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1. General Background 

As the world continues to deplete its petroleum reserves, then heavy crude oil, coal 

liquids, and other heavy fossil fuels may be required to meet the world energy needs. 

Heavy fossil fuels contain molecules that are large and more aromatic and that contain more 

heteroatoms than those found in liquid crude oil. 

There is also significant current interest in general area of coal pyrolysis, particularly 

with respect to comprehensive models of this complicated phenomenon. This interest 

derives from central role of pyrolysis in all thermally driven coal conversion processes - 
gasification, combustion, liquefaction, mild gasification, or thermal beneficiation. There 

remain several key data needs in these application areas. Among them is a need for a more 

reliable correlation for prediction of the vapor pressures of heavy, primary coal tars. Such 

information is important in design of all coal conversion processes, in which the volatility 

of tarry products is of major concern. 

The vapor pressure correlations that exist at present for coal tars are very crude and 

they are not considered reliable to even an order of magnitude. Sophisticated general 

correlative approaches are slowly being developed, based upon group contribution 

methods, or based upon some key functional features of the molecules. These are as yet 

difficult to apply to coal tars. The detailed group contribution methods, in which fairly 

precise structural information is needed, do not lend themselves well for application to very 

complex, poorly characterized coal tars. The methods based upon more global types of 

characterizations have not’yet dealt much with the question of oxygenated functional 

groups. In short, only very limited correlations exist, and these are not considered reliable 

to even an order of magnitude when applied to tars. 

The present project seeks to address this important gap in the near term by direct 

measurement of vapor pressures of coal tar fractions, by application of well-established 

techniques and modifications thereof. The principal objectives of the program are to: 1) 
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obtain data on the vapor pressures and heats of vaporization of tars from a range of ranks 

of coal, 2) develop correlations based on a minimum set of conveniently measurable 

characteristics of the tars, 3) develop equipment that would allow performing such 

measurements in a reliable, straightforward fashion. 

1.1. General Nature of Coal Tars 

Tars are among the major products of pyrolysis of a great many organic solids. The tars 

are key volatile products of the coal pyrolysis, and their ability to evaporate the from coal 

particles determines several key features of pyrolysis. Knowledge of coal tar vapor 

pressures is important in predicting the pyrolysis behavior of coals, since most advanced 

models of coal pyrolysis utilize an evaporation step to describe the loss of tar from 

particles. The definition of tar is arbitrary. Tars are generally operationally defined in any 

experiment. They are most often defined as any degradation products which have escaped 

the parent solid, and are condensable at room temperature. In this work we are interested in 

"primary tars" or tars that have not undergone secondary reactions. 

Coal itself can be defined as a complex sedimentary rock, a heterogeneous mixture of 

higher-plant-derived organic materials which has undergone chemical changes related to 
depositional environment and diagenetic history. Since coal is not a homogenous 

substanck, it is characterized by wide variations in its properties and compositions. The 

most common coal classification is by rank. The rank is a measure of the degree of 

coalification that organic plant sediment has reached in its metamorphosis from peat to near 

-graphite-like material. Some aspects of the characterizations of coals are given elsewhere 

[Smith et d., 19941. Coal tars reflect the characteristics of parent coal. 

Coal tars are very complex mixtures of individual components. Investigators have 

identified more than 100 condensed polynuclear aromatic hydrocarbon and heterocyclic 

compounds in coal tar, but &was estimated that as many as 5000 compounds may be 

present. Tars and their fractions are often represented in the terms of an "average 

molecule", based upon elemental composition, molecular weight, molecular weight 

distribution, functional group concentration and structural parameters such as the aliphatic 

and aromatic hydrogen-to-carbon ratio. A review of the techniques for characterizing coal 
tars are given by Solomon et al.[1992]. Some investigators [Orning and Greifer, 1956; 
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Brown, 1958; Solomon et al., 19841 have reported that the chemical structural 

characteristics of primary tars are similar to those present in the parent coal, although the 

chemical nature and composition of the tars vary substantially with rank characteristics of 
the parent coal and operating conditions [Solomon et al., 1981, 1992; Freihaut et al., 

19891. 
The rate of escape of tar from pyrolyzing coal particles depends strongly upon the 

vapor pressure of the tar, and this property depends to the greatest extent upon molecular 

weight of the tar [Unger and Suuberg, 1984, Fletcher et al., 19921. Thus, several 

investigators [Unger and Suuberg, 1984; Oh et al., 1989; Solomon et al., 19901 have 

studied the molecular weight distribution of coal tars released in rapid pyrolysis and noted 

its strong dependence on pyrolysis conditions (temperature, pressure, effect of different 

reactors and pyrolysis environment) and coal rank. There are relatively few data on the 

characterization of "primary" tars. 

The reactor systems which most nearly approach conditions necessary for studies of 

primary tars are those in which the gas into which tars evolve, remains cold. These reactors 

include the heated wire mesh type systems and flashlamp/laser heated systems. Even with 

these systems, there are sometimes gas phase secondary reactions. In any type of 

experimental device, secondary reactions may actually occur within the particles 

themselves, if transport limitations exist. Thus there is not an experimentally clean way to 

produce only "primary tars", and some of the reported differences, from study-to-study, 

may have to do with how the tars were prepared. 

1.1.1 Molecular weight characterization. 

In earlier work, the molecular weight distribution determination techniques have been 

the subject of concern. Two methods have been used for characterizations. Early attempts 

relied upon size-exclusion chromatography (SEC), and later field ionization mass 

spectrometry (FIMS) was used. The FIMS results generally suggest lower molecular 

weight tars than do the GPC results. There are, however, concern about application FIMS 
to higher molecular weight material. 

Suuberg and co-workers [ 1984,19851 determined molecular weights in the range 200- 

4000 amu by GPC, with THF as mobile phase, for high volatile bituminous coal primary 
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tars. In fact, there is a concern that using THF as solvent results in a shift of the molecular 

weight to unrealistically high values. Oh et al. [1989] obtained a molecular weight 

distribution between 150 and 1500 amu for a Pittsburgh bituminous tar using pyridine as 
the solvent. The difference was attributed to association in the THF, since pyridine is 

generally a stronger solvent for coal, and presumably, its tar. 
Solomon et al. [1990] determined molecular weight distributions using FlMS for 8 

Argonne premium coals pyrolysed to 450°C at 3"C/min in the HMS apparatus. They 

showed that the intermediate rank coals, Pittsburgh, Lewiston-Stockton, Utah, and Illinois 

all have similar molecular weight distributions showing maximum intensities in the 100- 

200 and 200-600 amu region. Upper-Freeport tar showed higher intensity between 200 and 

600 amu. Low rank coals such as Wyodak and Zap showed the majority of tars fall 

between 100 and 200 m u .  The maximum molecular weight extended to e 800 amu for all 

tars. 

Some other techniques have also been used to examine the molecular weights of 

vacuum pyrolysis tars and coal derived materials [Winans et al., 1991; Winans, 1991; 

Herod et al., 1993a, 1993b; Parker et al., 19931. Winans et al. [1991] compared fast atom 

bombardment-mass spectroscopy (FAB-MS), laser desorption mass spectrometry (LDMS) 

and desorption chemical ionization DCI-MS of a vacuum pyrolysis tar. Very different 

upper limits were reported using the different methods. The tars were mostly found to be 

below 1000 daltons, with the exception of FAB. Using this technique, Winans [1991] 

observed the highest molecular weight values for vacuum pyrolysis tars to be on the order 

1000 to 1200 daltons, with the peaks of the distributions centered at around 400 to 450 

daltons. 

Existence of high molecular mass materials between 1000 and 5000 daltons in 

pyrolysis tars has also been recently observed by laser desorption mass spectrometry 

Parker et al., 1993; Herod et al., 1993% 1993bI. 

' 

1.1.2 Functional Group Characterization. 

It is known that vapor pressure is a property which depends on the interaction between 

molecules. Although the molecular size (number of atoms) is most important factor in 



determining interactions, the specific interaction between particular structures may also play 

an important role. Thus it is important to identify chemical features that influence those 

interactions. The chemical analysis of the coal tars is, however, particularly difficult 

because of the high heteroatomicity and the wide range of the structures and functional 

groups present. 

Individual chemical species in coal tars have been identified using glass capillary 

columns in gas chromatography (GC) @3onvitzlcy and Schomburg, 1979; Lee and Wright, 

19801, gas chromatography -mass spectrometry (GC-MS) [Evans et al., 1985; Borwitzky 

and Schomburg, 19791 or high-performance liquid chromatography (HPLC). These 

techniques are always subject questions about components that do not elute or vaporize, or 

that decompose during analysis. Molecular masses much greater than 300 to 350 amu 
cannot readily be characterized by GC. Several 6- 10 ring polycyclic aromatic hydrocarbons 

have been identified in coal tars and coal tar pitches by HPLC Fetter and Kershaw, 1993, 

and this suggests how high the molecular weight can be. 

Coal tar average structural and functional group characterization are most commonly 

based on elemental and spectroscopic analysis. Elemental analyses are used to determine 

the relative abundance of nitrogen, carbon, hydrogen and oxygen in coal tar samples. 

Relatively little attention has been paid to the variation of elemental composition of tar 
fractions with molecular weight. Freihaut [1989] showed that as the rank of the parent 

coal increases, the elemental composition of the primary tars becomes more like that of the 

parent coal at any given extent of tar evolution. The tar is richer in hydrogen than the parent 

coal. Three forms of hydrogen are typically distinguished aromatic, aliphatic, and 

hydroxyl. Three forms of carbon are normally distinguished aromatic, aliphatic and 

carbonyl, though more can be identified with sensitive methods. Four forms of oxygen are 

usually cited: carbonyl, carboxyl, hydroxyl and ether, though more can be identified by 

appropriatemethods. Sulfur appears in tars in rings as tightly bound sulfur and chains as 
weakly bound sulfur. The nitrogen is contained almost entirely in tightly bound rings such 

as pyridine and pyrrole. 

The average functional group concentrations can in principle be determined by Nuclear 

Magnetic Resonance Spectroscopy (NMR) or by Fourier-Transform Infrared 

Spectroscopy. The question of the quantitative reliability and accuracy is still under 

discussion and often these methods are used for only relative characterization (especially 
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FTIR). 1H NMR has been most commonly used to determine distribution of the various 

types of hydrogen in coal tars [Collin et al., 1980; Cerny, 1991; Evans et al., 1985; Fynes 

et al., 19841. This technique enables the classification of hydrogen functional groups. 13C 

is used to identify carbon types and has been often used for the quantification of the 
structural parameters of average tar molecule [Calkins et al., 1984; Evans et al., 1985 ; 
Fletcher et al., 19901. FTIR has used mainly for the qualitative determination of functional 

groups in coal tars Fynes et al., 1984; Solomon et al., 1990; Cerny, 1991; Evans et al., 

19851, though it has also been used quantitatively for several functional groups in coal and 

there is no reason why it cannot be used for the same purpose for tars. 
Solomon and co-workers [Squire et al., 1986; Solomon et al., 1983; Solomon et al., 

1984; Solomon and Colket, 1978,19791 suggested from the similarities in elemental 

composition, infrared spectra and NMR spectra that the primary tars are fragments of the 

parent coals at least in bituminous coal. But it was also noted that the infrared spectrum for 

a lignite tar w'as significantly different from that of the parent coal, being richer in aliphatic 

groups and poorer in oxygen functional groups [Solomon, 1981; Solomon et al., 1984; 

Freihaut et al., 19891. 

Lately UV-Fluorescence Spectroscopy (UV-F) has been applied to characterize the 

relativeconcentrations and sizes of fused aromatics ring systems in coal tars bi et al., 

1993,19941. Fluorescence spectroscopic properties of coal pyrolysis tars have been found 

to correlate with the rank of the original coals. With increasing rank, emission from 

pyrolysis tars was increasingly observed to take place from the larger aromatic ring systems 

contained within samples. 

Calkins [1984], using GC-MS, WIR, 1H N M R  and 13C NMR techniques, noted that 

the concentration of polymethylene (series of n-olefins-paraffin pairs from C14 to c26 and 

higher) increases with decreasing rank from about 4% for high volatile bituminous coals 

compared to about 8% for lignites. The relative contribution of the polymethylenes to the 

tar therefore increases with decreasing rank. Some tars were observed to have even higher 

polymethylene contents, for example it was suggested by Calkins and Tyler [1984] that tar 

produced at 600°C from Millmeran coal contains a long chain olefins and paraffins to an 
extent of 30 to 40%, and, from Texas lignite about 13% . 

, 
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Fynes et al. [1984] noted for bituminous coal tars that their infra-red spectra showed 

prominent phenolic OH bands, and the high ratio of the absorbance due to aliphatic and 

aromatic C-H suggested aromatic ring multisubstitutions. 

Coal nitrogen is almost entirely found in tightly bound rings such as pyridine and a 

large fraction of the fuel bound nitrogen in the bituminous coals is volatilized as a 

heteroatom in the tar component of the total volatiles [Solomon and Colket, 1981; Blair, 

1976; Freihaut et al., 19891. Sulfur appears in tars within rings as tightly bound ring sulfur 

and in chains as weakly bund  sulfur [Solomon et al., 19813 
Freihaut et al. [1993] observed the following changes in tar characteristics with rank: 

the fuel nitrogen concentration of low rank primary coal tars is significantly lower than that 

observed in parent coals on a daf basis; the chemical nature of the primary tars varies 

systematically, for high vitrinite coals, from primarily polymethylene for low rank coals to 

primarily condensed aromatics for high rank coals; the thermophysical (softening 

temperatures) and volatility characteristics (transient vaporization temperatures and extent of 

revaporization) vary systematically with the rank of the parent coal, with lower rank coals 

producing primary tars having lower softening temperatures, lower vaporization 
temperatures and greater mass fraction re-vaporization. 

The tar released from coal will undergo further secondary reactions if the surrounding 

gas temperature is high enough. These reactions can significantly change the tar 

composition. Knowing how the kinetics of secondary reactions depend upon temperature 

and time is important if the aim is to produce "primary" tars. The temperature at which such 

reactions become important has been shown to be below 700°C by several investigators 

using flash pyrolysis reactors. 

Calkins et al. [1984] report that further pyrolysis at 700 to 1100°C of flash pyrolysis 

tars produced at low temperatures (600°C) produces the I hydrocarbon products 

characteristic of those obtained on high temperature pyrolysis of coal itself and 

demonstrated that tar cracking would be a major source of light hydrocarbon gas at 

temperatures above 600°C in a fluidized bed reactor. 

This is consistent with studies of Tyler [1979; 19801, and Nelson et al. [1988] which 

showed that the total C1 to C3 hydrocarbon gas yield increases strongly over the 
temperature range from 600 to 800°C due to the secondary cracking reactions of tar vapors. 
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As noted by Collin et al. [1980] marked changes occur in the composition of aliphatic 

components of flash pyrolysis tar ( fluidized bed) above 600°C for Liddell tar, and 650 for 

Millmeran and b y  Y ang tars. 

Nelson et al. [1988], investigating Millmeran subbituminous coal and Yallourn brown 

coal tars, showed that at temperatures above 600"C, secondary reactions of tar occur and 

yields of simple aromatics increase as the polymethylene products disappear. The alkyl 

substituted aromatics and phenols decompose at temperatures above 700°C. 

Freihaut [1993] showed that the gas phase, secondary reactions of primary tars which 

produce HCN from ring nitrogen compounds initiate at gas temperatures of approximately 

700°C. 

Thus the chemical nature of the "primary tars" is only crudely determined by the 

chemical characteristics of the parent coal. 

1.1.3. Vapor Pressures of Tars 

Tars are complicated mixtures of coal fragments and have widely variable chemical 

structure. As noted above, the chemical nature and composition of the tars vary 

substantially with rank of the parent coal and operating conditions. There is little hope of 

characterizing materials as complex as coal tars in very great detail. Therefore, there is 

strong incentive to keep the amount of data needed for prediction of vapor pressures of 

such mixtures to an absolute minimum. 

Actual vapor pressure data on "primary" coal tar are unavailable. There have been 

some efforts made at characterizing vapor pressures of coal liquids, as opposed to coal tars 

vsonopoulos et al., 19861. For the most part, that work was concerned with relatively 

lighter compounds than are interest in coal pyrolysis (typically, four fused aromatic rings or 

less, with molecular weights of about 300 or less). Primary coal tar exhibits molecular 

weights that can be well over 1000, though centered between 200 and 400 daltons. In 

addition, there is a tendency in liquefaction to reduce the heteroatom content of coal liquids. 

The predictive methods seen to work reasonably well with hydrocarbon model compounds 

for coal liquids were often noted to work more poorly in heteroatomic systems 

vsonopoulos et al., 19861. 
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Pyrolysis modelers have turned to simple correlative techniques based on extrapolation 

of known vapor pressure behavior of pure compounds or of coal liquid fractions, well 

beyond the conditions at which data are available. Historically there has been much use of 

correlations based upon molecular weight distributions alone, since molecular weight and 

temperature are the two most important variables in determining vapor pressures. These 

correlations have been of one particular form, obtained from the Clausius-Clapeyron 

equation, assuming that the heat of vaporization is a function of the molecular weight and 

not a function of temperature. The resulting form of correlation developed by Suuberg et al. 

[1979] is : 

’ 

, 

P= aexp -$- I .:I 
This is the simplest expression which appears to be consistent with the known 

thermodynamics of the situation and is used because of the lack of detailed chemical 

structure and vapor pressure data on coal tar. It should also be noted, consistent with this 

approach, that it has been shown possible to correlate vapor pressure with molecular 

weight of coal liquids using only boiling point information, at least up to about 400 

molecular weight msonopoulos et al., 19863. 
Several workers have employed a correlation such as (l), and values of the constants 

they have obtained by fitting the data to literature data on aromatic hydrocarbons are shown 

below: 

a $ Y 

Suuberg et al. [ 19791 123x105 236 0.654 
Suuberg et al. [ 1983 5765 255 0.586 

Niksa and Kerstein [1991] 3.0 x 10s 200 0.6 
Fletcher et al. [1992] 87060 299 0.59 
Oh et al. [ 19891 623x105 561 0.474 

Niksa [ 19881 70.1 1.6 1.0 

In this expression, P is in atmospheres, T is in K, and M is in daltons. Comparisons of 

the predictions of several of these models have been offered elsewhere metcher et al., 

19921. Wide variations were noted in the predictions, and there is a concern about 

adequacy of predictions of the vapor pressures under pyrolysis conditions. Nevertheless, it 
< 
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is clear that there is a general convergence of most of the values of a, CJ, and y in the 

literature. A comparison of the predictions of boiling points with molecular weight is 

shown in Figure 1, for various models. For reference, the measured properties of 

anthracene are indicated. 
This type of correlation is used in network models of coal devolatilization to model the 

tar evaporation process. A review of such models are given elsewhere [Solomon et al., 

1992; Lee et al., 19941. The models include the Functional Group - Depolymerization, 

Vaporization, and Cross-linking (FG-DVC) model [Serio et al., 1987; Solomon et al., 

1988,1990b7 19911, the FLASHCHAIN model miksa and Kerstein, 1987, 1991; Niksa, 

l988,1991a, 1991b1, and the Chemical Percolation Devolatilization (CPD) model [Grant et 
al., 1989; Fletcher et al., 1990,1992J. 

In the FG-DVC model, the tar is "formed" from a metaplast fraction via evaporation, 

using the Unger-Suuberg correlation [198SJ. In the FLASHCHAIN and CPD model the 

tar forms through an equilibrium flash distillation analogy of metaplast fragments assuming 

validity of Raoultk law and, again, a correlation such as (1). 

There are two questions that need to be examined at this time. The first one is how 

good are the predictions of the vapor pressures under pyrolysis conditions, the second is 

how closely Raoult's law is followed in tars. 
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2. Results from this Quarter 

During this quarter we have extended the work on measurements of vapor pressures of 

coal tars, using the continuous Knudsen effusion technique. These results need further 

analysis and therefore in this report we describe only the general idea behind the technique, 

and also show some typical results. 

2.1. Tar Preparation Techniques 

The tars were produced using rapid pyrolysis techniques (employing reactors 

described below) and collected by washing the reactor with inhibitor-free THF. To prepare 

dry tars for testing, solvent was evaporated from the collected tar solutions in a vacuum 

oven at 45°C. It is known that such vacuum drying will result in loss of some light 

material, especially that with a molecular weight less than that of anthracene. So the starting 

tars can be defined, operationally, as a collection of room temperature condensables (with 

a molecular weight generally greater than 150 daltons). 

The tars were, in some cases, fractionated chromatographically, using a gel-permeation 

preparatory (GPC) column. This fractionation crudely divides the tar into molecular weight 

intervals. Vapor pressure measurements have been made using the "continuous" Knudsen 

effusion technique on these fractions, as well as on the whole, unfractionated tars. 
Analyses of the different tar fractions were performed using vapor phase 

osmometry (VPO) and analytical mode gel-permeation chromatography. The latter 

provides the number average molecular weight of a fraction, and the former allows a crude 

characterizing of its molecular weight distribution. An elemental analyzer was used to 

determine the elemental composition of the fractions. Differential Scanning Calorimetry 

(DSC) was used to examine the thermal behavior of the fractions. 



12 
9 

2.1.1. The selection of the solvent for tar collection, fractionation and 

analysis. 

The selection of the solvent was based on a combination of three criteria: high solubility 

of the tars in the solvent, suitability for the liquid chromatographic and vapor phase 

osmometric work, and ability to evaporate it from coal tars. Pyridine and THF are 

approximately equally effective solvents for the coal tars, both are able to dissolve =- 97% 

by the mass of dry tar mnger and Suuberg, 19841. THF was employed instead of 

pyridine in the collection of tars in the preparative scale fractionation only because of the 

difficulty in disengaging pyridine from coal tars. Pyridine is, however, known to be a 

superior solvent for coal tars on the basis of GPC and VPO work, and would eliminate 

suspected association artifacts thought to occur in THF. These might give an incorrect 

impression of the molecular weight distribution [Oh et al., 1989; Solomon et al., 19923. 

Thus pyridine was used in the analytical GPC and VPO characterization. 

2.1.2. Tar production technique 

As the project emphasizes study of primary tars (i.e., tars that have not been subject to 

extensive secondary reactions) the tar preparation systems have been selected to minimi= 

the residence times of evolved volatiles in hot regions of the reactors and to avoid contact 

with oxidizing gases. It is difficult to produce large amounts of tar without creating the 

possibility for secondary reactions of the tar [Solomon et al., 19921. This is because the 

reactor systems must be chosen to provide a short residence time for the tars, and thus must 

be of limited dimensions. A review and the comprehensive description of a variety reactors 

what have been employed in pyrolysis experiments have given elsewhere [Solomon et al., 

19921. Three systems have been used in our study: a wire mesh reactor, a fluidized bed 
reactor and a tubular reactor. 

The wire mesh reactor (or heated grid reactor) is a rapid pyrolysis apparatus which has 

been described in detail in the eighth quarterly report and elsewhere [Suuberg et al., 19781. 

Typically, the coal was pyrolysed at a rate of 3000 "Chin to a temperature of 70O0C, at 

which it was held for 3 seconds. The disadvantage of this method is a low tar productivity 



per run; producing large quantities of tar takes days because of the small coal loadings 

(100 mg) in each run. We have used it to prepare tar at high heating rate conditions, not 

readily achieved in the other devices. The other two systems could be used to pyrolyze 

larger masses of coal per run. 

The fluidized bed technique involves pyrolysis of coal particles fluidized by an inert 

gas fed at the bottom of the bed. The volatiles are carried away by this inert purge gas and 

tar is collected downstream of the hot zone. The temperature of the fluidized bed was 

maintained at 500°C. Collection and handling of the tars from this system are identical to 

the procedures followed after tar production in the heated wire mesh system. Disadvantages 

of this experimental method are that particle residence time and temperature history are 

unknown, particularly under conditions when particles can be eluted from the bed. Also, 

there is the potential for significant secondary reactions of the tar, before it is eluted from 

the bed. The residence time of the gas in the bed may be estimated as 7 seconds. Another 

operational disadvantage of this technique is that this reactor needs millimeter size particles, 

which are not conveniently available when working with well characterized Argonne 

Premium Coal samples (which come in <lo0 mesh and 420 mesh sizes). 

Using the tubular reactor, it is possible to pyrolyze larger masses of coal than in the 

heated wire mesh - several grams, as compared with about hundred mg per experiment. 

Also, particle size is not a major concern. The coal was contained in a wire mesh holder 

and then pushed suddenly into the heated zone of an oven. This was done to maximize the 

yield and to avoid secondary reactions, while at the same time allowing for moderate 

heating rates. The particle temperature was measured directly by a chromel-alumel 

thermocouple connected to the wire mesh holder. The volatiles, in this configuration, were 

swept away by an inert purge gas, and tar was collected on the cooled walls of a small 

tube, downstream of the hot zone. 

The tube furnace was designed to keep secondary reactions to a minimum. The inert 

gas flow was 150 ml/min measured at 25"C, which corresponded to an average tar 
residence time of around 5 sec in the hot zone of the reactor. The reactor wall temperature 

was kept approximately 700"C, leading to an ambient inert gas temperature of 

approximately 680 "C and a final particle tempemture 670°C. The average particle heating 

rate from room temperature to 500°C was 15"C/sec and then the particle temperature 

reached 670°C in two minutes. The total reaction time was 3 minutes, after which the char 
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was pulled out from heated zone. Again, handling procedures for the tars from this system 

were identical to those used in the other two cases. 

2h.2 Tar Fractionation Technique 

Two different methods have been applied. The first one involved classical gel 

permeation chromatography (GPC), and the second, vacuum sublimation. 

Gel permeation chromatography (GPC), also referred to as size exclusion 

chromatography (SEC) or gel filtration (GF), is a chromatographic technique in which 

molecules are separated on the basis of their ability to penetrate a porous gel. Larger 

molecules travel through the column at the same speed as the mobile phase, smaller 

molecules are held back to an extent depending on their molecular size and the distribution 

of pore sizes within the gel Evans et al., 1983. 

The vacuum sublimation technique is based directly upon the difference in vapor 

pressures of tar components, leading to differences in ability to vaporize at different 

temperatures. Preliminary experiments showed that the separation by vacuum sublimation 

was less satisfactory and also the thermal decomposition of the tar was a concern when 

using this technique. 

Thus, the tars were mainly fractionated using GPC in preparative mode, Le., using 

large sample volumes. Two 25 cm columns were used in series, for this purpose. The first 

column was packed with y-Styragel (styrenedivinylbenzene polymer) beads with a nominal 

pore size of 100 A, and the pore size of the second column was 500 A. The solvent was 

inhibitor free tetrahydrofuran (THF). The flowrate was typically 1 mllmin. The column 

operated at room temperature. Approximately 0.5 cc of solution containing around 500 

mg/cc of tar was injected in each run. 
The fractionations were based on an assumption that different molecular weightlsize 

fractions elute at different elution times. Generally speaking, between 10 to 20 minutes 

were allowed for elution of each fraction. The six fractions were collected from the gel 

permeation chromatograph following UV detection at a wavelength of 283 nm. A typical 
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preparative scale GPC chromatogram is shown in Figure 2, along with the dividing lines 

between fractions. As may be noted, the earlier and later fractions are much more dilute 

than the middle fractions. Unger and Suuberg [1984] have verified the fact that all of the 

injected tar can elute from the p-Styragel column when THF was used as solvent. Since we 

needed around 30 mg sample of each fraction for vapor pressure testing, three GPC runs 

were generally required to obtain enough material in each elution interval. After 

fractionation, the solvent was evaporated in a vacuum oven for approximately 24 hours, 12 

hours at room temperature and room pressure, and then 12 hours at 50°C in vacuum. 

2.1.3. The determination of moIecuIar weight distributions. 

The molecular weight distribution in the tar was determined by a combination of VPO 

and analykal GPC. The analytical GPC was performed using a Phenogel column of 300 

mm length and 7.8 mm diameter, packed with 10 to 100 A Phenogel. Pyridine was used 

as a solvent, in this case. The change of solvent was dictated by the fact that pyridine is 

known to be a superior solvent for coal tars, and would eliminate suspected association 
artifacts in THF that might give an incorrect impression of the molecular weight 

distribution. Pyridine was not employed in the preparative scale fractionation only because 

of the difficulty in disengaging pyridine from coal tars (drying the tars prior to vapor 

pressure measurement is of course a key requirement for getting good vapor pressure data). 

The column was operated at 30 "Cy and the solvent flowrate was 0.3 ml/min. Samples 

were prepared by dissolving a small amount of each tar fraction in pyridine. The sample 

injection volume was 20 p1 of a 10 mg/ml solution. Detection of peaks was accomplished 

using a UV detector at a wavelength of 305 nm (UV cutoff was found to be slightly below 

305 nm ). The wavelength of 305 nm was selected to maximize the overall response factor, 

based upon measured signal strength as a function of wavelength. This is shown in Figure 

3. Figure 3 shows that the ratios of different elution time fractions are not particularly 

sensitive to the choice of the wavelength, even though the absolute value of signal is quite 

sensitive. 

A Knauer model 11 Vapor Phase Osmometer was used determine the molecular 

weights of fractions subjected to GPC. All measurements were made at 90°C. Calibration 

was accomplished using pyrene (MW 202) as the standard and the accuracy of the VPO 
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measurement was checked with 3-hydroxy-1H-phenalen-1-one (MW 196.21) and 

phenanthridine (MW 179) to ascertain the influence of heteroatoms on the measurement. 

Figure 4 shows a comparison of the calibration curves based on the results of these three 

compounds. The slope of voltage vs. concentration appears to be slightly lower for 

compounds which are able to form stronger hydrogen bonding with pyridine. We have 

chosen the results of phenanthridine to calibrate the VPO for work with a coal tar. Aspects 

of experimental procedure and construction of calibration curves are discussed elsewhere 

[Chung et al., 19791. 
As was shown in the previous report, a major problem was encountered in calibration 

of the GPC with coal tars. Several factors preclude the determinationof molecular mass 

distributions of coal tars by GPC. The initial strategy was one of relating measured elution 

times from the analytical GPC to the molecular weights determined by VPO. This strategy 

has often been followed in other studies, in this laboratory and elsewhere wnger and 

Suuberg, 1984; Oh et al., 198q. The separation of asphaltenes, bituminous resins, coal 
liquids and coal tars by size exclusive chromatography using poly(diviny1benzene) or 
Styragel columns and solvents such as THF, toluene and CH2C12 has been reported by 

several investigators wnger and Suuberg, 1984, Philip and Anthony, 1982; Strachan and 

Johns, 1985; Evans et al., 1985; Bartle et al., 1986; Lafleur and Wornat, 1988; Lafleur et 

al., 19931. The initial strategy proved difficult to implement for the intended purpose, 

however. 

The first problem is encountered in obtaining. suitable calibration standards. Pure, 

suitable model compounds are available in a limited molecular weight range and are also 

limited structurally and functionally. This has earlier been addressed by use of fractionated 

tars themselves. A more difficult problem in calibration is caused by the non size- 

exclusion behavior of heterogeneous mixtures of moderate molecular weight compounds. 

The separation is much more complex than that based upon the molecular size as it is in the 

case of single polymers. Besides molecular size, chemical characteristics such as polarity 
can play an important role in separation. It has, for example, been observed that neutral 

molecules elute much later than compounds which are known to form H-bonded 

complexes with THF or pyridine, and exhibit greater than expected linear molecular size. 

Philip and Anthony [1982] observed that when THF is used as the mobile liquid phase, 

certain molecules can form hydrogen bonds with the THF, thus lowering their retention 
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times, but when non-polar solvents such as toluene were used, the retention times were 

more like those expected. Even in the case of aromatic hydrocarbons, the separation 

depends upon more than molecular weight and there is difficulty in predicting elution 

behavior. The pericondensed PAH show a reversal of the classical SEC separation process 

and exhibit different behavior to the catacondensed PAH [Strachan and Johns, 1985; 

Lafleur et al., 1993; Evans et al., 198%. This is attributable to an adsorption effect. For 

this reason, it is not feasible to calibrate a GPC column with coal tar model compounds. 

In fact, a separation according to functionality allows lumping of similar components 

into distinct groups and can be used for characterizing complex mixtures Philip and 

Anthony, 1982; Lafleur et al., 19931. For example as shown in Figure 5, Philip and 

Anthony [1982] separated coal liquids using loo%, p-Styragel columns and THF as mobile 

phase into four fractions containing heavy. nonvolatiles (polymers and colloidal carbons), 

long chain alkanes and asphaltenes, phenols and aromatics. However, these fractions may 

still strongly overlap. Evans et al. [1985] showed that the greatest deviation in THF from 

the molecular weight based calibration line constructed with PAH is in the elution of 

phenols, and molecules with more than one hydroxyl group elute even earlier. They used 

this effect to separate coal tar into two fractions, which were examined by GC-MS, NMR 
spectroscopy, Infrared spectroscopy and elemental analyses. The earlier fraction ( MW 

285 by VPO in pyridine) contained high concentrations of phenols (by direct oxygen 

analyses, and from the strong peak at - 3300 cm-1 in the infrared spectra ) and long chain 

paraffins. Oxygen content was 11.2 wt. %, nitrogen content 1.3 wt. %, sulfur 0.4 wt. % 
and WC ratio 1.03 by elemental analyses. Based on this characterization, it can be shown 

that an average molecule in this fraction would contain about 2 oxygen atoms, therefore 

possibly 2 hydroxyl groups. The later fraction (MW 220) was composed predominantly of 

polynuclear aromatics ( N-heterocyclic, S-heterocyclic and 0-heterocyclic compounds), 

aliphatic carbon was present as side chains on aromatic rings. The OH band was absent in 

the infrared spectrum of this fraction. Oxygen content was 3.2 wt. %, nitrogen content 1.2 

wt. %, sulfur 0.8 wt. % and H/C ratio 0.8. 

Similar conclusions may be drawn from Figures 6 and 7, constructed using the 

experimental data on pure compounds of Strachan and Johns [1985] and Rodgers et al. 
[1987]. 100081,500~ and lOOA p-Styragel columns and THF as solvent were used by 

these authors. It is noted that our preparative GPC column should show similar separation 
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behavior, because a lOOA and 500A p-Styragel packing with THF solvent was also used 

by us. It should be noted that the general order of elution is aliphatic, substituted 

aromatics, heteroatomic aromatics, and pure aromatics. 

pyridine as the mobile phase. Molecular weight and elution times are shown in Table 1. 
Figure 8 shows some of our pure compound data from our analytical GPC column using 

Table 1. GPC elution data for compounds used as standards. 
formula Mw Nr. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

compound 

phenanthrene 

pyrene 

perylene 

coronene 

decacyclene 

phenanthridine 

benzodiophene sulfide 

benz[g]isoquinoline-5,10- 
dione 

naphthol 

h ydroxyp yrene 

h ydroxyphenalenone 

dih ydroxynaphthadione 

tetraphenyl cy clopentadione 

c14 H10 

c16 H10 

c20 H12 

c24 H12 

c36 H18 

c13 H9 N 

c16 H12 s 
C13H7N- 

178 

202 

252 

300 

450 

179 

234 

209 

144 

218 

196 

290 

384 

retention 
time [sec] 
23 10 

2368 

2320 

2408 

2160 

2250 

2288 

2104 

2032 

2040 

2024 

1920 

1904 

There is no unique correlation of molecular weight with retention time. In an ideal 

separation, it should be recalled that the compounds will elute in reverse order of 

molecular weight, Le., higher molecular weight compounds should elute first. Note that 

the pure aromatic hydrocarbons again elute last and the pericondensed PAH show an 

elution behavior reversed from the classical separation process. The lower molecular 
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weight hydroxyl group- containing aromatics elute considerably earlier. This may be 

because of polar interactions that the hydroxyls and pyridine could be involved in. 

This means that calibration of a GPC column must be performed with compounds of a 

similar chemical nature to those of interest. This, in turn, requires that the column be 

calibrated with narrow tar fractions of known molecular weight, because there are no other 

obvious choices of good model compounds. Unfortunately, even this strategy is deficient, 

due to the separation based upon chemical characteristics. 

Figure 9 shows the GPC chromatograms for the first five fractions (in terms of 

elution from the preparative GPC column) derived from Bruceton bituminous coal tar. 
Figure 10 shows the chromatograms of the last four fractions, as well as the whole coal 
tar. The earlier eluting fractions, presumably those containing high molecular weight 

components, are generally characterized as broad peaks with a well-defined maximum (see 

Figure 6). The higher the fraction number, the more bimodal the peak becomes - this is 

particularly evident in Figure 10. The whole tar is seen to comprise all of these different 

features. Figure 11 shows that it is possible to curve fit the whole tar with the fractions 

calculating the total absorbance at any elution time by the following equation: 

= xx ia i j  (2) 
i 

where Aj is the total absorbance at j elution time, Xi is the mass fraction of tar in 

fraction i in the whole tar and aiJ is absorbance of fraction i at j elution time. The values of 

Xi were determined by evaporation of the fractions collected from the preparative column 

and the values of the aiJ were obtained assuming a constant response factor for each 

fraction, and from that calculating each contribution to the whole tar. The values of Xi for 

the different fractions are shown in the Table 2. 

Table 2. Relative amounts of different fractions. 

fraction 1 2 3 4 
mass% 19.9 35.5 50.4 48.8 

5 
32.9 

6 
15.9 

7 
6 

8 

3.9 

- 
From the values of Xi, the number average molecular weight of the whole tar (MW) 

could be from the measured molecular weights of the individual fractions, M i .  
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where yi is the molar fraction of the tar in fraction i. Note that yi # Xi, in general. 

hence 

The number average molecular weight of whole tar measured by VPO ( MW 347 )is 

similar to the value ( M W  342) calculated from (3, using measured fraction molecular 

weights. 

The separations in the two GPC systems cannot be simply compared. Clearly materials 

with similar elution times in THF can sometimes have very different elution times in 

pyridine. This is particularly the case for the lower molecular weight materials (or at least 

those with longest elution times). The results for the final three fractions of Figure 10 

show very little shift in the mean elution times of either of the two peaks that comprise the 

fractions. This means that in the case of these materials, there was a significant difference 

in retention times when the tars were dissolved in THF. When they were redissolved in 

pyridine, however, these fractions behaved as though they were made up of differing 

proportions of two components, whose sizes and chemical nature were comparable in all 

of these fractions. Examined more closely, the peak positions of the later eluting peaks of 

these last three fractions do shift towards longer elution times, with increasing fraction 

number. Considering the results of Figure 8, it appears possible that the later eluting peaks 
in the last three fractions might contain mainly hydrocarbons of progressively lower 

molecular weight as fraction number increases, whereas the earlier eluting peaks contain 

more polar fractions. Presumably these last three fractions also contained the lowest 

molecular weight fractions of the tars, since they eluted at the latest times in both solvents. 

As yet undefined polar interactions appear to play a major role in determining the elution 

times of some components of these fractions, and thus there appears to be little hope of 
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defining a reliable calibration curve based purely on molecular weight vs. elution volume 

in this range of molecular weight. 

It is immediately apparent that since many of the elution curves are composed of at 

least three peaks, no single calibration curve could be drawn to relate molecular weight to 

elution volume. It is noted, however, that there appear to be three general clusters of peaks 

- the first occurs at times less than 1800 seconds, the second between 1800 and 2000, and 

the third above 2000. For example, the third and fourth fractions both show two merged 

peaks. The fifth fraction also shows two merged peaks, which are then more fully 

developed in later fractions. The whole coal tar GPC curve also clearly indicates all three 

of the peaks. The variation of each of these peak's elution volumes with the VPO number 

average molecular weight of the fraction was thought to offer a better hope of calibration, 

since it separates functional group separation as a distinct parameter. 

Four simple GPC calibration curves, constructed using the elution data for the 

different peaks of the coal tar fractions of all investigated tars (Bruceton, Pittsburgh, 

Illinois, Upper-Freeport and Wyodak) are shown in Figures 12, 13 and 14. The 

calibration curves are established by the peak position method by relating the peak 

retention time to the number average molecular weight for the tar fractions in the form: 

InMW=A-B*Tr (6) 
where MW is a molecular weight [g/mol], Tr is a retention time [sec], and A and B are 

the experimentally derived constants. 

Figure 12 presents the calibration curve for the first peak occurring at times less than 

1800 sec. The following calibration curve using Bruceton tar fractions 1,2 and 3 can be 

derived : In MW = 16.33 1 - 0.00576* Tr. The relative position of this first peak suggest 

that it could contain compounds with alkyl character. The effect of long alkyl substituents 

in minimizing retention times of PAC has been observed in several studies using THF as 
solvent [Strachan and Johns, 1985; Rodgers et al. 1987; Philip and Anthony 1982; Lafleur 

and Wornat, 19881. The alkyl nature of the peak is supported by fact that more than 50% 
of this fraction is volatile below 3OO0C, even though these fractions have number average 

molecular weight between 300 and 700 daltons. 
Figure 13 presents the calibration curve for the second peak occurring between 1800 

and 2000 sec. Comparison with the pure compounds of Figure 5 shows that these should 

be mainly strong hydrogen bonding forming compounds (e.g., containing hydroxyl 



groups) with number average molecular weights between 200 and 400 daltons. As seen in 

Figure 5, the hydroxyl groups shift retention times to shorter times. The following 

calibration curve was constructed : In MW = 18.058 - 0.00638 * Tr. 

Figure 14 presents the calibration curves for the third peak occurring above 2000 sec. 

It is apparent from the fact that the molecular weight of the later fractions increases with 

retention time above 2200 seconds, there could actually be two calibration curves. The 

elemental analysis indicates increases nitrogen content and lowering H/C when peak area 

increased. This is no doubt attributable to the heterogeneity and functionality of coal tar. 
Comparison with the pure compounds of Figure 8 also shows that there is no simple 

interpretation of the general retention times with chemical characteristics, clearly more 

calibrationcompounds are needed. Two calibration curves have been suggested by the 

data in hand 

The first one In MW = 15.779 - 0.00477 * Tr between 2000 and 2170 sec. could be 

PAC with short alkyl, phenyl and functional groups containing N, S and 0, which shift 

the retention times to smaller time. 

The second one In M W  = -2.619 + 0.00372 * Tr occurs between 2170 and 2300 sec. 
Planar unsubstituted PAC could be expected to elute here. Note that the pure the 

pericondensed aromatic hydrocarbons in Figure 8 act similarly, perylene elutes after 

pyrene and coronene after perylene. This kind behavior has been observed also .by the 

others [Strachan and Johns, 1985; Lafleur and Wornat, 19881. 

Thus, GPC with pyridine as the mobile phase permits multimode separation of the 

tars into three fractions and therefore can be applied to the characterization of tars. It could 

be hypothesized that the first consists of large molecules with long polymethylene 

substitutents, the second is enriched in hydroxyl groups , and the third contains PAC. 

Another problem in use of GPC for quantitative analysis is encountered the 

dependence of absorbance on W detector wavelength. The pure aromatic compounds 

present absorb more strongly at progressively longer wavelengths with increasing 

molecular weight, as the detector wavelength change from 230 to 350 nm partle et al., 
19861. This shift is significant in the case of pure compounds, but its importance in coal 

tars, which are extremely complex and may contain several thousands of compounds is 

unclear. Unger and Suuberg [1984] considered carefully the fact that different fractions of 
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the Bruceton tar might have different absorption characteristics and concluded that there 

was linearity of the actual detector response with sample concentration over the entire 

range studied. 

This can be also supported by Figure 15, which shows data of Figure 3, replotted. 

The maximum signal was obtained using the UV detector at a wavelength of 305 nm (UV 

cutoff was found to be slightly below 305 nm). Comparison of the normalized peaks at the 

six different wavelengths in Figure 15 shows that the absorbance increases uniformly over 

the entire spectral range studied, up to 305 nm. This indicates that the relative amounts of 

UV light absorbing species are accurately reflected, irrespective of choice of wavelength. 

this is presumably because the main UV-absorbing species have polycyclic aromatic 

character, and that there is no dependence of this character on elution time. The variation in 

intensity with time reflects a variation in amount of the chromophoric species eluting with 

time. This can be explained by assuming that the polynuclear aromatics making up the tar 
are all of comparable ring cluster size. Substitutents have a small effect on the absorptivity 

of a PAC chromophore and therefore the molar absorbance of most UV-absorbing species 

is nearly the same at any wavelength W e u r  et al., 19933. Thus, it is unnecessary to 

concern oneself about the choice of the UV wavelength. The choice is guided by detector 

response, which was highest at 305 nm (see Figure 3). 

The average molar absorbance is different for each tar from each different coal. The 

following average molar absorbances were found for tars investigated: 
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tar 

Bruceton, 

Illinois No. 3, 

Pittsburgh No. 8, 
Upper-Freeport , 
Wyodak, 

Table 3. Average Molar Absorbances of Tars. 
absorbance before effusion absorbance after effusion 

[ardmmol] [ardmmol] 

339 * 106 552* 106 

308 * 106 767* 106 

377 * 106 1082" 106 

487 * 106 746* 106 

236 * 106 547* 106 

Although a wavelength of 305 nm gave similar average molar absorbances for 

Bruceton, Illinois and Pittsburgh tars, it was notably higher for Upper-Freeport tar and 

lower for Wyodak tar. This could be explained in terms of the pyrolysis products of these 

tars having different basic aromatic cluster sizes. There is some evidence for this from 

Solum et al.[1989]. Cluster size increases slightly with rank. But it is also likely that on 

molar basis, a greater mole fraction of the tars from the higher rank coals contain the 

necessary UV-absorbing aromatic chromophores. Purely aliphatic materials would not 

absorb at all. Moreover, increases in absorbance ranging from 35 to 65%, after effusional 

evaporation suggest an enrichment of the UV absorbing fraction. There can be both 

evaporation of non-aromatic and smaller aromatic compounds, both of which can result in 

increased molar absorbance. Larger aromatic cluster compounds tend to be more 

absorbing [Bartle et al., 19861. We favor an explanation which emphasizes a shift in 

aromatic cluster size (due to differential evaporation), because as will be shown later, the 

shape of the GPC spectrum shows little evidence of differential evaporation, based on 

functional character. 

2.1.3. Coal tar, its thermal behavior and volatility. 

Four coals from the Argonne Premium Coal Set [vorres, 19901 - the Illinois No. 6, 

the Pittsburgh No. 8, the Upper-Freeport and Wyodak - were selected for this study 

because of their specific chemical and physical properties. These coals have well 
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characterized bulk chemical and physical properties and were mined, stored, and 

processed an inert atmosphere to prevent oxidation andor chemical alteration of the 

original coal samples. The samples studied were fairly fine powders of 100 mesh size. 

Additionally another Pittsburgh No. 8 sample, from Bruceton, was examined in 

preliminary work. 

The collected tar was generally dark brown and was like a paste or a very viscous 

liquid. The earlier and later fractions were usually harder and the middle fractions more 

viscous. 

Figure 16 shows GPC chromatograms for the tars studied. As stated in a previous 

section, GPC with a pyridine mobile phase involves the separation tar into three fractions 

according to the chemical type in addition to size separation. The actual assignments are 

still tentative. The first fraction may be large molecules involving polymethylene 

substitutents, the second may contain hydroxyl group-containing substituted aromatics, 

and the third, unsubstituted PAC. This allows us to characterize tars using the areas under 

peaks. The hypothetical split into three classes is shown in Table 4. 
4 

Table 4. Separation of tars by compound classes. 

- tar - M w  I(N/C)coal (N/Chr peak 1 peak2 peak3 

Pittsburgh 320 0.017 0.014 10% 70% 30% 

Bruceton 347 0.017 0.01 1 20% 60% 20% 

Illinois 273 0.015 0.013 20% 60% 20% 

Upper - Freeport 267 0.016 0.014 5% 60% 35% 

WY& 324 0.013 0.010 60% 30% 10% 

This characterization suggests a large amount of hydroxyl substituted aromatics in tars. 

Upper-Freeport coal (medium volatile bituminous) shows few compounds with 

polymethylene character. The higher average molar absorbance of this tar suggests a larger 

aromatic content than in the other tars investigated (see Table 3). 

The high volatile bituminous coal tars, Pittsburgh No 8, Illinois No 6 and Bruceton, 

show all three peaks with main concentration under peak 2, believed to be associated with 

phenolic compounds. 
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Subbituminous Wyodak tar shows a higher concentration of molecules enriched in 

polymethylene substitutents, and the lowest average molar absorbance. This suggests a 

lower aromatic content and more aliphatic character. 

All tars show heteroatomic content comparable to parent coals (see N/C ratio in Table 

4) and likely contain a large amount of hydroxyl functionality. This means that they could 

exhibit very strong electron donor-acceptor interactions. This may be important in 

influencing the vapor pressure behavior of the tars. In an earlier quarterly, we showed data 
on model compounds, which suggested significant departures from Raoult's Law. Here, 

we explored this issue further by studying the vapor pressure of an artificially made 

mixture of hydroxypyrene (C1&I100, MW = 218) and Illinois No. 6 tar fraction 4. Note 

that fraction 4 (MW = 270 by VPO) occupies 42 mass% of the total tar and the GPC 

spectrum is dominated by the second peak. This predicts that an average molecule would 

contain at least one hydroxyl group and every tenth molecule contains N. The model 

mixture was prepared by dissolving these two components in THF and then the solvent 

was evaporated in a vacuum oven. The vapor pressure was measured by the continuous 

Knudsen effusion technique. Figure 17 shows that the mixture exhibited vapor pressures 

quite close to those "predicted" from Raoultk law. The prediction was based upon 

assuming the tar to be a simple pseudo-component of a binary mixture. The above result 

suggests that assuming ideal mixture behavior could be acceptable for pyrolysis modeling 

work despite the possibility of strong specific interactions between certain functional 

groups. 

2.1.4 Thermal stability of Tars 

The thermal behavior of tar samples and their fractions were observed by DSC using 

two different heating rates. Figures 18 and 19 present results for Pittsburgh No. 8 tar with 

heating rates of S"C/min and O.S"C/min respectively. It is impossible to determine the latent 

heat of fusion from DSC results. Our vacuum sublimation experiments show "melting" 

between 100 and 150°C for the tars and tar fractions examined. This can be explained by 

the fact that tar is complex mixture of many compounds with very different melting 
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behaviors, and which are soluble in each other. There is no unique, pure component 

melting point. 

From the difference in the two DSC plots, it seems that there could be some slow 

physical and chemical changes that occur during long term heating below 300 "C. To 

address this issue, experiments were performed, in which glass capillaries were filled with 

coal tar under an inert gas environment, closed hermetically and heated at desired 

temperatures. It was found that there was an increase in number average molecular weight 

of about 20% by VPO (from 310 to 380 daltons) after heating Illinois tar about 2 hr at 

200°C and there were also slight changes in the GPC spectra, as can be seen in Figure 20. 

Figure 20 suggests that there are changes in the second (OH rich) peak producing species 

eluting before 1700 sec. There is also a small increase in the average molar absorbance, by 

5%, after heating, but this is well within the experimental error. This supports the 

hypothesis that the earlier cited change of between 35 and 65% in average molar 

absorbance is a result of preferential vaporization of the species with less large PAH 

content, as opposed to formation of PAH by reaction. 

Vacuum sublimation experiments were performed using a standard vacuum sublimator. 

Two isothermal steps and a vacuum 5* 10-2 torr were used to produce volatilized fractions, 

which were investigated by GPC and VPO. Results are shown in Figure 21 for Bruceton 

tar. All three peaks are apparent in the evaporated fractions. This shows that the vaporized 

fractions have character similar to the parent coal tar and indicates again that the separation 

is by structure in the GPC column. The shift in peak retention times to lower values and 

increase in average molar absorbance of higher temperature fractions suggests the tars 

evaporate in a "distillation-like" fashion. The average molar absorbances were 199* 106, 
329" 106 and 991" 106 respectively for fractions vaporized at 140°C, 280°C and the residue 

left into sublimator, respectively. The lower molecular weight portions of all three main 

peaks evaporate first. Their lower molar absorbances suggest either a lower content of 

aromatics, or a lower content of larger aromatic clusters. 

The second conclusion from Figure 21 is that there is reaction producing a new, early 
peak. Also, a simple mole balance in the form Niitid = Nleft + NevapmM shows that 

the molecular weight of fraction that was left after heating at 280°C should be 486, instead 

of 628 daltons, unless a reaction took place. Additionally, the fraction left in the sublimator 

was hardly soluble in THF. All of these features are consistent with the results of the 
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experiments of Figure 20. These results have important implications for studies of tar vapor 

pressures. They reaffirm the importance of avoiding conditions leading to reactions that 

change the nature of the tar. Further to this point, we consider other results. 

"Melting" and sublimation behaviors were determined by Freihaut et al. E19931 for the 

following tars: 

tar Sublimation 

Lignite , Lower Wilcox , TX 

Pittsburgh No. 8, HVA 

Pocahontas No. 3, MVB 

["CI 
NA 

91-95 

85-90 

initial 

softening 

["Cl 
68-70 
110-115 

90-95 

complete 

melting 

["CI 
76-78 
140-150 
135.140 

The key data here are those for sublimation, which suggests a rather volatile material. 

Moreover, the tars are in a softened state under temperature conditions such as we use for 

vapor pressure measurement. However, Freihaut et al. [1993] studied the tar volatility by 

revaporizing lignite and bituminous coal tars in the wire mesh reactor. Figure 22 shows 

their results and displays the mass fraction of samples of primary lignite and bituminous 

coal tars that can be revaporized in the heated grid apparatus. All tar could not .be 

revaporized. The fraction of tar vaporized reaches an asymptote of around 60 to 90% at 

500"C, which is below the temperature range associated with active pyrolysis. The fraction 

of tar vaporized is higher for lignite (Lower Wilcox, TX) 90% and vacuum -HVA 

bituminous coal tar (Pittsburgh No 8) 80%, and around 65% for HVA bituminous 

(Pittsburgh No 8) and MVB (Pocahontas No 3). In no case could all tar be re-evaporated. 

Such experimental results have important implication for our vapor pressure measurements. 

To see this, we consider the result of our vapor pressure experiments in the Knudsen 

effusion cell. Some results are shown in Figure 23, for the unfractionated Pittsburgh No. 

8 tar. 
The Knudsen effusion experiments were performed using isothermal steps in order to 

study the total amount of tar that could be lost at each temperature. Figure 23 show that 15 
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% of tar is volatile below 150°C (consistent with earlier reported low sublimation 

temperatures), 35% below 200°C and more than 50% below 250°C. 
Keeping in mind our earlier self-imposed temperature limit of 3OOOC for these 

experiments, we see that it is possible to examine at least half of the tar under such 

conditions. Naturally the new results of Figure 20 and 21 suggest that even at 

temperatures below 200"C, some changes in the tar are likely during the time necessary for 

measurement. Thus it is necessary to track the extent of changes in the tar, in order to 

assure that these are not significant or to account for their effects explicitly. This tracking 

is best accomplished by examining changes in molecular weight of the residue. 

3. Plans for next quarter. 

There are now many new data on the vapor pressures of coal tars and coal tar 
fractions. Attention will be turned during the next quarter to analysis of this data set. 
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Figure 13. The calibration curve for the second main elution peak. 
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	pyridine as the mobile phase Molecular weight and elution times are shown in Table

