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PROJECT ASSESSMENT

Introduction

Under subcontract from CONSOL Inc. (U.S. DOE Contract No. DE-AC22-
89PC89883), Vander Sande Associates studied the use of transmission
electron microscopy (TEM), scanning transmission electron microscopy
(STEM) and energy dispersive X-ray (EDX) spectroscopy for analysis of
dispersed catalysts in the insoluble portion of coal-derived materials.
Dr. John B. Vander Sande, the principal investigator of this work, is
vice president of Vander Sande Associates and professor of Materials
Science and Engineering at Massachusetts Institute of Technology. The
full report authored by Vander Sande Associates is presented here. The
following assessment briefly highlights the major findings of the
project, and evaluates the potential of the method for application to
coal derived materials. These results will be incorporated by CONSOL into
a general overview of the application of novel analytical techniques to
coal derived materials at the conclusion of this contract.

Summary

This study demonstrated the feasibility of using scanning transmission
electron microscopy (STEM) spectroscopy accompanied by energy dispersive
X-ray (EDX) spectroscopy for the examination of the tetrahydrofuran
(THF)-insoluble portion of distillation resid materials derived from
direct coal liquefaction. The technique was able to determine the
distribution, morphology, and elemental composition of dispersed catalyst
components in the insoluble portion of the distillation resids. An
attempt was made to use transmission electron microscopy (TEM) on these
samples; however, detailed compositional information could not be
obtained. Further development of STEM and EDX as aids to process
development are justified based on these results.

Program Description

This report describes the work performed by Vander Sande Associates under
a subcontract from CONSOL Inc., Research and Development. CONSOL’s prime
contract to the U.S. Department of Energy (Contract No. DE-AC22-
89P(C89883, "Coal Liquefaction Process Streams Characterization and
Evaluation") established a program for the analysis of direct coal
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liquefaction darived materials. The program involves a number of
participating organizations whose analytical expertise is being applied
to these materials. This Participants Program has two main objectives.
The broad objective is to improve our understanding of fundamental coal
liquefaction chemistry to facilitate process improvement and new process
development. The specific approach to achieving this objective is to
provide a bridge between direct coal liquefaction process development and
analytical chemistry by demonstrating the application of various advanced
analytical methods to coal liquefaction materials. The methodologies (or
techniques) of interest are those which are novel in their application
for the support of coal liquefaction and those which have not been fully
demonstrated in this application. CONSOL is providing well-documented
samples from different direct coal liquefaction production facilities to
the program participants. The participants are required to interpret
their analytical data in context to the processing conditions under which
the samples were generated. The methodology employed is then evaluated

for its usefulness in analyzing direct coal liquefaction derived
materials.

r nt’
Vander Sande Associates used STEM and EDX to analyze the THF-insoluble
portion of distillation resids (850°F') that were known to contain a
molybdenum-based dispersed catalyst used in the liquefaction process.
The insoluble portion of the resid is a solid at room temperature and
contains organic material and mineral matter native to the coal as well
as the added catalyst. The original samples were produced at the Wilson-
ville pilot plant. The major processing parameter which was considered
in the choice of these samples was the concentration of the added
catalyst. Samples were obtained from two processing runs which used the
same feed coal. In one run, s’urry-phase (dispersed) molybdenum catalyst
was fed to the first reactor. In the other run, slurry catalyst was fed
to the first reactor in the two-stage process and supported catalyst was
used in the second reactor. Samples from Wilsonville were taken from
three locations: between the reactors, after the second-stage reactor,
and at the recycle oil vessel. These samples are expected to represent
different extents of coal Jiquefaction and perhaps different catalyst
morphology, composition, and activity. The samples were composites of
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a number of samples taken during a single run day in a single operating
run period. The STEM experimental procedure is described on pages 4-7
of the attached report. A1l experimental work reported here was
performed at the Materials Science and Engineering Department of the
Massachusetts Institute of Technology.

Participant’s Major Findings

The following principal observations for the application of STEM and EDX
to coal liquefaction materials were reported by Vander Sande Associates.
An expanded discussion can be found in the attached report, pages 7-10.
Preliminary examination of the samples using transmission scanning
microscopy (TEM) provided insufficient compositional information;
therefore, all work was accomplished with the STEM.

The STEM technique has a spatial resolution for imaging of about 0.5 nm
and for compositional analysis of about 2.0 nm. Both "bright-field" and
"dark-field" imaging modes were used, and compositional analysis of the
features detected was accomplisihed via energy dispersive X-ray analysis.
Molybdenum, introduced into the two processing runs as Molyvan L, a
catalyst precursor, was detected in all of the samples of the processing
run in which the Molyvan L was introduced at the 500 ppm MF coal level
(Run 262), and only in the recycle sampie from the run in which Molyvan
L was introduced at the 100 ppm MF coal level (Run 263). The largest
localized concentrations of Mo were detected in the recycle sample in Run
263. The Mo was rarely seen as a particle in the THF-insoluble portion
of the resids; rather, it was typically seen in a diffuse state in which
any existent particies are smaller than observable at the resolution of
the instrument (<2nm). Sulfur was often found to be associated with the
Mo. Iron was observed in all samples and it was always found in
association with sulfur. The FeS were determined to be particulate
(about 0.1-2.0 um) in nature.

CONSOL Evaluation

The STEM and EDX technique were shown to be useful for the analysis of
the THF-insoluble portion of the direct coal liquefaction resid samples.
It was shown that localized distributions of the different elements and
compounds in the sample could be determined. The morphology of the
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detected elements and compounds was discernable. However, little
difference was observed in the concentration or morphology of the Fe or
Mo among the samples in which Fe and Mo were detected. It is, therefore,
not possible, based on these six samples, to comment on the effect of
processing conditions on the nature of the Mo catalyst.

The concentration of the highly dispersed Mo was below the detection
limits of the STEM and EDX methods for two of the samples. In two of the
three samples obtained from a processing run in which only 100 ppm (MF
coal basis) of fresh Mo was introduced, the method was nct able to detect
the molybdenum that was present, even though the dispersed Mo catalyst
was concentrated (~1300 ppm) in the THF-insoluble portion of the resid
before examination.

There was an apparent discrepancy in the concentrations of Mo detected
via the STEM and EDX techniques and conventional bulk methods. The STEM
and EDX techniques indicate that the highest Mo concentration is in the
recycle samples, but the bulk analysis indicates that those samples have
Tow to medium Mo concentrations. This app-arent discrepancy can be
resolved if consideration is given to the fact hat the STEM method, by

experimental design, is reporting only on the Yo-enriched regions of the
sample.

The STEM and EDX techniques appear to be powerful diagnostic tools for
the analysis of these materials. The techniques are well-suited to the
task of following the fate of dispersed catalysts through the
liquefaction process.

Sample preparation was minimal; the dry powdered sample was distributed
on a carbon film, which was supported by a Cu mesh grid, and placed
directly into the microscope. The STEM instrument used to accomplish the
work described in this report costs approximately $650,000. The time
required to run one sample is about one day. The operation of the
equipment and the interpretation of the data are most commonly performed
by highly trained professional personnel.
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Further Development

Further development of the STEM technique for analysis of catalytic
materials in coal liquefaction derived resids appears to be warranted.
It is suggested that many additional samples containing iron and
molybdenum based catalysts be examined to determine if processing trends
affect the morphology of the materials. It is also suggested by Vander
Sande Associates that electron energy loss spectroscopy (EELS) be tested

with process derived samples to learn more about the local chemical
environment of the Mo.

Participant’s Statement of Work

Transmission Electron Microscopy (TEM) and Scanning Transmission Electron
Microscopy (STEM) are techniques which have been used for the investiga-
tion of ceramic materials, coal and coal ash. It has not, however, been
demonstrated for its ability to answer questions pertaining to the
chemistry of coal conversion. As such, it fits well within the scope of
the participants program.

The application of TEM and STEM to a specified sample set (6 samples)
will allow a demonstration of the value of this technique for the
examination of the dispersed catalyst in coal liquefaction-derived
resids. The samples are known to contain molybdenum, originally
introduced as a catalyst precursor (Molvvan L), and dispersed iron.
These samples have been selected (see attached 1ist) so that the utility
of TEM and STEM for addressing the issue of catalyst activity can be
evaluated by obtaining information on the size, morphology, occurrence,
and chemical nature of the molybdenum and the iron in the different
samples. Examination of the samples will be done in two steps. First,
the samples will be globally scanned by STEM to map the molybdenum and
iron concentrations. Then the Mo- and Fe-rich areas will be examined in
a point-by-point analysis at high magnification by TEM. The point-by-
point examination will include microdiffraction analysis and either
energy dispersive X-ray spectroscopy (EDX) or electron energy loss
spectrometry (EELS). Examination of the samples by other techniques such
as Auger electron spectroscopy and secondary ion mass spectroscopy (SIMS)
also will be employed to provide additional information for each sample.
The samples will be supplied to MIT with the following information, as
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available: elemental analyses, ash content, ash elemental analysis,
phenolic -OH concentration, calorific value, hydrogen classes by 'H-NMR,
and the full history of the sample (plant, process conditions, age, and
storage conditions). The samples are the tetrahydrofuran-insoluble
portion of non-distillable residual materials. They contain THF-
insoluble organic material and ash. Sample size will be at least 1lg.
The six insoluble resid samples will be solid materials that will be
supplied as approximately minus 60 mesh powders. All experimental work
will be performed at the Massachusetts Institute of Technology,

Department of Materials Science and Engineering, Cambridge,
Massachusetts.
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ELECTRON MICROSCOPY OBSERVATIONS OF RESIDS
OBTAINED FROM COAL LIQUEFACTION EXPERIMENTS

Executive Summary

Scanning transmission electron microscopy (STEM) was
accomplished on six tetrahydrofuran (THF) inscluble portions of
solid 850°F+ materials (resids) from two Wilsonville direct coal
liquefaction processing runs. Three samples are from a run
employing a fresh molybdenum concentration of 500 ppm MF coal
while the second set of three samples are from a run employing a
fresh molybdenum concentration of 100 ppm MF coal. In each case
Molyvan L was used as the slurry catalyst. In each of the two
sample sets, one sample is from the "interstage" sampling point
(between the first and second reactors), the second sample from
the "recycle" sampling point (at the solvent surge tank) and the
third sample from the "second stage product" sampling point (from
a vessel after the second reactor).

Samples were prepared for electron microscopy by
distributing the dry powders on a thin carbon film which itself
is supported on a Cu mesh grid. The observations presented in
this report were obtained using a Vacuum Generators HB-5 STEM
operating at 100 kV. This instrument has a spatial resolution
for imaging of ~ 0.5 nm and a spatial resolution for
compositional analysis of ~ 2.0 nm.

Imaging of samples was done in both bright-field and dark-
field modes. Compositional analysis of features seer was

accomplished by using a windowless energy dispersive X-ray
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detector and associated analyzer. This analytical approach is
based on the incident electron probe interacting with the thin,
solid sample generating characteristic X-rays from the volume of
the sample under electron irradiation. The X-rays produced are
collected by the X-ray detector, sorted in terms of their
(characteristic) energy, and presented in a plot of X-ray
intensity versus energy. The X-ray intensity in a given peak can
also be used to "drive" the CRT to produce an X-ray map of the
sample as the electron beam scans the object.

Mo was detected in all of the samples from the 500 ppm MF
coal Mo concentration samples but only from the "recycle" 100 ppm
MF coal Mo concentration sample. The Mo concentration was
locally the highest in the "recycle" 500 ppm MF coal sample. The
Mo is rarely seen as a particle but rather appears as a diffuse,
organic-like mass suggesting that Mo is in a "molecular" state
rather than particulate state. In contrast to the form in which
Mo was observed, Fe was always observed in cenjunction with S and
always in the form of a particle. The FeS has a particle size of
0.1-2.0 microns.

It is concluded that STEM is an extremely useful technique
for analyzing the fine details of morphology and composition in
coal liquefaction resids.. As this analysis requires detailed
information on local composition, transmission electron
microscopy was determined to be a less useful technique compared

to STEM.
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ELECTRON MICROSCOPY OBSERVATIONS OF RESIDS
OBTAINED FROM COAL LIQUEFACTION EXPERIMENTS

Introduction

The goal of the research effort described in this report is
to determine if transmission and scanning transmission electron
microscopy are viable analytic techniques for investigating
certain aspects of the direct coal liquefaction process. To this
end, six samples were supplied to the author by CONSOL Inc. under
a subcontract to DOE Contract DE-AC22-89PC89883. Sample Nos. 1-6
(see Tables 1-6) were tetrahydrofuran (THF) insoluble portions of
solid 850°F+ materials (resids). &ll six samples are from the
Wilsonville pilot plant. Each sample is the THF-insoluble
portion of an individual sample taken during a single run period.
operating conditions were considered stable over the length of
‘the period.

The first three samples (Nos. 1-3) are from Wilsonville
Run 262. A description of the objectives of Run 262 and the
experiences with this run are presented as Appendix A. Sample
Nos. 1-3 were obtained during period B. The samples were taken
from three different locations in the Wilsonville plant (refer
to Figure 1). The samples taken at the three different sampling
points during the same run are expected to represent different
degrees of coal processing. The sampling point called
"jnterstage” in Figure 1 (also refer to Tables 1-3) is between
the first and second reactors. The sample designator for this

sample is R1235. The sampling point called "Recycle" is at the



solvent surge tank, V131B. The hird sample is obtained from
vessel (V-1067) after the second reactor, but before the critical
solvent deasher. It is designated "2nd stage product".

The second three samples (Nos. 4-6) are from Wilsonville
Run 263 Period E. The objectives and experience with this run
are presented as Appendix B. The sample designators, see Tables
4-6, have an identical definition to sample Nos. 1-3 and the
reader is once again directed to Figure 1. The main difference
between Runs 262 and 263 is that Run 262, Period B employed an
added molybdenum concentration of 500 ppm MF coal whereas
Run 263, Period E employed an added molybdenum concentration of
100 ppm MF coal. In both cases Molyvan L was used as the slurry
catalyst. Data for Molyvan L is presented as Appendix C.

These six Jamples were observed by écanning transmission
electron microscopy in an effort to determine differences (if
any) between the three sampling points and the two different

data sets (Nos. 1-3 versus Nos. 4-6).

Experimental Procedures

The samples were provided to the author as dry powders in
sealed tubes. The background experimental procedures, provided
with the samples, are presented as Appendix D.

Sample preparation for electron microscopy was straight-
forward. A thin (~ 50 &) carbon film supported on a 3 mm

diameter Cu mesh grid was immersed in a given vial and then



removed. The grid was lightly tapped to remove any loosely bound
particles and then placed directly into the electron microscope.
At least two different grids were observed for each sample. 1In
addition it was observed that every grid square within a given
grid had virtually an juentical distribution of particles. =~ e
images presented below, although randomly chosen for analysis,
are typical of all the observations made on that sample.

The majority of the work presented below was accompl | “hed
on a Vacuum Generators HB-5 scanning transmission electron
microscope operating at 120 kV with a Link Systems windowless
energy dispersive X-ray spectrometer and associated analyzer.
on occasion, transmission electron microscopy of samples was
performed on a JEOL 200 CX microscope operating at 200 kV. Early
in the work it became clear that transmission electron microsocpy
alone would not provide sufficient information on composition to
pe useful and all work shifted to the STEM.

The STEM operates with a small probe (~ 1.5 nm) in a
transmission mode. The X-rays generated when the electron beam
interacts with the sample are detected by the energy dispersive
X-ray detector. If the beam is scanning the sample and the
instrument display (CRT) is being scanned synchronously and the
CRT bright-up is being generated by a given X-ray intensity, then
an X-ray map is produced. 1If the electron probe is stopped on a
small area or feature, then a point analysis is produced.
Numerous examples of each type of analysis are presented in the
following.

As an example of X-ray mapping, Figure 2 from Sample



No. 3:262B, recycle is presented. An annular dark-field image
is shown in the upper left hand corner of this image. Each of
the other "images" is an X-ray map from the X-ray of the element
shown in ¢hs legend. Notice the bright contrast in the Si and O
maps, a result consistent with the presence of §iO; in this
sample. Sample No. 3 will be discussed in more detail below.
This series of maps is shown at this point for illustrative
purposes only.

The resvit from a point analysis is an X-ray spectrum.
An example is shown in Figvre 3. It is noted that an energy
dispersive X-ray spectrum (I vs. E) consasts of peaks in
intensity whose energy is characteristic of a certain element
riding upon a background. This background is not associated with
any given element but is associated with the X-ray photons
generated when an incoming electron loses energy by any process.
The generic process by which these background X-rays are produced
is referred to as brehmstrallung. An X-ray map is produced by
choosing an energy window in a spectrum such as Figure 3 and

having the CRT bright-up determined by the X-ray counts in that

energy window. te window w s
show contrast in an X-ray map.

If background is subtracted from a spectrum then the ratio
of X-ray peaks can be used to determine concentration by a
relationship known as the Cliff-Lorimer eguation
In -1 Ca
— = KaB _ (1)

iIp Cs



where Ip and Ig are the X-ray intensities for elements A and B,
Ca and Cg are the concentration of these elements, and kAB'l is
the Cliff-Lorimer constant which can be determined experimentally
or from first principles.

The way in which this equation is used can be demonstrated
with reference to Figure 3 and Table 7. A "window"” on the energy
axis in Ffigure 3 is defined below a peak ("start keV" and "end
keV" in Table 7). The number of X-ray counts in the window can
then be determined (gross integral). A local background level
for this peak can be established and the background counts
subtracted to yield a net integral count. The Kkpg factor is
called the Eff. (efficiency) factor in Table 7. Equation (1)
is then used to obtain "% age total", which is the weight
percentage of the element whose X-ray peak had been undergoing
this analysis. It is always assumed that the sum of all the
elements will be unity. Thus, for N elements there are N-1
unique versions of Equation (1) plus the sum of N equal to

unity yielding N equations with N unknowns.

Results and Discussion

This section will be constructed in the order of the six

samples referred to above.

Sample No. 1: 262B, Recycle

A low magnification image of this sample is shown as



Figure 4. This is an annular dark-field image where the
brightness of a feature in the image is an indication of the
relative thickness of that feature, where greater thickness leads
to brighter contrast. A higher magnification bright-field image
is shown as Figure 5.

The series of X-ray maps for the region shown as figure 5
are presented in Figure 6. The upper left hand corner is the
annular dark-field image counterpart of Figure 5. The Fe, S, and
Mo maps are also presented. If one superimposes the Fe and S
maps it is generally seen that a strong Fe and S signal is
produced from the same region. The nature of the contrast in
these maps is consistent with particles of FeS. The Mo map,
however, is much more diffuse and barely above background levels
(brehmstrallung). This sucr:=sts that Mo is not concentrated in
the form cof particles but is in the form of an organic-like
solid. 1In this analysis a particle has a rather uriform, bright
contrast and a well-defined edge. The Mo "contrast" is not
uniform and has no well-defined perimeter. The Mo atoms are
therefore distributed with a "particle size" that is smaller
than the resolution of this instrument (~ 2.0 nm).

Point analysis from various regions in Figure 7, shown in

Table 7, shows local enrichment of Mo.

Sample No. 2: 262B, Interstage

Figure 8 shows the annular dark-field image of a typical

region of this sample. The associated X-ray map (for Fe, S,



and Mo) is shown as Figure 9. As in Sample No. 1, FeS particles
are present and, for the most part, Mo is presented in a diffuse,
non-particle way. The one exception is the bright Mo-rich

particle seen in Figure 8 in the Mo map.

Sample No. 3: 262B, Second Stage Product

A low magnification annular dark-field image is shown in
Figure 10. Two bright field images with associated X-ray maps
are shown as Figure 1la and b. The contrast in the Mo map is
from the larger amount of brehmstrallung associated with the
thicker sample region and is not to be interpreted as a local
enrichment in Ko.

Point analysis from this sample (see Figure 12 and the data
of Table 8) show somé small amount of Mo enrichment. The
"overall" scan from such areas shows the lowest Mo concentration

to exist in this sample compared to Sample Nos. 1 and 2.

Sample No. : 263 ecycle

An annular dark-field image and associated X-ray maps are
shown as Figures 13a and b. Again, FeS is shown and it can be
seen that the Mo map and the "background" map (marked Bk) show
the same contrast level and, therefore, the Mo signal is not
present above background.

Point analysis, however, as shown in Figure 14 and Table 9,

show some local regions of Mo enrichment.
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Sample No. 5: 263FE, Interstage and
Sample No. 6: 263E, Second Stage Product

Figures 15 and 16 show annular dark-field images of these
samples, respectively. In the case of both samples, Mo was not

detected either in X-ray maps or in point counts.

Comments

Auger spectroscopy was not attempted on these samples
because the STEM results demonstrated that the spatial resolution
for compositional analysis in Auger spectroscopy (~ 500 nm) would
not be sufficient to "observe" the Mo-rich regions seen here.
Electron energy loss spectroscopy (EELS) was not routinely used
in this work because its utility as a semi-quantitative analysis
technique is very sample thickness depenéent, a potential problem
for particle analysis as was required here where large changes in
thickness were observed. It was felt that scoping work of the
type done here was best accomplished using energy dispersive
X-ray spectroscopy. However, future research employing EELS to
learn more about the local chemical environment of the Mo would

be extremely useful.

Conclusions:

(1) Scanning transmission electron microscopy (STEM) has
been used for the analysis of various elements and
compounds in distillation resids. This analysis has

been accomplished with a spatial resolution for



(2)

(3)

(4)

(5)

compositional analysis of order 2.0 nm. Transmission
electron microscopy alone does not provide sufficient

capability for compositional analysis of these samples.

Mo from the Molyvan L slurry catalyst has been
thoroughly analyzed by STEM in the six samples
provided. The largest localized concentrations
of Mo were found from the "Recycle" sampling

point (V-131B).

The Mo present is, in nearly every case, observed
as a diffuse thin layer with the Mo atoms being
either in a molecular state or in "particles" with

a"particle" size below the resolution of the STEM

(2.0 nm) .

Mo was observed in each of Samples No.1-3 with a
fresh Mo concentration of 500 ppm MF coal. Again,
the largest localized concentrations were observed
in Sample No. 1. Mo was only observed in Sample
No. 4 in the second suite of samples with a fresh

Mo concentration of 100 ppm MF coal.

Conventional compositional analysis (Tables 1-6)
suggest that the Mo concentration is least

at the "Recycle" sampling piont and largest at the
"Second Stage Product" (V-1067) sampling point, in
apparent conflict with the results of this work. 1In

fact, the data of Tables 1-6 and the data in this

11



(6)

(7)

12

report are undoubtedly both correct inasmuch as the
STEM determines the morphology of the Mo-concentrated
regions, whereas the gross compositional analysis of
Tables 1-6 speak to total concentration independent
of distribution. In addition, the Mo concentration
variations from point to point in the reactor, as
shown in Tables 1-3 and 4-6, are quite small and

might be considered, for each run, to be constant.
S was often observed in conjunction with Mo.

Fe and S were observed together, as FeS, in the
form of particles betwezn 0.1-2.0 microns in size

in all samples.
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TRELE l: ANALYSIS OF THF-INSOLUBLE DISTILLATION RESID

Ref. No. 1
Ultimate
Run Number:262 R Ash, wt% dry 47.79
Sample Designator:V-131B c, wt % dry 45.56
Sampling Psint:Recycle H, wt % dry 2.77
Feed Coal:Wyodak and Anderson Seanm N, wt % dry 0.82
Black Thunder Mine S, wt % dry 4.52

Insoluble Organic Material
(as ¥ of Parent Resid): 10.1

Major Ash Elementals (wt% of ash)

Nazo 0.40
Kzo 0.24
cao 16.28
MgoO 3.50
Fezo3 22.49
Tio2 0.87
P205 1.74
Sio2 21.50
A1203 11.49
803 19.86
Unaccounted 1.63

Trace Ash Elementals (ppm of dry sample)
Mo : 2411



TALLZ ¢ ANALYSIS OF THF-INSOLUBLE DISTILLATIOK RESID
Ref. No. 2
Ultimate

Run Number:262 B Ash, wt% dry 49.05
Sample Designator:R-1235 Cc, wt % dry 44 .54
Sampling Point:Interstage H, wt % dry 2.67
Feed Coal:Wyodak and Anderson Seam N, wt % dry 0.76

Black Thunder Mine s, wt % dry 4.61

Insoluble Organic Material
(as & of Parent Resid): 11.9

Major Ash Elementals (wt% of ash)

Nazo 0.41
K20 0.25
Ccao 16.20
MgO - 3.48
Fe203 22.17
Tio2 0.86
P205 1.92
Sio2 22.16
A1203 11.43
So3 19.33
Unaccounted 1.79

Trace Ash Elementals (ppm of dry sample)
Mo 2852



TARDLE 5 ANALYSIS OF THF-INSOLUBLE DISTILLATION RESID

Ref. No. 3
Ultimate
Run Number:262 B Ash, wt% dry
Sample Designator:V-1067 C, wt & dry
Sampling Point:2nd Stage Product H, wt % dry
Feed Coal:Wyodak and Anderson Seam N, wt % dry
Black Thunder Mine S, wt % dry

Insoluble Organic Material
(as % of Parent Resid): 11.2

Major Ash Elementals (wt% of ash)

Nazo

K20

cao
MgO
Fe, 0,
Tio,

P05

5102
A1203

SO3

Unaccounted

52.01
42.50
2.55
0.77
4.94

0.39
0.26
16.30
3.53
22.20
0.86
1.96
21.70
11.55
1c.84
1.41

Trace Ash Elementals (ppm of dry sample)

Mo

3133

16



~;ELE 4: ANALYSIS OF THF-INSOLUBLE DISTILLATION RESID

Ref. No. 4
Ultimate
Run Number:263 E Ash, wt% dry
Sample Designator:V-131B c, wt % ary
Sampling Point:Recycle H, wt % dry
Feed Coal:Wyodak and Anderson Seam N, wt % dry
Black Thunder Mine S, wt & dry

Insoluble Organic Material
(as § of Parent Resid): 9.2

Major Ash Elementals (wt% of ash)

Nazo

K2°

Ccao

MgO

Fezo3

Tio2

P?o5

sio,

A1203

SO3
Unaccounted

65.37
34.36
l1.84
0.51
6.31

0.22
0.35
16.35
3.26
22.76
0.84
1.30
21.67
13.10
19.76
0.39

Trace Ash Elementals (ppm of dry sample)

Mo

1312.50
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TAZLEI 5: ANALYSIS OF THF-INSOLUBLE DISTILLATION KRESID

Ref. No. 5
Ultimate
Run Number:263 E Ash, wt% dry
Sample Designator:R-1235 C, wt & dry
Sampling Point:Interstage H, wt & dry
Feed Coal:Wyodak and Anderson Seam N, wt & dry
Black Thunder Mine §, wt & dry

Insoluble Organic Material
{as & of Parent Resid): 10.2

Major Ash Elementals (wt% of ash)

Nazo

KZO

Cao

Mgo

F0203

'rio2

ons

8102

A1203

803
Unaccounted

18

62.37
35.93
1.97
0.52
5.99

0.22
0.35
16.76
3.29
22.75
0.85
1.31
21.35
13.07
19.70
0.35

Trace Ash Elementals (ppm of Ary sample)

Mo

1265.50



TAELE €: ANALYSIS OF THF-IKSOLUBLE DISTILLATION RESID

Ref. No. 6
Ultimate
Run Number:263 E Ash, wt$% dry
Sample Designator:V-1067 C, wt % dary
Sampling Point:Second Stage Product H, wt § dry
Feed Coal:Wyodak and Anderson Seam N, wt & dry
Black Thunder Mine S, wt § dry

Insoluble Organic Material
(as § of Parent Resjd): 10.4

Major Ash Elementals (wt% of ash)

Nazo

KZO

cao
Mgo
Fe,0,
Ti0,

P05

sio,
Alzo3

803

Unaccounted

19

65.79
33.73
l1.80
0.52
6.20

0.22
0.35
16.31
3.26
22.49
0.85
1.29
22.38
13.18
20.30
-0.63

Trace Ash Elementals (ppm of dry sample)

Mo

1315.50
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Table 7:
STARY END  Wil'TH
keV keV CHANE
.38 . 64 14
1.10 1.3& 14
1.38 1.60 12
1.66 1.2 14
1 .94 2.14 11
2.18 248 16
2.50 2.76 14
3.56 3.82 14
4,32 4,42 1é6
b.2 6.56 19
13.78 14.44 S4
17.12 17 .66 28
START END WIDTH
keV keV CHANS
.38 . ods 14
1.10 1.36 14
1.38 1.40 12
1.66 1.92 14
1.94 214 11
Z2.18 2,48 16
Z.50 Z.76 14
2.56 3.82 14
4 .32 4,62 16
6. 20 6.56 19
13.78 14,44 34
17.12 17.66 =&
START END WIDTH
keV keV CHANS
.38 bbb 14
1.10 1.3¢& 14
1,38 1.,6&0 1z
1.6¢& 1.92 14
1.94 Z.14 11
Z.1E P 1&
~.BD Z.70 14
2.5¢ 5.82 14
4, A% 4 .62 16
6. 20 &.5¢e 19
15.7 14,44 >4
17.12 17 .66 2

GROES NET EFF. ¥XAGE
INTEGRAL INTEGRAL FACTOR TOTAI.
303 23 .88 .61
513 275 .66 S.46
599 323 .57 5.53
e7 395 62 7.37
487 135 Y- 2.60
2168 1464 60 26.45
277 -45 . 65 -.88
1239 QL4 74 2D.6Z
139 27 1.00 L85
235 131 1.00 3.95

36 =15 £.83 -1.z28

S28 230 4.14 28.76
GROSSE NET EFF. XAGE
INTEGRAL INTEGRAL FACTOR TOTAL
268 -12 .88 -4l
408 22 66 5.81
495 231 .57 5.12
663 <50 b2 6.04
326 73 Y- 1.82
1786 1178 .60 27.58
218 ~-69 65 -1.75
&68 637 T4 18.42
113 17 1.00 67
193 127 1.00 4.9%

31 -3 2.83 -.33

=268 198 414 32.08
GROSS NET EFF. XAGE
INTEGRAL INTEGRAL FACTOR TOTAL
301 &3 .88 1.14
476 189 66 2.56
503 221 .57 £.5&
678 265 -y 3.38

5z 130 . b4 1.71
3468 2388 LB0 0 29.4E
361 -87 L65  -1.1&
S79 727 74 11.08
163 19 1.00 39
248 153 1.00 3.1¢€

40 =11 2.83 — .64

65% 543 4L.14 46030

0NV
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Table 8: X-ray point analyses of points i0, 11

and 13 from Figure 12. Note very modest

Mo enrichment at points 10 and 13 and

jack of Mo at point 11 (negative value).
wIRDOW BT ART TR S S (LY NET EFF. *AGE
L AREL kel welh' UHANE TR E S PTNTEGRAL  FACTOR  TOTAL
0 L8 . Oh 14 =18E 1940 LBE 32,463
Mg 1.10 1.36 14 1376 718 -1 9.0z
Al 1.38 1.60 2 1742 1214 57 13.16
SiSr 1.66 1.92 14 £18 1468 b2 1.98
P 1.94 2.14 11 377 - &9 b4 .84
S 2.18 2.48 16 882 474 .60 5.42
Cl 2.50 2.76 14 434 133 .65 1.65
Ca 3.56 3.82 14 2620 2081 Th 29.40
BaTi 4.32 L. 62 16 285 125 1.00 2.39
Fe 6.20 6.56 19 192 97 1.00 1.86
Sr 15.78 14 .44 34 78 10 2.83 .54
Mo 17.12 17.66 28 28 14 H.14 1.11
MEM1
WINDOW START END WIDTH GROSS NET EFF. %XAGE
LAREL keV keV CHANS INTEGRAL INTEGRAL FACTOR TOTAL
€] .38 . bh 14 33361 28552 .88 44,78
Ma 1.10 1.36 14 2748 724 «.bb -, 85
Al 1.38 .1.60 12 31988 24302 .57 24.56
SiSr 1.66 .92 - 14 41678 27664 .62 30.47
F 1.94 2.14 41 1267 - -b2 b4 _~-.05
S 2.18 T2 .48 16 1610. 242 .60 « 26
Cl 2.50 | 2.76 14 972 83 .65 .10
Ca 3.56 ‘3.82 14 1073 289 74 .38
BaTi 4,32 4,62 16 631 39 1.00 07
Fe 6.20 - b.56 19 799 220 1.00 .39
Sr 13.78 14 .44 1434 328 -12 2.83 -.06
Mo 17.12 17.66 . 28 190 -6 bolb -.04
MEM1 ¢ N . .
WINDOW START END WIDTH GROSS NET EFF. %AGE
LAPEL keV keV CHANS INTEGRAL INTEGRAL FACTOR TOTAL
¢ .8 .64 14 13901 7874 .88 16.41
Ma 1.10 1.36 14 2333 884 .66 1.38
Al 1.38 1.60 12 2384 1016 «57 1.36
ciSr 1.66 1.92 14 1985 291 .62 A3
e 1.94 2.14 11 1585 83 « b4 13
S Z.18 Z.h8 16 19915 15491 .60 21.95
Cl 2.50 2.76 14 13562 =552 .65 -.85
Ce 3.56 3.82 14 Q798 7761 .74 13.5&
BaTi 4,32 4.62 16 589 -35 1.00 -.0&
Fe 6.20 6.56& 19 20758 18754 1.00 &4.44
IShe .78 14 .44 34 261 40 2.83 27
Mo 17.12 17 .66 28 254 100 L.14 .98

oWV
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Table 9:

X-ray point analyses of points 6 and 8
from Sample No. 4, Figure 14.

MEM1 :

WINDOW START - END WIDTH GROSS NET EFF. XAGE
LABEL keV keV CHANS  INTEGRAL INTEGRAL FACTOR TOTAL
0 .38 .64 14 22378 10002 .88 31.10
Ma 1.10 1.36 14 7933 3950 66 9.17
Al 1.38 1.60 12 16799 10895 .57 21.83
SiSr 1.66 1.9z 14 13026 7524 62 16.43
P 1.94 Z.14 11 1861 233 . bh Pl
5 .18 Z.48 16 4258 2130 .60  4.50
cl 2.50 2.76 14 1303 -132 .65  —.30
Ca 3.56 3.82 14 4541 2882 .74  7.53
paTi 4,32 4. 6% 16 1643 645 1.00 2.28
Fe 6.20 6.56 16 1941 1153 1.00 4.08
Sr 13.78 14,44 34 381 58 2.83 .58
Mo 17.12 17.66 28 407 155 4,14  2.27
MEM1 :

INDOW START END WIDTH GROSS NET  EFF. %AGE
EABEL keV ke\'! CHANS INTEGRAL INTEGRAL ~ FACTOR TOTAL
0 .38 A 14 21066 15683 .88 46.00
Mo 1.10 1.36 14 4683 2653 .66 5.81
Al 1.38 1.60 12 12864 9960 .57 18.83
SiSr 1.66 1.92 14 11617 8229 .62 16.95
P 1.94 Z.14 11 1022 148 Lbb .31
s 2.18 Z.48 16 2105 1009 .60  2.D01
¢l 2.50 .76 14 673 -20 .65 -—.D4
Ca 3.56 3.82 14 3161 2307 .74 5.68
BaTi 4,3z 4,62 16 798 398 1.00 1.33
Fe 6.20 6.56 19 653 321 1.00 1.07
Sr 13.78 14, bé 34 188 35 2.83 .33
Mo 17.1% 17.66 28 208 124 4.14 1.7
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Figure 2: An Example of X-ray Maps from

Sample No. 3: 262B, Recycle.
In this legend "Bk" refers to
background.
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Figure

4: Annular Dark-field Image of Sample No. 1.

Figure 5:

A Bright-field Image of Sample No. 1.
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Figure 6: A Series of X-ray Maps for the Region of
Sample No. 1 Shown in Figure 5.
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Figure 7: Annular Dark-Field Image of an Area in Sample

No. 1 Showing the Location of X-ray Point
Analyses Presented in Table 7.
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Figure 8:

Annular Dark-Field Image of Sample No. 2.

Figure 9:

X-ray Maps from the Region of Sample No. 2
Shown in Figure 8. Note Presence of Mo-rich

Particle.
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Figure 11:

(a) and (b) are X-ray Maps from Two Regions
(See Images in Upper Left Hand Corner) in
Sample No. 3.
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Figure 12: Annular Dark-field Image of Sample No. 3
showing Position of X-ray Point Analysis
Presented as Table 8.



Figure 13.

(a) and (b) X-ray Maps of a Region of Sample
No. 4.
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Figure 14: Bright Field Image of Sample No. 4 Showing
the Positions of X-ray Point Analyses.
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Figure 15:

-

Figure 16:

Annular Dark-field Image of Sample No. 5.

Annular Dark-field Image of Sample No. 6.
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APPENDIX A

PROCESSING INFORMATION PACKAGE
WILSONVILLE RUN 262

RUN DESCRIPTION™?

Wilsonville Run 262 was operated with subbituminous coal from Black
Thunder Mine and with slurry and supported catalysts in the first and
second reactor stages, respectively. One run period (F) was made without
the supported catalyst in the second stage. Run 262 was operated from
July 10 through September 30, 1991, in the Close-Coupled Integrated Two-
Stage Liquefaction (CC-ITSL) configuration with ash recycle. The
high/low temperature sequence was used throughout the run, except for a
one-day test during operation with slurry catalyst only. Molyvan L
slurry catalyst precursor was fed to the first stage along with
disposable iron oxide catalyst (and dimethyldisulfide, DMDS, as a
sulfiding agent). In theory, the iron oxide promotes coal conversion;
the Mo catalyst provides mild hydrogenation activity. Molyvan L is an
oil-soluble lubricant additive (friction reducer, antioxidant, antiwear
and extreme pressure agent) produced by R. 7. Vanderbilt Company. It
consists of the organometallic compound molybdenum di(2-ethylhexyl)
phosphorodithioate in a petroleum oil. It contains 8.1% Mo, 12.3% S, and
6.4% P by weight. Presumably, under liquefaction conditions, the soluble
Molyvan L turns into tiny, well-dispersed particles of MoS,. The

supported catalyst used in the second stage was Criterion 324 (Ni/Mo on
1/16" extrudate unimodal alumina support).

Run 262 was made using 50% of the available volume of each reactor. The
interstage separator was in use throughout the run. The major operating
variables were catalyst variables (concentration of slurry catalyst,
presence or absence of supported catalyst), second-stage reactor tempera-
ture, coal feed rate (and consequently, space velocity), and resid

concentration in the recycle solvent. The ashy recycle stream was V-1082
bottoms.

36



The resid injection system was used through period B, but its use was
discontinued after that. This system, which provides a way to inject
most of the resid directly without mixing it as a pasting solvent
component, was designed to lower the recycle resid inventory requirements
for the plant, and thereby to decrease the plant’s equilibration time.
Its use was discontinued because plugging occurred and because it
introduced variability into the pasting solvent composition. The resid
injection system was found not to improve resid conversion reactivity.

In the last run period (period F), the supported catalyst was withdrawn
from the second reactor so that operability with only slurry catalyst
could be tested. However, a small quantity of about 30 1b of supported
catalyst (originally 170 1b) remained in the reactor during the test.
Although yields were poor and the period was unstable, operability
without supported catalyst (except for the 30 1b) was demonstrated.

The objectives for Run 262 were: 1) to evaluate the performance of a
dispersed molybdenum catalyst processing a ]pw-rank coal, and 2) to
investigate and eliminate solids build-up processing a low-rank coal.

All-distillate product slates were obtained in periods A, B, Cl, D and
E. Resid yields were -4 to 3 wt % MAF coal. Wilsonville noted that
Molyvan L dispersed catalyst improved resid and coal conversions,
allowing operation at lower temperature and higher space velocity.
Decreasing the Mo concentration from 1000 to 100 ppm appeared to have no
effect on resid conversion, but did decrease coal conversion. Supported
catalyst (Criterion 324) in the second stage allowed lower-temperature
operation of the interstage heater, due to exothermic heat release in the
second stage. Wilsonville reported the production of waxy product oils
in this run. Gas chromatography was used to identify n-paraffins from
C,, to Cy, in the product. The product samples contained 2-7 wt %
paraffins in periods A through D, and 8-9 wt % paraffins in periods E and
F. There seemed to be a general increase in paraffin content in these
streams throughout the run. Although it was not measured, a significant
amount of the paraffinic material ended up in the recycle oil stream.

-2 -
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Operating conditions and yields' for material balance periods appear in
Table 1. A simplified flow scheme® of the Wilsonville plant, as
configured for Run 262, appears in Figure 1. More detail on the part of
the plant involving the major distillate streams is shown in Figure 2.

PLANT DESCRIPTION

During Run 262, the Wilsonville plant was operated in the thermal/
catalytic (with regard to supported catalyst) CC-ITSL mode with ash
recycle. The standard plant configuration, as used during most of the
run, is described below. Exceptions to the standard configuration are
described after that for operation with the resid injection system. For
standard operation, coal was slurried with a mixture of second-stage
vacuum-flashed bottoms (ashy resid, V-1082 bottoms), second-stage heavy
distillate (V-1074), and deashed second-stage product resid (V-130). The
pasting solvent stream is called V-131B. The slurry was mixed with
hydrogen and passed through the preheater and first-stage backmixed
reactor (R-1235). Run 262 was made with the interstage separator (V-
1258) in place. The interstage separator removed the gas and 1light
products from the first-stage products prior to processing in the second
stage. The liquid portion of the separator overheads was sent to the
product distillation system. The separator bottoms were sent to the
second stage, along with make-up hydrogen. The second-stage ebullated-
bed reactor was R-1236. Gases and light oils were separated from the
second-stage product in an atmospheric flash (V-1250). The atmospheric
flash bottoms (V-1067) were separated in a vacuum flash into distillate
(V-1082 overheads) and resid (V-1082 bottoms). The V-1067 stream
contains ash, IOM, resid and distillate-range material, and represents
the recycled material prior to fractionation into distillate, ashy resid,
and deashed resid components. A portion of the V-1082 bottoms stream was
recycled to the first stage as a component of the pasting solvent. The
remainder of the V-1082 bottoms stream was deashed in the Kerr-McGee
ROSE-SR unit (formerly called Critical Solvent Deashing), which rejected
an ash concentrate and produced a deashed resid product (V-130). The
deashed resid was recycled back to V-131B as the second component of the
pasting solvent. The atmospheric flash overhead liquids and the V-1082
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overheads were sent to the distillation system (consisting of the T-105
atmospheric tower, followed by the T7-102 vacuum tower), which produced
naphtha (V-161, the T-105 overheads), middle-distillate (V-182, the T-102
overheads), and heavy distillate (V-1074, the T-102 bottoms). The heavy
distillate was recycled as the third component of the pasting solvent.

In operations without resid injection (Aug.ust 16 through the end of the
run on September 30), all the components of the recycle oil (process or
pasting solvent) were combined in V-131B to make the slurry oil. The
slurry was prepared batchwise in V-101A by adding the coal. During resid
injection (July 12 through Aug.ust 16), the oil used for slurry
preparation consisted of distillate only, or distillate plus some deashed
resid. The remaining deashed and ashy resid required to achieve the
target composition for the recycle material was injected separately.
Slurry was still prepared batchwise in V-10l1A, but the oil used to

prepare coal slurry contained no ashy resid (some batches may have
contained no resid at all).

EFECT OF OPERATING CONDITIONS ROPERTIES
The following are observations about process o0il properties during
Run 262. Key differences in conditions of material balance periods are
summarized here as a reference for comparison of o0il properties.

« From period A (transitional) to period B, there was an increase in the
resid concentration in the process solvent from 32.1 to 37.7 wt % and
a2 decrease in the Mo concentration from 1000 to 500 ppm (MF coal

basis). During part of period B, the vacuum tower T-102 was by-
passed.

« From period B to period Cl, the coal feed rate was increased from
247.7 to 301.4 MF 1b/hr and the second-stage temperature was increased
from 761 to 790°F. In addition, resid injection was discontinued
after period B.
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« From period Cl1 to period C2, the resid concentration was decreased
from 39.1 to 35.8 wt %.

« From period C2 to period D, the Mo concentration was decreased from
500 to 200 ppm.

« From period D to period E, the coal feed rate was increased from 299.7
to 346.2 MF 1b/hr, the second-stage temperature was increased from 790
to 810°F, and the Mo concentration was decreased from 200 to 100 ppm.

» From period E to period F (unstable), the supported catalyst was
removed from the second stage (except for the residual 30 1b) and the
added precursor Mo concentration was increased from 100 to 200 ppm.

Between periods, operational changes involved more than a single
variable. 0il properties, however, did not change sustantially during
the run. Consequently, they will be discussed in a general way. During
Run 262, there was an increase in 850°F' resid concentration and a
corresponding decrease in distillate concentration in all streams
(i.e., feed, interstage, and product) from period A through period F.
A1l three streams showed a general decrease in the concentration of the
0ils (hexane-solubles) in the THF-soluble 850°F" resid through the run,
with corresponding increases in the asphaltene (hexane-insoluble,
benzene-solubles) and preasphaltene (hexane- and bezene-insoluble,
pyridine-solubles) concentrations. Hydrogen aromaticity of the
distillate and resid components of all streams generally decreased from
period A to period B, but then increased from period B through the end
of the run. Distillate hydrogen donor (hydroaromatic) content decreased
throughout the run. Distillate paraffinic hydrogen content was generally
lowest at the beginning and end of the run, and highest in periods B
through D. The concentration of phenolic -OH in the distillate and resid
portion of most streams stayed fairly constant through period D or E, and
then increased. An exception was the interstage distillate, which
increased in phenolic -OH concentration from period A through C2, dropped
from period C2 to D, and increased from period D through F. Donor

-5 .
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solvent quality (coal conversion in a microautoclave solvent donor assay)
generally decreased through period D or E, then increased. There were
relative maxima in donor solvent quality during periods A, C2, and F.
To some degree, these appear to be related to lower paraffinic hydrogen,

especially in periods A and F. Past work at CONSOL has shown paraffins
to be detrimental to donor quality. *°

Most of the trends in process o0il properties indicate decreasing
distillate and resid quality as Run 262 progressed. In spite of
confounding variables, changes in certain variables seemed to dominate
the oil properties. There were concurrent increa-es in second-stage
temperature and coal feed rate as the run progressed. There was a
general decrease in slurry Mo concentration as the run progressed. In
the last run period, most of the supported catalyst was removed from the
second stage. These are changes that one might expect to worsen oil
properties. There was also an increase in recycle resid concentration
from period A through Cl, a decrease from period C1 to C2, and then
another increase from period C2 through F. Some of these recycle resid
concentration changes were rather small, and their expected impact on oil
properties is uncertain. Therefore, changes in recycle resid concentra-

tion did not play an obvious role in determining overall oil properties
during the run.

GENERAL OBSERVATIONS - RUN HISTORY

Run 262 began on July 10, 1991, in the thermal/catalytic CC-ITSL mode
feeding Black Thunder Mine subbituminous coal. Because of operating
difficulties, July 12 was the first full day of operation. The first-
stage reactor was R-1235 and the second-stage reactor was R-1236. Both
reactors were configured to use 50% of the available reactor volume. The
interstage separator (V-1258) was in use throughout the run. The second-
stage reactor was charged with 145 1b (dry) of Criterion 324 1/16-inch
(Ni/Mo) catalyst aged during Run 260. The catalyst age was initially 628
1b MF coal/1b cat, or 1470 1b resid + CI/1b cat. A subsequent addition
of catalyst on July 14 brought the reactor catalyst charge to 170 1b.
The start-up solvent was produced in Run 261 from Burning Star 2 mine
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(I11inois 6 seam) bituminous coal. Start-up (target) conditions were:
250 MF 1b/hr coal feed rate, 30 wt % coal in the slurry (2.33 solvent/
coal ratio), 40 wt % resid and 12 wt % cresol insolubles (CI) in the
recycle solvent, and 825/760°F reactor temperatures. Slurry catalysts
and sulfiding agent were fed to the first-stage reactor as follows: iron
oxide (2 wt % of ‘he MF coal) was mixed with the coal slurry and
Molyvan L (Mo was 1000 ppm of the MF coal) was mixed with dimethyl
disulfide (DMDS) sufiding agent and injected into the feed line before
the first-stage preheater.

A chronological account of the run follows:

July 10, 1991:

Jul 12:

Jul 12-17:

Jul 12-22:

Jul 17-19:

Run 262 started.
Resid injection was begun.

The best operation of resid injection occurred with
45 wt % coal in the slurry, which was lower than the
target. This caused the coal concentration in the total
feed to be lower than the target of 30 wt %.

Multiple operational problems occurred. Leaks were
present in the V-1082 overheads condenser (E-1012),
which resulted in a high solvent content in the ROSE-SR
feed. The ROSE-SR unit was not deashing well and
eventually plugged because of continued ash carryover.
Poor deashing was attributed to the high solvent content
of the feed, and perhaps unusual feed characteristics
from dispersed Mo catalyst.

Increasing the coal concentration in the slurry to
46-48 wt % was attempted. After this, the coal slurry
concentration was set to 45% due to circulation pump
problems and other slurry preparation problems.
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Jul 17-20:

Aug. 7:

Aug. 8-9, 14-15:

Aug. 12:

Aug. 15:

Aug. 16:

Aug. 16-18:

Aug. 19:

Balance period A was transitional for several reasons.
The actual resid concentration in the recycle solvent
was much lower than the target value, there was ash
carryover in the ROSE-SR wunit, and there was

inconsistency in hydrogen consumption during this
period.

The Mo concentration was decreased from 1000 to 500 ppm.
Balance period B

The T-102 vacuum distillation column was by-passed.
Atmospheric distillation column (T-105) bottoms were
sent to V-178, the T-102 product vessel. The vacuum
flash overheads (V-1072) were sent to the T-102 bottoms
product vessel (V-1074) for recycle.

Problems were encountered with the resid injection

system. The T-102 vacuum distillation column was put
back in service.

Because of plugging of the resid injection sy am, resid
injection was discontinued for the remainder of Run 262.
The coal feed rate was increased from 250 to 300 MF
1b/hr. The feed rate of DMDS and Molyvan L was
inadvertently left set for the lower value, however.

Ash in the recycle was low because of the transition
from resid injection to the standard practice of
blending slurry batchwise in V-101A. (Deashed and ashy
resid inventories were low.) Because of this and the
lTow DMDS/Molyvan L feed rate, coal conversion was low.

The second-stage temperature was increased from 760 to
790°F. The DMDS and Molyvan L addition rate was
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Aug. 22-23:

Aug. 22:

Aug. 24-25:

Aug. 26-27:

Aug. 28:

Sept. 3:

Sept. 8-12:

Sept. 8:

Sept. 13:

increased to the proper value for this coal feed rate
(see entry for Aug.ust 16).

Balance period C1 (Period C was split into periods Cl
and C2 to account for differences in recycle resid
concentration.)

The level control valve on V-1258 could not control the
flow. Some gas bleu through to the second stage. The
V-1258 density/level gauge showed a high level, suggest-
ing the presence of solids. These caused a run upset.

Balance period C2

The V-1258 mid-temperature reading was low. This is
usually an indication of solids in the separator.

The Mo concentration was decreased from 500 to 200 ppm.

The viscosities of the contents of V-101A and B became

high. T-102 overhead distillate was used to dilute the
tank contents.

Balance period D

27 1b of catalyst was added to the second-stage reactor

(R-1236) to replace catalyst removed during the
shutdown.

The second-stage reactor temperature was increased from
790 to 810°F, since the interstage preheater outlet
temperature was low enough to permit it. The coal feed
rate was also increased from 300 to 350 MF 1b/hr, so
that resid inventdry would not be depleted. The Mo
concentration was decreased from 200 to 100 ppm.
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Sept. 16:

Sep 18-22:

Sept. 23:

The target recycle solvent composition was increased
from 40 to 42 wt % vresid. Since Wilsonville
consistently measured resid in the pasting solvent to be
about 2 wt % lower than the target concentration, this
would enable them to blend to 40% actual resid
concentration.

Balance period £

The Mo concentration was increased from 100 to 300 ppm
for 1/2 day, then reduced back to 200 ppm. Most of the
Criterion 324 supported catalyst was removed from the
second-stage reactor (R-1236), according to the run
plan. 92.2 1b dry catalyst was withdrawn and it was
assumed that ca. 60 1b remained. At the end of the run,
however only 29 1b dry catalyst was found. After
withdrawal of the supported catalyst, reactor exotherms
decreased and resid inventory increased rapidly.

Sep 24, 26-27, 29: Balance period F was considered unstable.

Sep 24-29:

The first-stage distillate overheads (V-164) and the
second-stage atmospheric flash overheads (V-1078) were
reported to have a waxy gel-like consistency after
September 24. This coincided with removal of catalyst
from the second stage and with the onset of colder
weather. Toward the end of the run, the 1ine from V-105
(V-1258 overheads) to V-164 to V-160 had plugging
problems from the waxy material. The waxy material also
caused level control problems in V-1251 (atmospheric
flash overheads separation vessel) September 25-29.

- 10 -
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TABLE 1

47

OPERATING CONDITIONS AND YIELDS FOR MATERIAL BALANCE PERIODS

262A (Transh)

WILSONVILLE RUN 262

mr-20 8/8-9,14-15
&9 14-15,18-19

:

inlet H, Partia! Pressure, psia
Total Flow, scth
Recycie gas, scth
Space Veloclly,
b feed/hr-tb cat
ib MF coal/hr-ft® oat
| Cadalyst Type
i Catalyst Age, b (R+CI)/1b ot
b MF coal/ib ost
Cat Replace. Rate, Ib catton MF ooal

1

853
.3!s
R

Intl Acc. UC
Solid Product (ash-free)
§ H, Efficlency, %

€. %
Coal Conv., wt % MAF

ge

Resid + UC Conv. wt % MAF cosl
irst stage

Second Stage

Overall

2420
G4
286

2.1

1024
63.9C
2
1000
760
2505 +8 2500 +5
4570 4755
3310 3367
47 43
769 787
Crit 324 Crit 324
1545 +37 1424 460
706 17 iz
) £
2114 2164
44 402 5.4 401
1817106 154405
0.5 0.1 0.1 303
5007 73402
0.7 $0.0 0.8 0.0
4903 527403
577423 580421
13302 25302
1487127 89 +14
82 311 72412
3447330 38434
23330 01323
0.7 +0.6 1.7 309
1643218 12.0 307
130 30.6 108 0.4
8.5 306 9.0 0.3
0.9 +26 87.0 +2.1
3. ®2305

11.8 2.0 1.8%1.9
619 +1.5 628413
187 $1.6 187 +26
806 +26 814320

- 12 -

2552 413

274

54 +0.1
142 1.1
02+0.3
6.7 +0.0
0.7 £0.1
58 +0.2
567 +13
27 +13
130 +13
7.8 +0.3
332 +04
6.0 +0.3
0.1 £0.7
156.0 +0.3
105 £0.3
10.2 +0.1

88.0 +1.8
%27 $0.4
822403

209 +28
19.6 +3.3

454 459
335 +6.1
76.9 +0.2



TABLE 1 (Continued)

OPERATING CONDITIONS AND YIELDS FOR MATERIAL BALANCE PERIODS
WILSONVILLE RUN 262

48

262F Unstable

Total Flow, scth
b feed/hr-lb ot
| BMF coal/hr-it® cat
Catalyst Type
| Catalyst Age. 1 R+COb ot

b MF ocoalib cat
Cat Repiace. Rate, Ib catton MF coal

E-SR™ Unh
% Type

?,mxmrgl
§ Water

Solid Product (ash-free)
H, Efficiency, %

C.-C, Selactivity, %

Coal Conv. wt % MAF

First stage

Second stage

Overall TSL
i Resid + UC Conv., wt % feed
{ First stage
Second stage
'i Resid + UC Conv. w1 % MAF coal

First stage
Second Stage
Overall

825
2705 +26 2840 425
4451 4900
187 er
7™2C 91.5C
2 2
200 100
780 810
2530 +9 2541 +23
5125 $057
3054 2160
5.8 66
952 1100
Crkt. 324 Crit. 324
1404 +49 1315 +51
27 425 674 +26
3 3
4 204
45 +02 55 +04
138 +11 185 +0.7
05 +0.1 0.5 +0.1
55303 €3 104
07 0.0 06 +0.4
53 +0.3 6.0 +0.4
608 +3.2 572 +1.8
21 0.1 23 +03
108 +27 13.1 +3.5
7.7 209 86 +1.3
40.1 +62 332 +32
03 +3.1 04 +25
06 +06 0.1 +1.1
180 +0.6 198 +1.3
1.9 405 104 +06
88 +08 10.5 +0.6
2.1 +26 86.7 +25
919 +0.5 823 +0.8
90.1 +0.5 916 +08
247 +1.3 214 4186
161 $20 188 +1.1
535 +20 475 +43
273 +29 33.1 +28
808 +29 80.6 +1.7

- 13 -

42 403
1317206
0.4 301
6.9 +06
0.3 300
55+0.3
475305
22 302
8.0 309
80 +09
274410
11.0 320
04 312
19.1 426
113310
11.6 0.7

86.3 +3.0
92.3 40.3
91.3 $0.9

20 +2.7
9.8 348

51.7 47.8
17.8 £8.1
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Figure 1. Simplified CC-ITSL Process Diagram for Wilsonville Run 262.
Resid injection system used in Periods A and B is not shown.
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EPPENDIX B

PROCESSING INFORMATION PACKAGE
WILSONVILLE RUN 263 A-E'

RUN CONDITIONS AND PROCESS PERFORMANCE

Run 263 with Black Thunder Mine subbituminous coal (from Wyodak Anderson
seam in the Powder River Basin in Wyoming) began (prior to Period A) on
October 31, 1991. Period E ended on January 1, 1992. The thermal/
thermal mode of operation of reactors with dispersed slurry catalysts and
without the presence of a supported catalyst was used throughout periods
A-E. The objectives for periods A-E of Run 263 were as follows:

. Evaluate the performance of a dispersed molybdenum catalyst while
processing a low-rank coal, and

. Investigate and eliminate solids build-up while processing a low-
rank coal.

The strategies to obtain the objectives for operating periods A-E were:

. Evaluate the performance of the Molyvan L slurry catalyst at a

200 ppm molybdenum addition rate in the absence of a supported
catalyst.

. Evaluate the pérformance of the Molyvan L slurry catalyst at a
100 ppm molybdenum addition rate.

° Increase the first stage reaction temperature to 840°F in order to
improve the resid conversion.

o Decrease the coal feed rate to 265 MF 1b/hr in order to improve the
process performance.
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Reaction temperatures studied for periods A to E were 810-840°F in the
first stage and 790-810°F in the second stage. Coal feed rates were 265-
300 MF 1b/hr, and targeted recycle resid and CI concentrations were 42-45
and 20 wt %, respectively, in the recycle process solvent. Molyvan L
addition rate was at 100 and 200 ppm molybdenum. Iron-oxide addition was
maintained at 2 wt % MF coal and dimethyl disulfide (DMDS) was used as

a sulfiding agent. A summary of operating conditions and yields is given
in Table 1.

The conclusions derived for periods A-E are summarized below.

. The lower molybdenum addition rate of 100 ppm did not reduce
conversion performance compared to the 200 ppm addition rate.

. Operation at the higher first-stage temperature, 840°F, and lower
coal space velocity with 265 MF 1b/hr coal feed rate did not
significantly affect distillate selectivity to conversion. The
distillate selectivity to conversion was 69-70% (compared to 71% at
825°F and 300 MF 1b/hr) without extensive production of gases.

SERVAT R -

. Apparent activation energy determined for the first stage thermal

conversion with Molyvan L slurry catalyst addition was 30,400-
40,600 Btu/1b-mol.

. Reduced backmixing flow rate seemed to affect significantly the
first-stage reactor temperature profile, resulting in the increased
reactor temperature spread from 25-30 to 55-65°F after December 22
(prior to period E).

. Overall and first-stage resid + UC conversion increased for 263°C
as a result of increasing the first stage temperature from 825°F to
840°F on November 27. Overall and first stage resid + UC conversion
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also increased in 263D due to a decrease in the coal feed rates to
265 1b/hr from 300 1b/hr.

There was a slight decrease in the resid hydrogen in the process
solvent and interstage sample in 263C compared to 263B when
increasing the first-stage temperature to 840°F.

The first-stage reactor in-bed temperature change increased
beginning with period 263C as a result of increasing the first-stage
temperature to 840°F.

Solids deposit was observed in the interstage separator, V-1258,
about 20 days after the first-stage temperature was increased to
840°F. Upon cleaning, 100 1b of deposits in V-1258, composed mostly
of gummy material, was obtained. This includes about 20 1b
(estimated) of hard dry solids which were deposited on the walls
opposite to the point where the feed enters the vessel. In
comparison, about 20 1b of deposit was observed in Run 262 which
mainly contained hard, chunky material.

Organic rejection, resid recovery, and ash content in ROSE - SR*
bottoms product all showed a slight improvement over Run 262. One
contributing factor to this improved performance is the increased
coal conversion starting November 27 resulting from the increase in
the first-stage reactor temperature to 840°F. The deashing solvent
strength was maintained at a high level without the ash carry-over
that was experienced in Run 262.

The GC cut point (obtained from GC simulated distillation and by the
equal weight percent overlap method) for periods 263A, 263B, 263C
and 263D were 804, 797, 735 and 776 with an overlap of 8-12 wt %.

Preliminary data from periods 263A and 263B total oils indicate that
they have less hydrogen content and more heteroatoms, sulfur,
nitrogen and oxygen, when compared to Run 262 oils.
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. Based on the urusually high nitrogen contents (above 1 wt %), there
is very little tendency for denitrogenation using the dispersed
slurry system. Still persisting are the usual trends of increasing

nitrogen content by boiling point and sulfur being more prevalent
in the naphtha fraction.

PLANT DESCRIPTION

During Run 263 periods A-E, the Wilsonville plant was operated in the
thermal/thermal CC-ITSL mode with ash recycle. The standard plant
configuration (Figure 1) is described below. For standard operation,
coal was slurried with a mixture of second-stage vacuum-flashed bottoms
(ashy resid, V-1082 bottoms), second-stage heavy distillate (V-1074); and
deashed second-stage product resid (V-130). The pasting solvent stream
is called V-131B. The slurry was mixed with hydrogen and passed through
the preheater and first-stage backmixed reactor (R-1235). Run 263
periods A-E were made with the interstage separator (V-1258) in place.
The interstagz separator removed the gas and light products from the
first-stage products prior to processing in the second stage. The 1iquid
portion of the separator overheads was sent to the product distillation
system. The separator bottoms were sent to the second stage, along with
make-up hydrogen. The second-stage backmixed reactor was R-1236. Gases
and light o0ils were separated from the second-stage product in an
atmospheric flash (V-1250). The atmospheric flash bottoms (V-1067) were
separated in a vacuum flash into distillate (V-1082 overheads) and resid
(V-1082 bottoms). The V-1067 stream contains ash, IOM, resid and
distillate-range material, and represents the recycled material prior to
fractionation into distillate, ashy resid, and deashed resid components.
A portion of the V-1082 bottoms stream was recycled to the first stage
as a component of the pasting solvent. The remainder of the V-1082
bottoms stream was deashed in the Kerr-McGee ROSE-SR unit, which rejected
an ash concentrate and produced a deashed resid product (V-130). The
deashed resid was recycled to V-131B as the second component of the
pasting solvent. The atmospheric flash overhead 1iquids and the V-1082
overheads were sent to the distillation system (consisting of the T-105
atmospheric tower, followed by the T-102 vacuum tower), which produced
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naphtha (V-161, the T-105 overheads), middle-distillate (V-182, the T-102
overheads), and heavy distillate (V-1074, the T-102 bottoms). The heavy
distillate was recycled as the third component of the pasting solvent.

REFERENCES

1. Southern Clean Fuels, Wilsonville Advanced Coal Liquefaction R&D
Facility, Handouts from Technical Meeting No. 114 (January 15-16,
1992), and -No. 115 (March 18-19, 1992).
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TABLE 1

56

OPERATING CONDITIONS AND YIELDS FOR MATERIAL BALANCE PERIODS A-E
WILSONVILLE RUN 263

e —— —
263A 2638 263C 263D 263E
11/10-14 11/17,18,20-22 12/3, 6-9 12/1317 12/26-28,31, 1/1
10-14 17,18,20-22 25, 29-32 36-40 43-48, 51,52
209.0 296.8 2838 259.7 260.9
7.7 7.0 76 72 7.1
Conc. in slurry, wt % MF 24.8 25.0 244 24.6 245
process Soivent, wi %

' id 452 4.9 43 41.1 44.0
Ci 20.0 2.0 20.2 19.6 20.1
Recycle Cis from Vac. Fl.
First Stage

or temp, °F (avg) 826 825 840 840 840
Iniet H, partial pressure, psia 2756 2797 2707 2758 2724
Total gas flow, scfh 4886 5014 4684 5044 4614
Recycle gas, scth 1534 1449 1196 1528 1234

§ Space Vel,, ib MF coal/hr/cu. ft 79.0C 78.6C 77.6C €8.6C 68.9C
iron Oxide, wt % MF coa! 2 2 2 2 2

| Moly Conc., ppm MF coal 200 100 100 100 100

I Moly Precursor MV L
Second Swage
Reactor temp, °F (avg) 810 809 810 810 809

| inlet M, Partial Pressure, psia 2436 2420 2415 2477 2546
Total Gas Flow, scth 4765 4872 4757 5094 4850
Recycle gas, scth 2570 2175 2628 3115 3021
Space Vel., b MF coal/hr-it° cat 79.0C 78.6C 77.6C 68.6C 68.9C
Catalyst Type - - - - -

] st Age

b R+CHNb cat - - - - -

b MF coal/lb cat - - - - -

t Cat Replace. Rate, b catton MF coal - - - - -
ROSE-SR™ Unht
DAS Type 2334 2304 2304 2404 2414
Yield, wt % MAF Coal

43 +03 49 +0.5 4.6 +0.6 52 +02 5.5 +0.2

116 +18 134 +18 13.7 £0.7 13.0 +0.7 132 +1.3

03 +02 04 +04 0.2 +0.0 04 +02 5.7 +0.2

62 +1.3 6.0 +0.7 5.8 +03 6.3 +0.3 0.3 +0.2

0.4 30.1 0.3 300 0.3 02 0.5 +0.1 0.4 +0.1

s 6.7 +0.5 6.3 +0.2 78 +1.9 9.1 +12 9.0 +0.3
C,+ distiliate 47.9 +4.8 518 +1.8 52.1 +0.6 54.6 +4.3 80.7 £2.0
A 24 +0.3 27 +06 3.0 403 3.0 +0.3 33105
IBP-350°F 79 +20 80 +1.2 8.9 +0.8 9.1 +1.2 8.0 +0.6
350-450°F 84415 93 +1.0 13409 | 10313 10.5 +0.7
291 36.7 319 +1.4 288112 | 321365 39.0 424

! 94 53 86 +28 6.6 124 55433 24 109

I Int. Acc. UC 0.7 +1.2 1.0 +£09 04 +0.3 03 +1.0 0.3 101

{ ROSE-SR™ bottoms Product (ash-tree) 213 415 17.0 +0.9 17.5 406 15.8 +0.7 14.1 +0.4
H, Efficlency, % 11.1 408 108 +1.2 16+14 10.4 109 11.0 $0.4

| C.-C. Selectivity, % 14.1 423 123 407 14.9 1211 16.7 325 149 +0.4
Coal Conv., wi % MAF

| First stage 804 +59 822 +3.2 86.1 +39 87.0 +1.4 80.2 +1.3
Second stage 82.7 +0.9 934 403 $83.7 +0.1 94.5 +0.2 84.7 +04

i Overall TSL 928 11.4 925 +1.4 829105 | 93.1+05 94.1 408
Resid + UC Conv. wt % fead

§ First stage 17.9 430 166 +1.3 19.9 +1.0 201 +12 2.7 +0.6

| Second stage 84 +4.2 137 414 96 +15 127 +1.5 9.7 +1.0

{ Resid + UC Conv. wt % MAF cosl
First siage 487 +9.7 418 +5.2 534 +27 | 519433 621 +2.4
Second Stage 19.9 +85 31.6 +5.1 2.0 +3.2 266 +2.7 21.7 +1.8
Overall 68.7 +4.0 735 +2.2 75.4 +1.7 78.5 +3.9 83.8 +0.7

Note: MV L - Molyvan L (263A-E, -M)
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MOLYVAN® L
EXTREME PRESSURE/ANTIWEAR AGENT ANTIOXIDANT
FRICTION REDUCER
Typical Properties
Composition: Organic molybdenum compound
Physical State: Liquid .
Color: Dark green
Density at 25°C, Mg/m*: 1.08
Viscosity at 100°C, ¢St (SUS): 9.07 (56)
Motybdenum Content, % a.1
Phosphorus Content, %: 6.4
Sulfur Content, S& 123
Flash Point,COC, °C (°F): 168.6 (330) _
Solubility: Soluble in petroleum olis and greases, alipheatic and
* aromatic soivents and in various synthetic lubricant

bases.
insoluble In water.

MOLYVAN L ic a stable organic liquid additive containing molybdenum, sultur, and phosphorus. it i
completely oll soluble and is an excelient friction reducer with antiwear and Sxtrome pressure properties. It
can be used in a wide range of automotive and induastrial applications.

MOLYVAN L mixes easily in greases and olis, eliminating the problems associsted with the use of solid
molybdenum additives.

MOLYVAN L is effective in low concentrations in automotive crankcase olls to reduce friction, to lower
operating temperatures and to reduce oll consumption. It can aiso be an extreme pressure and antiwear
additive in lubricsting olis and greases operating under high loads.

Note: Wheneovertoptraatinga finished oil formulation with MOLYVAN L it is recommended that the
finished product be tested to confirm original test results.

in some formulations, the presence of MOLYVAN L may contribute to copper corrosion which
would be detrimental to some diess! engines. its use in such lubricants is therefore not
recommended. A
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APPENDIX D

EXPERIMENTAL METHODS

Descriptions are given below for most of the analytical techniques used
to generate the data in the preceding tables. The references provide
additional details on the methods.

Sample Handling and Preparation’

Samples are stored, as received, at ambient temperature until analysis.
Full-range samples, i.e., samples that contain both distillate and resid,
are distilled in a 1" x 3’ jacket-heated Vigreaux column to an end-point
of 320°C pot/270°C column/5 torr (850°F equivalent). Small samples, such
as the HRI samples provided, are distilled at similar conditions in a
microstill. The distillate and resid fractions may be further analyzed.

Determination of Insoluble Organic Matter (IOM) and Ash'

The distillation residue is ground with a mortar and pestle and a 5 g
sample is pressure-filtered with freshly distilled tetrahydrofuran (THF)
through Whatman No. 42 paper at ambient temperature. The filter cake is
washed with THF until the filtrate is colorless. The solids are weighed
to determine the insolubles (IOM and mineral matter), then combusted for
one hour at 800°C in an electric muffle furnace to convert the mineral
matter to oxidized ash. IOM is determined as the insclubles less the
ash. The THF is removed from the filtrate by distillation or rotary

vacuum evaporation. The resultant THF-soluble resid may be further
analyzed.

Solubility Fractionation®>

Liquid column fractionation (LCF) is the solubility fractionation method
we use. It separates THF-soluble coal extracts into the following
categories: oils (hexane solubles), asphaltenes (benzene soluble/hexane
insoluble, and preasphaltenes (pyridine soluble/benzene insoluble). The
LCF procedure consists of injecting a THF-dissolved sample onto a 2 x
1000 mm glass column packed with glass beads (Analab, 70/80 mesh).

The solvents then are pumped through the column sequentially at a flow
rate of 1.5 mL/min: hexane (6 min), benzene (8 min) and pyridine (10 min)
to elute oils, asphaltenes, and preasphaltenes, respectively. Sample
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size 15 20 um and the sample concentration is approximately 5 g/L in THF.
Peak areas (vida infra) are measured with an HP-3388 integrator.
Response factors are applied to the peak areas to obtain weight
percentages of the three fractions.

The LCF method is not expected to reproduce the more conventional Soxhlet
wmethods. However, it 1is rapid, reproducible, and of acceptable
analytical precision. Its rapidity (~20 min) makes it much more suitable
for process monitoring than the Soxhlet methods which have turn-around
times of several days.

The apparatus used for this procedure consists of a Milton-Roy Laboratory
Mini-Pump, a Rheodyne 7010 loop-type on-line injector, and a Pye Unicam
LCM2 flame ionization detector (FID). The Pye FID response is
quantitative for the detection of carbon. It is, therefore, well-suited
for coal-liquids work since it will respond equally well to alkyl groups
and aromatic compounds. An ultra-violet detector, for example, would not
respond to alkanes or unconjugated alkenes.

The Pye detector operates by passing a moving stainless steel wire of
fine gauge through the effluent stream from the column. A small amount
of column effluent is carried by the wire into an evaporator oven where
the solvent is stripped, leaving the sample deposited on the wire. Since
some volatiles can be lost at this point, the detector response can be
sensitive to sample volatility. However, all the materials analyzed by
this technique are non-volatile (850°F" or greater).

Upon leaving the evaporator oven, the coated wire passes into a heated
(800°C) quartz tube where the deposited sample is quantitatively burned
in an air stream. The resultant CO, passes into a molecular entrainer,
where H, is mixed with the stream. This mixture is carried into a Ni
catalyst chamber. The CO, is quantitatively reduced to methane, to which
the FID responds.

Detector response is dependent upon the chromatographic solvent,
presumably because of the thicknes. of coating on the wire. Therefore,
response factors are determined by making preparative runs on large-scale
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columns (9 x 1000 mm), with proportional increases in solvent flow
(4 mL/min) and sample size (735 um, 200 g/L). Fractions obtained are
rotary evaporated, vacuum dried and weighed. Response factors are
calculated as the ratio of detector response (area from an analytical
run) to fraction weight (from a preparative run). Given the relatively
minor variations in residuum composition for a given vun, it is assumed
that one set of response factors is adequate for all samples from that

run. A separate set of response factors is determined for each coal
feed.

'H-Muclear Magnetic Resonance Spectroscopy‘:’

'H-NMR spectra are recorded on a Varian EM-360L 60 MHz instrument.
Homogenized distillate samples are dissolved in chloroform-d, to make a
12% v/v solution, then filtered. Homogenized residue samples, either
THF-soluble or whole, are dissolved in pyridine -d; (99.96%D) to
-190 g/L, then filtered. An internal tetramethylsilane (TMS) reference
is used to lock the RF field. Samples are spun at ~50 rps in 5 mm OD
precision sample tubes. Spectra are scanned from 10.5 to O ppm over
5 min at 0.05 mG RF power.

We investigated the use of elevated sample temperatures for the residue
samples, but determined there to be no significant improvement. All
samples, therefore, are run at ambient temperature.

Integrations are performed in duplicate on the instrument using a sweep
rate of 1 min. The integrations are divided into seven regions generally
corresponding to seven proton types.
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Ches Shift :
(TKS), ppm Proton Type Description

1 10.5-7.15 Cond. Aromatics Proton attached to a condensed
‘ aromatic ring.

1 7.25-4.7 Uncond. Aromatics Proton attached to an uncondensed
’ aromatic ring.

4.7-2.5 Cyclic Alpha Proton on naphthenic carbon adja-
cent to fused aromatic ring of
naphtheno-aromatic.

2.5-2.0 Alkyl Alpha Methyl or non-cyclic methylene or
methylidene proton adjacent to
aromatic ring.

2.0-1.4 Cyclic Beta Naphthenic protons. Naphthenic
protons two positions from the
aromatic ring of naphtheno-
aromatics.

Alkyl Beta Interior protons of paraffins.
Methyl protons two positions from
an aromatic ring. Non-cyclic
methylene protons two or more
positions from an aromatic ring.

Terminal methyl protons of

paraffins or alkyl sidechains

three or more positions from an
aromatic ring.

Hydroxyl peaks are disregarded during integration and normalization.

Al > U h' /PGenum: |1 ~ PIYDIC Dy AF til ; ! '.lJ!"'

The tetrahydrofuran-insoluble distillation resid samples were ashed at
750°C following ASTM procedure D-3682. The ash then was digested in HNOy
and HF/HC1 aqua regia, complexed with H,B0;. The resultant solution was
analyzed by inductively coupled plasma-atomic emission spectroscopy

(ICP-AES) using a Thermo Jarrell Ash JA61 instrument.

1 tal es and Heating Value

Carbon, hydrogen and nitrogen are determined with a Leco CHN-600
jnstrument. Sulfur is determined with a Leco SC-32 instrument. Gross
calorific values are determined with a Parr 1261 Calorimeter. The ten
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major ash elements are determined with a Thermo Jarrel-Ash JA-61
inductively coupled plasma atomic emission spectrometer.
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