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Executive Summary 

This quarterly report covers activities during the period from July 1,1996 through 
September 30, 1996. The first year of the project ended in February, 1996; however, the WVU 
research effort continued through August 14, 1997 on a no-cost extension of the original 
contract. PETC chose to exercise the option for continuation of the projects and $100,000 
became available on August 9, 1996. The objective for year two is to focus on development of 
those carbon products from coal-based solvent extract precursors which have the greatest 
possibility for commercial success. 

1.0 m e c t  PlanninP and Ad ministration 

The purpose of Task 1.0 is to prepare and submit to the DOE, a Project Management plan 
for the WVU portion of the Carbon Products Consortium (CPC) workplan. This Management 
Plan was submitted to PETC on July 2,1995. It has been accepted by the COTR and by the 
contracts management staff. A work plan for year 2 of the project is being developed. 

2.0 Consod ium Adm inistration and Report ing 

The purpose of Task 2.0 is to establish a Participants Agreement (PA) and a Proprietary 
Information Agreement (PIA) for members of the CPC, to facilitate communications between 
CPC participants and the COTR, and to help secure, maintain and manage CPC fbnds obtained 
under this contract. 

The PA and the PIA were finalized on September 1, 1995. It was necessary to revise the 
PA to define the category of m a t e d  Participant for an organization which does not sign the PA 
or the PIA, but is involved with the work of the CPC. A copy of the revised PA was included 
with Monthly Status Report No. 8, September 1, 1995 - September 30, 1995. 

All monthly status and quarterly technical reports have been submitted as required by the 
contract. In addition to the required reports, regular communications with the COTR have been 
maintained . 

Extensive efforts have been made to maintain finding through Fossil Energy, as well as, to 
broaden the base of fbnding for the work of the CPC. Programs are under development with the 
Office of Heavy Vehicle Technologies, the Office of Industrial Technologies, as well as, with the 
Navy Surface Warfare Center. 

A copy of the final reports submitted to ORNL by UCAR, ALCOA, FMI, and Koppers 
are included as attachments to this report. Hard copies mailed under separate cover. 
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3.0 Coal Extraction 

Under Task 3.0 and subtasks, WVU will provide a variety of types and 
coal extracts to the industrial and national laboratory participants. In addition, 

sizes of samples of 
green and calcined 

cokes will be developed. A summary of technical developments and other activities follow: 

A capillary rheometer was acquired fiom Amoco Polymers and is now rebuilt and 
operational. This apparatus will allow us to evaluate the viscosity of the coal-derived pitches over 
a wide range of temperatures and rheometer. Currently, standard viscosity fluids are being tested 
and the instrumental is being calibrated. Work will soon commence on the rheologic 
characterizations of hydrogenated coal extracts. It should be noted that this apparatus will also 
give us the capability of spinning fibers out of the various coal-derived pitches. 

Considerable effort has gone into replenishing our supply of coal-derived pitches. 
Extracts from both raw coal as well as hydrogenated coal have been prepared and stock-piled. 
The goal here is to make enough pitch so that Koppers and Alcoa will have quantities sufficient to 
construct a small-scale carbon anode for evaluation. Discussion is underway as to the best way to 
proceed in the next but smaller phase of the PETC contract. 

A subcontract to WVU on AMOCO’s NSWC project was in progress during the reporting 
period. Specifications for pitch precursors for high-thermal conductivity fibers have been received 
fiom AMOCO and WVU laboratory equipment has been assembled. 

Discussions are taking place between BASF, Koppers and WVU as to the best way of 
proceeding toward a small-scale pilot demonstration unit. Negotiations are on-going and 
hopefblly some agreement can be reached soon. 

WVU has developed reactor systems to produce larger samples of carbon foams and is 
currently in full production of small test specimens. Evaluation of these specimens is being 
carried out at the NASA Langley Research Center. The coal-based carbon foam technology was 
developed concurrently with the CPC program. Coal-based carbon foam samples for testing have 
been produced with various precursors and with various additives. For example, inexpensive 
chopped fibers supplied by AMOCO have been added to the foam precursor to increase the 
strength of the resulting foam. 

WVU is in the process of submitting a proposal to the Army Tank Command with our 
CPC affiliate, FMI. The proposal is in response to a BAA for improved vehicular structural 
materials. 

4.0 TechnicaVEconomic Evaluation of W W  Extraction Process 

WVU provided all requested information to the MITRE Corporation for their economic 
analysis of the coal extraction process. A draft of the MITRE report was received in mid July, 
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1995 and a revised version was received in September, 1995. 

The MITRE report suggests several process changes whose implementation on a larger 
scale could substantially reduce the cost of the coal extraction process. MITRE finds that coal 
extract based calcined coke for anodes could be produced for approximately $177 per ton. A 
February 1 article in the Financial Times reported that world aluminum production could be 
restricted by shortages of petroleum coke. The article said that coke prices have doubled the past 
year to between $240 and $250 a ton. This is because it is more profitable for refineries to make 
liquids than coke. MITRE also recommends research on the production of isotropic carbon fibers 
fiom coal extracts of unhydrogenated coal. Such fibers are in the $8 to $10 per pound range and 
the market for low cost fibers is expected to double in the near future. 

5.0 Technolow T r a e  

A confidentiality agreement between BASF, Koppers and WVU is being negotiated. The 
agreement will facilitate discussions on scaling up production of certain types of coal-based 
extracts for firther evaluation. BASF makes the solvent NMP which is used in the WVU coal 
extraction process. 

The workshop on carbon products and heavy vehicles was held September 4 and 5 in 
Chicago. Approximately 75 attendees representing 3 8 companies, four universities, seven U. S. 
government agencies and one Netherlands government agency were at the workshop. See the 
attached participant summary. A copy of the priority R&D topics reported by the five breakout 
groups is attached to this report. A copy of the presentation material fiom the speakers and 
panelists is available. 

WVU will schedule a CPC business meeting and project review for the week of November 
18, 1996. A portion of the time will be devoted to developing a vision statement with the US. 
DOE Office of Industrial Technologies on the role of carbon products in their Industries of the 
Future Program. 

3 



Attachment 1 

Chicago 
The Future of Carbon Products for Heavy Vehicle 

Applications 

Summary of Workshop Participants 
GOVERNMENT AGENCIES 

Argonne National Laboratory 
Energy Technology Division 

Lawrence Livermore National Lab 
Mechanical Engineering Dept. 
Transportation Program 

NASA-Langley Research Center 
Materials Division 

NREL 
ORNL 

Automotive Composites Research 
Cahon & Insulation Materials 

Center for Composites Manufacturing 

Metals & Ceramics Division 
Transportation Technologies 

U.S. Department of Commerce 
NIST 

US. DOE 

OHVT 

Technology Group 

Technology 

Office of the Deputy Secretary 

-Transportation Technologies 

PRIVATE INDUSTRY ACADEMIC 

American Bus Association 
American Sightseeing 
American Trucking Associations 
AMOCO Polymers, Inc. 
Applied Sciences 
Battelle 
Ciba Polymers 
CONOCO 
Dana Corporation 
DFI Pultruded Composites 
Dorsey Trailers 
Energetics 
Failure Analysis Associates 
Ford Motor Company 
Foster-Miller, Inc. 
GHL 
Grafil, Inc. 
Hexcel 
Hitco Technologies 
Hoosier Tank & Manufacturing 
Kenworth Truck 
Lincoln CornPosites 

Clemson Unive\rsity 
Chemical Engineerin 
Mechanical Engineer 

Penn State University 
Chemical Engineerin 

Wayne State University 
Mechanical Engineer 

West Virginia University 
Chemical Engineerin 
MAE 

* NRCCE 

-Heavy Vehicle Systems Technology Lockheed Martin Engineering & Sciences 
NOVEM (Netherlands) Mack Trucks 

Monon Corporation 
Motor Coach Industries (Canada) 
Navistar International 
Northrop Gmmman Corp. 
Nova Bus, Inc. 
Parish Heavy Truck 
Prevost Car, Inc. (Canada) 
Rockwell International 
Rockwell Science Center 
SACMA 
Tern press 
Trucking Research Institute 
UCAR 
Zoltek Corporation 



ATTACHMENT Z 

Applications of Carbon Products for Efficient Operation 
of Heavy Trucks, Buses, and Other Commercial Vehicles 

PREiLlMINARY REPORT ON THE TOP PRIORITY R&D PROJECTS 
RECOMMENDED BY THE FIVE BREAKOUT GROUPS 

October 19, 1996 

-ut Group-& Body, chassis, cargo area, trailers, seat structures, wheel wells, vehicle 
interior, frame rails, other structural members. 

A.1. Grand Challenge Project: Launch a consortium similar to the Automotive Composites 
Consortium which would take a systems approach to demonstrating step reductions in the 
final cost of major carbon composite components for heavy vehicles (e.g., a refiigerator 
trailer or transit bus or transit bus panels built with $4 per pound carbodglass 
cCimposites.) 

A.2. Develop a computer analysiddesign tool and associated material property data base for 
the heavy vehicle industry that can accommodate hybrid material systems using both glass 
and carbon fibers, and with the capability to predict fatigue life of composite parts. 

A.3. Develop fiame cross member made with carbodglass fiber reinforcement as a bolt-in 
replacement for current steel component on existing heavy vehicle. 

w: Crash protection components, energy absorbing materials, bumpers 
and impact guards (front, rear, and side), vehicle crashworthiness, fire protection 
components. 

B.1. Grand Challenge Project: Have better performing, more cost effective energy 
absorbinglfire protection composite components in production within five years. 
Application areas of interest include (1) rear impact protection, (2) frontal agressivhy, (3) 
fie1 tank fairings and he1 tank fire retardation, (4) cab occupant protection, (5 )  side 
underride protection. 

B.2. Incorporate existing aerospace technologies and materials to demonstrate feasibility of 
composite parts on heavy trucks and buses, including life cycle costs, comparison with 
others materials, etc. 

B.3. Develop coal-derived, cost effective materials such as carbon foams and fibers which meet 
or exceed the life-cycle costs of existing materials. 

Breakout G r o u .  Running gear: brakes, clutches, suspension, axles, wheels, steering 
components. 

C.1. Grand (General) Challenges (for carbon products): Reduce material and manufacturing 
costs while improving quality assurance. Develop design tooldmethodology and 



testinghalidation procedures. 

Develop improved, cost competitive, carbon-based brake friction materials carbon 
composite pads and rotors that meedexceed current materials properties. Build on 
experience of aerospace industry. 

C.2. 

C,3. Develop reduced rolling resistance tires made with nanofibers and/or long chain carbon 
black for improved fuel economy. (10% reduction in rolling resistance yields 5%-7% 
increase in fuel economy.) 

-ut Group D: Powertrain: engine components, drive shafts, radiators, transmissions. 

D.l. Grand Challenge Project: Demonstrate feasibility of producing carbon-carbon engine 
components such as pistons, valves, cylinder liners, engine blocks, turbocharger scrolls, 
and exhaust manifolds. 'Ultimate goal is a single cylinder "all composite" engine which 
operates at near adiabatic conditions. 

Investigate heavy vehicle cooling systems based on the use of selectively placed, high 
thermal conductivity carbon fibers (heat pipes) in the engine blocks. 

" 

D.2. 

D.3. Design and construct a full-scale composite driveshaft which incorporates a combination 
of glass and carbon fiber reinforcement. Special attention must be given to end couplings. 

D.4. Evaluate use of carbon foam as Werhpacer material in sandwich structures. 

D.5. Other product development ideas: traidelectrical actuators, connecting roddwrist pins, 
shift lever, low heat loss manifold, catalyst supportlparticulate traps, bushingdbearings. 

-ut Group& FueVAir systems: Tanks, seals, carbon adsorbents, high temperature 
filters, carbon materials compatibility with diesel and alternative fuels, thermaVmechanica1 
cycle fatigue. 

Eel. 

E.2. 

E.3. 

E.4. 

E.5. 

E.6. 

Grand Challenge Project: Develop low pressure (500 psi or less) adsorption storage of 
NG on activated carbodcarbon fibers with tank capacity equivalent to 3,600 psi storage 
tanks. Release of stored gas is an R&D issue. 

Characterize and utilize low-cost and coal-based fibers for fabrication of CNG tanks and 
other applications. 

Develop improved seals and polymeric fuel lines with addition of vapor grown carbon 
fibers or carbon solids. 

Conduct technical and economic feasibility study of cryogenic (T = -260 deg F, P = 150 
psi) storage tank and associated fie1 systems for LNG fueled heavy vehicles. 

Determine feasibility of carbon fodcarbon fiber particulate traps for diesel exhaust and 
fbgitive emissions. 

Determine feasibility of using oriented high thermal conductivity carbon devices for 
removal of heat fiom engines, brakes, etc. 
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I. SUMMARY 

Chemical and analytical characterization data were obtained for NMP' extracts of 
hydrotreated coal prepared by the West Virginia University 0 Group. Initial evaluation of 
small-scale samples produced by varying coal hydrotreating time, temperature, and catalyst type 
were Used to define the conditions that would produce material suitable as binder, impregnant, 
C/C matrix pitches and precursors for needle coke, anode coke, and mesophase pitch fibers. In 
addition to analytical characterization, mesophase formation studies were used to assess the coal 
extract quality. 

Based on the small-scale testing, specific extracts derived fiom hydrotreating coal at 
450°C were recommended for scaleup. Evaluation of the 450°C - 2-hour hydrotreated coal 
extract showed that it should be suitable as an impregnant or binder pitch and as a precursor for 
needle Goke and mesophase pitch. This material formed a large-domained mesophase, despite a 
high oxygen and nitrogen content. 

A small graphite artifact was produced using coke derived fiom the extract as the filler 
and the extract itself as the binder. The coefficient of thermal expansion (CTE) of 0.26 x 10b/Co, 
measured for the artifact is in the range found for electrode type graphite. 

Coal extraction residues were steam activated to produce active carbons with surface 
areas from 400-700 m2/gm. The program has demonstrated that the coal extraction process 
coupled with hydrotreatment, has the potential for providing a broad range of carbon and graphite 
products. 

II. INTRODUCTION 

The main goal of the overall program on "Coal-Based Precursors for Carbon Products'' 
was to demonstrate the utility of coal extracts from the WVU extraction process as suitable base 
raw materials for the carbon products encompassed by the Carbon Products Consortium (CPC) 
team. These include binder and impregnating pitch, coke for graphite electrodes, cokes for 
anodes and specialty graphite, matrices for CIC composites and raw material for mesophase pitch 
fibers. Each of these products has unique requirements for properties of a suitable precursor. 
Our previous work on the Coal Precursor for Graphite Program(*) has shown that the WVU coal 
extraction process coupled with hydrotreatment, does have the potential for achieving this 
objective. Our current effort, therefore, involved the screening and evaluation of extracts 
produced by the WVU Group and recommending appropriate materials for scaleup for 
subsequent evaluation by Consortium Team members. 

Our program involved an initial characterization of small-scale extracts using standard 
analytical methods and mesophase formation studies. This was followed by feedback to the WVU 
Group and to the CPC partners (Koppers, ALCOA, FMI, and APPI) with recommendation of 
material for scaleup. We also performed similar analytical and mesophase studies on some of the 
scaled-up extracts, 



As part of our program, we investigated the activation of the coal extraction residues for 
the purpose of producing a usefbl active carbon. A fUrther task, which was started towards the 
end of the program, was to fabricate a small graphite artifact using coke derived from coal extract 
as the filler and the coal extract itself as a binder. The results of our studies are summarized in the 
following sections of this report. 

rn. EXPERIMENTAL PROCEDURES 

A. Analytical Methods 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Elemental Analysis - Elemental C, H, N, and 0 data were measured using a 
LECO CHN 1000 Analyzer. Elemental sulfbr was measured using a 
LECO SC-132 carbon analyzer. 

Thermogravimetric Analysis (TGA) - The data were obtained using TA 
Instruments 951 TGA module. Samples were heated at a rate of 
IO"C/minute in an inert atmosphere. 

Nuclear Magnetic Resonance (NMR) - The NMR spectra were measured 
for CSz solutions using a Varian A-60 spectrometer. In order to increase 
solubility, the solutions were prepared by either refluxing with solvent or 
by ultrasonic mixing. 

Toluene and Trkhlorobenzene (TCB) Solubility - The insoluble contents in 
toluene and TCB were determined using procedures in ASTM D-4072. ' 

Mettler Softening Point (SP) - The softening points were measured using a 
Mettler FP83HT SP apparatus following the standard procedures in 
ASTM D-3 104. 

Modified Conradson Carbon (MCC) - The MCC data (carbon yields) were 
obtained using procedures in ASTM D-2146. 

Gel Permeation Chromatography (GPC) - Molecular weight determinations 
were obtained fiom GPC measurements using a Dupont 850 Liquid 
Chromatographic System coupled with a Knauer High Temperature 
Differential Refractometer. The column configuration and calibration have 
been described elsewherec2'. The GPC data were obtained for the portion 
soluble in TCB solvent at 90°C. 



B. 

c 

c 

C. 

1. 

2. 

3. 

Test-Tube Evaluations 

-- 3 -- 

Mesophase Formation Studies 

The small-scale extracts were evaluated initially for mesophase quality by 
heating 0.7- 1.3 gm samples in Pyrex test tubes for six hours at 4OOOC in an 
inert gas environment. The objective was to produce a 1540% mesophase 
content in the heat-treated residue, with most of the mesophase 
concentrated at the bottom of the test tube. M e r  heat treatment, the Pyrex 
test tubes were dissolved in aqueous HF, and the residues were mounted 
and polished by standard metallographic procedures to show a midline 
vertical cross-section. Polarized light microscopy techniques were used to 
make a qualitative assessment of the amount and quality of the mesophase 
and the presence, if any, of insoluble solid contaminants in the extracts. 

Mesophase Domain Size 

Specimens for automated image analysis were prepared by heat treating the 
coal extracts in an inert atmosphere at 4OOOC in ceramic boats and then 
preparing "annealed" samples for the mesophase domain size measurements 
using procedures described elsewhere@). 

Hot-S tage Microscopy 

Direct observations of the melting behavior, gas evolution characteristics, 
mesophase formation rate, and mesophase quality were made while heating 
the coal extracts up to 4OOOC at 6-10°C/min. and holding at 4OOOC for 
several hours. Details of the cover glass "sandwich" configuration used to 
contain the sample, the modified Kofler hot stage and the polarized light 
microscope have been reported previou~ly~~). 

A simple CCD video camera and color monitorNCR system were acquired 
late in the contract period to facilitate direct recording of the dynamic 
behavior of the coal extracts when they were heated on the hot-stage 
microscope. 

Steam Activations 

Activation experiments were carried out on powdered coal extraction residues 
using a specially designed tumbling furnace. The activations were performed by passing a mixture 
of steam and NZ over the sample maintained at a constant temperature of 900OC. The treatment 
was intempted intermittently and the sample weighed to determine percent burn-off. 



D. Graphite Fabrication 

Small I9mm-diameter graphite electrodes were fabricated using calcined coke 
produced from hydrotreated coal extract as filler and the hydrotreated extract as the binder. The 
binder and filler were mixed and extruded using standard procedures. The formed rods were then 
baked and graphitized to 3,0OO0C. 

IV. EXPERIMENTAL RESULTS 

A. Small-Scale Coal Extracts 

1. Sample Preparations 

The WVU Group initially carried out a series of small-scale extractions on 
a hydrotreated bituminous coal, WVGS-I342 I. The coal was hydrotreated 
at three different temperatures 350"C, 4OO0C, and 450°C for a period of 
1 hour in 800 psig H2. An additional set of hydrotreatments was carried 
out at 450°C for 2 hours. For each temperature, the hydrotreatments were 
performed using tetralin as a hydrogen donor without a catalyst, and with 
the use of a Fez& catalyst or a sulfided Mo catalyst. The NMF extractions 
were performed on the hydrotreated products. 

, 

Initial characterization data from the WVU Group showed that the 
softening temperatures of the 350°C and 400°C extracts were much too 
high to make them usefbl for most of the proposed applications of the 
Team. We therefore agreed to fblly characterize only the 450OC-treated 
materials. 

Our characterization results for the extracts fiom the WVGS-13421 coal 
hydrotreated at 45OOC for 1 and 2 hours follow. 

2. Analvtical Characterization of 450°C - 1-Hour Samples 

The analytical characterization data for the 3 different materials prepared 
from hydrotreated coal at 450°C for 1 hour are presented in Table I. The 
Mettler softening points (measured at WVU) range fiom 156" to 190°C 
which are too high for use as conventional binder and impregnant pitches. 



SP"C 
%C 
%H 

All the extracts show very high N and 0 contents. The Mo(S)-treated coal 
extract showed the highest N content as a result of retained NMP. The 
low C/H ratios are expected for the hydrotreated extracts. 

C-269-2 C-279-1 C-288-2 
Thermal Fe2S3 Mo(S) 

190 156 158 
85.2 84.5 81.9 
5.51 5.63 5.82 

The proton NMR spectra obtained in CS2 solution are presented in 
Figures 1-3. The extracts were incompletely soluble in CS2. We were able 
to obtain essentially complete solution in pyridine D-5; however, the 
residual hydrogen or water in the solvent interfered with the analysis. The 
extracts all show extremely high aliphatic hydrogen contents resulting &om 
the hydrogenation of aromatic rings. The NMR results- are also 
summarized in Table 1. For comparison, a spectrum for coal tar binder 
pitch exhibits about 85% aromatic hydrogen compared to the 33-38% 
range for the extracts. From the NMR data as well as the C/H ratios, it 
appears that the catalytically treated materials may have been slightly more 
hydrogenated. 

The TGA data for the 3 extracts are presented in Figures 4-6. The TGA 
carbon yields of 42-49% are quite acceptable for a pitch-type material. 
The low-temperature weight loss occurring from about 1 50-250"C is 
attributed to evolution of retained M M P  solvent. This is particularly 
apparent in the TGA result for the Mo(S) product in Figure 6. 

The GPC curves for the three 450°C - 1-hr. samples are shown in 
Figures 7-9. They are all similar, except for a resolved doublet in the FeS3 



catalyzed material. They all show a broad symmetrical molecular weight 
distribution (MWD) with an apparent molecular weight range of about 
250-900. The negative peaks in the GPC spectra are attributed to retained 
NMP. An estimate of the amount of NMP present was made by integrating 
these peaks and the results are summarized in the last line of Table I. Also 
shown in Table I are the toluene insolubles (TI) content and the measured 
insolubles in TCB. 

3. Analvtical Characterization of 45OoC - 2-Hour Samples 

The analytical data for the small-scale extracts obtained fiom coal 
hydrotreated at 450°C for 2 hours are summarized in Table 11. The 
softening points are all considerably lower than those for the samples 
produced by hydrotreating for 450°C for 1 hour. Like the 450°C - 1-hour 

Hcontents, however, are higher, for the 2-hour samples reflecting the 
greater degree of hydrogenation. The 2-hour materials also showed a 
higher solubility in TCB than the 1-hour samples. 

- .. samples, the products in Table I1 exhibit very high N and 0 contents. The 

Table II 
Characterization Data for Extracts from Hvdrotreated Coal, 

WVGS-13421,450°C - 2 Hours 

The proton NMR data for the extracts in Figures 10-12 show a lower 
content of long chain aliphatic protons than for the 1-hour treated samples, 
indicative of more selective hydrogenation of aromatic rings. The TGA 
results in Figures 13-15 demonstrate a reduced carbon yield for the 



450°C- 2-hour materials as compared to the 1-hour samples. The 
presence of retained NMP is evident from the weight loss occurring below 
300°C. The GPC curves for the 450°C - 2-hour samples in Figures 16-18 
exhibit somewhat broader MWD's when compared to the I-hour extracts, 
which could account for the lower softening points. The amounts of NMP 
solvent present in the extracts, as measured fiom integrating the negative 
GPC peaks, are also summarized in Table 11. From the measured 
properties, there appears to be no advantage for the use of a catalyst during 
the hydrotreatment. 

4. Mesophase Formation Studies of 45OoC - 1-Hour and 2-Hour Samples 

Hot-stage microscopy examinations were carried out on all three of the 
small-scale 45OOC - 1-hour samples. The primary results from the heat-up 
and hold period at 4OOOC are summarized in Table III. The initial softening 
temperatures from visual observations on the hot-stage were reasonably 
consistent with the Mettler S. P. results in Table I. The most unusual 
feature of the hot-stage microscopy observations was the onset of vigorous 
bubbling, presumably gas evolution, at temperatures in the 250" to 275°C 
range. Conventional coal tar and petroleum pitches do not show this 
vigorous bubbling behavior below 300°C. Evolution of residual NMP 
(202°C Boiling Point) could be responsible for a portion of the 
low-temperature gas evolution from the extracts, but certainly not all of it, 
because the vigorous gas evolution continued throughout the 300"-4OO0C 
range. Dehydrogenation and/or decomposition reactions are suspected to 
be the origin of the gas evolution in these initial 450°C - 1-hour extracts, 
but an attempt to confirm evolution of Hz, HzO, or other low Mw gases in 
this temperature range was not successfbl"'. 

Mesophase spheres were detected at the edge of the cover glass sandwich 
in all three 450°C - 1-hour samples after -20 min. at 400°C, indicating that 
all of them had comparable mesophase formation rates. The mesophase 
Viscosity appeared to be reasonably low, based on bubble deformation 
behavior, and was essentially equivalent in the 3 samples. The overall 
mesophase quality was estimated to be borderline for a needle coke 
precursor. 

All of the samples contained a small amount of finely divided solids, but 
none had a concentration judged high enough to have a significant effect on 
coke quality or performance as an impregnant. However, these finely 
divided solids would be expected to degrade the performance of these 
extracts as a mesophase pitch fiber precursor. 



All of the 45OOC - 1-hour and 45OOC - 2-hour samples were evaluated by 
the test-tube method. Measured yields after heat treatment at 40OoC for 
six hours were in the 72 to 85% range. However, all of these samples 
foamed extensively during the heat treatment, so some material may have 
been lost. The extensive foaming during the test-tube heat treatments of 
the 45OOC - 1-hour samples is consistent with the vigorous 
low-temperature bubbling behavior noted during the hot-stage microscopy 
observations. The 45OOC - 2-hour samples foamed as much as the 450°C - 
1-hour samples in the test-tube heat treatments, so the additional reaction 
time at 45OOC did not seem to have any significant effect on this 
characteristic of the small-scale extracts. 

Examination of the domain size in the coalesced mesophase layer, which 
collects at the bottom of the test tube for conventional coal tar and 
petroleum pitches, can be used as an indicator of overall mesophase 
quality. Unfortunately, gas evolution from all of the small-scale extracts 
was so copious and disruptive that no well-defined coalesced mesophase 
formed at the bottom of the test tube. The actual appearance of all of the 
residues fiom test-tube heat treatments of the extracts is shown 
schematically in Figure 19. Because of the effects of gas evolution, we 
were not able to obtain a definitive evaluation of the uniformity and quality 
of the mesophase formed in the small-scale extract by the test-tube method. 
However, based on appearance, the overall mesophase quality was judged 
to be borderline for a needle coke precursor. The true mesophase quality 
may have been somewhat better, but the effects from the gas evolution 
precluded obtaining a definitive answer. 

Finely divided solids were detected around the perimeter of most of the 
coalesced mesophase regions and many of the larger mesophase spheres in 
all of the test-tube residues. These solids provided a local, short-range 
decrease in the mesophase domain size, but the effect on the overall quality 
was minor. 

Qualitative SEM/EDX analyses were carried out on the finely divided 
solids in the C-296-2 (Thermal, 450°C - 1-hour) extract. Most appeared to 
be carbonaceous, some contained high Si, Al, 0 levels (SiO&Il203?), and 
some contained high Cu, Fe, S, and 0 levels (possibly a mixed copper and 
iron sulfate). The WVU Group suggested that the high Cu content in the 
last type of solid may have originated via attack of a copper gasket by the 
hot reactant mixture in the small-scale apparatus. 
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..SAMPLE 

C269-2 
Thermal 

CF-1, Fez& 

CF-2, Mo(S) 

C279- 1 

C288-2 

Table III 
Summary of Hot-Stage Microscopy Observations on 450°C - I-Hour Samples 

INITIAL 
INITIAL ONSET OF DETECTION OF 

SOFTENING VIGOROUS MESOPHASE, .. 
TEMP.,OC BUBBLING, "C TIME AT 400T 

198 255-275 21 min. 

155 250 16 

125 235 24 

B. Large-Scale Extracts from Hydrogenated Coal 

1. Sample PreDaration 

Following our evaluation of the small-scale extracts, we recommended that 
the 450°C hydrotreated coal materials be scaled up for evaluation by the 
Team. The extracts produced without the use of any catalyst appeared 
suitable for testing as a binder and impregnating pitch and as a precursor 
for needle coke and mesophase pitch for fibers. 

Scaleup of the hydrotreated coal extracts was performed at WVU by 
hydrotreating 600 grams of powdered coal 'in 1-gallon batch reactors. 
They investigated 2 different coals using hydrotreatment times of 
1 and 2 hours at 45OOC. A description of the 4 matefials produced 
(A066, A076, A075, and A073) and the properties measured at WVU are 
summarized in Table IV. The materials were also vacuum dried for an 
extended time in order to remove all of the retained NMP. We received 
about 200 gms of each material for fkrther characterization. 



Table IV 
Large-Scale, Hydrotreated Coal Extracts 

2. Analvtical Data for Large-Scale 450°C Hvdrotreated Coal Extracts 

The data and properties obtained for the four large-scale coal extracts are 
summarized in Table V. We fhlly characterized the more extensively 
hydrotreated (2-hour) samples because these had the lowest softening 
points, making them more suitable for use as binder or impregnating pitch. 
In general, these larger scale products were superior in behavior to the 
small-scale samples discussed previously. One major characteristic was the 
essentially complete absence of any retained NMP. The N and 0 contents 
were therefore substantially reduced, but they were still much higher than 
those found in conventional coal tar pitches. The C/H ratios are similar to 
those in the comparably treated small-scale extracts. 

L 

Only the 2-hour products had softening points in the range of those for 
conventional carbon binder and impregnant pitches. The carbon yields of 
52% for these materials are similar to those for commercial solids-free 
pitches of comparable softening point. 



Table V 
Properties of LarPe-Scale W W  Coal Extracts 

0, y6 
s, % 
ArH% 

Mesophase (p) 
Mn (GPC) 

2.74 2.27 2.49 3.33 
------ 0.33 e---- 0.45 

45 44 48 39 
367 417 3 89 3 88 
272 166 136 78 

3. 

The proton NMR spectra for the four materials in Table V are presented in 
Figures 20-23. All the extracts show substantial contents of hydrogenated 
ring systems. The decrease in the long chain aliphatic hydrogen peak at 
about 1.3 ppm, with extended hydrogenation, is particularly noticeable for 
the WVGS-13423 coal. The TGA curves for these large-scale extracts are 
shown in Figures 24-27. It is evident that the improved sample-drying 
procedure has removed any retained NMP. As expected, the total TGA 
weight losses increase for the more severely hydrotreated samples. The 
GPC curves for the four materials shown in Figures 28-31 do not exhibit 
any negative peaks due to NMP. The more severely hydrotreated coals 
show a broader molecular weight distribution (MWD) and the presence of 
an unresolved component at 280 a.m.u. when compared to the 1-hour 
samples. 

Characterization of Extract Distillation Residues 

We also received 3 distillation residues prepared by vacuum stripping of 
Sample A073 at temperatures of 25OoC, 350°C, and 400OC. The materials 
are described in Table VI. The samples were prepared to determine 
whether we could detect any chemical changes resulting fiom heat treating 
at these temperatures. 
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SAMPLE DISTILLATION TEMP., O C  

D035-1 250 
DO3 5-2 350 
D035-3 400 

Table VI 
Vacuum Distillation Residues from Ssmnle A073 WVGS 13423 - 45OOC - 2 Hours) 

YIELD, % 
76 
70 
68 

DO3 5-1 
DO3 5-2 
DO3 5-3 

We obtained NMR and TGA data for these residues and the results are 
summarized in Table VII. The NMR results show an increasing 
aromaticity with increasing depth of distillation. It is not possible to 
determine whether this effect is due to removal of volatile hydrogenated 
components during distillation or to low-temperature cracking reactions. 
The NMR data for the distillation residues are presented in Figures 32-34 
while the TGA data are shown in Figures 35-37. 

52 21 43 
55 22 . 58 
60 15 57 

Table VI1 
Characterization of Hvdrotreated Coal Extract Distillation Residues 

I 'SAMPLE I % AROM H 1 %. LONG'.CHAMf I..:TGA.Yd. %.'I 

* % of aliphatic H that is long chain 

4. Mesophase Evaluations of Large-Scale Extracts 

Hot-stage microscopy examinations were carried out on both of the 
450°C - 2-hour extracts in the same run. The A073 extract began to soften 
visibly at 94OC, and the A076 extract had slumped noticeably by 104OC 
while they were being heated at 6"C/min. to 400°C. The low initial visible 
softening temperatures on the hot-stage are consistent with the low Mettler 
S. P.'s given in Tables IV and V for these two extracts. 

Both of these large-scale extracts evolved much less gas between 
250°C -350°C as compared to the levels seen with all of the small-scale 
extracts. They behaved much more like conventional petroleum and coal 
tar pitches in their low-temperature gas evolution characteristics. 
Apparently, the combined effects of more stringent drying conditions to 
remove residual NMP and the somewhat more severe reaction conditions 



employed by the WVU Group for the large-scale extracts had nearly 
eliminated the severe gas evolution problem detected with the small-scale 
extracts. 

Small amounts of mesophase spheres were detected at the edges of the 
cover glass sandwiches in both A073 and A076 extracts after -25 min. at 
4OO0C, indicating that they had comparable initial mesophase formation 
rates. These onset times are only marginally longer than those noted for 
the 450°C - 1 -hour, small-scale samples. 

A hot-stage microscopy run carried out with both of the 450°C - 
1-hour samples showed an initial softening temperature of 114OC for 
A066 extract and 146°C for A075 extract. These results are reasonably 
consistent with the Mettler S. P. data in Tables W and V. 

The A066 and A075 extracts also evolved much less gas in the 25O0-35O0C 
range than the small-scale extracts. Clearly, the beneficial effects fiom the 
more stringent drying conditions and the somewhat different reaction 
conditions employed by the WVU Group were realized after only 1 hour at 
a nominal reaction temperature of 450°C. 

Small amounts of mesophase were detected at the perimeter of the cover 
glass sandwiches for both A066 and A075 extracts after 21-22 min. at 
400°C on the hot-stage microscope. Hence, the mesophase formation rates 
of these large-scale 450°C - 1-hour samples were comparable to each other 
and to those for both the 450°C - 1 hour large-scale and small-scale 
extracts. Both of the 450°C - 1-hour samples appeared to generate slightly 
more true pyrolysis gas during the hold period at 4OOOC than the 450°C - 
2-hour samples. =This is an indication that the 450°C - 1-hour samples had 
a slightly higher initial rate for cracking reactions. 

All of the large-scale extracts were heat treated in boats at 400°C to 
produce approximately 50% mesophase and then subjected to the 
"annealing" process for measurement of mesophase domain size. Polarized 
light (crossed polars) micrographs taken at 50X and 250X magnification of 
the derived mesophase are shown in Figures 38-41. It is apparent that the 
more extensively hydrotreated extracts give larger domain size mesophase 
than the less-treated 1-hour samples. It is also evident that the mesophase 
derived fiom the WVGS-13421 coal extract has a larger domain size t h k  
that from WVGS-13423 coal for the same hydrotreatment severity. The 
A076 extract from WVGS coal 13421 hydrotreated 2 hours at 450°C gave 
the largest mesophase domain size of any of the large-scale extracts. 
Mesophase domain sizes were obtained by image analysis and are reported 
in Table V. It is apparent that the domain sizes of the extracts fiom the 
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WVGS- 13423 coal are significantly smaller than the corresponding extract 
from the WVGS- 1342 1 coal. The measured domain size of 272pm for the 
A076 extract is in the range found for excellent needle coke precursors. 

The presence of solid particles in the coalesced mesophase and at the 
mesophaselisotropic phase boundary was noted to some extent in the 
annealed samples from all of the large-scale extracts. The WVGS-13421 
extracts had more of this finely divided material than those derived from 
WVGS-13423. Figure 42 shows an area where the solids have collected or 
segregated in a small region near the edge of the coalesced mesophase 
fiom the A076 extract sample fiom WVGS-13421. SEM/EDX analyses of 
the particles in this cluster showed that several different materials were 
present. Carbonaceous particles with very high C and modest S levels 
were numerous, presumably coke-like material from the original coal which 
had not reacted during hydrotreatment. Particles with high Si, AI, and 0 
contents were also prevalent, presumably very small ash particles from the 
original coal which had not been removed completely during the filtration 
step after hydrotreatment and Nh" extraction. There was also a 
significant number of particles with high Fe, Cry S, and possibly 0 contents, 
presumably iron and chromium sulfates. A few particles with high Ti and 
0 contents (TiOz?) or high Cu, K, and small 0 contents (calcium and 
potassium sulfides or sulfates?) were also detected. As expected, most of 
these finely divided solids originate in the coal. Presumably, their removal 
would be more complete in larger scale equipment. 

Additional Extract Samples 

Small quantities of three additional extract materials were received from the WVU 
Group toward the end of the contract period. Two of the samples were the toluene soluble (TS) 
portions from hydrotreated coal extracts. D065-2 was the TS portion from a 450°C - 1-hour 
hydrotreatment of the WVGS-13423 coal, and DO54 was TS from a 450°C - 2-hour 
hydrotreatment of WVGS-13421 coal. Both of these extracts melted in the 90'-100°C range on 
the hot-stage microscope and had low yields after heating to 400°C at 6"C/min. Both were also 
very refractory during the hold period at 400°C and required 1.5-2.0 hours to produce detectable 
mesophase spheres. An attempt to evaluate their mesophase domain size was unsuccessfbl 
because these TS materials were so unreactive under the normal heat treatment conditions and 
had low yields. The low softening point behavior and low yield upon heat treatment are 
consistent with the low M W  range encompassed by toluene soluble material. 

A third extract (A122) was prepared at WVU by carrying out a 450OC - 1-hour 
hydrotreatment on the toluene insoluble (TI) fraction from a large-scale NMP extract from an 
initial 450°C - 2-hour hydrotreatment of WVGS- 13423 coal. This double-hydrotreated material 
had an initial softening temperature of 188°C and formed mesophase spheres quite rapidly at 
4OO0C, probably due to distillation of volatiles. Additional mesophase formed at a normal rate for 



thermal processing of good feedstocks at 400°C. The mesophase quality appeared excellent on 
the hot stage. A standard mesophase evaluation showed that A122 had a domain size of 
approximately 200pm by visual observation on the annealed sample. Quantitative image analysis 
was not reliable on this sample because the mesophase in the annealed specimen had so many 
cracks. The oxygen content of the double-hydrotreated A122 material was still 1.88%, indicating 
that the 0 heteroatom structures in these coal extracts are very resistant to removal by 
hydrogenation. Even with this high oxygen content, the A122 extract still formed a high-quality 
mesophase. 
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D. Activation of Coal Extraction Residues 

The economics of the coal extraction process would be improved if the extraction 
residue! also had some value. For this purpose, we attempted to activate these ‘materials to 
produce a high surface area carbon. We obtained samples of the NMP extraction residue of raw 
coal WVGS-13421, as well as the extraction residue of a coal hydrotreated at 45OOC for 2 hours 
(A-67). 

Both materials were activated in a H20& mixture at 900°C using a tumbling 
furnace. The hydrotreated (A-67) residue was very refractory and after about 81 hours of 
treatment gave a 64% burn-oK The raw coal residue was much more reactive and gave about 
85% bum-off after 48 hours. 

The surface areas and pore characteristics were determined for both materials at 
the Oak Ridge Laboratory by T. Burchell and E. L. Fuller. The measured surface area for the 
activated residue fiom the untreated coal was 770 rn2/gm while that for the hydrotreated coal was 
2 12 m2/gm. The lower surface area and refractory nature of the hydrotreated residue is expected 
since it would have a greater ash content than the residue fiom the untreated coal. Since 
hydrotreatment increases the extraction yield, it would also lead to a higher ash content in the 
insoluble residue. 

In a subsequent study, we obtained a second sample of the extraction residue fiom 
untreated coal and attempted to produce active carbons using different amounts of burn-ofE We 
prepared 3 materials with active carbon yields of 50, 65, and 68%. These samples were also 
submitted to T. Burchell for surface area measurement. The results are summarized in Table Vm 
along with our measured ash analysis for these activated carbons. The results show that surface 
area does increase with increasing burn-off. However, more detailed studies would be needed to 
determine the optimum activation that can be achieved for these residues. 



Table Vm 

SAMPLE ACTIVE CARBON Yd. % SURFACE AREA m2/gm %,ASH';. 
65-1 50 464 4.6 
65-3 65 410 4.3 
65-2 68 332 4.2 

Active Carbons from Coal Extraction Residue (Activated at 900°C, H2O) 

E. Fabrication of GraDhite Artifacts from Hvdrotreated Coal Extracts 

We produced a graphite artifact using coal extract-derived coke as the filler and the coal 
extract itself as the binder. The coal extract coke was produced from WVGS-13421 coal 
hydrotrgited for 450°C for 2 hours. The raw coke was prepared at WVU and then calcined to 
l,lOO°C by T. Burchell at the Oak Ridge Laboratory. The same coal NMP extract was used as 
the binder for graphite fabrication. The extract @-085) had a 113°C Mettler softening point and 
a 52.6% MCC value. After milling, the calcined coke was mixed with 1/3 by weight of the coal 
extract binder and then extruded to produce 19mm-diameter rods. The rods were baked and 
graphitized to 3,OOO"C. The properties measured for the graphitized rods were the following: 

Coeficient of Thermal Expansion (CTE) = 0.26 x 104/"C 
Specific Resistance = 9.55 micro-ohm-meters 
Density = 1.376 g/cc 

The very low CTE value of 0.26 is similar to that measured for electrode graphite derived 
from petroleum needle coke. The relatively low density for the fabricated artifact could be due to 
an inappropriate binder level or to a puffing effect from the nitrogen in the coke. 

V. DISCUSSION 

Our screening evaluation studies have demonstrated that the coal extraction process has 
the potential for producing acceptable products for all the applications anticipated for the 
program. However, hydrotreatment is necessary to produce materials that are suitable for use as 
pitches, coke precursors, or mesophase raw materials. 

The extract from the hydrotreated coal WVGS-13421, 450" - 2 hours appears to be 
acceptable as either a,  carbon binder or impregnation pitch. Summarized in Table IX is a 
comparison of the properties for the A076 extract with those for commercial coal tar binder and 
petroleum impregnant pitches. The carbon yield (MCC) for the extract is quite high for a 
solids-tkee pitch with a softening point of 105°C. Some of the analytical characteristics of the 
extract are quite unusual in comparison to those for the commercial pitches. The low aromatic 



hydrogen content reflects the effects of hydrotreatment of the precursor coal. The high N and 0 
contents are also unusual for a binder or impregnant pitch material. 

Our mesophase evaluation studies show that a material, such as the NMP extract of the 
WVGS-13421 coal hydrotreated for 450OC for 2 hours, is capable of forming a very large domain 
mesophase. This extract could therefore be used to produce a mesophase pitch which may be 
acceptable for fibers. The mesophase quality is comparable to that for precursors of needle coke. 
The high nitrogen content would be a drawback for processing of such a coke. The excellent 
mesophase development for a pitch such as the A076 extract is surprising because of its very high 
oxygen content. A high oxygen content in coal conversion materials has been previously 
associated with a high reactivity and a poor mesophase quality. Obviously, the form of oxygen in 
these hydrotreated coal extracts is different from that in typical coal conversion products and does 
not lead to a fast coking reactivity. 

c 

Our results have shown that a hydrotreated coal extract such as the A076 can be used 
directly as a binder pitch without any subsequent processing. The direct production of pitches by 
the extraction process could have advantages over the current commercial coal tar binder pitch 
processes which involve the distillation of coal tar. The need for coke oven processing for tar 
generation and the handling of by-products fiom tar distillation would be avoided. It is likely that 
pitches with different properties could be obtained by controlling the hydrotreatment and 
extraction conditions. 

We have demonstrated that coke derived from hydrotreated coal extract can be used to 
produce graphite with a low coefficient of thermal expansion, a requisite for graphite electrodes. 
By altering the processing conditions and the use of blends, it would be possible to produce 
graphites with varying degrees of anistropy. We had shown previously that isotropic graphite can 
be produced from the coal extract‘”. No other process has the flexibility for producing this range 
of carbon materials, The high nitrogen contents of the extracts could, however, be a drawback 
for the use of these materials for some graphite products. 

Finally, the extraction residue can be activated to produce an activated carbon: The best 
procedure for achieving an optimum active carbon still needs to be defined. However, the use of 
the residue for a commercial applications would definitely improve total process economics. 



Table XI 
Prouerties of Coal Extract and Commercial Pitches . 
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Figure 1: Proton NMR in CS2 Solution for C-269-2, Hydrotreated Coal 
45OOC - 1 Hour, No Catalyst 
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Figure 2: Proton NMR In CS2 Solution for C-279-l., Hydrotre.ated Coal 
450OC - 1 Hour, Fe2S3 Catalyst 



Figure 3: Proton ElMR in CS2 Solution for C-288-2, Hydrotreated Coal 
450OC - 1 Hour, Mo(S) Catalyst 
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Figure 7: Gel Permeation Chromatography (GPC) Curve for C-269-2, 
Hydrotreated Coal 45OOC - 1 Hour, No Catalyst . 



D a t e  Acquftad 06/22/95 02:51:24 p~ For sample: 701-2-1-2 . 

Project Name : 
Sample Name: 
Vial: 
Injection: 
Date Acquired: 
Processing Method: 
Comments.: 

GPC Sample Type: 
701-2-1-2 ~ Volume : 
3 Run Time: 
1 Date Processed: 
06/22/95. 02:Sle24 P W  Pressure : 
G p c  Submitter: 
95050808 .lg3ml TCB CF-1- 450 prepped 5/16/95 - 

Broad Unknown 
100.00 
30.0 min 
06/23/95 10:02:13 AM 
75 
hkm 

c 

c 

I I I I I 
2.20 2.40 2.60 2.00 3.00 

5-t 2ima: 9.200 End 'pima: 20.000 
log - 

PcakRCnrfts 

Figure 8: Gel Permeation Chromatography (GPC) Curve for C-279-1, * 

Hydrotreated Coal 45OOC - 1 Hour, Fe2S3 Catalyst 
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Date Acquired 96/22/95 03:32:41 p~ 

UCAR Carbon Company GPC Report 
ror sample: 701-2-1-3 

Pro jcct Name : GPC Sample Type: Broad Unknown 

Vial: 4 Run The: 
Inject ion: 1 Date Processed: 06/23/95 10:01:31 AM 
D a t e  Acquired:. 06/22/95 03:32:41 W- Pressure: 
Processing Method: Gpc 
Canmen-' ' 

-1e Name: 701-2-1-3 '. Volume : 100.00 30.0 min 

75 
I submitter: hkm 

95050808 .lgfml TCB CF-2- 450 prepped 5/14/95' 

I I 2.eo I 
2.50 2.40 2.60 

8- Tian: 9.200 End Time: 20.800 
log 

I 
3.00 

Figure 9: Gel Permeation Chromatography (GPC) Curve for C-288-2, 
Hydrotreated Coal 45OOC - 1 Hour, Mo(S) Catalyst 



I I -1 

Figure 10: Proton NMR i n  CS2 for C-300-3, Hydrotreated.Coa1 
45OoC - 2 Hours, No Catalyst 



Figure 11: Proton NMR in cs2 for C-300-6, Hydrotreated Coal 
45OoC - 2 Hours, Fe2S3 Catalyst 
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Figure 13: TGA Curve for C-300-3, Hydrotreated Coal 
450OC - 2 Hours, No Catalyst 

0 
-0 
4 



,I 

c3@--6 Sample: 701-2-16-8 File: 95060801B.01 
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Sample: 70 1-2-16-12 A95-0 1825 
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UCAR Catbon Company GPC Report 
For Samle: 701-2-16-4 

m ' R 4 t  rha Wl )tp w UZ UZ+l 
(=.in) (Daltons) (Dalton.) (Dalton.) (Daltons) (Daltons) ~ ' ~ ~ ' * ' ~  

4 92 1.091709 1 14.817 386 4 53 421 4 55 

- I Page 1 0-f I 
Date Acquired 06/16/95 12:13:30 PM . 

Project Name: GPC Sample Type:  Broad Unknown 

Vial : 2 Run Time:  30.0 min 
Injection: 1 Date Processed: 06/19/95 09:38:03 AM 

Processing Method: GPC Submitter: RTL 
connnents : C300-3, Thenaal 450-2 prepped 6/15/95 .25g/7ml TCB no fl. rt. mkr. 95060801 

Sample Name: 701-2-16-4 Volume : 100.00 

Date Acquired: 06/16/.95 12:43:30 PM . Pressure: 75 

c .. 

I 1 
I 1 I 1 

2.20 2.40 2.60 2.80 3.00 

8- Tinu&: 9.200 End %he: 20.800 
log 

Figure 16: G e l  Permeation Chromatography Curve for C-300-3, 
Hydrotreated Coal 450OC - . 2  Hours, No Catalyst 



Page 1 of 1 UCAR Carbon Company GPC Report 
For Sample: 701-2-16-8 . Date Acquired 06/16/95 01:23:06 PM 

r XZ+l (Daltons) b l ~ a a ~ r a W  I Rettlre Ih ne H, XI  
Win) (Daltons) (Daltons) (Daltons) (Daltons) 

1 14.103 31 9 4 55 416 450 403 1.096545 

Sample Type: Broad Unknown 

Run Time: 30.0 rain 

Project Name : GPC 

Sample Name: 701-2-16-8 ' Volume: 100.00 
Vial : 3 

Date Acquired: 06/16/95 01:23:06 PM Pressure : 75 
Injection: 1 Date Processed: 06/19/95 09:37:30 AM 

Processing Method: GpC Submitter : RTL 
Comments : C300-6, Fe Cat. 450-2 prepped 6/15/95 .2Sg/7ml TCB no fl. rt. mkr. 95060801 

I I I I I 
2.20 2.40 2.60 2.80 3.00 

Start Tima: 9.200 End W: 20.000 
log = 

PeakResults 

Figure 17: G e l  Permeation Chromatography Curve for C-300-6, 
Hydrotreated Coal 450OC - 2 Hours, Fe2S3 Catalyst 
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P a g e  1 oi  I UCAR Carbon Company GPC Report 

For Sqmple: 701-2-16-12 - . D a t e  Acquired 06/16/95 01:55:19 PM 

UZ+1 
(Dalton.) 

' R e t  T b a  Icn UP w Hr 
(dn) (Dsltons) (Daltons) (Dalton.) (Daltons) 

1 14.767 392 4 51 426 4 60 498 

Project Name: GPC Sample Type: Broad Unknown 

Vial:  4 Run Time: 30-0  min 
Injection: 1 Date Processed: 06/19/95 09:36:59 AM 

Processing Method: GPC Submitter: RTL 
Comments : C300-9, Mo C a t .  450-2 prepped 6/15/95 .25g/7nil TCB no f l .  rt. mkr. 95060801 

Sample Name: 701-2-16-12' Volume : 100.00 

Date Acquired: 06/16/95 01:55:19 PM Pressure: 75 

P o l Y ~ s p o r ~ i t Y  

1.081104 
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\ 

I I 
I I I I 2.20 2.40 2.60 2-80 3.00 

S t a r t  Thei: 9.200 End T3m3: 20.000 
log = 

Figure 18: Gel Permeation Chromatography Curve for 6-300-9, 
Hydrotreated Coal 45OOC - 2 Hours, Mo(S) Catalyst 



PRODUCTS FROM 4OO0C-6 HR. HEAT 
TREATMENTS OF W U  COAL EXTRACTS 

(Schematic Diagram) 
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I = Isotropic Phase 
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Figure 20: Proton NMR Spectrum for A076 from Hydrotreated.Coa1 
WVGS-13421 - 45OoC, 2.Hours 
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Figure 21: Proton NMR Spectrum for'A066 from Hydrotreated Coal 
WVGS-13421 - 45OOC. 1 Hour 
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Figure 22: Proton NMR Spectrum for A073 from Hydrotreated Coal 
WVGS-13423 - 45OoC,  2 Hours 
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Proton NMR Spectrum for A075 from Hydrotreated Coal 
WVGS-13423 - 450°C, 1 Hour 
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Fi le: 950907048.0 1 

Run Date: 16-0ct-95 p1:52 
A95-03035T G A Operator: g f l  

Sample: A076 701-2-30-2 
Size: 18,5080 mg 
Method: lO*C/MIN Comment: ARGON IOOCC/MIN Pt PAN $ 1  
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40 
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Sample: A066 70 1-2-30-1 A95-03034T G A File: 95090704A. 02 
Size: 24.6620 mg Operator: g f  1 

Method: IO°C/MIN 
Comment: ARGON 100CC/MIN Pt PAN ' )  

Run Date: 16-Oct-95 09:35 

56.61 % WT.LOSS 
I (13.96 1 . mg) 1 
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895-03037T G A Sample: A073 701-2-30-3 File: 950907040.02 
Size: 19.3970 mg Operator: gf 1 

Method: 10°C/MIN 
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Sample: A075 701-2-30-3 
Size: 19.0000 mg 
Method: 10°C/MIN 
Comment: ARGON 10 

(12.10 m d  1 
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40 

A95-03036T G A File: 95090704C. 02 
Operator: g f  1 
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63.71 % WT.LOSS 



- 
Page I of 1 
Date Acquired 09/25/95 02:08:13 PM I 

UCAR Carbon Company GPC Report 
. ror sample: A076 

HZ+l 
(Dalton*) 

, R i . t t W  wn wp l4+ Hz 
(a) (Daltons) (Daltons) (Daltons) (Daltona) 

1 14.050 3 67 4 50 408 443 475 

Project Name: GPC Sample Type: Broad Unknown 

Vial: 
Injection : 1 Date Processed: 09/25/95 03:49:51 PM 

Processing Method: GPC Submitter: rtl 
Comments : 701-2-30-2 (WVV) prepped 7/21/95 

Sample Name: A07 6 Volume : 100.00 

Date Acquired: 09/25/95 02:08:13 PM Pressure : 73 

4 Run Time: 30.0 rain 

P o l Y ~ s P ? = e Y  

. 1.111614 

I 
t I I I 2.40 2.60 2.80 3.00 2.20 

8-t Tian: 9.200 End W :  20.800 
1- w 

Figure 28: Gel Permeation Chromatogram for A076 from Hydrotreated Coal 
WVGS-’13421 - 45OoC, 2 Hours 
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UCRR Carbon Company GPC Report P a g e  -1 of 1 
For Sample: A066 mte Acquired 09/25/95 01:11:58 m 

# 

1 

P r o j e c t  Name: . GPC S a m p l e  Type:  Broad Unknown 

V i a l  : 3 Run Time:  30.0 m i n  
In j ect ion: 1 Date P r o c e s s e d :  09/25/95 0 3 : 4 8 : 0 9  PM 
Date A c q u i r e d :  09/25/95 0 1 : 1 1 : 5 8  PM P r e s s u r e  : 
P r o c e s s i n g  Method: GPC 
Comments : 701-2 -30-1 (WW) prepped 7 / 2 1 / 9 5  

Sample Name: A066 Volume : 1 0 0 . 0 0  

73 
Submitter: rt l  

%+1 . (Daltons) ' PolWaperalty RatTLPe nn UP Hw % 
(=in) (Daltons) (Daltons) (Daltons) (Daltons) 
14.711 . 4 17 461 ' 449 482 520 1.076375 

F 
d 
d 

I i I I 1 
2.40 2.60 2.80 3.00 

10% = 2.20 

23-t Timp: 9.200 Lad Timp: 20.800 

\ 
, 

P e a k R d t s  

Figure 29: Ge1.Permeation Chromatogram for A066 from Hydrotreated Coal 
WVGS-13421 - 45OoC, 1 Hour 
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! Page 1 of 1 

Date Acquired 09/25/95 03:lS:IO PM 
UCAR Carbon Company GPC Report 
For Sample: A013 . - 

, 
Project Name : 
Sample Name: 
Vial: 

GPC 
A07 3 
6 

Injection: 1 
Date Acquired: 09/25/95 03:15:40 PM 
Processing Method: GPC 
Comments: 701-2-30-4(WW) prepped 7/21/95 

Sample Type: Broad Unknown 
Volume : 100.00 
Run Time: 30.0 min 
Date Processed: 09/25/95 03:48:35 PM 
Pressure : 73 
Submitter: rtl 

.. 
c 

I 
I I I I 2.20 2.40 2.60 2.80 3.00 

log = 
a w e  '~mo:  9.200 LXKI mnn: 20.800 

P e a k R d t s  
Uztl (mtons) P o l Y d l s p e r ~ ~ t Y  XP I*r xz 

(Daltons) 
Hn , 

1 15.017 389 

R . t T l r .  
(ah) ' (DaLtons) (Drltons) ( D B l t O M )  

436 420 452 488 1.079811 

Figure 30: Gel Permeation Chromatogram for A073 from Hydrotteated Coal 
WVGS-13423 - 450'C, 2 Hours 
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UCAR Carbon Company GPC Report Page l of 1 

For Sample: A075 Date Acquired 09/25/95 02:44:30 PM 

*+l 
(Daltona) 

RetT5.m Hn UP l4,.I Hz 
(=in) (Daltona) (Daltona) ( W t o n s )  (Daltona) 

1 14.800 388 4% 429 467 504 

Project Name : GPC Sample Type: Broad Unknown 

Vial : 5 Run Time: 
Injection: 1 Date Processed: 09/25/95 03: 49: 10 PM 

Sample Name: A07 5 Volume : 100.00 

Date Acquired: 09/25/95 02:44:30 PM Pressure: 73 
Processing Method: GPC Submitter: rtl 

30.0 min 

Comments : 701-2-30-3 (WW) prepped 7/21/95 

~ o l ~ d i ~ = a i t ~  

1.106079 

I 

\ 
I 

I I I I 
2.20 2.40 2.60 2.80 3.00 

S t a r t  Time: 9.200 End 'PIPDe: 20.800 
log 

PeakResults 

Figure .31: Gel.-Perpleation Chrgmatogram for A075 from Eydrotreated Coal 
W&-13423 - 450 C, 1 Hour 
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Figure 32: Proton NMR Spectrum for 250°C Distillation Residue D035-1 
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Figure 34: Proton NMR Spectrum for 4OOOC Dis t i l l a t ion  Residue D035-3 
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Size: 26.1319 mg 
Method: 10°C/MIN 

. Comment: ARGON 1 
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Sample: 11035-2 (70 1-2-30-6) A95-02981T G A F i l e :  A: 950901016.02 
Operator: g f  1 
Run Date: 6-Sep-95 14: 12 

Size: 26.2477 rng 
Method: l O * C / M I N  
Comment: ARGON 100CC/MIN P t  PAN 3 3  
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Fi le :  A: 95090101C.01 

Run Date: 5-Sep-95 12:Ol 
A95-02982T G A Operator: g f l  

Sample: 11035-3 (701-2-30-7) 
Size: 25.0206 mg 
Method: 10°C/MIN 
Comment: ARGON 100CC/MIN P t  PAN I 1  
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Figure 38 - 

Annealed Mesophase Pitch from Sample A076 

450°C - 2 Hr., Coal W G S  13421 
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Figwe 39 

Annealed Mesophase Pitch from Sample A066 
- 

450°C - 1 Hr., Coal WVGS 13421 
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Figure 40 - 

Annealed hlesophase Pitch from Sample A073 

150°C - 2 Hr., Coal WVGS 13423 
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Figure 4 1 

Annealed Mesophase Pitch from Sample A075 

- 

450°C - 1 Hr., Coal WVGS 13423 
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Figure 42 

Annealed MesoDhase Pitch from SamDle A076 

45OOC - 2 Hr., Coal WVGS 13421 

I 
I 
I 
I 
i 
I 
I 

i i 
i 
I 

I 
0 

I 
k 

I 

.. 
40pm 
H 500X, BRIGHT FIELD 

500X, POLARIZED LIGHT (SAME AREA) 



- . .  

FUNCTIONAL MATEXIALS DISTRIBUTION 
. .. 

3M COMPANY 
Ceramic Materials Department 
201-4N-01 3M Center, 
St. Paul, MN 55144 
M. A. Leitheiser 

AIR PRODUCTS AND CHEMICALS 
P.O. Box 538 
Allentown, PA 18105 
S. W. Dean 

ALLISON GAS TURBINE DIVISION 
P.O. Box 420 
Indianapolis, IN 46206-0420 
P. Khandelwal (Speed Code W-5) 
R. A. Wenglarz (Speed Code W-16) 

AMA RESEARCH & DEVELOPMENT 
CENTER 
5950 McIntyre Street 
Golden, CO 80403 
T. B. Cox 

ARGONNE NATIONAL LABORATORY 
9700 S. Cass Avenue 
Argonne, IL 60439 
W. A. Ellingson 
J. P. Singh 

ARGONNE NATIONAL 

P.O. Box 2528 
Idaho Falls, ID 83403-2528 
S. P. Henslee 

LABORATORY-WEST 

BABCOCK & WILCOX 
Domestic Fossil Operations 
20 South Van Buren Avenue 
Barberton, OH 44023 
M. Gold 

BRITISH COAL CORPORATION 
Coal Technology Development Division 
Stoke Orchard, Cheltenham 
Glocestershire, England GL52 4ZG 
J. Oakey 

CANADA CENTER FOR MINERAL & 
ENERGY TECHNOLOGY 
568 Booth Street 
Ottawa, Ontario 
Canada K1A OG1 
R. Winston Revic 
Mahi Sahoo 

DOE 
DOE OAK RIDGE OPERATIONS 
P.O.Box 2001 
Oak Ridge, TN 37831 
Assistant Manager for 
Energy Research and Development 

DOE 
DOE OAK RIDGE OPERATIONS 
P. 0. Box 2008 
Building 4500N, MS 6269 
Oak Ridge, TN 37831 
M. H. Rawlins 

DOE 
OFFICE OF BASIC ENERGY SCIENCES 
Materials Sciences Division 

19901 Germantown Road 
Germantown, MD 20874-1290 
H. M. Kerch 

ER-131 

DOE 
IDAHO OPERATIONS OFFICE 
P. 0. Box 1625 
Idaho Falls, ID 83415 
J. B. Malmo 

Page 1 Of 4 

Y... 



Functional Materials Distribution Revised: May 16,1996 

DOE 
MORGANTOWN ENERGY TECHNOLOGY 
CENTER 
P.O. Box 880 
Morgantown, WV 26505 
R. C. Bedick 
D. C. Cicero 
F. W. Crouse, Jr. 
N. T. Holcombe 
W. J. Huber 
J. E. Notestein 

DOE 
OFFICE OF FOSSIL ENERGY 

19901 Germantown Road 
Germantown, MD 20874-1290 
J. P. Can 

FE-72 

DOE 
OFFKE OF VEHICLE AND ENERGY R&D 
CE-15 1 Forrestal Building 
Washington, DC 20585 
R. B. Schulz 

DOE 
OFFICE OF SCIENTIFIC AND TECHNICAL 
INFORMATION 
P. 0. Box 62 
Oak Ridge, TN 37831 
For distribution by microfiche as shown in 
DOEl"IC-4500, Distribution Category: 
UC-114 (Coal Based Materials and 
Components) 

DOE 
PITTSBURGH ENERGY TECHNOLOGY 
CENTER 
P.O. Box 10940 
Pittsburgh, PA 15236 
A. L. Baldwin 
G. V. McGurl 
T. M. Torkos 

DOW CORNING CORPORATION 
3901 S. Saginaw Road 
Midland, MI 48686-0995 
H. Atwell 

EC TECHNOLOGIES 
3614 Highpoint Drive 
San Antonio, TX 78217 
D. J. Kenton 

ELECTRIC POWER RESEARCH 
INSTITUTE 
P.O. Box 10412 
3412 Hillview Avenue 
Palo Alto, CA 94303 
W. T. Bakker 
J. Stringer 

EUROPEAN COMMUNITIES JOINT 
RESEARCH CENTRE 
Petten Establishment 
P.O. Box 2 
1755 ZG Petten 
The Netherlands 
M. Van de Voorde 

GA TECHNOLOGIES. INC. 
P.O. Box 85608 
San Diego, CA 92138 
T. D. Gulden 

GAS RESEARCH INSTITUTE 
8600 West Bryn Mawr Avenue 
Chicago, IL 6063 1 
H. S. Meyer 

GEORGIA INSTITUTE OF TECHNOLOGY 
Materials Science & Engineering (0245) 
Bunger-Henry Building, Room 276 
Atlanta, GA 30332-0245 
T. L. Starr 

Page 2 of 4 

.,. . ,. 

I 



Funcffonal Materials Dlstrlbutfon 

IDAHO NATIONAL ENGINEERING 
LABORATORY 
P. 0. Box 1625 
Idaho Falls, ID 83415 
B. H. Rabin 

LAVA CRUCIBLE-REFRACTORIES CO. 
P.O. Box 278 
Zelienople, PA 16063 
T. Mulholland 

LAWRENCE LIVERMORE NATIONAL 
LABORATORY . 

Livermore, CA 94550 
W. A. SteeIe 

P.O. BOX 808, L-325 

LOS ALAMOS NATIONAL LABORATORY 
P.O. Box 1663 
Los Alamos, NM 87545 
J. D. Katz 

NATIONAL INSTITUTE OF STANDARDS 
AND TECHNOLOGY 
U.S. Dept. of Commerce 
Bldg. 220, Rm A215 
Gaithersburg, MD 20899 
S. G. Malghan 

NATIONAL MATERIALS ADVISORY 
BOARD 
National Research Council 
2101 Constitution Avenue 
Washington, DC 20418 
K. M. Zwilsky 

- 

Revised: May 16,1996 

OAK RIDGE NATIONAL LABORATORY 
P.O. Box 2008 
Oak Ridge, TN 37831 
P. T. Carlson 
N. C. Cole 
R. R. Judkins 
R. A. Lawson (8 copies) 
E. L. Long, Jr. 
D. P. Stinton 
M. R. Upton 

OFFICE OF NAVAL RESEARCH 
Code 43 1, 800 N. Quincy Street 
Arlington, VA 22217 
S. G. Fishman 

SANDIA NATIONAL LABORATORIES 
Department 6211, MS 0710 
Albuquerque, NM 87185 
R. J.  Buss 
G. A. Carlson 
A. G. Sault 

SHELL DEVELOPMENT COMPANY 
P.O. Box 1380 
Houston, TX 77251-1380 
L. W. R. Dicks 

TENNESSEE VALLEY AUTHORITY 
Energy Demonstration & Technology 
MR2N58A 
Chattanooga, TN 37402-2801 .. 
C. M. Huang 

THE JOHNS HOPKINS UNIVERSITY 
Materials Science & Engineering 
Maryland Hall 
Baltimore, MD 21218 
R. E. Green, Jr. 



Functional Materials Distribution 
.- 

THE MATERIALS PROPERTIES COUNCIL, 
INC . 
United Engineering Center 
345 E. Forty-Seventh Street 
New York, NY 10017 
M. Prager 

THE NORTON COMPANY 
High Performance Ceramics Division 
Goddard Road 
Northborough, MA 01532-1545 
N. Corbin 

THE TORRINGTON COMPANY 
Advanced Technology Center 
59 Field St. 
Torrington, CT 06790 
W. J. Chmura 

UNION CARBIDE CORPORATION 
Linde Division 
P.O. Box 44 
175 East Park Drive 
Tonawanda, NY 14151-0044 
Harry Cheung 

UNITED TECHNOLOGIES RESEARCH 
CENTER 
MS 24, Silver Lane 
East Hartford, CT 06108 
K. M. Prewo 

UNIVERSITY OF WASHINGTON 
Department of Materials Science and 
Engineering 
101 Wilson, FB-10 
Seattle, WA 98195 
T. G. Stoebe 

Revised: May 16,1B96 

WESTERN RESEARCH INSTITUTE 
365 N. 9th Street 
P.O. Box 3395 
University Station 
Laramie, WY 82071 
V. K. Sethi 

W ESTINGHOUSE ELECTRIC 
CORPORATION 
Research and Development Center 
13 10 Beulah Road 
Pittsburgh, PA 15235 
S. C. Singhal 

DRCAULTONLIRWIN 
WFSTVIRGINIAUNIVERSITY 
P. 0. Box 6064 
MORGANTDWN, WV 265066061 

JOHNZONDIB 
WESTVIRGDIIAuNNERslTY 
P. 0. BOX 6102 
MORGANTOWN, WV 26506 

VIRGINIA POLYTECHNIC INSTITUTE & 
STATE UNIVERSITY 
Department of Materials Engineering 
Blackburg, VA 24601 
W. A. Curtin 
K. L. Reifsnider 

Page 4 of 4 

DR T. D. BURCHEU 
OAKRIWENATIONALJABORAIDRY 
P.O. BOX2008 Ms 6088 
OAKRIDGE,RJ 37831.6088 

. , 2.l 



Attachment 4 - 

ORNL/S~b/95-§S130/01 

PRODUCTION OF ALUMINUM REDUCTION 

COAL-DERIVED CARBON FEEDSTOCKS 
ELECTRODES FROM SOLVENT-EXTRACTED 

FINAL REPORT 

September 20, 1996 

Research sponsored by the U. S. Department of Energy, Fossil 
Energy Advanced Research and Technology Development Materials 
Program, DOE/FE AA 15 10 10 0, Work Breakdown Structure 
Element ALCOA-3 

Report Prepared by 
D. L. Belitskus 

Aluminum Company of America 
Alcoa Technical Center 

100 Technical Drive 
Alcoa Center, PA 15069-0001 

under 
Subcontract 86X-SS13OC, WBS Element ALCOA-3 

for 

OAK RIDGE NATIONAL LABORATORY 
Oak Ridge, Tennessee 37831 

Managed by 
LOCKHEED MARTIN ENERGY RESEARCH COW. 

for the 
U. S. DEPARTMENT OF ENERGY 
under contract DE-AC05-960R22464 



. 

TABLE OF CONTENTS 

Page No . 

BACKGROUND ........................................................................................ 
Anodesfor aluminum production ........................................................ 
Petroleum coke production .................................................................. 
Coke evaluations .................................................................................. 
Microstructural analysis ...................................................................... 
Real density and crystallite height ....................................................... 
Impurities ............................................................................................ 

RESULTS FOR TASK 1 ............................................................................ 
Chemical analysis ................................................................................ 
Yield on calcination ............................................................................. 
Overall assessment ............................................................................... 

Real density and crystallite height ....................................................... 

REFERENCES ............................................................................................ 8 



BACKGROUND 

Anodes for aluminum production 

Anodes for production of aluminum by molten salt electrolysis are commonly manufactured 
by forming and baking a blend of calcined petroleum coke and coal tar pitch, along with 
some recycled anode butt material (prebaked anode technology) or by self-baking, in the 
electrolysis cell, a blend of calcined petroleum coke and coal tar pitch (Soderberg anode 
technology). Newer cells are of the prebaked anode type. Anode carbon is oxidized to 
carbon dioxide in the electrochemical reaction, at a theoretical rate of 0.334 kg per kg of 
aluminum. In practice, consumption rate is higher, generally within the range of 0.400 to 
0.500 kg per kg of aluminum, depending on anode type and quality as well as on cell 
operation. Prebaked anode consumption is usually at the lower end of the range and 
Soderberg anode consumption at the higher end. 

Because-anode carbon is consumed as part of the electrochemical reacticn during aluminum 
production, a large quantity of petroleum coke is required for this purpose each year. In 
recent years, annual calcined petroleum coke usage in the USA for aluminum production 
anodes has been about 2,000,000 tons and world wide usage has approached 6,000,000 tons. 

Petroleum coke production 

Petroleum coke, a high carbon content, high molecular weight material that is the major 
constituent of anodes for electrolytic production of aluminum, is a byproduct from petroleum 
refineries. The coker receives residual products from a number of refinery operations such as 
the atmospheric and vacuum distillation and cracking units used to produce higher revenue- 
generating products such as gasoline, aviation fuel, and lubricants. The coker is operated to 
maximize the production of "coker gas oil," from which additional products of these kinds are 
refined. 

Not all petroleum coke is suitable for manufacture of anodes for aluminum production. A 
coke can be unsuitable from a structural standpoint, with too great a porosity to economically 
produce acceptable anodes. Conversely, it can be too low in porosity, with a "shot" s t rucm 
that doesn't pennit adequate bonding with the coke produced from the binder pitch. Coke can 
be unsuitable from an impurity standpoint as well. Common impurities in petroleum 
feedstocks that concentrate in the coke and have undesirable consequences in aluminum 
production anodes include sulfur, vanadium, and nickel. Currently used refinery feedstocks 
tend to produce a greater percentage of coke having undesirable physical characteristics 
and/or impurity levels than feedstocks used in the past. 

Research sponsored by the U. S. Department of Energy, Fossil Energy Advanced Research and 
Technology Development Materials Program, DOWFE AA 15 10 10 0, Work Breakdown Structure 
Element ALCOAd 
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Because annual aluminum production is increasing 'while production of high quality 
petroleum coke is declining, a source of carbon with comparable or improved properties 
relative to petroleum coke, with:the potential for production at a competitive cost, is highly 
desirable. Coke produced from solvent extracted coal using a process under development in 
the Chemical Engineering Department at West Virginia University (WW) has promise for 
meeting these criteria. 

Coke evaluations 

Naturally, the most definitive evaluation of a coke for aluminum production anodes is the 
manufacture and commercial cell testing of full size anodes. This involves many tons of 
coke, which cannot be supplied with experimental coke production processes. 

Aluminum producers have a rather high degree of confidence in the results of certain 
standardized tests conducted on bench scale anodes, including anode density, permeability, 
electric4 resistivity, air reactivity, carbon dioxide reactivity, and mechanical property tests of 
several types. However, even this can require an inordinate quantity of experimentally 
generated coke, typically at least 10 kg. 

When even smaller quantities of coke are available, tests only on the cokes themselves must 
suffice. Although confidence level in the evaluation is lower, this gives a reasonable 
indication of any major problems with regard to the coke. A complete series of tests can 
include microstructural examination, chemical analysis, and determinations of real density, 
crystallite height, grindability, packing density, air and carbon dioxide reactivities, and pore 
size distribution by mercury porosimetxy. The full array of tests requires several kilograms of 
coke. 

For the subcontract reported upon here, a still more preliminary coke screening evaluation 
was conducted. This consisted of microstructural evaluations and real density and crystallite 
height determinations. In addition, an impurity assessment was made on a coke produced in 
an identical manner to one of those tested. Yield after calcination is important from an 
economic standpoint, and was determined also. 

Microstructural analysis 

Cokes used in anodes for aluminum production have been well characterized by optical 
microscopy. A typical coke used for this purpose has a degree of structural ordering that is 
between that of a highly anisotropic needle coke used in graphite electrode manufacture and 
that of an isotropic coke. 

A particularly useful method of microscopic examination utilizes polarized light with a 
gypsum phase-sensitive plate. Using this technique, a polished surface of anisotropic carbon 
appears in the colors yellow, blue, and red, with the colors changing as the specimen is 
rotated. Needle cokes and, to a lesser extent, cokes used in anodes for aluminum production 
have distinct m a s  of ordered structure, with elongated cracks or pores. This is often called a 
Vlow structure." Other cokes have sub-micron areas of ordering (called a "mosaic structure") 
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and typically little porosity. These cokes are not desirable for-anodes for aluminum 
production. A more extensive discussion of carbon and graphite structural development is 
given in the section, "Subtask 12  Literature Review," in Ref. 1. 

Using the method of optical microscopy described above, structural features of new cokes 
that are candidates for use in anodes for aluminum production can be qualitatively compared 
With those of cokes that are known to be suitable for this purpose. 

Real density and crystallite height 

Another useful determination is the coke real density after calcination. Real density refers to 
the inherent carbon density if pores were eliminated. It is determined by grinding the coke 
sample to a fine particle size and measuring the density in a medium that can penetrate the 
majority of the remaining pores. (Kerosene or a similar liquid has been used over the years, 
but modem helium pycnometers are more convenient and rapid and give comparable results.) 
Real density indicates the extent of carbon crystallite growth and alignment, which in turn 
gives an indication of satisfactory reactivity and electrical resistivity. Most commercially 
calcined petroleum cokes used for aluminum production anodes have a real density between 
2.05 and 2.10 g/cc. 

Crystallite.height (I,,), determined using X-ray diffraction, is an additional indicator of 
carbon structural ordering. L, values for calcined petroleum cokes used in anodes for 
aluminum production usually range from 25 to 35 A. 
Impurities 

A preliminary assessment of a potential new coke for aluminum production anodes should 
include a determination of impurities that are of concern in petroleum cokes. (Although it is 
possible that impurities in a new coke that are not normally found in petroleum cokes could 
be a problem, this must be evaluated using the more extensive testing outlined above.) 

The work reported upon herein involves Task 1 of the subcontract. Optional Tasks 2 and 3 
are contingent upon future funding. 

RESULTS FOR TASK 1 

- 1.1 Review reports from WVU on the solvent extraction of coal process, identify 
materials already produced during the program, and still available, that are most 
likely to result in a calcined coke having the characteristics necessary for use in 
aluminum reduction cell anodes, and obtain 250-gram (minimum) quantities of 
three promising candidates. 

Reports from WVU on the United States Department of Energy sponsored project, "Coal 
Based Nuclear Graphites for the New Production Gas Cooled Reactor," were reviewed, since 
there is some commonality between cokes for graphite production and cokes for anodes for 
aluminum production. The final report* on Task 1, "Development of Coal-Derived Isotropic 
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Coke and Nuclear Graphite," was most relevant. Based on the results discussed in that report 
and in consultation with Dr. Peter Stansberry of WVU, it was decided to test coke produced 
from an N-methylpyrrolidone @IMP) extract of nonhydrotreated coal WVGS 13423 
(Powellton, lower split, Mingo, WV) as well as cokes from the same coal with two 
conditions of hydrotreaunent prior to NMP extraction, 400°C for 1 hr and 450°C for 1 hr. 
Details of preparation of these types of materials at WVU will not be given here, since the 
experimental production process has been described in detail in Ref. 1. 

Review of the reports also suggested that the calcination process carried out at WVU used 
both too low a maximum temperature and too slow a heat-up rate to adequately simulate 
commercial calcination of anode grade coke in a rotary kiln or rotary hearth. Hence, it was 
planned to establish and verify a bench scale calcination process at Alcoa Technical Center 
(ATC) to produce calcined coke for this subcontract. To be used in verifying the importance 
of the calcination procedure, samples of the same three types of cokes calcined at WVU were 
furnished to ATC along with the uncalcined cokes. 

1.2 Contact a calcined petroleum coke supplier and obtain 100-gram (minimum) 
quantities of a commercially-calcined petroleum coke typically used for aluminum 
smelting and the corresponding green coke; based on knowledge of important 
calcination factors, select calcination conditions and calcine the green petroleum 
coke. 

In order to verify the suitability of the laboratory procedure to be used for simulating 
Commercial calcination, samples of ARCO petroleum coke commercially calcined in a rotary 
hearth at Cherry Point, WA, and the green coke feed to the calciner were obtained from 
ARCO ProdQcts Company (courtesy of Mr. B. C. Vitchus). 

Literature on bench scale coke calcination2-6 was reviewed. Although a variety of specific 
bench scale procedures have been used, a common theme is that heat-up rate must be very 
rapid, at least 50°C/min. Also, it has been shown7 that commercial calcination corresponds to 
a 1200" to 1300°C laboratory calcination temperature. 

Based on the guidelines outlined above, the following laboratory calcination procedure was 
adopted. A 90-cm long horizontal tube furnace having an internal diameter of -10 cm was 
used. The furnace has three independently controlled heating zones to facilitate temperature 
control. A 120-cm long, 7.5-cm outer diameter quartz tube was inserted into the furnace 
cavity. The ends of the tube were fitted with ceramic insulating material. Tubes for inlet and 
outlet of inert gas penetrated each insulator. In addition, one insulator contained a hole for a 
pushrod. A quartz boat that could be moved by a steel pushrod having a hooked end was 
used to contain the coke samples to be calcined. This apparatus is shown schematically in 
Figure 1. 

A 30-g sample of the ARCO green coke was placed in the quartz boat, which in turn was 
placed within the region of the quartz tube extending outside the furnace. The ends of the 
quartz tube were stoppered with the ceramic insulators and an argon flow of -60 Whr was 
passed through the tube. Temperature within the ponion of the quartz tube located in the 
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center of the furnace cavity was raised to 125OOC: The boat was pushed into this zone and 
kept there for 1/2 hr. It was then pulled into the area of the quartz tube extending out of the 
furnace, allowed to cool under the argon atmosphere, and removed. 

Mount and polish a representative quantity of the commercially calcined 
petroleum coke and the laboratory calcined petroleum coke, verify from 
microstructural analysis that the laboratory calcination procedure produced a 
calcined coke microstructure acceptably similar to the commercially calcined coke 
sample, and alter conditions and perform a second iteration if required. 

A commercial mounting resin was mixed with samples of the laboratory calcined ARCO coke 
and the commercially calcined coke and these were vacuum cast and cured to produce 
cylindrical specimens 2.5 cm in diameter by -2 cm high. One face of each was polished 
using a polishing wheel and a series of sandpaper discs starting with 120-grit and finishing 
with 600-grit. Final polish utilized a moleskin disc and 0.3 pm alumina powder. Polished 
faces were examined microscopically using polarized light and a phase sensitive plate. 

Figures 2 and 3 give representative photomicrographs of the two materials. The 
microstructures are quite comparable. A heat-up rate appreciably slower than that attained in 
the rotary hearth would have resulted in a much less porous structure. Conversely, if the 
laboratory heat-up rate had been too rapid, a very high porosity coke could have resulted. 
Hence, the laboratory calcination process was considered appropriate based on 
microstructure. 

As supporting evidence, real density of the laboratory calcined ARCO coke was determined 
by helium pycnometer to be 2.08 g/cc. This value is about average for ARCO coke calcined 
at Cherry Point. 

- 1.4 Calcine the three WVU samples under the conditions selected in Task 13; mount 
and polish the calcined W V U  samples and determine whether or not each has a 
microstructure considered suitable for coke for use in aluminum reduction cell 
anodes. 

The three WVU cokes were calcined according to the procedure described above. The 
calcined cokes were mounted, polished, and examined microscopically. Many fields of view 
were examined for each specimen. Although there is naturally some subjectivity in 
microscopic comparisons, the photomicrograph shown for each material in this report was 
selected to be representative of the material. 

Figure 4 shows the calcined coke from coal that had not been hydrotreated. This coke has a 
very fine mosaic structure and little porosity. If used in an anode for aluminum production, 
the= would be little opportunity for binder coke to form a good mechanical bond with the 
coke particles. Hence, coke with this microstructure can be anticipated to form poor anodes 
for aluminum production. From a macroscopic standpoint, the coke is very "fluffy," probably 
due to poor packing of the irregularly shaped particles. This would cause problems in 
material handling and in anode forming. 
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Figure 5 shows coke from coal that had been hydrQneated at 4 b ° C  for 1 hr prior to NMP 
extraction and Figure 6 shows coke from coal that had been hydrotreated at 450OC for 1 hr. 
Both of these cokes have an anisotropic microstructure characteristic of petroleum cokes used 
in anodes for aluminum production. The similarity to the ARCO calcined petroleum coke is 
obvious by comparing these figures with Figures 2 and 3. There is enough porosity to permit 
mechanical attachment with binder coke, but not an inordinate amount of porosity that would 
necessitate excessive binder pitch. 

As would be expected from earlier reports from WVU, the higher hydrotreatment temperature 
resulted in greater anisotropy (a more needle-coke-like microstructure with larger areas of 
crystallite alignment). This extent of needle-coke-like characteristic would be quite 
satisfactory for anodes for aluminum production, but it is not believed to be of any real 
advantage. The ARCO coke appears to have an anisotropy level between those of the two 
cokes from hydrotreated coal, although this observation is somewhat subjective. Since 
increasing the extent of hydrogenation increases the cost of the WVU process, coke produced 
from coal having the 40O0C hydrotreatment temperature would be preferred. 

Figure 7 shows the microstructure of coke from coal hydrotreated at 45OOC for 1 hr and 
subsequently calcined at WVU to 1 100°C using a slow heat-up &e. This coke contains very 
little porosity, relative to the same coke calcined to 125OOC at a fast heat-up rate (Figure 6). 
This shows the importance of simulating commercial calcination for evaluating candidate 
cokes for anodes for aluminum production. 

c 

- 1.5 Determine real density and crystallite height, and estimate impurity levels 
expected in calcined coke based on WVU analyses of the starting materials and the 
yields on calcination. 

Real density and crystallite height 

Real densities of the three WVU cokes calcined at ATC, along with those for the same cokes 
calcined at W W ,  are shown in Figure 8. Real density increased with increasing anisotropy 
of the coke, i.e. in the order: (1) no coal hydrotreatment, (2) hydroneatment at 400 OC for 
1 hr, and (3) hydrotreatment at 45OOC for 1 hr. The values for the ATC-calcined samples 
from the hydromated coal are quite typical of those for petroleum cokes used in anodes for 
aluminum production and would be expected to result in a reactivity and electrical resistivity 
comparable to calcined petroleum cokes. The generally lower real densities for the WVU- 
calcined materials reflect the lower maximum temperature and, perhaps, the slower heat-up 
rate. 

The fact that the ATC-calcined ARCO coke has a real density between those of the two cokes 
from hydrotreated coal is in qualitative agreement with the indication from the 
microstructural analyses that the extent of anisotropy of the ARCO coke is between the 
anisotropies of the two WVU cokes from hydrotreated coal. 
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Crystallite height values for the three WVU-produced cokes calcined at ATC are 22.4 A for 
coke from coal having no hydrotreatment, 28.2 A for coke from coal hydrotreated at 40O0C, 
and 29.2 A for coke from coal hydrotreated at 450°C. Like the real densities, these values 
increase with increasing coke anisotropy. The latter two values are within the range normally 
found for commercially calcined petroleum cokes. 

Chemical analysis 

Elemental analysis for a calcined coke that appears to be quite satisfactory for use in anodes 
for aluminum production (from WVGS 13423 coal that had been hydrotreated at 450OC for 
1 hr) was reported upon in Ref. 1. (The analysis is not of the specific production run for the 
ATC material, but is considered to be adequate for a preliminary assessment of chemical 
suitability of such a coke.) 

Sulfur level in the WVU-produced calcined coke sample is 0.32 wt%, only about one-tenth 
the sulfur level in a petroleum coke used in aluminum production anodes. * Sulfur sexves no 
useful purpose in an anode, but emits objectionable carbonyl sulfide and sulfur oxides during 
electrolysis. Hence, the coke produced using the WVU process in extremely good in this 
regard. 

Vanadium and nickel are common impurities found in petroleum coke. They are 
objectionable from the standpoints of contamination of the aluminum produced as well as 
being anode air oxidation catalysts. Air oxidation is a contributor to the greater-than- 
theoretical anode consumption experienced in commercial cells. Typical specifications are 
0.045 wt% maximum for vanadium and 0.04 wt% maximum for nickel. Vanadium content in 
the W W  coke sample analyzed is 0.0002 wt% and nickel content is 0.0038 wt%, far below 
the specification maximums. 

Two other impurities normally monitored in calcined petroleum cokes for use in anodes for 
aluminum production are iron and silicon. These elements are not found in significant 
quantities in the petroleum feedstocks to a refinery but rather are reflective of contamination. 
(Iron can increase from vessel and piping corrosion, silicon can be the result of anti-foaming 
agents used in the refinery, and any diddust contamination of the calcined coke will result in 
increases in both elements.) Typical specifications are 0.03 wt% maximum for iron and 
0.02 wt% maximum for silicon. 

Iron content was 0.065 wt% in the calcined coke sample from WVGS 13423 coal that had 
been hydrotreated at 450°C for 1 hr. It is likely that some of the iron in this sample is due to 
contamination during coking and calcining, since it has been found that iron contents of 
W-produced calcined cokes exceed those calculated from iron contents of the precursor 
extracts, based on volatile matter loss during coking and calcining. 1 Therefore, there is a 
good possibility that iron content of coke from this process can be reduced to a satisfactory 
level. 
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The WMJ coke sample that was analyzed is also high Cn silkon, 0.06 wt%. However, silicon 
content has varied widely among the calcined cokes made using the WVU process, and this 
value was the highest for any of the calcined cokes analyzed.' Other coals and processing 
conditions resulted in silicon contents in calcined coke as low as 0.001 wt%. Hence, there is 
an expectation that a suitable silicon level can be attained. 

Yield on calcination 

Yield on calcination is not important with regard to the coke itself, but affects the economics 
of the process. Yields on calcination for the three WVU cokes calcined at ATC were 85.8% 
for coke from nonhydrotreated coal, 91.4% for coke from coal hydrotreated at 400 OC for 1 hr, 
and 90.2% for coke from coal hydrotreated at 450°C for 1 hr. These compare favorably with 
the yield for the ARC0 petroleum coke, 80.7%. 

Overall assessment 

Two of the three cokes evaluated, those produced from coal that had been hydrotreated, are 
judged to be quite suitable for use in anodes for aluminum production based on most of these 
preliminary evaluations. Microstructures, real densities, and crystallite height values are very 
similar to those for a typical calcined petroleum coke. Levels of several impurities of concern 
in calcined petroleum cokes (sulfur, nickel, and vanadium) are much lower than those in 
typical petroleum cokes. The only concerns from these evaluations are high iron and silicon 
levels, but it seems likely that iron and silicon levels can be reduced. Larger scale testing will 
ultimately be required to make an unqualified judgment regarding the technical suitability of 
coke from the WVU process for use in anodes for aluminum production. 

The cost of coke from this process is of prime importance if it is to be used in anodes for 
aluminum production. Cost must be competitive with petroleum coke cost. Although 
commercial-scale cost for calcined coke by this process has been estimated by the MITRE 
Corporation to be $177 per tong, which is competitive with calcined petroleum coke cost, 
presumably this is for nonhydrotreated coal. Cost would go up with extent of 
hydrotreatment, so that it is important to minimize such treatment or to otherwise 
economically provide an anisotropic coke by this process. In the earlier program for 
producing graphite', there was some success in producing anisotropic coke by blending 
hydrotreated and nonhydrotreated coal prior to NMP extraction. This appears to be one 
avenue for investigation in future work on coke for anodes for aluminum production. 
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Figure 1. Schematic illustration of the ATC bench scale coke calcination apparatus. 



Figure 2. Photomicrogmph (200X) of ARC0 petroleum coke commercially calcined in a 
rotary hearth at Cherry Point, WA. Taken using polarized light with a phase-sensitive 
plate. 



Figure 3. Photomicrograph (200X) of ARC0 petroleum coke calcined using the ATC 
bench scale process. Taken using polarized light with it phase-sensitive plate. 



Figure 4. Photomicrograph (200X) of coke prepared at WVU (from nonhydrotreated 
WVGS 13423 coal) and calcined at ATC. Taken using polarized light with a phase- 
sensitive plate. 



Figure 5. Photomicrograph (ZOOX) of coke prepared at WVU (from WVGS 13423 coal 
that had been hydrotreated at 4OOOC for 1 hr) and calcined at ATC. Taken using polarized 
light with a phase-sensitive plate. 



Figure 6. Photomicrograph (200X) of coke prepared at WVU (from WVGS 13423 coal 
that had been hydrotreated at 45OOC for 1 hr) and calcined at ATC Taken using polarized 
light with a phase-sensitive plate. 



Figure 7. Photomicrograph (200X) of coke prepared at WVU (from WVGS 13423 coal 
that had been hydrotreated at 450°C for 1 hr) and calcined at W W .  Taken using 
polarized light with a phase-sensitive plate. 
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Figure 8. Real density values for samples of the three experimental cokes calcined at 
WVU using a slow heat-up rate and a 1 1  maximum temperature of OOOC and samples 
calcined at ATC using a rapid heat-up rate and a maximum temperature of 125OOC. 
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INTRODUCTION 

There are several methods used to fabricate carbon-carbon composites. One used 
extensively in the fabrication of aerospace components such as rocket nozzles and 
reentry vehicle nosetips, as well as commercial components for furnace fixturing and 
glass manufacturing, is the densification of a woven preform with molten pitch, and the 
subsequent conversion of the pitch to graphite through heat treatment. Two types of 
pitch are used in this process; coal tar pitch and petroleum pitch. The objective of this 
program was to determine if a pitch produced by the direct extraction of coal could be 
used as a substitute for these pitches in the fabrication of carbon-carbon composites. 
The program involved comparing solvent extracted pitch with currently accepted pitches 
and rigidking a carbon-carbon preform with solvent extracted pitch for comparison with 
carbon-carbon fabricated with currently available pitch. 

BACKGROUND 

Carbon-carbon composites have been manufactured with pitch for over 20 years. 
From the early 1970’~~ two pitches have typically been used in this process, Allied 
Signal’s 15V coal tar pitch and Ashland Chemical’s A-240 petroleum pitch. Both pitches 
are the by-product of other processes; coal coking for coal tar pitch and petroleum 
distillation for petroleum pitch. 

The process for fabricating carbon-carbon composites consists of assembling a 
fiber preform, through consolidation, lay-up, weaving, or some other method, and 
densifying the preform with pitch. The densification is a series of repetitive process 
steps, each step consisting of impregnation, carbonization, and graphitization, as depicted 
in Figure 1. 

4 
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Carbon-Curbon Process 

- Carbo- Impregma tion - Graphitization EIiprc 
4-10 Times 

i 

Figure 1 

The number of process cycles depends on required composite density, processing 
parameters, pitch coking value, etc. The resulting carbon-carbon composite is a very 
strong, very high temperature material suitable for demanding aerospace and commercial 
application. 

-- 

Over the years, several problems have arisen with the use of Allied 15V and 
ehland A-240 pitches. Both use the residue of other processes and consistency of such 
residues cannot be counted on. 

. There are significant environmental issues, particularly with coal tar pitches. 
Coking ovens are regularly closed down as the steel industry switches to new methods of 
steel manufacture, overcoming the significant pollution generated by such ovens. With 
no coking ovens, there will be no supply of coal tar. Even today, as ovens are closing, 
new sources of tars must be found which affect the resulting pitch. 

As the majority of the petroleum used in the U.S. is imported, the availability of 
petroleum pitch may not be assured. In addition, the properties of crude oil are 
changing, often resulting in higher sulfur content and this can significantly affect the 
properties of petroleum pitch and the resulting carbon-carbon. 

What is required is a clean process for making pitch from a very large source of 
raw material available in the U.S. This will ensure a continuous supply of material 
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without the worry of environmental issues affecting supply. In addition, if the process is 
flexible enough, pitches could be manufactured having different properties or, similar 
pitches could be manufactured from different raw material sources. 

West Virginia University has developed a process of extracting the usable 
hydrocarbon content from coal while leaving the ash behind. This solvent extraction 
process, using solvent N-methyl pryrrolidine (NMP), has shown that pitches suitable for 
making coke for smelting electrodes can be produced. It has also been shown that the 
properties of the pitch can be varied so that the resulting coke can range from isotropic 
on one end of a scale to anisotropic on the other, depending on the degree of 
hydrogenation applied to the coal before extraction. Being able to vary the properties of 
the pitch can have several advantages: 

. 

Adjust the process so different raw coals can produce equivalent pitch 
products. 

Adjust the process so one coal can produce a variety of pitches useful in 
many applications. 

Tailer a pitch to have specific properties. 

For the past eight years, workers in the Chemical Engineering Department at 
West Virginia University have been developing a technique based on solvent extraction 
of coal whereby significant quantities of the organic material in coal can be separated 
from the inorganic ~ontaminants('~~*~). This process employs a novel class of organic 
compounds known as dipolar aprotic solvents. When bituminous coal is treated with 
these solvents at their normal boiling point, much of the carbonaceous material in the 
coal is solubilized and the inorganic matter remains as an undissolved solid. Through 
simple filtration the solution is separated from the residual inorganic solids and the 
organic material is reconstituted by solvent evaporation. Through efficient use of 

* 
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evaporative technologies, virtually all of the solvent is recovered and recycled in the 
process. A typical concentration of inorganic matter in the extracted product (as 
measured by ASTM ashing tech’niques) is as low as 0.1%. Depending on the starting 
coal, significant reduction in sulfur species can also be achieved. It his been found that 
extract yields in the range of 30 to 50% by weight of the original coal can be realized for 
most bituminous coals indigenous to the Appalachian region. Moreover, if the raw coal 
is first treated by mild hydrogenation, extract yields as high as 80% can be achieved. 
Most importantIy, by adjusting processing conditions and/or blending extracts from the 
hydrogenated and raw coals together, desirable properties of the product can be 
enhanced. It has been shown that the solvent extract can serve as an excellent precursor 
for a wide range of carbon product feedstocks. Indeed, a successful prograxn has just 
been completed for the U.S. Department of Energy in which cokes produced from the 
solvent extraction process were utilized as feedstocks for the production of fine-grained, 
isotropic graphite(’). The current program was able to draw from m ’ s  success . -  to date ._ - - - - - - .  in the fabrication of carbon-carbon composites. * 
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To determine whether a solvent extracted pitch is capable of p r o d u e  *on= . ”  
carbon composites having properties similar to currently produced composites; it is 
necessary to determine if the pitch properties are similar to properties of pitches 
currently in use. This was accomplished by testing a pitch produced by the Chemical 
Engineering Department of West Virginia University processed by the solvent extraction 
process, and comparing it to other pitches. The WVU pitch was processed from WVGS 
13421 coal by first hydrogenating the ground in a proton donor, tetralin, at 450°C for 2 
hours. This was followed by extraction with n-methyl pyrrolidine (NMP), after which the 
solution is filtered and the NMP removed by rotary evaporation. A second extraction 
was carried out using toluene to remove toluene insolubles, thus reducing the softening 
point. The resulting pitch was identified as WVU DO26 pitch. 

- 
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For this program, a 500 gram sample of WVU DO26 pitch was tested with 
samples of Ashland A-240 and Allied 15V pitches. The test matrix presented in Table 1 
was used for these evaluations. 

TABLE 1 
Pitch Test Matrk 

.. 

Coking Value ASTM D-2416 
Ash Content ASTM D-2415 
Quinoline Insoluble ASTM D-2318 

> 

-- 
Toluene Insoluble ASTM D-4072 
Sulfur ASTM D-1552 
Softening Point ASTM D-36 
Specific Gravity ASTM D-71 A 

Samples of WVU, Ashland, and Allied pitches were also coked so the grain 
structure could be evaluated. The coked samples were impregnated with epoxy resin and 
polished to a metallographically smooth surface, the final polishing done with 0.05 p 

alumina powder slurry. Samples of each were then observed under a light microscope 
using polarized light, with significant observations documented with photomicrographs. 
Polarized light allows the qualitative analysis of the anisotropy of the pitches. . 

The next step was to compare how the WVU pitch would impregnate a carbon 
fiber preform as the first step toward fully processing a carbon-carbon composite. It 
typically takes four or five cycles of impregnation, carbonization, and graphitization to 
densify a carbon-carbon billet. As this requires considerable pitch, on the order of a 
minim- of 25 to 30 kilograms, only one cycle could be completed in this program. 
Once pilot plant quantities of WVU pitch can be produced, the densification can be 
completed. 
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The usual process for impregnating a preform involves melting the pitch in one 
container by heating. In a second container, connected to the first by a tube and valve, 
the preform is heated to the same temperature as the pitch. A vacuum is pulled on the 
vessel holding the preform to remove all gas. When the valve between the two vessels is 
opened, the molten pitch flows from the container holding the pitch under atmospheric 
pressure into the evacuated container holding the preform. A considerable amount of 
extra pitch is required to ensure the transfer vacuum is not lost by air entering the 
transfer tube from the pitch melter. 

Because the quantity of available WVU pitch was minimal, a different technique 
was utilized. Preforms measuring 13 cm by 13 cm by 5 cm were placed in-containers. 
Each preform was covered with 4.5 kilograms of pitch, one with WVU pitch, the other 
with Allied 15V pitch. The WVU pitch consisted of two lots, 1 kg of DO54 and 3.5 kg of 
D087. Both lots were manufactured using the same process used for the previously 
tested lot D026. The two containers were placed in an impregnator which was sealed 
and evacuated. The impregnator was heated to 250°C under vacuum and held for 4 
hours. The vessel was then backfilled with nitrogen to atmospheric pressure, forcing the 
molten pitch into the preform, filling the voids. Although not as efficient as the hot 
pitch transfer method described earlier, this method works well with smal l  parts and 
limited quantities of pitch. The impregnator was allowed to cool and the two cans 

removed for further processing. 

The cans were next placed in a carbonization oven and heated to approximately 
800°C under a nitrogen blank at heating rates of approximately 20°C per hour from 
ambient to 350"C, 5°C per hour from 350" to 600°C per hour, and 10°C per hour from 
600°C to 800°C. This process slowly converts the organic pitch to carbon, driving off 
nitrogen, oxygen, hydrogen, sulfur, and other elements which make up the organic pitch. 
The resulting carbon, or coke, is amorphous in nature with almost no crystallinity. * 
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Once the pitch has been coked, the rigidized preform is removed from its 
container and excess coke removed, in preparation for converting the amorphous coke to 
crystalline graphite. This is accomplished by heating the part to 2525OC, again under a 
nitrogen blanket to prevent oxidation. This heat treatment takes about 30 hours to 
accomplish, followed by a 1/2 hour hold prior to cooldown. 

Upon completion of rigidization, the carbon-carbon parts were machined to 
remove excess coke. The parts were then measured and weighed for density 
determination. Samples extracted from each billet were mounted in epoxy, polished 
metallographically, and observed under a light microscope to compare the 
microstructures of the WVU and Allied pitches in the carbon-carbon composite. 

RESULTS 

Evaluation of the WVU pitch resulted in the properties shown in Table 2. 

TABLE 2 
W U  Solvent Gdfacted Pitch Lot DO26 

Coking Value - % 49.3 

Ash Content - % 0.02 
11 Quinoline Insoluble - % I 0.39 
11 Toluene Insoluble - % I 1.12 

II Sulfur-% I 0.4 

Softening Point - "C 117 
Specific Gravity 1.22 
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A comparison was made of this data to a data base of pitch properties established 
over the last 20 years for Allied 15V pitch and Ashland A-240 pitch. This comparison is 
shown in Table 3. 

TABLE 3 
Comparison Of Pitch Analyses 

It can be seen that the WVU pitch compares very favorably to both Ashland A- 
240 petroleum pitch and Allied 15V coal tar pitch. With the exception of sulfur, and 
toluene insoluble contents, DO26 is nearly identical to the Ashland pitch. The lower 
toluene insoluble content is due to the toluene extraction carried out in the pitch 
manufacturing process to reduce the softening point to an acceptable value. The lower 
sulfur is also a reflection of the solvent extraction process, as well as the low sulfur coal 
used as a raw material. In addition to the toluene insoluble content, the 15V pitch also 
exhibits higher quinoline insoluble content and a lower softening point. 

Coked samples of the three pitches were observed under a light microscope to 
qualitatively evaluate the isotropy/anisotropy of the pitch. Two types of crystal structure 
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were observed for each material, a finer grain structure and a coarser grain structure. 
These are shown in Figures 2 and 3 respectively. Figure 2 is the finer grain structure. It 
can be seen that the Allied 15V pitch has the finest grain structure of the three. This is 
due to the higher quinoline insoluble fraction acting as nucleation sites in the pitch. The 
Ashland A-240 and WVU DO26 pitches have lower quinoline insoluble, so do not have 
the nucleation sites available for the fine grain crystallization. The grain size of the 
Ashland and WVU pitches compare very favorably. 

In Figure 3, areas of each sample having larger grains were observed. Again the 
grains of the Ashland and WVU pitches compare very well. Although the grains in the 
15V pitch do not appear as free flowing as the other two materials, the observed grain 
size compares favorably. 

The key observation is that all three pitches produce essentially on anisotropic 
coke. The coal tagitch may have localized area of isotropy due to local pockets high in 
Lxoluble matter acting as nucleation sites, but in general the structure of this material is 

* a l ~ o  anisoir3pic. 

During the rigidization of a carbon fiber preform, the density was measured after 
each step in the process. The results are shown in Table 4. 

TABLE 4 
In Process Composite Densifies 

Preform 0.75 0.75 

After Carbonization 1.07 1.04 

After Graphitization 1.07 1.06 

After Machining 1.11 1.07 

Density Increase 0.36 0.32 
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COKES FROM SOLVENT EXTRACTED, 
COAL TAR, AND PETROLEUM PITCHES 

Figure 2b: Ashland A240 HiPIC Coke 

7-. 

Figure 2c: Allied 15V HiPIC Coke 
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COKES FROM SOLVENT EXTRACTED, 
COAL TAR, AND PETROLEUM PITCHES 

Figure 3a: W U  DO26 HiPIC Coke 

Figure 3b: Ashland A240 HiPIC Coke 

Figure 3c: Allied 15V HiPIC Coke 
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Samples from each carbon-carbon composite were mounted in epoxy and polished 
for observation under a light microscope. Significant observations are shown in the 
photomicrographs in Figures 4 and 5. Figure 4 compares the microstructure of a matrix 
pocket in the woven structure of fibers. The WVU solvent extracted pitch appears more 
anisotropic than the coal tar pitch, as was seen in the coked pitch samples discussed 
earlier. The difference in isotropy is not so great so as to be of concern. Variations of 
this magnitude are seen throughout normal carbon-carbon processing. 

Figure 5 compares fiber bundles which have been impregnated with the two 
pitches. It can be seen that both pitches impregnate the fiber bundles well, an& become 
well crystallized. The photomicrographs are taken under polarized light, with the matrix 
showing considerable optical activity, as did the matrix materials in the pockets between 
fibers. 

. DISCUSSION 

The results of the WVU pitch analysis and comparison to pitches currently used 
in the fabrication of carbon-carbon composites indicate that the WVU solvent extraction 
process can produce a pitch which is similar to currently used pitches. Not only are the 
physical properties of the pitches similar, the microstructure of coked samples of the 
pitches are also similar. Another criteria of how similar the WVU pit& is, is to compare 
it to other pitch specifications. 

Allied 15V pitch and Ashland A-240 pitch are made to specifications peculiar to 
each. Although different, there are many similarities, as shown in Table 5. 
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CARBON-CARBON COMPOSITE 
MATRIX POCKET 

Figure 4a: MTVU DO26 Pitch Impregnated C/C 
. . . . . . . . . .  

. -.* 
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< 

.. . 

. 

Figure 4b: Allied 15V Pitch Impregnated C/C 
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CARBON-CARBQN COMPOSITE 
FIBER BUNDLE 

L 

Figure 5b: Allied 15V Pitch Impregnated C/C 
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TABLE 5 
Pitch Specifications 

Coking Value - %, min 35 40 49.3 
Ash Content - %, max 0.25 0.15 0.02 
Quinoline Insoluble - %, max I 6 I 1 I 0.4 11 
Toluene Insoluble - %. max I 22 I 10 I 1.1 II 
Sulfur - %, max 0.7 3 0.4 

~ Softening Point - oc 95 max 130 117 -._ 
Specific Gravity 1.24-1.32 1.20-1.30 1.22 
Viscosity - Sec, max 23 -- -- 

It is readily evident that W W  pitch DO26 meets all the requirements of the 
Ashland A-240 specification. In addition, it meets all the requirements of the AUied 15V 
specification with the exception of the softening point and specific gravity. One would 
theiefore conclude that using the WVU pitch in a carbon-carbon composite should result 
in a composite similar to composites currently being manufactured. 

To demonstrate this, two carbon fiber preforms were rigidized, one using Allied 
15V pitch, the other with WVU solvent extracted pitch. A comparison of the density 
increase between the two parts, 0.36 g/cc for the 15V part and 0.32 g/cc for the WVU 
pitch part, show that, in fact, the WVU pitch should yield carbon-carbon composites have 
properties similar to composites currently being fabricated with Allied and Ashland 
pitches. 

The minor density difference between parts may be attributed to the density 
difference in the pitch itself, or may be an artifact of processing. Continued processing 
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through four or five subsequent densification cycles would aide in clarifying this, as well 
as provide composite material for preliminary mechanical and thermal property testing. 
Unfortunately, follow-on programs are not currently planned to either produce additional 
pitch, nor perform additional processing, even though the work performed to present is 
very promising. 

The photomicrographs taken of the two carbon-carbon composites further confirm 
their similarity. Both samples show well impregnated fiber bundles, important for the 
mechanical properties of the composite. Impregnation of the matrix pockets was 
equivalent for both materials. Some pockets showed more pitch than others in both 
samples. -This is due to the fact that the preform had only undergone one-densification 
cycle. Further densification cycles will result in all the matrix pockets being equally 
densified. Pitch typically fills the pocket from the walls inward, which was observed in 
the samples evaluated. The photomicrographs shown in Figure 4 are at the bottom of a 
pocket., near the fiber bundle, so a large area of matrix is visible. Again the matrix in 
both materials is observed to be very similar, although the WVU pitch is somewhat more 
anisotropic than the Allied 15V coal tar pitch. However, this was to be expected from 
the’observations of the coked pitches conducted earlier in the program. 

‘ 

Having worked with one W W  pitch in pitch analysis and carbon-carbon 
processing, it is believed this material shows great promiss in providing a long term, 
stable, cost effective supply of pitch for producing carbon-carbon composites. It has also 
led to a number of recommendations for continued work in this area. 

First, and foremost, is the need to complete the densification of the carbon-carbon 
composites which are currently rigidized so preliminary mechanical properties can be 
determined for a more thorough evaluation of the pitch’s ability. This will provide the 
basis for a more in-depth material characterization program to establish a data base of 
information. 
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Second, further work needs to be done to modify the properties of WVU pitch, 
and then evaluate how these changes will affect carbon-carbon properties. One change 
would be to increase the density and lower the softening point so a WVU pitch will meet 
the Allied 15V pitch specification. Another change would be to develop a pitch with a 
higher density and higher coking value. Increasing the density to 1.5 g/cc and the coking 
value to 80% will reduce the number of process cycles required for a carbon-carbon 
composite to reach a density of 1.9 g/cc from five to two. This would reduce carbon- 
carbon costs on the order of 50% or greater, making it more cost competitive in high 
temperature applications. 

A-third area of further research is the development of a higher streogth, high 
strain carbon foam from the WVU pitch. This foam can then be used as a very low cost 
preform, replacing the costly woven fiber preform, in a carbon-carbon composite. This 
type of carbon-carbon processing is promising in the mass production market for such 
products as pistons in internal combustion engines or low cost tactical missile nozzles. 

As more is learned about these solvent extracted pitches, new applications will be 
developed. The clean process has alleviated environmental concerns of both coal tar and 
petroleum pitch processes. The huge supply of domestic coal assures a ready domestic 
supply of these pitches. The economics of the process ensure the pitches will be cost 
competitive with current pitches. The ease of varying pitch properties will allow the 
production of a variety of pitches for a variety of composite materials. These parameters 
will lead to robust carbon-carbon manufacturing once the needed research is concluded. 
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1. SUMMARY 

Three initial coal-extracted (C-E) samples were received from the West Virginia 
University (WVU) Chemical Engineering Department. Two samples had been 
hydrogenated to obtain pitches that satisfy rheological requirements. One of the 
hydrogenated (HC-E) samples had been extracted by toluene to remove ash and 
higher molecular weight aromatic compounds. 

We were unable to measure the softening point and viscosity of the non-hydro 
treated solid extract sample. Positive characteristics in the HC-E materials were 
softehing points of 1 13-1 19"C, low sulfur and ash. The oxygen and nitrogen content 
of the HC-E samples may limit future usage in premium carbon and graphite 
products. Coking values were similar to petroleum pitches. 

Laboratory anode testing indicates that in combination with standard coal-tar pitch, 
the HC-E material can be used as a binder pitch. 

II. INTRODUCTION 

The closure of by-product coal coking oven batteries has resulted in up to a 3% per 
annum reduction in domestic coal-tar production during the middle of the 1990's. 
This source reduction has affected industrial capability to produce quantities of 
quality of binder and impregnating pitches used in the aluminum and commercial 
carbon and graphite industries. The objectives of this research are to develop 
dependable domestic coal-based raw materials for the production of: binder pitches 
for aluminum cell anodes and commercial carbon and graphite products; 
impregnating pitches for commercial carbon and graphite products and specialty 
materials; oils for wood treatment and carbon black production; and metallurgical 
and foundry grade cokes. 

Research sponsored by the U..S. Department of Energy, Fossil Energy Advanced Research and Technology 
Development Materials Program, DOE/FE M 15 10 10 0, Work Breakdown Structure Element KOPPERS-3 
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We reviewed the processing and product properties of the coal extract materials 
prepared by WVU. The WVU coal extraction process coupled with hydrogenation 
yields materials that have potential binder and impregnation application. 

We performed standard characterization of small-scale extracts. This information 
was shared with our Carbon Products Consortium (CPC) partners (Alcoa, Amoco, 
Conoco, FMI, UCAR and WVU). We also formed small carbon artifacts to 
demonstrate the binding capability of the laboratory-extracted pitches. 

Our studies are summarized in the following sections of this report. 

111. EXPERIMENTAL PROCEDURES 

A. Pitch property measurement methods as measured by Koppers are listed in 
Table I. 

Table I 
Methods for Measuring Pitch Properties 

Characterization Unit Method 

Softening Point (sp) "C ASTM D 3104 (Mettler) 

Viscosity CP ASTMD5018 

Toluene Insoluble (TI) I wt. % I ASTM D 4072 
~~ ~~ ~~ ~ 

Quinoline Insoluble (QI) wt. % ASTM D 2318 or D 4746 

P-Resin (P-R) wt.% TI-QI  

I wt. % 1 ASTM D2416 Modified Conradson Carbon 
Coking Value (MCC) 

Density, 25°C 

~ 

ASTM D 71 (Water) or 

Ash 1 wt. % 1 ASTM D 2415 

Carbon and Hydrogen wt. % LECO CHN Analyzer 

Elemental Analysis Atomic Absorbtion (ASTM Draft I ppm I Method) 

Sulfur I wt. % I LECO Sulfur Analyzer 

Thermogravimetric Analysis (TGA) 
UCAR, using TA Instruments 
Model 951 Module (IO"C/min. in 
inert atmosDhere) 



B. Bench-Scale Anode Production 

IV. 

1. Raw Materials 
a) Sized petroleum coke provided by a commercial aluminum smelter. 
b) Experimental and commercial pitches. 

2. Mix Design as Provided by a Commercial Smelter. 

3. Forming Conditions (50 mm-diameter mold) 
a) 185°C mixing temperature 
b) 105°C molding 
c) 7500 psi molding pressure 

4. 11 50°C Maximum Baking Temperature 
a) I O"C/Hr 0-600°C 
b) 25"C/Hr 600-1 150°C 

.. c) 13-Hour hold at I 1  50°C 
(Inert gas purge throughout baking and cooling cycle.) 

C. Anode Testing 

Carbon anode testing methods at Koppers are detailed and supported by 
established quality control procedures. Koppers is directly involved in 
establishing carbon testing methods in ASTM and ISO; consequently, these 
methods or methods-under-development are used wherever possible. 
Statistical process control is used at each test station. A list of our typical 
testing methods with units is summarized in Table 11. 

Table I I  
Carbon Anode Propertv Measurements 

Characterization Unit 

Apparent Density glcm3 

Electrical Resistivity IJRm 

Compressive Strength MPa 
Coefficient of Thermal Expansion to 300°C 

Air Permeability nPrn 

1O4/OC 

Thermal Conductivity Wlm-OK 

EXPERIMENTAL RESULTS 

A. Initial WVU Coal Extract Sample Study 

Three initial coal-extracted samples were received from W U .  The first 
extract sample was hydro-treated to form Sample No. 2. Sample No. 3 
represents the toluene-extract from Sample No. 2. Our analyses are 
summarized in Table 111. 



Table 111 

Analvses of Three Coal Extract Samples from WVU 

Sample No. 1 2 3 

Solvent Extracted Residue Hydrogenated Sample Toluene-Extracted Material 
from Coal 1 from Sample 2 

SP, 'C Not Analyzed 119.2 112.8 

TI, wt.% 92.7 
~~~ ~ 

I 11.5 I 1.3 
~~ 

QI, wt.% 2.4 0.5 0.02 

FR, wt.% 90.3 11.0 1.28 

Density (25%) g/m' 1.272 1.206 1.217 
~ ~~ 

Ash, wt.% .25 0.07 0.0 

MCC, wt.% NA 50.7 44.8 

CIH, wt.% 1.35 1.31 1.23 

c, wt.% 89.97 89.57 88.84 

H, wt.% 5.88 5.72 6.04 
~ ~ ~~ ~~ __ ~ ~~ ~~ ~~ 

N, wt.% 2.09 2.04 1.72 

0, wt.% 1.32 2.06 2.67 

s, wt.% 0.74 0.37 0.42 

Viscosity, cps: 

@150'C Not Analyzed 12,160 2395 

@160'C Not Analyzed 2,430 909 

81 80'C Not Analyzed 430 209 

@200'C Not Analyzed 150 72 



Sample Nos. 2 and 3 have softening points and viscosities that will enable use 
as binders or impregnants. The sulfur, ash and QI are sufficiently low for use 
as an impregnant. The coking value reflects the low QI levels and aromaticity. 
The oxygen and nitrogen levels are higher than desirable; however, these 
levels are lower than in most mild gasification pitch type materials. 

The TGA data in Figures 1 and 2 were measured by our CPC partner, UCAR. 
These results are similar to earlier samples produced at WVU for a UCAR 
study.‘ This illustrates repeatable bench-scale production at WVU. 

B. Bench-Scale Anode Study 

Because we only had about 500 grams each of the HC-E pitches, it was 
decided to perform a limited bench-scale anode forming study. We used 
110°C sp coal-tar pitch (P-I) and petroleum pitch (P-2) as controls. The 
primary trial pitch was the No. 2 HC-E 11 9°C sp sample and was labeled P-3. 

In order to explore an alternate approach of the trial material, a 20% HC-E P- 
3 pitch blend was made with the standard coal-tar pitch. The analyses of the 
control and trial binder pitches are compared in Table IV. With the 20180 P-4 
blend we have achieved typical binder pitch properties. 

Following the guidelines outlined in the Experimental Procedure Section, 50 
mm diameter x -120 mm anodes were formed with the four pitches. Because 
this was new molding equipment, optimum binder levels were unknown. The 
trial pitch quantities only permitted the forming of a single anode at each 
different binder level. Two anodes were formed at each binder level for the 
control pitches. 

The baked carbon test data are summarized in Table V and Figures 3-9. The 
optimum binder may have been obtained for the petroleum pitch via the 15- 
16% range; however, the other three pitches require more anode forming at 
higher percentage levels. The baked density and other properties show that 
more work is required to complete this study. The property trends provide 
encouragement for additional larger-scale anode evaluations. 

‘I. C. Lewis, R. T. Lewis and H. K. Mayer, “Coal Precursors for Production of 
Carbon and Graphite Products - Final Report” Subcontract 62X-SR928C1 WBS Element 
- UCAR-3, April 8, 1996. 



F i l e :  C: 96030401A.03 A96-00891T G A O p e r a t o r :  g f l  
Sample: R95-1498 (0057-2) 
Size: 25.3470 mg 

Method: 10C/MIN Run Date:  5-Mar-96 12:56 C o m m e n t :  ARGON 100CC/MIN P t  PAN TGA f5904 
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Figure 1 
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A96-00892T G A Sample: R95-1499 (D057-3) 
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Method: 10C/MIN 
Comment: ARGON 100CC/MIN P t  PAN TGA #5904 
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Table IV 

Analvses of Pitches Evaluated in 50 mm 
Diameter Molded Anodes 

Number I P-I I P-2 
~ I P-3 r P-4 

~~ .. Coal Tar Petroleum Hydrogenated 20% P-3 
Standard Standard. Coal-Extract 80% P-I Type 

SP, "C 111.6 I 1  2.0 119.2 114.5 
~ ~~ ~~ 

TI, wt.% 30.3 3.2 11.5 26.5 

QI, wt.% 14.7 0.1 0.5 11.9 

P-R,wt. % 15.6 3. I 11.0 14.6 

MCC, wt.% 57.8 46.9 50.7 57.3 

Density, g/cm3 1.33 1.22 I .21 'l.31 

Ash,wt.% I 1 0.24 I 0.03 I 0.07 I 0.20 



Table V 

Control and Trial Pitch Baked Anode Characterization 

I ~ _ _  

Core 
Baked 

Apparent 
Density 
( g W  

CTE Avg. 
Alpha (E- 

61°C @ 
300°C) 

I n-S it u 
Coking 

(Ma %) 

Conductivity 
(Wlm-"K) 

Crush 
Strength 

(MP4 

1.501 97.9 I 4.82 16.44 1.86 I 63.1 3.996 

1.553 * 
65.7 

- 
~ 

2.27 57.5 

2.20 61.8 

2.23 62.6 

2.37 62.4 

2.23 50.6 

2.1 5 51.9 

33.59 3.655 

P-1-15 1.613 

P-1-16 1.633 * P-1-17 1.659 

~~ 

1.538 26.31 3.976 

1.561 
~~ 

3.877 

3.865 

34.40 

40.92 1.571 

1.51 I 22.83 3.845 

1.527 

62.5 

3.830 26.32 

28.87 

28.89 

P-2-15 I 1.643 1.540 y 
2.02 

3.816 =e P-3-14 1.553 

3.738 1.535 

1 A80 3.616 12.94 

14.22 P-3-15 1.581 * ~~ 

1.498 
- 

2.03 1.96 I 1: 2.25 60.7 

3.938 

1.502 82.3 ! 4.82 
~ ~~ 

18.49 

27.69 

3.926 

P-4-16 I 1.625 I 538 4.189 69.6 I I .31 

*Sample No. shows the pitch type and the binder level in percent. 
The two control pitch sample Nos. (P-I and P-2) are the average 
of two 50 mm diameter anodes. The trial pitch samples (P-3 and P-4) 
are single anodes. 



V. CONCLUSIONS 

0 The HC-E pitches have softening points and viscosities that will enable application 
as binders or impregnants. The low insolubles assure impregnating capability. 

0 An increase in coking value and a decrease in oxygen and nitrogen contents 
in the HC-E pitches are required for binder and impregnant applications. 

0 Because of insufficient sample, only two binder levels (14 and 15%) were 
investigated for the HC-E experimental pitch in the bench-scale anodes; 
consequently, the optimum anode binder level could not be determined. 
Nonetheless, preliminary results are promising. 

0 - The quantity of 20% of HC-E pitch blended with 80% of standard coal tar 
pitch also only permitted two binder levels (15 and 16%); again, the optimum 
binder level was not obtained. The performance of the blend pitch is 
projected to be almost as good as 100% coal tar pitch. 

VI. RECOMMENDATIONS FOR FUTURE WORK 

0 

0 

0 

Obtain sufficient quantities of HC-E samples to enable the forming of vibrated 
4-inch diameter anodes at a minimum of six binder levels. 

Larger samples will also allow preparation of several blends of HC-E pitch 
and coal-tar pitch for optimization study. 

Extract hydro treatment optimization as related to anode properties should be 
studied. 

0 The initial evaluation of extract and HC-E materials as feedstocks for other 
binders, oils and cokes should be performed. 

E. R. McHenry 
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