
CERTAINDATA
CONTAINEDIN THIS
DoCuMENTMAYBE
DIFFICULTTOREAD

IN MICROFICHE
PRODUCTS.



DOF_JPC/79914-T12

(DE91004165)

MACROMOLECULAR COAL STRUCTURE AS REVEALED BY NOVEL
DIFFUSION TESTS

, Final Technical Report for the Period September 15, 1987--September 14, 1990

Work Performed Under Contract No. FG22-87PC79914

For

U.S. Department of Energy
' Pittsburgh Energy Technology Center

Pittsburgh, Pennsylvar_ia

- Purdue University

West Lafayette, Indiana



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 an5 agency thereof, nor an)' of their

employees, makes any warranty, expressor implied, or assumes any legal liability' or responsibility
for the accuracy, completeness, or usefulnessof any information, apparatus, product, or process
dkscioscd,or repn_nts that its use would not mfnnge pnvately owned rights. Reference herein to
any specific oommerchalproduct, proo_ss,or s_rvice by trade name. trademark, manufacturer, or
otherwise does not necessarily constitute or imply' its endorsement, recommendation, or favonng
by the United States Government or any agency thereof. The views and opinions of authors ex.
pressedh_rein do not nc.cessarib state or reflect those of the United SLatesGovernment or an_
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 (6151576-8401,FTS 626-8401.

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

Prmtea m tt_ Unttecl States o! Amenc, a O'tlg_e of Soent_g: _ Tect_c.aJ tnformahon, Oak R)clge, TenneslM)e



DOE/PC/79914-T12
(DE91004165)

D_'tbu_onCam_oryUC,-113

DOE/PC/79914--T12

DEgl 004165

FINAL TECHNICAL REPORT

MACROMOLECULAR COAL STRUCTURE
AS REVEALED BY NOVEL DIFFUSION TESTS

By

NIKOLAOS A. PEPPAS, PRINCIPAL INVESTIGATOR
JORGE OLIVARES

PJCHARD DRUMMOND
STEVEN LUSTIG

School of Chemical Engineering
Purdue University

West Lafayette, Indiana 47907

Depa,-tment 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 presentwork was the elucidation of the mechanisticcharacteristicsof
dynamicmmsportof various penetrants (solvents) in thin sections of coals by examining their l:mnctrant
uptake, front _,_vellingand stress development. The samples used were well char_cmfized, and the
experimentationtemperaturevariedfrom30to175°C.An importantobjectiveofthisworkwas the
studyofcoalnetworksn-ucmreindifferentthermodynamicallycompatiblepenetranmandtheanalysis

ofdynamicswellingin termsofpresentanomaloustz'amIx_theories.Interferometry/polariscopy,
surfaceimage analysisand relatedtechniqueswere used to quantifythestressesand solvent
concentrationprofilesinthesesections.The sweUingc_te_tics ofselectedcoalswereelucidated
by penetrationstudiesusinga number of potentiallyswellingagents.Dynamic and equilibrium
swellingbehaviorwerecorrelatedusingthepolarinteractioncon_butionsofthesolventsolubility
parameters.The penen'antfrontpositionwasfollowedinthincoalsectionsasa functionofdme. The
initialfrontvelocitywas calculatedforvariouscoalsandpenetrants.Our penewantstudieswiththin
coalsectionsfromthesamecoalsamplebutwithdifferentthicknessesshowthatwithintherangeof150
_m to1500_xnthetransportmechanismofdimethylformamideinthemacromolecularcoalnetworkis
non-Fickian.Infact,forthethickestsamplesthemmsportmechanismispredominatelyCase-IIwhereas
inthethinnersamplespene,trantuptakemay bediffusion-controlled.Studiesinvariouspenetrantssuch
asacetone,cyclohexane,methanol,methylethylketone,tolueneandmethylenechlorideindicatedthe'c
penetranttransportisa non-Fickianphenomenon.However,theequilibriumswellingvalueatroom
temperann'eshouldbecorrelatedwiththepolarcontributionofthesolventsolubilityparameter.The
penetrantfrontvelocitywas correlatedtoC% (dmmf)and_[cofthevariouscoalsstudied,andtothe
solventcompatibility.Stressesandcrackswereobservedfortransportofmethylenechloride.Inactual
coalliquefactionandsolventtreatmentprocesses,thephenomenaobservedduringthesolventtransport
incoalandtheswellingofcoalchm_ksandpaniclesarecharacterizedbylargestressescreatedinthe
swellingsystem.Thesestressesaretheconsequencecffpurelyrelaxationaltransportmechanism,and
arcresponsibleforsignificantcrackingofthecoalsamples.Inactualapplications,thiscontinuous
crazingmay leadtosignificantlyincreasedreactionratesandmasstransferofsolventsincoal.
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1. INTRODUCTION

Coal may be utilized as an energy source in one of three ways. lt can be burned directly to

gem_ate 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 _'tion mechanisms, namely, the high

temlxn'amreendothermicreactionwithsteamtoproducecarbonmonoxideandhydrogenfollowedby

" the relatively low temperatureexothermic reaction of the synthesis gas with addirlona_hydrogen. The

considerable thermal inefficiency of this reaction sequence limits its usefulness. The producuon of

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

Coalcanbeconvertedtoliquidfuelsbydin_ hydrogenationatexuemelyhightemperaturesand

pressures.Howeverthehydrogenationisa verycostinefficientprocess;thereforetherehasbeenefforts

toreducethehydrogenrequirementsfortheprocessby maximizingtheuseofhydrogeninthecoal

itselforbytheuseofacoal-derivedsolventthatiscapableofdonatinghydrogen(insit'u)totheprocess.

The chemistryofcoalliquefactionisextremelycomplex.Indeed,theexactchemistryinvolvedinthe

liquefacuonprocessandthesocalledstructureofcoalitselfisstillonlyspecuL_ve.

Thechemicalobjectivesofcoalliquefactionare(I)tor_ucetheeffectsofvanderWaal'sforces

andhydrogenbonds,and,thus,separatefairlylargeunitsofcoalstructureintosmallerunits,(2)tobring

aboutthedecompositionofkeyaromatic;aliphatic;anda varietyofcarbon-hetcroatom(i.e.nitrogen,

oxygen,and sulfur)bondswithinthecoaltoformsmallerfragments,and,finally,(3)toincreasethe

hydrogen/carbonatomicratiofrvmapproximately0.8toproducea low-sulfur,ash-freeliquidproduct

thatiscomparabletocrudeoil,gasoline,or eventheheavyoilsand bitumens.Thisbringsthe

importance of understanding the fundamentals of transport penetrants into the coal structure to aid and

understand the liquefaction process of coal (Speight, 1983).
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The widely acceptedchemicalstructureGf coal is one consistingof a systemof

arornatic/hydroaromatic/heterocycliccondensedringclusters,crosslinkcdby mcthylcnic,othylenic,

sulfidic,and/orctbericbridges(Given,1960;Wiser,1965;Davidson,198(>,HcredyandWendcr,1980;

Wend_x ctaL,1081;HayatsuctaL,1978,1980,1981;Solomon,1981;Evansand Hoopcr,1981;

ct al.,1981;Peppasand Imcht,1984).Coalsareexn'aordinarilycomplexheterogeneous

substance,s,so complexthatonemustquestionthewisdom of applyingtothem modelsderivedfor

homogeneouspolymericsubstances,especiallyquantitatively.

Considerableevidenceexists,fromphysicocbcmicalexperimentswhichsuggeststhatbituminous

coalsconsistofa highlycrosslinkedmacromolec'ularnetwork(LarsenandKovac,1978;Greenctal.,

1982;van K.mvclen,1981;Wen andWeller,1982;Pc'ppasand Lucht,1984).The majorsourceof

experimentalevidencefavoringa crosslinkednetworkisobtainedfromswellingexperiments,lthas

beenfoundthatcoalcanswellinthermodynamicallycompatiblesolventstotwiceitsoriginalvolume

withoutdissolution(I.,arsenandKovac,1978;Dryden,1951a,b,c,d;l_ppasand Lucht,1984;Nelsor,,

1983;Lucht,1983).Additionalsupportforcoalasa crosslinked,threedimensionalnetworkisobtained

' from thermomechanicalanalysis.When a crosslinkedpolymericnetworkissubjectedtoa stress,

deformationoccursuntilitreachesthelimitsetby theextentof crosslinking.Afterthesu'_ssis

removed,thepolymericnetworkreturnstoitsoriginalconformation.A similartime-dependenceof

stressonstrainhasbccnobservedincoal(LarsenandKovac,1978;SanadaandHonda,1963;Howell

andPcppas,1984;Barr-Howenctal.,198S).

As mentioned before,the organicstruct,.n'eof coal consistsof a system of

arornatic/hydroaromatic/heterocycliccondensedringclusters,cr_-)sslinkedby mcthylcnic,cthytcnic,

sulfidic,and/orcthcricbridges.FigureI.Ishowsa model structurefortheorganicphaseof coal

proposedby Wiser(1965).Figure1.2showsamodelstrucnn'cfortheorganicphaseofcoalproposedby

,.)



Wender (1980). These proposed models represent su'ucmres for bituminous coals. To facilitate the

analysis of coal as a macTomolvcular nct_vork,Lucht and Peppas (1981.a,.b), Lucht (1983), and Peppas

and Lucht (1984) proposed a hypothetical and simplified representation of coals physicochemical

. organic structure. If one excludes mineral mattm', ash and other hnpurities naturally found in coal, its

structm'e can be described by two distinct by closely related phases. The fast phase includes small and

large molecules that are unerosslinked and can be dissolved or extracted at low temperatures. The

second phase, which constitutes the bulk of the coal structure, consists of a highly erosslinked

macromolecular network. Figure 1.3 depicts this ideal swollen coal network showing various forms of

rnacromolecular chains and defects. Included in this figure are covalent tetra.functional and

multifunctional crosslinks as well as effective erosslinks arising from physical entanglements and

hydrogen-bonding. Also present are the molecules of the swelling agent and the extractable chains

contained within the matrix.

Dynamic 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 ModelStrum of theOrganicPhaseof CoalsAccordingto Wiser (1965).



Figure1.2 Model Structm'coftheOrganicPhaseofCoalsAccordingtoHcredy and Wonder
(1980).
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Figure 1.3 Simplified model of the crosslinked strucun'eof coal including possible defects. -
chains participating in network sumcmre; - extractable (unreacted or degraded)
chains; ((3) crosslinks (junctions); ((3) mol_ules of penetrant; Mc molecular
weight between cxosslinks; A te:rafunctional crosslink; B multifunctional
crosslink; C unreaeted functionalities; D chain end; E entanglemenc; F chain loop;
G effective network chain; H mesh size.
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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,

, involvediffusionofliquidsorgassesintothecoal.Additionally,much ofthefundamentalchemical

researchon co_IsrequiresdiffusionofLiquidsordissolvedreagentsintothecoalsothatreactionscan

occur.Preciseinterpretationoftheseexperimentsoftenrequiresan understandingof thediffusional

behavior.Therateofreactantsdiffusingintotheparticlesisoftentherate-ILm/tingstep.

Besidesthevariationsin particleshapesand sizes,therearea numberofotherfactorsthat

complicatediffusionincoal.Thesefactorsincludecracksand holesthroughthecoat,thevarietyof

maceralshavingdifferentchemicalandphysicalproperueswhichmake up thecoal,theheterogeneity

of the structu_ evenwithin individual rnaccnds,and the effectsof intermaceralinterfacesand mineral

matter (Brenner and Hagan, 1985). Even though thesevariations within the coal networkmake the

, characterizationof coal difficult, onemay give approximateresults to describethe structureof coal.

Having described coal as a macromolccular structu_ in Chapter one, a polymeric model with

mathematicalandphysicalsimilarities to coal wouldbea goodapproximationto describethe structure

ofcoal.

2.2 Transport of Penetrants in the Macromolecular Structure of Coal

Analysis of dynamic swelling results from macromolecular networks swollen by

thermodynamically gocd solvents yields information about the structure of the network and its solvent-
o

network interactions. Diffusion studies can be used to identify the thermodynamic state of the network,



. lm

i.e.,whetherthenetworkexistsintheglassyorrubberystate.Fora macromolecularnetwork,itis

possibletodeterminewhethersorptionisduetc,Fickiandiffusion,macromolecularchainrelaxations,or

duetoacouplingofthetwophenomena.Inordertounderstandthemechanismsthatgovernthesorption

of penetrantsintothecoalnetwork"itis_necessaryto studyand understandtheconcentration,

temperature,and penetrantactivityeffectson diffusion,as wellas particlegeometry,network

crosslinkingdensity,andpenetrant-networkcc)mpatibility.

2.2.1ConcentrationEffects

Introductionofa penetrantintoa glass'.ymacromoiecularnetworkcanhavethesameeffecton the

systemasincreasingthetemperature(Ritg_andPer,pas,1987b).As thepenetrantentersthenetwork,

thenetworkdensitydecreases,resultinginaninc,'easeinlargemolecularchainmotions.Thischangein

densityisduetothebreakageandformationofchemicalbonds.Increasingthepenetrantconcentration

inthenetworkcan beviewedasaneffectivedecreaseoftheglasstransitiontemperature.Peppasand

Lucht(1985)determinedtho:theglassl:ransitiontemperattn'esfora varietyofcoalsrangedfrom350to

' 400°C.The conccnn"ationdependenceon thetemperatureatwhichthetransitionf_omtheglassystateto

therubberystateoccursisreflectedinthefactthattheglasstransitiontemperatureisdefinedbya curve

and nota singlepoint.Thisrelationshipbetweenconcentrationand temperature,theeffectiveglass

transitioncurve,isdepictedinFigure2.Iforacoal/penetrantsystem.

Penetranttransportinpolymersmay inducesn'ucturalchangessuchas swelling,microcavity

formation,primaryphasetransitionand secondaryphasetransition.Obviouslythesechangesrequire

rearrangementof molecularchains.Tl_ercforepenetrantuptakemay be controlledby transpolt

phenomenon,bystructuralrelaxations,orbycouplingofthetwophenomena.

-- 8 --
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Aslm'iul and Nicolais (1983) ciassifie__e relaxation phenorr_naobserved during solvent

transtxm in glassy ma_omol_ular systems into two broad categories. The fast category, ro'reed bulk '

su'u_saral changes (BSC), includes those pro_sses where the structural changes occur gradually over

the entire volume of the macromol_ network. ,Tb.ose processes exhibiting an abrupt transition in

the structure am included in the second category, moving boundary phenomena (MBP). In this second

camgory, a sharp front of'mn divides the two structurally diffcret,Eregimes of the polymeric material.

This front moves in time until the whole sample achieves the same new structm'e.

The Limitingcase that characterizes moving boundary phenomena is termed Fick-ian diffusion, lt

is strictly concentration-dependent, and usually occurs in glassy systems where the penetrant activity is

low. Fick'ian diffusion may also occur in the rubbery sta_. The other limiting case, termed Case.II

transport, is chara_erizecl by a moving front at nearly constant velocity and a region behind it in which

relaxation of the _molecule.s takes plac_. The boundary between rubbery and the glassy state is

generally very sharp (Ritger and Peppas, 1987a). Most transport processes in glassy polymers fall

between these two Lhmringcascs and are _rmcxi anomalous transport. This occurs when the diffusional

and mlaxational kinetic ra'_.t arc comparable, and can bc thought of as the coupling of the Fickian and

C.as_-II transport processes.
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2.2.2Temperatureand PenetrantActivityEffects

The wansportofpenetrantsintoa polymernetworkdependso_,temperatureandactivityofthe

penetrant(Hopfenbergand Frisch,1969).Concentration-independentand concentration-dependent

. Fick'iandiffusion,time-dependentdiffusionanorrmlies,Case-IIu'ansport,and sol,'entcrazing-st_ss

crackingmay occurinthesamepolymerstructureifparan_terssuchastemperature,penetrantactivity,

andvenewanttypear_varied.Figur_2.2showsthetransportfeaturesinthevariousregionsofthe

temperature-penetrantactivityplane.InthiscasepenetrantactivityisdefinedasPP_r/Po,wherePP= is

thepenetrantpartialpressureandPoisthepenetrantvaporpressure(1-1opfenbergandFrisch,1969).

When amacromolecuI_.rstructureisbelowitsglasstransitiontemperature,i.e.,intheglassystate,

alllargemolecularmotionsarerestrictedalthoughsegmentalmotionmay stillbe exhibited.As the

temperatureisincrea,_;ed,theextentofvibrationsalsoincreases,thechainsmove furtherapart,andthe

densityof thewholematerialdecreases(Hopfenbergand Stannett,1973).Thus,an increaseinthe

diluentconcentrationina macromolecularsystemaswellasan increaseofthesystemtemperature

decreasesthenetworkdensity.

The polymernetworkcan alsobe,alteredby varyingpenetrantactivity.The activationenergy

characterizingsolventcrazingdecreaseswithdecreasingpenetrantactivity(Hopfent,,ergandFrisch,

1969).The effectsoftemperatureandpenetrantactivityon thewansportofnormalhydrocarbonsin

glassypolymersmay besummarizedasfollows(M.ichaelsctal.,1968).

(1)At highpenetrantactivities(ca.0.85-1.0)overarangeoftemperatureswellbelowTg,solvent

crazingaccompaniesthetransportofpenetrantintothepolymer.

(2)The crazingkineticsofCase-IItransport,i.e.,theboundarybetweencrazedpolymerand the

• unc'razed,glassycoremovesataconstantratetothefilmrmdplane.
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Figure2.2 Regionsof penetrantdiffusionmechanismsin mac-romolccularsumcmr_sas a
functionoftemperatureandpenetranta_vity(fromHopfcntmrgandFrisch,1969).
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(3)The activationenergycharacterizingsolventcrazingisquitelarge(ca.50-60Kcal/mol)

suggestng thattheprimarybondbreakageprobablycontributestotherate-determiningrelaxationsat

the boundary betweenswoLlen and unswollen polymer.

" (4)Case,IItransportoccursovera similartemperaturerangeatactivitiesbetween0.5and 1.0.

Crazingisonlyobservedattheveryhighactivitiescorrespondingtopenetrantconcentrationssufficient

toproduceosmoticstresseswhicharesufficientlylargetocauselocalfractureofthematerial.

(5)Case-IIsorptionisalsoa highlyactivatedprocess(ca.20-50Kcal/mol).Theactivationenergy

decreaseswithdecreasingpenetrantactivity.

(6)As activityisreducedtovalueslowerthan0.5,time-dependentoranomalousdiffusionis

observed.

(7)Atverylowactivitiesand/orverylowtemperatures,,thermallyactivateddiffusioncontrolsthe

transportofpenetrantinpolymers.The activationenergyfordiffusionislessthan10Kcal/mol,andif

activityisreducedtoverysmallvaluesthediffusioncoefficientsareindependentofconcentrationas

wellastime.

The workofLucht(1983)andHsieh(1984)haveshownthatthecoalstructuremay exhibitthe

same dynamicswellingbehavioras glassypolymers.Thereforethejustmentionedtemperatureand

penetrantactivityeffectson glassypolymers,may alsoapplytothecoalstructure.Later,Ritgerand

Peppas(1987b)alsoconductedstudiesofpenetranttransportintocoalathighpenetrantactivities.They

concludedthatCase-IIgovernedtheoveralltransportprocess.Thesecoalstudiessupportthetheory

es,,ablishedby HopfenbergandFrisch(1969),eventhoughstudiesatlowactivitiesneedtobedoneon

coaltoconcludethatcoalsandglassypolymersbehavesimilarly.

i,
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Barr-HoweU et al. (1986a), studied the transport of pcnetrants in the macromolccular structure of

p
coal as a function of tcm_rature. The results showed a decrease in penetrant uptake as temperature was [

increased. It was mentioned in this section that an increase in t_n_i_*'catu_ lowers the density of the

network; therefore one would expect higher diffusion rates and higher penetrant uptakes with a

temperature increase. Obviously there issome contradiction in the experimental results and the

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

2.2.3 Crosslinking Effects

Analysis of the physical behavior of macromolccular networks in coals and determination of the I
number average molecular weight between crosslinks and the crosslinking density of the network are

important factors in the development of strucuu,r,/propcrtics relationships of coal samples, and in the

elucidation of tec,hnical problems during coal extraction, liquefaction and modification through

chemical reactions (Lucht and Peppas, 1981.a). 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 structu_ itself.

Peppas and Lucht (1985), Barr-Howell et al. (1986b), and Ritger and Peppas (1987b) conducted

swelling studies on coal to elucidate the transport of pcnctrants into the macromolecular structm_ of

coal. The studies were done over a range of coals consisting of different carbon contents. To analyze the

data and to chaxactcrize the transport processes, they used a scmi.-cmpirical expression:

Mt ktn (2.1)
M..

hf_re Mt is the mass uptake of penetrant at time t, M. is the mass uptake of penetrant at infinite time, k

- 1.4 --



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.

Eor transport in thin films, if n=0.5 the mechanism is Fick-ian diffusion. Eor values of 0.5<n< 1.0

" the mechanism is anomalous transport. Values of n=l.0 indicate Case-II transport, and values n>l.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), Ban--Howell et al. (1986b), and Ritger and Peppas

(1987b) based on equadon (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 characterisdc relaxation dme, 2., and the penetrant

diffusion coefficient, D, ar_ strongly dependent upon the degree of crosslinking (which can be related to

the molecular weight between crosslinks) of the sample. The molecular weight between crosslinks in

coal as a function of carbon content was previously investigated by Lucht (1983) and Barr-HoweU 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, Mc, the number of repeating

units between crosslinks, and the average molecular weight of the repeating unit. The resuits of their

analysis are presented graphically in Figure 2.3. lt is evident from Figure 2.3 that the molecular weight

between crosslinks r_ches a maximum at a carbon content between 75 to 80% and decreases for carbon

contents greater thml 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

- ].5 -



Figurc 2.3 MolcculRrweightbetweencrosslinksas a functionofcarboncontentfor600-850

l.tmcoalparncles.Valuesof Mc obmincd from equilibriumpyridincswelling

studiesat3S°C by Ban'-Howell(1984)(O),and Lucht(1983)([ZI).
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f'ast_.

2.2.4 Film Thickness Effect

The Deborah number, Dc, was first presented by Vrentas ct al. (1975) and Vrentas and Duda

(1977) as a mean of predicting the mechanism of penetrant transport.The diffusionai Deborah number
o

is defined as the _atio of the relaxation time of the system to the time corresponding to the diffusion

process of the same system. The ehar'_teristi¢ diffusion time for one-dimensionai diffusion in a thin

film is defined as:

52 (2.2)O-----
D

, where the chamctm-istic diffusion length, 8, is the film half thickness 1/2, and D is the penetrant

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

D (2.3)De = ---
12

where _. is the characteristic relaxation time. Equation (2.3) predicts that the Deborah number can be

altered if the sample thickness is changed at constant relaxationai and d_fusional times. However

Ritger and Peppas (1987b) concluded that the mechanism governing the transport of pyridine in thin

coal films ranging between 150 and 1000 }amthick is _tse-II transport and Supercase Case-II transport

with a diffusionai exponent n in the range 0.95<n<1.05. These results show that by varying the sample

thickness between 150 and 1000 _ the transport mechanism remains almost constant.

2.2.5 Solvent Chemistry

In the classification of coal solvents presented by Dryden (1951a), a good solvent for coal
4

contains a nitrogen or oxygen atom possessing an unshared pair of electrons. Ali 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
i

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

Basic organic solvents tend to be good swelling solvents for coal. The high swelling caused by

such solvents (hydrogen bond=accepting 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 (1..amenet 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 penetrant, the coal network

would have to be pre-extracted with a polar solvent with good hydrogen bonding properties to lower the

density of the network (I.m_n 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 elect,on-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 co,",/ macromoleculeg

have donor numbers of 16-30 approximately.

Solubility parameters is another method to characterize solvent-coal compatibility. Solubility

parameter 6 is defined as es (C.E.D.) lt2 where C.E.D. is the cohesive energy density. This C.E.D. is

defined as the sum of interaction energies of ali 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

- 18-



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 energy forces:

• C.E.D.=82 = 8_+ 8p2 + 8_ (2A)

" The solubility parameter for a solvent but not for coal can be determined from the molar heat of

vaporization I-Iv.The solubility parametercan also be written as:
t,

(Hv- RT)p (2.5)82 = C.E.D,=
M

where R is the universal gas constant, T is the absolute temperatta_, M is the molecular weight and p is

the density. The heat of vaporization can be determined calorknetrically or can be calculated either fi'om

thevaporizationofvaporpressurewithtemperatureorf'romtheboilingpoint(HildebrandandScott,

1962).

The solubilityparameterofnonvolatilepolymersincludingcoalcannotbedetermineddirectly,

becausesome oftheendothermicheatofmixingandtheendothermicheatofcrystalmeltingarcmuch

largerthantheentropyofmixing.Some investigatorshavedeterrninedsolubilityparametersforsome

nonvolatilesandcrystallinesolidsempirically.Forthismethodthe_5ofthepolymerissaidtobeequal

tothe_5ofthesolventinwhichthepolymerdissolveswithoutshowingheatofmixing.Inpractice,the

solubilityparameterforcoalscanbe estimatedusinga seriesofsolventsofvarious8values.The 8 at

themaximum swellingisassignedtothecoal(Hansen,1967),

Two materialsarcmisciblewhen thefr_ energyofmixing,AG m, iszeroornegative.This

quantitycanbecalculatedfromtheheatofmixing,AHm, theentropyofmixing,ASm,andtheabsolute

temperature,T,usingtheequation:

AG m = AH m - TASm (2.6)

• The heatofmixingof a solventand polymer,codedwithsubscripts2 and I,r_spcctively,canbe
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calculatedfrom thedifferenceof81 and82 valuesby the Hildebrand-Scatchardformula(Hildebrand

andScott,1962):

all,. = - (2.'O

hereVI isthemolarvolumeofthesolventandV2 isthevolumefractionofthepolymer'.AHm iseither

positiveorzero;then-efomthedissolutionprocessiseith_endothcrmicorathermal. Sincetheentropy

changeisalwayspositive,the-TASm terminequation(2.6)alwayspromotesmixing,itsabsolutevalue

mustexceedthevalueofAHm fordissolutiontot_.cplace;onlyunderthisconditionsisAGm negative.

Ifallthisassumptionshold,asolventis"best"ifitgiveszaroheatofmixing,i.e.,ifits8 valuematches

thatofthesolute(HildebrandandScott,1962).

2.3MathematicalDescriptionoftheMethod

Two Limitingmechanismsof penetranttransportmay be obse_rvedin glassymacromolecular

systems:FickiandiffusionandCase-IIu'ansportasdefinedby Alfrvyctal.(1966).Fickiandiffusionis

describedby a diffusioncoefficientwhileCase-IItransportisdescribedby a characteristicrelaxation

constant.Non-Fickianbehavioror anomaloustransportfallsbetweenthesetwo Limitingcasesand

requirestwoormoreparan_tzrstodescribethecouplingofdiffusionalandrelaxationalphenomena.

2.3.1FickianDiffusioninaThinSectionofCoal

Considerone-dimensional,isothermalpenetrantdiffusionintoa thincoalslabofthickness,l,

wherethestructureisinitiallymaintainedata constantuniformpenetrantconcentration,Cl,andthe

surfacesarckeptata constantpenetrantconcentration,Co. Thissituationisreferredtoastheperfect

sinkconditionsand appliestosorptionaswellasdesorption.Assumingconstantpenetrantdiffusion
i.

coefficient,D, Withone-dimensionaldiffusionin thex-direction,Fick'sSecondLaw, thetransport
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process may be described by: '

O_C.C=D --02c (2.8)
' /)t /)x2

where:

" I I

r._, -._.<x<_, C=Cl

w

l
t>o, xe+T , c=co

The solution to Fick's law (Crank, 1968) in the form of a trigonometric function with theproper

boundary and initial conditions is as follows:

Mt "=- 8 [ - D(2n + l)21t 2

--I- _ _ +I)=2 exp L 12 t (2.9).=e(n

where Mt 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:

I°:l"' +I=4 _"W + 2 X (-1)nierfcn=l 2(Dt) ta

where ierfc x is the integrated complememary error function of x. For "small" times, i.e. smaLlva/ues of

the dimensionless time, defined as 4Dt/12, equation (2.10) can be approximated to:

Mt 4 12 (2.11)..,,.,,..,..,.

M.

As indicated by equation (2.11), Fickian diffusion is characterized by an initial t'_ - time dependence of

the penetrant uptake. Equation (2.11) is valid for the first 60% of the total penetrant uptake

(Mt/M,.qd3.60) (See Figure 2.4). A deviation from the straight line in Figure 2.4 occurs when there is an

• appreciable 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 p_'esented by Enscore

ct al., (1977) for polymers. Consider a thin coal section of cross-sectional area, A, and thickness, 1,

undergoing Case-II penetration (see Figure 2.5). In the swollen region defined by X _ x ._t2, where X is

the positionof the advancingfront,thereis a uniformconcentrationof penetrantequal to the

equilibriumpenetrantconcentration,Co. Intheglassyregiondefinedby 0 < x _ X, thereisessentially

no solvent.The sorptionkineticsare assumed to be cont_-onedby a rate-limitingrelaxauon

phenomenon positionedat the advancingfront.Defininga Case-IIrelaxationconstant.,ko, and

describingthesorptionprocessby a firstorderkineticexpression,thesorptionintoa thinsectionmay be

givenby:

dMt (2.12)
--=koAdt

' IntheswollenregionofvolumeV = A(-_ - X),themass balanceatany time,t.,itgivenbyalia

I 1 (2.13)
NIt=COA _-X

SubstitutingMc intothefn'storderkineticexpressionand simplifyingone gets:

dX ko (2.1+)
dt Co

SolvingforX and substitutingintothemass balance:

4koA (2.15)

Mt-

which may alsobe writtenintheform:
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Figurc 2.4 Noxmalize, d penetrant uptake, Mt/M., vcrsus square root of dimensionless time,
_1/2, for Fick-ian diffusion in a plane shc_t. Comparison of the solutions to exluation

(2._',)givenby: (1)equation (2.9); and (2)_uation (2.11).
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Fxgure 2.5 Thin coal section of cross-sectional area A and Thickness I under-going Case-II
peneu'mion.



+12"--1 210Mt= 2Co Co/ t

"lhc tcn'm2CoA/I is the uptake at long times M_, thcrefor_ for short times equation (2.16) becomes:

M_ 2.lQt (2.17)
- M.. Col

' Obviously equaton (2.17) shows that Casc-H transport is characmrizcd by a t-time dependence of the
i

pcneu'antuptake.

2.3.3 Semi.Empirical Equations for the Analysis of Penetrant Transport into Thin Sections of

Coal

Most transport processes in glassy polymers can bc r_prcscntextby a coupling of the Fickian

diffusionandCase-IItransport.Thereforeonemay combinecquatons(2.1I)and(2.17)inanadditive

formandwriteanexpressionforMt/M.:

Mt ktt'/_+ k2t (2.18)
M.

whcr_

[+.I"kl_ (2.19)

and

A gcneraliz_t expression of the lXevious _uaton can be written as:

Mt ktn (2.21)
M.,

here k incorporates char'_tcristics of the macromoleculax network system and the penetrant, axldn is the

diffusional exponent, which is indica'ivc of the transport mechanism. For Fickian diffusion in a plane
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sheetn=0.5, for Cas¢-tIwansportin a plane sheetn=l.00, andfor anomalousu'anspon0.5<n<l.0. This

shorttime approximationappliesonly m the first60% of thenormalizedpcncwantuptake. This model

hasbeenproposedbeforebyPcppasandLucht (1985), Barr-Howellet aL (1986b),Alf_y ct al. (19fi6),

Enscor¢ctal. (1977), Jacquesctal. (1974)andSinclair andPeppas(1984). '

2.3._t Determination of Diffusion and Relaxation Coefficients

Theanalysishereistakenasananalogytothemathematicalmodelfordiffusionandrelaxationin

glassypolymerpowdersbyBcrensandHopfcnbcrg(1978).The sorptionprocessinglassypolymcris

consideredasthelinearsupcrpositionofphenomenologicallyindcpcndentcontribution,fromFickian

Diffusionandchainrelaxations.Thereforethetotalamountofsorptionpcrunitweightofcoalattimet

may be,expressedas:

Mt = Mt.F+ Mt.R (2.22)

hereMt.FandM_.RarcthecontributionsoftheFick:ianandrclaxationa.lprocesses,respectively.MuF is

thesolutiontoFick'sSecondLaw,andgivenas:

n,_ 8 [ - D(2n+ I)2_2 (2.23)

Mt,___F= 1- _ (2n + 1)_ 2 ¢xp [ 12 tM..,F u=o

where M..,F is the equilibrium amount of sorption in the unrelaxed polymer (coal). For a short nine

approximation one may obtain
½

Mt.F = 4 Dt (2.24)
M..,--V

The relaxationprocessisassumedtobc firstorderintheconcentrationdiffcr¢nccwhichdrivesthe

relaxation.Thc differentialequationforthcrelaxationproccssisthcrefore:

dMt,R (2.25)
-.----.= k(M,.,.R-Mt, R)dt

whcrek istherelaxation-rateconstantandNL.,,Risthcultirnatcamountofsorptionductorelaxation.
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Integration of equation (2.2.5) with the initial condition that t_O,Mt.R=O,leads to:

Mt.R = M..,R [ 1 _ exp(kt) ] (2.26)

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

M_-'-M...F 1-_ {_xp ' t "I'M_,R l'cXp(kt) (2.27)
a

whichhastheconswaJnts:

M..,_ = M._ (2_)

M..,R -- M..0R (2.29)

_bF+ q)R--I (2.30)

where¢_Fand 0R arethefractionalcontributionsdue to Fickiandiffusionand relaxationprocess

rcspcctively.Thereforeequation(2.28)may bewrittenas:

"_"Mt --8 -D(2n+l)2_2 I [ ] (2.31)= _ 1-E exp t +OR 1 -exp(kt)(2n+1_ 2 12

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

equation (2.31) to obtain:

= ¢F 4 _ + ¢R 1- exp(kt) (2.32)

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..F. The relaxation term in equation (2.24)

is independent of particle size and is related to the dissipation of swelling su'csses induced by entry of

• thepenetrant.Thisdissipation,orstressrelaxation,isinitiatedby theplasticizingpenetration,butis

consideredheretobeotherwiseindependentofthesuperimposeddiffusivetransport.
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Equations (2.3I) and (2.32) are nonlinear with three unknowns (D, lc, and 01:,or 0R) which may

besolvedusinga nonlinear-regressionanalysismethod.

2.4 In Situ Microscopic Studies of Coal

The swellingof coalin solventsisan importantmeans forobtaininginformationon the b

physicochemicalstrucUk_ofcoal.Insituobservationscanprovideinformauonaboutthecoal-penewant

interactionandfurthermoreextendtheobservationsintovaluablekineticinformation.

Brenner(1981)performedin-situstudieson coalandfoundthatwhen theswellingisallowedto

proceedbeyonda certainstage,theprocessbecomessubstantiallyirreversible.Thisirreversibilityis

am-ibutedtofracturesordislocationswithinthecoalwhichoccurwhen sufficientlyhighstressesarc

generatedby unevenswellingofthecoalstrucnn'e.Brenner(1985)observedin-situatthemacroscopic

levelforthefirsttimethediffusionofpyridineintocoal.The studieswereconductedonthinRlmsof

coalwithdimensionsof 15_ thicknessand0.50mm across.Qualitativeworkwas reportedon the

elucidationofpyridinediffusionintothethincoalsample.AlsoincludedinBrcnner'sin-situstudiesisa

graphicalinterpretationofthepositionfrontasa functionoftime;howeverthedatalackofinformation.

No unitsofmagnitudearercportedinhiswork.Brennerclaimsthatequitibriumisattainedaf_r800

_condswithoutanyfurtherexplanation.

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

SincetheworkofVan Krevelen(1961),polymershavebe,cnrecognizedasappropriatemodelsfor

aidingintheinvestigationofthecoalner_vorksn'ucture.In1983,Squir_sctal.synthesizeda new class

of polymers to aid the investigation of coal. These polymers are poly (1,4-dimethylnaphthalcne), poly

(1,4-dimethylnaphthaleno-1,2-dioxybcnzene), and poly (l,4-dimethylnaphthaleno-2,5"
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Figure2.6 Modelpolymerstructta_s simulatingthe coal strucm.rus(fromSquir_set 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 coM; the ethylene and oxymethylene linkages wert:

select_ because they are thought to be the most reactive sites in the coal macromolecular network

(Vea'non,1980; Schlosberg et al., 1981). The pyridine uptake of poly (1,4..dimethylnaphthaleno-.2,5-

dihydroxybenzene) appear_ most to resemble the pyridine uptake in coal networks (Howell et al.,

1986a). The swelling studies on the thx_ polymer models we're conducted at low peneu'ant activities,

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

activity studies on coal nex_dto be done to use these polym_ models as a comparison to coal.

2.6.PredictionofPenetrantTransport

Figures2.7through2.10indicatethepredictionsofthemodelptx:sentedbyequation(2.31.)forthe

caseof variouscoalsamplesexhibitingdifferentdegreesofcrosslinking.Thus,thesesampleshave

differentvaluesofpenetrantdiffusioncoefficientsordifferentvaluesoftherelaxationconstantk;

For example,Figure2.7indicatestheuptakeofa penetrantina thincoalsectionwhen the

relaxationconstantisk = 6 x 10-6s-tandforvaryingdiffusioncoefficients.The caseof50% Fickian

diffusionand50% non-Fickiandiffusionisexamined.By reducingtherelaxationconstantto50% of

theprevious,itisseenthatthepenetrantuptakebecomesslower(Figure2.8).Fig_tre2.9showsthe

same data in real times.

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

penetrant, lt 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
_ion coefficient, for k = 6 x 10"_ sec-1 and 50% Fickian diffusion.
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Figure 2.8 P_nctrant uptak_ in coal samples of thickness 1 (mm) as a function of timc and
diffusion co_f'fi_icnt, for k = 3 x 10.-6 soc-1 and 50% Fick:iandiffusion.
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Figure2.9 Penetrantuptak_in coalsample,s of thickncss1 (mm)asa functionof time and
diffusioncocfficicnt,fork = 6x 10"e scc-1 and50%Fick-iandiffusion.
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l::igurc2.10 Pcnctrantuptakein coal samplcsof thickness 1 (mm) as a functionof thc Fick:ian
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3. EXPERIMENTAL DESIGN OF POLARISCOPE

3.1. Interferometry and Polariscopy

The penetrant concentration and normal stress profile histories can be mcasur_ simultaneously

with changes in the sample dimensions by the novel, interferometric-photoelastic technique proposed

here. Since both techniques involve imaging the sample, the coal and swelling interface positions can

alsoberecordedasa functionoftime.Althoughthemeasurementsaremade simultaneously,eachis

independentoftheothers.The penetrantconcentrationprofileismeasuredviainterferometryasthe

normal stress I._roffleis measured via photoelastieky.

A plan of the experimental apparatus is shown in Figure 3.1. The swelling sample is constrained

on ali 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 mcasure.ments ensue.

A modificandon of the classical Mach-Zender interferometer is u_ to measure the penetrant

concentration profile. The interference pattern seen at the camera is the result of spatial var_.ationsof

penetrant concentration. When the interferometer is aligned initially for the infinite fringe, the

increment in penetrant .;oncentration between fringes is given below.

Am (3.1)
Ap2 =

L dns/dp2

when Arnisthelocalfringedisplacementanddrq/dp2expressesthechangeinmixturerefractiveindex

withcomposition.Thus,theconcentrationprofileisdeterminedbycountingfringedisplacementsinan

interfcrogramwitha knowledgehow nschangeswithcomposition.Althoughstressesintheswelling
l,

coalinducebirefringence,thischangeincoalopticaldensityon linearlypolarizedlightisverysmall
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Fibre 3.1 Intcrt'cromemrconsu'uctcdfor themmsportstudies(forexplanationof sFmbols,soc
next pagc).
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Figure 3.1 Explanadon of Symbols

1. Laser & Beam Expander Unit

2. Polarizer

3. k/4 Retarder

4. Pamal Mixrtn'

5. Removable Ivlirror

6. Beamsphtter

7. OpdcalFlat

8. Object mount

9. Temperature-regulated object stage

10. Mirror

11. Camera
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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 sm'face is a quanuty which can be computed from the

aforementioned predictive mode. This profile must be equaJ to the vertical component of ,_ess profile

in the birefr_)gent flat at the inte_ace. Since the birefringent fiat does n( swell, its optical response can

be easily measured and the stress profile at the interface computed. Thus, the birefringem fiat acts as a

pressure _a_sducer.

The measurement of normal stresses requires two f_inge patterns recorded using the

micropolariscope. The first polarigt-amis taken wkh the apparatus confi_ as shown in Figure 3.1.

The second polarigram is recorded a/tea"the sample is rotated about an oblique angle, O, in the plane of

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

cos 0 (3_)
O = [Ne- No cosoi•

LC sm" O

csc2O[NecosO- No] (33)

Here No _ No are the local fzingeordersassociatedwith the normaland oblique incidencefringe

pam='ns,respectively. Aside _rom an accu_te optical m'angement,this technique requireso_ly a

calibrat_ value of the reJ_ve saess-opticalcoefficient, C, for the birefrmgentfiat. This value:can be

easily'calibratedby measuringthe birefringenceof the tim as_ functionof knownloading.

32. Stress Analysis

Using the polariscope-interferometer we analyzed some of the coal samples tested. Figures 3.2
.o

and 3.3 show the stress pattern of two thin sections of PS(DC418 a_id 384, respectively, upon exposure
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to pyridine for 24 hours, lt can be seen that the pyridinc transport led to significant molccular

relaxations and stresses in the coal samples. These stresses ate shown as anisou'opic bire_,ngence

pattern,
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Figure 3.2 Intcrfcromotric patterns of stress in a thin coal section of PSOC-418 after cxposurc
topyridine for24 hoursat35°C.
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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

Coal samples, average size of 10 mm and packed under nitrogen, were supplied by the

Pennsylvania State University Coal Bank (PSU). The identification numbers used throughoutare 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 l_parafion employed by Brenner (1982). Epoxy resins which are normally used

as embedding compounds in the preparation of geographic thin sections are not easily or even

completely removed from the sample after preparation. Such contamination would drastically alter the

penetrant transtxm behavior in the coal network. Uncontamiaed 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 plane on a

horizontal diamond grinding wheel using progressively finer diamond grits. The flat sarfa£:eof the coal

was thenhcat-c.cn_nugitoa preconditionedmicroscopeslide.Preparationof themicroscopeslide

consistedofroughgrindingtoauniformthicknesstoprovidea tcxmmd surfaceforenhancedadhesion.

"lhcadhesiveusedwasa hexane-soluble,paraffin-based,thermoplasticcompound(Paraplast,American

ScientificProducts,St.Louis,MO). When theadhesivehadhardened,thecoalchunkwas cutwitha

diamondsawleavingapproxin-mtelya2 mm thickslabofcoalmountedon theglassslide.The slabwas

thengroundusingaverticaldiamondgrindingwheeltothedesiredfinalthickness.

The thinsectionspecimensofcoalwereremovedfromtheglassslideby soakinginn-hexanefor 4

severalhours.Hexanedotsnotswellthecoalsample.The originalsolventwasdecantedoffandalarge
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Table4.IAnalysisofPSU CoalSample_.

PSOC County, Rank'" %C %H %l_i
Code No. State ...... (dmmf) (dmmf) (d_)

b

418 Titus,T_ Li_A 69.94 6.18 27.50
721 Titus,TX Lif,A 72.25 5.39 20.77
247 Burke,ND Lisa 75.53 4.84 12.77
31°. Navajo.._R I_'C T8o38 5.72 7.51
853 Delt_CO I_VC 80.12 5.08 3.T4
402 Crziz,OK I-IVA 82.40 5.64 18.46
341 Jefferson,PA I-IVA 86.01 5.79 14.53
384 S ullivma,PA SAn 04.17 3.58 24.11

• Elemental analysis performed by Pennsylvania State University

• = Lif,.,k -- LiKnite A; I-P,'C = hiKh volatile C bituminous;
H%'A= hiKh 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 coal

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

uncontaminedsamples obtainedranged in thickne,_ from 200 l.tm to 500 Ian and were used for swelling

studies using a thermogravimetric analyzer. Also samples ranging in thickness from '7 _m to 15 _.m

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

4.2 Dynamic Penetrant Transport Studies

Two different dynamic swelling studies were performed to elucidate the phenomcnological 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 SwellingDesiccatorStudies

Thin coal sections,200 ).unto 500 ian thick, of 2 mg to 100mg weredriedand weighedto ")"0.05

mg on a Sartoriuselectronicanalyticalbalance.The sampleswerethensuspendedin a 1Sx 45 mm vials

which were placed in a dessicatorover a pool of solvent. The solventsusedin the studieswere

methylene chloride, pyridine, methyl ethyl ketone, toluene,benzene,me;hanoi,acetone,cyclohexane,

and tetrahydrofuran.The desiccatorwas sealed and placed in a water bath to maintain a constant

temperatureof 35 ± 0.5°C. At set dme intervals, the coal sampleswere removed,weighedand then

returnedto the dessicator.
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4.2.2 Thermogr'avimetric 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 controlled temperature environment.

Approximately 5 mg of a thin film of coal was placed in a platinum pan 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 ,sampleswere heated until a weight loss equilibrium was obtained, then cooled at a rate of

5°C/rain to room temperature. 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

-4-2 ce/rain was purged through the solvent contained in the three gas washing bottles (Figure 4.1), and

carried over the microfumace 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 _r/Po (Hopfenberg et al., 1969), where ppar is the penetrant

partial pressure and Po is the penetrant vapor pressure. The penetrant partial pressure is defined as the

penetrant mole fraction, xp, in the nitrogen/solvent mixture times the to'_l 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 activity for
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chloroformat room mmperaturcwa_ calculatedto be 0.04 and thatof pyridineand N,N-

dimethylformamidetobelessthan0.04.

4.3 In-Situ Microscopy Studies

Thincoalsamplesofthicknessrangingfrom7 pm to15l.tmwcrcobtainedbasedon themethod
b

ofpreparationemployedby Brenner(1982).Quantitativeandqualitativeworkon coalwas obtained

usinga polarizedmicroscope0VticrostarSeriesII0,ScientificInstruments,Buffalo,NY). The

polarizedmicroscopewas connectedtoa videocamerawhichsentthesignaltoavideocasse_recorder

and a monitor.ProI:)cruse of formulaegivenby themanufacm,,m'swere usedto determinethe

magnificationmagnitudeoftheobservedpictureon themonitorscreen.A hotplatesot,xcewhichfitsin

thepolaxiz_microscopewasusedtoconductdiffusionstudiesat40°C,70°C,and100°C.

Dire_texposureofthecoalfilmtoa solvent,resultson immediatecrackingofthecoalducto

strongstressesfrom theconcentrationgradientofthesolvent.Thereforeitisdesirabletopreventthe

solventfrompenetratingthroughthetoporbouom ofthethinsectionandtoallowittopenetrateonly

from oneedge.

A grease-immersiontechniquewas usedtoelucidatethediffusionofa penetrantintoa semi-

infinitecoalmedium (Figure4.2).A thinfilmofcoalwas immersedinsiliconegrease(highvacuum

grease,Dow Coming,Midland,MI),andbothcoalandgreaseweresandwichedbetweena I mm thick

glassslideon thebottomanda glasscoversLipon top.Carefulpracticewas usedtopiacetheexposed

edgeofcoalatthesamelevelasthecoversliptopreventanyfastdiffusionofpenetrant.Forthehigh

temperaturein-situstudiestheI mm thickglassslidecontainingthecoalsamplewasplacedon topof

the heating plate source. The sample was allowed to equilibrate at the desired temperature. The

diffusion process followed immediately by introducing the solvent into the glass slide container.
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Figure4.2 Grease-immersiontechnique.
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Many observations were rccorde_, and some showed chsracm'istics of a sharp advancing front

which divided the glassy rugion fi'om the swollen rc_ion. The distance separating the advancing

penetrant front from a fixccl point in spacewasrecorded asa function of time. The diffusion processwas

- conducteduntil an equilibrium was reached.



+

5. RESULTS AND DISCUSSION

In this chapter the msuks of ¢_luilibriumand dynamic sweUing studies of coal as well as in-situ

,, diffusion studies arc described. Botch phenomenological and mechanistic analyses of the dynamic

sweUingbehaviorandthe in-situprocessareconsidered.The chapterisdivided intothreesections,the

first of which containsthe equilibril_n swelling studiesof coal whh high penemmtactivity solvents.

Equilibrium is analyzedasa functionof penetranttype,carboncontentof coal,andsolubilityparameter,

5. Also, the sweUingbehaviorof coal with differentcarboncontentsis comparedto the swelling

behaviorof poly(methylmethacrylate)(PMMA) crosslinkedwith different amountsof ethylene.glycol

dimethacrylate(EGDMA). Section5.2 containsdynamicswelling studiesfor differentpcnetrantsas a

functionof tempctmm-etreatmentat_dcarboncontenLandSection5.3 summlu-'izesthe in-situdiffusion

studiesfor differenttemperatures,carboncontentsanddifferentpenetranttype.

5.1 Equilibrium Swelling Studies of Coal

Equilibrium swelling studies with high activity penetrantswere performed in thin sections of coal

(200 _ to 500 I.ma)to study the effect of pcnemmttype,carboncontent,and polar, dispersiveand

hydrogen-bondconwiburlons.These-resultsarepresentedinFigures5.1through5.16.The experiments

wereconductedindesiccatorsat35°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,

methylethylketone(MEK),toluene,andmethylenechlorideat35°C arepresentedinFigures5.1,5.2

and5.3,respccdvely.Inallcases,theamountofpenewantperinitialdryweightofcoal,Mt/Mc,is

reportedasafunctionoftime.Infact,toaccountforminorchangesincoalsamplesthickness,I,thedata
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are plotted versus t/l 2, a normalized dme exprmssed in h/cre 2. lt can be seen in Figure 5.1 that

methylene chloride i_; the penetrant that exhibits the largest coal sweUing followed by acetone, and

toluene. When expo,_',ed to a high penetrant activity solvent, the thin coal sections swell immediately

, (within 1.0 ht). However, a good deal of information can be obtained from these studies such as

classification of peneu-ants in terms of their solubility parameters, An explanation for the high swelling

of coal PSOC-.418 _dth methylene chloride may be that the methylene chloride solubility parameter

matches that of the coal sample PSOC-418. As discussed beform, the free energy of mixing is minimtun

when the solubility parameters of coal and _netrant 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 th(," largest swelling followed by MEK and toluene. Therefore, methylene chlorid¢

shows the highest swelling r_gardless of the coal used.

Increasing rh(: carbon content of coals does not necessarily incense the crosslinking amount, lt

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 equilibriura uptake for the five coals follows the same parmm as the average molecular weight

between crosslink,; follows when plotted as a funcdon of carbon content (Figure 5.42). This indicates

that the equilibrium penetrant uptake increases as the average molecular weight between crosslinks

increases.

I
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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 cstimamd from swelhng studies using penetrants of

diff¢rent solubility parameters. The free energy of mixing is minimized when the solubility parameters

of the solvent and the solute are comparable. Ther¢fott, the solubility parameter for coal is equivalent to

the solubility parameter of the pcilfitraflt exhibiting the highest swelling to coal. Equilibrium swelling

studies of coal with various pcnetrants (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, 81. It can b¢ seen that the

maximum equilibrium penetrant uptake occurs at a solubility parameter of about 9.5 calt/2/cm3/'2.

Figure 5.6 depicts the equilibrium penetrant uptake in thin coal sections of PSOC-853 as a

function of the penetrant solubility parameter, lt can _ seen again that the maximum penetrant uptake

occurs at a 81 equal to 9.5 callt2/crn3ta. The same observation is made in Figure 5.7 for the swelling of

coal PSOC-384. Based on these results an estimated solubility parameter, 82, for coal is equal to 9.5

caIlt2/cm 3/2'
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Table 5.1 Solubility Parameters (in callt2/cm 3/2) '_

" Solvent

Methylene Chloride 9.93 8.91 3.1 3.0

Chloroform 9.21 8.65 1.5 2.8

Pyridine 10.61 9.25 4.3 2.9

Methyl ethyl ketone 9.27 7.77 4.4 2.5

Toluene 8.91 8.82 0.7 1.0

Benzene 9.15 8.95 0.5 1.0

Methanol 14.28 7.42 6.0 10.9

Acetone 9.77 7.58 5.1 3.4

Cyclohexane 8.18 8.18 0.0 0.0

Tetrahydrofuran 9.i - - -

N,N-Dimethylfommmide 12.i - -

* Adopted from Gardon and Teas (1976).
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Figure5.5 The equilibriumpenetrantuptakein (g penetrant/gdrycoal) in thincoal sections of
PSOC-418 at 35°C as a function of the penetrantsolubility parameter,81, (in
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In this case, 81 is the solubility parameter of the solvent, _d is the dispeTsive interaction contribution to

the solubility parameter, _ is the polar interaction contribution and 5h is the hydrogen-bond interaction

contribution.

, The initial penetrant uptake ram, 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 thin coal sections of PSOC

418, 853 and 386, respectively, as a function of the penetrant solubility parameter. For coals PSOC 418

and 853, a maximum initial penetrant uptake rate is exhibited around a solubility parameter of 9.5

call/2/cm 3t2. However, coal PSOC-384 shows a maximum initial penetrant uptake rate at a solubility

parameter of 16.5 callt2/cm3/2, which then decreases almost linearly as the solubility parameter

deceases. These results apply to the initial rates only; as the swelling process reaches equilibrium the

solubility parameter of the maximum rate approaches 9.5 callr2/cm3t2.

I_ is also possible to study the swelling behavior of pcnetrants in terms of their cohesive energy

properties. Table 5.1 lists values for the dispersive interaction contribution, Sd, polar interaction

contribution, _,, and hydrogen-bond interaction contribution, Sh, to the solubility parameter for a

variety of solvents. Swelling studies can bc conducted with penetrants of different cohesive energies to

elucidatethe effectof _d, t_p and _ upon coalswelling.These interactioneffectsareexJ,;bitcdin

Figures5.11through5.13fortheswellingof coalsPSOC 418,853 and 348,respectively.Figure5.11

depictsthe equilibriumpenetrantuptakein thincoalsectionsof PSOC.418 as a functionof the

peneu'antsolubilityparameter,5t,and itsdispersive,polarand hydrogen-bondingcontributions,ltcan

bcseenthattheswellingdue todispersiveforcesexhibitsamaximum ata 5dof9.0calt/'Z/cm3r2;forthe

swellingdue topolarand hydrogen-bondcontributions,themaximum occursata_ of320call/2/cm3/'2.

Inotherwords,thedispersiveforcesarcmore significanttotheswellingofPSOC-418 thanany other

forcecontribution.For theswellingofcoalPSOC-853 depictedinFigure5.12,themaximum swelling
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due tothedispersiveforcesoccursata _d of 9.5call/21crn3t2,themaximum swellingduetopolar

conwibutionsoccursata8p of4.5calt/2/cm3/2,whilethemaximum swellingductohydrogen-bonding

occursata 8_ of3.0call/a/cre.InthecaseofPSOC-384,themaximum swcUingduc todispersive

forcesoccurs_ a 8d of9.0ca).1_/cm3/'2,andthemaximum swellingdue m polarandhydrogen-bond

contributionsocc)n'sata8por_ of3.0call/2/cm3_.Therefore,thecohesiveenergycontributionstothe

swellingofcoalsPSOC 418,853and384isapproximatelythesameforallthr_ecoals.

Anotherpracticalway toelucidatetheswellingofcoalsduetothepenetrantpolarinteractiox._is

tousea fractionalparameter,lp,definedas8p/8i.Plottingsolventbehaviorbythesolvents'fractional

solubilityparameterspermitsmorelucidanalysisofsolubilityandotherinteractions.Figures5.14,5.15

and 5.16 exhibit the equilibrium penetrant uptake in coals PSOC 853, 418 and 384, respectively, as a

functionofthepolarcontributiontothesolubilityparameter.Inallthreecases,themaximum swelling

isobservedwithpenetrantshav1,_ga polarcontributionwhichisapproxirnatcly30% ofthetotal

solubilityparameter.

Thus,liquidswithsolubilityparametersaround81=9.5call/2/cm3_ exhibitthegreatestswelling

regardlessof thecoalused.The maximum coalswellingisattaine,d withmethylenechloride.Also,

liquidswithdispersivecontributionsaround8d---'9.0callt2/cm3/2,and polarand hydrogen-bond

contributionsaround8pand8_equalto3.0caJl_/crn3_ exhibitthegr_tcstcompatibilityregardlessof

thecoalused.

5.1.3SwellingofPMMA

Comparisonofthecoalbehaviorinvariousl:)cneu'antswas achievedby conductingswelling

studiesinwellcharacterized,crosslinkcdpoly(methylmethacrylate)(PMMA). Figure5.17showsthe

dynamicupwkcofmethylenechlorideby PMMA crr)sslinkcdwithl,2and5 wt% EGDMA. Ingeneral,
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Figure 5.17 Methylenechlorideuptakeat 35*CinerosslinkedPMMA with 1, 2, or 5% EGDMA
crosslinkingagent. 1.0%(O), 2.0% (UDand5.0% (A).
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Figure5.18Methylenechlorideuptakeat35°CincrosslinkedPMMA asa functionofthe
molesEGDMA pm"moleMM.
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the uptake is higher for :he lower degree of crosslinking polymer samples. This is shown even better in

Figure 5.18, where the equilibrium )ne._hylenechloride uptake is shown as a function of the degree of

crosslinking expressed as moles E,GDMApcr mole MMA. These results are in good agreement to those

forcoal,whichalsoshowthatthetxluilibriumpenetrantuptakedecreasesasthecrosslinkingincreases.

In thecaseof coals,thecrosslinkingisbestexpressedby theaveragemolecularweightber,_':;.-,'n

crosslinks,andnotnecessarilybythecarboncontent.

5.2 Dynamic Penetrant Uptake in Coal Samples

Dynamic penetrant uptake studies in thermally treated coal samples were pert'on-ned with various

pcnetrantstoelucidatethephenomenologicaland mechanisticeffectsofthediffusionprocess.Coal

swellingbythermodynamicallygoodsolventsisdueto,twomainprocesses.Thefirstisa pureFick.ian

diffusionand thesecondistherelaxationofthernac'romolecularchainswhicharepositionedatthe

advancingpenetrantfront.The readershouldrecallthatFickiandiffusionisdescribedby a diffusion

coefficient'D, (incm2/s),and characterizedby an initialsquarerootof timedependence.Case-II

transportor relaxationcontrolledtransportisdescribedby a relaxationconstant,k, (ins-t),and

characterizedby an initiallineartimedependence.In thissectionbothphenomenologicaland

mechanisticanalyseswillbediscussedforthediffusionofpcnetrantsintothinsectionsofcoalstreated

at different tempcramxcs.

The thermogravimetricanalyzer(TGA) was usedtoobtainthedynamicpenetrantupt,'tkeinthin

sectionsofcoal(200l.unto500l.tmthick)aftervarioustemperaturetreatments.The coalsampleswere

exposedtoa lowpenetrantactivityatmosphere(0.04forchloroformandlessthan0..94forpyridineand

DMF), sothatthediffusionofpenetrantsoccurredinalldirections.Thinsquaresectionsofcoalwere
Q

usedwithaspectratio(widthor lengthtothickness)of I0:I,so thatan one dimensionaldiffusion
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processcou.ldbeassumed.

Studieswithtempea'aturetreatedcoalsampleselucidatedtheeffectsof temperatureon the

diffusionofpenetrantsintocoal.The temperaturesatwhichthecoalwastreatedwere35°C,100°Cand

- 150°C.Themnaltreatmentconsistedofheatingthecoalsamplesatcensurertemperaturefor20 hours;

however,equilibriumweightlosswasobtainedafterapproximately3 hours.Then,thediffusionstudies

wereconductedatroom temperaturewithvaryingcarboncontentandpenetranttypes.Thecoalsusedin

thesestudieswerePSOC, 791(72.2%C onadrymineralmatterfacebasis(dmmf)),PSOC-247(75.5%

C dmmf),PSOC-312 (78.3%C dmmf) andPSOC-853 (80.1%C dmmf).The penetrantsusedwere

pyridine, N,N-dirnethylformamide(DMI_ andchloroform.

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 to elucidate the effects of cmsslinldng and coal heterogeneity. Coals are so inhomogeneous that

their chemical stx acture varies from microregion to microregion and an exaut mechanistic analysis is

impossible. Howe ,'er, one may use an analysis for homogeneous 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 inhomogeneity of coals and not experimental error.

Figures 5.19 through 5.26 F 'qent the phenomenological (without coal porosity correction)

amount of penetrant adsorbed per ,dtial dry weight of coal, Mt/Mc, as a function of time. Again, to

account for minor changes in the coal samples thickness, l, the data areplotted versus t/l2, a normalized

time expressed in h/cre2. Figure 5.19 shows the pyridine uptake as a function of normalized time for

tour different coals treated at 35°C. lt can be seen that the equilibrium penetrant adsorbed Xshigher for

coals PSOC 853 and 247, and lower for coals PSOC 791 and 312. This phenomencn was expected since
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theaveragemolecularweightbetweencrosslinksishigherforcoalsPSOC 247and853.Therefore,the

mesh sizeavailableforswellingislarger,ltcanalsobc seenthattheinitialpenetrantuptakerate

increasesfromPSOC 312,to853,to791,andto247(seeTable5.2).Figure5.20s,_owsthepyridine

uptakeasa functionof normalizedtimeforfourdiffc'mntcoalstreatedat100°C.'lhcequilibrium

penetrantuptakeishigherforcoalPSOC 791,followedby PSOC 247,312and853.Inthiscase,the

penetrantuptakeincreasesas thecarboncontentdecreases.An observedFickiandiffusionincoal

PSOC-853deviatestoanomalousthenCase-IItransportasthecarboncontentdecry,ases.Theseresults

differfromtherusultsforthediffusionofpyridineincoalstreatedat33°C.Thismay bc due tothe

highert_mperanzretruatmcnt,(100°C).As theteml_ratumincreases,thechainsrearrangeand the

networkdensityisdecreased.Also,an increaseoftemperaturereducessomeofthestresseswithinthe

coalnetwork.The resultsshowthata temperatureincreasedec'rcm_sthen_tworkdensityofthelower

carboncontentcoalsmercthanitdccruascsthenetworkdensityofthehighercarboncontentcoals.

Figuru5.21showsthepyridineuptakeasa functionofnormalizedtimeforfourdifferentcoals

treatedatl+_s+°C.Inthiscase,theequilibriumpenetrantuptakeaswcU astheinitialdiffusionmtc is

higherforthelowercarboncontentcoals.The equilibriumpyridirteuptakeas wcU as theinitial

diffusionrateam highestinPSOC 247 and791followedby PSOC 853and312.The same sequence

was observedforthediffusionofhighpenetrantactivityvapors,wherePSOC-312 gavethelowest

swellingratio.Thereisanotherphenomenonoccurringinthiscase.At about12.4hours(7.5x 103

h/cre2 inFigure5.21)thediffusionrateincreasesagainuntilitreachesanequilibrium.Thismay bcthe

timewhenthepenetrantandcoalnetworkequilibrate,andthemacrumolccularchainsr_laxallowingthe

coalnetworktoreacha new equilibrium.Numericalresultsfortheinitialdiffusionratesand the

pyridine,DMF andchl_roforrnequilibriumuptakesarelistedinTables5.2,5.3and5.4,r_spectivcly.
,R.

Initialdiffusionrateisdefinedasthechangeofcoalmasswithrespecttonormalizedtime,dMc/dt/l2.
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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

erosslinks. At high temperature treatments, the diffusion process de.creases as the carbon content of

. coalsincreases.

Figures 5.22, 5.23 and 5.24 exhibit the DMF uptake as a function of normalized time for four
I

different coal_ treated at 35°C, 100°C and 150°C, respectively. It can be seen from Figure 5.22 that the

initial diffusion rates as well as the equilibrium DMF uptake are higher for the lower carbon content

coa_s, The initial diffusion rate is higher for PSOC-247 followed by PSOC 791, 312 and 853,

respectively. This phenomenon indicates that .'SOC-247 would have the highest average molecular

weight between crosslinks.
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Figure 5.19 Phenomenologicalpyridinc (penetrant activity< 0.04) uptake,Mt/Mc,as a function
of normalized time, tilz, in coals treated at 35°C. PSOC-791(0), PSOC-247([ZI),
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Table 5.2

Initial Rates and Equilibrium Uptakes for the

Diffusion of Pyridine into PS(X; Coals

" Coal" %C Treatment lk%* Initial Equilibrium

P.S0 C ...... Temp.(°C) Rate (g.c_n2/h),,. . ,,,Uptake(g/g)

' 791 72.2 35 1027 8.6110"_ 0.031

247 75.5 35 1250 9.2110 "_ ' 0.033

312 78.3 .... 35 12i0 i.4xl0 ''4 ' 0.010"

853 80.1 ' - 35 1200 1_12x10"a ' 0.056
_ ,, , , ,H,. , ,,. ,, ,., --

791 ' 72.2 100 1027 " i.5x10 -_ 0.050'

247 '" 75.5- 100 1250' f.6x10-:5 0.039"
'- 312 ' 78.3 -- 'i00 1210 i.�xl0 "_ 0.040

85_3' 80.1 - "100 i200 9.7x10_ 0.021 _

991 7'i.2 150 1027 2.2x10-_ .... 01047

247 7'5.5 'i50 1250 i 1.8x10__ i 0.064
312 78.3 150 1210 ,_.2110_ 0.025 t

853 80.1 .... iso 1200 4.6110-' 10.035

* Average weight between crosslinks, Mc, values are obtained from Lucht (1983).
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Figure5.20Phcnomcnologicalpyridine(penetrantactivity<0.04)uptake,Iris/Mc,asafunction
ofnormalizedtime,dl2,incoalstreatedat100°C.PSOC-791(O),PSOC.247([SI),
PSOC-312(0),PSOC-853(A).
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Table5.2

InitialRatesandEquiLibriumUptakesforthe

DiffusionofPyridineintoPSOC Coals

" Coal %C Treatn_ent Mc * Initial Equilibrium
PSOC Temp.(°C) Rate(g-cm2/h)_Uptake(g/g)

" 791 72.2 35 1027 8.6x10--4 0.031

247 75.5 35 1250 9.2X10-4 ...... 0.033

312 78.3 35 i'210 1.4x10_ ..... '0.010

853 80.1 35' 1200.....8.2x10"4.... 0.056
,,, i ,ii

. . . . . .

791 72-2 '" 100 1027 1.5x10-_ ...... 0.050

247 7'5.5' - I00 1250 1.6xlO-}...........0.039
312 78.3 100 1210 1.9xi0 -a : 0.040

853 80.1 100 1200 9.7xI0_'' 0.02'1
,=, ii i, , i ii ,,,,

-"791 7Z2 ' 150 1027 2-2Xi0--_.... 0.047

247' 75.5 156 ' 1230 1.SxlO-".... 0.064
312 78.3 150 ' L210 4.2x10-4 0.025

853 80.i ...... 150 1200 4.6x10"a''' 0.035

• Average weight between crosslinks, Mc, values are obtained from Lucht (1983).
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Figure 5.21 Phcnomcnological pyridine (pcn¢Irant activity < 0.04) uptake, Mt/Mc, as a funcdon
of normalized lime, rJl2, in coals treated at 150°C. PSOC-791 (0), PSOC-247 ([Z_),

PSOC-312 (0), PSOC-853 (A).
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Table 5.3 Initial Rates and Equilibrium Uptakes for

the Diffusion of DMF into PSOC Coals.

Coal ...... %C Tr_tment IV_ * Initial Equilibrium
PSOC Temp.(°C) Rate(g.-cm2/ll) Uptake (g/g)_

791 72.2 35 1027 2.4x10-3 0.081

247" 75.5 35 1250 .... 2_6x10-_ 0.067 _
312 78.3 35 1210 3.4x10"_ 0.020

....853 80.1 35 1200 2.4X10_ 0..012 _-J

791 72,2 100 1027 1.6x1()-_ 0.061 _
247 75.5 100 1250 1.4xlO-4 0.043

312 "78.3 100 1210 9.5x10-_ " '0.021

853 80.1 100 1200 " 9.7x 10-:' ' 0.01'8"_
. . - . - -

791 7'2.2 150 1027 'i.0xl'0"4 0.033 _-

247 75.5 150 1250 2.0x10"4 ...... 0.045

312 78.3 150 "t210 6.7x10-_" 0.018

.....853 80.1 '150 1200 6.6x10-_ 0.009 _

• Average weight between crosslinks, Me, values are t_btained from Lucht (1983).
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Table 5.4 Inkial Rates and Equilibrium Uptakes for

the Diffusion of Chloroform into PSOC Coals.

-Coal %C Tre,aunem Mc * Initial Equilibrium
PSOC Temp.(°C) Ra_ (g-cm2/h) Uptake (g/g), , ,, ,

791 72.2 35 1027 7.4x10 -5 0.043

- 247 75.5 3'5 1250 1.2x10 -a 0.045
312 78.3 35 1210" 6.3x10-a 0.015

853 80.1 35 i200 2.0x10-_ 0.012
iiiiiii i ii i

791 72.2 100 i027 .......... 6.2x10 -'_ 0.043

247 75.5 100 1250 5.2x10 -5 0.028i

312 78.3 100 1210 2.2x10 -_ 0.008

853 80.i 100 1200 4.8x10-_ 0.035
,, ,., , ,,., , i t

791 72,2 150 i027 " 2.4x10 _ 0.t)42
24"I 75.5 150 ' 1250 4.1x10 -_ 0.029 '

853 80.1 150 1200 3.1x10 -_ 0.013

• Average weight between crosslinks, Mc, values are obtained from Lucht (1983).

J
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Figure 5.22 PhcnomenologicalDMF(penetrantactivity< 0.04) uptake,Mt/Mc, as a functionof
normalized time, t/l2, in coals treated at 35°C. PSOC-791 (O), PSOC-247 ([2),
PSOC-312 (_), PSOC-853(A).
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Figure 5.23 PhenomenologicalDMF (penetrantactivity< 0.04) uptake, IVlt/Mc,as a functionof
notmali_d time, t/l2, in coals tw.atedat 100°C. PSOC-791 (tD),PSOC-247(EI),
PSOC-312(¢,),PSOC-853(zX).
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Figure5.24PhenomcnologicalDIVIF(pcnctrantactivity< 0.04)uptake,M_/Mc,asafunctionof
normalizedtime,t/l2,incoalstreaw,d at150°C.PSOC-791(O),PSOC-247(El),
PSOC-312((_),PSOC-853(A).
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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 temperattm_s.

The observed initial diffusion rates also increase as the carbon content decreases (Table 5.3). Figures

5.23 and 5.24 exhibit the DMF uptake 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 the results are in good agreement with the pyridine

diffusion into coal results.

Thus, coal PSOC-247 exhibits the highest DMF equilibrium uptake as well as the highest initial

diffusion rates among ali 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 studies with pyridine

and DlVIFshow many similarities.

,d

Three types of penetrants were used to elucidate the _ffects of penetrant type on the diffusion

process. Pyridine and DMF have already been discused. The third peneuant is chloroform, which

elucidates the effects of chlorinated solvents on the diffusion process. Figure 5.2.5 exhibits the

chloroform uptake in coals treated at 35°C as a function 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 same as the pattern exhibited in the diffusion of DMF into coals treated at 35°C, but with different

equilibrium uptake values, lt can also be seen that the initial diffusion rates am higher for the lower

carbon conter,t coals. At about 12.4 hours (7.5 x 103 h/cre2), coals PSOC 791 and 247 exhibit an

accelerated diffusion rate until equilibrium is attained. This same phenomenon has been previously
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observedforthediffusionofpyridineintocoalsanditoccuredatthesamenormalizedtime.

Figure5.26exhibitsthechloroformuptakeincoalstreatedat100°Casa functionofnormalized

time.ltcanbeseenthattheequiTibriumuptakeaswellastheinitialdiffusionrat=archigherforPSOC

791followedby PSOC 247,853and312,rcslx_dvely.Inthiscase,a temperaturetreatmentincrease

favoredthediffusioninthelowercarboncontentcoals.Probably,thesu'cssesarcremovedwithinthe

coalnetworkas the temperatureincreases.Therefore,the transportprocessbecomesrelaxation

controlled.The transportprocessdeviatesfromFickiandiffusiontoanomaloustransportthentoCase-II

transportwitha tempcrann_treatmentandcarboncontentincrease.Finally,Figure5.27er,hibitsthe

chloroformuptakeincoalstreatedat150°Casafunctionofnormalizedtime.Similarlytothediffusion

ofchloroformincoalstw,atedatIO0°C,thediffusionratesarehigherforthelowercarboncontentcoals.

Thech_nicalbondslymakathightextures, andthecoalnetworkdensitydecreases.

The resultsfrom theaforementionedstudiescan be combinedtoprovideconclusionsof the

penetrantuptakeincoalsasa functionofcarboncontentatdifferenttemperatures.

i) Forcoalsu'cated35°C,theinitialdiffusionratesaswellastheequilibriumuptakeofpyridine,

DM.F andchloroformintocoalsPSOC 791,247,312and853_ncrcasewiththeaveragemolecular

weightbetweencrosslinks.

ii) Forthehightemperaturetreatedcoals,thediffusionofpyridine,DMF andchloroformdecreases

asthecarboncontentincoalsL",_cascs.CoalPSOC-247exhibitsthehighestinidaldiffusionrates

and equilibriumuptakes.ThissuggestthatcoalPSOC-247 hasthehighestaveragemolecular

weightbctweer)crosslinksofthecoalsstudied.

iii)Allthreepcnctrantsshow similarswellingobservations,anda mechanisticanalysisisncc¢ssary
m

to elucidate pcnen'ant diffusion into coals_
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Figure5.25 Phenomenoitogicalchloroform (penetrant activity = 0.04) uptake, Mt/Mc, as a
function of normalizedtime, t/l2, in coals tre_,,te.dat 35°C. PSOC-791(0), PSOC-
247 ([2),PSOC-3i2 (,0),P3C_-853 (Ai).

- 89 -

........ II I I IIIIIIIlllll rl II I IIIIII IIIII I I I I I I II II I Ill I I



0.10

0.08

-
'_M 0.06

al)

_ 0.04 I OV___Z_/. _ _Z_ l

0.02 O_0.0
0 10 20 30 40

t/t".(h/'cm'xZO-')

Figur_5.26 Phcnomenologicalchloroform (_netrant activity ffi 0.04) uptake, Mt/l_, as a
function of normalizeddmc, t/l2, in coals .-..acd at lO0°C. PSOC-791 (0),
PS0C-247 ([3"),PSOC-312(O),PSOC-853(A).
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Figure5.27 Phenomenologieal chloroform (l_nctrant activit7 = 0.04) uptakc, Mt/M¢, as a
function of normatized time, t/l2, in coals treated at 150°C. PS0C-791 (0),
PSOC-247([SI),PSOC-853(A).
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iv) The diffusionratesdependon theaveragemolecularweightbetweencrosslinksof thecoals

studied.

5.2.2 Penetrant Uptake in Coal Samples as a Function of Temperature

The eff_tsoftcmlxn'atm'eu_auncnt in penetrantdiffusionincoalarediscuss_inthissection.

The swellingsm-tilesdiscussedbeforearcpresentedasa functionoftemperaturetreatmenttoelucidate

thetemperatureeff_tsinthediffusionprocess.Threetemperatm'etreatments,35°C,100°Cand150°C

for each coal will be discussed. Figures 5.20 through 5.39 exhibit the penetrant uptake as a function cf

norrmalized time for coals PSOC 79t, 247,312 and 853 at different ternperann'e treatments.

The pyridine uptake in coals is shown in Figures 5.28 through 531. Figure 5.28 exhibits the

pyridine uptake in coal PSOC-791 as a function of normalized time at different temperavare treatments.

It can be seen that total equilibrium uptake is higher for the coals treated at IO0°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 the .rmally treating the coal samples, which

helps the penetrant to diffu._ into the network. For the coal treated at 150°C case, there is an accelerated

uptake at about 12.4 hours (7.5 x 193 lgem2). This indicates that the macromole.cular 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

thehigherequilibriumuptakefollowedby the150°Cand 100°Cstudies.Withtheexceptionofthe

lowertcmperatm"e;ase,thetotalequilibriumuptakeincreaseswithtemperature.
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Figure5.28Phcnomenologicalpyridine(penelrantactivity<0.04)uptake,Mt/Me,_ afunction
ofnormalizedtime,¢Iz,forcoalPSOC-791n'eaw.,dat:35°C(0),IO0"C([ZI)and
150°C(A).
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Figure5.29 Phcnomcnologicalpyre2"c (penetrantactivity<0.04) uptal_,o¢,Mt/Mc,as a functionof normaliz_ time, t/l , for coal PSOC-312 tr_ate.dat: 35 C ((3), IO0"C(E:])and
150°C (A).
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Figure 5.30 Phenomenologicalpyridine (penelrantactivity< 0.04) uptake,Mt/Mc,asa function
of normalized time, t/l2, forcoal PSOC-312u'eat.e,dat: 35°C (O), IO0°C([3) and
lSO°C(A).
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Th¢n'cforc,forthediffusionof pyridineintocoalstreatedatdifferenttempm'aturcs,thetotal

equilibriumuptakeand theinitialdiffusionratesincreasewithtemperaturetreatments.The same

phenomenonisobservedinallfourcoals.

DMF diffusionintocoalsPSOC 791,247,312and 853atdiffen'_ntmmperatumtreaunentsis

showninFigures5.32through5.35.Inallfourcascs,itcanbe sccnthatthetotalequilibriumuptakeis

higherforcoalstmamd at35°C anddecreasesasthetemperaturetxv.atmentincreases.Eventheinitial

diffusionramsforsomecoalsarehigheratthelowertemperaturetreatments(seeTable5.3).Contraryto

thediffusionofpyridineintocoals,theDIVIFdiffusionintocoalsdecreasesastemperaturetreatment

increasos.An explanationtothisphenomenonmay bcthatbythcrmaUyn'e.atingthecoalsamples,some

ofthechemicalsiteswhichwouldoriginallyformchemicalbondswithDMF arcdestroyed,ltwas

mentionedtr,at thenetworkdensitydecreaseswhen a coal-coalhydrogen-bondisreplacedby a

pcncn'ant-coalhydrogen-bond.

The chloroformuptakeincoalsPSOC 791,".47,312and853atdifferenttempcratur_treatments

isshowninFigures5.36through5.39,respectively.InthecaseofchloroformdiffusionintoPSOC-791

depictedinF"igure5.36,itcanbcseenthattheequ_.libriumuptakeaswellastheinitialdiffusionrates

increaseswithtemperaturetreatment;albeitby a veryinsignificantamount.On thecontrary,the

diffusionofchloroformintocoalPSOC-247 depictedinF'igu_5.37,showsthattheinitialdiffusion

ratesand theequilibriumuptakedecreaseas thetemperaturen'eatmcntincreases.Chemicalsites

availabletochemicallybond withchloroformarcremovedwitha temperaturetreatmentincrease.

Figure5.38exhibitsthechloroformuptakeasa functionofnormalizedtimeforcoalPSOC-312.Inthis

casetoo,theequilibriumuptakeas wellas theinitialdiffusionratesdecreasesas thetemperature

treatmentincreases.Finally,Figure5.39exhibitsthechloroformuptakeasa functionofnormalized

timeforcoalPSOC-853.The equilibriumpenetrantuptakeaswellastheinitialdiffusionratesare
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Figure5.31 Phcnomcnologicalpyridine (penetrantacdvib,< 0.04)uptakc,M,/M_,as a function
of normalized timc, t/l2, ;or coal PSOC-853 treated at: 35°C (O), 100°C (El)and
150°C (A).
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Figure5.32 PhenomenologiealDMF (penetrantactivity<0.04) uptake,Mt/2_, as a functionof
normalized time, t/l2, for coal PSOC-791 tre.ate.dat: 35"C (0), IO0°C ([2) and
150°C(A).
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Figure 5.33 Phenomenological DIVlF(penetrant activity < 0.04) uptake, Mt/Me, as a function of
normalized time, t/l2, for coal PSOC-247 treated at: 35°C (O), 100°C (Ill) and
150°C(A).
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Figure 5.34 Phenomenological DlVlP(penetrant activity < 0,04) uptake, lVltRvl¢,as a function of
normalized time, til 2, for coal PSOC-3i2 treated at: 35°C (O), 100°C (El) and
150°C (_).
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Figure 5.35 Phenomenological DMF (penetrant activity < 0.04) uptake, Mt/Mc, as a function of
normalized time, t/l2, for coal PSOC-853 treated at: 3YC (O), 100°C ([ZI)and
150°C (A).
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Figure5.36Phenomenologicalchloroform(penetrantactivity= 0.94)uptake,Mt/IVlc,asa
functionofnormalizexitime,di2,forcoalPSOC-791treatedat:35°C(O),I00°C
([3)and150°C(A).
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Figure 5.37 Phcnomenological chloroform _penetrant acdvity = 0.04) uptake, Mt/Mc, as a
function of normalized time, t/l", for coal PSOC-247 treated at: 35°C (O), IO0°C
([3)and 150°C (A).
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Figure5.38 Phenomenologicalchloroform_penetmntactivity = 0.04) uptake, Mt/_, as a
functionof normalizedme, t/l", for coalPSOC-312treatedat: 35°C (0), IO0°C
(_ and 150°C(A).
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Figure 5.39 Phenomenological chloroform (penetrant activity = 0.04) uptake, Mt/Mc, as a
function of normalized rene, t//2, for eo_l PSOC-853 treated at: 35°C (cD),IO0°C
([ZI)and 150°C (A).
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highest for coals treated at 100°C followed by the values at 150°C. Therefore, the diffusion of

chloroform into coals also dccrcasc's as temperature incrcmscs.

The conclusions for the peneu'ant uptake into coals as a function temperature _-"¢atmentarc:

i) for p.vridi_e, the _nitia! diffusion rates as well as the equilibrium penetrant uptakes increases with

temperature treatment;

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

dcta'casesas temperature treatment increases;

iii) degradation may affect the da_sion processof DMF and chloroform into coals, but not the

diffusion process of pyridine into co_s.

5.2.3 Mechanistic Analysis of the Dynamic Swelling Data

The dynamic swelling data can be fitted to ,':le semi-empirical equation (2.21) to elucidate the

transport mechamsms governing penetrant diffusion into coals. The diffusional exponent n of the semi-

empirical equation (2.21) can be related to the type of transport 'dnctics that is observed for a given

macromolccul_nctrant pair. The diffusional exponent serves as a method by which actual sorption

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

The penetrant uptake behavior oi"pyridine, DIVIF and chloroform in coals can be described by

f, tting the initial 60% of the total penetrant uptake data to equation (2.21).

Mt kta (2.21)
Mc

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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incorpomtcd in d_c constantk are the di.fusion coefficient, D, and the relaxation constant,k, which

describe the transport of pcncu'antsinto the macromolccular network. Possiblevalues of the diffusional

cxponcntfortransportinfilmsorslabsandtheirassociatedtransportmechanismsarcpr¢scntcdinTable

5.5.

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

Mechanism n

i ickian 0.5
C.asc.II ....i.O _-

Anomalous 0.5<n'<l.O

SuperCase-II > 1.0
4
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The phenomenological swelling data can be fitted to the semi-empirical equadon to determine a

phenomenologica/ diffusional exponent, nph,_. 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 in:e, coals

, PSOC 791,247, 312 and 853 at different tempm'amre treatments, a__ shown in Tables 5.6, 5.7 and 5.8,

respectively. A 95% Confidence Intm'val (95% CI) for the diffusional exponent and the constant, k, is

included.

From the results in Table 516, it can be seen that the transport mechanism for the diffusion of

pyridine into coals treated at 35°C is Fickian diffusiou. A small deviation from Fickian diffusion is

observed for coal PSOC-8S3, indicating an anomalous transport for the higher carbon content coal. The

constant k has no significance here, because it incorporates the Ficldan diffusion and macromolecular

relaxation contributions to the transport process which a_ unknown.

The results for pyridine diffusion into coals treated at I00°C show a Fickian diffusion mechanism

for PSOC-791 and deviation to anomalous transport for PSOC 247 and 853. With the exception of

PSOC-312 it can be seen that the transport mechanism deviates from Fickian diffusion to anomalous

transport as thecarbon content increases. Pyridine transport into coals treated at 150°C exhibits the

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

C0al Tcmlm'aturc n 95% CI for n k 95% CI for k
PSOC Treatment (°C)

791 35 0.42 0.06 8.6x10 "4 2.3x10 -4
247 35 0.56 0.05 4.3x10 ":4 1.1xlO "4

312 35 0.34 0.12 5.1x10 "4 2.6x10 ''4
853 35 0.61 0.09 4.6x10 -4 2.0xlO -4

i i

791 100 0.47 0.04 _.2xlO -_ 2.4x10 ''4,,

24,7 100 0.61 0.03 1.SxlO_ 3.3x10 -a

312 100 0.32 0.04 1.4xlO -_ 3.5x10 -4

853 100 0.68 0.09 _ 1.2x10 "4 4.4x10 -a
li iii iii i i, iii iii i

. . . . - .

791 150 0.41 0.02 1.4x10 -:_ 1.4xlO _

247 150 0.58 0.08 6.9x10 -_ 2.8x10 -:_ -

312 150 0.32 0.04 4.2x10 -z 9.1xlO -_

853 150 0.61 0.09 4.2X10-_ 2.0x10 -:_
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Table 5.7. Analysis of DMF Transport by Equation(2.21)

C0al Temperature n 95% CI for n k 95% CI for k
PSOC Treatment (°C)

ii i

791 35 0.49 0.05 8.8x10-4 2.4x10"4
i

" 247 35 0.51 0.04 1.5x10-_ 2.9x 10-4
312 35 0.74 0.13 615x10-_ 3.6x10-_
853 ....... 35 0.62 0.29 6.6x10-'_ 5.6x10-_

i i i li ....,

791 100 0.47 0.07 1.6x10-_ ' 5.5x10"4
247 I00 0167 0.03 5'_7xI0-_ l.OxlO-_

3!,2 100 0.52 0.03' 9.6x10 ''_ 1.7xlO-''_
853 I00 0.70 0.04 3.3×10-' 8.3xi0-6

,i , ,i ,,,

791 150 0.59 0.06 3.2xi0-4 9.5xI0-_

247 150 0.55 0.03 3.9x10-4 7.1x1'0-_'
3i2 150 0.61 0.02 6.7x10"_ 9.9x10_
853 150 0.65 0.04 2.4x10-_ 5.2x10"_'
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Table 5.8. Analysis of Chloroform Transport by Equation (2.21)

Coal Temperature n 95% CI for n k 95% CI for k
PSOC Treatment ( oC) __

791 35 0.69 0.06 1.2x10 _ 3.8xl 0-5 .

' 247 35 0.81 0.06 4.2x10 ''_ 1.4x 10-_ ,

312 35 0.80 0.10 1.3x10 -_ 713x10-6

853 35 _0.96 0.15 3.9x10 _ 2.5x10_ _
iiii, i iiii

i

791 100 0.66 ....... 0.03 1.3xlO _ 2.1x10"_

247 100 0.64 0.05 1.6x10 _ 1.2x10_ _
312 100 0.66 0.07 3.3xi0 -_ 2.1x10-_

853 100 0.56 0.06 1.7x10 "4 5.8xl 0-_ _
i

791 150 0.61 0.02 3.4x10 "4 318x10-_ __

247 150 ......... 0.73 0.10 4.1x10 -3 2.1x10-_

853 150 0.85 ' 0'107 8.2x10 "_ 3.3xlO_
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The transport mechanism deviams slightly from Fickian diffusion as the carbon content inc'rcases.

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

Ficldan 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, lt can bc seen

that as the temperature treatment increases the same mechanisms are observed. Thus, it is obvious that

temperature treatments have no effect in the diffusion of low pcnemmt activity solvents into coals. The

n values for the diffusion of pyridine and DlVIFinto coals arc 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 r,_'sults 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 different 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, 19831. A simplified version of this mathematical model, which was

proposed on the basis of heuristic arguments by Berens and Hopfenberg (19781, 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

u'_amacnts.

Thc model proposed by Beans andHopfcnb_rg(1978) is a simplc lincar combinationof Fickian

diffusion and a first-nrderrelaxation process. The sorptioncquation for this model can bc writtenas:

] [ ]Mt _ 8 exp - D(2n + 112_ 2 (5.1/
"_" =_bF 1 - _ (2n + 1)_2 12 t +OR 1---exp(kt)

Here, Mt is defined as the mass of penetrant uptake at time t, NI. 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 ¢_Fand #R define the fractions of penetrant sorption

which resulted from Fick-iandiffusion 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:
J

= CF 4 l 2 + CR 1 - cxp(kt) (5.2)
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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 (IaMSL subroutines RNLIN-DRNLIN). Figure 5.40 presents the

experimental results of the normalized pyridine uptake in coal PSOC-791 ac 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 weil, it can elucidate mechanistic changes due to temperature, carbon content and penetrant
t

type effects.

The results of the diffusion coefficient, relaxation constant and the t,action due to Fick.ian

diffusion, ¢_F, for the diffusion of pyridine, D MF and chloroform into coals treated at different

temperatures arc tabulated in Tables 5.9, 5.10 and 5.11, respectively. Included in Tables 5.9 through

5.11 arc the number of points analyzed and the sum of the squares of the error (SSE) which is

minimized to predict the best unknown parameters.

lt 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, _1¢, is shown as a function of carbon content in Figure

5.42. lt can be seen that Mc 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 4.0x10-8-1.0x10 "9 cm2/s.
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Figure 5.40 Normalized pyridine uptake, Mt/Mc, as a function of normalized time, t/l 2, for coal
PSOC-791 treated at 350C. 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 (O), pyridine (El) and chloroform ((_).
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Table 5.9 Diffusion Coei_cic.ms and R=lax_on Consmms for Pyridine
Tr_Ixm u Analyzed by E_l_tioa (5.2).

C_ "rs_m D x _ No._ SSe

_OC "n_nmn (sU") (c=_/s) (s-_) Used
lr ] eL iii Iii I

P

791 35 _Iz10 "_ 3.klO "3 0.88 34 4.7x10"a
i J i i i

7,4"/ 35 LSxlO"4 ljxlO -6 0.69 30 4.,_10"I
|1 iiiiii i

312 35 2..4x10"4 3.oxlO"4 0.90 1o 2.,_10-a
..... iii m ii [

8_ 3._ "7.6z10-_ 6.4x10_ 0.77 32. 4.2x10-1
milli I ml

m • I e m 0

I Hlii ] ii i I

_I 1oo 13z10"a 5jxlO"_ o._ 25 ZTxlO"a
i J

247 100 9.9x10_ 2.0xlO"5 0.67. 30 :.IxlO"2
I i i

312 100 1.0xlO"_ t.OxlO"3 0.67 24 2.._x10''_-
i i es ,i i i

100 l.lxlO"4l l.'/xlO"l _ 25 l.SxlO-_

,,.- ,,. li e I lie I

"/91 150 8._10 "_ - 1.o0 _1 33x10"_
L i i il iit i I

o.e 32
11 _ iiii ii

- I18 -



Table5.10_ C_cs mhdRchuc_onConsum=fm DMP

u Aa_BcLby__ (5.2).

i i I i

,i ...............

coe T_ D k _ N0.Poe_ SSC

PSOC _ CDC) ¢cm2Js) (s-v') Used
tttt t

2 "791 35 ,t._xl(J"_ 9,oxlO''t 0..99 2'7 4,.._xlCY"2
mm,ml I

•...- 't , t t t t

• 3_ 35 :z.e,.lO''s _.nlO"s o.'18 m _,_10"a
t t tt . mm,. Ii

L_3 35 1.TxlO"4 9.1xlO-6 0.66 g 3.3x10"2
i iml ....

e o e m, ,m o m

t

"_i 10o ,.,_10"_ :z.3xlO"_ o._l 25 9.'_10"*
i iii i i i

_ ,00 ,.._I0"_ _._10''_ o.33 27 )._10"_
,i mm t

:m

± __ tt t ttr

i_ _xlO ''e 4.oxlO"_ 0.47 _ ,4..W.,lO"l
t t

o e o ,mm, ,m m

tt t t t t

"_ _o ee,:io''e 3:._10"_ o."_ 33
ttlt t _tt i mn t t

2,4? I_0 6_bdO"_ 1.2xlO_ 0.'/9 38 llxlO"_

t t
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Table5.11 Diffusion_ andIL=lax_oa_ for (::h1_=oform

i ii i ii

c._ Tmpmm_ V k 4_ No.eo_ SSe
PSOC _ (°C) {c=als) (s-_) U_

P
i ii iii i

_1 35 sjxlO_ x.gxlO-_ o_ 2"7 x_xlO-x
i i llnl i

i t t i i

31_ 35 3.0xlO4 L_IO"4 0.29 12 _10 "x
i iml i

853 35 x_lo "s _xlO"7 o.'15 2o _,xlo "a
t I

I _ o o o e w

i

"_x 1oo x._lO"4 x._m"7 o.'m 29 5_xI0"a
i i ni lm I ilUll INn ,",'

247 xoo x._xlO"_ x._lO_ o.m _ 4.XxlO"z
t

3z2 mo 4_xlO"8 4_xlO"6 o_o 1_ _10 "z
i i i ii

s._ ,oo _aSxlO"_ _.L_I0"_ _ 32 x._xlO"x
t t ., ii st t n t

I I r I i i ii Illlll

791 1_0 9.8x10"_ 1.6z10"5 0.8'7 30 3.SxlO-x

_ x_o x._lo"_ UxlO-_ o.39 32 3._10"x
ii ii i iii

853 _ g._xlO-¢ _10 -s o.n 26 _10 "_
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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,
u

which is a heterogeneous material that varies from micro region to micro region within each sample,

this technique can only give approximate resuits. A technique utflizeA with polymers is to observe the

movement of the advancing penetrant front; forcoal this method becomes a difficult task due to the high

opacity of coals and the preparation of satisfactory samples,

Brenner (1985)was the first to observe in-situ the pyridine diffusion into coal ILlinoisNo.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 th_ fast time.

5.3.1 Quantitative In.Situ Penetrant Diflus_on 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 am

presented in Figure 5.43, where the transition layer thickness (}.un),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 temperature increase

helps the macromolecular chains to relax; the relaxation time decreases and the rate of change in the

transition layer thickness increases.
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Carbon Content ( % dmmi_

Figure 5.42 Molecular we4ght bctw_m crosslinks as a function of carbon content for 600-850
gm coal particles. Values of Mc obtained ft'ore e_luilibrium pyridine swelling
studies at 35°C by Barr-HoweU (1984) (O), and Lucht (1983) (l_).
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Figure5.43 Transition layerthicknessasa functionof mc for the diffusionof DMF into coal
PSOC-853at 25°C (O),40°C (El),70°C (¢) and 100°C(A).

- 123 -



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.

iii iiiii i iii iiii ii iii i i

Temperature dX/dt Equilibrium Transition
(°C) (lam/min) Layer Thickness (gin)

.p

iii i.., i _ i i i,

25 34 986
iii i ii ,, | i

40 73 1334
,rra

70 195 1453

I00 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 transition layer thickness is not well

defined, the rates of change of these layers arc clearly defined. The initial rate of change is higher for

. PSOC-247 followed by PSOC 312 and 853, respectively (sec Table 5.13). lt was discussed before in

Section 5.1 and 5.2 why coal PSOC-247 exhibits the highest initial diffusion rates (dMe/dr). This

phenomenon can be better understood by comparing the initial diffusion rates to the ave1_gc molecular

weight between crosslinks as a function of carbon content of coal (see Figure 5.42). Coal PSOC-247

exhibits the highest ave1"age molecular weight between crosslinks as well as the highest initial diffusion

rates.

Finally, in-situ studies wer_ conducted in coal PSOC-853 with various solvents to elucidate the

penetrant type effect in the diffusion process. The r=sults 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 piace (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, lt can be seen from these figures that chloroform

and methylene chloride exhibit a transition layer thickness equal to 400 }.u-nat 3 minutes. Pyridine

- exhibits the next highest transition layer thickness (330 __m), followed by THF (300 B-,'n)and DM.F (250

gin). This phenomenon was also observed in the equilibrium penetrant studies as a function of solubility

parameters, Section 5. I. The chlorinated solvents arc more compatible with PSOC coals.

-125-



Figure 5.44 Transition layea"thickness as a function of time for the diffusion of DMF at 25°C
into coals PSOC-853 (O), PSOC-312 ([3) and PSOC-247 (0).
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Table 5.13 Rate of Change in the Transition Layer thickness, dX/dt, for the Diffusion of DMF in PSOC
coatsat 25°C.

.........

Coal dX/dt
PSOC (gin/rain)

247 62

312 53

853 34
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Figure 5.45 Transition layer thickness as a function of time for the diffusion of DMF into coal
PSOC-853 at 25°C.
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Figure5.46Transitionlayerthicknessasafunctionoftimeforthediffusionofchloroforminto
coal PSOC-853at 25°C.
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Figure5.47 Transitionlaye_thiclmess as a functionof time for the diffusion of methylene
chkrideintocoalPSOC-853at25°C.
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Figure5.48 Transitionlayer thicknessas a functionof time for the diffusion of THF into coal
PSOC-853at 25°C.
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Figure5.49 Trm_sitionlayer thicknessas a functionof time for the diffusionof pyridineinto
coal PSOC-853at 2.5°C.
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The in-situdiffusiondatawerefittedtothesecondorderpolynomial:

X= oa_ + 13t+ 7 (s.3)

whereX isthepcncaantfrontpositioningln,tisthetimeinminutes,(x,_3andY areconstants.A lincar

" l_gr_ssionanalysiscan bc usedtosolvcforthethreeconstantandtofindthcbestfitofLhcdata.Figurc

5.:50cxhibitsthccxpcrimcntaidataforthediffusionof DMF intocoalPSOC-853 at 25°C,and the

predictedvaluesfromthemodel,ltcanbcsccnthatthemodclfitsthecxpcrimcntaJvaluesweil.
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Tablc 5.14 Ram 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

(ma/mm)
i ii i

Mcthylcnc chloride 206
i

Chloroform 82
. iii

THF 80

DMF 34
....

Pyridine 80
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Figure 5.50 Transition layer thicknessas a functionof time for the diffusion of DMF into coal
PSOC-853at 25°C (O), and the best fitcurve fromequation (5.3) (-).
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Taking the first derivative of X with respect to time, one gets an expression for the penetrant front

velocity (V) in _n/min

V = 2o_t+ 13 (5.4)

,i

The penetrant front velocities as a function of time for different temperature studies are exhibited

in Figure 5.51. lt can be seen that the initial velocity increases with temperature. Also, the higher e

temperature diffusion cases exhibit a faster equilibrium transition layer thickness. This indicates that the

relaxation time decreases as temperattu'_ 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 initial 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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The conclusions to the in-situ diffusion studies arc:

i) the diffusion of pcnemants into PSOC coals increases with temperature;

ii) equilibriumtransitionlayerthicknessisattainedmuch fasterathightemperatures;

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

that it is the lowest crosslinked coal;

iv) chlorhaated solvents exhibit the higher penetrant front velocities in coal PSOC-853.
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Figure 5.51 Penetrantfront velocity,V, as a functionof time for the diffusion of DMF intocoal
PSOC-853at 25°C (O),40°C (E2),70°C (_) and 100°C(t0.
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Figure5.52 Penetrant frontvelocity,V, as a functionof time for the diffusionof DMF at 25°C
intocoals PSOC-853((9),PSOC-312(CI)and PSOC247 (O).
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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 (O), chloroform ([2I),methylene chloride (O),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 penewant diffusion into coal are discussed

qualitatively.The observationswere taken from a monitor thatwas connectedto a polarized

microscope).Photographswere takenfrom themonitorwitha 35 mm camea'a(NikonFM,GardenCity,

NY) toelucidatethein-situdiffusionprocess.Coal undertransmittedpolarizedLighthasa darkred

color.When thepenetrantisintroducedintothecoalnetwork,swellingtakesplace,and thecolor

changesfrom thedarkredof theunswollencoaltoa lightorangecoloroftheexpandedcoalnetwork.

Thischangeincolorpositionedatswollenregioniscausedby theorientationofthecoalstructure.The

expandingcoalbehindthediffusionfrontisconstrainedby theunswollencoalaheadofthediffusion

front.This constraintleadsto thestretchingandalignmentof themacromolecularnetworkinthis

region.Such partiallyorientedmacromolecularchainscausea significantdifferencein theindexof

refractionparalleland perpendicularto thedirectionof orientation(Brenner,1985).This causesa

rotationinthedirectionofpolarizationoflightpassingthroughthespecimen,andtheresultisa higher

indexofrefractionfortheswollenarea.

The swollenand unswollenareasincoalareseparatedby a sharpadvancingpenetrantfront.This

separationisevidentinFigure5.54,forthediffusionofDMF intocoalPSOC-853 at25°C. Inthiscase,

DMF isdiffusinginfrom theleftsideand advancinginthroughtheglassyregion,ltcan be seenthat

behindtheadvancingpenetrantfront,thecoalspecimenbeginstocraze,and thiscrazingprogressesas

thepenetrantconcentrationincreases.Crazingof coalisdue tothestressesformedby thepcneu'ant

concentrationgradient.The directionofthecrazedlinesgivestheimpressionthatthemacromolecular

• chainsrearrangeand orientinthedirectionofthediffusingpenetrant,ltalsogivestheimpressionthat

coalbecomes robberybehindtheadvancingfront.Thisindicatesthattheglasstransitiontemperature,

Tg, decreasesas thepenetrantconcentrationincreases.Therefore,itispossibleto lowertheglass
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transition temperature of coal to room tcmperatv_, 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 _._ a function of time. The coal sample PSOC-853 before penetrant

diffusion is shown in Fig,.u'e 5.55a. The unexposed coal sample 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
1

starts to deform. This is due to the stresses formed from the DMF concentration gradient. It can also be

observed that the light blue 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 initial boundary has moved outwards, indicating that coal expands anisotropically

(parallel and perpendicular to the direction of the bedding plane). A change in color is observed,

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

penes, ht front begins to form, leaving behind a crazed coal material. A sharp front can be observed

with a transition layer thickness of 947 lain after 166 seconds (Figure 5.57a). lt 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 piace. 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 transition layer thickness of DMF into the same coal

specimen at 25°C from 976 l.ma to 1427 _-'n. 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

through 5,66b as a function of time. Figure 5.64a shows the diffusion process after 14 seconds, lt can

observed that the coal specimen starts to crack immediately. This phenomenon is due to the strong

stresses formed from the methylene chloride concentration gradient, lt 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 chemical reaction rates are much faster than the

diffusion rates. This is an indication of Case-II and Super Case-II transport. 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

chloride 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.

Q

The diffusion of THF into coal PSOC-853 at 25°C is exhibited in Figure 5.69a. lt 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 pl_,ze

source, which has an opening of about 1 mm. in diameter for the transmission of light. The dark

bubbles observed are from the movement of silicone grease as temperature increases, lt 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 chainsl

Diffusion into coal as a function of temperature, crosslirJk, 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

penetrant 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 compatibility of coals with chiorinated

penetrants.
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Fibre 5.54 DMF diffusion into coal PSOC-853 at 25°C.
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Co)

Figure5.55DiffusionofDMe:intoa/PSOC-853at25°C,thickness:7.6{mm;(a)_forc
DMI::diffusion and (b) after 0.32 minutes (transition layer thickness: 83.2
la'n).
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F;._.u'e5.56DiffusionofDM]: m co,,lPSOC.853 at25°C, thickness:7.6urn:(a)after
. 1.33rninums(_ansil/onlayerthickness:614.0 _Lrn)and Cb)after2.03

minutes(_r'anskionlayerthickness:865°8)/.rn).
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(b)

Fi_,u'_ 5.57 D_ffusion of DIV0:in coal PSOC-$53 at 25°C, tl_ick:ness:7.6 _m_;(a) after
2.80 minutes (u'_sirion layer thickness: 94.6.8 Iu'o) and Co) after 3.25
minutes (u'ansicion layer th.ickness:975.5 I_m).
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Figur_ 5.58 Diffusion of DMF in coal PSOC-853at 25"C, t.luckness:7.6 pm; (a) af-_er
•3.73 minutes (wa,_sitionlayer thickness:997.0 _.m) and lo) after ,1..50
minutes(mmsirionlayerthickness:1018.6_.m).
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Figu_ 5.59 Diffusion of DM/: in coal PSOC-853 at 25°C, thickness: 7.6 _m; (a) after
5.80 minutes (transition layer thickness: I068.8 l.un) and (b) after 6.67
minutes (_-ansir_onlayer thickness" 1111.8 _m).

- 150 -



Fi_ 5.60 Diffusion of DlVfl:in coal PSOC-853 at 25°C, thickness: 7.6 _m: (a) after
, 7.72 minutes (transition layer thickness: 1140.5 _m) and Co) after 9.05

minutes (transition layer thickness: 1162.0 l.Lm).
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(b_

Fign.u-=5.61Diffusionof DM2::incoalPSOC-853 at25°C,thickness:7.6_,n;(a)a£'ter
10.48minutcs(a--a.nsirionlayer_ickness:1212.2_t.rn)and rb)a/r=r12.05
minutes(tz'a.nsitionlayerthickness:1269.6_n).
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c'b)

Fi_r_ 5.62 Diffusion of DMF in coal PSOC-853 at 25°C, thickness: 7.6 pm; (a) after
14.10 minutes (transition layer thickness: 1334.2 _'n) and (b) after 16.80

1.

minutes (transition layer thickness: 1427.4 _.m).
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Fig_u'_5.63 Equilibrium DMF front in co_l PSOC-853 at 25°C separating _¢ glassy
and the swollen r_g/ons, 17.35 minutes.
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)

(a

(b)

Figure 5.64 Diffusion of mcthylcn= chloride in coa/PSOC-853 at 2/°C, t.hickncss: 7.6
. pm: (a')after 0.23 minutes and (b) after 0.70 rmnut_s.
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Co)

Figur_ 5.65 Diffusion of methylene chloride in coalPSOC-853 at 25°C, thickness: 7.6

_n; (a) af_,,- 1,05 minutes _nd (b) after 1.50 minul=s.
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Figur_ 5.56 DLffusion of mcthylen_ chlomd_ in coal PSOC-853 at 15°C, thickness: 7.5
_-n; (a) _fter 2.60 minu[es and (b) after 5.00 rmnur_s.
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Figs.rc 5.67 Di_usion of chloroform in coal PSOC-853 at 25°C, thickness: 7.6 p.m; (a)
b_for_ chloroform diffusion and (b) after 0.97 minutes. 4'
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Figure 5.68 Diffusion of chlcrroform in coalPSOC-853 at 25°C, thickness: 7.6 _un; (a)
after 3.28 minutes and (b) after 3.68 minutes.
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(b)

Figure 5.69 (a) Diffusion of THF in coalPSOC-853 at 25°C, r.hickness:7.6 _ and (b)
diffusion of DM/: in coal PSOC-853 at 40o, thickness: 7.6 _,'n.
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Figurr.: 5.70 Diffusion of DM't: in coal PSOC-853, thickness: 7.6 ,t,tm at: (a) 70°C and,
(b) lO0° C.

=
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6. CONCLUSIONS AND RECOMMENDATIONS

Penetrant transport studies were conducted in PSOC coals as a f,mction of temperatur_ treatment,

crosslinking and penetrant type. The effects of these three parameters on the diffusion of _,'tetrants into

coals were analyzed phenomcnologically and with mechanisms. In-situ microscopic diffusion studies in

coals at different temperatu-'-,s were obtained for the fast dme. This research is a continuation to
t

previous work in our laboratory.

In the earliest work, Lucht fLucht, 1983; Peppas ct al., 1983) investigated the diffusion of

pyridine in pre-extracted and unextracted coal samples for particles of two different sizes, 150-180 }am

and 600-850 }am, and for coal chunks (1-2 cre3). A general conclusion to their work was that the

pyridine transport changes from non-Fickian to b'ickian d_.ffusion as the palzicle size decreases. These

conclusions were based on the analysis of the sorption data using the diffusional exponent of equat/_n

(2.21).

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 simulate coal structures. Many conclusions were made on their work in coals, one of them

been the elucidation of an anomalous penetrant transport mechanism. An effort was made to obtainFA

high temperature diffusion studies. However, degradation of coal was a problem. They observed

negative penetrant uptakes (loss of we_ ht1 for the diffusion studies at 100°C or higher.

Ritger (Ritger and Peppas, 1987a; Ritger and Peppas, 1987b) continued the work by conducting

high penetrant activity, swelling studies in thin coal sections of different _hicknesse,_ The studies were

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



i

thickness rage of 150 grn to 1500 grn the trmlsport mechanism of pyridine in the macromolecular

structure of coal is purely relaxation.controlled. At 65°C, coal is well below its glass transition

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

Even though the work in the diffusion of peneu'ants into coals s_me.d to be completed, there were

many questions generated from previous work that needed to be answered. At that dme (1988), this

research was initiated with Lhcpurpose to answer these questions:

i) is it possible to obtain dynamic swelling data at high temperatures and account for degradation?

ii) how canthediffusionalandrclaxationalprocessesbcdecouplexi?

iii)whatarctheeffectsoftemperature,crosslinkingandpenetranttypeon thediffusionofpcnetrants

into coal?

Thermogravime_icswellingstudiesincoalwcm conductedinordertoanswerthesequestions.

i) In previous work (Barr-Howell ct al., 1987), a thermogravimetric analyzer was used to obtain

dynamic swelling data at high tempcman'es. A problem with this technique is that there is a

temperature gradient between the micro-furnace which contains the coal sample and the

sourrounding atmosphere. Therefore, the penetrant activity changes as the penetrant approaches

the high temperature 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 r.be diffusion of penetrants into coal, is to conduct swelling studies at room

temperature in thermally treated coal samples. By thermally treating coal samples, we arc

" accounting for coal degradation and rearrangement of the macromolecular chains.

ii) Berer)s and Hopfenbcrg (1978) proposed an mathematical expression for the diffusion of

penetrants into glassy polymers which incorporates the Fick.ian and macromolecular relaxation
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contributions lo the diffusion process. Dynamic swelling dam for coal we_ fitted to this model

before (Ritg_ and Peppas, 1987b); hewers', no elucidation of the diffusion coefficient could be

made. Ritger and Pe_ppas(1987b) concluded that the diffusion of high activity pyridine vapors

into PSOC coals is purely relaxation controlled. This indicates that the Fickian term in equ_.tion

(5.I) is zero. In order to elucidate the diffusional and r_laxational contributions to the transport

process, the transport mechanism must be anomalous translxn't. This can be accomplished by

lowering the penetrant activity of the diff)jsion pr_ess (I-Iopfenb_g and Frisch; 1969). In this

worL we wcr_ able to elucidate changes in the diffusion coefficient and c.herelaxation constant

when the penetrant activity equal 0.04.

iii) The equilibrium penetrant uptake studies in coal as a function of solubility parameter, indicate

that penetrants with a solubility paraa_ter equal to 9.5 ca.lla/cm 3/'2e,,hibit the highest swelling to

PSOC.coals. In terms of cohesive energy contributions, it was found that solvents with dispersive

interaction contributions, Sd, equal to 9.0 call/2/crn3t2, polar Sp, and hydrogen-bond Sh,

interaction contributions equal to 3.0 callt2/cm3/'2exhibit the highest swelling to PSOC co_s. 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 sweLLingstudies as a function of carbon content in coals treated

mermally 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

crosslird_s.At high thermal treatment temperatures (100°C-150°C), the diffusion of these three

penetrants into coal d_s as the carbon content in coals increa_s. All three penetrants

showed similar phenomenological sw_.llingobservations.
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The penetrant uptake into thermally u'eatcd coals as a function of temperature studies

showed that the initial diffusion rates and the equilibrium p)a'dine uptakes increase with

temperature treatment. Contrary, for DMI= and chloroform, the initial diffusion rates and

• equilibrium penetrant uptakes decrease as temperature treatment increases. This indicates that a

chemical reaction may take piace during the diffusion process; and by increasing the temperature,

B

the reactive sites within the coal network arc destroyed.

Analysis of the semi-empirical equation (2.21), indicates that the diffusion of pyridine and

DM/: at low penetrant activities (<0.04) can be clcscribcd by Fickian diffusion regardless of the

temperature treatment (35°C-150°C). As the carbon content increases the 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

transport.

Equation (5. I) was solved to determine diffusion coefficients, D, and ;ciaxation constants,

k., for the diffusion of pcneu'ants into coal. lt was found that at 35°C the diffusion coefficient for

pyridine, DM]: and chloroform increases with the average molecular weight between crosslinks.

The magnitude of the diffusion coefficients is between the range 4.0xl0-B-l.0xl0 -9 cm2/s. At

35°C, the macromolecular relaxation time increases as the carbon content increases. The same

mechanistic effect was obtained from the semi-empirical equation C2.21), where the transport

mcchanism deviates from Fickian diffusion to anomalous transport as the carbon content

increases. The magnitude for the relaxation times is between 0.O-'.2x106 s. "I'hese results at low

• penetrant activities compare very well to the results for the diffusion of low activity peneumts

into poly(1,4-dirr!ethylnaphthaleno-2,5-dihydroxybenzene). This model which simulates the

su'ucture of coal was proposed by Barr-Howell ct al. (1986a).
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The penetrant transport in coal has been elucidated by means of gravimetric swelling studies. A

more accurate way of elucidating the penetrant transport is to follow the diffusion of penctrants in-situ

at the microscopic level. Brenn_ (Br_.ni'_.ez,1982; Brenner and Hagan, 1985)was the first to observe in-
./ _ '/ '

siE_ the diffusion of pyridine _,,_._col_ Illi;nois+No. 6 using uncontasnineA thin sections of coal (15 IJ.m

thick). He reported qualitative observations; but not quantitative results from the penetrant transport in

coals. In this work, we used Brenner's method (Brenn_', 1982) to study the diffusio_ of various

penetrants into PSOC coals. We report for the first time quantitative and qualitative results for the

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

The in-slm diffusion studies in coal, show that the transition layer thickness and the initial

penetrant front velocity increase with temperature. This indicates that the diffusion coefficient for the

diffusion process increases with temperature. It was also found that an equilibrium transition 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 penetrant concentration gradients cause the coal to swell. When exposed to

a penetrant, coal starts to craze; and when the stresses are very strong, cracking and coal dissolution

results. From the direction of the craze tines, it was concluded that the macromolecular chains orient

and rearrange in the direction of the diffusing penetrant. This partial macromolecu, tm:'chain orientation

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

Computea" Programs Used to Solve for Equation (2.32)

and to Simulate Data for Equation (2.31).
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c This program will ,_,_lvea short time approximation of the
c Bvrens-Hopfvnbergequation (equation (2.32)).
c The IMSL subroutines arc R2LIN/DR2LIN from the STAT/LIBRARY pp.239
C

integer ldr, nobs, nparm, iparam(6)
inmger idea'iv,irank, nout

c Indicate the number of observations (nobs); numberof unknown
c parameters (nparm), in this case the diffusion coefficient,
c the relaxationconstant, and the fractioncontribution due to
c Fickian diffusion.

parameter(nobs_.32,nparm=3, Idr=nparm)
................................. dimension wk(1l*nparm+4), iwk(nparm)

real dfe, exampl, r(ldr,nparm),ssc, theta(nparm),
$ xdata(nobs), ydata(nobs),rparam(7), na

common/xydata/xdata, ydata
................................. external exaznpl, r21in,umach, wrrrn
c Read x-y data as time (hr)- penetrant uptake (g.)
c Write time in seconds and penetrant uptake as a fraction
c of the total penetrant uptake at infinite times
.................................. open(7,file='datafile')
................................. rewind (7)
c m is the penetrant uptake at infinite time (in grams)

m=0.1553
do 10 i=1,nobs
read(7,*)x, y
xdata(ii--x*3600
ydata(i)=y/rn

10 continue

c Open a file which will indicate the initial guesses for the
c three unknown constants (Diff. coeff., Relaxation constant,
c and the fraction constant due to ficldan diffusion)
................................. open(8,_e='guess')
............................... rewind(8)
................................. read(8,*) (theta(n),n---1,nparm)
................................. call umach (2, hour)
................................. iparam(1)=0
................................. ideriv----0
................................. call r21in (exampl, nparrn, ideriv, theta, r, ldr, irank, ,:

$ dfe, ssc, iparam, rparam, scale, iwk, wk)
................................. write (hOUr,*)'theta---',theta
................................. write (nout,*) 'irank=', iraak, 'dfe-', dfe, 'ssc=', ssc

, _,:'ite (no,at,*) 'iterations=' ,iparam(3),'ssc evals=' ,iparam(4)
................................. call wrrrn ('r', nparm, nparrn, r, ldr, o)

stop
................................. end
C
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............................... Subroutine cxampl (nparm, thcm, iopt, iobs, f'rq, wt, c, dc,
$ icnd)

................................. imcgcr nparm, iopL iobs, icnd

................................ .real thcm(nparm), f'rq, wt, ¢, dc(1)

................................. integer nobs

................................. parameter (nobs=32)

................................. real =dog, xdata(nobs), ydata(nobs), 1

................................. common/xydata/xdata, ydam

.................................inmnsicalog
' c Use thcBcrcns-Hopfcnbcrequation to determinethcthr_unknowns

C

.................................ff(lobs.lc.nobs)then
................................. wt= 1.0c0

................................. frq=1.0e0

................................. icnd:_)
I--0.0381

............................. c- ydata(iobs)- (thcta(2)* 4" (the ta( I )*xdata(iobs)/(3.141592654*
$ .......................... I*'2))**0.5 + (1-thcta(2))*(l-cxp(-them(3)*xdata(iobs))))

................................. CI_

icnd=l
................................. end if
. ,., ,.D),, o**. eo,.,***.*,.. _)H e, eo_n

................................. cnd
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c Thisprogramwillsimulatethcnomaahzcdpenetrantuptake,Mt/M.,
c asafunctionoftimefromequation(2.3I)giventhediffusion
c co¢_cicnt, therelaxation constant and the
c fractionalcontributionduetoFickiandiffusion.

pm-atmtca"(nffi34)
dimensionrx(n),yy(n)
realct,f,k,sum,fick,l,p

c Openadatafilecontainingtimcinseconds.
open(5,file-='datafile')

c OpenafiletostoretheresultsforMt/M, andtime.
open(8,fil_='x-ydata')
tewa(g)
rewind(5)

c d = Diffusioncoefficient(cre2/s).
d = 6.12c-09

c f=FractionalcontributionduetoFickiandiffusion.
f=0.88

c k = Relaxationconstant(s-I).
k = 3.79c-06

c I= Samplethickness (cna).
1= 0.0483
p = 3.141592654
do 100 j---1,n

................................. read (5,*) rx(j)
100 continue
do20i=l,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))/l**2)
diff = (sum + fick)- sum
err= I .Oe-82
if(diff.le.err) then

sum---sum+fick
................................. cise

sum=sum+fick
c=c+l

goto30
..@i_U.,f Otle_0010_O00*Q. *0001. _n_

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

20 continue

stop
end
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Appendix B

Equilibrium and Dynamic Penetrant Uptake Dam.

Microscopy Data.
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Equilibrium Uptake
Coal Type: PSOC 418

Penetrant: Acetone Vapor
Mass of Coal (dmmf), Mc: 10.8 mg

Temperature: 35°C

t/l2 (hlcm 2 X 10-3) Mt/Mc (g/g)

0.00_ 0.0000
2.5640 0.1760
6.4050 0.1020

18.2550 0.1X)_
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), Me: I5.I mg

Temperature: 35°C
b

til2 (h/cre2 X 10-3) Mt/Mc (g/g)

0.0000 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), Mc: 13.3 tag

Temperature: 35°C 4

til2 (hlern 2 X 10-3) Mt/Mc (g/g)

0.0000 0.0000
0.9560 0.1053
2.3920 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), Mc: 6.7 mg

Temperature: 35°C

t/l2 (h/cm 2 X 10-3) Mt Mc (g/g)

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: Tolucnc Vapor
.Mass of Coal (dmmf), Mc" 11.2 mg

Tcmperatm_: 35°C
+

t/12(h/cre2 X 10-3) Mt/Mc (g/g)

O.(XXX) 0.0000
2.5130 O.O(X)O
5.3820 0.0714

15.6080 0.0804
21.5280 0.0804
25.8340 0.0714
31.2160 0.0982
42.5190 0.1070
47.3630 0.1340
54.0900 0.0536
71.0440 0.1160
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EquilibriumUptake
CoalType:PSOC 418

Penetrant:MothyleneChlorideVapor
MassofCoal(dmmf),Mc: 10.6mg

Temperature: 35°C

" t/l2 (h/cre2X 10-3) Mt/Mc (g/_)

0.0000 O.O0(X)
1.3770 0.7075
3.4430 0.7358
9.8140 0.5470
13.7740 0.5189
16.5290 0.6890
19.9700 0.6130
27.2030 0.5090
30.3030 0.5940
34.6070 0.5940
45.4550 0.5940
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Equilibrium Uptake
Coal Type: PSOC 853

Penetrant: Acetonc Vapor
Mass of Coal (dmmf), Mc: 58.3 mg

Temperature: 35°C

t/l 2 (h/cm2X 10-3) Mt/Mc (g/g)

0.0000 0.0000
0.1938 0.0952
0.4840 0.0278
1.3810 0.0469
1.9380 0.0688
2.3250 0.0717
2.8100 0.0791
3.8270 0.0805
4.2630 0.0747
4.8690 0.0805
6.3950 0.0805
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EquilibriumUptake
CoalType:PSOC 853

Penetrant:CyclohexaneVapor
MassofCoal(dmmf),Me"42.4mg

Temperature:35°C

t/l2 (hlcm 2 X 10-3) Mt/Mc (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), Mc" 15.5 mg

Temperature:35°C

t/I2 (h/cre2X 10-3) Mt/Mc (g/g)

o.oooo o.oooo
1.3770 0.1_06
3.4440 0.1097
9.8140 0.1032
13.7740 0.1161
16.5290 0.0774
19.9720 0.1484
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EquilibriumUptake
CoalT.v_:PSOC 853

Pcnctrant:MethylEthylKctoncVapor
MassoxCoal(dmmf),/vl,"38.0mg

Tempcr'amrc: 35°C

• t/l2 (h/cm2 X 10-3) Mt/Mc (g/g)

0.CO00 0.0000
0.2030 0. ! ;20
0.5090 0.0526
1.4520 0.1450
2.0_80 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

Pcn_want: Toluene Vapor
Mass of Coal (dnm_, Mc: 7.5 mg

Temperature:35°C
d

dl2 (h/cre2X 10-3) Mt/Mc (g/g)

O.OOf'_ 0.0000
0.9560 0.:3570
2.3920 0.4380
6o8180 0.4830
9.5690 0.4380
11.4830 0.5340
13.8760 0.4940
18.9(XX) 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:AcetoneVapor
MassofCoal(dnm_, Mc: 10.8mg

Temperature: 35°C

t/l2 (h/cre 2 X 10-3) Mt/Mc (g/g)

0.0C90 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

i

- 189-.



Equilibrium Uptake
Coal Type: PSOC 384

Penetrant: Cyclohexane Vapor
Mass of Coal (dmmf), Mc"46.5 mg

Tcm_: 35°C

t/l2(h/cre2X 10-3) Mt/IV_(g/g)

0.0000 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
18.90_ 0.0409
21.0530 0.0430
24.0430 0.0323
31.5790 0.0452
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Equilibrium Uptake
Coal Type: PSOC 384

Penen'_nt: Methanol Vapor
Mass of Coal (dmmf), Mc: 81.7 mg

Temperature: 35°C

tri2 (h/cre2 X 10-3) Mt/Mc (g/g)

0.0000 0.0000
0.3690 0.0416
0.9120 0.0122
2.6260 0.0122
3.6860 0.01,$7
4.4230 0.0098
5.3470 0.0220
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F_luilibrium I.Jptakc
Coal Type: PSOC 384

Pcncwant: Methyl Ethyl Kcton¢ Vapor
Mass of Coal (dmmf), Mc" 29.0 mg

Tcm_ramrc: 35°C

til2 (h/cre2 X 10-3) Mt/Mc (g/g)

0.0000 0.0000
15810 0.0310
3.9,530 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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Equilibrium Uptake
Coal Typc: PSOC 384

Pencmmt: Toluene Vapor
Mass of Coal (dmmf), Mc"8.3 mg

Tcmperaur_: 35°C

r/12(h/cm2 X 10-3) Mt/Mc (g/g)

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 (dnmff), Mc: 14.4 mg

Tcml_rature: 35°C

t/l2 (h/era2 X 10-3) Mt/M_ (g/g)

0.o000 0.0ooo
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), Mc: 10.2 mg

Temtmratur_: 35°C

" t/l 2 (h/cre 2 X 10-3) Mt/Me (g/g)

0.5667 0.9418
1.1340 0.8630
1.7000 0.9110
2.2670 0.9863
2.8360 1.0205
4.5360 0.9110
6.2360 0.9897

10.7710 0.9315
12.3300 0.9486
15.0220 1.0000
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EquilibriumUptake
CoalType:PSOC 853

Penetrant:MethyleneChlorideVapor
Mass of Coal (dmmf), Me" 6.3 mg

Temperature: 35°C
v

til2 (h/cre 2 X 10-3) Mt/Ivlc (g/g)

1.1560 0.7620
2.2670 0.9680
3.3870 1.0800

-' 4.4890 1.0300
5.6(XX) 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

Pvnewant: Methylene Chloride Vapor
Mass of Coal (dmmf), Mc"9.4 mg

Temperature:35°C

w

til2 (h/crn2 X 10-3) Mt/Mc (g/g)

2.4490 0.4680
4.7170 0.6170
6.9840 0.6280
9.2520 0,7450

11.5190 0.6380
18.3220 0.5420
43.2650 0.6170
49.5010 0.6280
60.2720 0.6170
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Eq, _ibrium Uptake
Coal I'ype: PSOC 312

Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), Mc: 16.9 mg

Temperature: 35°C

u

'_ t/l2 (h/cre2 X 10-3) Mt/Me (g/g)

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
q.4420 0.4730

10.8000 0.4790
13.1450 0.4910
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EquilibriumUptake
CoalType:PSOC 341

Penetrant:MethyleneChlorideVapor
MassofCoal(dmmf),Mc: 10.5mg

Temperature:35°C

" t/l2 (h/cre 2 X 10-3) Mt/Mc (g/g)

7,.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 Typ,: PSOC 247

Penetrant: Methylene Chloride Vapor
Mass of Coal (dmmf), Mc: 3.8 mg

Temperature: 35°C
v

t/I2 (h/cre2X 10-3) Mt/Mc (g/g)

2.1280 3.8400
3.7280 3.8600
5.3280 3.^gO0
6.9280 2,,',100
8.5280 2.9200

13.3280 1.2100
18.1280 1.2100
30.9280 1.2100
35.3120 1.4700
42.9120 1.5800

\
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Equilibrium Uptake in PMMA
Crosslinldng I_gn_: 1.0 wt%

Pcnctrant: Methylene Chloride Vapor
Mass of Crossiink_ PMMA, Mc"13.6 mg

Tcmperanm::35°C

r/l2 (/t/cre2 X 10-3) Mt/Mc (g/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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Equilibritan Up,ake in FMMA
Crosslinking Degree: 2.0 w,'%

Penetrant: Methylene Chloride Vat,.',r
Mass of Crosslinked PMMA, Mc: 14.4 mg

Tempetmure: 35°C

p

t/l2 (IVcm2 X 10-3) Mt/Me (g/g)

2.2680 1.9100
4.5350 1.7500
6.8020 1.8500
9.0700 2.0f_
11.3370 2.0700
18.1410 1.8500
24.9430 2.0100
43.0840 1.8900
49.3190 1.9200
60.0900 2.0200
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Equilibrium Uptake in PMMA
Crosslinking Degr_;: 5.0 wt%

Peneu'ant: Methylene Chloride Vapor
Mass of Crosslinkexi PMMA, IriS" 16.4 mg

Temperature:35°C
t

til2 (h/cre2 X 10-3) Mt/Mc (g/g)

1.6000 1.5200
3.2000 1.4600
4.8000 1.5200
6.4000 1.6000
8.0000 1.6900

12,_000 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 p.m
Mass of Coal (dmmf),Mc: 5.47mg

Treatment Tcmpmature: 35°C

Time(ht) Mc(g) Time(ht) Mc(g)

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 0.156,0,
0.3333 0.0,0,55 18.000 0.1582
0.5000 0.0,0,91 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 0.0655
1.3333 0.0709
1.5000 0.0764
ZOO(K) 0.0800
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 0.1164
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 }Jan
• Mass of Coal (dmmf), Mc: 8.17 mg

Treatment Temperature: 35°C

Time(hr) Mc(g)

0.0333 0.0145
0.0667 0.0236
0.1000 0.0291
0.1333 0.0400
0.2000 0.0455
0.2667 0.0527

0.3333 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

o 15.000 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
Penvtrant Activity < 0.04

Sample Thickness: 381 gm
Mass of Coal (dmmf), M," 5.73 mg

Treatment Tcmpcratur¢: 35°C

Time(ht) Mc(g)

0.0333 0.0093
0.2667 0.0139
0.3333 0.0186
0.5000 0.0186
0.6667 0.0279
1.0000 0.0279
1.50000.0325
2.0000 0.0418
3.00000.0465
4.0000 0.0558
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Dynamic Uptake
Coal Type: PSOC 853

Penetrant: Pyridine Vapor
Penetrant Activity < 0.04

Sample Thickness: 406
, Mass of Coal (dmmf), Me: 4.52 mg
' Treatment Temperature: 35°C

Time (hr) Me (g) Time (hr) Me (g)

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 O.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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DynamicUptake
CoalType:PSOC 791

Penetrant:PyridineVapor
PenetrantActivity< 0.04

SampleThickness:432 _rn
MassofCoal(dmmf),Mc:5.71mg

TreatmentTemperature:100°C

Time(hr)Mc (g)

0.0333 0.0327
0.0667 0.04(X)
0.10000.0436
0.1300 0.0473
0.20OO 0.0545
0.2667 0.0655
0.3333 0.0709
0.5000 0.0982
0.6667 O.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 0.240O
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 _tm
. Mass of Coal (dmmt3,/vi<:+:8.90 mg

Treatment Temperataa'e:100°C

Time(ht) Mc(g) Time(ht) M_(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
1.33330.0945
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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DynamicUptake
CoalTypc:PSOC 312

Penetrant:PyridineVapor
PcnctrantActivity< 0.04

Saraplc Thickness: 229 tun
Mass of Coal (dmmf), lVlc:4.36 mg

Treatment Tempc-ratm_: 100° C

Time (ht) Mc (g)

0.0333 0.0218
0.0667 0.0273
0.I000 0.0327
0.13330.0382
0.2667 0.0473
0.4333 0.0582
1.0000 0.0764
3.0000 0.0855
4.0OOO 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
16.0000.1455
18.000 0.1495
19.0000.1503
20.000 0.1509
21.000 O.1636
23.000 0.1745
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Dynamic Uptake
Coal Type: PSOC 853

Pvnewam: P_dine Vapor
Penetrant AcdvitT < 0.04

SampleThickness:406 ttm
, Mass of Coal (dmmf), Mc: 5.84 mg

Treatment Temperature: 100° C

rime(ht) (g)

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
4.00(X) 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
,iv
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DynamicUptake
CoalType:PSOC 791

Penetrant:PyridineVapor
PenetrantActivity< 0.04

Sample Thickness:457 _ttn
Mass of Coal (dmmf), Mc: 7.34 mg

Treatment Temperature: 150°C

Time(ht) Mc(g) Time(ht) Mc(g)

i

0.0333 0.03.64 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
0.2000 0.0691 20.000 0.3455
0.26,57 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
3.00000.2218
4.0000 0.2491
5.00000.2655
6.00000.2782
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 Uptak_
Coal Type: PSOC 247

Penetrant: Pyridine Vapor
Penetrant Activity < 0.04

SampleThickness:406 I.u'n
. Mass of Coal (dmmf), Mc" 5.26 mg

Treatment Temperature: 150°C

Time (ht) Mc (g) Time (hr) Me (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. i145
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
6.00000.2036
7.0000 0.2073
8.0000 0.2127
9.0000 0.2164
10.000 13.2245
11.000 0.2382
12.000 0.2455
13.000 0.2691

,b

14.000 (}.2873
15.000 0.2909
16.000 0.2945

q
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/ Dynamic Uptake
/' Coal Type: PSOC 312
/

Penewant: Pyridine Vapor
/ Penetrant Activity < 0.04

Sample Thickness: 432 Ian
Mass of Coal (dmmf), Me: 5.45 mg

' Treatment Temperature: 150°C
/

0.0333 0.0109
0.0667 0.0164
0.I000 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 O.0909
I0.000 0.0o_5
11.000 G.I055
12.000 0.1091
13.000 0.1200
14.000 0.1309
15.000 0.1345
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DynamicUptake
CoalType:PSOC 853

Penetrant:PyridineVapor
PenetrantActivity< 0.04

San_l¢ Thickness: 254 gm
• Mass of Coal (dmmf), Mc: 4.03 mg

'TreatmentTemperature: 150° C

Time (ht) Mc (g) Time. (;u') Mc (g)

0.0333 0.0036 16.000 O.1418
0.0667 0.0127 17.000 0.1418
0.1000 0.0182 18.000 0.1418
0.2000 0.0254 19.000 0.1418
0.3333 0.0291 20.000 O.1418
0.5000 0.0327
0.6667 0.0400
0.8333 0.0436
1.0000 0.0509
1.1667 0.0564
1.3333 0.0655
1.5000 0.0727
2.0000 0.0764
3.0000 0.0945
4.0000 0.1091
5.0000 0.1164
6.00000.1236
7.00000.1291
8.00000.1382
9.0000 0.1418
I0.0000.1418
l1.0000.1418

12.0000.1418
13.0000.1418

,, 14.000 0.1418
15.000 0.141_



Dynamic Upmkc
Coal Type: PSOC 791

,Penoumlt: DMF Vapor
Penetrant Activity < 0.04

Sample Thickness: 356 tan
Mass of Coal (dmmf), lV_: 8.60 mg

Tre.atmentTc.mlm'aturc:35°C

Time (hr) Mc (g) Time (iu') Mc (g)

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 0.3351
2.9999 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 },tan

• Mass of Coal (dmmf), Mc: 4.49 mg
Treatment Tcmaptwamre:35°C

Time (ht) Mc (Z)

0.0333 0.0359
0.0667 0.0431
0.1000 0.0538
0.1666 0.O758
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 Tyl_: PSOC 312
Penetrant: DMF Vapor

Penetrant Activity < 0.04
SampleThickness:229 _m

Mass of Coal (dmmf), Mc: 5.83 mg
Treatment Temperature:35°C

Time (itr) Me (g)

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
0 6666 0.0827
0.8333 0.0903
0.9999 0.0903

1.1666 0.1008
1.5000 O.1008
1.9999 O.1154
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Dynamic Uptake
Coal Typc: PSOC 853
Pcncn'ant: DMF Vapor

Penetrant Activity < 0.04
SampleThickness:254jam

MassofCoal(dmmf),Mc: 6.75mg

" Treatment Tcmpcramm: 35°C

Time (hr) Mc (g)

0.1333 0.01080
0.2666 0.01822
0.5999 0.03982
0.9999 0.04387
1.9999 0.05460
2.9999 0.06200
3.9999 0.07620
4.9999 0.08030
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Dynamic Uptake
Coal Type: PSOC 791
Penetrant: DMF Vapor

Penetrant Activity < 0.04
Sample Thickness: 279 grn

Mass of Coal (dmmf), Mc: 4.92 mg
Treatment Temperature: 100°C

Time (ttr) Me (g)

0.0333 0.0400
0.0667 0.0618
0.1000 0.0836
0.1333 0.0927
0.2000 0.1091
0.266,7 0.1200
0.3333 0.1382
0.4333 0.1491
0.5O00 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
6.0(K_ 0.2655
7.0000 0.2691
8.0(0 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
SampleThickness:101 gm

MassofCoal(dmmf),Mc:2.06mg

Treatment Temperature:I00° C

Time (hr) Mc (g)

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 0.03_9
0.6000 0.0385
0.6667 0.0¢'04
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 TYl_: PSOC 312
Penetrant: DMF Vapor

Penetrant Activity < 0.04
Sample Thickness: 381 pm

Mass of Coal (dmmf), Mc: 6.35 mg
Treatment Temperature: 100°C

Time(ht) Mc(g) (ht) Mc(g)

0.0333 0.0025 17000 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 O.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 0.1,097
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.t300 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 gm

. Mass of Coal (dmmf), Mc: 5.36 mg
Treatment T_mtgcatur¢: 100° C

Time(ht) Mc(g) Time(ht) 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
SampleThickness:254 Ian

Mass of Coal (dmmf), Mc: 2.09 mg
Tre.atmcntTemperatu_: 15{3°C

Time(br) Mc(S) Time(hr) M, (g)

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 0.04 15
0.9333 0.0433
1.0000 O.0440
1.1667 0.0451
1.3333 0.0462
1.5000 0.0476
2.0000 0.0491
3.0000 0.0516
4.00(X) 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: DIVlFVapor

Penetrant Activity < 0.04
Sarnplc Thickness: 330 }.un

. Mass of Coal (dramf), lVic:2.93 mg
Treatment Tempe_tur_: 150°C

Time (hr) Me (g) Time (hr) Me (g)

J 0.0333 0.0055 9.0(X_ 0.1102
0.0667 0.0105 10.000 0.1138
0.1000 0.0142 11+000 0.1167
0.1333 0.0178 12.000 0.1193
0.1667 0.0193 13.000 0.1218
0.2000 0.0211 14.0000.1240
0.2333 0.0229 15.000 0.1255
0.2667 0.0244 16.000 O.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 0.06,*7
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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DynamicUptake
CoalType:PSOC 312
Penetrant:DMF Vapor

PenetrantActivity< 0.04
SampleThickness:254$m_

MassofCoal(dmmf),IVlc:3.73mg

Tr_,atn_ntTe_tu_: 150°C

Time(hr)_ (g) Time(hr)Mc (g)

0.03330.0033 3.5000 0.0571
0.0667 0.0042 4.0000 0.0589
0.1000 0.0047 5.00000,0636
0.1333 0.0058 6.00000.0658

0.1667 0.0069 7.00000.0673
0.2000 0.0080 8.00000.0687
0.2300 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
0.73330.0196
0.8000 0.0211
0.9000 0.0222
1.00000.0236
1.1667 0.0247
1.3333 0.0273
1.50000.0291
1.66670.0313
1.83330.0327
2.0000 0.0336
2.1667 0.0345
2.5000 0.0360
2.66670.0382
2.8333 0.0433
3.0000 0.0513
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DynamicUp c
Coal Type: PSOC 853
Penetrant: DMF Vapor

Pcn(;trant Activity < 0.04
Sample Thickness: 229 )an

• Mass of (.oal (dmmf), Me: 5.80 mg
Treatment T_-mperature:150°C

Time (ht) Mc (g)

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 0 0095
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 0.0491
8.0000 0.0505
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Dynamic Uptake
Coal Type: PSOC 791

Penetrant: Chloroform Vapor
Penetrant Activity,=0.04

SampleThickness:229 gm
Mass of Coal (dmmf), 1_: 2.26 mg

Treatment Temperature: 35°C

Time (br) Mc (g),Time (hr) Mc (g)

0.0333 0.0036 5.0000 0.0884
0.0667 0.0069 6.0000 0.0920
0.1000 0.0102 7.0000 0.0935
0.1333 0.0127 8.0000 0.0978
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 O.0404
0.6667 0.0425
0.7667 0.0449
0.8333 0.0464
1.0000 0.0478
1.1667 0.0498
1.3333 0.0518
1.5000 0.0531
2.0(XX) 0.0560
3.0000 0.0611
4.0000 0.0669
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Dynamic Uptake
Coal Type: PSOC 247

Pencu-ant:Chloroform Vapor
Pcncu'antActivity = 0.04

Sample Thickness: 229 _tm
- Mass of Coal (dmmf), Mc: 3.11 mg

Tre.mmentTemperature: 35°C

Time (hr') Mc (g) Time (br) Iv,.,(g)
+

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
0.2333 0.0193
0.2667 0.0216
0.3000 0.0236
0.3333 0.0265
0.3667 0.0280
0.40130 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.OOO0 0.0578
1.1667 0.0624
1.3333 0.0658
1.5000 0.0727
2.0000 0.0815

. 3.00(_0.0982
4.0000 0.1113
5.0000 0.1185

. 6.0000 0.1224

- - 229 --



Dynamic Uptake
CoM Type: PSOC 312

Penetrant: Chloroform Vapor
Penetrant Activity = 0.04

SampleThickness:381 IJ.m
Mass of Coal (dmmf), M,: 4.51 mg

Trtammnt Tempctatme: 35°C

T_ (itr) Mc (g)

1.0000 0.01020
2.0000 0.01890
3.OO0O 0.024O0
4.0000 0.03310
5.O000 0.O4510
6.0000 0.05160
10000 0.06O4O
11.000 0.06622
12.000 0.07958
13.000 0.09753

14.000 O.12440
15.000 0.15530
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DynamicUptake
CoalType:PSOC 853

P_netrant:ChloroformVapor
PenetrantActivity= 0.04
SampleThickness:229}xm

, MassofCoal(dmmf),Mc: 2.99mg
TreatmentTempe_ture:35°C

Timt (ht) Mc (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.OOOO 0.0345

- 231 -



Dynamic Uptake
Coal Type: PSOC 791

Penetrant: Chloroform Vapor
Penetrant Activity = 0.04

Sample Thickness: 229 _a
Mass of Coil (dmmf), Mc: 1.57 mg

Treatment Tempe:rattan: 100°C

Time (ht) Mc (g) Time (hr) Mc (g)

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
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DynamicUptake
CoalType:PSOC 247

Penetrant:ChloroformVapor
PenetrantActivity= 0.04

Sample Thickness:203 IJ.m
Mass of Cold (dmmf), Mc: 1.7"/mg

° Treatment Temperature: 100°C

Time(br) Mc(g)

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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DynamicUptakc
CoalType:PSOC 312

Penetrant:ChloroformVapor

PenetrantActivity= 0.04

SampleThickness:254psn
Mass of Coal (dmmf), Mc: 2.88 mg

Tre,annent Tem_ratum: 100° C

Time (Iu') Mc (g)

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 IJzn
• Mass of Coal (dmmf), Mc::3.11 mg

Treatment Temperature: 100° C

Time (ht) Me (g) Time (ht) Me (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.f

7.0000 0.0873
8.0000 0.0909
9.0000 0.0956

- 235 -



Dynamic Uptakc
Coal Tytm: PSOC 791

Pcnemmt: Chloroform Vapor
Penetrant Activity = 0.04
San_Ic Thickness: 356 lJ.m

Mass of Coal (dmmt3, Me: 3.11 mg
Treatment Temperature: 150°C '

Time(ht) Mc(g) Time(ht) M,,(&)

0.0333 0.0076 11.000 0.1276
0.0667 0.0113 12.000 0.1298
0.10000.0149
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 12,0502
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 Thiclmcss:178 _ma
Massof Coal (dmmf), Mc: 1.70 mg

• Treatment Temperature: 150° C

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

,i
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Dynamic Uptake
Coal Tyl_: PSOC 853

l_newant: Chloroform Vapor
Penetrant Activity = 0.04

Sample Thickncss: 203 _m
Mass of Coal (dmmf), Mc: 3.44 mg

Treatment Temperature: 150°C

Tbnt (_') Mc (8)

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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MicroscopyStudics
CoalType:PSOC 853
Penetrant:DMF liquid

SampleThickness:7.6 pna
Tcmpcraun'¢:25°C

t

Time (rain) Transition Layer thickness Time (rain) Transition Layer thickness

0.5333 114.7680 12.733 564.5151
0.8500 !47.7638 13.216 578.8611
1.1500 183.6288
1.6166 210.1689
1.8500 225.9495
2.1000 243.1647
2.3000 259.6626
2.5333 276.8779
2.8500 287.6375
3.0666 304.1353
3.4333 314.1775
3.8333 345.7385
4.1166 360.8020
4.3666 368.6921
4.7333 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 _,61.2239
9.7000 473.4180
10.100 480.591.1

, 10.566 494.9370
11.066 509.2830
11.500 516.4561
12.150 537.9751
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lVlicroscopyStudies
Coal Type: PSOC 853
Penetrant: DMF liquid

Sample Thickness: 7.6
Tcmpcrat_-c: 25°C

$
, ,

t

Time (rain) Distance (IJ,m) Time (rain) Distance (tam)

0.5333 114.7680 10.100 480.5911
0.8500 147.7638 10.566 494.9370
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 13.916 599.6628
3.0666 304.1353 14.666 606.8359
3.4333 314.1775 15.333 626.2029
3.8333 345.7385 16.500 632.6587
4.1166 360.8020 17.000 638.3970
4.3666 368.6921 17.533 644.8528
43333 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 4!.000 985.5703
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
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Microscopy Studies
Coal Type: PSOC 853
Penetrant: DlVIFliquid

Sample Thickness: 7,6 _m
TcmIm'ature: 40°C

Time (rain) Distance(lain) Time (rain) Distance (gm)

0.2666 71.73001 23.666 1197.891
0.8333 114.7680 24.483 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.!00 1327.005

' 3.5000 308.4390 30.833 1334.178
4.3333 358.6499
4.6666 380.1,589
5.1666 401.6880
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

, 9,4166 688.6082
10.416 717.3000
10.883 738.8191
11.500 774.6841
12.133 789.0300
13.000 824.8950
13.916 875.1060
14.416 932.4900
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 Typ=: PSOC 853
Peneu"ant:DMF liquid

Sample Thickness: 7.6 Jan
Tom.rarer=: ?0°C

Time (rain) Distance (_m)

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 I.un
Tcmperann_: I00° C

' Time(rain)Distance(la'n)

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 691.4773
2.6333 770.3801
3.1333 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 1578.0613
7.4833 1626.836
8.0000 1661.267
9.0000 1699.284
9.7833 1740.887
I0.650 1783.925
11.500 1875.740
12.416 1908.018
13.266 1976.879
13.800 2000,.549
15.000 2026.373
15.783 2054.346
16.916 2067.258

" 18.500 2085.191
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Microscopy Studies
Coal Type: PSOC 312
Peneu'ant: DM/: Liquid

Sample Thickness: 7.6 pm
Temperature:2._C

I

Time(rain)Distance($_rn)Time(rain)Distance(Wn)

1.0333 206.5824 18.466 I140.507
1.3500 329.2407 19.500 I183.545
1.5833 364.3884 20.149 1240.929
1.9833 424.6416 21.000 1291.140
2.2666 469o8315 22.000 1319.832
2.5500 498.5234 23.433 1341.351
2.9166 534.3884 25.800 1362.870
3.1833 564.5151 26.649 1398.735
3.7500 578.1438 28.133 1434.600
4.1000 615.4434 29.266 1470.465
4.8166 648.4392 31.333 1527.849
5.2333 697.2156 33.850 1578.060
5.5833 711.5615 35.383 1628.271
5.8833 743.1228 38.416 1671.309
6.2666 763.9246 47.000 1793.250
6.7833 773.9668
7.2000 778.2705
7.7666 781.1396

8.3000 791.1819
8.9333 812.7009
9.6000 831.3506
10.283 844.9795
I1.383 893.0386
11.816 907.3845
12.26_ 929.6208
13.566 964.0513
14.250 991.3086
15.016 1037.216
15.833 1057.300
16.649 1083.123
17.417 IIII.815



Microscopy Studies
Coal Type: PSOC 247
Penetrant: DMF liquid

Sample Thickness: 7.6 _un
Teml:_'atu_: 25°C

Time (rain) Distance (lain)

0.6500 256.7935
1.1500 430.3801
1.5333 497.8062
1.8333 506.4138
3.2166 542.9961
3.8833 591.7725
4.7166 619.0300
6.8333 626.9202
7.2833 643.4182
8.9166 652.7429
10.400 670.6755
11.783 681.4351
13.650 685.7388
15.166 685.7388
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Microscopy Studics
Coal Type: PSOC 853

Pcncu-ant: Chloroform liquid
Sample Thickncss: 7.6 pm

Tcm_: 25°C

+Time(rain) Distance (pm)

0.2666 253.2069
0.4833 296.9622
0.7166 352.9116
0.9 !66 387.3420
1.8500 405.2744
2.15013 438.9875
3.0666 459.7893
3.3166 495.6543
4.3333 533.6711
5.0166 605.4011
5.6000 648.4392
5.9500 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
18.916 1147.680
19.616 1183.545
20.700 1212.237
22.683 1226.583
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Microscopy Studies
Coal Type: PSOC 853

Pencwant: Methylene Chloride liquid
Sample Thickness: 7.6 _.m

Temperature: ?.S°C

Time (rain) Distance (lain)

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 I.tm
Tcrnl_ratu_: 25°C

Time (rain) Distance (la.m)

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
3.2166 306.2871
3.4500 319.9158
3.7333 330.6753
4.0000 340.0002
4.3500 348.6079
4.5500 358.6499
4.9333 378.7344
5.2333 391.6458
8.8666 413.8821
5.9166 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 Thick'hess:7.6 gm

Temperature: 2.5° C
b

Time (rain) Distance (I.tm)

0.9166 100.4220
, 1.1333 141.3081

1.3333 167.1309
1.6666 201.5613
1.8333 222.3630
2.0500 251.7724
2.2500 275.4431
2.5500 297.6794
2.8000 314.1775
2.9666 332.8271
3.5000 347.8906
3.9666 360.0847
4.3166 372.9961
4.9833 380.1689
5.4166 393.7976
5.7333 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

J
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