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ABSTRACT

This thesis begins the development of a new approach to the kinetic model-
ing of complex hydrocarbon mixtures. The approach is based on functional
group reactions and iis implementation involves three steps. The first step is
to characterize complex hydrocarbon mixtures, such as coal-derived liquids,
heavy oils and shale oils, in terms of their constituent functional groups. A
methodoelogy is defined for estimating functional group concentrations from
elemental analysis and NMR data. Mass spectra, infared spectra, separation
yields and other analytical data may also be incorporated into the concentra-
tion estimates. The methodology is demonstrated for a heavy oil and for a

wide variety of coal liquids.

The concentrations provide a starting point for kinetic modeling. The
second step of the modeling procedure is to determine the rates and pathways
of the reactions of the functional groups by investigating the reactions of pure
compounds containing the same functionalities. The reactions of a number of
these model compound systems were examined. The studies focused on the
reactions of atomic hydrogen under conditions appropriate to coal liquefac-

tion.

The final step in the modeling is the development of a mathematical model
which can predict changes in functional group concentrations given initial con-
centrations and reaction rates. This is outside the scope of this thesis, but

general guidelines and valid simplifications are discussed.
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Chapter 1

Introduction

In the past decade, the development of processes designed to utilize coal as
a substitute for petroleum has seen a renewed interest. Coal liquefaction has
been viev;fed as one of the principal means of converting coal from a soot and
S0¢ producing fuel to a clean burning petroleum substitute. In coal liquefac-
tion processes, weak bonds in large coal molecules are thermally cracked in
the presence of a hydrogen donating solvent to form lighter products. The
cracking reactions produce free radicals which are capped by the hydrogen
donor solvent {1). The process is shown schematically in Figure 1. The lighter
products can be treated further te produce clean burning fuels and chemical

feedstocks,.

A major goal of many research efforts directed towards coal has been the
development of a kinetic model of coal liquefaction processes. The chemistry
and transport phenomena associated with coal liquefaction are too complex to
allow a complete chemical and physical model of molecular reactions to be
developed, so recourse was necessarily made to approximate approaches (2).
Models of coal liguefaction reactions that have appeared in the literature have
generally utilized solubility fractions in a kinetic lumping procedure (3,4). A
typical model is shown in Figure 2. Extensive experimental and modeling
efforts have gone into determining the topology and rates of this type of reac-
tion network. There are two problems associated with this approach, however,

The first is that the results are specific to one coal and are valid only over the
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Figure 1

Simplified Coal Liquefaction Mechanism

Hypothetical Coal Molecule
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Figure 2

A Typical Kinetic Model of Coal Liquefaction Reactions
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reaction conditions that were experimentally examined. Thus, the models may
be useful in qualitatively explaining observed phenomena, but since the reac-
tants and reaction pathways are not well defined chemically, it is difficult to
derive any fundamental chemical or rate information from the results. A
second major problem with this type of model is that the structures of the
solubility fractions are functions of the extent of reaction. Defining a reaction
network based on the concentrations of solubility fractions which change in

character with time is not valid.

A new approach to the modeling of this type of complex system is necessary.
In order to develop a new approach, a process simpler than. but related to,
coal liquefaction will be considered in this thesis. The reactions of liquids

derived from coal liquefaction processes is an appropriate system.

In general, liquids derived from coal liquefaction processes must be hydro-
desulfurized and hydrodenitrogenated before they can be used as fuels. The
hydrogen requirements of the hydrotreatment processes are immense, so the
practical motivation is great for developing a predictive kinetic model that
would identify conditions which minimize hydrogen consumption. Using the
reactions of coal liquids to develop a new approach to the kinetic modeling of

complex mixtures has several advantages.

[1] Since the reactions occur in a fluid of moderate viscosity, mass transfer

and diffusional limitations can be neglected.

[2] Liquid reactants and products are more easily sampled and chemically

characterized than solids.
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The object of this thesis is to begin the development of a kinetic model of
the reactions of complex hydrocarbon mixtures such as coal liquids. A new
appreach will be utilized which is based on the premise that while these com-
plex mixtures contain thousands of components, the components contain only
a small number of functionalities. This premise is supported by a large body of
experimental evidence, including results from nuclear magnetic resonance,
infared spectroscopy and mass spectometry (5,8). The chemical properties of
the complex mixtures are characterized by determining the concentrations of
a representative set of functional groups. The kinetic behavior of the mixture
can then be modeled by determining the rates of reactions of the set of funec-
tional groups. Thus, the development of a general and fundamentally based

kinetic model should include the following steps.

[1] Definition of a methodology for characterizing complex mixtures in

terms of their constituent functional groups.

[2] Identification of the principal reaction pathways of the functional groups

and determination of the rate parameters.

[8] Development of a mathematical model which can predict changes in
functional group concentrations given initial concentrations and reaction
pathways.

Since the reaction network topology and rates derived for a particular set of

functional groups is independent of the starting concentrations, a single model

of this type is applicable to a large number of different feedstocks. A success-
ful model would represent a first step toward a more fundamental understand-

ing of coal liquefaction and other complex reacting systems. The development
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of a general model is a very large task, however, and this thesis takes only the
first few steps towards its completion. The scope of the work presented here is
confined to the characterization of complex mixtures in terms of their func-

tional groups and some initial studies of reaction pathways.

The work presented in this thesis is divided inte two parts. Part ], compris-
ing Chapters 2-8, accomplishes step 1 of the modeling procedure. That is, a
methodoelogy for the characterization of complex hydrocarbon mixtures is
defined and demonstrated. The advantages of a characterization of complex
mixtures based on functional group concentrations are not limited to merely
serving as a starting point for kinetic modeling. Some additional applications
are described in Part 1. Part 1l presents results related to step 2 of the pro-
cedure. Chapters 7-9 describe thermolysis experiments performed on pure
compounds having the same types of functional groups that are present in
coal liquids. Chapter 10 discusses the advantages and limitations of these
model compound experiments and describes some possible methods for com-

pleting steps 2 and 3 of the modeling procedure.
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PART 1

Structural Characterization of Complex Hydrocarbon Mixtures



Chapter 2

Structural Characterization of Complex Hydrocarbon Hixtures

Tremendous increases in the cost of crude oil over the past decade have
sparked an interest in the use of coal liquids, heavy crude oils and shale oils as
alternative fuels. In general, these fuels must undergo expensive hydrotreat-
ment before they can be utilized. Optimizing the hydrotreatment process is a
critical step in making alternative fuels economically attractive. However, little
optimization can be done without a detailed understanding of the chemical
nature of the fuels. Isolation and identification of each of the thousands of
components in the fuels is an intractable problem, so recourse must be made

to approximate characterization methods.

The work presented in Chapters 3-5 of this thesis defines and demonstrates
a method for the structural characterization of these liquid fuels. The goals of
the characterization are to provide as detailed a characterization as the
analytical data allow and to define a characterization which is a reasonable

basis for kinetic modeling.

In developing a structural characterization method for complex mixtures
such as coal liquids, heavy crudes and shale oils, it is first necessary to criti-
cally examine the sources of data on which the characterization will be based.
In the case of coal liquids and heavy crude oils, the principal sources of struc-
tural data are elemental analysis, nuclear magnetic resonance (NMR) spectra,

inffaréd(IR) spectra, separation yields and mass spectra. The precision, accu-
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racy and cost of each of these data sources, along with the type of information

which they provide, are described below.
Elemental analysis

Typically, elemental analysis determines the weight percentage of C,H, N,
and S with O calculated by difference. The data are relatively inexpensive to

obtain and provide reproducible, quantitative information.
Proton NMR

'H NMR distinguishes between protons in various bonding enviornments. A
typical 'H NMR spectrum of a coal liquid is shown in Figure 1. The spectrum is
divided into four bands (1) corresponding to the four bonding enviornments
listed in Table 1 .The intensity integrated over each of the bands is propor-
tionnal to the number of protons in the bonding envieornment assigned to the
band. Despite the slight overlap of sorne of the bands, spectra taken on model

compound mixtures indicate that these data are accurate and reproducible.
Carbon-i3 NER

In the work on coal liquids presented here, '3C NMR has been used to quan-
titatively distinguish between aromatic and aliphatic carbon. High relaxation
times and low isotopic abundance make the acquisition of more detailed data
difficult. In the case of crude oils, however, the aliphatic portion of the spectra
show considerable detail and more information can be derived from the spec-
tra. The differences between coal liquid and c¢rude oil spectra are made partic-
ularly evident by comparing the '3C spectrum of a crude oil shown in Figure 2
to the spectrum of a coal liquid, shown in Figure 3. The !'3C NMR band assign-

ments (2) for both coal liquids and crude oils are listed in Table 2.
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Figure 1

Hm NMR Spectrum of a Coal Liquid
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Table 1

Band Assignments for 'H NMR Spectra

Hydrogen type

Chemical shift range
(ppm from TMS)

Aromatic hydrogen

9.0-5.0

Hydrogen in CH, CH, and CHy groups
alpha to an aromatic ring

5.0-1.9

Hydrogen in CH and CH; groups beta or
farther from an aromaltic ring,
Hydrogen in CHg groups beta to an
aromatic ring

1.9-1.0

Hydrogen in CHg groups gammea or farther
from an arcmatic ring

1.0-0.5
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Figure 2
C NMR Spectrum of a Heavy Crude 0il Distillate
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Figure 3

C NMR Spectrum of a Coal Liquid
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Table 2

Band Assignments for !3C Spectra

of Coal Liquids

Carbon type

Chemical shift range
(ppm from TMS)

Aromatic carbon 100-170
Aliphatic carbon 11-60

Band Assignments for '°C Spectra

of Crude Oils

Aromatic carbon 10G-170
Carbon in CH groups 37-60
Carbon in naphthenic CHg groups
Carbon in CH, groups alpha and gamma or farther
from an aromatic ring R7.5-37
Carbon in CHg groups beta to an aromatic ring R4-27.5
Carbon in CHg groups next to a terminal methyl;
Carbon in CHp groups beta to an aromatic ring
in tetralin structures 22.5-24
Carbon in CHg groups alpha to an aromatic ring 20.5-82.5
Carbon in CHg groups attached to hydroaromatic
structures 18-20.5
Carbon in CHg groups beta to an aromatic ring 15-18
Carbon in CHjy groups gamma or farther from
an aromatic ring 11-156
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Infrared spectra

Infrared spectra provide inexpensive, qualitative information concerning the
types of functionalities which may be present in a sample. Quantitative
interpretation is difficult, however, since peaks are generally broad and con-
verting peak intensities to concentrations is not straightforward. Thus, the
interpretation of IR spectra in this work was confined to use as supporting evi-
dence for the choice of functional groups used in the structural characteriza-

tions.
Separation Procedures

Preparative chromatography can be used to separate various types of
heteroatomic functionalities into distinet fractions (3,4). The yields of the
fractions provide information concerning the relative abundance of certain
heteroatomic functional groups. This information is useful but it is very time

consuming to obtain.
Hass spectra

Both high and low resolution mass spectra were used in the structural char-
acterizations presented here. The interpretation of these data involves several
assumptions which limit the accuracy of the data. These assumptions and the
format of the data are discussed at length in chapter 3. Even with the uncer-
tainties involved in the data interpretation, mass spectral data provide
extremely detailed information on the structures present in complex mixtures.
Unfortunately, the data are relatively expensive to obtain for mixtures with

molecular weights approaching 1000 (such as heavy oils and coal liquids).
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In summary, the sources of data available for structural characterizations
which are quantitative, inexpensive and readily available are elemental analysis
and various types of NMR spectra. In developing a methodology for the struc-
tural characterization of complex mixtures, we should rely predominantly on
these sources of data, but we should also be able to utilize powerful sources of
data, such as mass spectra, if they are available. With this goal in mind, we will
review the principal method of characterization used in the current literature

and our new approach to the structural analysis of complex mixtures.

The most common method used to characterize the structure of complex
hydrocarbon mixtures is to calculate the values of a set of structural parame-
ters {(5-12) The values of the parameters are based on elemental analysis and
NMR data. The advantages and disadvantages of the method are best demon-
strated by an example. In Table 3, the average parameters for a coal liquid are
shown (7). Examination of the values gives a rough indication of the types of
structures that are present in the liquid. The form of the characterization
allows quantitative comparisons between samples to be made. There are two
distinet disadvantages to the characterization, however. First, it is difficult to
incorporate any data other than elemental analysis and NMR into the charac-
terization. As more analytical methods are applied to complex mixtures, this
inflexibility becomes more important. A second disadvantage is that this type
of characterization is not a reasonable starting peint for kinetic modeling of
the reactions of complex mixtures. Any kinetic model representing the
changes in values of these parameters as reactions proceed would merely be
an empirical curve fit. No extrapolation would be possible and insight into the

chemical processes occuring would be limited.
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Table 3

Structural Parameters for a Coal Liquid

Number of carbon atoms per substituent

C/H weight ratio in alkyl groups

C/H weight ratio in aromatic groups

Fraction of carbons that are aromatic

Average number of aromatic carbons per molecule
Number of nonbridge aromatic carbons per molecule
Number of saturate carbons per molecule

Percent substitution of nonbridge aromatic carbon
Number of fused aromatic rings per molecule

Number of saturate rings per molecule

1.34
6.03
185
0.889
15.9
11.8
2.0
12.86
3.1

08
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An alternative method for the structural characterization of complex mix-
tures is developed and demonstrated in the following chapters. The method,
termed functional group analysis, relies on the premise that while complex
hydrocarbon mixtures contain thousands of components, the number of
different functionalities present is small. The goal of the characterization is to
calculate the concentrations of a small number of representative functionali-
ties. This type of characterization and the methodology used to implement it
solve some of the problems of the parameters approach yet retain the advan-
tages. The functional group analysis method allows quantitative comparisons
to be made between samples, it is flexible in the types of data that it utilizes

and it can serve as a logical starting point for kinetic modeling.

The algorithm for calculating functional group concentrations is defined
and demonstrated in Chapter 3. Appendix A details the mathematical tech-
niques and computer codes used in the algorithm. Chapter 4 describes the
application of the method to several samples of coal liquids and Chapter 5
extends the method to the characterization of heavy crudes. Recommenda-

tions for future structural characterization work are given in Chapter 8.
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ABSTRACT

A new method for the structural characterization of complex mixtures is
developed which utilizes elemental analysis , NMR and other analytical data to
determine functional group concentrations. The method is tested with a mix-
ture of known composition and is applied to a set of hydrodesulfurized coal
liquids, The results are compared with mass spectroscopic data and with the

results of established methods of structural analysis.

BRIEF

A new method for the structural characterization of complex mixtures util-
izes elemental analysis , NMR and other analytical data to determine functional

group concentrations.



23.

INTRODUCTION

The structural characterization of complex, multicomponent fractions of
coal liquids, shale oils and petroleum distillates is an important problem that
has received considerable attention. Numerous separation and spectroscopic
techniques have been used, either singly or in combination, in order to obtain
detailed structural profiles of these fossil fuels (1-4). High resolution !H and
13C nuclear magnetic resonance (NMR) have been particularly useful in deter-
mining the structures of the carbon skeletons of these fuels. However, neither
NMR spectra, nor other spectroscopic and analytical data provide enough
information to delineate fully the individual components present in the mix-
tures. Thus, recourse must be made to the approximate characterization
methods of structural analysis. Three general approaches have been employed
to obtain structural information from NMR spectra and possibly other supple-
mental measurements. These approaches are characterization by parameters,

average molecule construction and functional group analysis.

In the first of these approaches, complex hydrocarbon mixtures, such as
coal liquids and petroleum distillates, are characterized by calculating a set of
average structural parameters (5-18). The parameters describe structural
features, such as the fraction of carbon that is aromatic, the number and
average length of alkyl substituents, the percentage of carbons that are substi-
tuted, and the number of aromatic rings per molecule. The parameters are
derived from NMR and elemental analysis data using a number of assumptions.
The nature of these assumptions depends on the specific parameters being cal-
culated, but typical methods (5) assume a value for the average ratio of hydro-

gen to carbon in the aliphatic structures. Given sufficient data, the estimated
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parameters can provide a useful characterization of a hydrocarbon mixture,
however, the approach presents two difficulties. The first difficulty is assessing
the validity of the assumptions made in calculating the parameters. Experi-
mental verification of the assumptions is time con suming and is rarely done.
The second difficulty is that the estimated parameters represent average
values and may not provide information about the actual components of the
mixture. For example, a value of 3 for the average number of carbons in an
alkyl chain could indicate either a uniform distribution of chain length about 3
or a bimodal distribution with high concentrations of very short and much

longer aliphatic chains.

A second approach to structural analysis utilizes NMR, elemental composi-
tion and average molecular weight data to construct average or representative
molecular structures. The structural formula of an average molecule can be
determined in a straightforward manner from elemental analysis and average
molecular weight data. After rounding the structural formula to the nearest
whole integers, the algorithm of Oka {17) can be used to find all possible struc-
tures that are consistent with the NMR data. The molecular structures gen-
erated by this method are useful in visualizing the types of structures that
may be present, but must be viewed with caution. The structures represent a
statistical averaging of the properties of the molecules in the mixture and may
or may not actually exist in the liguids. In addition, small variations in the
average empirical formula can lead to very different structures, so comparis-

ons between similarly treated samples are difficult to make.

This work presents a third approach to the structural characterization of

mixtures, termed functional group analysis. The premise of this method is
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that while the number of individual molecules in a mixture may be large, all of
these molecules are composed of a relatively small number of functional
groups. For coal liquids, this premise is supported by a large body of experi-
mental evidence, including results from mass spectrometry (18), IR (19), NMR
and chromatography (3). Since functional groups determine chemical
behavior, a useful characterization of a mixture of coal liquids consists of list-
ing the concentrations of the constituent functional groups. This method pro-
vides a characterization that is easy te visualize and allows gquantitative com-
parisons between similar samples. If sufficiently precise functional group con-
centrations can be determined, this method could be used to elucidate reac-

tion pathways and kinetics.

The purpose of this paper is to define a method for estimating functional
group concentrations. The method is illustrated by application to several sam-
ples of hydrodesulfurized coal liquids and to two simpler samples of known
composition. The calculations are based on elemental analysis and NMR data.

Mass spectroscopic data are used to support the results.
EXPERIMENTAL SECTION

A neutral oil derived from a hydroliquefied Powhatan #5 coal was fed to a
catalytic hydrodesulfurization reactor. The neutral oil consisted primarily of
molecules containing little or no acid-base characteristics and with boiling
points between 290 and 440 °C. The heteroatoms in the oil were largely sulfur
and oxygen in thiophene- and furan-type structures. Saturate structures with
an average carbon number of 18 amounted to approximately 8 wt.Z of the neu-

tral oil. The saturates were separated from the oil and were analyzed by 'H
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NMR. Using these data and assuming that the saturates would be relatively
inert to further hydrotreatment, the contribution of the saturates was sub-
tracted from the analytical data obtained on the whole oils. The remainder of
this work deals with the structures of the aromatic component of the neutral

oils. An extensive description of the neutral oil is given in reference (20).

The neutral oils were hydrodesulfurized in the stirred autoclave described in
reference (21). A slurry consisting of 280.9 g of the oil and 5 g of a
cobalt/moly catalyst was heated to 350 °C under 34 atm of hydrogen pressure.
Samples were removed at residence times of 0., 3.0, 7.5, and 25 h. Elemental
cormposition, H NMR spectra and low and high resolution mass spectra were

obtained for each of the samples.
RESULTS AND DISCUSSION
Methodology

The goal of functional group analysis is to determine the concentrations of
functional groups which characterize the structure of a complex mixture. The
first step in the analysis is to propose a set of functional groups. such as the
set in Figure 1. The set must be adequate to account for the observed data,
yet it must be as concise as possible since the number of meaningful concen-

trations that can be determined is limited by the amount of available data.

Once the functional groups have been specified, concentrations which
satisfy the elemental analysis and NMR data must be found. This is done by
relating the concentrations of the functional groups to the experimental data
through a set of balance equations. As an example, consider the balance for

alpha hydrogen. The concentration of alpha hydrogen in the sample is
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Figure 1

Coal liquid functional groups
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calculated using 'H NMR and elemental analysis data. This concentration
must equal the concentration of each functional group times the number of
alpha hydrogens in that group, summed over all groups. The balance equa-

tions form a set of linear equations:

n
LAgy;=b (i=1.m) (1)
§=1

where y; (j=1,..n) are the unknown functional group concentrations, b;

(i=1,...m) are quantities representing the elemental and NMR data and Ay are

stoichiometric coefficients. The concentrations must be non-negative.
v 2 0 (®)

Since the number of equations is invariably smaller than the number of un-
known concentrations, equations ! and 2 can yieid either no solutions or a
space of feasible solutions. If the equations have no solution, then the pro-
posed set of functicnal groups is insufficient to describe the observed data and
must be revised. If a space of solutions exists, then the mixture can be

characterized by selecting a single solution from the feasible space.

To select a single solution from the feasible region, we adopt a procedure
that is computationally straightforward. The concentrations y,,.. y, are
chosen such that a function P (y;,...y,) is minimized subject to the constraints
of equations 1 and 2. The form of the function P depends on what, if any, data
are available in addition to elemental analysis and NMR. Data other than ele-
mental analysis and NMR can be introduced as additional balance equations or
can be incorporated into the function P. The method for handling the data is

chosen on the basis of the data’s accuracy and precision. Highly precise and
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accurate data are used in constructing the balance equations. More qualita-

tive data are utilized in formulating the minimization functions.

Three different minimization functions will be discussed. The first is a gen-
eral function which is applied when all of the available data has been used in
forrmulating the balance equations. The second and third functions are
designed to utilize high and low resolution mass spectroscopic data, respec-
tively. Other types of minimization functions are possible, and may be formu-
lated to take advantage of additional data sources. For comparison, all three

methods will be applied to the set of hydrodesulfurized coal liquids.
General Minimization Function

The general minimization functioﬁ is used if no information is available on
the relative abundance of the various functional groups. We formulate the
function by assuming that all functional groups are equally probable. As a
concrete example of this, consider the distribution of carbons among groups 1-
5 and B-15 of Figure 1. If these 13 groups were equally probable, each would
contain 1713 of the carbon. This statement can be implemented by minimiz-
ing?

Pi= 3( 1;;“_ —-y)? (3)
Ay #0

subject to equations 1 and 2, where b; is the concentration of carbon in the

sample,.

However, there is no reason to single out carbon to equidistribute among

functional groups. For aromatic hydrogen the function to be minimized is;
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1
Pe= L (55 (betRyet+2yr+yet2yn +2Y12+R51+2Y1a¥4715) ~ W) (4)
Aziz0

where by is the concentration of aromatic hydrogen in the sample. The total
number of aromatic hydrogen positions to be distributed among the five func-
tional groups is equal to the number of aromatic hydrogens plus the number
of aromatic substituents. Similarly, the expressions for the distribution of the
remaining experimental quantities determined from NMR and elemental
analysis data, i.e., alpha, beta and gamma hydrogen, oxygen and sulfur concen-

trations are:

1

Pg= 3 ( EAs {ba+ye)=y;)? (5)
Ag;#0
Pi= D (—(batyio)y)? (8)
Agy#0
b
Ps=( 5~ = ¥10)° (7)
Pg=(bg ~ ¥g)* (8)
P7=(by — y5)* (9)

Minimizing any of the functions P; (i=1,....7) would express a lack of preference
among functional groups with respect to a particular concentration, eg.,
aromatic hydrogen. If we minimize the sum of the individual P;s we will get
solutions that express the lack of preference among functional groups with
respect to all of the concentrations. Thus, Py is the function that is minimized
in the functional group analysis method when no data other than NMR and ele-

mental analysis are available.
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7
Pg= 3 P; (10)

i=1

Hinimization Function Based on High Resolution Hass Spectral Data

High resolution mass spectra provide a wealth of information on the struc-
ture of fossil fuel fractions. For typical coal liquids, approximately 90 separate
peaks can be reseclved in the spectra. Since high resolution mass spectometry
can resolve masses to one part in 150,000, heteroatoms can be resolved from
the hydrocarbon background, and precise empirical formulas can be assigned
to each peak in the spectra. Quantitative interpretation of the spectra is
difficult, however, because the relationship between peak inteunsitizs and con-
centrations is not always known and peaks are often difficult to resolve. Thus,
the mass spectra are less quantitative than the NMR and elemental analysis
data and are more appropriately used in the minimization function than in the

balance equations.

In constructing the minimization function, functional group concentrations
are determined from the mass spectra. This is done by assigning a structure
to each molecular formula appearing as a peak in the mass spectrum. The
types of structures assigned to the peaks are given by Herod et al. (22) and are
shown in Figure 2. Each of the structures is broken into its constituent func-
tional groups, and the apparent concentrations of a set of functional groups

are then calculated.

This method of interpreting the high resolution mass spectra involves
several approximations. First, it is assumed that each peak in the mass spec-
trum can be represented by one structure. Many of the molecular formulas

have more than one isomer. In some cases, this is not a concern since the
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Figure 2

Structure Assignments for Hydrocarbon Peaks
in Coal Liquid Mass Spectra
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Figure 2 (contd.)
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different isomers can be constructed from identical functional groups. When
isomers are composed of different functional groups, the structure selected to
represent the peak is the structure considered most likely to be found in the

liquid being considered.

A second assumption is that a concise set of functional groups can be used
to represent all of the structures assigned to the peaks. The functional groups
are chosen to provide as complete a description as possible of the structure of
the sample, while maintaining a low number of functional groups. Groups that
participate only in structures present in extremely low concentrations are gen-
erally incorporated inte the concentrations of similar functional groups. This
assumption does not usually present a serious problem since the vast majority
of the structures can be exactly constructed from a small set of functional

groups.

The set of functional group concentrations which most closely resembles
the concentrations derived from the high resolution mass spectra, yet still
satisfies the elemental composition and NMR data, is determined by minimizing
equation 11 subject to the constraints of equations 1 and 2.

n
P= Y (nf)? (11)

i=1
where f; is the concentration of functional group i determined from the mass

spec data. Equation 11 may be thought of as the minimum distance between
the point defined by the mass spec concentrations and the space of feasible
solutions defined by equations 1 and 2. The minimum value of P serves as a
measure of the agreement between the concentrations determined from the

high resolution mass spec data and the rest of the analytical data,
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Einimization Function Based on Low Resclution Mass Spectral Data

The approximations involved in interpreting the high resolution mass spec-
tra also apply to the low resclution spectra, so the data are treated in an
analogous manner. Structures are assigned to the peaks resolved in the low
resolution spectrum and estimates of the functional group concentrations are

calculated.

Since any alkyl chains present in the structures are removed during the
high voltage ionization used in obtaining the low resolution spectrum, alkyl
chains are not detected. Thus, the low resolution spectra only give data on the
relative concentrations of aromatic and hydreoaromatic groups. Functional
group analysis is used to find the set of concentrations which most closely
resemble the concentration ratios predicted by the low resolution mass spec-
tra. Equation 1R is the appropriate function to be minimized for this purpose.
The value of the minimum serves as a measure of the agreement between the

mass spec concentrations and the NMR and elemental analysis data.
: f
p= Y (& - Ly (12)
. i
=2
Application of Functional Group Analysis

The method of functional group analysis will now be applied to mixtures of
known composition and demonstrated in detail on a set of four hydrodesulfur-
ized coal liquids. The mixtures of known composition are described in Table 1.
Two sets of calculations were made on the mixtures. First, functional group
concentrations were estimated for both mixtures using only elemental analysis

and NMR data. These concentrations indicate how well the general method
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Table 1

FUNCTIONAL GROUP ANALYSIS OF MODEL COMPOUND MIXTURES

Mixture Composition

3.2 13.2 (:@:) 13.1 131
3.4 14.3

@) >3 >3 COWEX 6.7

14.0  14.0

7.4 7.4 8 8 7.8 7.8

£.9 6.9 @‘@ 6.3 6.3

QG

7.0 7.0

Functional Group Concentrations

Mixture #1 Mixture #2
True Result of True Result of Concentration Result of
Conc. Algorithm Conc. Algorithm estimated from Algorithm
Egns 1,2,10 Eqns 1,2,10 Mass Spectrum Eqns 1,2,11
@ .585 .463 .585 L420 .503 .516

.309 .279 .199 .245 .211 .215

@ .075 .148 .075 .112 .098 .093
‘-CH3 .251 .250 L141 .140 L177 .140
e—CHy . 202 . 240 .092 .150 .108 .098

— .129 .000 .129 .000 .113 .096
e .143 .153 .143 .135 .097 .106
’\1 .076 .109 .076 .138 .063 .099

:) .165 .137 .165 122 .121 .162
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estimates absolute concentrations and changes in concentrations between
samples. Next, concentrations for one of the samples were estimated using a
high resolution mass spectrum of the mixture. Concentrations were estimated
directly from the mass spectrum and by using equation 12 as the minimization
function in the functional group analysis algorithm. The results, shown in
Table I, show that the general method, utilizing only elemental analysis and
NMR data, gives fair estimates of absolute concentrations and good estimates
of changes in concentrations. When additional data, particularly high resolu-
tion mass spectra, are available the estimates become more accurate. While
the results for coal liquids may not be as accurate as for these simple mix-

tures, these results at least give an estimate of the uncertainties involved.

We now proceed to the examination of the hydrodesulfurized neutral oils.
Elemental composition, 'H NMR spectra and low and high resolution mass
spectra were obtained for each of the samples. The elemental composition and
H NMR data are given in Table 2. The !H NMR spectra were divided into
aromatic, alpha, beta and gamma bands, using the chemical shift assignments
of Snape (23). The low resolution mass spec data are shown in Table 3 and a

summary of a typical high resolution spectrum is given in Table 4.

The set of fifteen functional groups adopted for these samples is listed in
Figure 1. This list is not meant to be an exhaustive compilation of all func-
tional groups present in the neutral ¢ils. Instead, it contains groups represen-
tative of the basic structural features of the oils, i.e., aromatic clusters,
hydrearomatic groups, aliphatic chains, bridges, and oxygen containing
groups. Ether- and furan-type structures were the only oxygen groups con-

sidered because the procedure used to obtain the oils removes phenolic
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Table 2

Elemental Composition and NMR Data

Elemental Composition Data

Hydrotreatment (h) %C ZH 40 A

0.0 91.4 7.3 0.29 0.62

3.0 91.6 7.6 0.45 0.36

7.5 92.6 7.8 0.19 0.35

25.0 91.4 8.2 0.18 0.18
1
H NMR Data

ZAromatic ZAlpha ZBeta %Gamma

Hydrotreatment (h) (9.0-5.0 ppm) (5.0-1.9 ppm) (1.9-1.0 ppm) (1.0-0.5 ppm)

0.0 43.8 33.0 19.3 4.0
3.0 40.0 32.5 21.7 5.8
7.5 37.6 31.6 24.9 6.0

25.0 34.6 35.4 24.4 5.5
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Table 3

Low Resolution Mass Spectral Data

Group Type

Decahydrobenzochrysenes
Octahydrobenzochrysenes
Hexahydrobenzochrysenes
Tetrahydrobenzochrysenes
Benzochrysenes
Decahydrobenzopyrenes
Octahydrobenzopyrenes
Hexahydrobenzopyrenes
Tetrahydrobenzopyrene
Binaphthyls
Benzopyrenes
Dodecahydrochrysenes
Octahydrochrysenes
Hexahydrochrysenes
Chrysenes
Decahydropyrenes
Hexahydropyrenes
Tetrahydrofluoranthenes
Pyrenes
Phenylnaphthalenes
Octahydrophenanthrenes
Hexahydrophenanthrenes
Tetrahydrophenanthrenes
Phenanthrenes

Fluorenes

Biphenyls

Tetralins
Tetrahydroacenaphthalenes
Naphthalenes

Benzenes

Weight %
Hydrotreatment (h)

0.0 3.0 7.5
0.6 0.4 0.3
0.6 0.4 0.4
0.5 0.3 0.4
0.6 0.3 0.4
0.5 0.4 0.4
0.8 0.9 0.9
0.9 0.9 0.8
1.1 1.0 1.0
0.9 0.7 0.7
0.7 0.5 0.5
1.8 1.3 1.2
1.8 1.5 1.5
0.7 1.1 1.2
1.1 1.4 1.5
1.7 0.9 0.9
2.8 3.0 2.9
5.6 7.2 7.6
2.8 3.4 3.3
11.2 9.5 9.4
6.8 7.0 6.5
1.9 4.1 5.6
1.7 1.5 1.1
10.2 10.1 10.3
12.1 10.4 9.5
10.0 11.3 10.9
10.7 10.4 10.5
0.0 0.3 0.6
1.0 2.6 2.9
5.7 4.5 3.9

3.2 2.8 3.1

2.4
7.2
2.9
8.7
5.7
7.2
0.7
10.9
8.1
10.2
11.9
1.3
3.3
4.1
4.4



40.

Table 4

Summary of a Typical High Resoclution Mass Spectrum

Sample: Neutral oil feed

Hydrocarbon type

Monoaromatics
Alkylbenzenes
Indans
Indenes

Diaromatics
Naphthalenes
Biphenyls
Fluorenes

Triaromatics
Phenanthrenes
Phenanthrocyclo-
paraffins

Tetraaromatics
Pyrenes
Chrysenes

Pentaaromatics
Chrysocycloparaffins
Benzopyrenes
Dibenzanthracenes

Polyaromatics

Sulfur Peaks
Dibenzothiophenes
Benzonaphthothiophenes

Oxygen Peaks
Phenols
Dibenzofurans
Benzonaphthofurans

Avg. C # Wt.7% Total wt.%

- - 3.76

7.10 0.69 -
14.88 1.16 -
14.34 1.91 -

- - 36.14
13.93 8.36 -
14.65 16.03 -
15.29 11.75 -

- - 25.61
15.31 19.16 -
17.43 6.45 -

- - 20. 54
17.25 16.43 -
19.29 4.11 -

- - 4.58
20.48 1.87 -
21.09 2.00 -
21.73 0.71 -
22.32 0.98 0.98

- - 1.81
13.18 1.59 -
16.49 0.19 -

- - 6.59

0.00 0.00 -
14.54 5.95 -
17.27 0.64 -
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functionalities. Additional groups, such as larger condensed aromatic struc-
tures and longer alkyl chains, may be necessary for some samples of coal

liquids, but were not needed to explain the analytical data presented here.

Having specified the functional groups, the balance equations can be
immediately written down. For example, the balance equation for alpha hydro-

gen is:
8ys—yo+Ry11+4Y12+4Y13+3Y14+6Y15=b3 (13)

where bg is the experimentally determined concentration of alpha hydrogen, y;
is the concentration of functional group j (as defined in Figure 1) and the

numerical coefficients are the stoichiometric A;;.

There are seven balance equations in the fifteen unknowns y;.....,y;s. Table 5
gives the concentrations obtained from the elemental analyses and the H
integrals for the four distinet hydrogen types and for total carbon, oxygen and
sulfur. Table 8 gives the stoichiometric coefficients which relate each of the
fifteen functional groups to the hydrogen types and the C, 0, and S elemental

contents.

Functional group concentrations were determined by minimizing the func-
tion defined in equation 10, subject to equations 1 and 2. This procedure
requires only elemental analysis and !H NMR data. The algorithm of Luus and
Jaakola (R4) was used in the minimization. The results are listed in Table 7.
Equations 11 and 12 were also minimized subject to equations 1 and 2. This
procedure determined the concentrations which most closely resemble the
concentrations derived from the low and high resolution mass spectra. The

results are listed in Table 7. The concentrations derived from the mass
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Coefficients B,, for the Experimental Datsa

Table 5

d
" x ES * ES
Hydrotreatment (h) ,Ww. WWW ‘MM mww
0.0 7.62 3.18 2,39 1.40
3.0 7.63 3.05 2.48 1.66
7.5 7.72 2.92 2.45 1.93
25.0 7.62 2.82 2.89 1.99
mu = Moles of carbon/ 100 g of sample
wm = Moles of aromatic hydrogen/100 g of sample
wu = Moles of alpha hydrogen/100 g of sample
wb = Moles of beta hydrogen/1l00 g of sample
ww = Moles of gamma hydrogen/100 g of sample
w@ = Moles of oxygen/100 g of sample
B, = Moles of sulfur/100 g of sample

(Constraints)
* %
5005
0.288 0.018
0.440 0.028
0.461 0.012
0.449 0.011
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Table 6

Stoichiometric Coefficients, A,.,, Relating Functional

4]

Groups and the Experimental Data (Constraints)

x*

Functional Group j

K%

s

Constraint i

s
|no
o

4 5 6 7

1. Carbon 6 10 14 16 12 0 0

2. Aromatic Hydrogen 6 8 10 10 8 -2 =2

3. Alpha Hydrogen 0 0 0 0 0 0 0
4. Beta Hydrogen 0 0 0 0 0 0 0
5. Gamma Hydrogen 0 0 0 0 0 0 0
6. Oxygen 0 0 0 0 0 1 0
7. Sulfur 6 0 0 O 1 0 0
%*

Functional group numbers are defined in Figure 2.
k%
Constraint numbers are defined in Table 5

1 1

1 1

0 -2

8 9 10 11 12

2

-2
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Table 7

Functional Group Analysis Results
(Concentrations in moles/100 g of sample)

Results Based on Mass Spectroscopy

% - Sk h——
Functional General Results High Resolution ** Low Resolution
Group Hydrotreatment (h) Hydrotreatment (h) Hydrotreatment (h)
0 3.0 7.5 25.0 0 3.0 7.5 25.0 0 3.0 7.5 25.0
1. .236 247 .238 . 305 .301 .355 .346 . 389 .369 .394 .408 .418
144 .129 .122 .151 .155 .153 .179 .129  .133 122 .130
.088 .092 .074 .086 .088 .086 074 .055 .051 .043 .039
.071 074 .061 .055 .028 .043 .002 074 .064 .061 .052
.011 011 .006 020 .011 .011 .006 .020 .011 .011 .006
.028 .012 .011 .018 .028 .012 .011 .018 .028 .012 .011
.000 .000 .000 074,046 .069 .020 140  .133 144 <125
8. e—CH .288 .360 . 308 .533 .303  .248 .222 .318 .365 .398 .285 .584

o.mwlomw .082 .139 .190 .238 .060 .053 .107 .040 .098 .198 .182 <317
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Table 7

Functional Group Analysis Results
(Concentrations in moles/100 g of sample)

% Results Based on Mass Spectroscopy ...
Functional General Results High Resolution * % Low Resolution

Group Hydrotreatment (h) Hydrotreatment (h) Hydrotreatment (h)
0 3.0 7.5 25.0 0 3.0 7.5 25,0 0 3.0 7.5 25,0
Hoa¢|nmu 096 147 .154 .150 096 147 .154 .150 .096 .147 154 .150
11. @™ 004 .001 .002 .002 .088 .092 .096 .062 067 .067 073 .057
12, 151 .116 . 145 .101 .086 .,088 .086 074 .076 .090 .100 .085
13. .117  .160 .139 .190 .162  .203 .208 .263 140 171 .199 .202
14, 049 .052 .064 .050 .046  .065 .066 .083 040 .027 .044 .020
15. .064  ,047 .064 .035 .039 .042 .054 .042 .046  .036 .050 .023
P - - - - .005 .013 .005 .022 024  .010 .026 .003

*
EX S
*kk

Equation 10 minimized
Equation 11 minimized
Equation 12 minimized
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spectra are given in Table 8 .

Examination of the functional group concentrations reveals the following
trends. With increasing residence time, the concentration of large aromatic
clusters decreases while hydroaromatics and small aromatic clusters increase.
Aliphatic chains increase slightly and bridge concentrations remain roughly
constant. These trends support the view that condensed aromatic units are
being partially hydrogenated while short aliphatic chains remain relatively
inert. Splitting of hydroaromatics may account for a small observed rise in ali-

phatic chain concentrations.

The results obtained by minimizing equations 10, 11 and 12 are similar in
both their trends and absoclute values. The only significant differences occur in
functional groups 9, 11 and 12. The various results disagree on the distribu-
tion of aliphatic groups among alkyl chains and bridges. The only independent
experimental evidence available on these concentrations are estimates of func-
tional group 11 concentrations obtained from 'H NMR. Assuming all hydro-
gens with chemical shifts between 3.4 and 5.0 ppm are in group 11 structures
gives concentrations of .07-.10 moles/100 g. This is in reasonable agreement
with the results based on the mass spectra. The model compound results of
Table I also tend to support the concentrations which utilize the mass spectral
data. !3C NMR spectra could be used to better define the distribution between
alkyl chain and bridge groups. Overall, the functional group concentrations
obtained using minimization functions derived by the 3 approaches are in rea-

sonable agreement.

The concentrations derived from the mass spectra, shown in Table B, very
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13.

14.

15,

Functional Group Concentrations Derived from Mass Spectra

47.

Table 8

S8

&)
o0

1y g
J? (o)

!

7

CH

.0—CH

[O%]

o O 0

Concentrations in moles/100 g

High Resolution Data

Low Resolution Data
Relative Concentrations

0

.285

.150

.0596

.083

.010

.034

.100

445

.098

.082

L127

.012

.025

Hydrotreatment (h)

3.0 7.5 25.0
.323 .332 .335
<147 .153 .162
.082 .069 .067
.078 .070 .065
.007 .004 .002
.031 .026 024
.092 .089 .089
424 467 477
112 .103 .096
.081 .077 .074
146 .170 .186
.016 .027 .031
.027 .031 .031

0.

.390

167

174

.323

.135

171

.356

.029

.038

Hydrotreatment (h)

3.0 7.5 25.0
1 1 1
.356 . 342 .317
.132 119 .095
.126 .123 .106
. 297 .289 .275
.140 .133 .116
.209 .212 .1590
422 464 474
.030 .027 .022
.031 .030 .027
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nearly match those derived from the functional group analysis. Considering
the approximate nature of the NMR band assignments and the assumptions
involved in the interpretation of the mass spectra, the agreement is quite good.
The close agreement of the concentrations based on two independent sources

of data supports the utility of functional group characterization of mixtures.

Finally, the results of the functional group analysis method were compared
to the results of an established method of structural analysis. The average
structural parameters defined by Clutter et al. {9) were used for the com-
parison. The average parameters were calculated in the standard manner
using 'H NMR spectra and by direct evaluation from the functional group con-
centrations. The excellent agreement between the two results, shown in Table

9, is further support for the proposed algorithm of functional group analysis.
CONCLUSIONS

The proposed method of functional group analysis was applied to two test
mixtures of known compeosition and to several samples of coal derived liquids.
In the case of the test mixtures, using elemental composition and NMR data,
the method gave fair estimates of absolute concentrations and good estimates
of changes in concentrations. When mass spectroscopic data were used in con-
junction with the NMR and elemental analysis data, the estimates of absolute
concentrations improved considerably. Application to the samples of coal
liquids yiélded fair to good agreement between concentrations estimated from
elemental composition and NMR data on the one hand, and concentrations
estimated from elemental composition, NMR and mass spectroscopic data. The

functional group analysis method is very flexible in accommeodating a variety
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Table 9

Comparison of Functional Group Analysis
Results with Average Molecule Calculation

Parameter

Aromatic carbon/total carbon

Average number of rings
in an aromatic cluster

Nonbridge aromatic
carbons/total carbons

Naphthenic carbon/
total carbon

% of nonbridge
aromatic carbons
which are substituted

Value determined
from functional
group concentrations
(general results)

1

H NMR average

molecule calculations

2.04 1.97

Hydrotreatment (h)
0 3,0 7.5 25.0
.70 .69 .67 .66
2.00 1.80
.56 .55 .53 .54
.17 .18 .19 .18
34,

29. 30. 32.

Hydrotreatment (h)
0 3.0 7.5 25.0
.72 .69 .67 .65
2.0 2.0 1.9 1.8
.58 .56 .55 .54
.18 .19 .25 .24
36.

29. 31. 33.
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analytical data in a systematic fashion.
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ABSTRACT

A new method of structural analysis is applied to a group of hydroliquefied
coal samples. The method uses elemental analysis and NMR data to estimate
the concentrations of functional groups in the samples. The samples include
oil and asphaltene fractions obtained in a series of hydroliquefaction experi-
ments, and a set of 10 fractions separated from a coal-derived oil. The struc-
tural characterization of these samples demonstrates that estimates of func-
tional group concentrations can be used to provide detailed structural profiles
of complex mixtures and to obtain limited information about reaction path-

WayS.
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INTRODUCTION

Characterizing the structures of fuels derived from coal is an important
step in developing an understanding of the chemistry of coal reactions. The
determination of exact chemical structures of coal liquids from elemental
composition, Nuclear Magnetic Resonance (NMR) and possibly other analytical
data is an underdetermined problem, however, because of the complexity and
variety of the molecules in the liquids. Since the molecular structures cannot
be fully delineated, recourse must be made to approximate characterization
methods. The data on which such characterizations are most commonly based

are elemental analysis, H nmr spectra, and less routinely, 13C nmr spectra.

Structural characterization most frequently takes the form of a representa-
tive molecular structure, or a set of average parameters, such as carbon
aromaticity, average length of alkyl chains, and the degree of aromatic substi-

tution!5.

In this work, we apply an alternative method of structural charac-
terization, termed functional group analysis. The goal of functional group
analysis is to calculate the concentrations of the functional groups present in
the sample. The method is based on the premise that although the number of
individual molecular species in a coal liquid is large, most of these species are
composed of a limited number of functional groups. The relative concentra-
tions of the functional groups determine the chemical behavior of the liquids.

Thus, calculating the concentrations of the major functional groups is a useful

structural characterization.

A set of functional groups appropriate for the characterization of hydro-

treated coal liquids is given in Figure 1. This set is not a complete listing of all



56.

Figure 1
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structures known to be present in coal liquids. Rather, it is a concise
representation of the major structural features of hydrotreated ceal liquids,
ie., aromatic clusters, hydroaromatic groups, alkyl chains, bridges and
heteroatomic groups. The method of functional group analysis seeks to calcu-
late the concentrations of these groups utilizing elemental composition, NMR,
and possibly other supplemental data. An extensive description of the meth -
odology has been given® Briefly, the NMR and elemental analysis data are used
to construct linear balance equations. In these balance equations, the concen-
tration of each atomic species is expressed as a sum of the contribution from
the functional groups, each with a suitable stoichiometric coeflicient. For
example, the concentration of aromatic carbon equals 6 times the concentra-
tion of monoaromatic groups plus ten times the concentration of diaromatic
groups plus..... . The set of balance equations can be written succinctly in the

matrix formg
n
ZAinj = bj (1=1,m) (1)
=1

where y; (j=1,..n) are the unknown functional group concentrations, b;
(i=1,...m) are atomic species concentrations and A;; are stoichiometric
coefficients. The number of equations is smaller than the number of un -

knowns, m<n.

In addition to the constraints imposed by the balance equations, there are

the constraints of non-negative concentrations:
yi2 0 ()

Equations 1 and 2 define a space of feasible solutions. The structure of the

coal liquid is characterized by selecting a single solution from the feasible
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space. To select a solution, we adopt a procedure that is computationally
straightforward. The set of concentrations y,,.....¥, is selected such that a
function P(y;,....yn) is minimized. The form of the function depends on what, if
any, data are available in addition to elemental analysis and NMR. For exam-
ple, if no data are available other than the constraints of equations 1 and 2,

equation 3 is minimized:

AHN, ) (3)

(
1
where N; is the number of functional groups containing species i. Equation 3

was constructed by assuming that the distribution of atomic species among the

functional groups was randoms®.

Concentrations obtained by minimizing this
equation subject to the constraints of equations 1 and 2 were fouﬁd to be in
good agreement with functional group concentrations based on high resolution
mass spectral data and with the results of other methods of structural
analysis®. The function to be minimized can be modified to incorporate qualita-
tive information based on data other than NMR and elemental analysis. For

example, the function to be minimized if high resolution mass spectra are

available is equation 4

n
P= 3 (yi—f;)? (4)
it

where f; is the concentration of functional group i predicted by the mass spec

dataS.

In this work, functional group concentrations will be estimated for two sets
of synthetic fuel samples utilizing elemental analysis, !H NMR and !3C NMR

data. The first set of samples is a group of 10 fractions of a solvent refined
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coal. Analysis of these samples will demonstrate how the functional group
method can be used to provide detailed descriptions of complex mixtures. The
second sel of samples is a group of asphaltene and oil fractions obtained in a
series of coal hydroliquefaction experiments. The functional group concentra-

tions obtained for these samples will help to identify liquefaction pathways.
EXPERIMENTAL

In an extensive series of experiments, Powhatan #5 coal was hydropro-
cessed under a variety of conditions. Experimental procedures are given below

and the coal liquids obtained are listed in Table 1.
Solvent Refined Coal Fractions

A heavy distillate obtained from a 50 ton/day SRC-II demonstration plant
operating with Powhatan #5 coal was fractionated using a SARA chromato-

graphic procedure?’

. The goal of the separation was to isolate heteroatomic
functionalities. The ten primary fractions obtained were neutral oils (72.5 wt.
%), asphaltenes (B.9%), very weak bases (2.7%), weak bases (1.9%), strong bases
(6.0%), very weak acids (1.1%), weak acids (1.2%), strong acids (0.2%), neutral

resins (1.2%) and saturates (4.5%). Elemental composition, 'H NMR and !3C

NMR data were obtained for the fractions. The data are given in Table 2.
Hydroliquefied Coal Samples

A group of pentane soluble and toluene soluble/pentane insoluble extracts
were obtained from the products of a series of autoclave experiments. The
samples were prepared by shaking a reactor containing 5 g of a Powhatan #5
coal and 5 g of a liguefaction solvent in a heated fluidized sand bath. The reac-

tor consisted of a 22 ml stainless steel bomb with a .64 cm (1/4-in.) stainless
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Table 1

Coal Liquid Samples

I Fractionated SRC~II Heavy Distillate
Fractions

Neutral oils
Asphaltenes
Very weak bases
Weak bases
Strong bases
Very weak acids
Weak acids
Strong acids
Neutral resins

II Hydroliquefied coal fractions-pentane soluble and toluene soluble/
pentane insoluble fractions obtained for each experiment

Experimental Conditions

Reaction Reaction
Sample No. Solvent Temperature Time {(min)
400T4HO Tetralin 400°C 40
460T03 Tetralin 460°C 3
460T10 Tetralin 460°C 10
46074 Tetralin 460°C 40
400S40 SRC-II heavy distillate 400°C 40
460803 SRC~11 heavy distillate 460°C 3
460S10 SRC-II heavy distillate 460°C 10

460840 SRC-II heavy distillate 460°C 40
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Table 2

Elemental Analysis and NMR Data for SRC-II Heavy Distillate Fractions

NMR Data
Yieid 1 N
(wt?% of Heavy Elemental Analysis Data H NMR Carbon
Fraction Distillate) %C 7ZH 7N %0 %S ZAromatic %Alpha  ZBeta  JGamma  Aromaticity
Neutral oils 76.86 91.4 7.2 0 .72 .66
Aromatic fraction
of neutral oils 72.49 49 28 17 6 .77
Asphaltenes 8.88 85.4 6.4 3.2 4,5 47 59 28 10 3 .81
Very weak bases 2.69 84.3 6.8 1.3 7.1 .52 56 25 14 5 .81
Weak bases 1.87 78.8 6.7 3.9 8.3 2.2 44 23 23 10 .74
Strong bases 5.99 85.9 6.8 4.8 1.8 0.60 44 31 19 7 .74
Very weak acids 1.08 82.2 8.0 .21 8.9 .16 48 32 16 4 W74
Weak acids 1.24 82.3 7.7 0 9.8 .16 58 25 11 4 .79
Strong acids .21 76.0 5.6 0 17.8 .60 53 32 11 3 .79
Neutral resins 1,19 84.6 7.2 .85 7.2 .15 29 20 35 16 .67
Saturates 4,52 0 0 74 26 .00

*o:mawomw shift assignments from Snape et al. [11].
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steel gas inlet tube. In each run, the reactor was pressurized to 11.0 MPa (109
atm) with hydrogen and was shaken in the sand bath for the specified time.
Not included in the nominal reaction time was the reactor heating time, ie.,
the time required for the reactor’s internal temperature to reach within 1 °C

of the sand bath temperature. Heating time was found to be 4 minutes at both

400 and 480°C.

After the necessary time had elapsed, the reactor was removed from the
sand bath and cooled with an air jet. About 2 minutes were required to cool
the sample to 300 °C. After 7 to 10 minutes of cooling, the reactor was
immersed in crushed dry ice. The reaction products were removed from the
reactor with a methylene chloride wash. The methylene chloride was then
driven off at room temperature by a nitrogen purge. Pentane and toluene
extracts were obltained by successive Soxhlet extractions. The pentane and
toluene were driven off, along with the liquefaction solvent, by heating the

extracts at 80 °C under a nitrogen stream.

The reaction conditions were varied to determine the effect of solvent, tem-
perature and residence time on product structure. Tetralin and the SRC-II
heavy distillate (SHD) described above were chosen as solvents to represent
different hydrogen donating capabilities. Experiments were done at two tem-

peratures and three residence times.

Proton NMR, !3C NMR and elemental analysis data were obtained for each of
the samples. The results of the elemental analysis and the yields of the extrac-
tions are listed in Table 3. The NMR data are given in Table 4. Sharp peaks at

8.8 and 2.2 ppm were noted in the 'H spectra of some of the toluene extracts.
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Table 3

Extraction Yields and Elemental Analvsis Data for Hydroliquefied Samples

Pentane Fraction Toluene Fractiecm
Sample Yield* %C 7H %0 Yield** %C 7%H %0
400840 .117 89.5 7.4 2.2 .197 84.1 6.3 5.3
460503 .106 88.2 7.2 2.4 .136 84.6 5.7 6.5
460510 .154 89.0 7.0 2.2 141 86.0 5.3 5.5
460840 .103 90.3 6.6 2.0 .101 88.2 5.0 4.4
400T40
460T03 .322 82.2 7.4 5.4 .176 83.9 6.4 A
460T10 423 85.0 7.2 4.5 .183 86.0 6.2
460T40 L491 87.8 7.0 3.6 .213 87.9 6.0 .

Wt Pentane Insolubles
Wt Ash-Free Coal

L]
[y
I

Pentane Yield

* Wt Toluene Insolubles

Wt Ash-Free Coal - Pentane Yield

* Toluene Yield

]
[
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Table 4

NMR Data for Hydroliquefied Samples

lH FMR and 13

C Data for Pentane Fractioms

Aromatic H aH * 8H * YH % Carbon
Sample (9.0-5.0ppm) (3.0~1.9 ppm) (1.9-1.0 ppm) (1.0-.5 ppm) Aromaticity
400840 45.6 25.9 21.2 7.2 A
460803 44,6 28.6 20.1 6.6 .72
460810 48. 4 29.5 17.3 4.8 .76
460840 56.3 31.5 10.2 1.9 .81
400T40 23.1 38.1 29.5 .3 .51
460703 28.4 34,3 27.8 .5 .54
460T10 29.4 33.9 28.3 .60
460T40 30.0 36.3 25.7 .69

1 13 .
H NMR and C Data for Toluene Fractions

400840 39.8 33.6 21.4 5.2 .79
460803 48.7 32.4 14.9 4.1 .82
460810 52.4 32.3 11.9 3.5 .84
460840 66,7 24.2 7.5 1.7 .90
400T40 32.8 36.0 24.9 6.4 .67
460T03 33.9 38.0 23.7 4.4 .70
460710 43.5 36.2 16.4 3.9 .75
460740 53.6 29.7 13.3 3.4 .80

*
Chemical shift assignments from Snape et al. [11].

1 The sample number consists of the reaction temperature, solvent and
reaction time, consecutively.
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The peaks were believed to be the result of residual toluene from the exirac-
tion, and were subtracted from the spectra. In all cases, the toluene present

represented less than 9% of the sample.
RESULTS AND DISCUSSION

For each liquid sample, the concentrations of the functional groups listed in
Figure 1 were calculated. In some cases, functional groups were assigned con-
centrations of zero. For example, when separation procedures were
specifically designed to exclude certain functionalities, e.g., phenolics in the
neutral oil fraction of the SRC heavy distillate, the concentrations of those
functionalities were set equal to zero. IR spectra were particularly helpful in
determining the presence or absence of some functional groups in the sam-

ples.

The results of the functional group analysis for both sets of samples are dis-
cussed below. For the hydroliquefied samples, the functional group concentra-
tions were obtained by minimizing equation 3 subject to the constraints of
equations 1 and 2. The concentrations obtained for the SRC fractions were
selected by minimizing a function which utilizes qualitative data based on 'H
NMR spectra®. Use of two different methods of selecting a particular solution
from the feasible space emphasizes the versatility of the functional group

analysis algorithm in handling new sources of data.
Solvent Refined Coal Fractions

The samples examined here are the fractions obtained from a SRC-II heavy
distillate. The heavy distillate was separaied into ten fractions which differ pri-

marily in the hetercatomic functionalities which they contain. IR and NMR
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spectra were used to identify the functional groups present in each fraction®1°,

Functional group analysis was applied to each of the ten fractions and the
resulting concentrations are given in Table 5. The concentrations were
obtained by selecting the solution which had a distribution of aromatic ring
sizes closest to that predicted by the method of Tominaga®. The distribution of
ring sizes could have been included in the constraints of equation 1, however
these data are more qualitative than the constraints of equation 1 and are
therefore more appropriately used in the selection of a solution from the feasi-
ble spéce rather than in defining the feasible space. Thus, a solution was
selected from the feasible space by minimizing equation 5 subject to the con-

straints of equations 1 and 2.

P=(C;—Ryp—4y3—6Y4)? (5)
where C; is the concentration of internal carbon in the sample®.

Examination of the functional group concentrations reveals that the neu-
tral oils and the asphaltenes have a higher hydrecaromatic content than the
various acids and bases. High concentrations of aliphatic chains and small
aromatic rings appear to be associated with high heteroatomic concentrations.
Another interesting feature of the results is the ring size distribution. The
neutral oils are predicted to contain mostly diaromatic rings, while the
remainder of the fractions are predominantly monoaromatic. The causes and

significance of this result are not yet clear.

The functional group concentrations of the whole heavy distillate were
determined from the concentrations and yields of each of the fractions. The

22 concentrations, which are given in Table 5, provide a detailed structural
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Table 5

SRC~11 Heavy Distillate Functional Group Concentrations
(Concentrations in Moles/100g)

Neutral Fraction Whole
Functional 0ils Very Weak Weak Strong Very Weak Weak Strong Neutral Heavy
Group (Aromatics) Asphaltenes Bases Bases Bases Acids Acids  Acids Resins Saturates Distillate
d.@ .035 .874 .249 .320 .301 . 796 .788 .139 .150 - 154

».8 .364 .006 .104 003 .089 .002 .016  .045 .00l - .273
3. @@ . 080 .014 .188 079 .072 .008 016 .209  .192 - .073

4. @@@ 042 . 005 .021 009 .052 .006 .015 .020 .054 - .036

5.¢~CHj .073 . 005 .339 480 .218 .555 .671 604  .680 - .108
6. o~CHg .054 .001 .001 .266 .001 .159 .199 117 .801 - .058
7. o~CHgq .136 . 064 113 223 .160 .106 .103  .057  .383 - .128
8. .142 .001 .001 .035  .001 .055 .001  ,001  ,001 - .104
8.« > .063 . 001 .001 .001 .00l . 099 .001  .001 001 - .047
10. .190 .143 L050 L001  .048 .076 .001  .001 .00l - .155
1. .018 .001 001 L001 .00 .029 .001  .001 .00l - .014
12. .041 .007 . 096 .075  .093 ,052 .031  .029 045 - .041

13. .025 .157 002 .001 .107 .012 .002 .001 .001 - .039
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