and carbide
catalysts did not have optimal surface areas, it was important to attempt
to compare the activities of these materials on a basis that is
independent of surface area. Motivated by the successful use of the
concept of turnover numbers (number of reaction events per unit time and
per active site) in other areas of heterogeneous catalysis,(?) the
catalysts were chosen to be compared on an active site basis.
Unfortunately, there is much controversy over what are reliable techniques

for counting active sites on sulfide catalysts.(??

Here, the active sites on the carbides and nitrides were counted by the
chemisorption of carbon monoxide because CO is known to chemisorb on
metals. There is also a reason to believe the surface molybdenum atoms
have similar chemisorption characteristics. For the conventional
hydrotreating catalysts, the chemisorption of 0, in a static adsorption
apparatus‘1?:2® yas used. This method may have problems because there is
work to support the contention that the static chemisorption of oxygen on
molybdenum sulfide at room temperature is corrosive;(?*:24 that is, the
oxXygen atoms are not only adsorbed at the surface of the sulfide
crystallites, but they also penetrate into crystallite. Consequently,
attempting to measure active sites with such a method may lead to high
values. Bartholomew, (?*:24) for example, noted that as much as 3-5 times as
much oxygen is adsorbed during static chemisorption as contrasted with

chemisorption in the pulse mode.

For this reason, the sites were counted by the chemisorption of 0, in the

pulse mode (Table 142). Pseudo-first-order rate constants were then
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renormalized to these values and are shown in Table 146. Comparing these
rate constants (1.75 x 1072 for Shell 324 and 2.57 x 107* for AMOCAT™ 1C)
with those for molybdenum carbide and nitride suggests that the carbide
and nitride catalysts possess slightly lower activities than do the
conventional catalysts for denitrogenation during Run 6A. On the other
hand, if it’s assumed that the total surface area as measured by BET is
the appropriate method, then Mo,N has a higher rate constant than Shell

324 (2.36 x 1074 vs. 1.85 x 107%).

Overall, the gas oil and resid product qualities from the moderate-
surface-area carbide and nitride catalysts were significantly better than
the thermally treated liquids, indicating the materials were indeed active
under practical hydrotreating conditions. When the catalyst activities
were compared on an active site basis, the nitrides and carbides were
estimated to have activities two to five times those of Shell 324 and
AMOCAT™ 1B. However, in determining the activity, conclusions of this
work are very sensitive to the method used to count active sites. Rather
than attempt to determine the optimal site counting method, the
practicality of these materials was assessed by preparing them in higher-
surface-area forms and then comparing them at constant volume against

Shell 324 and AMOCAT™ 1B.
HIGH SURFACE AREA CARBIDES AND NITRIDES

The previous study, with moderate-surface-area, unsupported Mo,N and
Mo,C/alumina, was the first test of these materials in pilot plant
operation at commercial hydroprocessing conditions and with practical

feedstocks--coal-derived gas oil and resid.
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Mo,N and Mo,C/Al,0, performed remarkably well considering that based on
thermodynamics favoring the conversion of these materials to sulfides,
they would be poisoned by sulfur present in the feed.®®> Indeed, when the
catalytic activities were compared on site basis, turnover rates for Mo,N
and Mo,C/Al,0; exceeded those for a conventional NiMo/Al,0, catalyst by a

factor of about two.(28)

The initial pilot plant runs with these catalysts were performed at
unequal liquid hourly space velocities (volumetric flow rate of oil per
volume of catalyst, LHSV).(?®) A comparison of catalysts at the same LHSV
is necessary for assessing the scale-up to commercial reactors. The
catalytic performance of a sécond generation of unsupported WC and Mo,N
and supported catalysts--Mo,N/AMOCAT™ and Mo,C/AMOCAT™-~is compared with
that of Shell 324 at the same LHSV (except for tungsten carbide, WC). As
before, the feedstocks included coal gas o0il and resid. An additional
feedstock consisting of coal gas oil spiked with CS, was used to assess

the sulfur tolerance of the catalysts.

The catalysts used in this study were characterized before and aftef use
in the pilot plant by x-ray photoelectron spectroscopy (XPS) to determine
the extent of sulfiding of the surface. The catalysts were also
characterized by N, adsorption/desorption to measure surface areas and
pore size distributions. The latter measurements were critical in
assessing the novelty of the carbide catalysts. Finally, chemisorption of
carbon monoxide was used in an attempt to count active sites on the

surface of the carbide and nitride.
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EXPERIMENTAL

Preparation of Catalysts

High-surface-area WC, Mo,N, Mo,C (not tested in the pileot plant),
Mo,N/AMOCAT™, and Mo,C/AMOCAT™ were prepared at Clarkson University by
Professor Ted Oyama as part of a subcontract to this contract.
Preparation methods involved temperature programmed nitriding and
carburizing of MoO; with high flow rates of NH;/H, and CH,/H, mixtures,
respectively. Details of the preparation methods have been described

elsewhere. (1%

Pilot Plant Operation

As with the previous runs, the mini-ager pilot plant, AU-126L, was used.
Table 149 shows the catalyst loadings of the five reactors. With the
exception of WC, all catalysts were loaded with the same volume of
catalysts. Shell 324 was loaded into Reactor A. Inmsufficient WC was
available to load 10 cc; instead, the maximum available amount of 6 cc was
logded into Reactor B. Mo,N was used in Reactor C. AMOCAT“-supported
Mo,N and Mo,C were used in Reéctors D and E. Process conditions are given
in the bottom portion of Table 149. Note that they are different for the
coal gas oil and resid, and they involve changing the space velocity
during the gas oil portion of the run. Feedstock properties are given in

Table 150.

The feeds shown in Table 150 were run sequentially, i.e., the coal gas oil

(FSN-100) was used first at the process conditions shown in Table 149. A
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flow rate of 5 ec/h (0.5 LHSV) was used for 72 hours, at which time
samples were taken for measurements of product quality. The feed rate was
then increased to 10 cc/h (1 LHSV). After 28 hours (120 hours total on
0il), samples were again taken for analysis. It was necessary to refill
the pumps with coal gas o0il from a new drum. This feedstock is referred
to as FSN-100 NEW in Table 150. The flow rate was then increased to 20
cc/h (2 1HSV) for 72 hours (192 hours total on oil), and a sample was
taken for analysis. To check for deactivation, the flow rates were then
returned to 10 cc/h (1 LHSV) and a sample taken after an additional 72

hours on oil (264 total hours).

At this point, a switch was made to the coal gas oil spiked with CS,,
referred to as FSN-100+CS,. This feed was used to assess the sulfur
sensitivity of the catalysts. A sufficient amount of CS, was added to
increase the sulfur concentration by about a factor of 7-9. The CS,-
spiked feed was used at 10 cc/h (1 LHSV) for an additional 72 hours

(336 hours total on o0il), at which time a sample was taken for analysis.

The final portion of the run was devoted to assessing the performance of
the catalysts on a resid-containing feed. Reactor temperatures were
increased to 760°F, flow rates decreased to 5 cc/h, and the coal
resid/Panasol blend (Table 150) used for an additional 240 hours (576

hours on o0il total), at which time the final product sample was taken for

analysis.
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RESULTS

Characterization of Catalysts by €O Chemisorption

CO chemisorption results are shown in Table 151.

Characterization of Catalysts by XRD

Figures 30-32 show the x~ray diffraction patterns on WG, Mo,N, and Mo,C.
The materials were identified by their characteristic diffraction lines:
WC (26 = 31.6, 35.8, 48.7, 65.7, 73.1), Mo,N (37.3, 43.5, 63.2, 75.4,

79.9), and Mo,C (34.5, 37.9, 39.5).

XPS Analysis of Fresh Catalysts

Mo,N and Alumina-Supported Mo,N

Tables 152 and 153 summarize the surface compositions of the fresh
catalysts as measured by XPS (atom percent) and binding energies (BE’s).
For unsupported Mo,N, the Mo/N ratios are 1.0 and 1.5 before and after
reduction, respectively, at 790°F in flowing H, for four hours. As shown
in Table 153, two nitrogen species are detected at N 1ls BE’s of 397.4 %
0.2 and 400.3 £ 0.1 eV, attributable to a nitride and an organic amine
species. While the as-received sample yields the Mo 3d5/2 BE’s of 228.7
and 231.8 eV, the reduced sample gives two components at the Mo 3d5/2 of
228.8 and 230.8 eV. The Mo species at = 228.8 eV is attributed to Mo(IV)
associated with Mo,N; the species at 231.8 and 230.8 eV are likely due to

more oxidized forms of molybdenum, namely, Mo(V) and Mo(VI), respectively.
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The presence of Mo(V) species is probably due to partial reduction of

Mo(VI) at 790°F.

For alumina-supported Mo,N, the Mo/N and Mo/Al ratios are 2.0 and 0.067,
respectively. The Mo/N ratio obtained by XPS is consistent wi£h the
nominal stoichiometry of Mo,N. Alsoc notable is that these ratios remain
essentially unchanged upon reduction at 790°F for 4 hours. There are two
molybdenum species detected by XPS at the Mo3d5/2 BE’s of 229.8 and 232.3
* 0.3 eV, attributable to Mo(IV) in Mo,N and Mo(VI), respectively. One
nitrogen species is observed at the N 1ls BE of 397.0 £ 0.2 eV, which is
assigned to a nitride species. No changes are detected upon thé reduction
in both the XPS BE’s for Mo and N species, suggesting that = 26% of Mo,N
is partially oxidized to Mo(VI) during exposure to ambient air and that
this Mo(VI) was not reduced at 790°F in H, for 4 hours. While it is not
possible to identify exactly the chemical nature of this Mo(VI) species,
the lower degree of reduction compared with the unsupported sample is

probably a result of Mo-alumina interaction.

Mo,C and Alumina-Supported Mo,C

XPS data for these samples are also summarized in Tables 152 and 153. For
Mo,C/Al,0,, no substantial change on Mo/Al ratio is observed on reduction.
For unsupported Mo,C, only one Mo species is detected at the Mo 345/2 BE
of = 229.0 eV, characteristic of Mo(IV) carbide. However, for the
supported Mo,C sample, an additional Mo species (32-40%) is observed at
the Mo 3d5/2 BE of 231.8 eV, indicative of Mo(VI). Like Mo,C/Al,0,, very
little change is seen in the Mo speciation upon reduction at 790°F for

supported Mo,C sample. It is clear that the presence of alumina inhibits
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reduction of Mo(VI) at 790°F for both Mo,C and Mo,N samples, presumably

due to Mo-alumina interactions.

Unsupported WC

The sample yields an XPS atom ratio of W/C of 0.49, and two W species at

the W 4f7/2 BE’s of 31.8 and 35.7 eV, respectively, for W(IV) in WC and

W(VI) in WO, (Table 153). No reduction was performed on this sample.

XPS Analvysis of Used Catalvysts

Table 154 summarizes the XPS surface compositions (atom percent) of the
five catalysts after they have been removed from the reactor, Soxhlet-
extracted with tetrahydrofuran overnight, and then dried under vacuum at

room temperature overnight.

As shown in Table 154, the unsupported Mo,N catalyst experiences a
decrease (from fresh catalyst) in N/Mo ratio on the used catalyst, whereas
the Mo,N/Al,0, yields a higher N/Mo ratio after use. Moreover, the S/Mo
ratio on the used catalysts is higher for the alumina-supported catalyst

than that for the unsupported catalyst.

Table 155 summarizes the XPS binding energies (BE’s) of Cls, Mo3d5/2,
W4f7/2, Nls, and S2p. Shell 324 yields a Mo3d5/2 BE of 229.1 eV and a S2p
BE of 162.1 eV, attributable, respectively, to molybdenum in a tetravalent
state (probably MoS,, Mo/S = 0.5) and a S°® species. A Nls BE of 400.6 eV
suggests that nitrogen is in a form of organic amines. Not included in

this table is the XPS BE of the Ni2p3/2 line. According to the data, the
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sample yields a Ni2p3/2 BE of 853.9 eV, which is due to Ni0O without

interaction with the alumina support.

Used WC gives two components in a W4f7/2 line at 31.9 and 35.6 eV, which
are assigned to W(IV) and W(VI) species, respectively. There are also two
S species observed at 162.3 and 169.2 eV, due to S™2 and a sulfate

species. Judging from the atom composition, it is suggested that W(IV) is
present as both sulfide and carbide on this used sample. Some organic

amine species were also observed on this sample at the Nls BE of 400.6 eV.

Both unsupported and alumina-supported Mo,N samples show two Mo species in
the Mo3d5/2 region at 228.9 and 232.1 eV, indicative of Mo(IV) and Mo(VI)
species, respectively. While the unsupported sample shows a nitride

(Nls 397.4 eV) and a sulfide (S2p = 161.8 eV), the sulfide and the amine
species are detected on the alumina-supported sample. The absence of the
nitride (Nls = 397.4 eV) for Mo,N/AMOCAT™ suggests that most Mo,N on
alumina has been converted to MoS, and other Mo species during reactions.
Based on the atom ratio between Mo+4 and the sum of $°2 and nitride, it is
suggested that in addition to MoS,, some other Mo(IV) species may also be
present on these samples. Thus, the supported Mo,N has a greater tendency
to form a sulfide than the unsupported catalyst. In contrast, the low
S/Mo ratio of 0.53 (Table 154) for the Mo,N catalyst, coupled with the
presence of nitrogen as a nitride (Table 155) suggests much of the Mo

remains as Mo,N and is not converted to a sulfide.

Sample Mo,C/AMOCAT™ gives two Mo species at the Mo3d5/2 BE’s of 228.9
(Mo(IV)) and 231.9 (Mo(VI)) eV and a sulfide species having the S2p BE of

162.2 eV. Again, judging from the Mo/S ratio, it is suggested that some
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of the Mo,C has been converted to MoS, during reactions. No nitrogen is

detected on this sample.

Pore Size Distribution and BET Surface Area Measurements

Pore volumes and average pore diameters as measured by N, desorption and
BET surface areas are shown in Table 156 for fresh Shell 324, WC, Mo,N,
and Mo,C. The surface area of 96 m?/g for Mo,N is exceptionally high for
an unsupported catalyst. Lower surface areas of 30 m?/g were obtained for

WC and Mo,C.

There is a substantial difference between the exceptionally high pore
volume of 0.537 cm®*/g, which exceeds that of Shell 324 for Mo,C, and the
order-of-magnitude lower values of 0.068 and 0.075 cm®/g obtained for WC

and Mo,N.

Figures 33 and 34 show pore size distribution for the catalysts. Pore
volume distributions for each catalyst in Figure 33 were normalized and
graphed in Figure 34. Differences in pore volume are clearly revealed by
the differences in the areas beneath the curves for each catalyst in
Figure 33, Figure 34, on the other hand, emphasizes differences in pore

size distributions.

In general, the pore size for WC, Mo,C, and Mo,N are shifted to
substantially lower pore diameters (- 40A) compared with Shell 324. Both
WC and, particularly, Mo,C have a substantial fraction of their pore

volume present within pores with diameters greater than 200A.
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Product Yields and Qualities

Table 157 shows product properties and conversions after 72 hours on the
coal gas oil feed and at a feed rate of 5 cc/h. The product from Shell
324 had the highest H/C ratio and the greatest reduction in aromaticity as
measured by C!3 NMR. The increase in H/C ratio and corresponding
reduction in aromatics measured by C!3 NMR was about the same for WC and
Mo,N, while the Mo,N/AMOCAT™ and Mo,C/AMOCAT™ were less active than WC and

Mo,N.

Denitrogenation and removal of oxygen were slightly lower for WC and Mo,N
than Shell 324. Mo,N/AMOCAT™ and Mo,C/AMOCAT™ were comparable for these

two functions and less active for denitrogenation than WC and Mo,N.

It is interesting to note that WC, Mo,N, Mo,N/AMOCAT™, and Mo,C/AMOCAT™
exhibited little desulfurization despite the former two catalysts being
almost as active as Shell 324 for hydrogenation, denitrogenation, and

removal of oxygen.

Table 158 shows product properties and conversions after 120 hours on oil,
the last 28 hours at an increased feed rate of 10 cc/h. The ranking of
the catalysts for hydrogenation, denitrogenation, and desulfurization is

the same as it was in Table 157.

Table 159 gives product properties and conversions after 192 total hours
on oil, the last 72 hours at a 20 cc/h feed rate. An additional
difference between the conditions at which product was collected for

Tables 157 and 158 is that the feed used for Table 159 was from a
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different drum. Ostensibly, the feeds should not have been different;
however, a comparison of properties in Table 159 indicates a slightly

lower nitrogen content for this feed.

Product qualities and conversions after 264 hours on oil are shown in
Table 160. The feed rate was restored to 10 cc/h for the last 72 hours.

A comparison with the conversions in Table 157 indicates that deactivation
occurred for denitrogenation, desulfurization, and deoxygenation and,

although to a lesser degree, for hydrogenation.

Table 161 gives product qualities and conversions after a switch was made
to the feed containing 0.2% of sulfur (CS,-spiked feed shown in Table
150). Notable is an increase in denitrogenation. Hydrogenation decreased
slightly while desulfurization was uniformly high for all the catalysts
due to the easy removal of sulfur from CS, in the liquid product (due to

either its vaporization or hydrogenation).

Figures 35-36 and 38-40 summarize the data of Tables 157-161 in the form
of graphs of the 1ln (l-conversion) vs. 1/LHSV for desulfurization,
aromatics saturation, and denitrogenation. A straight line would be
observed if first-order kinetics were applicable. It can be seen that
this is true for aromatics saturation, but not for denitrogenation.

Figure 37 shows a plot of 1/[product sulfur] vs. 1/LHSV. The data fall
along a straight line indicative of second-order kinetics. 1In all the
graphs, the numbers above the data points indicate the order that the data

were obtained.
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Table 162 shows product properties after a switch to the feed containing
coal resid. A comparison with Table 157 (start of run with gas oil feed)
shows the hydrogenation of this feed was, in general, greater for the
resid feed than for the gas oil. Denitrogenation was comparable for both
feeds, while oxygen removal was lower for the resid feed. Figures 36-40
also show data for the resid feedstock. It is interesting to note the
carbides and nitrides now exhibit substantial desulfurization activity,

whereas they did not for the gas oil feed (Tables 157 to 160).

Shell 324 outperformed the other catalysts for hydrogenation,
denitrogenation, desulfurization, and oxygen removal. The nitrides and
carbides performed as well as Shell 324 for resid conversion. The
remarkably low value of 37.8% resid conversion for Mo,N may have been due

to a faulty distillation.

Table 162 also indicates the AMOCAT™-supported Mo,N and Mo,C now perform

better than WC and Mo,N. The opposite ranking was observed for the coal

gas oil feed (Tables 157 to 161).

DISCUSSION

XPS Analysis of Fresh and Used Catalysts

A number of observations may be made of the XPS results on the fresh
catalyst. There is a decrease in the surface concentration of carbon
(Table 152) after reduction of the fresh catalysts in flowing nitrogen at
790°F. This may be explained by the removal of hydrocarbons adsorbed

during exposure to ambient air.
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It is apparent, from the ratio of N to Mo in the case of the molybdenum
nitrides and C to Mo and W in the case of carbides, that the surface
composition is different from our nominal compositions of Mo,N, Mo,C, and
WC. For bulk molybdenum nitride, the surface is best represented by
Mo, N after reduction; for bulk molybdenum carbide, Mo, ;C represents the
surface composition. In the case of the alumina-supported samples, Mo, N

and Mo, ,C are better representations.

A substantial amount of molybdenum and tungsten, even in the bulk
compounds and after reduction in hydrogen at 790°F, exists in a valence
state greater than four. For example, for reduced Mo,N, 68% of the

molybdenum is present as Mo(IV) while 32% is in a higher valence state.

In the case of the supported samples, a comparatively greater proportion
of molybdenum and tungsten is present in a valence state exceeding four.
Consequently, it appears that the supported catalysts were not as

extensively nitrided (carbided) as the bulk compounds.

XPS of the used catalysts removed from the reactor showed an increase in
the carbon level on each catalyst. This is undoubtedly due to the buildup
of coke on the catalyst’s surface. Of particular importance is that the
sulfur-to-Mo (and W, in the case of tungsten carbide) is well below 2, the
value expected for molybdenum disulfide had formed. In the case of

Shell 324, however, the sulfur-to-molybdenum ratio is equal to 2. Further
evidence against extensive sulfiding of the nitride’s surface is that the
nitrogen-to-molybdenum ratio for bulk Mo,N is reduced from 0.66 to only

0.51 after reaction.
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Unfortunately, it is not possible to use the information on binding
energies (Table 155) to distinguish molybdenum (or tungsten) nitride (or
carbide) from molybdenum (or tungsten) sulfide because the metal is in the
same valence state in all of these compounds. This is apparent from
noting that the binding energy of molybdenum in Shell 324 (229.1 eV) and
bulk Mo,N (228.6 eV) is comparable (Table 155). However, for the
Mo,N/AMOCAT™, it appears that most of the molybdenum has been converted to
MoS, and other Mo species because of the absence of nitrogen in a nitride

(BE = 397.4 eV) state.

It is notable, however, that the nitrogen in the case of bulk Mo,N remains
in the valence state expected of that for molybdenum nitride (Table 155).
This further supports the contention that molybdenum nitride is present on

the surface of bulk compounds.

Despite exposure to practical hydrotreating process conditions, the Mo,N
and WC bulk catalysts exhibited remarkable resistance to sulfiding, as
confirmed by the XPS in Table 154. This is consistent with recently
published work(®”’ also showing these compounds to be sulfur-tolerant
despite the presence of a large thermodynamic driving force for conversion

to molybdenum disulfide. (%%

Finally, a comparison of Tables 153 and 155 indicates the molybdenum in
the supported samples is more extensively reduced after use in the pilot
plant. This has been noticed in the previous study of these materials and
is attributable to the extensive exposure to reducing conditions

(576 hours at 700-760°F at hydrogen partial pressures exceeding 1000 psig
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vs. 5 hours at 780°F and atmospheric pressure hydrogen as for the

pretreatment used for the samples shown in Table 153).

Pore Size Distribution and Surface Area Measurements

The preparation of the bulk Mo,N was quite successful because a surface of
96 m?/g was achieved. Lower surface areas of 30 m?/g were obtained for WC
and Mo,C. Notable is that the pore volumes for Mo,N and WC, the catalysts
tested in the pilot plant, were much lower than that for Shell 324. This
is also apparent in Figure 33 by comparing the relative areas under the
curves for the catalysts. Also notable from Figures 33 and 34 is that the
pore radii of the Mo,N and WC catalysts are substantially lower than those
for Shell 324. 1In view of the fact that a considerable effort has been
expended on tailoring the pore structure of commercial catalysts, one
would expect the Mo,N and WC to perform poorly as hydrotreating catalysts

due to severe diffusional restrictions.

Pilot Plant Results

Aromatics Saturation

Figures 35-37 summarize performance of Shell 324 in the pilot plant.
Figure 35 shows the percent reduction of aromatics as measured by C!3 NMR
plotted against 1/LHSV. A straight line on this graph indicates the
kinetics are pseudo-first-order. The dashed line is through the data
points taken with the gas oil feedstock (including when it was spiked with

CS,). The solid line is for the resid-containing feedstock. The data




148
points are numbered in the order in which the data were obtained. The

same nomenclature is used for Figures 35-41.

Notable in Figure 35 is that aromatics saturation indeed follows first-
order kinetics when the coal gas oil is used as the feedstock. Too few
data points were collected with the resid-containing feedstock to make a
similar conclusion. Figure 35 also indicates that there was little
deactivation for aromatics saturation and that the presence of carbon
sulfide, which is rapidly converted to H,S, does not alter the aromatic
saturation activity. Indeed, the same conclusions may be made for WC,
Mo,N, Mo,N/AMOCAT™, and Mo,C/AMOCAT™ on the basis of Figures 38A, 394,

40A, and 41A. 1In addition, it is also notable that the slope of the line
for the resid feedstock is greater than for the gas oil feedstock. At
first glance, this suggests that the resid constituents are easier to
hydrogenate than those in the gas oil. A more likely explanation is that
the hydrogenation of methyl naphthalenes in Panasol is instead responsible
for most of the reduction in aromatics shown in these figures and that the
naphthalene compounds are easier to hydrogenate than the aromatic

compounds present in the gas oil.

Desulfurization

Figure 37 presents a graph of the desulfurization data for Shell 324. The
data are expected to fall along a line if second-order kinetics are
obeyed. Furthermore, the intercept of the line should be the reciprocal
of the feed sulfur concentration if second-order kinetics are being
followed. It can be seen that second-order kinetics are indeed followed

for the gas oil feed; however, there are too few data points for the resid
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feedstock for a similar conclusion to be made. Similar graphs are not
shown for the carbide and nitride catalysts because of their surprisingly

low desulfurization activity.

Denitrogenation

Figures 36, 38B, 39B, 40B, and 41B show first-order graphs for
denitrogenation. Note that a straight line is not drawn through the data
points for the coal gas o0il. This is because it does not appear that
first-order kinetics were followed for any of the catalysts.
Alternatively, it may be that the catalytic activity of the catalysts for
denitrogenation, unlike for aromatics saturations and desulfurization, was
continuously changing throughout the run. It is, however, apparent from
each of these figures that the presence of CS, did not significantly alter

the activity of the catalysts.

Deoxvgenation

Graphs are not given for deoxygenation because of the potential inaccuracy

of the analysis of the oxygen contents in feeds and products.

Relative Catalvtic Activities of Catalysts

In addition to product qualities, Tables 157-161 also show rate constants
for denitrogenation (HDN), desulfurization (HDS), deoxygenation (HDO), and
hydrogenation (HYD) of aromatic rings. First-order kinetics were assumed

for HDN, HDO, and HYD, while second-order kinetics were used for HDS.
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Rate constants are given on a volume and weight basis. For ease of

comparison, the rate constants are normalized relative to Shell 324.

A number of observations may be made concerning the rate constants in

Tables 157-162:

At the start of the run, the carbides and nitrides have little to no

activity for HDS compared with Shell 324,

The volume-based rate constants for HDN, HDO, and HYD by WC and Mo,N

are often equal and, for WC, frequently exceed that of Shell 324.

The Mo,N/AMOCAT™ and Mo,C/AMOCAT™ volume-based rate constants for
HDN, HDS, HDO, and HYD are always lower than either Shell 324 or Mo,N

and WC.

The weight-based rate constants for Mo,N/AMOCAT™ and Mo,C/AMOCAT™
& 2 2

frequently exceed that of Shell 324 and Mo,N and WC.

The weight-based rate constants for Mo,N and WC are generally lower

than either Shell 324 or the AMOCAT™-based catalysts.

One can speculate that the lack of HDS activity of the carbides and
nitrides indicates catalytic sites that are distinct from those on
Shell 324. Alternatively, the small pores present in the Mo,N and WC may

lead to strong diffusion restrictions for HDS.
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For the five catalysts of this study, Table 163 shows the relative
reactivities of sulfur and nitrogen removal expressed as the ratio of
kpas/kpgn for three feeds: coal gas oil, coal gas oil spiked with CS,, and

coal resid.

The quantity kyy./kpg, for coal-derived feeds is about 100 or more using
Shell 324 catalyst, as seen in Table 163. This may be due to the higher
reactivities of the sulfur components in the coal-derived feeds of this
study. These feeds were obtained from the second stage of the two-stage
coal liquefaction process at Wilsonville and may have undergone
significant partial cracking to form lower molecular weight, higher
reactivity sulfur compounds. Having higher reactivities, the coal-derived
sulfur compounds of these feeds may be more subject to diffusional
constraints where pore size restrictions dominate. These diffusional
constraints manifest themselves in the unusually low sulfur conversions
observed for many of the novel catalysts, especially the bulk unsupported

materials.

The comparable volume-based rate constants for WC, Mo,N, and Shell 324 has
implications for commercial reactors because they are sized on this basis.
The high density of the bulk Mo,N and WC catalysts, however, requires a
substantially greater weight (Table 149) to be packed into the reactors
using these catalysts. This, along with the likely greater cost of bulk

Mo,N and WC, probably restricts their commercial use.

The comparatively large rate constants for Mo,N/AMOCAT™ and Mo,C/AMOCAT™

on a weight basis are promising despite the low values for k,. This
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result suggests that the values of k, may be improved by using an alumina

support that has a higher skeletal density than AMOCAT™ alumina.

Table 161 shows the result of adding CS, to the feed. CS, is frequently
used to sulfide conventional hydrotreating catalysts. It was used here to

measure the sulfur sensitivity of the nitride and carbide catalysts.

Notable from Table 161 is that CS, did not poison the carbide and nitride
catalysts. A comparison with Tables 157-160 does indicate that the HDN
and HDO reactions of Mo,N and W decreased relative to Shell 324, while
they were increased for the AMOCAT™-based catalysts. Relative
hydrogenation activities were unaffected. No comment can be made about
HDS activities because it is impossible to determine if sulfur
concentrations in the product were due to the removal of sulfur in the

feed or CS,.

Table 162 shows that the carbides and nitrides are active even for coal
resid. This is surprising in the case of WC and Mo,N considering their
small pores (Figures 33-34)., Notable too is that the performance of WC,
as was often the case with coal gas oil, exceeds that of Shell 324, as can
be seen from its values of k,. It is also apparent that the AMOCAT™-based
catalysts exhibit values of k, that exceed those for Mo,N and, for some
reactions, equal that of WC. This may be due to the pore structure of
AMOCAT™ alumina reducing intraparticle diffusion limitations, while

diffusion limitations play an even greater role in the small-pore WC and

Mo,N catalysts.
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Supported Molybdenum Carbides and Nitrides

While the bulk nitride and carbide catalysts showed remarkable sulfur
tolerance under hydrotreating conditions, the supported materials
underwent partial conversion to molybdenum sulfide. A strategy to
minimize the conversion of supported nitrides and carbides to sulfides
during reactions includes the use of different supports that combine
surface area stability (necessary because of the high temperatures
required for the synthesis of the carbides and nitrides) with minimal

Mo-support interactions.

Table 152 suggests that strong Mo-alumina interactions may have inhibited
the complete reduction of the supported molybdenum oxide prior to the
high-temperature carbiding or nitriding process. Incomplete nitriding or
carbiding may render the supported molybdenum more susceptible to

sulfidation during reaction.

Several laboratories have found that temperatures at least as high as
1470°F were necessary to reduce completely the molybdenum dispersed on a
gamma-alumina support, (28730) temperatures that are significantly higher
than for other supports such as silica or carbon,(®?’ indicating the latter
supports interact only weakly with Mo. There is also an indication that
some of these supports undergo very little loss in surface area as a
result of the high-temperature reduction.(?®’ The aluminas used in these
studies were highly pure PHF-type aluminas. Other type aluminas (such as
AMOCAT™) might not retain their surface area under the extreme high-

temperature reduction conditions required above.*?’ Thus, the type of
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support material must be considered for preparation of the supported

nitrides and carbides.

Since the goal of future work is to develop new supports that minimize
molybdenum-support interactions during reduction and subsequent sulfiding
and nitriding, such supports must also exhibit surface area stability
under these conditions. Mo-support interactions may be reduced by
choosing supports besides alumina that more closely match the relatively

acidic isoelectric point of MoO,, (3%:34)

Candidate materials include silica-stabilized aluminas®° 3% because they
show both good surface area retention with temperature and can be prepared
with varying degrees of acidity. In addition, one may choose alumina
doped with various stabilizing metals to impart the desired surface

acidity and surface area stability.(32,35.39

By using these different materials, one may be able to reduce the
supported molybdenum completely and at lower reduction temperatures.

This may ensure complete nitriding or carbiding of the molybdenum and,
consequently, significantly enhance the sulfur tolerance of the supported

catalyst in real hydrotreating conditions.

SUMMARY

Bulk WC and Mo,N have aromatic saturation and denitrogenation
activities approaching that of Shell 324 when the catalysts are
compared on a volume basis. This is surprising in view of the small

pore volume and pores of WC and Mo,N. It appears that there are
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catalytic sites present on WC and Mo,N that are intrinsically more

active than those of a conventional NiMo/Al,0; catalyst.

The unsupported carbide and nitride catalysts were not extensively
sulfided under the hydroprocessing conditions encountered in this
study, as confirmed by XPS analyses of the spent catalyst. The

addition of CS, did not significantly alter their catalytic activity.

XPS of the molybdenum carbide and nitride supported on AMOCAT™
alumina indicated the molybdenum was not as extensively reduced as
the bulk compounds due to strong Mo/Al,0, interactions. This may
have them more extensively sulfided and therefore resulted in lower
activities compared with the bulk compounds. Future research on
these materials should include using high density supports, which
only weakly interact with Mo. These preparations may make it
possible to prepare catalysts in which the active sites present at
the surface of the supported carbide and nitride crystallites are
made more accessible by taking advantage of the tailored pore

structure of the support.

CONCLUSIONS FROM TASK 3.2.2

Many NiMo catalysts have equivalent activities for resid conversion, where
high initial activities are balanced by increased rates of deactivation.
Similarly to petroleum refining, it is difficult to develop resid
conversion catalysts primarily due to rapid deactivation by coke and
asphaltene adsorption. Large pore, bimodal catalysts are more resistant

to pore plugging, but have poorer product upgrading capability, whereas,
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small pore, unimodal catalysts have high initial activity and good product
upgrading but poor long-term stability. Mo promoted by Ni seems to be the
best combination; Ir, Pt and Rh are poisoned by sulfur in the feed.
Molybdenum and tungsten carbides and nitrides have good initial activity

on active site basis, however, low activity on volume basis.

Task 3.2.3: Hydrous Metal Oxide Catalysts

1. Mini-Ager Testing

INTRODUCTION

The mini-ager testing of hydrous metal oxide catalysts was done in Runs 7,
8 and 9. The purpose of these runs was to compare the performance of a
catalyst series based on hydrous titanate oxide (HTO) support materials,

40,41 to commercial hydrotreating

developed at Sandia National Laboratories
catalysts. The commercial catalysts are considered to be those currently
available for use at demonstration-scale or even larger facilities. With

the exception of AMOCAT™ series of catalysts, all the other commercial

catalysts that were used in this study have been developed and utilized in

petroleum refining.
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EXPERIMENTAL

Catalysts

The Sandia prepared catalysts included hydrous titanate oxide (HTO)
supports with CoMo, PdNiMo, Pd and NiMo promoters. The commercial
catalysts in this report included NiMo-containing AMOCAT™ 1C with bimodal
pore structure, NiMo-containing Shell 324 (extensively used at
Wilsonville) and Shell 411, both with unimodal pore structure. Shell 411
is typically recommended for use as a hydrotreating catalyst for petroleum
gas oils (materials with a boiling point range of 650-1000°F) and
distillates (boiling range of 350-650°F). While the molecular
constituents of these light feeds are undoubtedly different from coal
residuums (1000°F+ boiling point), it was reasoned that coal residuums are
made up of molecules that are smaller than those in petroleum residuum and
so this catalyst might prove to be promising in this work. A detailed
description of the available catalyst properties is given in Table Nos.
164-166. Most of the properties of the Sandia catalysts are also

available in Sandia reports.

RESULTS

The testing was done with the same reference feedstock, pilot plant and
operating conditions as was used in the second stage catalyst testing

program. The feedstock properties, catalysts and testing conditions are

in Table Nos. 167-170.
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Product Qualities

The product qualities from Run No. 7 are in Tables 171-172. After 357
hours on oil (Table 171), the Sandia catalysts, NiMo/HTO and PdNiMo/HTO
show comparable denitrogenation and ramscarbon conversion, but slightly
better desulfurization and oxygen removal compared to AMOCAT™ 1C. Both
Pd #1 and Pd #2 indicate considerably worse product quality, except for
oxygen removal by Pd #2 catalyst, than for any of the previous catalysts.
At 574 hours on oil (Table 172), the NiMo/HTO and AMOCAT™ 1C show
comparable product quality. Desulfurization is slightly lower for
PdNiMo/HTO compared to the other two catalysts. As before, the Pd #1 and
Pd #2 catalysts have poor product quality (note oxygen removal by Pd #2

again) .

The product qualities from Run No. 8 are in Tables 173-174. After 168 hrs
on oil (Table 173), the denitrogenation and desulfurization are comparable
for AMOCAT™ 1C, and CoMo/HTO. Pd containing catalyst (Pd #3) again shows
poorer product quality. The ramscarbon conversion is higher for

AMOCAT™ 1C than for CoMo/HTO and Pd #3. After 336 hours on oil (Table
174), the AMOCAT™ 1C shows nominally higher nitrogen and sulfur content
in the product than any of the other catalysts, except Pd #3. Oxygen
content is also higher for AMOCAT™ 1C than for the other catalysts
including Pd #3. The ramscarbon conversion is best for AMOCAT™ 1C, and
worst for CoMo/HTO and Pd #3. The other catalysts have ramscarbon

conversion that fall in-between.

Tables 175-177 show the product qualities for Run 9. The two Sandia

preparations for this run are NiMo promoted HTO catalysts, one with
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typical commercial catalyst promoter levels (NiMo/HTO(F)), and the other
with half the promoter levels (NiMo/HTO(L)). After 470 hours on oil
(Table 175), AMOCAT™ 1C, NiMo/HTO(F) and NiMo/HTO(L) show comparable
nitrogen, sulfur, oxygen and ramscarbon in the products. The product from
Shell 324 has slightly lower nitrogen, comparable sulfur but higher oxygen
than those of the previous three catalysts, and Shell 411 product has even
lower nitrogen and comparable oxygen. The sulfur analysis showing high
content in the Shell 411 product is questionable. Both Shell catalysts
indicate better ramscarbon conversion than that of the three other
catalysts. Similar product quality trends can be seen after 779 hours on
0il (Table 176) for ramscarbon and sulfur, except that Shell 411 now has
low sulfur content also, which points out again the questionable earlier
sulfur analysis. The product oxygen content is comparable for AMOCAT™ 1C
and Shell 324, but lower for the Sandia and Shell 411 catalysts. After
876 hours on oil (Table 177), the product quality for AMOCAT™ 1C is
poorer than for any of the other catalysts. Both Shell 324 and 411 have
lower product nitrogen and ramscarbon contents compared to the Sandia
catalysts. Oxygen content is comparable with the Shell 411 and high
promoter level NiMo/HTO, and again similar for Shell 324 and low promoter
level NiMo/HTO. Sulfur content is similar for all the catalysts within

experimental error.

The product nitrogen vs time on oil for Run 9 and the various catalysts is

graphed in Figures 42-45.

The conversions for nitrogen, ramscarbon and resid for various catalysts
at 20, 32 and 37 days on-o0il in Run 9 are graphed in Figures 46-48

respectively. At 20 days-on-oil (Figure 46), denitrogenation is similar




160
for AMOCAT™ 1C, and Sandia NiMo/HTO catalysts, but slightly better for
Shell 324 and 411; ramscarbon conversion is similar for all the catalysts,
and resid conversion is about 20% for the AMOCAT™ 1C, whereas NiMo/HTO(L)
and Shell 411 have about 40% resid conversion. At 32 days-on-oil (Figure
47), AMOCAT™ 1C and NiMo/HTO(F) have comparable nitrogen conversion,
about 30%; Shell 324 and NiMo/HTO(L) have about 40% conversion of nitrogen
and Shell 411 has about 50% conversion. The ramscarbon conversion is
between 25 and about 40% for all the catalysts. The resid conversion is
similar for both Shell catalyst and NiMo/HTO(L), but slighély lower for
NiMO/HTO(F) and even lower for AMOCAT™ 1C. At 37 days-on-oil (Figure
48), AMOCAT™ 1C catalyst has lower conversions for nitrogen, ramscarbon
and resid than the other catalysts. Shell 411 has good nitrogen and
ramscarbon conversion, and NiMo/HTO has the best resid conversion.

Figure 49 shows conversions from earlier runs, where both Shell 324 and
AMOCAT™ 1C have similar ramscarbon and resid conversions, Shell 324 has a
slightly better nitrogen conversion. The thermal process, as expected,

shows the lowest conversions.

DISCUSSION

Sandia prepared NiMo promoted hydrous titanate oxide (HTO) catalysts
performed on par with the commercial catalysts. The catalyst designated
NiMo/HTO(L) was especially interesting because it contained roughly half
the promoters that were in the NiMo/HTO(F), however, it still had good
performance. This points to the possibility that the dispersion of Ni and
Mo onto the HTO surface is extremely good. CoMo/HTO showed also
reasonable denitrogenation and desulfurization but poorer ramscarbon

conversion. The product hydrogen content was lower for the CoMo catalyst,
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indicating an inferior hydrogenation function for CoMo compared to NiMo,

which is well-known in petroleum hydrotreating.

The Pd catalysts (Pd #1, Pd #2 and Pd #3) all had poorer performance
compared to the commercial catalysts, or NiMo/HTO and CoMo/HTO
preparations. Although Pd containing catalysts are known to be good for
hydrogenation, low product hydrogen contents are seen here. Pd is a noble
metal and it gets poisoned easily with sulfur in the feedstock, which
could be a part of the explanation for poor catalytic activity for these

materials.

Observing the product nitrogen in Figures 42-45, it’'s very promising that
the NiMo/HTO catalysts performed comparably to commercial hydrotreating
catalysts. The conversions in Figures 46-48 also indicate good

performance for the Sandia NiMo/HTO catalysts.

SUMMARY

The mini-ager testing results show that Sandia’s NiMo/HTO catalysts look
as though they are comparable to commercial hydrotreating catalysts,
although the support pore structure has not been optimized. Furthermore,
one of the preparations of NiMo/HTO performed remarkably well despite
having a relatively low promoter loading. This points to the possibility

that Ni and Mo are well dispersed onto the hydrous titanate oxide surface.
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2. Continuous Testing

A powdered nickel/molybdenum version of Sandia’s hydrous metal titanate
catalyst was compared to a powdered nickel/molybdenum on alumina catalyst
for liquefaction of Illinois No. 6 bituminous coal. The hydrous titanate
catalysts showed high hydrogenation activity in Sandia’s tests, which
might increase resid conversion with Illinois No. 6 feed at lower reactor
temperatures. Two different levels (0.1% and 0.2% catalyst/coal) of the
powdered NiMo/titanate catalyst and one level (0.1% catalyst/coal) of the
NiMo/alumina catalyst were tested. Molybdenum levels were 90-152 ppm

Mo/coal, which is reasonable for an economic liquefaction process.

A thin-film form of Sandia’s hydrous titanate catalyst on AMOCAT™ alumina

with nickel and molybdenum hydrogenation metals was also tested.

Sandia’s Powdered NiMo/Titanate with Illinois No. 6 Coal

EXPERIMENTAL

Catalyst powder was added directly to 33% coal 67% solvent slurry without
a sulfiding agent. The NiMo/hydrous titanate powder was prepared by

R. Dosch*® at Sandia. The NiMo/alumina catalyst was prepared by
separately dissolving ammonium molybdate and nickel nitrate in water,
combining the two water solutions, immediately mixing with alumina powder,
drying at 125°C, and calcining at 800°F for one hour. Properties of the

catalyst powders are given in Table 178.
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Pilot plant AU-135L was operated at 2500 psig with the first stage at
800°F and the second stage at 500°F, giving a nominal residence time of
1.5 hours. Due to the small size of the catalyst sample, the second stage
was non-catalytic; thus the temperature was kept low so that little effect

was seen on the product.

RESULTS

Net yields from coal are given in Table 179. For comparison, results
from Molyvan L at a higher temperature (820°F) are included because they
are the best to date. Resid yield was higher for NiMo on hydrous titanate
powder than for NiMo on alumina (18-20% vs. 9%), at the expense of 650-
935°F distillate. Yields of other distilled fractions were comparable for
the two catalyst. Resid yield decreased insignificantly (2%) when twice
as much of the hydrous titanate catalyst was used, but hydrogen
consumption increased 1%. Lower product gas yields from the hydrous

titanate catalysts may reflect lower acidity.

Elemental analyses of distilled fractions are given in Table 180.
Hydrogen and heteroatom contents were comparable for the alumina- and

titania-supported catalyst powders.

SUMMARY

A nickel/molybdenum/hydrous titanate catalyst powder prepared by Sandia
gave comparable performance to a nickel/molybdenum/alumina catalyst powder

except resid conversion was somewhat lower. Performance was good enough

to warrant further testing of these novel materials.
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NiMo/Ti0, on AMOCAT™ Alumina with Illinois No. 6 Coal

EXPERIMENTAL

The NiMo/hydrous titanate on AMOCAT™ alumina was prepared by R. Dosch*? at
Sandia. Properties of the catalyst are given in Tabl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>