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PROJECTASSESSMENT

Introduction

. Under subcontract from CONSOLInc. (U.S. DOE Contract No. DE-AC22-

89PC89883), The University of Utah applted the technique of lZC-nuclear

. magnetic resonance (NHR) spectrometry to the analysis of selected, direct

coal liquefaction-derived materials. The full report authored by the

Untver.sity of Utah researchers is presented here. The following

assessment briefly highlights the major findings of the project, and

• describes the application of I:sC-NMRto provide information on the complex

chemistry inherent tn the conversion of coal to ltqutd products. These

results wtll be incorporated by CONSOLinto a general overview of the

application of novel analytical techniques to coal-derived materials and

the potential tmpact of the use of these methodson process economics at
the conclusion of this contract.

Summ_rv

This study was designed to apply lZC-nuclear magnettc resonance (NMR)

spectrometry to the analysis of direct coal liquefaction process-stream

materials, lzC-NMRwas shownto have a high potential for application to
1

direct coal liquefaction-derived samples tn Phase II of this program.

• In this Phase 11! project, 13C-NHRwas applied to a set of samplesderived

from the HR! Inc. bench-scale liquefaction Run CC-15. The samples

include the feed coal, net products and intermediate streams from three

operating periods of the run. High-resolution lzC-NMRdata were obtained

for the liquid samples and solid-state CP/HASlzC-NMRdata were obtained

for the coal and filter-cake samples. The lzC-NMRtechnique is used to

derive a set of twelve carbon structuralparameters for each sample

(CONSOLTable A). Averagemolecularstructuraldescriptorscan then be

derivedfrom these parameters(CONSOLTable B).

ProqramDescription

" This reportdescribesthe work performedat the Universityof Utah under

a subcontractfrom CONSOLInc.,Researchand Development.CONSOL'sprime

" contract to the U.S. Department of Energy (Contract No. DE-AC22-

89PC89883, "Coal Liquefaction Process Streams Characterizationand

Evaluation")establisheda program for the analysis of direct coal

i

.... IT']l
i i n



liquefaction derived materials• The program involves a number of

participating organizations whose analytical expertise is being applied

to these materials. The broad objective of this Participants Program is
to improve our understanding of fundamental coal liquefaction chemistry

to facilitate process improvement and new process development. The

specific approach to achieving this objective is to provide a bridge

between direct coal liquefaction process development and analytical

chemtstry bydemonstrattng the application of various advancedanalytical

methods to coal liquefaction materials. The _ethodologies (or tech-

niques) of interest are those which are novel in their application for

the support of coal ltq_Jefaction and those which have not been fully

demonstrated in this application. CONSOLis providing well-documented

samples from different direct coal liquefaction production facilities to

the program participants. The participants are required to interpret

their analytical data incontext to the processing conditions under which

the samples were generated. The methodology employed then is evaluated

for tts usefulness in analyzing direct coal liquefaction derived

mateYtals. Methods which demcnstrate high potential for analysis of

process stream samples and provide information which is potentially

useful for process design or operation (thus, those which have the

potential _or immediate impact on process economics) are further tested

by _ppltcation to a comprehensive set of process-derived materials.

ParttctDaqt's Meth_Q!_y

The University of Utah used 13C-NMRspectrometry to analyze one coal

sample and a set of 12 process-stream samples from the HRI Inc. bench

unit Run CC-15 (also knownas HRI Run 227-75). The samples included the

feed coal and the major products and intermediate process streams from

three run conditions (2, 3, and 4) which include run periods 8, 11,

and 14, respectively. Three samples are filtered process liquids (PFLs);

three samples are viscous process streams, designated "Interstage',

obtained from the first-stage internal recycle loop that contain ash and Q

insolubleorganicmaterial(TOM);three samplesare pressurefiltercakes

(PFCs)which contain approximately50% ash and IOM; three samples are

light distillates,producedby blendingthe atmosphericstill overhead

(ASOH)and separatoroverhead(SOH)materials;and one sampleis the feed

coal for Run CC-15, Wyodak and Anderson seam, Black Thunder mine,
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subbitumtnous coal. The thirteen samples were supplted to Utah with the

following analytical information, as available: elemental analyses, ash

content, ash elemental analysis, phenolic-OH concentration, calorific

. value, and hydrogen classes by 1H-NHR.... .

High-resolution 13C-NHRspectra were obtained for the liquid samples

(using inversion-recovery and quantitative techniques) and solid-state

cross-polarization/magic angle spinning (CP/HAS) I)C-NHR spectra were

obtained for the coal and filter-cake sample. Bloch decay experiments

were attempted on one filter-cake sample. Dtstortionless-enhanced proton

transfer (DEPT) 15C-NHRandquantitative 1H-NHRspectra also were obtained

for one l tqutd sample. The 13C-NHRspectrometry experimental procedures

are described on pages 2-3 and 22-26 of the attached report.

Parttc4Dant's RaLiorFtndtnas

The following principalobservationsfrom the applicationof 13C-NHR

spectrometryto coal liquefactionmaterialswere reportedby Utah. An

expandeddiscussioncan be found in the attachedreport,pages 3-8 and

_ages 26-27(Appendix I).
t

The molecularstructuralinformation,obtainedfromhigh resolution_3C-

NHR studieson the nine liquidsamples,was usedto identifythree major

structuralreactions;ring protonatlon,ring openingand ring deal_la-

tion. The aromatlcltyof the samples,degree of substitution,and the

length of side chains for samplesobtainedfrom differentlocationsin

the liquefactionplant was obtained from the _3C-NHRspectra and the

derivedparameters.

Analyses of the PFC samples proved to be problematic. These solid

samples, under the conditions of the cross polarization (CP) analysis,

released an oily component which could not be contained in the rotor

spinning at 4100 Hz. This non-solid component could not be quantita-

• tively detected in the CP experiment because of the occurrence of

motional averaging of the dipolar interaction required for polarization.

In a Bloch decay experiment on a single sample (Ref. No. 11) it was

determined that this oily componentof the PFCsample wasmore aliphatic

in character than the remaining solid material. However, in the Bloch
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decay experiment there was a broad probe background which could not be

suppressed. Because of the problems associated with the presence of the

oily component in the PFC samples, 13C-NHRdata obtatned on the PFC

samples should be used only for qualitative purposes.

A low signal in the NMRspectral region associated with bridgehead carbon

for the ASOH/SOHsamples, led to the assumption that these materials

contain structures with, on average, only one 6-memberedaromatic ring.

However, the average cluster size of the PFLand interstage samples (8-12

aromatic carbons per 100 carbons) is only slightly smaller than that of

the starttng coal (13 aromatic carbons per 100 carbons).

The carbon aromattctty (Fro') of the PFL samples Increased as the run
proceeded, presumably due to second-stage catalyst aging. The carbon

aromattcity of the fnterstage samples increased sltghtly in the later run

periods; Although the samples are sltghtly Bore aromatic, the ring

carbons in the Jnterstage samples are more protonated in the later run

periods, indicating an increasing degree of hydrogenation. The PFL

samples, while more aromatic in run period 11 (Ref. No. 6) than in run

period 8 (Ref. No. 2) showa lower degree of aromatic carbon hydrogena-

tion (F,"/F,') in run period 11. This may indicate that in the absence
of the dispersed Iron oxtde catalyst (run period 11) condensation

reactions were more prominent in the second stage at the expense of

hydrogenation reactions. The interstage samples show the reverse

behavior in the percent of protonated aromatic C. In run period 11, they

have a higher Fm"/F,' than in run period 8, indicating that in the absence
of the iron oxide catalyst side chains are cleaved, the size of the

clusters decreases, the numberof aromatic carbons per cluster decreases,

and hydrogenation of the ring occurs.

The number of carbons per side chain for the interstage samples is

similar to the starting coal (on the order of two). The PFL samples

early in the run (period 8) show a large increase from the feed coal in

the number of carbons per side chain, which may be indicative of ring

openingreactions. In later run periodsthis value was lower,possibly

as a resultof decreasingsecond-stagecatalystactivity. The long side

chainson the ASOH/SOHsamples(5.0±0.5, 4.5 ±0.4, and 6.0 +0.7 per side
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chain for Ref. Nos. 5, 9 and 13, respectively) are believed to arise from

ring opening reactions.

, CONSOLEvaluation

Ult:ahpresented the information obtatnecl from the nine l tquid process-

st:ream samples by categorizing the samples by time and by sampling
location (Figures 1-6). The combination of information available about

the process conditions, process yield data, analytical data obtained from

other analytical methods, and the data derived in this project allows for

a cursory description of the chemical mechanismsof coal conversion in

the liquefaction process.

Experimental problems associated wtth the PFCsamples can beresolved tn

further work by washing the sample of the otly componentand analyzing

the soluble and insoluble fractions separately.

The precision of the two uC-NHR solution techniques (Inversion-recovery

and quantf.tattve 13C-NHR)used to analyze the ntne ltqutd samples ts high;

measurements are highly reproducible. The Inversion-recovery technique

requires 48 hr acquisition time per sample and the quantitative 13C-NHR

method required 15-20 hr total acquisition ttme per sample. The four

solid samples (three PFC's and the coal) were examined by solid-state

13C-NHRtechniques. The experimental ttme required for the so]id sample

is on the order of two days per sample to complete both the variable

contact time and dipolar dephastng experiments. The 100 HHz instrument

used for solid state experiments tn thts study costs approximately

$200,000, the 500 MHz instrument used for the liquid samples costs about

$500,000.

Further ApDlication

Continued application of 13C-NMRspectrometry to provide a set of carbon

structural parameters and average molecular structural descriptors for

• process samples ts recommended. Not only wtll additional data increase

our chemical understanding of the nature of coal-derived materials, these

• data can be used to surmise the general mechanism of direct coal-

liquefaction reactions. It is recommendedthat an expanded suite of coal

liquefaction samples be examined by this method, including process stream
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samples and the correspondingfeed coals. The structural parameters

developedfor the processsamplescan contributeto the developmentof

a comprehensivemodel of coal liquefaction.
o

parttcinalnt,'s Statement of Work

The CP/MAS13C-NMRtechnique will be used to analyze one coal sample and
three process-derived solid samples obtained from the HRI Inc. bench

" unit. From this analysis,the Utah researcherswlll derive a set of

twelve carbon structural parameters for each sample. These twelve

parameters will include: fraction of aromatic carbon, fraction of

carbonylcarbon,fractionof protonatedaromaticcarbon,fractionof non-

protonatedaromaticcarbon,etc. (see Solum etal. i for a full list of

the twelve parameters). Average molecularstructuraldescriptorswill

then be derived from these parameters. These descriptorswlll include:

mole fraction of bridgehead carbons, aromatic carbons per cluster, number

of attachments per cluster, molecular weight per cluster, etc. (see Solum

et al. 1 for a full ltst of these eight descriptors). Nine liquid samples
will be analyzed by four consecutive methods: quantitative 1H-NMR,

quantitative 13C-NMR,a proton-carbon correlation experiment (HETCOR),and

relaxation experiment. These four experiments will provide structural

information (similar to the solid samples) for the liquid samples. The

thirteen samples will be supplted to the University of Utah with the

following information as available: elemental analyses, ash content, ash

elemental analysis, phenolic-OH concentration, calorific value, hydrogen

classes by 1H-NMR. Samplesize will be at least 5 g. Three samples will

be filtered process streams, three samples will be viscous process

streams which contain ash and insoluble organic material (IOM), three

samples will be filter cakes which contain approximately 50% soluble

organic material and 50% ash and IOM, three samples will be light

distillates, one sample will be coal.

Reference

1. Solum, M. S.; Pugmire, R. J. "Co_] Liquefaction Process Streams
Characterization and Evaluation; "=C-NMRAnalysts of CONSOLTHF-
Soluble ResidualMaterialsfrom the WilsonvilleCoal Liquefaction
Process,TopicalReport"DOE/PC89883-65,November1992.
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Executive Summary

In an effort to gain insight into changes thatoccur at the molecular level in coal .
liquefaction, detailed 13C NMR studies were carriedout on a selected set of samples
provided by CONSOL, INC. personnel. In an initial study conducted in 1992 a detailed
solid state 13C NM'R study was conducted on a set of 11 THF soluble resid samples
obtained from direct liquefaction processing streams at the Wilsonville facilityl. Structural
parameterswere derived that were used to characterize the carbon skeletal structureand
functional group distributionof the selected resid samples. In the context of our initial
study and recommendations, CONSOL, INC. carefully selected a set of process products
obtained from a single coal. The sample set consisted of the startingcoal (Wyodak and
Anderson seam, Black Thunder Mine, su0bimminous), 3 filter cakes, and 9 coal derived
liquid products. The liquids were collected at different stages of the process (HRI bench
unit Run CC-15). High Resolution 13CNMR data was obtained on the liquid samples and
solid stateNMR datawas obtained for theparent coal and filter cake .samples. A complex
analysis of the liquid samples was made in order to extract as much information as possible
from the rich set of datamade available for this study.

The dataobtained on the liquid samples studied providesa complex set of
parameters. Three major types of structuralreactions can be identified from the NMR
data,ring protonation, ring opening, and ring dealkylation. It also appears that differences
can be found in the rates of these reactions that occur in the two stages of the reactor. In
the first processing stage, the interstage liquid samples exhibit a small increase in
aromaticity (relative to the parentcoal) but it is not evident that the catalyst used has any
effect on the aromaticity. The pressure filter liquids, on the other hand exhibit marked
differences in aromaticity that may be related to catalyst andaging effects. Changes in
aromaticity can occur in two different ways; ring protonationor loss of sp3 carbons by a
wide variety of dealkylation or cracking mechanisms. The significant increase in the
presence of protonated aromatic carbon observed in the PFL and INT samples can occur
only if ring protonation reactions occur in both stages of the process. Data are obtained
which suggest that both hydrogenation and dealkylation reactions have _curred in both
stages of the process. From a consideration of data on the side chain length (with respect
to the parentcoal), it appears thatextensive ring opening reactions have occurred in both
stages of the process, particularly in the PFL liquids obtained down stream from the second
stage of the reactor.

ii
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Introduction

In an effort to gain insight into changes that occur atthe molecular level in coal
liquefaction, we have carriedout detailed 13C NMR studies on a selected set of samples

. provided by CONSOL, INC. personnel. In an initial study conducted in 1992 we carried
out a detailed solid state 13CNMR analysis of a set of 11THF soluble resid samples
obtained from direct liquefaction processing streamsat the Wilsonville facility1. Structural

. parameterswere derived thatwere used to characterizethe carbonskeletal structureand
functional group distribution of the selected resid samples. These NMR data indicated that
one can elucidate the majorstructuralchanges that occur in resid samples derived from
different coals. From the data obtained it was concluded that the resids, on average, are
similar to the cluster structureof the parent coal except that the resid cluster has been
removed from the infinite coal lattice by breaking, on average, one cross link with the
subsequent loss of some bridge mass. Furthermore,the data suggested Phatthe similarities
in the resids aremore pronouncedthan the differences; there is much more similarity in the
resids than is found in the parentcoals.

From the initial study we concluded that..."It appears thatcarefully designed
studies on the liquefaction behavior of coal would be feasible if an appropriatebatteryof
analytical tools were used.....In order to maximize the information on structuralchanges
that occur it would seem desirable to document the 13C NMR and other analytical dataon -+
the actual startingcoal and the unreactedchar as well as the resid and coal derived
liquids ....The assemblage of [these data] would be a monumental undertakingbut it would,
for the first time, provide a complete data set for a detailed understanding of direct
liquefaction processes."l

In the context of our initial study andrecommendation, CONSOL, INC. carefully
selected a set of process productsobtained from a single coal. The sample set consisted of
the startingcoal (Wyodak and Anderson seam, Black Thunder Mine, subbituminous), 3
f'dtercakes, and 9 coal derived liquid products. The liquidswere collected at different
stages of the process (HRI bench unit Run CC-15). Three sets of samples were provided
as follows:

1) Sample set I ( iron oxide catalyst, FeOOH, impregnatedin the feed coal in the
fh-ststage and supportedcatalyst, NiMo, Shell S-317, in the second stage).

a) pressure filter cake (PFC), sample reference number 3.
b) pressure filter liquid (PFL), sample reference,number 2.
c) interstage (INT), sample reference number4.
d) combined sample of separatoroverhead and atmospheric still overhead

(SOH-ASOH), sample reference number 5.
2) Sample set II ( no iron oxide catalyst in the first stage and supported catalyst in

the second stage).
a) pressure filtercake (PFC), sample reference number 7.
b) pressure f'dterliquid (PFL), sample reference number 6.
c) interstage (INT), sample reference number8.
d) combined sample of separatoroverhead andatmospheric still overhead

(SOH-ASOH), sample reference number9.
3) Sample set!ll ( iron oxide catalyst, FeOOH, impregnated in the feed coal in the

" first stage and supportedcatalyst, NiMo, Shell S-317, in the second stage).
a) pressure filtercake (PFC), sample reference number 11.
b) pressure filter liquid (PFL), sample reference number 10.
c) interstage (INT) sample reference number 12.
d)combined sample of separatoroverhead and atmospheric still overhead

(SOH-ASOH), sample reference number 13.

1



The starting coal and 3 pressure filter cake samples were studied using the standard
t3C CP/MAS prescription used in this laboratory.2,3 The nine liquid samples were
analyzed as described in theexperimental section in order to obtain structuralparameters
similar to those obtained for solid samples.

Experimental

Samvle Drevarati0n
- lqin-ecoal derived liquid samples were studied in this work: references-2, 4, 5, 6,

8, 9, 10,12 and 13. All samples were provided by CONSOL Inc. and they were obtained
from the HRI bench unit Run CC-15 (sometimes referred to as 227-75).

1 g of sample was placed in a 10 mm NMR tube to which 7 ml of CDCI3 ( with a
trace of TMS as reference) was added. As prepared, the Solutions of sample-5, 9 and 13
were brown, transparent,clear solutions whereas the others were black, non-transparent
solutions.

The coal sample and 3 filter cake solid samples were used as received. As
described in the results section and Appendix 1 the filter cakes contained some heavy oils
that were spun out during the high speed magic angle spinning experiments. No attempt
was made to separate the heavy oils from other insoluble material in these three samples.

NMR Exverirnents

Two basic solution NMR techniques were used to analyze all 9 samples: inversion-
recovery and quantitative 13Cexperiments. IH NMR andDEFl'.experiments were
performed for reference 5 to assess the feasibility of using these experiments to derive
additional structural information. While the DEFt experiment does provide additional
structuralinformationin the aliphatic region of the spectrum, it was concluded that the
additional time and effort requiredto obtain such data on all samples was not possible with
the available resources. Furthermore, it was concluded thatJ-coupled spectra (I-Ietcor)
would be too time consuming given the resources available for theproject and no further
attempts were made to obtain500 MHz protonspectra. For the purposes of the remainder
of the 13Canalysis, the low field proton NMR data supplied by CONSOL was adequate.
A quantitative 13Cexperiment with added relaxation reagent, Cr(acac)3 , was also
performed on reference 5 to check the accuracy of the conventional quantitative 13C
technique.

The inversion-recovery technique4,5 was used to measure the variation of
magnetization of sp2 hybridized carbons. Seventeen delay times ranging from 0.025 to 40
sec were used in acquiring the inversion recovery data. A total of 160 scans were
accumulated for each HI) and a 50 sec delay was used to allow full recovery of all carbons
between successive scans. The total acquisition time for an inversion-recovery experiment
was around 48 hours. ( see Appendix 2). The data obtained were then processed by a
nonlinear curve fitting procedure to yield the contribution of the sp2 hybridized carbon to
the total magnetization of the sample under investigation (see Appendices 3 and 4).

Quantitative 13Cspectra were obtained using a 90* pulse time of 14.0 ms and a
pulse delay of 25 s with gated decoupling tO suppress the nuclear Overhauser enhancement



( NOE ). Up to 4000 scans were accumulated for each experiment and the total acquisition
time for a spectrum was 15 -20 hours. (See the Appendix 5 and the experimental values of
the integrated intensities).

. All solid state 13C NMR experiments were carriedout on a Chemagnetics CMX-
100. The liquid samples were runon a Varian VXR-500 spectrometer with a Nalorac 10
mm broad bandprobe. Liquid spectra were recorded at a temperature of 250 C with TMS as
reference.

Q

Results and Discussion

Solid Sample_

The data obtained from the solid state 13C NMR analysis were communicated
previously and that report is contained in Appendix 1. The structural parameters derived
from the NMR data are given in Table I. The filter cake samples, references 3, 7, and 11,
were found to contain a heavy oil which separatedfrom the solid duringthe high speed
magic angle spinning experiments. As stated in Appendix I, the liquid phase may not be
quantitatively detected in a cross polarizationexperiment because of themotional averaging
thatoccurs in non crystalline materials. A series of Block decay or single pulse excitation
experiments were runon reference 11 and the data obtaineddemonstrate that the aliphatic
material in the sample is not fully detected in the cross polarizationexperiments. Hence,
the data obtained on reference numbers 3, 7, and 11 should be used only for qualitative
information. The solid state NMR dataobtained from the startingcoal is typical for that
observed in subbituminous coals andis used as a reference point for the analysis of the
remainderof the liquid samples.

Liouid Sanmles

The magnetization (intensities) of sp2 carbons ( chemical shift region 90-165 ppm)
were measured for each sample ( see corresponding spectrain Appendix 5) and the data
were fit to the following five parameterpolynomial equation:

M(t) = Mp[ I-(I +13)exp(-t/Tp)]+ Mq[ l-(l+_)exp(-t/Tq)]

where Mp and Mqrerepresentthe magnetization contributions of the protonated and
nonprotonatedcarbons, respectively, Tp and Tq are the corresponding relaxation time
constants, and _ is a scaling parameterused to compensate for incomplete inversion due to
pulse imperfections. Actually, there are only 4 independent parametersin this equation as
the sum of MP and Mq is always normalized to unity. This nonlinear curve fitting permits
separation of the contributions from protonated carbons (P) and nonprotonated carbons
(Q) and, thus, the ratio of these two types of carbons is obtained as:

P/Q - Mp/Mq where Mp+ Mq = 1

This ratio, in turn, can be used to estimate the average ring size in complex polycyclic
aromatic hydrocarbon mixtures such as the 9 samples under investigation.

The polynomial function fitting of inversion-recovery experimental data was carried
out by using the computer programIgor modified by Shi Bai.5 The results obtained from
the curve fittings are summarized in Table 2. Supplementarymaterial of the fitting



processes and corresponding graphs are presented in Appendix 3 and Appendix4,
respectively.

Quantitative 13C NMR spectra are collected in Appendix 5 together with the relative
• integration values (percentages) of different spectral regions. Each spectrum was broken

down into the following region and integrals were taken for each region:

2-22 ppm,
22-50 ppm,
50-60 ppm,
60-75 (74) ppm,
79-90 ppm,
90-135

•
150-165 ppm and
165-240 ppm.

A beak at 75-79 ppm was used to exclude the solvent peaks (CDCI3) at 77 ppm.
The measured relative intensities (in percent of total intensity) of individual spectral regions
are presented in Table 3. It can be seen from this table that samples 5, 9 and 13 are quite
similar to each other. Signals in the aliphatic region, 22 - 50 ppm, of these three samples
dominate the spectra. The other six samples have much strongersignals in the aromatic
region.

The dataobtained fromboth experiments ( Inversion-recovery and Quantitative
13C) were initially .analyzedaccording to the method used for analysis of solid coal
spectra. It was concluded that the high resolution data offered the opportunity to expand
this analysis due to the rich amount of data available in the aliphaticregzonof the spectra of
the liquid samples. The following are the definitions of the parameters used in this
analysis:

190-150 Relative intensity in the indicatedchemical
•. shift region ( 90-150 ppm in this case);

fa = I90-240/I2-240 Fractionof total sp2 carbon;

fal = 1-fa Fractionof total sp3 carbon; aliphatic carbon;

fac = fa ,1165-240/I90-240 Carbonyl fraction;

fa' = fa - fac Aromatic fraction;aromaticity;

fa H -- fa' * Mp Protonated aromatic fraction;

faN = fa'- faH Nonprotonated aromatic fraction;

faP =fa' * I150-165/I90-165 Phenolic substituted fraction;

fas - fa' * 1135-150/I90-165 Alkyl substitutedfraction;

faB = faN -faP- fas Aromatic bridgeheadfraction;



fal* = fal * (I2-22+I50-60)/I2-90 methyl and methoxy carbon

falH = fal - fal* CH, CH2 carbon fraction;

falO = fai*150-90/12-90 Aliphaticcarbonsbondedtooxygen;

Zb= faB/fa' Molefractionofbridgeheadcarbons;

AC/CL Numberofaromaticcarbonspercluster;

faH/fa' Fraction of aromatic carbons that are
protonated;

(faS+faP)/fa , Fraction of aromatic carbons that have
substituent groups;

o+ 1 Coordination number, or number of
attachmentsper cluster;

Bridges and Loops Number of bridges and loops per cluster;

Molecular Weight Average molecular weight per cluster;,

Side chains Average number of side chains per cluster,

qSrnw Average molecular weight per side chain

The parameters obtained from analysis of the data are given in Tables 4-6. Several
new structural parameters were added to those used previously in order to take advantage
of the additional information available from high resolution NMR data. In attempting to
characterize the average cluster size for the liquid samples a discrepancy was found for
sample references 5, 9, and 13. The inversion recoverydata predictedthat these samples
had larger ring cluster sizes than the PFL and INT samples. Careful inspection of the
carbon 13 NMR spectra of these three samples indicated that there was only very small

amounts of signal found in the normal chemical shiR range for bridgehead carbons. Rwas
assumed that polycyclic aromatic rings were not present to any significant extent in
reference samples 5, 9, and 13and, hence, the analysis of the data on these samples
assumes the presence of only structures that contain, on average, one aromatic ring and all
relevant data parameters for these 3 samples were treated according to this assumption.
The data analysis on the remaining samples suggest an average cluster size slightly smaller
than that of the starting coal.

In Table 4 two structural unit parameters are used that have not been previously
defined. The ratio faH/fa 'denotes the fraction of aromatic carbons that are protonated ( as
opposed to the parameter faH which defines the fraction of total carbon that is aromatic and
protonated). Likewise, the ratio (faS+faP)/fa' defines the fraction of aromatic carbons that
have substituent groups attached either as carbon substituents (fas) or oxygen substiments



(faP). In Table S the number of side chains per I00 carbons is given as faS+fap. The
number of carbons per side chain is obtained from the total number of aliphatic carbons
divided by the number of side chains (all parameters are normalized to a basis of I00
carbons). The number of aromatic hydrogens, Haro is taken as faH. Total hydrogen is
obtained from the elemental analysis of each sample. The number of methyl hydrogens is

estimated as 3(fal*). The remainder of the hydrogen present as CH and CH2, (Haliph), is
estimated as Htotal - Haro - MethylH. The H/C value in the CH and CH2 carbons is '

estimated from the ratio Haliph/falH. It is clear from the values obtained that the side
chains are not highly branched as the C/H ratio is approximately 2.

Table 6 contains the cluster parametersof the samples studied. The parent coal,
with an average cluster size of 13 aromatic carbon atoms, has a coordination numberof
5.1, has 3.3 bridges and loops, a molecular weight of approximately 346 dakons, and
contains 1.8 side chains with an average mass of 37 daltons per side chain. The

coordination number (¢_+1) consists, on average, of 3.3 bridges and loops and 1.8 side
chains. It is noted that all liquid samples have lower coordination numbers than the parent
coal. This is to be expected since these materials have been detached from the
macromolecular structureand dealkylation reactions have occurred which reduce the
number of ring attachments. Hydrogenation reactions then increase the amount of
protonated aromatic hydrogens, reduce the number of bridges and loops, and reduce the
number of side chains. It is interesting to note that the mass of the average' side chain is
essentially constant in each sample. It should be pointed out that only the coordination
number can be estimated for the overhead samples. The numberof attachments on an
aromatic ring is between 2 and 4 for the PFL and INT samples and is only slightly higher
(4-5) for the SOH-ASOH samples. The numberof carbons per side chain is between 2 and
4 for the PFL and INT samples and is 5-6 for the overhead still samples.

The data on the overhead still samples (i.e., a basic one aromatic ring structurewith
a relatively high number of ring attachments) suggest the presence of highly naphthenic
structures (e.g. tetralin and other hydroaromatic types). When considered together with
the number of carbons per side chain (5-6 carbons) these data suggest that these materials
also contain relatively short side chain groups. Such structureswould be expected to be
derived from 2-3 ring aromatic structures if ring opening reactions occurredwhich did not
lead to subsequent ring dealkylation at every site•

In order to more clearly portray thelarge amount of data obtained from the samples
studied, the data has been grouped by collection point for comparison, e.g., separator still
overhead and atmospheric still overhead (SOH-ASOH), reference numbers 5, 9, and 13;
pressure filter liquids, reference numbers 2, 6, and 10; and inters,age liquids, reference
numbers 4, 8, and 12. Figure I displays the carbon aromaticity (fa') for the overhead still
samples (SOH-ASOH), the pressure filter liquids (PFL) and the inters,age (INT) liquids.
In each case the data is compared to that of the parent coal. It is clear that the different
process conditions represented in reference numbers S, 9, and 13 do not change the fa
values in these samples. The data for the PFL exhibit a significant change among samples
2, 6, and 10 suggesting effects due to catalyst type and aging effects in the second stage
catalyst. The interstage samples (4, 8, and 12) exlubit slight increases with reference
number with each sample having a higher fa value than the parentcoal.

Another probe of the changes that occur in the aromatic structure can be obtained by
considering the number of protonated aromatic carbons (faH) in each sample (Figure 2) and
the fraction of aromatic carbons that are protonated (faH/fa ', Figure 3). The faH values in

,)
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the SOH-ASOH samples are much lower than the value found for the parent coal while the
faH values for the PFL and INT samples are considerably higher than that of the parent
coal. These data indicate that extensive ring protonation reactions have occurred in the
materials collected at these two points. The variation of the parameter values among

. samples is probably due to the effects of the catalysts present in the different processing
stages. The normalized aromatic carbon data (Figure 3) indicates that the fraction of
aromatic carbons that are protor,ated in the overhead samples is comparable to that of the

. parent coal but a wide range of variation is noted.

In Figure 4 the n_rmalized ring substituents indicate that the PFL and INT sample
sets have a lower number of ring substituents than the parent coal while the opposite is
found for the overhead samples. No significant variation is seen among the PFL samples
but the overhead and INT samples exhibit variations that are significantly different. The
PFL and INT data indicate the effects of ring dealkylation reactions that occur in both
stages of the hydorgenation process. The overhead still samples exhibit large increases in
the number of aromatic ring substituents when compared to the parent coal. Furthermore,
the variation in this parameter among the three samples is quite significant.

Figure 5 displays the number of carbons per side chain. All three sample sets
contain more carbons per side chain than the parent coal. These data suggest that ring
opening reactions are not accompanied with side chain cracking reactions that would
liberate large amounts of light gases. The PFL and INT samples all have comparable
values but the side chain length is shorter in these samples than the values observed for the
overhead samples. Little variation in this parameter is noted in the PFL liquids. Some
variation is noted among the INT and SOH-ASOH sample sets that are significant and
would reflect differences in catalytic affects in the various stages of the processing stream.

The techniques employed can be used to approximate the average cluster size in the
liquid samples in a manner similar to that employed for solids. 2,3 As noted earlier, this
method breaks down in the analysis of the SOH-ASOH samples, Based on a careful
inspection of the NMR data it is clear that these samples consist primarily of single aromatic
ring species. This conclusion has been independently corroborated by CONSOL personnel
based on analytical results obtained by other analysis methods. 6 However, the cluster size
approximation seems to be valid for the PFL and IN liquids since these materials contain
polycondensed aromatic hydrocarbons. 6 While it is possible that these samples also
contain some single ring aromatic species, the 13C NMR data suggest that 2 and 3 ring
aromatic moieties are the predominate structures present. Figure 6 contains the
comparisons of the average aromatic cluster size in each of the three groups of samples
compared to that of the parent coal. All SOH-ASOH samples are assumed to be single ring
aromatic compounds. The estimated cluster sized of the PFL and INT liquids are between
12 and 8. The error in this parameter is .-1:2carbons. The PFL liquids exhibit a variation in
this parameter which may be significant with a value for Reference Number 10 at 8
aromatic carbons per cluster. The INT liquids, on the other hand display a monatonic
decrease with Reference Number from 13 (the parent coal) to 9 for Reference Number 12.
The significance of this trend in the INT liquids is not clear from the data available at the
present time.

Conclusions

The data obtained on the liquid samples studied provides a complex set of
parameters. Three major types of structural reactions can be identified from the NMR data,
ring protonation, ring opening, and dealkylation. It also appears that differences can be
found in the rates of these reactions that occur in the two stages of the reactor. In the first
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processing stage, the interstage liquid samples exhibit a small increase in aromaticity
(relative to the parent coal) but it is not evident that the catalyst used has any affect on the
aromaticity. The pressure filter liquids, on the other hand exhibit marked differences in
aromaticity that may be related to Catalyst and aging effects. Changes in aromaticity can
occur in two different ways; ring protonation or loss of sp3 carbons by a wide variety of -
dealkylation or cracking mechanisms. A significant increase in the presence of protonated
aromatic carbon in the PFL and INT samples (Figures 2 and 3) will occur only if ring
protonation reactions occur in both stages of the process. From Figures 3 and 4 it can be
seen that both hydrogenation and dvalkylation reactions have occurred in both stages of the
process. Since the side chain length is greater (with respect to the parent coal) in all
samples studied, it appears that extensive ring opening reactions have occurred in both
stages of the process, particularly in the PFL liquids obtained down,stream from the second
stage of the reactor. The variation in the average aromatic cluster size occurs as expected
but the trends in the PFL and INT liquids is not clear.
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TABLE 1. 13C CP/MAS Data on Black Thunder Coaland Filter Cake Samples

MATERIAL fa _, fac _U faN _p _S _B fan f,IH fa,* _n O

IIEF_I .68 .58 .10 ..19 .39 .08 .15 .16 .32 .24 .08 .07
REF#3 .73 .65 .08 .26 .39 .07 .15 .17 .27 .18 .09.08
REF#7 .73 .69 .04 .26 .43 .05 .15 .23 .27 .19 .08 .05
REF#II .71 .64 .07 .25 .39 .07 .16 .16 .29 .20 .09 .08

MATERIAL Zb C a+ 1 Pe a . B.L. S.C. MW M8

REF#I .276 13 5.1 .65 3.3 1.8 346 42
REF#3 .262 13 4.4 .59 2.6 1.8 282 28
REF#7 .333 16 4.7 .60 2.8 1.9 321 26
REF#11 .250 12 4.3 .61 2.6 1.7 259 26

a. Pois the fractionof intactbridges in a cluster structure. This value is calculatedfrom the assumptionthatall substituentsendin a methyl group andis defined as:

P0= ((attachmentsf100 carbons) - fal*)/(attachments/100carbons)

s
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Table 2. Paramaters Obtained from Polynomial Fittinga

Sample color 13 Mp Mq TI_ (s) Tq, (s) X2

Reference-2 Dark 0.6694 0.5076 0.4924 0.73 4.46 0.0045
Reference-4 Dark 0.6942 0.4405 0.5595 0.33 2.08 0.0167
Reference-5 Light brown 0.7416 0.2805 0.7195 2.55 7.01 0.0061
Reference-6 Dark 0.5784 0.4507 0.5493 0.38 ! .47 0.0024
Reference-8 Dark 0.6600 0.5593 0.4407 0.95 7.84 0.0044
Reference-9 Clear Brown 0.6744 0.2395 0.7605 2.15 8.13 0.0107
Reference-lO Dark 0.6389 0.6300 0.3700 0.78 4.72 0.0031
Reference-12 Dark 0.6414 0.5678 0.4322 0.77 4.58 0.01371
Reference- 13 Clear brown 0.6946 0.4256 0.5744 2.39 11.07 0.0057

a. M(t) = Mp[l-(l+_)exp(-t/Tp)]+Mq[l-(l+_)exp(_ffTq)], Mitt Mq = 1;Z2, or chi-squared is a measureof the goodness of fitof the datato the model.



Table 3. Integrated Intensities of Quantitative 13C NMR Spectraa

Sample 2-22 22-50 50-60 60-75 79-90 90-135 135-150 150-165 165-240
ppm ppm ppm ppm ppm ppm ppm ppm ppm

Reference-2 8.05 45.73 0.65 0.00 0.00 31.69 13.06 0.83 0.00
Reference-4 5.60 34.39 0.24 0.12 0.35 40.28 16.88 2.13 0.00
Reference-5 15.01 64.30 0.08 0.00 0.00 13.81 6.60 0.35 0.00
Reference-6 5.77 36.17 0.45 0.00 0.02 40.73 15.63 1.10 0.14
Reference-8 5.96 33.76 0.30 0.00 0.00 44.43 14.34 1.23 0.00
Reference-9 15.42 62.31 0.00 0.02 0.00 15.22 6.59 0.47 0.00

_o Reference- 10 5.68 35.89 0.50 0.03 0.00 41.54 15.30 1.05 0.00
Reference- 12 5.12 32.31 0.32 0.00 0.00 45.28 15.44 1.52 0.00
Reference- 13 13.05 64.43 0,67 0.00 0,00 15.41 5.99 0.44 0.00

a. A break at 75-79 ppm was used in order to exclude the solvent, CDCL3, peaks. Values for each sample have beennormalized to I00.
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Table 4. Aromatic and Aliphatic Structural Paramatersa

Sample fa' faC faH fas faP faN fas faH/fa' (faS+fap)/fa, falH fal* fal0

Coal 58 0 19 15 8 39 16 0,33 :£'0.01 0.40i-0.06 24 8 7
#2 46 0 23 13 1 22 9 0.50 :£'0.01 0.30 x'O.03 46 9 1
#4 59 0 . 26 17 2 33 14 0.44 :£-0.01 0.32 :£'0.03 34 6 0
#5 21 0 6 15 0 15 0 0.29 x'-0.03 0.71 :L'O.07 64 15 0
#6 57 0 26 16 1 32 15 0.46 :L-0.01 0.30 :£0.02 36 6 0
#8 60 0 34 14 1 26 11 0.57 :l:O.01 0.25 :£-0.02 34 6 0
#9 22 0 5 17 0 17 0 0.23 :£'0.03 0.77 x"0.07 62 15 0
#10 58 0 36 15 1 21 5 0.62 :£'0.01 0.28 x"0.02 36 6 1
#12 62 0 35 15 2 27 10 0.56 :£-0.01 0.27 i'0.02 31 5 0
#13 22 0 9 13 0 13 0 0.41 i-0.02 0.59 x',0.07 64 14 1t--.t

_,, a. Normalized to value per 100 carbons. All data l_ve been roundedto the nearest digit and the errorsare :!:1unless otherwise noted.



Table 5. Hydrogen Distrlbutiona

Sample # of side # of C per Halo Total H Meth H Haliph b H/C (aliph)chains side chain
(faS+fap)

Coal 23 1.4iO.I 19 88 24:I=2 45±4 1.9_0.3 "
#2 14 3.9 :L-0.4 23 134 27 +2 84:1:4 1.8 :L-0.2
#4 19 2.1 :L-O.I 26 117 18 :k2 73 :t:4 2.1 :kO.2
#5 15 5.0 :k-0.5 6 180 45 :f.2 .129:1:4 2.0 i-0.2
#6 17 2.5 :!.-0.2 26 121 18 :!:2 77 :t:4 2.1 :L-0.2
#8 16 2.5:!.-0.2 34 110 18:1:2 58:!:4 1.7 :L-0.2
#9 17 4.5 :_).4 5 176 45 :E2 126 :E4 2.0 :_O.2
#10 16 2.6 i-0.2 37 125 18:1:2 70:1:4 1.9:!:0.2
#12 17 2.2:!.-0.1 35 110 15:E2 60:!:4 1.9 :L-0.2
#13 13 6.0 :_0.7 9 172 42 :!:2 121:1:4 1.9 i-O.2

a. Normalized to value per 100 carbons. All data have been rounded to the nearest digit
andthe errors are±I unless otherwise noted.

b. Haliph = Htotal - Halo - Hmethyl.

Table 6. ClusterParametersa

Sample Caro o+1 Bridges & Molecular Sidechalns
Loops weight 8mwC

Coal 13 5.1 + 1.1 3.3 346 1.8 37
#2 10 3.0 ±1.0 1.1 294 1.9 35
#4 12 3.9 :t:1.0 2.7 275 1.2 34
#5 b 4.3 +1.0 ....
#6 12 3.6 +1.0 2.3 282 1.3 38
#8 10 2.7 i'0.4 1.7 218 1.0 36
#9 b 4.6 :t:1.1 ....
#10 8 2.2 !'0.8 1.4 192 0.8 44
#12 9 2.5 :k'0.8 1.8 195 0.7 35
#13 b 3.5 ±l.O ....

a. Parameters are on a per cluster basis.

b. These samples did not appear to contain a significant number of bridgehead carbons,
hence, have been assumed to be composed principally of single aromatic ringcompounds.
c. Average side chain mass in daltons
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Appendix 1. Solid State 13C NMR Analysis of CONSOL Coal

and Processed Filter Cakes '
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1. Experimental Methods

Two basic NMR experimentsusingt3C CP/MAS techniqueswere performedon oachof the

samplesin addition to a normalCP/MASexperimentwith 10,000scansanda 2 mscontacttimefrom

whichIntegrationsoverselectedrangesweretaken.All of theexperimentswererunwith a Is recycle

delay and a 20 kHz spectralwidth.The spectrometeris a ChemagneUcsCMX-100 with a carbon

frequencyof 25.152MHz anda protonfrequencyof 100.02MHz anda decouplingfieldof about56

kHz.Thespinningspeedwascontroledat4100+/- 5 Hz forthecoalsampleandsetto4100Hz forthe

Filtercakesampleswheretheunregulatedvariationisabout+h 25 Hz. All threefiltercakesamples(ref

3,7 1I) hada smallamountof liquidcomeoutof the roterevenwith the tightestrotorcapson andthis

liquidcoveredthe opticaldctcctorandspeedcontrolregulationwasnot possible. In additionto the

aboveexperimentsseveralBlockdecay(BD) experimentsweredoneon sampleRef 11 with pulse

delaysof 3,60, 180 and 300 s and100scanseachto comparewith CP/'_AS. A pulsedelayof 180s

wasneededbeforethespectrastoppedchanging(atleastnoticeablywithin the low SN). Therewasa

broadbackgroundfromtheprobeintheBD experimentwhichmadephasingthespectradifficultand

may havedistortedthespectrasomewhatespeciallyintheregiondownflcldof 165ppm so no

integrationsweredoneonthcsespectra.

The firstbasicexperimentrunwasa variablecontacttimeexperimentwherethecontacttime

wasvariedin21timesfrom5_ to25msand3000to3500scanswererecordedforeachcontacttime.

Thenmrspectrumforeachcontacttimewasintegratedfrom240to90ppm forthearomaticregionand

from90 to0 ppm forthealiphaticregion.Eachregionwas fitseparatelytothefollowingfive

parameterequationtodetermincthemagnetizationfortheregionindependentofrelaxationeffects.

M(t)=(MG+Mt.).{exp(-u'l'_p)}-Mr..exp(_,,a)-M o.exp(--0.5.(I/rocH)2) (I)
f

In_.heaboveequationTccH isthetimeconstantforthefirststagepolarizationforcarbonswithdirectly

attachedprotons,Tt.cHisa compositetimeconstantforthe2ndstagepolarizationforcarbonswith
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directly bonded protons and the polarization for carbons without protons. M0 and ML are the

respective magnetizations. Tpp is the spin.lattlce relaxation time constant in the rotating frame.

" Using the total magnetizations (Mo+MI.) from the aromatic and aliphatlc regions the arom_city

and aliphaticity are calculated as follows t. 2:

at a] ar
f. = MT_ud/(MToud"4"MTcaal)

al al ,r
f.l = M_ouJ/(MTca.I+ MT_aI) (2)

and where the intensity from spinning sidebands has been included in lhe total magnetization for the

aromatic region. Using integrals from the 2 ms specmun the fractional amount of carbonyl and

carboxyl groups, _, having chemical shifts between 240 and 165 ppm are subh"acted from the

aromadcity to give a correctedaromaticity as:

/

f,.=r,-F,, o)

The next step in the spectral deconvolution routine is m use dipolar dephasing experiment to

separatethosearomaticcarbonswith directlybondedprotonsfrom all the rest.This experimentwasrun

withacontacttimeof2 mswhichinallcaseshadthehighestimensityaromaticsignalandthenumber

of scanson each point was again between 3000. 3500. This experiment is similar m a normal CP

experiment except for an interval after cmsspolarizazionwhere there are no 111:fields on and

magnetization from protonated carbonsdecaysquickly and the magnetization from nonprotonated

carbonsdecaysslowly.The dephasinginterval wasvaried in 23 times from 2 ItS to 200 _ and thedata

fit to the following fourparameterequadon:

M(O = M_de-u'r_L+ M_dC "=O's(O'_ (4)

w

where M_.a, T_Lare associated with nonprotonated carbons and M_, "_Gd with protonated carbons.

" Using dipolar dephasingresultsthe correctedaromaticity is then subdividedas follows:
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Using chemical shift rangesfrom the 2 ms contacttime spectrumtwo more aromaticparametersmay

be defined.They an:. 1_,.which representsaromaticcarbonattachedto oxygen and. _. the amountof

ammadc carbonbondedto aliphatic carl]onbut alsoincluding btarylUnkages. The two shift rangesare

150-165 ppm and |35.150 ppm respectively. The amountof bridgeheador condensedcarbonis then

givenas:

The aliphatic region can also _ subdivided by chemical shift ranges. From the 2 ms spectrum the

fractional amount of methyls (0-22 ppm) and methoxy ($0-60 ppm) are used to calculate the parameter,

f;l, and the amount of other types of aliphatic carbon (almost all CH and CH2) is then calculated as:

One last parameter is also calculated, _, and represents the amount of allphatic carbon bonded to

oxygen and may include pans of both the other aUphatic parameters. This parameter is calculated from .

the fractional amount of the aJiphatic signal between 50 and 90 ppm as integrated from the 2 ms contact

time spectrum.

Using the above 12 structural parameters, our cluster size model t and an elemental analysis the
1,

lattice parameters including aromatic cluster size and the lattice coordination number may be obtained,

The aromatic cluster is estimated from the mole fraction of condensed carbons which is
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calculatedas:

_= _/r., (9)

usingthisresultandourmodelI theclustersize,C,estimated.
4

Using _ . _ asthetotalnumberof attachmentsper !00 carbons,thecorrectedammattcityand

thoclustersize,a. I, thetotalnumberof attachmentsperclusteriscalculated.

Another lance parameter.Po, the fractionof intact bddges in the lattice is roughlyestimated,

with the approximationthat brokenbridgesend in a singlemethly group,as:

Po- +:.- :.+:.).
' The numberof attachmentsper cluster cannow be divided in to two subgroupsas, B,L., the

numberof bridges and loops per cluster and, S.C., the numberof side chains percluster, A loop is

definedas a bridgeback to thesamecluster. They arecalculatedas:

B.L.=(o+l)xPo (11)

and

S,C. : (a+ I) - B.L,. (12)

Using the aromaticcluster size, C, the correctedaromaticity,f,,, and the %C from an elemental

analysisthe total molecular weight, IV[W,of the cluster includingall sidechains andhalf of the bridge

matedcalcanbecalculatedas:

MW = (Cx 12.01)/(f..x%C/100). (13)

Fromdipolardephasingresultsthe numberof protonatedandnonprotonatedaromaticcarbonsare

" knownand_ molecularweightfromthe aromaticcarbonsandanyattachedprotonscanb¢subtracted

fromthetotalmolecularweighttogetthetotalmolei:ularweightofthealiphaticmaterial.Thisweight
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whendividedby(o+I)gives,M 8,theaveragemolecularweightperattnclunent.

11, Results and Discussion for Coal and Filter Cakes

A_r loading the filter cake samples in the rotorandspinningat4100 Hz for a few hoursit was

noticed thatthe optical spinningspeed detection wasnot working. Alter investigationitwas foundthat

liquid hadleaked out of all threetiltercake samples andit was impossible m contain all of thesample

even with the tightest rotor caps. This implies thatthese samples consist of two phases. The liquid

phase will not be detected or detected to the full extent in a crosspolarizationexperimentbecauseof

motional averagingof the dipolarinteractionneededfor crosspolarization.

Bloch decay ex_nments on Re( II show that there is aUphaticmaterial that has too much

motion m detect fully in CP based experimenmbut does show up in single pulse spectra,(compare

spectra 1 and5 in appendix). This is consistentwith the CONSOLprotonnmr resultson thepyridine

soluble fraction of the samples which show a high aliphattccontent. Due to the broad probe

backgroundthatcould not be supressedthis Bloch decay specerumshould be used only forqualitative

information.

The NMR parametersformthe VCT andDD fits aregiven in Tables I and2 for the aromaticand

aliphadc fits respectively. All or these parametersare in the normal rangesfor fossil fuel sampleswith

nothingunusual.The structuralandlatticeparametersareshown inTable 3 for theorigin_ coal andthe

filtercakes. This information is for the more Hgldmacromolecularphaseof this two phase system for

the filtercakes. Most of the structuraland lattice parametersfor the three samples are very similar.

The aromaticcluster size ,on sample ref 7 with a value of 16 is slightly higher than theother samples

and the coal with values of 12-13. If one compares the spectra (Apendix spectra 2-5) of the three

filtercakes one sees that samples rcf 3 and I1 are very similar in appearenceand ref 7 somewhat

different. Samples 3 and I I have broadlineshapes with a broadbandunderthe whole spectralrange

whereassample7 hassharperfeatures.ThisdifferenceseemstocorrelatewiththeamountofF_O 3in

thesamples,asshowninTable4.whichisabouttwoandahalftimesaslargeinsamples3 andIIasin
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sample? andtheoriginalcoalwhichalsohassharperspectralfeatures.

Anotherpointof discussionis theamountof oxygenfunctionalgroupsin the samples.Thecoal

hasfrom CONSOL'Selementalanalysis22 oxygenarumsper 100carbonatoms.In lookingat the

structuralparameters(_, C, and_) thesumof theseis25 withsomepossibledoublecountingsothese

parameterscorrelatewell withtheelementalanalysis.For U_ethree filtercakesamplesasshownin

Table 4 theoxygenatomsper 100 carbonsare2.5, 4 and 1 for samplesref 3, rel'7, and ref I I

respectively.Thesumof theoxygenrelatedstructuralparametersare23, 14and22 respectively,This

differencemay bedue to largeline broadeningt'mmthe ironin the sampleswhichmay addmore

intensitym thoseregionsthanthereshouldbe.

Becauseof the amountof ironin samples3 andl I andthe twophasenatureof thesesystemsthe

CP/MAS resultson thesesamplesareof inferiorqualitym theprevioussamplesetandtheresulLs

shouldbeconsideredonlyqualitativeinnature.
",_
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refJJ
PPfn=cpb

CP with bckg. suppresseO
cfn=coneefJcp
cOJr=conso]2
cfp=O
ac=JO000 scns
t )b=50 Hz
sfJ=25.J52 HHz
sf2=JO0.0198 HHz
sw=20 KHz
rmv=17.6 ppm
PBP=O.59492J vlrt
fdsc=3205K

tphO=88.23 Oeg
m tphl=319 Oeg

gain=354.SJ3
a=255
aj=255
a2=255
a4=255
ad=5 usec
a]=256 cplx
aqtm=12.80! msec
ct=2 msec
aw=50 usec
extm=J.OJ48 sec
p=160 Oeg
po=l sec
pw=4.3 usec
rd=25 usec "

txOuty=O.OJ66023
txon=16.848 msec _ ppm

400 300 200 iO0 -0 -100 -200 -300
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ref3
PPfn=cpb

CP with bckg. supPresseO
cfn=conref3cp
cdir=conso]2
cfp=O .,
ac=tO000 scns
t ]b=50 Hz

-

s f 1=25. J52 MHz
sf2=100.0198 MHz
sw=20 KHz
rmv=J7.6 ppm
rmp=0.594736 virt
fdsc=J859K

tphO=92.23 deg
ro tphl=3J9 degtJD

gain=354.813
a=255
a1=255
a2=255
a4=255
ad=5 usec
a ]=256 cp]X
aqtm=J2.801 msec
ct=2 msec
dw=50 usec
extm=J .0148 sec
p=t60 Geg
pd=J sec
pw=4.3 usec
rd=25 usec
,txdut y=O.0166023
txon=t6.848 msec ppm

400 300 200 JO0 -0 -100 -200 -300



ref7
ppfn=cpb
CP with bckg. suppresseO
cfn=c0nref7cp ..
cdjr=conso]2
c_p=O

ac=tO000 scns
t]b=50 Hz "_'" _

sfJ=25.t52 MHz
sf2=JOO.Ot98 MHz
sw=20 KHz
rmv=J7.6 ppm
rmp=0.594736 virt
fdsc=4478K

tphO=90.23 deg
o tpht=3J9 Oeg

gaJn=354.SJ3
a=255
a1=255
a2=255
a4=255
ad=5 usec ....

a]=256 cp]x
aqtm=J2.80! msec
Ct=2 asec
Ow=50 usec
extm=J.OJ48 sec

p=160 deg
pd=J sec _'_
pw=4.3 usec
rd=25 usec
txduty=O.0166023
txon=J6.B48 msec ppm

400 300 200 JO0 -0 -JO0 -200 -300



ref#Jt
ppfn=cpb
CP with bckg. suppresseO
cfn=conreflJcp
cOir=consol2
cfp=O
ac=1OOOOscns
tlb=50 Hz
sfJ=25.J52 MHz
sf2=JOO.OJ98 MHz
sw=20 KHZ
rmv=J7.35 PPm
rmp=O.595043 virt
fOsc=2494K

tphO=90.23 Oeg
tphJ=3J9 deg
gain=354.SJ3
a=255
aj=255
a2=255
a4=255
ad=5usec
a]=256 cp]x
aqtm=t2.801 msec
ct=2 msec
dw=50 usec
extm=t.OJ48 sec
p=J60 Oeg
pd=| sec
PW=4.3 usec
rd=25 usec
txduty=O.0166023
txon=16.848 msec ppm

400 300 200 100 -0 -100 -200 -300



TABLE 1: NMR PARAMETERS

Aromadc I_ i l_u i M_ ! TaC"(_s)i LT_(l_S)i T_"(ms) M,,, M,,= LT,e,(ms)} T,.p=(ms)Ma_ • M_ i T_(ps) i T_(ps)
: : : : - . . : : : ;
: • - . : : !, • :
• : : : • . : :

ReEl 0.16 10.84 i -- : 17 319 : " " : :- 1.0 i - -i 5.4 - 0.32_0.68! 18 _ 312
, ; _ ; t , , .... ; ..... ! , ,
• . : " : : : .... • :

Ref3 0.25 i0.75 ! : 23 i 346 _ : : : : " :- : - 1.0 i - i "/.3 - 0.40i0.60! 19 ': 181
., _ • _ • • .. . • •

: : : : : : i " :
: • : • : : . :
: i : : _ :

Rcf7 0.23 i0.77 i - : 17 : : :: 326 : - 1.0 i - : 7.5 - 0.38!0.62 18 i 283
, . , ., .... : , . ...... : , ; , . , . : ;

. . . ; ; ;
: : : , . : .

Rcfil 0.24 : 217: - 1.0 i - : 8.5 : - 0.3910.61i 18 :: 18 311 :• ....... • . •



TABLE 2 NM. PARAMETERS

Aliphatic MocHi M_ i M_ i ToCH(PS)i LT_(PS) i TucH(ms) M,,, i M,,,, T,,,,(m$)iT,',,(n_) M_ i M_ i Tg(ps) i TL_(/_S)
? • ......... :. : : - .: ; ; : : -' , _ ..... • .......

; " - Z .
. : :

.. : . . : . : - :Rcfl 0.40i0.60! - : 13 " 116 : - 1.0 • • 5.0 :
! ! ! ..- : : ! .......... ! _ ! !

; : . . ; -

Rcf3 0.43 10.57i - : 19 : 181 : - 1.0 i - i 5.0 : - - : - - :
: : : : : : : " - : i

: :
• . .- .

Rcf7 0.38i0.62: - :: 13 :: 127 :: - 1.0 : - :: 7.5 " - - - :. . : , : . : : .. . _ : . .
; ; ;

• ; • . ;

Rcf l I 0.36 10.64 i : 15 : : : : : : :- : 139 : - 1.0 i - : 6.8 : - - : - - -
• " : :



_1 I .........................

conso]2 refJJ
ppfn=tpOb
4 - pu]se bckg suppress
cfn=conrefllbdl80
cdir=conso]2
cfp=O
ac=]O0 scns
t]b=JO0 Hz
sfl=25. J52 NHz
sf2=JOO.OJ98 HHz
sw=20 KHz
rmv=17.35 ppm
rmP=0.594799 virL
fdsc=JS.08K
tphO=296 deg
tphl=3|7 deg
gain=354.813
at=255
a4=255
ad=5 usec
a]=256 cp]x
aqtm=12.801 msec
dw=50 usec
extm=t80.Ol sec
p=160 deg
pd=lSO sec
psd=300 nsec
p_=4.7 usec
pw1=4.7 usec
rd=25 usec
txduty=7.13849e-05

txon=12.85 msec ,, ppm
, , , , I , , , , i , , , , i , , , , i , , , , i , , , , i , ,,, , i , , , i,, I....

400 300 200 JO0 -0 -100 -200 -300
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Appendix 2. Spectra Obtained from Inversion Recovery Experiments
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Sample 2
17
0.02500 -0.64597
0.04000 -0.61805
0.08000 -0,57392
0.12000 -0.51604
0.16000 -0.46071
0.20000 -0.43817
0.40000 -0.23404
0.80000 0.01953 '
1.20000 0.19762
1.80000 0.36218
2.80000 0.56302
4.00000 0.68214
5.60000 0.78782
8.00000 0.87011

12.80000 0.93677
_5.60000 0.97513
40.00000 0.99921

17

0.02500 -0.64625
0.04000 -0.62364
0.08000 -0.55851
0.12000 -0.53446
0.16000 -0.46967
0.20000 -0.42169
0.40000 -0.21940
0.80000 0.02893
1.20000 0.18600
1.80000 0.36477
2.80000 0.53599
4.00000 0.70093
5.60000 0.76455
8.00000 0.85838

12.80000 0.92285
25.60000 0.98407
40.00000 0.99902
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Sample 4 ' ,

17

0.02500 "0.63891
0.04000 "0.55816
0.08000 "0.51039
0.12000 "0.40218
0.16000 "0.35775
0.20000 -0.32080
0,40000 0.03681
0.80000 0.27808
1.20000 0.46682
1.80000 0.54886
2.80000 0.76904
4.00000 0.85079
5.60000 0.96158
8.00000 0.95917

12.80000 1.04370
25.60000 1.06390
40.00000 0.99733
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Samp]e 5

17
0..02500 -0.66384
0.04000 -0.64297
0.08000 -0.65417
0.12000 -0.62275
0.16000 -0.65187
0.20000 -0.58438
0.40000 -0.56650
0.80000 -0.44107
1.20000 -0.35125
1.80000 -0.17380
2.80000 0.00842
4.00000 0.17437
5.60000 0.33378
8.00000 0.52723

12.80000 0.71401
25.60000 0.89109
40.00000 0.99449
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Sample 6

17
0.02500 -0.50561
0.04000 -0.50159
0.08000 -0.40461
0.12000 -0.30928
0.16000 -0.24069
0.20000 -0.17073
0.40000 0.08929
0.80000 0.39817
1.20000 0.59711
1.80000 0.74110
2.80000 0.87313
4.00000 0.92942
5.60000 0.98188
8.00000 1.01629

12.80000 0.99567
25.60000 1.02872
40.00000 0.99920

t

\
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Sample 8
17
0.02500 -0.66327
0.04000 -0.62174
0.08000 -0.59323
0.12000 -0.53656
0.16000 -0.46876
0.20000 -0.44892
0.40000 -0.28893
0.80000 -0.06363
1.20000 0.08963
1.80000 0.26911
2.80000 0.42796
4.00000 0.56283
5.60000 0.66053
8.00000 0.72730

12.80000 0.84221
25.60000 0.97866
40.00000 1.00059

1
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Sample 9

,17
0.02500 -0.67412
0.04000 -0.62032
0.08000 -0.63349
0.12000 -0.62590
0.16000 -0.61411
0.20000 -0.65338

0.40000 -0.55985
• 4

0.80000 -0.47367
1.20000 -0.29133
1.80000 -0.20174
2.80000 0.02837
4.00000 0.14432
5.60000 0.31336
8.00000 0.50954

12.80000 0,75599
25.60000 0.92517
40.00000 1.00202

17

0.02500 -0.67810
0.04000 -0.61829
0.08000 -0.62670
0.12000 -0.62786
0.16000 -0.60873
0.20000 -0.65981
0.40000 -0.56061
0.80000 -0.48264
1.20000 -0.28449
1.80000 -0.20389

2.80000 0.03123
4.00000 0.14591
5.60000 0.31895
8.00000 0.50991

12.80000 0.76401
25.60000 0.92784
40.00000 1.00028
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Sample 10

17
0.02500 -0.61707
0.04000 -0.59485
0.08000 -0.52959
0.12000 -0.47313
0.16000 -0.41039
0.20000 -0.37955
0.40000 -0.16921
0.80000 0.12618
1.20000 0.28848
1.80000 0.47081
2.80000 0.62864 "
4.00000 0.75304
5.60000 0.82070
8.00000 0.89410

12.80000 0.92579
25.60000 0.98837
40.00000 1.00018

17
0.02500 -0.61569
0.04000 -0.59183
0.08000 -0.52880
0.12000 -0.47306
0.16000 -0.40931
0.20000 -0.37919
0.40000 -0.17087
0.80000 0.12590
1.20000 0.28819
1.80000 0.47338
2.80000 0.62900
4.00000 0.75654
5.60000 0.81983

8.00000 0.89538
12.80000 0.92426
25.60000 0.98915
40.00000 1.00002
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Sample 12
17

0.02500 -0.61494
0.04000 -0.59038
0.08000 -0.55868
0.12000 -0.49365
0.16000 -0.44370
0.20000 -0.36132
0.40000 -0.19535
0.80000 0.09330
1.20000 0.21650
_.80000 0.42480
2.80000 0.58707
4.00000 0.73286
5.60000 0.78934
8.00000 0.85121

12.80000 0.95437
25.60000 0.99005
40.00000 0.99979

17

0.02500 -0.60941
0.04000 -0.58962
0.08000 -0.56352
0.12000 -0.49692
0.16000 -0.44402
0.20000 -0.35585
0.40000 -0.19648
0.80000 0.09437
1.20000 0,21591
1.80000 0.42452
2.80000 0.58854
4.00000 0.73858
5.60000 0.78961
8.00000 0.85077

12.80000 0.95677
25.60000 0.99465
40.00000 0.99990
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Sample 13

17

0,02500 -0.69011
0.04000 -0.68959
0.08000 -0,64359
0.12000 -0,63864
0.16000 -0.62787
0,20000 -0.63306
0.40000 -0.56045
0.80000 -0.43784
1.20000 -0.28518
1.80000 -0.16515
3.80000 -0.03101
4,00000 0.19758
5,60000 0.35098
8,00000 0,50737

12.80000 0,68468
25.60000 0.89316
40.00000 1.00212

17

0.02500 -0.69128
0.04000 -0.69054
0.08000 -0,64298
0.12000 -0.63547
0.16000 -0.62664
0.20000 -0.63718
0.40000 -0.56217
0.80000 -0.43644
1.20000 -0,27241
1.80000 -0.16053
2.80000 -0.01927
4.00000 0.19675
5,60000 0.35454
8.00000 0.50641

12,80000 0.68128
25.60000 0.89504
40.00000 1.00024
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Appendix 3. Analysis of Inverse.Recovery Experiments on Coal
Derived Liquids

"Reference-2

FuncFitcoalw c2/X=t
Fitconvergedproperly
yfficoal(w ,x)
wffi{0.66938,0.50764.0.7345,4.4601 }

Mp Tp Tq

V_chisqffi 0.00446417: V npnts= 17; V_numNaNsffi0; V_numINFsffi0;
; W_sigma={0.0115.0.04._.0.082.0.417}

.Reference-4

FuncFit coalw C4/X=t
Fit converged properly
y= coal(w,x)

wffi{0.69423,0.44047.0.33425.2.0981 }

V_chisq= 0.0166834: V npnts= 17; V numNaNs= 0; V_numINFsffi0;
W_sigma= {0.0311,0.07"64,0.079,0.3 }"

,Reference-5

FuncFitcoalw C5/X=t
Fitconvergedproperly
y= coal(w,x)

wffi{0.74159,0.28054.2.5483,7.008}. "

V.;cl_.'sqffi0.00607073:V_npnts=17;V numNaNsffiO;V_numINFsffi0;
w_slgma={0.0097,0.253.1.25,1.35} -

*Reference-6

FuncFit coal w C6/X=t
Fit converged properly
y= coal(w,x)

wffi{0.57836,0.45074,0.37949,1.4698 }

V_chisq= 0.00235275; V_npnts= 17; V numNaNsffi 0; V_numfiWFs= 0;
W_sigmaffi{O.O114,0.0722,0.0535,0.139}

.Reference-8

FuncFit coal w C8/Xft
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Fitconvergedproperly
y= coal(w,x)
w= {0.65994,0.55927,0.95321,7.8427}
V...chisqffi0.00442137;V_npnts=17;V_numNaNs= 0;V_numINFsffiO;

• W_sigma= {0.0103,0.0316,0.0786,0.743}

.Reference-9

FuncFit coal w C9/X=t
Fit converged properly
y= coal(w,x)
wffi{0.67441,0.2395,2.1493,8.1287}
V_.chisq-0.0I06706;V_npnts-17;V_numNaNs= 0;V_numINFsffiO;
W_sigma= {0.0133,0.169,I.16,1.37}

.Reference-10

FuncFit coal w C10/X-t
Fit converged properly ._
y= coal(w,x)
w- {0.63892,0.63002,0.7826,4.7215}
V_chisqffi0.003I1678;V_npnts=17;V_numNaNs= 0;V_numlNFs--O;
W_sigma-{0.00939,0.0396,0.0602,0.513}

I

•Reference-12.

FuncFit coal w C12/X=t
Fit converged properly
y- coal(w.x)
w={ 0.6414,0.56777,0.77055,4.5763 }

V_chisq= 0.00707083: V_npnts- 17; V_numNaNs= 0; V_numINFs= 0,
W_sigma-{ 0.0142,0.0599,0.0996,0.639 }

-Reference-13

FuncFitcoalw C13D_=t
Fitconvergedproperly
y= coal(w,x)
w={ 0.69455,0.42565,2.3909,l1.074}
V_chisq-,0.00569036;V_npnts=17;V_numNaNs= 0;V_numINFs= 0;
W sigma-{0.00939,0.0776,0.396,1.35}
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Appendix 4. Fitting Curves for Inversion-recovery
Experiment Data on Coal Derived Liquids
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Appendix 4. Fitting Curves for Inversion-recovery
Experiment Data on Coal Derived Liquids

t,

Reference.2

Polynomial function fitting of Inverse-recovery result
..

FuncFit coal w C2/X=t
Fit converged properly
y=coal(w,x)
w={0.66938,0.50764.0.7345,4.4601}
V_chisq=0.00446417;V npnts=17;V_numNaNs= 0; V numINFs= 0;
W_sigma={0.0115,0.045,0.082,0.417}

13= 0.66938, Mp = 0.50764, Tp = 0.7345, Tq= 4.4601,
Mq = l - Mp = 0.49236.
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Reference-4

Polynomi',d function fitting of Iaverse-recovery result
Q

1.0 o 0

• 0.8

0.6
L _

0.4

0.2

0.0

-0.2

-0.4 l

-0.6 I i i i i i i ii i i

I I ,. I I .,
0 10 20 30 40

FuncFit coal w C4/X=t
Fit converged properly
•y= coal(w,x)
w- {0.69423,0.44047,0.33425,2.0981 }
V_chisq= 0.0166834; V_npnts= 17; V_numNaNs= 0; V_numINFs-- 0;
W_sigma= {0.0311.0.0764,0.079;0.3 }

13= 0.69423, Mp = 0.44047 Tp = 0.33425 Tq= 2.081,
Mq = I - Mp= 0.55953.
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Reference-5

" Polynomial function fitting of Inverse-recovery result

1.0-- ,']

0.8-

0.6-

0.4-

0.2-

0.0-

-0.2 -

-0.4 -

-0.6 -

. I _ I .... i 't
O 10 20 30 40

FuncFit coal w C5/X=t
Fit converged properly

y= coal(w,x)
w={ 0.74159,0.28054,2.5483,7.008 }

V_chisqffi 0.00607073; V_npnLs= 17; V_numNaNs= 0;
V_nurnINFs= 0;
W_sigma= {0.0097,0.253,1.25,1.35 }
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Reference-6

Polynomial function fitting of Inverse-recovery result

1.0

0.8

0.6

0.4

0.2

0.0

'0.2

-0.4

0 10 20 30 40

FuncFitcoalw C6/X--t
Fitconvergedprol_rly
y= coal(w,x)
wffi{0.57836,0.45074,0.37949,1.4698 }
V_chJsq=0.00235275,V_npnts=17;V_numNaNs= 0; V_numINFs= 0;
W_sigmaffi{0.114,0.0722,0.0535,0.139}
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Reference-8

Polynomial function fitting of Inverse-recovery result
4

1.04

0.8-

0.6

0.4

0.2

0.0

-0.2 -

-0.4-

-0.6-
ill i i i

I I I - l
0 10 20 30 40

FuncFit coalw C8/X=t
Fit convergedproperly
y= coal(w,x)
w- {0.65994,0.55927,0.95321,7.8427 }
V_chisq=0.00442137: V_npnts= 17;V_nundqaNs- 0;
W_sigma={0.0103,0.0316,0.0786,0.743 }
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Reference-9

Polynomial functionfining of Inverse-recovery result

1.0- ....... N
m

0.8-

0.6-

0.4-

0.2-

0.0-

-0.2-

-0,4-

-0,6-

I I "'I " [
0 10 20 _ 30 40

FuncFit coal w C9/X=t
Fit converged properly
yfficoal(w,x)
w={0.67441.0.2395.2.1493,8.1287]
V_chisq= 0.0106706: V_npnts= 17; V_numNaNs= 0; V_numINFs= 0;
W_sigma= {0.0133.0.169,1.16,1..37}
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Reference.10

Polynomial function fittingof Inverse-recovery result

FuncFitcoalw C I0/X--t
' Fitconvergedproperly

y= coal(w,x)
w= {0.63892,0.63002,0.7826,4.7215 }
V_chisq---0.00311678; V_npnts= .17;V_numNaNs= 0; V_numINFs= 0;
W_sigma-{0.00939, 0.0396, 0.0602, 0.513}
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Reference-12

Polynomialfunctionfittingof Inverse.recoveryresult

• 1.0

0.8

0.6

0,4

0.2

0.0

-0.2

"0.

"0.

0 10 2O 30 4O

FuncFit coal w C12/X-t
Fit converged properly
_,=coal(w,x)
w= {0.6414,0.56777,0.77055,4.5763}
V_chisq=0.00707083:V npnts=t7;V_numNaNs=0; V_numINFs=0;
W_sigma= {0.0142,0.0599,0.0996,0.639}
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Reference.13

Polynomial function fitting of Inverse-recovery result

1.0 m

0.8-

o.e-

0.4-0.2

0.0-

-0.2-

-0.4-

-0.6-

I I I I I

0 10 20 30 40

FuncFit coal w C13/X=t
Fitconverged properly

• y= coal(w,x)
w= {0.69455,0.42565,2.3909,11.074 }
V_chisq=O.00569036;V_npnzs=17; V_numNaNs= 0; V_numINFs=0;
W_sigma-={ 0.00939,0.0776,0.396,1.35 }
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Appendix 5. Quantitative 13CSpectra of Coal Derived Liquid Samples
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Sample 2

region sta_c ppm end integral
1 . 213.736 165 -0.00700248
2 165 150 0.834088
3 150 135 13.0637
4 135 90 31.6854
5 90 79 0.00351F5
6 75 60 "0.00145144
7 60 50 0.645092
8 50 22 45.7303
9 22 2 8.04642
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Sample 4

region staz_ ppm end :.ntegral
1 216.743 165 -0. 000984644
2 165 150 2. 12958
3 150 135 16.8781
4 135 90 40.2785
5 90 85 0.357046
6 70 60 0.117327
7 60 50 O. 244783
8 50 22 34.391
9 22 3 5.6047
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Sample 5

region start: ppm end integral
1 194.1 165 -0.000669073
2 165 150 0.347977

3 150 135 6.60234
4 135 90 13.8129
5 90 79 0.00212249

6 75 60 0.00688387
7 60 50 -0.0814927
8 50 22 64.3046
9 22 2 15.0053
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Sample 6

region start: ppm end integral
1 216.568 165 0.136489

2 165 150 1.09523
3 150 135 15.6269

4 135 90 40.7331

5 90 80 0.0189852

6 74 60 0.00293721

7 60 50 0.4512
8 50 22 36.1691

9 22 2 5.76609
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Sample 8

region start ppm end integral
1 199.817 165 -0.0122612
2 165 150 1.23186
3 150 135 14.3445
4 135 90 44.4316
5 90 82 -0.0157656
6 72 60 -0.00127583
7 60 50 0.300412
8 50 22 33.7618
9 22 2 5.95917
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Sample 9

region start ppm end integral
1 214.177 165 -0.0071093
2 165 150 0.466073
3 150 135 6.59465
4 135 90 15.2243
5 90 79 "0.0137763
6 75 60 0.0162499
7 60 "

50 -0.0137194
8 50 22 62.3105
9 22 2 15.4228
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SamplelO

region sta_c pp= end integral
1 220._63 165 0.00204018
2 165 150 1.04839
3 150 135 15.2953
4 135 90 41.5435
5 90 79 0.0063844
6 75 60 0.0322558
7 60 50 0.501937
8 50 22 35.8928
9 22 2 5.67732

82





Sample 12

reg£on mtaL,'_ ppm end integ_a$
$ 2_9.295 155 0.0022462
2 165 150 1.52213
3 150 135 15.4448
4 135 90 45.2762
5 90 84 0.00160499
6 72 60 -0.002509_7
7 60 50 0.322531
8 50 22 32.31
9 22 3 5.12298
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Sample 13

region start ppm end integral
1 214.144 165 -0.00643308
2 165 150 0.4136183

3 150 135 5.99909
4 135 90 15.4132

5 90 79 -0.000153732
6 75 60 0.00364472

7 60 50 0.67035

8 50 22 64.43

9 22 2 13.0541
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