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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
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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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15,

Functional Group Concentrations Derived from Mass Spectra
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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
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Figure 1

Coeal liquid functional

groups
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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



Table 5 (cont.)

{Concentrations in Moles/100 g)

68.

Fraction
Neutral —— Whole
Functional Oils Very Weak Weak Strong Very Weak Weak Strong Neutral Heavy
Group (Aromatics) Asphaltenes Bases Bases Bases Acids Aclds _Acids Resins Saturates Distillate
14, <0~ .048 - - - - - - - - - .035
16. OH - .281 <443 .519 L3112 .556 .204 - - - .062
16. “—G—OH - - - - - - 206,555,150 - .005
0
17. le»@ .020 .015 .016 069 .019 .005 .005  .019 .005 - .019
am.meu - - - .279 172 - - - - - .016
N
S.le:u - - .093 - .172 - - - - - .013
uo.g - .230 - - - .015 - - .061 - .021
H
21.-¢— - - - - - - - - .150 - .002
O
22. CHiin - - - - - - - - - 7.14 .309
saturated

structures
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profile of the heavy distillate and provide a reasonable starting point for the

kinetic modeling of this coal liquid.
Hydroliguefied Samples

The pentane and toluene extracts examined here contain liguefaction pro-
ducts of moderate molecular weight. Low molecular weight products {(carbon
number < 10) are removed with the liquefaction solvent and very high molecu-
lar weight products tend to be inscluble in pentane and toluene. The purpose
of the hydroliquefaction experiments was to help define the structures and
obtain clues about the reaction pathways of these moderate molecular weight

products.

We start by examining the data of Tables 3 and 4. The samples liquefied in
tetralin and SRC-II heavy distillate (SHD) exhibit some straightforward trends.
As the residence time increases, aromatic carbon increases, aliphatic carbon
and hydrogen decrease. The samples are also deoxygenated. The changes in
the content of aliphatic carbon and various types of aliphatic hydrogen are
miore pronounced in the samples generated in the solvent SHD relative to the
samples generated in tetralin. They are also more pronounced in the toluene

fractions compared to the pentane fractions.

The functional group concentrations of Tables 8 and 7 suggest the following
interpretation of these data. Partially hydrogenated aromatic structures are
partially or completely dehydrogenated and the hydroaromatic portion of
some of these structures is being cleaved. Multiple ring hydroaromatic groups
(functional groups 12 and 13) appear to be more labile than single ring

hydroaromatics (group 8). An indication of the relative rates of the different
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Table 6

Functional Group Concentratiomns for
Pentane Soluble Fraction of Hydroliquefied Samples

(Concentrations in Moles/100g)

liquefied in Tetralin Liquefied in SHD
Functional 400° 460°  460° 460° 400° 460°  460° 460°
Group 40 min 3 min 10 min 40 min 40 min 3 min 10 min 40 min
@ L343 .320 .188 .188 .235  .270 .230 .247
.096  .102 .112 .126 L1420 .139 141 .156
@% .040  .052 .079 .093 .099  .088 .100 112
::O .002  .014 .067 .085 .083  .066 .086 .099
e~CHgy .413 .283 .263 427 .356  .302 .315 .323
—CHg .102 .062  .245  .406 .300  .140  .150  .074
o~CH,4 L2299 .234 .204 .187 .177  .158 .112 .042
O .199  .162 .148 .157 L1440 132 .114 .092
.001  .000 .023 . .000  .000 .0 .

o~ 0 0 204 0 15 075
A .074  .062 .137 .105 .083  .106 L124 125
s .000  .000 .000 .159 .000  .000 .000 .000
iS) .158  .149 .074 .000 .020  .063 .028 .002
§ .044 069 .081 .035 .031  .040 .048 .033

—0OH .338  .338 .281 .225 .138  .150 .138 .125



/1.

Table 7

Functional Group Concentrations for

Toluene Soluble Fraction of Hydroliquefied Samples

(Concentrations in Moles/100g)

Liquefied in Tetralin Liquefied in SHD
Functional 400° 460°  460° 460° 400° 460°  460° 460°
Group 40 min 3 min 10 min 40 min 40 min 3 min 10 min 40 min
@ .176 .182 .200 .218 .151 .215 .223 .246
.114 .122 .134 146 .116 144 .150 .165
)
.083 .091 .100 .109 145 .108 .111 .123
o)
0@ .075 .083 .091 .099 .090 .098 .102 112
Ol

#~CHg4 .129 .276  .195  .128 .B56  .410 247  .212
._CHa L1230 .235 .095 .051 .478  .199 .111 .072
°‘CH3 .136 .094 .081 .068 .109 .078 .062 .028
:) .101 .119 .083 .061 .006 .082 .069 044
“ > .182 .237 244 .201 .001 .128 171 .116
s 133 .118 .123 .099 .001 .059 .084 .056
Sy .000 .063 .046 .105 406 .384 .453 .568
: ; .077 .026 .032 .033 .000 .000 .000 .000
5> .084 .056 .057 .050 .000 .000 .021 .002
=—OH .400 .400 .375 .338 .331  .406 . 344 .275
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modes of hydroaromatic group decomposition is given by calculating the per-
centage of hydroaromatic carbons that are converted to alkyl and aromatic
carbon. Alkyl groups will result from splitting of hydroaromatics; aromatic
groups will result from dehydrogenation. Comparison of samples 460T03 and
480T40 shows a decrease in hydroaromatics {groups 8, 12 and 13) amounting
to 1.83 moles of carbon per 100g of sample. Alkyl carbon increases by .44
moles/100g and aromatic carbon increases by 1.05 moles/100g, so dehydroge-
nation reactions appear to dominate in tetralin at 460 °C. In the pentane solu-
ble fractions generated in tetralin and in both SHD fractions, alkyl chains
decrease and aromatic rings increase in concentration with reaction time. For
these fractions, dehydrogenation is also the dominant mode of hydroaromatic

decomposition.

As the hydroaromatic groups dehydrogenate, the hydrogen donating ability
of the fractions decreases. This decrease is less pronounced when liquefaction
solvents with good hydrogen donor properties are used. This observation indi-
cates that the oils and asphaltenes can both accept hydrogen from the
liguefaction solvent and donate hydrogen to other product fractions. The
donation reactions appear to be more extensive than the hydrogen accepting
reactions, as evidenced by the overall loss of hydrogen in the fractions with

increasing reaction time.
CONCLUSIONS

Application of the proposed method of functional group analysis to two sets
of coal-derived liquids has provided the following conclusions. The method can

be applied in conjunction with separation procedures to provide detailed



73.

profiles of complex, multi-component mixtures. The method can also be used

to obtain qualitative information about reaction pathways.

In general, functional group analysis is best suited for the structural
analysis of complex liquids on which a large amount of data from a variety of
sources is available. When applied, the method has several distinct advantages
over other methods of structural characterization. It allows data from diverse
sources such as NMR, IR and separation procedures to be incorporated into a
single characterization; changes in structure are easily quantified; the types of
structures present are easily visualized and the results could provide a start-

ing peint for kinestic modeling,
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Chapter 5

Application of Functional Group Analysis to Heavy Qils

In chapter 3, a new method for the characterization of complex hydrocar-
bon mixtures was developed. In chapter 4, this characterization, termed func-
tional group analysis, was applied to samples of cecal liquids. In this chapter,
we seek to demonstrate the flexibility of the functional group analysis metho-

dology by applying it to a sample derived from heavy crude oil.

The sample to be characterized is the atmospheric tower bottoms (ATB)
from a refinery fed by a Mayan heavy crude oil. The analytical data available
on the ATB sample are given in Tables 1, 2 and 3. Table 1 contains elemental
analysis and 'H NMR data. Table 2 gives the !3C NMR data and Table 3 is a
summary of a high resolution mass spectrum of the ATB. The procedure for
estimating functional group concentrations for the ATB sample follows the gen-
eral methodology defined in Chapter 3, but the utility and precision of the data
are different and thus the details of the functional group calculations are

slightly different.

As in the case of coal liquids, we begin by defining a set of functional groups.
The functional groups proposed for the ATB are shown in Figure 1. They are
different than those proposed for coal liquids, reflecting the greater abundance
and variety of aliphatic structures in the oil. Separation yields and mass spec-
tra were used in determining the concentrations and types of hetercatomic
functionalities present. Mass spectra indicated that thiophene and carbazole

type structures were the primary sulfur and nitrogen components. Separation



Table 1

Flemental Analysis Data
%C %H %0  ZN %S
B4.1 101 106 05 4.0

'H NMR Data for Mayan ATB

Hydrogen type Chemical shift range % of Hydrogen
(ppm from TMS)
Aromatic hydrogen 9.0-5.0 7.7

76.

Hydrogen in CH, CHy and CHg groups
alpha to an aromatic ring 5.0-1.9 8.3

Hydrogen in CH and CH; groups beta or
farther from an aromatic ring,
Hydrogen in CHg groups beta to an
aromatic ring 1.8-1.0 62.4

Hydrogen in CHg groups gammea or farther
from an aromatic ring 1.0-0.5 21.6
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Table 2

13C NMR Data
for Mayan ATB

Carbon type % of Carbon
Aromatic carbon 9.6
Carbon in CH groups 14,6
Carbon in naphthenic CHp groups
Carbon in CH; groups alpha and gamma or farther
from an aromatic ring 3.4
Carbon in CH; groups beta to an aromatic ring 5.2
Carbon in CHp groups next to a terminal methyl;
Carbon in CH; groups beta to an aromatic ring
in tetralin structures 3.5
Carbon in CHg groups alpha to an aromatic ring 2.7
Carbon in CHg groups attached to hydroaromatic
structures 4.4
Carbon in CHs groups beta to an aromatic ring 2.4
Carbon in CHy groups gamma or farther from
an arematic ring 5.1
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Table 3
Summary of Mass Spectrum of Mayan ATB

Average carbon

Hydrocarbon type number Weight 7
Mono-aromatics 46 25.5
Di-aromatics 46 17.7
Tri-aromatics 48 6.6
Poly~-aromatics 47 19.0

Thiophenes 44 31.2
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Figure 1

Heavy Oil Functional Groups

Q
13 «CH
b
14 "CHa
15 «CHj,
16 o CH,
17 «CH;
4 @] 18 oX Yo
S 10 "CHz’O
S N 11 o-CH,—
H P
6 O« 12 .-(é‘,H
Notation:

e— bound to an aromatic ring
e— bound to a carbon alpha to an aromatic ring
o— bound to a carbon beta to an aromatic ring

s—bound to a carbon in a hydroaromatic ring

Example: @:)’ tm“:: + O*- o—CHj,
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vields indicated that the ATB consisted primarily of solubility fractions that
are classified as neutral oils and asphaltenes. Yields for acid and base solubil-
ity fractions were very low. Since the hetercatomic groups in neutral oils and
asphaltenes are thiophenes, carbazoles, ethers and phenols, this confirmed the
mass spec predictions of thiophene and carbazole type structures and indi-

cated that most of the oxygen would be present in etheric and phenolic groups.

The next step in the functional group analysis methodology is to define the
balance equations and the minimization function, as described in Chapter 3.
The 'H NMR and elemental analysis data are used to construct balance equa-
tions, exactly as before, however, the interpretation and use of the mass spec-

tra and the !3C NMR data are different.
HMass Spectra

The peaks observed in the mass spectra define the empirical formula of the
structures present in the sample. The empirical formula does not provide any
information about the structure of long chain hydrocarbons, however. Since
the ATB consists mostly of long, branched aliphatic chains with occasional
aromatic rings and heteroatoms attached, the mass spectra provide far less
structural information about the ATB than they do for coal liquids. For the
ATB, the mass spectrum was used in the balance equations to define the weight

ratio of moneo-/di-/tri-aromatics.
13C NMR Spectra

As illustrated in Chapter 2, the aliphatic portion of the !3C spectra of oils
shows considerably more detail than the corresponding coal liquid spectrum.

The spectra for the oils are divided into 9 bands, as opposed to 2 bands for
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coal liquids Since not all of the bands contain well defined peaks, such detailed
interpretation of the spectra make the results somewhat more qualitative.
Thus, the analytical data provided by the !3C spectra are used in the minimiza-
tion function. The data are used in selecting a representative solution from
the feasible space defined by the elemental analysis, IH NMR, and mass spec-
tral data. Specifically, a minimization algorithm finds the set of concentra-
tions in the feasible space defined by the balance equation which minimizes
the distance between the space and the point defined by the 13C data. The dis-

tance is defined by equation 1.
D= Y (fi-y)® (1)

where the y; are the fractions of carbon in various bonding environments
derived from the functional group concentrations, and the f; are the fractions

of carbon derived from the '°C data of Table 2.

Using this method of estimating functional group concentrations yielded
the concentration estimates of Table 4. The dominant features of the concen-
tration estimates are the large amounts of long chain aliphatics and the high
extent of branching in the chains. Hydroaromatic and alicyclic groups appear
to be present in low concentration. A comparison of the 13C data and the car-
bon distribution derived from the functional group concentrations is given in

Table 5.

The characterization of this ATB sample is intended to demonstrate the util-
ity of functional group analysis for oil samples. Although the details of the
methodology and the use of analytical data are not precisely the same as for

coal liquids, the general procedure is the same. Future work on the character-
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Table 4

Mayan ATB Functional Group Concentrations
Estimated by Functional Group Analysis

Functional Group Concentration Functional Group Concentration
(moles/ 100g) (moles/ 100g)
2-ring
1 ﬁ“”u benzene . 077 0 hydroaromatic -001
2 8 naphthalene .033
10 Qlﬁwﬁinno alpha CH, .020
3 QQ phenanthrene .009
@ 11 OIOInle beta omm 2.03
?
12 o«CH alpha CH .293
4 ﬁ“”uwwdu benzothiophene .125 6
13 Qum: beta CH 712
6 N benzopyrrole .036 Iy
H 14 oCH alpha terminal 074
8 Q\AU/' “ether bridge ? omw group )
.0
o1 18 olﬁuvﬁu beta terminal nzu .366
phenolic r 16 o-CH
7 «OH cubstituent -015 3 gamma terminal CH, 431

17 Glnuv&& terminal o:u bound .395

8 “H””u hydroaromatic .018 to a hydroaromatic
18 QIO.A alicyclic group .013
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Table 5

Comparison of Carbon Distribution from
Functional Group Concentrations and NMR

Carbon type

% of Carbon
calculated from
NMR spectrum

7% of Carbon
calculated from
functional group

Concentrations
Aromatic carbon 9.6 2669
Carbon in CH groups 148 14,3
Carbon in naphthenic CH, groups
Carbon in CH; groups alpha and gamma or farther
from an aromatic ring 32.4 3% 6
Carbon in CH, groups beta to an aromatic ring 52 5.2
Carbon in CH; groups next to a terminal methyl;
Carbon in CH; groups beta to an aromatic ring
in tetralin structures 3.5 2.8
Carbon in CHj; groups alpha to an aromatic ring 2.7 1.1
Carbon in CHg groups attached to hydroaromatic
structures 4.4 5.6
Carbon in CHj groups beta to an aromatic ring 2.4 5.2
Carbon in CHy groups gamma or farther from
an aromatic ring 5.1 6.1
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ization of heavy oils will focus on identifying structural differences between dis-
tillation fractions and between the same fractions obtained from different

crude oils.
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Chapter &

Recommendations for Future Work

Continued work on the structural characterization of cecal liquids will focus

on interpreting new or improved analytical methods and incorporating them

inte the functional group characterization. With sufficiently detailed struc-

tural characterizations available, estimation of thermodynamic and physical

properties may become possible. Some proposed projects along these lines are

listed below.

(1]

(3]

170 spectra and spin echo '3C spectra have recently become available.
Incerporating the results of these experiments into the functional group
analysis algorithm is straightforward. By utilizing these data, functional
group concentration estimates should become more detailed and accu-

rate.

The functional group analysis algorithm should be applied to samples of

shale oils and bitumens.

Group additivity methods for predicting thermodynamic properties are
well established. If functional group concentrations are sufficiently accu-
rate, thermodynamic properties could be estimated using group additivi-
ties., The accuracy of the estimates could be experimentally tested. It
may also be possible to extend the estimation methods to physical pro-

perties,
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Appendix A

Alporithm and Computer Codes for Non-linear Minimization with
Linear Inequality and Equality Constraints

As described in Chapter 3, estimates of functional group concentrations are
made by minimizing a function P subject to linear equality and non-negativity
constraints. The form of the function P depends on the type of data available
for the structural characterization. If P is linearly dependent on the func-
tional group concentrations y;, then the mathematical problem of determining
functional group concenirations is merely a case of linear programming and
can be readily solved with the Simplex algorithm (1). The function P is usually
not linear for two reasons, however. First, a linear function P makes the func-
tional group concentrations very sensitive to small perturbations in the equal-
ity constraints. This is because the minimum of a linear function over a space
defined by linear equality and inequality constraints must be on one of the
corners of the space. Since small perturbations in the parameters of the con-
straints will change the location of some of the corners, the concentrations
generated by a linear function P can exhibit large changes when the con-
straints are slightly perturbed. A non-linear function P, with its minimum
located away from the corners of the space, is generally more desireable. A
second reason why the P functions are often not linear is that a linear function

is easily incorporated into the constraints.

Thus, the function P is usually a non-linear function of the functional group
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concentrations y;. The function is minimized subject to equality and inequality
constraints using the direct search with area reduction algorithm of Luus and

Jaakola (2). The algorithm proceeds through the following steps.

[1] A solution within the feasible space (space 1) is located using linear pro-

gramming.

[2] A space (space 2), encompassing the entire feasible region and centered

about the solution generated by linear programming, is defined.

(8] A large number of points (> 200) are selected at random in space 2. The
function P is evaluated for those points that fall within the feasible

region (space 1).

[4] The minimum value of P and the point associated with it are retained. A
new space 2 is defined, centered about this point. The new space 2 has

dimensions that are 95% of the dimensions of the previous space 2.

[5] If the number of loops is less than 100, loop to step 3.

This minimization algorithm was chosen for its simplicity and its low computa-
tion costs. Additionally, the minimum that is located has been found to be

independent of the starting point defined by linear programming.

An interactive computer code which can be used to estimate functional
group concentrations for coal liquids is listed on the following pages. A main
routine handles all data input and the minimization calculations. A subrou-
tine, SIMPLX, uses the Simplex algorithm to find a starting point for the minim-
ization and the data files coal5 and coalB8 (called by SIMPLX) define the func-

tional groups to be used. A detailed users’ manual is not included here but is
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- available from the author.
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The method of functional group analysis characterizes complex
mixtures by calculating the concentrations of the functional
groups that make up the mixture. This program applies

the functional group analysis method to cosl liquid

mixtures, utilizing a variety of data tuypes.

The cases outlined below are the combinations of available
data that can be treated by the program.

Case
Case
Case
Case
Case
Case

Proton NMR and Elemental analysis

Proton NMR, carbon NMR and elemental analysis

Proton NMR, elemental eanalysis and SARA separation yields
Proton NMR, carbon NMR, elemental analysis and SARA yields
Proton NMR, elemental analysis and low ovr high resolution MS
Proton NMR, carbon NMR, elemental asnalysis, and low or high
vesolution MS

[ORUIE RAN SR

For each case;, different sets of functional groups are proposed.
As of 5/9/83 cases 1,2,5 and & have been completed

AR AN ARNRAAANR ANAR

real B(5), x(5), £(B), bound(8), mid(8), min, hnmr (4), ea(S5), sara(i0)
2 +c13F2(10), gmax(1i2),nitro, conc(i7), ratici(is)

The nomenclature used is defined as follows:

f{i), x{id=Ffunctional group concentrations

pli)=concentration of atomic species i

mid{i)=vector vused to define the center of the feasible space in
the direct search minimization

bound(i)=defines the bounds of the feasible space considered

in the direct search

min=minimum value of the function to be minimized

hnmr, ea=NMR and elemental analysis data

sara=sara separation yields

conc, ratio=high and low resolution mass spec data

gmax(i)=vector containing the concentrations yielding the minimum
of the function to be minimized

A AMN AR AMRAR

AP AN

device numbers
jout=4&

iin=4

data input section

begin by defining what data are available

anNfAn"N

write(iout, 6000}
asccept 4000 isarae
6000 format(’ data input section’, /.’ Are SARA separation yields ‘.
2 ‘available? (i=yes O=no)’)
4000 format(i)
write(iout, 6010}
accept 4000, ici3
6010 format(’ are carbon~13 NMR spectra available? (i=yes O=no)’)
write(iout, 6020}
accept 4000, ihrms
6020 format(’ Are high resolution MS data available? (i=yes O=no)’)
write(iout, &030)
accept 4000, ilrme
6030 format(’ Are low resolution MS data available? (i=yes O=no)’)
c
c data types have been input - determine case number (defined above)
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31

32

33
35

37

6311

6050
4050

6060
6070
6080
6090
6100
6110

6120

CULWUR

90.

it (isara .eq. 0) goto 32
if (ici3 .eq O) goto 31

icase=4
gonto 39
icase=3
goto 39

int=ilrms+ihrms
if(int .eq. O0) goto 35

if(ici3
icase=6
gotoc 39
icase=5
goto 39
if(ici3
icase=2
goto 39
icase=1

continue
write(iovt, 6311)icase

format(

’

eq. O)goto 33

eq. O) gote 37

case="',1i2)

data input sectien

if (isara .eq. O) goto S5

SARA data available; input yields

write(iout, 6040)
6040 format(’

v [
e
I/l
y /o
e

’

’
s
14

The functional group enalysis algorithm uses the yields’
from 10 SARA fractions to calculate functional group’
toncentrations. These fractions are (1) neutral oils,’
(2) asphaltenes, (3) neutral resins, (4) very weak bases’
(5) weak bases, (&) strong bases, (7) very weak acids, ’
(8) weak acids, () strong acids, and (10) saturates. ')

write(iout, 6050)

read(iin, 4050)sara(l)

format(’ input wt¥% neutral oils‘)
format (£6. 2}

write(iout, 6060)

read{(iin, 4050)sara(2)

format(’ input wt% asphaltenes’)
write(iout, 6070)

read(iin, 4050)sara(3)

format(’ input wt% neutral vesins’)
write(iout, 6080)

vead(iin, 4050)sara(4)

format(’ input wti{ very weak bases’)
write(iout, 6090)

read(iin, 4050)csara(5)

format(’ input wt¥ weak bases’)
write(iout, &100)

read(iin, 4050)sara(s)

format(’ input wt¥% strong bases’)
write(iout, 6110)

read{(iin, 4050)sara(7)

format(’ input wt¥ very weak acids’)
write(iout, 6120)

read(iin, 4050)sara(B)

format(’ input wti weak acids’)
write(iout, 6130)



6130

6140

n

6150
6160
6170
€180
€190
6200
6210
6220
6230
6240

o8

”

&300

4300
6310
6320
6330
6340
&350

91.

read(iin, 4050)sara(9)
format(’
write(iout, 6140)

read(iin, 4050)sara(i0)
tormat(’

input wt% saturates’)

input wt¥ strong acids’)

determine whether ¢—13 data are available

if(ici3 .eq. O) goto 55
write(iout, 6150}

vread (iin, 4150)ci3¢fa(l)

write(iout, $160)

Tead (iin,4150)ci3¢a(2)

write(iout, £170)

read (iin, 4150)ci3¢a(3)

write(iout, 6180)

read (iin, 4150)ci13¢a(4)

write(iout, 6190}

read (iin,4150)ci3¢fa(5)

write(iout, 6200)

read (iin, 4150)ci3fa(bd)

write(iout, 6210)

read (iin,4150)ci2ea(7)

write(iout, &2220)

read (iin, 4150)ci3¢a(B)

write(iout, 6230)

read (iin, 4150)ci3+a(9)

write(iout, 6250)

read (iin, 4150)ci3¢fa(il)
format(‘ enter

€-1i3 aromaticity

format(’ input %
format(’ input %
format(’ input %
format(’ input %
format(’ input %
format(’ input %
format(’ input %
format(’ input %
format(’ input %
stop

continue

aromaticity
aromaticity
aromaticity
aromaticity
aromaticity
aromaticity
aromaticity
aromaticity
aromaticity

input elemental analysis and

write(iout, &300)

of

in Z for each fraction’)
neutral oilg’}
asphaitenes’)

neutral resins’)

very weak bases’)

weak bases’)

gtrong bases’)

very weak acids’)

weak acids’)

strong acids’)

proton NMR data

format(’ input elemental analysis and proton NMR data’)

write(iout, 6310)
accept 4300, ea(l)
write(iout, &320)
accept 4300, ea(2)
write(iout, 6330)
accept 4300,ea(3)
write(iout, &340)
accept 4300, ea(4)
write(iout, &350}
accept 4300.,ea(5)
format (6. 2)
format(’ %C=')
format(’ %UH=’)
format(’ %0=')
format(’ %UN='})
format(’ %S=")
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s=eal{id+tea(2)+ea(3)+ea{bdi+enl(s)
writel{iout, 6352)s
6352 format(’ Elemental analysis sums to ‘., 7.2, 7/,
2 ’ This will be normalized to 1007}
do 73 i=1,5
73 ea(il=ea(i)#i100. /s

write{iout, 6500)

accept 4300, hnavr (1)

write(iout, 6510)

actcept 4300, hnmr{(2)

write{iout, 6520)

accept 4300, hnmr(3)

write{iout, 6530)

accept 4300, hnmr{4)

aromatic hydrogens have chemical shifts between 5.0 and 9.0 ppm
alpha hydrogens have chemical shifts between 1.9 and 3.0 ppm
beta hydrogens have chemical shifts between 1.0 and 1.9 ppm
gpemma hydrogens have chemical shifts between 0.5 and 1.0 ppm

6500 format(’ % arometic hydrogen=’)
6510 format(’ % alpha hydrogen="')
6520 format(’ % beta hydrogen=‘}
6530 format(’ % gamma hydrogen=‘}
Cwriteliout, 6360)
6360 format(’ input fraction (O<F{i)of oxygen that is phenolic’./,
2 ‘ (remainder assumed etheric)’)
accept 4300, fphen
iflicase .eq. 1 .or. icase .eq. 3 .or. icase .eq. Slgoto 71
write(iout, 64370)
6370 format(’ input carbon arvometicity (%4} ’}
accept 4300, ci3er
write({iout, 6380)ci3ar
6380 format(’ carbon aeromaticity (%)=’ £6.2)
71 continue
if(icase .1t. 5) goto 75
if(ilrms .eq. 1) goto 74
write (iout, 6381)
6381 format(’ input high resolution mass spec data as concentrations’,/
2 + ' (moles/3100g) )
write(iout, £382)
accept 4301, conc(i)
4301 format(£7.3)
write(iout, &383)
accept 4301, conc(2)
write(iout, 6384)
accept 4301, conc(3)
write(iouvt, 63841)
accept 4301, conc(4)
write(iout, 6385)
accept 4301, conc(5)
write{iout, 6386}
accept 4301, conci(bé)
write(iout, 6389)
accept 4301, conc(9)
write(iout, 6390}
accept 4301, conc(i)
write({iout, 6391)
accept 4301, conc(ii)
write{iout, 6392}
accept 4301, conc(i2)
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6383
6384

63841

[
[«

6385
6386
6389
6390
6391
6392
6393
&394
6395
6396
6397

74

6401

6402
6403
6404
6405
6409
6410
6411
6412
6413
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write(iout, 6393)
accept 4301, conc(i3)
write(iout, 6394)
accept 4301, conc(i4d)
write(iout, 6395)
accept 4301, conc(15)
write(iout, 63946}
accept 4301, conc(ib)
write(iout, 4397)

accept 4301,
format(’
format(’
format (’/
format ("’
format(
format ('
format(”
format(’/
format ("’
format(”
format(’
format{’
format(’
format(’ input
format{’ input

input
input
input
input
input
input
input
input
input
input
input
input
input

conc(i7)

cencentration
ctoncentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration
concentration

benzene’)
naphthalene’)
phenanthrene’)
pyrene’)

biphenyl bridge’)
alkyl chains’)
methylene bridge’)
ethylene bridge’)
hydroaromatic’)

double hydroarvomatic bvridge’)
double hydrearomatic’}
phenol’}

furan’)

carbazole’)
dibenzothiophene’)

write(iout, i001i)conc

goto 75

continue

low resclution data available

write(iout, 6401)

format(’ input low resolution mass spec data as ’./,
 concentration ratios (moles of group i/moles benzene)’)

write(iout, 6402)

accept 4301, ratio(l)

write(iout, 6403)

accept 4301, ratio(2)

write(iout. 6404)

accept 4301, ratio(3)

write(iout, 6405)

accept 4301, ratio(4)

write(iout, 640%9)

accept 4301, ratio(8)

write(iout, 6410)

accept 4301, ratio(?)

write(iout, 6411)

accept 4301, ratio(iO)

write(iout, 6412)

accept 4301, ratio(il)

write(iout, 6413)

accept 4301, ratio(i2)

format(‘ input ratio of

format(’ input vratio of

format(’ input ratio of

format(’ input vatio of

format(’ input ratio of

format(’ input ratio of

format(’ input ratio of

format(’ input ratio of

format{(’ input vatio of

dummy=1.

2

naphthalene to benzene’)
phenanthrene to benzene’)
pyrene to benzene’)

biphenyl to benzene’)
methylene bridge to benzene’)
ethylene bridge to benzene’)
hydroaromatic to benzene’)

double hydroaromatic to benzene’)

double hydroaromatic bridge to benzene’)
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write(iout, 6420}
6420 format(’ low resolution mass spec data’)

write(iout, 1003)(ratio(i), i=1, 4}, (ratio(j), y=8, 12)
1003 format(’ ratio of naphthalene to benzene=‘’, £B.3,/,
‘ vratio of phenanthrene to benzene=’, €8.3./,
tratio of pyrene to benzene=’, #8.3,/,
ratio of biphenyl bridge to benzene=’, £8.3,/.
ratio of methylene bridge to benzene=‘’, ¢8.3,/,
ratic of ethylene bridge to benzene=’, £8.3.,/,
ratio of hydroarematic to benzene=’, 8.3,/
ratio of double hydroaromatic br. to benzene=‘’, ¢8.3./,
ratio of double hydroaromatic to benzene=‘, £8.3.,/)

R T NN SR N VR

NMNRNUNBRRAR

75 econtinue
write(iout, 58)
write{iout:b61)ea
write(iout, 59)
write(iout: &1)hnmr
58 format(Bx, ‘AC‘, 1ix, ‘%H’, 11ix, ‘%0’ 11x, "%N‘, 11x, %8’}
59 format(éx, ‘Zaromatic’, 4x, ‘Zalpha’, 7x, ‘%beta’, Bx, ‘%Xgamma ‘)
61 format(ix,S5el13. 3)
write(iout, &6) fphen
66 format(‘’ fraction of oxygen that is phenolic=’, £7.3)
min=1i. OE10
il=0
ieval=0
do 68 in=1i,6
68 mid{in)=0.

the simplex routine determines whether & feasible space exists.
If a feasible space exists, the routine finds & starting vector #for
the minimization.

tall simplx(mid, ea, hnmvr, c13ar, icase)
write{iout, 62)mid

62 format(lix, ‘mid vector’,/,1x,6ei3.3)
do 63 i=1,8

63 gmax(il=mid (i)
carbon=ea(i)/12.
aromh=hnmr(i)#ea(2)/100.
alfah=hnmr{2)%eail{2}/100.
betah=hnmr(3)#ea(2)/100.
gammah=hnmr(4)%ea(2)/100.
phenol=ea(3)#fphen/is.
furan=ea(3)/16. —phenol
nitro=ea(4)/14.
sulfr=ea(5)/32.
f(i)=benzene ring
¢#(2)=alpha methyl
#(3)=hydroaromatic
#(4)=double hydroaromatic
f(S)=naphthalene
f(6)=methylene bridge
f(7)=pyrene
f(8)=ethylene bridge
bound(1)=carbon/&.
bound(2)=carbon
bound(3)=carbon/4.
bound(4)=carbon/8.
bound(S)=carbon/10.
bound(&)=carbon
bound(7)=carbon/16.
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bound(B)=carbon/2.
dum=gammah/3.

to improve computing time, each ef the cases i-6 is considered
separately from this point on

nMAnNA

if(icese .eq. 2)goto 210
if(icase .eq. &igoto 210

(4]

Case 1 and Case S5 calculations

[ o]

do 380 1=1, 150
do 381 Jy=1,200
do 301 i=i,8
call randu(iy,ik,v)
f(i)=mid(i)+ (v~ S)%bound(i)#2.
301 if(f(i) . 1¢t. 0. ) goto 381

4 Case 1 and Case 5 iterations to find concentrations

blilscarbon—-6. #f#({1)~f(2)=4. ##(3)-8. #£(4)-10. =£(5}—F(5}

2 =-12 #sulfr—-12. #nitro—gammah/3. —16. #f(7)-2. #£(8)
b(2)=aromh=6. #£(1)+£(2)+24F(3)+2. #£(4)-8. #£(5)+2. #f (&)

2 -8 #sulfr-8. #nitro+2. #furan—-10. ##(7)<2. #$(B)
b({3i=alfah~3 #£(2)1~4, *£(3)-3. #£(4)-2. #f(b6)-nitro=—4. #¢(8)
b(4)=betah—4. #£(3)~-11. #f(4)+gammah/3.
$(4)=(b(4)-2 /3. #b(3))/ (3. +2. /3.)
${3)={b(3)+x(4)) /6.
${2)=(b(2)~5. /7. #b(1)45. /7. %5 (4)+(4+60. /14 Y#x(3))/(=-2)
x(1)=(b(1)=x(4)~& #x(3))/14,
do 340 i=i,4

340 if (x(i) .1%. 0.) goto 381
il=il+i
x{1l)=phenanthrene ring
x(2)=biphenyl bridge
x{3)=double hydroaromatic bridge
x(4)=beta methyl
if(ilrms .eq. 1) goto 343
if(icase .eq. 1) goto 30
fun=(f{1)=conc (1)) ##2+(£(S5)~conc(2) ) ##2+{(x(1)~conc(3) )au2

2 +(Ff(7)~conc(4) )2+ (x(2)=conc(5))uu2

2 +(x(4)+8(2)+dum—conc (b)) ##2+{(#(&)~conc(F) ) #x2

24+ (F(B)—conc (101 ) ##2+(#(3)—conc(11))#&2

2+(x(3)~conc(i2) ) %2

2+(f(4)~conc(13))%#2+(phenol—conc(i14))##2+(furan—-conc(i5) )2

2+(nitro—conc(i16) ) ##2+{(sulfr—conc(i17) a2
goto 344

343 fun=(x(1)/f(i)-ratio(2))#u2

2 +(x(2)/¢(1)~ratio(4))#u2+(x(3)/f(1)~ratio(il))aa

2 +(#(3/E()~ratio(10))#x2+(f(4)/¢(1)~ratio(i2))en2

2 +(f(9)/f(1)-ratio (1)) %e2+(£(&6)/F(1)=ratio(B8))ss2

2 +(8(7¥/78(1)~ratio(3)) %22+ (f(B)/f({l)-ratio(F))as2
goto 344

30 continue
sumi=aromh+#(2)+2. #€(3)+2. #€(4)+2. #£(6)+2. #x (2)+4. #x(3)
sum2~alfah+x(4)
sum3=betah+gammah/3.
fun=(carbon/84. ~f(1))#%2+(carbon/i4. —f(2))ua2

2 +{carbon/5&. —¢(3))#e2+(carbon/112. ~F(4) ) a2+ (carbon/140. =F(3) )%e2

2 +({carbon/14 —¢#(6))xu2+(carbon/194. ~x{i))au2+(carbon/84. ~x(3))ax2

2 +(carbon/i14. —x(4))uu2+(carbon/224. ~¢(7))«u2+(carbon/28. ~£(8))#u2

AN
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+{sumi/36. —#(1))#x2+(sumi/48. ~#(5) )2+ (sumi/60. ~x (1) )#a2
+(sum2/21. —#(2) ) ##2+(sum2/28. ~F(3) ) ##2+(sum2/21. ~£{4) ) #uD
+{sum2/14. —F (&) #x2+(sum2/42. ~x (3) ) %42+ (sum3/1&. —F(3) )42
+{suml /0. ~f(7)) %2+ (sum2/28. ~£(8) ) #%2

+(sum3/44. —f(4) ) ##2+(sum3/16. ~x(3) ) ##2+(sum3/12. —x(4) yau

344 if(fun .gt. min) geto 381

349

350
381

351

305
380

2
3

min=fun
do 349 i=9,12
gmax{(i)=x{i-B8)
do 350 i=1,8
gmax({i)=Ff(i)
continue
do 351 i=1,8
mid(i)=gmax (i)
ieval=ieval+il
il=0
do 305 i=1,8
bound(i)=. 95#bound (i)
continue
if(ievel .eq. 0) writel(iout, 6600)
dum=gammah/3
write(iout, 1001 )gmax (1), gmax(5), gmax(9), gmax(7), gmax(10),
gmax(2), gmax(12), dum. gmax (&), gmax(8), gmax(3), gmax (i1}, gmax(4),
phenol, furan, nitro, sulfr

1001 format(’ benzene ring=‘.el12. 5./, ’ naphthalene ving=’,e12. 5,/

6600

210

212

2

2 + * phenanthrene ting=',e12. 5,7/, ' pyrene ring=', ei2. 5,/
2 + ' biphenyl br.=',el12. 5, /.’ alpha methyl=‘',el2. 5,/
2 + ' beta methyl=",el12. 5,7, ' gamma methyl=’',el2. 5,/
3 »’ methylene br.=',el12.5,/,’ ethylene br.=',e12. 5,/
3 »/ hydroaromatic=’,e12 5./
2 s/ double hydroaromatic br.=’,ei12.5,/
2 +/ double hydroaromatic=',el12. 5,7/, phenol=’, ei2. 5,/
2 s+’ furan=’,e12.5,/,’ carbazole=’,e12. 5,/
2 7 dibenzothiophene=’, el2. 5)
stop

format(’ ERROR-no function evaluations’)
Case 2 and Case é calculations

arcar=ea(1)/12 #ci13ar/100.
alcar=ea(i1)/12 #(1, -ci3ar/100.)
bound{&)=carbon/16b.
bound{7)=carbon/2.
mid(&)=mid(7)
mid(7)=mid(8)
do 260 1={, 150
do 250 j=1, 200
do 212 i=1,7

call randulig, ik:v)

flid=mid(i)+(r-. S)sbound (i)#2.

if(f(i) . 1¢. O) goto 250
b(i)=arcar~6. #£(1)-10. #£(5)~12. #(nitro+sul fr)—-16. #£(&)
b(2)=aromh—6. #£{1)+F(2)+2. #£(3)+2. #£(4)-8. #£(5)~8. #{nitro+sul fr)

+2. #furan—10. #f(6)+2. #£(7)

bi(3)=alcar—€(2)-4. #£(3)-8. #¢(4)—gammah/3. —2. #£(7)
b(4)=alfah~3. #F(2)~4. ##(3)~nitro—~4. =£(7)
b(S)=betah—4 =¢(3)-11. #f(4)+gammah/3
x(S)=methylene bridge
2 (S)=(b(5)~2. /3. #b(3)+7. /6. #(b{(4)~b(3)))/. 5
x(4)=(b(4)~b(3)-x(5))/(-2.}
2 (3)=(b(3)=-x(5)~-x(4))/6.
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x(2)=(b(2)~10. /14, #b(1)+2. #2(5)+4. #x(3))/(~2.)

x{1)=b(1)/14.

do 211 i=1,5

if(x(i) .1¢. ©O.) goto 250

il=il+l

if(ilrms .eq. 1) goto 243

if(icase .eq. 2) goto 20

fun=(f(1)=-conc (1)) %22+ (F(S5)—conc(2) )22+ (x (1 )~conc(3))ae2
2 +(f{6)~conc(4) w2+ (x(2)—conc (S) ) #a2
2 +(x(4)+Ff(2)+dum—conc (&) I #u2+(x(B)=conc (F) I#u2
2+ (£(7)—conc(10) ) ##2+(Ff(3)-conc (il))#x2
2+ (x(B)-conc{i2) ) us2
2+(f(4)~conc(13) )##2+(phenol—conc(14) )##2+(furan—conc (15))#a2
2+{nitro-conc(id))#x2+(sulfr~conc(i7))=a2

goto 244

243 fun=(#(S)/£(1)-ratioll))#x2

2 +(f(7)/8(1)-ratio(9))##2+(x(5)/f{1)~ratic(B) )%s2

2 +(F(6)/F(1)-7atio(3))##24+(£(3)/f(1)-ratio(10))#u2

2 +(x(2)/f(1)~ratio(8))#n#2+(£{4)/F(1)=vatioli2) )#a2

2 +(x(3)/f(1)~-ratio(11))#u2+(x(1)/f(1)—vatiol(2) )2
goto 244

20 continue

sumi=aromh+f(2)+2. ##(3)+2. #£(4)+2. #x(5)+2. #x(2)+4. #x{(3)+2. #§(7)
sum2=alfah+x(4)

sum3=betah+gammah/3.

fun=lalcar/8 ~f(2))n#2+{alcar/32 ~€(3))2x2+(alcar/bd, —¢(4) ) a4
+(alcar/8. —x(4))%#2+(alcar/8. ~x(5))wu2+(arcar/36. —F(1))ex2
+{arcar/60. —#(8) jux2+(arcar/84. —x{ijjuu2

+{sumi/36. —F(1))##2+{suml/48. —F(5) )#u2+{suml/60. =x {1} )us2
+{sum2/21. ~#(2))#x2+(sum2/28. ~£(3) ) #x2+(sum2/21. ~F(4) ) nu2
+{sum2/14. —¢(6) ) #42+(sum2/42. ~x () ) %22+ (sum3/16. —F(3) Iuul
+lsum3/44 £ (4) ) 452+ {sum3/16. =x {3} }wal+{sum3/12. ~x(4) ) au2
+{alcar/16. ~f(7))#%2+(arcar/B4. —f(h))ue2+(suml/60. ~£(6))#u2
+{sum2/28. ~f (7)) #x2

NUNNRBRORNRON

244 if(fun .gt. min) goto 250

min=¢fun
do 213 i=8, 12

213 gmax(i)=x(i~7)

do 214 i=1,7

214 gmax(i)=f(i)
250 continue

do 215 i=1,7

215 mid(i)=gmax (i)

216
260

ieval=ieval+il

i1=0

do 216 i=1,7

bound(i)=. 95#bound (i)

coentinue

if(ieval .eq. 0) write(iout, 6600)

dum=gammah/3.

write(iout, 1001 )gmax(i), gmax{(S), gmax{B), gmax(&), gmax {9},
2 gmax{(2), gmax(11), dum: gmax{12), gmax(7), gmax(3), gmax(10), gmax (4),
3 phenal, furan. nitro, sulfr

stop

end

SUBROUTINE SIMPLX(MID, ea, hnmvr, ci3ar, icase)

INTEGER RNM1, RNM2, CLNM1, CLNM2., BLNK, NEG, POS, SYMB, CDID, RO, MA, FI,EC, LP
i IBN1(40), IBN2(40), NBN1(40), NBN2(40) Le
integer x1.,x2,x3, x4, 25, 26, carb,arom alta, beta. gama, phen, nitr,
2 sulf, fura, alca, arca, 27, x8 .

Teal pi(40),nbp(40), xpil40), mid(B): ea (D), hnmr{(4)
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REAL PIVOT., LST. XNBP. FN, CUBAR., X, VALUE, BP(40),RG(40),B(40, 40) LP
DIMENSION TITLE(20)

DATA POS,FIN.FI,RO,MA,NEG /%, ‘¢in’, vh’, ‘vo’, 'ma’, -’/

data eo,blnk,alca,arca /’'ec’,’ ‘', ’alca’, ‘avrca’/

data carb,arom, alfa.beta, gama /‘carb’, ‘arom’, ‘alfa’; ‘beta’, ‘gama’/
data phen. fura, nitr, sulf /‘phen’, ‘fura’, ‘nitr’, ‘sulée’/

data x1i,x2: x3, x4, 25, 26, 27, x8 /’'x1“, "x2’, *x3/: 'x4’, 'x5’, "x&', 'x7',

2 ‘x8°‘/
c COMPARING WITH LP CARD CODES LP
if (icase .eq. l)open(unit=5,name='coal5 dat’, form='Fformatted’.
i type=‘old’.disp=‘save’)
if (icase .eq. 2)open(unit=5, name=‘coalé. dat’, form='Fformatted’,
i type=‘o0ld‘,disp='save’)
if (icase .eq. S)open(unit=5, name=‘coal5. dat’, form='formatted’,
1 tupe=‘oid‘,disp='save’)
if (icase .eq. &lopen{unit=5 name=’coaléb. dat’, form='Fformatted’,
i type=‘old’,disp='save’)
C LpP
C INPUT PROGRAM Le
c LP
S4323 CONTINUE LP
M=0 LP
N=1 ' LP
ISW = 0 LP
NROWS = O LP
NGE = O LP
NLE = O LP
NEG = 0 LP
NEL = © LpP
NRHE = O LP
NCOLS = 0 LP
c LP
C CLEAR MATRIX TO ZEROD LP
c LP
DO 12 I=1,40 LP
DO 12 J=1, 40 Le
i2 B(I.J) = 0. LP
Cc READ PROBLEM TITLE LP
READ (5, 800) TITLE
800 format(20a4)
IF(TITLE(L) . EQ. FIN) RETURN
c LP
C READ FIRST CARD - SHOULD BE ROWID LpP
¢ LP
READ (5.,2) CDID
2 FORMAT (a2)
IF (CDID-v0)3,480,3 LP
3 continue
3334 STOP LP
c Le
Cc READ AND STORE ROWID CARDS LP
C GENERATE PDS AND NEC SLACKS AS REGUIRED LP
¢ LP

680 CONTINUE
&B1 FORMAT (80X) Le
101 READ(S5, 102) CDID, LGE, RNM1, RNM2
102 FORMAT (A2, BX, Al, 1X, Ad, A1)
IF (CDID-MA)103, 504, 103
504 CONTINUE LP
€0 TO 104 LP
103 M=M+1

i2



GO0

anon

noo

105
106

108

401

107

104
195

109
600
601
112

602
113

603
115

116

117

111

1i9

201
202

203

99.

NROWS = NROWS+1
IF (LGE-P0S)105, 104, 105
IF (LGE-NEG)107.,108, 107
IBN1 (M) =RNM1
IBNZ (M) =RNM2
NLE = NLE+1
BP(M)= O.

60 TO 101

IBN1 (M) = RNMI1
IBN2{M) = RNM2
NGE = NGE+1
BP(M) = ~1.0
B(M.N) = ~1.0
NBEN1 (N} = RNM1
NENZ(N) = RNM2
NBP(N) = O,

N = N+l

60 TO 101

IBNI (M) = RNM1
IBN2(M) = RNM2
NEQ@ = NEG+1
BRP(M) = ~-2.0
60 TO 101

READ AND STORE FIRST MATRIX ELEMENT

READ(S5, 195)CDID, CLNM1, CLNM2, RNM1, RNM2, SYMBE: VALUE
FORMAT (A2, BX, A4, Al, 5X, A4, A1, 4X. A1, F10. 0)
60 TO 119

IFC(NBNI(N) - CLNM1)111,600.111
IF{NBN2(N)~CLNM2)111, 601,111}

CONT INUE

DO 113 I=1.M

IF(IBN1I(I)~RNM1)113, 602,113
IF(IBN2(I)-RNM21113, 603,113

CONTINUE

STOP &2

CONTINUVE

IF (SYMB-NEG) 116,115 116

B(I,N) = -VALUE

€0 T0 117

B(I.N) = VALUE

READ AND STORE MATRIX ELEMENTS

READ(S, 195)CDID, CLNM1, CLNM2, RNM1, RNM2, SYMB, VALUE
NEL = NEL+1

60 TO 109

N = N+1

NCOLS = NCOLS+1

IF (CDID-FI) 119,190, 11%
NBN1(N) = CLNMI

NBNZ(N) = CLNM2

IF (SYMB-NEG)202, 203, 202
NBP(N) = VALUE

0 TO 117

NBP(N) = —-VALUE

G0 TO 117

READ AND STORE RHS ELEMENTS



190
191

120

121
122

610
124

&11
125

193

O0n0n

i1

i9

ano0n

6001
6000

OG0

6102
6101

6002

100.

DO 191 I=1i. M

RQ(I)=0.

€0 70 120

READ(S, 121) CDID, RNM1, RNM2, VALUE

if(rami .eq. carb) value=ea(i)/1i2.

if{rnml .eq. arom) value=ea(2)#hnmr(1)/100.
if(rnml .eq. alfa) value=ea(2)#hnmr(2)/100.
if(raml . eq. beta) value=ea(2)#hnmr(3}/100.
if{rnmi .eq. gama) value=ea(2)shnmr(4)/100.
if{rnmi .eq. phen) value=ea(3)%xfphen/ié.
if(rnml .eq. €fura) value=ea(3)#(1l. ~fphen)/ié.
if(rnml . eq. nitr) value=ea(4)/14.

if(rnml .eq. sulf) value=ea(5)/32.

if(rnml .eq. alca) value=ea(1)/12. %(1.-c13ar/100.)
if(rnml . eq. arca) value=ea(1)/12 #ci13ar/100.
FORMAT (A2, 8X, A4, A1, 5X,F10.0)

IF (CDID-ED) 122, 193,122

bo i24 I=i. M

IF(IBNI(I)-RNM1)124, £10, 124
IF(IBN2(I)~RNM2) 124, 611,124

CONTINUE

STOP 3

CONTINUE

RG(I)=VALUE

NRHS = NRHS+1

€0 70 120

N = N-1

BLANK OUT ARTIFICIAL NAMES

DO 10 I=1, M
IF(BP(I)+1. 0719, 11, 10
IBN1I(I) = BLNK
IBN2(I) = BLNK

€0 TO 10

BP(I) = -1.0

IBNI(I) = BLNK
IBN2(I) = BLNK
CONTINVE

ACCUMULATE COUNT OF INFEASIBILITIES

NINF =0

DO 6000 I=1,M
IF(BP(1))6001, 6000, 6000
NINF = NINF+1

CONTINUE

OENERATE INDICATORS FOR MINIMIZATION OF INFEASIBILITY

DO 6101 J=1.N

XPI(J) =0.

DO 6101 I=1,M
IF(BP(1)16102. 6101, 6101
XPI(J) = XPI(J)=B(I,J)
CONT INUE

DO 6002 I=1i.M

BR(I) = 0.

IPHASE =

HMAIN ROUTINE

LP

LP

136
137
138
139



9201

54325

i94

a0

2101

751
852

o0

651
6003
6005
&004
7103

6004
102

oOOn

?104

9106
9107
9105

9112
9113

?114

aaoon0n

101.

continue
it=0
CONTINUE

CaLCULATE SHADOW PRICES

DO 194 J=1,N

PI(J) = —NBP(J)

DO 194 I=1, M

PI(J) = PI(J) + BP(I)%B(I..J)

SELECT BEST NONBASIS VECTOR

LST = -. 0000001

KCOL = O

60 TO (751, 552), IPHASE
IF(NINF) 54321, 54321, 552
CONTINUE

DO 9102 J=i,N

IGNORE ARTIFICIAL VARIABLES

IF(NBNI {J)-BLNK+NBN2 (J)~BLNK)&51, 9102, 651
CONTINUE

60 TO (6003, 6004), IPHASE
IF(XPI(J)-LEST)I&009, 6006, 6006
KCOL=J

LST = XPI(J)

G0 7O 9102

CONTINUE
IF(PI(U)-LSTI?103,9102. 2102
KCOL = J

LST = PI(J}

CONTINUE

CONTINUE

IF (KCOL)54321, 54321, 9104

DETERMINE KEYROW

KROW = O

CJUBAR = LST

LST = 1.0E20

DO 9105 I=1.,M
IF(B(I,KCOL)}?105, 9105, 7106

RATIO = RG(I)/B({1,KCOL)

IF (RATIO-LST)9107,9105, 9105

LST = RATIO

KROW=1

CONTINUE

IF(KROW) 9112, 9112, 9114

WRITE(6, 9113) NBNI(KCOL), NBN2(KCOL)
FORMAT (" VARIABLE ‘., A4, A1, * UNBOUNDED ‘)
60 TO 54323

CONT INUE

TRANSFORM
DIVIDE BY PIVOT

PIVOT = B(KROW, KCOL)
DD 9108 J=i,N

253
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9110

F111
7109

F300

aan

6200
6201

aOo0on

9301

7000

7003

7001

9302

7004

bilz
6111

aoOoo0n
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B(KROW: J) = B(KROW, J)/PIVOT
RG(KROW) = RQ(KROW)/PIVOT

DO 9109 I=1,M
IF(I-KROW)9110, 9109, 9110

RQ(I) = RQ(I) - RG(KROW)®#B(I,KCOL)
DO 9109 JU=1,N
IF(J-KCOL)9111, 9109, 9111

B(I,J) = B(I,J) =~ B(KROW, J)#B(I.KCOL)
CONT INUE

DO 9300 I=1.M

B(I.KCOL) = —-B(I,KCOL)/PIVOT
B(KROW. KCOL) = 1. O/PIVOT

INTERCHANGE BASIS AND NONBASIS VARIABLES

RNM1 = NBNI1(KCOL)

RNM2 = NBN2(KCOL)

NBNi (KCOL) = IBNI1(KROW)
NBNZ(KCOL) = IBNZ(KROW)
IBNI (KROW) = RNM1
IBNZ(KROW) = RNM2

LET = NBP(KCOL)
NBP(KCOL) = BP (KROW)

BP (KROW) = L&Y

IT=1IT + 1

IF (NBN1(KCOL)-BLNK+NBN2(KCOL )-BLNK) 6201, 6200, 6201
NINF = NINF-1

CONTINUE

COMPUTE OBJECTIVE FUNCTION

FN = 0.
DO 9301 I=1i.M
FN = FN + BP(I)#RG(I)
60O TO (7000,7001), IPHASE
SAVE = PI(KCOL)
DO 7003 J=1,N
PI(J) = PI(J) — SAVE#B(KROW, J)
XPI(J)Y = XPI(J) ~ CJBAR#%B(KROW. J)
CONT INUE
PI(KCOL) = -SAVE/PIVOT
XPI(KCOL) = -CJUBAR/PIVOT
€0 TGO 7004
CONT INUE
DO 2302 J=1,N
PI(J) = PI(J) - CJUBAR#B(KROW. J)
PICKCOL) = ~CJBAR/PIVOT
CONTINUE

CHECK FOR ESSENTIAL ZERO
DO &iii I=1,M
PO 6111 J=1,N
X=B(I,J}
IF(ABS(X)-. 0000001)6112, 6112, 6111
B(I,J) = 0.
CONTINUVE

LOG ITERATION

€0 TO 9101
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c LP 317
54321 CONTINUE LP 3i8
IF {IPHASE-1)RB000, 8000, 54322 LP 319
8000 IPHASE = 2 Lp 320
IF(NINF}B003: 8003, BOO4 LP 321
8004 WRITE(6.8005) 322
8005 FORMAT( 'O SOLUTION INFEASIBLE’, /) LP 323
60 TO 54322 LP 324
8003 CONTINUE LP 325
@0 TO 54325 LP 328
54322 CONTINUE LP 329
c LP 330
c CUTPUT ROUTINE LP 331
c LP 332
DO 3033 I=i.M LP 338
C LP 339
c COST RANGING LP 340
C LP 341
VALUVE = 1. O0E20 LP 342
L8T = 1. 0E20 Le 343
DO 12300 J=1,N Lp 344
IF(NBN1 (J)-BLNK+NBN2(J)-BLNK) 12305, 12300, 12305 Le 345
12305 CONTINUE LP 346
IF(B(I,J))12301, 12300, 12302 Le 347
12302 X=PI(J)/B(I.J) LP 348
IF(X-LBT) 12303, 12300, 12300 L 349
12303 LST=X Lp 350
e0 TD 12300 LP 351
12301 X=—-PI(J)/B(I,J) LP 352
IF(X-VALUE) 12304, 12300, 12300 LP 353
12304 VALUE = X LP 354
12300 CONTINUE LpP 355
LST = BP(I) - LST LP 356
VALUE = BRF(I) + VALUE LP 357

if(ibni(i) .eq. x1) mid(i)=rq(i)
if(ibnidi) .eq. x2) mid(2)=rql{i)
if(ibni(i) .eq. x3) mid(B)=rqli)
if(ibni(i) .eq. x4) mid(4)=rq(i)
if(ibni(i) .eq. x5) mid(S)=rq(i)
if(ibni(i) .eq. x6) mid(&)=rgli)
iftibni(i) .eq. 27) mid(7)=rq(i)
ifCibni(i) .eq. uB) mid(B)i=vqli)}

3033 continue 358
[« LP 367
c RETURN TO READ NEXT PROBLEM Le 368
[ LP 3469

go to 54323
end
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matrix

Data File COAL5.DAT

carbn
aromh
alfah
betah
gamah
nitro
sulfr
furan
pheno

D000 00Q0OO
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proft
carbdn
aromh
proft
carbn
aromh
proft
carbn
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proft
carbn
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profi
carbn
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carbn
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carbn
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alfah
betah
proft
aromh
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betah
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betah
proft
carbn
betah
gamah

i
o bt b () ks g pe RY

Nbww

}
R s

bl 2

Nebde

DR

pormw

o

o)



rhs

eof
£in

%12
xiz
xi3
x1i3
x13
xid
x14
xi4
xi4
xi4
%15
x15
%15
xi5

carbn
aromh
alfah
betah
gamah
nitro
sulfr
pheno
furan
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Data File COAL6,DAT

rowid

O arcar

O alcar

O aromh

O alfah

O betah

O gamah

0O nitreo

0 suléfr

¢ furan

O pheno

matrix

21 proft i
xi avrcar 6.
21 aromh 6.
x5 proft 1.
xS arcar 10.
x5 aromh 8.
£7 proft i.
x7 arcar i6.
87 avromh 10.
x26 proft 1.
x26 avrcar 14,
x26 aromh i0.
X6 proft 1.
x6 alcar i.
xb aromh -Z.
xb alfah 2.
2 proft i.
X2 alcar i.
=4 &romh -1.
X2 altah 3.
x1i0 proft i.
x10 alcar i.
x10 alfah -1.
xi0 betah 3.
3 proft i.
%3 alcar 4,
x3 avomh -2.
x3 aléah 4,
%3 betah 4.
229 proft i.
2295 aromh -2.
xB8 proft i.
x8 alcar 2.
k8 aromh -2.
x8 alfah 4.
24 proft i.
x4 alcar 8.
%4 aromh -2.
24 alfah 3.
24 betah 13.
29 proft i.
9 alcar &,
X9 aromh -4
x9 alfaeh %
29 betah 4,
gil proft i.
xii alcar 1.
xl1 betah =1.



the

eof
fin

zii
212
212
x13
®i3
%13
x14
xi4
xi4
x14
214
%1%
x15
X195
x15

arcar
alcar
aromh
alfah
betah
gamah
nitro
sulfr
pheno
furan
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gamah
prof¢
pheno
proft
aromh
furan
proft
alcar
aromh
alfah
nitro
proft
alcar
aromh
sulfr

7. 62
7. 62
3.18
2. 39
1. 40
. 288
. 000
. 020

. 018
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Hodel Compound Studies
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Chapter 7

Introduction

The thermal and catalytic reactions of pure compounds containing the
same types of functionalities as coal-related materials have been reported
extensively in the literature (1-8). The goal of these model compound experi-
ments is to isolate and examine classes of reactions important in coal process-
ing. The results can readily provide qualitative and quantitative information
on product distributions, reaction mechanisms and the relative rates of disso-
ciation for various types of bonds. It is more difficult, however, to utilize
results of experiments using one or several model compounds to predict how
complex mixtures of compounds will react. It is precisely this information
which is necessary for making the step from model compound results to the

reactions of coal-related materials.

Examining the interactions between the reactions of model compounds can
be approached in a number of ways. One approach is to examine experiment-
ally all of the significant combinations of model compounds, estimating global
rates of reactions. Determining which of the thousands of possible permuta-
tions of appropriate model compounds are significant makes this approach
unreliable and the large number of potentially important mixtures makes it
tedious. A second appreach is to attempt to develop mechanistic models of the
reactions of model compounds and then combine mechanisms to predict the

reactions of mixtures. This is the approach that will be used in this work.
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Developing mechanistic models to serve as building blocks for the kinetic
analysis of complex mixtures has both advantages and disadvantages. The
principal advantage is that the mechanisms provide real insight into the
nature of the chemical processes that are occuring. Rate limiting steps can be
identified and the extent of interaction between groups of functionalities
present in mixtures can be estimated by combining mechanisms. The major
drawback of a mechanistic approach is the large number of reactions neces-
sary to model even the simplest system. The large number of reactions neces-
sitates estimating a large number of rate parameters, but this is generally not
a significant problem for coal-related systems since in each mechanism only a
few reactions are rate limiting and the model is insensitive to perturbations in
the values of most of the rate parameters (8). The real difficulty is that the
mechanisms predicted for mixtures become overwhelming if more than just a
few components are present. In predicting the kinetic behavior of complex
mixtures from the mechanisms of pure compounds, some simplifications
would have to be made. An additional problem associated with using
mechanistic models is that factors such as homogeneous catalysis of the reac-
tions of one compound by another cannot be predicted by merely combining

mechanisms.

Overall, however, the insight provided by mechanistic models outweighs the
drawbacks, so this approach was used in our work. Experimental results and
proposed mechanisms for several model compound systems related to coal
liquefaction are discussed in Chapters B and 9. The goal of studying the model
compound systems of Chapters B and 9 was to determine the role of atomic

hydrogen released from hydrogen donors in coal-related systems. 1,234
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Tetrahydronaphthalene (tetralin) and related compounds are commeon com-
ponents of coal-derived liquids. This class of compounds is generally dehydro-
genated in steps during coal liquefaction, donating hydrogen to cap free radi-
cals and releasing atomic hydrogen (10). These reactions are shown in Figure
1. The atomic hydrogen is extremely reactive and can cause dissociation of
bonds that are otherwise stable. In order to study these reactions under con-
ditions pertinent to coal liquefaction, 1,2 dihydronaphthalene (structure *in
Figure 1) was used as a model hydrogen donor. 1,2 Dihydronaphthalene (dia-
lin) rapidly dehydrogenates through the free radical scheme shown in Figure 1,
releasing atomic hydrogen. Chapter 8 describes experimental data and a pro-
posed mechanism for the thermolysis of dialin under conditions appropriate to
coal liquefaction. Chapter 9 examines the reactions of the atomic hydrogen
released by dialin. Mixtures of dialin and compounds containing methylene
and ether bridges were thermolyzed and mechanisms are proposed. Chapter
10 summarizes the results of the experiments and the potential for using

model compound results to predict the reactions of complex mixtures.



112.

Figure 1
Dehydrogenatio
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Kinetics of Dialin Thermolysis

D. T. ALLEN and G. R. GAVALAS

Division of Chemistry and Chemical Engineering, California Institute of Technology,
Pasadena, California 91125

Abstract

The liquid-phase thermolysis of 1,2-dihydronaphthalene was studied in a batch reactor
in the range of 350-400°C. The measured product distributions were in good agreement with
calculations based on a free-radical scheme with rate constants estimated by thermochemical
methods. The kinetic calculations were carried out by numerical integration and by the
long-chain approximation (LCA), which yielded a closed-form solution.

Introduction

Recent studies of coal and coal extracts have indicated that aromatic and
hydroaromatic functional groups are important components of coal
structures. This has sparked an increased interest in the thermal reactions
of aromatic and hydroaromatic compounds {1-6]. The emphasis in most
investigations of these reactions has been on measuring product distribu-
tions and elucidating reaction mechanisms. Few attempts have been made
at analyzing the reaction systems quantitatively.

The purpose of this work is to provide a quantitative kinetic analysis of
the pyrolysis of 1,2-dihydronaphthalene (1,2-dialin). Dialin was chosen
because of the relative simplicity of its reaction mechanism and because
it has been identified as an intermediate in the dehydrogenation of
1,2,3,4-tetrahydronaphthalene (tetralin), a commonly used solvent in coal
liquefaction studies [7]. A quantitative description of dialin thermolysis
will serve as a building block for the kinetic analysis of more complex hy-
droaromatic compounds and mixtures of compounds.

The experimental data base on 1,2-dialin thermolysis is limited. King
and Stock [8] pyrolyzed 1,2-dialin at 300 and 400°C; Bredael and Vinh [7]
examined high-temperature low-contact-time thermolysis, and Virk et al.
[9] studied the reactions of dialin with phenanthrene, anthracene, and coal.
This work will expand on the limited data available on 1,2-dialin reactions.
With sufficient data accumulated, a standard free-radical mechanism, with
parameters estimated by thermochemical methods [10], will be used to
quantitatively describe product distributions. Thermochemical methods
have only recently been applied to estimate the rates of liguid-phase re-

International Journal of Chemical Kinetics, Vol. 15, 219-233 (1983)
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actions. Miller and Stein [6] were the first to make this application when
they studied the pyrolysis of 1,2-diphenylethane.

The analysis of the complex dialin reaction mechanism will be consid-
erably simplified by the use of the long-chain approximation (LCA). The
mathematical theory of the LCA and criteria for its validity have been ex-
amined by Come [11]. When applicable, this approximation drastically
simplifies the numerical solution of the kinetic equations and allows the
separate analysis of the propagation reactions on the one hand, and the
initiation-termination reactions on the other. This separation allows a
simpler and more direct evaluation of reaction mechanisms and estimation
of rate parameters. The situation becomes particularly transparent when,
as in the present problem, the LCA leads to closed-form solutions.

Experimental

Dialin was obtained from K and K Chemicals and was used without ad-
ditional purification. The purity, as determined by gas chromatography,
was better than 97%. The principal impurities were 1,4-dialin, tetralin,
and naphthalene.

The pyrolysis of dialin was carried out in a Ys-in.-outside-diameter
stainless-steel tube reactor. One gram of reactants was charged to the
reactor for each run. The reactants were degassed under vacuum, then
placed under a nitrogen atmosphere. The reactor was then inserted in a
molten lead bath. The bath temperature was controlled within 2°C of the
set point in all runs. The time required for the reactants to be heated to
within 2°C of reaction temperature was measured by a thermocouple sealed
inside a second tubing bomb reactor. Heat-up time in all runs was under
45s. The reactors were kept in the lead bath for the specified reaction time,
then were cooled with an air jet and immersion in a water bath. The re-
actors cooled down 100°C within 30 s of removal from the lead bath.

After cooling, product gases were metered and analyzed by gas chro-
matography. Hydrogen was the only gas product detected. Liquid and
solid products were washed from the reactor with methylene chloride and
analyzed with an HP 5880A gas chromatograph equipped with a 30-m
Carbowax capillary column. In selected runs, 1H nuclear magnetic reso-
nance was used for product identification. Product peaks were identified
and calibrated by comparison with pure compounds.

Pyrolysis experiments were performed at three temperatures and at
several reaction times for each temperature. Experiments were also per-
formed with dialin diluted with tetralin or biphenyl. Reaction conditions
and product concentrations are summarized in Table L.
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TABLE Il. Dialin thermolysis mechanism.

—-7 .
i No. | REACTION Dlogyg A% P SOURCE

INITIATION:

Bl 1.2 Copfyg + 1,20, 400 = Cpofigs + 1-Cygfy | gg 38. | Benson & Shaw!’
PROPAGATION
MAJOR REACTIONS:

2 CIOHQ. + CIOHS + H- 14.5 27. Group Additivity10

3] Cpghg + He = Cghgr 11.0 3. .

40 He+ 1,2 Cugig - Coofg” * Hy 10.0 3 Group Additivity!?

51 He ot Coghp, + 1-CigH - + Hy 10.0 3. “

61 Ko+ CogH, » 2-C g+ 10.3 10. "

7] He w12 O 1Cy gy 11.0 3. "

81 1,2 Cyghio+ 1-CooH) m + CroHgt + Cyohy, 7.0 9 "

9| Cughgr *+ Cighp » 1:2 Cighyg * 1-C gty 7.0 1. "

10| 2-Cyghy e * Coghyp = 1-Cighyye * Cghyy 7.0 9. "

W 1,2 CygHyg + 2-CoHyyr » Gy + Cyghyp 7.0 B "
MINOR REACTIONS:

] Cogier 1,2 Oyt = 1.8 Cugio + Gyt 7.0 1z. Cox & Pilcher?l

13| Cygfgs + 18 Coghyg = 1.2 Cygiyn + Cpoflgr 7.0 | 8. | Group Additivity"

14 Coghy* Cygfyp = 1-Coghyye * 1.8 Cpp 7.0 14, | Cox & Pitcher?®

15 | 1-Cpgfyye + 1,8 Cughio ~ Crofg™* Crohyp 7.0 9. | Group Additivity!®

16 | He o+ 1,8 CpgHy o+ Cohg™™ Hy 10.0 3. "

17} Hed L8 G+ 2CogH e 11.0 10. "

181 1,4 CIOHIO - C}OHB + H2 12.6 45. Benson & Shaw22
TERMINATION:

19 R + k- ~ PRODUCTS 10.0 0. | Diffusion Limited

& Units of s~! for unimolecular reactions, L/mol - 5 for bimolecular reactions.
b Activation energy in keal/mol.

Reaction Mechanism

The adopted dialin thermolysis mechanism and the rate parameters for
each reaction are listed in Table II. Rate constants were estimated using
the group additivity methods of Benson [10] and by analogies with rate
constants available in the literature. The calculations and rationale in-
volved in selecting the rates for each reaction are discussed in Appendix A.
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The proposed initiation step deserves some comment. Three plausible
initiation steps are given below:

(20) 1 2C,oHlo — C10H9
(21) 1,2C;0H,0 === @(\/
(22) 1 2CNH10 +1 2CloH|o —— CyoHs - + C1oH;, -

Reactions (20) and (21) have high activation energies, but should also have
large frequency factors. Group additivity methods give activation energies
of 82 and 56 kcal/mol, respectively. The A factors for the unimolecular
reactions (20) and (21) can be estimated from transition state theory to be
approximately log A = 13.8 and 13. The rate parameters for reaction (22)
are given in Table I. Using these rate parameters, the rate of reaction (22)
is several orders of magnitude higher than that of reaction (20) and is
roughly equivalent to that of reaction (21). The net rate of initiation by
reaction (21} will be limited by the high rate of the reverse intramolecular
recombination reaction. Thus the net rate of reaction (21) will be lower
than that of reaction (22) by several orders of magnitude. Reverse dis-
proportionation is then by far the dominant initiation step.

Two types of reactions were omitted from the mechanism given in Table
II. The addition of hydrogen atoms to tetralin to form n-butyl-benzene
was neglected since no butyl benzene was detected in the reaction products
and because a rough estimate of the rate, log A = 8, E = 3 kcal, was very low.
In addition, the formation of beta radicals via hydrogen abstraction by
alpha radicals [the reverse of reaction (11)] was neglected as energetically
unfavorable.

No specific products are listed for the termination steps. Termination
may proceed by either disproportionation or recombination, but in either
case it occurs at a rate that is slow relative to product formation by propa-
gation steps. Termination rates were assumed to be diffusion limited.
Rates of diffusion-limited reactions were estimated from the viscosity of
the liquid using the Stokes-Einstein equation {12]. For the case of dialin,
the viscosity at reaction temperatures was estimated as 0.10 & 0.02 cP using
the correlations of Letsou and Stiel as described in [18], giving log & =
10. :
The differential equations for radical and stable species concentration
were integrated numerically using the Gear algorithm for stiff systems. A
Gear integration routine, similar to the one used in this work, is described
in [14]. The dialin concentration used in these calculations was estimated
using the method of Gunn and Yamada as described in [15]. All but two
of the rate parameters used in the calculations were estimated by ther-
mochemical methods or by analogy with reactions having known parame-
ters. Two parameters were estimated directly from the data. These were
the A factor for the addition of hydrogen atoms to dialin and the activation
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Figure 1. Dialin conversion predicted by full numerical integration. 0—623 K; O—648 _
K; a—673 K; Dy—initial dialin concentration.

energy of the initiation reaction. The value of the first parameter is com-
parable to the experimental value reported by Benson and Shaw [16] for
1,3-cyclohexadiene pyrolysis. The estimated ratio of hydrogen addition
to hydrogen abstraction was 10 compared to 5 for 1,3-cyclohexadiene. The
value of 38 kcal/mol for the second parameter was in good agreement with
a group additivity estimate of 35 kcal/mol.

Calculated and experimental concentrations of dialin, naphthalene, and
tetralin are shown in Figures 1 and 2. The calculated concentrations of
1,4-dialin are slightly lower than the measured concentrations, but 1,4-
dialin impurities in the reactants account for most of the difference.
Otherwise the agreement between calculated and experimental values is
very good, considering that all but two of the rate parameters were esti-
mated a priori by thermochemical techniques or by analogy with similar
reactions. Along with the work of Miller and Stein [6], these results lend
support to the use of thermochemical methods in estimating the rates of
reactions in liquids. Such thermochemical estimates may not be valid for
reactions in either very viscous liquids or liquids which impart stability to
transition states, but they should be useful for mixtures of aromatic and
hydroaromatic compounds of modest molecular weight.

In order to determine the sensitivity of calculated concentrations to the
estimated rate parameters, each of the major rate constants was varied
individually, and the kinetic differential equations were integrated as be-
fore. The results of the integrations are shown in Table ITI. The effect
of each parameter on dialin conversion and product distribution was ex-
pressed by comparing the perturbed reaction system to the base case. The
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Figure 2. Product yields predicted by full numerical integration. DO—[CioHs]; 0—[CioH2);
A—][1,4 CioHyg]; Do—initial 1,2-dialin concentration.

comparison was made at 350°C and 5 min of reaction time. The analysis
shows that conversion is most affected by reactions (1), (8), and the ter-
mination reactions. Increasing the rate of reaction (1) or decreasing the
rate of termination increases the total free-radical concentration, thereby
increasing the rate of dialin conversion. Increasing the rate of reaction (8)
increases the rate of formation of dialin radicals and tetralin. The increased
production of dialin radicals results in increased naphthalene formation.
The selectivity of the two products is controlled by the rates of reactions
(4) and (7), that is, by the rates of hydrogen addition and hydrogen ab-
straction from dialin. The results of the LCA will make this dependence
clearer.
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¢ Long-Chain Approximation

A second goal of this work was to explore the utility of the LCA in ana-
lyzing complex free-radical mechanisms such as the one proposed for dialin
thermolysis. The LCA can be used to determine the concentrations of
stable species as a function of time or, as applied in this work, to determine
relative concentrations, independent of time. The application of the LCA
requires two assumptions. The first is that changes in free-radical con-
centrations are small relative to total free-radical concentration for any
given set of stable species concentrations. The second is that the rates of
initiation and termination are slow relative to the rates of propagation re-
actions. For dialin thermolysis, the criteria established by Céme [11] for
the validity of these assumptions are

(23) kg>»>1
(24) kg/(kik 19)1/2 >1

These relations are both satisfied, as shown in Appendix B. The results
of the numerical integration also indicated that the assumptions were valid.
Therefore the LCA was applied to determine the concentration paths of
the simplified reaction system consisting of reactions (2)-(11). These re-
actions account for all major reaction products, and lead to closed-form
solutions for product concentrations. Using the LCA and the simplified
reaction system gives rise to the differential equation

dD _ _2ki+ks (ks+keT
dT ky kD

where D is 1,2-dialin concentration and 7 is tetralin concentration. This
may be solved analytically, vielding

(25)

u(+) Inju — u(+)| — u(=) Inju = u(~)|
+
u(+) —u(=)

where D is initial dialin concentration, C is a constant determined by the
initial conditions, and

D
(26) In (E;) =C~-Ing

u=T/D
q=ky+ 2k + kyu + (ks + keg)u?
Rkt Ry [(2k7 + k)2 — 4kq(ks + ke)]1/2
2(ks + ke¢)
This equation describes the path of the thermolysis. It is derived in Ap-
pendix C.
Figure 3 compares the results of the LCA, eq. (26), with the results of the

full numerical integration and the experimental data. The experimental
results of King and Stock [8] are also included. The three lines plotted in

u(t)
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o8k
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DIALIN CONCENTRATION, D/{Dg+Ty)

Figure3. Concentration paths calculated by LCA. Solid lines—long-chain paths; dashed
lines—full numerical integration paths; O—data of King and Stock {8]; O—this work;
Do—initial dialin concentration; T'¢—initial tetralin concentration.

Figure 3 are the concentration paths for three different starting conditions.
The lowest curve is the concentration path for dialin diluted 9:1 with bi-
phenyl. The middle curve is the path corresponding to pure dialin reactant,
and the upper curve is the path for reactants consisting of equal amounts
of tetralin and dialin. Examination of eq. (25) reveals that multiplying
all concentrations by a constant does not change the differential equation.
This means that dilution with an inert such as biphenyl has no effect on
product distribution and results in the geometric similarity of the two lower
curves of Figure 3. Dilution with tetralin affects the value of the second
term in eq. (25); however, the first term dominates, so the upper curve is
roughly similar to the lower two.

Examination of eq. (25) also reveals that the concentration paths are
functions of concentration and rate constants 4, 5, 6, and 7 alone. Specif-
ically, the ratios (2k; + k4)/k7 and (ks + kg)/k7 control product selectivity,
the former ratio being larger and thus more important. The sensitivity
of the results of the LCA to the values of each of the four rate constants and
to temperature is given in Table IV. The most striking result is the es-
sential temperature independence of selectivity. This independence is
due to the identical activation energies of reactions (4), (5), and (7). The
ratio (2kq + k4)/kq is strictly independent of temperature, and the ratio
(ks + kg)/k7 is essentially independent of temperature since &5 > ke.
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TABLEIV. Sensitivity of long-chain approximation results to rate parameters and
temperature.

BASE | PERTURBED SELECTIVITY" | % CHANGE IN

PARAMETER | VALUE VALUE  [% PERTURBATION (T/N) SELECTIVITY
Ky 18.86 x 105 9.75 x 10® 10. ,8000 -0.77
ks i8.86 x 10%] 9.75 x 10° 10. .7994 -0.85
ke .21 x 10° | 6.83 x 10° 10. .8063 0.00
K 18.86 x 10° | 9.75 x 10° 10. .B189 1.56
TEMPERATURE | 623K 685K 10. .8060 -0.04

* Selectivity evaluated at >99.5% conversion.

Conclusion

' Liquid-phase dialin thermolysis was quantitatively described by a
free-radical mechanism. Values of the rate parameters derived by analogy
with similar reactions in the literature and by thermochemical estimates
provided an excellent fit to the data. No modifications were necessary to
account for the liquid phase. Since the products of dialin thermolysis are
structurally similar to coal-derived liquids, these results indicate that
thermochemical methods should be useful in estimating rate parameters
for coal liquids of modest molecular weight.

Application of the LCA to the complex dialin pyrolysis mechanism al-
lowed closed-form solutions for dialin concentration as a function of tetralin
concentration. This brought to light several interesting relationships. The
first was that product selectivity is governed by two ratios involving only
four rate constants. The selectivity is essentially determined by the ratio
of hydrogen atom addition to hydrogen atom abstraction in dialin. The
second result of the analysis was that dilution of the reaction mixture does
not change the product distribution.

Appendix A: Selection of Rate Constants

Reaction (I): The A factor for reaction (1) was estimated using the
relation In(A/A-) = AS/R and a value of log A_ = 10. A best fit to the
experimental data was then given by E = 38 kcal/mol, a value comparable
to the group additivity estimate of 35 kcal/mol.

Reactions (2), (3): Addition of hydrogen atoms to naphthalene should
occur with an A factor and activation energy similar to that of reaction (7).
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Thus the values chosen for reaction (3) were log A = 11 and E = 3 kcal/mol.
Group additivity estimates give AH = 24 and AS = 25.3. Using the rela-
tions AH =E — E_and In(A/A-) = AS/R yieldslog A = 14.5and E = 27
for reaction (2).

Reaction (4): This reaction can be considered as equivalent to an ab-
straction of alpha hydrogen. Gavalas [17] lists log A = 10 and E = 2.3
kcal/mol for alpha abstraction from toluene. The reaction can also be
considered as analogous to hydrogen abstraction from propylene, for which
Allara and Edelson [18] report experimental values oflog4A = 11and E =
3.8 kcal/mol. Since dialin is closer to toluene than to propylene in molec-
ular size, we have chosen log A = 10. The activation energy was chosen
as 3 kcal/mol.

Reaction (5): This reaction was assumed to be analogous to reaction
(4).

Reaction (6): Gavalas [17] suggests log A = 10.3 and E = 9.7 keal/mol
for abstraction of beta hydrogen. Allara and Edelson [18] recommend an
activation energy of approximately 10 kcal for hydrogen abstraction from
propane. Thus log A and E were chosen as 10.3 and 10.0, respectively.

Reaction (7): The best fit of the dialin pyrolysis data is given by an
addition-to-abstraction ratio of 10. Benson and Shaw [16] found that the
ratic of hydrogen addition to abstraction for 1,3-cyclohexadiene was 5.
Hence log A = 11 and E = 3 kcal/mol is in reasonable accord with available
data.

Reactions (8)-(11): Group additivity estimates by Gavalas [17] yield
log A =7 and E = 9 keal/mol for these exchange reactions. Reactions (10)
and (11) are considered irreversible because of the greater stability of the
alpha radical. The activation energy of reaction (9) is increased by 2
kcal/mol to account for the enhanced stability of the dialin radical over the
tetralyl radical.

Reactions (12), (13): Cox and Pilcher [19] list liquid-phase heats of
formation of 18.0 + 1.5 and 21.0 + 1.5 for the 1,2- and 1,4-dialin isomers.
Setting AH = 3 kcal/mol is in agreement with these results and the ex-
perimental data. Assuming E = 9 for reaction (13) gives E = 12 for reaction
(12). The frequency factor should be identical to that of reaction (8).

Reactions (14), (15): These are considered analogous to reactions (12)
and (13).

Reaction (16): This reaction is similar to reaction (4). Even though
the 1,4-dialin isomer has a higher heat of formation than the 1,2-isomer,
the net reaction is so highly exothermic, and the transition states should
be sufficiently similar that the rate parameters should be identical to those
of reaction (4).

Reaction (17): This reaction is analogous to reaction (7), but will
probably have an activation energy closer to 10 kcal/mol since a beta radical
is being formed.

Reaction (18): This pericyclic reaction is symmetry allowed according
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to the rules established by Woodward and Hoffman [20]. The rate was
assumed to be similar to the dehydrogenation of 1,4-cyclohexadiene to
benzene. Benson and Shaw [21] report thisrate aslog A = 12.36 and E =
43.8 kcal/mol.

Reaction (19): Termination reactions were assumed to be diffusion
limited.

Note: Values of thermodynamic variables of stable species were taken
from [22].

Appendix B: Criteria for Applying the Long-Chain
Approximation

Using reaction (8) as a typical propagation reaction, the ratio of propa-
gation-to-initiation rates must be at least

_ ks[T1][D]

k1[D]?
where [T;-] is 1-tetralyl radical concentration and [D] is 1,2-dialin con-
centration. The numerical integrations showed that 1-tetralyl was the

dominant radical, so the balance between initiation and termination
gives

R

[Ty} ~ (k1[D]?/k19)1/2
so that
R = kg/(kk19)1/2 = 10~20 exp(9.5 kcal/RT)

The rate constant kg and the ratio R vary with temperature as fol-
lows:

Temperature (K) R kg
623 22. 6.98 X 103
648 16. 9.21 X 103
673 12. 1.19 X 104

In all cases, kg >> 1 and kg/(k1k19)2/2 3> 1, validating the application of the
LCA.

Appendix C: Application of the Long-Chain Approximation

The balance of propagation reactions (2)—(11) yields the following linear
algebraic system:
d|D-]

O dr - 0 = = [D-J(ka + ko[T)) + [H']

X (k4[D] + k3[N]) + kg[D][T1] + kn1[D][T2]
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113 ~d[5:'} =0 = kg[T][H-] = [To(k1o[T] + k1:[D])
(1) ~‘-”dit'] = 0 = kylD-] — [H](kgIN] + (kg + k9)[D] + (ks + ke)[T))

where [D], [T], and [N] are 1,2-dialin, tetralin, and naphthalene concen-
trations; [D-], [T1-], and [T'¢:] are dialin radical, 1-tetralyl, and 2-tetralyl
radical concentrations. The differential equations governing dialin and
tetralin concentration are

@) HB) o (D) B + kol + kel Ti) + Rl T2]) + kel TID
W) A= (k] + ko] + koD + kelDIITs] + RulDT]

Dividing eq. (IV) by eq. (V) and simplifying using eqs. (I)-(III) yields
- d[D] _ _2kq+ky (ks +ko(T]
d[T] kq k(D]

Defining the variable u = [T'}/[D] and differentiating with respect to [D]
vields

du 171, 1 (dIT]
(VID o]~ i o] (d{Dl)

Substituting eq. (VI) into eq. (VII) and integrating gives
[D] u(+) Inju — u(+)| = u(=) Inju = u(-)|

In|+4 = ¢ -
“({Dol) C-lng+ w(+) - u(-)

where
q= k7 + (2k7 + k4)u + (ks + k5)u2
—(2k7 + ky) £ [(2k7 + k4)? — 4kq(ks + kg)]Y/2
2(ks + k¢)

and C is found from the initial conditions. For pure dialin as the reac-
tant,

u(t) =

_u(+) Inju(+)| — u(=) Inju(=)|
u(+) —ul=)

C=Ink,;
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ABSTRACT

The reactions of model compounds containing methylene and ether bridges
were examined in the temperature range 350-400 °C. Aromatic substitution
reactions and homolysis via a keto-enol intermediate were the dominant
modes of bridge decomposition. The aromatic substitution reactions of
methylene bridge compounds occured with activation energies of approxi-
mately 10 kecal/mol and with A factors of 101°5712 | sec™!m™!. The A factors
vary with the size of the rings and the substituents on the rings connected by
the methylene bridges. The activation energy is relatively independent of these
effects. When phenolic substituents are present, methylene bridges can uni-
molecularly decompose via a keto-enol tautomerism, and the rate of product
formation is sclvent dependent. Reactions for ether bridge reactions were
much more complex and the rate parameters encompassed a much larger

range of values.
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Principal new conclusions and results

The rates of methylene and ether bridge cleavage were examined using
model compound systems. The dominant decomposition pathways involved
aromatic substitution reactions. Rates of reactions in the proposed free radi-
cal mechanisms were estimated from experimental data and group additivity
methods. The results demonstrate that the reactions of multicomponent mix-
tures such as coeal liquids are much more complex than the sum of the reac-

tions of the components.
HMethods and observations from which deduced

Batch thermolysis experiments were performed in a stainless steel tubing
bomb reactor at several temperatures and reaction times for each of the
model compound mixtures. Product distributions were determined by gas

chromatography.
Special limitations and assumptions

The propesed mechanisms were assumed to be free radical in nature and
since stainless steel did not catalyze bridge decomposition, the reactions were

assumed to be non-catalytic.
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INTRODUCTION

The thermal reactions of compounds containing functional groups known to
exist in coal and coal-derived liquids have been the subject of many studies.!™®
The emphasis in most of these studies has been on measuring product distri-
butions and elucidating reaction mechanisms for pure compounds and com-
pounds mixed with 1,23,4-tetrahydronaphthalene (tetralin). Few attempts
have been made at either analyzing mechanisms quantitatively or investigating
the interactions between functional groups. One class of reactions where the
interaction between functional groups is particularly important is the dissocia-
tion of methylene and ether bridges. On the basis of model compound studies
performed on mixtures of bridged compounds and tetralin,! these bridges are
generally considered to be inert under liquefaction conditions. However, if
molecules are present in the mixture which generate atomic hydrogen during
thermolysis (e.g., 1,2 dihydronaphthalene or 9,10 dihydrophenanthrene) these
bridges can be broken via an aromatic substitution reaction under fairly mild

conditions.

The purpose of this paper is to examine the reactions of methylene and
ether bridges under conditions where atomic hydrogen is present. Specifically,
the mixtures listed in Table 1 were thermolyzed in the temperature range 350-
400 °C. In this temperature range, the 1,2 dihydronaphthalene (dialin) con-
tained in the mixtures decomposes via a free radical mechanism,’ releasing
atomic hydrogen. The hydrogen can displace the methylene and ether bridges
from the aromatic rings. In modeling the reactions of these mixtures, stan-
dard free radical mechanisms will be employed and rate parameters will be

estimated by thermochemical methods.?
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EXPERIMENTAL

All reactants except dihydronaphthalene and dinaphthylmethane were
obtained from Aldrich Chemical Co. and were used as received. The dihy-
dronapthalene was obtained from X and K Chemicals and the 1,1-

dinaphthylmethane was synthesized in our laboratory.

The thermolysis experiments were carried out in a stainless steel tubing
bomb reactor. One half gram of reactants was charged to the reactor for each
run. The reactants were degassed under vacuum then placed under a nitrogen
atmosphere. The reactor was then inserted into a molten lead bath. Bath tem-
perature was controlled to within 2°C of the set point in all runs. The time
required for the reactants to be heated to within 2°C of reaction temperature
was measured by a thermocouple sealed inside a second tubing bomb reactor.
Heat-up time in all runs was under 45 seconds. The reactors were kept in the
lead bath for the specified time, then were cooled with an air jet and immer-
sion in a water bath. The reactors were cooled 100°C within 30 seconds of

removal from the lead bath.

After cooling, product gases were metered and analyzed by gas chromatog-
raphy. Hydrogen was the only gas product detected. Liquid and solid products
were washed from the reactor with methylene chloride and analyzed on a gas
chromatograph equipped with either a 30 meter Carbowax or a 30 meter DB-1
capillary column. The chromatograms were temperature programmed from
60°C to 200°C. Product peaks were identified and calibrated by comparison

with pure compounds.

Table 1 lists the thermolysis experiments that were performed. Conver-
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sions, as determined by gas chromatography, are given in Tables 2 and 3.
RESULTS AND DISCUSSION

The experimental results, in terms of product yields for various reaction
conditions, are listed in Tables 2 and 3. Table 2 lists product yields for mix-
tures of dialin with various compounds carrying a methylene bridge. Table 3
lists the product yields for mixtures of o-hydroxydiphenylmethane (oHDPM)

with dialin or tetralin.

The experimental results were modeled with free radical mechanisms such
as the one listed in Table 4. Thermochemical estimates®? and previous experi-
mental results” were used to estimate all rate parameters except those for
aromatic substitution reactions, which were estimated from the data of Table
2. Reaction 2 of Table 4 is typical of this class of reactions. The kinetic

analysis for each mixture is discussed in the following sections.
Dialin and Dinaphthylmethane Mixture

The free radical mechanism shown in Table 4 was used to model the thermo-
lysis data of a 3:1 (wt.) mixture of dialin and dinaphthylmethane (DNM). Three
features of the proposed mechanism should be noted. First, the demethylation
and hydrogen donation reactions of l-methylnaphthalene were neglected
because of the low concentration of 1-methylnaphthalene in the mixture and
the slow rates of the demethylation reactions. The second point to be noted is
the activation energy of reaction 9. The DNM radical was assigned a resonance
stabilization energy (RSE) 6 kcal/mol greater than that for the tetralyl radical.
The enhanced stabilization is due to both the larger size of the aromatic rings

in DNM and the fact that the radical is delocalized over two ring systems in
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Table 2

Reaction
Conditions
Temp Tinme
°c) (Min)
350 5
350 15
350 30
375 5
375 15
375 30
400 5
400 15
400 30
350 5
350 15
350 30
350 60
375 5
375 15
375 30
375 60
400 5
400 15
400 30
400 60
350 5
350 15
350 30
375 5
375 15
375 30
400 5
400 15
400 30

oelogo

39.
50.
€5.

52.
71.
80.
70.
89.
96.
30.
51.
68.
80.
51.
73.
83.
91.
64.
84,
91.
93.
47.
67.
81.
66.
74.
84.
65.
73.
97.

Conversion

.04
.06
.10

.10
.17
.58
.29
.49
.75

(G - I "R R L N ) N O O
B . . . . N o B . . . ‘
O~ O N WD o O

[ = N = S S S . Y o

.36
47
.89
.42
.85
.91
.25
.81
.11
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(wt?)

50

50

50

50

50

50

50

80

(wt%)

80

80

80

40

(wt%)

(wt/)

50

50

50

50

50

50

20

20

20

20

20

Reaction
Conditions
Temp Time
°c) (Min)
350 5
350 15
350 30
375 5
375 15
375 30
400 5
400 i3
400 30
350 60
375 60
400 60
400 60
400 60

Toluene
Yield

&3

0.20

3.8

4.8

Cresol
Yield

%)

0.

16

.19

.59

.20

.33

.74
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TABLE 4
THERMOLYSIS MECHANI[SM

NO. REACTION

INITIATION:

1 1,2 ¢, H,. + 1,2 C

100

PROPAGATION REACTTIONS INVOLVING DNM AND 1-MN

2 DNM + He - 1-MNe + C

3 1-MN- + DNM — DNM-

4 1-MN++1,2 C oH o —

5 1-MN- + C, H., — 1-C. H

10712

10810 ™ Crofe 1 Cyotyy

‘10t'8

+ 1-MN

C..H

109" + 1-MN

1oflyyr + 1IN

6 1-MNe + 1,4 C. H. . — C, H,* + 1-MN

10710
7 DNM + He — DNMe + H

1079

2

8 1-C. H.,. .« + DNM — DNM« + C. H

10711

9 DNM- + nwc:ww — 1-C

10 Nlnvo:HH.
+ DNM - DNM-

11 nwomo.
12 DNM- + 1,2 owomwo asd

13 C + DNM —> DNM-

10%9°

14 DNM: + 1,4 C; H o —

1012

H + DNM

10711°

+ DNM — DNM- + C, H

10712

+1,2 €0

C + DNM

"1079"

+ 1,4 nHomHo

nwomw. + DNM

H

1 -1

a. . -1 ; -
Units of sec ~ for unimolecular reactions; 1 mol “sec

wbnnw<mnwo: energy in kcal/mol

DNM = 1,1-Dinaphthylmethane
1-MN = 1-Methylnaphthalene

Log, g

8.0

7.0
7.0
10.0
7.0
7.0
7.0
7.0
7.0
7.0

7.0

for bimolecular rxns.

37.0

9.0
9.0

9.0

9.0

9.0

3.0

9.0

15.0

9.0

9.0

13.0

10.0

9.0
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NO.

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

TABLE 4 (CONT.)

REACTION
REMAINING PROPAGATION REACTIONS

C,H,e — oHcm + He

10%9 8

OHOIm + He - GHOE@.

He + 1,2 G o — C)oHye + 1,

He + OHOEHN —F HIGHOSHHJ + EN

He + nwomwm — munwomww. + mm

He + 1,2 OPOﬁHO —r H!OHOmHH-

1,2 CygHyg + 1-CygHyyt = Cygllgr + Cyglyy
Cioflg® + Cpghyp ™ 1.2 Cygllyg + 1-Cyplyy e
2=Crotnn” * Ciotlp ™ 10t * Cooflyn
1,2 Ciglyg + 2-Cygltypt ™ Cypllg® + Cppllyp
OHOﬁ@. + 1,2 OHOWHO — 1,4 OHOﬁHO + OHOS@.
OHOmw. + 1,4 OHOmHO - 1,2 OHCEHO + GHOE@.
Ciotlg” * Cygllyp = 1-CigHyy s + 1,4 €y
1-Cgfyys + 1o Gl = Crgllg = + Cyoflyy
He + 1,4 C gH o — G oHoe + B,

He + 1,4 OHOEHO — NlOHOIHH.

1,4 OHOIHD — OHOEm + EN

Homwo>

14.0
10.5
10.0
10.0
10.3
11.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
7.0
10.0
11.0

12.0

26.0
3.0
3.0
3.0

10.0
3.0
9.0

11.0
9.0
9.0

12.0

14.0
9.0
3.0

10.0

45.0
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NO.

32

33

34

REACTION

TERMINATION:

DNM+ + R+ — PRODUCTS

DNM+ + DNM+ <5 PRODUCTS

R* + R+ — PRODUCTS

TABLE 4 (CONT.)

Homwo>

10.0
9.7

10.0

3.0 (reverse A=15
E=53)

5.0 (reverse A=15
E=47)

0.0
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DNM rather than over one ring as in the tetralyl radical. The value of 8 kcal
was based on experimental results of Stein!® and Stein and Golden.!! The third
feature to be noted is the activation energy for the termination reactions
involving the DNM radical. Normally, free radical recombinations are assigned
an activation energy of zero, however, reactions involving the recombination of
a DNM radical with any other radical were assigned an activation energy of 3
keal/mol. The recombination of two DNM radicals was assigned an activation
energy of 5 kcal/mol. The activation energies account for the steric hinder-
ance to recombination created by the two naphthalene groups of DNM. The
assigned values were based on a value of 7 kcal/mol for the recombination of

two triphenylmethyl radicals.!?

Termination reactions were assumed to be diffusion limited and reversible.
Rates of diffusion limited reactions were estimated from the viscosity of the
mixture using the Stokes Einstein equation.!® For the dialin/DNM mixture, the
viscosity at reaction temperatures was estim’ated as .12+.02 cP using the

correlation of Letsou and Stiel,’ giving log A=9.51 sec !Im™%,

The differential equations for radical and stable species concentration were
integrated numerically using the Gear algorithm for stiff systems.!® The dialin
and DNM concentrations used in the calculations were estimated from the crit-
ical properties of the mixture, using the method of Gunn and Yamada.!® Calcu-
lated and experimental concentrations of dialin, and i-methylnaphthalene
(DNM conversion) are shown in Figures 1 and 2. The agreement between the
model's predictions and the experimental values is very good considering that
almost all of the rate parameters were estimated a priori by thermochemical

techniques or by analogy with similar reactions.
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DHN Conversion, (DHNg-DHN)/DHN

08

06

04

02

\\\\t—u.\!\

> 0O

AN

_—
\

o

N\

a , A=
D \\
-0

20

Time, minutes

Figure 1. Dihydronaphthalene conversion;

40

O- 623K, A - 648K, ] - 673K, DHNg=initial dialin concentration




144.

i-Methylnaphthalene Yield, 1-MN/DNM

Time, minutes

Figure 2. 1-Methylnaphthalene yield;
O- 623K, A~ 648K, [0- 673K, ozzoﬂ.i.ﬁﬂ DNM concentration
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In order to determine the sensitivity of calculated concentrations to the
estimated rate parameters, each of the rate constants was varied individually
and the kinetic differential equations were integrated as before. The results of
the integrations are shown in Table 5. The sensitivity of the model to reactions
15-31 has been described elsewhere.” The model is most sensitive to changes in
initiation and termination rates and to the rate of attack of hydrogen atoms
on the methylene bridge of DNM. The relatively large dependence of conversion
on reactions 11 and 12 is somewhat surprising, but it can be understood by
applying the steady state approximation to the thermolysis mechanism. At the
low conversions observed in this work, the rate of l-methylnaphthalene pro-
duction is directly proportional to hydrogen atom concentration. Application

of the steady state approximation to hydrogen atom concentration yields

equation 1,
dt ((k5+k13) [DNM]+(ki7+k20) [DHN]+(k18+k19) [CipH12D (1)

The rate of 1-methylnaphthalene production is linearly dependent on dialin
radical concentration, whence the model's sensitivity to the rates of reactions

11 and 12,
Dialin and Diphenylmethane Mixture

A mechanism analogous to the one proposed for the
dialin/dinaphthylmethane mixture was used for this mixture. The only
differences between the two mechanisms are the values of the rate parameters
for the addition displacement reaction, the viscosity of the mixture, and the
RSE for the diphenylmethane radical. The rate parameters for the aromatic
substitution reaction analogous to reaction 2 are log A=11.3 1 sec”!m™! and

E=11 kcal/mol. The value of the activation energy is only slightly higher than
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PARAMETER

k3p7kg,

BASE
VALUE
4.64 x 107°
3.33 x 108
6.97 x 10°
6.97 x 10°
6.97 x 10°
6.97 x 10°
8.86 x 10°
6.97 x 10°
5.46 x 100
6.97 x 10°
6.97 x 107
2.75 x 102
3.10 x 107
6.97 x 10°
8.86 x 10°
8.84 x 10/
5.00 x 107

TABLE 5

SENSITIVITY OF NUMERICAL INTEGRATION TO RATE PARAMETERS

PERTURBED
VALUE
5.10 x 107°
3.66 x 108
7.66 x 10
7.66 x 10°
7.66 x 10°
7.66 x 103
9.74 x 108
7.66 x 10°
6.01 x 107
7.66 x 10°
7.66 x 103
3.02 x 10°
3.41 x 103
7.66 x 107
9.74 % 10
9.72 % 108
5.50 x 10°

% PERTURBATION

10.

10,

10.

10.

10,

10.

10.

10,

10.

10.

10.

% CONVERSION OF
DNM TO 1-MN

0.4459
0.4711
0.4274
0.4283
0.4273
0.4271
0.4260
0.4238
0.4273
0.4271
0.4225
0.4379
0.4256
0.4282

0.4092

% CHANGE 1IN
CONVERSION

4.4
10.3
0.1
0.3
.0

0.0

-0.8
0.0

0.0

0.3

~4.2
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the value of 9 keal/mol found for the dinaphthylmethane mixture. The lower
frequency factor may imply a tighter transition state for the diphenylmethane

reaction.

The RSE used for the diphenylmethane radical was 3 keal/mol greater than
for the tetralyl radical and 3 kcal/mol less than for the dinaphthylmethane

radical. This assignment was again based on the results of Stein.1°

The agreement between the model's predictions and the experimental
values is reasonably good, as shown in Figure 3. The more pronounced scatter
in the data for this mixture is due to the difficulty in measuring the lower

absolute conversions.

The potential catalytic effect of the stainless steel reactor walls was exam-
ined with this mixture. Stainless steel shavings were added to the reaction
mixture, increasing the surface area available to the reactants. No changes in
product concentration were observed, so the reactions were assumed to be

predominantly thermal.
Dialin and o-Hydrozydiphenylmethane Bixture

The reactions of a mixture of dialin and o-hydroxydiphenylmethane
(oHDPM) are considerably more complicated than the previous systems exam-
ined. Additional reactions which can occur include hydrogen abstraction from
phenolic groups, recombination reactions involving oxygen radicals, which are
not diffusion limited,!”!® and methylene bridge homolysis via a keto-enol inter-

mediate.

These various complications make the development of a quantitative model

of the reactions of this mixture very difficult. However, several significant
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questions can be examined without a detailed model. The thermolysis experi-
ments will indicate whether the rates of aromatic substitution reactions are
effected by the substituents present on the rings and whether the keto-enol

homolysis reaction proceeds through a free radical intermediate.

We begin by examining the homolysis of oHDPM via the keto-enol homolysis
mechanism. The results of Table 3 show an unusual feature. The rate of bond
scission was found to be higher in a 4:1 {wt.) mixture of tetralin and oHDPM
than in the 4:1 mixture of dialin and oHDPM. This was unexpected since the
oHDPM in tetralin undergoes homolysis whereas in dialin it can undergo homo-
lysis as well as dissociation by aromatic substitution. It was expected that the
two parallel reaction pathways in the mixture with dialin would result in higher
oHDPM conversions. A possible explanation for the greater rate of bond scis-
sion in tetralin is that homolysis involves the dissociation of a keto-enol inter-
mediate into two free radicals, as suggested by McMillen et al..!® The two free
radicals can either recombine, reducing the observed rate of bond scission, or
abstract hydrogen from a hydrogen donor such as tetralin, to form stable pro-
ducts. In the 4:1 dialin/oHDPM mixture, much of the dialin is rapidly con-
verted to naphthalene, so that less hydrogen donor molecules are available
than in the 4:1 tetralin/oHDPM mixture. The observed rate of bond scission is
therefore lower in the dialin/oHDPM mixture. To test this hypothesis, a 2:2:1
mixture of tetralin, naphthalene and oHDPM was reacted. This mixture simu-
lates the reactions of a 4:1 mixture of dialin and oHDPM in which all of the dia-
lin has reacted, and therefore should have a lower observed rate of bond scis-
sion than both the 4:1 mixture of tetralin/oHDPM and the 4:1 mixture of

dialin/oHDPM. As shown in Table 3, a lower rate was observed, so the reaction



150.

scheme shown in Figure 4 is in agreement with all of the available data.

A second piece of information to be gained from the data of Table 3 con-
cerns the effect of phenolic substituents on the rate of the aromatic substitu-
tion reactions. Phenolic substituents could influence the selectivity and the
rate of aromatic substitution reactions. If the phenolic group has no effect on
the selectivity of the reaction, then the yields of toluene and cresol should be
equal. After accounting for the toluene produced in the tautomeric homolysis,
roughly equal yields are observed. Comparing the rate of aromatic substitu-
tion reactions in diphenylmethane and oHDPM indicates that the phenolic
group enhances the rate only slightly. In summary, it appears that reactions A
and B of Figure 5 proceed at approximately the same rate, which is marginally

higher than that of reaction C.
Ether Bridge Reactions

The results described above document the reactions of several methylene
bridge compounds. Similar experiments have been performed with compounds
containing ether bridges. Experiments performed in our laboratory indicate
that the rate of cleavage of the ether bridge in diphenylether via an aromatic
substitution reaction is at least one order of magnitude slower than the rate
for breaking the methylene bridge in diphenylmethane. Under certain condi-
tions, however, ether bridge compounds can be far more reactive than the
corresponding methylene bridge compounds. For example, the presence of
tetrahydroquinoline (THQ) enhances the rate of ether bridge dissociation via a
tautomeric homolysis reaction by a factor of 200 while the homolysis of

methylene bridges is enhanced by only about 20%.2° In addition, it has been
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Figure 5. Aromatic substitution reactions
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observed that phenols accelerate the decomposition of certain ethers but not
the analogous hydrocarbons ?! Finally, the reactions of ether bridges appear to
depend more strongly on the size of the aromatic rings than the reactions of
methylene bridges?! These results have an important bearing on the reactions
of coal. They indicate that slight changes in the structure of ethers or the
presence of additives in coal liquefaction solvents can profoundly change the
reactivity of coal mixtures. A more detailed understanding of these complex

reactions is necessary.
CONCLUSIONS

The rates of methylene and ether bridge cleavage have been examined using
a number of model compound systems. The results indicate that these bridges
can decompose under moderate conditions via an aromatic substitution reac-
tion with atomic hydrogen. This class of reactions is important in coal
liquefaction processes since hydrogen donating structures such as tetralin
release atomic hydrogen as they dehydrogenate. With A-factors of 10105712 |
m~s™! and activation energies of 10 kcal/mol, the reactions are rapid. Addi-
tionally, the results demonstrate that mixtures of model compounds can have
complex kinetic behaviour and that interactions between functionalities can
significantly effect conversions. This implies that the reactions of multi-
component mixtures such as coal liquids are much more complex than the

sum of the reactions of the components.
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Chapter 10

Hodel Compound Studies: Conclusions and Recommendations for Future Work

The three most significant conclusions to be drawn from the model com-

pound studies of Chapters 8 and 9 are listed below.

[1]

Transition state theory and group additivity estimates of thermodynamic
functions (1) were combined to yield order of magnitude estimates of
rate parameters for liquid phase reactions. The applicability of transi-
tion state theory to condensed phase reactions of model compounds
could not have been assumed a priori since the theory was developed for
gas phase reactions. These theoretical estimates may not be valid in
either very viscous fluids, or solvents which impart stability to transition
states, but they provide reasonable results for the systems studied.
Further, since the model compound systems examined are similar in
structure to coal-derived products, theoretical estimates of rate parame-
ters should be valid (within an order of magnitude) for coal-derived pro-
ducts of modest molecular weight. Thus, the importance of various pro-
posed reaction pathways in coal-related processes can be evaluated

quickly using estimates from transition state theory.

The dissociation of methylene bridges via an aromatic substitution reac-
tion, reported in Chapter 9, emphasizes the fact that many reaction
pathways are possible in the reactions of coal-derived materials. The

commonly held view is that most of the chemical changes occuring dur-
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ing coal liquefaction can be explained by unimolecular bond dissociations
(2). While these pathways are undoubtedly important, other routes are

also significant.

The thermal reactions of coal-related materials are believed to primarily
follow free radical paths (2). The results of Chapters 8 and 9 show that
free radical exchange reactions are very fast relative to initiation steps.
Therefore, the steady state approximation is generally applicable and the
long chain approximation is sometimes valid in the kinetic analysis of
coal liquid reactions. These approximations may prove useful in develop-

ing models of the reactions of complex mixtures.

A large number of unanswered questions related to the kinetics of coal liquids

still remain and could be examined effectively with model compound experi-

ments. Several of the most significant questions are outlined below.

[1]

Thermal reactions of coal are predominantly free radical in nature, but
little is known concerning the ratio of heteroatomic to hydrocarbon free
radicals. Some experimental evidence indicates that heteroatomic
species may be chain carriers in thermal reactions (3), but little is known
of the liquid phase free radical reactions of heteroatoms. These reactions

deserve further study.

The general goal of coal liquefaction is to break large coal molecules into
lighter fragments. The reactions are mostly free radical. The recombina-

tion reactions of the free radicals are essentially the reverse of the
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desired liquefaction reactions. The rates of these reactions should there-
fore be minimized, possibly by promoting free radical termination via
disproportionation reactions. Work is necessary to determine how to inhi-
bit recombination reactions or how to promote dispropertionation reac-
tions in coal systems. Model compound systems could provide useful

information.

During coal liquefaction, there is a significant concentration of free radi-
cal sites on the solid coal (4). This is believed to cause hydrogen donor
solvent and liquefaction product molecules to attach themselves chemi-
cally to the solid coal, reducing the yield of liquefaction products. The
chemical attachment may occur via free radical recombination reac-
tions, by substitution reactionig or by other pathways. The extent and
mechanism of these solvent and product adduction reactions need to be
better understood. Isotopically tagged model compounds could be used

to follow the course of these reactions.

Despite the general significance of the results that can be drawn from

Chapters B and 9 and the experiments proposed above, only a limited amount

of

information can be generated by model compound experiments, A

comprehensive model of the reactions of coal liquids would require a stagger-

ing number of studies of model compound systems. Two classes of

simplifications are possible to make the problem more reasonable, however.

The first is to consider only thermal reactions of coal liquids and to utilize
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theore.tical estimates of the necessary rate parameters. Selected model com-
pound experiments could be performed to investigate possibilities of homeo-
geneous catalysis (e.g., the basic nitrogen catalyzed decomposition of ether
bridges). A second type of simplification would be to consider only broad
classes of reactions (e.g., hydrogen abstraction, bond dissociation, etc.) in the
kinetic modeling. Product formation and changes in concentration of fune-
tional groups would be estimated in a probabilistic manner. This approach has
been used to model coal pyrolysis reactions (5,6) and could be used to model

catalytic reactions of coal liquids.
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