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PROJECTASSESSHENT

|ntroduction

Under subcontractfrom CONSOL Inc. (U.S.DOE ContractNo. DE-AC22-

8gPC89883),Vander Sande Associatesstudiedthe use of transmission

electronmicroscopy(TEM),scanningtransmissionelectronmicroscopyJ

(STEM)and energydispersiveX-ray(EDX)spectroscopyfor analysisof

dispersedcatalystsin the insolubleportionof coal-derivedmaterials.

Dr. John B. VanderSande,the principalinvestigatorof this work, is

vice presidentof VanderSandeAssociatesand professorof Materials

Scienceand Engineeringat MassachusettsInstituteof Technology.The

full reportauthoredby VanderSandeAssociatesis presentedhere. The

followingassessmentbriefly highlightsthe major findingsof the

project,and evaluatesthe potentialof the methodfor applicationto

coalderivedmaterials.Theseresultswillbe incorporatedby CONSOLinto

a generaloverviewof the applicationof novelanalyticaltechniquesto

coal derivedmaterialsat the conclusionof thiscontract.

SUam.arY

This study demonstrated the feasibility of using scanning transmission

electron microscopy (STEN)spectroscopyaccompaniedby energy dispersive

X-ray (EDX) spectroscopy for the examination of the tetrahydrofuran

(THF)-insoluble portionof distillationresid materials derived from

direct coal liquefaction. The technique was able to determine the

distribution, morphology,andelemental composition of dispersed catalyst

components in the insoluble portion of the distillation resids. An

attempt wasmadeto use transmission electron microscopy (TEH) on these

samples; however, detailed compositional information could not be

obtained. Further development of STEH and EDX as aids to process

development are justified basedon these results.

, ProgramDescription

This report describes the work performed byVander SandeAssociates under
• a subcontract from CONSOLInc., ResearchandDevelopment. CONSOL'sprime

contract to the U.S. Department of Energy (Contract No. DE-AC22-

89PC89883, "Coal Liquefaction Process Streams Characterization and

Evaluation") established a program for the analysis of direct coal
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liquefaction dzrived materials, lhe program involves a number of

participatingorganizationswhose analyticalexpertise is being applied

to these materials. This ParticipantsProgram has two main objectives.

The broad objective is to improveour understandingof fundamentalcoal

Iiquefactionchemistryto facilitateprocessimprovementand new process

development. The specific approach to achieving this objective is to

providea bridge betweendirectcoal liquefactionprocessdevelopmentand

analyticalchemistryby demonstratingthe applicationof variousadvanced

analyticalmethodsto coal liquefactionmaterials. The methodologies{or

techniques) of interestare those which are novel in their application

for the support of coal liquefactionand those which have not been fully

demonstratedin this application. CONSOL is providingwell-documented

samplesfrom differentdirect coal liquefactionproductionfacilitiesto

the program participants. The participantsare required to interpret

their analyticaldata incontextto the processingconditionsunderwhich

the sampleswere generated. The methodologyemployed is then evaluated

for its usefulness in analyzing direct coal liquefaction derived

materials.

Participant' s Methodoloo_v

Vander Sande Associates used STEMand EDX to analyze the THF-insoluble

portion of distillatio, 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" betweenthe reactors,after the second-stagereactor,

and at the recycle oil vessel. These samplesare expected to represent

different extents of coal liquefaction and perhaps different catalyst

morphology, composition,and activity. The sampleswere composites of
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a numberof samolestakenduringa singlerun day in a singleoperating

run period. The STEMexperimentalprocedureis describedon pages4-7

of the attachedreport. All experimentalwork reportedhere was

• performedat the MaterialsScienceand EngineeringDepartmentof the

MassachusettsInstituteof Technology.

Part,jcipant's MajorFindinqs

The followingprincipalobservationsforthe applicationof STEM andEDX

to coalliquefactionmaterialswerereportedbyVanderSandeAssociates.

An expandeddiscussioncan be foundin the attachedreport,pages7-10.

Preliminaryexaminationof the samples using transmissionscanning

microscopy (TEM) provided insufficientcompositionalinformation;

therefore,all workwas accomplishedwith the STEM.

The STEMtechniquehasa spatialresolutionfor imagingof aboutO.B nm

and for compositionalanalysisof about2.0 nm. Both"bright-field"and

"dark-field"imagingmodeswere used,and compositionalanalysisof the

featuresdetectedwas accomplishedvia energydispersiveX-rayanalysis.

Molybdenum,introducedinto the two processingruns as MolyvanL, a

catalystprecursor,was detectedin allof the samplesof the processing

run in whichthe MolyvanL was introd,_cedat the 500ppm MF coal level

(Run262),and only in the recyclesamplefromthe run in whichMolyvan

L was introducedat the I00 ppm MF coal level(Run263). The largest

localizedconcentrationsof MoweredetectedintherecyclesampleinRun

263. The Mo was rarelyseenas a particlein theTHF-insolubleportion

of theresids;rather,ltwas typicallyseenin a diffusestatein which

any existentparticlesare smallerthan observableat the resolutionof

the instrument(<2nm).Sulfurwas oftenfoundto be associatedwith the

Mo. Iron was observedin all samples and it was always found in

associationwith sulfur. The FeS were determinedto be particulate

(aboutO.l-2.0_m) in nature.

CONSOLEvaluation

• The STEM and EDX techniquewere shownto be usefulfor the analysisof

the THF-insolubleportionof thedirectcoalliquefactionresidsamples.

lt was shownthatlocalizeddistributionsof the differentelementsand

compoundsin the samplecould be determined. The morphologyof the
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detected elements and compounds was discernable. However, little

differencewas observed in the concentrationor morphologyof the Fe or

Mo among the samplesin which Fe and Mo were detected, lt is, therefore,

not possible, based on these six samples, to comment on the effect of e

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 methodsfor two of the samples. In two of the

three samples obtained from a processingrun in which only I00 ppm (MF

coal basis)of fresh Mo was introduced,the method was not able to detect

the molybdenum that was present,even though the dispersedMo catalyst

was concentrated (-1300 ppm) in the THF-insolubleportion of the resid

before examination.

There was an apparent discrepancyin the concentrationsof Mo detected

via the STEM and EDX techniquesand conventionalbulk 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

low to medium Mo concentrations. This apparent discrepancy can be

resolved if considerationis given to the fact that the STEM method, by

experimentaldesign, is reportingonly on the mo-enrichedregionsof the

sample.

The STEMand 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

1iquefaction process.

Sample preparationwas minimal;the dry powdered sample was distributed

on a carbon film, which was supported by a Cu mesh grid, and placed

directly intothe microscope. The STEM instrumentused to accomplishthe

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 interpretationof the data are most commonlyperformed

by highly trained professionalpersonnel.

- iv-



[urther Development

Further development of the STEM technique for analysis of catalytic

materials in coal liquefactionderived resids appears to be warranted.

lt is suggested that many additional samples containing iron and

molybdenumbased catalystsbe examinedto determineif processingtrends

affect the morphologyof the materials, lt is also suggestedby Vander

Sande Associatesthat electronenergyloss spectroscopy(EELS)be tested

with process derived samples to learn more about the local chemical

environmentof the Mo.

Participant'sStatementof Work

TransmissionElectronMicroscopy(TEM)and ScanningTransmissionElectron

Microscopy (STEM)are techniqueswhich have been used for the investiga-

tion of ceramicmaterials,coal and coal ash. lt has not, however,been

demonstrated for its ability to answer questions pertaining to the

chemistryof coal conversion. As such, it fits well within the scope of

the participantsprogram.

The application of TEM and STEM to a specified sample set (6 samples)

wi_1 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 (Molyvan L), and dispersed iron.

These sampleshave been selected (seeattachedlist) so that the utility

of TEM and STEM for addressing the issue of catalyst activity can be

evaluated by obtaining informationon the size, morphology,occurrence,

and chemical nature of the molybdenum and the iron in the different

samples. Examinationof the sampleswill be done in two steps. First,

the samples will be globally scannedby STEM to map the molybdenum and

iron concentrations. Then the Mo- and Fe-richareas will be examined in

a point-by-pointanalysis at high magnificationby TEM. The point-by-

, point examination will include microdiffractionanalysis and either

energy dispersive X-ray spectroscopy (EDX) or electron energy loss

• spectrometry(EELS). Examinationof the samplesby other techniquessuch

as Auger electronspectroscopyand secondaryion mass spectroscopy(SIMS)

also will be employedto provideadditionalinformationfor each sample.

The sampleswill be supplied to MIT with the following information,as
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available" elemental analyses, ash content, ash elemental analysis,

phenolic -OH concentration,calorificvalue, hydrogenclasses by IH-NMR,

and the full history of the sample (plant,processconditions, 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 Ig.

The six insoluble resid samples will be solid materials that will be

supplied as approximatelyminus GO mesh powders. All experimentalwork

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) insoluble 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 i00 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 "intersta%e" 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 i00 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



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-Fay

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" i00 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 conjunction 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.



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). AI_. six samples are from the

Wilso_,ville pilot plant. Each samp%e is the THF-insoluble

portion of an individual sam_,le 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 i). 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

,,interstage" 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 bird sample is obtained from

vessel (V-I067) after the second reactor, but before the critical

solvent deasher. It is designated "2hd 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 case_ Nolyvan L was used as the slurry

catalyst. Data for Molyvan L is presented as Appendix C.

These six Jamples were observed by scanning transmission

electron microscopy in an effort to determine differences (if

any) between the three sampling points mJl_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 w_re observed for each sample. In

addition it was observed that every grid square within a given

grid had virtually an iuentical 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 accomp] _hed

on a Vacuum Generators HB-5 scanning transmission electron

microscope operating at 190 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

be 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 _nergy 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 _-raY ma__ is produced. If 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 inis image. Each of

the other "images" is an X-ray map from the X-ray of the element

_i _, •shown in _h_ legend Notice the bright contrast in the Si and O

maps, a re_It consistent with the presence of SiO 2 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 res,%It from a point analysis is an X-ray spectrum•

An example is shown in Fig_re 3. It is noted that an energy

dispersive X-ray spectrum (I vs. E) cons_ts 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• _ote that a random backaround window wouAd still

show contrast in an x-ray maD.

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 equation

IA -1 CA
__ = kA B __ (i)

I B CB



where IA and IB are the X-ray intensities for elements A and B,

CA and CB are the concentration of these elements, and kAB -I 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 Figure 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 kAB factor is

called the Efr. (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.

Besults and Discussion

This section will be constructed in the order of the six

samples referred to above.

Sample No. i: 262B. Recvcl__ee

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 _igure 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 su-_sts that Mo is not concentrated in

the form ef particles but is in the form of an organic-like

solid. In this analysis a particle has a rather uniform, 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, _nterstaqe

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

region of this sample. The associated X-ray map (for Fe, S,
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and Mo) is shown as Figure 9. As in Sample No. i, 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 Staqe product

A low magnification annular dark-field image is shown in

Figure I0. Two bright field _mages with associated X-ray maps

are shown as Figure lla 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 Mo.

Point analysis from this sample (see Figure 12 and the data

of Table 8) show some 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. I and 2.

SamPle No. 4: 263E. Recvcle

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: 263E, Interstaqe and
Sample_No. 6: 263E, Second Staqe 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 rim) 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 dependent, 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:

(I) 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
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compositional analysis of order 2.0 nm. Transmission

electron microscopy alone does not provide sufficient

capability for compositional analysis of these samples.

(2) ){o 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).

(3) 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 nra).

(4) 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.

(5) 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-i067) sampling point, in

apparent conflict with the results of this work. In

fact, the data of Tables 1-6 and the data in this
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report are undoubtedly both correct inasmuch as the

STEM determines the morphology of the Mo-concentrated

regions, whereas the gross compositional analysis of

Tables I-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 i-3 and 4-6, are quite small and

might be considered, for each run, to be constant.

(6) S was often observed in conjunctio n with Mo.

(7) Fe and S were observed together, as FeS, in the

form of particles between 0.1-2.0 microns in size

in all samples.
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TABLE I: ANALYSIS OF THF-INSOLUBLE DISTILLATION RESID

Ref. No. 1
Ultimate

Run Number: 262 B Ash, wt% dry 47.79
Sample Designator:V-131B C, wt % dry 45.56
Sampling Point:Recycle H, wt % dry 2.77
Feed Coal:Wyodak and Anderson Seam 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)

Na20 0.4 0

K20 0.24
CaO 16.28

MgO 3.50

Fe203 22.49

TiO 2 0.87

P205 1.74

SiO 2 21.50

AI203 11.49

SO 3 19.86
Unaccounted 1.63

Trace Ash Elementals (ppm of dry sample)
Mo 2411
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TALLE 2: ANALYSIS OF THF-II_SOLUBLE DISTILLATIO_ RESID

Ref. No. 2
Ultimate

Run Number:262 B Ash, wt% dry 49.05

Sample Designator:R-1235 C, 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)

Na20 0.41

K20 0.25

CaO 16.20

MgO 3.48

Fe203 22.17

TiO2 0.86

P205 1.92

SiO2 22.16

AI203 11.43

SO 3 19.33

Unaccounted 1.79

Trace Ash Elementals (ppm of dry sample)
Mo 2852
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_.-_=.__3: A_ALYSIS OF THF-INSOLUBLE DISYILLATION RESID

Ref. No. 3
Ultimate

Run Number:262 B Ash, wt% dry 52.01

Sample Designator:V-lO67 C, wt % dry 42.50
Sampling Point:2nd Stage Product H, wt % dry 2.55 .
Feed Coal:Wyodak and Anderson Seam N, wt % dry 0.77

Black Thunder Mine S, wt % dry 4.94

Insoluble Organic Material

(as % of Parent Resid): 11.2

Major Ash Elementals (wt% of ash)

Na20 O. 39

K20 0.26
CaO 16.30

MgO 3.53

Fe203 22.20

TiO 2 0.86

P205 1.96

SiO 2 21.70

AI203 Ii. 55

SO 3 19.84

Unaccounted 1.41

Trace Ash Elementals (ppm of dry sample)
Mo 3133



17

T;.SLE 4: A]{ALY5iS OF THF-I_{SOLUBLE DISTILLATION RESID

Ref. No. 4 Ultimate

Run Number: 263 E Ash, wt% dry 65.37

Sample Designator:V-131B C, wt % dry 34.36
Sampling Point:Recycle H, wt % dry 1.84
Feed Coal:Wyodak and Anderson Seam N, wt % dry 0.51

Black Thunder Mine S, wt % dry 6.31

Insoluble Organic Material

(as % of Parent Resid): 9.2

Major Ash Elementals (wt% of ash)

Na20 0.22

K20 0.35

CaO 16.35

MgO 3.26

Fe203 22.76

Ti02 0.84

P205 1.30

SiO2 21.67

AI203 13.10

SO 3 19.76

UnaccOunted 0.39

Trace Ash Elementals (ppm of dry sample)
Mo 1312.50



-ASL __ 5: ANALYSIS OF THF-INSOLUBLE DISTILLATION RESID

Ref. No. 5
Ultimate

Run Number: 263 E Ash, wt% dry 62.37

Sample Designator:R-1235 C, wt % dry 35.93
Sampling Point:Interstage H, wt % dry 1.97 •
Feed Coal:Wyodak and Anderson Seam N, wt % dry 0.52

Black Thunder Mine S, wt % dry 5.99

Insoluble Organic Material

(as % of Parent Resid): 10.2

Major Ash Elementals (wt% of ash)

Na20 O. 22

K20 0.35

CaO 16.76

MgO :3.29

Fe203 22.75

TIO 2 0.85

P205 1.31

SiO 2 21.35

AI203 13.07

B03 19.70
Unaccounted 0.35

Trace Ash Eleaentals (pl:m of dry sample)
Mo 1265.50
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TAELE 6: ANALYSIS OF THF-INSOLUBLE DISTILLATION RESID

Ref. No. 6
Ultimate

Run Number:263 E Ash, wt% dry 65.79
Sample Designator:V-1067 C, wt % dry 33.73

" Sampling Point:Second Stage Product H, wt % dry 1.80

Feed Coal:Wyodak and Anderson Seam N, wt % dry 0.52
Black Thunder Mine S, wt % dry 6.20

Insoluble Organic Material

(as % of Parent Rest4): 10.4

Major Ash Elementals (wt% of ash)

Na20 0.22

K20 0.35
CaO 16.31

MgO 3.26

Fe203 22.49

TiO 2 0.85

P205 1.29

S_O 2 22.38

AI203 13.18

SO3 20.30
Unaccounted -0 o63

Trace Ash Elementals (ppm of dry sample)
Mo 1315.50
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Table 7: X-ray point analyses of points 5, 6, and
7 from Figure 7. Note Mo enrichment•

MEMJ :

WINDOW S] ARI EN[) Wi [,[ M GROSS NEl EFF. %AGE. .
LABEL keV kek; CHANS INTEGRAL INTEGRAL FACTOR TOTAL.

0 •38 .64 "14 303 23 .88 •61

Mg "I•"10 "I.36 "i4 5"13 275 .66 S. 4e
A1 "1.38 i .60 "12 599 323 .57 S •53

SiS_- i .66 "I.92 ,14 997 395 .62 7.37
P "_.94 2..14 .1"1 487 13B .64 2.60 _%%_

S 2 •'18 2 •48 "1e 2"i68 "1464 .60 26.45
C 1 ?'.SO ".'_'.76 '14 277 -4S .65 -. 8£_

Z.-. 3. S6 3 82 "14 "I23_ 924 74 2O 62| _ m • • •

Bal i 4.32 4.62 "16 .139 27 .1.O0 .82
F'e 6.2D 8.56 '19 235 "13'I "I.00 3.95

Sz- "i3.78 14.44 3_ 36 -iS 2.83 -'I.28
Mo .17.'i2 "I7.66 26 328 230 4.14 28.76

MEM'I :
WINDOW START END WIDTH GROSS NET EFF. %AGE

LABEL keV kev CHANS INTEGRAL INTEGRAL FACTOR TOTAL

0 .38. .6,4 "14 268 -.12 .88 -. 4"1 _)0 %_,%"_"
Mg "1."IO "i.36 "14 408 226 .66 S. 8'1

Al "1.38 "I.60 i'_. 495 23.1 .$7 S .i"_-
SiSr '1.(56 "1.92 .14 663 2SO .62 6.04
P i. 9_ "2...14 11 326 73 .64 i. 82

S 2.'18 2.48 16 "1786 "1178 .60 27.$8
C1 .2.SO 2.76 14 218 -69 .(5S -I .75

Ce.. 3.56 3.82 '14 868 637 .74 18.42

E,aTi 4.32 4.62 16 1.13 .17 I .00 .67
F.e 6.2D 6.56 '19 193 .127 "1.DO 4.95

S _' "13.78 "14.44 34 3.1 -3 2.83 -. 33
.t"io "i7. "I2 i7.66 28 268 196 4. "14 32.08

MEMi :

WINDOW STAR'F END WIDTH 6ROSS NET EFF. %AGE
UABEL keV keV CHANS INTEGRAL INTEGRAL FACTOR TOTAL

0 .36 .64 "I4 30"1 63 .88 "i..14
Pt_ i. "IO i. 36 "I4 476 "I89 .66 "-.'.'.56 (_ twO"
Al "I.36 i .6E, "12 503 22'I .$7 2.S_ _3
SiS: I .be., i ._'2 "14 678 265 .62 3.38
P 'I._-4 2. "I4 1I 526 "I3O .6 4 "1.7".I

E 2. "!&, 2.4& "!6, 3468 2368 .60 29.4E

C i .-,._._r..0 .,.."_7 _ "i 4 3 6"i - 8 7 . (5S -'I . 16 '
,Ze _. 56, 3.62 I4 979 727 .74 _"I.O8
BeTi _,.32 4.62 io .163 "19 'I.OO .39

Fe _.20 6.E,c 19 248 '153 i .00 -4."I6 •
Sr "13.76 i4.44 34 40 -'1"I 2. _3 -.64

_ic, "I7.i2 I7. _c, 2£ 656 54_ 4. "i4 4&. 3_



Table 8: X-ray point analyses of points i0, 11
and 13 from Figure 12. Note very modest
Mo enrichment at points I0 and 13 and 21
lack of Mo at point 11 (negative value).

ri" _ : - Er'F %AGE
L NL)9_ E"IART Er,i[, _,lD _: G_ S_ NE_ •
L AE.EL kev _,e.',' _:'_;At,J_, ] k'n _ ,_;._'A. :! IqTEGRAL FA.:_.:,R TOTAl.

0 .38 .64 lr 3'1B5 .]9_D .88 32.03
' Mg 'I.I0 '1.38 '14 1376 7'18 .88 9.02

A1 1.38 1.60 12 1742 i214 .$7 13.16

• 1. 4.... 2. 4 577 .84s 2. 8 =.48 882 .6o s. 2 .
cI 2.so 2.76 454
Ca 3.56 3.82 ' 14 2620 208'I .74 29.40 _ "

BaTi 4.32 4.62 16 285 125 1.00 2.39
Fe 6.20 6. Sb 19 192 97 '1.O0 1.86

Sr 13.78 14.44 34 78 I0 2.83 .$4

Mo 17.12 17.66 28 28 14 4.14 1.11

MEMI:

WINDOW START END WIDTH GROSS NET EFF. _AGE
LABEL keV keV CHANS INTEGRAL INTEGRAL FACTOR TOTAL

0 .38 .64 14 33361 28S52 .88 44.78
Mg I .I0 1.36 14 2748 -724 .66 -.85

A1 I ;38 . /I.60 12 31988 24302 .$7 24.$6 _0
SiSr 1.66 _.92 14 41678 27664 .62 30.47 l_'-

p 1.94 2.14 41 t267- -42 .64 -.OS i_
S 2.18- ::'-2.48 16 t-6t0. _42 .60 .26
CI 2.50 2.76 14 972 83 .65 .I0
Ca 3.$6 "3.82 14 1D73 289 .74 .38

BaTi 4.32 - 4.62 16 631 39 1.00 .07
Fe 6._O 6.56 49 /779 220 1.00 .39
Sr 13.78 i14.44 34 328 -12 2.83 -.Ob

Mo 17.12 17.68. " 28 .190 -6 4.t4 -.04

MEMI :

W _NDOW START END WIDTH GROSS NET EFF • %AGE

LABEL keV kev CHANS INTEGRAL INTEGRAL FACTOR TOTAL

0 .38 .64 14 13901 7874 .88 I6.4]

Mg 1. IO 1.36 14 2333 884 .66 I. 38
Ai I .38 "1.60 12 2384 1016 .$7 "1.3_ _

SiSz _ .66 1.92 14 1985 291 .62 .43
p 1.94 2.14 11 IS8S 83 .64 .13 _
c "-..-'. 18 2 •48 I6 19915 15491 .60 21.95

rl "..' 50 2.76 14 1352 -552 .65 -.85w a- •

Ce 3.56 3.82 14 9798 7761 .74 13.58

BaTi 4.32 4.62 16 589 -35 I .OD -.02,
Fe 0.2D 6.56, 19 20758 18754 I .00 44.46

' 5" 13.78 "14.44 34 261 40 2.83 .27
Mc I7. I2 i7. b6 28 254 "100 4.14 .98
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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 WIbTH GROSS NET EFF. _AGE

LABEL kev keV CHANS ZNTEGRAL INTEGRAL FACTOR TOTAL

0 .38 .64 54 22378 50002 .88 31. I0 "

NQ 5.10 5.36 14 7933 3950 .66 9.57 "
A] 5.38 5.60 52 56799 10895 .$7 2"1.83

_iS_ "!.66 I .92 14 .13026 7S24 .62 16.43 _Ol__P i .94 2.14 55 1861 233 .66 .52
_'."18 2.48 56 4258 2130 .60 4.50

Cl 2.50 2.76 54 1303 -5_ .65 -.30
C_ 3.56 3.8,2 14 454.1 2882 .74 7.53

e,a_i 4.32 4.62 56 i 643 645 5.00 2.28
Fe 6.20 6.56 59 1943 5.153 I. 00 4.08

Sr 13.78 14.44 34 381 58 2.83 .$8
No 17.12 17.66 28 407 _55 4..14 2.27

NEM I :
WINDOW START END WIDTH GROSS NET EFF. ZAGE

LABEL keV kev CHANS INTEGRAL INTEGRAL FACTOR TOTAL

0 .38 .64 14 2_066 15683 .88 46.00

Mo I. lO I .36 14 4683 2653 .66 5.85

Al 1.38 1.aO 12 12864 99&0 .57 58.83SiSr 5.66 I .92 54 I1617 8229 .62 16.95 __'_

p 1.94 2.14 11 1022 148 .&4 .31
S 2.18 2.48 16 21_S 1009 .60 2.Bl

C1 2.S0 2.76 54 673 -20 .65 -.04
Ca 3.56 3.82 54 3161 2307 .74 S .68

E,_Ti 4.32 4.62 56 798 398 i. O0 i. 33

Fe 6.20 b. 56 59 653 321 I. 00 i. 07

Sr 1_.78 14.44 34 IS8 3S 2.83 .33
_ "1?. _ 2 I7.66 28 208 _24 4.14 I. 75

\
\
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Figure 4: Annular Dark-field Image of Sample No. i.

Figure 5: A Bright-field Image of Sample No. i.
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Figure 6: A Series of X-ray Maps for the Region of
Sample No. I Shown in Figure 5.

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.

J

|

. °

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 10: Annular Dark-field Image of Sample No. 3.
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" Figure ii: (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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Q

Figure 12: Annular Dark-fleld Imag_ of Sample No. 3
Showing Position of X-ray Point Analysis
Presented as Table 8.
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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: Annular Dark-field Image of Sample No. 5.

Figure 16: Annular Dark-field Image of Sample NO o 6.
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APPENDIX A

PROCESSINGINFOPJ_AT]ONPACKAGE

kl]LSONV]LLERUN262

RUNDESCRIPTIONl'z

Wilsonville Run 262 was operated wtth subbituh_inous coal from Black

Thunder Mine and with slurry and supported catalysts in the first and

second reactor stages, respectively. One run period (F) was madewithout

the supported catalyst in the second stage. Run 262 was operated from

auly 10 through September 30, 199], tn 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. Holyvan L

slurry catalyst precursor was fed to the first stage along with

disposable tron oxide catalyst (and dtmethyldisulftde, DHDS, as a

sulftdtn9 agent). In theory, the iron oxide promotes coal conversion;

the Mo catalyst provides mild hydrogenation activity. Holyvan L is an

oil-soluble lubricant additive (friction reducer, antioxtdant, antiwear

and extreme pressure agent) produced by R. T. Vanderbilt Company. lt

consists of the organometallic compound molybdenum dt(2-ethylhexy])

phosphorodithioate in a petroleum oil. lt contains 8.1% tto, 12.3% S, and

6.4% P by weight. Presumably, under liquefaction conditions, the soluble

Molyvan L turns into tiny, well-dispersed particles of MoSa. The

supported catalyst used in the second stage was Criterion 324 (Ni/Mo on

1/16" extrudate untmodal alumina support).

Run 262 was madeusing 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 I

bottoms.

-]-
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The resid injectionsystemwas used throughperiodB, but its use was

discontinuedafterthat• lhis system,whichprovidesa way to inject

most of the resid directlywithoutmixing it as a pasting solvent

component,was designedtolowertherecycleresidinventoryrequirements

for the plant,and therebyto decreasethe plant'sequilibrationtime.

Its use was discontinuedbecause pluggingoccurredand because it

introducedvariabilityintothe pastingsolventcomposition.The resid

injectionsystemwas foundnot to improveresidconversionreactivity.

In the 1ast run period (period F), the supported catalyst was withdrawn

from the secondreactorso that operabilitywith only slurrycatalyst

couldbe tested. However,a smallquantityof about30 lb of supported

catalyst(originally170 Ib) remainedin the reactorduringthe test.

Althoughyields were poor and the periodwas unstable,operability

withoutsupportedcatalyst(exceptfor the 30 Ib)was demonstrated.

The objectives for Run 262 were: l) to evaluate the performance of a

dispersed molybdenumcatalyst processing a low-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, C], D and

E. Resid yields were -4 to 3 wt % MAFcoal• Wilsonville noted that

Molyvan L dispersed catalyst improved resid and coal conversions,

allowing operation at lower temperature and higher space velocity•

Decreasing the Moconcentration from ]000 to ]00 ppmappeared 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 chromatographywas usedto identifyn-paraffinsfrom

C16 to 032 in the product. The productsamplescontained2-7 wt %

• paraffinsin periodsA throughD, and8-gwt % paraffinsin periodsE and

F. There seemedto be a generalincreasein paraffincontentin these

• streamsthroughoutthe run. Althoughit was notmeasured,a significant

amountof the paraffinicmaterialendedup in the recycleoil stream.
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Operatingconditionsand 3ields_ for materialbalanceperiodsappearin

fable I. A simplifiedflow scheme3 of the Wilsonvilleplant, as

configuredforRun 262, appearsin Figure]. Moredetailon the part of

the plantinvolvingthe majordistillatestreamsis shownin Figure2.

PLANTDESCRIPTION

During Run 262, the Wilsonvilleplant was operatedin 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), anddeashedsecond-stageproduct 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 madewith the interstage separator (V-

1258) in place. The interstage separator removedthe gas and light

products from the first-stage products prior to processing in the second

stage. The liquid portion of the separator overheadswas sent to the

product distillation system. The separator bottoms were sent to the

secondstage, along with make-uphydrogen. 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 vacuumflash into distillate

(V-1082 overheads) and resid (V-1082 bottoms). The V-1057 stream
contains ash, IOM, resid and distillate-range material, and represents

the recycled material prior to fractionation into distillate, ashy resid,

anddeashedresid components. A portion of the V-)082 bottoms stream was

recycled to the first stage as a componentof the pasting solvent. The
remainder of the V-1082 bottoms stream was deashed in the Kerr-McGee

ROSE-SRunit (formerly called Critical Solvent Deashing), which rejected

an ash concentrate and produced a deashed resid product (V-I30). The

deashedresid was recycled back to V-I31B as the secondcomponentof the
q

pasting solvent. The atmospheric flash overhead liquids and the V-]082

-3-
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overheadswere sentto thedistillationsystem(consistingof the 1-105

atmospherictower,followedby the 1-102vacuumtower),whichproduced

naphtha(V-361,the1-I05overheads),middle-distillate(V-182,theT-102

overheads),and heavydistillate(V-1074,the T-I02bottoms).The heavy

distillatewas recycledas the thirdcomponentof the pastingsolvent.

In operations without resid injection (Aug.ust 16 through the end of the

run on September30), all the componentsof the recycle oil (process or

pasting solvent) were combined in V-131B to make the slurry oil. The

slurry was prepared batchwise in V-lOlAbyadding the coal. During resid

injection (July ]2 through Aug.ust ]6), the oil used for slurry

preparation consisted of distillate only, or distillate plus somedeashed

resid. The remaining deashed and ashy resid required to achieve the

target compositionfor the recyclematerialwas injectedseparately.

Slurry was still preparedbatchwisein V-101A,but the oil used to

prepare coal slurry containedno ashy resid (somebatchesmay have

contai_ledno residat all).

EFF[CTOF OPERATIN,.GCONDIT|ONSON0]1_pROPERTIES

The following are observations about process oil properties during

Run 262. Key differences in conditions of material balance periods are

summarizedhere as a reference for comparisonof oil properties.

• Fromperiod A (transitional) to period B, there wasan increase in the

resid concentration in the process solvent from 32.] to 37.7 wt % and

a decrease in the Mo concentration from ]000 to 500 ppm (MF coal

basis). During part of period B, the vacuumtower 1-102 was by-

passed.

• From periodB to periodCI, the coal feed rate was increasedfrom

247.7to301.4MF Ib/hrandthesecond-stagetemperaturewas increased

. from 761 to 7g0"F. In addition,resid injectionwas discontinued

afterperiodB.

-4-
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• From periodC1 to periodC2, the residconcentrationwas decreased

from 39.1 to 35.8 wt %.

• From period C2 to period D, the No concentration was decreasedfrom

500 to 200 ppm.

• From period D to period E, the coal feed rate was increased from 299.7

to 346.2 MFlb/hr, the second-stagetemperature was increased from 790

to 8]O'F, and the Moconcentration was decreasedfrom 200 to 100 ppm.

• From period E to period F (unstable), the supported catalyst was

removedfrom the secondstage (except for the residual 30 lb) and the

added precursor Mo concentration was increased from 100 to 200 ppm.

Between periods, operational changes involved more than a single

variable. Oil 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.

All three streams showeda general decrease in the concentration of the

oils (hexane-solubles) in the THF-soluble 850"r 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 componentsof all streams generally decreased from

period A to period B, but then increased from period B through the end

of the run. Distillate hydrogendonor (hydroaromatic) content decreased

throughout the run. Distillate paraffinic hydrogen content wasgenerally

lowest at the beginning and end of the run, and highest in periods B

through D. The concentration of phenolic -OH in the distillate andresid

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 -OHconcentration from period A through C2, dropped

from period C2 to D, and increased from period D through F. Donor
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solventquality(coalconversionina microautoclavesolventdonorassay)

generallydecreasedthroughperiodD or E, then increased.Therewere

relativemaximain donorsolventqualityduringperiodsA, C?, and F.

Io somedegree,theseappearto be relatedto lowerparaffinichydrogen,
o

especiallyin periodsA and F. Pastwork at CONSOLhas shownparaffins

to be detrimentalto donorquality.4,s

Host of the trends in process oil properties indicate decreasing

distillatea_Jdresid quality as Run 262 progressed. In spite of

confoundingvariables,changesin certainvariablesseemedto dominate

the oil properties. Therewere concurrentincrea:esin second-stage

temperatureand coal feed rate as the run progressed. There was a

generaldecreasein slurryMo concentrationas the run progressed. In

the lasL runperiod,mostof the supportedcatalystwas removedfromthe

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 C], a decrease from period C] to C2, and then

another increase from period C2 through F. Someof these recycle resid

concentration changeswere rather small, andtheir expected impact onoil

prope_rties is uncertain. Therefore, changesin recycle resid concentra-
tion did not play an obvious role in determining overall oil properties

during the run.

GENERALOBSERVATIONS- RUHHISTORY

Run 262 beganon July 10, 1991, in the thermal/catalytic CC-ITSL mode

feeding Black Thunder Mine subbituminous coal. Becauseof operating

difficulties,July 12 was the firstfullday of operation.The first-

stagereactorwas R-1235and the second-stagereactorwas R-1236. Both

reactorswereconfiguredto use5(_Y_oftheavailablereactorvolume.The

interstageseparator(V-I25B)was in usethroughouttherun. The second-

stagereactorwas chargedwith 145 Ib (dry)of Criterion324 ]/16-inch

. (Ni/Mo)catalystagedduringRun260. The catalystagewas initially628

Ib MF coal/Ibcat, or 1470Ib resid+ CI/Ibcat. A subsequentaddition

of catalyston July 14 broughtthe reactorcatalystchargeto 170 lb.

The start-upsolventwas producedin Run 261 from BurningStar 2 mine

-6-
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(Illinois6 sear,)bituminouscoal. Start-up(target}conditionswere:

250 MF Ib/hrcoalfeed rate,30 wt % coal in the slurry(2.33solvent/

coal ratio),40 wt % resid and 12 wt % cresolinsolubles(CI) in the

recyclesolvent,and 825/760'Freactortemperatures.Slurrycatalysts

and sulfidingagentwere fed to the first-stagereactoras follows:iron

oxide (2 wt % of the MF coal) was mixed with the coal slurry and
i

HolyvanL {Mo was ]000 ppm of the HF coal) was mixed with dimethyl

disulfide(DMDS)sufidingagentand injectedinto the feed line before

the first-stagepreheater.

A chronological account oi" the run follows:

July 10, 1991: Run 262 started.

Jul 12: Residinjectionwas begun.

Jul 12-17: The best operationof resid injectionoccurredwith

45 wt % coal in the slurry,whichwas lower than the

target. This causedthe coal concentration in the total

feed to be lower than the target of 30 wt %.

Jul 12-22: Multiple operationalproblemsoccurred. 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-SRunit 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 Mocatalyst.

Jul 17-1g: Increasingthe coal concentrationin the slurry to

46-48wt % was attempted.Afterthis,the coal slurry

concentrationwas set to 45% due to circulationpump

problemsand otherslurrypreparationproblems.
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Jul 17-Z0: BalanceperiodA was transitionalfor severalreasons.

The actualresid concentrationin the recyclesolvent

was much lower than the targetvalue, there was ash

carryover in the ROSE-SR unit, and there was

inconsistencyin hydrogen consumptionduring this

period.

Aug. 7: The Moconcentration wasdecreased from 1000 'Ao500 ppm.

Aug. 8-9, 14-15: Balance period B

Aug. 12: The T-lO2 vacuum distillation column was by-passed.

Atmosphericdistillationcolumn (T-lO5)bottoms were

sent to V-178, the T-lO2 product vessel. The vacuum

flash overheads (V-1072) were sent to the T-102 bottoms

product vessel (V-1074) for recycle.

Aug. 15: Problems were encountered with the resid injection

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

Aug. 16: Becauseof pluggingof the resid injectionsy,:._m, resid

injectionwas discontinuedforthe remainderof Run 262.

The coal feed rate was increased from 250 to 300 MF

lb/hr. The feed rate of DMDSand Molyvan L was

inadvertently left set for the lower value, however.

Aug. 16-18: Ash in the recyclewas low becauseof the transition

from resid injectionto the standard practice of

blendingslurrybatchwisein V-]OIA. (Deashedand ashy

resid inventorieswere low.) Becauseof this and the

, low DMDS/Molyvant feedrate,coalconversionwas low.

, Aug. ]9" The second-stage temperature was increased from 760 to
790"F. The DMDSand Molyvan L addition rate was

-8-
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increasedto the propervaluefor this coal feed rate

(seeentryfor Aug.ust16).

Aug. 22-23: BalanceperiodCI (PeriodC was splitinto periodsCI

and C2 to account for differencesin recycle resid

concentration.)

Aug. 22: The level control valve on V-1258 could not control the

flow. Somegas ble_Jthrough to the secondstage. The

V-lESS density/level gaugeshoweda high level, suggest-

ing the presence of solids. These causeda run upset.

Aug. 24-25: Balance period C2

Aug. 26-27: The V-1258 mid-temperature reading was low. This is
usually an indication of solids tn the separator.

Aug. 28: The Mo concentration was decreased from S00 to 200 ppm.

Sept. 3: The viscosities of the contents of V-IOIA and B became

high. T-]02 overhead distillate was used to dilute the
tank contents.

Sept. 8-12: Balance period D

Sept. 8- 27 lb of catalyst was addedto the second-stage reactor

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

Sept.13: The second-stagereactortemperaturewas increasedfrom

790 to 810"F, since the interstagepreheateroutlet

temperaturewas low enoughto permitit. The coal feed

rate was also increasedfrom 300 to 350 MF Ib/hr,so

that resid inventory would not be depleted. The Mo

concentration was decreased from 200 to 100 ppm.
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Sept.16" The target recyclesolventcompositionwas increased
from 40 to 42 wt % resid. Since Wilsonville

consistentlymeasuredresidinthepastingsolventto be

about2 wt % lowerthan the targetconcentration,this
&

would enable them to blend to 40% actual resid

concentration.

Sep 18-22: Balance period E

Sept. ;!3: The Mo concentration was increased from 100 to 300 ppm

for 1/2 day, then reduced back to 200 ppm. Host of the

Criterion 324 supported catalyst was removed from the

second-stage reactor (R-1236), according to the run

plan. 92.2 lb dry catalyst was withdrawn and it was
assumedthat ca. 60 lb remained. At the end of the run,

however only 29 lb 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 line from V-]05

(V-1258 overheads) to V-164 to V-160 had plugging

problemsfromthewaxymaterial.Thewaxymaterialalso

caused level controlproblemsin V-1251 (atmospheric

flashoverheadsseparationvessel)September25-29.

- )O-
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TABLE ]

OPERAT]NGCOND]T]ONSANDYIELDSFORHATER]ALBALANCEPERIODS
N]LSONV]LLERUN262

i ' '

Operating Period 262A (Transit.) _S2B 262C 21r,2c2
00110,1001 7/'17-20 I/1-t,14.-15 6/22-23 I/2_U

, rO'_'-._ O,y* e,.e 14.16TlS.le zt,._ zo-n

_mN, MFIb/tv L,_..0 247.7 a01.4 296.9
_r Aeh, wt% MF 6.4 6.3 6.6 6.5

Com. in ,kmy,wt_ MF 29.6 29.7 m.o 2o.6
pro,ws Solvent,wt'M,
I_.dd a2.1 37.7 _.1 _.e .
oi 19.3 16.7 16.6 19.2

'__p, "1:(we) ems ees
in_ Hi _ pressure,psi, 2740+12 2706+30 2122,70 2716+27

I_'yole Oas. oclh 1024 9_0 642 566
8psoe Vet., Ib MF _xd/t.'lcu. ft 63.9C 95.40 78.eC 78.1C
kon Oodde,wt % MF oosl 2 SZ 2 2
Moly Conc., ppm MF ooeJ 1000 600 600 600
Scored rene
I:kN_ wnp,"F(_0) 780 761 70o 71)0
Inlet Hz P_lkd Pressur,, INis 2505 +8 2600 +6 2552 +13 2560 +6
Total Gas Flow, ecfh 4570 47_ 61;_ 6121_
t_w_t oi,, m_th _0 _ _Fe7
Sp,u: w_o_,

li) teed/hr.tb oat 4.7 4._1 6.6 5.6
Ib MF (x)_Phr-ft_oat 76.9 78.7 95.7 94.0

Type Cdt. 324 CdL 8_4 Cdt. 324 CHL 324
Age, Ib (R+C;I)/Ib oat 1545 +37 1424 4.00 1350 4-47 13,17+48

Ib MF eeai/llboat 706 +17 002 4.22 092 +24 685 +24
Oer Fbp_. I:bm, Ib _I/ton MF Gx_d 3 3 8 3

2114 2164 2224 2274

4.4 +--0.2 ,5.4 +0.1 .8.8 +-0.2 -5.4 +_.0.1
Water 16.1 +-0.6 16.4 +-0.5 14.1 4.1.7 14.2 +1.1
I.t,s o.6+-0.1 o.1+-0_ o.6_.+o.o o.2+-0.a
CO, COa 6.0 +0.7 7.3 +02 6.6 +02. 6.7 +0.0
NHZ 0.7 +"0.0 0.0 +"0.0 0.8 +"0.0 0.7 +'--0.1
C,,,C, Oas 4.9 +-0.3 52 ,t-"0.3 5.9 +-0.1 6.6 _'0.2
c,+c,,,l_o 67.7_.2.3 38.0_.2.1 64.7_.5 95.7_1.3

.,o= .,.o= u +o.oF 14.6"_.._7 9.9 +1.4 13.0"_..3.5 13.0_1.3
350-450"F 82 4.1.1 7.2 +I 2 6.3+0.6 7.6+_0.3
4SO-EP 34.4 +--3.0 36.4 +-3.4 40.6 +6.9 33.2 +._0.4
I:k_id ;La+-3.0 .0.1+_2.a ,,1.o+_-0.6 6.0+._o.a
intl Acc. UC 0.7 +-0.6 1.7 +-0.9 -1.1 +-0.6 0.1 +._0.7
8olid Product (ash-tree) 16.4 +--1.6 17.0 +-0.7 16.9 4.1.3 16.0 +_0.3

la.0 _+0.6 10.e+_.0.4 11.3+-0.e 10.5+._0._
c__ 6.s+-0.6 0.0+-0.3 9.1+-0.6 10.,?.+-0._
_,oa_C4_v. wl % MAF
Firstet_ge 00.9 +_.2.6 67,0 +._2.1 90.6 +1.4 08.0 _+1.6

stage 1_.0 4.1.1 92,.2 +-0.6 92..94--0.4 92.7 +...0.4
Oversll TSL 92.6 +-1.3 91.1 +-0.9 91.7 +-0.5 92.2 +...0.3

Resid+ Uc Cony.,wt,jr,t.ed
First stage 29.7 +1.5 26.9 +-0.9 23.6 +1.5 20.9 +...2.6
8ooond etage 11.8 +_.2.0 11.0 +1.9 10.7 +1.6 10.6 +_.3.3
Re,ld + UC Conv. wt % MAF eool

" "Firstetage 61.9 ,+1.5 92.e 4.1.3 33.e +_,4.1 45.4 +_.5.9
Second 8t4zge 18.7 +_1.6 18.7 +--2.6 33.4 +-2.9 33.5 +...6.1
C)wr_ll 80.6 +-2.6 61.4 +-2.0 87.1 +-1.2 76.9 +...0.2

...... i il ii
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1ABLE ] (Continued)

OPERAIlNGCONDIIlOHSNeD YIELDSFORMATERIALBALANCEPERIODS
WILSONVILLERUN 262

i ii i i ii

Ope4'Imlin9Perlod _2.D :162E 262F Unelable
Dale,1eOl e/e-1;_ 9/1e-22 9/24,26,z;',01)
:..-r__L___,;, Days 34-38 44..48 50-62-$3-$5 ,

Feed rate, MF Ib/hr _.7 3462. 342.9
A4h,wt % MF 6.4 6.3 0.5 •
Con¢. In slurry,wt % MF 29.7 29.8 90.0
ProoeesSo0vent,wt%
Ftesld 86.2 m.3 41.8 .
Ct 19.6 20.0 20.1

_'_ _p, "1: (_'O) 824 024
InkptH,_ prm,re, m 2705+26 2640+:;eS 2e62+16
Tc,vJsusow.w,_ 440"T ,._ 406_
RecvoleOsm,ecth 187 672
8pliJceVel., Ii=MF ooel/hrlcu, ft 79.2C 91.5C 90.60
kori OKk:le,wt% MF ooel 2 2 2
Moty Conic.,ppm MF oold 200 100 200

(av0) 79o elo ooo
Inlet I_ Psrtisl Pressure,peis 2530 +9 2541 +23 2530 +24
•roy](zm,_k,w,,_ 91_ Sos_ 91e3
Recycleges,ecgh 3054 2160 2663
SpaceVelocity,

li) kind/ht.lh cat 6.6 6.6 -
tb MF oosl/hr4tseat 96.2 110.0 -

CaUdystType CdL324 Cdt. 324 -
Age,Ib(R+CC))Ibcef 1404 +49 lZ15 +..51 -

Ib MF oosUlb eat 727 +26 674 +26 -
Cat Repls_. Rra, Ib c4_JtonMF oo_ 3 3 -

2234 2294 2404

•5.5+02 -6.5 +0.4

.42 +0.3

1U +_1.1 18.5"_..,0.7 13,1"_.0.8
HaS 0.8+0.1 0.8+0.1 0.4+0.1
co,co. u u +-o.4 e.m+-o.e
NI-I: 0.7 +.0.0 0.8 +._0.1 0.3 +_0.0
C,.C,g_ 6.,1+_0.3 iso+_0.4 6.5+._o.3
C,+ disUlIMo 00.8 +_.32 672. +1.8 47.5 +._0.5
C,-C, ?.1 +0.1 2.3 +0.3 22 +02
mP_ 1o.8_.7 1a.1"_-3.s 9.o+-o.9
360450"1: 7.7+0.9 8.8-+I.3 e.9+-o.9
450-EP 40.1 +--62 332 +...32 27.4 +1.1
Fkmlcl -0.8+...3.1 -0.4+-2.5 11.0+-2.0
klIAcc.UC 0.8+...o.6 -0.1+--1.1 0.4±I2
801iclProduct (,htr,) iLO +_0.8 19.8 +_.1.3 19.1 +-2.2.6
_m Efflclencv, % 11.1+._0.5 10.4+_.0.8 11.3_I.0
C_._.Se_ 8.8 +_,0.8 10.5 +_0.8 11.6+_0.7
i_o_l Conv-_wt % MAF
First stage N.1 +_2.6 86.7 +-2.5 86.3 +--3.0
Second stage 91.9 +._0.S 92.3 +._0.8 92.3 +--0.3
Overall TSL 90.1 +...0.5 91.6 +-0.6 91.3 +-0.9

-First mile 24.7 +.1.3 21.4 +1.6 22.9 +-2.7
Second It,age 16:_ +._2.0 le.e +_1.1 9.8+._4.8
Resid + UC Conv. wt % MAF cool
_Firststsge $3.5 +-2.0 47.5 +_.4.3 51.7+_.7.8
Second Stage 27.3 +-2.9 33.1 +-2.6 17.8 +-6.1
Overadl 60.8 +-2.9 80.6 +1.7 69.5 +1.2

t,
............ ,, ,,,,, lul n
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am

Figure 1. Simplified CC-ITSL Process Diagramfor Wilsonville Run 262.
Resid injection system used in Periods A and B is not shown.
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Figure2. PartialCC-ITSLProcessDiagramforWilsonville
Run262ShowingMajorDistillateStreams.Residinjectionsystem

used in Periods A andB is not shown.
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APPENDIN B

PROCESSINGINFORMATIONPACKAGE

WILSONVILLERUN263 A-E1
k

RUNCONDITIONSANDPROCESSPERFOI_NCE

Run 263 wtth Black ThunderHtne subbituminouscoal (from WyodakAnderson

seam in the PowderRiver Basin in Wyoming)began (prior to Period A) on

October 31, 1991. Period E ended on January 1, 1992. The thermal/

thermal modeof operation of reactors with dispersed slurry catalysts and

without the presenceof a supportedcatalyst was usedthroughout periods

A-E. The objectives for periods A-E of Run263 were as follows:

• Evaluate the performance of a dispersed molybdenumcatalyst 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 molybdenumaddition rate in the absence of a supported

catalyst.

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

100 ppmmolybdenumaddition rate.

• Increase the first stage react fon temperature to 840"F in order to

improve the resid conversion.

. • Decrease the coal feed rate to 265 HF lb/hr in order to improve the

process performance.
4

-]-=
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R._actiontemperaturesstudiedfor periodsA to E were810-840"Fin the

firststageand 790-BIO'Fin the secondstage. Coalfeedrateswere 265-

300MF Ib/hr,andtargetedrecycleresidandCI concentrationswere 42-45

and 20 wt %, respectively,in the recycleprocesssolvent. MolyvanL N

addition rate was at 100 and200 ppmmolybdenum. Iron-oxide addition was

maintained at 2 wt % NF coal and dimethyl disulfide (DMDS)was used as

a sulflding agent, A summaryof operating conditions andyields is given
in Table I.

The conclusions derived for periods A-E are summarizedbelow.

• The lower molybdenumaddition rate of lO0 ppm did not reduce

conversion performance comparedto the 200 ppmaddition rate.

• Operation at the higher first-stage temperature, 840"F, and lower

coal space velocity with 265 HF lb/hr coal feed rate did not

significantly affect distillate selectivity to conversion. The

distillate selectivity to conversion was 69-70% (comparedto 71%at

825"F and 300 HF lb/hr) without extensive production of gases.

G[NERALOBSERVATIONSFORPERIODSA-E

• Apparent activation energy determined for the first stage thermal

conversion with Molyvan L slurry catalyst addition was 30,400-

40,600 Btu/lb-mol.

• Reducedbackmixingflow rate seemed to affect significantlythe

first-stagereactortemperatureprofile,resultingin the increased

reactortemperaturespreadfrom25-30to 55-65"FafterDecember22

(priorto periodE).

• Overalland first-stageresid+ UC conversionincreasedfor 263"C

as a resultof increasingthe firststagetemperaturefrom825"Fto

840"Fon November27. Overalland firststageresid+ UC conversion
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also increased in 263Ddue to a decrease in the coal feed rates to

265 lb/hr from 300 lb/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 263Cas 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. Uponcleaning, 100 lb of deposits in V-1258, composedmostly

of gummymaterial, was obtained. This includes about 20 lb

(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 lb of deposit was observed in Run 262 which

mainly contained hard, chunkymaterial=

• Organic rejection, resid recovery, and ash content in ROSE-SRm

bottoms product ali showeda slight improvementover Run262. One

contributing factor to this improved performance is the increased

coal conversion starting November27 resulting from the increase in

the first-stage reactor temperature to 840"F. The deashing solvent

strength was maintained at a high ]eve] without the ash carry-over

that was experienced in Run262.

• The GCcut point (obtained from GCsimulated distillation andbythe

equal weight percent overlap method) for periods 263A, 263B, 263C

and 263Dwere 804, 797, 795 and 776 with an overlap of 8-12 wt %.

• Preliminary data from periods 263Aand263B total oils indicate that

• they have less hydrogencontentand more heteroatoms,sulfur,

nitrogenand oxygen,when comparedto Run 262 oils.

-3-
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• Based on the unusuallyhigh nitrogen content_(above ] wt _), there

is very little tendency for denitrogenationusing the dispersed

slurry system. Still persisting are the usualtrends 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) ts 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-]074), and

deashed second-stage product resid (V-130). The pasttng 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 tnterstage separator (V-1258) tn place.

The tnterstag_ separator removed the gas and light products from the

first-stage products prtor to processing tn the second stage. The ltqutd

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 oils were separated from the second-stage product in an

atmospheric flash (V-1250). The atmospheric flash bottoms (V-1067) were

separated in a vacuumflash into distillate (V-]082 overheads) and resid

(V-1082 bottoms). The V-1067 stream contains ash, ]OH, 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-HcGee ROSE-SRunit, 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 liquids and the V-1082

overheads were sent to the distillation system (consisting of the T-105

atmospheric tower, followed by the T-J02 vacuum tower), which produced

-4-
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naphtha (V-161,the _-I05 overheads),middle-distillate(V-182,_he T-I02

overheads),and heavy distillate (V-1074,the T-I02 bottoms). The heavy

distillate was recycled as the third component of the pasting solvent.

REF[R[NCES

1. Southern Clean Fuels, Wilsonville Advanced Coal Liquefaction R&D
" Facility, Handouts from Technical Meeting No. 114 (January 15-16,

1992), and-No. 135 (March 18-]9, ]992).
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TABLE ]

OPERATINGCONDITIONSAND YIELDSFOR MATERIALBALANCEPERIODSA-E
WILSONVILLERUN 263

• , ii, , ,

Operating Period 263A 263B 263C 263D 263E
Date, 1901 11/10-14 11/17,18,20-22 12/3, 6-9 12/13-17 12/26-28,31, 1/1

Oporatkwml Days 10-14 17,18,20-22 26, 29-32 36-40 H, 61,52 "
,ii

Coal

f:eed role, MF Ib_r 299.0 298.6 293.6 250.7 260.9 "
Ash, wt % MF 7.7 7.0 7.6 7,2 7.1
Cone. in slurry, wt % MF 24.6 25.0 24.4 24.6 24.5
_oce_ Soh_.t,wt%
P,esid 452 44.1 43.3 41.1 44.0
Cd 20.0 20.0 20.2 19.6 20.1
Recycle Cb from Vsc. FI.
Flmt Stage

Rea-tor temp, 9: (avg) 826 825 840 640 840
inlet He _ pressure,pek_ 2756 2797 2707 2759 2724
Torsi gas flow, ecfh 4886 5014 4684 5044 4614
Recycle gas, edh 1534 1449 1196 1528 1234
Sl:raceVel., Ib MF co_l/hr/cu, ft 79.0C 76.6C 77.6C 68.6C 68.9C
Iron Oxide, wt % MF coal 2 2 2 2 2
Moly Conc., ppm MF coal 200 100 100 100 100
Moly Precumor MV L
Second Stage
Reactor temp, "1: (avg) 810 809 810 610 809
inlet He Pwtisl Procure, peis 2436 2420 2415 2477 2546
Total Gas Flow, ecth 4765 4872 4757 5094 4850
Recycle Oas,scfh 2570 2775 2628 3115 3021
Space VoI., Ib MF ¢oa4/hr-_ _ 79.0C 78.6C 77.eC 68.6C 68.9C
c.,m_¢"rym .....
r_m Ag,,

Ib (R+CI)/Ib cat .....
Ib MF ool4/Ib rat .....

C,,atReplace. Rate, Ib eat/ten MF coal .....
ROSE-SI_ m Unit

DAS Type 2334 2304 2394 2404 2414
Yield,wt % MAF Coal

He ..4.3_.+0.3 .,4.9 +_,0.5 .4.6 +_..0.6 -5.2 +...0.2 ,-5.5+_.02
Water 11.6 +1.6 13.4 +-1.6 13.7 +0.7 13.0 +....0.7 13.2 +1.3

0.3+_.o.,-2 0.4+...o.4 0.2+-0.0 0.4+._o.2 5.7+._o.2
CO, Cd:)2 6.2 _+1.3 6.0 +_0.7 5.8 +,._0.3 6.3 +_.0.3 0.3 +_02
NHe 0.4 +--0.1 0.3 +._0.0 0.3 +_.02 0.5 +_0.1 0.4 +-0.1
C,-C= gas 6.7 --+0.5 6.3 +02 7.8 +1.1 9.1 +1.2 9.0 +..0.3
C,+ distillate 47.9 +4.8 51.6 +1.8 52.1 +._0.6 84.6 +4.3 60.7 +--2.0
C,..C, 2.4 +0.3 2.7 +-0.6 3.0 +0.3 3.0 +-0.3 3.3 +0.5
IBP-350"F 7.9 +._2.0 8.0 +1.2 8.9 +--0.9 9.1 +1.2 6.0 +--_0.6
350-4500F 8.4 _+1.5 9.3 +1.0 11.3 +-0.9 10.3 -+1.3 10.5 _.+0.7
450-EP 29.1 -+6.7 31.9 -+1.4 28.8 +_.1.2 32.1 +6.5 38.0 +-2.4
Resid 9.4 +5.3 8.6 +_.2.6 6.6 +-2.4 5.5 +_3.3 2.4 +_.0.9
Int. Acc. UC 0.7 +1.2 1.0 +0.9 0.4 +--0.3 0.3 +1.0 -0.3 +_0.1
ROSE-SI:Pa botloms Product (ash-free) 21.3 +1.5 17.0 +0.9 17.5 +-0.6 15.8 +--0.7 14.1 +_0.4
It, Efficiency, % 11.1 +0.9 10.8 +1.2 11.6 -+1.4 10.4 +0.9 11.0 +-0.4
C,..C. Selectivity, % 14.1 +2.3 12.3 +-0.7 14.9 +-2.1 16.7 +._2.5 14.9 +0.4
Coal Conv., wt % MAF

Firs1stage 80.4 --+5.9 82.2 -t-3.2 86.1 +_3.9 87.0 +1.4 90.2 +1.3
Second mO e 92.7 +0.9 93.4 -+0.3 93.7 -I-0.1 94.5 +-0.2 94.7 +-0.4
Overall TSL 92.6 +1.4 92.5 _.+1.4 92.9 +-0.5 93.1 +-0.5 94.1 _.+0.8

Resid + UC Conv., wt % feed

First stage 17.9 -t-3.0 16.6 +1.3 19.9 +1.0 20.1 +1.2 22.7 +0.6 -
8econ¢l rage 8.4 +._4.2 13.7 +-1.4 9.6 +1.5 12.7 -+1.5 9.7 +1.0

Resid + UC Conv. wt % MAF coal

Firotstage 48.7 +9.7 41.6 +5.2 53.4 +-2.7 51.9 +3.3 62.1 +2.4
Second Stage 19.9 +--8.5 31.6 +_5.1 22.0 +._3.2 26.6 +2.7 21.7 +1.6 •
Overldl 68.7 ,,+4.0 73.5 _.+2.2 75.4 +1.7 76.5 +3.9 83.6 +0.7

Note: MV I_"-Molyv=mL _,63A.E, 6M)
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• Figure I. Partial CC-ITSL Process diagram for Wilsonville
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PETROLEUMDEPARTMENT MVL-1_.
APPENDIX C 8901(8201)

MOLYVAN e L

EXTREME PREBSURE/ANTIWEAIIAGENT ANTIOXIDANT

FRICTIONREDUCER

Compoeitlon: Oroenicmolylxlenumcompou'nd
PhyeicaJState: l.lcluld '
Color:. Oiul¢green
Oeneltym 28"G. Mg/m=:. 1.08
Viscosityat I O0"C,r.,It (BUS): 9.07 (86)
MolybdenumGontent.qlc 8.1
Ph(_phon_ Content,qll: 8.4

SulfurContent,qk 12.3FIiulhPoMt,COC,*GrF): lSS.e (330)
Solublllty: 8olul_llin Ixltroleumoilsenclgrmmee,aJlphatJ¢and

erometk: eolvente end in verJouewnthotk: Ju_t
t_me."

• Ineoiubleinwater.

MOLYVAN L 18a _'oqllnk: IktukleddltlveIon.tIInlngmoly_kmum,luNur, eml phom_)horu8,lt is
oomplotelyoil solubleandIsenex@oilentfrictionreduoMwithenUweer_ @xlromopressureprolNlrtles,lt
canbe und in a wlde ren_ of sutomoUve end inclustflalIQl_lieatlons.

MOLYVAN L mlxeamudly.IngreasesandoikkoikmkudJngtheWoldemsiweoeh_tedwiththe useof solid
molybdenumeclditivu.

MOLYVAN L W_ in k)w ooncentrltlonein automoUve er_kea_ oib to reduce fdeUon, to lower
operatingtemPefllmle andto reduceo11coneumptlon,lt_n sloebein extremepremre andant_ear
additivein lulDrk_ OHIandslro4a4eoperatingunderhighIoadl.

Noto: WhenevertoptreatingafinishedoilformulationwithMOt.WAN I. lt ISrecommendedthatthe
finishedWoduatbe teetedto confirmoriginaltestresults.

InsomeformulatkxuktheWeeermeofMOLWAN Lmay.oontnb_.e.tO_ _=o__on_wh=
would be dotrJmentaJ to some dleeel enolnee,lte usem eucmmormm_um _mmlr,.u-,
recommended. ,.:,

:etC,mlt,O. ;)resented nere,n _u I_len coreD,loci from IourC_ll r.Ol_OMld tO!_ _Di! IN it li¢curlite InO r_mllle tO the bell of our krito, ledge aria
*.el,lt Dut ,s net guarlnteSG to De ii. Iqothin9 hereto mto De ¢omltruecl al recomn_Oing 8ny WlK:tlr..41or Iny Droduct in v,Wlit=O_n_ Iny INItlmt or in vJOlat,On
O_any llw or reQuiltiOn 11m the uler'l rellDOniiblilry tO Ootermil_l for harebelllhe IultlDdity OfIBy lllt&teftol_ el II_i= l)urDole lhd tOSCIODISUChs4fe_
;_recaut,OnS4l may 041necessity. We mike no werrlinty la tOme rlaultI to bt OOtmn04m orang OnymlitenlJ ImcLImco con6monl cduee Iri r_otunoor our
,:ontrol. we must _eCllSldlrdy O=Ir.Ii,m ill 1,11_4|11_with felll=41_ tO the Ule C_I/ty llt_IrtliJ IuIIDINKI IW uS.
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APPENDIX D 60

EXPERIMEliTALliETHOOS

Descriptions are given below for most of the analytical techniques used

to generate the data tn the preceding tables. The references provide
additional details on the methods.

b

Saurale Handllna and Preoaratton1

Samplesare stored, as received, at ambient temperature until analysis.

Full-range samples, i.e., samplesthat contain both distillate andresid,

are distilled in a )" x 3' Jacket-heated Vtgreaux columnto an end-point

of 320"Cpot/270"C colunm/Storr (SSO'Fequivalent). Small samples,such

as the HRI samples provided, are distilled at stmtlar conditions in a
ItCrostt11. The distillate and resid fractions may be further analyzed.

Determination of Insoluble Oraantc Matter (ION) and Ash1_

The distillation residue is groundwith a mortar and pestle and a S g

sample is pressure-filtered with freshly distilled tetrahydrofuran (THF)

through WhatmanNo. 42 paper at ambient temperature. The ftlter cake is
washedwith THF until the filtrate is colorless. The solids are weighed

to determine the tnsolubles (ION andmtneral matter), then combustedfor
one hour at 800"C in an electric muffle furnace to convert the mineral

matter to oxidized ash. ION is determined as the tnsolubles less the

ash. The THF is removedfrom the filtrate by distillation or rotary

vacuumevaporation. The resultant THF-soluble resid may be further

analyzed.

T4)lubilttv Fractionation z's

Liquid columnfractionation (LCF) is the solubility fractionation method

we use. lt separates THF-soluble coal extracts into the following

categories: otls (hexane solubles), asphaltenes (benzene soluble/hexane

insoluble, and preasphaltenes (pyridine soluble/benzene insoluble). The

LCF procedure consists of tn:jecttng a THF-dissolved sample onto a 2 x

1000 mmglass columnpackedwith glass beads (Analab, 70/80 mesh).

The solvents then are pumpedthrough the column sequentially at a flow

rate of 1.5 mL/ein: hexane (6 mtn), benzene(8 mtn) andpyridine (10 rain)

to elute otls, asphaltenes, and preasphaltenes, respectively. Sample
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size is 20/_mandthe sampleconcentration is approximately 5 g/L in THF.

Peak areas (vida tnfra) are measured with an HP-3388 integrator.

Response factors are applied to the peak areas to obtain weight

percentages of the three fractions.

The LCFmethodis not expected to reproduce the more conventional Soxhlet

methods. However, tt ts rapid, reproducible, and of acceptable

analytical precision. Its rapidity (-20 min) makestt muchmore suttable

for process monitoring than the Soxhlet methodswhich have turn-around
times of several days.

The apparatus usedfor thts procedureconsists of a Milton-Roy Laboratory

Mint-Pump, a Rheodyne7010 loop-type on-ltne injector, and a Pye Untcam

LCH2 flame ionization detector (FID). The Pye FID response is

quantitative for the detection of carbon. It ts, therefore, well-suited

for coal-liquids work since it wtll respondequally well to alkyl groups

andaromatic compounds.An ultra-violet detector, for example, would not

respondto alkanes or unconJugatedalkenes.

The Pye detector operates by passing a movingstainless steel wire of

fine gauge through the effluent stream from the colun. A small amount

of column effluent is carried by the wire tnto an evaporator oven where

the solvent is stripped, leaving the sampledeposited on the wire. Since

somevolattles can be lost at this point, the detector response can be

sensitive to samplevolatility. However, all the materials analyzed by

this technique are non-volatile (850"r or greater).

Uponleaving 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 COz passes into a molecular entrainer,

where Hz is mixed with the stream. This mixture is carried into a Ni

• catalyst chamber. The CO2 is quantitatively reduced to methane, to which
the FID responds.

Detector response is dependent upon the chromatographic solvent,

presumably becauseof the thicknes_ of coating on the wire. Therefore,

responsefactors are determined by makingpreparative runs on large-scale
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columns (9 x 1000 mm), with proportional Increases in solvent flow

(4 mL/rain) and sample size (735 pm, 200 g/L). Fractions obtained are

rotary evaporated, vacuumdried and weighed. Responsefactors are

calculated as the ratio of detector response (area from an analytical

run) to fraction weight (from a preparative run). Gtven the relatively
minor variations in residuum composition for a given run, it ts 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.

IH-Ruclear Ilaqnettc ResonanceSDectrosco# 's

_H-NMRspectra are recorded on a Varian EM-360L60 IqHz Instrument.

Homogenizeddistillate samplesare dissolved in chloroform-d, to make a

12% v/v solution, then filtered. Homogenizedresidue samples, etther

THF-soluble or whole, are dissolved tn pyridine -ds (99.9Mg3) to

-190 g/L, then filtered. An tnternal tetramethylstlane (TMS) reference
is used to lock the RF fteld. Samplesare spun at -50 rps tn 5 mmOD

precision sample tubes. Spectra are scanned from 10.5 to 0 ppmover
5 mtn at 0.05 mi;RFpower.

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 tn duplicate on the Instrument ustng a sweep

rate of I min. The Integrations are dtvided into sevenregions generally

corresponding to seven proton types.

-3-



63

ChemShi ft "
(TICS), PlJ Proton Type DescriptionliII U li li I

10.5-7.15 Cond. Aromatics Proton attached to a condensed
aromaticring.?

7.25-4.7 Uncond. Aromatics Proton attached to an uncondensed
, aromaticring.

4.7-l.5 Cyclic Alpha Proton on naphthentc carbon adja-
cent to fused aromatic ring of
naphtheno-aromatic.

2.5-2.0 AlkylAlpha Methylor non-cyclicmethyleneor
methylideneprotonadjacentto
aroeatlcring.

2.0-1.4 CyclicBeta Naphthenicprotons. Naphthenic
protonstwo positionsfrom the
aromaticringof naphtheno-
aromatics.

1.4-I.0 AlkylBeta Interiorprotonsof paraffins.
Methylprotonstwo positionsfrom
an aromaticring.Non-cyclic
methyleneprotonstwo or more
positionsfroman aromaticring.

1.0-0.5 Gamma Terminal methyl protons of
paraffins or alkyl stdechatns
three or more positions from an
aromatic ring.

ii llm

Hydroxyl peaks are disregarded during integration and normalization,

knalvsi$ of llolvMenm in THF-Inso)ublQ l)i)tillatlonResid SmDles

The tetrahydrofuran-insoluble distillation resid samples were ashed at

750"Cfollowing ASTMprocedureD-3682. The ash then was digested in HNO3

and HF/HCI aquaregia, complexedwith H3BO_. The resultant solution was
analyzed by inductively coupled plasma-atomic emission spectroscopy

. (ICP-AES) using a Thermoaarrell Ash aA6] instrument.

Elemental Analyses and Heating Value

Carbon, hydrogen and nitrogen are determined with a Leco CHN-600
instrument. Sulfur is determined with a Leco SC-32 instrument. Gross

calorific values are determined with a Parr 11161Calorimeter. The ten
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major ash elements are determined with a Thermo aarrel-Ash JA-6I

inductively coupled plasma atomic emission spectrometer.

¢
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