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MACROMOLECULAR REPORTS, AZ8(SUPPL. Z ) ,  159-175 (1991) 

SOLUTION PROPERTIES OF C O W I D S  F O W D  BY 
PETROLEUM VACUUM RESIDUES 

E. Y. Sheu, M. M. De Tar, and D. A .  Storm. 
Texaco Research Center, P. 0. Box 509, Beacon, New York 12508 

We briefly reviewed the historical research on VR colloids, 
and its impact on VR upgrading. We then reported our study of 
VR/solvent systems, in which we (1) directly characterized the 
self-association phenomenon of VR molecules, ( 2 )  explicitly deter- 
mined the colloidal structure and quantitatively estimated the col- 
loid-solvent interaction, ( 3 )  determined the detailed particle 
shape, polydispersity, and the surface roughness, ( 4 )  identified 
the type of intermolecular interaction, which is responsible for 
self-associations, and (5) characterized the colloidal dynamics and 
their slowing down, as a function of concentration and temperature. 

INTRODUCTION 

It is well known that yields of refining products such as gas- 
oline depend on the crude oil being processed, In the first step 
approximately 60 - 75% of the crude oil is separated into easily 
refinable fractions by distillation. The residual material is 
called vacuum residue (VR). Since VR is composed of hydrocarbons, 
there is of course a significant economic incentive to also refine 
this subfraction into gasoline, jet fuel, diesel, and home heating 
oil. Unfortunately difficulties are encountered with current tech- 
nology and these difficulties appear to be related to the chemistry 
of a group of ill-defined molecules called asphaltenes. The most 
elemental piece of information about this group, the average mole- 
cular weight, is not known. Some results suggest they are polymer- 
like consisting of large polynuclear aromatics having high molecu- 
lar weights'. Other workers have argued that the molecules are ac- 
tually much smaller, but appear to be bigger, because they form 
aggregates' in solvents, and in petroleum fraction~l-~. It is im- 
portant to resolve this question. If the molecules are indeed pol- 
ymer-like, then the best course of action would be to gasify VR to 
make electricity. If, on the other hand, the molecules are actual- 
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160 SHEU, DE TAR, AND STORM 

ly small, then refining will be a more efficient way to utilize 
this hydrocarbon source. 

Since VR contains several classes of materials having very 
different chemical constituents, most studies separate VR into ser- 
Val fractions. In most known vacuum residues, the light and heavy 
ended fractions (pentane soluble and heptane insoluble fractions 
respectively) comprise approximately 90% of the VR. These two 
fractions naturally become the two most important fractions for 
characterization studies. In particular, the heavy ended fraction 
(or asphaltene) is suspected to hinder refining and initiate coking 
formation. 

In this article, a chronicle of the colloidal studies on these 
two classes of molecules from VR in both solvents and in petroleum 
will be reviewed briefly. I n  addition, we will present results 
from our rheological, structural, and dielectric studies for these 
two fractions dissolved in various organic solvents. 

I. History and Literature Review 

Since VR is usually separated into several fractions for char- 
acterization study, we shall briefly describe VR fractionation, be- 
fore reviewing the literature. The conventional method for VR 
fractionation is by a stepwise separation procedure based on po- 
larity. In the first step, VR is mixed with a low polarity sol- 
vent, like pentane, according to a mixing ratio of one part VR to 
40 parts solvent. The soluble portion so extracted is defined as 
oil (or the light ended material). The insoluble portion is fur- 
ther fractionated using a higher polarity solvent, such as hep- 
tane, with the same mixing ratio. The soluble portion extracted 
from this stage is defined as resin and the insoluble portion is 
referred to as asphaltene (or the heavy ended material). 

To the best of our knowledge, the aggregation model (sometime 
called the micellar model) for VR colloids was proposed by Mack to 
interpret the rheological data2. Since no sufficient scientific 
evidence was given in this work to support the proposed model and 
the data analysis was possibly misinterpreted3, this micellar model 
did not draw much attention at the time. In 1940, Pieffer and 
Saal adopted this concept to interpret their rheological data4. 
They also determined the molecular weight of asphaltenes, derived 
from asphalts, to be between 8,000 and 14,000 using monomolecular 
film balance measurements4. Based on this work they hypothesized 
that asphaltenes are the centers of spherical micelles formed by 
adsorption, or even by absorption of part of the maltenes onto the 
surfaces, or into the interiors of the asphaltene particles. How- 
ever, certain properties could not be explained, unless a diffused 
molecular interface, either within a micelle or between them, was 
assumed5. In 1941, Hoppler studied the rheology of asphalts in 
solvents6. The result not only supported the micellar model but 
also determined the micellar structure to be spherical. In 1949, 
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SOLUTION PROPERTIES OF COLLOIDS 161 

Eiler studied solubility and rheology of asphalts and crude oil7. 
The result suggested that there were colloidal particles in these 
systems. In 1957, Ray et. al. showed that colloidal articles could 

The molecu- 
lar weight of the particles were in the range of 20,000 to 30,000. 
Eldib et a1 later showed that if the crude oil was deasphalted 
first, no significant separation of particles was observed during 
the untracentrifugation experiment9. This result implies that 
asphaltenes may have correlation with formation of colloidal parti- 
cles in oil. 

be separated from crude oil by ultracentrifiguation tf . 

The works mentioned above are very suggestive that asphaltenes 
are colloidally dispersed in crude oil. However, interest in the 
micellar model for asphaltenes in crude oil waned over the years, 
because (1) one could not establish a direct link between the pres- 
ence of the asphaltene and the observed colloidal behavior (i.e., 
there was no way to systematically vary the asphaltene concentra- 
tion in the crude oil, and show the number of particles is a func- 
tion of asphaltene concentration), and (2) the existence of 
colloids in crude oil does not necessarily mean that they are 
formed by self-associations (colloid is defined by its size, not 
how it is formed"). 

In 1964, Dwiggins reported the first direct observation of col- 
loidal particles in crude oil by using small angle X-ray scattering 
to study these particles in their undisturbed, natural state". A 
slight polydispersity in size was observed. The average particle 
size.did not change with increasing temperature, or with the addi- 
tion of solvents. In 1967, Dickie and Yen' reported their X-ray 
diffraction study for precipitated asphaltenes. They proposed an 
aggregation model to interpret the data. This aggregation model is 
structurally different from that proposed by Pieffer and Saa14. 
This model suggested that the macrostructure of asphaltics consist- 
ed of elemental units (approximately spherical) formed by randomly 
stacked asphaltenic molecules. 

Due to Yen's work and the increasing capability of microscopic 
measurement, the micellar concept for VR colloids has become popu- 
lar again: A qualitative study of asphaltenes in various solvents 
by vapor pressure osmometry (VPO) was reported by Al-Jarrah and 
Apikian" in 1987. By using tetrahydrofuran (THF) at 60 OC as the 
reference condition (assuming asphaltenes to be in monomer form in 
this solvent at this temperature), they found that the degree of 
association for asphaltene changed, both with respect to tempera- 
tures and to the various solvents. However, the minimum molecular 
weight reported is similar to a colloid, suggesting that the asso- 
ciation they observed may be between colloidal particles. Thus, 
whether the particle of minimum molecular weight is a monomer or an 
aggregate was still not resolved in this study. In fact, in 
Dwiggins' work, the macromolecular size was found to be independent 
of temperature. If the size Dwiggins observed corresponded to the 
minimum molecular weight obtained by Al-Jarrah and Apikian, and the 
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162 SHEU, DE TAR, AND STORM 

minimum particle is indeed a monomer, then, one would expect this 
molecular weight to be retained, even at high temperature. If this 
is the case, the basic asphaltenic molecule has an average molecu- 
lar weight of -6000. Alternately, the colloidal particles could 
be aggregates formed by a strong association of smaller molecules, 
and thus can not be easily dissociated via heating. In 1988, Her- 
zog et. a1.13 and Ravey et. a1.14 reported their respective small 
angle X-ray and Neutron scattering results for structural determi- 
nation of asphaltenes dispersions. Both studies found that a flat 
sheet structure was the best model for describing their data. A 
slight dependence of the particle size on solvents was observed, 
shedding light on the micellar ar Ument of these colloidal parti- 
cles. In 1989 Overfield et. al."reported their small angle neu- 
tron scattering results for asphaltenes in toluene at various tem- 
perature and found that the size was greatly reduced at 250 O C  af- 
ter one hour. The size then slowly increased to about half of the 
initial size after cooling to room temperature for 20 hours. This 
experiment indicated that (1) the micellar picture is very likely 
correct in solvents and (2)  the self -association kinetics is very 
slow. The latter point is understandable, since individual 
asphaltenic molecule can have a different molecular structure, 
thereby slowing the packing process. If the particles at 250 OC 

are monomers, this work would be the first direct measurement of 
the aggregating process. Unfortunately, the average molecular 
weight of the particles at 250 OC was not reported. Recently, 
Storm et. a1.16 showed that the average molecular weight of 
asphaltenes is the order of thousand, considerably lower than the 
minimum molecular weight reported by Al-Jarrah and Apikian. This 
suggests that VR colloids are aggregates, although direct micell- 
ization evidence is not yet available. 

In our study of this topic, we took three steps to character- 
ize the VR colloids dispersion systems. First, we employed sur- 
face tension measurement to directly detect the micellization of 
the light and heavy ended VR molecules respectively. Secondly, we 
studied the rheological properties of these colloids in different 
solvents. We then applied various theories to interpret the vis- 
cosity data, from which we extracted the colloidal structure and 
the colloid-solvent interactions. Moreover, we used small angle 
neutron and X-ray scattering to confirm the structure determined 
from the rheological study and to investigate the particle size 
distribution of these colloids. Finally, we performed conductivity 
and dielectric response measurements, by which we identified the 
type of interaction between the asphaltenic molecules within an ag- 
gregate. In addition, we evaluated the dynamic slowing down of the 
particle diffusion upon heating. The rationale of this three-step 
procedure is as follows: (1) in order to disperse these colloids 
one needs to ensure that they are aggregates, (2)  structure and 
polydispersity information are needed for evaluating the strength 
of the molecule-molecule interaction within aggregates, and ( 3 )  one 
needs to know the interaction type, in order to develop appropriate 
technology for refining the bottom of the barrel. In the following 
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SOLUTION PROPERTIES OF COLLOIDS 163 

sections, we shall systematically report the results of our stud- 
ies. 

11. Macromolecules or Aggregates? 

We determined if the VR colloid is a molecule or an aggregate 
by measuring the surface tension of a VR colloidal solution as a 
function of concentration. Surface tension measurement is a common 
technique used in surfactant chemistry for determining the critical 
micelle concentration (CMC). This technique is based on Gibb's 
adsorption equation". Usually, the surface tension of a surfac- 
tant solution will be linearly reduced upon addition of the surfac- 
tant molecules, until micelles are formed, where the surface ten- 
sion becomes independent of concentration. This critical surfac- 
tant concentration is defined as CMC. If we assume that there 
exists a component in VR, which serves as a surfactant molecule 
when the proper solvent is selected, then the "CMC" of this VR/sol- 
vent system can be obtained by a simple surface tension measure- 
ment. We have measured the surface tensions for both light and 
heavy ended fractions (referred to as C5S and C7I respectively from 
what follows) of Ratawi VR (Neutral Zone) using pyridine and nitro- 
benzene as solvents. The results are given in Fig. 1. A discon- 
tinuity in the surface tension gradient (with respect to concentra- 
tion) was observed for all of the cases investigated. This pro- 
vides direct evidence that self-association occurs for both C5S and 
C71 fractions. 

111. Characterization of VR Colloids - A Rheological Study 

A Brookfield viscometer with 0 to 1000 centipoise working 
range was used to measure the viscosities of C5S in a series of n- 
alkane solvents and C71 in toluene at room temperature. The accu- 
racy is approximately 0.1% of the selected scale. Fig. 2a. shows 
the reduced viscosity of C5S in four different n-alkane solvents. 
The intrinsic viscosities vary from 1.8 to 5.5 depending on the 
carbon chain length. This means that the degree of solvation var- 
ies for solvents of different carbon chain length. To prove this 
view point, we adopted a recent theory derived by Pal and Rhodes". 
They followed the derivation procedure proposed by Ro~coe'~. In 
this derivation, Pal and Rhodes explicitly took into account the 
effect of particle solvation. The equation they arrived at was a 
simplified form of Krieger and Dougherty's equation", 

qr - [l - K@]-2'5 or (1/rlr)0.4 - 1 - K*, (1) 

where K represents the solvation of the dispersed particles. In 
Krieger and Dougherty's equation the exponent of Eq.(l) was re- 
placed by [ q ] / K  ( [ q ]  is the intrinsic viscosity), instead of 2 . 5 .  
Since Pal and Rhodes used Eq.(l) to interpret their data from floc- 
culated emulsions (including flocs) droplets of spherical shape, 
this exponent was taken to be 2.5 directly. We applied Eq.(l) to 
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Fig. 2. (a) Reduced viscosity of 
C5S in n-alkane solvents (m: Hep- 
tane, 0 :  decane, 4 dodecane, and 
A :  hexadecane).(b) Pal and Rhodes 
plot for C7I/toluene system. 

o s s ~ . - - 2  ' ' . . I 
0 0.02 u.04 0.06 0.08 0.1 

VOLUME FRACTION 

explain our data and found that the (l/qr)0.4 vs 9 plots for both 
CSS series (Fig. 2b) and C71 (Fig. 2c) cases exhibited linearity. 
This means that Eq.(l) is an appropriate equation to use, and the 
particles are approximately spherical. The K values obtained in- 
creased monotonically as the solvent carbon chain length increased, 
indicating an increasing solvation effect. This is qualitatively 
consistent with the trend of  their intrinsic viscosities. It also 
agrees with a recent study by Ali and SaleemZ1 using solvent frac- 
tionation. In order to quantitatively estimate the amount of solv- 
ation from the extracted K values, the assumption made by Pal and 
Rhodes, that the particles are hard spheres, should be met. Unfor- 
tunately, in our systems this was not the case. Instead of being 
hard spheres, the VR colloids exhibit significant surface roughness 
(to be described in the next section). We thus adopted an equation 
developed by Eiler", which allowed us to estimate the maximum 
packing volume fraction 9,. The difference between this extracted 
(9, and that of an ideal hard sphere system would then provide the 
degree of solvation. The Eiler's equation reads 

We followed Eq.(2) by plotting (qrl/'-l)/@ vs (qrl/'-l) and found 
the plots to be linear for all C5S (Fig. 3a) and C71 (Fig. 3b) 
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166 SHEU, DE T A R ,  AND STORM 

Fig. 3 .  Eiler plots for (a) CSS/dodecane and (b) C7I/toluene. 

cases. The intrinsic viscosities obtained (from the y-axis inter- 
ceptions) were consistent with those obtained from reduced viscosi- 
ty plots (Fig. 2a) .  The am‘s extracted are tabulated in Table I. 
In order to relate am to the degree of solvation, we made the fol- 
lowing assumptions: (1) a colloid and its nearest neighboring 
colloids form a face center cubic (fcc) s t r ~ c t u r e ~ ~ ’ ~ ~  , and ( 2 )  the 
solvated molecules form a layer of thickness AR on the VR colloidal 
surface. With the first assumption, the expected am will be 0 .74  
for a ideal hard sphere system. Thus, the difference between 0, 
extracted from Eiler analysis and 0.74 can be used to calculate the 
solvated volume. The second assumption allows us to estimate the 
solvated layer thickness by the following equation, which can be 
derived in a straight forward manner, 

hR/R - (0.74/@m)1/3 - 1. (3) 

R in Eq.(3) represents the unsolvated core radius. From the slopes 
of Fig. 3a and 3b and Eq.(3) we obtained AR/R to be 0.05 and 0 . 2  
respectively. Apparently, the degree of solvation for C7I/toluene 
is much higher than CSS/dodecane system. This result can be justi- 
fied by the small angle neutron scattering study, to be described 
in the next section. 

I f  we assume the particles are hard spheres and use K to esti- 
mate AR/R (am = 1/K, and Eq. ( 3 ) ,  according to Krieger16), we obtain 
AR/R - 0.03 for CSS/dodecane and 0.26 for C7I/toluene, different 
from Eiler’s analysis. This difference reflects the effect of 
surface roughness. In order to compare with a hard sphere system, 
we simulated the relative viscosity of a hard sphere system for 
volume fraction higher than the percolation c~ncentration~~, ac- 
cording to Campbell and ForgacsZ6. Fig. 4a and 4b show the re- 
sults. As one can see, our systems are only “similar“ to a hard 
system within certain volume fraction ranges. It is thus dangerous 
to calculate AR/R using K directly. 
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i 
volume fraction 4 volume fraction 4 

Fig. 4 .  (a) Viscosities for C5S/dodecane and its corresponding 
hard sphere system. (b) Same plot for C7I/toluene. 

IV. Structure, Polydispersity, and Surface - A Small Angle 
Neutron Scattering Study 

Small angle neutron scatterin ( S A N S )  has been applied to 
study structure of micellar systems ’ - 2 9 ,  microemulsions30-32 , and 
polymeric ~ y s t e m s ~ ~ - ~ ~  . It measures the differential cross section 
per unit volume of the scatterer. In a dispersed system, the sus- 
pended particles can be treated as the disperse phase. In this 
case, the whole system can be treated as a two-component fluid. 
For a polydispersed two-component fluid, the scattering intensity 
can be written as, 

I (Q) = N~(AP 2ap2x~ (QWS (Q )> . ( 4 )  

N is the number density of the dispersed particles, A p  is the par- 
ticle-solvent contrast, V is the particle volume, P(Q) is the form P factor representing the particle structure, and S(Q) is the struc- 
ture factor governed by interparticle correlations. < > represents 
the average over the particle polydispersity. Since the continuous 
phases of our systems were oil-like, and the interparticle interac- 
tions are short-ranged, the structure factor was neglected (by tak- 
ing <S(Q)> =1) in our SANS analysis, In addition, the contrast 
term is very difficult to compute for our cases. This is due to 
the complicated chemical constituents of VR. We thus used an am- 
plitude factor A to represent the prefactors. By this, Eq.(4) be- 
comes 

P 

I(Q) = A.<P(Q)>. (5)  

The SANS experiment for VR colloids was performed on Small An- 
gle Diffractometer (SAD) of Intense Pulsed Neutron Source (IPNS) at 
Argonne National Laboratory. The spectrometer was set to cover a 
scattering vector range, Q ,  from 0.007 to 0.35 A - ’ ,  which corre- 
sponds to a resolution of approximately 10 to 500 A. 
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168 SHEU, DE TAR, AND STORM 

Structure : Spherical Particles 
Distribution: Schultz Distribution 

0 

0 .1 .2 .3 
-4 

Scattering vector (A-') 
Fig. 5. A typical SANS intensity distribution I(Q>. The solid 

line is the fitted curve. 

In the experiment, we measured C5S/n-alkane solvents for n = 

7, 10, 12, 14, and 16 at T = 22 OC to investigate the chain length 
effect. The other series measured was C71 in various toluene/pyri- 
dine mixtures for studying the effect of solvent permittivity. 

The scattering intensity distributions for all the samples 
showed pronounced small angle scattering, indicating the existence 
of colloidal-like particles. In order to properly analyze the SANS 
data we employed a self-consistent mechanism, recently proposed by 
Sheu . A typical analysis is depicted in Fig. 5. The particles 
were found to be spherical (consistent with our rheological study). 
The size distribution was found to follow a Schultz distribution, 
which has the following form, 

9 5  

f(R) - [(~+l)/Ii]~'~.R~/r(z+l).exp[ - ( z + l ) R b ] .  ( 6 )  

The parameter z is a width parameter, characterizing the polydis- 
persity. The polydispersity, defined as, 

p - / B, ( 7 )  

(E is the average particle radius) can be expressed in term of z as 
p = 1/m. We extracted both R and p for C5S/n-alkane and 
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Table I. M a x i m  packing fraction extracted from Eiler's plot 

Carbon Length 7 10 12 14 

*m 

~~~~~ ~ 

0.68f0.01 0.65f0.01 0.64+0.01 0.6f0.01 

m/R 0.029 0.044 0.05 0.072 
~ 

Table 11. Extracted parameter from SANS analysis 

* 
Cone. ( X )  Toluene/Pyridine Radius ( A )  Polydispersity ( % )  

8 
8 
8 
8 
8 
4 
4 
4 
4 
2 
2 
2 
2 
1 
1 
1 
1 

100/0 
8 5/15 
70/30 
5 5/4 5 
30/70 
80/20 
60/40 
40/60 
20/80 
80/20 
60/40 
40/60 
20/80 
80/20 
60/40 
40/60 
20/80 

32.4 f 0.4 
31.3 f 0.3 
30.4 f 0.3 
30.8 f 0.3 
30.1 f 0.3 
30.8 f 0.4 
31.6 f 0.3 
31.1 f 0.3 
30.7 f 0.4 
31.6 f 0.4 
31.8 f 0 . 3  
31.3 f 0.4 
30.8 f 0.3 
31.6 f 0.4 
31.5 f 0.4 
32.0 k 0.5 
31.0 f 0.4 

17.6 
19.2 
20.4 
20.5 
21.7 
18.6 
19.7 
20.4 
21.3 
19.0 
19.4 
19.6 
20.2 
19.7 
19.0 
19.7 
19.0 

* The toluene/pyridine is in volume ratio. 

C7I/(toluene/pyridine mixture) systems. The results are given in 
Table 1 1 .  The average radius of C5S colloids decreased as a func- 
tion of solvent carbon chain length, implying increasing solvent 
quality. This agrees with our rheological study. No appreciable 
dependence of C71 colloidal size was observed when the toluene/pyr- 
idine ratio or C71 concentration was varied. This indicates that 
C71 molecules have an association energy substantially higher than 
the van der Waal fol'ces, otherewise, a strong size dependence on 
the toluene/pyridine ratio would be observed. This is because 
pyridine has a much higher dielectric constant (12 compared to 2.4 
for toluene), The sizes of C5S colloids obtained were much smaller 
than those for C71 (this comparison is plausible because the sol- 
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vent effect does not seem to be essential). This indicates that 
the C5S molecules have lower molecular weight, as reported by 
DeCanio et. al. 36. With this structural information, one can easi- 
ly explain why the solvation of C71 is much higher than C5S (see 
the previous section). A possible scenario is as follows: the C71 
molecules are larger and possibly more complex than C5S molecules. 
They naturally create more cavity space, while packing themselves 
into an aggregate. Since these cavities are filled with solvent 
molecules, the degree of solvation for C71 molecules is higher. 

It is also interesting to note that the Schultz distribution 
determined from SANS study is very similar to the molecular weight 
distribution obtained from the MS study of Storm et. a1.16. 

SANS data can also be used to calculate the colloidal surface 
P ~ r o d ~ ~  derived an equation for this purpose based on De- area. 

bye's scattering function3', 

This equation is valid only when the interface is well defined. 
Eq.(8) is not expected to converge at Q + m ,  if the colloids have 
diffused boundaries. Fig. 6a and 6b show the analyses for CSS/n- 
alkane and C7I/(toluene/pyridine) systems respectively. Some 
striking features were found in this analysis. First, the surfaces 
for all systems were rough (no convergence at large Q limit in 
Porod's plot). Secondly, no observable effect for either the carbon 
chain length on C5S (Fig. 6a) or the solvent permittivity on C71 
(Fig. 6b) interfacial area and surface roughness (all curves over- 
lap for nearly the entire Q range for both cases). Finally, for a 
given volume fraction, C5S colloids form a total interfacial area 
of approximately 3 time larger than those of the C71 colloids (a 
representative C5S case (+) was shown in Fig. 6b for comparison). 
Based on the last feature, we can compare the surface "roughness" 
of C5S and C71 colloids. Since both C5S and C71 colloids are 
spherical and their radius ratio is approximately 0.6 (see Table 
11), the corresponding surface area ratio was expected to be 5/3 
(if N1R13 = N2Rz3, then, N,.411R,z/N2-411R2 - Rz/R1). This will be 
true if their surface roughness is the same. However, our analysir 
showed a ratio of about twice the expected value. This suggests 
that C5S colloids have much "rougher" surfaces. 

V. Conductivity 

As we mentioned in section I, it is necessary to understand 
the type of interaction that initiates the molecular association, 
in order to evaluate the intermolecular association forces. To 
achieve this, we performed a series of AC conductivity measurements 
for a C7I/toluene system at various temperatures. The rationale 
for selecting the conductivity measurement was based on our SANS 
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(4 

0:n- 7 : 0 : n - 1 0  s -6 

A n - 12: 0 II - 14 

+: II - 16 

Scattering Vector Q (A-') 

Fig. 6. Surface roughness analysis using Porod's equation. 
(a) CSS/n-alkane series, and (b) C71 in toluene/pyridine 
series. 

study. The SANS results showed that the structure factor, S(Q), 
was negligible for concentrations up to -15 weight percent. This 
means that the inter-colloidal interaction is very short-ranged. 
The results also showed that the molecular association is much 
stronger than can be attributed to van der Wall forces39. Other- 
wise, there would be an appreciable dependence of size on both sol- 
vent dielectric constant and concentration. Thus, this strong as- 
sociation force is likely related to intermolecular charge trans- 
formation, which can be verified by conductivity measurements. 

The conductivity measurements were performed using a Hewlett 
Packard 4192 low frequency impedance analyzer. The cell used con- 
tained four-plate platinum black electrodes. The conductivity and 
the permittivity were measured simultaneously for each C7I/toluene 
sample in a frequency range of 100 to 1.3 x lo6 HZ. 

In Fig. 7 we give the AC conductivity measurements for 20% 
C7I/toluene at various temperatures. Noting that the AC conductiv- 
ities remained nearly unchanged initially, but suddenly increased 
when the frequency exceeded a certain threshold. This unusual fre- 
quency response indicates that the charges move freely only within 
a small spatial domain (high frequency corresponds to short time, 
or short length scale). A logical interpretation of this phenome- 
non is that the charges move nearly freely within a colloid, but do 
not hop between colloids frequently. If this is true, then, the 
charge transformation energy would likely be the free energy that 
induces the molecular associations. 

In the following section, we shall discuss the dynamics of the 
colloids and their dielectric responses upon heating. 
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VI. Dynamic Sloving Down - Dielectric Relaxation Study 

Fig. 8 shows the dielectric loss of a 20% C7I/toluene system 
at various temperatures. We analyzed the data using Cole-Cole 
equation4 O 

E " ( W )  - c + A~/[I + (iwr>'-a~ (9) 
W 

where C "  is the dielectric loss, w the frequency, em the dielectric 
constant at high frequency limit, T the relaxation time, and a the 
frequency spread parameter, representing the slowing down of the 
system relaxation (a - 0 corresponds to the standard Debye relaxa- 
tion with no slowing down). The a values extracted were non-zero, 
reflecting an effect of dynamic slowing down of particle diffusion. 
For lower temperatures the effect became more significant, similar 
to microemulsion systems. We attributed this slowing down of dif- 
fusion dynamics to the structural caging effect, with strength de- 
pending on inter-colloidal correlations. Apparently, this effect 
is significant, even at 20% concentration. 

DISCUSSION 

Speight et. a1.41 showed a hypothetitcal curve of VR molecular 
weight evolution as a function of concentration, and suggested that 
if this curve can be measured, it would provide direct proof for VR 
molecular self-association. In our study, we took an alternative 
route. Since the molecular weight measurement is too difficult for 
such a dilute system, we "made" the VR molecules serve as surfac- 
tants via properly selecting a solvent. Under this circumstance, 
one part of the VR molecules exhibit solvent affinity, while the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
8
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SOLUTION PROPERTIES OF COLLOIDS 173  

other part does not. Thus, we can measure the surface tension to 
see if "micellization" occurs. Since a phenomenon similar to the 
micellization process was observed, we believed that VR molecules 
self-associate to form colloidal-like particles. 

In interpretation of our viscosity data, we combined three 
theories, by which we determined the VR colloidal structure and the 
degree of solvation. We also compared our systems to a hard sphere 
system and found that their similarity only lies within a narrow 
concentration range. The structure agrees with our S A N S  results, 
and the solvation of C5S/n-alkane systems agrees qualitatively with 
the previously reported resultsz1. The size distribution, deter- 
mined by SANS, closely follows a Schultz distribution function. It 
is similar to the molecular weight distribution of an asphaltene 
system reported by Storm et. a1 . 1 6 ,  The surface roughness of the VR 
colloids was determined from SANS data using Porod's formula37. 
The results showed that both C5S and C71 colloids have diffused 
surface boundaries and C5S colloids have rougher surfaces. In ad- 
dition, the SANS results show that the colloidal sizes are nearly 
independent of concentration, unlike most micellar systems. This 
independence is likely due to the packing constraint, since indi- 
vidual VR molecule can be structurally different. Every VR colloid 
can be viewed as the final packing product with a strong inter- 
molecular interaction. Hence, they do not grow as a function of 
concentration. 

In the AC conductivity study, we identified that charge trans- 
fer energy may be the main interaction that induces VR molecular 
associations. This was concluded from the conductivity responses 
to the applied frequency. The dielectric response measurement al- 
lows us to characterize the dynamics of the C7I/toluene systems. 
The results suggests that for 20% concentration, the interparticle 
interaction is significant enough to build structural cages. These 
structural cages greatly reduce the free diffusion of the colloidal 
particles. 

PERSPECTIVE 

In order to develop efficient technology for upgrading the 
bottom of the barrel fraction of crude oil, we need to establish 
that asphaltenes are the species colloidally dispersed in crude 
oil, and these colloidal particles are formed by aggregation of 
small molecules (molecules about the same size as the other mole- 
cules in crude oil). Additionally, studies of asphaltenes in sol- 
vents will help identify the origin of the forces responsible for 
the association. Furthermore, it will be useful to develop an un- 
derstanding of the phase behavior exhibited by these complex 
fluids, because molecular association forces strongly depend on the 
phase of the system. This information will perhaps provide the key 
to avoid current difficulties associated with refining the bottom 
of the barrel. 
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