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ABSTRACT 
 

This program was performed to determine the suitability of Illinois coals as raw materials 
for the manufacture of new or existing types of carbon foam products.  Touchstone 
Research Laboratory commercially produces a line of carbon foam products under the 
trade name CFOAM® using their patented carbon foam manufacturing process.  
CFOAM® is an open cell foam material comprised of elemental carbon that has proven to 
be an excellent engineering material for many high-end applications. CFOAM® is 
produced by Touchstone in West Virginia using locally available coals.  The properties of 
some Illinois coals are similar, but still differentiated from, those of the coals currently 
used for CFOAM® production.  Therefore the potential existed for the production of new 
and differentiated carbon foam products and/or processing and other economic 
advantages by use of Illinois coals.  Furthermore, such production would provide a new 
use, and the associated commercial opportunities, for Illinois coals.  
 
The typical properties of Illinois coals were reviewed with respect to their potential utility 
for carbon foam production.  Based on this review, and coal availability, samples of four 
candidate coals were procured for evaluation.  These Illinois coals included a 
Murphysboro seam coal, a Herrin #5 seam coal, and Herrin #6 seam coal from two 
different sources.  Touchstone extensively characterized portions of the four coal samples 
in the laboratory to gauge the potential suitability of each coal for carbon foam 
production. Additionally, attempts were made to produce carbon foam from each sample 
using laboratory processing equipment.  These evaluations showed that all of the Illinois 
coal samples exhibited limited thermally induced plastic properties and therefore limited 
foam forming potential.  Of these four samples, the Herrin #6 seam coal from one of the 
sources appeared to be most suitable for evaluation at the production scale.  The 
Murphysboro seam coal appeared to be completely unsuitable for carbon foam 
production.  Portions of the coal samples (excluding the Murphysboro seam coal) were 
subjected to production scale processing using several different process conditions.  Of 
these three coal samples, only the Herrin #6 seam coal from one of the sources produced 
a foamed carbon material.  However this foamed carbon foam material was of very poor 
quality with a non-uniform internal and external structure and appearance.  Although 
none of the Illinois coals selected for evaluation in this program produced acceptable 
carbon foams using existing process technology, this process technology continues to be 
advanced.  In the future, such advances may provide an opportunity for Illinois coal 
utilization in carbon foam production.  
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EXECUTIVE SUMMARY 
 
This program was performed to determine the suitability of Illinois coals as raw materials 
for the manufacture of new or existing types of carbon foam products.  Touchstone 
Research Laboratory, Ltd. located in Triadelphia, West Virginia, (Touchstone) 
commercially produces a line of carbon foam products under the trade name CFOAM®.  
CFOAM® is an isotropic, open cell foam material comprised of elemental carbon.  It is 
rigid, crush resistant, bondable with conventional adhesives, and available in several 
densities.   CFOAM® carbon foam has proven to be an excellent engineering material for 
many high-end applications including composite tooling, energy-absorbing and blast-
protection systems, thermal protection systems, structural panels for EMI shielding and 
radar-absorption applications, and various other applications.  CFOAM® is produced by 
Touchstone using locally available (Pennsylvania and West Virginia) bituminous coals.  
Some Illinois coals exhibit certain properties that are similar to the properties of the coals 
presently used to produce CFOAM®.  These same Illinois coals may also exhibit other 
properties that are differentiated from those of the locally available coals used to produce 
CFOAM®.  Illinois coals had not been previously evaluated for use in Touchstone’s 
patented carbon foam manufacturing process.  Therefore the potential existed for the 
production of new and differentiated carbon foam products and/or processing and other 
economic advantages by use of Illinois coals.  Furthermore, such production would 
provide a new use, and the associated commercial opportunities, for Illinois coals.  
 
Under a sub-contract to this program, Touchstone engaged CONSOL Energy Inc. R&D 
(CONSOL) in discussions to identify candidate coals potentially suitable for carbon foam 
production.  The known, typical, properties of Illinois coals were reviewed with respect 
to the coals potential utility for carbon foam production.  The present and expected future 
availability of the coals were also considered.  Based on the results of these discussions 
four candidate coals were selected.  CONSOL subsequently procured samples of each of 
the selected coals (approximately 55-gal drum size each) and performed a preliminary 
size reduction of the samples.  CONSOL also analyzed each coal sample using 
conventional coal characterizations methods.  The coal samples procured by CONSOL 
were a Herrin #6 seam coal from the Murray Energy Galatia mine (Galatia #6), a Herrin 
#6 seam coal from the Knighthawk Prairie Eagle mine (Illinois #6), a Murphysboro seam 
coal from the Knighthawk Creek Paum mine (Murphysboro), and Herrin #5 seam coal 
from the Galatia mine (Galatia #5).  The coals samples were then transferred to 
Touchstone for further evaluation. 
 
Upon receipt, Touchstone air dried the Illinois coal samples.  Portions of each coal 
sample were then pulverized.  Touchstone initially evaluated the pulverized coal samples 
in the laboratory to gauge the potential suitability of each coal for carbon foam 
production.  These evaluations included attempts to produced carbon foam from each 
sample using small-scale laboratory processing equipment.  It was found that the Illinois 
#6 coal produced carbon foam having a small cell size, a higher density, and some foam 
internal non-uniformity.  The Murphysboro coal produced a very dense carbon material 
having an almost visually unobservable cell structure and many internal defects.  The 
characteristics of the carbon foams produced from these two coals are typical of carbon 
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foams produced from coals having limited thermally induced plastic properties.  
Generally, coals having such limited plastic properties are not suitable for carbon foam 
production.  It was also found that Galatia #6 coal produced medium cell size carbon 
foam of lower density having a uniform internal structure.  The thermally induced plastic 
properties of this coal, and its carbon foam forming potential, were found to degrade at a 
relatively rapid rate as the coal sample “aged”.  Finally, the Herrin #5 coal produced a 
relatively uniform small to very fine cell size carbon foam of medium to high density.  
Based on these results, the Murphysboro coal did not appeared to be suitable for carbon 
foam production.  The Illinois #6 coal and the Galatia #5 coal appeared to have very 
limited potential for carbon foam production.  And finally, the Galatia #6 coal appeared 
to have some possible potential for carbon foam production.  
 
Touchstone extensively characterized portions of the four coal samples in the laboratory 
to gauge their fundamental characteristics and inherent carbon foam forming potential.  
Additionally, attempts were made to produce carbon foam from each sample using 
larger-scale laboratory processing equipment.  These evaluations showed that all of the 
Illinois coal samples exhibited limited thermally induced plastic properties and therefore 
limited foam forming potential.  Of these four samples, the Galatia #6 seam coal 
appeared to be most suitable for evaluation at the production scale.  The Murphysboro 
seam coal again appeared to be completely unsuitable for carbon foam production.  
Portions of the coal samples (excluding the Murphysboro seam coal) were then subjected 
production scale processing using several different process conditions.   
 
Three attempts were made to produce production-scale carbon foam sections using the 
received coal samples.  In all attempts, “generic” processing conditions were used that 
had been previously demonstrated to not be specific to the properties of any individual 
coal.  In the first attempt, molds containing Galatia #6 coal and Illinois #6 seam coal were 
processed in a production scale autoclave using a slow heating rate.  The Illinois #6 seam 
coal produced a carbon material that was not foamed and appeared to be comprised of 
sintered, non-swollen coal particles.  This material had a very dusty top surface, deep 
fissures, and was broken into numerous pieces of about 5” maximum width.  All of these 
pieces also exhibited small cracks.  The Galatia #6 coal produced a carbon material 
having a very slightly dusty, fissured, top surface.  This carbon material was not broken 
or cracked into smaller pieces. Some localized volumes of this carbon material appeared 
to be slightly swollen indicating that limited foaming had occurred.   The other localized 
volumes of this carbon material resembled high density carbon foam.  The results of this 
attempt indicated that these two coals do not have sufficient plastic properties for carbon 
foam formation under the selected process conditions.  These results also indicate that the 
process heating rate may have been too slow for the limited plastic properties of these 
two coals. 
 
In the second attempt, molds containing the same coals were processed using the same 
autoclave and conditions as used in the first attempt.  However, in this attempt, the molds 
were located in a position within the autoclave known to experience slightly faster 
heating rates during processing.  In this attempt, Illinois #6 coal produced a carbon 
material having a very dusty top surface, a few large fissures, and a non-foamed sintered-
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like internal structure.  This carbon material was broken into three pieces.  The Galatia #6 
coal produced a carbon material having a very slightly dusty top surface, several deep 
fissures, and a dense internal structure resembling high density carbon foam.  This carbon 
material was not swollen and was also broken into three pieces.  The results of this 
second attempt indicated that the process heating rate must be substantially increased if 
there is any possibility that these coals could produce carbon foam. 
 
In the third attempt, molds containing Galatia #6 coal (two molds),  Illinois #6  coal, and 
Herrin #5 seam coal were processed in a production scale autoclave using the fastest 
heating rate the production autoclave could utilize while still maintaining an internal 
temperature uniformity known to be acceptable for carbon foam production. Under these 
conditions, the Illinois #6 coal produced a carbon material having a very dusty top 
surface, several deep fissures, and a sintered-like internal structure.  The Galatia #5 coal 
produced a carbon material having an exceptionally dusty top surface, many deep 
fissures, and a sintered-like internal structure.  This carbon material was broken into 
many small pieces and exhibited a few small cracks.  Both molds containing the Galatia 
#6 seam coal produced very similar carbon materials.  These materials exhibited slightly 
dusty top surfaces, large and small fissures, and a fine cell carbon foam internal structure 
that was marred by numerous internal voids.  The internal voids in the carbon material in 
one of the molds appeared to be more significant than in the carbon material produced in 
the other mold.  The carbon materials in both molds were broken into three major pieces.  
The results of this third attempt demonstrated that the evaluated Illinois coals are not 
suitable for carbon foam production at the current limits of Touchstone’s existing 
processing equipment. 
 
The preparation of carbon foam from swelling (i.e. coking) coals becomes more difficult 
as the desired size of the product carbon foam increases.  In many instances these scale-
up difficulties are related to a number of different heat transfer considerations and to the 
thermally induced or inhibited plastic properties that result in swelling of the coal to form 
carbon foam when heated.   Simply put, the coal must become sufficiently plastic to form 
carbon foam when heated at rates that provide uniform foaming of the coal.  The Illinois 
coals evaluated in this program have been shown to have very limited plastic properties.  
Additionally, the plastic properties of these coals are apparently easily degraded by high 
temperature exposure and/or oxidation.  The Galatia #6 seam coal showed the most 
promise for carbon foam formation of the four coals evaluated in this program.  
Unfortunately, even this coal did not retain sufficient plastic properties during 
production-scale processing to provide for even marginally acceptable carbon foam.  
Although none of the Illinois coals selected for evaluation in this program produced 
acceptable carbon foams using existing process technology, this process technology 
continues to be advanced.  In the future, such advances may provide an opportunity for 
Illinois coal utilization in carbon foam production. 
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OBJECTIVES 
 
The overall objective of this program was to determine the suitability of selected Illinois 
coals as raw materials for the manufacture of new or existing carbon foam products.  
Included in this overall objective were three primary program objectives which included: 
 

1.  Determination of the foaming capability of selected Illinois coals. 
2. Assessment of the scale-up potential within Touchstone’s existing manufacturing 

process. 
3. Identification of the material properties/characteristics of the Illinois coal-based 

carbon foams. 
 

The program objective was to be accomplished by conducting five distinct tasks.  These 
tasks are arranged to provide an essentially sequential order for the coal evaluation.  A 
description of each task is provided in the following sections: 
 
Task 1 - Selection of Illinois Coals for Testing 
Under this task, Illinois coals potentially suitable for carbon foam production were 
identified based on known coal properties and Touchstone’s past experience.  Three 
considerations were of particular importance for selection of the coal samples.  First was 
the assurance that the coal was available in sufficient reserves to support future demand.  
Second was that the coal was representative of available Illinois coals.  And third, that the 
coal could be anticipated to have carbon foam forming potential.  Samples of the selected 
coals were subsequently procured and subjected to standard coal characterization tests.   
  
Task 2 - Initial Evaluation of Foam Forming Ability 
Under this task, the coals samples were dried and portions of each pulverized.  Each of 
the pulverized coal samples were then subjected to selected carbon foam processing 
conditions using small-scale laboratory processing equipment.  The carbon products 
resulting from this small-scale processing were evaluated and recommendations for 
continued investigations made. 
 
Task 3 - Laboratory Evaluation of Recommended Coals 
Under this task, an extensive laboratory evaluation of the candidate coals was conducted.  
This evaluation was not only to fully characterize the coal samples but to also provide 
guidance for future processing activities.  Also in this evaluation, portions of the coal 
samples were subjected to selected carbon foam processing conditions using larger-scale 
laboratory processing equipment. 
 
Task 4 - Production-Size Foam Preparation 
Under this task, portions of the potentially suitable coal samples were subjected to full-
scale processing conditions in a production autoclave.  Process conditions were modified 
within the equipment limitations to provide the maximum opportunity for production of 
acceptable carbon foam. 
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Task 5 - Characterization of Production-Size Foam 
Under this task, the material properties of any carbon foam successfully produced in Task 
4 were to be determined. 
 

INTRODUCTION AND BACKGROUND 
 
Touchstone Research Laboratory, Ltd. Located in Triadelphia, West Virginia, 
(Touchstone) currently produces production quantities of a unique coal-based carbon 
foam material marketed under the name CFOAM®.  A machined section of CFOAM® is 
shown in Figure 1.  The material is used in a wide range of next generation products 
designed to meet growing demand for ultra-high-performance engineering materials in 
the military, industrial, aerospace, and commercial product markets.  Additionally, this 
material is produced under Touchstone’s ISO9001:2000 certified quality system.   
 
Touchstone’s CFOAM® products are produced by a controlled coking process, typically 
of bituminous coals with appropriate fluidity and petrographic properties.1, 2, 3, 4, 5  The 
coal is pulverized to a controlled particle size distribution, loaded into stainless steel 
molds, and subjected to a precisely controlled pressure and temperature cycle in specially 
designed autoclaves under an inert atmosphere to provide “green” carbon foam.  After 
foaming, the “green” foam material is heat-treated to further dictate its mechanical, 
thermal, and physical properties.  Green foams still contain an appreciable quantity of 
organic matter and are flammable.  When heated at 1000-1200C under an inert gas 
atmosphere to remove these materials, the resultant carbon foams resist ignition and have 
high compressive strength, impact resistance, and low thermal conductivity.  Many of 
CFOAM®’s properties, such as electrical resistivity or thermal conductivity, are tailorable 
on both micro- and macroscopic scales through raw material, foaming process, and heat 
treatment conditions.  As such, these foams offer nearly limitless design potential for a 
wide range of military, aerospace, and commercial applications. 
 

CFOAM has proven to be an 
excellent engineering material for 
many high-end applications 
including aerospace composite 
tooling, energy-absorbing systems, 
blast-protection systems, thermal 
protection systems, and structural 
panels for EMI shielding and 
radar-absorption applications.  The 
CFOAM product line received the 
R&D 100 award in 2004. 
CSTONE® is the newest addition 
to Touchstone's suite of advanced 
carbon products and was honored 

with the R&D 100 award in 2007.  CSTONE is an extremely hard, high-strength, 
medium to high density carbon material (~95 lbs/cubic ft.) also made from coal. The 
extremely fine porous carbon structure of CSTONE gives it a slate-like appearance.  

Figure 1 
Touchstone’s cellular carbon foam, CFOAM®
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CSTONE can be customized to either a smooth or coarse surface finish to meet 
application requirements.  CSTONE has the potential to be used as an engineering 
material for rocket nozzles, high-temperature and high impact surface material for 
vertical take-off and landing pads, furnace floors or other industrial applications requiring 
excellent high-temperature performance and chemical resistance. 
 
The primary difference between Touchstone’s different grades of carbon foam materials 
is the type of coal and process used to produce them.  Touchstone currently utilizes 
locally obtained West Virginia and Pennsylvania coals for its carbon foam products.  The 
process conditions used to produce carbon foams from these, or any other coal, varies 
with the properties of the coal used.  Touchstone has conducted extensive research and 
development to determine optimum production conditions for the carbon products it is 
currently producing.  Such extensive evaluations are required as not all types of coal will 
foam as needed to produce carbon foam.  Generally, coals need to possess the thermally 
induced plastic properties required to produce swelling and foaming in Touchstone’s 
process.  Therefore, the coal plastic properties of highest concern are those relating to the 
coals fluidity and agglomerating properties.  
 
Properties of Illinois coal that render it less desirable for power generation or 
metallurgical uses, such as high sulfur and chlorine content, are less important to 
Touchstone’s manufacturing process. Much of the sulfur present in the coal remains in 
the final product and does not have an adverse effect on product quality for most 
applications.  The impact of other Illinois coal properties on carbon foam production 
from these coals was unknown.   
 
Touchstone researchers believed that some Illinois coals may have potential for adoption 
into its manufacturing process.  As Illinois coals have distinctly different characteristics 
from the coals currently used for carbon foam production, it was anticipated that any 
carbon foam product generated from an Illinois coal would have differentiated 
characteristics.  Such carbon foams having properties differentiated from currently 
available carbon foams may be useable in new market segments.  While the carbon foam 
market is relatively small compared to steam or metallurgical coal demand, it is a high-
end and low-carbon emission use of coal.  Therefore the potential existed for the 
production of new and differentiated carbon foam products.  Additionally, the use of 
Illinois coals may provide for processing and/or economic advantages.  Furthermore, 
such production would provide a new use, and the associated commercial opportunities, 
for Illinois coals. Therefore this program was conducted to determine the suitability of 
selected Illinois coals as raw materials for the manufacture of new or existing carbon 
foam products.    
  

EXPERIMENTAL PROCEDURES 
 
In most applications, carbon foam density is an important consideration.  Not only is 
carbon foam strength and porosity related to density in most cases, but in many 
applications the mass of the carbon foam may prove to be a limiting factor. It is generally 
advisable that the autoclave product carbon foam be carbonized at a significantly high 
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temperature to improve product strength and other foam properties. Generally, heating 
the carbon foam to temperatures of about 1000° C is sufficient to impart the desired 
characteristics to the foam.  Fortunately, 1000° C is a temperature that is within the 
capabilities of many commonly available industrial furnaces.  Therefore in all Tasks, 
selected carbon materials produced in the pressure vessels or autoclaves were carbonized 
(i.e. calcined) by heating to a temperature of about 1000° C in a custom designed furnace.  
This heating, and the associated cooling from the elevated temperature, were conducted 
under a nitrogen atmosphere.  Following carbonization, the density of the resultant 
carbonized carbon material was determined by cutting a portion of the material into a 
rectangular solid.  The density of the carbon material was then calculated from the mass 
and dimensions of this rectangular solid. 
 
It should be noted that autoclave products are generally referred to as “green” carbon 
foams.  Green carbon foams that are heated to temperatures typically greater than about 
700° C are generally referred to as carbonized, or calcined, carbon foams. 
 
Experimental procedures specific to each Task are the following: 
 
Task 1 - Selection of Illinois Coals for Testing 
The selected coal samples were delivered to the CONSOL R&D facility.  Sample size 
was approximately 55 gallon.  The coal samples were crushed at that facility to a size of 
nominally 0 x ⅛”.  It was expected that such crushing would provide for more uniform 
sampling for testing and other evaluation.  Representative portions of each coal sample 
were then characterized using coal industry accepted methods.  The coal samples and 
analysis results were then transferred to Touchstone’s facility. 
 
Task 2 - Initial Evaluation of Foam Forming Ability 
Drying of coal samples prior to laboratory evaluation/utilization is generally 
advantageous for a number of reasons.  Chief among these reasons is the removal of 
extraneous water that can induce fouling of processing equipment or impact the 
reproducibility of mass-based measurements.  In most cases, the coal does not have to be 
absolutely dry.  A coal having a moisture content that is equilibrated with nominal 
atmospheric humidity values is usually acceptable for most purposes.  Such an 
equilibrated coal may be produced by air drying.  It is also generally advisable that the 
coal air drying time be limited as coal oxidation may occur.  Coal oxidation may 
negatively impact many coal properties, especially the coal plastic properties.  Storage of 
the coal in sealed containers can inhibit this oxidation.  Coal oxidation may be 
accelerated by heating of the coal.  Oven drying is to be therefore generally avoided, 
especially for lower rank coals, if coal oxidation is to be inhibited.  Additionally, over 
heating of the coal during processing, such as pulverization, may also result in significant 
coal oxidation.   
 
Therefore, upon receipt at Touchstone’s facility, each of the coal samples was spread 
over a Kraft paper covered floor and air dried until no visible moisture was observed.  
Following air drying, the individual coal samples were placed in heavy-duty polyethylene 
drum liners which were then sealed with a wire wrap to inhibit air exposure.  The coal 
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filled liners were then stored in lidded drums.  As required, portions of each coal sample 
were removed from the drum liners and the linear re-sealed.  The coal portions were then 
pulverized using a Hosokawa Micron Powder Systems Mikro-Bantam Model SH hammer 
mill equipped with a 0.065” screen.  Only small batches of each coal were pulverized at a 
given time to limit heating of the coal and pulverization equipment.  The resultant 
pulverized coal mesh size was nominally -80 mesh.  The pulverized coals were stored in 
sealed 5 gallon plastic buckets. 
 
The small-scale laboratory processing equipment used for the initial evaluation of the 
foam forming potential of the coal samples were Parr pressure vessels having a 
pressurized chamber diameter of ~5.5” and a depth of ~15”.  These pressure vessels may 
be referred to as autoclaves.  During operation, these pressure vessels were pressurized 
with nitrogen.  The pressure vessels were connected to high pressure ballast tanks during 
operation to provide for a relatively constant processing pressure.   
 
Two sets of processing conditions were used in the small scale laboratory autoclaves to 
gauge the foam forming ability of the pulverized coal samples.  One set of conditions 
used a relatively fast heating rate while the other condition used a relatively slow heating 
rate.  Comparison of the products produced at the two different heating rates gives an 
indication of the magnitude of the thermally induced plastic properties of a given coal.  
These results also indicate the impact of residence time at elevated temperatures, even 
under an inert atmosphere, on the thermally induced plastic properties of a coal. 
 
The molds used for containing the pulverized coal in the Parr pressure vessels during the 
initial evaluation of the foam forming potential of the coal samples were lidded stainless 
steel beakers having an inner diameter of ~4”.  The pulverized coal bed was separated 
from the beaker by a 4” diameter perforated 0.002” thick aluminum foil disk which acted 
as a bottom surface covering.  An equivalently sized aluminum foil disk was used as a 
top surface covering of the coal.  Finally, a 4” diameter aluminum disk assembly was 
used as a coal cover.  The aluminum coal cover applied a pressure of about 9 g/in2 to the 
top of the coal bed.  The use of bottom surface coverings, top surface coverings, and coal 
covers may inhibit the formation of a crust of un-foamed coal on top of the resultant 
carbon foam and/or inhibit sticking of the resultant carbon foam in the mold. 6, 7   
 
Task 3 - Laboratory Evaluation of Recommended Coals 
Helium pycnometry measurements were conducted on dried coal samples and carbon 
foam carbonized at 1050° C.  These measurements were performed using a Micromeritics 
AccuPyc 1330 and AGA electronic grade (99.9999%) helium.  Sample mass was about 2 
grams to about 3 grams.  Such measurements are useful for estimating the coal density 
and the void volume of the resultant carbon foam.   
 
Three types of TGA evaluations were conducted on each of the coal samples.  For all 
evaluations the TGA was a Cahn Thermax 500 analyzer using AGA ultra-high purity 
nitrogen as the inert gas and dry breathing grade air as the air. 
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The first type of TGA evaluation was an ashing test which consisted of pyrolysis of a 
coal sample in nitrogen followed by high temperature oxidation in air.  The results of this 
testing may be used to confirm the results of the standard coal characterization tests.  This 
evaluation used a 50 mg sample size of air dried coal.  Coal samples that had been dried 
for several hours at 150° C under inert conditions were also tested  The temperature 
program was heating at a rate 10° C/min from ambient temperature to 900° C followed 
by an isothermal soak at 900° C.  During the isothermal soak, the purge gas was switched 
from nitrogen to air.  The moisture content of the coal was taken as the sample mass loss 
up to 200° C.  The volatile matter content of the coal was taken as the sample mass loss 
between 200° C and 900° C.  The fixed carbon content was taken as the sample mass loss 
during oxidation under air at 900° C.  Finally, the sample ash content was taken as the 
sample mass remaining after oxidation.   
 
The second type of TGA evaluation was a burning test which consisted of pyrolysis of a 
coal sample in air.  The results of this testing may gauge the susceptibility of the coal to 
oxidation and the reactivity of the resultant char.  This evaluation used a 50 mg sample 
size of air dried coal.  The temperature program was heating at a rate 10° C/min from 
ambient temperature to 1000° C followed by an isothermal soak at 1000° C.   
 
The third type of TGA evaluation was a pyrolysis test which consisted of pyrolysis of a 
larger coal sample in nitrogen at three different system pressures.  The results of this 
testing may be used to gauge the response of the coal foaming or swelling during 
pyrolysis with respect to system pressure.  This evaluation used a 500 mg sample size of 
air dried coal held in a concave sample holder.  The temperature program used was 
heating at a rate 10° C/min from ambient temperature to 1000° C followed by an 
isothermal soak at 1000° C.  The system pressures were 100 psia, 280 psia, and 570 psia.  
An additional pyrolysis test was conducted on each coal at 570 psia using samples that 
had been dried at 150° C for several hours under inert conditions.  Raw data was 
corrected for the added weight of the sample holder and for buoyancy effects. 
 
The carbon foam forming potential of the coal samples were also evaluated by larger-
scale processing in the laboratory.  Such larger-scale laboratory processing may indicate 
scale-up issues associated with any of the tested coals.  These scale-up issues may be 
related to the coals susceptibility to certain heat and mass transfer issues that only 
become apparent as the mass of coal used for foaming becomes larger.  The larger-scale 
laboratory processing equipment used for the initial evaluation of the foam forming 
potential of the coal samples was a Parr pressure vessel (i.e. autoclave) having a 
pressurized chamber diameter of ~9.5” and a depth of ~16”.  During operation, this 
autoclave was filled with pressurized nitrogen.  The autoclave was connected to high 
pressure ballast tanks during operation to provide for a relatively constant processing 
pressure.   
 
The molds used for containing the pulverized coal in the Parr autoclave during the initial 
evaluation of the foam forming potential of the coal samples were lidded stainless steel 
beakers having ~6.7” inside diameter.  The pulverized coal bed was separated from the 
beaker by a 6.6” diameter perforated 0.002” thick aluminum foil disk which acted as a 
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bottom surface covering.  An equivalently sized aluminum perforated aluminum foil disk 
was used as a top surface covering of the coal.  Finally, a 6.6” diameter aluminum disk 
assembly was used as a coal cover.  The coal cover applied a pressure of about 12 g/in2 to 
the top of the coal bed. 
  
The aging characteristics of the Galatia #6 coal were evaluated by loading coal samples 
in 4” beakers as described under Task 2 above and placing these beakers, without lid, in 
an air containing oven at 100° C for given time periods.  Following this oven heating, the 
coal containing beakers were processed in the small-scale Parr autoclaves using a fast 
heating rate under a pressurized nitrogen atmosphere.  As a reference, samples of a coal 
routinely used for carbon foam production were treated in an equivalent manner.    
 
Attempts were also made to produce high density carbon foams from the Illinois coals.  
These attempts followed the teachings available elsewhere for the production of high 
density carbon foam.8 
 
Task 4 - Production-Size Foam Preparation 
Typical application requirements and production economics dictate that carbon foam be 
produced in as large sections as feasible.  Currently, Touchstone produces their green 
carbon foam in stainless steel 24” x 48” lidded molds.   Once carbonized and outer 
surfaces removed, the final CFOAM® carbon foam panel is about 18” x 42”.   These 
panels are nominally about 2” thick.   The Illinois coals selected for full-scale process 
evaluation were first pulverized as described above under Task 2.  Pulverization was 
preformed just prior to processing in order to mitigate the effects of accelerated coal 
oxidation that may occur with a pulverized material.  A sufficient quantity of each of the 
pulverized coals was loaded in 24” x 48” stainless steel molds to provide for green 
carbon foam panel of the desired thickness of about 2.5”.  The molds containing the 
Illinois coals were placed in Touchstone’s custom built production autoclaves along with 
molds containing coals used for routine CFOAM® carbon foam production.  After 
loading the autoclaves with the coal containing molds, the autoclaves were pressurized 
with nitrogen.  The Illinois coals were processed in conjunction with standard coals for 
three reasons.  First, the supply of Illinois coal immediately available was not sufficient 
to perform one or more full autoclave loadings.  Second, an unsuccessful production run 
using an autoclave completely filled with Illinois coal would be prohibitively expensive.  
And third, processing of the Illinois coals with standard coals ensured that the internal 
autoclave atmosphere would be hydrocarbon rich.  Such hydrocarbon rich autoclave 
atmospheres are believed to be beneficial to carbon foam formation.   
 
The Illinois coals were evaluated using two different autoclave temperature programs.  
These two programs were known to be “generic” in that they were not coal specific and 
have produced very acceptable carbon foams from a number of different coals.  The first 
program processes the coal using a relatively slow heating rate.  Illinois coals were 
evaluated twice using this heating rate.  In the first evaluation, the molds containing the 
Illinois coals were placed in locations know to provide for heating consistent with the 
autoclave process temperature program.  In the second evaluation, the molds were placed 
in the few locations known to heat at rates slightly faster than the autoclave process 
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temperature program.  The second autoclave temperature program used the most rapid 
heating rate the production autoclaves can operate at while still maintaining acceptable 
internal temperature uniformity.   
 
Task 5 - Characterization of Production-Size Foam 
It was planned that any carbon foam successfully produced from a Illinois coal would be 
extensively characterized using a number of generally accepted test methods (ASTM and 
others).  Unfortunately, as no acceptable carbon foams were produced using the Illinois 
coals, this task was limited to visual examination of the samples. 
 

RESULTS AND DISCUSSION 
 
Task 1 - Selection of Illinois Coals for Testing 
The products of the Illinois coal fields “cover the full range of the high-volatile 
bituminous coals”.9  Coals suitable for use in Touchstone’s patented carbon foam 
production process must be capable of softening and swelling when exposed to elevated 
temperatures.  Coals having such plastic properties are generally bituminous coals.  
Therefore literature sources were reviewed to identify potentially suitable Illinois 
bituminous coals.  To assist in this identification, a planned subcontract was executed 
with CONSOL Energy Inc. R&D (CONSOL) for coal selection assistance, coal 
procurement, and certain coal characterization testing.  Discussions were then held with 
representatives of CONSOL with respect to desired coal types, coal seam characteristics, 
potential availability, and sourcing.  Based on these discussions, Murphysboro, Illinois #5 
and Illinois #6 seam coals were nominated for sampling.  It was desired that one or more 
of these coals would be sampled from different mines/geographic regions.  Following 
these discussions CONSOL procured one drum (55-gallon) samples of four different 
Illinois coals.  Two of these coal samples were obtained from the Knighthawk Coal 
Company. One of these coals was a Herrin #6 seam coal (subsequently referred to as 
Illinois #6) from the Prairie Eagle mine. The other coal was a Murphysboro seam coal 
(subsequently referred to as Murphysboro) from the Creek Paum mine.  The other two 
coal samples were obtained from American Coal Company.  One of these coals was a 
Herrin  #6 seam coal (subsequently referred to as Galatia #6) from the Galatia mine.  The 
other coal was a Herrin #5 seam coal (subsequently referred to as Galatia #5) from the 
Galatia mine.   
 
CONSOL characterized the coal samples with respect to their petrographic, 
thermoplastic, and elemental chemical properties.  The results of this analysis are given 
in the attached Appendix in Tables I through V.  CONSOL reported to Touchstone that 
the coal analysis results were not unusual for the coals tested.  The Murphysboro and 
Illinois #6 coals showed lower % mean maximum vitrinite reflectances (0.59 and 0.56 
respectively) than did the Galatia #6 coal (0.65).  Additionally these two coals exhibited 
higher oxygen contents.  The thermoplastic properties of the Murphysboro and Illinois #6 
coals were very poor which was communicated to be consistent with their rank and 
oxygen content.  The Galatia #6 coal showed plastic properties that were thought to be 
typical for that seam.  These properties were superior to those of the other two coals.  
CONSOL tested the thermoplastic plastic properties of the Galatia #6 sample twice.  
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These tests were conducted on the same coal sample before and after a time period of 
about 1 month.  It was found that Gieseler Maximum Fluidity and Audibert-Arnu % 
Dilatation were significantly reduced over the 1 month time period.  This result indicates 
that coal aging (i.e. loss of coal plastic properties as a result of oxidation at ambient 
temperatures) may be a significant concern for the Galatia #6 coal.  It would also be 
expected that the other coals evaluated in this program may also be subject to rapid aging.  
The analysis of the Galatia #5 coal shows this coal has a slightly higher reflectance than 
the other three coals.  This coal sample also exhibited relatively poor plastic properties as 
evidenced by Gieseler Maximum Fluidity and Audibert-Arnu Dilatation test results.  
Compared to the other three coals evaluated in the program, the fluidity properties of the 
Galicia #5 coal sample were superior to those of the Illinois #6 coal and the Murphysboro 
coal and inferior to those of the Galatia #6 coal. The other tested properties of this coal 
were similar to those of the other three coals evaluated in this program. 
 
Touchstone also arranged for the University of Illinois/Illinois State Geological Survey 
(UI/ISGS) to conduct proximate, ultimate, total sulfur, and total chlorine analysis of three 
of the coal samples.  The results of this analysis are given in the attached Appendix in 
Table VI.  As it turned out, CONSOL routinely collects proximate, ultimate, total sulfur, 
and total chlorine analysis data on the coal samples they analyze.  Therefore, in an 
attempt to avoid further duplicate analysis, analysis of the Galatia #5 sample was not 
requested from UI/ISGS. 
 
The coal analysis results received from the UI/ISGS for the first three received coals were 
compared to the analysis results provided by CONSOL.  Comparison of these data sets 
showed reasonable agreement between for the ultimate analysis of carbon, hydrogen 
nitrogen, and sulfur.  However, chlorine analysis results differed significantly between 
the two data sets with the UI/ISGS data showing much higher values.  Comparison of the 
proximate analysis results of the two data sets showed good agreement in ash content.  
However, the VM contents of the two data sets showed some, although not great, 
differences.  
 
Task 2 - Initial Evaluation of Foam Forming Ability 
Drying and packaging of the four coal samples proceeded without incident.  The coals 
generally had the appearance of lower rank bituminous coals.  Pulverization of portions 
of each of the coal samples to an acceptable particle size distribution presented no serious 
challenges and the pulverization equipment did not significantly heat the resultant 
pulverized coal samples.  Portions of each of the pulverized coals were then subjected to 
two different foam forming processing conditions in laboratory small-scale autoclaves to 
gauge the suitability of the coals for carbon foam production.  The two foam forming 
processing conditions differed by using either relatively fast or relatively slow heating 
rates. 
 
Using either autoclave heating rate, the Illinois #6 coal produced carbon foam having a 
small cell size.  The density of the carbonized carbon foam produced using the slower 
autoclave heating rate was about 29.1 lb/ft3.  At this rate, the carbon foam had few voids.  
This is in contrast to the carbon foam produced using a faster autoclave heating rate.  The 
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number of internal voids in the carbon foam produced using the faster autoclave heating 
rate was very high.  The great number of voids in this sample prevented an intact portion 
from being cut from the foam for density measurement.  For this coal, the number of 
internal voids in the foam increased with heating rate.  Internal voids are flaws within the 
carbon foam wherein the cellular structure of the foam breaks down.  This breakdown 
produces an empty three dimensional space within the foam that is significantly larger 
than the volume of a foam cell.  The occurrence of voids in carbon foam may indicate a 
feed-stock coal has limited plastic properties.  
 
The Murphysboro coal produced small cell carbon foam having a carbonized density of 
32.0 lb/ft3 when subject to a fast autoclave heating rate.   This sample was significantly 
cracked after carbonization.  Cracking of carbon foam during carbonization typically 
indicates that the green foam is internally highly stressed.  Such internal stresses can be 
indicative of a number of different processing problems.  However, in this instance, the 
internal stress most likely indicates the coal is plastic and foams over a very limited 
temperature range.  At a slow autoclave heating rate, the Murphysboro coal did not swell 
and produced very dense carbon foam/material (85.6 lb/ft3) after carbonization.  The cell 
size of this foam was almost visually unobservable.  This sample of foam was hard but 
exhibited many fissures and internal voids.  The characteristics of the carbon foams 
produced from these two coals are generally typical for carbon foams produced from 
coals having limited plastic properties. 
 
At a fast autoclave heating rate, the Galatia #5 seam coal produced small cell size 
carbonized carbon foam of a 24.8 lb/ft3 density after carbonization.  At a slow autoclave 
heating rate, the Galatia #5 seam coal produced very fine cell size essentially non-swelled 
carbon foam of about a 56.0 lb/ft3 density after carbonization.  This carbon foam had a 
few very small voids and a significant fissure on the top foam surface.  At both heating 
rates, the Galatia #5 coal sample based foam had relatively uniform internal cellular 
structures without significant voids, fissures, or other flaws.  The significant difference in 
density resulting from the change in heating rate indicates the Galatia #5 seam coal has 
limited plastic properties that may negatively impact larger scale processing.   
 
At a fast autoclave heating rate, the Galatia #6 coal produced medium cell size carbon 
foam of a 14.3 lb/ft3 density after carbonization.  At a slow autoclave heating rate, the 
Galatia #6 coal produced medium cell size carbon foam of about a 16.3 lb/ft3 density 
after carbonization.  At both heating rates, the Galatia #6 coal based foam had a relatively 
uniform internal cellular structure without voids, fissures, or other flaws.   
 
These results generally follow the thermoplastic, or fluidity, properties of these coals with 
the more plastic coals producing the better quality foams in this group.  It follows then 
that the Galatia #6 coal was the most promising coal of this group for continued 
investigation.  It also follows that the Murphysboro coal was the least promising of the 
four coals. 
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Task 3 - Laboratory Evaluation of Recommended Coals 
The structural or “true” density of all four coals and carbonized chars produced from 
these coals were determined using Helium Pycnometry.  The results of this determination 
are given in Table 1.   As shown in this Table, the coal densities ranged from 1.353 g/cm3 
to 1.369 g/cm3.  These densities are comparable to those of coals routinely used for 
carbon foam production.  The carbonized char densities ranged from 1.903 g/cm3 to 
2.020 g/cm3.  Again, these values are comparable to those measured for chars/carbon 
foams produced from other coals.  It is, however, interesting to note that these values 
were not corrected for ash content and are still significantly lower than reported graphite 
densities.  As coal ash is a dense material, the actual carbon density of carbon portion of 
these chars is apparently much lower than that of graphite.  This observation illustrates 
that the carbon atomic structural arrangement in many coal based chars/carbon foams 
would be expected to be much more disordered, or non-crystalline, than that found in 
graphite. 

 
Coal coal char 
  density density 

  g/cm3 g/cm3 
      

Illinois #6 1.369 1.984
Murphysboro 1.355 2.02
Galatia #6 1.353 1.903
Galatia #5 1.358 1.918

 
Table 1 

Densities of Illinois Coals and Associated Chars 
 Determined by Helium Pycnometry 

 
Three types of TGA evaluations were conducted on each of the coal samples.  The first 
type of TGA evaluation was an ashing test which consisted of pyrolysis of a coal sample 
in nitrogen followed by high temperature oxidation in air.  A typical thermogram 
resulting from this type of evaluation is presented in Figure 2.  In this Figure the black 
line represents the sample mass, the blue line the temperature, the green line the point in 
time the nitrogen gas atmosphere was replaced with air, and the red lines mark the values 
taken for the mass change at complete water elimination, complete volatile elimination, 
and complete gasification of the sample carbon.  From the values denoted by the red 
lines, the moisture, volatile material, fixed carbon, and ash composition of the coal 
sample may be calculated. 
 
Except for the Illinois #6 coal, the thermograms for all coals were similar in shape with 
the rate of devolatilization maximizing at a temperature of about 450° C.  A second, 
much weaker, devolatilization was also observed.  This second devolatilization exhibited 
a maximum rate at about 750° C.   The Illinois #6 coal sample rate of devolatilization 
maximized at a temperature about 20° C lower than the other coal samples.  The 
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Murphysboro coal sample exhibited the fastest onset of devolatilization.  This onset 
initiated at a somewhat higher temperature than did that for the other coals.  
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Figure 2 

Thermogram for the pyrolysis of air dried Illinois #6 coal 
 

COAL                 
SAMPLE "Murphysboro" "Illinois #6" "Galatia #6" "Galatia #5" 
                  

Proximate air dried air dried air dried air dried 

Analysis dried 150° C dried 150° C dried 150° C dried 150° C

Moisture 8.4 2.3 6.3 2.1 3.5 2.1 6.6 2.2
(% wt)         4.1       
          4.5       

VM 35.2 34.9 39.9 38.8 36.1 36.5 35.3 35.1
(% wt dry))         36.2       
          36.0       

FC 57.2 57.4 51.0 52.0 55.3 55.0 56.9 57.2
(% wt dry))         55.3       
          55.8       

Ash 7.6 7.7 9.1 9.2 8.6 8.5 7.7 7.7
(% wt dry))         8.5       
          8.2       

 
Table 2 

TGA Proximate Analysis of Illinois Coal Samples 
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This type of TGA evaluation was conducted for air dried and 150° C dried portions of the 
four coal samples and the associated proximate data calculated.  The results of this 
evaluation are presented in Table 2.  The multiple analysis results shown in Table 2 for 
the air dried Galatia #6 coal demonstrates that this method has good reproducibility.  It is 
also evident that drying at elevated temperature in an inert atmosphere had little effect on 
the VM, FC, and Ash determinations for the Murphysboro, Galatia #6, and Galatia #5 
coals.  However, the differences in VM and FC values for the air dried and 150° C dried 
Illinois #6 coal samples may be significant.  As the ash values are nearly identical, it is 
doubtful if sampling is related to these differences.  These differences could be explained 
by decomposition/vaporization of a small portion of the VM during drying at 150° C.  
But such an explanation would be totally speculative at this time.  The data in this table 
does illustrate that the Moisture content of all the coals can be reduced significantly by 
drying at 150° C.  Although reduced, the higher temperature drying did not apparently 
reduce the moisture content to values less than about 2%.  This result seemed high for 
samples that had been previously dried at 150° C.  Therefore DSC data was collected that 
demonstrated that the coals are indeed completely dried by heating at 150° C.  Other data 
was collected that showed that the dry coals were capable of adsorbing about 2% to 3% 
moisture from ambient air exposure times of five to ten minutes.  Such short exposure 
times are consistent with the time samples are typically exposed to ambient air during 
loading of the TGA.  Therefore the moisture contents of the 150° C dried samples are not 
unreasonable.  
 
TGA analysis results were compared to the proximate data generated by UI/ISGS and 
CONSOL.  This comparison is illustrated in Table 3.   
 
 

      Murphysboro   Illinois #6   Galatia #6 Galatia #5 
                 
  TGA UI/ CON- TGA UI/ CON- TGA UI/ CON- TGA CON-
    ISGS SOL   ISGS SOL   ISGS SOL   SOL 
Proximate                       
% 
moisture 8.4 8.89 -----  6.3 7.76 -----  3.6 4.06 -----  6.6 -----  
                        
% VM 
(dry) 35.2 37.07 34.22 39.9 41.07 35.14 36.1 39.28 39.9 35.3 37.3 
                        
% Ash 
(dry) 7.6 7.71 7.85 9.1 9.51 9.47 8.6 8.47 8.8 7.7 7.94 
                        

 
Table 3 

Comparison of Proximate Analysis Results for Illinois Coal Samples 
 
As shown in Table 3, the differences in the ash contents of each coal were relatively 
minor between the three sets of data.  Moisture contents were only provided in two data 
sets.  As shown in Table 1, the differences between the two data sets for a given coal 
moisture content are not particularly great.  The magnitude of these differences could 
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easily be attributable to differences in sample preparation techniques, sample storage, and 
ambient humidity at the time of analysis.  However, the moisture contents of these coals 
are larger than are those of coals typically used for carbon foam production.  With respect 
to sample VM content, the three data sets do show differences that, although not 
particularly great, are larger than expected.  There appears to be no trend with respect to 
the data supplier between the three data sets.  These differences could be attributed to the 
non-representative nature of small coal samples or to the effects of coal oxidation during 
storage prior to analysis.  Furthermore, experimental or operator error may also have 
contributed to the somewhat larger than expected differences in VM content for a given 
coal between the three data sets.  
 
The second type of TGA evaluation was a burning test which consisted of pyrolysis of a 
coal sample in air.  All samples initially gained mass in this evaluation at temperatures 
less than about 250° C.  This mass gain can be attributed to oxygen chemisorption on the 
coal.  At higher temperatures gasification dominates over chemisorption.  Gasification 
rates maximized for all coals at about 550° C to about 565° C.  It is interesting to note 
that the magnitude of the gasification rates of the coal samples roughly correlated with 
the coal moisture content as determined using the TGA.  This would indicate that the 
observed gasification rates are related, as would be expected, to surface area/adsorptive 
pore volume/porosity of the coals.  This rough correlation would also suggest that the 
coal samples were oxidized sufficiently in the initial time periods of the analysis to at 
least partially eliminate the coals plastic (i.e. swelling) properties. 
 
The third type of TGA evaluation was a pyrolysis test which consisted of pyrolysis of a 
coal sample in nitrogen at three different system pressures.  The results of this analysis 
are presented in Table 4. 
 
As shown in Table 4, porous carbon materials were produced from all four Illinois coals 
using the selected process conditions.  At the lowest process pressure (~100 psia), only 
the Galatia #6 coal appreciably expanded (i.e. swelled).  The other three coals samples 
gave no or only very marginal swelling.  At a processing pressure of ~280 psia all four 
coal samples showed some swelling with the Galatia #6 coal again exhibiting the most 
pronounced effect.  The swelling of the coals at a processing pressure of ~570 psia was 
very similar to that observed using a ~280 psia processing pressure.  Close examination 
of the product chars suggests that the samples processed at ~570 psia may have a more 
uniform internal structure than those processed at 280 psia.  Finally, the coal samples 
dried at ~150° C prior to processing all exhibited the lowest expansion/swelling of their 
respective groups.  This result suggests two possibilities.  First, the adsorbed moisture has 
some impact on coal swelling.  Second, the coal samples were at least partially oxidized 
during or immediately after drying.  Such oxidation could have potentially occurred 
during the transfer of the samples from the sample chamber to the TGA. 
 
It should be noted that the rapid heating rate used to prepare these samples can only be 
used for relatively small sample sizes.  As the coal sample size increases, heat and mass 
transfer through the coal bed become a controlling factor in carbon foam production.  
Carbon foam production of large panel sizes therefore requires the use of much slower 
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heating rates.  It follows then, based on these results, that the Murphysboro coal is most 
likely not suitable for carbon foam production.  The Illinois #6 and Galatia #5 coals also 
do not appear to be particularly suitable for use as feed-stocks for carbon foam 
production.   The Galatia #6 coal may be a suitable coal for carbon foam production.  
But, even though this coal showed the greatest swelling of all four coals in this 
evaluation, this swelling was not as pronounced as that expected from coals that are 
routinely used for carbon foam production. 
 

 
Pressure 
(PSIA) 

 
~100 

 
~280 

 
~570 

 
~570 

(dried) 

Illinois #6 
Density 
(g/cm3) 
and 
image 

0.628 
 

 

0.789 

 

0.178 

 

0.585 
 

Murphysbo 
Density 
(g/cm3) 
and 
image  

0.789 
 

 

0.425 

 

0.456 

 

1.046 
 

Galatia #6 
Density 
(g/cm3) 
and 
image  

0.178 0.198 0.299 

 

0.422 

Galatia #5 
Density 
(g/cm3) 
and 
image  

0.585 
 

 

0.422 

 

0.469 

 

0.972 
 

 

 
Table 4 

Density and Images of Carbons Produced from Illinois Coals  
Using Selected Processing Pressures 

 
The aging characteristics of the Galatia #6 coal were found to be much more pronounced 
than those of a coal routinely used for carbon foam production.  When subjected to the 
aging treatment previously described, the Galatia #6 coal produced a non-foamed product 
after ~25 hours of air exposure at 100° C.  This compares to a coal routinely used for 
carbon foam production which was still was capable of producing carbon foam, although 
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of higher than typical density, after ~96 hours air exposure at 100° C.   Therefore Galatia 
#6 coal is much more susceptible to oxidation than is the “standard” coal.   
 
In that the Galatia #6 coal shows a propensity for oxidation, certain cautions would have 
to be exercised if it is to be used for foam production.  For example, long-term storage of 
the coal would not be recommended.  Additionally, storage in sealed drums would be 
preferred to storage in super-sacks.  Finally, the possibility of the coal developing a 
significant exotherm (spontaneous combustion) during storage would have to be 
considered and guarded against. 
 
The carbon foam forming potentials of the coal samples were further illustrated by larger-
scale laboratory processing.  When subjected to this processing the Galatia #6 coal 
sample produced a 24.1 lb/ft3 carbonized carbon foam at a slow heating rate and a 21.4 
lb/ ft3 carbonized carbon foam at a fast heating rate.  When processed on the same day as 
when pulverized, this coal developed a 16.9 lb/ ft3 carbonized carbon foam.  Five days 
after pulverization, the coal developed a 19.7 lb/ ft3 carbonized carbon foam.  These 
results clearly demonstrates the rapid “aging” of this coal.  The Galatia #5 coal developed 
a carbonized carbon foam having a density of 33.7 lb/ft3 using a fast heating rate.  At a 
slow heating rate, the Galatia #5 coal produced a sintered carbon material.  The other two 
coals, Murphysboro and Illinois #6, did not foam and developed sintered-like carbon 
materials using any tested heating rate. 
 
Additionally, attempts were made to generate high density carbon foams from the four 
coal samples.  These attempts proved unsuccessful.  For those attempts that came close to 
achieving the densities typical of high density carbon foams, the resulting products were 
of very poor quality with large fissures and breakage.  Other attempts produced sintered-
like carbon materials of lower density and quality. 
 
Task 4 - Production-Size Foam Preparation 
Three attempts were made to produce production-scale carbon foam sections from the 
received coal samples.  In the first attempt, molds containing Galatia  #6  coal and Illinois 
#6 coal were processed in a production scale autoclave using conditions routinely used 
for carbon foam production from “standard” coals.  The Illinois #6 coal produced an 
essentially solid carbon material that was not foamed.  This material had a very dusty top 
surface, numerous deep fissures, and was broken into numerous pieces of about 5” 
maximum width.  All of these pieces also exhibited small cracks.  This material appeared 
to be comprised of sintered, non-swollen coal particles.  The Galatia #6 coal produced a 
carbon material having a very slightly dusty top surface.  The top surface was also 
fissured.  This carbon material was not broken or cracked into smaller pieces. Some 
localized volumes of this carbon material appeared to be slightly swollen indicating that 
limited foaming had occurred.   The other volumes of this carbon material resembled 
high density carbon foam.  The results of this attempt indicated that the coals do not have 
sufficient plastic properties for carbon foam formation under the selected process 
conditions.  These results also indicate that the process heating rate may have been too 
slow for the limited plastic properties of these two coals.  Such a slow heating rate 
coupled with coals of limited plastic properties may result in the loss of the coals plastic 
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properties prior to reaching foam forming temperatures.  Photographs of the materials 
produced in this attempt are given in Figure 3. 
 
 

 
Figure 3 

Products of First Attempt to Produce Production-Scale  
Carbon Foam Sections From Illinois Coals  

(left to right: Illinois #6 full section and detail; Galatia #6 full section and detail) 
 
In the second attempt, molds containing the same coals were processed using the same 
autoclave and conditions as used in the first attempt.  However, in this attempt, the molds 
 

 
Figure 4 

Products of Second Attempt to Produce Production-Scale  
Carbon Foam Sections From Illinois Coals  

(left to right: Illinois #6 full section and detail; Galatia #6 full section and detail) 
 

were located in a position within the autoclave known to experience slightly faster 
heating rates during processing.  In this attempt, Illinois #6 coal produced a carbon 
material having a very dusty top surface, a few large fissures, and a non-foamed sintered-
like internal structure.  This carbon material was broken into three pieces and was not 
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foamed or swollen.  The Galatia #6 coal produced a carbon material having a very 
slightly dusty top surface, several deep fissures, and a dense internal structure resembling 
high density carbon foam.  This carbon material was not swollen and was also broken 
into three pieces.  The results of this second attempt indicated that the process heating 
rate must be substantially increased if there is any possibility that these coals could 
produce carbon foam.  Photographs of the materials produced in this attempt are given in 
Figure 4. 
 
In the third attempt, molds containing Galatia #6 coal (two molds),  Illinois #6 coal, and 
Galatia #5 coal were processed in the same production scale autoclave as used in the first 
two attempts.  For this third attempt, the autoclave was programmed to use the fastest 
heating rate possible without introducing significant  temperature uniformity issues in the 
 

 
Figure 5 

Products of Third Attempt to Produce Production-Scale  
Carbon Foam Sections From Illinois Coals  

(left to right: Illinois #6 full section and detail; Galatia #5 full section and detail) 
 

 
Figure 6 

Products of Third Attempt to Produce Production-Scale  
Carbon Foam Sections From Illinois Coals  

(left to right: Galatia #6 full section and detail; Galatia #6 full section and detail) 
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as-produced foam.  The Illinois #6 coal produced a carbon material having a very dusty 
top surface, several deep fissures, and a sintered-like internal structure.  The Galatia #5 
coal also produced a carbon material having an exceptionally dusty top surface, many 
deep fissures, and a sintered-like internal structure.  This carbon material was broken into 
many small pieces and exhibited a few small cracks.  Both molds containing the Galatia 
#6 seam coal produced very similar carbon materials.  These materials exhibited slightly 
dusty top surfaces, both large and small fissures, and a fine cell carbon foam internal 
structure that was marred by internal voids.  The internal voids in one of the carbon 
materials appeared to be more significant than in the other carbon material.  The carbon 
materials in both molds were broken at the deepest fissures into three major pieces.  
Photographs of the materials produced in this attempt are given in Figures 5 and 6. 
 
None of the three attempts resulted in the production of even marginally acceptable 
carbon foam.  As the coals were evaluated at the upper limits of the equipment 
operational envelope, and as no acceptable carbon foam was produced, none of the 
evaluated coals appear to be suitable for carbon foam production using the currently 
available full-scale process technology.   
 
Touchstone is continually involved in research and development activities to advance the 
development of new carbon foam products, new and/or improved production methods, 
and state of the art processing equipment.  As the advancements from these activities 
become realized, opportunities may be presented in many areas, including carbon foam 
feed-stock selection.  Therefore, although the use of Illinois coal for carbon foam 
production is not currently viable, such use may be possible at some future date. 
 
Task 5 - Characterization of Production-Size Foam 
The production size carbon products produced in this program were visually examined.  
Based on this examination, some products were cut into sections to provide for a more 
detailed examination. Due to the number of internal flaws present in even those small 
sections of foam produced from the Galatia #6 coal, any further characterization of this 
foam would be meaningless and was therefore not conducted.   
 

CONCLUSIONS AND RECOMMENDATIONS 
 
The preparation of carbon foam from swelling (i.e. coking) coals becomes more difficult 
as the desired size of the product carbon foam increases.  In many instances these scale-
up difficulties are related to a number of different heat transfer considerations and to the 
thermally induced or inhibited plastic properties of the coal.   Simply put, the coal must 
remain sufficiently plastic to swell and form carbon foam when heated at rates 
sufficiently slow to provide for uniform foaming of the coal.  The Illinois coals evaluated 
in this program have been shown to have very limited plastic properties.  Additionally, 
the plastic properties of these coals are apparently easily degraded by high temperature 
exposure (i.e. thermally induced aging) and/or oxidation.  The Galatia #6 seam coal 
showed the most promise for carbon foam formation of the four coals evaluated in this 
program.  Unfortunately, even this coal did not retain sufficient plastic properties during 
production-scale processing, even at the processing equipment limits of acceptable 
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operation, to provide for even marginally acceptable carbon foam.  Although none of the 
Illinois coals selected for evaluation in this program produced acceptable carbon foams 
using existing process technology, this process technology continues to advance.  In the 
future, such advances may provide an opportunity for Illinois coal utilization in carbon 
foam production. 
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Table I 
Illinois Coal Trace Elemental Composition as Determined by CONSOL Energy R&D 

 

COAL MURPHYSBORO ILLINOIS 6 
ILLINOIS 

6 
ILLINOIS 

5 
REFERENCED 
NAME "Murphysboro" "Illinois #6" 

"Galatia 
#6" 

"Galatia 
#5" 

   
   
MINE KNIGHTHAWK KNIGHTHAWK GALATIA GALATIA
TRACE ELEMENTS     
Dry (ppm)     
     
As 16.0 14.5 2.57 28.0
Ba 48.8 49.9 32.9 35.6
Be 2.64 2.63 0.913 1.34
Br <1 <1 6.14 17.80
Cd 0.020 0.055 0.198 0.095
Co 2.99 3.67 4.74 6.66
Cr 11.7 17.3 18.8 14.2
Cu 21.7 25.5 9.76 9.20
F 61.71 35.08 16.59 94.30
Hg 0.0560 0.0660 0.0640 0.1920
Li 7.28 8.65 7.87 10.40
Mn 12.3 16.9 22 18.8
Mo 1.49 3.52 16.2 1.97
Ni 18.3 19.5 13.8 20.1
Pb 14.6 14 8.61 54.0
Sb 0.759 0.793 0.362 0.956
Se <0.9 1.1 1.56 1.22
Sn 0.641 0.679 0.652 1.24
Th 1.76 2.06 1.84 1.84
Tl 0.174 0.306 0.734 0.406
U 0.753 1.830 4.74 0.95
V 19.2 26.9 32.6 25.6
Zn 12.3 17.0 60.5 31.7
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Table II 
Illinois Coal Proximate, Ultimate, and Sulfur Composition as Determined by CONSOL 

Energy R&D 
 

COAL MURPHYS- ILLINOIS ILLINOIS ILLINOIS 
 BORO 6 6 5 
REFERENCED     
NAME "Murphysboro" "Illinois #6" "Galatia #6" "Galatia #5"
MINE KNIGHT- KNIGHT- GALATIA GALATIA 
 HAWK HAWK   
PROXIMATE 
 & SULFUR 
   % M     
   % VM(dry) 34.22 35.14 39.87 37.30
   % ASH(dry) 7.85 9.47 8.8 7.94
   % S(dry) 1.38 3.34 2.81 1.71
     
BTU/lb(gross)     
 DRY 13375 12828 13319 13377
     
ULTIMATE %     
     
 CARBON 74.71 71.11 74.07 75.34
 HYDROGEN 4.58 4.81 4.92 4.94
 NITROGEN 1.72 1.29 1.46 1.74
 CHLORINE 0.01 0.07 0.37 0.38
 SULFUR 1.38 3.34 2.81 1.71
 ASH 7.85 9.47 8.80 7.94
 OXYGEN 9.75 9.91 7.57 7.95
     
FORMS OF     
SULFUR     
     
 PYRITIC 0.53 0.77 0.70 0.76
 ORGANIC 0.85 2.54 2.11 0.92
 SULFATE <0.02 0.03 <0.02 0.03
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Table III 

Ash Composition and Fusion Temperatures of Illinois Coals 
as Determined by CONSOL Energy R&D 

 
COAL MURPHYS- ILLINOIS ILLINOIS ILLINOIS 
 BORO 6 6 5 
REFERENCED     
NAME "Murphysboro" "Illinois #6" "Galatia #6" "Galatia #5"
MINE KNIGHT- KNIGHT- GALATIA GALATIA 
 HAWK HAWK   
ASH      
COMPOSITION     
 SiO2 49.72 52.28 50.53 50.86
 Al2O3 23.61 20.99 19.45 20.35
 TiO2 1.16 1.00 0.94 1.17
 Fe2O3 15.70 16.15 16.92 17.54
 CaO 2.84 3.24 4.56 2.22
 MgO 1.07 0.97 0.92 0.91
 Na2O 0.30 0.99 1.12 0.80
 K2O 2.97 2.19 2.31 2.37
 P2O5 1.08 0.11 0.09 0.73
 SO3 1.57 2.18 4.19 1.12
 UND -0.02 -0.10 -0.73 1.93

 
ASH FUSION      
TEMPERATURES     
°F     
REDUCING     
 INITIAL 2069 2094 2036 2046
 SOFTENING 2223 2185 2141 2216
 HEMISPHERICAL 2276 2244 2212 2269
 FLUID 2339 2335 2260 2347
     
OXIDIZING     
 INITIAL 2425 2460 2390 2389
 SOFTENING 2589 2545 2476 2490
 HEMISPHERICAL 2624 2608 2445 2517
 FLUID 2671 2670 2593 2558
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Table IV  

Plastic (Fluidity) Properties of Illinois Coals as Determined by CONSOL Energy R&D 
 
COAL MURPHYS- ILLINOIS ILLINOIS ILLINOIS 
 BORO 6 6 5 
REFERENCED     
NAME "Murphysboro" "Illinois #6" "Galatia #6" "Galatia #5"
MINE KNIGHT- KNIGHT- GALATIA GALATIA 
 HAWK HAWK   

     
GIESELER     
    MAX 
FLUIDITY(ddpm) <10* <10* 1335,112** 30
    MAX FLUIDITY T, C   428,425 430
    INITIAL T, C   354,357 376
    SOFT T, C   380,378 399
    SOLID T, C   466,457 461
    RANGE     
     
AUDIBERT-ARNU     
 % Contraction 40 32 32,37** 37
 % Dilatation -34 -13 101,38 13
 T1, C 375 341 348,353 367
 T2, C 423 402 389,398 412
 T3, C 443 427 426,426 436
*Could not be analyzed - coals have very poor fluid properties  
**Run a month apart     
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Table V 

Illinois Coal Petrographic Analysis as Determined by CONSOL Energy R&D 
 

COAL MURPHYS- ILLINOIS ILLINOIS ILLINOIS 
 BORO 6 6 5 
REFERENCED     
NAME "Murphysboro" "Illinois #6" "Galatia #6" "Galatia #5"
MINE KNIGHT- KNIGHT- GALATIA GALATIA 
 HAWK HAWK   
     
PETROGRAPHY     
 REACTIVES %     
   V TYPE     
      4 5.0 10.0 1.7 0.0
      5 43.0 55.0 8.4 3.3
      6 31.4 18.3 58.9 13.3
      7 3.3 0.0 15.0 49.8
      8 -- -- -- 16.6
   VITRINOIDS 82.7 83.3 84.0 83.0
   EXINOIDS 3.3 2.0 2.0 2.8
   RESINOIDS 0.0 0.2 0.1 0.0
   1/3 SEMI FUS 1.4 1.0 0.9 1.1
  TOTAL 
REACTIVES 87.4 86.5 87.0 86.9
 INERTS %     
   2/3 SEMI FUS 2.8 2.1 1.8 2.2
   MICRINOIDS 3.8 3.5 4.0 4.7
   FUSINOIDS 1.3 1.7 1.6 1.4
   MIN MATTER 4.7 6.2 5.6 4.8
  TOTAL INERTS 12.6 13.5 13.0 13.1
     
% MEAN MAX Ro 0.59 0.56 0.65 0.75
STRENGTH INDEX 2.52 2.51 2.59 2.71
COMPOSITION     
BALANCE INDEX 0.52 0.57 0.50 0.46
CALCULATED     
COKE STABILITY 17 15 19 23
FSI 3.0 4.0 5.0 5.0
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Table VI 
Illinois Coal Analysis as Determined by 

University of Illinois/Illinois State Geological Survey 
 

COAL MURPHYS- ILLINOIS ILLINOIS 
 BORO 6 6 
REFERENCED    
NAME "Murphysboro" "Illinois #6" "Galatia #6" 
MINE KNIGHT- KNIGHT- GALATIA 
 HAWK HAWK  
    
% Moisture 8.89 7.76 4.06 
% Volatile (dry) 37.07 41.07 39.28 
% Ash (dry) 7.71 9.51 8.47 
% Chlorine (dry) 0.52 0.67 0.76 
% Carbon (dry) 76.31 72.46 74.37 
% Hydrogen (dry) 3.87 4.03 4.46 
% Nitrogen (dry) 1.83 1.45 1.59 
% Total Sulfur 
(dry) 1.47 3.39 3.01 

 
 
 


