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This project is concerned with a basic scientific question concerning the properties of

coal--- to what extent is the ability of coal to hold moisture a manifestation of the weU-known

ability of coal to swell, when exposed to good solvents? The question implies that the long-

held belief that coal holds a significant portion of its moisture by classical capillary

condensation processes, is possibly in error. This seems to be a very real possibility for low

rank coals.- i.e. ligni,tes. To explore this hypothesis further requires an examination of the

basic phenomena governing the swelling of coals in good solvents. This is the focus of the

first part of this project.

The possibility that coal holds a significant portion of its moisture by solvent swelling

mechanisms leads to an interesting technical issue, lt is weil known Hat simple drying of low

rank coals at minemouth is ineffective because the process is reversible, to a significant

degree. The economic advantages of pre-shipment dryi'ng have however dictated a search for
=

"permanent" drying procedures. These have been developed by largely empirical means, told

involve mild pyrolytic treatments of the coals in oil, steam or liquid water itself. "['he idea has

always been to pyrolytically remove oxygen groups, which are assumed to be those that hold

- water most strongly by hydrogen bonding. The treatments have been designed to minimize tar

formation and decrepitation of the particles, both highly undesirable. In relation to flae present

new hypothesis concerning water retention, it is likely that a sound approach to perrnanent

drying would involve highly crosslinking the coal at mild drying conditions. The crosslinked

coal could not swell sufficiently to hold much water, lt is identifying processes to achieve this

goal, that constitute the objective of the second phase of this work.

_.g_._nt Ouaner Su_

This quarter's efforts involved further experiments using the flow microcalorimeter for

-
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characterizing the heat effects involved in interaction of swelling solvents and coals. Again,

• these data are of relevance to the overall project goal of establishing that moisture retention is a

solvent swelling process. A new student is joining the project; Markus Langner has turned

over the instrument to Ken Leung.

Tile particular questions 'addressed in tiffs particular report concern the variation in the heat

effects of wetting with temperature, and the actual correlation of heat effects with degree of

swelling of the co al_ These results tend to support the notion that the heat effects are quite

modest. The possibly important role of moisture removal on achieving reproducible results

was also highlighted.

Next Qug_ter Plans

We need to test further the new theory of coal swelling with dissociation that was

developed and reported in the previous quarterly report. The model has not worked well with

re._pect to predicting the behavior of water, perhaps because the mixing enthalpy effects are

not yet well represented for that case, or perhaps because the elastic nature of coal structure is

not yet well represented. In any case, significant work needs to be done on the model.

The measurements of heat effects in conjunction with solvent swelling, as reported here,

• will continue. These measurements give a better sense of how the mixing model is interrelated=

: to the elastic model. Finally, steps have been taken to locate a source of a dynamic mechanical

analyzer that will permit more direct testing of the elastic constants of coal.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government n:orany agency therex_f,nor any of their

: employe_s, makes any warranty, express or implied, or assume_ any _egal liability or responsi-
: bility tbr the accuracy, completeness, or u_fulness of any information, apparatus, product, or
= process disclosed, or represents that its use would not infringe p,rivatelyowned rights. Refer-

enc,e herein to any Sl_Cificcommercial product, proc_ess,or service by trade name_ trademark,
manufacturer, or otherwise d¢_s r_ot necessarily constitute or imp,ly its endorsement, recom.

= mendation, or favoring by the United States Government or any agency thereof. The views
= and opinions of autho,rs exp.ressed herein do not necessarily state or ref_. those of the
= United Sitates Government or any agency thereof.=
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1.0 INTRODUCTION

This report is, ag_,in, concerned with measurements of the heat effects of mixing of coals

and solvents. The theory that this information feeds into has been reviewed in the third and

fifth quarterly reports, and will not be repeated here. Attention is turned immediately to the

measurements of heat effects of solvent swelling.

lt had been concluded in the fourth quarterly report that the flow microcalorimeter results

had been influenced by a heat of mixing effect between the different solvents fed to the coal

sample. We perform an experiment by initially passing a pure weakly-interacting solvent

through a bed of coal, then switching in an abrupt stepwise manner to a solvent mixture

containing a strongly interacting component. The heat effect after the step change, until a new

equilibrium is established, is what is meas_ed (see below for more details on the technique).

The concern had been that the mixing of the pure solvent with the mixture containing the

strongly interacting component during the switchover was an exothermic process,

independent of anything going on in the coal. We now question this conclusion, based on a

number of further measurements. The issue is an important one to resolve, in terms of

obtaining quantitatively reliable results. It does not, however, significantly alter the main

conclusions concerning the near thermoneutrality of the coal-solvent mixing process, hera'

swelling equilibrium.

2.0 EXPERIMENTAL

The flow microcalorimeter is a commercial device (Microscal, Ltd°), used here in an

unmodified fon'n. Briefly, it consists of a tube maintained in a carefully controlled thermal

environment, which is instrumented with calibrated thernaistors, capable of showing very

small heat effects within the tube. The tube is packed with a few tens of milligrams of coal,

and a flow of solvent is introduced, at carefully controlled rate through the bed. Here, the

-- experiments involved establishing a steady flow of non-specifically interacting solvent (e.g.

heptane) through the coal sample bed, and then switching this flow to another strongly
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interacting solvent, and measuring the resultant heat release. Cycling back and forth between

' heptane and the strongly interacthag solvent gives a measure of the reversibility of the sorption

process involving the strongly interacting solvent. For a fully reversible sorption process, the

integrated heat release during adsorption should exactly balance the heat absorption during

desorption, lt is in this regard that the results obtained earlier had been troublesome, as noted

above.

In other experiments, the flow microcalorimetric experiments were combined with actual

solvent swelling measurements, to provide information on the extent of solvent up_ake by the

coal. The experiments involved swelling identical samples of lignite in two different

concentration propanol in heptane mixtures - 5% a_.nd10% propanol. The difference in the

extent of volumetric swelling was measured by the usual means, that is, samples were placed

into constant bore 3 mm diameter, 5 cm long glass tubes in a dr), state, centrifuged, and

measured for height of sample in the tube. Solvent was then added, the sample and solvent

were vigorously mixed, and allowed to stand for various lengths of time, whereupon the

mixture was recentrifuged and the height of the coal column remeasured. The ratio of initial

o dry height to final solvent swollen height is what we term the swelling ratio, and this is

proportional to the molar uptake of the solvent into the coal (since there is no dry voidage in

: the sample).

The only coals used during this reporting period are No_ah Dakota lignites, as outlined in
.

Table 1.

3.0 RESULTS

Table 2 summarizes some of the data reported in the fomth quarterly report. A_ that time,
z

we attributed the difference between the adsorption and desorption values to a heat of dilution

effect. Upon discussion with the instrument manufacturer, they expressed _kepticism

concerning this explanation. Our own search of the literatm_ for mixing heat effects in such

solutions had caused us to doubt the earlier explanation as weil; the values we h_td obtained

2 appeared too large to be realistic for the high dilutions we were working with. Consequently,

we re-initiated a study on this point.
_

The study revealed that the supposed "heats of dilution" were in fact not constant, when
s
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we explored a wider range of materials in the calorimeter. They could be an order of

; magnitude less, such as with glass beads. Thus the earlier explanation could not be correct,

since a simple dilution should be independent of the packing.

Instead, suspicion began to focus on the problematic integration of the desorption peak,

which generally gave a higher heat of desorption than the preceding heat of adsorption (in

numerous repeated cycles). The difficulty, it was ultimately concluded, was in the long tailing

behavior of the desorption peak. The adsorption peaks are sharp, because the propanol in

effect, acts as its own "molecular wedge", loosening the structure ahead of its own diffusion.

-- Such a mechanism of penetration of organic solvents into polymers and coals is well

established, giving rise to "case II" diffusion behavior. Upon outward diffusion, when

propanol is desorbed into pure heptane, the outside of the coal particle begins to lose the

plasticizing propanol first, leaving a layer of coal depleted in propanol of low diffusivity,

through which the propanol from the center of the particlemust diffuse. This gives rise to

much longer timescales for outwarddiffusion than inward,and this is reflected in the longer

times for desorptionpeaks than adsorptionpeaks.

Generally speaking,the broad desorptionpeaks aredifficult to integrate,because there is

not a clear returnto baseline in a short time. The shapeof the peak is also much different than

the shape of the relatively sharpercalibrationpeak. Consequently, there is a large uncertainty

introduced in the desorption peak, and we now prefer to use the adsorption peak for

quantitation.

An important and unexpected effect of temperature of measurement has been noted in

recent work. Earlier, we had reported that the effect of increase of temperature was to speed

diffusion and thus to both shorten measurement times and sharpen peaks for integration. We

thus began to use higher temperatures for our measurements. It became apparerr,t that there2

was an effect of temperature on the heats observed, even when integrations could obviouslys

be reliably performed. The data of Figure 1illustrate the problem_

- If coal is piace in an undried state into the calorimeter, the values of the heats of adsorption

and desorption were significantly lower than if the coal was vacuum dried at around 50°C

_ prior to the introduction of the solvent. The problem is now understood to be related to the

-- fact that water in the structure of the coal is only partially removed by simple exposure to the

- flowing carrier solvent. Water will find the more polar coal phase thermodynamically
-

-
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preferred to the very non-polar heptane. If water remains in the structure of the coal when it is

; exposed to propanol, then some of the strong interaction sites are already occupied, and thus

unavailable for propanol sorption. Thus the upward shift of the heat of adsorption curve with

drying is understood. What is of less clear origin is the shape of the curves with respect to

temperature.

The fact that there is a higher heat of adsorption at higher temperatures runs counter to

intuition, inasmuch as the fact that an adsorption that is exothermic would become less

favorable at higher temperatures. What the results of Fig. 1 suggest is that the effect of

temperature is to somehow enhance access of the solvent to favorable interaction sites.

Whether this is due to diffusional limitations or the temperature dependence of some other

equilibration process is unclear at present, and is an important question to resolve.

Figure 2 shows the results of experiments in which the percentage (by volume) of

• propanol in heptane was varied, and solvent swelling experiments performed. We have

generally been working at low concentrations thus far, so as to avoid undesirable extents of

swelling in the sample chamber of the microcalorimeter. From the figure, it is apparent that at

the usual I to 2% propanol concentrations, the swelling is only a few percent. We now

propose to begin exploring the behavior of samples at conditions that more nearly represent

swelling in ordinary pure solvents, lt is seen that by the time the propanol concentration

reaches 10%, most of the significant swelling has occurred. Assuming that the heptane is not

participating in the swelling, the vaaiable of importance irl this experiment is actually the

propanol activity, or chemical potential, in the mixture. Viewed in this light, the shape of the

curve is not surprising, since the activity to a crude approximation changes with the log of

concentration.

These results were used to guide experiments in which the microcalorimeter was used to

explore the heat effects of jumps between 5% and 10% propanol in heptane solutions. The
-

swelling ratios were 1.16 and 1.23, respectively, relative to dry coal. The expected roughly

6% swelling between these concentrations is acceptable, as far as the microcalorimeter sample

cell is concerned. These experiments revealed a 0.4 J/g coal heat effect, implying that the heat

of interaction was about 0.6 kJ/mol propanol. This is quite small compared to hydrogen
_

bonding interactions. The implications of this are presently being explored in the context of

_" the swelling model. Similar experiments will be continued.
%
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4.0 CONCLUSIONS

The microcalorimeter continues to be a challenging research tool. There are subtleties in its

operation that are not routinely reported, but which are important in terms of meaningful

interpretation of the results that it provides. Our results continue to indicate that near swelling

equilibrium, the heat effects of mixing are generally exothermic (with specific solvents like

alcohols), and are small compared to ordinary hydrogen bonding interactions of order 10

kJhnol.

7
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Table 1-Ultimate _aalyse_ of Coal_ Studied

..C,,. .I;L N _ A_L ..Q. _oismre_ Moisture*

Beulah lignite a 65.6 3.6 1.1 0.8 11.0 17.9 29.4 29.4

Beulah lignite b 65.9 4.4 1.0 0.8 9.7 18.2 32.2 8.5

PowhatanHVBit. 72.3 5.1 1.5 3.6 9.7 7.8 1.1 2.0

•All results on a dry weight percent basis, except moisture@ which is reported ASTM value

on an as-received, bed moist basis. Moisture* represents the actual moisture content of the samples

as they were used in the present tests (note that some had dried upon storage or handling).

- ,Oxygen by difference.

a- Grand Forks Energy Research Center lignite sample bank.

b- Argonne National Laboratory Premium Coal Samples.
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; Summary of Heats qfAdsorption and Desorp_tion

MassCg_ _ _M-!af.J._ 1 _.d_ 2

Glass Beads 0.253 Hex./But.* 0.13 0.33

Silica 0.204 Hex./2% But. 0.2 0.6

Beulah-A 0.100 Hept./2% But. -0.95 1.2

Beulah-A 0.100 Hept./0.8% But. -1.9 1.9

Pocahontas 0.091 Hept./2% Prop. -28 39

Beulah-A 0.070 Hept./2.2% Prop. - 18 31

Beulah-A 0.080 Hept./2% Prop. -38 51

Beulah-A 0.080 Hept./2% Prop. -46 60

" Beulah-N 0.048 Hept./2% Prop. -34 53

Beulah-N 0.088 Hept./2% Prop. -41 52

-_ 1. Refers to vilxgiaggheats of adsorption of the alcohol from the alkane carrier-exothermic in coals._

_

2. Refers to average heats of desorption of the alcohol from the coal-endothermic for coals.

* Involved injection of 20 gl of Butanol into the sample cell, as opposed to the usual procedure

involving switchover from pure alkane solvent to an alcohol/alkane mixture, and vice versa.

- Hex.=n-ttexane, Hept. = n-Heptane, But. =n-Butanol, Prop. = n-Propanol.

_
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Figure1. Effectof lignitedrying ( at 50°C)on measuredheat
of wettingin 1%propanolin heptane.
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Figure 2. Swelling of lignite in propanol/heptane solutions.
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