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1. General Background 

As the world continues to deplete its petroleum reserves, lower quality fossil fuels will 
play an increasingly important role in energy production. Heavy crude oil, coal liquids, 
and other heavy fossil fuels may be required to meet world energy needs. Heavy fossil 
fuels are generally higher in molecular weight, more aromatic, and contain more 
heteroatoms than higher quality petroleum. There will be an increasing need to deal with 
such low quality feedstocks, and therefore, an incentive to learn more about their 
properties. 

There is also significant current interest in the general area of coal pyrolysis, 
particularly with respect to comprehensive models of this complicated phenomenon. This 
interest derives from the 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 more reliable correlations for predicting vapor pressures of heavy, primary 
coal tars, Such information is important in design of all coal conversion processes, in 
which the volatility of tany 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 accuracy. 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 extensively 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 coal tars. 

The present project seeks to address this important gap in understanding 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) 
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 
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characteristics of the tars, 3) develop equipment that would allow performing such 
measurements in a reliable, straightforward fashion. 

2. Result from this Quarter 

Significant effort has been devoted during this quarter to extending the measurements 
of vapor pressures of coal tar related compounds and mixtures. This report presents the 
results of the measurements of the vapor pressure of heteroatom-containing polycyclic 
aromatic hydrocarbons (PAH) and some mixtures of these compounds. The main 
technique employed during the present quarter was the Knudsen effusion technique, 
described in earlier quarterly reports. 

. 

3. Experimental 

The vapor pressures of pure compounds and model 'ttarst', consisting the mixtures of 
PAH, are measured using a molecular effusion / TGA technique (the so-called "Knudsen 
Effusion" technique). Some measurements have been made with actual coal tars, but these 
results need further analysis and are not shown in this report. The details of the procedure 
have been reported earlier, and will therefore not be repeated here. 

3.1. Pure compound vapor pressures 

All pure components reported on during this quarter were obtained from Aldrich 
Chemical Company, Inc. and used without further purification. Their purities generally 
exceeded 99%. It has become practice to vaporize several percent of a fresh sample before 
taking any recorded data. This procedure allows for loss of any volatile impurities, and 
generally leads to more reproducible results. 

We first verified some of our earlier measurements. The new results for 
phenanthridine, hydroxypyrene and lY2-benzodiphenylene sulfide are shown in Figures 1 
to 3. These results are in generally good agreement with the earlier results. There had been 
some concerns about various aspects of the procedure, but the equipment now seems to be 
operable in a reliable, reproducible manner. 
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As the literature data on heteroatom-containing aromatics are extremely scarce, we 
extended our experiments to a few other heteroatom-containing pure compounds for which 
no data have been reported. Results were obtained for solid perinaphthenone, of 99% 
purity, between 52 and 74 OC and solid benz[g]isoquinoline-5,lOdione, of 99% purity, 
between 61 and 108 O C .  These are shown in Figures 4 and 5, respectively. 

Additionally, we measured the vapor pressure of 2,3-benzofluorene of 98% purity. 
This was not a heteroatom-containing polycyclic, but it extended our general data base on 
PAH. It is also significant, in that it contains a five-membered ring. Earlier, we had been 
mainly concerned with 6-membered rings. The results for this compound are shown in 
Figure 6. 

There is nothing particularly remarkable about the results for any of the pure 
compounds. Attention is, however, again drawn to the very low levels of vapor pressure 
that can be determined using this technique. 

3.2. Vapor pressures of mixtures 

Coal tars are very complicated mixtures containing many hundred or thousands of 
components. It is unclear what mixture models can be used to describe solid-vapor and 
liquid-vapor equilibrium for tars. Here, the study of mixture behavior was continued using 
very simple binary mixtures of the above described pure compounds, plus others reported 
earlier. 

The mixtures were prepared by so called "quenching" method. This involved 
transferring weighed amounts of two components into a stainless steel capsule under an 
inert gas environment. After closing the capsule, the contents were melted and 
homogenized by shaking. "Instant" cooling was achieved by dropping the capsule into 
liquid nitrogen . The compositions of the mixtures were calculated from the amounts of 
Components added to the capsule, assuming perfect mixing. This was assumed appropriate 
because no macroscopic phase separation was noted in any of the samples reported on 
here. 

Close to ideal mixture behavior was seen in the vapor pressures for aromatic 
hydrocarbon mixtures, but care must be exercised in drawing conclusions concerning 
mixture ideality. Examples of the data obtained are shown in Figures 7 through 9. The 
results revealed no major deviations from ideal mixture-like behavior, but as a result of the 
choice of mixtures, a rigorous test of ideality is not possible. 



Figure 7 shows results for a mixture of anthracene and perylene, which should 
form a nearly ideal binary liquid mixture ( both are pure polycyclic aromatic 
hydrocarbons). Results for the actual solid mixture are seen to be near the Raoult's law 
prediction, which in this case is dominated by the vapor pressure of the more volatile 
component. Strictly speaking, we cannot assure formation of a truly single phase system 
upon quenching - phase separation might have occurred on a scale smaller than visual 
observation can reveal. If the mixture were entirely phase separated, then behavior quite 
similar to what was observed would also be expected - the vapor pressure would be 
dominated by the vapor pressure of the more volatile component. Thus, the present results 
are of little value in distinguishing the nature of the mixture. Better agreement with Raoult's 
law behavior might be anticipated if we performed our measurements with the mixture in a 
liquid phase. 

Figure 8 shows the results for a mixture of 75% anthracene and 25% benzofluorene. 
Again, this should be expected to be a nearly 'Iideal" system, given its primarily PAH 
character. The predictions from Raoult's law are, however, again somewhat low. Once 
more, phase separation must be suspected. In this case, the mixture vapor pressure is 
actually quite close to the sum of the vapor pressures of the individual components. This is 
precisely the behavior expected from a phase-separated mixture. 

Figure 9 shows results for a mixture of 25% anthracene and 75% benzofluorene. 
Again, Raoult's law under predicts the vapor pressure of the mixture. It should be 
remembered that an underprediction are unit on the logarithmic scale corresponds to a factor 
of 2.7 in actual vapor pressure. The curvature away from a straight line at higher 
temperatures could be the result of the loss of the more volatile component during heating, 
since this could influence the subsequent measurements of vapor pressure of the mixture. 
There may be another explanation for the convergence with the Raoult's law results at high 
temperatures as well; this will be considered below. 

It is noteworthy that the two different mixtures of the same pair of components gave 
different mixture vapor pressures, in Figures 8 and 9. This would argue against purely 
phase-separated systems, since in that case slightly more than the vapor pressure of pure 
anthracene would obtain regardless of mixing ratio. 

Coal tars are not pure polycyclic aromatic hydrocarbons, but may contain significant 
numbers of heteroatoms. It was shown in a previous report , and here in Figure 10, that a 
mixture of 1-hydroxypyrene and phenanthridine behaves highly non-ideally, and the 
deviation from Raoult's law was substantial ( about an order of magnitude). The fact that 
the mixture shows a much lower vapor pressure was not surprising. It is known that the 
hydroxyl functional group has a significant effect on vapor pressure. The mixture chosen 
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for study here was selected to exhibit a very strong interaction between a nitrogen base and 
the OH group. There is little doubt that these sorts of interactions may exist in coal tars, 
since these materials contain both pyridinic and hydroxyl functionalities. 

These experiments were extended to study other heteroatom-containing mixtures that 
would not exhibit such strong interactions. Results are shown in Figures 11, 12 and 13. 
Figure 11 shows results for the same strong nitrogen base in mixture with a PAH 
compound. The behavior is similar to what was observed in the absence of heteroatoms. 
Again, it is impossible to say whether the result is simply near Raoult's law, or that phase 
separation has O C C U K ~ ~ .  Once again, there is a tendency to approach the Raoult's law 
behavior at higher temperatures. 

Figures 12 and 13 show the results for a mixture of a cyclic sulfide and a nitrogen base 
(at two different mixture compositions). Once again, aromatic mixtures containing only 
sulfur and nitrogen heteroatoms exhibited vapor pressures quite close to those "predicted" 
from Raoult's law. However, once again, phase separation is strongly suspected because 
of the apparent lack of composition dependence of the mixture vapor pressures; the results 
of both Figures 12 and 13 follow the pure phenanthridine results quite closely, deviating 
only at higher temperatures. The tendency of results to again approach the Raoult's law 
prediction as temperature is raised is of interest. While we are concerned that this might be 
an artifact of selective component loss, it could at the same time, indicate a higher degree of 
ideality upon approaching temperatures in which melting behavior is seen. We have not yet 
determined the melting points of these mixtures. 

4.0 Plans for the next quarter. 

Work continues on the coal tar preparation and characterization equipment. We are 
looking forward to developing the continuous effusion technique for vapor pressure 
measurements of mixtures and real tars. 

Meanwhile, the results obtained on solid mixtures have pointed to the need for 
several further experiments with well-defined mixtures. First, we wish to explore whether 
the approach to Raoult's law at high temperatures is real or an artifact. This is easily 
established by temperature cycling; loss of the more volatile component would be 
irreversible, and reveal itself at lower temperatures as well. If phase separation has truly 
occurred, .then a gradual approach to Raoult's law (and melting) would be the only 
explanation for the data. Evidence for phase separation will be sought be various means. 
One of the simplest will be to examine mixtures by DSC and determine the nature of the 
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fusion endotherms. There is also naturally a strong incentive to explore mixtures with 
components that possess more nearly equal vapor pressures, as these would give clearer 
evidence of ideal mixture. Finally, coal tars will generally be in a fluid-like state. The vapor 
pressure behavior of mixtures that are in the liquid state remains a key priority. This has 
proved problematic, using the effusion method. It may be possible to calibrate the gas 
saturation method using mixtures characterized by the effusion method, and extend the 
measurements to higher temperatures in that device. 

DECLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Figure 1. Effusion method applied to solid phenanthridine. 
The vapor pressure was examined in the temperature range from 35 to 63OC. 
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Figure 2. Effusion method applied to solid 1-Hydroxy pyrene. 
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Figure 3. Effusion method applied to l,%benzodiphenylene sulfide, 



-6 I I I 1 

In P = 27.308 + -1 1690lT 

- 

- 

- 

- 

- 

I I I 

UT KI 
Figure 4. Effusion method applied to solid Perinapthenone. 
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Figure 5. Effusion method applied to solid 
Benz[g]isoquinoline-5,lO-dione. 
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Figure 6. Effusion method applied to solid 2,3-Benzofluorene. 
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Figure 7. Effusion method applied to a mixture of anthracene (50%) and 
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Figure 8.Bffusion method applied to mixture of anthracene 75 % and 
benzoflnorene ( balance ). Data for pure components shown for comparison. 
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Figure 9. Effusion method applied to mixture of anthracene (25%) and 
benzofluorene (balance). Data for pure components shown for comparison. 
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Figure 10. Effusion method applied to a mixture of 1-hydroxypyrene (54%) and 

phenanthridine (balance). Data for pure components shown for comparison. 
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Figure 11. Effusion method applied to a mixture of phenanthridine (50%) and 
perylene (balance). Data for pure components shown for comparison. 
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Figure 12. Effusion method applied to a mixture of phemnthridine (75%) 
and l&benzodiphenylene sulfide (balance). 

Data for pure components shown for comparison. 
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Figure 13. Effusion method applied to a mixture of phenanthridine (50%) 
and l&benzodiphenylene sulfide @alance). 

Data for pure components shown for comparison. 


