NOTICE

CERTAIN DATA
CONTAINED IN THIS
DOCUMENT MAY BE
DIFFICULT TO READ

IN MICROFICHE

PRODUCTS.



DOE/PC/79914-T12
(DES1004165)

MACROMOLECULAR COAL STRUCTURE AS REVEALED BY NOVEL
DIFFUSION TESTS

Final Technical Report for the Perlod September 15, 1987—September 14, 1990

work Perfermed Under Contract No. FG22-87PC79914

For

U.S. Department of Energy

Pittsburgh Energy Technology Center
Plitsburgh, Pennsylvania

By
Purdue University
West Lafayette, Indlana



DISCLAIMER

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 responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product., or process
disclosed, or represents that its use would not infringe pnivately owned rights. Reference herein to
any specific commercial product, process, or service by trade name. trademark. manufacturer, or
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favonng
by the United Siates Government or any agency thereof. The views and opinions of authors ex-
pressed herein do not necessarily state or reflect those of the United States Government or any
agency thereof.

This report has been reproduced directly from the best available copy.

Available to DOE and DOE contractors from the Office of Scientific and
Technical Information, P.O. Box 62, Oak Ridge, TN 37831, prices available
from (615)576-8401, FTS 626-8401.

Available to the public from the National Technical Information Service, U.Ss.
Department of Commerce, 5285 Port Royal Rd., Springfield, VA 22161,

Prmted in the United States ot Amenca. Otice of Scientilic and Techmcal informahon, Oak Ridge . Tennassee



DOE/PC/79914-T12
(DE91004165)
Distrbution Category UC-113

DOE/PC/79914--T12

DE91 004165
FINAL TECHNICAL REPORT

MACROMOLECULAR COAL STRUCTURE
AS REVEALED BY NOVEL DIFFUSION TESTS

By

NIKOLAOS A. PEPPAS, PRINCIPAL INVESTIGATOR
JORGE OLIVARES
RICHARD DRUMMOND
STEVEN LUSTIG

School of Chemical Engineering
Purdue University
West Lafayette, Indiana 47907

Department of Energy
Pittsburgh Energy Technology Center
Contract No. DE-FG22-87PC79914

Progress Period: 9/15/87 - 9/14/90



ABSTRACT

The main goal of the present work was the elucidaton of the mechanistic characteristics of
dynamic transport of various penetrants (solvents) in thin sections of coals by examining their penetrant
uptake, front swelling and stress development. The samples used were well charncterized, and the
experimentation temperature varied from 30 to 175°C. An important objective of this work was the
study of coal network structure in different thermmodynamically compatible penetrants and the analysis
of dynamic swelling in terms of present anomalous transport theories. Interferometry/polariscopy,
surface image analysis and related techniques were used to quantify the swesses and solvent
concentration profiles in these sections. The swelling characteristics of selected coals were elucidated
by penetration studies using a number of potendally swelling agents. Dynamic and equilibrium
swelling behavior were correlated using the polar interaction contributions of the solvent solubility
parameters. The penetrant front position was followed in thin-coal sections as a function of time. The
initial front velocity was caiculated for various coals und penetrants. Our penetrant studies with thin
coal sections from the same coal sample but with different thicknesses show that within the range of 150
{m to 1500 pum the transport mechanism of dimethyl formamide in the macromolecular coal network is
non-Fickian. In fact, for the thickest samples the transport mechanism is predominately Case-II whereas
in the thinner samples penstrant uptake may be diffusion-controlled. Studies in various penetrants such
as acetone, cyclohexane, methanol, methyl ethyl ketone, toluene and methylene chloride indicated that
penetrant transport is a non-Fickian phenomenon. However, the equilibrium swelling value at room
temperawre should be correlated with the polar contribution of the solvent solubility parameter. The
penetrant front velocity was correlated to C% (dmmf) and M. of the various coals studied, and to the
solvent compatibility. Stresses and cracks were observed for transport of methylene chloride. In actual
coal liquefaction and solvent treatment processes, the phenomena observed during the solvent transport
in coal and the swelling of coal chunks and particles are characterized by large stresses created in the
swelling system. Thesc stresses are the consequence of purely relaxational transport mechanism, and
are responsible for significant cracking of the coal samples. In acwal applications, this continuous
crazing may lead to significantly increased reaction rates and mass transfer of solvents in coal.
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1. INTRODUCTION

Coal may be utilized as an energy source in one of three ways. It can be bumed directly to
generate heat, or it can be converted to cleaner burning gaseous and liquid products. Coal can be
converted to methane gas through a sequence of two reaction mcchanisms, namely, the high
temperature endothermic reaction with steam to produce carbon monoxide and hydrogen followed by
the relatively low temperature exothermic reaction of the synthesis gas with additiona: hydrogen. The
considerable thermal inefficiency of this reaction sequence limits its usefulness. The production of

liquid fuels from coal is one of the options for alleviating projected shortages of energy sources.

Coal can be converted to liquid fuels by direct hydmgenation at extremely high temperatures and
pressures. However the hydrogenation is a very cost inefficient process; therefore there has been efforts
to reduce the hydrogen requirements for the procch by maximizing the use of hydrogen in the coal
itself or by the use of a coal-derived solvent that is capable of donating hydrogen (in situ) to the process.
The chemistry of coal liquefaction is extremely complex. Indeed, the exact chemistry involved in the

liquefaction process and the so called structure of coal itself is still only speculative.

The chemical objectives of coal{liqucfac:ion are (1) to reduce the effects of van der Waal's forces
and hydrogen bonds, and, thus, separate fairly large units of coal structure into smaller units, (2) to bring
about the decomposition of key aromatic; aliphatic; and a variety of carbon-hetercatom (i.e. nitrogen,
oxygen, and sulfur) bonds within the coal to form smaller fragments, and, finally, (3) to increase the
hydrogen/carbon atomic ratio from approximately 0.8 to vaoduée a low-sulfur, ash-free liquid product
that is comparable to crude oil, gasoline, or even the heavy oils and bitumens. This brings the
importance of understanding the fundamentals of transport penetrants into the coal structure to aid and

understand the liquefaction process of coal (Speight, 1983).

-1 -



The widely accepted chemical structure cf coal is one consisting of a system of
aromatic/hydroaromatic/heterocyclic condensed ring clusters, crosslinked by methylenic, ethylenic,
sulfidic, and/or etheric bridges (Given, 1960; Wiser, 1965; Davidson, 1980; Heredy and Wender, 1980;
Wender et al, 1981; Hayartsu et al., 1978, 1980, 1981; Solomon, 1981; Evans and Hooper, 1981;
Gerstein et al., 1981; Peppas and Lucht, 1984). Coals are extraordinarily complex heterogeneous
substances, so c‘omplex that one must question the wisdom of applying to. them models derived for

homogeneous polymeric substances, especially quantitatively.

Considerable evidence exists from physicochemical experiments which suggests that bituminous
coals consist of a highly crosslinked macromolecular network (Larsen and Kovac, 1978; Green et al,,
1982; van Krevelen, 1981; Wert and Weller, 1982; Peppas and Lucht, 1984). The major source of
experimental evidence favoring a crosslinked network is obtained from swelling experiments. It has
been found that coal cah swell in thermodynamically compatible solvents to twice its original volume
without dissolutdon (Larsen and Kovac, 1978; Dryden, 1951a,b,c,d; Peppas and Lucht, 1984; Nelsor,
1983; Lucht, 1983). Additional support for coal as a crosslinked, three dimensional network is obtaiﬁed
from thermomechanical analysis. When a crosslinked polymeric network is subjected to a stress,
deformation occurs until it reaches the limit set by the extent of crosslinking. After the swess is
removed, the polymeric network returns to its original conformation. A similar time-dependence of
stress on strain has been observed in coal (Larsen and Kovac, 1978; Sanada and Honda, 1963; Howell

and Peppas, 1984; Barr-Howell et al., 1985).

As mentioned before, the organic structure of coal consists of a system of
aromatic/hydroaromatic/heterocyclic condensed ring clusters, crosslinked by methylenic, ethylenic,
sulfidic, and/or etheric bridges. Figure 1.1 shows a model structure for the organic phase of coal

proposed by Wiser (1965). Figure 1.2 shows a model structure for the organic phase of coal proposed by
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Wender (1980). These proposed models represent structures for bitumninous coals. To facilitate the
analysis of coal as a miacromolecular network, Lucht and Peppas (1981.a,.b), Lucht (1983), and Peppas
and Lucht (1984) proposed a hypothetical and sixﬁpliﬁcd representation of coals physicochemical
organic structure. If one excludes mineral matter, ash and other impurities naturally found in coal, its
- structure can oe described by two distinct by closely related phases. The first phase includes small and
large molecules that are uncrosslinked and can be dissolved or extracted at low temperatures. The
second phase, which constitutes the bulk of the coal structure, consists of a highly crosslinked
‘ Mmolcculm network. Figure 1.2 depicts this ideal swollen coal network showing various forms of
macromolecular chains and defects. Included in this figure are covalent tetrafunctional and
multifunctional crosslinks as well as effective crosslinks arising from physical entanglements and
hydrogen-bonding. Also present are the molecules of the swelling agent and the extractable chains

contained within the matrix.

Dyﬁamic and equilibrium swelling studies have been utilized as molecular probes to elucidate the
structure and morphology of polymeric networks. Both the thermodynamic equilibrium and the
dynamic sorption behavior of penetrants can be interpreted in terms of molecular models that are related
to material characteristics such as crystal structure, degree of crosslinking, and distribution of free-
volume. In an analogous fashion, studies of equilibrium and dynamic sorption penetrants into coal
networks can be used as a means of elucidating aspects of the molecular structure and physical state of

coal will enhance its efficient utilization.



Figure 1.1 Model Structure of the Organic Phase of Coals According to Wiser (1965).



Figure 1.2 Model Structure of the Organic Phase of Coals According to Heredy and Wender
(1980).



Figure 1.3 Simplified model of the crosslinked structure of coal including possible defects. -
chains participating in network structure; — extractable (unreacted or degraded)
chains; (O) crosslinks (junctions); (O) molecules of penetrant; M. molecular
weight between crosslinks; A tetrafunctional crosslink; B multifunctional
crosslink; C unreacted functionalities; D chain end; E entanglement; F chain loop;
G effective network chain; H mesh size. ‘



2. BACKGROUND

2.1 Introduction

Diffusion into coals is of considerable technological importance since many coal modification
processes, such as direct liquefaction, desulfurization, demineralization, and chemical modification,
involve diffusion of liquids or gasses into thc coal. Addmonally, much of the fundamemal chemical
research on coels requires diffusion of hqmds or dissolved rcagems into the coal so that reactions can
occur. Precise interpretation of these experiments often requires an understanding of the diffusional

behavior. The rate of reactants diffusing into the particles is often the rate-limiting step.

Besides the v#riatiohs in parﬂcle shapes and sizes, there are a number of other factors that
complicate diffusion in coal. These factors include cracks and holes through the coal, the variety of
macerals having different chemical and physical properties which make up the coal, the heterogeneity
of the structure even within individual maccrals, and the effects of intermaceral interfaces and mineral
matter (Brenner and Hagan, 1985). Even though these variations within the coal network make the
characterization of coal difficult, one may give approximate results to. describe the structure of coal.
Having described coal as a macromolecular structure in chapter one, a polymeric model with
mathematicai and physical similarities to coal would be a good approximation to describe the structure

of coal.

2.2 Transport of Penetrants in the Macromolecular Structure of Coal

Analysis of dynamic swelling results from macromolecuiar nctw;.)tks swollen by
thermodynamically gocd solvents yields information about the structure of the network and its solvent-

network interactions. Diffusion studies can be used to identify the thermodynamic state of the network,
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i.e., whether the nc'twork exists in the glassy ‘or rubbery state. For a macromolecular network, it is
possible to determine whether sorption is due to Fickian diffusion, macrc;molecular chain relaxations, or
duetoa cmipling of the two phenomena. In order to understand the mechanisms that govern the sorption
of penetrants into the coal nefwork, it is mecessary to study and understand the concentration,
temperature, and penetrant activity . effects on diffusion, as well as particle geometry, network

crosslinking density, and penetrani-network compatibility.

2.2.1 Concentration Effects

Introduction of a penetrant into a glassy macromolecular network can have the same effect on the
system as increasing the temperature (Ritger and Perpas, 1987b). As the penetrant enters the network,
the network density decreases, resulting in an inc:egsc in large molecular chain motions. This change in
density is due to the breakage and formation of chemical bonds. Increasing the penetrant concentration
in the network can be viewed as an effective decrease of the glass transition temperature. Peppas and
Lucht (1985; determined ths: the glass transition temperatures for a variety of coals ranged from 350 to
400°C. The concenration depandence on the temperature at which the transition from the glassy state to
the rubbery state occurs is reflected in the fact that the glass transition temperature is ‘dcﬁncd‘by a curve
and not a single point. This relationship between concentration and temperature, the effective glass

transition curve, is depicted in Figure 2.1 for a coal/penetrant system.

Penetrant transport in polymers may induce structural changes such as swelling, microcavity
formation, primary phase transition and secondary phase transition. Obviously these changes require
rearrangement of molecular chains. Therefore penetrant uptake may be controlled by transport

phenomenon, by structural relaxations, or by coupling of the two phenomena.



rubbery

polymer

Penetrant Concentration

1 L L. 1 i 1 1

Temperature, ( ° C)

Figure 2.1 Thermodynamic state of a macromolecular network as a function of penetrant
concentration and temperature.



Aswtarita and Nicolais (1983) ciassified the relaxation phenomena observed during solvent
transport in glassy macromolecular systems into two broad categories. The first category, termed bulk
structural changes (BSC), includes those processes where the structural changes occur gradually over
the entire volume of the macromolecular network. Those processes exhibiting an abrupt transition in
the structure are included in the second category, moving boundary phenomena (MBP). In this second
category, a sharp front often divides the two structurally differert regimes of the polymeric material.

This front moves in time untl the whole sample achieves the same new structure.

The litniting case that characterizes moving boundary phenomena is termed Fickian diffusion. It
is strictly concentration-dependent, and usually occurs in glassy systems where the penewrant activity is
low. Fickian diffusion may also occur in the rubbery state. The other limiting case, termed Case-lI
transport, is characterized by a moving front at nearly constant velocity and a region behind it in which
relaxation of the macromolecules takes place. The boundary berween rubbery and the glassy state is
generally very sharp (Ritger and Peppas, 1987a). Most transport processes in glassy polymers fall
between these two limiting cases and are tcrmed anomalous transport. This occurs when the diffusional
and relaxational kinetic raies are comparable, and can be thought of as the coupling of the Fickian and

Case-I] transport processes.
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2.2.2 Temperature and Penetrant Activity Effects

The transport of penetrants into a polymer network depends on temperature and activity of the
penetrant (Hopfenberg and Frisch, 1969). Concentration-independent anu concentration-dependent
Fickian diffusion, time-dependent diffusion anomalies, Case-II transport, and soi.ent crazing-stress
cracking may occur in the same polymer structure if parameters such as temperature, penbtram activity,
and penetrant type are varied. Figure 2.2 shows the transport features in the various regions of the
temperature-penetrant activity plane. In this case penetrant activity is defined as PP¥/P,, where PP¥ is

the penetrant partial pressure and P, is the penetrant vapor prescure (Hopfenberg and Frisch, 1969).

When a macromolecular structure is below its glass transition temperature, i.c., in the glassy state,
all large molecular motions are restricted aithough segmental motion may still be exhibited. As the
temperature is increased, the extent of vibrations also increases, the chains move further apart, and the
density of the whole material decreases (Hopfenberg and Stannett, 1973). Thus, an increase in the
diluent concentration in a macromolecular system as well as an increase of the system temperature

decreases the network density.

The polymer network can also be aitered by varying penetrant activity. The activation energy
characterizing solvent crazing decreases with decreasing penetrant activity (Hopfenberg and Frisch,
1969). The effects of temperature and penetrant activity on the transport of normal hydrocarbons in

glassy polymers may be summarized as follows (Michaels et al., 1968).

(1) At high penetrant activities (ca. 0.85-1.0) over a range of temperatures well below Tg, solvent

crazing accompanies the transport of penetrant into the polymer.

(2) The crazing kinetics of Case-II transport, i.., the boundary between crazed polymer and the

uncrazed, glassy core moves at a constant rate to the film midplane.
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o

PENETRANT ACTIVITY

Figure 2.2 Regions of penetrant diffusion mechanisms in macromolecular structures as a
function of temperature and penetrant activity (from Hopfenberg and Frisch, 1969).
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(3) The activation energy characterizing solvent crazing is quite large (ca. 50-60 Kcal/mol)
suggesting that the primary bond breakage probably contributes to the rate-determining relaxations at

the boundary between swollen and unswollen polymer.

(4) Case-II transport occurs over a similar temperature range at activities between 0.5 and 1.0.
Crazing is only observed at the very high activities corresponding to penetrant concentrations sufficient

to produce osmotic stresses which are sufficiently large to cause local fracture of the material.

(5) Case-II sorption is also a highly activated process (ca. 20-50 Kcal/mol). The activation energy

decreases with decreasing penetrant activity.

(6) As activity is reduced to values lower than 0.5, time-dependent or anomalous diffusion is

observed.

(7) At very low activities and/or very low temperatures, thermally activated diffusion controls the
rransport of penetrant in polymers. “The activation energy for diffusion is less than 10 Kcal/mol, and if
activity is reduced to very small values the diffusion coefficients are independent of concentration as

well as time,

The work of Lucht (1983) and Hsieh (1984) have shown that the coal structure may exhibit the
same dynamic swelling behavior as glassy polymers. Therefore the just mentioned temperature and
penetrant activity effects on glassy polymers, may also apply to the coal structure. Later, Ritger and
Peppas (1987b) also conducted studies of penetrant transport into coal at high penetrant activities. They
concluded that Case-II governed the overall transport process. These coal studies support the theory
established by Hopfenberg and Frisch (1969), even though studies at low activities need to be done on

coal to conclude that coals and glassy polymers behave similarly.
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Barr-Howell et al. (1986a), studied the transport of penetrants in the macromolecular structure of
coal as a function of temperature. The results showed a decrease in penetrant uptake as temperature was
increased. It was mentioned in this section that an increase in temperature lowers the density of the
network; therefore one would expect higher diffusion rates and higher penetrant uptakes with a
temperature increase. Obviously there is some. contradiction in the experimental résults and the

theoretical prediction for high temperature studies. This case needs to be looked more in detail.

2.2.3 Crosslinking Effects

Analysis of the physical bchaviof of macromolecular networks in coals and determination of the
number average molecular weight between crosslinks and the crosslinking aensiw of the network are
important factors in the development of structure/properties relationships of coal samples, and in the
elucidation of technical problems during coal extraction, liquefaction and muodification through
chemical reactions (Lucht and Peppas, 1981.2). An attractive method of investigating the structure of
coal is to observe the response of coal to a swelling agent (penetrant). The degree to which coal swells
in the presence of a specific swelling agent is a measure of the solvent-coal compatibility and of the

flexibility of the coal structure itself.

Peppas and Lucht (1985), Barr-Howell et al. (1986b), and Ritger and Peppas (1987b) conducted
swelling studics on coal to elucidate the transport of penetrants into the macromolecular structure of
coal. The studies were done over a range of coals consisting of different carbon contents. To analyze the

data and to characterize the transport processes, they used a semi-empirical expression:

M _ o @.1)
here M, is the mass uptake of penetrant at time t, M., is the mass uptake of penetrant at infinite time, k
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is a constant incorporating characteristics of the macromolecular network system and the penetrant, and

n is the diffusional exponent which is indicative of the transport mechanism.

For transport in thin films, if n=0.5 the mechanism is Fickian diffusion. For values of 0.5<n<1.0
the mechanism is anomalous transport. Values of n=1.0 indicate Case-II transport, and values n>1.0
indicate Super Case-II transport. In all cases, the first 60% of the data of the penetrant uptake curve is

used for the determination of the values of n.

The results from Peppas and Lucht (1985), Barr-Howell et al. (1986b), and Ritger and Peppas
(1987b) based on equation (2.1) show that the transport mechanism varies with carbon content. As the
carbon content increases, the diffusional exponent n also increases. Since coal crosslinking increases

with carbon content, the transport mechanism of penetrants is affected by the crosslinking density.

In conventional polymeric systems, the characteristic relaxation time, A, and the penetrant
diffusion coefficient, D, are strongiy dependent upon the degree of crosslinking (which can be related to
the molecular weight between crosslinks) of the sample. The molecular weight between aosslinks in
coal as a function of carbon content was previously investigated by Lucht (1983) and Barr-Howell et
al.(1986b). They used a modified Gaussian network equation to analyze their swelling studies and to
determine values for the average molecular weight between crosslinks, M, the number of repeating
units between crosslinks, and the average molecular weight of the repeating unit. The results of their
analysis are presented graphically in Figure 2.3. It is evident from Figure 2.3 that the molecular weight
between crosslinks reaches a maximum at a carbon content between 75 to 80% and decreases for carbon
contents greater than or less than this range. Therefore one would expect the highest swelling ratios for
coals that contain a 75 to 80% carbon content, due to the fact that the chains within the network are
longer making the spacing available for swelling larger. Since the swelling ratio increases for the coals

within this range, indicates that the penetrant concentration increases and the diffusion process becomes
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Figure 2.3 Molecular weight between crosslinks as a function of carbon content for 600-850
um coal particles. Values of M, obtained from equilibrium pyridine swelling
studies at 35°C by Barr-Howell (1984) (O), and Lucht (1983) (OJ).
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faster.

2.2.4 Film Thickness Effect

The Deborah number, De, was first presented by Vrentas et al. (1975) and Vrentas and Duda
(1977) as a mean of predicting the mechanism of penetrant transport. The diffusional Deborah number
is defined as the 1atio of the relaxation time of the system to the time corresponding to the diffusion
process of the same system. The characteristic diffusion time for one-dimensional diffusion in a thin
film is defined as:

82
o= % | @2
where the characteristic diffusion length, 9, is the film half thickness //2, and D is the penetrant

diffusion coefficient. Therefore the Deborah number can be written as:

De = _}FD_ @2.3)
where A is the characteristic relaxation time. Equation (2.3) predicts that the Deborah number can be
altered if the sample thickness is changed at constant relaxational and diffusional times. However
Ritger and Peppas (1987b) concluded that the mechanism governing the transport of pyridine in thin
coal films ranging between 150 and 1000 um thick is Case-II transport and Supercase Case-1I transport
with a diffusional exponent n in the range 0.95<n<1.05. These results show that by varying the sample

thickness between 150 and 1000 pm, the ransport mechanism remains almost constant.

2.2.5 Solvent Chemistry

In the classification of coal solvents presented by Dryden (1951a), a good solvent for coal

contains a nitrogen or oxygen atom possessing an unshared pair of electrons. All factors being equal,
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nitrogen-containing compounds are better solvents than oxygen-containing compounds. Dryden inferred
that the possibility of hydrogen bonding must play a part in these interactions. The swelling ratios in
hydrogen bonding solvents are much higher than those in the non-hydrogen bonding solvents

particularly with solvents containing nitrogen (Quinga and Larsen, 1987).

Basic organic solvents tend to be good swelling solvents for coal. The high swelling caused by °
such solvents (hydrogen bond-accepﬁng solvents in general) is attributed to the replacement of coal-coal
hydrogen bonds with coal-solvent hydrogen bonds. This phenomenon causes the coal to swell more,
because replacement of a coal-coal hydrogen bond by a coal-solvent hydrogen bond reduces the
crosslink density of the coal (Larsen et al., 1985). However swelling studies with non-polar solvents
have been reported before. In order to make use of a non-polar solvent as a penewrant, the coal network
would have to be prc-citracted with a polar solvent with good hydrogen bonding properties to lower the

density of the network (Larsen et al., 1983; Hall et al., 1988; Barr-Howell et al., 1986b).

A solvent can also be described in terms of its electron-donor and electron-acceptor properties.
Szeliga and Marzec (1983) characterized swelling agents for coal in terms of its electron-donor
numbers. They found that solvents with electron-donor numbers between 0-16 either do not swell the
coal or swell it only slightly. Solvents with electron-donor within the range 16-30 show an increase in
the swelling ratio. The conclusions to their work are that coal macromolecules are bound together by
means of electron-donor-acceptor interactions and that electron-donor sites in conal macromolecules

have donor numbers of 16-30 approximately.

Solubility parameters is another method to characterize solvent-coal compatibility. Solubility
parameter 8 is defined as as (C.ED) where CE.D. is the cohesive energy density. This C.E.D. is
defined as the sum of interaction energies of all molecules present in a unit volume of a solid or liquid.

Numercus types of cohesive forces act between molecules, the most important ones are due to
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dispersion (d), polar (p), and hydrogen-bond (h) interactions. Hansen ( 1967) suggested a relationship for
the solubility parameter which accounts for the most important cohesive enesgy forces:

CED=58= 53 + 5% + 8% (2.4)

The solubility parameter for a solvent but not for coal can be determined from the molar heat of
vaporization H,. The solubility parameter can also be written as:

-R ‘ |
8 =CED= T ~XDP @s)
‘ M »
where R is the universal gas constant, T is the absolute temperature, M is the molecular weight and p is
the density. The heat of vaporization can be determined calorimetrically or can be calculated either from

the vaporization of vapor pressure with temperature or from the boiling point (Hildebrand and Scott,
1962).

The solubility parameter of nonvolatile polymers including coal can not be determined directly,
because some of the endothermic heat of mixing and the endothermic heat of cfysml melting are much
larger than the entropy of mixing. Some investigators have determined solubility parameters for some
nonvolatiles and crystalline solids empirically. For this method the § of the polymer is said to be equal
to the & of the solvent in which the polymer dissolves without showing heat of mixing. In practice, the
solubility parameter for coals can be estimated using a series of solvents of various 3 values. The 3 at

the maximum swelling is assigned to the coal (Hansen, 1967).

Two materials are miscible when the free energy of mixing, AGp,, is zero or ncgaﬁvc. This
quantity can be calculated from the heat of mixing, AHp, the entropy of mixing, ASp, and the absolute
temperature, T, using the equation: ‘

AG,, = AH,, - TASp 26)

The heat of mixing of a solvent and polymer, coded with subscripts 2 and 1, respectively, can be
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calculated from the difference of 8; and 3, values by the Hildebrand-Scatchard formula (Hildebrand
and‘Scott, 1962):

AHg, =V, (8; - 8,)*V} @D
here V, is the molar volume of the solvent and V; is the volume fraction of the polymer. AHp, is either
positive or zero; therefore the dissolutidn process is either endothermic or athermal. Since the entropy
change is always positive, the -TASy, term in equ;m’ou (2.6) always promotes mixing. Its absolute value
must exceed the value of AH,, for dissolution to take place; only under this conditions is AG, negative.
If all this assumptions hold, a solvent is "best" if it gives zero hcat of mixing, i.e., if its 8 value matches

that of the solute (Hildebrand and Scott, 1962).

2.3 Mathematical Description of the Method

Two limiting mechanisms of penetrant transport may be observed in glassy macromolecular
systems: Fickian diffusion and Case-II transport as defined by Alfrey et al. (1966). Fickian diffusion is .
described by a diffusion coefficient while Case-II transport is described by a characteristic relaxaton
constant. Non-Fickian behavior or anomalous transport falls between these two limiting cases and

requires two or more parameters to describe the coupling of diffusional and relaxational phenomena.

2.3.1 Fickian Diffusion in a Thin Section of Coal

Consider one-dimensional, isothermal penetrant diffusion into a thin coal slab of thickness, /,
where the structure is initially maintained at a constant uniform penetrant concentration, C,, and the
surfaces are kept at a constant penetrant concentration, C,. This situation is referred to as the perfect
sink conditions and applies to sorption as well as desorption. Assuming constant penetrant diffusion

coefficient, D, with one-dimensional diffusion in the x-direction, Fick’'s Second Law, the transport
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process may be described by:

€ _pdc 28)
ot ox?
where:
F'-O, -—— KX € -, C=C1

>0, x=t—, C=C,

The solution to Fick’s law (Crank, 1968) in the form of a trigonometric function with the proper
boundary and initial conditions is as follows:

‘_t=1—m—‘___8_—

M. = @n+ r?

- D(Zn;f- 1)%r2 . } ‘ 29)
] |

where M, is the mass of penetrant uptake at time t, and M.. is the mass of penetrant uptake as time

approaches infinity. An alternative solution to equation (2.9) which is useful for interpretation of short

time behavior is given in the form of an error function series:

% e
M2t -1,7,- +23 (=1)" ierfc nl . (2.10)

where ierfc x is the integrated complementary error function of x. For "small" times, i.c. small vaiues of

the dimensionless time, defined as 4Dt/!2, equation (2.10) can be approximated to:
%
ﬁt_=4[_D_t_lz] @.11)

As indicated by equation (2.11), Fickian diffusion is characterized by an initial t* - time dependence of
the penewant uptake. Equation (2.11) is valid for the first 60% of the total penetrant uptake
(M,/M..£0.60) (See Figure 2.4). A deviation from the straight line in Figure 2.4 occurs when there is an

apprcciablé overlap of fluid diffusing in from one side of the slab with fluid which diffused in through
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the other side.

\

2.3.2 Case-II Transport in a Thin Section of Coal

The analysis here is presented by analogy to the first order relaxation model presented by Enscore
et al., (1977) for polymers. Consider a thin coal section of cross-sectional area, A, and thickness, /,
undergoing Case-II penetration (seé Figure 2.5). In the swollen region defined by X < x <12, where X is
the position of the advancing front, there is a uniform concentration of penetrant equal to the
equilibrium penetrant concentration, C,. In the glassy region defined by 0 5 x 5 X, there is essentially
no solvent. The sorption kinetics are assumed to be controlled by a rate-limiting relaxation
phenomenon positioned at the advancing front. Defining a Case-II relzixation constant, ko, and
describing the sorption process by a first order kinetic expression, the sorption into a thin section may be

given by:

dM
t_ kA 2.12)

In the swollen region of volume V = A(—zlé - X), the mass balance at any time, t, iy given by

M, = C,A [-;--x (2.13)
Subsdruting M, into the first order kinetic expression and simplifying one gets:
X __ k. (2.14)
dt G
Solving for X and substituting into the mass balance:
= koA } (2.15)
l

which may also be written in the form:
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Figure 2.4 Normalized penetrant uptake, M,/M.., versus square root of dimensionless time,
1122, for Fickian diffusion in a plane sheet. Comparison of the solutions to equation
(2.8) given by: (1) equation (2.9); and (2) equation (2.11).
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Figure 2.5 Thin coal section of cross-sectional area A and Thickness [ under-going Case-II
penetration.
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A ko
=l Al (2.16)
M [ Co 7 2 o t]
The term 2C, A/l is the uptake at long times M.., therefore for short times equation (2.16) becomes:
oM @17)
M. Gl

Obviously equation (2.17) shows that Case-II transport is characterized by a t-time dcpcndcncc of the

penetrant uptake.

2.3.3 Semi-Empirical Equations for the Analysis of Peneirant Transport into Thin Sections of

Coal

Most transport processes in glassy polymers can be represented by a coupling of the Fickian
diffusion and Case-II transport. Therefore one may combine equations (2.11) and (2.17) in an additive

form and write an expression for M;/M..:

Ml }
— =k t” + kot (2.18)
M. L
where
4
4D
K = [_)_,_] (2.19)
T
and
2
Ky = 2k (2.20)
Co!l
A generalized expression of the previous equation can be written as:
_y_‘. =kt (2.21)

M.
here k incorporates characteristics of the macromolecular network system and the penctrant, and n is the

diffusional exponent, which is indica‘ive of the ransport mechanism. For Fickian diffusion in a plane
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sheet n=0.5, for Case-II transport in a plane sheet n=1.00, and for anomalous transport 0.5<n<1.0. This
short time approximation applies only to the first 60% of the normalized penetrant uptake. This model
has been proposed before by Peppas and Lucht (1985), Barr-Howell et al. (1986b), Alfrey et al. (1966),

Enscore et al. (1977), Jacques et al. (1974) and Sinclair and Peppas (1984).

2.3.4 Determination of Diffusion and Relaxation Coefficients

The analysis here is taken as an analogy to the mathematical mode! for diffusion and relaxation in
glassy polymer powders by Berens and Hopfenberg (1978). The sorption process in glassy polymer is
considered as the linear superposition of phenomenologically independent contribution, from Fickian
Diffusion and chain relaxations. Therefore the total amount of sorption per unit weight of coal at time t
may be expressed as:

M, =M. + Mg @2
here M_r and M, r are the contributions of the Fickian and relaxational processes, respectively. My g is

the solution to Fick's Second Law, and given as:

—— | -

M r = 8 exp -D(@2n+ 1)21t2 ¢ (2.23)
M. r = (n+Nr? 12
where M F is the equilibium amount of sorption in the unrelaxed polymer (coal). For a short time

approximation one may obtain

" v
Me _ (Dt (224)
M.r nl?

The relaxation process is assumed to be first order in the concentration difference which drives the
relaxation. The differential equation for the relaxation process is therefore:

dML R
dt

(2.25)

= k(Ma g~M_R)
where k is the relaxation-rate constant and M., g is the ulimate amount of sorption due to relaxation.
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Integration of equation (2.25) with the initial condition that t=0, M, g =0, leads to:
Mg =M.y [ 1- exv(kt)] (2.26)

Substitution of equations (2.23) and (2.26) into equation (2.22) results in:

k= -D(2n+1)?n? [ -
=M.fr| 1= t] |+ 1 ] (227
M, F E.o Gt D2 3 M. r | 1-exp(kt)
which has the constraints;
Muf = Matr | @2
Mo g = Motg (2.29)
Or+or=1 2.30)

where ¢p and ¢R are the fractional contributions due to Fickian diffusion and relaxation process

respectively. Therefore equation (2.28) may be written as:

M, —op | 1 e
M. £(2n+1)1t2 ©

_ 2.2
8 [ D(Zx;-zrl)n t] +¢R[1—cxp(kt)] (2.31)

and for a short time approximation one may use equation (2.11) to replace the Fickian diffusion term in

equation (2.31) to obtain:

%
—;L-:- =0 4 [%] +0r [ 1- cxv(kt)] 232)
The model embodied in equation (2.32) assumes that the Fickian contribution is driven by a gradient
which is related to the invariant equilibrium concentration M., g. The relaxation term in equation (2.24)
is independent of particle size and is related to the dissipation of swelling stresses induced by entry of

the penetrant. This dissipation, or stress relaxation, is initiated by the plasticizing penetration, but is

considered here to be otherwise independent of the superimposed diffusive transport.
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Equations (2.31) and (2.32) are nonlincar with three unknowns (D, k, and ¢g, or ¢g) which may

be solved using a nonlinear-regression analysis method.

2.4 In Situ Microscopic Studies of Coal

The swelling of coal in solvents is an important means for obtaining information on the
physicochemical structure of coal. In situ observations can provide information about the coal-penetrant

interaction and furthermore extend the observations into valuable kinetic information.

Brenner (1981) performed in-situ studies on coal and found that when the swclling is‘allowcd 10
proceed beyond a certain stage, the process becomes substantially irreversible. This irreversibility is
attributed to fractures or dislocations within the coal which occur when sufficiently high stresses are
generated by uneven swelling of the coal structure. Brenner (1985) observed in-situ at the macroscopic
level for the first time the diffusion of pyridine into coal. The studies were conducted on thin films of
coal with dimensions of 15 pm thickness and 0.50 mm across. Qualitative work was reported on the
elucidation of pyridine diffusion into the thin coal sample. Also included in Brenner's in-situ studies is 2
graphical interpretation of the position front as a function of time; however the data lack of information.
No units of magnirude are reported in his work. Breaner claims that equilibrium is attained after 800

seconds without any further explanation.

2.5 Dynamic Swelling of Stiff Polymer Networks that Simulate the Coal Structure

Since the work of Van Krevelen (1961), polymers have been recognized as appropriate models for
aiding in the investigation of the coal network structure. In 1983, Squires et al. synthesized a new class
of polymers to aid the investigation of coal. These polymers are poly (1,4-dimethylnaphthalene), poly
(1A—dimcthylnaphtha]cno—1,2—dioxybcnzcnc). and poly (1,4-dimethylnaphthaleno-2,5-
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Figure 2.6 Model polymer structures simulating the coal structures (from Squires et al., 1983).
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dihydroxybenzene) (Figure 2.6). The naphthalene nucleus was selected because it represents a‘
reasonable average ring size for a bituminous coal; the ethylene and oxymethylene Linkagcs‘wcrc
selected because they are thought to be the most reactive sites in the coal macromolecular network
(Vernon, 1980; Schlosberg et al., 1981). 'f’ne pyridine uptake of poly (1,4-dimethyinaphthaleno-2,5-
dihydroxybenzene) appeared most to resemble the pyridine uptake in coal networks (Howell et al.,
1986a). The swelling studies on the three polymer models were conducted at low penetrant activities,

and compared with swelling studies on coals at high penetrant activides. Obviously low penetrant

activity studies on coal need to be done to use these polymer models as a comparison to coal.

2.6. Prediction of Penetrant Transport

Figures 2.7 through 2.10 indicate the predictions of the model presented by equation (2.31) for the
case of various coal samples exhibiting different degrees of crosslinking. Thus, these samples have

different values of penetrant diffusion coefficients or different values of the relaxation constant k.

For example, Figure 2.7 indicates the uptake of a penetrant in a thin coal section when the
relaxation constant is k = 6 x 107 s™! and for varying diffusion coefficients. The case of 50% Fickian
diffusion and 50% non-Fickian diffusion is examined. By reducing the relaxation constant to 50% of
the previous, it is seen that the penetrant uptake becomes slower (Figure 2.8). Figure 2.9 shows the

same data in real times.

Figure 2.10 indicates the influence of the Fickian diffusion on the overall rate of transport of the

penetrant. It can be seen that as the Ficldan portion decreases the penetrant uptake becomes slower.
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Figure 2.7 Penetrant uptake in coal samples of thickness 1 (mm) as a function of time and
diffusion coefficient, for k = 6 x 1078 sec™! and 50% Fickian diffusion.
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Figure 2.8 Penetrant uptake in coal samples of thickness 1 (mm) as a function of time and
diffusion coefficient, for k = 3 x 1078 sec™! and 50% Fickian diffusion.
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Figure 2.9 Penetrant uptake in coal samples of thickness 1 (mm) as a function of time and
diffusion coefficient, for k = 6 x 107 sec™ and 50% Fickian diffusion.
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Figure 2.10 Penetrant uptake in coal samples of thickness 1 (mm) as a function of the Fickian
diffusion portion (0.3, 0.5 or 0.8) for k = 6 x 1078 sec™ and D=4 x 107 cm?/s.
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3. EXPERIMENTAL DESIGN OF POLARISCOPE

- 3.1. Interferometry and Polariscopy

The penetrant concentration and normal ‘stress profile histories can be measured simultaneously
with changes in fhc sample dimensions by the novel, interferometric-photoelastic tcchniqu;: proposed
here. Since both techniques involve imaging the sample, the coal and sv?elling interface positions can
also be recorded as a function of ime. Although the measurements are made simultaneously, each is
independent of the others. The penetrant concentration profile is measured via ‘intcrfemmeu'y as the

normal stress profile is measured via photoelasticity.

A plan of the experimental apparatus is shown in Figure 3.1. The swelling sample is constrained
on all but two opposing faces by rigid optical flats and one birefringent flat. Thus solvent exposure to
the coal and swelling strain is permitted only along one axis. Viewing is normal to the penetration axis,

perpendicular to the side faces shown. Brief descriptions of both measurements ensue.

A modification of the classical Mach-Zender interferometer is utilized to measure the penetrant
concentration profile. The interference pattern seen at the camera is the result of spatial variations of
penetrant concentration. When the interferometer is aligned initially for the infinite fringe, the

increment in penetrant oncentration between fringes is given below.

A Am (3.1)

802 = Tanvdn;

when Am is the local fringe displacement and dny/dp, expresses the change in mixture refractive index
with composition. Thus, the concentration profile is determined by counting fringe displacements in an
interferogram with a knowledge how n, changes with composition. Although stresses in the swelling

coal induce birefringence, this change in coal optical density on linearly polarized light is very small
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Figure 3.1 Interferometer constructed for the transport studies (for explanation of symbols, see
next page).
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Figure 3.1. Explanation of Symbols

1. Laser & Beam Expander Unit

2. Polarizer

3. M4 Retarder

4. Partial Mirror

5. ﬁcmovable Mirror

6. Beamsplitter

7. Optical Flat

8. Object mount

9. Temperature-regulated object stage
10.‘ Mirror

11. Camera



with respect ™ the effect of change in composition, especially since polarizers will not be used in the

interferometer beams.

The local normal stress at the coal surface is a quantity which can be computed from the
aforementioned predictive model. This profile must be equal to the vertical component of - ess profile
in the birefringent flat at the interface. Since the birefringent fiat does n« ; swell, its optical response can
e casily measured and the stress profile at the interface computed. Thus, the birefringent flat acts as a

pressure ransducer.

The measurement of normal stresses requires two fringe patterns recorded using the
micropolariscope. The first polarigram is taken with the apparatus configured as shown in Figure 3.1.
The second polarigram is recorded after the sample is rotated about an oblique angle, 6, in the plane of

the figure. The principal stresses can then be computed using equations (3.2) and (3.3).

_ Ao cos @

(3.2
0 = ———c— [Ng = N, cos 6]
LCsin?8 =

Gy = -I;.LOC_ cscze[Ng cos 8- N,] (33)

Here N, and Ng are the local fringe orders associated with the normal and oblique incidence fringe
panerns, respectively. Aside from an accurate optical arrangement, this technique requires only a
calibrated value of the relative stress-optical coefficient, C, for the birefringent flat. This value can be

easily calibrated by measuring the birefringence of the flar as a function of known loading.

3.2. Stress Analysis

Using the polariscope-interferometer we analyzed some of the coal samples tested. Figures 3.2
and 3.3 show the stress partern of two thin sections of PSOC 418 and 384, respecuvely, upon exposure
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to pyridine for 24 hours. It can be seen that the pyridine transport led to significant molecular

relaxations and stresses in the coal samples. These stresses are shown as anisotropic birefringence

pattern.
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Figure 3.2 Interferometric patterns of stress in a thin coal section of PSOC-418 after exposure
to pyridine for 24 hours at 35°C.

- 40 -



Figure 3.3 Interferometric patterns of stress in a thin coal section of PSOC-384 after exposure
to pyridine for 24 hours at 35°C.
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4. EXPERIMENTAL PART

4.1 Preparation of Thin Coal Sections

Coﬂ samples, average size of 10 mm and packed under nitrogen, werc supplied by the
Pennsylvania State University Coal Bank (PSU). The identification numbers used throughout are those
assigned by PSU. Table 4.1 includes pertinent information provided by PSU for the coals used in this
investigation.

The techniques presented here for preparing uncontaminated thin section specimens of coal are
based on the method of preparation employed by Brenner (1982). Epoxy resins which are normally used .
as embedding compounds in the preparation of geographic thin sections arc not easily or even
completely removed from the samplé after preparation. Such contamination would drastically alter the
penetrant transport behavior in the coal network. Uncontamined coal samples were prepared using a

parraffin-based adhesive which could be completely removed from the sample.

A chunk of PSOC coal was ground flat in a direction parallel to the geographic bedding piane on a
horizontal diamond grinding wheel using progressively finer diamond grits. The flat surface of the coal
was then heat-cemented to a preconditioned microscope slide. Preparation of the microscope slide
consisted of rough grinding to a uniform thickness to provide a textured surface for enhanced adhesion.
The adhesive used was a hexane-soluble, paraffin-based, thermoplastic compound (Paraplast, American
Scientific Products, St. Louis, MO). When the adhesive had hardened, the coal chunk was cut with a
diamond saw leaving approximately a 2 mm thick slab of coal mounted on the glass slide. The slab was

then ground using a vertical diamond grinding wheel to the desired final thickness.

The thin section specimens of coal were removed from the glass slide by soaking in n-hexane for

several hours. Hexane does not swell the coal sample. The original solvent was decanted off and a large
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Table 4.1 Analysis of PSU Coal Samples®.

PSOC County, Rank** %C %H oMM
Code No. State (dmmf) (dmmf)} (drv)
418 Titus, TX LigA  60.94 6.18  27.50
791 Titus, TX Liga 72.25 5.39 20.57
247 Burke,ND LigA 75.53 4.84 12.77
312 Navsju,AR HVC 78.38 5.72 7.51
853 Delta,CO HVC 80.12 5.08 3.74
402 Craig,OK HVA 82.40 5.84 18.46
341 Jefferson,PA HVA 86.01 39 14.33

384 Sullivan PA SAn 04.17 3.58 24.11

s Elemental analysis performed by Pennsylvania State University

- s= LigA = Lignite A; HVC = high volatile C bituminous;
HVA = high volatile A bituminous; SAn = semi-anthracite.
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excess of additional solvent was added to insure removal of any residual adhesive from the ccal
sections. After a few days of immersion, the solvent was removed and the samples were oven-dried at
60°C. The samples were stored in a dry nitrogen atmosphere at room temperature until use. The
uncontamined samples obtained ranged in thickness from 200 jm to 500 wm and were used for swelling
studies using a thermogravimetric analyzer. Also samples ranging in thickness from 7 um to 15 um

were obtained in a similar way and used for in-situ studies using a polarized microcope.

4.2 Dynamic Penetrant Transport Studies

Two different dynamic swelling studies were performed to elucidate the phenomenological and
mechanistic analyses of swelling. The first method is the dynamic swelling desiccator studies which
consist of high penetrant activity vapor swelling studies. The second method is the thermogravimetric

analyzer studies which consists of low penetrant activity vapor swelling studies.

4.2.1 Dynamic Swelling Desiccator Studies

Thin coal sections, 200 um to S00 pm thick, of 2 mg to 100 mg were dried and weighed to £ 0.05
mg on a Sartorjus electronic analytical balance. The samples were then suspended in a 15 x 45 mm vials
which were placed in a dessicator over a pool of solvent. The solvents used in the studies were
methylene chioride, pyridine, methyl ethyl ketone, toluene, benzene, methanol, acetone, cyclohexane,
and terahydrofuran. The desiccator was sealed and placed in a water bath to maintain a constant
temperature of 35 * 0.5°C. At set time intervals, the coal samples were removed, weighed and then

returned to the dessicator.
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4.2.2 Thermogravimetric Analyzer Studies

Swelling studies were carried out using a thermogravimetric analyzer (model TGA2, Perkin
Elmer, Norwalk, Conn.). The instrument consists of a microbalance which operates on an optics system
and a temperature controlled microfurnace. The TGA measures the weight loss or weight gain of a

sample as it is subjected to a precisely conwolled temperature environment.

Approximately 5 mg of a thin film of coal was placed in a platinum pén which was suspended
from the lever arm balance. For thermally treated samples, coal films were heated at the desired
temperature. A weight loss was observed due to water and low volatiles contained within the coal
network. The samples were heated until a weight loss equilibrium was obtained, then cooled at a rate of
5°C/min to room tempcrature. The swelling process followed immediately by introducing an
equilibrated mixture flow of nitrogen and solvent. Nitrogen (99.99% pure) at a constant flow rate of 95
+ 2 cc/min was purged through the solvent contained in the three gas washing bottles (Figure 4.1), and
carried over the microfurnace which contained the coal sample. The penetrant weight uptake as a
function of time was obtained from a chart recorder which was connected to the TGA. The solvents

used for these studies are pyridine, N,N-dimethylformamide, chloroform.

4.2.3 Determination of Penetrant Activity

Penetrant activity is defined as PP¥/P, (Hopfenberg et al., 1969), where PP¥ is the péncmmt
partial pressure and P, is the penetrant vapor pressure. The penetrant partial pressure is defined as the
penetrant mole fraction, X, in the nitrogen/solvent mixture times the tozal pressure, P. To determine the
penetrant mole fraction, the output flow from the thermogravimetric analyzer was analyzed using a gas-
chromatograph (Varian Aerograph Series 1400, Walnut Creek, CA) equipped with a thermal

conductivity detector and an 1/8 in. packed column (SE-30 nonpolar). The penetrant actvity for
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Figure 4.1 Thermogravimetric Analyzer.
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chloroform at room temperature was calculated to be 0.04 and that of pyridine and N,N-

dimethylformamide to be less than 0.04.

4.3 In-Situ Microscopy Studies

Thin coal mﬁplcs of thickness ranging from 7 um to 15 um were obtained bascd on the method
of preparation employed by ‘Brenna (1982). Quantitative and qualitative work on coal was cbtained
using a polarized microscope (Microstar Series 110, Scientific Instruments, Buffalo, NY). The |
polarized microscope was connected to a video camera which sent the signal to a videocassette recorder
and a monitor. Proper use of formulae given by the manufacturers were used to determine the
magnification magnimde of the observed picture on the monitor screen. A hot plate source which‘ fits in

the polarized microscope was used to conduct diffusion studies at 40°C, 70°C, and 100°C.

Direct exposure of the coal film to a solvent, results on immediate cracking of the coal due to
strong stresses from the concentration gradient of the solvent. Therefore it is desirable to prevent the
solvent from penetrating through the top or bottom of the thin section and to allow it to penctrate only

from one edge.

A grease-immersion technique was used to elucidate the diffusion of a penetrant into a semi-
infinite coal medium (Figure 4.2). A thin film of coal was immersed in silicone grease (high vacuum
grease, Dow Corning, Midland, MI), and both coal and grease were sandwiched between a 1 mm thick
glass slide on the bottom and a glass coverslip on top. Careful practice was used to place the exposed
edge of coal at the same level as the coverslip to prevent any fast diffusion of penetrant. For the high
temperature in-situ studies the 1 mm thick glass slide containing the coal sample was placed on top of
the heating plate source. The sampie was allowed to equilibrate at the desired temperature. The

diffusion process tullowed immediately by introducing the solvent into the glass slide container.
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Figure 4.2 Grease-immersion technique.
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Many observations were rccordeci, and some showed characteristics of a sharp advancing front
which divided the glassy region from the swollen region. The distance separating the advancing
penetrant front from a fixed point in space was reéorded as a function of time. The diffusion process was

conducted until an equilibrium was reached.
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5. RESULTS AND DISCUSSION

In this chapter the results of equilibrium and dynamic swelling studies of coal as well as in-situ
diffusion studies are described. Both phenomenological and mechanistic analyses of the dynamic
swelling behavior and the in-situ process are considered. The chapter is divided into three sections, the
first of which contains the equilibrium swelling studies of coal with high penetrant activity solvents.
Equilibriun is analyzed as a functioq of penetrant type, carbon content of coal, and solubility parameter,
8. Also, the swelling behavior of coal with different carbon contents is compared to the swelling
behavior of poly(methyl methacrylate) (PMMA) crosslinked with different amounts of ethylene glycol
dimethacrylate (EGDMA). Sectién 5.2 contains dynamic swelling studies for different penetrants as a
function of temperature treatment and carbon content, and Section 5.3 summarizes the in-sitg diffusion

studies for different temperatures, carbon contents and different penetrant type.

5.1 Equilibrium Swelling Stucies of Coal

Equilibrium swelling studies with high activity penetrants were performed in thin sections of coal
(200 um to 500 um) to study the effect of penetrant type, carbon content, and polar, dispersive and
hydrogen-bond contributions. These results are presented in Figures 5.1 through 5.16. The experiments

were conducted in desiccators at 35°C.

5.1.1 Penetrant Uptake in Coal Samples as a Function of Penetrant Type and Carbon Content

The swelling behavior of coals PSOC 418, 853 and 384 in acetone, cyclohexane, methanol,
methyl ethyl ketone (MEK), toluene, and methylene chloride at 35°C are presented in Figures 5.1, 5.2
and 5.3, respectively. In all cases, the amount of penetrant per initial dry weight of coal, M/Mc, is

reported as a function of time. In fact, to account for minor changes in coal sémples thickness, /, the data
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are plotted versus /2, a normalized time expressed in h/cm?, It can be seen in Figure 5.1 that
methylene chloride is the penetrant that exhibits the largest coal swelling followed by acetone, and
toluenc. When exposed to a high penetrant activity solvent, the thin coal sections swell immediately
(within 1.0 hr). However, a good deal of information can be obtained from these studies such as
classification of penetrants in terms of their solubility parameters. An explanation for the high swelling
of coal PSOC-418 with methylene chloride may be that the methyicnc chloride solubility parameter
matches that of the coal sample PSOC-418. As discussed before, the free energy of mixing is minimum

when the solubility parameters of coal and penetrant are equal.

The swelling of coals PSOC 853 and 384 with acetone, cyclohexane, methanol, MEK, toluene
and methylene chloride are depicted in Figures 5.2 and 5.3, respectively. In these cases, methylene
chloride exhibits the largest swelling followed by MEK and toluene. Therefore, methylene chloride

shows the highest swelling regardless of the coal used.

Increasing the carbon content of coals does not nc;ccssarily increase the crosslinking amount. It
was mentioned that the average molecular weight between crosslinks does not increase linearly with
carbon content, but exhibits a maximum for coals with carbon contents between 75-80% C. This effect
is depicted in Figure 5.4 for coal swelling with methylene chloride. In this case, methylene chloride was
selected as the penetrant due to its good compatibility with PSOC coals. The highest swelling is
exhibited by PSOC-247 followed by PSOC 418, 853, 341, 384 and 312. With the exception of PSOC-
312 the equilibriurn uptake for the five coals follows the same pattern as the average molecular weight
between crosslinks follows when plotted as a function of carbon content (Figure 5.42). This indicates
that the equilibrium penetrant uptake increases as the average molecular weight berween ;rosslinks

increases.
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Figure 5.1 Penetrant uptake (in g penetrant/g dry coal) in thin coal sections of PSOC-418 at
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5.1.2 Penetrant Uptake in Coal Samples as a Function of Solubility Parameters

The solubility parameter of coal can be estimated from swelling studies using penetrants of
different solubility parameters. The free energy of mixing is minimized when the solubility parameters
of the solvent and the solute are conparable, Therefore, the solubility parameter for coal is equivalent to
the solubility parameter of the penetrant exhibiting the highest swelling to coal. Equilibrium swelling
studies of coal with various penetrants (see Table 5.1 for description) were conducted to elucidate the
compatibility of coal and the penetrant. Figure 5.5 depicts the equilibrium penetrant uptake in thin coal
sections of PSOC-418 as a function of the penetrant solubility parameter, 8;. It can be seen that the

maximum equilibrium penetrant uptake occurs at a solubility parameter of about 9.5 cal l’2/cr‘n3’2.

Figure 5.6 depicts the equilibrium penetrant uptake in thin coal sections of PSOC-853 as a
function cf the penetrant solubility parameter. It can be seen again that the maximum penetrant uptake
occurs at a 8; equal to 9.5 cal'?/em3” . The same observation is made in Figure 5.7 for the swelling of
coal PSOC-384. Based on these results an estimated solubility parameter, 3, for coal is equal to 9.5

cal'?/cm3?.
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Tabie 5.1 Solubility Parameters (in cal'?/cm

3/2) "

Solvent 8 8¢ | 8 | On
Methylene Chloride 993 | 891 | 3.1 3.0
Chloroform 921 | 865 | 1.5 | 2.8
Pyridine 10.61 | 925 | 43 | 2.9
Methyl ethyl ketone 927 | 777 | 44 | 235
Toluene 891 | 882 |07 | 1.0
Benzene 9.15 | 895 1 05 | 1.0
Methanol 14.28 | 742 | 6.0 | 109
Acctone 977 | 758 | 5.1 | 34
Cyclohexane 8.18 | 8.18 | 0.0 | 0.0

Tetwrahydrofuran 9.1 - - .

N,N-Dimethylformamide | 12.1 - - —

* Adopted from Gardon and Teas (1976).
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In this case, 8, is the solubility parameter of the solvent, 84 is the dispersive interaction contribution to

the solubility parameter, 3, is the polar interaction contribution and &y is the hydrogen-bond interaction.

contribution.

The initial penetrant uptake rate, dMp/dt, can also be analyzed in terms of the penetrant solubility
parameter. Figures 5.8 through 5.10 depict the initial penetrant uptake rate in thiq coal sections of PSOC
418, 853 and 384, respectively, as a function of the penetrant solubility parameter. For coals PSOC 418
and 853. a maximum initial penetrant uptake rate is cxhibited around a solubility parameter of 9.5
cal'2/cm3”. However, coal PSOC-384 shows a maximum initial penetrant uptake rate at a solubility
parameter of 14.5 cal'?/cm®?2, which then decreases almost linearly as the solubility parameter
decreases. These results apply to the initial rates only; as the swelling process reaches equilibrium the

solubility parameter of the maximum rate approaches 9.5 cal2/cm’?.

Ik is also possible to study the swelling behavior of penetrants in terms ofv their cohesive energy
properties, Table 5.1 lists values for the dispersive interaction contribution, 84, polar interaction
contribution, 8, and hydrogen-bond imemétion coatribution, &, to the solubility parameter for a
variety of solvents. Swelling studies can be conducted with penetrants of different cohesive energies to
clucidate the effect of 84, 8, and &, upon coal swelling. These imcraction‘ effects are exh'bited in
Figures 5.11 through 5.13 for the swelling of coals PSOC 418, 853 and 348, respectively. Figure 5.11
depicts the equilibrium penetrant uptake in thin coal sections of PSOC-418 as a function of the
penetrant solubility parameter, 8,, and its dispersive, polar and hydrogen-bonding contributions. It can
be seen that the swelling due to dispersive forces exhibits a maximum at a 84 of 9.0 cal'?/cm*?; for the
swelling due to polar and hydrogen-bond contributions, the maximum occurs at a &y, of 3.0 cal'Z/cm*?2.
In other words, the dispersive forces are more significant to the swelling of PSOC-418 than any other

force conwribution. For the swelling of coal PSOC-853 depicted in Figure 5.12, the maximum swelling
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Figure 5.8 [Initial penetrant uptake rate (in g/h) inthin coal sections of PSOC-418 at 35°Casa
function of the penetrant solubility parameter, 8.
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Figure 5.9 Initial penetrant uptake rate (in g/h) in thin coal sections of PSOC-853 at 35°C as a
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Figure 5.10 Initial penetrant uptake rate (in g/h) in thin coal sections of PSOC-384 at 35°Cas a
function of the penetrant solubility parameter, 8.
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Figure 5.11 Equilibrium penetrant uptake (g penetrany/g dry coal) in thin coal sections of
PSOC-418 at 35°C as a function of the penetrant solubility parameter, 8, (in
cal’2/cm®?) and its dispersive (O), polar (CJ), and hydrogen bonding )
contributions.
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Figure 5.12 Equilibrium penetrant uptake (g penetrant/g dry coal) in thin coal sections of
PSOC-853 at 35°C as a function of the penetrant solubility parameter, &;, (in
cal'?/cm??) and its dispersive (O), polar (), and hydrogen bonding ()
contributions.
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due to the dispersive forces occurs at a 8y of 9.5 cal'?/em®?, the maximum swelling due to polar
contributions occurs at a &, of 4.5 cal'?/cm2, while the maximum swell'mé due to hydrogen-bonding
occurs at a 8 of 3.0 cal'?/cm. In the case of PSOC-384, the maximum swelling due to dispersive
forces occurs at a 8y of 9.0 cal'Z/cm®?, and the maximum swelling due to polar and hydrogen-bond
contributions occurs at a 8 or &y, of 3.0 cal!2/cm®2. Therefore, the cohesive energy contributions to the

swelling of coals PSOC 418, 853 and 384 is approximately the same for all three coals.

Another practical way to elucidate the swelling of coals due 0 the pcﬁctrant polar interactioi.. is
to use a fractional parameter, f;, defined as 5,/3;. Plotting solvent behavior by the solvents' fractional
solubility parameters permits more lucid analysis of solubility and other interactions. Figures 5.14, 5.15
and 5.16 exhibit the equilibrium penetrant uptake in coals PSOC 853, 418 and 384, respectively, as a
function of the polar contribution to the solubility parameter. In all three cases, the maximum swelling
is observed with penetrants having a polar contribution which is approximately 30% of the total

solubility parameter,

Thus, liquids with solubility parameters around 8,=9.5 cal'/cm®? exhibit the greatest swelling
regardless of the coal used. The maximum coal swelling is attained with methylene chloride. Also,
liquids with dispersive contributions around 84=9.0 cal'?/cm®?, and polar and hydrogen-bend
contributions around 8, and &, equal to 3.0 call?/cm>? exhibit the greatest compatibility regardless of

the coal used.

5.1.3 Swelling of PMMA

Comparison of the coal behavior in various penetrants was achieved by conducting swelling
studies in well characterized, crosslinked poly(methyl methacrylate) (PMMA). Figure 5.17 shows the

dynamic uptake of methylene chloride by PMMA crosslinked with 1, 2 and 5 wi% EGDMA. In general,
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Figure 5.14 Equilibrium penetrant uptake (g penetrant/g dry coal) in thin coal sections of
PSOC-853 at 35°C as a function of the polar contribution to the solubility
parameter, §,/5,.
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Figure 5.15 Equilibrium penetrant uptake (g penetrant/g dry coal) in thin coal sections of
PSOC-418 35°C as a function of the polar contribution to the solubility parameter,
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Figure 5.16 Equilibrium penetrant uptake (g penctrant/g dry coal) in thin coal sections of
PSOC-384 at 35°C as a function of the polar contribution to the solubility
parameter, 8,/8,.
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Figure 5.17 Methylene chioride uptake at 35°Cin crosslinked PMMA with 1, 2, or 5% EGDMA
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all

the uptake is higher for the lower degree of crosslinking polymer samples. This is shown even better in
Figure 5.18, where the equilibrium methylene chloride uptake is shown as a function of the degree of
crosslinking expressed as moles EGDMA per mole MMA. These results are in good agreement to those
for coal, which also show that the equilibrium penetrant uptake decreases as the crosslinking increases.
In the case of coals, the crosslinking is best expressed by the. average molecular weight bety:2n

crosslinks, and not necessarily by the carbon content.

5.2 Dynamic Penetrant Uptake in Coal Samples

Dynamic penetrant uptake studies in thermally treated coal samples were performed with various
penetrants to elucidate the phenomcnoldgical and mechanistic effects of the diffusion process. Coal

swelling by thermodynamically good solvents is due to two main processes. The first is a pure Fickian

~ diffusion and the second is the relaxation of the macromolecular chains which are positioned at the

advancing penetrant front. The reader should recall that Fickian diffusion is described by a diffusion
coefficient, D, (in cm?/s), and characterized by an initial square root of time dependence. Case-II
transport or relaxation controlled tansport is described by a relaxation constant, k, (in s™!), and
characterized by an initial linear time dependence. In this section both phenomenological and
mechanistic analyses will be discussed for the diffusion of penetrants into thin sections of coals treated

at different temperatures.

The thermogravimetric analyzer (TGA) was used to obtain the dynamic penetrant uptake in thin
sections of coal (200 pm to 500 um thick) after various temperature treatments. The coal samples were
exposed to a low penetrant activity atmosphere (0.04 for chloroform and less than 0.04 for pyridine and
DMF), so that the diffusion of penetrants occurred in all directons, Thin square sections of coal were

used with aspect ratio (width or length to thickness) of 10:1, sc that an one dimensional diffusion
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process could be assumned.

Studies with temperature treated coal samples clucidated the effects of temperature on the
diffusion of penetrants into coal. The temperatures at which the coal was treated were 35°C, 100°C and
150°C. Thermal treatment consisted of heating the coal samples at cons.unt temperature for 20 hours;
however, equilibrium weight loss was obtained after approximately 3 hours. Then, the diffusion studies |
were conducted at room temperature with varying carbon content and penetrant types. The coals used in
these studies were PSOC- 791 (72.2% C on a dry mineral matter free basis (dmmf)), PSOC-247 (75.5%
C dmmf), PSOC-312 (78.3% C dmmf) and PsOC-853 (80.1% C dmmf). The penetrants used were

pyridine, N,N-dimethylformamide (DMF) and chloroform.

5.2.1 Penetrant Uptake in Coal Samples as a Function of Carbon Content

Diffusion studies were conducted in thermally treated coal samples containing different carbon
content lc; elucidate the effects of crosslinking and coal heterogeneity. Coals are so inhorﬂogcncous that
their chemical st ucture varies from microregion to microregion and an exact mechanistic analysis is
impossible. Howe ver, one may use an analysis for homogencous‘ studies to obtain an approximate result.
In this section the coal crosslinking effects will be studied. It must be noted that some deviations from

the phenomenological studies may be due to the inhomogencity of coals and not experimental error.

Figures 5.19 through 5.26 pi 'sent the phenomenological (without coal porosity correction)
amount of penetrant adsorbed per witial dry weight of coal, M,/M,, as a function of time. Again, to
account for minor changes in the coal samples thickness, /, the data are plottel versus t// 2, a normalized
time expressed in h/cm?. Figure 5.19 shows the pyridine uptake as a function of normalized time for
four different coals treated at 35°C. It can be seen that the equilibrium penetrant adsorbed 1s higher for

coals PSOC 853 and 247, and lower for coals PSOC 791 and 312. This phenomen¢ n was expected since
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the average molecular weight between crosslinks is higher for coals PSOC 247 and 853. Therefore, the
mesh sizc‘available for swelling is larger. It can also be seen that the initial penetrant uptake rate
increases from PSOC 312, to 853, to 791, and to 247 (see Tabie 5.2). Figux? '5.20‘ snows the pyridine
uptake as a function of normalized time for four different coals treated at 100°C. The equilibrium
penetrant uptake is higher for coal PSOC 791, followed by PSOC 247, 312 and 853. In this case, the
penetrant uptake increases as. the carbon content decreases. An observed Fickian diffusion in coal
PSOC-853 deviates to anomalous then Case-II transport as the carbon content decreases. These results
differ from the results for the diffusion of pyridine in coals treated at 35°C. This may be due to the
higher temperature treatment,(100°C). As the temperature increases, the chains rearrange and the.
network density is decreased.‘ Also, an increase of temperature reduces some of the stresses within the
coal network. The results show that a temperature increase decreases the nénvork density of the lower

carbon content Coals more than it decreases the network density of the higher carbon content coals.

Figure 5.21 shows the pyridine uptake as a function of normalized ume for four different coals
treated at 1% °C, In this case, the equilibriﬁm penetrant uptake as well as the initial diffusion rate is
higher for the lower carbon content coals. The equilibrium pyridine uptake as well as the inital
diffusion rate are highest in PSOC 247 and 791 followed by PSOC 853 and 312. The same sequence
was observed for the diffusion of high penetrant activity vapors, where PSOC-312 gave the lewest
swelling ratio. There is another phenomenon occurring in this case. At about 12.4 hours (7.5 x 10°
h/cm? in Figure 5.21) the diffusion rate increases again until it reaches an equilibrium. This fnay be the
time when the penetrant and coal network equilibrate, and the macromolecular chains rzlax allowing the
coal network to reach a new equilibrium. Numerical results for the initial diffucion rates and the
pyridine, DMF and chioroform equilibrium uptakes are listed in Tables 5.2, 5.3 and 5.4, respectively.

Initial diffusion rate is defined as the change of coal mass with respect to normalized time, dM./dvi?.
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Thus, for pyridine diffusion studies into coals PSOC 791, 247, 312 and 853 treated at 35°C, the
initial diffusion rates as well as the equilibrium penetrant uptake increase with an increase between
crosslinks. At high temperature treatments, the diffusion process decreases as the carbon content of

coals increases.

Figures 5.22, 5.23 and 5.24 exhibit the DMF uptake as a function of normalized timé for four
different coals treated at 35°C, 100°C and 150°C, mspcétivcly. It can be seen from Figure 5.22 that the
initial diffusion rates as well as the equilibrium DMF untake are higher for the lower carbon content
coals. The initial diffusion rate is higher for PSOC-247 followed by PSOC 791, 312 and 853,
respecdvely. This phenomenon indicates that - SOC-247 would have thz highest average molecular

weight between crosslinks.
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Figure 5.19 Phenomenological pyridine (penetrant activity < 0.04) uptake, M\/M,;, as a function
of normalized time, t//2, in coals treated at 35°C. PSOC-791 (Q), PSOC-247 (O0),
PSOC-312 @), PSOC-853 (A).
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Initial Rates and Equilibrium Uptakes for the

Table 5.2

Diffusion of Pyridine into PSOC Coals

Coal %C | Treatment | M. * Inidal Equilibrium

PSOC Temp.( °C) Rate (g-cm?/h) | Uptake (g/g)
791 | 722 35 1027 8.6x107¢ 0.031
247 | 755 35 1250 9.2x107% 0.033
312 | 783 35 1210 1.4x10~%" 0.010
853 80.1 35 1200 8.2x10™% 0.056
791 | 722 100 1027 1.5x107 0.050
247 | 755 100 1250 1.6x10~ 0.039
312 [ 783 100 1210 1.9x10% 0.040
853 [ 80.1 100 1200 9.7x107%" 0.021
91 | 722 150 1027 2.2x107 0.047
247 | 75.5 150 1250 1.8x1077 0.064
312 | 783 150 1210 42x107% 0.025
853 | 80.1 150 1200 4.6x10~% 0.035

* Average weight between crosslinks, M, values are obtained from Lucht (1983).
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Figure 5.20 Phenomenological pyridine (penetrant activity < 0.04) uptake, M,/M_, as a function
of normalized time, t//2, in coals treated at 100°C. PSOC-791 (O), PSOC-247 (D),
PSOC-312 (), PSOC-853 (4).
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Table 5.2
Initial Rates and Equilibrium Uptakes for the

Diffusion of Pyridine into PSOC Coals

Coal %C | Treament | M. * Initial Equilibrium

PSOC Temp.(°C) Rate (g-cm?/h) | Uptake (g/g)
791 | 722 35 1027 8.6x107~¢ 0.031
247 [ 755 35 1250 9.2x10™ 0.033
312 | 783 35 1210 1.4x10™ 0.010
853 80.1 35 1200 8.2x10™ 0.056
91 | 722 100 1027 1.5x107° 0.050
247 | 755 100 1250 1.6x107° 0.039
312 | 783 100 1210 1.9x10~* 0.040
853 | 80.1 100 1200 9.7x10™ 0.021
791 | 722 150 1027 22x10™° 0.047
247 | 755 150 1250 1.8x107° 0.064
312 | 78.3 150 1210 4.2x10™° 0.025
853 80.1 150 1200 4.6x10™ 0.035

* Average weight between crosslinks, M, values are obtained from Lucht (1983).
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Figure 5.21 Phenomenological pyridine (penetrant activity < 0.04) uptake, M,/M, as a function
of normalized time, ¥//2, in coals treated at 150°C. PSOC-791 (O), PSOC-247 (O0),
PSOC-312 (), PSOC-853 (4).
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Table 5.3 Initial Rates and Equilibrium Uptakes for

the Diffusion of DMF into PSOC Coals.

Coal %C | Treatment | Mc* Initial Equilibrium

PSOC Temp.(°C) Rate (g-cm?/h) | Uptake (g/g)
791 | 722 35 1027 2.4x1073 0.081
247 | 755 35 1250 2.6x107° 0.067
312 | 783 35 1210 3.4x10~ 0.020
853 | 80.1 35 1200 2.4x10~ 0.012
791 | 722 100 1027 1.6x107° 0.061
247 | 755 100 1250 1.4x10™° 0.043
312 | 783 100 1210 9.5x10™ 0.021
853 | 80.1 100 1200 9.7x10™ 0.018
791 | 722 150 1027 1.0x107 0.033
247 | 155 150 1250 2.0x10°7% 0.045
312 | 783 150 1210 6.7x10™ 0.018
853 | 80.1 150 1200 6.6x10™ 0.009

* Average weight between crosslinks, M, values are chtained from Lucht (1983).
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Table 5.4 Initial Rates and Equilibrium Uptakes for

the Diffusion of Chloroform into PSOC Coals.

Coal | %C | Treamment | M, * Initial Equilibrium

PSOC Temp.(°C) Rate (g-cmzlh) Uptake (g/g) |
791 | 722 35 1027 7.4x1073 0.043
247 75.5 35 1250 1.2x)0™° 0.045
312 | 78.3 35 1210 6.3x10™ 0.015
853 | 80.1 35 1200 2.0x107 0.012
791 | 722 100 1027 6.2x10~° 0.043
247 | 755 100 1250 5.2x10™ 0.028
312 | 783 100 1210 2.2x107° 0.008
853 | 80.1 100 1200 4.8x10™° 0.035
791 | 722 150 1027 2.4x107* 0.042
247 | 15.5 150 1250 4.1x10™ 0.029
853 80.1 150 1200 3.1x10™° 0.013

* Average weight between crosslinks, M., values are obtained from Lucht (1983).
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Figure 5.22 Phenomenological DMF (penetrant activity < 0.04) uptake, M,/M,, as a function of
normalized time, ¥I2, in coals treated at 35°C. PSOC-791 (O), PSOC-247 (D),
PSOC-312 @), PSOC-853 (4).
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Figure 5.23 Phenomenological DMF (penetrant activity < 0.04) uptake, My/M,;, as a functdon of
normalized time, /2, in coals treated at 100°C. PSOC-791 (O), PSOC-247 (O)),
PSOC-312 ({», PSOC-853 (A).
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Figure 5.24 Phenomenological DMF (penctrant activity < 0.04) uptake, M,/M,, as a function of

normalized time, ¥/I2, in coals treated at 150°C. PSOC-791 (O), PSOC-247 (DD,
PSOC-312 (©), PSOC-853 (4).
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In the case of the DMF diffusion into coal treated at 100°C depicted in Figure 5.23, the
equilibrium uptake was highest for PSOC-791 followed by PSOC 247, 312 and 853, respectively. This
observations are in good agreement with the pyridine diffusion into coals treated at higher ternperatures.
The observed initial diffusion rates also increase as the carbon content decreases (Table 5.3). Figures
5.23 and 5.24 exhibit the DMF uptakc in coals treated at 150°C as a function of normalized time. In this
case the equilibrium penetrant uptake as well as the initial diffusion rate was higher for PSOC-247
followed by PSOC 791, 312 and 853, respectively. These results suggest that PSOC-247 has the highest
average molecular weight between crosslinks, and mc results are in good agreement with the pyridine

diffusion into coal resuits.

Thus, coal PSOC-247 exhibits the highest DMF equilibrium uptake as well as the highest initial
diffusion rates among all samples tested. A temperature increase favors the DMF diffusion in the lower
carbon content coals. The diffusion of DMF and pyridine in coals treated at 35°C increase as the
average molecular weight between crosslinks increases. Therefore, the swelling stidies with pyridine

and DMF show many similarities.

Three types of penetrants were used to elucidate the sffects of penetrant type on the diffusion
process. Pyridine and DMF have already been discused. The third penenant is chloroform, which
elucidates the effects of chlorinated solvents on the diffusion process. Figure 5.25 exhibits the
chioroform uptake in coals treated at 35°C as a funcrion of normalized time. In this case, the
equilibrium uptake is higher for PSOC-247 followed by PSOC 791, 312 and 853, respectively. This is
the samne as the pattern exhibited in the diffusion of DMF into coals treated at 35°C, but with different
equilibrium uptake values. It can also be seen that the initial diffusion rates arc higher for the lower
carbon content coals. At about 12.4 hours (7.5 x 10° h/cm?), coals PSOC 791 and 247 exhibit an

accelerated diffusion rate until equilibrium is attained. This same phenomenon has been previously
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observed for the diffusion of pyridine into coals and it occured at the same normalized time.

Figure 5.26 exhibits the chloroform uptake in coals treated at 100°C as a function of normalized
time. It can be seen that the equilibrium uptake as well as the initial diffusion rate are higher for PSOC
791 followed by PSOC 247, 853 and 312, respectively. In this case, a temperature treatment increase
favored the diffusion in the lower carbon content coals. Probably, the stresses are removed within the
coal network as the tcinpemture increases. Therefore, the transport process becomes relaxation
controlled. The transport process deviates from Fickian diffusion to anomalous transport then to Case-II
transport with a temperature treatment and carbon content increase. Finally, Figure 5.27 exhibits the
chloroform uptake in coals treat.ed at 150°C as a function of normalized time. Similarly to the diffusion
of chloroform in coals treated at 100°C, the diffusion rates are higher for the lower carbon content coals.

The chemical bonds break at high temperatures, and the coal network density decreases.

The results from the aforementioned studies can be combined to provide conclusions of the

penetrant uptake in coals as a function of carbon content at different temperatures.

i)  For coals treated 35°C, the initial diffusion rates as well as the equilibrium uptake of pyridine,
DMEF and chloroform into coals PSQC 791, 247, 312 and 853 increase with the average molecular

- weight between crosslinks.

ii) For the high temperature treated coals, the diffusion of pyridine, DMF and chloroform decreases
as the carbon content in coals increases. Coal PSOC-247 exhibits the highest initial diffusion rates
and equilibrium uptakes. This suggest that coal PSOC-247 has the highest average molecular

weight between crosslinks of the coals studied.

iii) All three penetrants show similar swelling observations, and a mechanistic analysis is necessary

to elucidate penerrant diffusion into coals.
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Figure 5.25 Phenomenoiogical chloroform (penetrant activity = 0.04) unrtake, M/M,, as a
function of normalized time, ¥//2, in coals treated at 35°C. PSOC-791 (O), PSOC-
247 (), PSOC-312 (@), FSOC-853 (A).

- 89 -



0.10

0.08

/M, (g/8)
(0]
(@)
(1))

0.04 0°°
- c:boao AL anl®
= o AAAA
0.02 & A6
o
0.0 L —. -
o 10 20 30 40

t/1%, (h/cm®x1 0-%)

Figure 5.26 Phenomenological chioroform (penetrant activity = 0.04) uptake, M;/M,, as a

function of normalized time, ¥/I2, in coals weated at 100°C. PSOC-791 (O),
PSOC-247 (C), PSOC-312 (0), PSOC-853 (A).
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Figure 5.27 Phenomenological chioroform (penetrant activity = 0.04) uptake, M/M, as a
function of normalized time, vI2, in coals treated at 150°C. PSOC-791 (O),
PSOC-247 (O0), PSOC-853 (4).
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iv) The diffusion rates depend on the average molecular weight between crosslinks of the coals

studied.

52.2 Penetrant Uptake in Coal Samples as a Function of Temperature

The effrcts of temperature treatment in penetrant diffusion in coal are discussed in this section.
The swelling swudies discussed before are presented as a function of temperature treatment to clucidate
the temperature effects in the diffusion process. Three temperawure treatments, 35°C, 100°C and :30°C
for each coal will be discussed. Figures 5.2o through 5.39 exhibit the penctrant uptake as a function of

normalized time for coals PSOC 791, 247, 312 and 853 at different temperature treatments.

The pyridine uptake in coals is shown in Figures 5.28 through 5.31. Figure 5.28 exhibits the
pyridine uptake in coal PSOC-791 as a function of normalized ume at different temperature reatments.
It can be seen that total equilibrium uptake is higher for the coals treated at 100°C and 150°C, and
decreases for the the coal treated at 35°C. In the case of swelling in coal PSOC-247 (Figure 5.29), the
initial diffusion rates and the total equilibrium pyridine uptake increases with temperature treatment.
Some of the stresses within the network are removed by thermally meating the coal samples, which
helps the penetrant to diffusc into the network. For the coal treated at 150°C case, there is an accelerated
uptake at about 12.4 hours (7.5 x 10° h/cm?). This indicates that the macromolecular chains have
relaxed, and the network attains a new equilibrium uptake. Proceeding with the pyridine diffusion into
coal PSOC-312 depicted in Figure 5.30, it can be seen that the highest temperature treated samples

exhibit the higher equilibrium uptake and initial diffusion rates.

Figure 5.31 shows the pyridine uptake into coal PSOC-853. In this case, the 35°C study exhibits
the higher equilibrium uptake followed by the 150°C and 100°C studies. With the exception of the
lower temperature <ase, the total equilibrium uptake increases with temperature.
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Figure 5.28 Phenomenological pyridine (penetrant activity < 0.04) uptake, Mi/M, as a function
of normalized time, ¥!2, for coal PSOC-791 treated at: 35°C (), 100°C (0)) and
150°C (A).

- 93 -



0.10

.08 |

/M, (g/g)

10 20
t/1*, (h/cm®*x107%)

Figure 5.29 Phenomenological pyridine (penetrant activity < 0.04) uptake, M;/M, as a function
of normalized time, t//2, for coal PSOC-312 treated at: 35°C (O), 100°C (O)) and
150°C ().
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Figure 5.30 Phenomenological pyridine (penetrant activity < 0.04) uptake, M,;/M,, as a function
of normalized time, /2, for coal PSOC-312 treated at: 35°C (O), 100°C (CD) and
150°C (A).
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Therefore, for the diffusion of pyridine into coals treated at different temperatures, the total
equilibrium uptake and the initial diffusion rates increase with temperature treatments. The samc‘

phenomenon is observed in all four coals.

DMF diffusion into coals PSOC 791, 247, 312 and 853 at different temperawre treatments is
shown in Figures 5.32 through 5.35. In all four cases, it can be seen that the total equilibrium uptake is
higher for coals treated at 35°C and decreases as the temperature treatment increases. Even the initial
diffusion rates for some coals are higher at the lower temperature treatrents (see Table 5.3). Contrary to
the diffusion of pyridine into coals, the DMF diffusion into coals decreases 4s temperature treatment
increases. An explanation to this phenomenon may be that by thermally treating the coal samples, some
of the chemical sites which would originally form chemical bonds with DMF are destroyed. It was
mentioned that the network density decreases when a coal-coal hydrogen-bond is replaced by a

penetrant-coal hydrogen-bond.

The chloroform uptake in coals PSOC 791, 747, 312 and 853 at different temperature treatments
is shown in Figures 5.36 through 5.39, respectively. In the case of chloroform diffusion into PSOC-751
depicted in Figure 5.36, it can be seen that the equilibrium uptake as well as the inital diffusion rates
increases with temperature treatment; albeit by a very insignificant amount. On the contrary, the
diffusion of chloroform into coal PSOC-247 depicted in Figure 5.37, shows that the initial diffusion
rates and the equilibrium uptake decrease as the temperature treaument increases. Chemical sites
available to chemically bond with chloroform are removed with a témpcraturc treatment increase.
Figure 5.38 exhibits the chloroform uptake as a function of normalized time for coal PSOC-312. In this
case too, the equilibrium uptake as well as the initial diffusion rates decreases as the temperature
treatment increases. Finally, Figure 5.39 exhibits the chloroform uptake as a function of normalized

time for coal PSOC-853. The equilibrium penetrant vptake as well as the initial diffusion rates are
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Figure 5.31 Phenomenological pyridine (penetrant activity < 0.04) uptake, M,/Mc, as a function
og normalized time, Y12, for coal PSOC-853 treated at: 35°C (O), 100°C (C) and
150°C (4).
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Figure 5.32 Phenomenological DMF (penetrant activity < 0.04) uptake, M;/Mc, as a function of

normalized time, /2, for coal PSOC-791 treated ar: 35°C (O), 100°C (O) and
150°C (A).
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Figure 5.33 Phenomenological DMF (penetrant activity < 0.04) uptake, M;/M,;, as a function of

normalized time, t/I2, for coal PSOC-247 treated at: 35°C (O), 100°C (O) and
150°C (A).
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Figure 5.34 Phenomenological DMF (penetrant activity < 0.04) uptake, M,/M,, as a function of

normalized time, vI2, for coal PSOC-312 treated at: 35°C (O), 100°C (C) and
150°C ().
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Figure 5.35 Phenomenological DMF (penetrant activity < 0.04) uptake, M,/M,, as a function of
normalized time, /12, for coal PSOC-853 treated at: 35°C (O), 100°C (OJ) and
150°C (A).
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Figure 5.36 Phenomerological chloroform (penetrant activity = 0.04) uptake, M;/M,, as a
function of normalized time, t/i2, for coal PSOC-791 treated at: 35°C (O), 100°C
(D)) and 150°C (A).
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Figure 5.37 Phenomenological chloroform (penetrant activity = 0.04) uptake, M;/M,, as a
function of normalized time, t/I%, for coal PSOC-247 treated at: 35°C (O), 100°C
(CD and 150°C (A).
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Figure 5.38 Phenomenological chloroform gpenetrant activity = 0.04) uptake, M;/M,, as a
function of normalized time, /!4, for coal PSOC-312 treated at: 35°C (O), 100°C
(O) and 150°C (4).
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Figure 5.39 Phencmenological chloroform (penetrant actvity = 0.04) uptake, M/M,, as a
function of normalized time, v/2, for coal PSOC-853 treated at: 35°C (O), 100°C

(0) and 15¢°C (4).
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highest for coals treated at 100°C followed by the values at iS0°C. Therefore, the diffusion of

chloroform into coals also decreast's as temperature increases.
The conclusions for the penetrant uptake into coals as a function temperature seatment are:

i) for pyridire, ine inital diffusion rates as well as the equilibrium penetrant uptakes increases with

temperature treatment,

ii) for DMF and chloroform, the initial diffusion rates as well as the equilibrium penetrant uptakes

decreases as temperature treatment increases;

iil) degradation may affect the diffusion process of DMF and chloroform into coals, but not the

diffusion process of pyridine into coals.

5.2.3 Mechanistic Analysis of the Dynamic Swelling Data

The dynamic swelling data can be fitted to :1¢ semi-empirical equation (2.21) to elucidate the
wransport mechanisms governing penetrant diffusion into coals. The diffusional exponent n of the semi-
empirical equation (2.21) can be related to the type of transport 'dnetics that is observed for a given
macromolecule/penetrant pair. The diffusional exponent serves as a method by which actual sorption

data can be analyzed in order to determine the mechanism of penetrant sorption.

The penetrant uptake behavior ol pyridine, DMF and chloroform in coals can be described by

fitting the initial 60% of the total penetrant uptake data to equation (2.21).

..ME. =kt® (221)
M.

Here, k is a constant incorporating characteristics of the macromolecular network system and the

penetrant, and n is the diffusional exponent which is indicative of the transport mechanism. Also,
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incorporated in the constant k are the diffusion coefficient, D, and the relaxation constant, K, which
describe the transport of penetrants into the macromolecular network. Possible values of the diffusional
exponent for transport in films or slabs and their associated transport mechanisms are presented in Table

5.5.
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Table 5.5. Diffusional Exponent n and its Associated Transport Mechanism for a One-Dimensional
Diffusion Process.

Mechanism n
Fickian 0.5
Case-I 1.0

Anomalous 0.5¢n<l.0
Super Case-II > 1.0
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The phenomenological swelling data can be fitted to the semi-empirical equation to determine a
phenomenological diffusional exponent, nppen. The swelling data were analyzed using the semi-
empirical equation (2.21). The temperature treatment, crosslinking and penetrant type effects were
determined. The results of the analysis for the diffusion of pyridine, DMF and chloroform inr~ coals
PSOC 791, 247, 312 and 853 at different temperature treatments, are shown in Tai)lcs 5.6, 5.7 and 5.8,

respectively. A 95% Confidence Interval (95% (i) for the diffusional exponent and the constant, K, is

included.

From the resuits in Table 5.6, it can be seen that the transport mechanism for the diffusion of
pyridine into coals treated at 35°C is Fickian diffusion. A small deviation from Fickian diffusion is
observed for coal PSOC-853, indicating an anomalous transport for the higher carbon content coal. The
constant k has no significance here, because it incorporates the Fickian diffusion and macromolecular

relaxation contributions to the transport process which are unknown.

The results for pyridine diffusion into coals treated at 100°C show a Fickian diffusion mechanism
for PSOC-791 and deviation to anomalous transport for PSOC 247 and 853. With the cxception of
PSOC-312 it can be seen that the transport mechanism deviates from Fickian diffusion to anomalous
transport as the carbon content increases. Pyridine transport into coals treated ax‘ 150°C exhibits the

same mechanistic characteristcs.
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Table 5.6. Analysis of Pyridine Transport by Equation (2.21)

Coal Temperature n 95% CI for n k 95% CI for k
PSOC | Treatment (°C)
791 35 0.42 0.06 8.6x10™* 2.3x107
247 35 0.56 0.05 4.3x10™ 1.1x10™*
312 35 0.34 0.12 5.1x107™% 2.6x107%
853 35 0.61 0.09 4.6x107 2.0x107%
791 100 0.47 0.04 1.2x10™ 2.4x107°
247 100 0.61 0.03 1.8x10™ 3.3x107
312 100 0.32 0.04 1.4x10™° 3.5x10™
853 100 0.68 0.09 1.2x10~% | 4.4x10™
791 150 0.41 0.02 1.4x107° 1.4x10~°
247 150 0.58 0.08 6.9x10™° 2.8x107°
312 150 0.32 0.04 4.2x107* 9.1x107
853 150 0.61 0.09 4.2x10™° 2.0x107
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Table 5.7. Analysis of DMF Transport by Equation (2.21)

Coal Temperature n 95% ClI for n k 95% CI for k

PSOC | Treatment (°C)

791 35 0.49 0.05 8.8x107~* 2.4x107~¢
247 35 0.51 0.04 1.5x10~° 2.9x107%
312 35 0.74 0.13 6.5x107 3.6x10™
853 35 0.62 0.29 6.6x107° 5.6x107°
791 100 0.47 0.07 1.6x10~° 5.5x107
247 100 0.67 0.03 5.7x10™ 1.0x10™
312 100 0.52 0.03 9.6x10™° 1.7x10™
853 100 0.70 0.04 3.3x10™ | 8.3x107°
791 150 0.59 0.06 3.2x107¢ 9.5x10™
247 150 0.55 0.03 3.9x10% | 7.1x107
312 150 0.61 0.02 6.7x10™° 9.9x107°
853 150 0.65 0.04 2.4x10™ 5.2x107°

- 111 -




Table 5.8. Analysis of Chloroform Transport by Equation (2.21)

Coal Temperature n 95% CI for n k 95% ClI for k

PSOC | Treatment ( °C) ‘

791 35 0.69 0.06 1.2x107* 3.8x10™°
247 35 0.81 | 0.06 4.2x107 1.4x10™
312 35 0.80 0.10 1.3x10™ 7.3x107°
853 35 0.96 0.15 3.9x107° 2.5x107°
791 100 0.66 0.03 1.3x10~* 2.1x10™°
247 100 0.64 0.05 1.6x107* 1.2x107%
312 100 0.66 0.07 3.3x10™ 2.1x10™
853 100 0.56 0.06 1.7x10% | 5.8x10™
791 150 0.61 0.02 3.4x107* 3.8x10™
247 150 0.73 0.10 4.1x10™ 2.1x10™°
853 150 0.85 0.07 8.2x107° 3.3x107°
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The transport mechanism deviates slightly from Fickian diffusion as the carbon content increases.
This deviatior. accounts for the time it takes the macromolecular chains in the high density network
coals to relax. This same mechanistic effect was observed by Hopfenberg and Frisch (1969), (see Figure

2.2). The diffusion process at low penetrant activities is concentration-independent and is described by

Fickian diffusion.

Table 5.7 shows the diffusional exponent values, n, ‘for the diffusion of DMF into coals PSOC
791, 247, 312 and 853 treated at 35°C. The lower carbon content coals show a Fickian diffusion
mechanism,; as the carbon content increases the mechanism becomes anomalous transport. It can be seen
that as the temperature treatment increases the same mcchanismsvarc observed. Thus, it is obvious that
temperature treatments have no effect in the diffusion of low penetrant activity solvents into coals. The

n values for the diffusion of pyridine and DMF into coals are very similar.

The diffusional exponent results for the diffusion of low penetrant activity chloroform into coals
PSOC 791, 247, 312 and 853 are shown in Table 5.8. In this case the rzsults for coals treated at 35°C
indicate an anomalous transport for the lower carbon content coals and approach Case-II transport for
the higher carbon content coals. As the temperature treatment increases, the transport mechanism
remains anomalous. Therefore, contrary to the diffusion of pyridine and DMF into coals, the diffusion

of chloroform vapors into coals is much faster.

Therefore, the diffusion of pyridine and DMF at low penetrant activities (<0.04) can be described
by Fickian diffusion regardless of the temperature treatment (35°C-150°C). As the carbon content
increases the mechanism deviates slightly to anomalous transport. The diffusion of chlororoform vapors
(penetrant activity=0.04) into coals at diffcrent temperature treatments (35°C-150°C) can be described

by anomalous transport.
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5.2.4 Determination of Penetrant Diffusion Coefficients and Relaxation Constants from Dynamic

Sorption Data

A mathematical model, first presented by Long and Richman (1960) for description of penetrant
transport that results from a coupling of diffusional and relaxational phenomena has been used by
several investigators to describe anomalous transport behavior in polymeric systems (Joshi and Astarita,
1979; Astarita and Nicolais, 1983). A simplified version of this mathematical model, which was
proposed on the basis of heuristic arguments by Berens and Hopfcnbérg (1978), was utilized in this
investigation to determine the relaxation constant and the penetrant diffusion coefficient for pyridine,
DMF and chloroform transport in coals PSOC 791, 247, 312 and 853 at 35°C, 100°C and 150°C

treatments.

The model proposed by Berens and Hopfenberg (1978) is a simple linear combination of Fickian

diffusion and a first-order relaxation process. The sorption equation for this model can be written as:

_ 2.2
D(an;- = t} + OR [l—exp(kt)] ©.h

M, ! Nimee
ML OF ,E, (2n + )2

Here, M, is defined as the mass of penetrant uptake at time t, M., is the mass of penetrant uptake at
infinite time, D is the penetrant diffusion coefficient for the Fickian portion of the penetrant transport,
and k is a first-order relaxation constant. The terms ¢g and ¢g define the fractions of penetrant sorption

which resulted from Fickian diffusion and the first-order relaxation process, respectively.

For a short time approximation, which is a reasonable assumption for the diffusion process of low
penetrant activity solvents into coal, we obtain:

M _
oo

%
2.‘_12

pLo

+ OR I: 1 - cxp(kt'}] (3.2)
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The sorption data up to the first point of equilibrium uptake were fitted to equation (5.2) using a
non-linear regression analysis package (IMSL subroutines RNLIN-DRNLIN). Figure 5.40 presents the
experimental results of the normalized pyridine uptake in coal PSOC-791 ai 35°C as a function of time
as well as the predicted values from equation (5.2). Though the model does not fit the experimental

results very well, it can elucidate mechanistic changes due to temperature, carbon content and penetrant

type effects.

The results of the diffusion coefficient, relaxatdon constant and the ivaction due to Fickian
diffusion, ¢g, for the diffusion of pyridine, DMF and chloroform into coals treated at different
temperatures are tabulatcd in Tables 5.9, 5.10 and 5.11, respectively. Included in Tables 5.9 through
5.11 are the number of points analyzed and the sum of the squares of the error (SSE) which is

minimized to predict the best unknown parameters.

It can be seen from Tables 5.9 through 5.11 that the diffusion coefficient for pyridine, DMF and
chloroform diffusion in coals treated at 35° increases with carbon content to a maximum, then decreases
as the carbon content increases. These results are represented graphically in Figure 5.41. An explanation
to this phenomenon may be that the diffusion coefficient depends in the coal crosslink-density. The
average molecular weight between crosslinks, M., is shown as a function of carbon content in Figure
5.42. It can be seen that M, reaches a maximum at about 78% carbon content where, one would expect

the fastest diffusion rates (Barr-Howell, (1984); Lucht, (1983)).

No correlation of the diffusion coefficient with temperature treatment is observed. The diffusion
studies in thermally treated coal samples were conducted at room temperature. This explains why the
diffusion coefficients do not change with temperature treatment. The magnitude of the diffusion

coefficients is between the range 4.0x1078-1.0x107 cm?/s.
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Figure 5.40 Normalized pyridine uptake, Mi/M,, as a function of normalized time, ¥//2, for coal
PSOC-791 treated at 35°C. Comparison of experimental sorption data, penetrant
activity < 0.04 (O) and best fit curve from equation (5.1) ().
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Figure 5.41 Diffusion coefficients, D, as a function of %C (dmmf.) in coals treated at 35°C for
DMF (Q), pyridine ((J) and chloroform ().
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Table 5.9 Diffusion Coefficients and Relaxation Constants for Pyridine
Transport as Analyzed by Equation (5.2).

Coal | ‘femperature D X ¢p | No.Pons SSE
PSOC | Tremmem (°C) | (em®m) | ™) Used

™1 35 6.1x107% | 3821072 | 0.88 34 4.7x1072
247 35 1.5x10°% | 13x10°% | 0.9 30 42107t
312 38 24x10°% | 3.0x10°% | 050 10 2221072
853 35 76210~ | 64x10°¢ | 0.77 2 42107
™1 100 13z107% | 552107 | 0.73 25 2721072
247 100 95x10™ | 20x10~° | 0.2 30 1.1x1072
312 100 1021077 | 1.0x1073 | 0.67 % 2521072
853 100 1.1x10°° | 1.7x10°% | o.88 25 151071
1 150 8.6x107° . 1.00 31 3.9x10™!
%7 150 L1x10°° | 12x107% | 0.3 2 1.9x107!
312 150 1321077 | 9.5x107% | 087 ) 9.9x1072
853 150 72x107 | 1.1x10°% | 0.76 20 27x1072
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Table 5.10 Diffusion Coefficients and Relaxation Constants for DMF

Transport as Analyzed by Equation (5.2).
Coal Temperature D k ¢ | No. Points SSE
PSOC | Tremmen: °C) | (cm®s) s Used
»1 35 452107 | 9.0x10°! | 0.9 7 4521072
247 3s 25x10°% | 2921073 | 0.86 17 L1107}
312 35 262107 | 1.8x107% | o.78 13 651072
8s3 3s 172107 | 9.1x107¢ | 0.66 s 331072
™1 100 12x107% | 232107 | a.61 25 9.7x107!
247 100 12210 | 1.0x107¢ | 033 2 12107}
312 100 4352107 | 102107 | c.s8 54 45x1072
8s3 100 832107 | 402107 | 047 34 49107}
1 150 66107 [3x10¢ {om | 3 13
WUT 150 66x10~7° | 12x107¢ | 0.7 38 21x107!
2 150 95x10~7 | 3.7210°¢ | .0 34 9.5x10°2
853 150 722107 | 28210~ | o3 p<) 6.7x1072
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Table 5.11 Diffusion Coefficients and Relaxation Constants for Chl roform

Transport as Analyzed by Equation (5.2).
Coal Temperature D k ¢ép | No. Points SSE
PSOC | Treamment (°C) | (cm?/s) s™hH Used
”1 35 552107 | 192107 | 089 1) 12107t
%7 3 262107 | 2721077 | 034 M 1921071
312 35 30x107 | 8321077 {09 | 12 2.5x107!
8s3 35 19x107% | 3521077 | 0.75 2 6.5x1072
1 100 1.0x107° | 1077 | 70 29 5.5210°2
%7 160 14x107% | 172107 | 0.89 26 4121072
312 100 40210 | 442107 | 0.5 14 4521072
853 100 66x107° | s.1x1077 | oss 32 14x107!
)| 150 982107 | 1.&107° | 0.87 30 381071
27 150 13x107% | 8521077 | 039 2 322107}
853 150 272107 | 522107 | o.77 2% 1321071
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5.3 In-Situ Diffusion Studies

The diffusion of liquids in materials is commonly studied by fluid uptake and/or desorption as a
function of time. For simple and well characterized materials this approach is effective, but for coal,
which is a heterogeneous material that varies from micro region to micro region within each sample,
this technique can only give approximate results. A technique utilized with polymers is to observe the
movement of the advancing penetrant front; for coal this method becomes a difficult task due to the higﬁ

opacity of coals and the preparation of satisfactory samples.

Brenner (1985) was the first to observe in-situ the pyridine diffusion into coal Illinois No.6. He .
reported some qualitative observations of the diffusion of penetrants into coal, but not much quantitative
results. In this section, in-situ studies in coals as a function of temperature, carbon content of coals, and

penetrant type are reported for the first time.

5.3.1 Quantitative In-Situ Penetrant Diffusion Studies

N,N-Dimethylformamide diffusion studies in coal PSOC-853 were conducted at 25°C, 40°C,
70°C and 100°C to elucidate the temperature effects in the diffusion process. These results are
presented in Figure 5.43, where the transition layer thickness (Lm), is plotted as a function of time. The
transition layer thickness is the distance of the advancing penetrant front from a fixed point in space at
time t=0. It can be seen from this plot that the equilibrium transition layer thickness and the initial rate
of change in the transition layer thickness increase with temperature (see Table 5.12). Also, the higher
temperature studies reached equilibrium much faster. These results show that a temperawre increase
helps the macromolecular chains to relax; the relaxation time decreases and the rate of change in the

wansition layer thickness increases.
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Figure 5.42 Molecular weight between crosslinks as a function of carbon content for 600-850
pm coal particles. Values of M. obtained from equilibrium pyridine swelling
studies at 35°C by Barr-Howell (1984) (O), and Lucht (1983) (CD.
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Figure 5.43 Transition layer thickness as a function of time for the diffusion of DMF into coal
PSOC-853 at 25°C (O), 40°C (), 70°C ) and 100°C (A).
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Table 5.12 Rate of Change in the Transition Layer thickness, dX/dt, and the Equilibrium Transition
Layer Thickness for the Diffusion of DMF in coal PSOC-853 at Various Temperatures.

Temperature dX/dt Equilibrium Transition
o)) (Lm/min) Laycr"I'hiclmess (um)
25 34 986
40 73 1334
70 195 1453
1100 216 2085
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In-situ studies were also conducted as a function of carbon content of coals. Figure 5.44 depicts
these results at 25°C. In this case, even though an equilibrium trahsition layer thickncss is not well
defined, the rates of change of these layers are clearly defined. Thc‘ initial rate of change is higher for
PSOC-247 followed by PSOC 312 and 853, respectively (see Table 5.13). It was discussed before in
Section 5.1 and 5.2 why coal PSOC-247 exhibits the highest initial diffusion rates (dM./dt). This
phenomenon can be better understood by comparing the initial diffusion rates to the average molecular
weight between crosslinks as a function of carbon content of coal (see Figure 5.42). Coal PSOC-247

exhibits the highest average molecular weight between crosslinks as well as the highest initial diffusion

rates.

Finally, in-situ studies were conducted in coal PSOC-853 with various solvents to elucidate the
penetrant type effect in the diffusion process. The results for the diffusion of DMF, chloroform,
methylene chloride, THF and pyridine into coal PSOC-853 are shown in Figures 5.45 through 5.49,
respectively. In the case of methylene chloride, the diffusion process could not be continued to an
equilibrium, because the solvent cracks and dissolves the coal samples. However, the initial penetrant
front velocity for methylene chloride were recorded before cracking and dissolution took place (see
Table 5.14). Therefore, only the initial transition layer thicknesses for all 5 penetrants will be discussed

here.

From Figures 5.45 through 5.49, the transition layer thicknesses for all five penetrants will be
compared after 3 minutes of exposure to the solvent. It can be seen from these figures that chloroform
and methylene chloride exhibit a transition layer thickness equal to 400 um at 3 minutes. Pyridine
exhibits the next highest transition layer thickness (330 pm), followed by THF (300 um) and DMF (250
um). This phenomenon was also observed in the equilibrium penetrant studies as a function of solubility

parameters, Section 5.1. The chlorinated solvents are more compatible with PSOC coals.
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Figure 5.44 Transition layer thickness as a function of time for the diffusion of DMF at 25°C
into coals PSOC-853 (O), PSOC-312 (0J) and PSOC-247 Q).
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Table 5.13 Rate of Change in the Transition Layer thickness, dX/dt, for the Diffusion of DMF in PSOC
coals at 25°C.

Coal dX/dt
PSOC | (um/min)

247 62
312 53
853 34
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Figure 5.45 Transiton layer thickness as a function of time for the diffusion of DMF into coal
PSOC-853 at 25°C.
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Figure 5.46 Transition layer thickness as a function of time for the diffusion of chioroform into
coal PSOC-853 at 25°C.
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Figure 5.47 Transition layer thickness as a function of time for the diffusion of methylene
chlcride into coal PSOC-853 at 25°C.
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Figure 5.48 Transition layer thickness as a function of time for the diffusion of THF into coal
PSOC-853 at 25°C.
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Figure 5.49 Transition layer thickness as a function of time for the diffusion of pyridine into
coal PSOC-853 at 25°C.
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The in-situ diffusion data were fitted to the second order polynomial:

X=att+Bt+y (53)
where X is the penetrant front position in pm, t is the time in minutes, ¢, B and y are constants. A linear
regression analysis can be used to solve for the three constant and to find the best fit of the data. Figure
5.50 exhibits the experimental data for the diffusion of DMF into coal PSOC-853 at 25°C, and the

predicted values from the model. It can be seen that the model fits the experimental values well.
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Table 5.14 Rate of Change in the Transition Layer thickness, dX/dt, for the Diffusion of Various
Penetrants in coal PSOC-853 at 25°C.

Penetrant dX/dt
(Mm/min)

Methylene chloride 206 .

Chloroform 82
THF 80
DMF 34

Pyridine 80
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Figure 5.50 Transition layer thickness as a function of time for the diffusion of DMF into coal
PSOC-853 at 25°C (O), and the best fit curve from equation (5.3) (-).

- 135 -



Taking the first derivative of X with respect to time, one gets an expression for the penetrant front
velocity (V) in pm/min

V=201+p 54

The penetrant front velocities as a function of time for different temperature stﬁdics are exhibited
in Figure 5.51. It can be seen that the initial velocity increases with temperature. Also, the higher
temperature diffusion cases exhibit a faster equilibrium transition layer thickness. This indicates that the
relaxation time decreases as temperature increases, and the rates of change in the transition layer

thickness increases.

The diffusion of DMF into coal PSOC-853 is depicted in Figure 5.52 in terms of penetrant front
velocity as a function of time. It can be seen, that the initial velocity is higher for coal PSOC-247, as
expected, followed by coal PSOC 312 and 853, respectively. Finally, Figure 5.53 exhibits the penetrant
front velocity as a function of time for the diffusion of chloroform, DMF, methylene chloride, pyridine
and THF into coal PSOC-853. The inital penetrant front velocity is higher for the diffusion of
methylene chloride followed by that of chloroform, pyridine, THF and DMF, respectively. This

phenomenon proves once more the compatibility of chlorinated solvents with PSOC coals.
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i)

ii)

iii)

iv)

The conclusions to the in-situ diffusion studies are:
the diffusion of penetrants into PSOC coals increases with temperature;
equilibrium transition layer thickness is attained much faster at high temperatures;

coal PSOC-247 exhibits the highest rates of change in the transition layer thickness, indicating

that it is the lowest crosslinked coal;

chlorinated solvents exhibit the higher penetrant front velocities in coal PSOC-853.
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Figure 5.51 Penetrant front velocity, V, as a function of time for the diffusion of DMF into coal
PSOC-853 at 25°C (O), 40°C (00), 70°C (¢) and 100°C ().
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Figure 5.52 Penetrant front velocity, V, as a function of time for the diffusion of DMF at 25°C
into coals PSOC-853 (O), PSOC-312 (CJ) and PSOC-247 (©).
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Figure 5.53 Penetrant front velocity, V, as a function of time for the diffusion of penetrants into
coal PSOC-853 at 25°C. DMF (Q), chloroform (CJ), methylene chloride (¢), THF
(A) and pyridine (V).
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5.3.2 Qualitative Discussion of In-Situ Studies

In this section the in-situ observations of the penetrant diffusion into coal are discussed
qualitatively. The observations were taken from a monitor that was connected to a polarized
‘nﬁcroscope. Photographs were taken from the monitor with a 35 mm camera (NikonFM, Garden City,
NY) to elucidate the in-situ diffusion process. Coal under transmitted polarized light has a dark red
color. When thc‘ penetrant is introduced into the coal network, swelling takes place, and the color
changes from the dark red of the unswollen coal to a light orange color of the expanded coal nerwork.
This change in color positioned at swollen region is caused by the orientation of the coal structure. The
expanding cbal behind the diffusion front is constrained by the unswollen coal ahead of the diffusion
front. This constraint leads to the stretching and alignment of the macromolecular network in this
region. Such partially oriented macromolecular chains cause a significant difference in the index of
refraction parallel and perpendicular to the direction of orientation (Brenner, 1985). This causes a
rotation in the direction of polarization of light passing through the specimen, and the result is a higher

index of refraction for the swollen area.

The swollen and unswollen areas in ;oal are separated by a sharp advancing penetrant front. This
separation is evident in Figure 5.54, for the diffusion of DMF into coal PSOC-853 at 25°C. In this case,
DMF is diffusing in from the left side and advancing in through the glassy region. It can be seen that
behind the advancing penetrant front, the coal specimen begins to craze, and this crazing progresses as
the penetrant concentration increases. Crazing of coal is due to the stresses formed by the penetrant
concentration gradient. The direction of the crazed lines gives the impression that the macromolecular
chains rearrange and orient in the direction of the diffusing penetrant. It also gives the impression that
coal becomes rubbery behind the advancing front. This indicates that the glass transition temperature,

Tg. decreases as the penetrant concentration increases. Therefore, it is possible to lower the glass
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transition temperature of coal to room temperature, by attaining a certain penetrant concentration.

- The diffusion of DMF into coal PSOC-853 at 25°C is shown in Figures 5.55 through 5.63. The
transition layer thickness is given as a function of time. The coal sample PSOC-853 before penetrant

diffusion is shown in Figure 5.55a. The unexposed coal sampie has a very sharp edge; thus diffusion

occurs uniformly.

Coal exposed to DMF after 19 seconds (Figure 5.55b) shows an edge exposed to the DMF which
starts to deform. This is due to the stresses formed from the DMF concentration gradient. It can also be
observed that the light biue section of the figure gets darker when the DMF is introduced. This indicates
that DMF has adsorbed some of the polarized light. The diffusion process after 80 seconds is shown in
Figure 5.56a. The inital boundary has moved outwards, indicating that coal expands anisotropically
(parallel and perpendicular to the direction of the bedding plane). A change in color is obsc;ved,

indicating that there is a swollen and a glassy state present.

As the penetrant concentration gradient increases, the stresses increase and the coal begins to
craze (Figure 5.56b). In this case, coal PSOC-853 has been exposed to DMF for 122 seconds. A sharp
penetrznt front begins to form, leaving behind a crazed coal material. A sharp front can be observed
with a transition layer thickness of 947 um after 166 seconds (Figure 5.57a). It is observed also that the
crazed material starts to crack forming holes within the coal specimen. This indicates that a chemical
reaction may be taking place. The holes formed within the coal have different areas, and are not

randomly spaced apart. This phenomenon is due to the heterogeneity of the network.

Figures 5.57b through 5.62b show the transiton layer thickness of DMF into the same coal
specimen at 25°C from 976 pm to 1427 um. Coal PSOC-853 obtains an equilibrium transition layer

thickness after 17.5 minutes of exposure to DMF. The advancing penetrant front as a function of time
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can be observed from the photographs; also the moving boundary can be observed, which indicates
swelling in a direction parallel to the bedding plane. Finally Figure 5.63, shows the same diffusion
process after 17.5 minutes. In this case the frame of reference is shifted to the right to elucidate the

equilibrated penetrant front.

The diffusion of methylene chloride into coal PSOC-853 at ‘35°C is shown in figures 5.64a
;hrough 5.66b as a function of time. Figure 5.64a shows the diffusion process after 14 seconds. It can
observed that the coal specimen starts to crack immediately. This phenomenon is due to the strong
stresses formed from the methyiene chloride concentration gradient. It was mentioned before in this
chapter that chlorinated compounds and PSOC coals are very compatible. Figure 5.65a, shows how the
cracks start to propagate through the coal. Finally in Figures 5.65b and 5.66a, it is observed that
methylene chloride starts to dissolve some of the coal. This indicates that strong chemical reactions are
occurring during the diffusion process, and that chernical reaction rates are much faster than the
diffusion rates. This is an indication of Case-II and Super Case-II ransport. Finally, Figure 5.66b

exhibits the methylene chloride diffusion process into the coal specimen after 5 minutes.

The diffusion of chloroform into coal PSOC-853 at 25°C is exhibited in Figures 5.67a through
5.68b as a function of time. A similar phenomenon of cracking in the coal specimen as in the methylene
chioridc diffusion process is observed. In this case the cracks observed are much smaller than those
caused by methylene chloride. Also, less dissolution is observed for the chloroform diffusion process.
This indicates that the stresses due to the concentration gradient of methylene chloride are much

stronger than those caused by chloroform.

The diffusion of THF into coal PSOC-853 at 25°C is exhibited in Figure 5.69a. It is observed that
THF crazes coal, but to a lesser extent. In this case the index of refraction for the swollen region is

smaller than that of DMF.
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The diffusion of DMF into coal PSOC-853 at 40°C, 70°C, and 100°C is exhibited in Figures
5.69b, 5.70a, and 5.70b, respectively. The dark circle around the sample comes from the hot plaie
source, which has an opening of about 1 mm. in diameter for the ransmission of light. The dark
‘bubbles observed are from the movement of silicone grease as temperature increases. It can be seen that
as temperature increases, the amount of crazing in coal increases. This is expected, because an increase

in temperature as well as concentration increases the movement of the macromolecular chains.

Diffusion into coal as a function of temperature, crosslink, and penetrant type has been observed
in-situ at the microscopic level for the first time. For the diffusion of DMF, pyridine, and THF a sharp
pcnctraht front was observed, and the diffusive flow was highly concentration dependent. The
movement of the front slowed with depth of penetration into the coal. When the coal samples are
exposed to a penetrant, the index of refraction for the swollen portion of the coal sample increases. This
indicates that the orientation of the macromolecular network occurs as a result of the stresses of the
penetrant concentration gradient. Swelling of coals with chlorinated solvents, induces cracking and

possible dissolution of coal. This is an indication of the compatbility of coals with chiorinated

penetrants.
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Figure 5.54 DMF diffusion into coal PSOC-853 at 25°C.
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Figure 5.55 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um: (a) before
DMF diffusion and (b) after 0.32 minutes (transiton layer thickness: 83.2

Wm).
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Figure 5.56 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um: (a) after
1.33 minutes (transidon laver thickness: 614.0 um) and (b) after 2.03
minutes (rransidon layer thickness: 865.8 um).
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(b)

Figure 5.57 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um; (a) after
2.80 minutes (wansition layer thickness: 946.8 pm) and (b) after 3.25
minutes (transidon layer thickness: 975.5 pm).
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{b)

Figure 5.58 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um; (a) after
3.73 minutes (traasidon layer thickness: 997.0 um) and (b) after 4.50

minutes (transition layer thickness: 1018.6 um).
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Figure 5.59 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um; (a) after
5.80 minutes (ransiton layer thickness: 1068.8 um) and (b) after 6.67
minutes (ransidon layer thickness: 1111.8 um).
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Figure 5.60 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 pm; (a) after
7.72 minutes (transidon layer thickness: 1140.5 um) and (b) after 9.05
minutes (transiton layer thickness: 1162.0 pum).
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(a)

Figure 5.61 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um; (a) after
10.48 minutes (transiton layer thickness: 1212.2 um) and (b) after 12.05
minutes (transition layer thickness: 1269.6 fm).
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Figure 5.62 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 um; (a) after
14.10 minutes (transition layer thickness: 1334.2 pum) and (b) after 16.80
minutes (transition layer thickness: 1427.4 um).
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Figure 5.63 Equilibrium DMF front in coal PSOC-853 at 25°C separating the glassy
and the swollen regions, 17.35 minutes.
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(b)

Figure 5.64 Diffusion of methylenz chloride in coal PSOC-853 at 25°C, thickness: 7.6
pm; (a) after 0.23 minutes and (b) after 0.70 minutes, ‘
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(b)

Figure 5.65 Diffusion of methylene chloride in coal PSOC-853 at 25°C, thickness: 7.6
um; (a) afier 1.05 minutes 2nd (b) after 1.50 minutes.
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Figure 5.66 Diffusion of methylene chioride in coal PSOC-853 at 25°C, thickness: 7.6
um; (a) after 2.60 minutes and (b) after 5.00 minutes.
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(d)

Figure 5.67 Diffusion of chloroform in coal PSOC-853 at 25°C, thickness: 7.6 um;
before chloroform diffusion and (b) after 0.97 minutes.
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(b)

Figure 5.68 Diffusion of chloroform in coal PSOC-853 at 25°C, thickness: 7.6 pm; (a)
after 3.28 minutes and (b) after 3.68 minutes.
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Figure 5.69 (a) Diffusion of THF in coal PSOC-853 at 25°C, thickness: 7.6 um and (b)
diffusion of DMF in coal PSOC-853 at 40°, thickness: 7.6 pum.
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(b)

Figure 5.70 Diffusion of DMF in coal PSOC-853, thickness: 7.6 um at: (a) 70°C and
(b) 100°C.
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6. CONCLUSIONS AND RECOMMENDATIONS

Penetrant ransport studies were conducted in PSOC coals as a function of temperature reatment,
crosslinking and penetrant type. The effects of these three parameters on the diffusion of peagtrants into
coals were analyzed phenomenologically and with mechanisms. In-situ microscopic diffusion studies in
 coals at different temperatu-ss were obtained for the first time. This research is a continuation to

previous work in our laboratory.

In the earliest work, Lucht (Lucht, 1983; Peppas et al, 1983) investigated the diffusion of
pyridine in pre-extracted and unextracted coal samples for particles of two different sizes, 150-180 um
and 600-850 um, and for coal chunks (1-2 cm?®). A general conclusion to their work was that the
pyridine transport changes from non-Fickian to Fickian diffusion as the particle size decreases. These

conclusions were based on the analysis of the sorption data using the diffusional exponent of equation

Subsequently, Barr-Howell (Ba -Howell, 1984, Barr-Howell and Peppas, 1985; Barr-Howell et
al., 1986b) conducted swelling studies in thin coal sections with various amines, and various
temperatures (up to °C). They also conducted swelling studies on well characterized stiff-chain
polymers that simuiate coal structures. Many conclusions were made on their work in coals, one of them
been the elucidaton of an anomalous penetrant ransport mechanism. An effort was made to obtained
high temperature diffusion studies. However, degradation of coal was a probiem. They observed

negative penetrant uptakes (loss of we: ht) for the diffusion studies a1 100°C or higher.

Ritger (Ritger and Peppas, 1987a; Ritger and Peppas, 1987¢) continued the work by conducting
high penetrant activity swelling studies in thin coal sections of different thicknesses The studies were

also conducted as a funcdon of temperature (up to 65°C). Their conclusions were that, within a

- 162 -

-dr . . . »

""""



thickness rage of 150 um to 1500 pm the transport mechanism of pyridine in the macromolecular
structure of coal is purely relaxaton-controlled. At 65°C, coal is well below its glass transition

temperature, and the penetrant transport mechanism remains Case-II transport or relaxation controlled.

Even though the work in the diffusion of penetrants into coals seemed to be completed, there were
many questions generated from previous work that needed to be answered. At that time (1988), this

research was initiated with the purpose to answer these questions:
i) is it possible to obtain dynamic swelling data at high temperatures and account for degradation?
ii) how can the diffusional and relaxational processes be decoupied?

iii) what are the effects of temperature, crosslinking and penetrant type on the ciffusion of penetrants

into coal?
Thermogravimetric: swelling studies in coal were conducted in order to answer these questions.

i) In previous work (Barr-Howell et al., 1987), a thermogravimetric analyzer was used to obtain
dynamic swelling data at high temperatures. A problem with this technique is that there is a
temperature gradient between the micro-furnace which c§ntains the coal sample and the
sourtounding atmosphere. Therefore, the penetrant activity changes as the penegant approaéhcs
the high temperatre micro-furnace. Also, if any penetrant diffusion occurs at high temperatures,
one has to account for simulataneous coal degradation. A convenient way to elucidate the
temperature effects on the diffusion of penetrants into coal, is to conduct swelling studies at room
temperature in thermally treated coal samples. By thermally treating coal samples, we are

accounting for coal degradation and rearrangement of the macromolecular chains.

ii) Berens and Hopfenberg (1978) proposed an mathematical expression for the diffusion of

penetrants into glassy polymiers which incorporates the Fickian and macromolecular relaxaton
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1ii)

contributions to the diffusion process. Dynamic swelling data for coal were fitted to this model
before (Ritger and Peppas, 1987b); however, no elucidation of the diffusion coefficient could be
madc. Ritger and Peppas (1987b) concluded that the diffusion of high activity pyridine vapors
into PSOC coals is purely relaxation controlled. This indicates that the Fickian term in eqution
(5.1) is zero. In order to elucidate the diffusional and relaxational contributioﬁs to. the transport
process, the transport mechanism must be anomalous transport. This can be accomplished by
lowering the penetrant actvity of the diffusion process (Hopfenberg and Frisch; 1969). In this
work, we were able to elucidate changes in the diffusion coefficient and che rclaxaﬁon constant

when the penetrant activity equal 0.04.

The equilibrium penetrant uptake studies in coal as a function of solubility parameter, indicate
that penetrants with a solubility parameter equal to 9.5 cal'/cm®? e..hibit the highest swelling to
PSOC coals. In terms of cohesive energy contributions, it was found that solvents with dispersive
interaction contribudons, 34, equal to 9.0 cal'?/cm®?, polar §,, and hydrogen-bond &,
interaction contributions equal to 3.0 cal'?/cm*? exhibit the highest swelling to PSOC coals. The
methylene chloride equilibrium uptake increases with the average molecular weight between

crosslinks. In this case, coal PSOC-247 (75.5% C dmmf) showed the highest penetrant uptakes.

Thermogravimetric swelling studies as a function of carbon content in coals treated
thermally at 35°C, showed that the initial diffusion rates and the equilibrium uptakes of pyridine,
DMF and chloroform into PSOC coals increase with the average molecular weight between
crosslinks. At high thermal treatment temperatures (100°C-15(°C), the diffusion of these three
penetrants into coal decreases as the carbon content in coals increases. All three penctrants

showed similar phenomenological swelling observatons.
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The pcﬁcrram uptake into thermally treated coals as a function of temperature studies
showed that the inital diffusion rates and the equilibrium pyir‘dine uptakes increase with
temperature treatment. Contrary, for DMF and chloroform, the initial diffusion rates and
equilibrium penetrant uptakes decrease as temperature trearment increases. This indicates that a
chemical reaction may fakc place during the diffusion process; and by increasing the temperature,

the reactive sites within the coal network are destroyed.

Analysis of the semi-empirical equation (2.21), indicates that the diffusion of pyridine and
DMF at low penetrant activities (<0.04) can be described by Fickian diffusion regardless of the
temperature treatment (35°C-150°C). As the carbon content increases Lh; transport mechanism
deviates slightly to anomalous transport. The diffusion of chloroform vapors (penetrant
activity=0.04) into coals at different temperatures (35°C-150°C) can be described by anomalous

ransport.

Equation (5.1) was solved to determine diffusion coefficients, D, and relaxation constants,
k, for the diffusion of penetrants into coal. It was found that at 35°C the diffusion coefficient for
pyridine, DMF and chloroform increases with the average molecular weight between crosslinks.
The magnitude of the diffusion coefficients is between the range 4.0x1078-1.0x107° cm?/s. At
35°C, the macromolecular relaxation time increases as the carbon content increases. The same
mechanisdc effect was obtained from the semi-empirical equation (2.21), where the ansport
mechanism deviates from Fickian diffusion to anomalous transport as the carbon content
increases. The magnitude for the relaxaton times is between 0.0-1.2x10% s. These results at low
penetrant activities compare very well to the results for the diffusion of low acuvity penetrants
into poly(1.4-dimc£hylnaphthalcno—Z.5~dihydroxybcnzcne). This model which simulates the

structure of coal was proposed by Barr-Howell et al. (1986a).
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The penetrant transport in coal has been clucidated by means of gravimetric swelling studies. A
more accurate way of elucidating the penetrant transport is to follow the diffusion of penetrants in-situ
at the microscopic level. Brenner O&rmwr 1982; Brenner and Hagan, 1985) was the first to observe in-
sim the diffusion of pyridine iz’yc@ caﬁi& n»1j1i§is No. 6 using uncontamined thin sections of coal (15 um
thick). He reported qualitative obscrvaﬁons; but not quantitative results from the penetrant transport in
coals. In this work, we used Brenner's method (Brenner, 1982) to study the diffusion of various
penerrants into PSOC coals. We report for the first time quantitarive and qualitative results for the

diffusion of penetrants into PSOC coals a. various temperatures (25°C-100°C).

The in-situ diffusion studies in coal, show that the transition layer thickness and the inidal
penetrant front velocity increase with ternperature. This indicates that the diffusion coefficient for the
diffusion process increases with temperature. It was also found that an equilibrium transidon layer
thickness is attained much faster at high temperatures. At high temperatures the macromolecular chains
relax: the relaxation time decreases and so does the total diffusion time. This method also confirmed
that coal PSOC-247 exhibits highest average molecular weight between crosslinks, and that chlorinated

penetrants are compatible with PSOC coals.

The stresses due to the penctrant concentration gradients cause the coal to swell. When exposed to
a penetrant, coal starts to craze; and when the stresses are very suong, cracking and coal dissolution
results. From the direction of the craze lines, it was concluded that the macromolecular chains onient
and rearrange in the direction of the diffusing penetrant. This partial macromolecular chain orientation

increases rhe index of refraction in the swollen region.
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Appendix A

Computer Programs Used to Solve for Equation (2.32)

and to Simulate Data for Equation (2.31).

- 173 -



This program will ¢ vlve a short time épproximation of the
Berens-Hopfenberg equation (equation (2.32)).
The IMSL subroutines are R2LIN/DR2LIN from the STAT/LIBRARY pp.239

aoOooa0

integer Idr, nobs, nparm, iparam(6)
integer ideriv, irank, nout
Indicate the number of observations (nobs); number of unknown
parameters (nparm), in this case the diffusion coefficient,
the relaxation constant, and the fraction contribution due to
Fickian diffusion.
parameter(nobs=32 ,nparm=3, ldr=nparm)
................................. dimension wk(11*nparm-+4), iwk(nparm)
real dfe, exampl, r(ldr,nparm), sse, theta(nparm),
$  xdata(nobs), ydata(nobs),rparam(7), m
common /xydata/ xdata, ydata
................................. external exarmpl, r2lin, umach, wrrmn
c  Read x-y data as time (hr) - penetrant uptake (g.)
c  Write time in seconds and penetrant uptake as a fraction
of the total penetrant uptake at infinite imes

aQ 0 G G

............................... ..open(7 file="datafile’)
................................. rewind (7)
c  mis the penetrant uptake at infinite time (in grams)
m=0.1553
do 10 i=1,nobs
read(7,%)x, y
xdata(i)=x*3600
ydata(i)=y/m
10 continue

c  Open a file which will indicate the initial guesses ior the
c three unknown constants (Diff. coeff., Relaxation constant,
¢ and the fraction constant due to fickian diffusion}

................................. open(8.file="guess")

............................... rewind(8) ‘

................................. read(8,*) (theta(n),n=1,nparm)

................................. call umach (2, nout)

................................. iparam(1)=0

................................. ideriv=0

................................. call r2lin (exampl, nparm, ideriv, theta, r, ldr, irank,
$ dfe, sse, iparam, rparam, scale, iwk, wk)

................................. write (nout,*) 'theta=' theta

................................. write (nout,*) 'irank=", irank, 'dfe=', dfe, 'sse=", sse

write (nout,*) "iterations=' iparam(3),'sse evals=',iparam(4)
call wrrmn (r’, nparm, nparm, r, ldr, 0)

---------------------------------
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.............. sereeereennnnnasSubroutine exampl (nparm, theta, iopt, iobs, frg, wt, ¢, de,
$ iend)
................................. integer nparm, iopt, iobs, iend
................................ .real theta(nparm), frq, wt, ¢, de(1)
................................. integer nobs
................................. parameter (nobs=32)
................................. real alog, xdata(nobs), ydata(nobs), |
................................. common /xydata/ xdata, ydata
................................. intrinsic alog
¢ Use the Berens-Hopfenber equation to determine the three unknowns

................................. if (iobs .le. nobs) then
................................. wt=1.0e0

............................. e=ydata(iobs)-(theta(2)*4*(theta(1)*xdata(iobs)/(3.141592654*
S s 1**2))**0.5 + (1-theta(2))*(1-exp(-theta(3)*xdata(iobs))))
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o000

rese

This program will simulate the normalized penetrant uptake, M,/M..,
as a functon of time from equation (2.31) given the diffusion
coefficient, the relaxation constant and the
fractional contribution due to Fickian diffusion.
parameter (n=34)
dimension xx(n), yy(n)
real d, f, k, sum, fick, L, p

Open a data file containing time in seconds.

open (5, file='datafile’)

Open a file to store the results for M;/M., and time.
open (8, file="x-ydata")

rewind(8)

rewind(5)

d = Diffusion coefficient (cm?/s).

d=6.12¢-09

f = Fractional contribution due to Fickian diffusion.
f=0.88

k = Relaxation constant (s™1).

k = 3.79¢-06

| = Sample thickness (cm).

1 =0.0483

p = 3.141592654

do 100 j=1,n

............................. read (5,*) xx(j)
100 continue

do 20i=1,n
sum = 0.0
fick = 0.0
c=0.0

30 fick=(8/((2%c+1)*p)**2)*exp((-d*(2*c+1)**2*xx(i))/1**2)

diff = (sum + fick) - sum

err=1.0e-82

if(diff.le.err) then
sumn=sum-+fick

.............................. else

sum=sum-+fick
c=c+l
goto 30

.
.............................. endif

yy(i) = £*(1-sum)+(1-f)*(1-exp(-k*xx(i)))
write (8, *) xx(i), yy(i)

20 continue

stop
end
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Appendix B

Equilibrium and Dynamic Penetrant Uptake Data.

Microscopy Data.
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Acetone Vapor
Mass of Coal (dmmf), M.: 10.8 mg
Temperature: 35°C

12 (Wem? X 1073) MM (g/8)

0.0000 0.0000

2.5640 0.1760

6.4050 0.1020
18.2550 0.0000
25.6210 0.1300
30.7450 0.1570
37.1510 0.1300
50.6020 0.1200
56.3670 0.0926
64.3730 0.0926
84.5500 0.0926
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Cyclohexane Vapor
Mass of Coal (dmmf), M.: 15.1 mg
Temperature: 35°C

12 (Wem? X 107°) MM (8/8)

0.000C 0.0000
1.3770 0.0331
3.4430 0.0927
9.8140 0.0464
13.7740 0.0861
16.5290 0.0464
19.9720 0.0927
27.2030 0.0662
30.3030 0.0728
34.6070 0.0728
45.4550 0.0861
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Methanol Vapor
Mass of Coal (dmmf), M.: 13.3 mg
Temperature: 35°C

o1? (hem? X 1073)  MyM (8/g)

0.0000 0.0000
0.9560 0.1053
23920 0.0977
6.8180 0.0376
9.5690 0.0752
11.4830 0.0376
13.8760 0.0827
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Methyl Ethyl Ketone Vapor
Mass of Coal (dmmf), M,: 6.7 mg
Temperature: 35°C

12 (Wem? X 1073) M, Mc (g/8)

0.0000 0.0000
0.9560 0.0367
2.3920 0.0110
6.8180 0.0147
9.5690 0.0171
11.4830 0.0159
13.8760 0.0159
18.9000 0.0147
21.0530 0.0184
24.0430 0.0147
31.5790 0.0171
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Toluene Vapor
Mass of Coal (dmmf), M.: 11.2 mg
Temperature: 35°C

% (Wem? X 1073) MM (g/8)

0.0000  0.0000
25130  0.0000
53820 00714

156080  0.0804

215280  0.0804

258340  0.0714

312160  0.0982

425190  0.1070

473630  0.1340

540900  0.0536

710440  0.1160
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), M: 10.6 mg
Temperature: 35°C

2 (hem? X 1073) MM (g/g)

100000 0.0000
13770 0.7075
34430  0.7358
9.8140  0.5470

137740  0.5189
165290  0.6890
199700  0.6130
272030  0.5090
303030  0.5940
346070  0.5940
454550  0.5940
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Equilibrium Uptake
Coal Type: PSOC 853
Penetrant: Acetonc Vapor
Mass of Coal (dmmf), M.: 58.3 mg
Temperature: 35°C

N2 (Wem? X 1073) MM (8/8)

0.0000  0.0000
0.1938  0.0952
04840  0.0278
13810  0.0469
19380  0.0688
23250  0.0717
28100  0.0791
38270  0.0805
42630  0.0747
48690  0.0805
63950  0.0805
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Equilibrium Uptake
Coal Type: PSOC 853
Penetrant: Cyclohexane Vapor
Mass of Coal (dmmf), M,: 42.4 mg
Temperature: 35°C

12 (Wem? X 107%)  MJ/M. (g/g)

0.0000 0.0000
0.2480 0.0000
0.7110 0.0094
2.0280 0.0142
2.8470 0.0425
3.4160 0.0377
4.1280  0.0519
5.6220 0.0425
6.2620 0.0401
7.1520 0.0448
9.3940 0.0495
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Equilibrium Uptake
Coal Type: PSOC 853
Penetrant: methanol Vapor
Mass of Coal (dmmf), M¢: 15.5 mg
Temperature: 35°C

2 (Wem? X 1073) MM (g/g)

-0.0000 0.0000
1.3770 0.1806
3.4440 0.1097
9.8140 0.1032

13.7740 0.1161

16.5290 0.0774

19.9720 0.1484

- 186 -



Equilibrium Uptake
Coal Tyre: PSOC 853
Penetrant: Methyl Ethyl Ketone Vapor
Mass or Coal (Cmmf), M: 38.0 mg
Temperature: 35°7

/1 (Wem? X 1073) MM (g/8)

0.0000 0.0000
02030 0.1320
0.5090 0.0520
1.4520 0.1450
2.0380 0.1740
2.4460 0.1840
2.9550 0.1870
4.0250 0.1970
4.4485 0.2080
5.1200 0.2050
6.7260 0.2130
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Equilibrium Uptake
Coal Type: PSOC 853
Penetrant: Toluene Vapor
Mass of Coal (dmmf), M.: 7.5 mg
Temperature: 35°C

12 (Wem? X 1073) MM (g/8)

0.00( " 0.0000
0.9560 0.5570
2.3920 0.4380
6.8180 0.4830
9.5690 0.4380
11.4830 0.5340
13.8760 0.4940
18.5000 0.4260
21.0530 0.4770
24.0430 0.5450
31.5790 0.4940
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Equilibrium Uptake
Coal Type: PSOC 384
Penetrant: Acetone Vapor
Mass of Coal (dmmf), M.: 10.8 mg
Temperature: 35°C

t12 (Wem? X 1073)  MyM, (g/g)

0.0Co0 0.0000
8.6096 0.1110
21.5230 0.1570
61.3430 0.0926
86.0960 0.3330
103.3140 0.2410
124.8390 0.1110
170.0380 0.1850
189.4100 0.0463
216.3150 0.1480
284.1150 0.1380
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Equilibrium Uptake
Coal Type: PSOC 384
Penetrant; Cyclohexane Vapor
Mass of Coal (dmmf), M: 46.5 mg
Temperature: 35°C

o2 (hem? X 107%)  MJ/M. (8/g)

0.000u 0.0000
0.9560 0.0215
2.3920 0.0215
6.8180 0.0237
9.5690 0.0280
11.4830 0.0280
13.8760 0.0473
18.9000 0.0409
21.0530 0.0430
24.0430 0.0323
31.5790 0.0452
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Equilibrium Uptake
Coal Type: PSOC 384
Penetrant: Methanol Vapor
Mass of Coal (dmmf), M,: 81.7 mg
Temperature: 35°C

iN? (Wem? X 1073)  M/M, (g/8)

0.0000 0.0000
0.3690 0.0416
0.9120 0.0122
2.6260 0.0122
3.6860 0.0147
4.4230 0.0098
5.347C 0.0220
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Equilibrium Uptake
Coal Type: PSOC 384
Penetrant: Methyl Ethyl Ketone Vapor
Mass of Coal (dmmf), M¢: 29.0 mg
Temperature: 35°C

% (Wem? X 107} MM (2/g)

0.0000 0.0000

1.5810 0.0310

3.9530 0.0207
11.2600 0.0138
15.8100 0.0172
18.9720 0.0172
22.9250 0.0207
31.2220 0.0103
34.7830 0.0276
39.7000 0.0138
52.1740 0.0241
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Equilibriuni Uptake
Coal Type: PSOC 384
Peneirant: Toluene Vapor
Mass of Coal (dmmf), M,: 8.3 mg
Temperature: 35°C

t1% (hicm? X 107%) MM (8/8)

0.0000 0.0000
12.422C 0.0000
31.0560 0.0480
90.0620 0.0120

124.2000 0.0480
149.0700 0.0241
180.1240 0.0843
245.3000 0.0120
273.3000 0.0964
312.0000 0.0000
409.8999 0.0602
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Equilibrium Uptake
~ Coal Type: PSOC 384
Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), M;: 14.4 mg
Temperature: 35°C

12 (hiem? X 1073)  My/M (8/8)

0.0000 0.0000
4.8430 0.5070
12.1000 0.5560
35.1000 0.3610
48.4260  0.3260
58.1110 0.4440
70.2180 0.3680
95.6420 0.2920
106.5000 0.3680
121.6700 0.3820
159.8060 0.3960
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Equilibrium Uptake
Coal Type: PSOC 418
Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), M,: 10.2 mg
Temperature: 35°C

1% (Wem? X 107%) MM, (3/g)

0.5667 0.9418
1.1340 0.8630
1.7000 0.9110
2.2670 0.9863
2.8360 1.0205
4.5360 n.9110
6.2360 0.9897
10.7710 0.9315
12.3300 0.9486
15.0220 1.0000
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Equilibrium Uptake
Coal Type: PSOC 853
Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), M: 6.3 mg
- Temperature: 35°C

12 (Wem? X 107°)  MyM (2/g)

1.1560 0.7620
2.2670 0.9680
3.3870 1.0800
4.4890 1.0300
5.6000 1.0000
8.9330 0.9680
21.1560 1.0200
24.2110 1.0300
29.4890 1.0000
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Equilibrium Uptake
Coal Type: PSOC 384
Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), M,: 9.4 mg
Temperature: 35°C

12 (Wem® X 107°)  MyM. (g/8)

24490  0.4680
47170 06170
69840  0.6280
92520 07450
115190  0.6380
183220  0.5420
432650  0.6170
49.5010  0.6280
602720  0.6170
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Eq: librium Uptake
Coal Type: PSOC 312
Penetrant: Methylene Chlorice Vapor
Mass of Coal (dmmf), M: 16.9 mg
Temperature: 35°C

12 (Wem? X 1073) MM (g/8)

0.5530 0.3430
1.0460 0.5680
1.5410 0.4260
2.0350 0.5330
2.5280 0.5800
4.0090 0.4320
5.4910 0.4440
9.4420 0.4730
10.8000 0.4790
13.1450 0.4910
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Equilibrium Uptake
Coal Type: PSOC 341
- Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), M.: 10.5 mg
Temperature: 35°C

% (hem? X 1073)  M/M; (8/2)

1,3330 1.7000
2.4440 1.5200
3.5550 1.4600
4.6660 1.2000
5.7770 1.1000
9.1110 0.6380
12.4440 0.6380
21.3330 0.6570
24.3880 0.7900
29.6670 0.6480
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Equilibrium Uptake
Coal Type: PSOC 247

Penetrant: Methylene Chloride Vapor

Mass of Coal (dmmf), M.: 3.8 mg
- Temperature: 35°C

N2 (hem? X 1073)

2.1280
3.7280
5.3280
6.9280
8.5280
13.3280
18.1280
30.9280
35.3120
42.9120
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M/Mc (8/8)

3.8400
3.8600

3.7800

2..100
2.9200
1.2100
1.2100
1.2100
1.4700
1.5800



Equilibrium Uptake in PMMA
Crosslinking Degree: 1.0 wt%
Penewrant: Methylene Chloride Vapor
Mass of Crosslinked PMMA, M.: 13.6 mg

Temperature: 35°C

12 (Wem? X 1073)  M,/Mc (8/g)

2.2970 1.8600
4.4620 2.0500
6.5290 1.4300
10.6610 2.6000
16.8600 2.0500
23.0580 2.0100
39.5870 1.6900
45.2690 2.0700
55.0830 2.1300
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Equilibrivm Uptake in FMMA
Crosslinking Degree: 2.0 w.%
Penetrant: Methylene Chloride Vapaor
Mass of Crosslinked PMMA, M.: 14.4 my
Temperature: 35°C

12 (Wem? X 1073) MM (g/8)

2.2680 1.9100
4.5350 1.7500
6.8020 1.8500
9.0700 2.0000
11.3370 2.0700
18.1410 1.8500
24.9430 2.0100
43.0840 1.8500
49.3190 1.9200
60.0900 2.0200
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Equilib-ium Uptake in PMMA
Crosslinking Degree: 5.0 wt%
Penetrant: Methylene Chloeride Vapor
Mass of Crosslinked PMMA, M¢: 16.4 mg
Temperature: 35°C

12 (Wem? X 107%)  My/M (8/g)

1.6000  1.5200
3.2000 1.4600
4.8000 1.5200
6.4000 1.6000
8.0000 1.6900
12.2000 1.5200
17.6000 1.5800
30.4000 1.5300
34.8000 1.5700
42.4000 1.6300
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 483 um
Mass of Coal (dmmf), M.: 5.47 mg
Treatment Temperature: 35°C

Time (hr) M (g) Time(hr) M (8)

0.0333 0.0091 12.000 0.1255
0.0667 0.0182 13.000 0.1291
0.1000 0.0255 14.000 0.1382
0.1333 0.0291 15.000 0.1473
0.2000 0.0327 16.000 0.1545
0.2667 0.0400 17.000 0.1564
0.3333 0.0455 18.000 0.1582
0.5000 0.0491 19.000 0.1636
0.6667 0.0545 20.000 0.1673
0.8333 0.0582 21.000 0.1709
1.0000 0.0618
1.1667 0.0635
1.3333 0.0709
1.5000 0.0764
2.0000 0.08G0
3.0000 0.0855
4.0000 0.0945
5.0000 0.0964
6.0000 0.1018
7.0000 0.1073
8.0000 0.1109
9.0000 C.1164
10.000 0.1200
11.000 0.1218
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Dynamic Uptake
Coal Type: PSOC 247
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 457 pm
Mass of Coal (dmmf), M.: 8.17 mg
Treatment Temperature: 35°C

Time (hr) M (8)

0.0333 0.0145
0.0667 0.0236
0.1000 0.0291
0.1333 0.0400
0.2000 0.0455
0.2667 0.0527
103333 0.0727
0.5000 0.0873
0.6667 0.1000
0.8333 0.1091
1.0000 0.1236
1.1667 0.1309
1.5000 0.1418
2.0000 0.1527
3.0000 0.1636
4.0000 0.1782
5.0000 0.1909
6.0000 0.2000
7.0000 0.2073
8.0000 0.2164
9.0000 0.2218
10.000 0.2291
12.000 0.2345
13.000 0.2418
14.000 0.2455
15000 0.2527
16.000 0.2582
17.000 0.2636
18.000 0.2673
19.000 0.2709

Dynamic Uptake
Coal Type: PSOC 312
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Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 381 um
Mass of Coal (dmmf), M.: 5.73 mg
Treatment Temperature: 35°C

Time (hr) M. (8)

0.0333 0.0093
0.2667 0.0139
0.3333 0.0186
0.5000 0.0186
0.6667 0.0279
1.0000 0.0279
1.5000 0.0325
2.0000 0.0418
3.0000 0.0465
4.0000 0.0558
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 406 um
Mass of Coal (dmmf), M: 4.52 mg
Treatment Temperature: 35°C

Time (hr) M. (g) Time (hr) M (8)

0.0333 0.0075 18.0000 0.2365
0.0667 0.0184 19.0000 0.2456
0.1000 0.0256  20.0000 0.2475
0.1330 0.0365  21.0000 0.2547
0.2000 0.0511
0.2661 0.0584
0.3330 0.0656
0.5000 0.0729
0.6660 0.0856
0.8330 0.0946
1.0000 0.1038
1.3300 0.1111
1.5000 0.1202
2.0000 0.1365
3.0000 0.1493
4.0000 0.1638
5.0000 0.1747
6.0000 0.1765
7.0000 0.1784
8.0000 0.1893
9.0000 0.1929
10.0000 0.1984
11.0000 0.2038
12.0000 0.2075
13.0000 0.2111
14.0000 0.2184
15.0000 0.2256
17.0000 0.2275
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 432 um
Mass of Coal (dmmf), M.: 5.71 mg
Treatment Temperature: 100°C

Time (hr) Mc (g)

0.0333 0.0327
0.0667 0.0400
0.1000 0.0436
0.1300 0.0473
0.2000 0.0545
0.2667 0.0655
0.3333 0.0709
0.5000 0.0982
0.6667 0.1164
0.8300 0.1309
1.0000 0.1400
1.1667 0.1491
1.3333 0.1564
1.5000 0.1600
1.6667 0.1745
1.8333 0.1855
2.0000 0.1964
3.0000 0.2255
4.0000 0.2400
5.0000 0.2500
6.0000 0.2600
7.0000 0.2673
8.0000 0.2836
9.0000 0.2873
10.000 0.2873
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Dynamic Uptake
Coal Type: PSOC 247
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 457 um
Mass of Coal (dmmf), M,.: 8.90 mg
Treatment Temperature: 100°C

Time (hr) M. (g) Time (hr) Mc (g)

0.0667 0.0109 16.000 0.3436
0.1333 0.0182 17.000 0.3509
0.2000 0.0255
0.2667 0.0327
0.3333 0.0400
0.5000 0.0509
0.6667 0.0582
0.8333 0.0655
1.0000 0.0764
1.1667  0.0836
1.3333 0.0945
1.5000 0.0982
2.0000 0.1091
2.3333 0.1200
2.6667 0.1345
3.0000 0.1418
4.0000 0.1636
5.0000 0.1818
6.0000 0.1945
7.0000 0.2073
8.0000 0.2255
9.0000 0.2509
10.000 0.2745
11.000 0.2982
12.000 0.3127
13.000 0.3200
14.000 0.3273
15.000 0.3345
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Dynamic Uptake
Coal Type: PSOC 312
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 229 pm
Mass of Coal (dmmf), M: 4.36 mg
Treatment Temperature: 100°C

Time (hr) Mc (8)

0.0333 0.0218
0.0667 0.0273
0.1000 0.0327
0.1333 0.0382
0.2667 0.0473
0.4333 0.0582
1.0000 0.0764
3.0000 0.0855
4.0000 0.1055
5.0000 0.1127
8.0000 0.1182
9.0000 0.1213
10.000 0.1236
11.000 0.1273
12.000 0.1345
13.000 0.1381
14.000 0.1394
15.000 0.1400
16.000 0.1455
18.000 0.1495
19.000 0.1503
20.000 0.1509
'21.000 0.1636
23.000 0.1745
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 406 jim
Mass of Coal (dmmf), M,: 5.84 mg
Treatment Temperature: 100°C

Time (hr) M (8)

0.0333 0.0035
0.0666 0.0071
0.1000 0.0126
0.1333 0.0181
0.2000 0.0217
0.2667 0.0254
0.3333 0.0308
0.5000 0.0363
0.6667 0.0399
0.8333 0.0472
1.0000 0.0508
1.1660 0.0563
1.3330 0.0617
1.5000 0.0654
2.0000 0.0708
3.0000 0.0763
4.0000 0.0854
5.0000 0.0926
6.0000 0.0963
7.0000 0.1017
8.0000 0.1090
9.0000 0.1163
10.000 0.1199
11.000 0.1217
12.000 0.1235
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Dynamic Uptake
Coal Type: PSOC 791
Pepetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 457 um
Mass of Coal (dmmf), M: 7.34 mg
Treatment Temperature: 150°C

Time (hr) M. (g) Time(hr) M (8)

0.0333 00354  16.000 0.3200
© 0.0667 0.0436  17.000 0.3309
0.1000 0.0509  18.000 0.3455
0.1333 0.0545  19.000 0.3436
© 02000 0.0691  20.000 0.3455
1 0.2667 0.0764 |
0.3333 0.0836

0.5000 0.1055

0.6667 0.1164

0.8333 0.1236

1.0000 0.1345

1.1667 0.1491

1.3333 0.1564

1.5000 0.1600

2.0000 0.1745

3.0000 0.2218

4.0000 0.2491

5.0000 0.2655

6.0000 0.2782

7.0000 0.2782

8.0000 0.2855

9.0000 0.2873

10.000 0.3000

11.000 0.3055

12.000 0.3105

13.000 0.3073

14,000 0.3164

15.000 0.3164
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- Dynamic Uptaké
Coal Type: PSOC 247
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 406 um
Mass of Coal (dmmf), M¢: 5.26 mg
Treatment Temperawre: 150°C

Time (hr) M. (g) Time (hr) M (g)

0.0333 0.0073  17.000 0.3127
0.0667 0.0146 18.000 0.3200
0.1000 0.0255 19.000 0.3255
0.1333 0.0327 20.000 0.3345
0.2000 0.0436
0.2667 0.0509
0.3333 0.0800
0.6667 0.0909
0.8333 0.1055
1.0000 0.1145
1.1667 0.1309
1.3333 0.1345
1.5000 0.1455
2.0000 0.1564
3.0000 0.1673
4.0000 0.1891
5.0000 0.1982
6.0000 0.2036
7.0000 0.2073
8.0000 0.2127
9.0000 0.2164
10.000 0.2245
11.000 0.2382
12.000 0.2455
13.000 0.2691
14.000 0.2873
15.000 0.2909
16.000 0.2945
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Dynamic Uptake
Coal Type: PSOC 312
* Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 432 um
| Mass of Coal (dmmf), M,: 5.45 mg
Treatment Temperature: 150°C

Time (hr) M, (8)

0.0333 0.0109
0.0667 0.0164
0.1000 0.0236
0.1333 0.0273
0.2600 0.0291
0.3333 0.0309
0.5000 0.0364
0.6667 0.0418
1.0000 0.0436
2.0000 0.0473
3.0000 0.0582
4.0000 0.0618
5.0000 0.0691
6.0000 - 0.0782
7.0000 0.0818
8.0000 0.0891
9.0000 0.0909
10.000 0.0945
11.000 C.1055
12.000 0.1091
13.000 0.1200
114000 0.1309
15.000 0.1345
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: Pyridine Vapor
Penetrant Activity < 0.04
Sample Thickness: 254 um
Mass of Coal (dmmf), M: 4.03 mg
Treatment Temperature: 150°C

Time (hr) M. (8)

0.0333
0.0667
0.1000
0.2000
0.3333
0.5000
0.6667
0.8333
1.0000
1.1667
1.3333
1.5000
2.0000
3.0000
4.0000
5.0000
6.0000
7.0000
8.0000
9.0000
10.000
11.000
12.000
13.000
14.000
15.000

0.0036
0.0127
0.0182
0.0254
0.0291
0.0327
0.0400
0.0436
0.0509
0.0564
0.0655
0.0727
0.0764
0.0945
0.1091
0.1164
0.1236
0.1291
0.1382
0.1418
0.1418
0.1418
0.1418
0.1418
0.1418
0.141%

Time (ir) Mc (8)

16.000 0.1418
17.000 0.1418
18.000 0.1418
19.000 0.1418
20.000 0.1418



Dynamic Uptake
Coal Type: PSOC 791
‘Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 356 um
Mass of Coal (dmmf), M : 8.60 mg
Treatment Temperature: 35°C

Time (hr) M (g) Time (hr) M (8)

0.0333 0.0257 12.000 0.6258
0.0666 0.0472 12.999 0.6361
0.1333 0.0760 14.000 0.6542
0.1999 0.0979 19.999 0.6937
0.2999 0.1237
0.3999 0.1598
0.4999 0.1856
0.6666 0.1959
0.9999 0.2071
1.3333 0.2329
1.6667 0.2630
2.0000 0.2767
2.4999 0.3J51
29999 0.3232
3.4999 0.3421
4.0000 0.3636
4.9999 0.3894
6.0000 0.4323
7.0000 0.4728
7.9999 0.5054
9.0000 0.5596
9.9999 0.5966
11.000 0.6112
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Dynamic Uptake
Coal Type: PSOC 247
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 381 pm
Mass of Coal (dmmf), M,: 4.49 mg
Treatment Temperature: 35°C

Time (hr) M (8)

0.0333 0.0359
0.0667 0.0431
0.1000 0.0538
0.1666 0.0758
0.2667 0.0974
0.3333 0.1046
0.4333 0.1261
0.5999 0.1477
0.8333 0.1697
1.0000 0.1697
1.3333  0.1948
1.6667 0.2092
2.0000 0.2236
2.4999 0.2415
3.0000 0.2487
4.0000 0.2595
5.0000 0.2994
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Dynamic Uptake
Coal Type: PSOC 312
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 229 um
Mass of Coal (dmmf), M: 5.83 mg
Treatment Temperature: 35°C

Time (hr) Mc (8)

0.0666 0.0145
0.1333 0.0215
0.2333 0.0326
0.3000 0.0396
0.3666 0.0431
0.4333 0.0542
0.5333 0.0722
06666 0.0827
0.8333 0.0903
0.9999 0.0903
1.1666 0.1008
1.5000 0.1008
1.9999 0.1154
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" Dynamic Uptake
Coal Type: PSOC 853
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 254 um
Mass of Coal (dmmf), M;: 6.75 mg
Treatment Temperature: 35°C

Time (hr) M. (8)

0.1333  0.01080
0.2666  0.01822
0.5999  0.03982

0.9999  0.04387
1.9999  0.05460
29999  0.06200
3.9999  0.07620
49999  0.08030
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 279 pm
Mass of Coal (dmmf), M: 4.92 mg
Treatment Temperature: 100°C

Time (hr) Mc (8)

0.0333 0.0400
0.0667 0.0618
0.1000 0.0836
0.1333 0.0927
0.2000 0.1091
0.2667 0.1200
0.3333 0.1382
0.4333 0.1491
0.5000 0.1636
0.6667 0.1691
0.8333 0.1727
1.0000 0.1818
1.1667 0.1891
2.0000 0.2000
3.0000 0.2218
4.0000 0.2455
5.0000 0.2545
6.0000 0.2655
7.0000 0.2691
8.0000 0.2764
9.0000 0.2800
10.000 0.2855
11.000 0.2927
12.000 0.2982
13.000 0.3018
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Dynamic Uptake
Coal Type: PSOC 247
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 101 um
Mass of Coal (dmmf), M: 2.06 mg
Treatment Temperature: 100°C

Time (hr) M (8)

0.0333 0.0051
0.0667 0.0084
0.1000 0.0116
0.1333 0.0145
0.1667 0.0164
0.2000 0.0193
0.2333 0.0211
0.2667 0.0231
0.3333 0.0265
0.4333 0.0313
0.5000 0.0349
0.6000 0.0785
0.6667 0.0404
0.7667 0.0444
0.8333 0.0473
1.0000 0.0504
1.1667 0.0535
1.3333 0.0578
1.5000 0.0618
2.0000 0.0698
2.5000 0.0767
3.0000 0.0815
3.5000 0.0847
4.0000 0.0858
4.5000 0.0878
5.0000 0.0895
6.0000 0.0902
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Dynamic Uptake
Coal Type: PSOC 312
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 381 um
Mass of Coal (dmmf), M,: 6.35 mg
Treatment Temperature: 100°C

Time (hr) M. (g) Time (hr) M (g)

0.0333 0.0025 17 000 0.0727
0.0667 0.0033 18.000 0.0665
0.1000 0.0047 19.000 0.0764
0.1333 0.0058 20.000 0.0797
0.2000 0.0084 21.000 0.0810
0.2667 0.0091 22.000 0.0830
0.3333 0.0109 23.000 0.0851
0.5000 0.0138 24.000 0.0902
0.6667 0.0153 25.000 0.0953
0.8333 0.0182 26.000 0.0982
1.0000 0.0207 27.000 0.1004
1.1667 0.0233  28.000 0.1014
1.3333 0.0260 29.000 0.1030
1.5000 0.0280 30.000 0.1040
2.0000 0.0316 31.000 0.1051
3.0000 0.0378 32.000 0.1076
4.0000 0.0418 33.000 0.1097
5.0000 0.0447 34.000 0.1112
6.0000 0.0464 35.000 0.1123
7.0000 0.0498 37.000 0.1137
9.0000 0.0535 38.000 0.1181
10.000 0.0560 39.000 0.1210
11.000 0.0585 40.000 0.1250
12.000 0.0611 41.000 0.1278
13.000 0.0633 42.000 0.1293
14.000 0.0658 43.000 0.1304
15.000 0.0687

16.000 0.0698
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 229 pm
Mass of Coal (dmmf), M: 5.36 mg
Treatment Temperature: 100°C

Time (hr) M (g) Time(hr) Mc(g)

0.0333 0.0025 12.000 0.0869
0.0667 0.0051 14.000 0.0869
0.1000 0.0069 15.000 0.0887
0.1333 0.0091 16.000 0.0916
0.2000 0.0124 17.000 0.0935
0.2667 0.0153 18.000 0.0945
0.3333 0.0178
0.4333 0.0225
0.5000 0.0244
0.6667 0.0284
0.8333 0.0324
1.0000 0.0335
1.1667 0.0378
1.3333 0.0411
1.5000 0.0436
1.6667 0.0496
1.8333 0.0513
2.0000 0.0531
2.5000 0.0564
3.0000 0.0600
3.5000 0.0625
4.0000 0.0658
5.0000 0.0731
6.0000 0.0751
7.0000 0.0760
9.0000 0.0818
10.000 0.0836
11.000 0.0851
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 254 um
Mass of Coal (dmmf), M;: 2.09 mg
Treatment Temperature: 150°C

Time (hr) M. (g) Time (hr) Mc (8)

0.0333 0.0055  9.0000 0.0629
0.0667 0.0102  10.000 0.0658
0.1000 0.0138  11.000 0.0665
0.1333 0.0167  12.000 0.0676
0.1667 0.0193  13.000 0.0698
0.2000 0.0215

0.2333 0.0244

0.2667 0.0258

0.3000 0.0273

0.3333 0.0284

0.4333 0.0305

0.5000 0.0331

0.6000 0.0364

0.6667 0.0378

0.7667 0.0400

0.8333 0.0415

0.9333 0.0433

1.0000 0.0440

1.1667 0.0451

1.3333  0.0462

1.5000 0.0476

2.0000 0.0491

3.0000 0.0516

4.0000 0.0542

5.0000 0.0578

6.0000 0.0611

7.0000 0.0611

8.0000 0.0611
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Dynamic Uptake
Coal Type: PSOC 247
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 330 um
Mass of Coal (dmmf), M: 2.93 mg
Treatment Temperature: 150°C

Time (hr) Mc (g) Time (hr) M (8)

0.0333 00055  9.000C 0.1102
0.0667 0.0105  10.000 0.1138
0.1000 0.0142  11.000 0.1167
0.1333 00178  12.000 0.1193
0.1667 0.0193  13.000 0.1218
0.2000 0.0211  14.000 0.1240
0.2333 0.0229  15.000 0.1255
0.2667 0.0244  16.000 0.1269
0.3000 0.0258  17.000 0.1298
0.3333 0.0273  18.000 0.1331
0.3667 0.0284
0.4000 0.0298
0.5000 0.0327
0.6000 0.0364
0.6667 0.0385
0.7667 0.0404
0.8333 0.0429
1.0000 0.0487
1.1667 0.0520
1.3333 0.0553
1.5000 0.0575
2.0000 0.0647
3.0000 0.0775
4.0000 0.0851
5.0000 0.0902
6.0000 0.0982
7.0000 0.1011
8.0000 0.1069
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Dynamic Uptake
Coal Type: PSOC 312
- Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 254 jm
Mass of Coal (dmmf), M: 3.73 mg
Treatment Temperature: 150°C

Time (hr) M, (3) Time (hr) M. (g)

0.0333 0.0033  3.5000 0.0571
0.0667 0.0042  4.0000 0.0589
'0.1000 0.0047  5.0000 0.0636
0.1333 00058  6.0000 0.0658
0.1667 0.0069  7.0000 0.0673
0.2000 0.0080  8.0000 0.0687
02300 0.0091

0.2667 0.0102

0.3000 0.0113

0.4000 0.0127

0.5000 0.0149

0.5667 0.0160

0.6667 0.0178

0.7333 0.0196

0.8000 0.0211

0.9000 0.0222

1.0000 0.0236

1.1667 0.0247

1.3333 0.0273

1.5000 0.0291

1.6667 0.0313

1.8333 0.0327

2.0000 0.0336

2.1667 0.0345

2.5000 0.0360

2.6667 0.0382

2.8333 0.0433

3.0000 0.0513
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: DMF Vapor
Penetrant Activity < 0.04
Sample Thickness: 229 um
Mass of Coal (dmmf), M,: 5.80 mg
Treatment Temperature: 150°C

Time (hr) Mq (8)

0.0333 0.0022
0.0667 0.0031
0.1000 0.0044
0.1333 0.0055
0.1667 0.0062
0.2000 0.0073
0.3000 0.0085
0.3333 (00095
0.5000 0.0113
0.6000 0.0125
0.6667 0.0135
0.8333 0.0149
1.0000 0.0187
1.1667 0.0218
1.3333 0.0255
1.5000 0.0291
2.0000 0.0313
3.0000 0.0345
4.0000 0.0444
5.0000 0.0465
6.0000 0.0473
7.0000 0.049:
8.0000 0.0505
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Dynamic Uptake
Coal Type: PSOC 791

Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 229 um
Mass of Coal (dmmf), Mc: 2.26 mg
Treatment Temperature: 35°C

Time (hr) M (g).Time (hr) M. (8)

0.0333 0.0036
0.0667 0.0069
0.1000 0.0102
0.1333 0.0127
0.1667 0.0142
0.2000 0.0164
0.2333 0.0178
0.2667 0.0196
0.3000 0.0218
0.3667 0.0240
0.4333 0.0287
0.5000 0.0335
0.6000 0.0404
0.6667 0.0425
0.7667 0.0449
0.8333 0.0464
1.0000 0.0478
1.1667 0.0498
13333 0.0518
1.5000 0.0531
2.0000 0.0560
3.0000 0.0611
4.0000 0.0669
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5.0000 0.0884

6.0000 0.0520
7.0000 0.0935
8.0000 0.0978



Dynamic Uptake
Coal Type: PSOC 247
Penetrant: Chloroform Vapor
Penetrant Actvity = 0.04
Sample Thickness: 229 pm
Mass of Coal (dmmf), M.: 3.11 mg
Treatment Temperature: 35°C

Time (hr) M. (g) Time(hr) M (8)

0.0333 0.0022 7.0000 0.1271
0.0667 0.0076 8.0000 0.1316
0.1000 0.0091 9.0000 0.1349
0.1333 0.0127 10.000 0.1364
0.1667 0.0149 11.000 0.1375
0.2000 0.0176 12.000 0.1393
0.2323 0.0193
0.2667 0.0216
0.3000 0.0236
0.3333 0.0265
0.3667 0.0280
0.4000 0.0298
0.4667 0.0335
0.5000 0.0364
0.6000 0.0400
0.6667 0.0429
0.7667 0.0465
0.8333 0.0504
0.9333 0.0556
1.0000 0.0578
1.1667 0.0624
1.3333 0.0658
1.5000 0.0727
2.0000 0.0815
3.0000 0.0982
4.0000 0.1113
5.0000 0.1185
6.0000 0.1224



Dynamic Uptake
Coal Type: PSOC 312
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 381 pm
Mass of Coal (dmmf), M,: 4.51 mg
Treatment Temperature: 35°C

Time (hr) Mc (8)

1.0000 0.01020
2.0000 0.01890
3.0000 0.02400
4.0000 0.03310
5.0000 0.04510
6.0000 0.05160
10.000 0.06040
11.000 0.06622
12.000 0.07958
13.000 0.09753
14.000 0.12440
15.000 0.15530



Dynamic Uptake
Coal Type: PSOC 853
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 229 pm
Mass of Coal (dmmf), Mc: 2.99 mg
Treatment Temperature: 35°C

Time (hr) M (8)

0.0333 0.0005
0.1000 0.0011
0.1333 0.0022
0.1667 0.0040
0.2667 0.0065
0.3333 0.0087
0.4333 0.0098
0.5000 0.0105
0.6667 0.0120
0.8333 0.0138
1.0000 0.0152
1.3333 0.0181
1.5000 0.0192
1.6667 0.0214
1.8333 0.0243
2.0000 0.0258
2.5000 0.0276
3.0000 0.0298
3.5000 0.0320
4.0000 0.0345
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 229 um
Mass of Coal (dmmf), M,: 1.57 mg
Treatment Temperature: 100°C

Time (hr) M. (g) Time(hr) M (8)

0.0333 0.0033 7.0000 0.0678
0.0667 0.0051
0.1000 0.0060
0.1300 0.0069
0.1667 0.0080
0.2000 0.0095
0.2333 0.0116
0.2667 0.0124
0.3000 0.0131
0.3333 0.0145
0.3667 0.0156
0.4000 0.0164
0.5000 0.0185
0.6000 0.0215
0.6667 0.0244
0.8333 0.0284
1.0000 0.0302
1.1667 0.0323
1.5000 0.0356
1.6667 0.0385
1.8333 0.0411
2.0000 0.0444
2.5000 0.0496
3.0000 0.0520
3.5000 0.0571
4.0000 0.0596
5.0000 0.0611
6.0000 0.0654



Dynamic Uptake
Coal Type: PSOC 247
Penetrant: Chloroform Vapor
‘Penetrant Activity = 0.04
Sample Thickness: 203 um
Mass of Coal (dmmf), M.: 1.77 mg
Treatment Temperature: 100°C

Time (hr) M (8)

0.0333 0.0055
0.0667 0.0065
0.1000 0.0084
0.1333 0.0109
0.1667 0.0124
0.2000 0.0142
0.2333 0.0156
0.2667 0.0175
0.3000 0.0185
0.3333 0.0200
0.3667 0.0222
0.4000 0.0229
0.4333 0.0242
0.4667 0.0255
0.5000 0.0267
0.600. 0.0284
0.6667 0.0302
0.7667 0.0320
0.8333 0.0338
0.9333 0.0356
1.0000 0.0369
1.1667 0.0396
1.3333 0.0411
1.5000 0.0431
2.0000 0.0473
2.5000 0.0491
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Dynamic Uptake
Coal Type: PSOC 312
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 254 pm
Mass of Coal (dmmf), M: 2.88 mg
Treatment Temperature: 100°C

Time (hr) Mc (8)

0.0333 0.0011
0.0667 0.0022
0.1000 0.0033
0.1667 0.0036
0.2667 0.0047
0.3333 0.0058
0.5000 0.0078
0.7000 0.0102
1.0000 0.0113
1.1667 0.0138
1.3333 0.0153
1.5000 0.0180
2.0000 0.0200
3.0000 0.0240
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 203 um
Mass of Coal (dmmf), M.: 3.11 mg
Treatment Temperature: 100°C

Time (hr) M. (g) Time (hr) M (g)

0.0333 0.0044 11.000 0.0985
0.0667 0.0065 12.000 0.1018
0.1000 0.0124 13.000 0.1065
0.1333 0.0149 14.000 0.1080
0.1667 0.0167
0.2000 0.0178
0.2333 0.0187
0.2667 0.0211
0.3000 0.0247
0.3333 0.0265
0.3667 0.0280
0.5000 0.0320
0.6000 0.0353
0.6667 0.0375
0.8333 0.0393
1.0000 0.0415
1.1667 0.0433
1.3333 0.0455
1.5000 0.0469
2.0000 0.0556
2.5000 0.0586
3.0000 0.0618
4.0000 0.0705
5.0000 0.0760
6.0000 0.0825
7.0000 0.0873
8.0000 0.0909
9.0000 0.0956
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 356 um
Mass of Coal (dmmf), M¢: 3.11. mg
Treatment Temperature: 150°C

Time (hr) Mo (g) Time (hr) Mc ()

0.0333 0.0076 ~ 11.000 0.1276
0.0667 0.0113 12.000 0.1298
0.1000 0.0149
0.1333 0.0185
0.1667 0.0207
0.2000 0.0240
0.2333 0.0280
0.2667 0.0302
0.3333 0.0338
0.4333 0.0385
0.5000 0.0429
0.6000 0.0473
0.6667 (C.0502
0.8333 0.0571
1.0000 0.0625
1.1667 0.0676
1.3333 0.0724
1.5000 0.0753
2.0000 0.0847
2.5000 0.0905
3.0000 0.0960
4.0000 0.1030
5.0000 0.1065
6.0000 0.1109
7.0000 0.1145
8.0000 0.1178
9.0000 0.1211
10.000 0.1229
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Dynamic Uptake
Coal Type: PSOC 247
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 178 um
Mass of Coal (dmmf), M.: 1.70 mg
Treatment Temperature: 150°C

Time (hr) M (g) Time (hr) M (g)

0.0333 0.0015 8.0000 0.0433
0.0667 0.0025 9.0000 0.0451
0.1000 0.0036 10.000 0.0458
0.1333 0.0065 11.000 0.0473
0.1667 0.0091
0.2000 0.0102
0.2333 0.0109
0.2667 0.0116
0.3000 0.0124
0.3333 0.0135
0.3667 0.0142
0.4000 0.0149
0.4333 0.0156
0.4667 0.0167
0.5000 0.0175
0.6000 0.0189
0.6667 0.0204
0.8333 0.0222
1.0000 0.0236
1.1667 0.0255
1.5000 0.0269
2.0000 0.0284
2.5000 0.0302
3.0000 0.0320
4.0000 0.0371
5.0000 0.0389
6.0000 0.0407
7.0000 0.0418
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Dynamic Uptake
Coal Type: PSOC 853
Penetrant: Chloroform Vapor
Penetrant Activity = 0.04
Sample Thickness: 203 um
Mass of Coal (dmmf), M: 3.44 mg
Treatment Temperature: 150°C

Time (hr) Mc(g)

0.0333 0.0015
0.0667 0.0022
0.1333 0.0025
0.1667 0.0040
0.2000 0.0051
0.2333 0.0062
0.2667 0.0069
0.3000 0.0080
0.3333 0.0091
0.3667 0.0102
0.4000 0.0113
0.4333 0.0124
-0.4667 0.0131
0.6000 0.0149
0.6667 0.0164
0.7667 0.0182
0.8333 0.0196
1.0000 0.0211
1.1667 0.0225
1.3333  0.0255
1.5000 0.0291
2.0000 0.0345
2.5000 0.0389
3.0000 0.0404
4.0000 0.0429
5.0000 0.0436
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: DMF liquid

Sample Thickness: 7.6 um

Temperature: 25°C

Time (min) Transition Layer thickness  Time (min) Transition Layer thickness

0.5333  114.7680 12733 564.5151
0.8500  147.7638 13.216  578.8611
1.1500  183.6288
1.6166  210.1689
1.8500  225.9495
2.1000  243.1647
23000  259.6626
2.5333  276.8779
2.8500  287.6375
3.0666  304.1353
34333  314.1775
3.8333  345.7385
41166  360.8020
43666  368.6921
47533  380.1689
5.2833  387.3420
5.6166  395.9497
6.0666  400.9707
6.6166  408.1436
7.0000 414.5994
7.4500  422.4897
7.8166  432.5320
8.2000  440.4221
8.7333  449.7471
9.2000  461.2239
9.7000  473.4180
10.100  480.5911
10.566  494.9370
11.066  509.2830
11.500  516.4561
12.150  537.9751
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: DMF liquid

Sample Thickness: 7.6 um

Temperature: 25°C

Time (min) Distance (Wm)  Time (min) Distance (um)

0.5333  114.7680 10.100  480.5911
0.8500  147.7638 10566  494.9370
1.1500  183.6288 11.066  509.2830
1.6166  210.1689 11.500  516.4561
1.8500  225.9495 12.150  537.9751
2.1000  243.1647 12.733  564.5151
2.3000  259.6626 13.216  578.8611
2.5333  276.8779 . 13.550  591.0552
2.8500  287.6375 13916  599.6628
3.0666  304.1353 14.666  606.8359
34333 314.1775 15333 626.2029
3.8333  345.7385 16.500  632.6587
4.1166  360.8020 17.000  638.3970
43666  368.6921 17.533  644.8528
4.7333  380.1689 18.183  652.7429
5.2833  387.3420 19.000  669.9583
5.6166  395.9497 19.666  682.1523
6.0666  400.9707 41000 985.5703

6.6166  408.1436
7.0000 414.5994
7.4500  422.4897
7.8166  432.5320
8.2000 4404221
8.7333  449.7471
9.2000  461.2239
9.7000  473.4180
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: DMF liquid

Sample Thickness: 7.6 um

Temperature: 40°C

Time (min) Distance (um) Time (min) Distunce (um)

0.2666  71.73001 23.666  1197.891
0.8333  114.7680 24483  1212.237
1.7334  143.4600 26.750  1248.102
2.1333  186.4980 27.033  1283.967
2.4666  215.1900 28.000 1298.313
3.1000  286.9199 29.100  1327.005
3.5000  308.43%0 30.833  1334.178

4.3333  358.6499
4.6666  380.1589
5.1666  401.6880
1 5.6666 423.2070
6.2333  466.2451
6.8333  494.9370
7.5000  537.9751
8.0000  581.0129
8.4166  616.8779
8.9500 645.5701
94166  688.6082
10416  717.3000
10.883  738.8191
11.500  774.6841
12.133  789.0300
13.000 824.8950
13916  875.1060
14416  932.4900
16.666  975.5281
- 18.000  1030.043
19.983  1063.756
21.000  1090.296
21.833  1126.161
22.500 1176.372
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: DMF liquid

Sample Thickness: 7.6 pm

Temperature: 70°C

Time (min) Distance (Wm)

0.2166  356.4980
0.7333  419.6206
0.9666  509.2830
1.5000  606.8359
1.7666  645.5701
2.0500  695.0637
2.3333  773.9668
2.7166  817.7219
3.9333  913.8401
4.3666  977.6799
4.8666  1059.452
5.2333  1113.967
5.6666  1187.849
6.1333  1245.950
7.1666  1345.655
8.0000  1380.085
7.6166  1403.756
9.7000  1425.275
15.933  1453.250
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: DMF liquid

Sample Thickness: 7.6 um

Temperature: 100°C

Time (min) Distance (um)

0.1500  218.0592
0.3500 351.4771
0.6333  472.7007
0.8666  593.9246
1.1166  619.0300
1.6833  638.3970
2.2166 6914773
2.6333  770.3801
3.1533  834.9373
3.7000  919.5786
4.3333  1058.735
5.0000 1183.545
5.4500  1291.140
5.7333  1398.735
6.0000  1470.465
7.0666  1578.060
7.4833  1626.836
8.0000 1661.267
9.0000 1699.284
9.7833  1740.887
10.650  1783.925
11.500 1875.740
12416  1908.018
13.266  1976.879
13.800  2000.549
15.000  2026.373
15.783  2054.246
16916  2067.258
18.500  2085.191
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Time (min)

1.0333
1.3500
1.5833
1.9833
2.2666
2.5500
29166
3.1833
3.7500
4.1000
4.8166
5.2333
5.5833
5.8833
6.2666
6.7833
7.2000
7.7666
8.3000
8.9333
9.6000
10.283
11.383
11.816
12.265
13.566
14.250
15.016
15.833
16.649
17.417

Microscopy Studies
Coal Type: PSOC 312
Penetrant: DMF liquid

Sample Thickness: 7.6 pm

Temperature: 25°C

Distance (um)  Time (min) Distance (um)

206.5824 18.466
329.2407 19.500
364.3884 20.149
424.6416 21.000
469.8315 22.000
498.5234 23.433
534.3884 25.800
564.5151 26.649
578.1438 28.133
615.4434 29.266
648.4392 31.333
6972156 33.850
711.5615 35.383
743.1228 38.416
763.9246 47.000
T73.9668
778.2705
781.1396
791.1819
812.7009
831.3506
844.9795
893.0386
907.3845
929.6208
964.0513
991.3086
1037.216
1057.300
1083.123
1111.815
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1140.507
1183.545
1240.929
1291.140
1319.832
1341.351
1362.870
1398.735
1434.600
1470.465
1527.849
1578.060
1628.271
1671.309
1793.250



Microscopy Studies
Coal Type: PSOC 247
Penetrant: DMF liquid

Sample Thickness: 7.6 um

Temperature: 25°C

Time (min) Distance (um)

0.6500  256.7935
1.1500  430.3801
1.5333  497.8062
1.8333  506.4138
3.2166  542.9961
3.8833  591.7725
47166  619.0300
6.8333  626.9202
7.2833  643.4182
89166  652.7429
10.400  670.6755
11.783  681.4351
13.650  685.7388
15.166  685.7388
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: Chloroform liquid
Sample Thickness: 7.6 pm
Temperature: 25°C

Time (min) Distance (um)

0.2666 - 253.2069
0.4833  296.9622
0.7166  352.9116
0.9166  387.3420
1.8500  405.2744
2.1500  438.9875
3.0666  459.7893
3.3166  495.6543
4.3333  533.6711
5.0166  605.4011
5.6000  648.4392
59500  675.6965
6.9500  796.2031
7.3166  831.3506
8.2166  847.1313
8.5000  870.8022
8.8000  895.9077
9.6333  903.0808
10.283  929.6208
11.466  948.9880
12.483  984.1357
14.300  995.6125
17.649  1098.904
18916  1147.680
19.616  1183.545
20.700  1212.237
22.683  1226.583
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: Methylene Chloride liquid
Sample Thickness: 7.6 pm
Temperature: 25°C

Time (min) Distance (um)

0.1166  182.9115
0.4833  263.2490
0.8500  311.3081
1.2166  350.0425
1.8500  398.1016
2.6000  416.7515
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: THF liquid

Sample Thickness: 7.6 um

Temperature: 25°C

Time (min) Distance (um)

1.1000  80.33760
1.3166  129.1140
1.5333  156.3714
1.7500  206.5824
2.0000 230.9706
2.1833  265.4011
2.4833  277.5950
2.7500  284.0508
2.9666  294.0930
32166  306.2871
3.4500  319.9158
3.7333  330.6753
4.0000  340.0002
43500  348.6079
4.5500  358.6499
49333  378.7344
52333  391.6458
8.8666  413.8821
59166  421.0552
6.1666  433.9666
8.2000 469.1143
8.6166  485.6121
8.9500  492.7852
9.5166  503.5447
10.200  520.7598
10.833  527.2156
11.283  534.3884
11.883  537.9751
12.166  540.8442
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: Pyridine liquid
Sample Thickness: 7.6 um

Temperature: 25°C

Time (min) Distance (um)

0.9166  100.4220
1.1333  141.3081
1.3333  167.1309
1.6666  201.5613
1.8333  222.3630
2.0500 251.7724
22500  275.4431
2.5500  297.6794
2.8000  314.1775
2.9666  332.8271
3.5000  347.8906
3.9666  360.0847
43166  372.9961
4.9833  380.1689
54166  393.7976
57333  407.4265
5.9833  423.2070
6.5000  434.6838
6.7833  447.5952
7.0666  451.8989
7.5833  463.3760
8.4000 473.4180
9.0500  489.9160
9.5833  497.0889
10.150  504.2620
10.850  512.8696
11.366  519.3252
12.000  520.7598
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