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INTRODUCTION

In addition to the distillable products a sizeable portion of the low rank
coal liguefaction products fall into asphaltene and preasphaltene categories.
Asphaltenes are generally defined as those components in petroleum or coal
1iquids which under specific extraction cenditions are soluble in benzene or
toluene but insoluble in pentane or hexane (1,2). Preasphaltenes are those
components that are soluble in pyridine or tetrahydrofuran but are insoluble in
benzene or toluene. Farcasiu et al. (3) proposed the name, asphaltols, for
this latter class of compounds because of the polyfunctional nature of these
materials. In their work it was concluded asphaltenes are primarily
monofunctional compounds while preasphaltenes are polyfunctional as determined
by comparison of selective elution sequential chromatographic fractions and
model compounds using thin layer chromatography (3,4). Preasphaltenes are
formed in the initial stages of coal liquefaction where their formation may be
responsible for the high viscosity of the products and for other processing
difficulties (5). The preasphaltenes, on a weight basis, produce a viscosity
about twice that for the asphaltene fraction (5).

Comparison of the structural features of asphaltenes and preasphaltenes
show major differences between the two solubility categories occur with (1)
their molecular weight distributions, (2) the fraction of total carbon present
as aromatic carbons, {3) the fraction of total aromatic carbon present as edge
aromatic carbons, (4) the fraction of oxygen present as phenolic and etheral
oxygen atoms, and (5) the relative amount of hydrogen to phenolic content based
on a per gram of total sample. Of all of these parameters a simple
relationship of hydrogen and phenolic oxygen content has been found to
establish the solubility of asphaltene and preasphaltene samples. The
interrelationship between structural parameters will be discussed in this paper
and in a subsequent paper (6) the relationship of these parameters to process
conditions will be discussed.

EXPERIMENTAL

Liquefaction samples were obtained from the University of North Dakota
Energy Research Center (formerly the Grand Forks Energy Technology Center).
The reactor conditions are described in Table 1. The samples were isolated
into asphaltene and preasphaltene fractions using exhaustive extraction
techniques with toluene and tetrahydrofuran, respectively.

The asphaltene and preasphaltene samples were further separated using a
preparative scale GPC column composed of 50 mm id x 120 cm glass column packed
with Bio-Beads S-X3 (200-400 mesh) styrene-divinyl benzene copolymer. Prior to
GPC separation all samples were acetylated with C-14 labeled acetic anhydride
in order to convert all hydroxyl groups to acetate for minimization of hydrogen
bonding during GPC fractionation. Elemental analyses were performed to
determine elemental composition. Oxygen was determined by difference after
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correction for labeled acetate present. The phenolic hydroxyl content was
measured by combustion and C-14 counting content of resulting CO,. Number
average molecular weights of the samples were measured using a Model™ 117 Vapor
Pressure Osmometer using pyridine as the solvent at 75°C. 1In normal runs, 2-3
concentrations over a range of 1 to 50 g/Kg-of pyridine were employed for
extrapolation to infinite dilution.

RESULTS AND DISCUSSION

The chemical composition and structural features of a number of over 100
different lignite and bituminous coal liquefaction asphaltene and preasphaltene
samples were measured. The overall percentage by weight of the starting coal
falling into either the asphaltene or preasphaltene class and conditions of
preparation are given in Table 1. 1In the case of the 15 and 26 series samples
insufficient data are available to correct the percentages to a maf basis. The
basic analytical data for the asphaltenes and preasphaltenes studied by
Baltisberger et. al. (7) are summarized in Table 2. The three most significant

structural factors are +hn molecular weigh €1y Sanal e A ok

wlecular weight, oxygen functicnality and nature of
the aromatic carbons.

A. Solubility Parameter Relationships

The Tignite and coal derived products were obtained over a range of
temperatures from 400° to 480°C, under hydrogen or hydrogen-carbon monoxide
pressures from 1500 to 4000 psi and various donor solvent conditions. The
samples were fractionated intc asphaltenes and preasphaltenes by solvent
extraction using toluene and tetrahydrofuran (THF). The extracts were further
fractionated by preparative GPC techniques. The isolated fractions were then
analyzed for elemental composition, number average molecular weight by VPO
using pyridine as the solvent, hydroxyl oxygen content by acetylation
procedures and carbon structure by NMR techniques.

Plots of mole fraction of hydrogen; mole ratio of H/C; wole ratio of
H/(C+N+0+S); mole ratio edge aromatic carbons/aromatic carbons, aru/C ; or

moles hydrogen per 100 g sample were constructed versus the phenolic oxygen
content in OH moles/100 g sample or mole fraction of OH. All the plots show a
similar differentiation between asphaltenes and preasphaltenes as illustrated
in Figure 1 for the moles of hydrogen per 100 g sample. The separation of the
asphaltene (87%) and preasphaltene (84%) samples fall into two distinct regions
of the graph. The portion of samples that did not fit were primarily low
molecular weight preasphaltene and high molecular weight asphaltene samples.
This is probably due to dimperfections in the solubility separation. For
example, part of the asphaltene fractions may have become trapped by adsorption
processes in the preasphaltene portions during the extraction process.
Steffgen et al. lf have shown that great care must be taken during the
fractionation of 011 from asphaltene samples. It would be expected that great
care should be exercised during the separation of asphaltene and preasphaltene
samples. FEquation 1 gives the fit for the dividing line added to Figure 1.

= H% - (0.486 + 0.008) OH mmole/g - (4.47 % .02) (1)

Asphaltenes samples lie above the line giving positive Z values while
preasphaltene samples give negative values. Samples which fit the wrong
category are indicated by an X under the VTRA column of Table 2. The best
differentiation occurred for the plot of molar density of moles H/100 g (wt %
hydrogen) versus moles OH/100 g. Parameters which include parts of the total
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data or terms calculated from parts of the data gave more mixing of the
asphaltene and preasphaltene points. The most mixing occurred for H/C (Figure
2) or Haru/car (Figure 3) versus moles OH/100 g plots. Less mixing occurred

for H/(C+N+0+S) while the best differentiation resulted when moles H/total
sample wt were used. Correlation coefficient values (r values) computed using
an IBM statistical analysis package are presented in Table 3, OQOverlap of the
distinct regions shown in Figures 1 through 3 increased with the decreasing
correlation of the parameter with mole fraction of hydrogen. Phenolic oxygen
content have essentially with no linear correlation with hydrogen content for
:spha]tege samples while preasphaltene samples show some correlation (see
igure 4). .
For the dissolution of a compound, A, into a solvent; the molar solubility

A(solid) * AQlig) (2)
of A is a function of the activity coefficient, Y where K° would be the

KO
Solubility = S = —
Ya

thermodynamic solubility constant for equation 1. From solubility parameter
theory for regular solutions the activity coefficient, y., for a solute i
dissolving into solvent j is given by Equation 3 (8), where' § is the value of
the Hildebrand solubility parameter of the solvent or solute and Vi is the

_ 2
RTIny; = Vi(si-sj) (3)
molar volume of the solute. For maximum solubility the activity coefficient
should approach unity and thus it is desirable to have 6; = 8., The rule of

thumb used in organic chemistry is that 'like dissolve 1ike'., The solubility
regions defined by Figure 1 suggest that the ordinate, hydrogen to other
elements, is a function of the v and dispersive interactions of the coal matter
while the abscissa, mmoles OH/g, is a function of the hydrogen bonding.
Clearly the total hydrogen and hydroxyl contents are decisive parameters for
establishing the benzene or THF solubility of the coal materials.

Equation 3 predicts an increase of the solubility activity coefficient
with increasing molar volume of the solute. Several attempts were made to
include V. in the correlations by plotting log (H/C + MH) or log (H/C + MW/10)
versus thd acidity of the samples. This approach always mixed the asphaltene
and preasphaltene regions. Asphaltenes and preasphaltenes have considerable
overlapping of the molecular weights although on the average the total
preasphaltene sample is several hundred grams/mole higher for the same process.
We observed for all series of preasphaltene samples obtained from the same
process conditions that the molecular weight increased as the H/C mole ratio
decreased (see Figure 4). The molecular weights of each fraction of the
preasphaltenes and asphaltenes from runs 46 and 32 are shown on Figure 4 so the
overliap of the molecular weight ranges can be observed. Asphaltene samples
show that molecular weights are virtually independent of the H/C ratio and that
the acidity changes occur in no reproducible way. The major difference shown
in Figure 4 is the removal of phenolic oxygen when going to recycle conditions
(rur 46) as opposed to those without bottoms recycle (run 32). Other oxygen is
also lowered by the recycle conditions although this factor is not apparent in

45




the figure. The molecular weight data for Figure 4 is given in Table 4. This
behavior is representative of all the samples when dindividual runs are
compared. Because of the different molecular weight relationships for
asphaltene and preasphaltene samples, it is not surprising that molecular
weight terms can not correlate directly in the solubility plots such as Figure

Plots of the mole fraction of hydrogen or Harulcar

as effective in defining the solubility regions as 1is the graph of mole
fraction hydrogen., A major contributing factor in these correlations is due to
the relationship between aromaticity and condensation and the carbon to
hydrogen mole ratio. The fraction of aromatic carbons is defined by equation 4

_ UM - (1/2)
a C/H

versus acidity are not

f (4)
where C/H is the carbon to hydrogen mole ratio and H*_, is the mole fraction of

aliphatic hydrogens in the sample as determined by NMR measurements {9). The
condensation is represented by the number of hypothetical edge aromatic carbons

(Haru) per total aromatic carbons (car) as defined by equation 5,
H* + H* ./2 + (OH + 2 O)/H
Haru/ Car = - 2 (5)
Fa(C/H)

In equation 5, H*ar corresponds to the mole fraction of aromatic protons as

determined by NMR and the oxygen terms are mole ratios to total hydrogen (9).

The magnitude of both fa and Haru/car are determined to a large extent by the

C/H ratio. However, the solubility of a molecule must be determined by
additional factors as well as the percentage and condensation of the aromatic
carbons.

Oxygen comprises 4 to 8% of the sample by weight and is 40 to 70% phenolic
depending on the solubility category. Table 5 shews the percentage of oxygen
as phenolics and ethers. For most of the recycle samples preasphaltenes
contain 40-50% of the oxygen as phenolics while asphaltenes are 60-75%
phenolic. On the other hand, non-recycle conditions lead to nearly equal
amounts of etheral and phenolic oxygen for both asphaltene and preasphaltene
samples. Only the phenolic content of the samples is taken into account in the
abscissa. The ether content undoubtedly has an influence on the size, shape
and r-1 interactions of the aromatic systems. Thus, the inclusion of oxygen
content with the ordinate better correlates the dispersive, size, shape and -7
interactions of the molecules. Another factor influencing solubility would be
the nature of the aliphatic carbons. Liquefaction under hydrogen alone tends
to produce asphaltenes and preasphaltenes with (shorter average aliphatic chain
length) than do hydrogen-carbon monoxide systems (10). Lacking inclusion of a
specific term for the 1length of the aliphatic chains, the influence of
aliphatic carbons is best taken into account using the total moles of hydrogen
in the abscissa. Nitrogen contents are generally smaii and evenly distributed,
except for a sizeable fraction of Tow MW preasphaltenes that had appreciably
higher values. Sulfur contents are also small and both asphaltene and
preasphaltene contents appear to respond similarly to processing condition.
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CONCLUSIONS

Comparison of the total fractions of the preasphaltenes and asphaltenes of
the same process show the following.

First, preasphaltene samples increase in the fraction of aromatic carbons
and degree of condensation with increasing molecular weight. Asphaltenes
samples, on the other hand, increase in the fraction of aromatic carbons with
decreasing molecular weight, The degree of condensation maximizes at high and
Tow molecules weight values,

Second, asphaltene samples have lower fa and higher Haru/car values than

the preasphaltenes. Asphaltenes contain fewer condensed aromatic molecules
than do the preasphaltenes.

Third, the phenolic acid content is Tower for the asphaltene samples in
general. This acidic property works in combination with the total hydrogen
con%ent to ultimately determine into which solubility category a sample may
fall.

Fourth, Table 3 shows that the recycle preasphaltene samples contain a
higher percentage of oxygen and much of that is due to increased other (nen
phenolic) oxygen, possibly in ethers. Recycle asphaltene samples contain about
60-70% phenolic oxygen, while preasphaltenes contain 40-50% phenolic oxygen,
Mon-recycle conditions lead to higher total oxygen contents of both categories
and to nearly the same distribution between asphaltene and preasphaltene
samples. Recycling of the vacuum bottom leads to an etheral oxygen removal,
This 1is probably one reason for the success of the plot of mole fraction of
total hydrogen versus phenolic content rather than the plot of Haru/car versus

phenolic content gives a better separation of asphaltene and preasphaltene
samples. The mole fraction of the hydrogen term takes in account the oxygen
content of the sample further separating the regions of Figure 1.

Fifth, molecular weight ranges of the two categories overlap. When a
number of samples within a narrow range was examined, one observed that the
majority of the preasphaltenes lie in a range from 600 to 2500 g/mol while the
asphaltenes lie between 300 to 600 g/mol. Preasphaltene samples increased in
phenolic content with decreasing molecular weight (see Figure 4). Asphaltene
samples show random phenolic content with molecular weight. However, inclusion
of the molecular weight directly in a2 solubility plot similar to Figure 1 was
not successful.

For the 1lignite process samples studied, the differentiation of the
asphaltene and preasphaltene samples follow equation 1 rather well for over 80%
of the samples. Hydrogen and phenolic content seem to be the only parameters
needed to specify into which sclubility category the hexane insoluble portions
(non distillable) of a 1ignite liquefaction process may lie. The implication
is that it is desireable to lower the phenolic oxygen content while raising the
H/C mole ratio during liquefaction.
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Structural Features of Asphaltene Samples

Table 2.
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Table 2.

HUN PER FRACT WTPCT VTRA b C

10317 0 100,00
10317 1 1660
10317 2 1.4
10317 3 1430
10317 4 1.8
10317 5 2170
10317 6 14,10

.
.
.
.
.
.

[

SRRARLIZ
Sguzgey

RO L".?

Structural Features of 1032

0 S MWD OH

.67 0,24 560 2.120
.67 0.34 1600 0,690
77073 930 1.470
.65 0,37 510 1.920
04 0,57 330 2.480
026 0.29 140 2.050
17 0.45 140 0.9%0

NMR

C

HTOC HARUCAR HAR HAL HOTH

d

a. 103 is a total SRL containing both asphaltenes and preasph~ltenes.
b. X in VTRA indicates Z =H% - 0.486(0H) - 4.67 mismatch.

is a preasphaltene.

c. Har

To obtain HOH

subtract H__ + H
ar a

1

b

If Z = negative sample
If Z = positive sample is an asphaltene.
+ Ha1 + HOH = 100, sum of mole fractionof aromatic, aliphatic and

phenolic protons equals 100. from 100.

H, equals mole percent of protons on aliphatic carbons more than one carbon
unit from an aromatic ring, alpha + other protons equals total aliphatic

protons.

d. Data not measured.

Table 3.

Correlation Coefficients (r) Between Various Asphaltene
and Preasphaltene Parameters

Asphaltenes r value 4
a b c

Parameter H H/M H/C aru/car

H 1.0 0.996 0.943 0.56

H/M -—- 1.0 0.970 0.60

H/C -— --- 1.0 0.64

Haru/car —-—— - --- 1.00

OH -0.14 -0.13 -0.100 0.03

Preasphaltenes

Parameter H H/M H/C aru/Car

H 1.0 0.998 0.97 0.91

H/M . 1.0 0.98 0.93

H/C - - 1.0 0.96

Haru/car - T T 1.0

0K 0.78 0.793 0.82 0.83

a. Mole fraction of hydrogen (wt %).

b. Mole ratio of H/{CH+N+0+S).

c. Molar H/C ratio.

d. Mole ratio of edge aromatic to aromatic carbon.
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Table 4.

Molecular Weight Values for Runs 46 and 32

Molecular Neighta

Sample Asphaltene Preasphaltene
46-1 875 2650
46-2 430 1420
46-3 290 810
46-4 250 390
46-5 260 290
32-1 1360 1320
32-2 1540 1800
32-3 1010 840
32-4 640 650
32-5 550 570
32-6 390 400
32-7 300 -—-
3determined by VPO, solvent pyridine
Table 5. Comparison of Oxygen Functionality for Various
Asphaltene (A) and Preasphaltene (PA) Samples
a Oxygen Content mmoles/g %0
Sample Recycle Total 0? Phenol as phgnol
41 PA yes 4,39 1.79 41
41 A yes 2.48 1.57 63
45 PA yes 4,42 1.78 40
45 A yes 2.09 1.60 77
53 PA yes 3.92 1.43 37
53 A yes 1.61 0.96 60
69 PA yes 3.13 1.12 36
69 A b yes 1.60 1.01 63
103 Total yes 2.91 2,12 73
32 PA no 5.61 3.12 55
32 A no 5.51 2.57 52
15 PA no 7.89 z.11 17
15 A no 5.09 1.85 36
26 PA no 5.16 1.89 37
26 A no 3.16 1.24 40

%o indicates petroleum derived solvent passed once through.

bottom recycle solvent used.
b

53

Yes indicates

In this case asphaltene and preasphaltene sample not separated. HZS run.
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