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I. EXECUTIVE SUMMARY 
 
 This NETL sponsored effort seeks to develop continuous technologies for the 
production of carbon products, which may be thought of as the heavier products currently 
produced from refining of crude petroleum and coal tars obtained from metallurgical 
grade coke ovens.  
 This effort took binder grade pitch, produced from liquefaction of West Virginia 
bituminous grade coal, all the way to commercial demonstration in a state of the art arc 
furnace. Other products, such as crude oil, anode grade coke and metallurgical grade coke 
were demonstrated successfully at the bench scale.  
 The technology developed herein diverged from the previous state of the art in 
direct liquefaction (also referred to as the Bergius process), in two major respects.  First, 
direct liquefaction was accomplished with less than a percent of hydrogen per unit mass 
of product, or about 3 pound per barrel or less.  By contrast, other variants of the Bergius 
process require the use of 15 pounds or more of hydrogen per barrel, resulting in an 
inherent materials cost.  Second, the conventional Bergius process requires high pressure, 
in the range of 1500 psig to 3000 psig.  The WVU process variant has been carried out at 
pressures below 400 psig, a significant difference.   
 Thanks mainly to DOE sponsorship, the WVU process has been licensed to a 
Canadian Company, Quantex Energy Inc, with a commercial demonstration unit plant 
scheduled to be erected in 2011.   
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II.   INTRODUCTION 
 

The purpose of this DOE-funded effort is to develop continuous processes for 
solvent extraction of coal for the production of carbon products. These carbon products 
include materials used in metals smelting, especially in the aluminum and steel industries, 
as well as porous carbon structural material referred to as “carbon foam” and carbon 
fibers. Current sources of materials for these processes generally rely on petroleum 
distillation products or coal tar distillates obtained as a byproduct of metcoke production 
facilities. In the former case, the American materials industry, just as the energy industry, 
is dependent upon foreign sources of petroleum. In the latter case, metcoke production is 
decreasing every year due to the combined difficulties associated with poor economics 
and a significant environmental burden. Thus, a significant need exists for an 
environmentally clean process which can use domestically obtained raw materials and 
which can still be very competitive economically.  
  Continuous processes using solvent extraction of coal offers the potential to 
accomplish all of these objectives. Initial proof of concept had been achieved via the 
DOE-sponsored Consortium for Premium Carbon Products from Coal (CPCPC) which in 
2002 demonstrated an all-coal-derived anode with West Virginia University, Alcoa and 
Koppers. Test anodes produced in this program surpassed all technical requirements, at 
the bench scale at least, as specified by Alcoa. Similarly, very high performance coke, 
pitch, composites, foams and fibers were demonstrated in DOE-sponsored efforts such as 
Production of Foams, Fibers and Pitches using a Coal Extraction Process (DE-FC26-
01NT41359). In 2002-2004, as a result of DOE sponsorship of efforts such as Production 
of Carbon Products Using a Coal Extraction Process (DE-FC26-02NT41596) modified 
solvent extraction processes were developed using low cost coal oils in place of more 
expensive solvents, which preserve high quality of the pitches and cokes produced. At the 
same time the weight fraction of coal which could be dissolved in solvent was increased 
from about 0.60 to 0.85 or higher. The solvent/coal ratio by weight was lowered from 
about 10 to 2, and with recycling ratio of 0.15 was demonstrated. By synthesizing the 
solvent from coal, elimination of makeup solvent completely is achievable. From the 
standpoint of materials balance, commodity feedstock material costs were shown to be 
less than half the price of the final products, illustrating the potential for profitability.  

The main remaining issue is processing cost. Continuous processes will be sought 
as replacements for batch processing. In addition, processing steps need to be simplified, 
so that they are comparable to standard processes used at chemical refineries and 
elsewhere. 

There are a number of parameters which are important for the production of 
acceptable cokes, including purity, structure, density, electrical resistivity, thermal 
conductivity etc. From the standpoint of a manufacturer of graphite electrodes such as 
GrafTech, one of the most important parameters is coefficient of thermal expansion 
(CTE). Because GrafTech material is usually fully graphitized (i.e., heat treated at 3100 
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°C), very high purity is automatically achieved. The degree of graphitization controls 
properties such as CTE, electrical resistivity, thermal conductivity, and density. Thus it is 
usually possible to correlate these properties using a single parameter. CTE has proven to 
be a useful index for the quality of coke. Pure graphite actually has a slightly negative 
coefficient of thermal expansion, whereas more disordered carbon has a positive 
coefficient. 

A hydrogenation reactor facility for adding hydrogen to the coal tar distillate 
(CTD) solvent was completed and tested as part of this project, although by the time of 
the completion of the project, hydrogenation was not required in order to achieve 
liquefaction.  

 

2.1. Historical Background. 

 
Direct Liquefaction of coal was first accomplished by Bergius in Germany before 

the Second World War.   The coal is finely ground and dried in a stream of hot gas. The 
dry product is mixed with heavy oil recycled from the process. Catalyst is typically added 
to the mixture. A number of catalysts have been developed over the years, including 
tungsten or molybdenum sulfides, tin or nickel oleate, and others. Alternatively, iron 
sulphides present in the coal may have sufficient catalytic activity for the process, which 
was the original Bergius process. 

The mixture is pumped into a reactor. The reaction occurs at around 400 °C and 
20 MPa hydrogen pressure or higher. The basic notion is that hydrogen is transferred 
from the gas phase to hydrocarbons contained in coal.  Usually an intermediate liquid is 
used (referred to as a donor solvent).  The donor solvent is able to capture hydrogen from 
high pressure gas (for example, in the conversion of naphthalene to 
tetrahydronaphthalene).  Then the donor solvent gives up extra hydrogen to molecules in 
the coal, enabling them to be fluid.  The net result is that coal is converted to a crude oil 
and a few percent gas.   

A single stage process accomplishes solvent hydrogenation as well as hydrogen 
transfer in a single reactor vessel.  A two stage process separately hydrogenates the 
solvent, with hydrogen transfer occurring in a second reactor.  Because hydrogenation is 
usually accomplished in the presence of a catalyst, it is presumed that catalyst life will be 
longer in a two stage process, since in a single stage process the catalyst may be 
contaminated from impurities associated with coal.  

The synthetic crude can be further processed to output synthetic fuels of desirable 
quality, including a substantial gasoline fraction (in contrast to the Fischer Tropsch 
process, which produces mainly diesel fuel).  

In 1970-1980s, Japanese companies began work on a Liquefaction process 
sponsored by the New Energy Development Organization, hence, the NEDOL process.  
Participants have included:  New Energy and Industrial Technology Development 
Organization; Nippon Coal Oil Co., Ltd., Sumitomo Metal Industries, Ltd.; Idemitsu 
Kosan Co., Ltd.; Nippon Steel Corp.; Chiyoda Corp.; NKK Corp.; Hitachi Ltd.; Mitsui 
Coal Liquefaction Co., Ltd.; Mitsui Engineering & Shipbuilding Co., Ltd.; Mitsubishi 
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Heavy Industries, Ltd.; Kobe Steel, Ltd.; Japan Energy Co., Ltd.; Sumitomo Metal 
Mining Co., Ltd.; Asahi Chemical Industry, Co., Ltd.; Toyota Motor Corp.; Sumitomo 
Coal Mining Co., Ltd.; Nissan Motor Co., Ltd.; The Japan Steel Works, Ltd.; Yokogawa 
Electric Corp.; and The Industrial Bank of Japan, Ltd.1 

 In this process, coal is mixed with a recycled solvent and a iron-based catalyst; 
after preheating H2 is added. The reaction takes place in a tubular reactor at a 
temperature between 430 °C (810 °F) and 465 °C (870 °F) at the pressure 150-200 bar. 
The resultant oil is of low quality and requires intensive upgrading. 

 

 
Figure 1.  Schematic of the NEDOL Process from Japan. 

 
 
The H-Coal process, developed by Hydrocarbon Research, Inc. (now part of 

Headwaters Inc.) in 1963, mixes pulverized coal with recycled liquids, hydrogen and 
catalyst in the ebullated bed reactor.   Advantages of this process are that dissolution and 
oil upgrading are taking place in the single reactor, products have high H/C ratio, and a 
fast ratio time, while the main disadvantages are high gas yield, high hydrogen 
consumption, and limitation of oil usage only as a boiler oil because of impurities.  In 
2010, Headwaters formed an alliance with Axens North America Inc., which also has 
common roots in the H-Coal process, and which has therefore continued to evolve the 
process.    
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Figure 2.  Axens two stage liquefaction process, based on H-Coal technology. 

 
Two processes were developed by Gulf Oil in the 1960s and 1970s.  SRC-I 

(Solvent Refined Coal I) was a process to produce clean coal substitute.  At the time, 
there was uncertainty about whether it would be easier to achieve Clean Air Act 
standards by cleaning coal at the front end, or whether it could be done better by 
scrubbing the exhaust.  Ultimately, the latter process won out, probably due to lower 
capital costs.  The SRC-II  process was a liquefaction process which involved mixing 
pulverized coal with molybdenum catalysts, using high pressure synthesis gas for 
hydrogenation, as shown in Figure 3.  
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Figure 3.  Gulf Oil SRC-II process. 

There are also a number of two-stage direct liquefaction processes; however, after 
1980s only the Catalytic Two-stage Liquefaction Process, modified from the H-Coal 
Process; the Liquid Solvent Extraction Process by British Coal; and the Brown Coal 
Liquefaction Process of Japan have been developed. 

Overall, about 97% of input carbon fed directly to the process can be converted 
into synthetic fuel. However, any carbon used in generating hydrogen will be lost as 
carbon dioxide, so reducing the overall carbon efficiency of the process. 

There is a residue of unreactive tarry compounds mixed with ash from the coal 
and catalyst. To minimize the loss of carbon in the residue stream, it is necessary to have 
a low-ash feed. Typically the coal should be <10% ash by weight. The hydrogen required 
for the process can be also produced from coal or the residue by steam reforming. A 
typical hydrogen demand is ~8 kg hydrogen per ton of dry, ash-free coal. 

Historically, the interest in coal liquefaction was focused on high grade 
transportation fuels including gasoline and diesel fuel.   In the current study, however, 
carbon products such as pitches and cokes have been developed as potential applications.  
Though usually priced at a lower level than sweet crude, they are nevertheless very viable 
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as commodities.  Pitches were not listed as products in some of the old Exxon Donor 
Solvent publications.2,3,4   
   
 

 
Figure 4.  Shenhua liquefaction reactor, rated at 3000 psi, lifted into place.  
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Figure 5.   The Shenhua liquefaction reactor is the largest of its kind in the world. 

The Shenhua process is the largest commercial direct liquefaction process.  But 
ass shown in Figures 4 and 5, it also is dependent upon the ability to carry out hydrogen 
high pressure liquefaction and the attendant issues, including both higher capital cost and 
higher operating cost.   

 

2.2  Carbon Emission Considerations 

 
Carbon emission credits or taxes are likely to be an important discriminator in 

favor of natural gas and oil since they have higher chemical enthalpy per unit mass of 
carbon, as shown in Table 1.  Hence, regulatory pressures are likely to favor natural gas 
over other hydrocarbon competitors.  Fleet vehicles (i.e., vehicles for which the routes are 
controlled well enough to ensure access to fueling stations chosen by the owners of the 
fleet) and public transportation are also likely to increasingly switch over to either 
compressed natural gas, liquefied natural gas or its derivatives.    
 However, liquid fuels such as Fischer Tropsch have historically been problematic 
from the standpoint of efficiency, which has prevented Fischer Tropsch fuels from 
commanding more market share.  In other words substantial energy is required in order to 
produce products.  This energy consumption, generally in the form of heat, implies the 
consumption of other fossil fuels and hence the creation of carbon dioxide.  The situation 
is made complicated by the fact that in theory some other source of thermal energy might 
be developed with lower or even zero carbon associated with it (i.e., geothermal, solar or 
nuclear heat might be considered).    Hence some “hidden” carbon dioxide footprint may 
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exist (for example, due to transportation, mining or other processing activities), 
depending on how any particular alternative fuel is made.  
 Until a CO2 “accounting system” is established, definitive statements about the 
CO2 signature ought to be avoided.  However, these general principles may apply: 
 
 a.  If  CO2 is a co-product of a commodity product (for example, CO2 is produced 
during gas reforming, so that Fischer Tropsch products can not be formed without CO2), 
that is the most obvious link to a commodity energy product.   
 
 b.  If CO2 is linked with a particular energy product, it is also important to 
determine its thermodynamic state.  Specifically, high concentrations of carbon dioxide 
are usually much easier to capture than low concentrations.  High pressure carbon dioxide 
is likewise easier to handle than low pressure carbon dioxide; or alternatively, the work 
of compression must be paid to convert low pressure carbon dioxide to high pressure.   
 
 c.  The energy required to obtain the commodity alternative fuel must also be 
considered.  Thermal energy might in principle be obtained from any one of a number of 
sources and can sometimes be obtained as a coproduct from some other process (for 
example, as waste heat from a power plant).  Thus an alternative fuels plant collocated 
with a power plant may be a viable way to reduce the carbon dioxide footprint associated 
with that alternative fuel; or at least the CO2 footprint might be shared between the two 
enterprises.  However, in actual practice, heat is often provided via combustion of a fossil 
fuel.  The carbon dioxide from that portion of the process may also be assigned to the bill 
for the commodity alternative fuel in question.   The tentative conclusion can be that 
processes that are efficient—that have products with high chemical enthalpy and low 
energy consumption in the production phase—are to be preferred over low efficiency 
processes; at least as far as the carbon dioxide footprint is concerned.    
 
 d.  If hydrogen is used at some point in the processing of the alternative fuel, it 
again is theoretically possible to produce it without the use of fossil fuel; that is, via some 
process involving electrical energy production from some very low greenhouse gas 
source.  However, in practice, the most economical means of producing hydrogen is 
usually via reforming of natural gas.  Hence the consumption of hydrogen in any part of 
the process may be associated with some quantity of carbon dioxide also.   
   

The Quantex process, then, has the advantages of not producing direct carbon 
dioxide as a byproduct.  Low energy requirements and zero hydrogen addition translates 
to a process with excellent performance from a carbon dioxide standpoint.  Theoretically 
a zero-greenhouse gas process might be created, although in the opinion of the presence 
authors it is more reasonable to assume that process heat is supplied from natural gas 
combustion rather than some more exotic method.    

Currently, however, there is no government-approved accounting method for 
carbon dioxide.  Our opinion is that some sort of regulation may be expected in the 
future, possibly in the form of carbon credits or a tax.  When and if this occurs, the 



 21 

Quantex process is expected to compare favorably with other processes for obtaining 
hydrocarbons.   
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Table 1.   Enthalpy per Mass of Carbon for Various Fuels. 

Energy Source Combustion 
Enthalpy, MJ/kg 

Normalized Carbon 
Mass, 
dimensionless 

Enthalpy per mass 
of carbon, MJ/kg 

Natural Gas 
 

54 0.75 72 

Gasoline 
 

46 .85 54 

Bituminous Coal 24 
 

.70 34 

Sub-bituminous coal 20 
 

.60 
 

32 

Lignite coal 
 

14 .50 28 
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2.3. Major Accomplishments 

 
 
 The research described in this document has been successful, resulting in 
licensing the technology to Quantex Energy Inc., with plans to build a commercial 
demonstration unit in South Texas. 

An unanticipated finding was that hydrogenation is not necessary in order to 
successfully liquefy many types of bituminous, sub-bituminous and lignite coals.  

Still, continuous hydrogenation was accomplished successfully in a tube reactor, 
although later the need for hydrogenation was removed altogether.  

Synthetic binder pitch for carbon electrodes and anodes was produced according 
to industry specifications. Approximately 1500 pounds of synthetic pitch was produced 
for a single build of test arc furnace electrodes.  This was ultimately demonstrated in 
commercial GrafTech graphite electrodes and tested in a commercial arc furnace steel 
mill (Mittal Steel).     
 

 
Figure 6.  Pilot scale coal extractions are accomplished in a 10 gallon reactor.  
Continuous, semi-batch and batch mode operation was demonstrated.   
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Figure 7.  Full scale commercial electrodes were fabricated by GrafTech Inc using 
synthetic pitch.  

 

Figure 8.  Full scale commercial electrodes were then tested in a commercial arc furnace.  
All commercial specs were met or exceeded. 
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 The major accomplishments of this effort were as follows: 
 
 1.  Demonstrated the ability to digest coal in mildly hydrogenated commodity 
coal tar distillate solvents. 
  
 2.  Demonstrated the ability to remove ash precursors via centrifugation of the 
extracted coal digest, thus resulting in a solution that can be further processed to make 
carbon products and/or the equivalent of crude petroleum.   
  
 3.  Produced over 4500 pounds of coal extract, which was processed to yield 1500 
pounds of pure synthetic binder pitch. 
 
 4.  With the assistance of Koppers Inc and GrafTech International, demonstrated 
commercial scale electrode performance.   
 
 5.  Anode grade cokes were demonstrated at the bench scale as anodes used for 
aluminum smelting via the electrochemical (Hall-Heroult) process.  In the aluminum 
industry commercial scale anode production implies production quantities of hundreds of 
tons of materials, which was beyond present capabilities.  For this reason the 
demonstrations were limited to bench scale.   
 
 6.  Demonstrated proof of concept for creating anisotropic coke domains that can 
result in coke.  This was accomplished using an extrusion method to use shear forces to 
create anisotropic domains.  
 

7.  Demonstrated high strength carbon foams fabricated using commodity 
feedstocks. 
 
 8.  Duplicated pilot scale verification tests of blended binder pitch, using a variant 
of pitch product produced without using gaseous hydrogen to enhance the digestibility of 
coal in the solvent.  
 
 9.  Demonstrated the bench scale ability to produce binder grade pitches and 
anode grade cokes from low rank coals including sub-bituminous and lignite coals.  
 
 10.  Licensed the process to Quantex Energy Inc,  a privately held company, 
which plans to build a Commercial Demonstration Unit (CDU).  The are of south Texas 
known as Refinery Row was one of the sites considered,  as shown in Figure 9.   
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Figure 9.  The coal conversion process was licensed from WVU to Quantex Energy, 
which intends to build a Commercial Demonstration Unit.  A candidate site could be 
Refinery Row in Texas, which has river, ocean and rail access as well as proximity to 
heavy crude refiners.   
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2.4  Other Observations 

 
 
 The coal liquefaction process described herein is suitable for expansion to 
multiple millions of barrels per day of crude oil that in turn can be upgraded using 
standard refining processes.  It is therefore possible for the United States to reduce or 
eliminate the 12 million barrels per day of liquid crude that it currently imports.   
 The main reason for not producing crude petroleum is likely the environmental 
concern associated with global warming.  It is widely if not universally accepted that 
carbon dioxide emissions threaten to accelerate the global warming trend of the 1990’s to 
such a point that it might threaten the global ecosystem.  Specifically, the 
Intergovernmental Panel on Climate Change assesses the situation as follows: 
 

Continued greenhouse gas emissions at or above current rates would 

cause further warming and induce many changes in the global climate 

system during the 21st century that would very likely be larger than those 

observed during the 20th century.
5   

 
The IPCC does not directly recommend reduction of carbon in the atmosphere, 

but instead strives to identify the climatological consequences of emitting different levels 
of carbon.  Nevertheless, the policy response of many governments seems to be headed 
towards the goal of reducing carbon consumption as opposed to tolerating the 
environmental consequence.   

Hence, if the US were to place another 12 million barrels per day of oil on the 
world market, there is a legitimate cause for concern that in fact the rest of the world 
would likely not reduce production levels to compensate.  
 There are a number of arguments based on socio-political factors that might lead 
the US to decide to not produce additional liquid crude.  Nevertheless, from the 
standpoint of the technology, the WVU process is scalable to millions of barrels per day, 
and offers the possibility of substantially reducing or eliminating dependence upon 
unstable foreign sources of oil.     

This process has been licensed by Quantex Energy Inc and its partners.  The 
pricing point for synthetic crude may be in the range of $40 per barrel or even much 
lower.    

Coal liquefaction is economically attractive because the United States faces a 
deficit in liquid fuels.  At the same time, natural gas prices have fallen to about four 
dollars per thousand cubic feet of gas, probably due to the emergence of large finds in 
North America such as the Barnett and Marcellus fields. The successful 
commercialization of hydraulic fracturing (or hydrofracking as it is commonly referred to 
in industry jargon), has resulted in significantly revising supply estimates, with a 
concomitant drop in prices in North America.  As of first quarter 2010, wellhead prices 
were $4.36 per MCF according to the Energy Information Administration.   If natural gas 
prices continue to be tied to production from these twin large supplies of natural gas, it 
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may signal that low gas prices can persist for as long as a decade.  Natural gas may be 
well poised to take increasing market share for commercial power.  Hence, many analysts 
fear that demand for steam coal in North America may be flatter than in previous years.  
The DOE Energy Information Agency summarizes projections as follows: 

 
In the AEO2010 Reference case, increasing coal use for electricity 

generation, along with the startup of several CTL plants, leads to growth 

in coal production averaging 0.2 percent per year from 2008 to 2035.  

This is significantly less than the 0.9-percent average growth rate for U.S. 

coal production from 1980 to 2008.
6
 

 
Although the demand for coal is expected to slacken, the availability of coal is  

high.  The EIA estimates that the US has 17.8 billion tons of recoverable reserves from 
producing mines, and a total of 275 billion tons of recoverable coal, with a total reserve 
base of almost 4 trillion tons.7,8   Given that the US currently consumes about a billion 
tons of coal for commercial power and other applications, while at the same time US 
petroleum consumption accounts for 20 million barrels per year, or about 1.1 billion 
Metric Tonnes per year.  Assuming that liquefied coal has half the net energy of oil due 
to the presence of ash, processing energy penalties and the like, it might take 2.2 billion 
Tonnes of coal to supply oil replacement via liquefaction.   It appears possible that coal 
could be used as a feedstock to satisfy current commercial power and liquid product 
needs.  Assuming 300% consumption compared to today’s rates (i.e., a total of 3 billion 
Tonnes per year), the supply of North American coal—for value-added liquid fuels if not 
electric power—might plausibly last for the next 1300 years.   
  From an environmental standpoint, the WVU liquefaction process results in a 
liquid product that can be processed using standard refining techniques.  Hence the 
emissions from liquefied coal will be more or less like the emissions from petroleum 
rather than from coal combustion.   
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Figure 10.  EIA Pyramid, showing 3.97 trillion tons of coal resources. 
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Figure 11.  West Texas Intermediate (WTI) Historical Monthly Crude Price. 
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Figure 12.  Recent Natural Gas Prices. 
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Figure 13.  Recent prices for different types of coal. 

 
 Although various scenarios are possible, many observers believe that a long term 
trend is for increased utilization of natural gas, while petroleum faces future production 
shortfalls.  Consequently, if coal can be successfully liquefied, there is a market gap for 
liquid products that can be filled by coal liquids, while at the same time coal is coming 
under increased pressure from natural gas for use in fixed station power plants.  
Environmental considerations, including greenhouse gas performance seemingly favors 
the use of natural gas for stationary power.   On the other hand an energetically favorable 
process such as direct liquefaction may be useful for producing liquid products with 
greenhouse gas signatures comparable to that of petroleum.   
 Hence the present authors foresee that coal will increasingly be viewed as a solid 
form of crude oil.  By converting it to a liquid form, it is possible to directly produce 
heavy hydrocarbon products such as coke, pitch, bunker oil and the like.   Alternatively, 
it is possible to upgrade coal derived crude oil to be the equivalent of petroleum crude.   
Conversely, although gasification can be a very clean technology, either for direct power 
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production or conversion to liquid fuels via Fischer Tropsch, economics may limit the 
ability of coal to compete with conventional natural gas, which appears to be headed 
towards a large increase in market share, at least in North America.  Hence, except in 
niche markets for which logistics favor coal gasification rather than buying and 
transporting natural gas, it may be difficult for coal to compete directly with natural gas 
as a feedstock for Fischer Tropsch conversion in North America.   
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 III.  HYDROGENATION 

 
 
 One of the most important conclusions of this particular study is that 
hydrogenation is not in fact required for direct liquefaction to take place.  Hydrogenation 
was once thought to be an integral part of direct liquefaction, although by the end of the 
effort, hydrogenation was eliminated from the liquefaction process itself.  Hydrogen may 
still be needed for the purposes of upgrading and refining, but it is not needed for the 
liquefaction process itself. 
 To clarify the vocabulary, in this study, an attempt has been made to follow these 
conventions: 
 

a.  Hydrogenation refers to a process in which hydrogen is absorbed by 
hydrocarbon molecules, usually in the liquid phase. Because hydrogen absorption occurs 
mainly at temperatures above 300 oC, and at pressures of 1000 psig and higher, a 
hydrogenation reactor would imply a high pressure autoclave of some sort.  
 

b.  Hydrodesulfurization refers to the process of removing sulfur compounds by 
using hydrogen to form hydrogen sulfide.  Ultimately, the hydrogen sulfide would 
normally be removed in a caustic scrubber.  

 
c.  Hydrodenitrification is essentially similar to hydrodesulfurization, but involves 

nitrogen removal.   
 

d.  Hydrotreatment  is the more general term for removing impurities, which thus 
incorporates hydrodesulfurization and hydrodenitrification.  Less commonly, 
hydrotreatment might also encompass conversion of aromatics to aliphatic and other 
factors that result in enhanced properties of hydrocarbon products.   

 
Occasionally some of these terms are used interchangeably in the literature, but in 

this report, the above definitions are preferred.  The ability to avoid hydrogenation in the 
direct liquefaction process may seem surprising in light of the extent to which other 
processes appear to be dependent upon hydrogenation.  For example, processes such as 
the Exxon Donor Solvent (EDS) process or the Shenhua Process rely upon high pressure 
hydrogenation as an essential part of the liquefaction process.9   The donor solvent 
process involves hydrogenating a solvent such as naphthalene to create tetralin 
(tetrahydronaphthalene) or decalin (decahydronaphthalene).  That hydrogenated solvent 
is then used to digest coal at a pressure of about 3000 psig and temperature of 400 oC.  
The resultant slurry is then separated. 
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3.1  Low-Hydrogenation Process—Continuous and Semi-Batch 

 
Initial efforts were focused on low-hydrogenation processes, though by 2009 it 

had become clear that the hydrogenation operation could be eliminated completely.   
Both completely continuous and semi-batch methods were tested.  The continuous 
method required the use of a high-torque pump capable of pumping liquid into the reactor 
with a ~1500 psig pressure gradient.   This was readily achievable at the bench scale, 
although the availability of such pumps was considered a technical issue for full scale 
commercial plants, say at the 10,000 barrels per day level.  Then too, the presence of 
hydrogen at high pressure and high temperature requires that special care be taken for the 
operation, which in turn implies greater capital and operating expense.     

By contrast, a semi batch method exhausts the contents of the reactor periodically.  
Hence, refill can occur at near-ambient pressure, followed by closing the valves and 
pressurizing with hydrogen.   

Solvents were created by adding about 0.5% by weight hydrogen to hydrogenated 
coal tar distillate.   

Continuous hydrogenation was demonstrated using a high torque pump to transfer 
coal tar distillate from a 55 gallon drum used as a holding tank to the five gallon reactor.   
Pressure differential was typically 1500 psig, as stated above, and temperature was at 
least 350 oC.   The liquid product was released by partially opening a ball valve, allowing 
the contents to be slowly released.  FTIR results showed that hydrogenation levels were 
increased with an observed change in H/C of 0.5 weight percent.  However, clogging of 
the small valve openings (0.25” tubing) was  a significant problem with this simple 
arrangement.  Switching to 0.50” tubing produced better results although the unavoidable 
flow constriction near the valve provides a site for clogging as well.  

Continuous hydrogenation, or hydrocracking, is an established process, although 
batch hydrogenation is in use as well.10    

A better variant in the laboratory was to employ a semi-batch process, described 
in Section 3.2. 

 
  

3.2  Hydrogenation Protocol 

 
 Most of the catalytic hydrogenation trials were carried in semi-batch mode, in 
which the reactor was never turned off, and solvent loading and unloading was 
accomplished at ambient pressure.   Both systems were limited by the capacity of the 
reactor and residence time requirement.  The semi-batch system imposes an additional 
requirement for some 15 minutes for unloading the product, re-loading the inlet solvent 
and allowing it to heat  
 This process is very similar to a continuous process, but loading of the reactor is 
accomplished at near ambient pressure.  In the continuous system, a high torque pump is 
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used to supply the liquid feed at pressure, i.e., at up to 2000 psig.   Given that there was 
very little difference in the mass throughput capability, nor in the characteristics of the 
output product, it was decided to use the semi-batch process in order to avoid problems 
with high pressure.    
 

3.2.1  Preparation 
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Figure 14.  Reference Diagram for Hydrogenation and Direct Liquefaction.   

 
 
1. Coal Tar Distillate (CTD) is  heated to about 70 °C in 55 gallon drum overnight to 
ensure that the viscosity is low enough for pumping.   In the illustration (see Figure 14), 
the valves are as follows:  Valve 1 = Holding tank to Blowdown Tank.  Valve 2 = 
Reactor to Blowdown Tank.  Valve 3 = Gas inlet (typically Hydrogen).  Valve 4 = Coal 
slurry inlet.  Valve 5 Reactor product outlet.  Valve 6  Holding Tank outlet.  Valve 7 = 
Nitrogen gas.  Valve 8 = Hydrogen Gas.  Valve 9 = Blowdown tank to fume hood.   



 36 

2. The reactor is depressurized. Pressure is released by opening Valve 1 and 2 to release 
gas to the vent tank. The vent tank Valve should be open to allow gas to be bled in the 
fume hood at a slow rate. Valve 3 should be closed.  
 
3. The drum of CTD is weighed and recorded in the lab book. Valve 4 is opened and the 
compressor is turned on for the air-actuated pump (primed if necessary). Approximately 
27 Lbs max of CTD may be transferred to the reactor.  
 
4. Valves 1-4 are closed.  The reactor is controlled automatically.  
 

3.2.2  Hydrogen tank change out.  

 
1. The hydrogen tank is valved off, as is the valve downstream from the regulator and the 
valve downstream from the regulator valve.  
 
2. The empty hydrogen tank is removed. 
 
3.  The new hydrogen tank is brought in and strapped down in accordance with OSHA 
regulations.  The regulator is attached such that the gauges may be read, right-side-up, by 
someone outside the fume hood.   
 
4. A combustible gas detector and/or Snoop (soap bubbles) are used to check for leaks in 
the hydrogen line and regulator equipment.    
 

3.2.3  Hydrogenator Protocol  

 
1. Valves 1, 2, 3 & 4 are turned off, and fume hood fans are checked to verify that they 
are turned on and functioning properly, and that water coolant is flowing to the 
Magnadrive and water-cooled heat exchanger.  
 
2. The reactor is purged by pressurizing to ~100 psig and releasing the gas to the holding 
tank. Nitrogen or carbon dioxide is preferred since these gases are inert.  
 
3. If necessary, bolts on the reactor are re-tightened to 200 ft-lbs torque using a torque 
wrench. The sequence of bolt tightening is based on a “star pattern” posted above the 
reactor. The bolts should be tightened by increments using a torque wrench to 100, 150, 
200, 200 and 200 psig, or until the torque wrench no longer rotates the bolts. 
 
4. Reactor heat is turned on.  
 
5. The temperature and pressure is recorded every five minutes or as directed by the 
supervisor.  
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6.  (Important!  Safety related note!)   If the reactor has not been externally pressurized 
and the pressure goes above 200 psig at less than 400 °C, this means that the reactor may 
be overfilled, and a potential overpressure situation may be created.  In that case, the 
heater power must be shut down immediately.  The Magnadrive is turned off.  The 
product output line, Valve 3 is opened. At least 3 liters should be released. If this is not 
effective, the emergency shutdown procedure must be immediately initiated.    
 
7. The target reactor temperature (i.e., set point on the controller) can be determined by 
the supervisor, but should be less than 450 °C. If the reactor temperature exceeds 460 °C, 
the emergency shutdown procedure must be immediately initiated.    
 
8. As the reactor approaches within 25 °C, of the target, adjust the temperature limit 
device to ensure temperature overshoot is minimized.  
 
9. The reactor is pressurized by opening the valve at the tank. The target pressure can be 
determined by the supervisor, but should never exceed 2200 psig. If the pressure reaches 
this level, vent the reactor gas from Valve 2. If this not effective, the emergency 
shutdown procedure must be immediately initiated.    
 
10. Within 5 minutes of pressurizing the reactor, a flammable gas detector should be used 
to determine if any flammable gas is present near the system.  
 
11. When hydrogenation is complete, the final hydrogen pressure, time, temperature, and 
pressure are recorded. 
 
12. The hydrogen source is valved off; the Magnadrive is turned off, and controller heater 
switch is turned off.  
 
13. Using insulated gloves, the reactor outlet, Valve 3, is opened to the product drum and 
empty liquid contents of the reactor are slowly emptied. This process should take 15 
minutes or longer. When the pressure drops to 1000 psig, the flow is momentarily valved 
off so that a test tube sample can be obtained for Fourier Transform Infrared (FTIR) or 
Nuclear Magnetic Resonance (NMR) testing. Then the reactor is drained the rest of the 
way. When the reactor seems to be completely drained, Valve 3 is valved off, and Valve 
1 is opened to refill the reactor.  At the end of the day:  
 
1. The lever switches to the hydrogenator and Magnadrive are turned off by pulling both 
levers down.  
 
2. The hydrogen gas is valved off at the bottle, at the regulator and also with the black 
valve after the regulator. 
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3.3   Material Characterization  

 

Variations in coal as well as coal tar distillate may contribute to variations in 
product characteristics.  Therefore, proximate and elemental analyses are normally 
carried out in order to verify that the material properties were acceptable. Following 
hydrogenation, the ratio of aliphatic to aromatic content was measured as a means of 
verifying the effectiveness of the hydrogenation process.  

In preparing to make synthetic pitch for the GrafTech electrode demonstration, 
about nine 55 gallon drums of material were required.  Three drums of coal tar distillate 
supplied by Koppers were of a much higher viscosity than previously observed.   

An acceptance test might be devised in the future based partly on viscosity, which 
case some viscosity level of ~200 centipoise or lower might be specified.  However, for 
the present time no such acceptance test exists.  Thus for this particular case the 
hydrogenation time was increased to two hours at 1500 psig or higher, and a temperature 
of 415 °C. Subsequent tubing bomb tests indicate that approximately 90% of the 
moisture-free ash-free mass was indeed dissolved successfully.   

Elemental, proximate and FTIR analyses are contained in Tables 2-5 and Figures 
15-20. 
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Table 2.  Elemental Analysis of Raw Coal Tar Distillate as-Received from Koppers Inc. 
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Table 3.  Proximate Analysis of As-Received Coal Tar Distillate (Drum 202). 
 

 
 

Table 4.  . Elemental Analysis of Kingwood Coal, 1st Drum, As Received. 
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Table 5.  Elemental Analysis of Kingwood Coal, 2nd Drum, As Received. 
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Figure 15. Aromatic to Aliphatic Ratio from FTIR, Hydrogenated CTD, 2/13/07, 1st Run. 
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Figure 16.  Aromatic to Aliphatic Ratio from FTIR, Hydrogenated CTD, 2/13/07, 2nd 
Run. 
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Figure 17.. Aromatic to Aliphatic Ratio from FTIR, Hydrogenated CTD, 2/13/07, 3rd 
Run. 
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Figure 18. Aromatic to Aliphatic Ratio from FTIR, Hydrogenated CTD, 2/14/07, 1st Run. 
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Figure 19.  Aromatic to Aliphatic Ratio from FTIR, Hydrogenated CTD, 2/14/07, 2nd 
Run. 
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Figure 20.  Aromatic to Aliphatic Ratio from FTIR, Hydrogenated CTD, 2/14/07, 3rd 
Run. 
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 IV.  Digestion 
 
 Digestion is the key step in the process.  This step is sometimes referred to as a 
dissolution, but in fact it is believed that chemicals react during the process.   Hence it is 
properly a reactive dissolution or digestion process.  Much of the early studies were 
related to the use of n-methyl pyrrolidone (NMP) which was at the heart of coal digest 
processes in the early 2000’s.  At that time the focus was mainly on relatively high value 
added products such as carbon foam, which was assumed to be able to command a 
market price of at least $2000 per metric Tonne, in which case a few percent by mass of 
NMP could be incorporated in the product without ruining the economics.  
 If on the other hand the coal liquefaction process is intended to be competitive 
with $80 per barrel crude petroleum (based on current West Texas Intermediate world 
market price), there is little margin for material losses.     

4.1.  N-methyl-pyrrolidone (NMP)  Processes. 

 
N-methyl-pyrrolidone (NMP) at one time was at the heart of WVU solvent 

extraction processes for coal, being successfully used to dissolve bituminous coals of 
different types.  NMP solvent extraction was used successfully to produce coke for the 
CPCPC all coal anode used for aluminum manufacture.11  Although technically 
successful,   this process was eventually abandoned because of the relatively high cost of 
NMP, which leads to a requirement to recycle it very efficiently.  Currently favored 
processes rely completely on commodity products such as decant oil, coal tar distillate or 
other refinery products.  
 In any case, N-methyl-pyrrolidone (NMP) was studied for its effect on swelling 
and extraction of bituminous coal.   NMP is no longer the solvent of choice for producing 
pitches and cokes due to its expense, which necessitated nearly 100% solvent recovery in 
order to have an economical process.  The swell and extraction was described as a 
function of process parameters, the extraction temperature and extraction time. The 
relationship between swell and extraction was examined, and the effect of coal size was 
quantified. Additionally, mercury porosimetry was performed to examine the porosity of 
the bituminous coal used in the research. The porosity of the bituminous coal and its 
relationship to solvent extraction and solvent swelling of coal was examined. 
 In addition to carbon, the organic portion of coal contains hydrogen, oxygen, and 
nitrogen. These are the elements necessary to form the functional groups defined by 
organic chemistry. Organic chemistry is useful for predicting the behavior of coal in 
lesser known systems. Petrography, while useful for classifying coal, is inadequate for 
making novel predictions about coal systems. To determine what functional groups are 
appended to coal molecules, researchers use FTIR (Fourier Transform Infrared Analysis), 
NMR (Nuclear Magnetic Resonance), and XRD (X-ray Diffraction). The relevance of 
specific functional groups to coal chemistry is summarized below. 
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R-OH (Hydroxyl) 
 

Hydroxyl groups in coal are interaction sites that solvents use to form hydrogen 
bonds. Solvent-coal hydrogen bonds are of interest because many solvents are thought to 
dissolve coal through a process requiring hydrogen bonding. FTIR studies of various coal 
ranks suggest that as coal rank increases from lignite to bituminous, there is a decrease in 
oxygen and hydroxyl content12. This implies that higher rank coals contain fewer 
interaction sites with which to form hydrogen bonds with solvents.13 
 

 
 

Aldehydes are polar functional groups. The electronegative oxygen pulls the 
bonding pair of electrons towards itself, creating an electron deficiency at the carbon 
atom. Treatment of aldehydes with oxidizing agents, such as nitric acid, transforms the 
aldehydes to carboxylic acids. Coal researchers transform aldehydes to carboxylic acids 
using oxidizing chemicals such as hydrogen peroxide. Pretreatment of coal with 
oxidizing agents often results in increased extraction yields. 
 

 
 

Ketones are hydrogen bond acceptors, but not hydrogen bond donators. 
Therefore, ketones can not form hydrogen bonds with themselves. This makes ketones 
more volatile than alcohols or carboxylic acids of similar molecular weight.14 A ketone 
can combine with an electrophile to form resonance stabilized cation. 
 

 
 

Carboxyl groups are characteristic constituents of more complex functional 
groups such as carboxylic acids and amides.15 
 

 
 



 50 

The amino functional group is of interest because the nitrogen can donate its 
electron pair to the proton of an acid.16 When the nitrogen donates its electron pair, it 
becomes positively charged. 
 

R-SH (Sulfhydryl) 
 

In organic chemistry the sulfhydryl group is a functional group composed of a 
sulfur and a hydrogen. When the sulfhydryl group is connected to a carbon atom, it is 
known as a thiol, formerly called by the name mercaptan. 
 

 
Esters can participate in hydrogen bonds as hydrogen bond acceptors, but cannot 

act as hydrogen bond donors, unlike their parent alcohols and acids.  
 Examples of the functional groups mentioned can be observed in the Wiser Model 
of bituminous coals, illustrated in Figure 21. 
 

 
Figure 21.  Wiser Macromolecular network model of bituminous coals.17 
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 4.2.  Coal Solvents  

 
In 1951, Oele et al. proposed a system for the classification of coal solvents based on four 
general types.18 

 
 a.  Group 1, Non-specific solvents – Extract a small amount of coal (up to 10 %) 
at temperatures up to 135 °C. These solvents extract the resins and wax residues found in 
coal. The material extracted with Group 1 solvents is typically aliphatic in nature. 
Examples of Group 1 solvents include acetone, alcohols, benzene, chloroform, and 
ethers.  
 
 b.  Group 2, Specific solvents – Specific solvents dissolve a larger portion of coal 
(20 to 40 %) than non-specific solvents, and are used at temperatures below 230 °C. 
Specific solvents extract coal by a process of physical dissolution. Dryden showed that 
effective specific solvents are those that contain a nitrogen atom and an oxygen atom 
with unshared electrons as a lone pair.19 This lone pair of electrons tends to affect the 
solvent polarity and the swelling characteristics of the coal. The nature of the extracted 
coal is virtually indistinguishable from the original coal. 
 
 c.  Group 3, Degrading solvents – Degrading solvents extract the majority of coal 
(up to 90 %) at temperatures up to 425 °C. The solvent can be recovered from the 
solution substantially unaltered. This action is presumed to depend on the mild thermal 
degradation of coal which produces smaller, more soluble, coal fragments. Anthracene oil 
and phenanthrene and examples of degrading solvents.  
 
 d. Group 4, Reactive solvents – Reactive solvents extract coal by chemical 
interaction. The chemical interaction of the solvent promotes degradation during coal 
extraction. The structure of both the coal and coal solvent change during this process. 
Examples of reactive solvents include; low temperature alkali hydrolysis of coal by 
alkaline-alcoholate resulting in partial depolymerization of the coal matrix.”20 
 

 Another class of solvents, not considered by Oele, is known as super solvents. 
Super solvents are unique in that they can dissolve of many substances, both polar and 
non-polar. In 1981 Stiller showed that super solvents are capable of dissolving large 
amounts of organic material. Super solvents are a class of dipolar aprotic solvents that are 
capable of dissolving a large amount of the organic material in coal.21 
Super Solvents have the general formula.  
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where M is a carbon, sulfur, or phosphorus atom, R2 and R3 are either a hydrogen or 
lower alkyl group, and R1 and Rn are either each a lower alkyl group, or a monocyclic 
group.  R1 can be another monocyclic group,  
 
 

 
 
Alternatively, R1 can be another supersolvent molecule,  
 

 
 

R1 and R3 can represent the atoms necessary to close a heterocyclic ring.  Either or both 
of Rn and R1 can be another amino group.22 
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Dimethyl-sulfoxide (DMSO), N-N-dimethyl-acetamide (DMAA), N-methyl-
2pyrrolidone (NMP), hexamethyl phosphoramide (HMPA), and tetra-methyl-urea (TMU) 
are some commonly used super solvents.  

Solvent extraction operates by exploiting differences between the desirable and 
undesirable portions of coal. The soluble portions of coal are typically carbonaceous 
aromatic macromolecules trapped within the 3-dimensional cross linked lattice of coal as 
illustrated in the Wiser Model for bituminous coals.23 The insoluble inorganic portion of 
the coal consists mainly of pyrite, quartz, and clays. These inorganic materials become 
ash after the coal is combusted, and are the major source of particulate emissions from 
the combustion of coal. The temperature and pressures at which solvent extraction 
operates occupies a large range. Some studies have used extraction temperatures as low 
as room temperature, while others have employed temperatures up to 300 °C.  

NMP is used as an extraction solvent because it is effective, relatively safe, and 
widely used in research. Table 6 summarizes the physical and chemical properties of 
NMP.24 
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Table 6.  Physical and chemical properties of NMP25 

 

 
 

As discussed previously, models typically treat coal as a large 3-dimensional 
macromolecular network, with extractable carbonaceous substances occluded in the pores 
in between the macromolecular network. Research by Takanohashi differed in that it 
concluded coal was a large aggregate, and Takanohashi proposed different mechanisms 
for describing coal dissolution.26 Thus, Takanohashi’s research suggested that coal is 
solubilized without breaking covalent bonds.  

The most common model of solvent extraction treats extraction in terms of the 
electron donor and acceptor interactions in the solvent coal system.27 This model assumes 
that donor-acceptor bonds in coal are responsible for binding together the 
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macromolecular network and the extractable carbonaceous materials that fill the pores of 
the network.28 Solvent swelling of coal occurs when the physical dimensions of coal 
increase due to the presence of a solvent. Researchers study coal swelling to elucidate 
coal structure. Additionally, researchers correlate or relate coal swelling with other coal 
properties; such as coal extraction yield or coal surface area. The hypothesis of why coal 
swells in a solvent is adapted from polymer research. For this reason, coal swelling 
studies tend to be more interdisciplinary than other coal studies. This leads to a wealth of 
coal swelling studies, the main points of which appear in summary below.  

The amount of coal swelling is measured by the swelling ratio, represented by the 
symbol Q. The swelling ratio is defined as the volume of the swollen coal divided by the 
volume of the original coal. Coal begins to swell as it imbibes a solvent for which it has 
an affinity. As the coal absorbs solvent, it grows in size, while maintaining its original 
shape. When the solvent is removed the coal shrinks to near its original size and shape. 
Some destruction of coal samples occurs after swelling and shrinking, but this destruction 
seems due to mechanical stresses rather than chemical changes.29 It is important that coal 
retains its original shape after swelling and shrinking because coal swelling models 
assume that swelling is a reversible process.30 Solvents for which coal has a high affinity 
are referred to as “good swelling solvents.” Swelling in good swelling solvents is found 
to be independent of the solvent to coal weight ratio and grinding direction.31,32 In good 
swelling solvents such as NMP and pyridine, coal is capable of swelling to over twice of 
its original volume, while still retaining its original shape.33  

Good extraction solvents are usually good swelling solvents. Thus, n-methyl 
pyrrolidone (NMP) and carbon disulfide (CS2) are expected to be good swelling 
solvents.34 The ability of a solvent to swell coal is a strong function of the electron 
donating ability of the solvents.35  

Painter and Shenoy proposed that the swelling of coal takes place by a process of 
chain disinterspersion.36 It is postulated that the covalent bonds in the coal matrix act as 
chains that are stretched by solvents. In this model, the solvent dissociates the non-
covalent cross-links of the coal matrix resulting in a swollen coal sample.  
Because of the anisotropic nature of coal, coal swells preferentially in a direction 
perpendicular to the bedding plane of the coal seam.37 This directional swelling is 
observed because coal appears to be more highly cross-linked in the bedding plane than 
perpendicular to it.38 This directional swelling of coal is not noted in most studies 
because only bulk swelling is measured, not the swelling of individual oriented coal 
pieces. Measuring the swelling ratio of individual coal pieces yields clues to the structure 
of coal not provided by the bulk swelling behavior of coal. “The perpendicular/parallel 
swelling ratios are highest in pyridine and lowest in chlorobenzene, indicating a highly 
anisotropic arrangement of covalent bonds.”39 Also, the time to reach maximum swell 
parallel to the bedding plane is shorter than the time to reach maximum swell 
perpendicular to the bedding plane.40 Cody et al also discovered that swelling measured 
as a function of time passes through a maximum due to the formation of a metastable 
state.  

Other clues about the structure of coal may be obtained by studying the swelling 
of different ranks of coal in various solvents. Observing the swelling ratios of different 
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ranks in different solvents may provide information about the structural changes across 
varying ranks. Rincon et al found that swelling ratios are higher for lower ranked coals.41 
Rincon also found that swelling could be used to improve THF (tetrahydrofuran) soluble 
materials after liquefaction with H-donor solvents.42 The trend of increased THF soluble 
materials correlated with coals of increased swelling ratios.43 Rincon et al postulated that 
that liquefaction of coal by H-donor solvents is a surface area dependent reaction, and 
that pre-swelling the coal is a good method for producing greater penetration and 
diffusion of reactants, increasing the liquefaction yield.44  

The rate of coal swelling is controlled by how quickly the solvent can diffuse into 
the coal. This is controlled by solvent properties, the size of the coal particles, and the 
average molecular weight between the crosslinks of the coal matrix.45 The diffusion of 
solvent into coal is modeled by either Fickian diffusion or anomalous transport.46 Coal is 
a glassy solid at room temperature, but transitions to a flexible state as it absorbs solvent. 
The flexible nature of the swollen coal suggests lower effective crosslink density, and 
suggests that the elasticity of the solvent swollen coal may be predominantly rubber-
like.47 The transition from the glassy to rubbery state is generally very sharp.48  

When discussing how swelling affects dissolution, if at all, it may be helpful to 
break coal constituents into soluble and non-soluble materials. Current models for coal 
dissolution postulate that the soluble portions of coal occupy the pore space of coal and 
extraction more or less leaves the existing macro molecular network intact.49 An 
aggregated structure of coal would imply a model where the coal structure is irrefragably 
lost upon dissolution. 
 
 

4.3  Experimental Studies of NMP-Coal Interactions  

 
By examining process parameters and coal properties, and their effect on the 

extraction and swelling of bituminous coal, it was possible to develop a correlation 
describing the solvent extraction and solvent swelling of high-volatile bituminous coal in 
the super solvent n-methyl pyrrolidone. It is hypothesized that the developed correlation 
is general enough to apply to all bituminous coals in super solvent systems.  

The experimental matrix is a summary of experiments that were performed during 
the research. The experimental matrix dictated the values of the independent variables 
during a particular experiment. These variables were manipulated to determine their 
effect on solvent extraction and solvent swell. The independent variables which the 
experimental matrix controlled are system temperature, time at temperature, and coal 
size.  

The system temperature may determine how quickly solvent extraction proceeds. 
There are several temperatures of interest ranging from 50 °C to 200 °C. The time at 
temperature may determine how far solvent extraction proceeds and to what extent the 
coal swells. There are several times of interest, from 2 minutes to 270 minutes. The coal 
size may affect the rate of solvent extraction and coal swell, and or the extent of solvent 
extraction and coal swell. There are three coal sizes of interest, a relatively large, 
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medium, and small, ranging from 40 Tyler Mesh (355 mm) to sub 150 Tyler Mesh (less 
than 106 mm). These variables and their ranges are illustrated graphically in the 
experimental matrix, which appears below as Table A2.2. 

 

 

Table 7.  Experimental Matrix. 

 
 

Coal swells when imbibing a solvent. The amount a coal swells, known as the 
swelling ratio, is the volume of the swollen coal divided by the volume of the original 
coal, minus one. The swelling ratio, Q is given by 
 
 

(Equation 1) 
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Following solvent extraction, it is necessary to determine how much coal is 
dissolved in solution. The amount of coal dissolved in the coal-NMP solution is directly 
proportional to the absorbance of the coal-NMP solution. The absorbance of the coal-
NMP solution is measured using a UV-Vis spectrophotometer. Beer’s Law is used to 
calculate the amount of coal in solution, 
 

bcA ε=  , (Equation 2) 

 

In Equation 2, A represents the absorbance of the solution, ε is the molar 
absorptivity, b is the path length, and c is the concentration. A solution exposed to UV-
VIS spectroscopy must be absorbent enough to absorb some light, but not so absorbent 
that too little light is transmitted. Without the proper absorbance, useful data will not be 
obtained. The absorbance equals the logarithm of the ratio of the power of the light 
source before and after passing through the solution. The equation used to calculate 
absorbance A is 
 

P

P
A 0log=  , (Equation 3) 

 
 
where P0 and P are, respectively, the power of a beam of monochromatic radiation before 
and after passing through the solution. Another variable in Beer’s Law is the path length, 
represented as term b. The path length is the length of solution that the UV-Vis 
monochromatic beam must pass through. Figure 22 is a graphical illustration of the 
geometry. 
 

 
Figure 22. Radiation passing through solution of path length b. 

This is not a linear relationship at higher concentrations, only at lower 
concentrations. For this reason, it is necessary to keep the absorbance of the coal-NMP 
solutions at or below three. There are two controllable parameters that determine solution 
absorbency. The first parameter is the path length of the cell that holds the coal-NMP 
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solution. If cell A is ten times the width of cell B, the solution in cell A appeared to have 
one tenth of the transmittance (T = P / P0) of the solution in cell B. The second adjustable 
parameter is the dilution of the solution. A relatively dilute solution absorbs less (have a 
higher transmittance) than a relatively concentrated solution.  

It is necessary to know the molar absorptivity of the coal NMP-solution before the 
concentration of the coal-NMP solution can be calculated. The molar absorptivity, a 
measure of the amount of light absorbed per unit concentration, is calculated as follows. 
A Soxhlet Extraction is performed on all coal samples, small, medium, and large. Soxhlet 
extraction is performed for 24 hours at reflux under vacuum, to ensure complete 
extraction. The product is filtered and vacuum dried at ambient temperature. The product 
and residue weights are added and mass closure is achieved. A known amount of extract 
is dissolved in a known amount of NMP. The extract is dissolved fully in the NMP, and 
diluted 100:1. The absorbance is measured and plotted as a function of concentration. A 
linear regression is performed and the slope is the product of the molar absorptivity and 
the path length.  

Porosimetry is the measurement of pore size, pore volume, pore size distribution, 
density, and other porosity related characteristics. The adsorption, permeability, strength, 
and density of a material are often influenced by its pore structure. The porosity of the 
Lower Powellton coal used in this research was characterized via mercury porosimetry. 
Mercury porosimetry is based on the capillary law governing liquid penetration into small 
pores. This law, in the case of a non-wetting liquid like mercury, is expressed by the 
Washburn equation, 

 

P
D

φγ cos4
=   , (Equation 4) 

 
 
where D is the pore diameter, P is the applied pressure, g the surface tension of the 
mercury, and f the contact angle between the mercury and the sample, all in consistent 
units. The volume of mercury V penetrating the pores is measured directly as a function 
of applied pressure. This P-V information serves as a unique characterization of pore 
structure. Mercury porosimetry is capable of observing pore sizes over five orders of 
magnitude, from 0.003 mm to 360 mm.  
 The experimental procedure consisted of the methods necessary to perform 
extraction of coal with NMP, measure coal swell, quantify coal solubility, and analyze 
coal porosity.  

Solvent extraction experiments were run in batches. Each batch was performed at 
a temperature of interest. For example, the first batch was run at 50 °C, and contained 
samples of small coal in NMP. In this particular batch, there were eleven samples, one 
sample for each of the eleven times of interest as illustrated in the experimental matrix. 
Experimental batches at temperatures above 140 °C had twelve time levels. All extraction 
runs were performed individually in a set of 10 ml graduated test tubes.  
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To begin an experimental batch, each empty test tube was numbered and weighed 
to one milligram accuracy. The test tube was then filled with 1 ml of Lower Powellton 
coal of the appropriate size, and again weighed to the nearest milligram. The graduated 
test tube was then filled to the 6 ml graduated mark with NMP, and again weighed to the 
nearest milligram. After the above procedure was complete for all samples in an 
experimental batch, the set of test tubes were placed in a test tube rack, and lowered into 
a fluidized sand bath preheated to the batch temperature.  

Once a time of interest was reached, a test tube was removed from the sand bath 
and allowed to air cool. Test tubes were continually removed at the experimental times 
until no more test tubes remained. Once the test tubes were removed and cooled the 
solvent extraction was complete. With solvent extraction complete, the next tasks were to 
quantify the amount that coal swelled during extraction, and to quantify the amount of 
coal dissolved in NMP.  

After the test tubes were air-cooled, the extraction runs were complete. At this 
time the test tubes were centrifuged. The graduation mark to which the coal had swollen 
was noted. The swelling ratio was calculated as the ratio of the post-extraction volume of 
the coal divided by the pre-extraction volume of the coal, minus one, in accordance with 
Equation 1. For example, if the coal had expanded to the 2.5 ml mark (from the original 
1.0 ml mark), that would indicate a swelling ratio of 150 %. After all the swelling ratios 
in a particular experimental batch were measured, the next step is to quantify coal 
solubility. 

After the swelling ratio was recorded, one or two milliliters (depending on 
solution darkness) of the coal-NMP solution were withdrawn from the test tube via a 
graduated pipette. The one or two milliliters of the coal-NMP solution were placed in a 
100 ml Erlenmeyer Flask. NMP was added to the flask until the 100 milliliter mark was 
reached. This resulted in either a 50:1 or 100:1 dilution of the coal-NMP solution. A 
portion of the diluted solution was placed in a small polyethylene bottle, and stored in a 
refrigerated room until ready for analysis.  

Coal solubility was quantified by analyzing the absorbance of the coal-NMP 
solution. The absorbance of the coal-NMP solution is measured in a UV-Vis 
spectrophotometer. Adjustment of both of the coal-NMP solution darkness and cell path 
length were necessary to obtain solutions with the proper absorbance. A cell width (path 
length) of 0.1 mm was required, which is small compared to most cells. Dilution of the 
coal-NMP solution was necessary as well. Some coal-NMP samples were diluted by a 
factor of 50, while most were diluted by a factor of 100. The dilution factor was chosen 
depending on the darkness of the coal-NMP solution. Light solutions had a dilution factor 
of 50:1, while average and dark solutions had a dilution factor of 100:1. These dilution 
factors placed absorbance readings in an acceptable range.  
 

4.4  Porosity 

 

 Coal porosity measurements were made to determine their relationship to coal 
extraction and coal swelling. Porosity measurements were made via an AutoPore 9220 
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Mercury Porosimeter. The mercury porosimeter analyzes samples in a sample holder 
known as a penetrometer. The penetrometer is cleaned and weighed to the nearest 
milligram. A small amount of coal, approximately 2 grams, is placed in the penetrometer. 
The penetrometer is weighed again to the nearest milligram, and the difference is the 
sample weight. The penetrometer is placed in the mercury porosimeter for analysis. The 
mercury porosimeter contains its own dedicated vacuum pump, and the sample 
penetrometer is evacuated to a pressure of 10 mm Hg, well below the vapor pressure of 
water at room temperature. Once the evacuation pressure is reached, the porosimeter 
evacuates the sample for an additional hour to ensure a dry sample. Then the 
penetrometer is filled with mercury under a pressure 0.5 psia and the analysis can begin. 
The mercury pressure slowly increases and the intrusion of mercury is measured at 
various pressures. The penetrometer, filled with mercury, is removed from the low 
pressure ports and again weighed to the nearest milligram. From this information the 
density of the coal sample is calculated. Then the penetrometer is placed in the high-
pressure test station of the mercury porosimeter, which varies the pressure from 30 psia 
to 60,000 psia. After the pressure increases to 60,000 psia, the sample is depressurized 
from 60,000 psia to atmospheric pressure. Whereas the increasing pressure is used to 
measure mercury intrusion, the decreasing pressure is used to measure mercury extrusion. 
The amount of mercury extruded relative to the amount intruded quantifies the amount of 
“ink bottle” type porosity.        
 To ensure accurate data, one sample and three replicates were tested for each coal 
size, a  total of four analyses.  Four samples of small sized diameter coal particles  are 
compared in Figure 23. 
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Figure 23.  Porosity of small  diameter coal particles. 

 
The cumulative intrusion as measured by the mercury porosimeter, in units of ml 

of mercury per gram of coal sample, is represented by the y-axis.  The pore diameter of 
the coal sample, which is proportional to the mercury over-pressure exerted on the 
sample by the porosimeter, is represented by the x-axis.  The mercury porosimeter 
contained four low-pressure analysis ports and two high-pressure analysis ports.  The 
low-pressure and high-pressure ports which the samples were analyzed in are represented 
by the key in the upper left hand of Figure 23.  Mercury porosimetry results suggested 

that most of the porosity in small coal occurred between approximately 80 µm and 20 

µm.   
Medium sized coal and large sized coal were also analyzed via mercury 

porosimetry, and the results are represented as Figures 24 and 25 respectively.  
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Figure 24.  Porosity of medium (106  to 212 µm) coal particles. 
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Figure 25.  Porosity of large (212 to 355 µm) coal. 

 
 As with the small coal, porosimetry results suggested that most porosity in 

medium and large coal occurred between 80 µm and 20 µm.  However, medium and 
large coals exhibited less total porosity than small coals.  The discrepancy in coal 
porosity across the different coal sizes could be explained several ways.  The medium 
and large coal may have contained closed pores which were not opened until the coal was 
more finely ground.  Additionally, the small coal may have had a different composition 
than the large and medium coals.  Due to differences in the friability of coal macerals, 
grinding may have caused more porous macerals to be concentrated in the smaller coal 
sizes.  This research suggested no difference in composition between the coal sizes – 
extraction yields were the same across all three sizes of coal.  A difference in extraction 
yields would have suggested compositional differences.  However, a difference in 
composition is not necessarily precluded by similar extraction yields.  A graph 
illustrating the porosity differences between the three different coal sizes is presented 
below as Figure 26. 
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Figure 26.  Pore distribution of the three coal sizes 

 
 The amount of coal swelling was measured for every solvent extraction run.  The 
swelling ratio appeared to be a function of the extraction temperature, extraction time, 
and coal size.  Coal swelled much more quickly for the higher temperature extractions 
(140°C to 200°C) than for the lower temperature extractions (50°C to 120°C).  For this 
reason, there are two graphs for each coal size, one for lower extraction temperatures 
(longer time scales) and one for higher extraction temperatures (shorter time scales).  The 
swelling ratio of small coals at lower extraction temperatures is presented below as 
Figure 27. 
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Figure 27.  Swell of small coal (sub 106 µm) at low temperatures. 

 

Figure 27 suggested that appreciable coal swelling occurred at temperatures of 
80°C and higher.  It was observed that coal swelling increased with increasing extraction 
time.  It was also observed that for lower temperatures, coal swell increased with 
increasing temperature.  This contrasted with the swell of small coal during high 
temperature extraction runs, which is presented below as Figure 28. 
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Figure 28.   Swell of small coal (sub 106 µm) at high temperatures 

 
 Coal swelling passed through a maximum somewhere between 120°C and 140°C.  
Above 140°C, the coal swelling ratio begins to decline with increased temperature.  This 
may be due to dissolution, at higher temperatures more extractable material is removed 
from the coal matrix.  The dissolution of extractable material from the coal matrix may 
counteract swelling.  The next graph, Figure 29, illustrates the swelling of medium sized 
coal as a function of time, at different temperatures. 
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Figure 29.  Swell of medium coal (106 - 212 µm) at low temperatures 

 
 As with the smaller coal samples discussed earlier, the swelling ratio increased 
with increasing temperature.  Swelling also occurred more quickly for higher 
temperatures.  The swelling ratio of the medium sized coal during high temperature 
extraction runs is represented in Figure 30.   
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Figure 30.  Swell of medium coal (106 - 212 µm) at high temperatures. 

 
 As in the case of swelling of small coal discussed earlier, the swelling ratio 
reached a maximum somewhere between 120°C and 140°C.  Again, the swelling ratio 
decreased with increasing temperature.  As before, swelling occurred more quickly at 
higher temperatures, but ultimately lower temperatures swelled more.  The amount of 
swelling observed during the low temperature extraction of large coal is presented below 
in Figure 31. 
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Figure 31.  Swell of large coal (212 - 355 µm) at low temperatures. 

 
 The swell of large coal at lower temperatures resembled the swell of small and 
medium coals at lower temperatures.  The unique aspect of the swelling of large coal is 
the observed lag time between when extraction starts and when the coal begins to swell.  
This suggested that swelling is a diffusion controlled process.  As with medium and small 
coals, the swelling ratio increased with increased temperature.  The swelling of large 
coals during high temperature extraction runs is shown in Figure 32. 
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Figure 32.  Swelling of large coal (212 - 355 µm) at high temperatures. 

 
 The swelling ratios for large coal at high temperatures differed from the swelling 
ratios for small and medium coals at high temperatures.  Unlike small and medium coals, 
the large coal swelling ratio continued to increase with increasing temperature.  This 
result was somewhat anomalous, as the maximum swelling (about 100% swell) and 
extraction yield at higher temperatures were similar across all three coal sizes.  The result 
may be due to a time scale that was too short to collect sufficient swelling data. 
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 4.5  Coal Solubility 

 
 Coal solubility was measured using a UV-Vis spectrophotometer.  The 
concentration (grams of coal dissolved per liter of NMP) of coal in NMP for low 
temperature (50°C to 120°C) extraction of small coal is presented below as Figure 33.  
Notice that the time scale ran from five minutes to four and a half hours.  This data 
suggested that the extraction reached a maximum quickly, and that the temperature 
determined how much coal was dissolved.  Relatively small extraction differences 
occurred across the temperature range. 
 

 
Figure 33.   Small coal (sub 106 µm) in NMP at low temperatures. 

 
The next set of experimental conditions focused on higher temperature extraction runs, 
from 140°C to 200°C.  During the higher temperature runs, extraction was negligible, 
until the temperature reached approximately 185°C.  At 185°C, a spike in concentration 
appeared.  Extraction yield data for the higher temperature runs is shown below in Figure 
34. 
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Figure 34.  Small coal (sub 106 µm) in NMP at high temperatures. 

 
Little extraction occurred before 170°C, significant extraction occurred at 185°C, 

and maximum extraction occurred at 200°C.  This contrasted with swelling – appreciable 
swelling occurred at all temperatures.  This data suggested that swelling and extraction 
may be independent processes.  Extraction yield data for the lower temperature 
extractions of medium sized coal is presented below as Figure 35.  
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Figure 35.  Medium coal (106 - 212 µm) in NMP at low temperatures 

 
 Similar to the lower temperature runs on small coal samples, little extraction was 
observed at the lower temperatures.  Except for a few spikes in concentration, observed 
solubility was flat for most low temperature runs.  The extraction yield for high 
temperature extraction of medium coal is shown in Figure 36.   
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Figure 36.  Medium coal (106 - 212 µm) in NMP at high temperatures 

 
 The concentration of medium coal at higher temperatures resembled the 
concentration of small coal at higher temperatures.  Little extraction occurred at lower 
temperatures, 140°C and 170°C.  Significant extraction did not occur until 185°C.  These 
parallels between the extraction of small and medium coals extended to the large coal 
sizes.  The extraction of large coals at low and high temperatures is illustrated in Figures 
37-38. 
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Figure 37.   Large coal (212 - 355 µm) in NMP at low temperatures 

 
  
The data show that the same trends observed in the extraction of small and medium coals 
extended to large coals.  Very little extraction occurred at the lower temperatures of 50°C 
to 120°C.  Data for the extraction of larger coal sizes at higher temperatures follows as 
Figure 38. 
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Figure 38.  Large coal (212 - 355 µm) in NMP at high temperatures 

 
The dissolution of large coal at higher temperatures resembled the dissolution of smaller 
and medium coals at lower temperatures.  Little extraction occurred at the temperatures 
of 140°C and 170°C.  Significant extraction when the temperature reached 185°C and 
higher. 
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4.6  Developing a Correlation for Swelling and Extraction  

 

 It was desired to correlate swell data with process parameters.  Several 
regressions of swelling data were performed.  Polynomial, logarithmic, linear, and a 
reciprocal fits were all applied to swelling data.  An example set of swelling data and 
various fits of the data are presented below as Figure 39.  
 

 
Figure 39.  Comparison of different correlations for swelling data. 

 
 The reciprocal fit is a custom correlation that was developed during the course of 
research.  The reciprocal fit was developed after it was observed that both swell and 
extraction data seemed to approach some maximum asymptotically.  For almost all data, 
the reciprocal fit was superior.  By superior, it is meant that the reciprocal fit most often 
minimized the sum of squares of the residuals between the actual data and predicted fit.    
The formula for the reciprocal fit appears below. 
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Where: 
 
ST = Swell at time t 
SM = Maximum predicted swell 
CS = Swelling curve factor 
t = time 
tl = lag time 

SM CS

l
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−
=  

 
 The variable l ensured that the lag time, tl, offset the curve by the desired time.  
The effects of the three adjustable parameters of the reciprocal fit, SM, CS, and tl are 
illustrated below in Figure 40. 
. 
 

 
Figure 40.  Effect of increasing SM on reciprocal fit 
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Figure 40 was generated with CS held constant at 0.5 and tl held constant at 4.  SM was 
varied from 0.4 to 0.8.  SM is the maximum swell predicted by the correlation.  The 
predicted swell reached SM at infinite time.  As can be seen Figure 40, SM is simply a 
multiplier of the curve, so it does not affect the general shape of the curve.  The shape of 
the curve is affected by CS, the swelling curve factor.  The effect of CS on the reciprocal 
fit is presented below as Figure 41. 
 

 
Figure 41.  Effect of increasing CS on reciprocal fit. 

 
Figure 41 was generated with SM held constant at 0.8 and tl held constant at 4.  CS 

was varied from 0.1 to 0.5.  Thus CS represents the curve of the reciprocal fit.  It could 
also be said that CS determined how quickly the swell predicted at time t approached the 
maximum predicted swell.  Linear data would be best approximated by an extremely 
small CS, while step-function data would be best represented by an extremely large CS.  
Note that changing both CS and SM has no effect on where the reciprocal fit intercepts the 
x-axis.  This is controlled by the lag time parameter, tl.  The effect of various lag times on 
the reciprocal fit is presented below as Figure 42. 
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Figure 42.  Effect of increasing tl on reciprocal fit. 

 
Figure 42 was generated with SM held constant at 0.8 and CS held constant at 0.5.  tl was 
varied from 4 minutes to 20 minutes.  Varying tl did not affect the shape of the curve or 
the maximum swell, but simply the x-axis offset of the curve. 
 The regression to determine the optimum values of SM, CS, and tl operated as 
follows.  A series of nested loops was created, to exhaustively run all combinations of 
SM, CS, and tl that were reasonable considering the data at hand.  SM was divided into 200 
increments, from 0.01 to 2.00.  CS was divided into 250 increments, from 0.01 to 2.50.  tl 
was divided into 100 increments, from 0 to 100.   These divisions resulted into a total of 
five million combinations of SM, CS, and tl.  SSR (the sum of squares of residuals) 
between the curve from the data and the reciprocal fit was calculated for all five million 
points.  The one combination out of five million that minimized SSR was judged the best 
fit. 
 The extraction data was also best described by a reciprocal fit, fundamentally the 
same equation as previously, but with different terms for the sake of clarity.  The 
equation used to describe extraction data is presented below. 
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Where: 
 

ET = Extraction at time t 
EM = Maximum predicted extraction 
CE = Extraction curve factor 
t = time 
tl = lag time 

EM CE

l
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−
=  

 
 Because the adjustable parameters EM and CE occupied different ranges than their 
counterparts SM and CS, the regression was similar but not exactly the same.  EM was 
divided into 800 increments, from 0.0 to 80.0.  CE was divided into 250 increments, from 
0.00 to 2.50.  tl divided into 10 increments, from 0 to 10.  This resulted in a total of two 
millions combinations.  As before, the best fit was defined as the combination of 
parameters that minimized SSR. 
 

4.7  Correlation of Swelling Data 

 
Data for the extraction of small coal at low temperatures, along with reciprocal 

fits laid over the data, is presented below as Figure 43.   Data for the high temperature 
extraction of small diameter coal particles follows as Figure 44. 
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Figure 43.  Fitting small coal (sub 106 µm) swell at low temperature. 
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Figure 44.  Fitting small coal (sub 106 µm) swell at high temperature. 

 
 The reciprocal fits correlated well with the data.  The reciprocal fit suggested 
maximum swell occurred at 140°C to 170°C, which is consistent with earlier conclusions.  
Swelling data and reciprocal fits for the low and high temperature extraction of medium 
sized coal follows as Figures 45 and 46, respectively. 
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Figure 45.  Fitting medium coal (106 - 212 µm) swell at low temperature. 
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Figure 46.  Fitting medium coal (106 - 212 µm) swell at high temperature. 

 
 As before, swelling increased with temperature, until it maximized around 170°C.  
Swelling data and reciprocal fits for the low and high temperature extraction of large 
sized coal follows as Figures 47 and 48, respectively. 
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Figure 47.  Fitting large coal (212 - 355 µm) swell at low temperature. 
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Figure 48.  Fitting large coal (212 - 355 µm) swell at high temperature. 

 
 The large coal followed the same trends as the small and medium coals.  The 
difference was an increased lag time, large coals took longer to begin swelling, especially 
at lower temperatures.  Once swelling began, large coals swelled a similar amount to 
small and medium coals.  Interestingly, the correlation predicted the highest maximum 
swell at 170°C, which was not observed in the raw data.  This supported the idea that 
maximum swell occurred around 170°C regardless of coal size, but this was not observed 
in the high temperature extraction of large coals because the time scale was not 
sufficiently long. 
 With all six sets of swelling data fit, the adjustable parameters, SM, CS, and tl, 
were plotted as a function of temperature.  SM, CS, and tl graphed as a function of 
temperature are presented as Figure 49 and 50, respectively. 
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Figure 49.   Predicted maximum swell as a function of temperature. 

 
 As observed, maximum swell increased with temperature until it peaked at 170°C, 
after which point the maximum swell decreased.  The anomalous data point at 80°C is 
attributed to the somewhat linear looking data of medium coal at that temperature.  
Linear data is best fit by a reciprocal fit with large SM and small CS.  The swelling curve 
factor, CS, was also graphed as a function of temperature, as shown in Figure 50 below. 
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Figure 50.  Swelling curve factor as a function of temperature. 

 
The swelling curve factor remained relatively flat until it spiked dramatically at a 
temperature of 185°C.  This sudden spike was reminiscent of the sudden spike in 
extraction yield, which was also observed at 185°C.  The swelling curve factor for small 
coals was greater than the swelling curve factor for medium coals, which was greater 
than the swelling curve for large coals.  This suggested that small coals approached their 
maximum swell more quickly, which suggested swelling was diffusion dependent.  Next, 
the swelling lag time, tl, was graphed as a function of coal size and temperature, as shown 
in Figure 51.  
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Figure 51.  Predicted lag time, tl,  as a function of temperature. 

 
 As expected, larger coals had the highest lag times, and swelling lagged until a 
temperature of 185°C.  Medium coal initially had a larger lag time than small coal, but 
both quickly approached no lag time at 80°C and higher.  This data further supported the 
conclusion that swelling is at least somewhat diffusion controlled.  Smaller coals began 
swelling sooner, and when they began to swell, swelled faster. 
 

4.7 Correlation of Extraction Data 

 
 The extraction data for low temperature and high temperature runs are presented 
below in Figure 52 and 53, respectively. 
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Figure 52.  Fitting small coal (sub 106 µm) extraction at low temperature. 

 
 Note that for the low temperature runs graphed in Figure 51, extraction was 
temperature dependent, but the total observed extraction was relatively small.  This 
contrasted with the extraction of small coal at high temperature, which is presented below 
as Figure 53. 
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Figure 53.  Fitting small coal (sub 106 µm) extraction at high temperature 

 
 Little extraction occurred at 140°C and 170°C.  When the extraction temperature 
reached 185°C, significant extraction occurred.  The maximum extraction predicted at 
200°C was higher than the maximum extraction predicted at 185°C – this was consistent 
with observed data.  This trend was repeated with medium and large sized coal samples.  
Data for the low temperature and high temperature extraction of medium sized coal are 
presented below as Figures 54 and 55. 
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Figure 54.  Fitting medium coal (106 - 212 µm) extraction at low temperature. 
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Figure 55.  Fitting medium coal (106 - 212 m) extraction at high temperature. 

 
 As in the case of the small coal samples, little extraction occurred at temperatures 
up to 170°C.  At temperatures of 185 °C and higher, the extraction yield immediately 
spiked.  The extraction yield at 200 °C was greater than the extraction yield at 185 °C.  
The same trend was observed for the large coal samples.  Data for the low temperature 
and high temperature extraction of large coal are shown in Figure 56 and 57. 
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Figure 56.  Fitting large coal (212 - 355 µm) extraction at low temperature. 
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Figure 57.  Fitting large coal (212 - 355 µm) extraction at high temperature. 

 
 After the reciprocal fit was applied to all sets of extraction data, the adjustable 
parameters EM and CE were graphed as a function of temperature.  The extraction lag 
time was not graphed because it was small, less than four minutes, for all extraction runs.  
The graphs of EM and CE are presented below as Figure 58 and 59.   
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Figure 58.  Predicted maximum extraction as a function of temperature. 

 
 The maximum extraction predicted based on temperature was consistent with 
observed data.  Extraction was relatively flat, until it spiked at a temperature of 185°C.  
As the data suggested, the maximum extraction was predicted at 200°C, which is near the 
boiling point of NMP, 202°C.  Extraction data contrasted greatly with swelling data.  The 
maximum predicted swell changed relatively smooth with respect to temperature, where 
the maximum predicted extraction changes abruptly. 
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Figure 59.  Extraction curve factor as a function of temperature. 

 
The extraction curve factor, EM, appeared erratic across the extraction runs.  The 

extraction lag time, tl, was small for all runs.  This suggested that, generally, low 
temperature extraction runs approached their maximum extraction as quickly as high 
temperature extraction runs approached their maximum.  This contrasted sharply with 
swelling data, which suggested that lower temperature extractions (less than 185 °C) 
swelled much more slowly than higher temperature extraction runs. 
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4.8 Conclusion 

 
The swelling, extraction, and porosity of high volatile bituminous coal (Lower 

Powellton seam) has been studied.  Swelling and extraction data were collected for over 
300 extraction runs.  These extraction runs varied temperature, which ranged from 50°C 
to 200°C, extraction time, which ranged from 2 minutes to 270 minutes, and coal size, 

which ranged from 355 µm to less than 106 µm.  The swell of the bituminous coal post 
dissolution was measured via optical methods, while the extraction yield achieved during 
dissolution was measured via UV-Vis spectroscopy.  The porosity of the coal was 
measured via mercury porosimetry.  Swelling, extraction, and porosity data were 
examined independently, and a novel correlation was developed between swelling and 
process parameters, and between extraction and process parameters.  Concurrent 
examination of swelling and extraction correlations suggested a relationship between 
swelling and extraction. 

Data collected during research showed that the maximum swell observed 
increased with increasing temperature, until 170°C, after which maximum observed swell 
decreased.  It is hypothesized that swell decreased after 170°C due to the sharp increase 
in extraction yield that occurred at temperatures higher than 170°C.  Increased extraction 
resulted in significant material being removed from the coal matrix, which may have 
counteracted swelling.  At higher temperatures, temperature weakly affected the 
maximum observed swell.  However, the speed with which the coal swelled increased 
sharply with increasing temperature.  The speed with which the coal swelled maximized 
at the highest extraction temperature, 200°C. 

Data collected during research showed that extraction was relatively negligible 
with respect to temperature, until a temperature of 185°C, at which point extraction 
increased dramatically.  It was not determined whether this sharp increase in solubility is 
due to the nature of the extractable material, the nature of the solvent extracting the 
material, or a combination of the two.  All extraction runs showed very little lag time 
irrespective of coal size, which suggested that the onset of dissolution occurred quickly. 

The relationship observed between swelling and extraction is the most significant 
research result.  The research suggested that the maximum observed extraction, EM, was 
proportional to the swelling curve factor, CS.  Both of these parameters were fairly flat, 
until they spiked dramatically at a temperature of 185°C.  This suggested that if material 
was not extracted from the coal matrix, swelling was a relatively slow process.  However, 
when the extractable material was significantly soluble in the solvent, the coal swelled 
quickly.  This result supported the “extraction is a substitution” mechanism proposed by 
Marzec.  It is suggested that, as the extractable material in the coal matrix became soluble 
(at and above 185°C), extractable coal material was replaced with solvent.  This sudden 
introduction of solvent into a coal matrix, which is hypothesized to now be more porous 
due to the removal of extractable material, may have caused the coal to swell much more 
quickly. 

One novel contribution of this research was the proposed proportionality between 
a swelling curve factor and the maximum observed extraction.  The other result of this 
research is a new correlation, a reciprocal fit, used to relate coal swelling and extraction 
to processing time and temperature.  The optimum parameters for these correlations were 
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found through a “brute force” method, which found the combination of parameters that 
minimized the sum of squares of the residuals between the correlation and actual data.  
This research was also significant in that it supported existing literature.  It appeared that 
the dissolution of bituminous coal in a super solvent takes place through a substitution 
mechanism. 
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V.  Centrifugation 
 

Separation of solid materials from coal liquefaction-derived crude is problematic 
due to the tendency of heavy aromatic liquids to form viscous tarry phases. Solid 
particles, mainly consisting of mineral matter and fixed carbon, are often found 
suspended in the tarry phase. This makes conventional filtration problematic. For 
activities at the pilot scale and beyond, it is important to identify credible means for 
handling this problem.  

A low cost solution was considered, based on the use of a centrifuge mass 
produced for use in large diesel engines to filter engine oil. For this research, a Spinner II 
Centrifuge (C. F. Hudgins, Houston TX 77292) was selected as a representative unit. The 
centrifuge is normally powered by the pressure differential between the high pressure oil 
line and the low pressure oil pan, so that oil flows through hollow spindle into rotating 
bowl (see Figure A3.1). As oil passes through the rotating bowl, centrifugal force 
separates the working fluid into two phases. The solid phase is deposited as a solid cake 
on the surface the cleanable bowl. Clean oil exits through opposing, twin nozzles that 
power the centrifuge, and returns to the crankcase from the level control base. Flows of 
up to 16 gpm can be accommodated by large units of this type, although for the 
experiments described herein, a smaller Model 60 unit rated at 0.8 gpm was used. 
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Figure 60. Centrifuge Diagram (courtesy T. F. Hudgins Inc). 

The operation of the centrifuge separates the slurry into two components. The first 
component, referred to as the centrate, contains a reduced level of solids. The second 
component, referred to as the residue, contains an enhanced level of solids.  
Continuity requires that  
 

tctot mmm +=  ,  (Equation 7) 

 
where mtot is the total initial mass of the slurry, mc is the mass of the liquid phase or 
“centrate,” and mt is the mass of the solid phase or “tails”. The ash content in the centrate 
is described by 
 

c,ashcc,ash Cmm =  , (Equation 8) 

 
where the ash concentration in the centrate Cash,c is determined by proximate analysis or 
some other appropriate technique. Likewise, the mass of ash in the tails is given by 
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t,ashtt,ash Cmm =  , (Equation 9) 

 
The centrifuge separation ratio ξ is given by 
 

c,ash

t,ash

C

C
=ξ   ,                      (Equation 10) 

 
Thus a perfect centrifuge would be one in which ξ tends toward infinity. The 

centrifuge separation ratio x is likely not constant for most centrifuges but would likely 
vary according to the particle size distribution present in the centrifuge medium, the 
concentration, fluid viscosity and other parameters.  

In the case of direct liquefaction slurry, it is intended to create two main products. 
The centrate, i.e., a low-ash heavy liquid, would be used as synthetic crude. The 
centrifuge tails would be coked to drive off volatile gas and nominated as a gasification 
fuel (e.g., for a coal gasifier such as FutureGen).  

Because the tails are of much lower economic value than the centrate, it is 
desirable to maximize the relative yield of the centrate. A slurry made up of one part 
Lower Kittanning bituminous coal with a nominal ash content of 6%, when dissolved in 
three parts coal tar distillate would exhibit an ash content of about 1.5%. The required 
maximum ash content is 0.5% in order to create a precursor for a binder pitch extender 
(i.e., binder pitch would be produced by distilling the precursor and combining the 
distillation residue with other pitches in order to meet binder pitch specifications. Thus 
the problem can then be reduced to that of removing a quantity of ash equal to 1.0% of 
the total working fluid mass.  

For example, a 55 gallon drum with 10% head space (total quantity of slurried 
working fluid 49.5 gallons), and an average density of 1.1 kg/liter corresponds to a mass 
of approximately 

 

90.0*1.1*
gal

lb
3.8*gal55m tot =

 (Equation 11) 

= 452 lbs = 205 kg .           (Equation 12) 

 
An initial ash content of 1.5% by mass implies that the total mass of ash would be 6.77 
pounds or 3.07 kg. Approximately two thirds of this total was rejected in the tails, or 
about 2 kg.  

For a given centrifuge separation ratio ξ, and assuming a value of 0.5 mass 
percent for the maximum ash content in the centrate, the value of ash concentration in the 
tails would be 

 

ξ= 005.0C t,ash  . (Equation 13) 
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The total quantity of tails can then be determined from Equation 3, or 
 

ξ
=

ξ
==

kg400

005.0

kg2

C

m
m

t,ash

t,ash

t  . (Equation 14) 

 

A plot of total quantity of tails versus centrifuge ratio ξ is shown below in Figure 61.   
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Figure 61. Normalized mass of centrifuge tails produced as a function of centrifuge 
separation ratio. 
 
 

A synthetic crude was extracted using bituminous coal (Lower Kittanning seam, 
with an ash level of about 6% by mass as measured by proximate analysis).  The solvent 
was a coal tar distillate obtained from Koppers Inc. and modified via a mild 
hydrogenation such that the hydrogen concentration was enhanced by about 0.5% by 
mass. The coal was dissolved in the solvent at a ratio of 1:3. Total solubility is estimated 
at 90% by mass, with the result being slurry with about 2.5% solids (1.5% ash and 1.0% 
fixed carbon) and the balance being a high viscosity hydrocarbon liquid.  

Because the centrifuge was designed for operation with motor oil rather than the 
higher viscosity coal slurry, tests were conducted to determine the effectiveness of the 
centrifuge. Figures 62 and 63 show that the centrifuge rotational velocity is considerably 
slower as a function of air pressure when coal liquid slurry is utilized, but still within the 
effective operating performance of the device. That is, to obtain equivalent performance 
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with the coal slurry compared to engine oil, it would be necessary to increase the air 
pressure to the unit by some 40 to 60 psig. 

 
 

 
Figure 62. Centrifuge Rotational Velocity with SAE 30 Motor Oil Working Fluid at 
75°C. 

 

 
Figure 63. Centrifuge Rotational Velocity with Coal Slurry Working Fluid at 49°C. 
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A pressure vessel and return system were designed to allow the continuous 

operation of the centrifuge. A twenty gallon pressure vessel was outfitted with a bottom 
outlet valve, a side return valve with internal mixing arm, a top return valve, a top gas 
inlet for pressurizing, a top gas bleed valve and a top pressure relief valve. During 
operation, the pressure vessel was maintained at a pressure of 60 psig and a temperature 
of 50°C. From the tank, the working fluid travels out the bottom valve into the centrifuge. 
From the centrifuge, the filtered tar is then directed to a reservoir which is open to 
atmospheric pressure. The 60 psig pressure differential powers the centrifuge. Using a 
pneumatic pump, the centrate is then pumped back into the pressure vessel (see Figures 
64-65). 
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Figure 64. Spinner II Model 60 System Schematic. 

 

 
Figure 65. Spinner II Model 60 Centrifuge Experimental Setup. 
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Heating bands are used to regulate the temperature of the tank at 50°C. 

Compressed nitrogen or air is used to bring the pressure vessel to an initial pressure of 65 
psig. Upon initiation of the centrifugation process, a pressure of 60 psig is maintained in 
the tank by returning the product under pressure. Through the use of a pneumatic 
powered return pump, the pressure in the pressure vessel is self regulating and remains 
fairly constant.  
 The centrifugation process was timed to determine the effectiveness of the 
centrifugation over time. Periodically the centrifugation process was stopped to take 
measurements and to empty the cake from the centrifuge. To stop the process, the bottom 
feed valve was closed to stop flow to the centrifuge. Any product in the centrifuge was 
removed with compressed air. The centrate in the reservoir was pumped back into the 
pressure vessel. The centrifuge was disassembled and the bowl was weighed to determine 
the mass of the removed solids. Samples were taken of the tails and of the centrate. The 
bowl was then cleaned and the centrifuge was reassembled. The centrifugation process 
was then resumed.  

The samples were analyzed by proximate analysis according to ASTM D-3172 to 
determine ash concentrations. The results indicate that the centrifuge significantly 
reduced the ash levels in the centrate, especially in the first few hours of operation (see 
Figure 66). The goal of less than 0.5% ash concentration was met after about seven hours 
of centrifugation. Somewhat disappointingly, however, the ash levels were no lower than 
about 0.4% even after 20 hours of treatment. The ability to produce centrate with 0.5% 
ash level would be adequate for the purpose of producing a binder pitch extender, but 
would not be acceptable if the synthetic pitch thus produced were the majority 
constituent. 
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Figure 66.  Percent ash in coal derived tar over centrifuge time. 

 
The centrifuge tails were also tested according to ASTM D-3172 to determine the 

amount of ash present in the tails. Results of these tests correlate with the tests on the 
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centrate. Results show that the amount of ash in the centrifuge cake was high initially but 
diminished within several hours of operating time (See Figure 67). 

 

 
Figure 67. Ash Content in Centrifuge Tails as a Function of Operating Time. 

 
Figure 67 confirms that the centrifugation process was less effective as a function of 
operating time. This is not unexpected, as the larger, more-easily-removed particles are 
captured early on, leaving behind smaller particles in the centrate that are more difficult 
to remove. Figures 66-68 suggest that after 20 hours, a point of diminishing returns was 
probably reached. 
 

 
Figure 68. Centrifuge Separation Ratio ξ as a Function of Operating Time. 
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In summary, the Spinner-II type centrifuge, although primarily used for removing 

particulates from engine oil, can be used successfully to remove particulates from coal 
liquids. A 55 gallon drum would contain about five gallons of centrifuge tails, based on 
the achieved values of centrifuge separation ratio in Figure 68. Acceptable ash levels 
were observed in the centrate after several hours of centrifugation, although it proved 
difficult to achieve ash levels in the centrate below about 0.4% by mass. Slightly higher 
temperature might produce better results if the viscosity of the coal liquids is enhanced 
sufficiently, although the polymer seals used in the device currently limit working fluid 
temperatures to about 70 °C. Higher pressure would also presumably improve 
performance, especially the centrifuge separation ratio. Limitations on the in-house air 
supply prevented the use of higher pressure that might have been able to improve the 
centrifuge separation ratio.  

An additional factor may have been the use of carbon steel pressure vessels and 
storage drums, which could present an avenue for the generation of metal oxide corrosion 
products, which would appear as ash during proximate analysis. 

After pursuing several alternatives, it was realized that the centrifuge rotor was 
not turning as freely as it had previously. Although the centrifuge is intended to be self-
lubricating with the working fluid, the distributor was consulted about lubricating the 
spindle with a separate lubricant. The distributor’s opinion was that cleaning the spindle 
and separately lubricating it with commercial gear oil might be successful for a period of 
several days, which was more than sufficient for the purpose of carrying out the 
centrifugation of undissolved coal solids.  

Accordingly, the protocol was modified to include a thorough cleaning of the 
spindle and lubrication with bearing grease whenever the rotor is emptied. This step 
appears to have solved the problem, and resulted in a dramatic increase in performance.  
Because the primary objective of this effort was to produce approximately 5000 pounds 
of centrifuged extract with an ash content of 0.5% or lower, systematic studies of 
centrifuge performance were not made. However, using the modified protocol, the ash 
content in the tails was measured by proximate analysis at 20%, or double what had 
previously been achieved. The centrifuge ratio (ash content in the tails divided by ash 
content in the centrate) was over 100, or five times previous observations.  

The lowest observed ash value in a 55 gallon drum of centrate was measured at 
0.07% by proximate analysis after about eight hours of centrifugation. Overall, the 
centrate was brought to an estimated average ash content of 0.3% and then shipped to 
Koppers. Over 4500 pounds of centrate were produced at WVU and sent to Koppers for 
blending with conventional pitch, in order to produce sufficient quantities for commercial 
trials with GrafTech electrodes. 
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Figure 69.  Solid accumulation after six hour centrifuge trial. Approximately 12 pounds 
of solid were recovered, of which ash comprised 25% of the starting dry weight. 
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VI.  Binder Pitch for Electrodes and Anodes 
 
For this effort, 11 drums of coal extract were produced at WVU facilities, and 

then distilled to produce over 1500 pounds of binder pitch.  Three sets of pilot plant data 
were accumulated.  One full commercial trial was completed based on 20 one Tonne arc 
furnace electrodes fabricated using WVU binder pitch as an 80/20 blend.    

This resulted in the ability to produce extract continuously (using a high torque 
gear pump to feed solvent at high pressure).   

The system for hot loading, developed originally for the hydrotreatment process, 
was also used for coal digestion, as shown in Figure 70 below. The primary difference is 
that the inlet feedstock is a slurry rather than a true liquid.  A diaphragm pump is 
adequate to handle slurries of this type. 

 

 
Figure 70.  Modified reactor system for carrying out digestion. 
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6.1 Composite Pilot Plant Fabrication and Characterization  

 
GrafTech artificial graphite electrodes were selected as a test case for the 

industrial practicality of the synthetic pitch (Synpitch) fabrication process. GrafTech 
carried out pilot scale testing of graphite electrodes fabricated using a blend of Synpitch 
with a Koppers control pitch.  

These tests were carried out using 500 pounds of material processed by Koppers 
Inc. Unfortunately, during the distillation process, the pitch was somewhat over-distilled. 
As a consequence, the softening temperature of the Synpitch was measured at about 120 
°C versus the target of 110 °C, as suggested by Figure 71.  This discrepancy made it 
difficult to analyze the other properties of the pitch.  

GrafTech has suggested that the discrepancy in softening temperature may make 
it advisable to repeat the pilot scale tests near the composition intended for commercial 
electrodes. Nevertheless, the results suggest that blends of 10% to 25% Synpitch are 
likely to be commercially viable. 

 

 
Figure 71. Mettler softening point for blends of Synpitch and Koppers control binder 
pitch.  

 The results are approximately linear. Had the Synpitch softening point been 110 
°C as planned, then a flat curve would have been expected.  Another characteristic of 
solvent-extracted Synpitch is that the pitch has zero quinoline insolubles (QIs). QIs are 
microscopic carbon-rich particles created in the partially pyrolyzing conditions of 
metallurgical coke ovens. The QI content of coal tar pitches varies somewhat according 
to the conditions of metallurgical coke (metcoke) production. Higher QIs are associated 
with high-temperature operations, such as which may occur during periods of peak 

Percent Synpitch Content 
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production. The nominal operating temperature of metallurgical coke ovens is around 
1100 °C, and might be raised by a few tens of degrees in such cases. Conversely, lower 
QIs may result from somewhat lower material throughput and operating temperatures.  

QI content has an effect on the coke yield of the pitch. Low QIs are associated 
with low coke yield. On the other hand, if the QI content is too high, it may be difficult to 
achieve adequate wettability and overall quality. Thus, one of the attractive features of 
Synpitch is that it might be blended with coal tar pitches that are too high in QI content. 
The QI content of blends of Synpitch and Koppers pitch are shown in Figure 72 below. 
The results show that a blend of 25% Synpitch results in a very close match to the target 
value. The effect of QI upon Modified Conradson Coke Yield is shown in Figure 73. The 
Modified Conradson Coke Yield is also very nearly the target value at 25% Synpitch 
content. 
 

 
Figure 72.. QI Content of Blends of Synpitch and Koppers Control. 

 

Percent Synpitch Content 
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Figure 73. Modified Conradson Coke yield for blends of Synpitch and Koppers control 
pitch.   

 
The density of electrode-grade artificial graphite is measured at three different 

points. First, the density is measured in the “Green” or non-heat-treated state. After 
impregnation pitches are used, the density is measured again at the “Baked” stage. This 
step typically adds mass to the sample. Finally, the entire sample is “Graphitized” at a 
temperature of about 3000 °C.  

The results show that initially there was a deficit in density for the samples 
containing 25% Synpitch after the baking process. However, after graphitization, the 
measured density was only slightly lower than the target value, and within limits of 
acceptability, as shown in Figure 74 below. 

 
 

 

Percent Synpitch Content 



 116 

 
Figure 74.  Density measurements for blends of Synpitch and Koppers control pitches. 

 
Artificial graphite containing Synpitch exhibited significantly lower strength than 

samples made using Koppers control material, as shown in Figure 75. The discrepancy at 
25% Synpitch content is considered significant, but within acceptable limits. 

 

 
Figure 75. Flexural Strength versus Synpitch Content. 

 
Electrical resistivity is a key property for arc furnace electrodes. Obviously, 

electrical losses in the electrode itself result in wasted electricity as well as unnecessary 
heating of the electrode.  

Percent Synpitch Content 

Percent Synpitch Content 
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Synpitch exhibits a significantly higher resistivity than the control sample from 
Koppers, as shown in Figure 77 below. The addition of 25% Synpitch resulted in an 
increase in electrical resistivity of about 2%. The reason for this increase in resistivity is 
not clear. It may be that the higher reactivity of Synpitch may interfere with the formation 
and growth of anisotropic domains.  

Another interesting feature of the resistivity measurements is the apparent 
nonlinearity of the curve. It had been expected that resistivity might more closely follow 
a rule-of-mixture relationship. Thus, determination of the cause(s) of the apparent 
nonlinear increase in resistivity with respect to Synpitch content may merit additional 
research in the future. 

 

 
Figure 76.  Electrical Resistivity versus Synpitch Content. 

 
The coefficient of thermal expansion is important in order to match existing 

equipment and standards. Although in principle zero-CTE materials would be attractive 
for high-temperature systems such as arc furnaces, in actual practice such systems are 
designed to accommodate a certain amount of thermal expansion. Accordingly it is 
desirable to either meet the specification, or else to achieve a somewhat lower CTE value. 
As shown in Figure 77 below, a blend of 25% Synpitch appears to be approximately 
optimal from this standpoint. 
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Figure 77.  Coefficient of Thermal Expansion (CTE) versus Synpitch Content. 

The results of tests on the pitch blends and composite artifact are summarized in Tables 8 
and 9 below. 

 

Table 8. Blended Pitch Properties. 
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Table 9.  Artifact Properties. 

Measurement 25:75 

Syn:CTP 

25:75 

MP50:CTP 

Green Apparent  
Density, g/cm3 

1.759 1.755 

Baked Apparent  
Density, g/cm3 

10622 1.648 

   

Graphite  
Apparent  
Density, g/cm3 

1.678 1.685 

Specific  

Resistivity, µΩm 

5.10 5.03 

Flexural  
Strength, psi 

1186 1247 

CTE, /C10E-6 0.13 0.13 

 
A small amount of binder pitch was produced using sub-bituminous Alberta coal 

as part of Task VI. Some important differences were noted with this material. First, the 
mineral matter is generally in the form of clay rather than a rocky state as is the case with 
West Virginia bituminous coals. Second, the liquefied coal results in a lower pitch yield 
than bituminous coal, suggesting that the liquefied coal contains more light molecules 
than conventional pitch.  

The purpose of this study was to produce a set of pilot anodes made with a 
blended pitch consisting of 80% standard coal tar pitch and 20% synthetic pitch. The 
synthetic pitch was produced using the WVU coal extraction process. The pilot anodes 
were produced using the blended pitch and a standard coke formulation (including butts) 
at one pitching level (16.0 %).  

The anodes were baked to ~1100°C under N2 purge. From 0-600°C, the 
temperature ramp rate was 10°C/hr. From 600-1170°C, the ramp rate was 25°C/hr. Then 
the temperature was held at 1170°C for 14 hours. The actual temperature of the center 
retort was estimated to be ~1100-1120°C. Table 10 describes the basic pitch properties, 
and Table 11 the dry mix formula for the laboratory pilot anodes. The processing 
conditions are listed in Tables 12-17 for the blended pitch and comparison standard pilot 
anode series. Six pilot anodes (4 inch diameter x 6-7 inch height) were fabricated from 
each mix for the given pitching level of 16%.  

Generally, the results indicate that the pitch containing the synthetic material 
produced laboratory pilot anodes of acceptable quality. Additional work would be 
required to determine optimum pitching level to maximize anode quality. 
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Table 10.  Analysis Report from Koppers Analytical Services Group. 

    

 Harmarville Follansbee WVU  

Property 20% Alberta Pitch Standard 
Pitch 

Alberta Pitch 

 80% Standard Pitch   

 2005-1833 C97-1019 2005-1368 

 
 
 

Table 11.  Standard Domestic Dry Mix Formula 
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Table 12. Laboratory Anode Forming Information—Alberta Blended Pitch. 
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Table 13.  Alberta Blended Pitch Anode Data 16% Pitching Level 

 
 
 

Table 14.  Alberta Blended Pitch Anode Core Data 
 

 
 



 123 

Table 15.  Standard Pitch Laboratory Anode Forming Information 
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Table 16. Standard Pitch Anode Data 16% Pitching Level 

 
 
 

Table 17.  Standard Pitch Anode Core Data 
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6.2 Synthetic Pitch  

 

About 200 pounds of synthetic pitch (Synpitch) was supplied to Koppers Inc in 
order to verify that properties were not changed when the process was carried out in a 
semi-batch reactor system in Engineering Research Building Room 317. In addition, a 
change had been made in the manner by which mineral matter is removed from the slurry 
extract. Centrifugation is now used rather than filtration. Although the characteristics of 
centrifuged material are expected to be essentially the same as those of filtered material, 
it was thought that additional pilot scale testing of pitch behavior in GrafTech graphite 
electrodes was warranted in order to prove this point. 

Pitch properties are summarized in Table 18. As noted, the softening point was 10 
°C too high for this material, although this was partially corrected by blending with a 
lower softening point material. The data indicate that Synpitch should be adequate as a 
blending agent. Quinoline Insolubles are expected to be minimal for Synpitch since it is 
not produced in a pyrolyzing environment. Because QIs are thought to assist the binding 
process during carbonization of electrode graphite, a blend of Synpitch and conventional 
coal tar pitch (high in QI content) is thought to be favorable. 
 

Table 18.  Koppers Pitch Characterizations. 
 

 
 
 
Similar tests were carried out at GrafTech International, Ltd. (GTI) using a Synpitch 
blend (80 Koppers Coal Tar Binder pitch), as well as two reference samples referred to as 
P-18 and P-19. Then data were taken using a baked artificial graphite composite, and the 
ensemble of data is displayed in Tables 19-22. 

Electrodes made using blends of 20 Synpitch 80 Coal Tar Binder Pitch exhibited 
slightly lower coking value and baked density. This is not desirable, but is well within the 
envelope for commercial products. Electrodes with lower density would not be used in 
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the largest most severe arc furnaces but would be rated for commercial use in less severe 
arc furnaces. 

 
Table 19. GrafTech Pitch Characterizations. 

 

 
 

Table 20. GrafTech Electrode Graphite Characterizations. 
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Table 21. Property Data of Electrodes (150 mm) at the Pilot Scale (GTI). 
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Table 22. Summary of Formulas Used in GrafTech Characterizations. 
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The research described in this document has been successful, resulting in 

licensing the technology to Quantex Energy Inc., with plans to build a commercial 
demonstration unit in the area in Texas referred to as Refinery Row.   

Although direct liquefaction is usually assumed to require large amounts of 
hydrogen, less than 1% hydrogen by mass is sufficient to liquefy many types of 
bituminous, sub-bituminous and lignite coals.    

Continuous hydrogenation was accomplished successfully in a tube reactor, 
although later the need for hydrogenation was removed altogether. Synthetic binder pitch 
for carbon electrodes and anodes was produced according to industry specifications. 
Approximately 1500 pounds of synthetic pitch was produced for a single build of test arc 
furnace electrodes.  This was ultimately demonstrated in commercial GrafTech graphite 
electrodes and tested in a commercial arc furnace steel mill (Mittal Steel).     
 

 
Figure 78.  Pilot Scale Coal Extractions are accomplished in a 10 gallon reactor.  
Continuous, semi-batch and batch mode operation was demonstrated.   
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Figure 79.  WVU personnel with 11 drums of extracted coal. 

 

 
Figure 80.  Full scale commercial electrodes were fabricated by GrafTech Inc using 
synthetic pitch.  
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Figure 81. Full scale commercial electrodes were then tested in a commercial arc furnace.  
All commercial specs were met or exceeded. 
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VII.  Anode and Needle Grade Cokes 
 

7.1  Overview 

 

 Anode Grade Coke is normally obtained from the petroleum industry as a delayed 
coker product formed from vacuum residua.50  Delayed coking is a thermal cracking 
process, generally using petroleum derived feedstocks.51 The carbonization reactions 
involve dehydrogenation, rearrangement and polymerization. Two of the common 
feedstocks are residues from vacuum distillation and heavy aromatic oils such as decant 
oil.  The vacuum residues contain asphaltic compounds which are mostly heterocyclic 
molecules. Aromatic oils such as decant oil and vacuum distillation residues have 
concentrations of polynuclear aromatics mainly with 6-carbon aromatic rings, and are 
capable of producing graphitic structures upon pyrolyzing.   
 Anode Grade Coke, as the name implies, is used by the aluminum industry in the 
Hall Heroult process to electrochemically reduce aluminum ore, thus creating aluminum 
metal as well as carbon dioxide as a co-product.  Several million tons are required 
worldwide.   
 

 
Figure 82.  Hall-Heroult Anodes (Pechiney Aluminum).  

The electrochemical process is rather simple, at least conceptually, although it 
occurs at about 1000 oC in a caustic solution containing molten cryolyte: 
 

2Al2O3 + 3C = 4Al + 3CO2 
 

This equation requires that for every metric Tonne of aluminum produced, it is 
necessary to consume at least 330 kg of carbon.  The actual amount of carbon consumed 
is closer to 400 kg due to losses from air burn and other mechanisms.  Some 85% of this 
carbon is from Anode Grade Coke, with the remainder being in the form of binder pitch.   
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 Anode Grade Coke is a commodity product.  Several references, taken together, 
suggest that the world market for Anode Grade Coke is currently about 16 million tons 
produced worldwide.  An estimate in about 1993 was for 15.7 million tons of Anode 
Grade Coke in 1998.52    By 2012, the projected aluminum production worldwide is 
expected to reach 51 million tons according to the Aluminum Association, suggesting 
that 17.3 million metric Tonnes  of Anode Grade Coke will be consumed for aluminum 
production alone (other uses of anode coke; i.e., for the smelting of other metals) may 
account for several percent additional consumption beyond the aluminum industry).  
China alone produced 7.5 million tons per year of Anode Grade Coke as of 2008.1   
 The term “delayed coker” is a bit of a misnomer, as the intention of the operator is 
usually to liberate as much useful liquid fuel as possible, and thus to minimize the 
production of coke.  It might actually be referred to as a “thermal cracker” in that thermal 
energy is used to pyrolytically decompose liquid precursors, resulting in coke and lighter 
chemicals.  Generally speaking, the highest value liquids are produced when the 
temperature is kept at about 500 oC. 
 For those reasons, the delayed coker the feed enters the bottom of the drum, as 
shown in Figure 83.  Devolatilization and coking generally take place over a 24 hour 
period without additional heating (hence the origin of the term “delayed coking,” with an 
additional 12-24 hours for removing the coke from the drums.  Coke is cut from the drum 
using high pressure water jets.  
  
 

 
Figure 83.  Delayed Coker Schematic (courtesy OSHA).53 
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Figure 84.   Conoco-Phillips Delayed Coker.  

 
Anode Grade and Needle Grade Cokes are about 99% pure carbon.  The grade is 

determined, basically, by the quality of the carbon and the structure.  Needle grade coke, 
so-called because of the microscopic needle-shaped domains, is highly anisotropic, 
produced from aromatic decant oil feeds.  Anode grade carbon is much less graphitic than 
needle grade, but nevertheless has a higher degree of sp2 bonds that arise from aromatic 
contents.  Below that, fuel grade coke can be produced from vacuum distillation residues.  
Anode grade and fuel grade cokes are also referred to as sponge cokes, because of their 
porous appearance.  

Shot coke, on the other hand, is produced from poor quality feedstocks high in 
heavy metals, and sulfur.  Oil Sands crudes would be an example of a low grade 
feedstock.  Shot coke can usually be used for fuel, but in some cases is so high in heavy 
metal residues that it must be buried in a landfill.   
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Highly oriented coke, referred to as needle coke, is used for the production of 
graphitized steel electrodes.  The name needle coke is due to the characteristic needle-like 
striations that clearly dominate the texture of the material.  Needle coke that meets 
stringent industrial standards commands a price of several hundred dollars per ton.  The 
principal requirement for needle coke is that the CTE must be 2.0 parts per million per 
degree °F or below.  Table 23 summarizes desired properties of needle coke.   

 
Table 23. Desired properties of Needle Coke. 

 
 

Delayed coking is used to produce needle coke today.  That is, hot desulfurized 
decant oil is pumped into the coking drums.  During this process the thermal cracking 
temperature is reached but coking is “delayed” until the feedstock reaches the coke 
drums.  In the drums hot volatile gases are emitted from the decant oil.  The gases form 
bubbles which rise through the coking feedstock thereby stretching the coke as it begins 
to form.  The temperature gradients as well as the internal stresses caused by the hot 
gases causes the coke to form oriented (anisotropic) crystalline structures, known as 
needle coke.   

 
The structure of coke is determined primarily by the purity and the aromaticity of 

the precursor material.  Aromatic precursors, such as coal derived pitch, result in 
anisotropic structures compared to aliphatic precursors.  Decant oil, heavy oil obtained 
from catalytic cracker residua, results in the formation of coke with microscopic needle-
shaped domains.  Such coke, referred to as needle coke, can be heat treated to produce 
graphitic structure. 
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Figure 85.  Needle coke, showing needle domains.54 

7.2  Alternate Shear Coking Method  

 
Mechanical shear on coking specimens was considered as a means of influencing 

graphitic structure, to create more needle-like domains. To some extent the coking 
process itself influences the formation of needlelike domains.  As the oil devolatilizes, 
escaping vapors and gas result in expansion, much like bread rising from dough.  This 
rising action is responsible for orienting the needle domains.   

This raises the question whether carbon structures can be caused to form 
needlelike domains via mechanical action during the curing process.  It was postulated 
therefore, that shear forces could be used to create needlelike domains. 

Hence, A rotating blade was used to create shear on coke being heated to normal 
devolatilization temperatures of coke (300-600 oC). 
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Figure 86.  Test stand including reactor designed to enhance anisotropy of coke. 

 

 
Figure 87.  Shear Coke Reactor.55 
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Figure 88.  Original Wiper Blade Design. 

 
 A 2k factorial statistical design was selected to screen the effects of temperature 

and parametric variation on the forming coke. This experimental design and analysis 
assumes that the effects are linear (Montgomery). Even though this is only approximate it 
provides an indication as to which variables have the more significant effect on the 
mechanically arranged order of the pre-graphitic carbon. The factorial design uses two 
variables: temperature, and the parametric variation. Mesophase domain growth occurs 
around 400°C, so the heat treatment temperatures of 375°C and 425°C were selected. 
High (+) and low (-) configurations of the factorial design are shown in Table 24. The 
table shows a complete series of system configurations for a 2k factorial design (runs 36) 
and a control series of control experiments (runs 1 & 2). The axis, X1, relates to the 
parametric variation, and X2 is the heat treatment. The main effects as described by 
equations 2-4, governs the effectiveness of each parameter. 

 
Table 24.  2k Factorial Experimental Test Sequence (a) Experimental Values (b) 
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The main effect of parameter A, B, and the interaction of A and B (AB) is defined as: 
 
a. Main Effect of Parameter A 

 

Equation 15 

 
b. Main Effect of Parameter B 

 

Equation 16 

 
c. Interaction Effect of Parameters A and B 
d.  

Equation 17 

 
Here n is the number of runs. Parameter A represents the heat treatment 

temperature, parameter B represents the parametric variation effects, and AB represents 
the interaction effects of parameters A and B.  

The effects of the induced stress were evaluated over a temperature range of 
mesophase domain growth. Effectiveness of the temperature and parametric variation 
was quantified using the main effects (equation 2, 3, & 4). This provides direction to 
further research of greater depth. 

7.3  Pitch Preparation 

 

The pitch obtained for the experiments was a coal tar pitch from Koppers Inc. The 
pitch was processed using a vibration separation (VSEP) technique to remove nearly all 
solvent insoluble material or ash. Using proximate analysis the pitch was tested for 
moisture, volatile matter, and ash material by weight. The results are shown in Table 25. 
A negative ash value is not possible, and thus a negative measurement means that the ash 
is below the detectable range, or close to zero. 

 
Table 25. Proximate Analysis of Koppers Coal Tar Pitch. 
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The pitch was then processed using a thermogravimetric analyzer to determine the 
composition of carbon, hydrogen and heteroatoms, sulfur and nitrogen by weight. Since 
pitch does not have a defined melting point, it is characterized by the softening point as 
test by ASTM D-3104. The results are shown in Tables 26 and 27, respectively. 

 

Table 26. Thermogravimetric Analysis of Coal Tar Pitch 

Material

 

 
 

Table 27. Mettler Softening Point of the Pitch Material 
 

 
 
From Table 27 it can be seen that sample B1 and B2 have similar softening 

points.  
A slow flow of nitrogen was applied to the system as the temperature controller 

was set to the desired devolatilization temperature. The computer and the data acquisition 
system was initiated and began process parameters. It was found to be advantageous to 
control the temperature using the process temperature probe in the bottom of the reactor.  
The pyrolytic devolatilization of the pitch continued for 5 hours at 375°C and 3 hours at 
425°C. Once the molten pitch devolatilized for the prescribed time, the temperature was 
ramped to approximately 475°C. The coke seemed to form near this temperature. Then, 
data acquisition was discontinued, and the heater turned off. Once the reactor cooled to 
200°C the nitrogen valve was closed. The reactor was then allowed to cool to ambient 
temperature before obtaining the product.  

 

7.4 Scanning Electron Microscopy.  

 
The coke was produced by pyrolysis at two different temperatures.  Samples were 

produced after heat treatment in nitrogen at 375°C and 425°C, low and high respectively. 
The temperature was increased to 475°C to ensure that coke had completely formed. 
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Figure 89.  Green Coke Sample T375_0 

 
 

 
Figure 90.  Green Coke Sample T375_0 (2). 
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Figure 91.  Green Coke from Alternative Process Sample T375_50. 

 
 

 
Figure 92.  Green Coke from Alternative Process Sample T375_100. 
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Figure 93.  Green Coke from Alternative Process Sample T425_50 

 
 

 
Figure 94.  Green Coke from Alternative Process Sample T425_100. 
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7.5  X-Ray Diffraction (XRD) of Alternate Coke 

 
X-ray diffraction (XRD) data was corrected for geometric and polarization effects 

and then plotted in Figure 96. From the corrected data, the peak angle was determined 
along with the full width at half peak height. This is described by ASTM 5187. The peak 
values were determined. With this information the crystallite length, Lc was determined. 
The d002-spacing between the graphene sheets was then calculated using Bragg’s 
equation, 

 

λθ nd =∗sin2  , Equation 18 

 

where d is the interplanar spacing, θ is the angle of incidence of the x-ray beam, n is the 

order of reflection (integer), and λ is the x-ray radiation wavelength (1.54056 A for 

copper Kα1).  
The data was compiled in Table 28 along with the calculated proportion of 

disorder. The d-spacing is a function of graphene plane disorder for graphite. The 
observations of the peaks showed that the residual crystalline strain caused a peak shift of 
the XRD intensity curve (Philips). Until the green coke is heat treated to form graphite, 
thereby relieving the strains, the peak shift will remain. 

  
 

 
Figure 95.  Randomness function of ordered graphite as a function of d-spacing. 
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Table 28. Crystallite Dimensions of XRD 002 Peak. 
 

 
 

Coke samples were pulverized to perform x-ray diffraction. The samples were 
initially crushed with a mortar and pestle. Each sample was placed in a ball mill with 
ceramic balls. The ball mill was operated until 10 ml of coke was produced in a powder 
of 160 mesh (<98 microns). The standard test method, ASTM D 5187, calls for 200 mesh 
(<75 microns) pulverized coke to be scanned. 

 
 

 
Figure 96.  X-Ray Diffraction of Green Coke Samples (shown from 20 to 31 2θ) 

 
Once the XRD intensity curves were corrected, an attempt to reduce the 

background intensity was made. The background diffraction intensity is a result of 
scattered x-rays. This is caused by vibration of molecules (temperature), air molecules, as 
well as amorphous material (Klug and Alexander). The effects were grouped together as 
background scatter. In order to compare the differences caused by the parameter change, 
the background intensity was determined. This can be done by establishing a straight line 
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from at the base of the intensity curves. This is illustrated in Figure 97, which shows that 
the background line averages the fluctuations of the intensity curve. The crystalline 
intensity is a measure of the integrated region below the sample intensity curve and above 
the background intensity line for amorphous materials (Klug and Alexander). If the 
degree of crystallinity is desired, reference materials of amorphous and crystalline 
structures can be used to establish a proportion of crystallinity. 

 
 

 
Figure 97.  XRD Intensity Curve with Separated Crystalline and Background Region. 

 
The main parameter effects were used with the crystalline intensity of each 

sample to compare parameters. After integrating the region under the intensity curves, the 
background was subtracted from the total. This value is the crystalline intensity, which is 
used as the effect obtained from each parameter.  

Table 29 summarizes the statistical analysis.   The value of Block I was calculated 
for the differences of the parameters for runs 1, 2, 3, & 4 of Table 28 to determine the 
effects of the parametric variation compared to a control reaction of temperatures at high 
and low values. The parametric variation had a significant effect (B) relative to the 
temperature effect (A). There was no combined effect (AB) observed. Block II was 
determined for the runs of 3, 4, 5, & 6 of Table 28. Block II represented the effects of 
100% of the parametric variation to the 50% value of the parametric variation. This data 
set was to determine the effect of the parametric variation on the crystallinity of the green 
coke. It can be seen that there was a slight negative effect from increasing the parametric 
variation (Effect B of Block II). There was a noticeable increase of crystallinity from 
parameter A (temperature). This is consistent with conventional manufacturing 
techniques used to produce pre graphitic carbon materials. It was noticed that there was a 
significant effect from the interaction of parameters within Block II. 
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Table 29. Effects of Parameter Change as a Function of Crystallinity Difference. 
 

 

 
The effects of temperature and parametric variation were determined by a 

measure of crystallinity. Figure 98 shows the increase of crystalline intensity as a 
function of temperature change. The temperature has a rather consistent effect on the 
crystallinity of the carbon. Figure 99 shows the nonlinear effect of shear rate on the 
crystallinity. From 0 to 50% of the parametric variation, it can be seen that the 
crystallinity increased at a similar rate for the two temperature effects. During the 
increment of 50% to 100% of the parametric variation, the values decreased slightly. The 
other notable difference is that the lines are no longer parallel to each other. 
 Ultimately, the corrected intensity shows that there is a definite increase in long 
range order due to shear effects.  This suggests that graphitic long range lattice order can 
be produced from feedstocks with low anisotropy.  The full effectiveness of the technique 
remains to be demonstrated by graphitizing the samples at the annealing temperature of 
graphite (i.e., about 3000 oC).  
 
 

 
Figure 98.  Crystalline Intensity Value as a Function of Temperature. 
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Figure 99.  Raw XRD Intensities. 

 
 

 
Figure 100.  Corrected XRD Intensities. 
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7.7  Conclusions 

 
 The expected result is that high shear would be definitely correlated to highly 
crystalline graphitic structure.  To a large extent this is borne out in the data, although 
there are a few instances in which higher shear resulted in poorer performance.  In Figure 
100, the highest peak intensity occurs for the combination of higher temperature 
treatment, and 50% parametric shear.   Still the zero shear values are clearly lowest, 
which suggests that proof of concept has been shown for the notion that shear during the 
coking process can enhance the crystal structure.       

Additional data after full graphitization (heat soaking at temperatures of 2700-
3100 oC and testing in a standard graphite (such as electrode graphite) is required to 
evaluate the true quality of the product, say in a pilot scale electrode build under the 
auspices of a company such as GrafTech.  With the current data, it can not fairly be 
claimed that needle coke was produced, although it is very plausible that additional 
processing could indeed result in needle coke using the shear coking technique.   

The market price of needle coke has fluctuated between $500 to perhaps $2000 in 
the past few years.  There is obvious potential for undercutting that price, since the 
feedstock used for shear coking is less expensive, but it is difficult to say whether the 
additional margin is sufficient to compensate for the additional complexity introduced by 
shear coking.   

A full scale process incorporating shear has yet to be designed.   
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VIII.  CARBON FOAM 
 

8.1.  Background 

 
The use of carbon foam for structural applications leads to consideration of low-

pressure, low-temperature applications, including the possibility of spray-on foam that 
can be synthesized in ambient air.  Some of the proposed applications include fire-proof 
ship decking and bulkheads, impact mitigation for aircraft and automobiles, structural 
panels and firewalls, low radar signature materials, Electromagnetic Interference (EMI) 
shielding, high-performance electrodes for fuel cells, abrasion resistant panels, composite 
tooling, and thermal management materials.56 

 

 
Figure 101. Composite consisting of carbon foam, balsa wood, fiberglass, and epoxy. 

Cost is an important consideration for structural materials.  Commercial carbon 
foam prices are in the range of several dollars per pound and increases depending on 
properties and processing.  A number of the proposed applications may be commercially 
viable were carbon foam available at lower cost.  Production of pitch foam may be an 
alternative that could be produced by less expensive methods.   

One of the developments in material science during the 1930’s was the production 
of synthetic urethane and vinyl polymeric foam.57  Since that time, many other polymers 
have been successfully converted into foams and the processing steps have been further 
refined.  Using polymer foaming developments, other materials were produced in foam 
form.  Some of theses materials include metals and metal alloys, silicon oxide, carbon 
and graphite.   
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Carbon and graphite foams are of much interest due to their good mechanical 
performance and tailorable properties.58 This has spawned a myriad of proposed 
applications that range from impact adsorptive panels to high performance heat sinks and 
nonconductive thermal insulation.   

Currently, production of carbon foam is fairly specialized and capital intensive.  
This is mainly due to the high thermal and pressure requirements.  Carbon foam is 
produced by two different methods.  The first uses suitable polymeric foam which is 
subsequently pyrolyzed.  The pyrolysis often requires significant amount of time at 
elevated temperatures.  The second method involves heating coal, coal tar or petroleum 
pitch under pressure.  The heating process softens the starting material, causes 
volatilization of volatile content in the starting material and decomposition of some of the 
side chains forming gases.  The lighter molecules that are produced, in addition to those 
present, vaporize resulting in significant increase in bulk volume.   

The volatile matter acts as an imbedded chemical blowing agent similar to that in 
polymeric foaming.  While the vaporization is occurring, the remaining higher molecular 
weight molecules cross-link (carbonize) to stabilize the bulk structure.  Again, this 
process requires significant lengths of time at elevated temperatures and, depending upon 
the process conditions, elevated pressure.   

The addition of additives known as blowing agents is common for several 
foaming processes.59 The blowing agents are used to produce a supersaturated solution 
upon the reduction of pressure and/or increase in temperature.  Because of 
thermodynamic instability, bubbles, termed cells for foam materials, are formed in the 
melt.  If the cells remain upon solidification of the material, the resulting material is a 
cellular solid, and is commonly called foam.  From a technical standpoint, it is a foam if 
the reduced bulk density is less than 1/3 that of the starting solid material.60  

The use of CO2, N2, and water as physical blowing agents has gathered much 
interest as alternatives to chlorofluorocarbons (CFC) and hydrochlorofluorocarbons 
(HCFC) which have come under increasing environmental regulation due to their ozone 
depleting chemistry in the atmosphere.  CO2 and N2 have also received interest due to 
plasticizing effects (i.e.  lowering of the glass transition temperature, softening point, and 
viscosity) seen during processing, which could reduce processing expenses.  The 
plasticization effect is seen more dominantly with low molecular weight blowing agents 
and diluents.  These effects are due to the influence that blowing agents have on the free 
volume of the polymer and real dilution effect on the polymer.  There are many 
similarities between molten pitches and polymer melts.  Some of the characteristics that 
both have in common include macro-organic molecules, molecular weight distributions, 
and amorphous to semi-crystalline morphologies.  Due to the molecular weight range, 
polymers and pitches both have comparable rheological profiles with a majority showing 
shear thinning character.  Additionally, process temperature for several polymers falls in 
the same temperature range as that of several grades of pitch.   

One of the primary differences between pitches and polymers is in the molecular 
skeleton.  Most polymers consist of long chains of molecules, with varying degrees of 
branching and/or side groups, which are often characterized as strings or lines, whereas 
pitches are primarily composed of naphthene aromatics, polar aromatics, and asphaltenes.  
The molecules in pitches also tend to be more planar or globular in structure than in 
polymers.  In much polymer theory, polymers are often modeled as spherical or globular 
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wrapping forms, particularly for amorphous morphology and in certain solvents.  Thus it 
may be that these polymer models may are suited to modeling pitches as well.   

The first objective of the present study is to examine current polymer foaming 
theory and production practices, specifically the uses of physical blowing agents (gaseous 
and liquids), the blowing agent solubility and equilibrium fraction and how the physical 
blowing agents affect the rheology of the melt.   

From the examination of polymer theory and practices, an assessment of the 
applicability of using them to foam pitch is made.  This will include a comparison of melt 
rheology, surface tension, and effects of physical blowing agents on the melt. 

Evaluation of the properties of pitches is conducted and compared to various 
polymers.  Samples will also be produced by a batch method to qualitatively compare the 
effect of variables (temperature, pressure, and pressure-drop rate) on pitch foam and by 
the extrusion method to verify if extrusion is possible.  A test apparatus was constructed 
for extrusion to verify that pitch foam can be produced in a manner similar to that of 
polymer extrusion.  The experiment will utilize CO2, N2, and H2O as physical blowing 
agents.  The viscosities of the melt samples are calculated from models.   

The pitch and foam samples are examined under an optical microscope and by 
SEM to quantify the morphology and cell structure.  The size, size range, shape of the 
cells, and whether the cells are open or closed in nature are examined.  Mechanical 
properties of the pitch foam will also be examined, but not optimized.  The focus of the 
project is on the production and quantification of cells formed within pitch foam rather 
than on the evaluation of their mechanical properties.  Gibson and Ashby and 
others61,62,63 have quantified the mechanical properties of foam from structure and these 
resources could be used for theoretical evaluation of the mechanical properties.   

Also, areas of evaluation and production should be examined to further 
understand the complexities of pitch foam formation and the properties of pitch as they 
relate to the melt, process conditions, and blowing agents.   
 Cellular materials can be composed of numerous materials, including polymers, 
metals, and ceramics.  True cellular solids are usually considered to be materials that are 
less than 1/3 of the density of the original solid material, ρs.

 64  Equation 19 quantifies this 
effect where, φ is the relative density and ρf is the bulk density of the foamed material.  
Materials above the 30 % relative density, but still below that of the solid material are 
properly termed solids containing isolated pores for relative comparison). 
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Figure 102.  Relative comparison of cellular solid (left) and solids with isolated pores 

(right). 

Cellular solids can be ideally organized into two basic groups.  The first 
consisting of a two-dimensional matrix of polygons, often known as a honeycomb matrix.  
The other consists of a three-dimensional matrix, and is known as foam.  In the literature, 
foams are often represented as idealized pentagonal dodecahedrons, though this is rarely 
true in reality.  Foam can be further divided into two subgroups, closed cell and open cell.  
The cell walls or membranes between the cells in closed cell foams remain intact and do 
not allow flow through the foam.  In open cell foam, the membranes between cells have 
ruptured leaving a basic skeleton or strut type structure.  The cell structure in actual foam 
is often some combination of open and closed cells which is characterized as percent 
open or closed cells. 

 

 
Figure 103.  Comparative view of open celled and closed celled foam.  Left: open cell 

alumina foam.  Right: closed cell pitch foam produced at West Virginia University.65 

  Both rigid and flexible cellular solids can be produced.  The degree of rigidity or 
flexibility of the cellular solid depends on the solid material’s glass transition 
temperature, chemical composition, polymer backbone, degree of crystallinity, and 
degree of cross linking.66 The glass transition temperature, Tg, is the temperature at which 
some molecules achieve partial mobility within the material.  For materials that have Tg 
above room temperature, it may be possible to produce flexible foam if the proper 
plasticizers are used to reduce the Tg below room temperature.   



 154 

Cellular materials are an area of much interest due to their extension of the 
material properties of the solid.  A majority of interest comes from the density reduction 
and material savings in comparison with marginally diminished strength, Young’s 
Modulus, conductivity and improved energy absorption. 

 

 
Figure 104.  Range of properties available through foams67. 

The increased surface area afforded by foam is also of interest for both catalysis 
and thermal management.  Major areas where these enhanced properties have found 
application are in thermal insulation, packaging, structural components, and flotation 
devices.  Gibson and Ashby in their text Cellular Solids, go into much detail in describing 
the theoretical basis for understanding and predicting properties of cellular solids and is 
an excellent reference on the subject.   

It is interesting to note that the size, shape, flexibility, and amount of 
interconnecting cells directly determine the physical properties of the foam, but the 
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application for the foam directs which type of cell structure is desired.  For example, a 
closed cell structure is desirable for thermal insulation while an open cell is desired for 
acoustic insulation.   

Since the advent of polymeric foams by means of batch processes, many 
continuous processes have been developed to increase production rate and reduce cost.  
Foam has made inroads into a diverse variety of applications.  Due to continued 
development of foam properties, total demand has steadily increased to over 3.7 million 
tons in the United States alone in 2001 and this number is expected to continue to 
increase for the near future.  In 1993, foam accounted for 31 % of total polystyrene and 
7.7 % of all plastic consumed in Japan. 

 
Table 30. Foam production in the United States (in Millions).68,69,70 

 
 

There are several production methods in use today (Table 30) to manufacture 
foam from a myriad of polymers and polymer/additive mixtures.  Continuous extrusion is 
a method of producing large quantities of foam quickly usually in slab stock or rod form.  
This method can mix both physical and chemical blowing agents and other additives into 
the melt during the processing phase.  Injection molding couples the continuous extrusion 
method with a mold to produce complex foam shapes.   

In forming foam, two events must take place sequentially, no matter what the 
solid matrix may be.  The first is the formation of large numbers of bubbles in the melt.  
This involves increasing the free energy of the foaming material system.  The second is 
stabilization of the melt before the bubbles collapse or escape (i.e.  reach the free energy 
minimum of the foaming material system).   

The progression from a homogeneous uniform material into one containing voids 
with controlled dimensions can be daunting.  Naturally produced foams such as sea 
sponges and cork grow with the voids present, while sea foam is mechanically churned or 
frothed by wind and wave motion.  While natural foams can be interesting and of some 
use, they often are not available in quantities or qualities that are economically viable.  
For this reason several industrial production techniques have been developed to introduce 
gas bubbles into the precursor material.   

The developed techniques include: mechanical whipping or frothing of a liquid, 
expansion of dissolved gas(es) in a melt, flash vaporization of low-boiling liquids in a 
melt, volatilization of gas-producing compounds within a melt, incorporation of insoluble 
salts into a melt which are later removed, or the incorporation of hollow beads 
(microspheres)71 which remain in the final product.   

Both the frothing technique and the incorporation of microspheres are of limited 
usefulness for polymer melts due to processing and cost constraints.  The mechanical 
frothing techniques are usually used with low viscosity liquids that have low energy 
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requirements to stir at high rates.  An example of frothing to produce foam is beating egg 
whites to form meringue for pies.  Incorporating hollow beads or insoluble salts is a sure 
way of producing solids containing voids.  Once the melt is stabilized, the beads or salt 
remain and can result in additional concerns for each.  For the beads, the foam matrix 
instead of being a single solid phase is now a two-phase solid in which surface 
interactions of the two materials need to be considered.  For salts, the difficulty becomes 
the removal of the salts without damaging the foam matrix.  Salts have been used 
successfully in the production metal foams. 

A majority of polymeric foam is produced by incorporating soluble gases, low-
boiling point liquids, or compounds that decompose to form gases during heating.  These 
additives are usually referred to as blowing agents.  The purpose of the blowing agent is 
to saturate the melt with gas at low temperature or elevated pressure.  Gases produced by 
decomposition of molecules in the processing temperature range, are known as a 
chemical blowing agents, while those added directly to the melt and dispersed by 
diffusion or mechanical agitation of the melt are called physical blowing agents.  The 
purpose of these additives is to cause a thermodynamic instability (supersaturation state 
of a gas) within the melt upon temperature rise or pressure drop.  Bubbles are formed to 
bring the system back into a metastable thermodynamic state.   

Chemical blowing agents usually decompose to produce CO2, N2, CO, H2O, NH3, 
HCHO, SO2, or some combination thereof.  Some common chemical blowing agents are 
azodicarbonamide (ADC), zinc carbonate, and citric acid derivatives,72 but just about any 
compound that has a well-defined decomposition temperature and produces a soluble gas 
in the processing range can be used.   

Physical blowing agents are usually introduced in a continuous process at some 
predetermined point and mechanically mixed to form a single-phase mixture.  At elevated 
pressures, melts sustain higher equilibrium concentrations of soluble gas.  Through an 
extrusion process, the pressure and/or temperature are reduced to near ambient 
conditions, which results in a thermodynamic instability (supersaturation) in the melt.  If 
the instability is produced rapidly, bubbles are spontaneously generated following 
classical homogeneous and heterogeneous nucleation models as in batch liquid processes.  
The supersaturated gas in the melt expands forming voids, and results in both pressure 
and temperature reductions to regain thermodynamic equilibrium.  The most common 
physical blowing agents in the polymer foam industry are CO2, N2, water, and low 
molecular weight hydrocarbons.  Liquid blowing agents (e.g.  water and low molecular 
weight hydrocarbons) are usually added with the polymer pellets.  During processing, 
both the temperature and pressure are raised.  The pressure is raised in order to maintain 
the blowing agents in a liquid state.  For water, this results in the formation of an 
emulsion.  Upon release of pressure, the blowing agents vaporize, and diffuse out of the 
melt.  By controlling the viscosity, blowing agent concentration, and pressure drop rate, 
the cell structure can be optimized.73 

It has been shown that the presence of fine, dispersed solid particles, known as 
nucleating agents, greatly aid in increasing bubble formation by reducing the level of 
supersaturation needed before bubbles form.74 This phenomenon has been linked to the 
addition of boiling chips to aqueous solutions, in that it provides an irregular surface on 
which bubbles can nucleate.  The use of nucleating agents has led to the production of 
more and smaller cells in foam.  In extrusion processes, in addition to the above 
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nucleation phenomenon, shear nucleation of bubbles can also occur.  The shear 
nucleation can be caused by cavitation of the screw in the melt and cavities along the 
barrel of the extruder.  Shear nucleation has been studied and modeled, and is very much 
dependent upon the operation and condition of the equipment.   

Once a bubble is formed it must satisfy the stability equation (Equation 20), 

otherwise the gas in the bubble will be reabsorbed into the melt.  In Equation 20, ∆P is 

the vapor pressure gradient from the bubble to the melt, γ is the surface tension of the 
melt, and R is the radius of the bubble.  Nucleation of new bubbles will continue till the 
supersaturation is sufficiently reduced to favor bubble growth over new bubble 
formation.  At this point, diffusion becomes the dominant means of reducing the 
remaining supersaturated gas. 

 

R
P

γγγγ2
≥≥≥≥∆∆∆∆                            (Equation 20) 

 
Once diffusion becomes dominant, the nucleated bubbles begin to expand till 

∆P=2γ/r.  When the gas concentration reaches equilibrium, bubbles can only grow by 
diffusion of gas from smaller bubbles, were the pressure gradient is greater than in larger 
bubbles, coalescence of adjacent bubbles, or by the exothermic expansion of the gas in 
the bubble.  These growth mechanisms act to further reduce the free surface energy of the 
melt system by following Equation 21 where ∆F is the surface energy, γ is the surface 
tension, and A is the total surface area the bubbles. 

 

AF γγγγ====∆∆∆∆                      (Equation 21) 

As can clearly be seen from Equations 20 and 21, the surface tension is a 
significant factor in both the formation of bubbles and the free energy needed for foam 
systems.  By reducing the surface tension of the material melts, the pressure gradient (i.e.  
the concentration of gas) and the free energy input requirements are reduced resulting in 
bubble formation sooner and greater transient stability for smaller bubble formation.   

Frequently, cells are not spherical in nature.  In highly-expanded, open or closed 
cell foams, the cells exhibit polyhedron structure due to the interaction of adjacent cells.  
The cell structure is often idealized as pentagonal dodecahedrons for modeling the 
mechanical properties.  Foams formed in a mold or in pressure gradient fields often 
exhibit ellipsoid-shaped cells.  In this case, the ellipsoidal behavior is due to pressure 
interactions on either side of the cell during growth.  The ellipsoidal growth was seen to 
be retarded through increasing both initial pressure of cell formation and viscosity of the 
bulk melt.75 

Several researchers have modeled foam formation and growth to give quantitative 
insight for production.  The foaming process has been simplified into three major events: 
foam nucleation, foam growth, and cell coalescence with temperature, pressure, surface 
tension, heat and momentum transfer, diffusion, gas solubility and viscosity as variables.  
Tomasko et al.  correlated many of the variables and their relationship to one another for 
a CO2 based blowing of polymer in an extrusion process.76 
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Figure 105.  Relationships between parameters in a continuous extrusion foaming process 

using CO2 as the blowing agent.77 

From classical homogeneous nucleation theory, the rate at which invisible gas 
clusters are energized by effective diffusion governs the nucleation rate.78 From work by 
Gibbs, the rate of nucleation can be expressed as, 
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where N is the nucleation rate, f is a frequency factor, c is the gas concentration, ∆G* is 
the activation energy to sustain a bubble, and k and T are the Boltzmann constant and the 
absolute temperature respectively.  Further work by Blander and Katz defined the 
minimum work term, ∆G* and frequency factor, f, into measurable parameters (Equation 
22) resulting in Equation 23 for homogeneous nucleation,  
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where γ, Pb, P1, and m are the surface tension, pressure in the bubble, pressure in the 
melt, and mass of a gas molecule respectively.  Often Pb is assumed to equal to 
atmospheric pressure. 

S.  T.  Lee collected and presented a detailed development of nucleation theory.79 

Tomasko et al.  in their review presented simplified models in terms of an activation 
energy, ∆G*, for heterogeneous nucleation (Equation 13), though they did not define the 
frequency factor, f, for the equation. 
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For Equation 24-25, c is the concentration of gas, f is the frequency factor of gas 
adding to the nucleation site, k is the Boltzmann constant, T is the absolute temperature, γ 
is the surface tension, ∆P is the gas pressure difference, and γ is the contact angle of the 
melt-particle/gasphase interface.  For single phase polymer melts, only homogeneous 
nucleation occurs.  In melts containing solid particles or two-phase systems, both the 
homogeneous and heterogeneous equations need to be solved simultaneously.   

From the pressure difference, ∆P, Blander and Katz developed the concept of 
superheat, SH, (Equation 26).  For low superheat, diffusion is able to reestablish 
equilibrium before the critical bubble radius is reached thereby limiting nucleation. 
 

∞−=
1

PPSH b        (Equation 26) 

 
In actuality, polymer melt bubble nucleation has been seen to deviate from what is 

predicted.  This is believed due to the polymer being of non-homogeneous character and 
the thermodynamic-based model’s inability to handle the simultaneous pressure and 
temperature changes on the gas activity and polymer chain mobility.  However, when 
pressure gradients and surface tension dominate, bubble nucleation is in close agreement 
with homogeneous theory.80 Some researchers have modified nucleation theory to better 
predict nucleation rate and added or modified several terms resulting in more complex 
homogeneous and heterogeneous nucleation equations.   

Early models focused on the growth of a single bubble (i.e.  a single bubble in an 
infinite fluid with infinite gas available).  This is clearly not the case for foam formation 
where there are many bubbles with a finite amount of gas.  Newer models sought to 
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correct for this problem by using cell or “swarm” bubble growth models.  These cell 
models assume an interaction between the cells in the foam.   

Older foaming models usually involve simultaneous solution of the momentum, 
heat, and mass balances, with a specific rheological model.  The incorporation of gas loss 
from the foam, blowing agent plasticization, concentration-dependent diffusion, and 
transient cooling have further improved the models.  The models need to be solved 
simultaneously with appropriate boundary conditions.81 

  These boundary conditions include: 
 
 
 Momentum Equation, 
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 Rheological Equations, 
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Growth of Radius Equation, 
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and the Concentration-Dependent Diffusion Equation, 
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Pg is initial pressure in a cell, P∞ is the bulk pressure, γ is the surface tension, τγγ 
and τθθ are the normal stress elements in the radial and circumferential directions 
respectively, η0 is the viscosity, Rf is the cell outer radius, R is the gas-polymer interface 
radius, r is the radial coordinate, τ(1) is the convected time derive of stress tensor, E is the 
elastic modulus, σ is the rate of strain tensor, Ev is the activation energy for the viscosity 
equation, Rg is the ideal gas constant, T is the foaming temperature, T0 is the initial 
temperature, ρg is the density of the blowing agent, ρ is the density of the polymer, D is 
the diffusion coefficient, c is the blowing agent concentration, t is foam growth time, and 
lastly Vr is the radial component of velocity. 

From inspection, general trends expected are an increase in cell size with 
increased blowing agent concentration, time dependent concentration (decreasing 
pressure-drop rate) and reduced viscosity.  It is important to remember that the above 
equations are for growth of a cell from the instant of formation.  It is therefore necessary 
to make some assumptions to solve the equations as cells continue to form until the 
supersaturation of blowing agent is reduced to favor diffusional growth instead of 
nucleation.   

S.T.  Lee et al.  have developed a model that approximates experimental results 
for low density polyethylene with butane as a blowing agent in a continuous extrusion 
process based on the above equations.82 It is expected that the general trends captured by 
their models will be suitable for other systems.   

As long as the pressure is sufficient to overcome the critical radius, there is the 
possibility that as new cells form, that they will do so adjacent to existing cells.  Due to 
pressure difference within the adjacent cell, diffusion occurs from smaller cells (high 
pressure) to larger cells (low pressure), causing the larger cell to grow while the smaller 
cell shrinks till it is reabsorbed into the matrix material.  This process is known as cell 
coarsening.83 

As new cells continue to form and grow, the possibility increases that two or more 
cells of approximately the same size will come in contact with one another.  As a result, a 
wall or membrane will form between the adjacent cells.  As cell growth continues, the 
separating membrane is stretched thinner and becomes less stable.  Eventually, the 
membrane ruptures resulting in the merger of the two cells into one larger cell as a way 
for the matrix material to minimize surface free energy.  The net result is a reduction in 
cell number density which is usually undesirable since it adversely affects the thermal 
and mechanical properties of the foam.84  

Coalescence and coarsening of cells are difficult to model and this continues to be 
an area of research.  Much of the research focuses on improving melt strength or reducing 
surface tension thereby increasing the likelihood of adjacent cells surviving until the 
matrix material stabilizes.85 
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Currently, carbon form is produced using one of two main methods.  The first 
method is to use a pyrolytic polymeric foam and subject it to high temperatures to cause 
char and cross-linking of the polymer matrix.  The other way is to subject coal or pitch to 
high temperature and pressure, usually between 300-500 °C and 14.7-1500 psia.86 This 
process takes advantage of naturally-present lower molecular weight molecules that 
volatilize during the heating process to create cells in the bulk phase.  The resulting 
material is a cellular carbon which is sometimes referred to as “green” carbon foam.  The 
foam can be further processed by carbonization, graphitization, or subjected to acid or 
base washes to alter the surface characteristics.  Green carbon foams have been treated 
under inert atmosphere, usually nitrogen, to 300-500 °C.  Further heating (600-1600 °C) 
of green foam under an inert atmosphere often leads to rejection of hydrogen and the 
fission of side groups on the molecular structure, a process known as calcination.  
Heating of select carbon foam still further (1700-3000 °C), under inert atmosphere, leads 
to graphite planes forming in the bulk structure.  This last heating is known as 
graphitization and is usually accompanied by significant alteration of the physical 
properties of the foam.87 For example, Figure 106 gives a general overview of the effect 
on electrical resistivity during heating processes for graphitizable foam. 

 

 
Figure 106.  Electrical resistivity versus heat treatment temperature for carbon foam. 

 
 
 



 163 

8.2  Background on Pitch Foam  

 

Similar to polymeric foams, carbon foams retain a significant amount of strength 
despite the reduction in density of the solid starting material (Figure 107).  In addition, 
other physical properties of carbon foam can be tailored.  Most of the tailorability comes 
from how the carbon molecules are ordered.  Foams made from highly graphitic 
precursors (anisotropic and mesophase pitch) have much higher electrical and thermal 
conductivity in the same direction as the graphitic plane (Figure 106).  The conductivity 
in the plane of direction is so high that it can rival solid aluminum or copper for heat 
transfer per weight due to the high surface transfer area.  Conversely, the electrical and 
thermal conductivity for isotropic carbon foams can be similar to that of ceramic 
insulators due to the absence of a continuous graphitic plane structure. 

 

 
Figure 107.  Estimated specific modulus/property chart of pitch-based carbon foam and 
competing materials.88 

From the strength-to-weight ratio and the variety of properties of carbon, a 
number of applications have been proposed.  Some of the fields that would take 
advantage of this mix of properties include transportation, energy, and military industries.   

The aerospace, automotive, and transportation industries share many of the same 
interests in carbon foam and are continually looking for materials that would reduce the 
weight and cost of their vehicles while maintaining performance.  For these industries, 
the energy absorption properties of carbon foam have been of particular interest for 
bumpers and replaceable impact absorbing tiles.  The large energy absorption is not only 
due to the strong carbonaceous matrix material, but also the energy necessary to crush the 
foam structure itself.  The automotive industry, along with catalysis researchers, is 
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additionally looking at using carbon foam as a substrate for catalysts and as a catalyst 
itself through surface modification.  There has even been some interest in using carbon 
foam in fuel cells.  One of the proposals is to use carbon foam for the bipolar plates in 
proton exchange membrane (PEM) fuel cells.89 Another is to use the carbon foam as a 
fuel in high performance direct carbon conversion fuel cells (DCFC).   

Bubbles can be formed a number of ways in liquids, but most bubbles do not last 
long before collapsing or bursting.  The key to making solid foam is to stabilize the 
molten material to a solid before the cell structure collapses.  Controlling rheology and 
melt strength of the base material is what makes foam production possible.  The 
formation of foam is a complex function of temperature, pressure, surface tension, heat 
and momentum transfer, diffusion, and viscosity.  Most of the listed parameters have a 
significant effect on the rheology of the molten material that is used.  An understanding 
of how each effect, particularly diluents and temperature, influences the pitch rheology 
aides tremendously in forming process conditions without much additional trial and error.  
The first step is to identify the type of long range molecular structure, or crystallinity, 
present in the base material.  The crystallinity gives a general idea of how the melt 
rheology behaves and is discussed below.   

The arrangement of molecules in a solid material is known as crystallinity.  
Crystallinity is divided into crystalline and amorphous structure depending upon the 
degree of long range orientation of the atoms.   

Crystalline materials have regular long range lattice orientation of their atoms or 
molecules.  The molecular order leads to defined melting and boiling points.  Often 
polymers considered crystalline rarely have a purely crystalline structure but rather partly 
crystalline domains. 

Amorphous materials, as the name implies, lack long range lattice orientation.  
This lack of orientation is usually a result of the material having a broad variety of 
molecules of varying molecular weight.  Amorphous materials can also be formed by 
cooling liquids faster than a minimum thermodynamic orientation can be reached.  Due to 
this irregular structure, amorphous materials do not have defined melting points.  Instead, 
they often undergo a rubbery transition in a material-specific temperature range as they 
are heated from a solid to a fluid state.  The point at which this transition occurs is known 
as the glass transition temperature, Tg.  The glass transition temperature is a reference 
point that is often used in the calculation of several physical properties of amorphous 
materials.   

The Glass Transition Temperature is an important characteristic in the processing 
of polymers and pitches.  It is used extensively in estimating several rheologic properties 
of both materials.  To begin, the Tg is defined as the point at which an amorphous glassy 
state transitions to a mobile rubbery state.90 In the solid state, only intermolecular 
vibrations of the molecules occur.  At the Tg short range intermolecular motion begins 
along with some molecular slippage.  The range of motion in and around the molecules 
increases until free motion of the entire molecule is achieved forming a liquid solution.  
There is also a significant increase in the fractional free volume of the system due to the 
molecular relaxation.91 Fractional free volume is defined as the fraction of the total 
volume accessible to solutes of any, even subatomic, size.  Generally, the Tg increases as 
molecular weight and intermolecular forces increase.  The Tg of a material can change 
over time due to the thermal history of the material.  For example, if the material is 
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heated above a temperature at which lower molecular weight molecules begin to escape 
from the melt, a general rise of the Tg is seen.  Heat treatments, depending on the 
material, can also result in degradation, charring, cross-linking, and cracking of the 
heavier molecules to further increase the Tg.  Eventually, mass loss will occur before the 
Tg is reached resulting in no melt phase formation.  This is one method that is used to 
stabilize pitch-based products.92  

The glass transition temperature is usually evaluated through the use of 
Differential Scanning Calorimetry (DSC), though thermogravimetric analysis, 
mechanical thermal analysis, coefficient of thermal expansion, and nuclear magnetic 
resonance imaging can be used and yield similar results.  During the glass transition, 
there is a significant change in the heat capacity between the glassy to rubbery state in the 
material, which is detected with DSC through an increase in energy needed to maintain a 
constant heating ramp.  The inflection point of the heat input curve is then taken as the 
Tg.  This is usually within ±2 °C of the actual Tg.   

A simple correlation was developed by Barr et al.  for approximating the Tg of 
pitches from the Mettler Softening Point Temperature, TMS.  The Mettler Softening 
point is a standard ASTM test method (D3104-99 (2005)) for determining the softening 
point of pitch.  It is valid over a temperature range of 50 °C to 180 °C, and gives results 
comparable to those obtained by ASTM test method D 2319 for temperatures above 80 
°C.0 Barr et al.  suggested a linear correlation between Tg and TMS (Equation 31) where 
both are in degrees Kelvin.  Khandare, at West Virginia University, confirmed the form 
of the equation, but disagreed for the value of the constant, x.  Barr et al.  calculated an 
experimental value of 0.84 ± 0.02 while Khandare obtained a value of 0.89 ± 0.01.80 
Khandare attributed the variation to differences in preparation and measuring techniques 
(Differential Scanning Calorimetry for Barr and Dilatometry for Khandare). 

 

MSg xTT =                     (Equation 31) 

 
Viscosity η is one of the most influential parameters in forming foam.  As shown 

in Equation 32, viscosity describes a fluid's internal resistance to flow and is commonly 
thought of as fluid “thickness”, where σ and ς are the shear stress and shear rate 
respectively.  As such, water would be a “thin” fluid, at ambient temperature and 
pressure, having a low viscosity, while motor oil would be considered a “thick” fluid due 
to its higher flow resistance.  For foam production, if the viscosity is too high, the 
material is difficult to process easily and efficiently and stunts cell formation and growth.  
If, on the other hand, the viscosity is too low, the gas easily escapes and the foam matrix 
collapses.  The viscosity of a melt is influenced by several factors, though the primary 
ones are temperature, pressure, and amount and nature of the diluent components in the 
melt. 

 

ς
σ

η =    (Equation 32) 
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Every fluid has a unique viscosity profile for a given temperature and pressure.  
Most fall into three general categories: Newtonian, power law (shear thickening or 
thinning), or Bingham plastic (Figure 108).  A Bingham Plastic is ideal for foaming due 
to the minimum shear stress needed for its deformation.  This behavior would permit the 
foam matrix structure to hold till the matrix material has an opportunity to cool or cure. 

 

 
Figure 108.  Comparison of viscosity profiles for Bingham plastic, Newtonian, and power 
law fluids (shear thickening & thinning). 

Most polymer and pitch melts exhibit shear thinning behavior.  Though shear 
thinning is less than ideal for foam stabilization, it is still capable of producing high 
quality foams.  The viscosity and melt strength need to be sufficient to allow time for the 
matrix material to freeze, locking the structure in place.   

The viscosity and glass transition temperature of a system diluted with gas are 
often lower than that of the pure system.  This reduction of viscosity and Tg is generally 
referred to as plasticization of the material and has been attributed to both an increase of 
the free volume of the material and the real dilution effect of the gas or other plasticizing 
agent.  The plasticization behavior has been acceptably modeled for polymers through the 
work of T.S.  Chow and the William-Landel-Ferry Equation (see Equations 36 and 38).   

Plasticizing additives for polymers are most commonly phthalates, and they tend 
to increase the flexibility and durability of hard plastics such as PVC.  They are often 
based on esters of polycarboxylic acids with linear or branched aliphatic alcohols of 
moderate chain length.  Plasticizers work by embedding themselves between the polymer 
chains, increasing of the free volume and chain slippage, and significantly lowering the 
glass transition temperature for the plastic thereby making it more flexible.   

In time plasticizers diffuse out of the material, returning it to the properties of the 
pure system.  For gases, this diffusion process is fast, especially for light gases, and can 
be taken advantage of by increasing the freezing rate of melt systems.   

Diffusion of gases occurs in most solids and liquids.  A natural result is that gases 
in the material are in equilibrium with the surrounding fluid.  The amount of gas that a 
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material is able to take in is unique to the gas and material and is referred to as the 
solubility of a gas in that material.  Being able to rapidly change the solubility of a gas in 
the melt causing a thermodynamic instability is what makes physical foaming of melts 
possible.   

For most gases, the solubility in a polymer changes at the Tg.  Below the Tg, the 
solubility is usually described by the dual-mode sorption model (Equation 33) which is a 
combination of Henry’s law gas and the Langmuir adsorption equation  
 

bP

bPC
PkC L

H +
+=

1
              (Equation 33) 

where C is the concentration of the gas in the polymer, P is the gas pressure, kH is the 
Henry’s law constant, and CL and b are the Langmuir capacity and affinity respectively.93  

Above the Tg and in the lower pressure regimes, the Langmuir capacity 
approaches zero resulting in a linear correlation that follows the Henry’s law model.  
Following this, solute gas concentrations can generally be increased by increasing 
pressure (Figure 109).  It is important to note that the Henry’s law constant, kH, is a 
function of both temperature and total absorbed concentration at high pressures.  As the 
temperature increases, the Henry’s law constant decreases, corresponding with a decease 
in solubility for most materials. 
 

 
Figure 109.  CO2 solubility in polystyrene at different pressures and temperatures (the 
thick line on the surface is the Tg).

94 

Accurately modeling the solubility of gases in the polymer melt is of great interest 
in calculating properties of polymer/gas mixtures.  This is due to the effect that the 
diluent gas has on the melt and the resulting temperature dependent viscosity of the melt.  
Design of equipment and processing of melts has forced the development of correlations 
between equation of state (EOS) models and solubility for these systems.  Reviewing the 
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literature for polymer processing and macromolecules, the Sanchez-Lacombe (S-L), and 
Panayiotou-Vera (P-V) equations yield fairly accurate predictions for pure polymer melt 
and diluted melt polymer solutions.95,96,97,98,99 Both use equilibrium chemical potentials 
in the melt and gas phases to correlate solubility to the pure phase through a binary 
interaction parameter.  The models and modeling techniques may possibly be extended to 
pitch as well. 

The Sanchez-Lacombe (S-L) EOS (Equation 34) is patterned after the Flory-
Higgins (FH) model that is based on hole theory.  In the F-H model, the hole density is 
fixed by the lattice structure, whereas in the S-L model it is allowed to vary.  P, T, and r  
are the reduced pressure, temperature and density, respectively.  P*, T*, ρ* are the 
characteristic pressure, temperature and density at the critical point of the gas, 
respectively.  Rg is the ideal gas constant, v* is the characteristic volume of a lattice site, 
e * interaction energy, r is the number of lattice sites occupied by a molecule, and M is 
the molecular weight of the occupying molecule. 
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  (Equation 34) 

 
The Panayiotou-Vera Equation of State (Equation 35) is a modification of the S-L 

EOS and incorporates concepts developed by Guggenheim.  In the Panayiotou-Vera 
Equation, P , T , and v are the reduced pressure, temperature and volume, respectively.  
P*, T*, v* are the characteristic pressure, temperature and volume at the critical point of 
the gas, respectively.  Rg is the ideal gas constant, Z is a finite coordination number, v* is 
the characteristic volume of a lattice site, e * interaction energy, q is the effective chain 
length, r is the number of lattice sites occupied by a molecule, θ is the fraction of total 
external contacts in the system that are mer-mer contacts in a random array of molecules 
and holes, and N is the number of external contacts present in the system. 
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    (Equation 35) 

 
It is also known from Henry’s Law, and has been further verified by experimental 

work with polymers, that physical properties are also affected by temperature, pressure 
and diluent concentration.  An accurate understanding of the blowing agent/pitch system 
over a broad range of temperature and pressures is needed to accurately produce a melt 
system with the appropriate rheologic properties.  This is particularly needed in 
ascertaining the rheologic behavior with blowing agent concentrations below and at 
equilibrium concentrations in the pitch at elevated temperatures and pressures.  Two 
equations that have been developed to aid in this modeling are the William-Landel-Ferry 
equation and the Chow correlation.   

Below Tg and above the melting temperature, Tm (~Tg+100 °C to 150 °C for 
amorphous polymers and pitches), amorphous materials follow an Arrhenius-type 
relationship for the temperature dependence of viscosity.  But between Tg and Tm, the 
viscosity behavior deviates greatly from the Arrhenius-type relation (Figure 110).100,101,89  
The William-Landel-Ferry Equation (Equation 36)102,103 was developed for this 
temperature region and accurately describes viscosities of amorphous materials, 
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Figure 110.  Viscosity-temperature relationship for amorphous materials.104 

The Williams-Landel-Ferry (WLF) equation was originally developed in 1955 as 
an empirical equation for amorphous polymers.  It has since been shown to accurately 
model most amorphous materials including pitches.  The WLF equation has since been 
correlated to free volume theory for predicting the viscosity of amorphous materials that 
are between the Tg and approximately 100-150 °C above the Tg.  Beyond 150 °C above 
the Tg, the effects of free volume become insignificant and Arrhenius type behavior better 
describes the viscosity observations.  In the WFL equation (Equation 24), Ts and ηs are 
temperature and viscosity respectively at a selected reference temperature Tg<Ts<Tg + 
100 °C, c1 and c2 are experimentally determined constants at constant shear rate for the 
material, T and η are temperature and viscosity respectively for  

 
Tg <T < Tg +100 °C   (Equation 37) 

 
It was been suggested that values of 17.44 and 51.6 for c1 and c2 respectively can 

be used generally for polymer system, but these should be experimentally determined for 
the best correlation fit.105 The presence of gaseous or liquid diluents often alters the Tg of 
amorphous materials.106,107 T.  S.  Chow showed for polymers that the change in Tg could 
be modeled as a function of the diluent’s mass fraction (ω) and characteristic parameters 
of the polymer/diluent mixture.  Chow proposed a model (Equation 38) based on classical 
and statistical thermodynamics to account for the change in Tg for binary polymer-
diluents systems.108 
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   (Equation 38) 

 

Where Tg and Tg0 are glass transition temperature with diluent and without diluent 
respectively, ω is the mass fraction of the diluent, Mp and Md are the molecular weight of 
the polymer repeat unit and the diluent respectively, ∆Cp is the heat capacity at the glass 
transition temperature, Rg is the ideal gas constant, and z is a lattice constant.  The use of 
the Bragg-William approximation in the development of the above expression requires θ 
to be numerically small for best results.109 As such, this correlation works best with lower 
molecular weight diluents and small mass fractions of diluent.  The lattice constant has 
been found to usually be 1 or 2 for polymers.  The selection of either makes only a minor 
variation in Tg.  Through the use of the Chow correlation and the WFL equation, the 
reduced viscosity can be calculated.  This is accomplished by shifting the viscosity 
profile predicted from the WFL equation by the change in the Tg predicted from the 
Chow correlation.  This calculation assumes a lateral shift of the entire viscosity profile 
and has been shown experimentally to be an acceptable assumption.110  

Surface tension is an effect within the surface layer of a liquid that causes the 
layer to behave as an elastic sheet.  It is what allows water striders (a small aquatic insect) 
to stand on the surface of the water.  In producing foam, one is attempting to increase the 
surface area and freeze it in place and surface tension is a measure of the resistance to 
increase that area.  The surface tension is the energy required to increase the surface area 
of a liquid by a unit amount and is a significant parameter in foam production.  Simply 
put, the higher the surface tension, the more energy is needed to increase the surface area 
above that of the minimum energetic shape state.  The thermodynamic definition of 
surface tension is the derivative of the Gibbs free energy of the system, G, with respect to 
area at constant temperature and pressure (Equation 39).  111 
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Surface tension is an effect within the surface layer of a liquid that causes the 
layer to behave as an elastic sheet and is due to attraction between the molecules of the 
liquid, which is a result of various intermolecular forces.  In the bulk of the liquid each 
molecule is pulled equally in all directions by neighboring liquid molecules, resulting in a 
net force of zero.  At the surface there are no liquid molecules on the outside to balance 
these forces resulting in molecules being pulled inwards by molecules deeper inside the 
liquid.  The surface molecules are then subject to an inward-directed pulling force of 
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molecular attraction which is counteracted by the resistance of the liquid to compression.  
There may also be a small outward attraction resulting from interaction with the phase 
interface, but usually this interaction force is negligible. 

Using water as an example, it has a relatively high surface tension for its density 
and is difficult to form suds due to the significance that surface tension plays in 
minimizing surface energy.  By adding soap, a surfactant which lowers surface tension, 
forming bubbles becomes much easier.  Not only does surface tension affect the stability 
of the matrix, but the nucleation growth, and stability of cells are also affected.   
Polymer melts have gathered more interest than pitch melts due to their extensive use in 
consumer goods.  Several studies have found similar rheologic behavior between pitch 
thermoplastic melts and characterized pitch as a thermoplastic.112,113 The studies have 
successfully applied viscosity models for polymer melts to pitch melts, such as the 
WilliamLandel-Ferry Equation (Equation 36).   

Compositionally, polymer and pitch share a number of characteristics such as 
elemental composition, and molecular weight distributions.  From an elemental 
standpoint, both are macro-organic molecules primarily composed of carbon and 
hydrogen with other secondary atoms (N, O, S, etc.) incorporated to a lesser extent.  In 
polymers the secondary atoms are often part of the base monomer, where as in pitch, the 
distribution of these secondary atoms is in a more random arrangement.   

The arrangement of the atoms is fairly different between the two with the organic 
molecules in pitch being more aromatic or globular in structure whereas in polymers the 
arrangement is more linear or chainlike in nature.  Additionally, the average molecular 
weight of pitch is in the range of 100’s-1000’s Da whereas that of various polymers is 
1000’s-1,000,000’s Da.114 In the melt, primary interactions between molecules for the 
pitch and polymer vary but have similar overall results.  Polymers molecules, due to their 
extremely long length-to-width ratio tend to become entangled with each other.  Pitches 
do not have the same length to width ratio and consequently entanglement of pitch 
molecules is of less influence than other interactions.  Both experience Van der Waals 
interactions and some hydrogen bonding can occur if polar functional groups are present 
in the molecular structure.   

Despite the variation of dominant interaction between the molecules, many of the 
measurable physical properties, such as the glass transition temperature, Tg, and rheology 
are similar.  An important physical property in polymer processing is the, Tg.  Due to 
molecular weight distribution there is no defined melting, but rather a change from solid 
to rubbery then to liquid state.  The rheology of pitches and polymers are extremely 
similar, experiencing shear thinning character in comparable shear fields.   

One current application that utilizes the thermoplastic character of pitch is for 
carbon and graphite fiber production.  The distinguishing difference between carbon fiber 
and graphite fiber is that the former is composed of 90 % or greater carbon, while the 
later is 99 % or greater carbon.   

It should be noted that carbon fibers can be produced from polyarcrylonitrile 
(PAN), rayon, and pitch.  Fibers from the first two are produced by standard synthetic 
textile methods (i.e.  melt spinning, or solution spinning).  Pitch-based fibers can be 
produced by both methods, but are usually produced by melt spinning.  The properties of 
the fiber vary according to the base starting material and treatment.  Generally, pitch-
based fibers have higher stiffness and thermal conductivity than PAN-based fibers.115  
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Melt spinning fibers usually requires a melt viscosity of between 100 to 2000 
poise.116To achieve this viscosity range, the pitch is heated above its Mettler Softening 
point and is forced through a spinneret and drawn onto a spindle.  This process often 
involves extruders to produce the required pressure to force the melt through the 
spinneret.  A process diagram for general carbon fiber production from pitch is shown in 
Figure 111. 

 

 
Figure 111. Manufacturing process schematic for pitch-based carbon fibers, for oxidation 
and graphitization processes, 117 

8.3  Experimental  

 

Experimental objectives were first to determine if pitch foam can be produced by 
use of physical blowing agents, in a manner similar to polymeric foams, and second to 
determine if pitch foams follow the same general trends in process conditions that are 
formed for polymeric foams; and third to show that pitch foam could be extruded.   
The evaluation of the first objective was a simple proof of concept experiment to see if 
foaming of pitch in this manner is possible.  The design of this experiment was to 
construct a small pressure vessel, load it with a low softening point pitch, pressurize with 
inert gas and heat the vessel, then rapidly release the pressure and examine the pitch for 
cells.   
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Upon proof of the first objective, the second objective was to evaluate how the 
variables for pitch production compare to those for polymer foams.  This involved 
evaluation of some of the pitch properties (viscosity, heat capacity, gas solubility, etc.) in 
comparison to various polymers and then comparing pitch to foamed polymers.  From the 
review of polymer foaming theory, three significant and easily assessable variables were 
selected and these are temperature, initial pressure and pressure drop rate.  This was done 
with a batch foaming method similar to that preformed by Maio et al.118 carbon dioxide, 
nitrogen, and water were selected for consideration as blowing agents.   

The temperature is a significant controller for viscosity of pitches and polymers.  
From polymer foaming theory, the viscosity influences the cell size and cell number 
density of the foam.  By varying the temperature, and thus controlling the viscosity while 
maintaining constant saturation pressure and pressure drop rate, the general effect of 
viscosity can be observed and compared.  The temperature was varied so that a suitable 
viscosity range for foaming could be determined and carried out using the 110 °C 
softening point pitch.  This data were then used to achieve a similar viscosity range for 
the 180 °C softening point pitch.   

The initial pressure influences the equilibrium concentration of blowing agent in 
the melt.  From Henry’s Law, the concentration of gas dissolved increases 
proportionately with increasing pressure.  By controlling the initial pressure, and thereby 
controlling the concentration of blowing agent in the melt, the effect of concentration can 
be observed while holding the temperature and pressure drop rate constant.  These 
experiments were conducted with the 180 °C softening point pitch.   

The pressure let down rate is the third variable to be examined.  High pressure 
drop rates in polymer foam, thermodynamically favor new cell nucleation rather than cell 
growth by diffusion.  The pressure drop rate experiments were conducted with the 180 °C 
softening point pitch.   

The experimental tests listed above were conducted using CO2 as the blowing 
agent for consistent results.  Additionally, N2 and water were tested as blowing agents in 
comparison to CO2 as possible alternate blowing agents.   

The size of the pressure vessel was sufficient to accommodate four samples 
simultaneously.  This allows the production of four samples under identical experimental 
conditions.  Thus variations of pitch and foaming additives can be observed.  This feature 
was utilized while observing the effect of talc addition, a nucleating agent in polymeric 
foam production, to the pitch.  A pure pitch sample together with three other samples 
containing talc mass fractions from 0.2 wt % up to 10 wt % were foamed simultaneously 
and examined.   

An experimental batch extrusion apparatus was also constructed.  The purpose 
was to show that foaming could be extended to a continuous process with standard foam 
extrusion equipment.  The 110 °C softening point pitch was used in the batch extrusion 
experimentation.   

The pitches selected for testing were a 110 °C softening point and 180 °C 
softening point coal tar pitch, both supplied by Koppers Industries Inc.  The 110 °C pitch 
arrived as approximately ¾ inch by 1-2 inch cylindrical pellets.  The 180 °C pitch arrived 
as a solid mass in a 5 gallon canister.  The pitches were stored under normal atmosphere 
in a cold room at ~60°F till ground for use.   
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The 110 °C softening point pitch was ground with dry ice to between 50-60 U.S.  
mesh size (250-300µm).  The dry ice was used to prevent heat from accumulating in the 
grinding process, softening the pitch and leading to fowling of the equipment.  Once 
ground, the pitch was stored at ambient conditions till used (less than 1 week).   

The 180 °C softening point pitch was ground to a slightly larger mesh size range 
40-60 (250-420 µm) in the same manner as the 110 °C SP pitch without the addition of 
dry ice.  Once ground, the pitch was stored at ambient conditions till used (less than 1 
week).   

The heat capacity, glass transition temperature, particulate content, and density of 
the pitches were experimentally determined.  These parameters are significant in 
describing the rheologic, nucleation and surface tension characteristics which in turn are 
significant in foam formation for polymers.   

Proximate analysis is a test commonly used to determine the amounts of moisture, 
volatiles, mineral ash, and fixed carbon content of organic materials.119 The motivation 
for this test is to determine the solid mineral ash content, which if present, could act as a 
nucleating agent similar to that of talc or silicate in polymers.   
 The proximate analysis of the samples preformed in-house on a Flash EA 1112 
instrument, manufactured by ThermoQuest.  Three representative samples for each pitch 
were analyzed and the mean average taken.  Results are listed in Table 31. 
 

Table 31. Mean average proximate analysis of pitches, weight percent. 

 
 

Differential scanning calorimetry (DSC) can be used to measure a number of 
characteristic parameters of a sample.  Using this technique it is possible to observe 
fusion, crystallization, and glass transition temperatures.  It is also possible to obtain 
absolute heat capacity with the aid of a known reference.  The purpose of using DCS is to 
determine the glass transition temperature, verify the Mettler Softening point/glass 
transition temperature correlation, and to determine the heat capacity of the pitch.   

The glass transition temperature and absolute heat capacity were tested on a TA 
Instruments Q100 Differential Scanning Calorimeter using helium at 25.0 ml/min.  For 
the absolute heat capacity, the DSC was calibrated with a sapphire calibration sample 
supplied by TA Instruments.  Sample were prepared, annealed and tested according to the 
operating manual for the Q100.  Results for the heat capacity and Tg are listed in Table 
32.  Representative plots of DSC heat flow curves for 110 °C softening point coal tar 
pitch showing Tg and melting point are in Figures 112 and 113. 
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Table 32. Properties of Koppers Coal Tar Pitch. 

 
 
 

 
Figure 112.  DSC of 110 °C softening point pitch displaying the glass transition. 
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Figure 113. DSC of 110 °C softening point pitch displaying the melting point. 

 
The Mettler softening point is a standard characterization technique for pitches 

and some other glassy materials.  The purpose of this test is to verify the softening point 
of the pitch as well as to use it in a correlation for the glass transitions temperature.   

The pitches were reported to have a Mettler Softening point of ~110 °C and ~180 
°C respectively by Koppers Industries Inc.  This was verified by use of a Mettler Toledo 
FP80 controller with FP83 dropping point/softening point measuring cell.  Samples for 
the Mettler Softening point were first annealed and then heated at 2 °C/min in accordance 
to procedures outline in the unit’s operation manual and ASTM D3104-99 (2005).120  The 
correlation of Barr et al.  was then used to calculate a Tg of 104 °C for the 180 °C 
softening point pitch and 49 °C for the 110 °C softening point pitch.  The Barr et al.  
correlation was used rather than that of Khandare because, upon attempting to air 
stabilize the 180 °C softening point pitch at 110 °C, the foam matrix experienced 
relaxation below the Tg predicted by Khandare.  There was good agreement between the 
Barr et al.  correlation and that determined from DSC.   

The mass loss during the foaming operation is of interest in determining the 
mechanism for blowing the foam.  Current coal and pitch foaming utilize the inherent 
volatile mater in the pitch or coal as a blowing agent.  This project is seeking to show that 
the use of soluble gases can produce the same effect with better control.  Additionally 
foam making may be possible for pitch with little or no volatile content.   

The mass of the samples and molds were measured and recorded by a Denver 
Instrument M-310 electronic balance before and after foaming to check the mass loss of 
the pitch.   

The bulk density of the foam is one of the three main foam characteristics, the 
other two being cell size and cell number density.  Consistent control of the bulk density 
is the one of the primary goals in foam production.  The densities of the solid pitches 
were measured by a volumetric method.  The mass of the pitch and volume of distilled 
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water displaced by the pitch in a graduated cylinder for representative samples were 
recorded.  The values listed on Table 31 are the mean average of three samples for the 
pitches used in this study.  The bulk densities of the foam were determined by measuring 
the dimensions of the sample and calculating its volume.  The mass of the foam was 
recorded by Denver Instrument M-310 electronic balance and divided by the calculated 
volume to give bulk density.  The bulk densities thus determined are approximate as the 
samples are irregular in shape.   

Due to the difficultly in measurement and lack of test equipment, a correlation for 
surface tension was sought that used readily measurable quantities.  D.K.H.  Briggs 
developed a correlation between surface tension and density for coal tar pitch using a 
modified Macleod’s Equation (Equation 40).121 Briggs found that the surface tension 
could be calculated to ±8.8 % with a 95 % confidence level for a variety of pitches for a 
temperature range from 120-220 °C.  Using the Briggs correlation, the surface tension for 
the pitches was calculated and is also listed on Table 32. 

 
44.18 ργ =               (Equation 40) 

It was assumed that equilibrium concentrations of CO2 and N2 had only slight 
impact on the surface tension at elevated pressures.  This assumption is based on the 
effect that CO2 only reduces the surface tension by one order of magnitude for 
polystyrene at 4500 psia122 which is well above experimental conditions.  A similar 
reduction of approximately 1 order of magnitude of surface tension is seen for other 
polymers under similar conditions.  Assuming a linear relationship between pressure 
induced solubility and surface tension reduction, the reduction of surface tension per 500 
psi would be ~2.8 dynes/cm, which is within the initial error for the surface tension of the 
Briggs correlation at ambient conditions.  Additionally, the solubility of CO2 below the 
critical pressure is much lower than above the critical pressure (critical pressure of CO2 
1070 psia).   

To produce foam, the matrix material must have some melt stability to maintain 
the cell structure till the bulk material is stabilized.  Viscosity is one of the primary means 
of controlling melt stability.  The apparent viscosity of the 110 °C pitch was tested using 
a Brookfield DV-III Ultra programmable rheometer with a ThemocellTM controller and 
Rheocalc® (ver. 1.3) control software using spindle SC-4 for low viscosity ranges.  A 
Bohlin Instruments Rosand RH2000 capillary rheometer with a 1 x 16mm capillary was 
used for the 180 °C SP pitch and for higher viscosity for the 110 °C pitch.  Figure 114 
shows viscosity curves for 180 °C SP pitch at three different temperatures which clearly 
demonstrate non-Newtonian behavior. 
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Figure 114. Viscosity curves for 180 °C Softening Point Coal Tar Pitch at 170 °C, 180 
°C, and 190 °C. 

From the data viscosity at constant shear rate, the constants for the WFL equation 
(Equation 38) were fitted using Oakdale Engineering’s DataFit (version 6.1.10) software.  
The calculated constants at a shear rate of 10 sec-1 are listed below.  The larger error for 
the 110 °C pitch is due to variation in the sample data obtained from the Brookfield 
spindle rheometer which is better suited to low viscosity fluids as apposed to viscous 
pitches.  Figures 115 and 116 show the fits of the data to the WFL model. 
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Figure 115.  William-Landel-Ferry fit of a 110 °C softening point coal tar pitch at a shear 
rate of 10 sec-1 fitted by Oakdale Engineering DataFit version 6.1.10. 

 
Figure 116.  William-Landel-Ferry fit of a 180 °C softening point coal tar pitch at a shear 
rate of 10 sec-1 fitted by Oakdale Engineering DataFit version 6.1.10. 

Carbon dioxide, nitrogen, and water where selected as blowing agents.  Both the 
CO2 and N2 were industrial grade, provided by Airgas Inc.  and were used as received.  
Distilled water was produced by an in-house distillation water system.  All experiments 
to evaluate the effects of temperature, pressure and pressure drop rate were carried out 
using CO2 as the blowing agent due to its higher solubility in polymers than N2.  
Additionally, the diffusivity for CO2 is generally lower in most materials than N2 which 
is partly due the larger size of the CO2 molecule.  N2 and water were tested to see if the 

               c1                c2 
110 oC 2.54 +/- 1.14  93.3 +/- 24.8 
180 oC 1.92 +/-0.26   42.9 +/- 4.4 
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process could be repeated for physical blowing agents.  Properties of the gases and water 
are listed in Table 33. 

 
Table 33. Properties of Blowing Agents at 1 atm., gas densities are for 20 °C. 

 
 

The solubility of gases in pitch varies as a function of composition of the pitch, 
temperature and pressure.  As such, the solubility of blowing agents was not directly 
measured but a general mass fraction range of CO2 solubility for heavy petroleum 
fractions and bitumens was compiled (Table 34).  Due to the scope of this research, the 
solubility of CO2 in coal tar pitch was assumed to be similar to that of other heavy 
petroleum products and bitumens123,124,125 of which pitch is a subcategory.  By 
comparison to other bitumens and heavy petroleum crude at comparable conditions, the 
weight percent was estimated to be approximately 0.7-0.8 wt % at 200 psi and 100 °C.  
The mass fraction is assumed to be essentially 0 at standard temperature and pressure.  
This assumption was made due to the low CO2 concentration (<0.1 wt %) naturally 
present in the atmosphere and linear relationship of Henry’s law between solubility and 
pressure.  For bitumens, the linear relationship yields a mass fraction of ~0.05 wt % 
under an atmosphere of pure CO2 atmosphere at 14.7 psia. 
 
Table 34. Mass fractions CO2 in select heavy petroleum fractions and bitumens.126,127,128 

 
 

The reduction of Tg due to diluents can be estimated from the Chow Correlation 
(Equation 38).  The reduction in Tg was calculated from the experimental data for the heat 
capacity and glass transition of the pure pitch (Table 34).  The repeat molecular weight 
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unit of the pitch, Mp, and lattice constant, z, were assumed to be 81 Daltons and 1 
respectively due to the cyclic and aromatic structure of pitch.  Normally a value for z is 
set to 1 or 2 only cause a slight variation in results.  The reductions of the Tg due to CO2 
and N2 diluted pitch systems were calculated and are shown on Table 35. 

 
Table 35.  Reduction of glass transition temperature predicted by Chow Correlation. 

Weight percent of Diluent, wt %  

0 0.25 0.5 1.0 2.0 3.0 5.0 10 15 

CO2          

110 oC Softening 
Point Pitch, Tg (K) 

323 322.7 322.5 
 

322.0 321.0 320.0 318.0 313.1 308.7 

180 oC Softening 
Point Pitch, Tg (K) 

377 376.7 376.4 375.8 374.6 373.5 371.1 365.4 360.3 

N2          

110 oC Softening 
Point Pitch, Tg (K) 

323 322.6 322.2 321.4 319.9 318.3 315.4 308.8 304.2 

180 oC Softening 
Point Pitch, Tg (K) 

377 376.5 376.1 375.1 373.4 371.5 368.1 360.4 355.1 

 
 
As can be seen from Table 35, the reduction of Tg decreases only about 1 °C for a 

CO2 diluent weight percent of 1.0 wt % which is about the equilibrium concentration at 
the experimental temperature and pressure conditions employed in this work.   

Sample preparation for pure ground pitch and samples containing talc are as 
follows.  Approximately 25 g of coal tar pitch was weighed in a beaker.  Talc was added 
to the pitch and was varied from 0 to 10 % by weight.  The contents of the beaker were 
transferred to a plastic bag and tumble mixed to provide uniform talc distribution.  The 
pitch/talc mixtures were placed in 250 ml beakers lined with aluminum foil (Figure 117).  
The foil lining was to aid in removal of the foam samples without damage to the beakers.  
Sample beakers were placed in a high-temperature pressure vessel (Figure 118) which 
was then sealed.  The pressure vessel was placed in a Paragon TnF-82-3 kiln equipped 
with a DTC 1000 temperature controller.  High-pressure gas fittings were connected to 
the vessel and the vessel was pressurized with CO2 to a predetermined pressure.  The 
vessel was then heated to a predetermined temperature at a heating rate of 5 °C/min and 
held at temperature for 2 hours.  Thermal equilibrium was assumed to be reached at the 
end of the 2 hours.  It is unknown if the gas concentration in the melt reached equilibrium 
concentrations, but the equilibrium concentrations from other heavy petroleum fractions 
and bitumens provide an upper concentration limit for the pitch.  Upon completion of 
thermal saturation period, the pressure was quickly released via a needle valve in the exit 
line.  The pressure drop rate to atmospheric pressure was varied between 9 and 28 psi/sec 
(62 to 193 kPa/sec) depending upon test conditions.  The pressure vessel was removed 
hot from the kiln and the samples were removed from the vessel as quickly as possible to 
increase cooling of the samples.  Upon solidifying, the samples were removed from the 
foil-lined beakers for examination and testing.   

To test if N2 was sufficiently soluble to produce foam, the same process as 
outlined above was repeated, except that N2 was substituted for CO2 to pressurize the 
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vessel.  To test the possible synergism of water as a blowing agent, liquid water was 
added to the ground pitch and blended.  The pitch/water mixture was placed in the 
pressure vessel as above and the vessel was pressurized with CO2 to maintain the water in 
liquid form until the pressure drop was performed.  These samples were then compared to 
samples prepared using CO2 alone as the blowing agent. 

 

 
Figure 117.  Batch sample molds. 

 
Figure 118.  High temperature pressure vessel. 

An apparatus was constructed to test the applicability of pitch foam production by 
an extrusion process.  The apparatus consisted of 1-inch OD stainless-steel tube equipped 
with pressure fittings and wrapped in heating tape (Figure 119).  The apparatus was 
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loaded with between 30-50 grams of pitch and sealed.  The apparatus was then 
pressurized with the desired gas and heated to a predetermined temperature (70-155 °C 
for 110 °C softening point pitch).  The temperature was then held for 30 minutes to allow 
for thermal equilibrium and gas dissolution.  After thirty minutes, a ball valve located at 
the bottom of the apparatus was opened and the pitch forced out to the atmosphere by the 
back pressure of the system.  This results in near instantaneous pressure release and foam 
formation.  Higher pressures and temperatures were used for this process in comparison 
to the batch process due to the pressure and lower viscosity needed to force the pitch out 
of the valve. 

 

 
Figure 119.  Experimental batch extrusion apparatus. 

Air stabilization is a process of heating pitch fiber or foam in the presence of 
oxygen to promote cross-linking and evaporation of volatiles in the pitch thereby 
increasing the insoluble content, and increasing its softening point and Tg.  The 
hydrogen-to-carbon ratio (H/C) can be used as an indicator of the degree of 
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stabilization.129 Usually, the stabilization process is continued till softening does not 
occur before the Tg.  Once this occurs, other thermal processes can be carried out without 
concern of the fibers or foam melting.   

Air stabilization was attempted on some of the 180 °C softening point pitch 
samples.  This involved placing the foam samples in an oven at 110 °C for 18 hours, then 
at 125 °C for 24 hours.  No stabilization was attempted on the 110 °C softening point 
pitch samples due to their low Tg (~50 °C).   

One of the driving factors in developing materials is to improve performance per 
some key variable (i.e.  cost, weight, strength, etc.).  For foam, some of the important 
mechanical performance parameters are compressive modulus and strength which relate 
to how much energy the foam can receive without damage and how much energy can be 
absorbed by the material and cell structure under impact.   

Multiple circular samples were taken from parent samples of foam using a 
carbide-tipped hole saw with approximately 1 inch interior diameter.  The top and bottle 
of the compression samples are planed flat with and parallel with a carbide-tipped band 
saw to even the two surfaces.  An Instron table-top load frame Model 5869 with a 50 kN 
load cell was used to obtain compressive modulus and strength of some of the pitch foam 
samples.  Currently, there is no standard test method for measuring foam compressive 
modulus and strength of carbon and pitch foams, therefore the method developed by 
Carpenter is employed.130 Data obtained on the foam made in this work are compared 
with other carbon foams tested by the same method.  They are also compared to 
properties reported by Koppers Industries Inc. and Touchstone Research Laboratory Ltd. 
for their KFOAM™ and CFOAM® carbon foam products. 

 

8.4  Pitch Foam Results  

 

The properties of pitch are in many ways comparable to the properties of 
polymers (Table 37).  One of the significant differences is the presence of volatile content 
in the pitch.  The volatile content does not have a comparison in polymers, but does not 
seem to affect the processing techniques.  The high volatile content is of concern in 
stabilizing the pitch foam.  The pitch also has higher heat capacity than the common 
polymers listed in Table 36.  The higher heat capacity should not affect the processing 
techniques other than increasing the heat input needed to reach proper processing 
temperature. 

 
Table 36. Comparison of the two coal tar pitches with some common polymers.131 

 
 

 It CO2 is known to be an excellent plasticizer in polymer melts.  Using the same 
method for calculating the reduction of Tg in polymers, via the Chow correlation, 
Equation 38 it as shown that the reduction of Tg due to dissolution of CO2 in pitch under 
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experimental conditions of the present work was approximately 1 °C (Table 35).  From 
the calculations, the plasticization effect due to N2 was about double that of CO2 due to 
its lower molecular weight thought N2 is less soluble in most polymers.  N2 solubility in 
polymers is usually about one order of magnitude less than CO2 under the same 
conditions.  Information concerning the solubility of N2 in pitch and other heavy organic 
fractions at elevated temperatures and pressures is basically nonexistent at this time.  This 
lower solubility seen in polymers of N2 may hold true for pitch as well.  For the scope of 
this research, the plasticization effect of the soluble blowing agent is not significant until 
the weight percent is ~4 % or more.  The general trend shown from the Chow correlation 
for the 110 °C softening point pitch is approximately a 1 °C reduction in Tg per 1 wt % 
of CO2 up to 10 wt %, at which point the Chow correlation begins to breakdown due to 
the assumptions in the theory.  A weight percent of 4 wt %, or greater, may well occur if 
supercritical CO2 is used due to superior solvent properties over gaseous CO2, though the 
Chow equation may not be applicable for supercritical fluids.   

The proximate analysis of the pitch showed measurable amounts of ash, water, 
and a significant volatile fraction, both of which could have an influence on cell 
formation.  The ash present in the pitch is likely to act as a nucleating agent similar to talc 
or other solid particles in polymer melts.  The quantities of ash were of the same order of 
magnitude as most of the talc concentrations added to the pitch.  In examination of the 
samples, no distinguishable difference in cell size or density was detected until the talc 
mass fraction was greater than one order of magnitude the mass fraction of ash present in 
the pitch (Figure 120).  Normally, a significant difference is not expected in the cell 
characteristics with the addition of nucleating until its mass fraction is greater than one 
order of magnitude.   

 

 
Figure 120.  No distinguishable difference between pitch with and without talc for a talc 
concentration of the same order of magnitude as ash present in the pitch.  110 °C 
softening point pitch foam at 90 °C and 200 psig, Left: no talc, Right: 1.9 wt % talc. 

Upon removal of pitch foam samples from the pressure vessel, samples were first 
examined visually.  All samples resembled hockey pucks.  Most samples had a smooth 
polished surface.  Samples containing high talc mass fraction had a powdery or dusty 
surface.  Samples ranged in height from ~1/2 to 2 inches depending upon processing 
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conditions.  Upon cutting the samples, a majority of the cells appear closed with limited 
interconnection.   

Mass measurements of the pitch sample before and after foaming showed an 
average mass loss of 0.2 % with standard deviation of 0.08 % per sample for the 180 °C 
softening point pitch.  Thus, mass loss from the samples during the foaming processing of 
the samples was negligible.  The mass loss is less than 1 % of the volatile content present 
in the pitch, whereas it is ~100 % of the moisture content present in the 180 °C softening 
point pitch before addition of any blowing agent addition or foam processing.  The mass 
loss coupled with the large volatile fraction shown by proximate analysis raises the 
question as to where the mass which is lost is from, and if cell formation and growth 
maybe due to the mass loss.   

Coal tar pitch volatiles are composed of polycyclic aromatic hydrocarbons, PAHs, 
which primarily consist of benzo(a)pyrene, anthracene, phenanthrene, pyrene, and 
carbazole.  Of the five primary volatile components, only one has a melting point below 
155 °C (phenanthrene) with a vapor pressure of 0.005 psia (Table 38), all of which are to 
low to evaporate under the experimental conditions.  The process conditions are also too 
mild to facilitate cracking of the pitch and no other compounds were added that would 
evaporate during the heating process. 

The vapor pressure of water on the other hand, is 83.7 psia at 155 °C (Table 37).  
The average mass fraction of water from proximate analysis was 0.19 % practically 
identical to the mass lost during foaming process. 

 
Table 37. Coal tar pitch volatiles.132 

 
 
The comparison of the temperatures of melting and vapor pressures between coal 

tar volatiles and water makes it likely that the mass loss is due to evaporation of the 
moisture at some point during processing, most likely during the final pressure drop to 
atmospheric pressure.   

The minimum quantity of blowing agent need to account for the increase of bulk 
density change, assuming no diffusion, isothermal conditions, and no relaxation of the 
foam structure volume, can be calculated from Equation 41.  For example, a sample 180 
°C softening point pitch foamed at 155 °C, with a final density of 0.66 g/cm3 (averages 
quantities for 180 °C pitch foam from all samples), a 97 % increase in volume per unit 
mass is seen over the starting pitch feedstock.  The minimum mass of blowing agent 
needed per unit mass of pitch was calculated from fluid properties tables from National 
Institute of Standards and Technology for CO2, N2 and water assumed no loss of blowing 
agent and isothermal conditions are listed on Table 38.  From Table 38, the mass fraction 
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of CO2 needed for the average bulk density reduction is 0.27 wt %, which is about 2/5 the 
estimated equilibrium concentration (0.7-0.8 wt %) of heavy petroleum fractions and 
bitumens at experimental conditions.  For water, only a mass fraction of 0.10 wt % is 
needed for the same bulk density reduction.  It is highly possible that the moisture present 
in the pitch is at least partly responsible for cell formation in the pitch.  This can be 
inferred from the significant change in bulk density produced above and below 100 °C 
for the 110 °C softening point pitch samples (Table 39). 

 

                  Change VolumeAgent  Blowing
massunit 

=
− fs ρρ

  (Equation 41) 

 
Table 38. Mass of blowing agent needed per mass of pitch. 

 
 

It should be noted that a number of samples in the higher temperature tests 
experienced coalescence of the cell in the center of the samples and formed large voids.  
This may be due to temperature gradient in the sample during removal, which cause the 
center of the sample to take longer for stabilization of the cell matrix.  Physical jarring 
during removal coupled with the temperature gradient in the samples may be the cause of 
the structural collapse and void formation (Figure 121) 

 



 189 

 
Figure 121. Voids were present in some of pitch foam samples, possibly due to thermal 
shock during removal from the kiln. 

The properties of fluids vary but the equations governing the nucleation and 
growth of cells in fluids are essentially the same for all fluids.  For viscous polymers, the 
effect of temperature, blowing agent concentration and pressure-drop rate on cell 
nucleation and growth behavior are fairly uniform.  This uniformity of viscous polymer 
melts appears to hold for viscous pitch melts as well.  Each of these effects is described 
below in detail.   

As noted previously, temperature is the primary means of controlling viscosity of 
thermoplastic materials.  From inspection of Equation 28 it is evident that viscosity 
hinders the growth of cells in melts, but aids in the melt stability.  As is seen in Equations 
22, 25, and 30, temperature also influences the nucleation and diffusion of cells through 
the exponential term.  From Equations 22-25, the increased temperature aids in increasing 
the number of cells nucleated.  In Equation 30, temperature increases the diffusion of the 
blowing agent thereby increasing cell growth and countering nucleation at lower blowing 
agent concentrations.  With the competing mechanisms associated with increased 
temperature, generally what is normally seen with polymer foams is an increase in cell 
size and some reduction of cell number density.  By comparing Figures 122 through 124 
by increasing the temperature, thereby reducing the viscosity, it can be seen that cell size 
increases with reduced viscosity, just as is seen in polymer foaming practice. 
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Figure 122.  SEM of 110 °C SP pitch foam prepared at 95 °C and 200 psig of CO2. 

 
Figure 123.  SEM of 110 °C SP pitch foam prepared at 100 °C and 200 psig of CO2. 
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Figure 124.  SEM of 110 °C SP pitch foam prepared at 105 °C and 200 psig of CO2. 

Table 39.  Bulk density variation of samples at increasing temperature of a 110 °C 

softening point pitch foamed under 200 psig of CO2. 

 

 
As noted, the pressure is related to blowing agent concentration in the melt by 

Henry’s Law.  From Henry’s Law, increasing the gas pressure on a melt increases the 
equilibrium concentration of the blowing agent in the melt.  From Equations 10, 13, 16, 
and 18, it can be seen that initial blowing agent concentration effects the nucleation and 
growth of cells.  From polymer foaming practice, generally an increase in cell number 
density or cell size upon conditions within the melt is observed with increased blowing 
agent concentration.133 Figure 125 through Figure 127 show an increase in cell density 
for the experimental conditions.  It is interesting to note that variation of the initial 
pressure had little effect on the density of the samples (Table 40).  This suggests that the 
change in blowing agent concentration is not significant enough to affect bulk density. 
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Figure 125.  SEM of 180 °C SP pitch foam prepared at 155 °C and 80 psig of CO2. 

 
Figure 126.  SEM of 180 °C SP pitch foam prepared at 155 °C and 150 psig of CO2. 
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Figure 127.  SEM of 180 °C SP pitch foam prepared at 155 °C and 220 psig of CO2. 

Table 40. Bulk density of samples and cell size range with increasing initial pressure of CO2 of a 180 

°C softening point pitch foam produced at 155 °C and ~16 psi/sec pressure-drop rate. 

 
 

In processing of polymeric foams, melt blowing agent systems often undergo 
pressure-drop rate in the kpsi/sec range and higher.  The pressure-drop rate in this 
examination is of two orders of magnitude less, but variation in cell structure is 
distinguishable as seen in Figure 127 through 129. Equations 22 and 29 quantitatively 
show that additional nucleation is favored as opposed to growth of existing bubbles due 
to diffusion limits at high concentration gradients.  The same general trend is seen with 
polymer processing; that is, with increasing pressure-drop rate, cell size decreases.  A 
slight decrease in bulk density is seen with increased pressure drop rate (Table 41) which 
is probably due to lower blowing agent loss from the melt during expansion. 
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Figure 128.  SEM of 180 °C SP pitch foam prepared at 155 °C, 220 psig of CO2 and 
pressure drop rated of 8.1 psi/sec. 

 
Figure 129.  SEM of 180 °C SP pitch foam prepared at 155 °C, 220 psig of CO2 and 
pressure drop rated of 13 psi/sec. 
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Figure 130.  SEM of 180 °C SP pitch foam prepared at 155 °C, 200 psig of CO2 and 
pressure drop rated of 15 psi/sec. 

Table 41. Bulk density variation with pressure drop rate for a 180 °C softening point 
pitch produced at 155 °C and 200 psig of CO2. 

 
 

The addition of H2O and N2 were examined to see if they were capable of 
producing cell formation in pitch.  It was found that use of both produced cells in the 
pitch.  As mentioned, moisture present in the pitch may be partly responsible for cell 
formation.  The samples produced with N2 as the blowing agent have smaller cells with 
higher number density than foam produced with CO2 under the similar conditions (200 
psig, 90 °C for N2 and 95 °C for CO2, and ~15 psi/sec using a 110 °C softening point 
pitch, Figure 130 & Figure 131).  It is unclear if the cell size and density differences are 
due to blowing agent concentration, diffusion difference between the blowing agents or 
some other factor.  For the sample containing water, CO2 was used as to keep the water in 
the liquid phase until the pressure-drop.  The samples processed with CO2 and water had 
a larger cell size in comparison to the samples that just used CO2 as the blowing agent 
under the similar processing conditions (Figure 132 and Figure 133). 
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Figure 131.  SEM of 110 °C softening point pitch foam produced at 90 °C, dP/dt of 20 
psi/sec, and 200 psig N2. 

 
Figure 132. SEM of 110 °C softening point pitch foam produced at 95 °C, dP/dt of 22 
psi/sec, and 200 psig of CO2. 
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Figure 133.  SEM of 180 °C softening point pitch produced at 150 °C, dP/dt of 28 
psi/sec, and 200 psig CO2 and 0.3 wt % mass fraction water added. 

 
Figure 134.  SEM of 180 °C softening point pitch produced at 155 °C, dP/dt of 15 psi/sec 
and 180 psig CO2. 
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Pitch foam, like stabilized carbon foam undergoes brittle fracture under load.  The 
initial slope linear of the stress strain curve is the compressive Young’s modulus.  Elastic 
deformation occurs until the yield strength at which point cell structure ruptures begins to 
occur.  Samples 1 and 2 show distinct modulus and yield points (Figures 135 and 136), 
whereas samples 3 and 4 though have no distinct modulus or yield strength (Figures 137 
and 138).  Once the yield strength is reached, the stress strain curve plateaus till the cell 
structure is completely crushed.  This region is where a majority of the energy absorption 
occurs in foams.   

Upon complete collapse of cell structure, the solid material undergoes 
densification and behaves as a solid would.  Samples 2-4 experienced complete 
destruction of cell structure and proceed to the densification phase at approximately 25-
30 % strain (Figure 136-138).  The densification of sample 1 did not start till about 40 % 
strain was reached (Figure 135).  Table 42 shows the foam processing conditions, 
density, measured modulus, and yield strength of four pitch foam samples. 

 
Table 42. Pitch foam process conditions and mechanical properties. 
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Figure 135.  Compressive Stress/Strain Curves for two pitch foam samples from sample 
1. 

 
Figure 136.  Compressive Stress Strain Curves for two pitch foam samples from sample 
2. 
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Figure 137.  Compressive Stress Strain Curves for two pitch foam samples from sample 
3. 

 
Figure 138.  Compressive stress strain cures for two pitch foam samples from sample 4. 

The mechanical properties of the pitch foam produced were compared to that of 
some commercially available carbon foams.  There is currently no standard for measuring 
the mechanical compression properties of carbon foam.  As such data provided by the 
manufacturers are difficult to compare directly.  For this reason, data for the 
commercially available foams was taken from the MS thesis of Steve Carpenter and 
compared to pitch foam samples using the same test method.  Carbon foam samples from 
Touchstone Research Laboratories (TRL), and POCO for Poco Graphite incorporated 
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were reported.  Graphitized carbon foam from Materials and Electrochemical Research 
(MER) was also reported and are listed on Table 43.  The pitch foam showed lower 
modulus and yield strength then that of similar density carbon and graphite foams.  
Optimizing the cell structure and stabilizing to form green foam from the pitch foam 
would probably yield quantities that are closer to those commercially available. 

 

Table 43. Comparison of sample pitch foams. 

 
 
As stated earlier, at the time of this study, there was no standard method for testing the 
mechanical compressive properties of carbon and graphite foams.  Hence direct 
comparison of pitch foam and commercially available carbon foam is problematic, 
though the quantities are listed on Table 44.   
 

Table 44. Comparison of properties of foam samples. 

 
 
Using the experimental apparatus shown in Figure 139, pitch foam extrusion was 

attempted with the 110 °C softening point pitch.  Higher temperatures and gas pressures 
were used in the extrusion process than in the batch process in order to force pitch melt 
thought the valve.  The process was successful in producing and extruded pitch foam.  It 
can be seen from Figure 140 that the pitch experiences swells significantly through the 
extrusion valve.  Supercritical CO2 conditions were also achieved in the apparatus by 
adding dry ice during loading.  Under supercritical conditions, pitch was successfully 
extruded at a significantly lower temperature (70 °C) then the 110 °C softening point of 
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the pitch, though little cell expansion was achieved.  Little qualitative data could be 
gleaned other than an upper range of foam melt stability before collapses due to the 
variability of flow and pressure-drop rate variations between runs.  The upper limit 
temperature of melt stability for the 110 °C softening point pitch was ~130 °C which 
corresponds to a undiluted viscosity of approximately 250 poise via the WFL equation. 

 
Figure 139.  Extrusion test with a 110 °C softening point pitch extruded at approximately 
106 °C. 
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Figure 140.  Foam expansion upon exiting the experimental extrusion apparatus at 106 
°C and 540 psig on N2 of a 110 °C softening point pitch (original poor quality). 

Stabilization was attempted only for the foam made from the 180 °C softening 
point pitch to its higher Tg in comparison to the 110 °C pitch.  The samples were heated 
to only 6 °C above the Tg calculated from Barr et al.  correlation, but experienced 
relaxation of the bulk foam matrix.  Heating above the Tg allows relaxation of the foam 
matrix leading to cell collapse.  The 180 °C pitch experienced noticeable relaxation of the 
bulk structure prior to significant reduction of the volatile content.  Higher softening 
point pitch or an alternative method to stabilizing in air for 18 hr at 110 °C then 24 hr at 
125 °C is needed to stabilize the 180 °C pitch without loss of foam structure. 

 

8.5.  Summary of Pitch Foam Results  

 
The characteristics of coal tar pitch and petroleum based pitch melts, mimic those 

of thermoplastic polymer melts.  This similar behavior extends to foaming of the melts 
using physical blowing agents.  The solubility of CO2 and N2, possibly coupled with 
moisture present in the pitch, at elevated pressures in coal tar pitch melts was sufficient at 
experimental conditions to reach the critical radius of bubble formation and resulted in 
cell formation upon thermodynamic instability (sudden pressure drop).  The use of water 
as a physical blowing agent was also shown to be feasible as a phase change physical 
blowing agent.  Cell structure, qualitatively, followed that of polymeric melts for the 
variables of viscosity, blowing agent concentration, and pressure drop rate are 
summarized on Table 46.  The uses of physical blowing agents is a viable alternative rout 
for producing pitch foam that can be further processed into carbon foam through 
additional heat treatments.  The mechanical properties at room temperature for the 
unoptimized cell structure pitch foam were lower then those for similar bulk density 
carbon and graphite foams. 
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Table 45. Comparison of properties of foam samples. 

 
 

Thus, it has been shown from this study that pitch foam can be produced in a 
similar manner to other thermoplastics.  Areas of further interest include: possible 
modification to current polymer foam models to model pitch foam, investigation into the 
composition of pitch and how it effects foaming characteristics, the solubility and 
diffusion of gases in pitch for superior blowing agent selection, the use of additives and 
fillers to modify properties and foaming characteristics, the use of continuous foam 
production, and cost analysis in comparison to current carbon foam production methods.   
Bubble formation, mass, and momentum theory is fairly well developed for foaming 
viscous fluids.  However, spontaneous cell formation and growth in a continuous 
dynamic process, as in extrusion, is far less developed.  The test also showed that the 
control parameters character of the foam follows the general trend predicted polymer 
foaming models.  More strenuous control of experimental variables is needed to compare 
polymer foaming models to pitch beyond a quantitative analysis and optimization.   

Additional research is needed to bring this concept to maturity and 
commercialization.  Specifically, at present little is known about how the composition of 
pitch affects the character of pitch foams.  Additional study is needed to compare the 
foam characteristics of foam produced from various pitch sources (coal and petroleum). 

There are limited data available for the solubility of gases in pitch.  The limited 
amount of solubility information extends to other heavy petroleum and bitumens to a 
lesser degree.  In this investigation, the solubility of CO2 was assumed to be 
approximately equivalent to heavy petroleum fractions and bitumens.  Additional 
information as to the solubility and diffusivity of CO2 and other blowing agents would 
aid in the selection of process conditions and other blowing agents.   

This study primarily used CO2 as the blowing agent.  Both water and N2 were 
tried as blowing agents and were successful in produced foam, though the presence of 
moisture in the pitch may have contributed to cell formation.  Other soluble gases and 
phase changing liquids may be better suited for cell formation in pitch.  Some gases that 
may be of interest for further investigation include light hydrocarbons and 
hydrofluorocarbons.134  
 As with polymers, the addition of additives can significantly alter the properties 
foam.  Three areas of additives of interest are fillers, surfactants, and stabilizers which are 
disused below.   

A common practice with polymers and cement is to add fillers.  The addition of 
fillers is often done for one of two reasons, first is to reduce the quantity of matrix 
material needed, and second to modify the matrix properties.  Some fillers of possible 
interest in pitch foam are: carbon black, refractory metals, and carbon fibers and 
nanotubes.  Using carbon black could be of interested in modifying the electrical 
conductivity characteristics of the foam.  The addition of refractory metals by themselves 
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is not of much interested, but with appropriate processing it may be possible to form 
carbides within the foam.  The addition of carbon fibers and nanotubes are of interest in 
possibly modifying the mechanical and conductivity characteristics of the foam.  With 
the addition of any filler the surface interactions and wetting characteristics of the filler 
with the pitch need to be considered.   

It is known from polymer foam theory that the surface tension performs a 
significant role in cell formation, growth and melt stability.  Adding surfactants might be 
a way of improving the foaming characteristic of pitch.  Numerous surfactants have been 
developed for various petroleum products to reduce surface tension.  Incorporating some 
of them into a pitch melt may result in reduced surface tension and improved foaming 
characteristics.   

One of the difficulties encountered in this examination was the air stabilization of 
the pitch foam.  Because of the low softening point, the foam structure would collapse 
when reheated above the Tg.  Normally, in air stabilization the material being treated is 
heated to 135 °C or more and slowly increased.  To attempt this, a pitch would need a 
softening point approximately 210 °C to hold the foam structure.  The addition of cross-
linking agents to the pitch may be a way to lower the temperature of stabilization for 
pitch foams.  A possible experiment in evaluating possible cross-linkers in polymers is 
DSC.  Often, the cross-linking process in polymers is exothermic.  The resulting 
variations in heat flow are readily detectable by DSC.135,136,137  

This study showed that pitch foam can be extruded.  The logical next step would 
be to attempt production of pitch foam in a continuous extrusion process.  Melt 
processing techniques currently used with pitch fiber production would aid in identifying 
areas of divergence between pitch and polymer for a continuous foaming process.   

The ultimate test of production is the economic feasibility of commercial 
production.  The ability to use commercially available processing equipment designed to 
foam polymers to produces pitch foam would probable be advantageous.  The additional 
heat treatment of pitch foam may reduce the benefit by producing pitch foam by this 
technique. 

 

 

8.6  Carbon foam composites 

 

Carbon foam was tested for ballistic characteristics.2 With the United State’s 
involvement in Middle Eastern conflict, the demand for personnel armor has increased.  
This may demand could possibly be met by the use of carbon foam composites.  Another 
important aspect of this research is to determine possible applications for carbon foam.  
While carbon foam is not expected to be an outright Kevlar replacement, it is believed 
that this research will prove that carbon foam exhibits impressive crushing and energy 
dissipation characteristics.   

In order to test the effectiveness of carbon foam in ballistic protection, samples 
that implement the carbon foam must be compared with samples that do not contain 
carbon foam.  Thus, two types of samples were made.  One type was made of a 
composite of aluminum plating, Kevlar, carbon foam, and Velcro cloth backing.  The 
other type was the same as the first except the carbon foam was replaced by Kevlar of an 
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equivalent weight.  Therefore, all test samples had the same frontal area and the same 
mass.   

The armor samples were made up of an aluminum front plate, layers of Kevlar, 
carbon foam, and a backing layer of Velcro cloth.  The aluminum front plate was made of 
5086 aluminum, which is as a ballistic grade metal.  For example, it is used M-113 A3 
armored vehicle.  The front plates measured 9 inches by 9 inches and were approximately 
5 mm thick.  The Kevlar selected is also ballistic grade.  It was purchased in 12 yard rolls 
and cut to 9.25 inch by 9.25 inch sections.  Two types of carbon foam were used.  The 
layer behind the aluminum front plate was of a higher density.  The higher density foam 
was of higher strength than the lower density foam.  Therefore it was used behind the 
aluminum where mushrooming of the bullet was important.  All carbon foam layers are 5 
mm thick.  The Velcro cloth was cut to the same dimension as the Kevlar.  The Velcro 
cloth was selected as a backing material to allow the armor sample to be mounted against 
either personnel protection or a vehicle.  It was not expected to supply any ballistic 
protection.   

The various layers of the armor pieces were held together by gluing the perimeter 
of the adjacent layers together with a piece of plastic wrap between each layer.  A strong 
multipurpose adhesive called Gorilla Glue was used.  The plastic wrap was used to 
decrease the amount of friction between the layers, thus allow each layer to react to the 
bullet individually.   

The blunt trauma was measured using clay to absorb shock behind the armor 
sample, which was laid flush against it.  The indentation of the clay is used as a measure 
of the shock that would be transmitted to a person or thing being protected.  The non-
drying clay is molded to a flat face inside plastic boxes. 

For a variety of reasons, increased national attention has been placed on miner 
safety, especially in West Virginia coal mines.  Carbon foams have been suggested as 
possible material candidates for constructing a miner “safe house”.  Basically, the idea is 
to create small structures that would survive potential accident scenarios such as cave-ins, 
fires and explosions.  These structures could carry auxiliary supplies of air, water and 
other basic necessities, as well as backup communications capabilities.  Carbon foam is 
considered as a potential construction material because it is fire resistant, impact resistant, 
and explosion resistant.   

Accordingly, WVU along with GrafTech International Ltd, a subcontractor on the 
present effort, have actively sought to develop safehouse designs incorporating carbon 
foam, usually as a trilayer with metal faceplates. 
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