Callaids and Surfaces, 4 (1982) 285—303 285
Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands
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ABSTRACT

Small angle X-ray scattering measurements were used to determine the size and shane
of asphaltene and preasphaltene micelles in salution. The fraction of the coal-derived
liquids forming micelles in solution was as high as 49%. The fraction depends upon the
concentration and molecular size of the asphaltenes and preasphaltenes, the s—x and/or
hydrogen bonding properties of the solvent and the agitation. Most systems studied were
polydispersed with 1he majority of the micelles heing spherical with a diameter of
22—-38 A. Micelles in the 86—100 A range were also apparent but at 5—12% of the
number of th . smaller size, Variations in the scattering intensity over the scattering angles
and the variafions of the ahzolute intensity of scattarad ¥.ravs from galutions irradiated
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immediately after ultrasonie agitation and upon extended sitting, suggested the presence
of a low lavel floc in most of the solutions.

INTRODUCTION

Caoal-derived liquids are complex mixtures of liquid and semi-liquid con-
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asphaltenes. Oils and resins are nominally soluble in pentane, asphaltenes are
insoluble in pentane but soluble in henzene or toluene and preasphaltenes
are insoluble in toluene but soluble in tetrahydrofuran (THF) or pyridine,
The molecular weizht, numbey of condensed aromatic rings, the number of
nitrogen, oxyyen and suifur heteroatoms and the conceniraiion of metals
increases in going from the average molecule in the oil fraction to the average
molecule in the preasphaltene {raclion [1]. Most of the oxygen in the as-
phaltene and preasphaltene fractions is phenolic oxygen and most of the
nitrogen is basic ring nitrogen.

The physical state of coal-derived liquids depends significantly on the rela-
tive amounts of each fraction. Anomalies are observed when coal liquefaction
slurries containing high levels of asphaltenes and preasphaltenes are £iliered
in the 200—320°C temperature range [2]. The enomalies have becn attri-

*Current address: AMOCO Production, Tulsa, Oklahoma.

0166-6622/82/0000-0000/$02.76 © 1982 Elsevier Scientific Publishing Company



286

buted to the presence or formation of colloidal-size particles and flacs in the
system.

Culloidal-size particles can form from the assaciation of asphaltene and
preasphaltene molecules through v—r and hydrogen bonding. Snyder [3]
showed that the free energy of adsorption, AG, for adsorption of aromatic
amines from pentane onto water-deactivated alumina was a linear function
of the number of 7 electrons when the amino group was in the position of
minimum steric hindrance. Therefore strong attractive forces would be ex-
pected to exist between molecules in the asphaltene and preasphaltene frac-
tions. These forces cauld result in intermolecular associations in the
200—320°C temperature range. Differences in molecular structure between
associated molecules can produce a residual attraction for other molecules.
Depending upon the magnitude of the residusl attractive farce, three or four
polyaromatic molecules could assaciate into a stacked arrangement (o form
a nominally spherical calloidal size particle. Pyridine and phenol can asso-
ciate through r—n bonding and hydrogen banding in the orientation illus-
trated in Fig. 1. The assaciation results in a rvesidual dipole and the assaciated
pair is not precluded from further association, althiough the force for asso-
ciation would be less. Associations as illustrazed in Fig. 2 would be expected.

An attractive force to a lasser extent is the London—Van der Waals elec-
tromagnetic {cohesion)} force. This force becomes more significant between
particles and clusters as the attraction betwesn atom pairs is additive. The
summation leads not only to a total laxger Force hut also to a less rapid decay
with increasing distance of separation. Although London—Van der Waals
forces would not be expected to cause molecular associations, they could
cause associations between colloidal-size particles of the type illustrated in
Fig. 2.
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Fig. 1. Hlustration of s—» banding hetwean phenol and pyridine.
Fig. 2. Ideal stacking arcangement for aroinatic sheets into a nominally spherical micelle.

In addition to possible electrostetic repulsions which result from certain
orientations of molecules with respect to each other, two other repulsive
forces exist in coal-derived liquids. These forces inhibit intermolecular
association and promote stability to those colloidal particles that do form.
Entropic repulsion (steric hindrance) is assaciated with long chain groups
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substituted into the principal molecular structure. When molecules or par-
ticles witli long chains approach, the steric hindrance greatly limits freedom
of movement of the projecting chains and limits the distince of approach
between raolecules. Alkyl groups are common in the aromatic structure of
coal-derivad liquids. Solvation repulsion arises with approaching molecules,
or particlus “squeeze out' the solvent malecules between them. When the
solvent is polar or contains a high concentration of polar compounds,
coagulation of particles or association of molecules hecomes less probable
because n:ore energy must be expended to “‘squeeze out” the solvent. Resins
and low molecular asphaltenes would be expected to limit assaciations
between ssphaltenes and would promote stability of zny colloidal particles
that did form.

The small angle X-ray technique was selected to study the physical state
of selected fractions of coal-derived liquids when dissolved or dispersed in
different solvents. The technique is particularly effective for the size of the
colloidal particles expected in the system studied. Unfortunately, the
method has some limitations. Wher: particles > 1000 A exist or form in the
system, Mie scattering attenuates the X-ray signal and produces a periodicity
in the X-ray intensity in the smali angle range of interest. Multiple scattering
can cause X-ray attenuation when the concentration of scattering particles
becomes large. An underestimate of the colloidal system results, Although it
is possible to design and operate a small ¥-ray cell at elevated pressures and
temperatures, il is extremely difficult. A small angle X-ray cell was con-
structed to examine samples at 70°F. Sample concentrations were selected to
avoid or minimize multiple scattering.

SAMPLE FREPARATION

Coal-derived liquids from the vacuum baottoms praducad from the lique-
faction of an lllinois N¢+, 6 coal in the H-Coal pracess were separated into
four fractions by sequential batch solvent extractians, Tie extracts were
separated from the res:due by filtration through Whatmsa No. 42 (2 pm
pore size) paper. Details on the extraction procedure, the method of solvent
removal and the analy.ical methods mentioned below am given in ref. 4.
Using pentane, a mixtuye of 75 vol.% peatane/25 vol.% toluene, toluene and
THF, the vacuum bhottoms were separated into pentane-soluble oils and
resins, pentane-insoluble, 76 vol.% pentane/25 vol.% toluene-soluble low
molecular weight asphaltenes, 75 vol % pentane/25 vol.% toluene-insoluble,
toluene-soluble high molecular weight asphaltenes, and toluene-insoluble,
THF -soluble preasphaltenes. The high molecular weight asphaltenes and pre-
asphaltenes were referred to as TS and THF material, respectively. The TS
material was further fractioned by preparative gel permeation chromata-
graphy (GPC) into five fractions. The column packing was 8% divinyl-
benzenestyrene copolymer and THF was the eluting solvent. The first frac-
tion eluted from the GPC column was labeled GPC-1 and the fifth fraction
GPC-5.
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Each sample was analyzed by microccombustion analysis to determine the
weight percent carbon, hydrsgeoa, nitrogen and sulfur. Oxygen was deter-
mined by difference. The samples were also analyzed by neutron activation
analysis to determine the cancentration of those metals which can be deter-
mined by intermediate irradiation times. Proton NMR was used to determine
the ratio of aliphatic hydrogen to aromatic hydrogen. The results of the
analyses are presented in Table 1. The TS fraction was found to contain a
higher than expected level of metals. A portion »f the material was dissolved
in THF and filtered through Whatman No. 42 paper to produce the Tsf
fraction. Molecular weights were measured with a vapor pressure osmometer
using pyridine at 756°C.

The number of carbon, hydrogen, nitrogen, oxygen and sulfur atams in
the ‘“average’ molecule of each fraction was estimated using the molecular
weights and elemental analyses. When these numbers are taken in conjunc-
tion with the proton NMR results, differences between the fractions become
readily apparent.

Although the neutron activation analyses are not very quantitative, these
and other analyzes {1] show that GPC fractionation remaoves a substantial
amount of the metals retained in the fractions isolated by solvent extraction.
Those metals retained in the GPC fractions could be in organometallic mole-
cules, as distinct minerat particles of the same approximate size as the mole-

TABLE &
Analygis af eval-derdved materials from 11-Coal vacuum till battams

Sample Wi, AMal, Weight percent Atarrs In averzge molecule Hag
fraction wi, JE— Hapr
c u N o s c T} N o s
TSt 699 8740 630 1,17 195 3,17 2.7
Tsf 874 48,26 €.38 1.23 347 066 42.51 36488 05t 1.25 012 1.8
THE 888 €409 6.11%1 174 6898 108 §223 6426 1.10 3BT 030 1.4

GRC-1 0172 €63 8429 6§95 134 o.44 096 4857 46908 044 2467 0.20 36
GPC-2 0.179 584 4536 148 129 545 082 1183 4163 054 200 015 21
GZC-3 0166 401 £6.41 7.92 147 418 092 2888 30.1¢ 034 145 049 23
Grc-4 0.1e8 26¢ 8787 7139 110 311 033 2094 21,717 022 056 003 2.5
GPC-3 0325 322 86356 7390 071 49% 013 1597 17.64 ¢.11 068 041 2.9

EXGFC L0000 {02

Metals contents from neutron activation analysis—ppm by wt*

Al Ca 1 Mg Mo Na Ti v
TS 19314.9 5307.0 2215 21038 103.2 14799 12583 93.4
Grc-1 57.1 < 78.2 1§8.3 <189.2 28.8 5.0 250.5 2.2
GPC-2 23.8 < 757 153.2 <1649 172 40.7 130.1 1.2
GPC-3 < 103 < 839 1198 <L178.7 5.4 324 < 62.4 .
GPC-1 < 2.2 <258.8 1569 <1877 < 1.5 < 26.3 < 76.7 2.3
GPC-5 < 103 < 76.3 188.0 <1430 < 1.0 < 4.3 < 46.7 <0.2

;21.4 wt.% of the TS Sample was a reddishigray residue and C.H.N and S were adjusted for residue.
Determined by difference.
€ Values shown as “less (han' are the upper limits o ! determination with olher elements pregeut,
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cules in the GPC fractions eluted or colloidal-size mineral particles which are
assaciated with polyaromatic molecules in the GPC fractions. The reduction

is least for manganese and titanium. It is common to see titanium retained in
tae asphaltene and preasphaltene fractions.

X-RAY METHODS

Equipment

The apparatus consisted of an X-ray tube and generator, a gonimeter, a
sample cell and a detector. The X-ray tube was a Philips copper target micro-
facus tube (No. 34048) with a beryllium-mica window having a line focus of
0.1 X 10 mm. A 0.06 mm thick nickel filter was used as a Kj filter. The
generator was vperated at 40 KV and 25 mA. It had a current stability of
+ 0.05%.
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Fig. 3. Component parts and cross-section of small angle X -ray scattering cell.
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The goniometer was an automated Rigaku-Denki low angle unit with five
slit collimators. The step-scanning controlier moved the counter bench i
specified two theta scattering angle steps up to a maximum diffracted beam
of 10°. Stepping in both + and — directions was possible.

A schematic drawing of the sample cell is presented in Fig. 3. The cell was
constructed of type 304 stainless steel. Two Viton-A O-rings were placed on
both sides of the 4-mm thick center spacer. The O-rings were seated on the
two 0.06-mm thick mica windows forming an approximately 1.0 ml cavity.
The cavity was filled with a hypodermic syringe thraugh one of two smali
holes at the top of the center spacer.

Two detector systems were used in the stu:ly. Most of the data were taken
on a system consisting of a Hewlett Packard Madel 5580 A NIM power
supply, Model 5654 A preamplifier, Model 5582 A linear amplifier, Madel
5583 A single channel analyzer and a Madel 5690 A scaler-timer. A Harshaw
N-780 log/{linear ratemeter and a Harrison 6:10 A D.C, power supply were
also a part of the system. The X-ray beam at the cell was 0.1 X 10 mm. The
time fo aobtain 5000 counts at each step increment was automatically
zecorded. Counting was initiated at 0.1° and run to 2° in 0.05° intervals.

The second detector used was a Tennelec Model PSD-110 linear position
sensitive gas flow proportional counter. A mixture of 107 methane in argon
was supplied to the detector via a Tennelec GR-1000 gas regulatar. The
X-ray beam at the cell was 0.1 X 6.35 mm. The system was run for 1 h and
the counts at each position accumulated in the 40-channel memory,

Corrections

The measured intensity of the scattered X-rays were corvected for back-
ground intensity. This included a correction for scatter from the X-ray
collimation slits, from air in the region of the sawple which was not
evacuated, from the mica windows in the sample holder and from the solvent
or mixtures of solvents. The method of Hendricks and Schmidt [§, 6) was
used to estimate the collimation correction. Background data waere obtained
with the empty sample cell in place and with solvent or salvents in the cell to
provide data for the other corrections.

Methods of data analysis

After the collimation and the backgraound corrections are made to the
measvred intensity, the corrected X-ray intensity, I(S), at the radial co-
ordinate position, S = 2 sin 8 /A is cbtained. I(S) represents the intensity
attributed to the asphaltenes and preasphaltenes in the sample. The
scattering angle is 20 and the X-ray wavelength is X = 1.84 A. The data were
analyzed for size distributior:, volu'ne fraction of the asphaltenes and pre-
asphaltenes which were scattering and molecular weight of the scattering
units.
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Particle size for a monodisperse system
At scattering angles less than 3°, the Guinier [7] approximation for the
intensity of the scattered X-ray is given by

I(S) = N(Ap,)? V* exp [-(4/3)a? R? S?) (1)

where N is the number of scatterers, (Ap,)? is the electron density difference
between the scatterers and the surroundings and V is the volume of the
scattere1, R is the average radius of gyration of the particle. R is defined as
the root mean square of the distances of atoms from the center of gravity of
the particle, each distance being modified by a coefficient equal to the
at:mic number of the atom. By plotting In I(S) versus S? the Guinier [7]
scattering plot is abtained. If the data can be correlateci well with a straight
line, then the syste:n is a monodisperse system and th: radius of gyration of
the particle can be obtained from the Guinier scattering plot. If the particle
is assumerd to he spherical the diameter of the particle, d, can be estimated
according to Beeman [8] from

d =2/ (5/3)R? (2)

Particle sizz distribution for a polydisperse systen
If the Guiaier scattering plot is curved, the system is a polydisperse system.
The intensity of X-rays scattered from a polydisperse system is the sum of
_the intensities of scattered X-rays for the different groups of particles, The
intensity of scattered radiation [7, 9] as a function of S is given by:

I(S)=8B _L- W(R)R?exp [-(4/3}n* R 8*]dR (3)

where B is a proportioaality constant and W(R) is the weight fraction of the
radius of gyration R. To determine the size distribution from observed inten-
sity data the integral must be inverted. Similarly, the total intensity of the
X-rays scattered by an isotropic system of particles of the same shape but
different characteristic dimension, d, is a function of the radial coordinate in
reciprocal space, 3. When multiple scattering can be neglected, the relation-
ship betweszn the total intensity and S can be expressed as an integrel over
the particle size range in which the distribution function, IJ(d), is mudtiplied
by a common single-particle scattering function of S(d) which can bz
calculate:1 for the assumed particle shape. The particle size estimate vesults
from a trisl-and-error procedure with adjustments made to the size ¢istribu-
tion until the sum of the squared deviations is minimized. Vonk [10] devel-
oped the pracedure and prepared a computer prcgram to do the calculations.
Vonk made the program available for this research.

An example of the corrected observed in<ensity f scattered X-rays froio a
polydispevse system is illustrated in Fig. 4. The scat’er in the data as
S$% > 1 X 10™ A2 is attributable to Mie scattering. Tne particle-size distribu-
tion for tl:.e system was aobtained from the Vonk pregram and is presented
in Fig. 6. The number distribution data are normalized to 1.0 for the size
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Fig. 4. Seatteriag intensity of toluenesolukle, 76% pentanef25% toluene-inzoluble
asphaltenes in mixture of 90 wi.% tetralin, 2.5 wt.% m-<cresol and 7.5 wi% y-picoline ata
caoncentration of 4 wt.% at 70°F.

Fig. 5. Particle size distribution plot of a 100% toluenegoluble, 75 vol.% pentane/25 vol.%
toluene-insaluble asphaltenes at a concentration of 10 wt,% in a mixture of 90 wt. %
tatralin, 2.5 wt.% m-cresol and 7.6 wt.% y-picoline at 70"F.

most frequent in the system. The particles were best approximated as
spheres as were all the small angle scattered X-ray data in this study. The
carrelation coefficient ranged from 0.8 to 0.9. The negative numbers in

Fig. 5 are artifacts of the Vank program and result in part from the Mie
scattering by large particles or a floc praduced by aggregation of smaller par-
ticles. This can alio be attributed to the fact that the particles are not abso-
lutely spherical.,

Volume fraction of the sample scattering

The volume fraction of a sample scattering X-rays, A V/V, was estimated
from the total integrated corrected intensity in relation to the primary beam
intensity, I,, per volume irradiated using the method of Kratky {11]. The
ratio of I{S) to I, is defined as I'(S) and

F
Qo = Jo' s? i(s)ds = 80e) i’—J,i 1)
The evaluation of @, was carried out by the numerical integration of the
function. Apg, is the excess electron density difference between the sample
that is scattering and the solvent. The electron density of the coal-derived
materials was taken as 0.5 electrons per A3. The electron density for amor-
phous carbon is from 0.5 to 0.6 electrons per A3. The absolut2 intensity was
measured by using a calibration sample {(Lupolen No. 16/12) provided by
Kratky [12].
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Molecular weights

The molecular weights of the samples forming nominally monodisperse
syitems were estimaied from the absolute intensity and the relative inten-
sity at zero angle for each sample by the methaod of Kratky [12].

RESULTS

Several of the small angle X-ray measurements of Ho [1] are presented.
The data were selected to give some perspective on the differences between
varivus coal-derived liquid fractions in soiution and the effect of the solvent
and concentration of the fraction in a solvent on the nature of the fraction
in solution.

Model compound studies were effected by Ho [4] with o-phenylphenol
(MW = 170) and quinoline (MW = 129) to estimate the lower limit of sig-
nificant small angle scatter by molacules that associate. When equal molar
ratios of o-phenylphenol sud quinoline were dissoived in tetealin, carbon
tetrachloride and heptane to give concentrations from 1 to 5 wt.%, no appre-
ciable excess intensity values could be obtained between the o-phenylphenol
and quinoline in the solvents and the solvents. This suggests that the lower
moluecular weight limit for significant scatter is at least 300,

Coal-derived liquid fractions in pyridine

Small angle X-ray scattering data for the high molecular weight aspahltene
('TS) and preasphaltene (THF') fractions in pyridine at a concertration of
10 wt.% are presented in Fig. 6. Both fractions resuit in polydispersed
systems, As expected, .ore scarvior results from the THFE fraction, The high
intensity from the TS fraction at the smallest angle indicates the presence of
more large particles in the TS fraction than in the THF fractiorn, This is not
surprising as the analysis of the TS fraction indicated the presence of mineral
mattesr, The intensity from the TS filtered material, the Tsf fraction, and a
filtered Tsf fraction were considerably less but still indicated the presence of
polydispersed systems.

The four sets of data in Fig. 6 were analyzed using the Vonk computer
program and the particle size distribution data are given in Table 2, The
fraction of the irradiated volume scattering X-rays was computed from the
integrated intensity and the fracticn of the coal-derived material scattering
X-ray was computed on the assumption that only assaciated coal-derived
molecules are scattering X-rays. Statisiically, the particles are hest described
as spherical particles. In each sample, three distinct peaks accured in the
particle size distribution. The most prominent particle size was the smallest,
the particle diameter being approximately 33 A. The second peak occurred
at approximately 89 A with the number of particles being roughly 10% of
the smaller size. ‘The size of the largest particles ranged from 147 to 220 A
in the four fractions, Consistent with the shapes of the relative intensity
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TABLE 2

Small angle X-ray scattering results far coal-derivesd liquid fracilons .n pyridine at a con-
cuntration of 10 wt. % at 70°F

Sample THF TS rsf Tsf—1f
Size 1 particle diam. A 32% 29.8 329 383
No. particles size 1{No. size L 1.0 1.0 1.0 1.0
8iz2 2 particle diam. —A ' 89.4 80.9 89.4 98.8
Mo, particles size 2/No. size 1 9.110 0.130 D.188 0.098
Hire 3 particle diam. —A 1524 219.9 162.9 1474

Ho particles size 3fNo. size 1 001 9.050 0.060 0.014
laiegrated intensity, @,°10° 24.5 12.8 3.9 3.43
Vol. fraction scattering, (A V713102 3.885 2,200 0.0988 0.0869_
Fraction of coal-decived 0.487 0.2756 0.012 0.011

maicrial scattering X-ray
based an 8 vol. % in
pyridine

curves, relatively more large particles were present in the TS and Tsf samples.

Based on the coal-derived material occupying 8% of irradiated volume,
49 & of the prrasphaltene material was prezent as associated molecules. As
expected, the fraction in the associated state dreps off to 28% for the TS
fraction and to 17% when the TS fraction is filtered once or twice.
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GPC-fractionated asphaltenes in pyridine and in a mixture

The TS fraction was fractionated by GPC to give five fractions with a
more narrow range of molecular sizes than the TS fraction. Scattering data
for the five fractions in pyridine and in a mixture of solvents at a concentra-
tion of 10 wt.% are presented in Figs. 7 and 8. ‘The analysis of the scattering
data is given in Table 3.

When dispersed in pyridine, the five fractions formed monodispersed
systems. Using Guinie:'s approximation the size of the scattering particles
was estimated to be about 22 A in the solutions containing the GPC-4 and
GPC-5 fractions and 38 A in the solution containing GPC-1. As GPFC-1 con-
tains an aliphatic to aromatic hydrogen ratio of 3.6, the presence of alkyl
side chains and the larger molecular weight would attribute to the large par-
ticle size in that fraction. The variation in the fraction of the GPC sample
scattering is roughly the same as it is in ‘Table 2 for the coal-derived liquid
fractions. GPC-1 is similar to preasphaltenes and GPC-5 is similar to the Tsf
asphaltenes, The weight average molecular weights were estimated from the
relative intensity at zero angle. If the molecular weights determined by vapor
pressure osmometry axe taken as the molecular weights of the unassociated

TABLE 3

Small angle X-ray scattering reaults for GPC fractioned coal-derived aspr.altenes in
pyridine and in 2 mixture of salvents at a concentration of 10 wt.5% at 70°F

GFC-1 arc-2 GPC-3 GPC-4 GPC-5

Sample in pyridine

Radius of gyration —A 14.8 129 10.7 8.3 8.7
Spherical diam. —A& 38.3 334 27.6 21.4 226
Integrated intensity, @, 10* 21.3 16.7 9.54 8.72 2,92
Vol. fraction scattering, (AV/V)-10° 3.39 2.56 1.52 .91 0.46
Fraction asphaltene samwle scattering 0.42 0.32 0.19 0.11 0.06
Mol. wt, — vapor pressure osntometey 653.0 588.3 400.5 285.9 221.9
Mol. wt. — abs. Xaay intensity 1844.0 1175.8 528.3 274.3 169.1
Sample in solvent mixture*

Size 1 particle diam. ~A 29.8 35.3 329 329 329
No. particles size 1/No.size 1 1.0 1.0 1.0 1.0 1.0
Size 2 particle diam. —-& 8.8 98.8 89.4 89.4 89.14
No. particles size 2/No. size 1 0.08 0.07 0.09 0.13 0.09
Integrated intensity, @,-10* 27.50 22.80 13.20 6.97 3.38
Vol. fraction scattering, (AV/V)-10* 3.66 3.04 1.76 0.93 0.45
Fraction of asphaltene sample scattering 0.46 0.38 0.22 0.12 0.06

*Solvent mixture is 90 wt.% tetralin, 2.5 wt.% m-cresol, 7.5 wt.% y-picoline.
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inolecules, then an average of 5 GPC-1 molecules assaciate to form ~38 A
particles and an average of 4 GPC-2 molecules assaciate to form ~33.4 A
particles.

When dispersed in a mixture of 90 wt.% tetralin, 2.5 wt.% m-cresol and
1.5 wt.% 7y-picoline, the GPC fractions form polydispersed systems. In each
the particles were bimadally distributed with the preponderance of particles
being the smaller of the two sizes. Tetralin is not as good a solvent as
pyridine, m-cxesol or y-picoline and would be expected to permit the
clustering of a few of the 30—36 A particles inta 8999 A particles. The
Van der Waals attraction between the smaller particles would exceed the
solvation repulsion of the solvent molecules. The fraction of the sample
scattering X-rays is in each case higher in the solvent mixture than in

pyridine.
GPC-4 fraction in pyridine at different concentrations
Scattering data are given in Fig. 9 for the GI'C-4 fraction dispersod in

pyridine at concentrations of 4, 10, 15 and 22 wt.%. Mie scattering is
apparent in the 4 wt.% solution where the relative scattering intensity is
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Fig. 9. Effect of the concentration of the GPC-4 fraction in pyridine at T0°F,

TABLE 4

Small angle X-ray scatterving results for asphaltene fraction GPC-4 in pyridine at different

caoncentrations at 70°F

Cone. Cone. Solvent Rad. gyration @, 10% (AVZV)-10* Firaction
wt.% vol % (A) GPC-4
scattering

4 3.15 Pyridine 10.7 2.08 0.36 0.11

10 7.97 Pyridine 8.3 6.47 1.12 0.14

16 12,08 Pyridine 9.1 3.67 1.50 0.12

22 18.12 Pyridine 8.4 12.71 2.20 0.12

10 7.89 Mixture* 123 G193 1.20 0.15

15 11,90 Mixture 10.2 10.11 1.75 0.15

22 17.72 Mixture 9.1 13.63 2.36 0.13

*Solvant mixture is 90 wt.% tatralin, 2.5 wt.% mt<resol, 7.5 wt.% y-picolice.

relatively low. From the analyzed results in Table 4, it can be seen that the
fraction of the sample scattering X-:ays is nearly constant. One explanation
is that only certain molecules aze as:ociating. When the concentration is
doubled the number of particles double but the fraction scattering remains
constant. The other explanation is that multiple scattering leads to an under-
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estimate of the particle diameter and fraction scattering. The weight average
molecular weight at the four concentrations was essentially constant, being
274+10. When the samples are dispersed in the mixture of solvents the
particle diameters and fractions of the samples® scattering X-rays both in-
crease,

GPC-4 fraction in different solvents

Scattering data are presented in Fig. 10 for the GPC-4 fracticn dispersed
in five solvent systems at a concentration of 10 wt.%. The relative scattering
intensities are inversely proportional to fhe solvation repulsion of the
solvent. The analyzed results are given in Table 5. With the exception of
pyridine, the GPC-4 material formed polydispersed systems in the solvents.
This can in part be attributed to the variety of compound classes in the
sample, THF can solubilize hydrogen bonding molecules but has little in-
fluence on r—nr bonding molaecules,

Effect of ultrasonic agitation

Runs were made with Tsf material at a concentration of 1 wt.% in
pyridine tc assess the effect of mechanical stress on the collcidal system. In
ane case tie sample was allowed to remain at rest for at least 44 h and in the
other the sample was ultrasonically agitated and immediatelv placed in the

7.5
'-é 6 GPC 4, : alven? = Decolin
3 7ol © GPC 4,Salvent = THF
‘g‘ v GPC 4,Solveat « Pyrnidine 7
o a GPC 4, Solvent » m-Cresol
= 65F « GPC 4, Solvent = GOLWLY Tetrafin, . Somgcles are Tsf ot | Wi % in
a 2.9'%t % m-Cresal — 6 by Pyrid ree ot TOF
E THSWEE ¥ - Pionine 2 o 3 With Agifation
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w 8
§ -X-1 2
& a'.'-.-‘ )
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o [] 2 3 ] 5 o ] 2 3 3 5
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Fig. 10. Effect 1 salvent on GPC-4 fraction at 10 wt.% mlutinns; at 70°F,

PFig. 11. Effect «f agitation on the relative scattering intensity of Tsf in nyridine at a con-
centration of 1 ‘4t.% at 70°F.



299

TABLE 6

Small angle X-ray scatteiing cesults for asphaltene fraction GPC- in various solvents at a
concentration of 10 wt.2> at 70°F

Sotvent Decalin THE Mixture®* Pyridine m-Cresof
Size 1 particle diam., A 29.8 29.8 30.5 214 32.9
No. particles size 1/No.size 1 1.0 1.0 1.0 1.0 1.0
Size 2 particle diam., A 98.8 98.9 - - 894
No. particles size 2/No.zze 1 0.08 0.04 0.12
Size 3 particle diam., A 147.4 - - - 133.4
No. particles size 3/No. size 1 0.02 0.01
Integrated intensity, @,°10* 9.51 9.09 6.93 8.73 4.18
Vol. fraction scattering, (AV/V)-10* 1.67 1.37 1.20 0.90 061
Vol. % GPC4 in sample 74 1.3 79 8.0 8.4
Fraction GPC-4 scattering 0.21 0.19 0.15 011 0.07
TABLE &

Effect of agitation on small angle k-ray scattering by a high molecular weight asphaltene
fraction at a conceatration of 1 wt.% in Pyridine at 70°F

With Without

agitation agitation
Size 1 particle diam., A 29.8 29.8
No. particle size 1/No. zize 1 1.0 1O
Size 2 pacticle diam., A 894 2894
No. particles size 2/No, size 1 0.087 0.079
Size 3 particle diam., A 1474 1474
No, particles size 3/No. size 1 0.020 0.005
Integrated intensity, @,-10* 0.33 0.a63
Vol. fraction scattering, (AV/V})-10* 0.0084 0.Q016
Fraction asphaitene sample 0.0105 ©0.0020

scatlering

cell and the scattering curve obtained. The resulis shown in Fig. 11 indicate
a higher relutive intensity from the ultrasonically agitated sample. The par-
ticle size distributior: aad the volume fraction scattering results for the two
systems are given in Tabie 6. Although the peaks in the particle size distribu-
tions are the: same, approximately five times, more of the Tsf material is
scattering X -rays in the agitated sample. There is also more of the 1474 A
particles rel itive to the 29.8 A particles in the agitated sample. When the Tsf
is allowed to rest, the larger colloidal particles apparently form a floc of the
order of 10C:0 A or more. The floc will ceusa the Mie scattering that is ob-
served and will reduce the number of pariicles scattering X-rays in the small
angle range. When the agitated sample is allowed to rest for 24 h, the inten-
sity of scattered X-rays drops again to the lower value. -
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CONCLUSIONS

The physical state of coal-derived liquid—solvent systems depends upon
the balance of forces between molecules and associations of molecules at the
temperature and shear state of the systems. At the molecular scale, the
strongest forces of attraction are the n—n bonding attractions between poly-
aromatic molecules. The force of attraction is usually greater when the poly-
aromatic molecules contain heterocatoms, such as phenolic oxygen and ring
nitrogen atoms, which can hydrogen bond.

In all the systems studied, most of the colloidal particles were spherical
with diameters in the range of 22—38 A. These particles were formed by
inter-molecular association of 3 to & polyaromatic molecules. The size of the
particles formed by intermolecular association and the fraction of molecules
associating into particles is closely related to the number average moiscular
weight of the unassociated molecules as shown in Fig. 12. Since the asphal-
tene and preasphaltene fractions are highly aromatic, the number of n-elec-
troir;s in an individual molecule is also closely related to the molecular
weight.

o«
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Fig. 12. Variation of the micelle diameter and fraction of the sample scattering X-rays
with the number average molecular welght of the unassociated molecules in the 5 GPC
fractions.

Once 3 to 5 molecules associate into a micelle, there appears to be little or
no tendency for an isolated molecule to associate with the particle. The par-
ticle either has little or no residual capacity to r—n or hydrogen bond with
the molecule, or the molecule has considerably fewer than the average
number of w-electrons and heteroatoms in the particular coal-derived liquid
fraction. The solvent plays an important role thraugh sclvation repuision.
When dispersed in solvent molecules which are more easily “squeezed out*,
association of mole:ules with fewer r-electrons would be expected, Van der
Waals attraction becoma important and polydispersed systems result,
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The particle-size distribution data for th2 polydispersed systems indicate
two or three separate peaks with a unique relationship between the sizes at
which the peaks e:ccur. Although the n—n bonding tendency between
particles would b~ expected to drop off sharply, the London—Van der Waals
attraction between particles viould be expected to increase sharply as the
size of the particigs increases. ‘The most stable orientation for particles held
together by Loncdon—Van der Waals attractions would be as in a hexagonal
close-packed arraagement as occurs when four 22—38 A particles cluster as
illustrated in Fig. 13 to form an 80—100 A particle. The shape of the new
particle ic still approximately spherical. Depending upon the temperaturr:,
shear state and ti2 properties of the “liquid’ phase, further ass:ciation
could be expected to praceed in two ways. Four additional 22—38 A par-
ticles could cluster with the 80-—100 A particle to form a nominally scherical
paxrticle of 130—260 A or four 80—100 A particles couvld agglcmerate to
form a super micelle or floc with a diameter in excess of 220 A. Interesting-
ly, the tendency to form spherical particles was observed by Ho [13] when
asphaltenes were precipitated from an asphuitene—THF solution on the addi-
tion of decalin. Scanning electron micrographs as snown in Fig. 14 show the
presence of spheiical particles of 3000—4000 A in diameter,

The limited data on the effect of concentration for the GPC-4 fraction
shows that the fraction of the sample scattering X-rays is roughly in-
dependent of the concentration. Although this might appear to violate ther-

- Asphaltene or Preasphaliens
W Manamer Units {(15-204)

§ —— Via Hydregen Bonding &

w-wBding
= Miceite (22-38 A)
' — Via Londan-Van Jer Waaks
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@ — Supermiceils (0-1004)
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2
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Altcaction
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Fig. 13. Proposed association mechanism of asphaltenes and pre-asphaltenes in solution.
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Fig. 14. Scanning electron micrograph at approximately 5000X of asphaltenes precipitated
from an asphaltene-THF sclution on the addition of decalin.

modynamic principles, this GPC fraction is a mixture of compaunds with
various tendencies to associate. The molecules which do have a strong ten-
dency to associate, will, regardless of the concentration. When the concen-
tration is increz<ed, thexe is an increase in the solvation repulsion tendency
through the presence of indivitiat coal-derived liquid molecules in solution.

Floc structures with dimensions in excess of 1000 A form when
asphaltene-solvent systems are allowed {0 rest for extended periods. ‘The
existence of floc structures can be observed via Mie scattering and the struc-
tures are destroyed by mechanical shear as in ultrasonic agitation. Upaon ex-
tended rest the floc structure returns.
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