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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) 
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. 
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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. Experimental 

2.1.1 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 45OC. It is known that such vacuum drying will result in loss of some light 
material, especially those with a molecular weight less than that of anthracene. So the 
starting tars can be defied, 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 column. This fractionation crudely divides the tar into molecular 
weight intervals. Vapor pressure measurements have been made on these fractions, as well 
as on the whole, unfractionated tars. Further issues related to tar fractionation are discussed 
below. 

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 
characterizing its molecular weight distribution. An elemental analyzer was used to 
determine the elemental composition of the fractions. Differential Scanning Calorimetry 
@SC) was used to examine the thermal behavior of the fractions. 

As the project emphasizes study of primary tars (Le., tars that have not been subject to 
extensive secondary reactions) the tar preparation systems have been selected to minimize 
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. This is because the reactor systems must be 
chosen to provide a short residence time for the tars, and thus must be of limited 
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dimensions. Three systems have been used here: 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. Typically, the coal was pyrolyzed 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 5OOOC. 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 resident 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 e100 mesh and 4 0  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 N m i n  measured at 25OC, 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 7OO0C, leading to an ambient inert gas temperature of 
approximately 680 OC and a fmal particle temperature 670°C. The average particle heating 
rate from room temperature to 5OOOC was 1S0C/sec and then the particle temperature 
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reached 67OOC in two minutes. The total reaction time was 3 minutes, after there the char 
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. 

2.1.2 Tar Fractionation Techniques 

Two different methods have been employed. The first one involved classical gel 
permeation chromatography, and the second, vacuum sublimation. Preliminary 
experiments showed that the separation by vacuum sublimation was less satisfactory . 

The tars have been fractionated using gel-permeation chromatography (GPC) in 
preparative mode, i.e., using large sample volumes. Two 25 cm columns were used in 
series, for this purpose. The first column was packed with y-styragel 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 0. The flowrate was typically 1 ml/min. The column 
operated at room temperature. Approximately 0.5 cc of solution containing around 500 
mgcc of tar was injected in each run. 

The fractionations were based on an assumption that different molecular weight 
fractions elute at different elution times (volumes). Generally speaking, between 10-20 
minutes were allowed for elution of each fraction. The six fractions were collected from the 
GFT following W detection at a wavelength of 283 nm. A typical preparative scale GPC 
chromatogram is shown in Figure 1, along with the dividing lines between fractions. As 
may be noted, the earlier and later fractions are much more dilute than the middle fractions. 
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 5OoC in vacuum. 

The molecular weight distribution in the tar was determined by a combination of W O  
and analytical 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 OC, and the solvent flowrate was 0.3 ml/min. Samples 
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were prepared by dissolving a small amount of each tar fraction in pyridine. The sample 
injection volume was 20 pl of a lOmg/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. 

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 
measurement was checked with 3-hydroxy-lH-phenalen-1-one ( MW 196.21 ) and 
phenanthridine ( MW 179 ) to ascertain the influence of heteroatoms on the measurement. 
Figure 2 shows a comparison of the results for 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. 

A major problem was encountered in calibration of the GPC with coal tars. The 
strategy was initially one of relating measured elution times from the analytical GPC to the 
molecular weights determined by WO. This strategy has often been followed in other 
studies, in this laboratory and elsewhere. The strategy proved difficult to implement, 
however. The first problem is encountered in obtaining suitable calibration standards. The 
tar fractions themselves are the only acceptable standards, since there is a significant 
shape-specificity in GPC separation, when the primary correlative variable is molecular 
weight. The tars themselves are available in a fairly limited mass range, as provided by 
the preparative scale GPC. Moreover, the fractions cannot be expected to be very narrow 
in molecular weight, though this problem is easily overcome by proper mathematical 
analysis of the elution behavior. 

A more difficult problem in calibration is caused by the behavior of heterogeneous 
mixtures of relatively low molecular weight compounds, which is much more complex 
than separation by molecular size of single polymers. Additional factors play a role in the 
separation; besides molecular size, chemical characteristics such as polarity can play an 
important role. It has, for example, been observed that neutral molecules elute much later 
than compounds which are known to form H-bonded complexes with "HF or pyridine. 
Even in the case of aromatic hydrocarbons, the separation depends upon more than 
molecular weight . For this reason, it is not feasible to calibrate a GPC column with coal 
tar model compounds. 

Figure 3 shows some our data from the analytical GPC column. There is no unique 
correlation of molecular weight with retention time. In an ideal separation, it should be 
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recalled that the compounds will elute in reverse order of molecular weight, i.e., higher 
molecular weight compounds should elute fist. Note that the pure aromatic hydrocarbons, 
perylene and pyrene, elute last. The lower molecular weight naphthol and 
hydroxyphenalone elute considerably earlier. This is presumably because of polar 
interactions that the latter two compounds can be involved in, perhaps with the solvent 
itself, as has been earlier hypothesized. This means that calibration must be performed 
with compounds of a similar chemical nature to those of interest. This, in turn, requires 
that the column be calibrated with tar fractions of known molecular weight, because there 
are no other obvious choices of good model compounds. Unfortunately, even this strategy 
has proven deficient, due to the heterogeneity of coal tars. 

Figure 4 shows the GPC chromatograms for the first five fractions (in terms of 
elution from the preparative GPC column) derived from Bruceton bituminous cod tar. 
Figure 5 shows the chromatograms of the last four hctions, as well as the whole coal tar. 
The earlier eluting fractions, those containing high molecular weight components, are 
generally characterized as broad peaks with a well-defined maximum (see Figure 4). The 
higher the fraction number, the more bimodal the peak becomes - this is particularly 
evident in Figure 5. The whole tar is seen to comprise all of these features. This m a n s  
that the fractionation in the preparative scale GPC is not itself creating artifacts. The 
separations in the two GPC systems cannot be simply characterized, however. 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 5 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 molecular size 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 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 3, 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. Clearly these last three fractions 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 
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hope of defining a reliable calibration curve of molecular weight vs. elution volume in this 
range of molecular weight. 

A simple GPC calibration curve, constructed using the elution data for the coal tar 
fractions, is shown in Figure 6. It is immediately apparent that since many of the elution 
curves are composed of at least two, and possibly, three peaks, no single calibration curve 
can be drawn. 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. 

By separating the contributions of the three peaks in Figure 6, it is apparent that there 
are actually three distinct calibration curves that begin to emerge. This is no doubt 
attributable to the heterogeneity of coal tar. Comparison with the pure compounds of 
Figure 3 also shows that there is no simple interpretation of the general retention times 
with chemical characteristics. 

Since the vapor pressure of the tar depends to the greatest extent upon the molecular 
weight of the tar, it is necessary to understand more completely how to characterize the 
tars with respect to this quantity. The results obtained thus far have shown that the initial 
plan, involving preparation of narrow molecular weight fractions for vapor pressure 
testing, needs to be reconsidered. Some segregation of the tars, using GPC, is possible. It 
is, however, clear that the certain fractions cannot be so simply characterized. 

2.1.3 Vapor Pressure Determinations 

The results of preliminary experiments on the vapor pressure of Bruceton coal tar are 
shown in Figure 7. These results have been obtained using the so-called continuous 
Knudsen effusion technique, applied to an unfractionated tar in this case. This technique 
was described in detail in the previous quarterly report. In these experiments, the 
temperature of the sample was continually raised from an initial value of 60 O C  to a final 
temperature of 220 OC, at a rate of 0.5 "C/min. As opposed to the normal constant 
temperature implementation of the Knudsen Effusion technique, this method allows a 
broader scan of the temperature range of interest in a shorter time. Because the tar changes 
in composition during evaporative loss of its components, the ability to quickly scan the 
whole temperature space of interest is of great importance. 
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The results of Figure 7, show that the tars evaporate in a "distillation-like" fashion. 
More volatile species are lost earlier in the process, leaving behind a progressively less 
volatiIe residue. The experiments of Figure 7 involved tracking the vapor pressure during 
both heatup and cooldown cycles. It can be seen that the trace of each heatup cycle (at a 
progressively higher total level of mass loss) tracks well the immediately preceding 
cooldown curve. This is not surprising, because during cooldown, the rates of mass loss 
fall quite low, and until the temperature is again raised to considerably higher values, little 
further mass loss occurs. Thus there should be little change in vapor pressure attributable 
to mass loss during the cooldown and early part of the next heatup cycle. 

The further analysis of this, and other similar vapor pressure results, will be 
deferred until the next quarterly report. It can, however, be noted that the vapor pressure 
remains in the range from about 7 x 10-5 to 7 x 10-3 torr as the temperature of the sample 
is raised from 60°C to 225OC, as a result of loss of progressively less volatile components. 
Using our earlier derived correlation for the vapor pressures of coal tars: 

In P [torr] = 4.45 x 106 exp (-255 IVI!*s@%') 
if the mid-range of the pressure and temperatures of Figure 7 are taken to be In P = 

-7.5 (or P = 5.5 x torr) and 1/T = 0.00255 (or T = 392 K), then the value of M 
would be calculated to be about 430 daltons, which is in good agreement with the middle 
fractions of the tar (see Figure 6). Again, much more detailed analyses of these data will 
be presented in the next quarterly. 

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. 

DISCLAIMER 

This report was prepared as an amount 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. Typical preparative GPC chromatogram, 
along with the dividing lines between fractions. 
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Figure 2. VPO calibration constant determinations at 90°C, 
using pyridine as the solvent. 
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collected from the preparative GPC column. 
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Figure 5. GPC chromatograms for whole Bruceton tar and last 4 &actions 
collected from the preparative GPC column. 



d 

Q) 
0 
0 

d 

4 
0 
0 

d 

00 
0 

I. 

CD 
0 
0 

h) 
0 
0 
0 

h) 

0 
0 

d 

h) 
N 
0 
0 

In [MW] 

in in in Q) Q) Q, 
8 8 8 8 b a3 Q) N b Q, a3 

e 
0 



- mass loss from 5% to 20% 
- - - -  mass lossfrom 20% to 37% 

I I I -  -4 
mass loss 37% to 54% 

- -  mass loss from 54% to 68% 
mass loss from 68% to 82% 

_ _ _ _  

- - - _  

- 

-1 0 1 I I I I 

0.002 0.0022 0.0024 0.0026 0.0028 0.003 0.0032 
1 m K I  

Figure 7. The Continuous Effusion method applied to Bruceton tar. 


