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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government.  Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights.  Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States Government or any agency thereof.
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ABSTRACT

This is the first Annual Technical Report of activities under DOE Contract No.  DE-AC22-
94PC93054.  Activities from the first three quarters of the fiscal 1998 year were reported
previously as Quarterly Technical Progress Reports (DOE/PC93054-57, DOE/PC93054-61,
and DOE/PC93054-66).  Activities for the period July 1 through September 30, 1998, are
reported here.

This report describes CONSOL's characterization of process-derived samples obtained from
HTI Run PB-08.  These samples were derived from operations with Black Thunder Mine
Wyoming subbituminous coal, simulated mixed waste plastics, and pyrolysis oils derived from
waste plastics and waste tires.  Comparison of characteristics among the PB-08 samples was
made to ascertain the effects of feed composition changes.  A comparison also was made to
samples from a previous test (Run PB-06) made in the same processing unit, with Black
Thunder Mine coal, and in one run condition with co-fed mixed plastics.
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      Section 1

EXECUTIVE SUMMARY

CHARACTERIZATION OF SAMPLES FROM HTI RUN PB-08

In support of the Hydrocarbon Technologies Inc. (HTI) bench unit program, CONSOL analyzed

samples from the five run conditions of HTI's Run PB-08.  The five-condition run had three

objectives, which were to study the processing of oils derived from mild pyrolysis of scrap tires,

waste plastics, and waste lube oils; to investigate the feasibility of integrating waste plastic and

rubber pyrolysis with direct coal liquefaction; and to evaluate the economics of such a process.

A clear distinction can be made in the characteristics of process samples derived from

operations with different feed compositions.  Pyrolysis oils derived from plastics and tires result

in better overall distillate yields than in coal-only or coal and mixed plastics conditions. The

analyses show that the distillate portions of the process-derived samples from co-processing

of pyrolysis oils with Black Thunder Mine coal are lower in phenolic -OH contents and have a

lower ash content, but higher insoluble organic matter (IOM) content than those derived from

coal co-fed with mixed plastics.  The distillate portion of the pressure filter liquids (PFL) and the

O-6 Bottoms samples from conditions which fed pyrolysis oils have much poorer solvent quality

than either coal-only or coal-plastics conditions. The introduction of a coal-derived carrier oil

in the waste plastics/rubber tire pyrolysis operation resulted in a material with properties

intermediate between those of coal only derivation and those derived from coal co-fed with

waste plastics/rubber tire pyrolysis oil manufactured with waste lube oil as a carrier.

A comparison was made of sample characteristics from Run PB-08 and those of a previous run

(PB-06) for coal alone, coal and mixed plastics, and coal and a pyrolysis oil derived from mixed

plastics conditions.  Coal-alone conditions were comparable.  Limited data were available from

Run PB-06 for coal and mixed plastics conditions.  However, the component distribution for the

first-stage slurry for Run PB-06 has over twice as much distillate and only 2/3 as much IOM as

the corresponding Run PB-08 sample.  In the coal and pyrolysis oil conditions compared, the

whole samples from Run PB-06 are more aromatic than those obtained from Run PB-08.  The

pyrolysis oils produced at HTI and used for Condition 4 of Run PB-08 do not appear to have

as large a component of the undecomposed plastics. This may be attributable to the pyrolysis
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oil being derived partially from waste tires and lube oil, rather than 100% plastics as was the

oil used in Run PB-06.

FUTURE WORK

Analyses will be completed for HTI Runs PB-02 and PB-03.  A compilation of all data on jet fuel

cuts of direct liquefaction net product oils acquired over this and previous DOE contracts will

be completed.  These data will be released as a Topical Report. 
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Section 2

INTRODUCTION

This is the Annual Progress Report for activities under DOE Contract No. DE-AC22-

94PC93054.  This report covers the period July 1 through September 30, 1998.  Activities for

the preceding nine months of the 1998 fiscal year are available in References 1-3.

CONTRACT OVERVIEW

The objectives of this project are to support the DOE direct coal liquefaction process

development program and to improve the useful application of analytical chemistry to direct

coal liquefaction process development.  This project builds on work performed in DOE Contract

No. DE-AC22-89PC89883.  Independent analyses by well-established methods are obtained

of samples produced in direct coal liquefaction processes under evaluation by DOE.  The data

obtained from this study are used to guide process development and to develop an improved

data base on coal and coal liquids properties.  A sample bank, established and maintained for

use in this project, is available for use by other researchers.  The reactivity of the non-distillable

resids toward hydrocracking at liquefaction conditions (i.e., resid reactivity) was examined.

From the literature and experimental data, a kinetic model of resid conversion was constructed

and is being refined.  Such a model will provide insights to improve process performance and

the economics of direct coal liquefaction.

CONTRACT ACTIVITIES THIS PERIOD

• Fifty-nine samples from five run conditions of HTI Run PB-08 were received (Table 2).

Proton NMR spectroscopy,  phenolic -OH determination by Fourier transform infrared

spectroscopy, and vacuum distillation were employed.  Component distributions were

determined, hot decalin extractions were performed on selected samples, and solvent

quality tests were completed for appropriate samples.  A discussion of the results is

presented in the Results and Discussion Section of this report.

• CONSOL completed a second generation of the resid reactivity models originally

constructed under subcontract by the University of Delaware. 
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• A journal article authored by S.  Wang, H.  Huang, K.  Wang, M.T. Klein, and W.  H.

Calkins (University of Delaware) entitled "Kinetics of Coal Liquefaction Distillation Resid

Conversion" was published in Energy & Fuels.  A copy of this paper is appended to this

report (Appendix I).

ACTIVITIES IN PROGRESS

• Characterization work on samples from HTI PB-02 and PB-03 continues. 

• A draft of the topical report fulfilling the Task 2.1 obligation was issued to DOE for review.

• Compilation of coal-derived jet fuel properties is continuing.  A Topical Report describing

the data is being drafted.

• Samples from the NEDO pilot plant in Kashima, Japan continue to be sought.

• The computer code for the improved Resid Reactivity model will be submitted to the

Department of Energy/FETC.

• A summary report describing the CONSOL improvements made to the University of

Delaware Resid Reactivity computer model is being drafted.
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Section 3

RESULTS AND DISCUSSION

INTRODUCTION AND BACKGROUND

HTI Bench Run PB-08 (also known as Run 227-105) was designed to study the processing 

of oils derived from mild pyrolysis of scrap tires, waste plastics, and waste lube oils; to

investigate the feasibility of integrating waste plastic and rubber tire pyrolysis with direct coal

liquefaction; and to evaluate the economics of such processes.  Run PB-08 was made in HTI's

bench unit 227 configured with two equal-volume back-mixed reactors with internal recirculation

(Figure 1).  A dispersed catalyst, phosphorous-promoted Fe/Mo GelCatTM, was used in both

reactors.  A water-soluble promoter was added to the iron-based GelCatTM catalyst to improve

dispersion of the metals in the feed blend.4  An interstage vapor/liquid separator was employed.

A short residence time coiled preheater was used to raise the feed slurry to 140 EC below the

first-stage reactor temperature prior to introduction to the reactor.  The in-line fixed-bed

hydrotreater packed with Criterion C-411 catalyst was operational for all five operating

conditions.  In addition to the overhead from the second stage separator, the first stage

separator overhead liquid also was fed to the hydrotreater. The coal feed was Black Thunder

Mine Wyoming subbituminous coal procured by HTI originally for Run POC-2.

Process variables, including reactor temperatures (Reactor 1: 435 EC/Reactor 2: 449 EC),

space velocity, and catalyst loading were held constant throughout the five-condition test.

Different co-feeds with the Black Thunder Mine coal were introduced for each run condition

(Table 1).  Condition 1 was made in a coal-only mode.  In Condition 2, 70 wt % coal was co-fed

with a mixture of high density polyethylene (HDPE), polypropylene (PP), and polystyrene (PS)

(44, 28, and 28%, respectively) comprising the remaining 30 wt %.  In Condition 3, the 343 EC+

fraction of a pyrolysis oil derived from scrap tires and waste motor oil was blended with coal in

a 30:70 (oil:coal) wt % ratio.  A 343 EC+ fraction of a pyrolysis oil derived from a 50:50 mixture

of rubber tires and plastics (a waste lube oil was used as a carrier oil) and Black Thunder Mine

coal were co-fed in Condition 4.  The oil:coal ratio was 30:70 wt %.  Co-fed with the coal in

Condition 5 was a 343 EC+ fraction of a pyrolysis oil derived from a 50:50 mixture of rubber tires

and coal-derived oil.  In this Condition, the oil had been produced with a coal-derived carrier
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oil (the 524 EC– fraction of the pressure filter liquid (PFL)). The oil:coal ratio was 30:70 wt %.

The three pyrolysis oils were produced off-line.4

In support of HTI Run PB-08, CONSOL received 59 samples for analyses from five periods

representing the five run conditions (Table 2).  Five of the samples were feed coals.  These

were reserved in the event their analysis was warranted because of unusual findings from the

analysis of the process samples.  Ten of the samples were the aqueous layer from the

separator vessels and four samples were obtained from the first-stage knock-out vessel.

These also were reserved for analyses if required. No analyses of the feed coal, the SOH water

samples, or the knock-out samples were performed.

COMPARISON OF SAMPLE ANALYSES FOR PB-08 CONDITIONS

ALL CONDITIONS

Process performance for Conditions 1-5 is provided in Table 3. The in-line hydrotreater was

operating through all conditions in PB-08.  This resulted in  the second-stage SOH product oils

having undetectably low levels of phenolic -OH (Table 4)  and low levels (1.6-5.2%) of

hydrogen aromaticity (Table 5).  In comparison, the analyses of the first-stage SOH samples,

obtained prior to hydrotreatment, have 1.07-1.72 meq/g phenolic -OH and 9.8-19.9% hydrogen

aromaticity.  

COAL-ONLY AND COAL AND PLASTICS CONDITIONS

A comparison between Conditions 1 and 2 demonstrates the effects of the addition of mixed

plastics on direct coal liquefaction.  One obvious consequence is that the feed slurry, the

pressure filter solids (PFS), and the pressure filter liquids (PFL) from Condition 2 contain

entrained plastics (Table 11). 

Other effects are evident in comparison of samples from different plant locations.  The

component distribution of the first-stage slurry (Table 6) shows that it has a greater distillate

content and much less IOM for the coal-only period.  The O-6 bottoms distillate contents are

equivalent.  However, the solvent quality of the O-6 bottoms is better for the Condition 1, coal-

only period (Table 7).  The ash contents of the O-6 bottoms and first-stage slurry samples are

unexpectedly high for Condition 2 sample (Table 6).  After filtration, the pressure filter liquids
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distillate content is greater for the plastics plus coal condition and the ash content is significantly

lower (0.1 vs.  8.4 wt %). HTI indicated there were filtration problems in Period 5 of Condition

1.1  This is likely the reason for a high ash content in the PFL.  The aromatic proton content of

the pyridine-soluble portion of the feed slurry and first-stage (also called "interstage") slurry is

significantly lower for the coal-only period (26.2 vs. 30.4%, and 28.4 vs. 32.6%, respectively,

Table 5).  This is reversed in the O-6 bottoms, PFS, and PFL samples.  This may be a result

of analyzing the pyridine solubles, because the high density polyethylene (HDPE) and

polypropylene (PP) in the sample may not dissolve in the pyridine solution as well as does the

polystyrene.

All process streams, with the exception of the first-stage SOH sample from Condition 2, have

phenolic -OH contents within 0.1 meq/g of each other for Conditions 1 and 2, with no consistent

bias evident for samples of either condition (Table 4). 

The ash contents of the first-stage slurry, O-6 bottoms, and pressure filter solids are greater for

Condition 2 samples than for Condition 1 samples, even though only 70% of the feed is ash-

containing coal.  It may be possible that the plastics co-fed with the coal contain ash.  Plastics

samples were not obtained for analysis.  It is recommended that the ash content of the plastics

be determined.

COAL-ONLY AND COAL AND PYROLYSIS OIL CONDITIONS

The addition of pyrolysis oils which are 86 to 89 % distillate (Table 6) in Conditions 3, 4, and 5

directly affects all process streams in the same way, they all contain more distillate than

samples from the coal-only Condition 1.  A comparison of PFS samples for the coal only and

pyrolysis oil-fed conditions shows the ash contents are 23-25% for the coal plus pyrolysis oil

conditions as compared to 26% for the coal only condition, but the IOM is 9-14% (abs.) higher

for the conditions in which pyrolysis oils were co-fed.  The  plastics content of the Condition 3

sample (coal co-fed with the 343 EC+ fraction of a pyrolysis oil derived from scrap tires and

waste motor oil)  is much greater than the plastics  content of the other two conditions which

co-fed a pyrolysis oil (Table 11).
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The aromaticity of the pyrolysis oils is low (Table 5).  Consequently, the feed slurry for the coal

only condition (1) is much more aromatic than that of the coal plus pyrolysis oil conditions (3,

4, and 5) which are a 30:70 mixture of oil and coal.  The difference in aromaticity of the O-6

bottoms and the PFLs is more apparent in the distillate portions of the samples (Table 8).  The

distillate portion of these samples from Condition 1 have significantly better solvent quality than

the distillates of samples obtained from Conditions 3, 4, and 5 (Table 7). 

The phenolic -OH contents of the feed slurries for Conditions 3  and 5 were similar to that of

the Condition 1 slurry.  However, the distillates of the first-stage slurry, the O-6 Bottoms,  PFLs,

and the first-stage SOH oil all contain less phenolic -OH than the corresponding sample from

Condition 1.

COAL AND PYROLYSIS OIL CONDITIONS

Total conversion for Conditions 3 through 5 varied between 92.5 and 94.1% (Table 3).  The

resid conversion also was virtually unaffected by the type of pyrolysis oil.  C4-524 EC distillate

yield may be a little better for Condition 4 at 69.2% vs. 66.7 and 65.8%.  This  is reflected in the

higher distillate content of the PFL for Condition 4 (Table 6).  The solvent quality of the whole

O-6 bottoms samples (Table 7) for all three conditions is about the same.  

The IOM  contents of the first-stage slurry oil, O-6 bottoms, PFL, and PFS samples from

Condition 3 are  greater than those from Conditions 4 and 5 (Table 6). The plastics content of

the Condition 3 whole feed slurry and pressure filter solids and the pressure filter liquid resid

samples (Table 11) also are greater. 

The introduction of a coal-derived carrier oil to the pyrolysis unit resulted in an oil (L-932) with

a higher aromatic hydrogen content than the waste tire (L-931) and the waste tire and plastics

(L-933) derived oils generated with a waste lube carrier oil (Table 5).  The use of this oil in

Condition 5 resulted in essentially the same total conversion, resid conversion, and distillate

yield (Table 3), but the selectivity for C1-C3 gases was much higher and, consequently, the

hydrogen efficiency was lower. Its use in Condition 5 resulted in all but the first-stage slurry

samples having a higher aromatic hydrogen content than the process samples from

Conditions 3 and 4.  This resulted in improved solvent quality of the distillates of both the O-6
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bottoms sample and the PFL sample, likely due to the better solubilizing properties of the

aromatics (Table 7).  The phenolic -OH content of all Condition 5 whole and distillate samples

is greater than for the corresponding samples from Conditions 3 or 4.  This likely reflects a

contribution from the coal-derived carrier oil.

COMPARISON OF RUN PB-08 AND RUN PB-06

COMPARISON OF COAL-ONLY CONDITIONS

Comparison of several of the Run PB-08 conditions can be made with Run PB-06, which

was completed in 1997.1  Condition 1 of Run PB-08 and Condition 5 of Run PB-06 were

operated with Black Thunder Mine subbituminous coal.  Iron/molybdenum/phosphorous-

promoted GelCatTM catalyst was used in both runs and, in both run conditions, the in-line

hydrotreater was operated.  Recycle/solvent ratio was 1.5 in Run PB-06 Condition 5 and 1.2 for

Condition 1 of Run PB-08.  Process performance for Run PB-06 Condition 5 and Run PB-08

Condition 1 are given in Table 3.  Space velocity was slightly higher for Run PB-08 Condition 1

than Run PB-06 Condition 5 (640 vs. 626 kg/h/m3).  However, yields and process performance

are essentially the same with coal conversion for both runs at 94 wt % MAF feed.  524 EC+ resid

conversion was 88 wt % (Run PB-06) and 84 wt % (Run PB-08) and C4-524EC yield was 60

and 63 wt % MAF feed for Runs PB-08 and PB-06, respectively.  From this comparison, the

operation of the 227 unit in Runs PB-06 and PB-08 were considered by HTI to be comparable4.

This continuity in operation allows for comparisons of other conditions of the two runs in which

the feeds included materials other than just coal (see below).

COMPARISON OF CONDITIONS WITH COAL AND PLASTICS CO-FEEDS

Using the limited data available, a comparison can be made between Run PB-08 Condition 2

and Run PB-06 Condition 2.  Run PB-08 Condition 2 was operated with Black Thunder Mine

coal and a mixture of three plastics, (high density polyethylene (HDPE), polypropylene (PP),

and polystyrene (PS)) in a 70:30 (coal:plastics) ratio.  The ratio of HDPE/PP/PS was

44/28/28 wt %.  The recycle ratio was 1.2 kg/kg MF feed. In Run PB-06 Condition 2, in addition

to these three plastics, polyvinyl chloride also was incorporated in the plastics mixture.  The

ratio of HDPE/PP/PS/PVC in Run PB-06 was 40/30/25/5 wt %, the ratio of coal to plastics

mixture was 67:33, the recycle ratio was 1.5 kg/kg MF feed.  Phosphorous-promoted iron-

based GelCat™ was not used in Run PB-06 condition 2.
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Process performance for Run PB-08 Condition 2 and Run PB-06 Condition 2 can be seen in

Table 3.  HTI attributes the better performance in Run PB-08 (higher resid conversion and

C4-524 EC distillate yield)  to the addition of promoters to the iron-based GelCatTM catalyst.4

The component distribution of the hot decalin extraction of the feed slurries from Condition 2

of PB-08 and PB-06 are presented in Table 11.  The percent of the sample recoverable as

plastics is greater for Run PB-06.  The amount of soluble materials recovered from the two runs

is a small amount greater for Run PB-06 (46% vs. 40 and 45%).  The major difference between

the two runs is the amount of component reporting to the insolubles fraction (37.5% for

Run PB-06 and 45% for Run PB-08).  Additionally, if normalized to a plastics-free mixture, the

amount of insolubles in Run PB-08, Condition 2 Period 8B (~51%) is about 6% less than that

of the coal-only period (Condition 1).  This is not the case for the sample from Run PB-06, in

which the normalized plastics-free insolubles component is 12 wt % (abs.) less than the coal

only period.  The first-stage slurry for Run PB-06 contains more than twice as much distillate

and only 2/3 as much IOM as the corresponding Run PB-08 sample (Table 6).  Unfortunately,

no component analyses are available for second-stage products (O-6 bottoms or PFLs) from

Run PB-06 to make a comparison.

COMPARISON OF CONDITIONS WITH COAL AND PYROLYSIS OIL CO-FEEDS

Condition 3 of Run PB-06 co-fed with Black Thunder Mine coal a pyrolysis oil produced in a

fixed-bed reactor.  Prior to Run PB-08, HTI acquired technology from the University of

Wyoming to produce pyrolysis oils.  This off-line pyrolysis unit was employed to make three

different pyrolysis oils for Run PB-08 (L-931, L-932, and L-933).  The analyses of the oil used

in Run PB-06 and the oils used in Run PB-08 are presented in Table 10.  The oil used in

Run PB-06 was mixed plastics-derived.  The oil used in Run PB-08 Condition 3 was waste tire-

derived (pyrolyzed with waste lube oil (L-931)).  The oil used in Condition 4 was waste tire plus

plastics-derived, pyrolyzed with waste lube oil (L-933), and the oil used in Condition 5 was

waste tire-derived, but the pyrolyzing carrier oil was coal-liquefaction-derived process oil

(L-932).  The three oils produced for PB-08 have a higher H/C ratio than the oil used in

Run PB-06. 
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A comparison can be made between operations in Condition 3 of Run PB-06 and Condition 4

of Run PB-08 (Table 3).  Both conditions used an oil that was at least 50% plastics-derived.

The oil used in Run PB-08, Condition 4, is lower boiling than that used in Run PB-06,

Condition 3.  HTI concludes that the pyrolysis technology used to produce the oils for Run PB-

08 is superior to the fixed-bed type of pyrolysis operation employed for production of the Run

PB-06 oils.  Total conversion and resid conversion are comparable; however, distillate yield

was greater in Run PB-08 and hydrogen efficiency was 1.5 times better.  All whole samples

from Run PB-06 are more aromatic than those obtained from Run PB-08, Condition 4

(Table 12).  The more aromatic feed slurry may be due to a higher concentration of intact

aromatic structure from the pyrolyzed plastics.  Alternatively,  the non-aromatic  contribution

from the lube oil in Run PB-08 or better hydrogenation and/or cracking activity of the catalyst

in Run PB-08 may be responsible for the lower aromaticity of the Run PB-08 samples.  Based

on the available data, a distinction among these possibilities cannot be made. The component

distribution (Table 11) of the feed slurry for Run PB-06 Condition 3 shows that it has 5 times

as much plastics than the feed slurry for Condition 4 of Run PB-08.  It was argued previously

that a some of the plastics become entrained or dissolved in the pyrolysis oils derived from

plastic and do not decompose in the pyrolysis process.1  The pyrolysis oils produced at HTI and

used for Condition 4 of Run PB-08 do not appear to have as large a component of the

undecomposed plastics. This may be attributable to the pyrolysis oil being derived from waste

tires and lube oil, which were not present in the oil used in Run PB-06, or to the different

pyrolysis processes used.
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Section 4

EXPERIMENTAL

The experimental procedures used to produce results presented in this report were described

previously.5-7
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Section 5

CONCLUSIONS

Conclusions are provided in the Results and Discussion section of the report.
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TABLE 1

HTI RUN PB-08 PLANNED RUN CONDITIONS4

Condition 1 2 3 4 5

Period 1-5 6-8 9-11 12-14 15-17

Work-Up Period 5 8 11 14 17

Temperature, K-1, EC 435 435 435 435 435

Temperature, K-2, EC 449 449 449 449 449

In-line Hydrotreater, EC 379 379 379 379 379

Space Velocity, kg
feed/h/m3

640 640 640 640 640

Recycle Solvent/MF
Feedb, kg/kg 1.2 1.2 1.2 1.2 1.2

Feed Coal BTMa BTMa BTMa BTMa BTMa

Dispersed Catalyst
Fe/Mo GelCatTM/P-
promoter, ppm 1000/100/100 1000/100/100 1000/100/100 1000/100/100 1000/100/100

Feed Composition Flow rate, g/h

     Coal 1425 1000 1000 1000 1000

     Plasticsc 385

     Pyrolysis Oild 385

     Pyrolysis Oile 385

     Pyrolysis Oilf 385

a. BTM = Black Thunder Mine Wyoming subbituminous coal.
b. Recycle consisted of a mixture of pressure filter liquids (PFL) and O-6 separator bottoms.
c. HDPE/PP/PS = 44/28/28 wt %.
d. 343 EC+ distillation cut of waste tire pyrolyzed with waste lube oil.
e. 343 EC+ distillation cut of waste tire plus plastics pyrolyzed with waste lube oil
f. 343 EC+ distillation cut of waste tire pyrolyzed with coal-liquefaction process-derived oil.



16

TABLE 2

SAMPLE ACQUISITION SCHEDULE
HTI RUN PB-08

Condition 1 2 3 4 5

Sample Acquisition Perioda

Feed Coal 5A 8A 11A 14A 17B

Feed Slurry 5A 8A,8B 11A 14A 17A

Pressure Filter Liquid 5B 8B 11B 14B 17B

Pressure Filter Solid 5B 8B 11B 14B 17B

First Stage Slurryb 6A 9A 11B 15A 17B

0-6 Bottoms 5B 8B 11B 14B 17B

First Stage SOHc (Oil) 5Bd 8B 11B 14B 17B

First Stage SOH (water) 5B 8B 11B 14B 17B

Second Stage SOH (Oil) 5B 8B 11B 14B 17B

Second Stage SOH (water) 5B 8B 11B 14B 17B

First Stage Knock-out - 8B 10B, 11B 14B 17B

Pyrolysis Oils - - L-931 L-933 L-932

a. Periods are 24 h long.  The designation A or B indicates which of the two 12 h shifts
during the period the sample was obtained.

b. The First Stage slurry sample was taken following the end of the run condition.  It
represents the preceding run period.  (Also called Interstage)

c. SOH = separator overhead 
d. Contains knock-out oil
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TABLE 3 

PROCESS PERFORMANCE FOR PB-08 CONDITIONS 1-5
AND PB-06 CONDITIONS 2,3, AND 5

PB-084 PB-061

Condition
Mass Balance Period
Material Recovery, %

1
5

98

2
8

98

3
11
104

4
14
98

5
16
101

2
9

98

3
15
97

5
23
104

Normalized Yields, % MAF Feed
C1-C3

C4-C7

IBP-177 EC
177-260 EC
260-343 EC
343-399 EC
399-454 EC
454-524EC
524 EC+

Unconverted Feed
H2O
COx
NH3

H2S

10.75
5.65

10.50
13.29
17.83
8.03
3.03
2.39
9.63
6.15

13.04
7.08
0.81
0.14

6.44
5.06

15.39
9.60

17.89
11.43
4.44
3.70

10.49
6.72

10.72
3.01
0.46
0.02

5.83
4.35
9.89
9.35

14.60
14.43
7.59
6.45

10.47
7.45

10.17
3.34
0.41
0.24

5.45
3.66

10.74
10.17
15.66
15.94
7.21
5.79
8.81
7.35

10.44
3.20
0.43
0.10

8.13
7.99
9.41
8.86

14.66
13.83
6.05
4.97

11.13
5.92
8.46
4.93
0.46
0.26

7.9
3.4

22.1
5.3
7.9

A16.3
4.3

16.3
9.2
7.9
3.2
0.4

-0.14

8.8
8.1

13.6
6.8
7.4

A15.
7

5.6
18.5
9.0
8.2
3.2
0.4
0.1

12.5
6.9

20.7
11.1
14.6

A8.2
1.3
5.5
6.1

12.2
7.5
1.0

-0.05

Process Performance, % MAF
Feed
Coal Conversion(a)
Total Conversion
Residuum Conversion
C4-524 EC Yield
H2 Consumption
H2 Efficiency, kg dist/kg H2

C1-C3 Gas Selectivity (c)

93.9
93.9(b)

84.3
60.3
7.05
8.6

17.8

90.3
93.2(b)

82.7
67.5
4.60
14.7
9.5

89.3
92.5(b)

74.7
66.7
4.43
15.1
8.74

89.4
92.6(b)

76.9
69.2
4.44
15.6
7.88

91.5
94.1(b)

75.6
65.8
4.80
13.7

12.36

91
75
59

3.9
15.1
13.3

91
73
57

5.4
10.6
15.4

94
88
63

7.5
8.4

19.8

(a) Data offered by HTI (Reference 4)
(b) Calculated by CONSOL based on the assumption that there was 100% conversion of co-

feeds.
(c) Defined as a percentage of C1-C3 light gas yield, relative to the C4-524 EC distillate yield.
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TABLE 4

PHENOLIC -OH CONTENT OF HTI BENCH RUN PB-08 SAMPLES

      Condition 1 2 3 4 5

Sample Phenolic -OH, meq/g (peak location, cm-1)

Whole Oils

1st Stage SOH Oil 1.72
(3308)

1.20
(3309)

1.22
(3311)

1.46
(3309)

1.07
(3309)

2nd Stage SOH Oil NDa ND ND ND ND

1st Stage knock-out NDa ND ND ND ND

THF-Soluble Portion of Samples

1st Stage Slurryb

454EC- Distillate
0.93

(3306)
0.85

(3306)
0.55

(3306)
0.60

(3305)
0.72

(3305)

1st Stage Slurryb

454EC+ Resid
0.96

(3292)
1.03

(3292)
1.01

(3292)
1.03

(3292)
1.04

(3292)

0-6 Bottoms
454EC- Distillate

0.90
(3305)

0.80
(3305)

0.70 
(3305)

0.61
(3306)

0.72
(3305)

0-6 Bottoms
454EC+ Resid

0.85
(3293)

0.84
(3293)

0.92
(3292)

0.93
(3293)

0.87
(3292)

Feed Slurry 0.56
(3284)

0.68
(3293)

0.53
(3294)

0.40
(3296)

0.59
(3296)

Pressure Filter Liquid (PFL)
454EC- Distillate 

0.85
(3305)

0.71
(3307)

0.54
(3306)

0.45
(3307)

0.68
(3305)

Pressure Filter Liquid (PFL)
454EC+ Resid

0.86
(3292)

0.76
(3294)

0.89
(3293)

0.73
(3291)

0.86
(3294)

Pressure Filter Solid (PFS) 0.88
(3294)

0.91
(3294)

0.96
(3293)

0.95
(3291)

0.91
(3294)

a. ND = none detected.
b. Also called interstage sample.
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TABLE 5

 1H-NMR ANALYSES OF RUN PB-08 WHOLE SAMPLES(a) 

Period

 
Cond.
Arom.

Uncond.
Arom.

Cyclic
Alpha

Alkyl
Alpha

Cyclic
Beta

Alkyl 
Beta Gamma

SOH 1stG +KO Oil(b) 5B 6.8 10.0 10.3 12.4 14.6 28.8 17.1

SOH 1st Stg Oil(b) 8B 8.9 11.0 9.9 9.5 12.5 28.6 19.6

SOH 1st Stg Oil(b) 11B 4.6 6.3 7.5 9.0 15.5 36.0 21.1

SOH 1st Stg Oil(b) 14B 3.5 6.3 6.5 8.8 14.0 38.1 22.8

SOH 1st Stg Oil(b) 17B 4.8 7.2 7.8 9.8 14.4 34.9 21.1

SOH 2nd +KO Oil(b) 5B 0.6 2.3 4.5 4.5 23.5 36.8 27.7

SOH 2nd Stg Oil(b) 8B 1.8 3.4 5.2 4.6 21.0 35.8 28.3

SOH 2nd Stg Oil(b) 11B 1.0 1.3 3.7 3.4 20.4 40.7 29.6

SOH 2nd Stg Oil(b) 14B 0.6 1.0 3.2 3.2 20.6 41.9 29.4

SOH 2nd Stg Oil(b) 17B 0.7 1.4 3.7 3.7 21.5 41.2 27.8

PFL 5B 23.0 10.3 16.9 10.6 11.8 18.7 8.7

PFL 8B 17.8 8.7 14.0 9.7 12.0 26.0 11.9

PFL 11B 10.9 7.5 9.2 7.7 11.0 35.4 18.2

PFL 14B 10.2 6.8 8.4 7.2 10.4 38.4 18.7

PFL 17B 14.6 10.9 11.0 9.3 11.6 27.5 15.2

O-6 Btms(c) 5B 21.4 11.4 15.9 11.1 11.9 18.6 9.8

O-6 Btms(c) 8B 10.3 5.7 16.1 11.4 13.1 28.7 14.7

O-6 Btms(c) 11B 11.7 8.3 9.8 7.8 11.3 34.1 17.0

O-6 Btms(c) 14B 9.5 4.6 9.2 6.7 11.9 40.0 18.1

O-6 Btms(c) 17B 17.6 8.3 12.5 9.5 11.3 27.6 13.2

L-931 Pyrolysis Oil Cond 3 1.8 2.4 4.9 5.3 15.1 45.4 25.1

L-932 Pyrolysis Oil Cond 4 7.0 3.8 7.3 7.2 14.2 39.1 21.3

L-933 Pyrolysis Oil Cond 5 1.5 1.5 3.1 3.9 12.5 48.8 28.6

1st Stg Slurry (d) 6A 21.8 6.6 18.0 10.1 12.6 20.8 10.1

1st Stg Slurry (d) 9A 19.1 13.5 14.1 10.4 11.7 18.3 12.8

1st Stg Slurry (d) 11B 13.6 7.2 10.4 7.8 11.2 32.2 17.5

1st Stg Slurry (d) 15A 9.2 5.8 7.5 7.0 11.5 38.3 20.7

1st Stg Slurry (d) 17B 10.8 6.5 9.2 7.5 11.4 37.6 17.0

Feed Slurry 5A 20.4 5.8 15.2 9.3 11.9 25.4 12.0

Feed Slurry 8A 19.4 11.0 13.8 8.6 13.1 22.5 11.5

Feed Slurry 11A 11.1 4.7 8.9 6.5 13.3 37.0 18.6

Feed Slurry 14A 10.3 4.2 8.8 6.2 12.9 39.5 18.2

Feed Slurry 17B 12.7 5.6 10.6 7.8 12.8 33.7 16.8

P.F. Solids (c) 5B 27.2 7.1 16.9 10.3 12.0 17.9 8.5

P.F. Solids (c) 8B 23.2 5.8 16.0 9.4 12.8 22.3 10.4

P.F. Solids (c) 11B 19.6 5.8 13.5 8.7 12.5 27.9 11.9

P.F. Solids (c) 14B 18.9 6.2 14.3 9.0 12.6 26.2 12.8

P.F. Solids (c) 17B 19.4 7.7 14.4 9.7 11.6 24.9 12.3

(a) Samples dissolved in 99.8 % CDCL3 and filtered prior to obtaining NMR spectrum
(b) SOH samples were not filtered prior to obtaining NMR spectra
(c) Dissolved in 99.96 % d5-pyridine and filtered prior to obtaining NMR spectrum.  
(d) Also called interstage sample
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TABLE 6

COMPONENT DISTRIBUTION - HTI RUNS PB-08 AND PB-06 SAMPLES

Sample Component, %
Condition

1 2 3 4 5

Run PB-08

Pyrolysis Oils Distillatea - - 85.5 89.4 88.0

Resid, THFSa - - 14.2 10.0 11.6

IOM - - 0.1 0.1 0.2

Ash - - <0.1 0.1 <0.1

First-Stage Slurryb Distillate 27.7 19.4 36.5 35.7 33.6

Resid, THFS 45.6 43.9 38.7 43.9 43.2

IOM 15.8 22.8 14.9 12.2 13.8

Ash 9.8 12.2 7.8 6.2 7.2

O-6 Bottoms Distillate 39.5 39.5 47.8 46.1 50.2

Resid, THFS 38.7 39.9 34.3 39.2 39.1

IOM 10.1 4.0. 10.5 8.6 6.2

Ash 10.2 15.8 6.4 5.6 4.0

Pressure Filter Liquid Distillate 37.6 45.5 55.7 64.8 52.9

Resid, THFS 42.3 40.6 39.6 33.1 44.2

IOM 10.1c 13.2 4.3 1.5 1.8

Ash 8.4c 0.1 <0.1 <0.1 0.1

Pressure Filter Solid Distillate NDd ND ND ND ND

Resid, THFS 54.5 40.1 40.9 45.5 47.5

IOM 20.0 32.7 34.4 31.5 29.3

Ash 25.6 27.2 24.7 23.0 23.2

Run PB-06

First-Stage Slurry Distillate 51.1 31.3

Resid 27.5 44.8

IOM 14.0 13.9

Ash 3.9 5.1

a.  Distillation cut point 454EC; THFS = tetrahydrofuran solubles.
b. Also called interstage.
c. May be due to problems encountered with filtration in Condition 1, Period 5.1

d. ND = not determined.
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TABLE 7

MICROAUTOCLAVE COAL CONVERSIONSa

HTI RUN PB-08 SAMPLES

Sample
Condition

1 2 3 4 5

Pyrolysis Oils Whole - - 27.9 47.3 36.4

O-6 Bottoms Distillateb 83.4 75.5 55.1 51.7 65.6

Whole 62.9 55.9 69.9 69.4 66.9

PFL Distillate 85.5 77.3 50.0 49.2 66.4

Whole 70.2 82.0 61.0 72.7 70.3

a. Test Conditions: 398 EC, 30 min, 9 g sample, 6 g Old Ben Mine coal
b. 454 EC– fraction of whole sample
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TABLE 8

 1H-NMR ANALYSES OF RUN PB-08 DISTILLATE SAMPLESa

Period
Cond.
Arom.

Uncond
Arom.

Cyclic
Alpha

Alkyl
Alpha

Cyclic
Beta

Alkyl
Beta Gamma

PFL 5B 16.3 10.1 13.2 11.6 11.6 23.9 13.4

PFL 8B 13.6 7.7 12.4 9.6 11.9 29.4 15.5

PFL 11B 8.1 4.8 8.1 6.9 11.4 40.6 20.0

PFL 14B 7.4 4.2 8.3 6.5 12.6 43.0 17.9

PFL 17B 12.7 5.9 11.8 8.7 12.8 33.5 14.5

O-6 Btmsb 5B 16.6 9.6 14.3 11.4 12.2 24.1 11.9

O-6 Btmsb 8B 12.9 7.9 12.0 9.7 11.9 30.6 15.0

O-6 Btmsb 11B 9.5 4.7 10.5 7.6 12.9 37.0 17.7

O-6 Btmsb 14B 8.3 4.8 9.0 7.4 12.3 40.1 18.2

O-6 Btmsb 17B 13.0 6.3 11.7 9.1 12.6 32.3 15.0

L-931 Pyrolysis Oil Cond 3 1.8 2.0 5.3 5.5 15.6 45.3 24.5

L-932 Pyrolysis Oil Cond 4 7.6 3.5 7.1 6.9 13.7 39.3 21.9

L-933 Pyrolysis Oil Cond 5 1.2 1.8 3.3 4.2 13.2 48.6 27.6

1st Stg Slurryc 6A 16.3 7.5 13.8 11.2 12.4 26.5 12.2

1st Stg Slurryc 9A 16.1 7.4 14.5 10.2 13.0 24.8 14.1

1st Stg Slurryc 11B 8.8 4.7 9.2 7.8 12.7 37.2 19.6

1st Stg Slurryc 15A 7.9 4.8 8.4 7.0 12.5 39.5 19.8

1st Stg Slurryc 17B 11.0 6.5 10.0 8.8 12.4 32.4 18.9

a. Samples dissolved in 99.8 % CDCL3 and filtered prior to obtaining NMR spectrum.
b. Dissolved in 99.96 % d5-pyridine and filtered prior to obtaining NMR spectrum.  
c. Also called interstage sample.
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TABLE 9

 1H-NMR ANALYSES OF RUN PB-08 RESID SAMPLESa

Cond. 
Arom.

Uncond. 
Arom.

Cyclic
Alpha

Alkyl
Alpha

Cyclic
Beta

Alkyl
Beta Gamma

PFL 5B 29.0 12.6 16.7 10.8 11.2 11.6 8.1

PFL 8B 28.0 12.4 16.6 9.9 11.4 14.0 7.8

PFL 11B 24.7 10.2 14.8 9.5 11.0 20.0 9.8

PFL 14B 24.4 8.1 15.2 8.8 11.8 22.1 9.5

PFL 17B 30.2 11.0 17.5 10.1 11.2 13.3 6.7

O-6 Btmsb 5B 31.4 10.3 19.1 10.3 11.5 11.5 6.0

O-6 Btmsb 8B 28.4 11.2 18.3 9.6 11.2 13.5 7.7

O-6 Btmsb 11B 27.6 12.0 16.8 9.9 11.0 14.7 8.0

O-6 Btmsb 14B 25.6 11.6 16.2 9.7 11.1 17.0 8.9

O-6 Btmsb 17B 29.2 11.8 16.5 10.6 10.4 14.0 7.5

L-931 Pyrolysis Oil Cond 3 3.4 3.2 7.7 5.8 15.3 42.3 22.3

L-932 Pyrolysis Oil Cond 4 7.3 3.4 7.1 5.9 14.1 42.4 19.7

L-933 Pyrolysis Oil Cond 5 2.4 2.1 4.9 4.2 13.6 50.2 22.6

1st Stg Slurryc 6A 24.8 11.0 17.3 10.7 12.0 15.7 8.6

1st Stg Slurryc 9A 27.3 10.9 18.1 10.6 12.3 13.9 6.9

1st Stg Slurryc 11B 21.5 8.4 14.8 9.4 12.8 22.3 10.8

1st Stg Slurryc 15A 23.1 11.5 15.5 9.8 11.3 19.0 9.7

1st Stg Slurryc 17B 24.6 11.3 16.6 10.5 9.6 18.6 8.8

a. Samples dissolved in 99.8 % CDCL3 and filtered prior to obtaining NMR spectrum.
b. Dissolved in 99.96 % d5-pyridine and filtered prior to obtaining NMR spectrum.  
c. Also called interstage sample.
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TABLE 10

PROPERTIES OF PYROLYSIS OILSa

Condition
Run PB-084 Run PB-061

3 4 5 3c

HTI Identification No. L-931 L-933 L-932

Gravity, API 26.1 29.0 NA 6.2

IBP, EC 319 278 NA NA

FBP, EC 500 515 520 NA

Elemental Analysis, wt %

   C 86.23 86.30 87.72 88.88

   H 12.40 13.08 11.23 9.33

   S 0.912 0.470 0.887 1.14

   N 0.14 0.16 0.51 0.17

  H/C 1.73 1.82 1.54 1.26

Distillation, wt %b

   IBP-343 EC 4.57 4.70 20 NA

   343 - 454 EC 76.24 78.69 65 NA

   454-524 EC 15.73 16.33 15 NA

   524EC+ 0.0 0.0 0.0 43.1d

   Loss 0.46 0.22 0.0 NA

a. Provided by HTI1,4

b. ASTM D-1160, by simulated distillation
c. Obtained from simulated waste plastics, but contains an unidentified contribution from

pyrolyzed L-814 make-up oil.
d. 524EC+ resid, wt %
 
NA = not available
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TABLE 11

HOT DECALIN EXTRACTIONS OF PB-08 CONDITIONS 1-5 FEED SLURRY, 
PRESSURE FILTER LIQUID, PRESSURE FILTER SOLID WHOLE SAMPLES,

AND PFL RESIDS, 
AND PB-06 CONDITIONS 2 AND 3 WHOLE FEED SLURRY SAMPLES 

Condition Period     Insols, %     Sols, % Plastics, % Recovery, %

Whole Samples

Run PB-06

Feed Slurry 2 10Aa 37.5 46 16.5 99.8

Feed Slurry 3 15A 22.3 71.5 6.2 100.6

Run PB-08

Feed Slurry 1 5B 56.5 43.3 0.14 97

Feed Slurry 2 8A 43.8 45.2 11.00 103.5

Feed Slurry 2 8B 46.5 40.5 12.90 98.3

Feed Slurry 3 11B 41.3 55.2 3.50 99.1

Feed Slurry 4 14B 36.7 62.1 1.20 97.1

Feed Slurry 5 17B 41.9 57.7 0.41 97.7

PFS 1 5B 42.6 57.1 0.26 100.0

PFS 2 8B 63.7 31.8 4.50 99.0

PFS 3 11B 61.7 37.7 0.57 97.0

PFS 4 14B 57.6 42.3 0.11 99.9

PFS 5 17B 56.5 44.0 0.16 96.9

Resids

 PFL 1 5B 30.4 69.5 0.1 103.4

 PFL 2 8B 2.9 76.8 20.4 101.7

 PFL 3 11B 0.6 90.2 9.2 101.7

 PFL 4 14B 0.1 97.5 2.5  102.6

 PFL 5 17B 4 95.6 0.5 102.3

a. Sample believed to represent the period which immediately precedes the run period.
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TABLE 12

COMPARISON OF PB-08 CONDITION 4 AND PB-06 CONDITION 3 
AROMATIC HYDROGEN CONTENTa OF THF SOLUBLES FROM WHOLE SAMPLES

Sample PB-08 Condition 4, % PB-06 Condition 3, %

SOH First-Stage Oil 9.8 13.1

SOH Second-Stage Oil 1.6 2.2

Pressure Filter Liquid 17.0 36.5

O-6 Bottoms 14.1 37.9

First-Stage Slurryb 15.0 32.7

Feed Slurry 14.5 30.3

Pressure Filter Solids 25.1 41.1

a. Sum of condensed and uncondensed aromatic proton content.
b. Also called interstage sample.



Figure 1.  Process Flow Diagram of Bench-Scale Liquefaction Unit (Unit 227),
as Configured for Run PB-08.4
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APPENDIX I

KINETICS OF COAL LIQUEFACTION DISTILLATION RESID
CONVERSION

Shaojie Wang, He Huang, Keyu Wang, Michael T. Klein, and William H. Calkins

Energy & Fuels 1998, 12, 1335-1341
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