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HINDERED DIFFUSION OF COAL LIQUIDS
INTRODUCTION

The design of industrial catalysts requires that the diffusivity of the reacting species within the
catalyst be accurately known. Nowhere is this more important than in the area of coal liquefaction
and upgrading of coal liquids. In this area one is faced with the task of processing a number of
heavy oils, containing metals and other contaminants, in a variety of process dependent solvents.
It is important, therefore, on the basis of predicting catalyst activity, selectivity, and optimizing
reactor performance, that the diffusivities of these oil species be accurately known.

Several studies exist [1], emphasizing the importance of diffusion in processes involving coal and
petroleum liquids. Spry and Sawyer [2] measured the demetallization rates of a crude oil using var-
ious catalysts and found these rates to depend on average pore size, in agreement with their simple
model, based on the theory of Anderson and Quinn [3]. Inoguchi [4] observed that optimum activity
for desulfurization of heavy crudes occurs with catalysts with pore sizes of 100A and for vanadium
removal with pore sizes between 120 and 140A. Eigenson et al. [5] found increased catalytic activity
for MoOs on Al,O3, when the pore size increased from 70 to 150A. Significant intraparticle diffu-
sion effects have been observed during asphaltene cracking and the desulfurization of asphaltenic
and nonasphaltenic fractions of a residuum by Philippopoulos and Papayannakos [6]. Ternan and
coworkers [7] have reported significant pore size effects during the catalytic processing of Athabasca
bitumen. Studies have also been published on the importance of intraparticle diffusion during coal
liquefaction and coal liquid upgrading, including those of Polinski and coworkers [8], Scooter and
Crynes [9], and Yen et al. [10]. Workers at Amoco have found [11] that micropore volume in a
critical pore size range, i.e. narrowly distributed about 120A diameter pores, was very important
in coal liquefaction catalyst activity. McCormick et al. [12] have shown during their hydrotreating
studies that activities for both hydrogenation and dehydrogenation reactions are highly correlated
(> 99% confidence) with the pore volume in the preferred range (GO—ZOOA) in diameter. The im-
portance of catalyst average pore diameter and pore length during the hydrocracking of solvent
refined coals and lignites has been discussed by Berg and Kim [13]. Theoretical studies have also
been published, which incorporate hindered diffusion in order to predict optimal pore sizes during
petroleum liquid upgrading [14] and catalytic coal liquefaction [15].

The molecules comprising coal liquids can range from less than 10 to several hundred A in
diameter. Their size is, therefore, comparable to the average pore size of most hydroprocessing
catalysts. Thus, during processing, transport of these molecules into the catalyst occurs mainly

by “configurational” or “hindered diffusion,” which is the result of two phenomena occurring in




the pores; the distribution of solute molecules in the pores is affected by the pores and the solute
molecules experience an increased hydrodynamic drag. The field of hindered diffusion has been
reviewed by Deen [16]. The earliest studies in the field were by Renkin et al. [17]. Based on the

work of Ferry [18], they developed an expression to describe hindered diffusion
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where D, is the effective “hindered” diffusivity, D the bulk diffusivity and A the ratio of solute to
pore radius. The first factor in this expression accounts for the partitioning effect, and the second
for increased hydrodynamic drag in the pore. Anderson and Quinn [3] and Brenner and Gaydos [19]
have theoretically verified these results in the region of small As (their work is a generalization of
Taylor-Aris dispersion theory [20] for spherical molecules with sizes comparable to the diameter of
the cylindrical tube). A number of other theoretical studies have also been devoted to this problem
[21]. Since the work of Renkin et al. [17], there have been a number of additional experimental
studies of diffusion in restricted porous environments. Satterfield et al. [22] investigated hindered
diffusion of binary systems of paraffins and aromatic hydrocarbons in silica alumina catalysté. They
concluded that reduced diffusivity, in these systems, was only due to the hydrodynamic effects and
their results indicate a linear dependence of In(D./D;) on A.

Prasher et al. [23] also carried out studies using hydrocarbon solutes in aromatic and hy-
droparaffinic solvents. Contrary to Satterfield’s results, they observed a solute partitioning effect
dependent on the nature of the diffusing chemical species, rather than its molecular size, as one
expects based on Renkin’s theory. Colton et al. [24] studied diffusion of proteins and polystyrene
in porous glass and found that protein diffusion follows Renkin’s theory, while polystyrene behaves
as a free draining molecule. Cannel and Rondelez [25] measured diffusion of polystyrene through a
Nuclepore membrane and found that polystyrene diffusion follows Renkin’s theory, if A is corrected
by a factor of 1.45. The above studies have been useful in showing that reduced diffusivities are
observed in restricted environments. The pore systems utilized, however, were not well-defined
and probably too complex to allow for fundamental questions to be answered. In the sixties, well-
defined planar porous systems were developed. Price and Walker [26] demonstrated that uniform
parallel pores of molecular dimensions can be formed, by a track etching process, in a number of
alumino-silicate materials. Mica membranes prepared by this method were subsequently utilized
in diffusivity measurements of nonhydrocarbon systems [27].

Studies of diffusion of petroleum and coal liquids are recent and few in number. In one of
the earliest studies, Thrash and Pildes [28] studied the transport of asphaltenes derived from a
Middle East high sulfur vacuum resid through mica membranes. The mica membranes had a pore

diameter of ~ 1200A. Thrash and Pildes claim that what they measure are bulk diffusivities from




which they calculate Stokes-Finstein diameters of 16A. For the asphaltene concentration range
of their experiments (50-500 ppm), they report no evidence of asphaltene molecular association.
Shimura et al. [29] studied asphaltene diffusion in toluene through porous catalysts by uptake-
type experiments. The bulk diffusivity of molecular weight (MW) fractionated petroleum pitches
in dilute chloroform solutions was measured in a Northrup-McBain diaphragm cell by Sakai and
coworkers [30]. Their studies led them to conclude that the pitch molecules examined are three-
dimensional structures with an oblate ellipsoidal shape, their equatorial diameter being 10-20A and
their axial ratio between 1 and 3. Jost et al. [31] also measured the bulk diffusivities of various
oil residues in a THF /methanol solution by Taylor dispersion techniques. Recently, Mieville et al.
[32] measured the diffusion of various asphaltenes, by uptake experiments, through catalysts with
both unimodal and bimodal pore size distributions. In their experiments, Hondo asphaltene was
found to have the highest diffusivity, which was attributed to its smaller average aromatic cluster.

Configurational diffusivity measurements of petroleum liquids, utilizing mica membranes, were
first made by Baltus and Anderson [33] using a Wicke-Kallenbach-type diffusion cell to measure
the diffusivity, through mica membranes, of asphaltenes derived from Kuwaiti atmospheric bot-
toms. They divided the overall MW range into five regions and assigned each to a “hypothetical”
asphaltene fraction. Using GPC, they measured the diffusivity of each fraction for pore diameters
ranging from 160 to 4400A. An experimental expression was found to relate the diffusivity D, of
each fraction to its bulk diffusivity Dy, i.e. De/D = exp(—3.891). Following the work of Baltus
and Anderson, two other research groups have, in the last five years or so, focused their attention
on the study of hindered transport of petroleum liquid macromolecules through restricted porous
environments. Baltus and coworkers [34] have measured the diffusivity through polycarbonate and
polyester membranes of asphaltenes isolated from Athabasca tar sand bitumen vacuum bottoms
and a vacuum resid from a blend of Canadian crudes. They have also coupled the diffusivity mea-
surements with intrinsic viscosity measurements of asphaltene solutions. Using models previously
developed by Garcia de la Torre and Bloomfield [35], which represent the asphaltene in terms of
assemblages of solid spheres, and by varying the size and number of such spheres, they were able
to obtain a reasonable fit between their experimental results and theory.

Our group has also studied the diffusivity of petroleum derived asphaltenes [36]. We have
investigated asphaltenes derived from a variety of California heavy crudes. Although our studies,
in some aspects, paralleled those of Baltus and coworkers, our main objective was distinctly different
from their objective. Voluminous literature exists on the detailed chemical structure of asphaltenes
and other petroleum and coal liquid fractions like resins and oils. For asphaltenes, in particular,

interest in their structure and reactive and transport properties has been steadily increasing among




those working in the field of petroleum and coal liquid upgrading.

The term asphaltenes has been historically used to collectively describe the chemical components
of a crude (or a coal liquid), which are generally more polar and larger in size. Since the earlier
stages of the field of heavy oil upgrading, asphaltenes were defined as a solubility class of various
components. Through the years, this definition attracted discussion and criticism (see, for example,
Bunger and Cogswell [37]). Since some asphaltene properties are dependent on their isolation
techniques, the relevant question here is whether or not the asphaltenes produced by such isolation
techniques bear any resemblance and similarity to compounds found in the original crude, and
whether or not the asphaltenes themselves exist in the original crude rather than simply being
an artifact of their separation process. The debate over whether or not asphaltenes even exist,
and if they do, how does one properly isolate and characterize them, has continued for years and
will not be dealt with here. Comprehensive descriptions can be found in a number of papers [38].
The generally held view today is that asphaltenes do exist and are found in the original resid.
One, however, cannot uniquely characterize an asphaltene (and, for that matter, any other resid
fraction) based on a single property alone, such as solubility. For petroleum resids, two properties
are needed to differentiate one resid fraction from the other. Which two properties one should use,
however, still remains a matter of debate. In his pioneering paper, Long [39] first suggested that
the composition of petroleum liquids can be represented in terms of a plot of MW versus polarity.
Long and Speight [39], furthermore, opted to use the solubility parameter as a measure of polarity
and the 5% and 95% points of the MW distribution (as measured by GPC) as a measure of the
MW. Wiehe [38], on the other hand, uses the number average MW (as measured by VPO) as a
measure of MW and the average hydrogen content as a measure of the molecular attraction. For
coal liquids, a measure of molecular attraction involving oxygen functionality would be required in
addition to the average hydrogen content (in lieu of aromacity) and MW. This was the conclusion
of Snape and Bartle [40] who found that three independent variables, i.e. number average MW, the
proportion of internal aromatic carbon to total carbon and the percent acidic OH were needed to
distinguish between benzene insolubles, asphaltenes and n-pentane solubles for coal-derived liquids.

Generally, the heavier the liquid one deals with, the larger the percentage of asphaltenes one
finds in it. One of the obstacles in coal liquid (and resid) upgrading is the presence of heteroatoms,
such as sulfur, nitrogen, oxygen and metals, which poison the catalysts used for hydroprocessing.
In terms of composition, asphaltenes contain a greater percentage of heteroatoms than all other
fractions and, therefore, present the greatest challenge during resid upgrading. Furthermore, most
of the molecular components of an asphaltene are very large structures with sizes approaching that

of a typical catalyst pore. Hydroprocessing of asphaltenes involves a number of parallel and/or




consecutive reactions like hydrodesulfurization, hydrodenitrogenization, hydrodemetallation and
cracking. Due to the large size of most asphaltene entities, all these reactions, as they occur within
the catalyst pellets, are diffusion limited.

For many years, asphaltene and resid upgrading rector design has utilized the concept of as-
phaltenes being a single molecular entity, to which one can assign a unique effective diffusivity and
other effective transport properties. This was one of the first issues we addressed in our studies of
asphaltene diffusivity. Our experiments showed that the effective diffusivity of an asphaltene, as
measured in a standard Wicke-Kallenbach cell using model porous membranes, varies as a function
of experimental time by as much as an order of magnitude for the duration of an experimental run
[36]. The diffusivity, furthermore, is a strong function of temperature and pressure, and whether
the membrane is impregnated with a catalyst or not. One cannot, therefore, assign a unique exper-
imental diffusivity value to an asphaltene molecule. Qur experimental findings, though new, were
surprising neither to us nor to those intimately involved in research on asphaltene chemical struc-
ture and properties. Asphaltenes are not uniquely defined simple molecular entities and generic
structures, but rather a complex mixture of colloidal entities (micelles) of various sizes and shapes,
consisting of assemblages of smaller particles, which in turn result from the clustering of lower MW
components, all in a state of dynamic exchange strongly affected by the presence and polarity of
solvents, temperature, pressure and fluid mechanical conditions [36, 41].

Our studies subsequently focused on the issue of whether the picture of an asphaltene “molecule”
as described above, which emerges from the available chemical information, i.e., a dynamic system
in a constant state of interchange is consistent with the experimental findings of diffusivity and
transport of asphaltenes through model porous membranes. An experimental plan was devised,
as outlined in Fig. 1 to test these concepts. The asphaltenes used were n-pentane insolubles
extracted from Hondo Crude, a California outer continental shelf oil, furnished by UNOCAL.
The diffusion cell was a stainless steel Wicke-Kallenbach-type apparatus consisting of two well-
mixed compartments (half cells). During experiments of asphaltene diffusion, the half-cells were
separated by a polycarbonate membrane containing straight, parallel, non-intersecting, cylindrical
pores (supplied by Nuclepore Corp., Pleasanton, California). The membrane pore size varied
between 100A and 4000A. (Further details about our experimental system and techniques can be
found elsewhere [36]. The first experiment was conducted with a 1008 membrane. We started
with a 5 weight percent solution of asphaltene in xylenes, which was loaded in one of the half-cells,
hereinafter referred to as the high concentration side (HCS). Pure xylenes were loaded in the other
half-cell, the low concentration side (LCS). The asphaltenes were allowed to diffuse through the

membrane for a predetermined period of time. During the experiment, samples were withdrawn
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Fig.l. Experimental plan

from the LCS and analyzed for sulfur, -m'ckel and vanadium concentrations by X-ray Fluoresence
(XRF), and for MW distributions by Size Exclusion Chromatography (SEC), MW distribution of
the various metal containing components by SEC/ICP and for overall asphaltene content. After the
first experiment ended the second experiment was initiated with a 150A membrane. Again, pure
xylenes were loaded in the LCS. In this experiment, however, the HCS was filled with the asphaltene
solution remaining in the HCS at the end of the first experiment with the 100A membrane. Further
experiments were done with the rest of the membranes starting again with pure xylenes in the LCSs
and the HCSs containing the HCS solution carried over from the preceding experiment.

Some of the data collected from the diffusion experiments, depicting nickel and vanadium con-
centrations in the LCS as a function of run time are plotted in Figs. 2 and 3. Figs. 4 and 5 show
typical SEC analyses of the LCS samples at various experimental times for two different pore sizes.
One can draw the following conclusions from these figures (and the rest of the experimental data).
First note Figs. 4 and 5, which show SEC analyses of LCS samples withdrawn at different run times.
The polydisperse nature of asphaltenes is clear from these figures. Asphaltenes are not simple and
uniquely defined molecules but rather consist of a whole range of molecular components of various
sizes. The components with smaller sizes diffuse faster than the components with larger sizes and
as a result the MW distribution of the asphaltene in the LCS at smaller times is skewed towards
the lower MWs. At larger times, the MW distribution of the asphaltene in the LCS approaches

that of the asphaltenes initially loaded in the HCS.
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Table 1: Activation energies in kcal/mole calculated from effective diffusivities.

Nominal || Asphaltene | Sulfur | Nickel | Vanadium
Pore Size

1004 - 127|102 | 9.9

1504 8.7 8.6 10.0 | 9.6

3004 8.2 8.1 6.7 8.6

5004 6.4 7.2 6.3 7.6
40004 4.6 5.7 5.5 6.5

branes. This mechanism of asphaltene transport is only consistent with the polydisperse nature of
asphaltenes. On the other hand, any polydisperse polymer would diffuse in a similar fashion, as
indicated in Figs. 4 and 5. To realize that asphaltenes diffuse in a uniquely different fashion, one
has to examine Figs. 4 and 5 in conjunction with Figs. 2 and 3. Note, for example, Fig. 2. Clearly
there are components in the initial asphaltene that are larger than 150A. In fact, out of the total
nickel diffused throughout the whole series of experiments, only approximately 20% permeates, in
the time allotted, through the 100 and 150A membranes. How could it then be possible that the
asphaltene at large times in Fig. 5 closely resembles the asphaltene initially loaded in the HCS?
The only asphaltene structure capable of describing the data in Fig. 5 is the one we have previously
described, namely that “the asphaltenes are not simple, single generic species but rather complez
miztures of micelles of various sizes and shapes, of unformed micelles, of small particles and of
low MW components and attached alkyl chains, all in a state of dynamic exzchange strongly affected

bed

by the presence of solvents, temperature and pressure and fluid mechanical conditions.” Only a
dynamic association-disassociation process can explain the fact that the large components of the
asphaltenes, with nominal sizes larger than the diameter of the pore find their way from the HCS
to the LCS.

The dynamic nature of the asphaltene molecule manifests itself in the effect of temperature
and concentration on its transport. Table 1, for example, lists the activation energies calculated
from the diffusivity data from heptane-insoluble asphaltenes at various temperatures. Activation
energies for diffusion are generally of the order of 1 Kcal/mole. The values in Table 1 are more
typical of the association energies for individual asphaltene sheets reported by Dickie and Yen [41],

typically 14 to 20 Kcal/mole, rather than diffusion activation energies. The trends in terms of

the pore size can be understood on the basis that asphaltene dissociation is expected to affect




more strongly the transport through more constricted pores. The simplest model of an asphaltene
molecule, which accounts for both its polydisperse character and its dynamic nature will faithfully
reproduce the behavior in Table 1.

There is obviously a lot more information included in Figs. 2-5 and similar such figures. For
example, the mechanism of heteroatom transport emerging for these data is consistent with the
detailed chemical information as to where these heteroatoms lie in the original asphaltene micelles
and particles. More detailed such discussions can be found in the original publications [36]. Of
more importance, however, are the implications of the transport mechanism for petroleum and coal
asphaltenes that is emerging on resid and coal liquid upgrading reactor design. In our opinion,
the implications are many and significant. Traditionally, upgrading reactor design has utilized
the concept of overall effective transport properties for asphaltenes and other oil fractions. In
view of the existing chemical information on the structure of asphaltenes, the practice has been
characterized as simplistic but of some engineering utility. Our thesis in this proposal is that
the practice is outright wrong and can lead to erroneous design calculations. For one thing, such
effective properties cannot be measured (one order of magnitude variation in effective diffusivity was
observed in some of our experiments). More elaborate techniques, furthermore, must be devised
to relate diffusivities measured in a Wicke-Kallenbach cell or by uptake experiments to transport
properties of relevance under reactive conditions.

Is the previously stated concept of the structure of an asphaltene, i.e., of an asphaltene being
“a complex mixture in a state of dynamic exchange” significant for upgrading catalyst desgign? In
our opinion, it is, because it offers plausible explanations for what is happening during upgrading.
Look at Figs. 2 and 3. Most of the nickel, for example, found in a petroleum asphaltene should not
even be penetrating the structure of a typical upgrading catalyst, if it was not for the concept of
“dynamic exchange” between the various asphaltene components. The other plausible reason why
typical upgrading catalysts can process the heteroatoms found in resids or coal liquids is that the
structure of an asphaltene represented by the above model, although valid at low temperatures, will
not survive the higher upgrading temperature and pressure conditions, i.e., the micelles and even
the particles will break apart. Superficially, this explanation is in contrast with experimental data
(like those, for example, by Wiehe [38] and our group [36]), which show that thermal treatment at
upgrading conditions of asphaltenes does not completely destroy the asphaltenes, but instead re-
sults in their incomplete conversion to both lower MW fractions, like volatiles, saturates, aromatics
and resins but also to higher MW components like coke. In our opinion, these data are signifi-
cant but not necessarily conclusive about the structure of asphaltenes at higher temperatures and

pressures in view of the asphaltenes being considered as “complex miztures in a state of dynamic




ezchange.” Assuming, on the other hand, that the asphaltene structure does not survive thermal
treatment at upgrading conditions, what then is the purpose of studying such structures? In our
opinion, the issue here is one of rates. Even if one is to assume that at elevated temperatures and
pressures “micelles” and even “particles” break apart, the question to be raised is at which rate
does this breakdown process occur? Contrary to laboratory reactors, where most of the studies of
asphaltene’s chemical structure have taken place, most industrial reactors are continuous systems.
The state of the asphaltene “molecule” therefore does not only depend on the temperature, pressure
and polarity of the solvent but also on the reactor’s residence time. It is, therefore, very impor-
tant to have a correct concept of the asphaltene’s structure and through careful experimentation,
one can then decide whether such a concept has any practical implications at realistic upgrading

conditions.
PROJECT DESCRIPTION

It was the purpose of the project described here to carry out careful and detailed investigations
of petroleum and coal asphaltene transport through model porous systems under a broad range
of temperature conditions. The experimental studies were to be coupled with detailed, in-depth
statistical and molecular dynamics models intended to provide a fundamental understanding of
the overall transport mechanisms and a more accurate concept of the asphaltene structure. The

following discussion describes some of our accomplishments..

1. Measurement of Asphaltene Diffusivity

Throughout the experimental runs described below we have utilized a high pressure, high
temperature diffusion cell system, a schematic of which is shown in Fig. 6. This apparatus
was available before the start of the project. After the start of the project the high pressure
diffusion apparatus of Fig. 6 was refurbished to make sure that all gases produced during the
high temperature runs, under reactive conditions, would be better accounted for both in the
upstream and downstream of the membrane. And it was also modified to hold a total of four
membranes. The pressure gradient range was extended to 250 psi. Problems with seals and
gaskets delayed somewhat our experiments in the early stages of the project but they were

later resolved.

The heart of the experimental system is a high pressure autoclave, which in its interior can
accommodate one or several ceramic membranes. One side of these membranes is exposed to
the contents of the autoclave, while the other side, through an independent flow system, is

exposed to flowing pure solvent. The pressure in the interior and exterior of the membranes
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can be independently adjusted and controlled. This is also true with the flow rate of the
solvent in the interior of the membrane. The diffusion experiments are initiated by placing the
liquid solution {model liquids or asphaltenes) in the autoclave space exterior of the membrane,
pressurizing the exterior and interior membrane volumes and initiating the flow of the solvent.
One has the option of running the experiment in a batch (exterior)-continuous (interior) or
batch-batch mode. The option also exists for loading catalyst in the exterior volume either
in a pellet or slurry form or using metal impregnated membranes for simultaneously studying

transport and reaction.

The experimental technique followed is straightforward. The asphaltene solution is loaded in
the autoclave in the space exterior to the membrane and pressurized under H; or mixtures of
H; in Ar (see below). The interior and exterior membrane volumes were sampled periodically
and analyzed by techniques such as XRF for heteroatom analysis, SEC for MW distribution,
SEC/ICP for heteroatom specific MW distribution, overall asphaltene content, NMR and
FTIR for overall functional group identification and by Gas Chromatography. Parameters
investigated included (but are not limited to): (1) the effect of asphaltene concentration
on the overall transport mechanism; (2) the effect of temperature and overall pressure and
pressure gradient across the membrane (the pressure of the interior and exterior membrane
volumes can be independently adjusted and controlled); (3) the effect of solvent and type of
asphaltene (i.e., pentane or heptane insoluble, type of coal liquid it came from); and (4) the

effect of pore size and membrane surface morphological properties.

Diffusivity measurements were carried out with a number of model coal liquid compounds,
and asphaltenes isolated from real coal liquids provided to us by PETC and coal liquids
produced by us by the thermal dissolution of two model coals. Sol-Gel and CVD modified
Sol-Gel membranes were used during our diffusivity measurements. Transport investigations
were also carried out under high tempearture ( 360°C) and pressure (1500 psi) reactive (Hj)
and nonreactive (Ar) conditions. The rejection characteristics of various membranes during
thermal coal dissolution were also investigated. Results of our experimental investigations

were presented at various technical meetings as outlined during the various quarterly reports.

. The Study of Asphaltene Agglomeration and Delamination Phenomena

The asphaltenes due to the action of solvents and their interaction with other asphaltene
molecules and the solid porous walls, are constantly fragmenting and agglomerating. In the
absence of a porous barrier one would expect an asphaltene solution to reach a state of

pseudo-dynamic equilibrium. When a porous barrier is present, however, as in the case with
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our experiments, this dynamic equilibrium is shifted towards lower MW fragments, since
these fragments preferentially leak out of the membrane, i.e., one attains a form of facilitated
fragmentation. In a real catalyst particle the situation, of course, is very similar. One does
not have a LCS, where the low MW fragments will diffuse to but the low MW fragments are
removed by the chemical reaction, i.e., again a chromatographic separation of the asphaltene
occurs as it moves from the bulk solution into the particle’s center. Gaining a better fun-
damental understanding of asphaltene agglomeration and delamination phenomena has been
the goal of this Task. We have begun to analyze the effect of aggregation/delamination phe-
nomena on the transport characteristics of asphaltene. Our efforts are of both experimental
and theoretical character. Our experiments so far have focused on fundamental investiga-
tions of asphaltene precipitation in resids and in solution. We have shown that the data
for asphaltenes from various sources and for various solvents all obey the same scaling rela-
tionship similar to those encountered in aggregation and gelation phenomena. Movitated by
this finding we have proposed a novel model based on aggregation and gelation phenomena
that appears to explain both our own data and the SANS, SAXS data of other investiga-
tors. We have applied fractal concepts to the description of the aggregation/delamination
phenomena. We have shown by computer simulation and precise experiments that formation
of such macromolecules involves diffusion-limited particle and cluster aggregation. The data
suggest the presence of both small and large aggregates which have fractal structure with well-
defined fractal dimensions. If the system is in equilibrium and its temperature is low enough,
then large asphaltene particles have the structure of diffusion-limited particle cluster-cluster
(DLCC) aggregates with a fractal dimension Dy ~ 1.8 in three dimensions, while small as-
phaltene particles are similar to diffusion-limited particle aggregates with a fractal dimension
dy ~ 1.45, which is similar to two-dimensional DLCC aggregates, and eventually to aggre-
gates that are essentially linear with a fractal dimension Dy ~ 1. Non-equilibrium effects,
as well as the effects of the concentration of the asphaltene molecules in the solution, and
the type of the solvent and the oil, on the structure of the aggregates have all been investi-
gated. The implications of these results for the structure, mechanical stability, and molecular
weight distribution of asphalts and asphaltenes were studied. Our research shows that the
fractal structure of the aggregates places an upper bound on their size and average molecular
weight. Moreover, we have proposed a new molecular weight distribution for the asphaltene
aggregates, which is based on the cluster-size distribution of the aggregates. The new MW
distribution provides very good predictions for the experiment data. Thus, from the knowl-

edge that the asphaltene aggregates are fractal structures, and given the mechanisms of their
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formation, we have obtained considerable new insights. This new knowledge can now be used
to study other properties of the asphaltene aggregates, such as the time-evolution of their
structure, and their effect on the permeability and wettability of a porous medium. Research

in this area is continuing.

. Models of Asphaltene Transport in a Single Pore

A simulation code has been developed to model the structure and transport characteristics
of asphaltenes in a single straight pore. Asphaltene molecules are generated by using the
distributions of structural elements for asphaltenes available in the literature or measured
experimentally. Assuming that the cumulative distributions of the number of unit sheets in
a molecules, the number of aromatic and saturated rings, and the length of the alkyl chains
are available, the numerical code stochastically arranges the aromatic and saturated rings. It
calculates the number of peripheral carbons and the number of peripheral carbons that can be
substituted with aliphatic chains. The peripheral carbons are then randomly substituted with
alkyl chains, whose lengths are determined from the cumulative distributions. The numerical
code geneates up to 1,000,000 molecules in each calculation. Asphaltenic molecules typically
contain 2-5 aromatic sheets. The code calculates the geometric size of each molecule and, to
a first approximation, it considers it to be a cylinder with an oval cross-section. It calculates
the MW of each molecule for the number of carbons and hydrogens in each molecule and then
it generates a MW distribution, which it averages over many calculations to smooth out the

noise.

As already mentioned, the code, as it is now written, approximates each asphaltene molecule
as a spheroid (see discussion below). The code then proceeds to calculate the partition
coefficient of the spheroid-shaped molecules in a cylindrical pore. These are calculated using
the exact formulations for spheroidal molecules and cylindrical pores reported by Giddings
and coworkers (J. C. Giddings et al. J. Phys. Chem 72 4397, 1968; see also K. W. Limbach
et al. AIChE J. 35, 42, 1989). To calculate the transport within the pore both MC and
continuum hydrodynamic theory approaches are being utilized. Currently in both approaches
the solvent is assumed to be a continuum. In the MC part of the code the molecule is allowed
to move randomly along orthogonal axes. At any given time, the molecule can take a step
randomly along six principal directions (2, £y, £z}, and it can also rotate itself and change
its alignment with the pore axis. To simulate diffusion from a high concentration region to a
low concentration region, and to exit the pore, the motion of the molecules along the axis of

the cylinder from its entrance to its exit is biased. If the molecule hits the wall it goes back




to its original position and induces a drag on the molecule in the forward direction. For each

molecule the diffusivity is calculated from the following relationship:

Doy SO O > o)

In the physicochemical hydrodynamics part of the code, each asphaltene molecule is approx-
imated by a spheroid. The number of sheets fixes its thickness. We equate the size of one of
the axes of the spheroid to this thickness. Subsequently based on the molecular structure of
the molecule, one calculates using molecular volume additivity rules, the molecular volume of
the molecule. The length of the second axis of the spheroid is chosen so that the volume of
the spheroid equals the molecular volume of the asphaltene molecule. The process of assign-
ing the length of each axis is somewhat arbitrary. The experimental data however, do not
justify a more elaborate process. In the initial efforts the hindered diffusivity within the pores
was calculated using the theory of Scalak and Chen (T. C. Chen and R. Skalak, Appl. Sci.
Res. 22 403, 1970) utilizing the centerline approximation. The effect of the parameters of
the MW distribution, and the distributions of the number of asphaltene sheets per molecule,
the number of aromatic and saturated rings per sheet and the number and length of side
alkyl chains on asphaltene diffusivity and partition coefficients have all been calculated. (See
relevant papers in Appendix.) More recently we are utilizing BEM codes for calculating the

effective diffusivity both off and on the centerline.

The MC numerical code discussed above has been used to simulate the diffusion experiments.
First, 100,000 molecules are generated to simulate the high concentration side (HCS) of the
membrane. Randomly selected molecules are then continuously introduced into the pores and
then all the molecules inside the pore are allowed to make random changes in their positions
and orientations as long as they do not hit each other or the wall. The concentrations and
the molecullar weight distributions of asphaltenes in the HCS and LCS of the membrane are

monitored at different times and the diffusivities of asphaltenes are calculated.

The numerical results have been encouraging and the calculated diﬁ'usivity values are in
qualitative agreement with the experimental data generated by our group and by Baltus and

coworkers for model membranes with straight nonintersecting pores.

. Asphaltene Transport in Networks of Interconnected Pores

To extend the above model to Sol-Gel type membranes represents a major challenge. An
appropriate model must be developed of the pore structure. In this project an effort was made

to develop a statistical model to represent the structure of the Sol-Gel alumina membranes.
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The effort was carried out in collaboration with the Process and Media Technology group in
Pittsburgh, PA. The statistical modelling was combined with an investigation of the structural
properties of these membranes using BET and mercury and flow porocimetry techniques, high
resolution SEM and TEM investigations and the measurement of the transport of various

model coal compounds through such membranes.

. Monte Carlo and Molecular Dynamic Simulations

No effort was made to model the transport processes in such a complex 3-D porous medium.
Instead our effort forcused on model porous media. For example, we studied the diffusivity
of Lennard-Jones particles in porous systems with dimensionality between two and three.
Examples of model porous systems of such dimensionality are pillared clays. In our simu-
lations the pillared clays were represented by parallel sheets separated by a given distance,
and connected by pillars of a given size. Two different spatial distributions of the pillars,
namely, random and uniform, were studied to determine their effect on the properties of
the system. Our calculations did not indicate a strong dependence of the diffusivity on the
spatial distribution of the pillars, except at low porosities. The solvation force was found to
be monotonically increasing with decreasing distance between the clay layers and increasing
density of the molecules. The percolation threshold of the system, i.e., the critical porosity,
¢ and the diffusivity D; relate according to the power law, Djoo(¢ — )™, where @ is the

porosity of the system, and n an universal constant.

The Appendix contains all papers that either were published or accepted for publication
during the period of performance of this project. A number of other papers are either under
review or in preparation. We will be happy to provide copies of these papers as they become

available.
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Abstract—The results of our ongoing studies of the transport of asphaltene molecules through modetl
membranes are presented. The experimental results are briefly reviewed, and a model is presented which
aims to capture the effect on the transport of the polydisperse nature of the asphaltene molecules. The
asphaltene molecular structure is first generated stochastically using a Monte Carlo technique. The
individual asphaltene molecules are then approximated as spheroids for the purpose of calculating their
hindered diffusivities. Continuum hydrodynamic theories of hindered diffusion are then used to calculate

the individual transport coefficients.

INTRODUCTION

Among the various crude-oil and coal-liquid frac-
tions, asphaltenes, which consist primarily of macro-
molecular species, create difficulties during hydro-
cracking and upgrading. This is due to their high
heteroatom content and their macromolecular colloi-
dal nature, which result in reduced yields during
hydrotreating. To increase the efficiency of the
asphaltene hydrotreating processes it would be help-
ful to have a better understanding of the asphaltene
structure and the mechanism of asphaltene diffusion
through restricted porous systems like the typical
hydrotreating catalysts. .

The name asphaltene has been used to describe the
components of a resid, which are generally polar and
large in size. Since the early stages of the field of
heavy oil upgrading, asphaltenes have been defined
as a solubility class. This definition has attracted
considerable debate (Bunger and Cogswell, 1981).
Some of the asphaltene properties are known to
depend on their isolation technique. Questions, there-
fore, exist as to whether the asphaltenes bear
similarity to compounds found in the original liquids,
and whether the asphaltenes themselves even exist
rather than being artifacts of their isolation process.
This debate has continued for years, and compre-
hensive descriptions can be found in a number of
papers (Koots and Speight, 1975; McKay et al., 1978;
Wiche, 1992; Sane et al., 1994). The view commonly
held today is that asphaltenes do exist and are found
in the original heavy liquid. However, one cannot
uniquely characterize asphaltenes based on a single
property alone such as, for example, solubility. For

*To whom correspondence should be addressed.

petroleurn resids, two properties are needed to
differentiate one resid fraction from the other (at least
three for heavy coal liquids). However, which two
properties to use is still under debate. Molecular
weight (as measured by gel permeation chromatog-
raphy) and polarity (as measured by the solubility
parameter) have been suggested (Long and Speight,
1989). The average molecular weight (as measured
by vapor pressure osmometry) and the average
hydrogen content have been used by Wiehe (1992).

Interest in asphaltenes goes back to the 1940s and
has been steadily increasing in recent years, due to
the relative abundance of heavy crudes and the
ongoing research activities in coal liquefaction.
Asphaltene chemistry has attracted the major share
of attention. Several reviews on this topic have
already appeared (Yen, 1990; Speight, 1991). Some
of the earliest studies in the field are by Yen et al.
(1961) who proposed a model of the asphaltene’s
structure. In their model, the building blocks of the
asphaltene structure consist of condensed heterocy-
clic aromatic sheets with attached alkyl chains
restricted to the plane of the sheet, typically
8.5-15A in diameter. These molecules then asso-
ciate with each other in the third dimension in the
presence of non-polar or slightly polar solvents to
form stacked clusters (commonly referred to as
particles) about 16-20A in height. The forces
causing the stacking, though not completely under-
stood, are believed to be both chemical, and weak
physical like van der Waals and hydrogen bonding.
The important observation of Yen and coworkers
that clustering occurs and that concentration, tem-
perature and aging all affect the degree of associa-
tion, has been verified by a number of other studies.
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For example, it was observed {(Mieville et al., 1989)
that different gel permeation chromatography (GPC)
cuts of asphaltenes contain different numbers of
sheets per asphaltene particle. But the size of the
unit sheet is essentially the same and relatively small
(five aromatic and two naphthenic rings). It was also
reported (Moschopedis et al., 1976; Speight er al.,
1985) that asphaltenes do associate in non-polar
solvents and dissociate in polar solvents.

The association and clustering do not stop at the
cluster {or particle) level. Several molecular weight
distribution studies have shown the presence of
components (called “micelles” in the asphaltene
literature) of very large molecular weight and diame-
ters of the order of 100-300 A. The clustering and
association of the particles may be aided by the
presence of various metals in the asphaltene. The
nature of the forces responsible is not clear, though
they are believed to be primarily weak in nature
(Pfeiffer and Saal, 1940; Rao and Serrano, 1986,
Sheu et al., 1990). Where metals and other hetero-
atoms are located in the structure of asphaltenes has
also attracted attention. Whether the metals are
primarily porphyrinic or non-porphyrinic in nature,
and how they participate in the clustering process still
remain matters of debate.

The literature on the chemistry of asphaltenes is
voluminous with a wealth of information on the
subject. The technical details are many and often
obscure, but overall a consistent (but not necessarily
universally accepted) picture is starting to emerge. It
is apparent that asphaltenes are not simple mole-
cules but rather complex mixtures of components
(micelles) of various sizes and shapes, consisting of
assemblies of smaller particles, which in turn result
from the clustering of lower molecular weight
components, all in a state of dynamic exchange
strongly affected by the presence of solvents, tem-
perature, concentration and fluid mechanical condi-
tions. The type and exact nature of forces resulting
in the clustering of the lower molecular weight
components are still being studied. Furthermore, the
exact chemical composition of these compounds is
still not clear and is the subject of ongoing inves-
tigations (Strausz et al., 1994; Yen, 1994). One
would expect such structures, consisting of aggre-
gates of the primary particles, to be highly sensitive
to their environment, i.e. whether the environment 1s
polar or non-polar, the temperature and pressure, the
presence of surfactants, etc.

An important contribution in this area is by Klein
and coworkers (Savage and Klein, 1989; Trauth et al.,
1994). They have taken the vast knowledge of the
chemical structure of asphaltenes and have succeeded
in instilling in it a degree of mathematical formalism.
They have developed a technique that combines
routine analytical tests and an iterative stochastic
modeling approach to develop a representative
molecular structure of a petroleum resid. This repre-
sents an important development in the field of heavy-
crude/coal-liquid upgrading reactor design.

Prior studies of asphaltene diffusion

Most of the molecular components of an asphal-
tene are large structures, with sizes approaching those
of typical catalyst pores. Hydroprocessing of asphal-
tenes involves a number of parallel and/or consec-
utive reactions like hydrodesulfurization, hydrodeni-
trogenation, hydrodemetallation, and cracking.
Owing to the large size of most asphaltene entities, all
these reactions occuring within the catalyst pellet are
diffusion-limited. This being the case, it is unclear,
from the standpoint of resid upgrading reactor design,
why considerably fewer studies have dealt with the
subject of asphaltene transport and diffusion through
restricted porous catalysts and systems, especially in
view of the voluminous literature on asphaltene
chemistry.

Studies of asphaltene hindered diffusion are few in
number. In one of the earliest studies, Thrash and
Pildes (1981) measured the diffusion coefficient of
asphaltenes through mica membranes. Shimura et al.
(1986) studied asphaltene diffusion in porous cata-
lysts by uptake-type experiments. A more detailed
study of asphaltene transport was done by Baltus
(1984) and Baltus and Anderson (1983, 1984), who
used a Wicke—Kallenbach-type diffusion cell to
measure the diffusivity, through mica membranes, of
asphaltenes derived from Kuwaiti atmospheric bot-
toms. They divided the overall molecular weight
(MW) range into five regions and assigned each to a
hypothetical asphaltene fraction. Using GPC, they
measured the diffusivity of each fraction for pore
diameters varying from 160A to 4,400A. The
diffusivity D, of each fraction was found to relate to
its bulk diffusivity D. as D/D., = exp(-3.89\),
where X is the ratio of the Stokes—Einstein radius and
the pore radius. These studies have been continued
(Kyriakou et al., 1988 ; Nortz et al., 1990) with
various fractionated samples of heavy oils using
polycarbonate membranes and Taylor-dispersion-type
experiments. Using hydrodynamic models for macro-
molecular complexes (Garcia de 1a Torre and Bloom-
field, 1978), Baltus and coworkers have also attemp-
ted to model the asphaltene structure as assemblages
of interconnected spheres (Nortz et al., 1990).
Mieville et al. (1989) measured the diffusion of
asphaltenes, by uptake-type experiments, through
catalysts with both unimodal and bimodal pore size
distributions. Hondo asphaltene was found to have
the highest diffusivity, which was attributed to its
smaller average aromatic cluster. The present authors
have also studied experimentally the transport of
asphaltene for a number of years (Sane et al., 1988;
Sane, 1992; Sane et al., 1994). In these studies model
membranes (polymeric, anodic aluminas and sol-gel)
were utilized and experiments carried out under
steady-state conditions utilizing Wicke—Kallenbach-
type diffusion cells. Membranes offer a number of
advantages when it comes to fundamental investigt.!*
tions of transport and reaction. Polymeric and anodic
membranes have straight, non-intersecting and faifl)'
uniform pores, thus eliminating the need for describ-
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ing the tortuosity and the topology of the pore space.
Sol-gel membranes with their fairly unimodal pore
size distributions represent an intermediate step in the
knowledge tree, leading to a better understanding of
the transport phenomena occuring in real catalyst
systems.

Before describing the model of asphaltene diffu-
sion, some of our experimental results are briefly
reviewed. Further details are outlined in prior pub-
lications (Sane, 1992; Sane et al., 1988, 1992,
1994).

EXPERIMENTAL PROCEDURES

Most of the experiments were carried out in a
stainless steel Wicke—Kallenbach-type diffusion cell
(Sane, 1992) consisting of two half-cells separated by
the microporous membrane, each equipped with an
externally driven rotor shaft for good mixing to
eliminate external mass transfer limitations. The
temperature of each half-cell was individually con-
trolled. During the experiments, samples were with-
drawn from the high and low concentration cell sides
(HCS and LCS, respectively). The samples were
analyzed by X-ray fluorescence (XRF) for elemental
concentrations,  size-exclusion  chromatography
(SEC) for MW distribution, and for total asphaltene
content. The asphaltenes were isolated from resids
using n-heptane (or n-pentane) (Dolbear and Phan,
1988). Before each experiment the thickness, pore
size and pore density of the membranes were
measured.

EXPERIMENTAL RESULTS

As already mentioned, from the earlier years
(Pfeiffer and Saal, 1940; Yen et al., 1961; Dickie and
Yen, 1967) asphaltenes were thought to be complex
mixtures containing many compounds with a broad
MW distribution. The polydisperse nature of asphalt-
enes has significant implications for their transport. It
implies for example that one cannot define a unique,
time-independent effective diffusivity even for
steady-state-type diffusion experiments. This fact had
been overlooked until it was reported by the present
authors six years ago (Sane et al., 1988) in transport
experiments with n-pentane insoluble Hondo
asphaltenes.

SEC is a technique well-suited for studying the
polydisperse nature of asphaltenes, though quantita-
tive interpretation of the SEC data is difficult,
because the elution time of a given solute depends not
only on its size, but also on its shape and surface
properties. In our experiments we have analyzed the
solutions in the HCS and LCS of the diffusion cell by
SEC. What we have observed is that the asphaltene in
the LCS has initially different elution characteristics
than the asphaltene in the HCS, but eventually
approaches the behavior in the HCS.

The data are, of course, consistent with the
polydisperse nature of the asphaltene molecules.
Polydisperse compounds including asphaltenes and
polymers should behave in such a manner. Asphaltene

diffusion is a more complex phenomenon, however.
The authors of this study have found, for example,
that asphaltene components with nominal sizes
exceeding those of the membrane pores somehow
find their way from the HCS to the LCS. For small
pore size membranes (<150 A), even after long
experimental times, only a relatively small percentage
of total asphaltenes has penetrated in the LCS. That
the LCS asphaltene has almost similar characteristics
to the HCS asphaltene is consistent with the
“dynamic nature” of the asphaltene molecule that has
been already described, which imparts to it the ability
to generate itself from its fragments. To reiterate,
asphaltenes are not simple generic species but rather
complex mixtures consisting of micelles of various
sizes and shapes, of small particles and of high- and
low-molecular-weight heterocyclic aromatic sheets
with attached alkyl chains, all in a state of dynamic
exchange, strongly affected by the presence of
solvents, temperature, concentration, and fluid
mechanical conditions.

This dynamic nature of asphaltenes manifests itself
in the effect of temperature and concentration on their
transport properties. The measured activation ener-
gies for diffusion, for example, are more typical of
the association energies for individual asphaltene
sheets reported by Dickie and Yen (1967), rather than
typical diffusion activation energies. They increase,

furthermore, as the pore size decreases, an effect

which can be understood on the basis that asphaltene
dissociation would affect more strongly the transport
through more constricted pores. The present authors
have found that asphaltene diffusivity is also depend-
ent on their initial concentration in the HCS, as
expected, since the increased concentrations increase
the association of the various asphaltene components
in solution and increase their average MW. The
manner in which the concentrations of the metals and
other heteroatoms behave with time in the LCS and
HCS during diffusion is an indicator of the relative
abundance of these species in the asphaltene compo-
nents during transport, and provides insight into the
aspects of the asphaltene structure that are of
importance during asphaltene upgrading. The data,
detailed accounts of which can be found elsewhere
(Sane, 1992), are again consistent with the overall
asphaltene picture emerging from the structural
investigations of asphaltenes and upgrading reactor
data.

A MODEL OF ASPHALTENE TRANSPORT

There is no shortage of broad conceptual models of
the asphaitenes structure, and recently even some
continuum (Sane et al., 1988; Nortz et al., 1990) and
geometric models of transport have emerged. A
model of asphaltene transport, however, which is
consistent not only with the literature on the detailed
chemistry of asphaltenes, but also with their transport
measurements, is currently missing. This paper
presents such a model. The mathematical formalism
of Klein and coworkers is its foundation, since it is
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capable in our opinion of encompassing the vast
knowledge about the chemical nature and structure of
asphaltenes. In this model, the molecular models are
coupled with the detailed description of the transport
of asphaltene clusters through cylindrical pores. The
model in its present form does not explicitly account
for the agglomeration/delamination phenomena
(Sheu er al., 1990, 1992) which characterize the
dynamic nature of asphaltene molecules. The omis-
sion is deliberate and does not represent a weakness
of the model. The authors have recently (Rassamdana
et al, 1994), begun to look at agglomeration/
delamination behavior. Little, if anything, concrete is
known in this area. Using, for example, asphaltene
precipitation by a solvent as a measure of agglomer-
ation/delamination behavior, the group has shown,
that a single gelation-type scaling equation describes
data from a variety of solvents under diverse
conditions. Asphaltene precipitation may also obey a
universal scaling relationship at the precipitation
point.

In what follows the model of asphaltene transport
is described. The effect of various model parameters
on the resulting asphaltene structure is first examined.
Subsequently, the model predictions in terms of
asphaltene hindered .resistance and partition coeffi-
cients are described. »

The generation of the asphaitene molecules

Klein and coworkers (Savage and Klein, 1989;
Trauth et al., 1994) have developed a mathematical
framework for utilizing available chemical and struc-
tural data (Speight, 1972; Speight and Moschopedis,
1981; Yen et al., 1984a,b; Speight, 1991) to describe
the structure of asphaltenes and other resid fractions.
The technique requires the knowledge of the proba-
bility distribution functions for the number of the
sheets in the asphaltene particles, the number of

aromatic and saturated rings and the number and-

length of paraffinic chains. Direct analytical tech-
niques for identifying all these structural elements are
available, but this approach involves a lot of experi-
mental resources and is time-consuming. Klein and
coworkers have proposed instead an iterative stochas-
tic modeling approach, whereby one tries to deter-
mine the probability distribution functions of the
structural elements by matching measured macro-
scopic properties like average MW, density, viscosity,
etc.

In these studies, the structural element probability
distributions of the number of unit sheets, and of
aromatic and saturated rings, and the length of alky!
chains were assumed to be 2-parameter log-normal
distribution functions, widely used to describe poly-
mer molecular weight distributions. The probability
distribution P, is given as

exp[-(In x — In X)*/20?)
Py = 6]

\ 27MOX

where x is the number/size of the structural element,
X is the mean, and o is the standard deviation (SD).

After one defines the various probability distribu-
tion functions, the number of unit sheets in every
asphaltene particle and the number of aromatic rings
and saturated rings in every sheet are determined. The
aromatic and saturated rings are stochastically
arranged with a condensation index of 0.8. The
condensation index, as defined by Savage and Klein
(1989), depends on the number of peripheral carbons.
The aromatic and saturated rings in the sheet are
packed as closely as possible. The packing is done by
starting with one ring at the center and then adding
rings adjacent to it in a clockwise manner. The
molecule is now peri-condensed. Then the peripheral
rings are arranged randomly so that the condensation
index, calculated from the number of peripheral rings,
is close to 0.8. The number of peripheral carbons and
the number of peripheral carbons that can be
substituted with aliphatic chains are then calculated.
Typically 45% of aromatic carbons and 25% of
saturated carbons can be substituted with alkyl
chains. The peripheral carbons are randomly substi-
tuted with alkyl chains, whose lengths are determined
from the cumulative distributions. The alkyl chains
extend away from the condensed rings. The MW of
each particle is calculated from the number of
carbons and hydrogens in each molecule. The effect
of the two parameters (mean and SD) of the various
structural element distribution functions on the MW
distributions and transport and partition coefficients
was then studied.

In the generation of the molecular weight distribu-
tions- of various hypothetical asphaltene molecules
(Figs 1-3) five different cases were studied. The
distribution function parameters for the so called
“base-case” are shown in Table 1 and they correspond
to the generic asphaltene of Savage and Klein (1989).
In the other cases (b, ¢, d, €) either the mean is varied
as indicated in each figure, while keeping the SD
equal to the “base-case” value, or the SD is varied
while keeping the mean the same.

By adjusting the parameters of the probability
distribution functions and using an iterative stochastic
structure determination procedure, one can generate
asphaltene molecules whose MW distribution and
structure match those experimentally measured and
reported in the literature.

Calculation of transport coefficients using hydro-
dynamic theory

There are at least three approaches for modeling
the hindered resistance of asphaltene particies
through membrane pores and their partitioning
between the bulk and the membrane structure. each
with its intrinsic advantages and disadvantages.
Molecular dynamic calculations of the motion of the
particles would, of course, be the preferred technique
but its implementation for asphalicne particles is
presently numerically intractable. Monte Carlo sim-
ulations of transport and partitioning is the second
technique and such calculations have been carried out
(Ravi-Kumar er al.. 1994). They are the preferred
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option for calculating partition coefficients, but are
not without shortcomings in the calculation of
transport coefficients, since one is forced to intro-
duced ambiguous parameters for the motion of the
molecules and hindered drag resistance. Moreover,
the relation between the Monte Carlo time and the
real (molecular) time is not yet clear.

In this paper continuum hydrodynamic theory is
used to simulate the hindered resistance to the
transport of asphaltenes. The advantages and limita-
tions of this technique are discussed in detail by Deen
(1987) and will not be repeated here. The transport
coefficients of the asphaltene molecules were calcu-
lated by approximating the molecules to be rigid,
neutrally buoyant and uncharged particles. The
porous membrane is assumed to consist of non-
intersecting, straight, chemically inert cylindrical
pores. The solvent is assumed to be a continuum. The
solute transport in such a system is hindered by the
pore walls. The effective diffusivity of the molecule
through the pore is reduced as a result of the
partitioning of the particles between the bulk phase

Table 1. The parameters of the log-normal distribution
functions for various structural elements

Structural element Mean SD
Number of sheets 3.58 0.26
Length of chains 6.77 0.23
Number of aromatic rings 10.50 0.30

and the porous medium, and the steric hindrance and
the hydrodynamic viscous drag resistance due to the
pore walls. The quantity describing the partitioning is
called the partition coefficient &, and the steric
hindrance and hydrodynamic resistance are quanti-
fied by the hydrodynamic viscous drag coefficient X,
(Deen, 1987). The diffusivity through the pore D, is
given as

D, = D.OK, @

where D, is the corresponding bulk diffusivity. For
the calculation of @ and K, the asphaltene particles
were approximated as spheroids following the origi-
nal idea of Baltus and Anderson (1983). As already
discussed, the asphaltene particle is thought to consist
of a stack of condensed-polyaromatic sheets, referred
to as the “condensed-portion” and “‘paraffinic-chains”
extending away from the “condensed-portion”. The
condensed-portion is characterized by two dimen-
sions. The first dimension is the “height” of the stack
which can be directly calculated from the average
inter-sheet distance, reported in the literature (Yen &/
al., 1961). The second dimension is the critical
diameter which is the largest linear dimension of any
of the sheets found in the stack. The volume of the
condensed portion is taken to be the volume of the
spheroid with these two dimensions. To this volume
we added the volume of the paraffinic chains, which
is calculated from the van der Waals radii and the
inter-atom distances between carbon—carbon atoms
and carbon—hydrogen atoms.
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Since the paraffinic chains are thought to lie in the
plane of the polyaromatic sheet they are attached to
(Yen et al., 1961), the present model assumes that the
height of the entire asphaltene particle is the height of
the condensed-portion. The diameter of the entire
asphaltene particle is calculated based on the total
volume, which is the sum of the condensed-portion
volume and the molar volume of the paraffinic-chains.
The diameter of the asphaltene particle is the spheroidal
diameter, and it is the major axis for an oblate spheroid
and the minor axis for a prolate spheroid. The height
of the asphaltene particle is the height of the spheroid,
and it is the minor axis for an oblate spheroid and the
major axis for a prolate spheroid.

The molar volumes of the entire asphaltene particle
were not used in the calculation of the hindered
diffusivities and partition coefficients, since the
authors found [as did Tsai et al. (1991)] that the
hindered diffusivity values so calculated are usually
overestimated. For the hindered diffusivity and parti-
tion coefficient calculations, in the authors’ opinion,
critical dimensions of the condensed asphaltene
portion are more suitable.

Calculation of partition coefficient

The partition coefficient between the bulk phase
and the pores, defined as the equilibrium ratio of the
solute concentration in the pores and that in the bulk
solution, was calculated using the corrected (Limbach
et al., 1989) statistical mechanical formulas of
Giddings et al. (1968). For an axisymmetrically-
shaped particle @ can be calculated as the fraction of
the orientationally averaged pore volume accessible
to the center of the molecule. The partition coefficient
is given by:

4 w2
d= — f dg f desind(1 - {212
w 4] 0

2

cient K {A,B,0) over all radial positions B and ail
orientations ©

A
f f BK7! (A.Bd8)dRIO
e JO

.[e J.OE(A‘(.” BdBd@

where B(A,®) is the radial position where the
molecule first touches the pore wall for any given
orientation.

The normalized hydrodynamic drag coefficient
K (A,B,0) of any molecule for a given ® and 3 can
be calculated by solving the Navier-Stokes equa-
tions. For creeping Newtonian flow of incompressible
viscous fluids, the Stokes equation of motion and the
equation of continuity are

-Vp + yVW =0 %)
V-V=0 6)

Kd(A) = (4)

where V is the fluid velocity, p is the pressure, and p
is the viscosity of the fluid. Almost all hydrodynamic
theories assume that the random fluctuations in the
motion of the molecule can be averaged over long
times, and hence the particle is thought to move
axially with a steady arbitrary velocity U. Once the
Stokes equation has been solved, the drag of the
entire molecule is known and hence K, can be
calculated. Tullock ef al. (1992) and Kim and Karrila
(1991) have described numerical techniques (mostly
boundary-element methods) which can in principle be
used for solving the Stokes equations for non-
spherical particles. Their techniques are, however,
computationally very intensive.

a2 — a?)cos®® +
% (1 _ { ( 3 )co: 173

3
o2L? + [(«2 - af)cos™® + af)l(l - cz)}"z) ©

( o2[(a? - a})cos?® + of]

T @2 + [(2 - o})oos®® + ad)(] - cz)}m)

where { is the ratio of the radial coordinate and the
ellipsoidal radius, 6 is the angle between the pore and
the molecule axes, a, and «, are the ratios of the
ellipsoidal radius and half axial length, and the pore
radius, respectively.

Calculation of hydrodynamic viscous drag
coefficient

The averaged hydrodynamic viscous drag coeffi-
cient (K,;) is dependent on the steric and the
hydrodynamic viscous drag effects due to the pres-
ence of the pore wall. For non-spherical rigid
molecules (with scaled vector dimensions A) in
cylindrical pores, Anderson and Quinn (1974) gave
an expression for K,; which involves the integral of
the normalized hydrodynamic viscous drag coeffi-

The rigorous analytical calculation of K;(A,B,0)
for all B and @ is quite formidable for non-spherical
particles. For spherical particles in cylindrical and slit
pores, the hindrance factors that were calculated
based on the centerline approximation agree reason-
ably well with the values calculated by integrating
over the entire pore area (Anderson and Quinn, 1974,
Deen, 1987). It is assumed here that the asphaltene
particles are spheroids (axisymmetrical), and that
they translate axisymmetrically along the center line.
There is no reason to believe (but no proof either) that
this approximation does not perform well for sphe-
roids. For an axisymmetric Stokes problem, egs (5)
and (6) can be simplified by formulating them in
terms of the Stokes stream function W. For a steady,
axisymmetric, creeping flow V can be expressed as

e T
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derivatives of ¥ so that the equation of continuity is
automatically satisfied and then the equation of
motion leads to a fourth order partial differential
equation:

VA = 0 @)

The boundary conditions are ¥ = Oand V, = Oatthe
cylinder walls, and V, = U and V, = 0 on the
spheroidal surface, where (58,2) are the cylindrical
coordinates.

The singularity technique of Chen and Skalak
(1970) was used to solve the Stokes flow problem in
a cylindrical tube, containing a line of spheroidal
particles located axisymmetrically along the center-
line. Chen and Skalak solved eq. (7) for the Stokes
stream function and then calculated the viscous drag
on the particle. Their solution was periodic and even
in the axial coordinate z, and was given in terms of an
infinite set of linear algebraic equations for the Stokes
stream function coefficients. The unknown Stokes
stream function coefficients were determined numer-
ically by a boundary-element method by satisfying
the boundary conditions on the spheroidal surface.
The collocation points were equally spaced along the
surface of the spheroid.

Chen and Skalak (1970) gave an expression
[which, corrected for a few typographical errors, can
be found in Ravi-Kumar (1995)] for the hydro-
dynamic viscous drag ® for a spheroidal particle of
spheroidal-radius to pore-radius by, and spheroidal
dimensions A, translating axisymmetrically with
velocity U in a cylindrical pore filled with a fluid of
viscosity p and moving with a velocity V as

D = 6mpbolK (A0, - KLA0OWV] (B)

Ky(A,B,®) and Ky(A,B,0) are the normalized drag
coefficients for diffusion and convection, respec-
tively, and © is the axisymmetrical orientation. Chen
and Skalak (1970) showed that the coefficients
K AA,0,0) are directly related to one coefficient of
the Stokes stream function equation set. By using the
first few terms of the Stokes stream function equation
set, they solved for the coefficient, and hence
K (A,0,0). They found it practical to calculate the
drag for the range 0 < b, < 0.8. However, they
tabulated the values of K;{A,0,0) and K\(A,0,0) for
only eight pairs of (A,by) (within the range of
interest).

To calculate the diffusivities for the broad size
range of asphaltene particles the hydrodynamic
coefficients were calculated over a much wider range
of A and by, For the calculation reported here a dilute
asphaltene solution was assumed by using spheroidal
spacing six times larger than the pore radius. The
present authors followed the method of Chen and
Skalak (1970), and calculated the values for
Ki(A,0,0) and K(A,0,0) in the range 0.0 £ b, <
0.5 and 0.4 £ vy < 2.5, where v is the ratio of
spheroidal-diameter to spheroidal-thickness. The col-
location points were spaced evenly along the surface
of the spheroid. A system of 24 stream function terms

V. S. Ravi-KuMar ef al.

and 32 equations and a modified boundary-element
method (Chen and Skalak, 1970) were used to solve
for the Stokes stream function coefficients. If the
matrix was singular or numerically close to being
singular, singular value decomposition was used to
solve for the Stokes stream function. Once the Stokes
stream function is known, the hydrodynamic drag
coefficient K; can be directly calculated.

RESULTS AND DISCUSSION

Model results are presented in terms of the
partition and transport coefficient distributions as a
function of the molecular weight. The effect of the
parameters of the probability distribution functions of
the structural elements on molecular weight and
transport coefficient distributions were also studied.

To generate the structures of a given asphaltene,
model results were averaged over five simulation
runs, each involving 200,000 particles. The molec-
ular weight distribution of the asphaltene molecules
was calculated by counting the number of particles
that are within a particular range of molecular
weights. The molecular weight distribution of the
asphaltene molecules generated by using the origi-
nal probability distributions is shown in Figs 1-3.
Asphaltene molecules seem to follow a Schultz-
type distribution, as was observed experimentally
(Sheu et al., 1990).

The effect of varying sheet probability distribu-
tions on the molecular weight distributions is shown
in Fig. 1. It is clearly seen that the mean and SD affect
the molecular weight distribution significantly. The
effect of varying the mean of the chain lengths and
the number of aromatic rings on the molecular weight
distribution is also significant, but changing the SD
has a weaker effect on the molecular weight distribu-
tions (see Figs 2-3).

The diffusion and partition coefficients were plot-
ted versus molecular weight by averaging over all the
molecules within a range of molecular weights. The
scatter in the data at small and large molecular
weights is due to the small fraction of asphaltene
molecules in that range. Figure 4 shows how the
partition coefficient changes with the molecular
weight and the pore size. The distribution of the
hindered diffusivity of asphaltene at 90°C is shown in
Fig. 5. The partition and diffusion coefficients
decrease with increasing molecular weight and
decrease for more constricted pores. Calculated
asphaltene diffusivities are of the same order of
magnitude as the experimental results in the literature
(Baltus and Anderson, 1983; Sane et al., 1992).

The effects of the change in parameters of the
probability distribution functions of the various
structural elements on the partition coefficient dis-
tributions are presented in Figs 6 and 7, and on the
diffusion coefficient distributions are presented in
Figs 8 and 9. The parameters of the sheet distribu-
tions do not affect the partition coefficient distribu-
tions significantly, as can be seen in Fig. 6, and the
same is true for the diffusion coefficients. The effect
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of the sheet distribution on the partition and diffu-
sion ceefficients is basically manifested through the
changes in the MW distribution. The mean of the
chain probability distributions affects the partition
and diffusion coefficients significantly, while the SD
has no significant effect. The changes in the dis-
tribution of aromatic rings also has no significant
effect on the partition and diffusion coefficients.
Thus, molecular weight and the mean chain length
appear to be the major factors affecting the partition
coefficient and diffusivity of asphaltenes. These
effects, however, can be the result of the particular
technique used to calculate the spheroidal dimen-
sions. Well-designed experiments in this area would
be of great value.

The authors of this study have so far identified the
parameters which significantly affect the MW dis-
tribution and the transport coefficients. By adjusting
the parameters of the probability distribution func-
tions and wusing an iterative stochastic structure
determination model, one can generate asphaltene
molecules whose MW distributions and molecular
structures match those measured/reported in the
literature. There is no reliable technique available
today, however, that can be used for measuring such
MW distributions. Size-exclusion chromatography
appears to be more commonly used, and modeling
SEC data using the physics of SEC and our transport
model is the subject of our ongoing investigation.

CONCLUSIONS

The authors have presented a model which they
believe faithfully captures some of the unique
features of asphaltene transport through cylindrical
pores. The statistical molecular structure models
developed by Klein and coworkers have been used to
generate the asphaltene molecules. Hydrodynamic
continuum theories have been used for calculating the
partition coefficients and hindered resistance for
asphaltene molecules by approximating them as
spheroids. The model described here is still at an
early stage of development. To truly begin describing
asphaltene transport, one must incorporate into the
model the physics of the agglomeration/delamination
process. It goes without saying that the idea of
approximating an asphaltene particle as a rigid
spheroid, though useful for making the calculations
numerically tractable, is an oversimplification.

The validity of any model (and its further develop-
ment) must eventually be judged by its agreement
with experimental data. To critically evaluate the
asphaltene transport model presented here one must
have structural information and diffusion data over a
wide range of conditions. The authors are aware of no
such comprehensive data that would allow at this
time meaningful comparisons. Work in this area is
continuing in the authors” group.
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FRACTALS IN POROUS MEDIA: FROM PORE TO FIELD
SCALE
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ABSTRACT

Two applications of fractal concepts to problems involving porous media are discussed.
One of them occurs at the pore level and involves the formation of large molecular aggregates
as the result of injecting a fluid into an oil reservoir, or because of compositional changes
in the oil. Formation of such aggregates and their precipitation on the pore surfaces cause
severe problems for enhanced recovery of oil, and also many processes which use porous cata-
lysts. We argue that these molecular structures are similar to diffusion-limited cluster-cluster
aggregates, and small-angle neutron scattering data support our argument. The second ap-
plication involves field-scale distributions of the porosity and permeability of oil reservoirs.
We show that, contrary to the recent assertions that such distributions are described by frac-
tional Brownian motion or fractional Gaussian noise with positive correlations (persistence),
they are described by Lévy distributions with negative correlations (anti-persistence).

INTRODUCTION

In recent years the complex behavior of wide variety of phenomena of interest to chemists,
physicists, and engineers has been characterized quantitatively by using the ideas of fractal
distributions that correspond in a unique way to the geometrical shape and dynamical prop-
erties of the system under study. The key to this remarkable progress has been the fact that
many disordered systems possess scale symmetry and invariance. Isotropic systems with
such scale symmetry and invariance are self-similar, and can be characterized by a fractal
dimension Dy, a property that corresponds in a unique fashion to the geometrical shape
of the system. Anisotropic systems with scale symmetry are self-affine which means that
such systems preserve their scale invariance only if lengths in different directions are rescaled
by direction-dependent scale factors. Such self-affine fractals no longer can be described by
a single fractal dimension. Examples of self-affine fractals include the fractional Brownian
motion (fBm) and fractional Gaussian noise (fGn) which are discussed in this paper. Several
books and articles discuss various aspects of fractal phenomena and their applications to
many branches of science and technology [1-6).

An area in which the application of fractal concepts has proven fruitful is characteriza-
tion of, and flow and transport through, porous media {7,8]. In addition, fractal concepts
have provided us with a much deeper understanding of reaction and precipitation in porous
media [4,9-11] which result in the dynamical evolution and restructuring of porous media,
and nucleation and propagation of fractures in natural rock [12,13}, which are crucial to flow
of oil in underground reservoirs, the development of groundwater resources, and the gener-
ation of heat and vapor from geothermal reservoirs for use in power plants. Such fractures
provide high permeability paths for fluid flow in reservoirs that are otherwise of very low
permeabilities and porosities, and would not be able to produce at economical rates. We
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do not intend to discuss all the applications of fractal concepts to porous media, as they
are well-documented [7-14]. Instead, we focus on just two of such applications. One of
them, which occurs at the pore level, is new and has not been discussed before. This is a
phenomenon in which large molecular aggregates are formed and precipitate on the surface
of the pores of an oil reservoir, when a fluid is injected into the pore space to displace the
oil and enhance its recovery. A similar phenomenon occurs in many processes involving
porous catalysts. For example, during catalytic coal liquefaction and coal liquid upgrading,
and also many refining processes that use porous catalysts, large molecular aggregates are
formed whosé precipitation on the surfaces of the catalyst’s pores cause severe problems for
efficient operation of such processes. In the chemical and petroleum industries such molec-
ular aggregates are referred to as asphalts. These aggregates have many unusual properties,
and have also been used {15] for manufacturing strong composites that have many industrial
applications. The second application we discuss is characterization of field-scale distributions
of the porosities and permeabilities of reservoir rock. Such an application was pioneered by
Hewett {16,17], who showed that the porosities and permeabilities of many oil reservoirs
obey fractal statistics. However, our recent work indicates that, although the original ideas
of Hewett about the applicability of fractals to field-scale reservoirs are valid, many of his
conclusions regarding the type of fractal distributions that the porosities and permeabilities
follow need to be re-evaluated.

This paper is organized as follows. In the next section we discuss the application of
fractals to the formation and precipitation of molecular aggregates in porous media. Next,
we discuss fractal characterization of field-scale porous media. In the last section the paper
is summarized, and possible future research directions are pointed out.

FORMATION OF MOLECULAR AGGREGATES IN POROUS MEDIA

The asphalt aggregates usually are highly polar, and there is strong evidence [18] that
they are colloidal particles, which means that they cannot be processed with the current
refining technology. When they are formed in an oil reservoir, they precipitate on the surface
of the pores and plug them and thus reduce the effective permeability of the reservoir. In
order to disperse the asphalt aggregates in refining operations, or prevent their formation
and precipitation in an oil reservoir or in a porous catalyst, it is of fundamental importance
to understand their molecular structure and the mechanisms that give rise to their formation.
However, despite many years of research, and particularly extensive experimental work [19],
up until very recently a model of the asphalt aggregates whose properties are all consistent
with the experimental data had not emerged.

There are several methods for measuring various properties of the asphalt aggregates that
provide insight into their structure. One popular method has been measuring their effective
diffusivity in a well-defined system such as a porous membrane with non-intersecting pores.
Since the pores are non-intersecting, possible complications due to the tortuosity of the
membrane do not arise. Because the size of the aggregates is comparable with that of the
pores, diffusion of the asphalts is hindered or restricted, which means that their effective
diffusivity in the pores is smaller than its corresponding value in an unbounded solution.
The experimental data are then correlated using the hydrodynamic theories of hindered
diffusion [20-23]. These theories provide reasonably accurate approximate description of the
data, but as far as providing insight into the structure of the aggregates is concerned, they
can be used only if we assume that the aggregates can be respresented as spherical molecules
with an effective hydrodynamic radius, or as ellipsoidal molecules with given major and
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Figure 1: The rescaled experimental data (symbols) for precipitation of the asphalts with

X = r[MY4 and Y = Wr?, The curve is the universal scaling function and represents the
best fit of the data.

minor axial lengths. Despite this severe shortcoming, such correlations have been derived by
several authors [24,25], mainly because an understanding of transport properties of asphalts
is essential to the successful design of refining and coal liquefaction operations. Another
approach was proposed by Klein and coworkers [26,27] by which an iterative stochastic
model of the aggregates is constructed, beginning with some hypothesized structure and
matching its properties with measured macroscopic properties such as the average molecular
weight of the aggregates, their viscosity, density, etc. However, this approach is very tedious
and requires a considerable amount of accurate experimental data, some of which are not
even available yet.

As far as oil recovery and refining processes involving porous catalysts are concerned,
it is of great importance to know the amount of precipitated aggregates on the surface of
the pores [28]. However, despite their significance, accurate precipitation data are relatively
rare, because their measurement is difficult. The structure of the aggregates and their
precipitation on the pore surface are sensitive to the temperature and pressure of the system,
the chemical composition of the fluid that is injected into the pore space, and a variety of
other factors. We have recently carried out [29] a careful experimental study of asphalt
formation in a pore using crude oils and a variety of alkanes, ranging from C; to Cio, as the
injection or solvent fluid. We have measured the amount of the precipitated asphalt that
is formed when an alkane is injected into the pore that contains a crude oil. At a given
temperature and pressure, the parameters of the measurements were the molecular weight
M of the solvent, the solvent to crude ratio r (in em®/gr), and the weight percent W of
the precipitated asphalt. We have shown [29] that an scaling equation can be developed
by combining the three variables into two variables X = r/M?* and ¥ = Wr?, thereby
collapsing all the experimental data for various values of M, W, and r onto a single curve.
We have shown that z and 2’ are universal, i.e., they are independent of the temperature
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Figure 2: Logarithmic plot of the SANS intensity I(g) versus the magnitude of the scattering
vector ¢, for a toluene solution that contains 5% asphalt, at T = 25°.

and pressure of the system, or the composition of the crude oil, and that z = 1/4 and 2/ = 2.
Therefore, the scaling function provides a universal equation of state that may be used for
predicting the amount of the precipitated asphalts under wide variety of conditions. Figure
1 shows the universal scaling equation together with the experimental data at 7' = 26°C. We
have shown {30] that our universal scaling equation can successfully predict the experimental
data for a variety of crude oils.

The existence of such universal scaling variables and functions strongly suggests that the
asphalt aggregates are fractal and self-similar. Thus, motivated by this observation, we have
analyzed [31] small-angle neutron scattering (SANS) data on asphalt solutions in toluene at
various temperatures [32,33]. Suppose that I{g) is the scattering intensity, where ¢ is the
magnitude of the scattering vector. If the aggregates have a fractal structure, then [34]

I(g)~ ¢ "1, (1

where Dy is the fractal dimension of the aggregates. Figure 2 shows the log-log plot of I{q)
versus ¢ for a solution that contains 5% asphalt in toluene at T = 25°C, very close to the
temperature at which the data shown in Fig. 1 were measured. As can be seen, over about
one order of magnitude variations in ¢, we have a straight line with an slope

Dy =1.8+0.05. ()

What is the interpretation of this value of the fractal dimension? From our experimental
observations the following picture of formation of the aggregates emerges. As the solvent is
injected into the oil, very small solid particles are formed in the solution. These particles
diffuse in the solution, and upon collision with each other they stick together. After some
time, one has a number of small clusters of solid particles in the solution, whose sizes are
not yet large enough to prevent their diffusion in the solution. Thus, the solid clusters also
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diffuse in the solution until they collide and are attached to each other. After some time
the aggregate becomes too large and heavy, and thus it precipitates onto the pore surface.
This picture of formation of the aggregates is based on the experimental observations, but
it is also the way diffusion-limited cluster-cluster (DLCC) aggregates are formed [35). Such
aggregates have a fractal dimension Dy ~ 1.75 — 1.8, in very good agreement with our
result. This confirms our assertion that the asphalt aggregates have a fractal structure, and
the SANS data as well as and precipitation data indicate that these aggregates are in fact
DLCC aggregates that have been studied extensively in the past several years.

The discovery that asphalts are colloidal aggregates with a fractal structure has important
practical implications. The kinetics of the aggregation of asphalts can be described in terms
of the mean-field Smoluchowsky equation

B o2 Ko — 3o Kk @

t+i=k =1

where n; is the number of clusters of size i, and K(i,j) is a kernel. The first term of the
right hand side represents the formation of clusters of size k from the two smaller clusters
of sizes 1 and j = k — i, while the second term represents the loss of clusters of size k by
reaction with other clusters to form larger clusters. For DLCC aggregates the appropriate
kernel is given by [36]

K(i,4) = (i +5°) (i + 5/P1) @

where § is the exponent the relates the diffusion coefficient D of the individual clusters to
their mass M, D ~ M®. This mean-field description is valid in three or higher dimensions,
and thus should be highly accurate for the asphalt aggregation. Using this mean-field theory,
one can calculate various quantities of interest, such as the molecular weight distribution of
the asphalts. Identifying the asphalts as DLCC aggregates also enables us to impose an upper
bound on the typical molecular weight M of the asphalt aggregates, an unsolved problem to
date. Moreover, this upper bound tells us that M cannot exceed a few thousands, contrary
to some assertions in the literature that M can be as large as 10, since if M becomes too
large thermal fluctuations in the solution disturb the mechanical stability of the aggregates
and force them to rearrange themselves. Thus, the mean-field approach, together with our
universal scaling equation for the amount of the precipitated asphalts, give us a relatively
complete theory of aggregation and deposition of molecular aggregates in porous media.

CHARACTERIZATION OF FIELD-SCALE POROUS MEDIA

Although characterization of laboratory-scale, or macroscopic porous media can be done
in great detail, and reasonable understanding of such systems has been obtained, the same is
not true about field-scale, or megascopic porous media. Experimental data for the morphol-
ogy of such porous media is incomplete, their effective properties such as the porosity and
the permeability vary greatly at different length scales, often by several orders of magnitude,
and the relations between such properties and the volume or the linear size of the porous
media which one wishes to study or exploit are often unknown. For this reason, modelling
field-scale porous media usually involves stochastic techniques. Thus, although field-scale
reservoirs are, in principle, intrinsically deterministic, because of the great uncertainties one
often has to speak of the stochastic nature of such porous media, and describe their proper-
ties in terms of statistical quantities. As flow in field-scale porous media is greatly important
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Figure 3: The porosity log of a 600m-deep well in the Middle East.

to oil and gas recovery from underground reservoirs, and to the development of groundwater
resources in aquifers, it has captured the atiention of scientist and politicians, since pollution
of groundwater resources has become a “hot” political issue in the USA.

To give the reader some idea about the complexities that are involved in the character-
ization of a field-scale porous medium, we show in Fig. 3 a vertical porosity log that was
obtained from an oil well in the Middle East. The well’s depth was about 600m and the
porosity ¢ was measured every 20cm, so that over 3,000 data points were collected. As can
be seen, the pattern of the variations of ¢ is very complex. How do we analyze such complex
variations of ¢ and uncover any mathematical structure that they may have? The analy-
sis of such data is usually done by using the rescaled-range technique by which a quantity
R(L)/S(L) is calculated, where R(L) is the range of the accumulated departure from the
mean of the variable at length scale L, and S(L) is the standard deviation (see Feder (3] for
more details). This method was first used by Hurst [37] for analyzing annual flows in rivers.
In mathematical terms, if a variable v takes the value v(£) at position £, R(L) is given by

R(L) = Xmae(€, L) ~ Xmin(£, L), 1<L< L, ()
I4
X, Ly= X_;[v(u) = {v)e], (6)
1 & ¢
vip=-—> v({), 7
(=g ; ® (M)
and S(L} is given by
1L 12
s = {3 260~ 0P} - Q
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Figure 4: Rescaled-range analysis of the porosity log shown in Fig. 3. The slope of the
straight line is H ~ 0.83.

It can be shown that if the data follow an fBm, then {38]

R(L) . u
where H is called the Hurst exponent, and 0 < H < 1. H > 0.5 signifies positive correlations
or persistence, i.e., a trend (a low or high value) at z is followed by a similar trend at
z + Az, whereas H < 0.5 is indicative of negative correlations or anti-persistence. An fBm
is a fractal distribution whose spectral density S(w), the Fourier transform of its variance,
in one dimension is given by )

S(w) ~ = (10)
where w is the Fourier component. An fGn has a similar spectral density with the exponent
2H 4 1 replaced by 2H — 1. We carried out a rescaled-range analysis of the data shown in
Fig. 3, the results of which are shown in Fig. 4. For nearly 3 orders of magnitude variations
in L we obtain H ~ 0.83. A similar value of H was obtained by Hewett {16] who carried out
the first rescaled-range analysis of a porosity log. However, H ~ 0.83 is indicative of strong
persistence and positive correlations in the data, whereas the porosity log shown in Fig. 3
indicates clearly the existence of anti-persistence or negative correlations, as a high value of
¢ is followed by a low value, and vice versa. From a geological point of view, the existence of
anti-persistence seems more plausible, since reservoir rock usually is stratified and layered,
and the properties of the neighboring layers differ greatly.

To obtain a better understanding of the data, we first construct the experimental his-
togram of the increments ¢(z + £) — ¢(z), where we fix the separation length £ [39]. The
results are shown in Fig. 5 for { = 20cm. Also shown is the fit of the data to a Lévy
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Figure 5: Frequency distribution of the increments in the data shown in Fig. 3 (symbols)
and its fit by a Lévy distribution (solid curve). Also shown is the Gaussian distribution
(dashed curve).

distribution, a fractal distribution given by [40]

P) == [ exp {~[C(@I?} cos(wy)do , 1)

where D,, is the fractal dimension of the set of points that are visited by a random walker
whose step sizes obey the Lévy distribution, and C(f) is a scale parameter. Of course,
D,, = 2 corresponds to a Gaussian distribution of the data, which has been used extensively
in the petroleum engineering literature, but Fig. 5 shows clear deviations of the data from
a Gaussian distribution. From Fig. 5 we obtain D,, ~ 1.49 and C =~ 0.0043. Moreover, as is
well-known, because of the long tails of the distribution the second and higher moments of
a Lévy distribution are all divergent. Such tails decay very slowly, which make the moments
of the distribution divergent. A similar analysis was carried out by Painter and Paterson
[39] for acoustic transit time of some oil wells in northwest Australia. Note that up until
now an fBm or fGn with H > 0.5 has been used by many researchers to characterize the
porosity or permeability distribution of rock.

The fact that the increments in the porosities obey a Lévy distribution also suggests
another method for estimating the parameter H. If we vary the separation length £, the
same value of D, is obtained. This is indicative of self-similarity of the data, and suggests
that if we plot C(£) as a function of the separation distance £, we should obtain

C(l) ~ 7, (12)

If the increments are not correlated, then H = D_!. For positive (negative) correlations and
persistence (anti-persistence) we should have H > D_! (H < DZ'). For short separation
distances we obtain H =~ 0.68 ~ D;! ~ 0.67, indicating that at such length scales the
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Figure 6: Logarithmic plot of the scale parameter C(£) versus the separation distance £ for
the data shown in Fig. 3. The slope of the straight line is H ~ 0.13.

porosities are distributed essentially at random. This is presumably because at such short
length scales one samples the rock properties within a stratum where the morphology is more
or less random. However, at large separation distances that are of interest to us, which span
many strata, the rock is highly heterogeneous, since the strata’s properties greatly differ, and
thus we expect negative correlations and anti-persistence, and indeed from Fig. 6 we obtain
H ~0.13 << DZ! ~ 0.67, i.e., the data indicate negative correlations and anti-persistence,
completely consistent with the porosity log shown in Fig. 3.

Another method for uncovering the fractal nature of the data is based on calculating the
variance of the increments (£}, since for a fractal distribution one has

(&) ~ 27, (13)

Figure 7 shows the results using this method. Note the similarity between this figure and
Fig. 6. From Fig. 7 and for large separation distances we obtain H =~ 0.17, consistent with
the result obtained from Fig. 6, and confirming our assertion that, at least for the porosity
log that we have analyzed, there are long-range negative correlations in the data.

To further check these results, we used an fBm to generate several one-dimensional se-
quences of numbers with various values 0 < H < 1, and then analyzed the resulting synthetic
data with the rescaled-range method. We found that, regardless of the value of H used in the
generation of the synthetic data by an fBm, the rescaled-range analysis always predicts that
H ~0.9. This indicates that there is a fundamental bias in such an analysis, and therefore
it may not be a reliable tool for analyzing geological as well as other types of data. We "
intend to carry out an extensive study of the previous data that have been analyzed by this
method, in order to assess its reliability.
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SUMMARY

We discussed application of fractal concepts to two problems involving porous media. One
of them, the formation of large molecular aggregates and their precipitation on the surfaces
of the pores, gives rise to diffusion-limited cluster-cluster aggregates that have been studied
extensively over the past decade. In the second application, we considered characterization of
the distribution of the porosity of a field-scale reservoir. We argued that previous studies that
used a rescaled-range analysis of the data could not reveal the true nature of the statistical
correlations in the data.

Work is currently in progress to analyze extensive porosity and permeability data of
several oil fields, as well as other types of data. The results will be published elsewhere [41].
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Abstract—Using grand-canonical-ensemble Monte Carlo and molecular dynamics simulations. adsorption
equilibria and diffusion of finite-size molecules in model pillared clays are studied. Our simulations show
that, at moderate and high porosities. clustering of the pillars and their spatial distribution do not have
a significant effect on the adsorption isotherms. However, the dependence of the adsorption isotherms on
the porosity is different at low and high pressures. At low pressures, the equilibrium loading increases as the
porosity decreases, whereas at high pressures it increases with increasing porosity. The difference is due to
the competition between the adsorption surface and the accessible volume of the system, which are the two
most important factors that control the adsorption behavior of the system. At low enough temperatures
and at any porosity, a first-order phase transition {condensation) occurs. The self-diffusivity D is found to be
a monotonically increasing function of the temperature. Unlike adsorption isotherms, however. clustering
" of the pillars does have a strong effect on the diffusivity of the molecules. Moreover, over the entire loading

CESI O.Y/ﬁﬂ)\g/];/\/yp/[;a/ n

range studied, D increases monotonically as the porosity increases.

INTRODUCTION

Diffusion, adsorption, and reaction in porous cata-
lysts have been the subject of considerable research
activity in the last few decades [for a review see, for
example, Sahimi et al. (1990)]. In industrial applica-
tions, such phenomena usually involve the transport,
adsorption, and reaction of large molecules in small
pores, and therefore porous catalysts represent ideal
model systems well-suited for theoretical and experi-
mental studies of hindered diffusion, adsorption and
reaction processes, which are caused by the molecules
being excluded from a fraction of the pore volume,
and by the hydrodynamic resistance hindering the
transport of the molecules through the porous me-
dium.

Among all catalytic systems zeolites have received
the greatest attention. But considerably less attention
and research effort have been focused on studying
diffusion, adsorption and reaction phenomena in an-
other class of catalytic materials, namely, pillared
clays. In recent years, a number of studies have been
carried out, almost all of which are experimental in
nature {see, for example, Occelli and Tindwa, (1980),
Pinnavaia (1983), Pinnavaia et al. (1985), Occelli et al.
(1985), Plee er al. (1985), Tennakoon et al. (1987),
Giannelis et al. {1988), Lee et al. (1989), Baksh and

*Corresponding author.
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Yang (1991, 1992)/Baksh et al. (1992), Yang and
Baksh (1991) and"Ohtsuka et al. (1993); for a review
see, Kloproggﬂ1992)]. The original idea for produ-
cing pillared clays, due to Barrer and MacLeod
(1955), was to insert molecules into clay minerals to
prop apart the aluminosilicate sheets, thereby produ-
cing larger pores than in native clays, or even in
zeolites. However, such materials did not have the
thermal stability that zeolites usually possess. But
pillars of hydroxyaluminum and other cations, which
are capable of being dehydrated to oxide pillars and
to support temperatures of up to 500°C without
structural collapse under catalytic cracking condi-
tions, are new and were first reported by Brindley and
co-workers (Brindley and Sempels, 1977, Yamanaka
and Brindley, 1978) and independently by Lahav et al.
{1978) and Vaughan and Lussier (1980).

In general, pillared montmorillomites are 2: 1 dioc-
tahedral clay minerals consisting of layers of silica in
tetrahedral coordination, holding in between them
a layer of alumina in octahedral coordination. Substi-
tuting Si** with AI**, or AP** with Mg?* gives the
silicate layer a negative net charge, which is normally
compensated by Na*, Ca?* and Mg?* ions (Grim,
1986). By exchanging the charge compensating ca-
tions with large cationic oxyaluminum polymers, one
can synthesize molecular sieve-type materials (Lahav
et al., 1978; Vaughan and Lussier, 1980). These inor-
ganic polymers, when heated. form pillars which prop
open the clay layer structure and form permanent
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pillared clays. The location and size of the pillars can.
in general, vary. depending on such parameters as the
type of the pillaring agent and preparation conditions.
The structure of piltared clays is such that they behave
as systems with an effective dimensionality between
two and three. since molecules are forced to move in
a very restricted pore space between the clay layers.
The molecules might also be able to move from one
layer to another, although this may be difficuit, espe-
cially if the molecular sizes are large. Similar to
zeolite-based catalysts, pillared clays have shown high
catalytic activities for gas oil cracking. They have also
shown large initial activities towards methanol con-
version to olefins and toluene ethylation, but they
are substantially deactivated by coke deposition
(Figueras, 1988). Two important reasons for the inter-
est in pillared clays are that their pore sizes can be
made larger than those of faujastic zeolites. and that
access to the interior pore volume of piflared clays is
controlled by the distance between silicate layers and
the distance between the pillars, and thus one or both
distances can be adjusted to suit a particular applica-
tion. Due to their versatility, they have also been sug-
gested as a new class of materials for separation pro-
cesses {Baksh and Yang, 1991; Yang and Baksh, 1991).

Despite their many potential applications and the
existence of the wealth of valuable information ob-
tained through extensive experimental efforts, very
few fundamental theoretical studies have been under-
taken so far to investigate transport and adsorption
processes in pillared clays. In contrast, zeolites, which
are chemically similar but structurally and mor-
phologically very different from pillared clays, have
been the subject of extensive theoretical and experi-
mental studies. However, even for zeolites, detailed
molecular simulation studies are relatively scarce [ see.
for example, June et al. (1992), Snurr et al. (1993) and
references therein] and under restricted (usually low
coverage) conditions. For pillard clays, a few com-
puter simulation studies, using random walk and per-
colation concepts, have been carried out (Politowicz
and Kozak, 1988; Politowicz et al.,, 1989; Cai et al.
1990; Sahimi. 1990; Chen et al., 1994). Fundamental
molecular simulations of diffusion in model pillared
clays have been initiated by our group [Yi er al
(1995), hereafter referred to as Part 1. Using molecu-
lar dynamics (MD) simulations we studied in Part
1 diffusion in model pillared clays. However, many
more issues remain to be studied, and our results
obtained so far represent only the beginning phase of
this research. In this paper, we use MD and grand-
canonical-ensemble Monte Carlo (GCEMC) simula-
tions# study both diffusion and adsorption in such
catalytic materials, with a particular emphasis on the
effects of porosity and pillar distribution.

The plan of this paper is as follows. In the next
section we describe the morphology of our model of
pillared clays and their energetics. We then discuss the
MD and GCEMC methods that we employ in this
paper. Next, our results are presented and discussed.
The paper is summarized in the last section, where we

also discuss some important issues that remain to be
studied.

THE MODEL

The model used in this study is the same as the one
used in our previous MD study of diffusion in pillared
clays reported in Part 1. The tetrahedral sheets of the
clays, which we call the solid walls, are represented by
the (100) face of a face-centered cubic solid with speci-
fied surface number density. The pillars are represent-
ed by rigid chains consisting of a given number of
Lennard-Jones-type spheres separated by their size
parameter g, They are intercalated vertically in the
space between the solid walls. The z-coordinate of the
centers of the end spheres of the pillar chains is

0.5 x{o,, + a,), where a,, is the size parameter of the

atoms (or groups of atoms) representing the solid
walls. The pillars are distributed either uniformly or
randomly between the solid walls, or allowed to clus-
ter together. In the uniform distribution, the centers of
the pillars are placed at the nodes of an imaginary
square lattice attached to the walls. In the random
distribution of the pillars, the locations of their centers
are distributed randomly, but with the constraint that
the distance between any pair of pillars must be no
less than the diameter of the spheres that comprise the
pillars. A schematic representation of our model with
a uniform distribution of the pillars and a height of
30, is given in Fig. 1. In the clustering configurations,
the pillars are allowed to aggregate into groups or
clusters according to certain coordinations. The idea
is to mimic the formation of metal oxide clusters in
pillared clays (Ocelli et al., 1985; Ohtsuka et al., 1993).
In this paper, we only consider clusters of two and
three pillars, which we call the diploid and triad clus-
ters, respectively. The distribution of the centers of the
clusters between the solid walls is assumed to be
uniform for both types of clusters. A schematic repres-
entation of the top view of the spatial distributions of
the various pillar clusters used in this paper is shown
in Fig. 2. Obviously, for a given type of pillar config-
uration, i.e. for a given size of the pillar clusters and
their spatial distribution, two parameters are suffi-
cient to define the morphology of the model. One is
the interlayer spacing h,, which is the separation
between the centers of the atoms on the upper and
lower layers. The other one is the surface density of
the pillars p,, which is the number of pillars per unit
area of the solid walls. The porosity of the system,
defined as the volume fraction of the system not
occupied by the pillars, is estimated from the follow-
ing equation:

p=1—1%np,0}. (1

The conventional pairwise additivity and rigid solid
assumptions in dealing with solid-fluid systems are
adopted in this study in describing the adsor-
bate-solid and adsorbate-adsorbate interactions. By
rigid solid we mean that the solid walls or the pillars
do not swell upon adsorption of guest molecules, and




Molecular simulation of adsorption and diffusion in pillared clays 3

Fig. . Schematic representation of the (side-view of) model
of pillared clays.

the vibrational motions of the atoms in the solid are
ignored. With the pairwise additivity assumption. the
total potential energy can be partitioned into three
attributes belonging to adsorbate-adsorbate, adsor-
bate-pillar, and adsorbate-solid wall interaction en-
ergies. The lattice energy which holds the solid to-
gether will not enter our calculation explicitly since it
is a constant based on the rigid solid assumption. We
use the cut and shifted Lennard-Jones potential

¢(r) - {¢U(r) ; d)LJ(rc) fr r< rc‘ 5
fr>r,

1o describe the interactions between the guest molecu-
les (adsorbates} as well as between them and the
spheres that comprise the pillars. In this equation r is
the separation between interacting pairs. r, is the
truncation distance of the potential. and ¢, is the
standard Lennard-Jones potential:

=) -]

where ¢ and o are the usual energy and size para-
meters. respectively. The value of r, that we used in
our simulation was 3.5¢. The interaction between the
guest molecyles and the solid walls. which is the sum
of the interactions between a single molecule and all
the atoms that comprise the solid walls, is approxim-
ated by the well-known 104-3 potential (Steele, 1973)

10 3
o) (2

04714
(z/o. + 0.4314)°
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{c)
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Fig. 2. Schematic representation of (a) uniform. (b} random. {c) diploid, and (d) triad pillar clusters.
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where ¢, and ¢, are the energy and size parameters
characterizing the interactions between the guest mol-
ecules and the atoms that comprise the solid walls,
and : is the vertical distance form the walls. This
equation is obtained from a mean-field treatment of
the interaction between a guest molecule and the
Lennard-Jones-type f.c.c solid with surface density
1.0.
The total potential energy can then be written as

l N N N
®= 522¢u(woo‘ go) + Y [H (25 0, £4)
i j i

N N,

+ ¢ (zi0 Su»)] + ZZQSLJ(rik;Gk‘ &) (9
ik

where N, is the number of the pillars, N is the number
of the guest molecules. and superscripts L and U are
used to distinguish between the potential energies
associated with the lower and the upper walls.

MOLECULAR SIMULATION METHODS

We now describe the molecular simulation methods
that we used in this study. To study adsorption phe-
nomena, we used a GCEMC method, whereas a MD
method was used to investigate diffusion of the mol-
ecules in the model pillared clays.

Grand-canonical-ensemble Monte Carlo simulation

In a grand-canonical ensemble, both the energy
and density are allowed to fluctuate. The GCEMC
simulation is therefore appropriate for studying the
thermodynamic equilibria of multiphase systems.
Consequently, it has been widely used for studying
adsorption equilibria of guest molecules in various
materials and systems, including simple systems such
as slit pores (Snook and Megen, 1980), cylindrical
pores (Peterson and Gubbins, 1987), and complex
materials such as silicalite (June et al, 1992) and

“aluminophosphates (Cracknell and Gubbins, 1993).

Although some discrepancies have been observed be-
tween the simulation results and the experimental
data, it is believed that they are due to the inaccuracy
of interaction potentials or the geometrical models of
the systems, rather than any possible numerical errors
associated with the algorithm, unless a system is close
to its critical point, or is in high density region, or the
adsorbate molecules are too complex, such as heavy
hydrocarbons. Even for these situations, modifica-
tions of the original algorithm of Adams (1975) have
been proposed and tested. For example, “biased inser-
tion” methods have been tested by several groups and
proven very effective in improving the probability of
successful adsorption of the molecules under high
density conditions, or when dealing with complex
molecules (Siepmann and Frankel, 1992; Snurr et al.,
1993). The algorithm we used in this study is basically
the same as the one originally developed by Adams
(1975), which we summarize in this section. A more
detailed discussion of this method is given in the
standard reference of Allen and Tildesley (1984). %

Each step in a GCEMC simulation typically con-
sists of three types of operations or movements, with
the corresponding probability of occurence consistent
with that in the subspace of the particle number
N and the configuration r" of the phase space of the
grand-canonical ensemble in question, where ¥ rep-
resents the set of the position vectors of the N molecu-
les (ry, 13, .., ry). The first type of operation in any
GCEMC method is the insertion of a guest molecule
into the system with the following probability:

o _ . [exp(Bpc — BoUT)
pt = mm[———————N 1 . IJ (6)

where U is the potential energy, = (kzT) ™' is the
reciprocal temperature, kg is the Boltzmann’s con-
stant, y. is the configurational chemical potential of -
the guest molecules, which is the same for the molecu-
les both inside the system and in the ambient phase
when adsorption equilibrium is achieved, and dU * is
the change in the potential energy as a result of adding
the molecule. The second type of operation is the
removal of a guest molecule from the system, with the
following probability of realization:

p~ =min[Nexp(— Bu. — poU"), 1] 0

where U~ is the change in the potential energy as
a result of removing the molecule. Finally, the third
type of operation is the displacement of a guest mol-
ecule inside the system from its present position to
a new position, the probability of which is given by

p* = min[exp( —~ BoU*), 1] (8)

where U is the change in the configurational energy
accompanying the displacement of the molecule. Both
the molecule being displaced and its displacement,
which is restricted to be between 0 and a maximum
allowed value, are randomly selected. The maximum
allowed value of the displacement is adjusted period-
ically during each simulation to achieve a specified
acceptance ratio of the trial movements, which was
chosen to be 0.50 in our simulations.

The macroscopic condition of the ambient phase
surrounding the system is uniquely specified by its
temperature and chemical potential, since we are deal-
ing with a single-component system and the range of
chemical potentials is chosen such that its maximum
value is close to, but does not exceed, the value at
which a vapor-liquid phase transition occurs. The
pressure of the ambient phase can be easily calculated
from the specified temperature and chemical potential
using the equation of state of the Lennard-Jones
system defined by egs (1) and (2).

A typical GCEMC simulation begins with 1 million
steps of equilibration followed by the generation of
the configurations of the adsorbed states. The simula-
tion is not terminated until about 3-5 millions steps
are successfully generated. However, depending on
the equilibrium loading range in which the simulation
is carried out, the number of steps may vary from 6 to
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8 millions. In addition to the loading, other equilib-
rium properties including the interlayer density pro-
file. the configurational energy and the solvation force
are also calculated from the generated configurations.
The interlayer density profile, which is essentially the
probability density of finding a guest molecule at
a distance z from the wall, regardless of its (x. y)
coordinates, is evaluated from the following equation:

1 /aN()
,0:(4)—':4‘< 2z > (9)

where (- is the ensemble average. approximated by
averaging over all the configurations collected, N(z) is
the number of guest molecules centered between 0 and
z.and A is the area of the walil. The solvation force is
defined as the force experienced by a unit surface of
upper solid wall, which can be calculated from

1 N Topt(z)
.j; - A <.~§x l: 62,- ]:.-=’|"r>.

Obviously, the arbitrary choice of the upper wall does
not affect the results, since the force experienced by
each wall is the same based on symmetry considera-
tions. The results obtained with the GCEMC method
are compared with the corresponding results obtained
from our MD simulations, which we now discuss.

(10)

Molecular dynamics simulation

Similar to any Monte Carlo method, the major
disadvantage of the GCEMC simulation is that time
is not explicitly a parameter of the simulation, and
therefore one cannot obtain any truely dynamic prop-
erty and its dependence on time, such as the auto-
correlation functions and the transport properties,
except for some simple and noninteracting systems
(Fichthorn and Weinberg, 1991) in which the real time
can be related to the Monte Carlo time. Thus, to study
the diffusive motion of the guest molecules in our
model, we employ the MD method.

Our MD simulation is performed in the micro-
canonical ensemble with periodic boundary condi-
tions applied along the x and y directions (see Fig. 1).
Theoretically, the results given by a micro-canonical
ensemble simulation should be equal to those ob-
tained from a grand-canonical-ensemble simulation
in the thermodynamic limit, namely, the limit in which
the volume of system and the adsorbed guest molecu-
les both go to infinity, keeping their ratio finite. The
trajectories of the molecules are calculated by solving
Newton’s equation of motion using a standard fifth-
order predictor-corrector method (Gear, 1971; Haile,
1990) with the forces calculated from the interaction
potentials (see above and Part I). In our system, the
force experienced by a guest molecule is due to the
potential field generated by both the rest of the guest
molecules, the pillars, and the walls. The macroscopic
properties, such as the solvation force, the configura-
tional energy, and the interlayer density profile can be
calculated from the trajectories of the molecules,

which are collected in a typical duration of 50000
time steps, after spending about 10000 time steps for
system equilibration. According to lincar-response
theory. the transport properties can also be obtained
from such equilibrium simulations (Zwanzig. 1968).
The sell-diffusivity D, of the molecules in the x-direc-
tion can be calculated from either the Einstein equa-
tion .

b 2t + 1g) — rilto)l?
D,—mhm<z ; > (1”

or the Green-Kubo equation (Green, 1952; Kubo.
1957)

o

X N
D, =§J <Z [vidt + fo)'Viz(fo)]>df . (12)
i=1

0

where v;, is the velocity of the ith molecule in the
x—direction, and (") indicates an average over all the
trajectories with a series of independently selected
time origins to. Note that, some of the particles can
collide with the walls and the pillars, and thus their
velocities will be reversed. However, the fraction of
such particles for diffusion simulations is not large.

Energy conservation in the system was monitored
in each simulation, and the time step was adjusted
depending on the loading of the guest molecules and
the porosity of the system to guarantee that energy
“leaking” was controlled in a reasonable range (typi-
cally about 0.1% in 10* time steps). The linear correla-
tion coefficients between the mean square displace-
ment and the time elapsed were also calculated and
used as an indication of how the system follows
Fickian diffusion.

The computer programs were written in reduced
units, namely, the energy parameter g and the size
parameter g, of the guest molecules were used as the
units of energy and length in both the GCEMC and
the MD simulations, and the quantity ./mad/e, was
used as the unit of time in the MD simulations. The
conversion factors that convert the results in the re-
duced units to the values in the SI units for the
temperature, pressure, energy, density, and the self-
diffusivity, along with the numerical values calculated
using the m, ¢, and o of oxygen atoms are listed in
Table 1. The numerical uncertainties in the quantities
calculated were estimated using the so called block-
averaging method (Bishop and Frinks, 1987). Their
typical values were 2%-10% of the calculated quant-
ities of interest.

RESULTS AND DISCUSSIONS

Although only the most important features of pil-
lared clays are incorporated into our model, and some
details have been ignored due to the complexity of the
system and the incompleteness and uncertainties in
the experimental information, the parameter space
that defines the morphology of the system and the
molecular interactions is still quite large. Among the
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Table 1. The conversion factors for converting the dimensionless parameters of the
simulations into dimensional quantities )

Variable Program Units SI value Equivalent
Length o 3405x107 " m 3405 4

Energy £ 0.996 kJ/mol eky = 119.8 K
Mass M 6.63x 107 2%kg 3995a.u.

Time (1) o/ Mje 2156 x 107 25 2.156 ps
Temperature gky 119.8K 1198 K

Density 1o} 4206 x 10* mol/m* 42,06 mol/lit.
Surface density l/o? 6.98 x 10™* mol/m? 0.104 /A2
Pressure M/itto) 4.19 x 107 N/m? 4134 atm
Diffusivity o/t 5.38x 10”8 m?/s 5.38x 10" * ecm?ss

important features that affect the adsorption iso-
therms and diffusivities of the molecules are those that
control the pillar configuration, the relative magni-
tude of the interlayer and interpillar spacing, the rela-
tive strength of the adsorbate-adsorbate, adsor-
bate—piilar. adsorbate~solid wall interactions, as well
as the macroscopic conditions of the surrounding
bulk fluid. The computational effort involved is also
very demanding, with each GCEMC and MD simula-
tions taking typically about 10 to 15h on a SUN
SPARCIO0 station. In this study, we focus our atten-
tion on investigating the dependence of the adsorp-
tion isotherms and the diffusive motion of guest mol-
ecules on, (1) macroscopic condition of the surround-
ing fluid, namely, its temperature and chemical poten-
tial (or, equivalently, pressure); (2) the pillar configura-
tion and clustering, and (3) the porosity of the system.
Without loss of generality. we use the same size and
energy parameter for all types of interactions involved
(ie. o, = 0, = 0). The uncertainties for the equilib-
rium properties (with the exception of the equilibrium
loadings) were calculated as the difference between the
GCEMC and the corresponding MD simulations,
and the uncertainties for the diffusivity are calculated
as the difference between the values as evaluated from
each half-trajectory in each MD simulation.

ADSORPTION ISOTHERMS

Fig. 3 presents the adsorption isotherms at various
temperatures for a uniform pillar configuration, with
an interlayer spacing h,, = 4.0, and an interpillar spac-
ing (the distance between the centers of neighbor-
ing pillars) h, = 4.5, corresponding to a porosity
¢ = 0.97. The amount of the adsorbed molecules is
normalized with the total solid wall surface (including
the parts shadowed by the pillars). As this figure
shows, the amount adsorbed at a given pressure de-
creases as the temperature increases, which is ex-
pected. At reduced temperature 7 =0.80, a finite
jump in the adsorption isotherm is found at a reduced
pressure around 4.5 x 107 3. However, such a discon-
tinuity is not observed in the adsorption isotherms at
the higher temperatures. This phenomenon is of
course a first-order phase transition, in which the
chemical potential (pressure) changes continuously
but the molecular density does not, and is commonly

=

called capillary condensation for macropore systems
(Gregg and Sing, 1982). To better understand these
results, the density profiles in the vicinity of
P = 4.5x 10" are given in Fig. 4. which show clearly
that, as the pressure passes the transition point, multi-
layer adsorption occurs with the formation of an
adsorbed layer centered at z = 2 (i.e. half-way between
the two solid walls), in addition to the two next to the
walls. At T =10, the amount adsorbed increases
sharply at pressures around P = 4 x 103, but the rate
of increase (the slope of the curve) slows down quickly
as the pressure is increased further. Such a change is
a manifestation of the packing effect, i.e. the limit in
the amount that can be adsorbed due to the confine-
ment of the porous medium. A similar pattern is
observed in the adsorption isotherm at T = 1.20, ex-
cept that the curve is not as sharp in the intermediate
pressure region. Loosely speaking, this is a natural
result of the competition between thermal and poten-
tial energies. On the one hand, thermal agitations at
higher temperatures can effectively block fast conden-
sation, which is induced mainly by the adsorbate—
solid and the adsorbate-adsorbate attractions at fow
pressures. On the other hand, thermal agitations can
make the packing effect at higher loadings to be more
moderate, since the guest molecules (here modelled as
the Lennard-Jones hard spheres) become “softer”, in
the sense that their equivalent hard-core diameter
decreases as the temperature is increased (Weeks et
al., 1971). We expect a similar change in the equivalent
hard-core dimension of the solid. Such a “softening™
can be viewed as an effective increase in the porosity,
which results in a shift of the plateau of the high-T
isotherms to higher pressures.

We also studied the effect of the porosity on the
adsorption isotherms, by carrying out a series of simu-
lations at ¢ = 0.89, the results of which are shown in
Fig. 5. As can be seen, the adsorption isotherms are
very similar to those shown in Fig. 3, except that the
location of the first-order phase transition has been
shifted to a lower temperature (and pressure). We thus
expect that, as the porosity of the system approaches
the percolation threshold, i.e., the porosity below
which no macroscopic phenomenon can occur, the
critical temperature for the first-order phase
transition would approach zero.
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Fig. 3. Adsorption isotherms at temperatures T = 0.8 (circles), 1.0 (solid triangles). 1.2 (triangles), and 2.0
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Fig. 4. Interlayer density profiles at temperature T = 0.8, and pressures P = 5x 1073 (solid curve) and
4 x 107 ? (dashed curve). for a uniform distribution of the pillars with porosity 0.97.

To study the effect of the pillar configuration on the
adsorption equilibria, we carried out a series of simu-
lations for different distributions and cluster sizes of
the pillars. The results are shown in Fig. 6. In these
calculations, the temperature T and the interlayer
spacing h,, are fixed at 1.20 and 4.0, respectively, while
the porosity is 0.97. The interpillar spacing h, for the
uniform pillar configuration is fixed at h, = 4.50. To

maintain constant ¢, the number of pillars per unit
wall surface for the other three pillar configurations is
chosen to be the same as that of the uniform config-
uration. For the random distribution of the pillars,
several pillar configurations were generated and used
in the computations, in order to minimize the effect of
the system size and the periodic boundary conditions
along the x and y directions. The results reported are
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Fig. 6. The effect of the pillar distribution on the equilibrium loading at temperature 1.20 and porosity
0.97. The results are for uniform (circles), random { + ), diploid (squares), and triad (triangles) configura-
tions.

thus averaged quantities, where the averaging was
taken over all realizations of the system.

Figure 6 indicates that there exists an inflection
point at a reduced pressure around 1.5x 10”2 The
solvation force exhibits a steep minimum at about the
same pressure, as Fig. 7 shows. The density profiles
which are presented in Fig. 8 can help us understand
such features in both figures. At low equilibrium load-

ings, and as the pressure increases, the guest molecules
are gradually adsorbed in the two layers next to the
walls. As the pressure is increased further, the interac-
tion between the guest molecules begins to manifest
itself, and one more layer is formed. As a result, it
becomes difficult to have more guest molecules ac-
commodated in the layers, as indicated by the change
in the slope of the adsorption isotherms, and the force
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Fig. 7. The effect of the pillar distiibution on the solvation force at temperature 1.20 and porosity 0.97.
Symbols are the same as in Fig. 6.
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Fig. 8. Interlayer density profile at various pressures for a uniform distribution of the pillars with porosity
0.97 at temperature T = 1.2. The results are, from top to bottom, for pressures P = 7.6 x 1072, 4.1 x 1072,
1.4x1072, 80x 1073, and 3.0 x 10~3, respectively.

experienced by the walls becomes negative or less
negative. Fig. 6 also shows convincingly that for our
model the amount of adsorbed molecules is not sensi-
tive to the spatial distribution and the size of the pillar
clusters over the entire range of pressures studied. The
apparent insensitivity of the adsorption isotherms (o
the pillar configurations persists at lower values of ¢.
Fig. 9 shows the adsorption isotherms at temperature

T = 1.2 and porosity ¢ = 0.89, for two different pillar
configurations, namely, a uniform and a random dis-
tribution. As can be seen, there is little difference
between the two isotherms.

The insensitivity of the equilibrium loading to the
pillar configuration suggests that classical continuum
approaches to adsorption in porous media, which
correlate the adsorption isotherms with the pore size
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Fig. 9. Dependence of the adsorption isotherms on the spatial distribution of the pillars at porosity 0.89.
The results are for uniform { +) and random (triangles) distribution of the pillars.

distribution of the system, may not be able to provide
meaningful information about the pore structure of
pillared clays, since our results demonstrate clearly
that the difference between the adsorption isotherms
of the guest molecules in intercalated systems with the
same porosity but quite different pore structures is
very small. In other words, it is doubtful that, in the
absence of any specific interactions (such as acid-
base), the adsorption isotherms alone can determine
the pore size distribution of a microporous material,
such as pillared clays. Although in these simulations
h,. was fixed, we expect the insensitivity of the adsorp-
tion tsotherms to the pillar distribution and config-
uration to persist for other values of h,, unless it is
very smail and no more than two molecular dia-
meters, in which case, instead of h,, h, is the control-
ling length scale.

In general, the porosity of a porous material is an
important parameter that controis both the adsorp-
tion and transport behavior of a porous medium. To
investigate the effect of the porosity on the equilib-
rium loading of the guest molecules, we performed
four sets of simulations at a fixed temperature T = 1.2
and a uniform distribution of the pillars. The results
are presented in Fig. 10, where the equilibrium load-
ings at four porosities are given as a function of the
pressure. The variation in the porosity was achieved
by changing the interpillar spacing h, The smallest
interpillar spacing was h, = 2.25, corresponding to
the porosity ¢ = 0.89, and the highest porosity
¢ = 1.0 is simply a slit-like pore. The isotherms at
high and low pressures show different patterns. At
high pressures, the equilibrium foading is a monotoni-

cally increasing function of the porosity, while it is
a decreasing function at low pressures. These patterns
can be attributed to the competition between two
factors that affect the equilibrium loadings. namely,
the accessible volume and the total adsorption surface
of the system (walls surface plus pillar surface).
Clearly, an increase in both of them results in an
increase in the equilibrium loading. But their depend-
ence on the porosity is totally different. since the
accessible volume increases as the porosity does,
whereas the adsorption surface due to the pillars de-
creases with increasing porosity. The results thus sug-
gest that the accessible volume is the most important
controlling factor at high pressures, where packing
effect becomes important, whereas the total adsorp-
tion surface is the factor most responsible at lower
pressures. This dependence of the adsorption iso-
therms and the diffusivity (discussed below) on the
accessible volume and surface area of a material is
a percolation effect (Sahimi, 1994,1995).

To study the sensitivity of the adsorption isotherms
on the potential parameters that define the adsor-
bate-pillar interactions, we performed two sets of
GCEMC simulations. In one set. the energy para-
meter ¢, was changed from 1.0 to 2.0 to 0.5, represent-
ing moderately, strongly, and weakly attractive pil-
lars, respectively. The amounts adsorbed, normalized
with the value corresponding to ¢, = 1.0, are shown as
a function of pressure in Fig. 11. As the results indi-
cate, the larger ¢,, the larger the amount adsorbed.
This behavior can be explained by noting that a large
£, implies a deeper potential well, i.e. a stronger at-
traction between the adsorbate and the pillars, which
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temperature T = 1.2. The results are for ¢ = 1.0 (circles), 0.97 {triangles), 0.94 {squares), and 0.9 { +),
respectively.

2.0

14+

12+

1.0

Ratio of Amount Adsorbed

08

(ST W | i P DU TR SHITUNS U SPDS 3

a1

o.6 A e dead a1 faaal
107

10* 101

Pressure

Fig. 11. The effect of pillar-adsorbate energy parameter ¢, on the adsorption-isotherms at T = 1.2, for
a uniform distribution of the pillars with porosity ¢ = 0.97. The results are for ¢, = 2.0 (circles) and 0.5
(triangles), respectively.

means that more molecules can be adsorbed at the
same pressure. An interesting feature demonstrated
by these results is that, adsorption equilibria are less
sensitive to g, at high pressures (or, equivalently, high
loadings) than at low pressures. with the normalized
amount adsorbed approaching unity as the pressure
approaches 0.8. This is understandable if we note that

the adsorbate-adsorbate interactions become stron-
ger as pressure increases, and make comparable or
larger contributions to the total potential energy than
the adsorbate-pillar interactions do when P ap-
proaches 0.8, and therefore the dependence of the
adsorption isotherms on ¢, becomes weaker. Further-
more, at high pressures/loadings. the fluid behavior is
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dominated by repulsive rather than attractive forces.
Hence we expect a sensitivity to g, not &,. This insight
will be valuable in both developing an approximate
analytical model for our simulation results in the high
loading limit. and in using our model for predicting or
correlating experimental adsorption data of an inter-
calated system. For example, it tells us that more
atlention should be paid to the adsorption data at low
pressures than those at high pressures. if we want to
estimate the adsorbate-pillar interaction parameters
from the experimental data.

DIFFUSION COEFFICIENTS

In Part 1 we studied the dependence of the self-
diffusivity D, measured in the direction parallel to the
solid walls, on the molecular deusity, the porosity of
the system, the distribution of the pillars, and the
interlayer spacing between the solid walls. However,
the effect of the temperature and pillar clustering on
D was not studied. It is therefore natural to carry out
a parallel study for the self-diffusivity of the guest
molecules in the present model, and investigate the
eflect of the parameters and factors that were studied
in the GCEMC simulations, on D. To do this, we
computed the sel{-diffusivities by carrying out MD
simulations, using the molecular densities (i.e. equilib-
rium loadings) obtained from the GCEMC simula-
tions for the corresponding model parameters and
macroscopic fluid conditions. In addition to giving
insight into the effect of the temperature and pillar
configuration on the diffusive motion of the molecu-
les, a comparison of the equilibrium properties ob-
tained from GCEMC and MD simulations also serves
an a further check of our results.

In Fig. 12, the self-diffusivities, measured parallel to
the walls, at three temperatures and with a uniform
distribution of the pillars are shown as a function of
equilibrium loading. The rest of the parameters of the
system are the same as those of Fig. 3. The corres-
ponding bulk fluid phase pressure can be estimated
easily from the GCEMC results shown in Fig. 3. As
Fig. 12 shows, all three curves exhibit a similar pat-
tern, and as may be expected, the self-diffusivity in-
creases as the temperature does. Over a wide range of
the guest molecules loading (about 0.3-1.1), the self-
diffusivity increases slowly as the loading decreases.
For adsorbate loadings less than 0.3, the diffusivity
increases rather rapidly. At the lowest temperature,
T = 0.8, there.is a discontinuity in D, which corres-
ponds to the first-order phase transition shown in Fig.
3. In Fig. 13 we present the dependence of the diffus-
ivity on the equilibrium loading at porosity 0.89 and
three different temperatures. For this series of simula-
tions the pillars were distributed uniformly between
the walls. The qualitative features of these results are
similar to those shown in Fig. 12, except that the
discontinuity in D has shifted to a lower temperature.
in agreement with Fig. 5. Fig. 14 shows the depend-

ence of the self-diffusivity on the pressure. All the

parameters are the same as those of Fig. 13 and. as
expected, the trends in the results are also similar to
those shown in Fig. 13.

Shown in Fig. 15 are the self-diffusivities for four
different pillar configurations and distributions at
T = 1.20. as a function of the equilibrium loading.
For ail-the four pillar configurations, the diffusivity is
a monotonically decreasing function of the loading.
At high loadings ( = 0.7) D is not strongly correlated
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Fig. 12. The self-diffusivity D as a function of the equilibrium loading for a uniform distribution of the
pillars with porosity ¢ = 0.97 at temperatures T = 0.80 (circles), 1.2 (triangles), and 2.0 (squares), respectively.
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Fig. 14. Dependence of the self-diffusivity on the pressure in a system with a porosity ¢ = 0.8% and
a uniform distribution of the pillars. Symbols are the same as in Fig. 13.

with the pillar distribution, which is similar to what
we observed for the equilibrium loading in the
GCEMC simulation. At lower loadings, however.
D has a much stronger dependence on the pillar
configuration than that of the equilibrium loading (see
Figs 3 and 6 for comparison). Fig. 15 shows that, the
values corresponding to the triad cluster configura-
tions represent the upper bound to the self-diffusivity,

while those corresponding to the uniform pillar con-
figuration give the lower bound. These results can be
understood by noting that the pillar-guest molecule
collisions are the main source of resistance to the
diffusive motion of the molecules in the low loading
region, while both molecule-pillar and molecule-mol-
ecule collisions become important at higher loadings.
Among the four pillar configurations, the triad
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Figure 16. Dependence of the self-diffusivity on the equilibrium loading at T = 1.2 and ¢ = 0.89. The

results are for a uniform (squares) and random (triangles) distribution of the pillars.

clusters have the largest pore opening due to the
grouping of pillars. Consequently, compared with the
other pillar configurations, the molecules collide less
frequently with the pillars, and therefore have the
highest self-diffusivities. Following the same argu-
ment, it is not difficult to understand why a uniform
pillar configuration gives rise to the lowest diffusivi-
ties. The diffusivities for the diploid cluster configura-

tions lie between the higher and lower bounds, in clear
conformity with our reasoning. The results for the
random pillar configurations, for which the average
pore opening is about the same as that of the uniform
pillar configuration, are slightly larger than that of the
latter. To understand this, we only need to note that
for the random pillar configurations, some wider
channel or “easy” paths may be formed, due to the
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randomness of the pillar configurations. and thus re-
sult in the enhancement of the self-diffusivity. This
result is also in agreement with our previous study of
the effect of the spatial distribution of single-sized
pillars on the diffusivity reported in Part L. Figures 16
and 17 present the results at porosity ¢ = 0.89. and
compare the diffusivities for two different pillar con-
figurations. The qualitative features of Figures 16 are

similar to those shown in Fig. 15, and confirm our
arguments regarding their intecpretation. The trends
in Fig. 17 are also similar to those of Fig. 16, which is
expected.

Fig. 18 presents self-diffusivities at four porositics
with uniform pillar distribution. The temperature and
the interlayer spacing are again fixed at T= 1.20 and
h, = 4.5 respectively. As this figure indicates. with the
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Fig. 17. Pressure-dependence of the self-diffusivity at temperature T = 1.2 and porosity ¢ = 0.89. The
results are for a uniform (squares) and random (triangles) distribution of the pillars.
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Fig. 19. The effect of pillar-adsorbate energy parameter ¢, on the self-diffusivity at T = 1.2, for a uniform_
distribution of the pillars with porosity ¢ = 0.97. The results are for &, = 0.5 (circles), 1.0 (squares), and 2.0
(triangles), respectively.

same guest molecules loading, the ratio of the highest
and lowest self-diffusivities is as high as 10 at very low
guest molecules loadings. In agreement with our study
reported in Part I, the diffusivity is a monotonically
increasing function of the porosity. As our discussion
given above indicates, this is an expected result, since
with a uniform pillar distribution, the pore opening
increases with increasing porosity.

Similar to Fig. 11, where we showed the dependence
of the amount of the adsorbed molecules on the pillar-
adsorbate energy parameter ¢,, Fig. 19 presents the
same for the diffusivity. The trends in the results are
somewhat similar to those in Fig. 11, and as both
figures indicate, in the limit of high adsorption there is
little difference between the diffusivities for all three
cases. However, at low adsorption, the difference be-
tween the diffusivities is large, a result that can be
explained using arguments similar to those given for
Fig. 11.

SUMMARY

Molecular simulations were carried out to study
the adsorption equilibria and diffusive motion of
guest molecules in model pillared clays. The depend-
ence of the adsorption isotherms and the self-diffusivi-
ties of the molecules on temperature, pillar configura-
tion, porosity, and pressure (chemical potential) were
studied systematically. The adsorption isotherms pre-
dicted by the GCEMC simulation were found to be
monotonically increasing functions of the pressure
and monotonically decreasing functions of the tem-
perature. A first-order phase transition (condensation)

was observed at low enough temperatures. At moder-
ate and high porosities, the adsorption isotherms
show no strong dependence on the spatial distribu-
tion of the pillars. Depending on the pressure, the
dependence of equilibrium loading on the porosity
exhibits two different patterns. In the high pressure
range, the equilibrium loading increases as the poros-
ity increases, whereas in the low pressure range this
dependence is reversed. This complex dependence of
the equilibrium loading on the porosity is due to the
competition between the accessible pore volume of
the system and its total adsorption surface, the two
factors that control adsorption equilibria in any por-
ous medium, and represent percolation effects.

An important finding of this work is the relative
insensitivity of adsorption isotherms to the pore struc-
ture of the system (as represented by pillar clustering)
at the same porosity, at least at moderate and high
porosities. This implies that experimental adsorption
isotherm data alone may not be abie to uniquely
determine parameters such as the pore size distribu-
tion. However, we caution that this conclusion is
limited to the model we used in this study, and may
need modification for low porosity cases, and where
very specific interactions are involved in adsorption.

When the comparison is possible, the MD simula-
tion results are in good agreement with our results
reported in Part I, and the equilibrium properties
obtained from corresponding GCEMC and MD
simulations are in close agreement. With the excep-
tion of states involving condensation transition, the
self-diffusivity of the guest molecules, as obtained
from the MD simulations, was found to be a
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monotonically decreasing function of the equilibrium
loading (and therefore the pressure of the surrounding
fluid), and a monotonically increasing function of the
temperature. Our results show that the diffusivity is
more strongly dependent upon the spatial distribu-
tion of the pillars than is the equilibrium loading.
especially at low and moderate loadings. The diffus-
ivity also has a much stronger dependence on the
porosity than that of the equilibrium loading.

Based on the available experimental information,
and the insight we have obtained from the molecular
simulations of our model of intercalated porous ma-
terials, we are currently developing a more refined
model of pillared clays. in which detailed information
about their structure and the energetics are incorpor-
ated. The model will then be used for molecular simu-
lations of diffusion and adsorption in typical pillared
clays, such as Al-intercalated montmorillomites. The
results will be reported in a future paper.
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Abstract

We present extensive new experimental data for the
amount of precipitated asphalt and asphaltene aggregates
formed with crude oil and various solvents, and their
molecular weight (MW) distributions. A new scaling equa-
tion is proposed for predicting the onset and amount of the
precipitates, somewhat similar to those encountered in ag-
gregation and gelation phenomena. The scaling function
takes on a very simple form, and its predictions are in very
good agreement with the available data. We also present
an analysis of small-angle X-ray and neutron scattering
data to delineate the structure of the asphalt and asphal-
tene aggregates. Our analysis suggests that the asphalt
and asphaltene aggregates are fractal structures with well-
defined fractal properties.” We identify the mechanisms
that give rise to such fractal aggregates, based on which
we propose a new analytical form for the MW distribution
of the asphalt and asphaltene aggregates which provides
accurate predictions for our data.

INTRODUCTION

An important phenomenon in the petroleum industry is de-
position of heavy organic compounds on the pore surfaces
of oil reservoirs during enhanced oil recovery processes!:2.
Miscible displacement of oil by carbon dioxide or natural
gas is considered one of the most efficient methods of in-
creasing oil production. However, this process often causes
some changes in the fluid flow behavior and the equilib-
rium properties of the fluids. Under certain conditions
such changes lead to the formation of asphaltenes and as-
phalts, which are large molecular aggregates with com-

plex structure and properties. Although many authors do
not distinguish between asphalt and asphaltene, we define
the former as the latter plus resin, and use this termi-
nology throughout this paper. Formation of asphalts and
asphaltenes is a function of the composition of the crude oil
and the displacing agents, and the pressure and tempera-
ture of the reservoir. Their deposition on the surface of the
pores reduces the permeability of the pore space, leading
to the eventual isolation of oil from the flowing fluid in the
reservoir®, and reduction of the efficiency of oil recovery
processes. As enhanced oil recovery processes by miscible
displacements have become popular, formation of heavy
organic aggregates in the form of asphalt and asphaltene
and their deposition on the pore surfaces have gained in-
creasing importance. Deposition of such aggregates on the
pore surfaces can also alter the wettability of the reservoir,
which is a crucial factor in the distribution of immiscible
fluids in a porous medium and displacement of oil by an
immiscible fluid such as water?. Although over the past
several decades the nature of asphalts and asphaltenes and
the mechanism of their precipitation on the pore surfaces of
a porous medium have been studied intensively»25-15 no
general consensus has emerged. One important reason for
this lack of consensus is that these studies were not system-
atic in that each study considered only one aspect of the
problem, and did not investigate several important and re-
lated aspects of the problem, all in one study and with sim-
ilar compounds, and under similar conditions. The com-
plexity of the structure of asphalt and asphaltenes aggre-
gates has also hindered progress. Problems arising from as-
phalt and asphaltene precipitation have been encountered
in many field-scale operations around the world, including
those in Algeria!®, in the Ventura field in California%'?,
in the production tubing in the Little Creek, Mississippi,
during CO; injection for enhanced oil recovery!'?, and in
some Iranian oil fields.

The purpose of this paper is to present the results of a
systematic study of formation of the asphalt and asphal-
tene aggregates, their structure, and the onset and amount
of their precipitation. Their transport properties, such
as their effective diffusivity in a pore, have been reported
elsewhere'®. We first present our new experimental data
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for the onset and amount of asphalt and asphaltene pre-
cipitation, which is then followed by their theoretical mod-
elling. We then present an analysis of small-angle X-ray
and neutron scattering (SAXS and SANS, respectively)
data, showing that they provide key insights into the struc-
ture of the asphalt and asphaltene aggregates, based on
which we propose the mechanisms that give rise to these
aggregates. This leads us to a new analytical equation for
the MW distribution of the asphalt and asphaltene aggre-
gates, which provides accurate predictions for the new data
presented here.

PRECIPITATION RESULTS

To measure the amount of the precipitated asphalt or as-
phaltene aggregates we used a crude oil, from an Iranian
oil field, which we filtered to remove its solid contents,
such as sand. We then diluted the oil by a solvent, which
was a normal alkane with a carbon number ranging from
5 to 10. Several different dilution ratios R, measured in
terms of the cm® of the solvent/gr of the oil, were used.
The diluted oil was then agitated in a tube, which caused
the formation and precipitation of the aggregates. After
one day the solid content of the oil, i.e., the precipitated
aggregates, was measured. The asphaltene content was
separated and measured by the standard IP-143 method.
During the entire experiment the temperature was kept
at about 25°C. Complete details of such experiments are
given elsewherel®.

Figure 1 shows our experimental results for the weight
percent of the precipitated asphalt W, in weight of the
asphalt/gr of the crude oil, for five different solvents (n-
alkanes) and various solvent to crude ratios R. Our data
are consistent with the previous experimental data. For
example, Hirschberg et al.!® have presented very limited
data for n-Cs, n-C7, and n-C;p at three different values
of R. The trend of their data are consistent with ours,
although a numerical comparison between their data and
ours is not possible, because they do not specify the tem-
perature of their experiments. Kokal et al.?® presented
two sets of precipitation data obtained with two different
Canadian crude oils. One was for Suffield heavy oil, and
the solvents were n-Cs, n-Cs, n-C7, n-Cs, and n-C;4. The
other one was for Lindberg heavy oil, with n-Cs, n-Cg, n-
Csg and n-Cyg as the solvents. Qur data are consistent with
theirs, although, as they pointed out, the fluctuations and
uncertainties in their data are large.

To study the effect of pressure on the precipitation, we
also measured the amount of precipitated asphalt in a tank
oil at 25°C with two solvents, namely, n-Cg and n-Cy, at
various pressures. The results are shown in Figure 2, in-
dicating that as the pressure increases the amount of the
precipitated asphalt decreases. However, beyond a certain
pressure no significant changes are observed in the pre-
cipitation. This behavior, which is also supported by the
small-angle scattering data that are discussed below, is ex-
plained as follows. At a fixed temperature, lower pressures
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are associated with lower fluid density and solubilizing abil-
ity, and a large mean distance between the asphalt parti-
cles and the surrounding fluid particles. As a result, the
amount of the asphalt aggregates, and hence the precipi-
tation amount, is larger at low pressures. As the pressure
increases, the solubilizing ability of the solution increases,
resulting in smaller amount of the asphalt (and asphaltene)
aggregates and precipitation.

We also measured the amount of precipitated asphaltene
with n~Cg and n-Cy; for various values of R and at 8°C and
19°C. The results are presented in Figures 3 and 4. The
qualitative trends of these data are similar to those shown
in Figure 1, implying that their modelling and predictions
must also be similar to them. We show below that this'is
indeed the case.

THEORETICAL MODELLING OF PRECIPITA-
TION DATA

Predicting the onset and amount of asphalt and asphal-
tene precipitation is a difficult problem which has not yet
found a satisfactory solution. In the past various thermo-
dynamic models have been used?13:19-22 for predicting the
precipitation, based on the assumption that the process is
a reversible phenomenon. Aside from the fact that the re-
versibility of this process is in question, to be predictive,
this approach requires many adjustable parameters and as-
sumptions, many of which are not justified, and therefore
it is not satisfactory. We present an alternative approach
that uses the analogy between asphalt and asphaltene for-
mation and aggregation phenomena, and builds on the uni-
versal properties that they possess.

The data presented in Figures 1, 3, and 4 are strongly
suggestive of the possibility that they may all be collapsed
onto universal scaling curves, since all the curves start at
about the same point (close to their onset of precipitation),
and at large values of R they become more or less parallel.
As a result, it may be possible to collapse the data onto a
single scaling curve. This is in fact typical of aggregation
processes by which asphalt and asphaltene aggregates are
also formed. The variables in Figures 1, 2, and 4 are R,
W, and M, the MW of the solvent. Similar to aggregation
phenomena in which independent variables are combined
and reduced to fewer variables, we find that, if let X =
R/M? and Y = WR*', then the experimental data shown
in Figures 1, 3, and 4 can be collapsed onto scaling curves
with

7 =2. (N

The results are shown in Figures 5 and 6. Note that, we
could not find any other values for z and 2’ that could col-
lapse the data onto scaling curves with the same accuracy,
nor could we find any other combinations of the three vari-
ables that could do the same. Thus these combinations
of the variables and the values of z and z’ appear to be
unique. The reason for this data collapse, which is novel,
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becomes clear only if one understands the similarities be-
tween asphalt and asphaltene formation and aggregation
phenomena, which have scaling and universal properties;
these are explained below where we analyze the scattering
data, and provide a theoretical explanation for the values
of z and 2'.

The collapse of the precipitation data onto scaling curves
also has two important implications and consequences.
First, the scaling curve provides accurate predictions for
those values of R, or those solvents, for which no data are
available, or their measurement my be difficult. Secondly,
the scaling representation of the data implies a universal
property for the onset of precipitation, to be discussed be-
low. To show that the data collapse is robust and a scal-
ing curve can be obtained from far fewer data points with
comparable accuracy which can then be used for predict-
ing precipitation for other systems, and to also get some
idea about the effect of fluctuations and uncertainties in
the data on their collapse, we also collapsed onto a single
curve the asphalt data only for n-Cs and n-Cg, the light-
est solvents used in our experiments, and again found that
the same z and 2’ collapse the data. The resulting scaling
curve shown in Figure 7 was then used for predicting the
experimental data for n-Cy7, n-Cg and n-C;g. The results
are shown in Figure 8, and it is seen that the accuracy of
the predictions is very good. Similar results are obtained
if we collapse the data for n-Cg and n-Cjp, the heaviest
solvents used in our experiments, and then use the result-
ing scaling curve to predict the data for n-Cs, n-Cs and
n-Cz, or if we use the scaling curves shown in Figure 6 and
predict the amount of precipitated asphaltene with n-Cs
and n-C;. Thus, any two sets of data provide accurate
predictions for all other data, i.e., with limited amount of
experimental data, one can make accurate predictions for
other systems for which no data are available.

We should point out that the collapse of the precipita-
tion data is not restricted to our results and the crude oil
that we used in our experiments. For example, we found
that with the same values of z and z’ we can collapse the
data reported by Kokal et al.2® onto scaling curves. The
results are shown in Figure 9. Given that, as Kokal et al.?°
themselves pointed out, the fluctuations and uncertainties
in their data are large, the collapse of their data is excel-
lent. This confirms our assertion that the collapse of the
precipitation data onto scaling curves 1s independent of the
type of crude oil, temperature and pressure.

The Onset of Precipitation

From a practical point of view, an important quantity is
R, the value of R at the onset of precipitation. For R < R,
no precipitation occurs, whereas for R > R. one has as-
phalt or asphaltene precipitation. Currently, the only ex-
tensive experimental data for R, that we are aware of
are those of Hotier and Robin?3, which according to them
are subject to great uncertainty. From the scaling curves
shown in Figures 5, 6 and 9 we can derive a relation be-
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tween R, and M for the onset of precipitation for various
solvents. To do this, we find the intercept of the scaling
curves at Y = 0 and calculate the critical value X, for the
onset of precipitation. Since we have collapsed the data
onto a single curve, the value of X, must be the same for
all the solvents. Indeed, Figure 5 predicts that for the as-
phalts X, = R/MY4 ~ 0.27, and Figures 9 tell us that
X, ~ 0.3, and therefore R, = ¢cM /4, where c is essentially
independent of the type of the crude oil. Similarly, Fig-
ure 6 tells us that for the asphaltenes, X, ~ 0.025. These
results tell us that at the onset of precipitation, the crit-
ical ratio R, depends mainly on the MW of the injected
solvent, at least for the solvents that we used in our exper-
iments. More generally, we may write R, = ¢(T)M/4, in
which we believe that ¢ is a temperature-dependent quan-
tity. Estimating ¢(7") requires experimental data at several
temperatures.

ANALYSIS OF SMALL-ANGLE SCATTERING
DATA

Asphalts and asphaltenes are molecular structures whose
formation is the result of aggregation of the elementary
particles in the crude oil solution. Thus, it would be use-
ful to discuss briefly two important aggregation phenom-
ena that are relevant to our paper. These are diffusion-
limited particle {DLP) and diffusion-limited cluster-cluster
(DLCC) aggregation. In the DLP aggregation model?* the
site at the center of a lattice (or a continuum) is occupied
by a stationary particle. A new particle is then injected
into the lattice, far from the center, which diffuses on the
lattice until it reaches a surface site, i.e., an empty site
which is a nearest-neighbor to the stationary particle, at
which time the particle sticks to it and remains there per-
manently. Another diffusing particle is then injected into
the lattice to reach another surface (empty) site and stick
toit, and so on. If this process is continued for a long time,
alarge aggregate is formed, a typical two-dimensional (2D)
example of which is shown in Figure 10. The most impor-
tant property of the DLP aggregates is that, they are self-
similar and fractal. This means that, if N, is the number
of the elementary particles in an aggregate of radius R,,

then one has N, ~ R,l,) , where D; is the fractal dimen-
sion of the aggregate. Computer simulations indicate that
Dy ~ 2.5, for 3D DLP aggregates.

In the DLCC aggregation model?®26 one starts with an
empty lattice (or a continuum). At time ¢t = 0, a fraction
po of the lattice sites are selected at random and occu-
pied by particles. Each occupied site can contain only one
particle. If pp is small, the system will consist of a large
number of isolated occupied sites and a few small clusters
of particles. A cluster is a set of nearest-neighbor particles.
One cluster, including a single particle, is then selected at
random and is allowed to diffuse in a randomly-chosen di-
rection. Then the perimeter sites of the cluster — the set of
sites that are adjacent to the cluster — are examined to see
whether they are occupied by other particles or clusters. If
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so, the perimeter particles or clusters are attached to the
cluster that was moved to form a larger cluster. Another
randomly-selected cluster is moved again, its perimeter is
examined for possible formation of a larger cluster, and so
on. Figure 11 shows several stages of this process in 2D.
The DLCC aggregates are also fractal objects, and exten-
sive computer simulations suggest that for DLCC aggre-
gates Dy ~ 1.8+ 0.05 in 3D.

An important property of fractal aggregates is the
roughness of their surface. Since the clusters that aggre-
gate together have irregular shapes and sizes, their active
surface area Sg, l.e., that part of their surface which is
most likely to collide with the surface of another cluster,
is different from the total surface area of the cluster, and
constitutes only a small fraction of it. For a growing clus-
ter during aggregation S, scales with the total number of
particles s in the cluster as

Sa ~s¥, (2)

where w is a universal exponent, independent of many mi-
croscopic features of the cluster. As we discuss later, w has
a strong influence on the shape of the MW distribution of
the aggregates.

An accurate probe of the structure of complex systems
is small-angle scattering. In a scattering experiment the
observed scattering intensity I,(g) by a single self-similar
and fractal cluster or aggregate is given by?’

I(q) ~ ¢ 01, 3)

where ¢ is the magnitude of the scattering vector given by

¢ = %”sin (g) . (4)

Here ) is the wavelength of the radiation scattered by the
sample through an angle 8. Thus, a logarithmic plot of
I,(q) versus ¢ should yield a straight line with the slope
—Dy.

If the solution contains many aggregates or clusters of
various sizes, as is the case with a crude oil that contains
many asphalt or asphaltene aggregates, then the inten-
sity I{g) scattered is the average sum of the intensities
scattered by all the aggregates. Suppose that n,(t) is the
number of the clusters or aggregates of size s in the so-
lution at time f, where s represents the number of the
elementary particles in an aggregate. If the aggregates are
fractal, then it has been shown that?®

ny =577 f(s/{s)) (5)

where 7 is a universal exponents, (s) is the mean aggregate
size, and f{z) is a universalscaling function. For a solution

containing many aggregates of various sizes I{q) is given
by29

I(q) = /sn,I,(q)ds, (6)

SPE 35707

which means that
I(g) ~ g~ ®=7)Ps (7)

We now analyze the small-angle scattering data to de-
duce the structure of the asphalt and asphaltene aggre-
gates. The data that we analyze include both SANS and
SAXS, which are known to have very different contrast
mechanisms, especially for complex systems such as the
asphalt and asphaltene aggregates. Despite this, both the
SANS and SAXS data lead to the same conclusion regard-
ing the structure of the asphalt and asphaltene aggregates.

We start with the analysis of the SANS data and give
a brief description of such experiments®®. The small-
angle scattering spectrometer utilizes neutrons from a cold
source containing liquid hydrogen at 1.5K. The outcom-
ing neutrons are monochromatized by a single multilay-
ered monochromator for selection of the wavelength. In
the experiments the wavelength was 5.04 with a wave-
length spread of about 11%. The sample cell was a cylin-
drical quartz cuvette of 2-mm pathlength. The scattered
neutrons, after passing through a helium-filled drift space,
were detected by a 2He area detector of 50x50 cm? contain-
ing 128 x 128 pixel elements. The sample-to-detector dis-
tance was 180cm, which corresponds to a g-range of 0.008
to 0.174~!. Heptane was used as the solvent, and after
the aggregates were formed, they were separated from the
solution and were mixed with toluene. Then the system
was allowed to equilibrate for 11 days. The experiments
were carried out with the aggregate-toluene mixtures.

The logarithmic plot of the scattering intensity 7(q) ver-
sus ¢ at 256°C and 5% aggregate concentration is shown in
Figure 12. A power-law scattering is observed over about
one order of magnitude in the length scale. The size of
these aggregates appears to be very small, ranging from
about 54 to about 50A. This is due to the fact that in
these experiments the asphalt aggregates were dissolved in
toluene, which is known to be a good solvent for asphalts
and resin. Dissolution of the asphalt in toluene causes
fragmentation of the aggregates into small pieces. As Fig-
ure 12 indicates, there are two distinct regimes. At large
length scales (small ¢) one has a straight line with a slope
of about 1.76 + 0.11, whereas at small length scales (large
q), the slope is about 2.6 &+ 0.1. Hereafter, we use D;
and dy to denote the fractal dimensions of the large and
small aggregates, respectively. What is the interpretation
of these results? From our experimental observations the
following mechanisms for the formation of the aggregates
emerge. After the solvent is added, the resin, that covers
the surface of the small individual particles and the self-
associates suspended in the oil, is partially dissolved. The
particles and the resin are both electrically charged, albeit
with opposite signs, and therefore dissolution of the resin
creates electrical imbalance between the particles. The
small clusters are then formed by diffusion of the charged
solid particles in the oil, which stick together upon colli-
sion. But, this is precisely how the DLP aggregates are
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formed. Their fractal dimension, which is about 2.5, is
in agreement with the scattering data, dy ~ 2.6+ 0.1, ob-
tained from Figure 12. After some time, one has a mixture
of small aggregates of various sizes (which also carry a net
electrical charge), as well as the individual charged parti-
cles. So, while the aggregation of the individual particles
continues, aggregation of the clusters as well as the par-
ticles is also triggered. These clusters and particles also
diffuse in the solution and stick to each other upon colli-
sion, which is precisely the mechanism by which the DLCC
aggregates are formed. Indeed, if we take 7 = 2, the value
for DLCC aggregates, Eq. (7) predicts a fractal dimension
Dy ~ 1.76 for large length scales, in excellent agreement
with that of 3D DLCC aggregates.

Next, we consider SAXS data3!. In these experiments 3
solution samples were used. Two of them were oil residues
at atmospheric pressure and 350°C. After the solvent,
which was n-C7, was added and the asphalts were formed,
they were separated and dispersed in benzene. The third
sample was a vacuum residue without any separation with
n-C7. The solution used in the third scattering experiment
contained 10% residue, containing the asphalt, dispersed
in benzene. The wave length A, selected by a variable-
curvature monochromator, was 1.6084. The focal distance
was 2m, with 1m between the sample and the linear sen-
sitive detector.

The results are presented in Figure 13, which show
power-law scattering over nearly two orders of magnitude
variations in the aggregate size between 50A and 1700A.
Note that the size of these aggregates is much larger than
those in the SANS experiments. The slope for the first
two samples yields Dy ~ 1.8+0.03, while the third sample
yields a fractal dimension Dy ~ 1.75 + 0.05, all of which
are in excellent agreement with that of DLCC aggregates
discussed above, and are also consistent with SANS data
analyzed above, which were for a completely different oil.
Note that, the range of length scales and the aggregate
sizes that have been probed by SAXS in these experi-
ments are much larger than those in the SANS experi-
ments, but the results are completely consistent with each
other. Note also that, unlike the SANS data, the results
shown in Figure 13 do not indicate the presence in the so-
lution of the DLP aggregates at small length scales. We
attribute this to two important factors: One is the aging of
the three solutions3? for a very long time, which provides
ample time for the small aggregates to diffuse in the solu-
tion and stick together as they collide. The second factor
is the low concentration of the asphalt in the solution. If
the concentration of the solid particles that constitute the
asphalt particles is large enough, initially DLP aggregates
are formed which cluster together later and form a DLCC
aggregate. On the other hand, if the concentration is low
enough and the system has reached equilibrium, it con-
tains only one type of fractal aggregates. For example, if
the asphalt-containing solution is aged for a long enough
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time, practically all the DLP aggregates as well as the in-
dividual charged particles cluster together and form one or
more DLCC aggregates. -

These results are also supported by the very recent
experiments of Toulhoat et al.3® Using atomic force mi-
croscopy, they obtained beautiful pictures of asphalt aggre-
gates that are completely similar to those shown in Figures
10 and 11, thus providing strong support for our results.
Thus, not only we estimate the fractal dimension of these
aggregates, we also identify the mechanisms for their for-
mation.

The effects of the temperature and pressure. As the
temperature of the system rises, more resins are dissolved
and thus the electrical charge imbalance between the par-
ticles or small clusters is much lower. Therefore, aggre-
gates with much lower densities and effective fractal di-
mensions are formed. It is possible that the system will
eventually contain DLCC and DLP aggregates with their
three-dimensional fractal dimensions, but the time scale
for reaching this state may be very long. This has been
observed very clearly in several experiments®. The pres-
sure of the system has an effect somewhat similar to that
of the temperature. As the pressure rises, smaller aggre-
gates with lower effective fractal dimensions are formed.
However, as our results shown in Figure 2 indicate, once
the pressure is large enough, the behavior of the system
becomes independent of it. This is clearly seen in Figure
14 where we show the results®* of SAXS experiments with
a heavy oil at 25°C. In these experiments n-Cs was the sol-
vent, the volumetric ratio oil/solvent was about 3/2, and
the pressure was about 5900 psia. At small length scales
(large g) the slope of the line is about dy ~ 1.3, much
smaller than dy ~ 2.5 for DLP aggregates, while at large
length scales the slope is less than one, implying that there
is no DLCC aggregate in the solution at all. These results
indicate that at such high pressures only very small ag-
gregates are formed, in agreement with our precipitation
results (Figure 2) that indicate that with increasing pres-
sure asphalt precipitation decreases.

We should mention that, in the past there has been
some speculation about the possible fractal structure of
asphalt and asphaltene aggregates3~3°. However, none
of these papers specified what kind of a fractal structure
the asphalt and asphaltene aggregates may possess, or pro-
posed any mechanism for their formation. In the absence
of any mechanism for the formation of a fractal structure
with a given fractal dimension, one can, in principle, have
an infinite number of ways by which the fractal dimen-
sion may arise. In fact, Park and Mansoori3®, Crickmore
and Hruska®, and Lin et al.37 all stated that, if the as-
phalt and asphaltene aggregates are fractal, their frac-
tal structures and fractal dimensions cannot be specified,
and Raghunathan3® speculated that the fractal structure
of these aggregates is similar to that of linear polymers.
We must emphasize that a fractal dimension Dy =~ 1.8
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does not imply that the aggregates are nearly two dimen-
sional. It only means that the number of the elementary
solid particles in the aggregates is so low that, their fractal
dimension is smaller than two.

If asphalt and asphaltene aggregates are of the DLCC
and DLP types, then one can explain why the precipitation
data can be collapsed onto a single scaling curve. Equation
(5) tells us that, we can collapse all the aggregate-size dis-
tributions n,(t) obtained for fixed s or ¢ onto a single curve,
if we plot s"n,(t) versus s/(s), since the scaling function
f(z) is universal and does not depend on the details of the
system. Thus, if we take 7 = 2, the value for DLCC, we

obtain
s*ns(t) = f(s/(s)) . (8)

On the other hand, if the scaling functions shown in Fig-
ures 5, 6, 7 and 9 are written as Y = h(X), where h(X)
is the collapsed curve, then the data collapse with z = 1/4
and z’ = 2 implies that

R*W = h(R/M'/*) ©)
which is completely similar to Eq. (8), explains the col-
lapse of the precipitation data onto a single curve and the
value 2z’ = 2, and indicates that, as we argued above, the
asphalt and asphaltene aggregates are of the DLCC type.
Of course, the scaling functions f(z) and h(z) are not the
same. Comparing Egs. (8) and (9), one may infer that
the roles of s and n,(?) in the dynamic aggregate-size dis-
tribution are played by R and W, respectively. It is not
unreasonable to infer that the size of the asphalt aggre-
gates may be proportional to the ratio R, and indeed as
Figures 1, 3, and 4 indicate with increasing R the amount
of precipitation, and thus the size of the aggregates, do
increase. As a rough estimate, W () is also proportional
to n,(t), the number of clusters or aggregates of size s at
time ¢ for all s > spin, where spin is the minimum clus-
ter size for precipitation, since only when a cluster is large
enough, it can precipitate; otherwise it will remain sus-
pended in the solution. We expect to have spin ~ a(s),
where o > 1. With these analogies, it becomes clear why
the data collapse shown in Figures 5, 6, 7, and 9 is possible.

THE MOLECULAR WEIGHT DISTRIBUTION
Over the years, many authors have studied the MW dis-
tribution of asphalts and asphaltenes?®~*7. Most of them
measured the average MW of the asphalts and asphaltenes
from various oils, and provided some statistics of their mea-
surements, but did not give the MW distribution itself.
Trauth et al.%” used a Monte Carlo method to determine
the MW distribution. We now present new data for the
MW distribution of asphalts and asphaltenes, and based
on our results discussed above propose analytical equations
to predict them.

We first describe briefly our experimental procedure for
determining the MW distribution. The tank oil was di-
luted by several solvents including n-Cs, n-Cg, and n-Cyo,
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and for R =1.5, 4.0, and 10.0 in cm? of solvent/gr of the
tank oil. The samples were kept in a dark place in an inert
gas to prevent oxidation, and they were stirred occasionally
for 24 hours. In the next step, the samples were filtered
using the Wattman No. 42 filter paper. The filter papers
were then washed by excess amount of the solvents. The
asphalt that remained on the filter was used for measuring
its MW distribution and its average. Two average MWs
were determined for the asphalts and asphaltenes. These
were the weight-average molecular weight (M, ) and the
number-average molecular weight (M, ). Also determined
were the MW distributions using liquid size-exclusion chro-
matography, or gel permeation chromatography (GPC).
The standard ASTM test method D3593-80 for determin-
ing the average MWs and the MW distributions of toluene-
soluble macromolecules was used.

The GPC instrument consisted of a solvent reservoir,
a pump, a sample injection device, 4 packed columns, a
solute detector, a flow rate detector, and a recorder. It
had 4 different columns filled with Styragel, and nominal
exclusion limits of 500, 103, 1500, and 10*A were used
in the measurement process. Each column had a length of
120cm and was lcm in diameter. The columns of the GPC,
at the specified temperature and solvent, were calibrated
using the polystyrene standard. The resulting calibration
curve was then transformed to give a relationship between
the retention volume and the molecular weight M.

The asphalts or asphaltenes were dissolved in toluene at
room temperature using a magnetic stirring device. The
resulting solution was then injected into the chromato-
graphic column packed with a solid and porous substrate,
with a flow rate of 2 ml/min, in order to separate the
various molecular aggregates according to their sizes. The
concentrations of the separated aggregates were also deter-
mined and recorded. By using the MW calibration curve
the MW averages and the MW distribution for each ex-
periment were determined.

The MW averages and the MW distributions of the
asphalt and asphaltene samples for all the solvents with
R =1.5 and 4 were measured 2 weeks after forming the
toluene-asphalt (or asphaltene) solutions, while for the
solution with R = 10 the measurement were done after
3 weeks. To investigate non-equilibrium effects on the
growth of the asphaltene or asphalt aggregates, a separate
measurement was carried out for n-Cg at R = 1.5 after 4
weeks.

Some typical MW distributions of the asphalts obtained
with n-Cs and n-Cy ¢ are shown in Figures 15 and 16. These
distributions are bimodal, and thus consistent with the
small-angle scattering data shown in Figure 12, because
the existence of the two maximais a strong indication that
there are two different types of asphalt aggregates in the
solution. One type are those that are formed by a DLP
aggregation, while the other type are those that are formed
by a DLCC process. We point out that, in general, the MW
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distribution is a time-dependent quantity which evolves
as the aggregation of the asphalt and asphaltene particles
takes place. Thus, as discussed above, if the solution is
aged for a long enough time, then the maximum that is
due to the DLP aggregates should disappear, yielding a
solution with only DLCC aggregates, and thus a unimodal
MW distribution. This is clearly seen in Figure 17, where
we show the results for an asphaltene solution obtained
with n-Cs and R = 1.5 after 4 weeks. More extensive data
for several other solvents will be reported elsewhere?8.

Botet and Jullien®® studied the cluster-size distribu-
tion during aggregation processes, and derived an analyti-
cal formula for the most probable cluster-size distribution.
Suppose that at the beginning of the aggregation process
there are N elementary particles, and that there are N,
clusters or aggregates in the system. Botet and Jullien*®
showed that, the most probable cluster-size distribution is
given by Nn,/N2? ~ f,(N.s/N), where w is defined by
Eq. (2). This equation tells us that f,(z) can be con-
sidered as a rescaled or reduced most probable cluster-size
distribution. Botet and Jullien*® also derived the following
equation for f,(z)

fu(z) = cx™? exp[—(1 — 2w)z] , (10)

where ¢ is a renormalization constant obtained from
fy° fu(z)dz = 1. This equation can have a maximum only
fw<0.

We now convert Eq. (10) to a MW distribution for the
asphalt and asphaltene aggregates by assuming that, the
MW of an aggregate is proportional to its size. Since the
data shown in Figures 15-17 indicate that there can be a
minimum molecular weight M,, at which the MW distri-
bution is cutoff, Eq. (10) implies the following equation
for the MW distribution for asphalts and asphaltenes:

fu(M) = (M —Mp) > expl—a(M —Mp)], M>M,,

) (11)
where a is a contant. In Eq. (11) we can treat w as an
adjustable parameter, but in what follows we provide ev-
idence that w may in fact be a universal exponent, and
thus its value can be fixed. If so, all one has to do is spec-
ifying the minimum molecular weight M,,, which can be
obtained by a simple measurement, and determining the
constant ¢ from the normalization condition. Then, the
MW distribution is completely specified. However, Eq.
(11) is appropriate if the MW distribution is unimodal,
which is the case if the solution is aged for a long enough
time. If it is bimodal, then we use the following equation
which is a generalization of (11):

fu(M) = Z ¢i(M — Mpni) ™ expl~ai(M — M) . (12)

In this equation subscripts 1 and 2 refer to the DLP and
DLCC parts of the MW distribution, and thus M,,; = 0.
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Taken together, there are 6 parameters, which are ¢;, a;,
w, and M2, and are estimated by fitting the data to Eq.
(12). However, for all the cases we found that w ~ —1/2,
indicating, as mentioned above, that it may be a universal
parameter. The resulting fits of the data are also shown in
Figures 15-17, and it can be seen that the agreement be-
tween the predictions and the data is generally very good.
However, the significance of the proposed equations is not
in the goodness of the fits, since there are 5 adjustable pa-
rameters. It is in the fact that Eqs. (11) and (12) have a
firm theoretical foundation.

SUMMARY

In this paper we presented extensive new experimental
data for the onset and amount of asphalt and asphaltene
precipitation under various conditions and with different
solvents, and their molecular weight distributions. We pro-
posed a simple scaling equation that appears to be capa-
ble of providing accurate predictions for the precipitation
data. Moreover, the scaling equation provides a particu-
larly simple, and apparently universal, prediction for the
onset of precipitation. We also analyzed small-angle scat-
tering data for asphalt and asphaltene aggregates in solu-
tions, and proposed the mechanisms that give rise to such
aggregates. Based on these findings, we proposed new an-
alytical equations for the MW distribution of the asphalt
and asphaltene aggregates, which provide accurate predic-
tions for the new data presented in this paper.
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Figure 1. Experimental data for the weight percent W of precipitated asphalt as a function of the
solvent/oil ratio R (in cm3®/gr). The results are, from top to bottom, for n-Cs, n-Cs, n-Cz, n-Cs, and

n-Cjo as the solvent.
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Figure 2. The weight percent W of precipitated asphalt as a function of the pressure P (in psia)

at T' = 23°C and solvent/oil ratio R = 3 with n-Cg (squares) and n-Cy (circles) as the solvent.

564



0 3 3 1 1 1 i
0 5 10 15 20 25 30 35

R

Figure 3. The weight percent W of precipitated asphaltene as a function of R with n-Cs (circles)

and n-Cy (squares) as the solvent, at T’ = 8°C.
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Figure 4. The same as in Figure 3, but at 7 = 19°C.
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Figure 6. The collapse of the data shown in Figures 3 and 4 for T = 8°C (squares) and T = 19°C
(circles).
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Figure 7. The collapse of the precipitation data for n-Cs and n-Cyo (see Figure 1).

0 2 4 6 8 10

Figure 8. Comparison of the experimental data (symbols) and the predicted {curves) weight
percent W of precipitated asphalt, as a function of the solvent/oil ratio R, using the scaling curve

shown in Figure 7. The results are, from top to bottom, for n-Cz, n-Cg, and n-Cja as the solvent.




[.20

Figure 9. The collapse of the precipitation data of Kokal et al.?® onto scaling curves for Suffield

(top) and Lindberg (bottom) heavy oils.
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Figure 12. The SANS intensity I(q) versus the scattering vector ¢ at P = 1 atm. e
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Figure 13. The SAXS intensity I{g) versus the scattering vector ¢ for three different oils at P = 1

atm.
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Figure 14. The SAXS intensity J(g) versus the scattering vector ¢ at P = 400 atm and T = 25°C.
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ABSTRACT

We present here an overview of our ezperimental and theoreti-
cal studies of asphaliene transport through membranes. Statistical
Monte-Carlo models are utilized to model the structure of asphaltene
molecules, and continuum hydrodynamic theory is used to calculate

their transport coefficients.

INTRODUCTION

Due to the relative abundance of heavy crudes and the ongoing research
activities in coal liquefaction and coal-liquid upgrading, the need to study the
structure, reactivity and transport properties of heavy oils is ever increasing.
Asphaltenes, which are a major component of heavy oils, create difficulties
during upgrading. To increase the efficiency of the hydrotreating of heavy oils
it would be helpful to have a better understanding of the asphaltene structure
and the mechanism of asphaltene diffusion through restricted porous systems.

Membranes offer a number of advantages in fundamental investigations of
transport and reaction. Microporous polymeric, mica and anodic membranes
have straight, non-intersecting and fairly uniform pores; this eliminates the need
for describing the tortuosity and the porous media topology. Sol-gel membranes
with their fairly unimodal pore size distributions represent an intermediate step
in the knowledge tree leading to a better understanding of the transport phe-
nomena occuring in real catalyst systems. Inorganic membranes, in particular,




offer the oppurtunity for fundamental transport and reaction investigations at
realistic process conditions (Nourbaksh et al., 1990; Nourbaksh, 1991). These
membranes, furthermore, show good potential for novel reactor applications in
this area {Ravi-Kumar, 1995).
Several reviews on asphaltene structure have already been published (Yen,
1990; Speight, 1991; Sane et ol., 1994). A broadly accepted model for the
asphaltenes molecular structure is beginning to emerge from these studies. As-
phaltene molecules (particles) are thought to be stacked layers of condensed
heterocyclic aromatic sheets with attached alkyl chains restricted to the plane
of the sheet, typically 8.5-15A in diameter. These pdrticles are about 16-204 in
height. In asphaltenes the association and clustering do not stop at the particle
level. Several molecular weight distribution studies have shown the presence
of components (called “micelles” in the asphaltene literature) of very large
molecular weight, which are thought to result from the agglomeration of indi-
vidual particles. The clustering of the particles is affected by concentration and
temperature. An important contribution in this area is by Klein and cowork-
ers (Savage and Klein, 1989; Trauth et al., 1994). They have taken the vast
knowledge about the chemical structure of asphaltenes and have succeeded to
instill in it a degree of mathematical formalism. They have developed numerical
techniques which can be used to model representative molecular structures of
asphaltenes and resids. Their work has significantly influenced our own studies
in this field.

Considerably fewer studies have dealt with the subject of asphaltene trans-
port through porous catalysts and membranes. In one of the earliest studies
Thrash and Pildes (1981) studied the transport of asphaltenes through mica
membranes. Shimura et al. (1982) studied asphaltene diffusion in porous cata-
lysts by uptake-type experiments. A more detailed study of asphaltene trans-
port was done by Baltus (1984) and Baltus and Anderson (1983, 1984), who
used a Wicke-Kallenbach-type diffusion cell to measure the diffusivity, through
mica membranes, of asphaltenes derived from Kuwaiti atmospheric bottoms.
Their studies have been continued (Kyriakou et al., 1988; Nortz ef al., 1990)
with various fractionated samples of heavy oils using polycarbonate membranes
and Taylor-dispersion-type experiments. Using models developed by Garcia de
la Torre and Bloomfield (1978), Baltus and coworkers have also attempied to
model the asphaltene structure as assemblages of interconnected spheres (Nortz
et al., 1990). Mieville et al. (1989) measured the diffusion of asphaltenes, by
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uptake type experiments, through catalysts with both unimodal and bimodal
pore size distributions. Hondo asphaltene was found to have the highest diffu-
sivity, which was attributed to its smaller average aromatic cluster. Our group
has also studied experimentally the transport of asphaltene for a number of
vears (Sane et al., 1988, 1992, 1994). In our studies we have utilized model
membranes which, as already pointed out, offer a number of advantages when
it comes to fundamental investigations of transport and reaction.

Before describing our model of asphaltene diffusion, we first briefly review
some of our experimental results. Further details are outlined in our prior
publications (Sane, 1990; Sane et al., 1988, 1992, 1994; Ravi-Kumar et al,,
1994).

EXPERIMENTAL

" Most of our experiments desribed here were carried out in a stainless steel
Wicke-Kallenbach-type diffusion cell (Sane, 1990) consisting of two half-cells
separated by the microporous membrane, each equipped with an externally
driven rotor shaft for good mixing to eliminate external mass transfer limita-
tions. The temperature of each half-cell was individually controlled. During
the experiments, samples were withdrawn from the high (HCS) and low con-
centration cell sides (LCS) and analyzed.

As outlined in the introduction, asphaltenes are thought to be mixtures
of many compounds with a broad molecular weight (MW) distribution. The
polydisperse nature of asphaltenes has implications for their transport. It im-
plies, for example, (a fact overlooked until recently (Sane et al., 1988)) that one
cannot define a unique, time-independent effective diffusivity. Size exclusion
chromatography (SEC) is a technique that can be used to study polydisperse
compounds like asphaltenes. Using SEC, we have observed that the asphaltene
in the LCS has initially different elution characteristics than the asphaltene in
the HCS, but eventually approaches the behavior in the HCS. Furthermore, as-
phaltene components with nominal sizes exceeding those of the membrane pores
diffuse across the membrane. This is consistent with the “dynamic nature” of
the asphaltene molecule, which imparts on it the ability to generate itself from
its fragments.

This dynamic nature of asphaltenes manifests itself in the effects of temper-
ature and concentration on their transport properties. The measured activation
energies for diffusion, for example, are typical of the association energies for in-
dividual asphaltene sheets and increase with decreasing pore size. Asphaltene




diffusivity also depends on initial HCS concentration, decreasing with increasing
asphaltene concentration. The manner the concentration of metals and other
heteroatoms change with time in the LCS and HCS during diffusion is an indi-
cator of the relative abundance of these species in the asphaltene components
during reaction and transport, and provides insight into the structural aspects
of importance in asphaltene upgrading. The data (Sane et al. 1988,1992,1994;

Sane, 1990) are again consistent with the overall asphaltene picture emerging
from the structural investigations.

A MODEL OF ASPHALTENE DIFFUSION

There are a number of broad conceptual literature models of the asphaltene
structure in the literature. A model which is consistent with both their tranport
measurements and with the literature on their detailed chemistry and structure
is, however, currently missing. In this paper we present such a model. The
model uses Monte-Carlo techniques to describe the asphaltene structure and
continuum hydrodynamic theory to describe the hindered diffusion. The model
presently does not explicitly account for the agglomeration/delamination phe-
nomena which characterize the dynamic nature of asphaltene molecules. The
omission is deliberate since little concrete is known in this area (work is currently
‘in progress in our group). The technique for generating the asphaltene struc-
ture is based on the mathematical formalism of Klein and coworkers (Savage
and Klein, 1989; Trauth et al., 1994). It requires knowledge of the probability’
distribution functions for the number of sheets in the asphaltene particles, the
aromatic and saturated rings in each sheet and the number/length of paraffinic
chains. Experimental techniques for identifying all these structural elements
are available. For a given asphaltene, however, the approach requires a lot
of resources and is time consuming. An alternate approach utilizing iterative
stochastic modelling to determine the structural element probability distribu-
tion functions based on measured macroscopic properties like average MW,
density, viscosity, etc. is gaining appeal.

In our studies, the structural element probability distributions of number
of unit sheets, aromatic and saturated rings, and the length of alkyl chains
were assumed to be 2-parameter log-normal distribution functions. Once these
functions are defined, the program then determines the number of unit sheets
in every asphaltene particle and the aromatic rings and saturated rings in every
sheet. The rings in each sheet are stochastically arranged in a peri-condensed
manner (packed as closely as possible). The peripheral rings are then arranged
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Figure 1: Molecular weight distributions of asphaltenes. a-Mean=0.90, b-
Mean=3.58, c-Mean=7.16.

randomly so that the condensation index is close to the value of 0.8 reported by
Savage and Klein (1989). The number of peripheral carbons and the number
of peripheral carbons that can be substituted with aliphatic chains are then
calculated. The peripheral carbons are randomly substituted with alkyl chains,
whose lengths are determined from the cumulative distributions. The MW of
each particle is calculated from the number of carbons and hydrogens in each
molecule. Further details about the technique for generating the asphaltene
structure can be found elsewhere (Ravi-Kumar et al., 1994). Fig. 1, for example,
shows the MW distribution of a number of generated asphaltenes. In this
figure we vary the mean of the probability distribution for the number of sheets
while maintaining the mean and standard deviation of the other probability
distribution functions constant.

Calculation of the transport coefficients

We have used a continuum hydrodynamic theory to simulate the hindered
resistance to the transport of asphaltenes (Deen, 1987). The transport coeffi-
cients of the asphaltene molecules are calculated by assuming that the molecules
are rigid, neutrally buoyant and uncharged particles and the solvent is a contin-
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uum. The porous membrane is assumed to consist of non-intersecting, straight,
chemically inert, cylindrical pores. The diffusivity of the molecﬁle?h?ourgha\‘ I
pore is reduced as a result of the partitioning of the particles between the bulk
phase and the porous medium, and as a consequence of the steric hindrance and
the hydrodynamic viscous drag resistance due to the walls. The partitioning
is described by the partition coefficient ¢, and the steric hindrance and hy-
drodynamic resistance by the hydrodynamic viscous drag coefficient K. The x
diffusivity through the pore, i.e., D, is given as
' Dy = Doo®Ky , 1)
where D, is the bulk diffusivity value. For the calculation of & and Ky the
asphaltene particles have been approximated as spheroids.
The partition coefficient ®, defined as the equilibrium ratio of the solute
concentration in the pores to that in the bulk solution, is calculated using the
corrected (Limbach et al., 1989) statistical mechanics formulas of Giddings et Fig |
al. (1968). For an axisymmetrically shaped particle ¢ can be calculated as the
fraction of the orientationally averaged pore volume accesible to the center of the aspl
the molecule. _ Stokes £
The averaged hydrodynamic viscous drag coefficient (Kg4) is affected by cles locs
steric and hydrodynamic viscous drag effects due to the presence of the pore and Ske
wall. For nonspherical rigid molecules (with dimensions A) in cylindrical pores, drag D
K4 can be expressed (Anderson and Quinn, 1974) as an integral of the normal- spheroic
ized hydrodynamic viscous drag coefficient Ky (A, 8, ©) over all radial positions with vel
B and all orientations © is
o JP™9) gREY(A, 8,0)d8dO
Kq(A) = - . (2) .
fe f(‘\’e) BdBde where €
2 ulated a
B(A, ©) is the radial position where the molecule first touches the pore wall To ¢
for any given orientation. Ky (A, S, ©) can be calculated by solving the Stokes we have
equation of motion and the equation of continuity, assuming a creeping flow of ao and
a Newtonian and incompressible viscous fluid. points w
Boundary-element methods (Tullock, 1992) can, in principle, be used for of 24 str
finding the solution of these equations, but the calculations are computation- method
ally intensive. The rigorous analytical calculation of Ky (A, 8,0) for all f and © be founc
1s also formidable for non-spherical particles. We have utilized here the center- is knows

line approximation (Deen, 1987; Anderson and Quinn, 1974), by assuming that
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Figure 2: Hydrodynamic drag coefficient for various spheroidal sizes.

the asphaltene particles translate axisymmetrically along the center-line. The
Stokes flow problem in a cylindrical tube, containing a line of spheroidal parti-
cles located axisymmetrically along the center-line, was first addresed by Chen
and Skalak (1970) using a singularity technique. The hydrodynamic viscous
drag D for a particle, of spheroidal-diameter to pore-diameter ratio of b, and
spheroidal-thickness to pore-thickness ratio of ag, translating axisymmetrically
with velocity U in a cylindrical pore filled with a stationary fluid of viscosity u
1s
D= GTC[IbQKU(ao, bo, 0, é)U (3)
where @ is the axisymmetrical orientation. Chen and Skalak (1970) have tab-
ulated a limited number of Ky (ao, bo, 0, ©) values.
To calculate the diffusivities for the broad size range of asphaltene particles
we have recalculated the hydrodynamic coefficients for a much wider region of
ao and by, in the range 0.0 < by < 0.5 and 0.4 < ao/bo < 2.5. The collocation

. points were spaced evenly along the surface of the spheroid. We used a system

of 24 stream function terms and 32 equations and a modified boundary-element
method to solve for the Stokes stream function coefficients. Further details can
be found elsewhere (Ravi-Kumar et al., 1994). Once the Stokes stream function
is known, the hydrodynamic drag coefficient K  can be calculated directly. Ky
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Figure 3: Distribution of hindered diffusion coefficients at different pore sizes.

as a function of the ratio of the Stokes-Einstein radius of a spheroid to the
pore-radius is shown in Fig. 2 for various values of ap/bg.

RESULTS AND DISCUSSION

Our model calculates the transport coefficients of asphaltene molecules as a
function of the molecular weight and various other structural parameters. To
generate the structures of a given asphaltene, the results are averaged over 5
simulation runs, each involving 200,000 particles. The molecular weight distri-
butions of typical asphaltene molecules thus generated are shown in Fig. 1. The
asphaltene molecules seem to follow a Schultz type distribution (Shue, 1990).
Fig. 3 shows how the asphaltene diffusion coefficient scaled by its bulk valué,i.e.,
(Dp/Doo), changes with molecular weight and pore size. The diffusion coeffi-
cients were plotted versus molecular weight by averaging over all the molecules
within a range of molecular weights. (D, /D) decreases with increasing molec-
ular weight and decreasing pore diameter. Calculated asphaltene diffusivities
are of the same order of magnitude as the experimental results of Baltus {1983)
and Sane (1990). In the region of molecular weights shown in Fig. 3, a scaling
relationship is observed between the (D,/Do) and the molecular weight of the

asphaltene
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asphaltene particle, i.e.,
Dp/Doo ~ exp(~kM3) (4)

where k is a constant (which depends on the pore size) and M is the molecular
weight of the asphaltene particles.

The validity of any model (and its further development) must eventually
be judged by its agreement with experimental data. To critically evaluate the
transport model presented here one must have structural information and diffu-
sion data over a wide range of conditions. No such comprehensive data is avail-
able at this point and time that would allow meaningful comparisons. Work in
this area is continuing in our group.
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Asphalt Flocculation and Deposition. II. Formation and Growth of

Fractal Aggregates
Hossein Rassamdanal? and Muhammad Sahimi!*
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Extensive small-angle X-ray and neutron scattering data, as well as the results of precip-
itation measurements, are analyzed to delineate the structure of the asphalt and asphaltene
aggregates that are formed when a solvent is injected into a system containing crude oil. The
two types of data suggest strongly that, both small and large aggregates have a fractal structure
with well-defined fractal dimensions. If the system has been aged for a long enough time and its
temperature is low enough, then large asphalt particles have the strﬁcf_;ure of diffusion-limited
cluster-cluster aggregates with a fractal dimension Dy ~ 1.8, while small asphalt particles are
similar to diffusion-limited particle aggregates with a fractal dimension dy ~ 2.5. High tem-
peratures increase the rotational motion of the particles, disturb the structure and mechanical
stability of the aggregates, and decrease their fractal dimension. Aging effects, as well as the
effects of the concentration of the asphalts in the solution, and the type of the solvent, on the
structure of the aggregates are also investigated. The implications of these results for the struc-
ture, mechanical stability, and molecular weight distribution of asphalts and asphaltenes are
discussed in detail. In particular, a new molecular weight distribution for the asphalt aggregates

is proposed, and is shown to provide excellent predictions for the experimental data.
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Introduction |

Formation, flow and precipitation of particles or large aggregaﬁes in porous media is relevant
to a wide variety of natural and industrial processes, such as deep-bed filtration, flow of dilute
stable emulsions, migration of fines, and catalysis (for a review see Sahimi et al., 1990), as
well as ground water contamination and enhanced oil recovery (for reviews see Sahimi, 1993,
1995). The efficiency of these processes depends crucially on the availability of open pore space
which provides transport paths for the fluid that carries the aggregates. In some cases, the
particles or aggregates are formed when the fluid in the porous medium reacts with the solid
matrix, resulting in solid products that are carried away by the flowing fluid. In other cases,
the aggregates are formed when a fluid is injected into the pore space to react with, or displace,
the in-place fluid. These aggregates have very unusual properties, and despite many years of
research a definitive model of their structure has not emerged.

Consider a typical process in which such aggregates are formed, namely, catalytic coal
liquefaction and coal liquid upgrading, during which large molecular saggregates, that are
usually referred to as asphaltene, are formed whose precipitation on the pore surfaces of the
catalyst decreases severely the efficiency of these processes. Over the years several studies
have been undertaken (see, for example, Thrash and Pildes, 1981; Baltus and Anderson, 1983;
Sakai et al., 1983; Mieville et al., 1989; Kyriacou et al., 1988a,b; Nortz et al., 1990; Sane et
al., 1988, 1992) by which the transport properties of asphaltenes derived from various types of
heavy oil have been measured. However, in the absence of a reasonable structural model of the
asphaltenes, such data cannot be interpreted and correlated accurately. Moreover, precipitation
of the asphaltene aggregates on the pore surfaces of the catalyst causes severe problems for
efficient operation of the process, and thus one also needs an accurate model for predicting the
precipitation and its onset at which it is triggered. Despite some recent progress (see below), a -
generally-accepted model has not emerged yet.

Consider another industrial process in which such aggregates are formed, namely, enhanced
oil recovery from an underground reservoir by a miscible displacement process in which an
agent— a gas or a liquid— is injected into the reservoir to displace the oil. This often causes
formation of large asphalt or asphaltene aggregates consisting of heavy organic compounds
and their precipitation on the pore surfaces of the reservoir during the enhanced oil recovery

process (Speight, 1991). For the sake of clarity we define (as do others; see, e.g., Speight, 1991)




asphalts as asphaltenes plus resin and wax. Formation of asphalt and asphaltene aggregates
is a function of the composition of the crude oil and the displaéing agents, and the pressure
and temperature of the reservoir. Their deposition on the surface of the pores reduces the
permeability of the pore space, leading to the eventual isolation of oil from the flowing fluid
in the reservoir (see, for example, Lichaa and Herrera, 1975), a reduction in the efficiency of
oil recovery processes, and an increase in their cost. Therefore, it is important to understand
the mechanisms of formation of such aggregates under the reservoir conditions, the point at
which their deposition on the pore surfaces is triggered, their thermodynamic and transport
properties, and their effect on the properties of the pore space. Although over the past several
decades such problems have been studied intensively (see, for example, Yen, 1990, and Speight,
1991, for comprehensive reviews), no general consensus has emerged.

In a previous paper (Rassamdana et al., 1996; hereafter referred to as Part I), we presented
the results of a systematic study of asphalt formation near the onset of precipitation which is
particularly important to oil recovery, reported new experimental data for the amount of the
precipitates, and presented two theoretical approaches for predicting them. In the present paper
we study the kinetic growth of asphalt and asphaltene aggregates. We analyze two completely
different classes of experimental data. One is our precipitation data reported in Part I which
we analyze in order to gain insight into the structure of the asphalt aggregates. Small-angle
scattering measurements, a highly accurate probe of the structure of molecular aggregates,

constitute the second class of data which we analyze. We show that both types of data lead us
| to an unambiguous and novel model of the structure of the asphalt aggregates. The model has
important implications for several structural and dynamical properties of the aggregates, which
we discuss in detail. Effective diffusivities of asphalt aggregates in a pore have been reported
elsewhere (Ravi-Kumar et al., 1994).

The plan of this paper is as follows. In the next section we describe two models of formation
and kinetic growth of molecular aggregates that are relevant to our discussion in this paper. We
then describe the theory of small-angle scattering by fractal aggregates. Next, extensive small-
angle X-ray and neutron scattering (SAXS and SANS, respectively) data are analyzed and are
shown to be consistent with a fractal structure for the asphalt and asphaltene aggregates. The
effects of the various factors that affect the structure of the aggregates, such as the temperature

of the system and the composition of the crude oil and the solvent are discussed in detail. In




the next section, we analyze precipitation data and show that they are consistent with the
scattering results, thus lending strong support to the fractality of the asphalt and asphaltene
aggregates. We then discuss the implications of these results, including those for modelling
aggregation of asphalts, their stability against temperature fluctuations, and their molecular

¢

weight distribution.
Particle and Cluster Aggregation

Two important aggregation processes that are relevant to our paper are diffusion-limited
particle (DLP) and diffusion-limited cluster-cluster (DLCC) aggregation (see Meakin, 1988,
for an excellent review). Here, we summarize briefly those aspects of these processes that are
directly relevant to our discussion. In the DLP aggregation model (Witten and Sander, 1981)
the site at the center of a lattice is occupied by a stationary particle. A particle is then injected
into the lattice, far from the center, which diffuses (executes a random walk) on the lattice.
If it reaches a surface site, i.e., an empty site which is a nearest-neighbor to the stationary
particle, it sticks to that site and remains there permanently. Another particle is then injected
into the lattice, which diffuses on the lattice until it reaches another surface (empty) site and
sticks to it, and so on. If this process is continued for a long time, a large aggregate is formed,
a typical two-dimensional (2D) example of which is shown in Figure 1. The DLP aggregates
are self-similar and fractal, i.e., if their radius is R, and they contain N, elementary particles,
~ then
Np ~ R;?f ’ ey

where Dy is their fractal dimension. Computer simulations (Meakin, 1988) indicate that Dy ~
1.7 and 2.5, for 2D and 3D DLP aggregates, respectively.

In the DLCC aggregation model (Meakin, 1983; Kolb et al., 1983) one starts with an empty
lattice. At timet = 0, lattice sites are selected at random and occupied by particles, until a small
fraction po of the sites are occupied by the particles. Each occupied site can contain only one
particle. A randomly-selected cluster of occupied sites, including a single site, is then selected
and moved (allowed to diffuse) in a randomly-chosen direction. Then the perimeter sites of
the cluster — the set of sites that are adjacent to the cluster — are examined to see whether
they are occupied by other particles or clusters. If so, the perimeter particles or clusters are

added (attached) to the cluster that was moved to form a larger cluster. Once a larger cluster




is formed, it is not allowed to break up again. (Later in this paper we investigate the stability
of these aggregates, and the conditions under which the clustéfs may break up.) Another
randomly-selected cluster is moved again, its perimeter is examined for possible formation of
a larger cluster, and so on. Figure 2 shows 3 stages of this process in 2D. Similar to the DLP
aggregates, the DLCC aggregates are also fractal objects with Dy ~ 1.454:0.05 and 1.840.05 in
2D and 3D, respectively. Observe that the fractal dimension of the DLCC aggregates is smaller
than that of the DLP aggregates. The reason for this is clear: Aggregation of clusters creates
larger holes in the final molecular structure than that of elementary particles. This is clearly
seen in Figures 1 and 2. Note that, in this model it is assumed that the diffusivity D of a cluster
is independent of its molecular weight M. In practice, one expects to have D ~ M ~UDs (since
the radius R, of the cluster is proportional to M'/Ps), or more generally, D ~ M¢, where ( is
an exponent that may depend on the type of the solution in which the aggregation takes place.
Computer .simulations (Meakin, 1988) indicate that D; is almost completely independent of ¢,
provided that D decreases with increasing M.

Another important model is reaction-limited cluster-cluster (RLCC) aggregation process in
which the clusters have to touch each other many times before joining. As a result, the clusters
can penetrate more deeply into each other, leading to aggregates with a denser structure than
that of the DLCC aggregates. For example, their fractal dimension in 3D is Dy ~ 2.05,
compared with Dy ~ 1.8 for DLCC aggregates.

An important property of the DLCC aggregates is their surface roughness. Since the ag-
gregating clusters have irregular shapes and sizes, their active surface area S,, i.e., that part
of their surface which is most likely to collide with the surface of another cluster, is different
from their fotal surface area S, and in fact S, constitutes only a small fraction of 5. The active

surface area S, of an aggregate scales with the total number of particles s in it as
S~ sY, (2)

where w is a universal exponent, independent of many microscopic features of the aggregate.
Obviously, w < 1, since the active surface area of a cluster cannot grow with its size faster than
linearly.

An important property of both the DLCC and RLCC aggregates is their cluster-size dis-

tribution. Suppose that n,(t) is the number of clusters of size s at time ¢. Then, it has been




shown that (Vicsek and Family, 1984)

n, =" f(s/(s)), 3)

where 7 is a universal exponents, and (s) is the mean cluster (aggregate) size defined by

pl Szns(t)

(s) = T onifl) | (4)
Here f(z) is a universal scaling function such that f(z) ~ z® for £ << 1 and f(z) << 1 for
z >> 1. For the DLCC aggregates 7 = 2 (Vicsek and Family, 1984), while for the RLCC
aggregates 7 = 3/2 (Ball et al., 1987). Thus, the value of 7 can be used to distinguish between
the DLCC and RLCC aggregates which, in fact, is what we do in our analysis of the scattering

data discussed below. Obviously, the mean cluster size increases with the time ¢, and therefore

(s) ~1¥, (5)
where w is a dynamical exponent which may depend on (, the exponent that relates the diffu-
sivity of the clusters to their molecular weight.

Theory of Small-Angle Scattering by Fractal Aggregates

An accurate probe of the structure of fractal aggregates is small-angle scattering. We define

the density-density autocorrelation function C(r) at a distance r = |r| by

C(r) = 7 Lol +1) (©

where V' is the volume of the system. The origin of the coordinate system is in the aggregate,
g(r) = 1 if a given point at a distance r from the origin belongs to the aggregate, and g(r) =0
otherwise. For a d-dimensional self-similar and fractal aggregate of s sites and large values of

r we must have

C(r) ~rPr=2. (7)

In a scattering experiment the observed scattering intensity I;(q) by a single cluster is given

by the Fourier transform of C(r)

L) = [~ Ctyexsliq-ndr (8)

where q is the scattering vector whose magnitude ¢ is given by

0= sin (g) . (9)




Here ) is the wavelength of the radiation scattered by the sample through an angle 8. For
a system with sufficiently low porosity, such as a fractal aggregate, it is not unreasonable to
assume that, to a good approximation, there will be no interference scattering, and therefore
the total scattering intensity is the sum of the scattering from all segments of the aggregate.
For an isotropic medium, C(r) = C(r), where r = |r|, and Eq. (8) becomes

I(q) = /000 471'1“22;(3—7")0(1")&!' . (10)
Using Eq. (7) in (10) with d = 3 yields

L(q) ~ ¢"P/T(Dy — 1) sin[(Dy — )n/2] (11)

where I'(z) is the Gamma function. Thus, a logarithmic plot of the scattering intensity I,(q)
versus ¢ (or the angle ) should yield a straight line with the slope —D;. Both light scattering
and small-angle X-ray scattering from silica aggregation clusters have confirmed the validity of
Eq. (11) (Schaefer et al., 1984). In real systems the range of self-similarity and fractal behavior
may be limited by lower and upper cutoff length scales R, and R, (see below).

If the solution contains many aggregates or clusters of various sizes, then the intensity I(q)

scattered is the average sum of the intensities scattered by all the aggregates. Thus, I(g) is

given by (Bouchaud et al., 1986)

1(9) = [ snul.(q)ds, (12)
| which, after using Egs. (3) and (8), yields
I(q) ~ ¢~ 771 . (13)

Note that, since for the DLCC aggregates 7 = 2, Egs. (11) and (13) are idential in this
limit. We point out that power-law scattering, such as Egs. (11) and (13), can also arise from
scatterers that are not fractal, but their size distribution is of power-law type. Thus, later in
this paper we also analyze the precipitation data which provide information about the asphalt
cluster-size distribution.

We now analyze the small-angle scattering and precipitation data, from which we attempt
to deduce the structure of the asphalt aggregates. We should point out that the small-angle

scattering data that we analyze are not ours. However, their presentation and analysis in terms

of fractal aggregates is novel and presented for the first time in this paper. In the original
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papers mainly the asphalt particle size distribution was studied, but no attempt was made
to deduce the structure of the aggregates. Moreover, the data that we analyze include both
SANS and SAXS, which are known to have very different contrast mechanisms, especially for
complex systems such as the asphalt aggregates. Despite this, both types of data lead to the

same conclusion regarding the structure of the asphalt aggregates.
Analysis of the Small-Angle Scattering Data

We start with the analysis of the SANS data presented by Sheu et al. (1992), and give a brief
description of their experiments. The small-angle scattering spectrometer utilizes neutrons from
a cold source containing liquid hydrogen at 1.5K. The outcoming neutrons are monochromatized
by a single multilayered monochromator for selection of the wavelength. In the experiments the
wavelength was 5.0A4 with a wavelength spread of about 11%. The sample cell was a cylindrical
quartz cuvette of 2-mm pathlength. The scattered neutrons, after passing through a helium-
filled drift space, were detected by a 3He area detector of 50 x 50 cm? containing 128 x 128
pixel elements. The sample-to-detector distance was 180cm, which corresponds to a g-range of
0.008 to 0.17A~!. Heptane was used as the solvent, and after the aggregates were formed, they
were separated from the solution and were mixed with toluene and the scattering experiments
were carried out after 11 days. The aggregate concentration in the toluene ranged from 0.5%
to 5% (by weight), with a temperature range of 25 to 43°C.

The logarithmic plot of the scattering intensity I(q) versus q at 25°C and 5% aggregate

"concentration is shown as the lower curves in Figure 3. A power-law scattering is observed
over about one order of magnitude variation in the length scale. The size of these aggregates
appears to be very small, ranging from about 54 to about 50A. This is due to the fact that
in these experiments the asphalt aggregates were dissolved in toluene, which is known to be
a good solvent for asphalts and resins and causes fragmentation of the aggregates into small
pieces. However, other data analyzed below are for much larger aggregates, and the results are
still consistent with what we find from Figure 3. As Figure 3 indicates, there are two distinct
regimes. At large length scales (small ¢) one has a straight line with a slope of about 1.76+0.11,
whereas at small length scales (large q), the slope is about 2.6 +0.1. Hereafter, we use Dy and
ds to denote the fractal dimensions of the large and small aggregates, respectively. What is the
interpretation of these results? From our experimental observations (see Part I) the following

mechanism for the formation of the aggregates is emerged. After the solvent is added, the resin,
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that covers the surface of the small individual particles and the self—associates suspended in the
oil, is partially dissolved. The particles and the resin are both eléctricaﬂy charged, albeit with
opposite signs, and therefore dissolution of the resin creates electrical imbalance between the
particles. The small clusters are then formed by diffusion of the charged solid particles in the
oil, which stick together upon collision, precisely the vs;a,y the DLP aggregates are formed. Their
fractal dimension, which is about 2.5, is in agreement with the scattering data, dy ~ 2.6 £0.1,
obtained from Figure 3. After some time, one has a mixture of small clusters or aggregates
of various sizes (which also carry a net electrical charge), as well as the individual charged
particles. So, while the aggregation of the individual pé,rticles continues, aggregation of the
clusters is also triggered. These clusters and particles also diffuse in the solution and stick to
each other upon collision, precisely the mechanism by which the DLCC aggregates are formed.
Indeed, with 7 = 2, the value for DLCC aggregates, Eq. (13) predicts Dy ~ 1.76 for large
length scales, in excellent agreement with that of 3D DLCC aggregates.

Next, we consider SAXS data reported by Herzog et al. (1988), who used 3 solution samples.
Two of them were oil residues at atmospheric pressure and 350°C. After the solvent, which was
n-heptane, was added and the asphalts were formed, they were separated and dispersed in
benzene. The third sample was a 10% vacuum residue, containing the asphalt, without any
separation with n-heptane and dispersed in benzene. The wave length A was 1.608A.

The results presented in Figure 4 show power-law scattering over nearly two orders of

magnitude variations in the aggregate size, 504 < £ < 1700A. Note that the size of these
| aggregates is much larger than those in the experiments of Sheu et al. (1992) discussed above.
The slope for the first two samples is 1.8+0.03, so that if we take 7 = 2, the value for the DLCC
aggregates, the fractal dimension for the aggregates in the first two samples is Dy ~ 1.8 +0.03,
while the third sample yields a fractal dimension Dy ~ 1.75 4 0.05, all of which are in excellent
agreement with that of 3D DLCC aggregates, and also consistent with the SANS data of Sheu
et al. (1992) which were for a completely different oil. Note that, the ranges of length scales
and the aggregate sizes that have been probed by SAXS in these experiments are much larger
than those of Sheu et al.’s, but the results are completely consistent with each other. Note also
that, unlike the data of Sheu et al., the results shown in Figure 4 do not indicate the presence in
the solution of the DLP aggregates at small length scales. We attribute this to two important

factors: One is the aging of the three solutions for a very long time, which provides ample time




for the small aggregates to diffuse in the solution and stick together as they collide. The second
factor can be the low concentration of the asphalt in the solution. Most fractal aggregates
lose their mechanical stability if their mass exceeds some critical value, and have to restructure
themselves (Kantor and Witten, 1984). Thus, if the concentration of the solid particles that
constitute the asphalt particles is large enough, initially DLP aggregates are formed which
cluster together later and form a DLCC aggregate. Once the mass of the DLCC aggregate
exceeds the critical value for its mechanical stability, it can no longer absorb the small DLP
aggregates, and they are left in the solution. On the other hand, if the concentration is low
enough and the system has been aged for a long enough time, it will contain only one type of
fractal aggregates. For example, if the asphalt-containing solution is aged for a long enough
time, practically all the DLP aggregates as well as the individual charged particles cluster
together and form one or more DLCC aggregates. Both of these factors result in virtually no
small aggregate left in the solution that can be detected by small-angle scattering.

The next set of SAXS data that we analyze was reported by Dwiggins (1978). In his exper-
iments oil was poured slowly into n-decane (the solvent), being stirred rapidly by a magnetic
stirrer in a flask. The resulting solution, which contained 18.6% oil by weight, was then used for
SAXS experiments at 25°C. The results are presented in Figure 5. The range of length scales
probed in these experiments varies by only a factor of about 4.5, and therefore the results that
are inferred from these data cannot by themselves be conclusive. But the size of the aggregates
is very large, ranging from about 1600A to about 7200A. Moreover, similar to the SANS data

| of Sheu et al. (1992), they indicate the existence of two distinct regimes. At large length scales
(small q) the slope of the line is 1.85+ 0.1, which together with 7 = 2 yield Dy ~ 1.85+0.1, in
agreement with the fractal dimension of the DLCC aggregates, whereas at small length scales
(large ¢) we obtain dy =~ 3. This value of Dy is again in agreement with that of 3D DLCC
aggregates. However, d; ~ 3 implies small compact aggregates, for which we have no explana-
tion. Dwiggins (1978) also reported SAXS data for a whole (blank) oil, which is an oil to which
no solvent has been added. The results for this solution are shown as the upper curve in Figure
6 which indicates that, over nearly one order of magnitude variations in the length scales, one
only has large aggregates with Dy ~ 1.87+0.09, if we take 7 = 2, again in excellent agreement
with that of 3D DLCC aggregates. Dwiggins (1978) himself remarked that, “The curve for the

whole oil further indicates the presence of very large particles,” consistent with our assertion.
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We point out that, if in interpreting the above results, we take 7 = 3/2, the value for the
RLCC aggregates, all the scattering results for large length scales that were discussed above (and
those that are discussed below) yield Dy ~ 1.2, inconsistent with the fractal dimension of the
RLCC aggregates. In other words, 7 and Dy provide consistency checks on each other. Although
there is no reason to believe that th;:se aggregates can form by a percolation phenomenon, a
process in which particles join randomly, we can also test whether percolation can be a plausible
mechanism for the formation of the asphalt aggregates. For percolation in three dimensions,
7 =~ 2.18. Thus, if in Eq. (13) we take this value of 7, since the slopes of all the scattering curves
that were discussed above were about 1.8 at large length scales, we would obtain Dy ~ 2.2,
again inconsistent with the fractal dimension of percolation fractals Dy ~ 2.52. Therefore, we
believe that DLCC aggregation is the only sensible mechanism for the formation of the asphalt
aggregates.

We must point out that the length scale (or the value of ¢) at which one has a crossover
from the DLP aggregates to the DLCC ones depends on the composition of the oil, the type
of the solvent, and the temperature and pressure of the system. This length scale is not a
universal property, and thus cannot be estimated from a knowledge of Dy and d; alone.

We now investigate the effect of three important factors on the structure of these aggregates,
namely, the temperature of the system, the type of the solvent, and the aging of the asphalt-
containing solution.

The effect of the temperature: In Figure 7 we present the logarithmic plots of I(q) versus ¢
for two systems that contain 1% (by weight) asphalt, at 25°C and 43°C, reported by Sheu et al.
(1992). The other characteristics of the solutions were the same as those discussed above. As
this figure indicates, these experiments probed over more than one order of magnitude variations
in the length scales, and the results are indicative of two important effects. First, since the
concentration of the asphalt is very low, at the time of the measurements aggregate formation
had not been completed. Indeed, as the upper curve of Figure 7 (at 25°C) indicates, at large
length scales (small q), the effective fractal dimension of the aggregates is only Dy ~ 1.42, if we
take 7 = 2, the value for the DLCC aggregates, and an even smaller Dy is we take 7 = 3/2, the
value for the RLCC aggregates. At small length scales (large ¢), the slope is about 1.9 &+ 0.1,
indicating a d; much lower than that of 3D DLP aggregates, d; ~ 2.5. These results should

be compared with the lower curves shown in Figure 3, which are for a solution that contains




5% asphalt. Second, increasing the temperature of the system has two consequences. Oﬁe is
that more resins are dissolved and thus the electrical charge imbalance between the particles
or small clusters is much lower. Thus, we expect to have aggregates with lower densities. The
second, and the most important, consequence is that the rotational motion of the particles and
clusters increases with rising temperature. It is known (Meakin, 1984) that, if during a DLCC
aggregation process the clusters are allowed to rotate relatively fast, the fractal dimension
of the DLCC aggregate decreases. For example, in 2D simulation of DLCC aggregation, the
fractal dimension decreases from Dy ~ 1.45 for aggregates with no cluster rotational motion,
to Dy ~ 1 with very fast rotations (Meakin, 1984), with a similar phenomenon happening in
3D. Therefore, at high temperatures we expect to have asphaltene aggregates with lower fractal
dimensions. This is clearly confirmed by the lower curves of Figure 7, which show the data at
43°C. At large length scales the slope of the line is 1.0 4 0.1, which even with 7 = 2 yields
Dy ~ 1+ 0.1 for the aggregates, and with 7 = 3/2 one finds Dy < 1, an unphysical result.
Even at small length scales, the clusters also have much smaller masses, and have organized
themselves into clusters with a lower effective fractal dimension, since the slope of the line is
only 1.8. This assertion is also supported by the results of Dwiggins (1978). He carried out
SAXS experiments with a whole oil at two different temperatures. One was at 25°C, the results
of which are shown as the upper curves in Figure 6, and were already described. The second
scattering experiments were at 80°C, the results of which are shown as the lower curves in Figure
6. In complete agreement with our assertion, and consistent with the data of Sheu et al. (1992)
| discussed above, at large length scales the aggregate has a fractal dimension D; ~ 1, while at
small length scales the fractal dimension is dy ~ 1.75 +0.05. A different set of SAXS data was
reported by Storm et al. {1993) at 93°C. These authors used an oil residue with n-heptane
as the solvent to form asphalt. The resulting asphalt was solved in an asphalt-free residue

(synthetic residue), with which the scattering experiments were carried out. The results are

presented in Figure 8 which indicate that, over one order of magnitude variations in the length
scales, a power-law scattering is observed. This figure also indicates that between an upper and
a lower cutoff length scales, the aggregates are fractal with a fractal dimension Dy ~ 1.1 0.1,
again in agreement with the results discussed above. Figure 8 also demonstrates nicely how a
small-angle scattering experiment can provide estimates of the lower and upper length scales

for the fractality of a system.
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Aging effects: If the asphalt-containing solution is not aged.for a long enough time, then
one still obtains fractal aggregates, except that the formation of the aggregates is not complete
and thus the fractal dimensions of the aggregates represent effective values that may be smaller
than their long-time Yalues. For example, if the asphalt-containing solution that results in the
lower curves of Figur;e 3 is not aged for 11 days, and the scattering experiment is carried out
immediately after mixing of the asphalt-containing solution with toluene, one obtains the results
that are shown as the upper curves in Figure 3. In this case, at large length scales the slope is
about 1.66, which together with 7 = 2 yields D; ~ 1.66, smaller than that of 3D aggregates,
Dy ~ 1.8 (see above), whereas at small length scales we have d; ~ 1.94, smaller than that of
3D DLP aggregates, df ~ 2.5. The reason for these values may be that the solution has not
yet been aged for a long enoungh time, and thus aggregate formation has not been completed.
Figure 9 also shows the effect of aging on the resulting aggregates. All the characteristics of
the system are similar to those shown in Figure 3, except that the concentration of the asphalt
particles in the solution is only 1%. The results indicate power-law scattering over one order
of magnitude variations in the length scales. The upper curve in Figure 9 corresponds to the
scattering results immediately after dispersion of the asphalt-containing solution in toluene,
and indicates the existence of fractal aggregates with Dy ~ 1.144£0.07. The lower curve is for a
scattering experiment 11 days after the mixing and yields a fractal dimension Dy ~ 1.94+0.13,
consistent with Dy ~ 1.8 for 3D DLCC aggregates. Note that, as we discussed above, when the
concentration of the solid particles is low, only one type of fractal aggregates is formed, and
Figure 9 confirms this again.

The effect of the solvent: Most of the above results were obtained with n-heptane as the
solvent. The only exception was the case with n-decane. All the results were also consistent
with each other. We now discuss the scattering results with a completely different solvent, and
then speculate on the possible effect of the solvent on the structure of the asphalt aggregates.
Figure 10 presents the logarithmic plot of a SAXS experiment reported by Dwiggins (1978). In
this experiment, n-propanol was used as the solvent at room temperature. The solution that
was used for the scattering experiment contained about 50% (by weight) crude oil. Figure 10
indicates that there is only one type of fractal aggregate in the solution. The slope of the line is
about 2.7 + 0.06, inconsistent with a DLCC structure for which Ds(3 —7) ~ 1.8 [see Eq. (13)],
and with a RLCC structure for which D;(3—7) ~ 3.07. Thus, what is the interpretation of this




result? At this point we can only speculate, since we do not have enough information about
the experiments, nor do we have any data for any other type of solvent other than what we are
discussing here. Moreover, the range of the length scales probed in these experiments is not
broad enough to draw any definitive conclusion from the results. However, we note that Jullien
and Hasmy (1995) have argued that, if in the DLCC aggregation model the initial concentration
of the particles is larger than a critical value, then instead of the usual DLCC aggregate one
may obtain a gel network with a fractal structure. The fractal dimension of the gel network (at
the gel point) is about D; ~ 2.52 (for a review of gelation models and their fractal structures
see Sahimi, 1992, 1994). If we assume that the solution essentially contains one large aggregate,
so that, instead of Eq. (13), Eq. (11) is applicable, then one has an aggregate with a fractal
dimension Dy ~ 2.7, only 7% larger than that of gels. Since the concentration of the crude
oil in the propanol was very high, it is possible that the concentration of the asphalt particles
was above the critical value for gel formation, and therefore a gel network was formed. One
may also speculate that, the presence of propanol in the solution created hydrogen bonds that
bridged the small clusters, which otherwise would not have been attached to each other. As a

result, a much denser fractal aggregate with higher Dy was formed.
Scaling Analysis of the Precipitation Data

We now consider the problem from a completely different angle, namely, the precipitation of
the asphalt aggregates, and show that the amount of the precipitated aggregates also provides
insight into their structure, and that the results are in agreement with the small-angle scattering
data. To measure the amount of the precipitated aggregates we used a crude oil which we filtered
to remove its solid contents, such as sand. We then diluted the oil by a solvent, which was
a n-alkane with a carbon number ranging from 5 to 10. Several different dilution ratios R,
measured in terms of the cm® of the agent/gr of the oil, were used. The diluted oil was then
agitated in a tube, which caused the formation and precipitation of the aggregates. After one
day the solid content of the oil, i.e., the precipitated aggregates, was measured. During the
entire experiment the temperature was kept at about 25°C. Complete details of the experiments
are given in Part I

Figure 11 shows our experimental results for the weight percent of the precipitated asphalt
W, in weight of the asphalt/gr of the crude oil, for 5 different solvents (n-alkanes) and various

solvent to crude ratios R. (Some of these data were reported in Part I, and are presented here
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only for the following discussion.) These results are strongly suggestive of the possibility that a
scaling equation may be developed for predicting them, since all fhe curves start at about the
same point and at large values of R they become more or less parallel. As a result, it may be
possible to collapse the data onto a single scaling curve. This is in fact typical of aggregation
précesses. For example, one can calculate the cluster-size distribution n,(t), discussed above,
as a function of either the cluster size s at a fixed time ¢, or as a function of ¢ at a fixed s.
This has been studied in detail by Meakin et al. (1985). However, Eq. (3) also tells us that
we can collapse all the cluster-size distributions onto a single curve, if we plot s"n,(t) versus
s/{s) (with (s) ~ t¥), since the scaling function f(s/(s)) is universal and does not depend on
the details of the system. Figure 12 shows the results of this collapse which confirms Eq. (3)
with 7 = 2.

Since the small-angle scattering data analyzed above already suggest that, asphalts and
asphaltenes are fractal aggregates with well-defined scaling properties, the data collapse should
be possible, and this is indeed the case. The variables in Figure 11 are R, W, and M, the
molecular weight of the solvent. We find that, if let X = R/M? and Y = WR¥, then all the

experimental data shown in Figure 11 can be collapsed onto a single curve with
z==, 2=2, (14)

where the estimated error bars are about +5%. The resulting data collapse is shown in Figure
13. Note that, we could not find any other values for z and 2z’ that could collapse the precipita-
tion data onto a single curve with the same accuracy, nor could we find any other combinations
of the three variables that collapse the data onto a single curve. Thus, these combinations of
the variables and the values of z and 2’ appear to be unique.

In Part I the exponents z and 2’ were given without providing any theoretical explanation
for their values, nor could we explain why the precipitation data can be collapsed onto a single
curve. However, based on the dynamic cluster-size distribution for the DLCC aggregates, we
can now provide a theoretical explanation for both of these. If we combine Eqgs. (3) and (5),

and take T = 2, the value for the DLCC aggregates, we obtain

s'ny(t) = f(s/t*) (15)

which implies that the universal scaling function f(z) can be expressed only in terms of s?n,(t).

On the other hand, if the scaling function shown in Figure 13 is written as Y = A(X), where
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h(X) is the curve representing the collapsed data, then the data collapse shown in Figure 13
implies that
R*W = h(R/M?) , (16)

which is completely similar to Eq. (15), offers a plausible explanation for the collapse of the
precipitation data onto a single curve and the value 2’ = 2, and indicates that, as we argued
above, the clusters have the structure of the DLCC aggregates. Of course, the scaling functions
f(z) and h(z) are not the same. Comparing Egs. (15) and (16), one may infer that the roles
of s and n,(t) in the dynamic cluster-size distribution are played by R and W (), respectively.
It is not unreasonable to infer that the size of the asphalt aggregates may be proportional to
the ratio R, and indeed as Figure 11 indicates with increasing R the amount of precipitation,
and thus the size of the aggregates, do increase. As a rough estimate, W (¢) is also proportional
to n4(t), the number of clusters or aggregates of size s at time ¢ for all s > sp,. Here spin
is the minimum cluster size for precipitation, since only when a cluster is large enough, it can
precipitate; otherwise it will remain suspended in the solution. We expect to have s,in ~ a(s),
where o > 1. With these analogies, it becomes clear why the data collapse shown in Figure 13
is possible. However, one has to be careful with such analogies, since although we expect W(t)
to be related to n,(t), the relation between them is more complex than a simple proportionality.
In fact, we expect that the weight percent of precipitated asphalt W (t) to be related to n(t)
by the following equation

W(t) ~ / ‘:’) sng(t)ds (17)

[24¢.]

that is, W (t) is simply proportional to the sum of the sizes of all the clusters that are larger
than sy ~ afs). The analogy between Eqs. (15) and (16) also implies that the role of the
mean cluster size (s) ~ t* in the dynamic cluster-size distribution, Eq. (15), is played by M=
in the scaling equation for the precipitation data, Eq. (16). That is, the mean size of the
asphalt aggregates is proportional to the molecular weight M of the solvent, raised to some
power z. Since Eq. (5) tells that the exponent w depends on (, the exponent that relates
the diffusivity of an aggregate to its molecular weight, D ~ M¥¢, we also conclude that the
exponent z, the analog of w, may also be non-universal and presumably depend on the type of
the solvent and/or the asphalt-containing oil, whereas the exponent 2’ = 2 is universal and does
not depend on the solvent or the oil type. This universality is the result of mass conservation

in the system, which also results in Eq. (3) with 7 = 2.
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We now make another quantitative connection between the scattering results and the pre-
cipitation data, and show that the latter also indicate that Dy l'_\z 1.8 and dy >~ 2.5. To do
this, we assume that the distribution of the asphalt aggregates does obey Eq. (3), derive an
expression for the mass of the aggregates in the solution, and show that the results are consis-
tent with the precipitation data only if 7 = 2, dy ~ 2.5, and Dy ~ 1.8. For a cluster of size s

3/Dy

the redius is Ry(s) ~ s/Ps, and its volume is v ~ s Thus the volume of the clusters or

aggregates in the solution is

as)
V ~ /0 vn,(t)ds (18)

which, when combined with Eq. (3), yields
*() 3/p, - 3/Dj—1+1 [* _3/Ds= 3/Dj-7+1
VN/ P17 f(sf(s))ds = () FiT / P f(z)dz ~ ()T (19)
0 o

Note that, the limits of the integrals in Eqgs. (17)-(19) are different. Equation (17) is for the
large aggregates that have precipitated (whose minimum size is about «(s)), while Egs. (18)
and (19) are for those that have remained in the solution. If v; is the volume of a typical cluster

vE3+D’ ="0/2 14 a solution that

or aggregate in the solution, then Eq. (19) is written as V ~
contains one or a few large aggregates with a fractal dimension D; and a large number of small
aggregates with a fractal dimension dy, the typical or average aggregate size is dominated by
those of the small aggregates. That is, the mean size of the aggregates remaining in the solution
is dominated by the small aggregates (since if they had been large enough, they would have
precipitated). Therefore, we can write v; ~ £%7, where £ is the radius of the typical aggregates.

Combining this equation with Eq. (19), and noticing that the mass m of the aggregates in the

solution is m = pV, where p is the aggregate density, we obtain

m ~ ped1{3+Df(1—'r)]/3 . (20)

Equation (20) tells us that a logarithmic plot of m versus £ should yield a straight line with
a slope p = df[3 + Dy(1 — 7)]/3. If our interpretation of the small-angle scattering results is
correct, then 7 = 2, dy ~ 2.5 and Dy ~ 1.8, which means that slope of the line should be
p ~ 1.0. The only quantity to be specified is £, which is very difficult to measure directly. Since
asphalt and asphaltene aggregates are fractal with complex shapes, one can estimate £ only if
‘the fractal aggregate is approximated by a simple shape. For example, Herzog et al. (1988)
and Acevedo et al. (1994) suggested that one may represent asphalts roughly as relatively thin
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discs, whose thickness was estimated to be in the range 3.6 — 8.0}}, while the density of asphalt

aggregates is typically about 1.1 — 1.3 gr/cm®. Thus, if, as a rough estimate, we assume £ to
be the radius of the discs, given the weight and density of the asphalts in the solution and the
thickness of the discs, which we took it to be 5.84, £ can be estimated. We found that for
a fixed dilution ratio R a plot of lnm vers;ls In £ does reproduce straight lines whose slopes
vary between 0.9 and 1.13, with an average of about 1.03, in agreement with the theoretical
prediction p ~ 1.0.

Our recent measurements of the MW distributions of asphalts and asphaltenes with various
solvents and dilution ratios R (Dabir et al., 1996) suggest that heavier solvents with larger
molecular diameters also generate larger aggregates, resulting in broader MW distributions.
As pointed out above, the analogy between Egs. (15) and (16) also implies that the mean
aggregate size is directly related to the molecular weight of the solvent. Thus, we may also
assume £ to be proportional to some characteristic length scale of the solvent molecules, such
as their effective molecular diameter or, since we used n-alkanes as the solvent, their linear
dimension. However, for n-alkanes the effective molecular dia,meter is directly proportional to
their linear dimension, and therefore any one of them can be used. For the n-alkanes the values
of £, taken as the eflective molecular diameter, are available in standard handbooks. Figure 14
shows the plot of Inm (calculated from Figure 11) versus In £ for various n-alkanes and values
of the dilution ratio R, where on each line R is constant. As can be seen, all the lines for the
various n-alkanes and Rs are parallel to one another as they should be, since their slope depends
only on the universal quantities 7, dy, and D;. Moreover, we find that p ~ 1.05, in excellent
agreement with both the theoretical expectation p ~ 1.0 and p ~ 1.03 obtained by assuming
that the aggregates can be represented as thin discs. Therefore, not only the precipitation data
are consistent with a dynamic cluster-size distribution for fractal diffusion-limited aggregates,
they also indicate that the fractal dimensions of the aggregates are the same as those that
we infer from the scattering data. Note that, only if we take 7 = 2 and have two types of
aggregates in the solution with two different fractal dimensions dy and Dy, do the predictions
of Eq. (20) agree with the data, thus supporting our interpretation of the scattering data. All
other plausible values of 7, d; and Dy yield slopes that do agree with the experimental value,
p ~ 1.05.

We should point out that an equation similar to Eq. (20) with 7 = 2 was given previously
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by Crickmore and Hruska (1989) (CH) using a completely different derivation. However, in
their derivation they made a wrong assumption, but still obtained the same result as ours!
They assumed that df (whose origin they did not specify) is the fractal dimension of the largest
asphalt aggregate (which is in fact Dy), whereas as our discussion here makes it clear, dy is the
fractal dimension of the typical or average-size aggregates, which are dominated by the small
DLP clusters. Janardhan and Mansoori (1993) attempted to derive the equation given by CH,
made the same error as them, and applied the equation erroneously to some precipitation data
at the onset of the precipitation. At this point, the dilution ratio R, is different for various
solvents, and therefore there is no way of obtaining the type of straight lines shown in Figure
14, since on each line the dilution ratio is constant for all the solvents. It is not clear to us how
they obtained the results that they present in their paper.

Summarizing the results of the last two sections, almost all the different sets of small-angle
scattering data as well as the precipitation results, for completely different oils and aggregate
sizes ranging from 504 to over 70004, yield the same result: The largest asphalt particles are
DLCC aggregates with a universal fractal dimension Dy ~ 1.8 (independent of the type of the
oil), whereas the small asphalt particles are DLP aggregates with a universal dy ~ 2.5. As
discussed above, high temperatures can generate low density aggregates with lower effective
fractal dimensions, because they increase rotational motion of the diffusing clusters in the
solution. Moreover, if the concentration of the solid particles in the oil is low, eventually only
the DLCC aggregates will form. Thus, we can identify both the fractal dimension of these
aggregates and the mechanisms of their formation. These results are also supported by the
recent experiments of Toulhoat et al. (1994). Using atomic force microscopy, they obtained
beautiful pictures of asphalt aggregates that are completely similar to those shown in Figure
1, and thus providing strong support for our results.

We should mention that, in the past there has been some speculation about the possibility
of asphalts and asphaltenes having a fractal structure (Park and Mansoori, 1988; Crickmore
and Hruska, 1989; Lin et al., 1991; Kuzeev et al., 1991; Mukhametzyanov and Kuzeev, 1991;
Raghunathan, 1991; Liu et al., 1995). However, aside from Liu et al. (1995), none of these
authors specified what kind of a fractal structure the asphalt and asphaltene aggregates may
possess, or proposed any mechanism for their formation. In the absence of any mechanism

for the formation of a fractal structure with a given fractal dimension, one can, in principle,
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have an infinite number of ways by which the fractal structure may form. In fact, Park and
Mansoori (1988), Crickmore and Hruska (1989), and Lin et al. (1991) all stated that, if the
asphalt and asphaltene aggregates are fractal, their fractal structures and fractal dimensions
cannot be specified, and Raghunathan (1991) speculated that the fractal structure of these
aggregates is similar to that :of linear polymers whose fractal dimension is Dy ~ 5/3. Liu et
al. (1995) proposed that if the concentration of the asphalt aggregates in the solution is high
or low, then one has non-fractal aggregates, whereas in the intermediate regime one has the
RLCC aggregates. However, their own data suggest that 7 ~ 1.8 £+ 0.2, much closer to r = 2
for the DLCC aggregates, than to 7 = 3/2 for the RLCC aggregates. While we agree with
them regarding non-fractality (and compactness) of the aggregates if their concentration in the
solution is very high (see above), we disagree with them about the low concentration regime.
We must also emphasize that a fractal dimension Dy ~ 1.8 does not imply that the aggregates
are nearly two dimensional. It only means that the number of the elementary solid particles in
the aggregates is so low that their fractal dimension is smaller than two. But, such aggregates
still have a 3D structure, i.e., they cannot be placed on a plane, or even on a few planes.
Finally, we point out that, there is no shortage of broad conceptual models of asphalts
and asphaltenes structure in the literature. Over the years, many models have been proposed,
beginning perhaps with the work of Dickie and co-workers (1967, 1969), in which an analogy to
polymers was proposed. Many other conceptual models have been proposed (see, for example,
Yen, 1974; Ignasiak et al., 1977; Speight and Moschopedis, 1980; Sakai et al., 1983; Boduszynski,
1987, 1988; Sane et al., 1988; Nortz et al., 1990; Strausz et al., 1992). In particular, an
interesting model has been proposed by Klein and co-workers (Savage and Klein, 1989; Truath et
al., 1994), in which the experimental knowledge about the chemical structure of asphaltenes has
been used for developing a model that combines experimental data and an iterative stochastic
method for generating a model of asphaltenes. However, it is not clear to us that their model

can yield molecular structures similar to what we propose here.
Implications of the Results =

The discovery that asphalt particles are fractal aggregates implies that the vast knowledge
already available for such aggregates can be used immediately to study in detail the structure of
the asphalts and the kinetics of their formation. Here we discuss three important consequences

of our results, which are modelling aggregation and flocculation of the asphalt particles, their
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mechanical stability, and their molecular weight distribution.
Modelling Kinetics of Aggregation of the Asphalt Particles

The kinetics of aggregation of many colloidal particles can be described in terms of the

Smoluchowski equation

dnk 1= > ‘
=3 Zk K(i,j)nin; — nkZ;K(k,z)n; , (21)
:+]= 1=

where n; is the number of clusters or aggregates of size ¢, and K(7,7) is a collision matrix or
kernel, which is a function of both the collision of the clusters and the aggregation processes.
The first term of the right hand side of Eq. (21) represents the formation of clusters of size
k from the two smaller clusters of sizes ¢ and j = k — 7, while the second term represents
the loss of the clusters of size k by reaction with other clusters to form larger clusters. This
equation is based on the assumption that the collision between the clusters or aggregates, or
the asphalt particles in our problem, is random and binary. The assumption of randomness
is valid if the fluctuations in the density of the particles is small. Such an assumption makes
the equation a mean-field approximation, and mean-field approximations are valid only above
a certain spatial dimension d which, in our case, is d = 2. Thus, the Smoluchowski equation is
valid for describing aggregation of the asphalt and asphaltene particles.

The most important parameter of the Smoluchowski equation is the kernel K(z, ) and its
functional form. For many processes to which the Smoluchowski equation may be applicable, it
is not clear a priori what functional form one should use for the kernel. Ziff et al. (1985) carried

out extensive computer simulations of DLCC aggregation in three dimensions, and showed that

K(i,5) ~ (i€ +5¢) (7P +3477) (22)

where ( is the exponent that relates the diffusivity of the cluster to its molecular weight,
D ~ M¢, defined earlier. Thus, Eq. (22) can be used immediately to study the kinetics of

asphalt and asphaltene aggregation by the Smoluchowski equation.

Mechanical Stability of the Asphalt Aggregates and an Upper Bound to Their
Molecular Weight

One of the most interesting aspects of fractal aggregates is that, their density can be much

smaller than that of their constituent particles, and it decreases as their size increases. But,
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at the same time, fractal aggregates can preserve their mechanical stability and support defor-
mation. Therefore, it is sensible to ask, how large fractal aggregates can become before losing
their mechanical stability, which would force them to reorganize themselves into a more stable
structure.

Consider first a non-fractal object. Suppose that the system is at a temperature T, and
that the material at a distance r from the origin is displaced by an amount u, which produces a
strain € ~ u/r. Suppose also that the shear modulus of the system is p. Thus, the displacement
of the system costs an elastic energy per unit volume of tﬁe system which is about ue2. With
thermal fluctuations in the system we must have kT ~ pe?r?, where ¢ is the volume of the
system, and kp is the Boltzmann constant, and thus €2 ~ 77¢.

Consider now fractal aggregates. We must distinguish between fractal aggregates with many
closed loops of particles at any length scale, such as gel networks at the gelation point, and
those that contain small and insignificant (in a macroscopic sense) loops, such as the DLCC
and DLP aggregates (see Figures 1 and 2). In loopless fractals there is essentially only one
path connecting two widely-separated points in the system, which is called the minimum path.
Suppose that we fix one of the points at the origin, and displace the other one by an amount:
u. Since the fractal is loopless, displacement of the particle strains only the essentially one-
dimensional path between the displaced particle and the one at the origin (the same argument
cannot be used for fractals with large loops, since there are more than one path between the

two points). Suppose that the number of the elementary particles in the path is n,, and that

their effective size is a. If r is large, then
n, ~ rPmin | | (23)

where D,,;, is called the fractal dimension of the minimum path. In general, D,,;, > 1, but for
the DLP aggregates Dy ~ 1, while for the DLCC aggregates in 3D D, ~ 1.25. Kantor and
Witten (1984) showed that

fr Driin
62 ~ ﬂ (I) . (24)

ubing \a
In this equation, b? is the volume of the atoms that constitute the particles, and n, is the
number of atoms in a particle. Thus, the average strain increases with the length scale r,
¢ ~ rPmin_in contrast with non-fractal objects for which € ~ r~%. If r and n, are larger than

some critical values r. and n,., € becomes of the order of unity. If an aggregate is larger than
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this critical size n,, it becomes flexible and is free to respond to internal forces in the same
way as polymers do. If the forces are attractive, then the aggregate attains a collapsed state.
For colloidal particles, such as asphalt and asphaltene aggregates, n, is typically about 103,
wb? is about 10 eV, while kgT is about 1/40 eV at room température. Thus, the maximum
value that n, can take is about 10%, before thermal fluctuations distort the aggregate and force
it to reorganize itself into another more stable structure. Thus, fractal structures, such as the
asphalt and asphaltene aggregates, cannot become too large. This restriction places an upper
bound on the largest molecular weight that an asphalt or asphaltene aggregate can attain,
which is about 6000 — 8000. In the literature, one finds estimates of the average molecular
weight of the asphalt or asphaltene aggregates that are as large as 10° — 10°. In the light of

what we discuss here, such claims are wrong.
The Molecular Weight Distribution of the Asphalt Aggregates

The MW distribution is, in general, a time-dependent quantity which evolves as the aggre-
gation of the asphalt and asphaltene particles takes place. Since the asphalt and asphaltene
aggregates are of the DLP and DLCC type, a measure of their MW distribution is provided
by their cluster-size distribution, Eq. (3). Because the Smoluchowski equation can be used
to determine the cluster-size distribution, one can, in principle, also use the same equation to
study the time-evolution of the MW distribution. However, what we are interested in here
is the MW distribution of the aggregates after a long time. Over the years, many authors

. have studied this problem (Dickie and Yen, 1967; Moschopedis and Speight, 1976; Moschopedis
et al., 1976; Boduszynski et al., 1977; Ignasiak et al., 1977; Speight and Moschopedis, 1977;
Schwager and Yen, 1978; Snape and Bartle, 1984; Speight et al., 1985; Boduszynski 1987, 1988;
Acevedo et al., 1992; Strausz et al., 1992; Taylor, 1992; Trauth et al., 1994). Aside from Trauth

et al. (1994), these authors measured mainly the average MW of asphalts and asphaltenes
from various oils, and provided some statistics of their measurements, but none proposed an
analytical formula for the MW distribution, and in fact they did not even give the full MW
distribution itself. Trauth ef al. (1994) used a Monte Carlo method to determine the MW
distribution, based on their own model described above.

Botet and Jullien (1984) studied the cluster-size distribution during DLCC aggregation
processes. They derived an analytical formula for the most probable cluster-size distribution, and

also determined numerically the average cluster-size distribution (since it cannot be calculated
23
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analytically in closed form), where the averaging was taken with respect to the process time.
Suppose that at the beginning of the aggregation process there are N particles, and that there
are N, clusters or aggregates in the system. Botet and Jullien (1984) showed that, the most
probable cluster-size distribution is given by

T~ LN, (29)
where w is defined by Eq. (2). Equation (25) tells us that f,(z) can be considered as a rescaled
or reduced most probable cluster-size distribution. Subject to certain assumptions, Botet and
Jullien (1984) also derived the following equation for f,(z)

(1 . 2w)1—2w
T(1l—2w) ©

This equation can have a maximum only if w < 0. Botet and Jullien compared Eq. (26) with

fu(z) = ~* exp[—(1 - 2w)z] . (26)

their numerical simulations and showed that, except around the maximum of the distribution
where Eq. (26) does not always estimate the magnitude of the maximum very accurately, it
provides a very accurate description of the cluster-size distribution.

We now convert Eq. (26) to a MW distribution for the asphalt and asphaltene aggregates by
assuming that, the molecular weight of an aggregate is proportional to its size. Experimental
measurements also show that there is usually a minimum molecular weight M,, at which the

MW distribution is cutoff. Therefore, Eq. (26) implies the following equation for the MW

distribution for asphalts and asphaltenes:
fu(M) = ai(M ~ MY % exp[—co(M — M,,)], M>M,, (27)

where ¢; and c; are constant. The normalization condition, [;° f.(M)dM = 1, gives one
relation between ¢; and ¢z, so that Eq. (27) has one free parameter to adjust. In Eq. (27) we
can treat w as an adjustable parameter, but in what follows we provide evidence that w may
in fact be a universal exponent, and thus its value can be fixed.

We used Eq. (27) to fit the experimental data presented by Park and Mansoori (1988).
The data are for the asphalt MW distributions in Brookhaven oil, obtained with three different

n-alkanes. For all three cases we obtained
wo —0.14 +0.03 (28)

indicating that, at least for n-alkanes, the value of w is universal. That w is found to be

negative is expected, since, as mentioned above, Eqgs. (26) and (27) can have a maximum only
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if w is negative. Figure 15 compares our fits with the data. Ag can be seen, except around
the maximum of the distributions, the agreement between the'predictions and the data is
excellent. The slight disagreement between the predictions and the data around the maximum
is expected, since, as discussed above, Botet and Jullien (1984) had already shown that Eq. (26)
may underestimate the magnitude of the maximum of the cluster-size distribution, consistent
with Figure 15. The small value of w also has two implications for the structure of the aspha;lt
and asphaltene aggregates. First, it implies that the active surface area of the aggregates that
actually participates in the process is very small. This is partly due to the rough and irregular,
and possibly fractal, nature of the aggregates’ surface, and partly due to the fact that no solvent
can dissolve all the resins that cover the surface of the solid particles that are suspended in the
oil, which are the building blocks of the aggregates. Second, w < 0 implies that as the size of
the aggregates increases, their active surface area decreases, since an increase in the aggregate
size also increases the roughness of its surface.

As mentioned earlier, some authors have suggested an analogy between the structure of
the asphalt and asphaltene aggregates, and polymers. In the polymer literature, use of a log-
normal distribution for representing the MW distribution of polymers is popular. Therefore,
we thought it may be useful to also use a log-normal distribution for predicting the above data,

and compare the results with the predictions of Eq. (27). Hence we used

exp {—-[ln(M - M) - 1n(M)]2/202} , (29)

1
S = e i~ M)
where (M) and o are the mean and standard deviation of the distribution, respectively, which
we treated as adjustable parameters. The resulting fits of the data are shown in Figure 16,
and it is clear that they do not agree with the data. Elsewhere (Dabir et al., 1996) we present
new and extensive data for the MW distribution of asphalts and asphaltenes, and discuss their

theoretical prediction using the ideas discussed here.
Summary and Conclusions

We have analyzed extensive small-angle scattering and precipitation data in order to de-
lineate the structure of asphalt and asphaltene aggregates. Almost all the data, with various
oils and solvents, provide compelling evidence that the asphalt and asphaltene aggregates are
fractal objects with well-defined structures and fractal dimensions. Moreover, the mechanisms

of their formation also become clear: At short length scales, the aggregates are formed by a
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diffusion-limited particle aggregation process, while at large length scales they are due to a
diffusion-limited cluster-cluster aggregation process. We have als;) shown that the type of the
solvent and the temperature of the system both have a strong influence on the structure of the
aggregates, and that the fractal structure of the aggregates places an upper bound on their
size and average molecular weiéht. Finally, we have proposed a new molecular weight distri-
bution for the asphalt and asphaltene aggregates, which provides very good predictions for the

experimental data.
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Captions

Figure 1. A two-dimensional diffusion-limited particle aggregate.

Figure 2. Various stages of formation of a two-dimensional diffusion-limited cluster-cluster
aggregate.

Figure 3. Logarithmic plot of the scattering intensity I{g) versus the magnitude of the
scattering vector ¢ for the data of Sheu et al. (1992). The results are for immediately after mix-
ing of the asphalt with toluene (top), and 11 days after the mixing (bottom). The concentration
of the asphalt in the solution is 5% at 25°C.

A Figure 4. Logarithmic plot of the scattering intensity I(g) versus the magnitude of the
scattering vector g for the data of Herzog et al. (1988). The results are for two different oil
residues at atmospheric pressure and 350°C (top two), and for a vacuum residue (circles).

Figure 5. Logarithmic plot of the scattering intensity I(q) versus the magnitude of the
scattering vector ¢ for the data of Dwinggins (1978).

Figure 6. Logarithmic plot of the scattering intensity /(g) versus the magnitude of the
scattering vector ¢ for the data of Dwinggins (1978) for whole oil, showing the effect of the
temperature. The results are for 25°C (top) and 80°C (bottom).

Figure 7. Logarithmic plot of the scattering intensity /(g) versus the magnitude of the
scattering vector ¢ for the data of Sheu et al. (1992), showing the effect of the temperature.
The results are for 25°C (top) and 43°C (bottom).

Figure 8. Logarithmic plot of the scattering intensity I(q) versus the magnitude of the
scattering vector g for the data of Storm et al. (1993). The results are for 93°C.

Figure 9. Logarithmic plot of the scattering intensity /(q) versus the magnitude of the
scattering vector ¢ for the data of Sheu ef al. (1992) at 25°C , showing the effect of aging of
the sample. The results are for immediately after mixing of the asphalt with toluene (top), and
11 days after the mixing (bottom). The concentration of the asphalt in the solution is 1%.

Figure 10. Logarithmic plot of the scattering intensity I(g) versus the magnitude of the
scattering vector ¢ for the data of Dwinggins (1978), with propanol as the solvent.

Figure 11. Experimental precipitation data for the weight percent W of the asphalt
aggregates, as a function of the solvent to crude ration R. The results are, from top to bottom,
for n—Cs, n—Cs¢, n—C7, n—Cg, and n—Cjg as the solvent.

Figure 12. The collapse of the cluster-size distribution n,(t) of DLCC aggregates onto a
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single curve (adopted from Meakin et al., 1985).

Figure 13. The collapse of the experimental precipitation data of Figure 11, where X =
R/M?* and Y = WR?, with z = 1/4 and 2’ = 2.

Figure 14. Logarithmic plot of the weight m of the asphalt aggregates remaining in the
solution versus the molecular diameter £. Symbols are the same as in Figure 11, and on each
line the symbols show the data at a fixed ratio B. The results are, frqm top to bottom, for
R =2,4,6,10, and 20.

Figure 15. Comparison of the predictions of Eq. (27) (curves) with the experimental data
of Park and Mansoori (1988) for the molecular weight M of the asphalt aggregates. The results
are for n—Cs (top left), n—Cs (top right), and n—C7 (bottom) as the solvent.

Figure 16. Comparison of the predictions of Eq. (29) (curves) with the experimental data
of Park and Mansoori (1988) for the molecular weight M of the asphalt aggregates. Symbols

are the same as those in Figure 15.
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Asphalt Flocculation and Deposition: III. The Molecular Weight

Distribution
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We present extensive new experimental data for the molecular weight (MW) distributions
of the asphalt and asphaltene aggregates, which are formed when a solvent is injected into a
crude oil. The effects of various factors, such as the solvent, the solvent-to-oil volumétric ratio,
and aging of the solution are all investigated. It is shown that if the asphalt- or asphaltene-
containing solution has not reached equilibrium, one always obtains a bimodal MW distribution,
which is due to the existence of two different types of aggregates with distinct structures and
mechanisms of formation. However, after a long enough time the MW distribution will be
unimodal. Based on the models that we have proposed for the formation the structure of the
asphalt and asphaltene aggregates, which are based on the analysis of small-angle scattering and
precipitation data, we propose analytical equations for the MW distribution of the aggregates

which provide accurate predictions for our data.
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An important problem in the petroleum industry is enhanced recovery of oil by a miscible
displacement process!. For example, miscible displacement of oil byacarbon dioxide or natural
gas is considered one of the most efficient methods of increasing oil production. However, this
process often causes some changes in the fluid flow behavior and the equilibrium properties
of the fluids. Under certain conditions such changes lead to the formation of heavy organic
compounds on the pore surfaces of oil reservoirs, such as % asphaltenes and asphalts which are
large molecular aggregates with complex structure and properties. Although many authors
do not distinguish between asphalt and asphaltene, we define? the former as the latter plus
resin, and use this terminology throughout this paper. Asphalts and asphaltenes are essentially
amorphous solids that contain, in addition to carbon and hydrogen, nitrogen, oxygen, sulfur,
and metals. Their formation is a function of the composition of the crude oil and the displacing
agents, and the pressure and temperature of the reservoir. Their deposition on the surface of
the pores reduces the permeability of the pore space, leading to the eventual isolation of oil
from the flowing fluid in the reservoir® and reduction of the efficiency of the oil recovery process.
Because of the practical importance of miscible displacements, it has been of great interest to
understand the mechanisms that give rise to the formation of asphalt and asphaltene aggregates,
their thermodynamic and transport properties, the point at which their precipitation on the
pore surfaces is triggered, and its effect on the properties of the pore space. Although over
fhe past several decades the nature of asphalts and asphaltenes and the mechanism of their
precipitation on the pore surfaces of a porous medium have been studied intensively?4~!4 no
general consensus has emerged. One important reason for the lack of consensus is that most
of these studies were not systematic in that, rather than investigating several important and
related aspects of the problem, all in one study with similar compounds and under similar
conditions, they considered only one aspect of the problem. The complexity of the structure of
the asphalt and asphaltenes aggregates has also hindered progress.

In two previous papers!®¢ (hereafter referred to as Part [ and Part II) we presented extensive
new experimental data for the onset and amount of asphalt and asphaltene precipitation under
a variety of conditions. In Part I we presented a new scaling approach to predicting such
data, based on the similarities between asphalt and asphaltene formation and non-equilibrium

aggregation phenomena. In Part II we presented an analysis of small-angle X-ray and neutron




scattering (SAXS and SANS, respectively) data, showing that they provide key insights into the
structure of the asphalt and asphaltene aggregates, based on which we proposed the mechanisms
that form them.

An important characteristic of the asphalt and asphaltene aggregates is their molecular
weight (MW) distribution. In the past, there have been many studies of the MW distri-
bution of the asphalts. Early studies!”~?° indicated that the MW of the asphalts can vary
between 80,000 and 300,000. However, other studies?'~3® have provided evidence for much
smaller MWs, ranging from 600 to 9,000. A wide variety of measurement techniques have also

been used, especially in the more recent investigations34—51

, including light absorption coeffi-
cients, viscosity determination, vapour-pressure osmometry, and several others. With a few
exceptions®®44:46-48.50 these studies reported the average MW of the asphalts from various oils,
and provided some statistics of their measurements, rather than giving the full distributions
themselves. Theoretical investigations of the MW distribution of the asphalts are also rare5253,
Transport properties of the asphalts, such as their effective diffusivity in a pore, and how they
vary with the MW distribution, have also been reported®.

The purpose of this paper is to present the results of a systematic study of the MW dis-
tributions of the asphalt and asphaltene aggregates. We first present our new and extensive
experimental data for the MW distributions of these aggregates, followed by their theoretical
modelling. Our modelling is based on the results reported in Parts I and II. We show that
those results lead us to new analytical equations for the MW distribution of the asphalt and

asphaltene aggregates, which provide accurate predictions for the new data presented here.

EXPERIMENTAL PROCEDURE

We first describe briefly the experimental procedure for determining the MW distribution.
The crude oil under study was a light tank oil with an API° 29.7, that was obtained from an
oil field in southwest Iran. Table 1 shows its chemical composition and some PVT properties.
We did not analyze the elemental composition of the oil, as it was not crucial to our results
discussed in this paper. The tank oil was diluted by several solvents which were n-Cs, n-Ce,
n-C7, and n-Cyg, and for several values of solvent to oil ratio R, measured in terms of cm® of
the solvent/gr of the oil; we used R =1.5, 4.0, and 10.0. The samples were kept in a dark

place in an inert gas to prevent oxidation, and they were stirred occasionally for 24 hours. In
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the next step, the samples were filtered using the Wattman No. 42 filter paper. The filter
papers were then washed by excess amount of the solvents. The asphalt that remained on the
filter was used for measuring its MW distribution and its average. The asphaltene content
was separated and measured by the standard IP-143 procedure. All the experiments were
done at 18°C. Two average MWs were determined for th:a asphalts and asphaltenes, which
were the weight-averaged molecular weight (4f,,) and the number-averaged molecular weight
(M,). Also determined were the MW distributions using liquid size-exclusion chromatography,
or gel permeation chromatography (GPC). The standard ASTM test method D3593-80 for
determining the average MWs and the MW distributions of toluene-soluble aggregates was
used.

The GPC instrument consisted of a solvent reservoir, a pump, a sample injection device,
4 packed columns, a solute detector, a flow rate detector, and a recorder. It had 4 different
columns filled with Styragel, and nominal exclusion limits of 500, 103, 1500, and 10*A were
used in the measurement process. Each column had a length of 120cm and a diameter of 1 cm.
For each solvent, the columns of the GPC were calibrated using the polystyrene standard. The
resulting calibration curve was then transformed to give a relationship between the retention
volume and the molecular weight M.

The asphalts or asphaltenes were dissolved in toluene using a magnetic stirring device. The
resulting solution was then injected into the chromatographic column packed with a solid and
porous substrate, with a flow rate of 2 ml/min, in order to separate the various molecular
aggregates according to their sizes. The concentrations of the separated aggregates were also
determined and recorded. By using the MW calibration curves, the MW averages and the MW
distribution for each experiment were determined. For R =1.5 and 4 they were measured 2
weeks after the solutions with toluene and the asphalts or asphaltenes were formed, while for
R = 10 the measurements were done after 3 weeks. To investigate non-equilibrium (aging)

effects on the growth of the aggregates, a separate measurement was carried out with n-Cg and

R = 1.5 after 4 weeks.

EXPERIMENTAL RESULTS AND DISCUSSION
Figure 1 shows the resulting MW distributions for the asphalts obtained with n-Cs. As can

be seen, for all values of R the MW distributions have two maxima. The two maxima provide
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strong evidence for the existence of two distinct types of asphalt aggregates in the solution.
One type are those that are formed by the aggregation of the small elementary particles that
are suspended in the oil. The size of such aggregates is relatively small, and thus the left-side
maximum in the MW distribution is due to such aggregates. The other type of the asphalt
aggregates are those that are formed by the aggregation of the first type of the aggregates and
also the elementary particles still residing in the solution. The fact that there are two maxima
in the MW distribution indicates that, not only the mechanisms of the formation of the two
types of aggregates are different, their structures must also be very different. This distinction
between the two types of the aggregates becomes clearer in the next section, where we discuss
theoretical modelling of our data.

Figures 2-4 show the results for the asphalts obtained with n-Cg, n-C7, and n-Cyo. The
qualitative features of these distributions are similar to those shown in Figure 1. A comparison
of all the data indicates that, heavier solvents give rise to heavier, and thus larger, asphalt
‘aggregates. Moreover, as the solvent becomes heavier, the MW distributions become broader.
Note that, even the results for B = 10, which were measured 3 weeks after forming the asphalt-
containing solutions, show a small but distinct maximum to the left of the main one. This
indicates that, even after 3 weeks the asphalt-containing solutions still contained the small
aggregates that are formed by the aggregation of the elementary particles.

Figures 5-8 show the results for the asphaltenes obtained with the same solvents. All the
qualitative features of these results are similar to those of the asphalts, shown in Figures 1-4.
There are, however, two differences between the two sets of MW distributions. If we compare
the results that were obtained with R = 1.5 and 4, we find that, compared with the asphalts,
a larger number of asphaltene aggregates with relatively large MWs have been formed. This
difference is clearly seen in Figures 4 and 8. Moreover, the MW distributions of the asphaltenes
are generally broader than those of the asphalts. Both differences can be attributed to the fact
that, in order to form the asphaltene-containing solutions, the resins, which have smaller MWs
than the asphaltenes, are removed from the asphalt solutions. To make this point clearer, we
present in Tables 2-5 the averages of all the MW distributions, which confirm our assertion.

We point out that, in general, the MW distribution evolves with time as the aggregation of
the asphalt and asphaltene particles proceeds. Thus, if the asphalt- or asphaltene-containing




solution is aged for a long enough time, the maximum that is due to the existence of the
small aggregates should disappear, since there would be ample time for such aggregates to
join together and form larger aggregates, and thus one should obtain only a unimodal MW
distribution. This is clearly seen in Figure 9, where we show the results for the asphaltenes
obtained with n-Cg¢ and K = 1.5 after 4 ;veeks. The distribution is unimodal, thus confirming

our assertion. We shall come back to this point in the next section.

THEORETICAL MODELLING

In Part II we analyzed extensive small-angle X-ray and neutron scattering (SAXS and
SANS, respectively) data, based on which we proposed the mechanisms for the formation of
the asphalt and asphaltene aggregates. We proposed that two important and much studied®®
aggregation phenomena, namely, diffusion-limited particle (DLP) and diffusion-limited cluster-
cluster (DLCC) aggregation are the basic mechanisms that give rise to the molecular structures
of the asphalts and asphaltenes. Since these are directly related to our discussion in this
paper, let us first briefly summarize the essential ideas behind the DLP and DLCC aggregation
phenomena and models, and how discuss SAXS and SANS data lead us to the identification of -
the structure of the asphalts and asphaltenes.

In the DLP aggregation model®® the site at the center of a lattice (or a continuum) is
occupied by an stationary particle. Another new particle is then injected into the lattice, far
from the center, which diffuses on the lattice until it reaches a surface site, i.e., an empty site
which is a nearest-neighbor to the stationary particle, at which time the particle sticks to it
and remains there permanently. Another diffusing particle is then injected into the lattice to
reach another surface (empty) site and stick to it, and so on. If this process is continued for
a long time, a large aggregate is formed, a typical three-dimensional (3D) example of which is
shown in Figure 10. One of the most important properties of the DLP aggregates is that, they
are self-similar and fractal. This means that if s is the number of the elementary particles in

an aggregate of radius R,, then one has
s~ R, (1)

where Dy is the fractal dimension of the aggregate. Computer simulations indicate®® that

D; ~ 2.5 for 3D DLP aggregates. A fractal dimension less than the Euclidean dimension of
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the space implies that the aggregate cannot fill the space, and has a sparse structure.

5758 one starts with an empty lattice (or a continuum). At

In the DLCC aggregation model
time t = 0, a fraction pg of the lattice sites are selected at random and occupied by elementary
particles. Each occupied site contains only one particle. If py is small, the system will consist
of a large number of isolated occupied sites and a few small clusters of particles. A cluster is
a set of nearest-neighbor particles. One cluster, including a single particle, is then selected at
random and is allowed to diffuse in a randomly-chosen direction. Then the perimeter sites of
the cluster — the set of sites that are adjacent to the cluster — are examined to see whether
they are occupied by other particles or clusters. If so, the perimeter particles or clusters are
attached to the cluster that was moved to form a larger cluster. Anpother randomly-selected
cluster is-moved again, its perimeter is examined for possible formation of a larger cluster,
and so on. Figure 11 shows several stages of this process in 2D. The DLCC aggregates are
also fractal objects, and extensive computer simulations suggest®® that for DLCC aggregates |
Dy ~ 1.8 in 3D, which is smaller than that of the DLP aggregates, since aggregaﬁon of clusters
creates larger holes in the final moiecula,r structure than that of elementary particles (compare
Figures 10 and 11).

An important property of fractal aggregates, which is relevant to our paper, is the roughness
of their surface. Since the clusters that aggregate together have irregular shapes and sizes, their
active surface area S,, i.e., that part of their surface which is most likely to collide with the
surface of another cluster, is different from the total surface area of the cluster, and in fact it
constitutes only a small fraction of it. For a growing cluster during aggregation S, scales with

the total number of particles s in the cluster as®®

S ~ 8%, (2)

where w is a universal exponent, independent of many microscopic features of the cluster. As
we discuss later, w has a strong influence on the shape of the MW distribution of the aggregates.
Obviously, w < 1, since the active surface area of a cluster cannot grow with its size faster than
linearly.

An accurate probe of the structure of complex systems is small-angle scattering. In a

scattering experiment the observed scattering intensity /,(g) by a single self-similar and fractal




cluster or aggregate is given by®® A
L(g)~q", (3)

where g is the magnitude of the scattering vector given by

= 4—;- sin (g) . (4)

Here ) is the wavelength of the radiation scattered by the sample through an angle . Thus, a
logarithmic plot of the scattering intensity I(g) versus ¢ (or the angle 6) should yield a straight
line with the slope —Dy.

If the solution, with which the scattering experiment is carried out, contains many aggregates
or clusters of various sizes, as is the case with a crude oil that contains many asphalt or
asphaltene aggregates, then the intensity I(q) scattered is the average sum of the intensities
scattered by all the aggregates. Suppose that n,(t) is the number of the clusters or aggregates
of size s in the solution at time ¢, where s represents the number of the elementary particles in

an aggregate. If the aggregates are fractal, then it has been shown that®®

ns =s"" f(s/(s)) (5)

where 7 is a universal exponents, (s) is the mean aggregate size, and f(z) is a universal scaling
function; for DLCC aggregates®® 7 = 2. For a solution containing many aggregates of various
sizes I(q) is given by®

I(g) = [ sn,1(a)ds , (6)
which means that

I(g) ~ g~ ®Ps (7)

Since for DLCC aggregates 7 = 2, Egs. (3) and (7) are identical for this case. We point out
that power-law scattering, such as Egs. (3) and (7) can also arise from scatterers that are not
fractal, but the distribution of their sizes is of power-law type. However, such is not the case
with the asphalt and asphaltene particles.

Small-angle scattering data have been presented by several research groups®?—%7. In Part
II we analyzed most of such data using the Egs. (3) and (7), an analysis that had not been
performed by most of authors®?% reporting the data. The data included both SANS and SAXS




which are known to have very different contrast mechanisms, especially for complex systems
such as the asphalt and asphaltene aggregates. Despite this, both the SANS and SAXS data led
us to the same conclusion regarding the structure of the asphalt and asphaltene aggregates: at
large length scales (corresponding to small values of ¢) the asphalt and asphaltene aggregates
are fractal with a fractal dimension D; =~ 1.8, whereas at small length scales (la,rg:a q) the
fractal dimension is dy ~ 2.5. Hereafter, we use D; and ds to denote the fractal dimensions
of the large and small aggregates, respectively. To interpret these values of Dy and dy, we
proposed the following mechanisms for the formation of the aggregates which are based on our
experimental observations. After the solvent is added, the resin, that covers the surface of the
small individual particles and the self-associates suspended in the oil, is partially dissolved. The
particles and the resin are both electrically charged, albeit with opposite signs, and therefore
~ dissolution of the resin creates electrical imbalance between the particles. The small clusters
are then formed by diffusion of the charged solid particles in the oil, which stick together upon
collision. But, this is precisely how the DLP aggregates are formed. Their fractal dimension,
which is about 2.5, is in agreement with the scattering results, dy ~ 2.5. After some time, one
has a mixture of small clusters or aggregates of various sizes (which also carry a net electrical
charge), as well as the individual charged particles. So, while the aggregation of the individual
particles continues, aggregation of the clusters as well as the particles is also triggered. These
clusters and particles also diffuse in the solution and stick to each other upon collision, which
is precisely the mechanism by which the DLCC aggregates with a fractal dimension Dy ~ 1.8
are formed. We showed in Part II that this picture of formation of the asphalt and asphaltene
aggregates is completely consistent with our precipitation data presented in Part I.

If the asphalt- or asphaltene-containing solution is aged for a long time, then there would
be ample time for the small aggregates to diffuse in the solution and stick together as they
collide. As a result, one will have only one type of aggregate which is of DLCC type. This
is also confirmed by the small-angle scattering data!®®®, and by our MW distribution data
discussed above. High temperatures or pressures can distort the structure of the aggregates.
As the temperature of the system rises, more resins are dissolved and thus the electrical charge

imbalance between the particles or small clusters is much lower. Therefore, aggregates with

much lower densities and effective fractal dimensions are formed. It is possible that the solution




will eventually contain DLCC and DLP aggregates with their effective fractal dimensions given
above, but the time scale for reaching this state may be very loné. This has been observed
very clearly in several scattering experiments. The pressure of the system has an effect some-
what similar to that of the temperature. As the pressure rises, smaller aggregates with lower
fractal d;mensions are formed, and small-angle scattering experiments confirm this®®3. These
experiments indicate that at small length scales (large ¢) one has d; ~ 1.3, much smaller than
d; ~ 2.5 for DLP aggregates, while at large length scales Dy is less than one, implying that
there is no DLCC aggregate in the solution at all, and one only has very small aggregates, in
agreement with recent experiments® that indicate that with increasing pressure asphalt precip-
itation decreases. Thus, not only we identified'® the fractal dimension of these aggregates, we |
also proposed the mechanisms for their formation. Qur proposal is also supported by the very
recent experiments of Toulhoat et al.%° Using atomic force microscopy, they obtained beautiful
pictures of asphalt aggregates that are completely similar to those shown in Figures 10 and 11,
thus providing strong experimental evidence for our proposed mechanisms.

We should mention that, in the past there has been some speculation®”7°~"3 about the
pbssibility that asphalt and asphaltene aggregates may have a fractal structure. However,

aside from Liu et al”

, none of these authors specified what kind of a fractal structure the
asphalt and asphaltene aggregates may possess, or proposed any mechanism for their formation.
In the absence of any mechanism for the formation of a fractal structure with a given fractal
dimension, one can, in principle, have an infinite number of ways by which the fractal dimension
may arise. In fact, Park and Mansoori’®, Crickmore and Hruska”, and Lin et al.?? all stated
that, if the asphalt and asphaltene aggregates are fractal, their fractal structures and fractal
dimensions cannot be specified, and Raghunathan™ speculated that the fractal structure of
these aggregates is similar to that of linear polymers! Liu et al®” suggested that the asphalt
aggregates are similar to those formed by a reaction-limited cluster-cluster aggregation process
(as opposed to a diffusion-limited process proposed by us). In this phenomenon®®, two clusters
do not stick to each other before many collisions between them take place. As a result, diffusion
plays no role in the formation of such aggregates. For such fractal aggregates one has Dy ~ 2

and 7 = 3/2. However, as we discussed in Part II, both the precipitation and small-angle

scattering data indicate that DLP and DLCC aggregation processes are the most plausible
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mechanisms of formation of the asphalt and asphaltene aggregates.

Based on these results, we can propose an analytical equation for the MW distribution of
the asphalt and asphaltene aggregates. Botet and Jullien™ studied the aggregate (cluster)-
size distribution during aggregation processes, and derived an analytical formula for the most
probable aggregate-size distribution. Suppose that at the beginnirilg of the aggregation pro-
cess there are N elementary particles, and that there are N, clusters or aggregates in the
system. Botet and Jullien™ showed that, the most probable cluster-size distribution is given
by Nns/N? ~ f,(N.s/N), where w is defined by Eq. (2). This equation tells us that f,(z)
is simply a rescaled or reduced most probable aggregate-size distribution. Subject to certain

assumptions, Botet and Jullien™ also derived the following equation for f,(z)
fu(z) = cz™* exp[~(1 — 2w)a] , (3)

where ¢ is a normalization constant obtained from f;° f,(z)dz = 1. Equation (8) can have a
maximum only if w < 0, and is not expected to be very accurate if z is very small.

As discussed in Part II, we can convert Eq. (8) to a MW distribution for the asphalt and
asphaltene aggregates by assuming that, the MW of an aggregate is proportional to its size.
Since the data shown in Figures 1-9 indicate that there is a minimum molecular weight M,
at which the MW distribution is cutoff, Eq. (8) implies the following equation for the MW
distribution for the asphalts and asphaltenes:

fw(M) = C(M - Mm)—2w exp[—a(M - Mm)] 3 M 2 Mm 3 (9)

where a is a constant. However, Eq. (9) is appropriate if the MW distribution is unimodal
which, as we discussed above, is the case if the solution is aged for a long enough time. If the
MW distribution is bimodal, then we propose the following equation which is a generalization

of (9) that allows for more than one maximum in the distribution:
2
Jo(M) =3 ci(M — My:)™ exp[—ai(M — My;)] . (10)
t=1

The idea is that, each maximum is caused by an aggregation process which gives rise to a
MW distribution given by Eq. (9), and Eq. (10) simply superposes the two distributions
and maxima. In Eq. (10) subscripts 1 and 2 refer to the DLP and DLCC parts of the MW
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distribution. Thus M,; = 0, and M,,, represents the MW of the smallest asphalt or asphaltene
aggregates that are of DLCC type. Since it is very difficult to direéﬁly measure M,,,, it has to
be determined by fitting the data to Eq. (10). Taken together, there are 6 parameters in Eq.
(10), which are ¢, ai, w, and M2, and are estimated by fitting the data to Eq. (10). However,
although we can treat w as an adjustable parameter, we provide evidence that w may in fact
take on a universal value. If so, and if the MW distribution has only one maximum (i.e., if there
is only one type of the aggregate in the solution), all one has to do is specifying the minimum
molecular weight M, and determining the constant ¢ from the normalization condition. Then,
the MW distribution is completely specified.

The resulting fits of the data are also shown in Figures 1-9, and it can be seen that the
agreement between the predictions and the data is generally very good. Shown in Tables 6 and
7 are the estimated values of w for both the asphalts and asphaltenes, obtained by fitting the
MW distribution data to Eq. (10). There are two notable features in these results. One is
that the estimated values of w for the asphaltenes are generally larger than the corresponding
values for the asphalts. That is, the asphaltenes have a smaller active surface area than the
asphalts. This is undoubtedly due to the fact that, to obtain the asphaltenes the resins have to
be removed from the asphalt-containing solutions. The absence of the resins generates smaller
electric charge imbalance in the aggregates, and thus smaller active surface area. However, this
may be a non-equilibrium effect, since the second notable feature of the results presented in
Tables 6 and 7 is that, the results for R = 10, for which the measurements were done 3 weeks
after the asphalt- or asphaltene containing solutions were formed, indicate that as the solutions
reach equilibrium, w appears to approach —1/2. Indeed, for the MW distribution shown in
Figure 9, for which the measurements were done after 4 weeks, we estimate that w ~ —0.52.

The result w = —1/2 for the DLCC aggregates can actually be derived. Suppose that D is
the diffusivity of an asphalt or asphaltene aggregate diffusing in the solution. From the Stokes-
Einstein relation we know that D is roughly proportional to R;!, where R, is the radius of the
aggregate. Using Eq. (1) we obtain D ~ s7V/Pr for an aggregate of s particles. Diffusion of
the aggregates in the solution generates friction with a friction coefficient C; ~ 1/D ~ s'/P1,
and a friction force F' ~ sC; ~ s'*/Ps, From the theory of diffusion processes we know that

the velocity v of the diffusing aggregates is proportional to F~!, implying that v ~ s~(1+1/Ps),
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Thus, if we write v ~ s, we obtain

a=—<1+—bl7) : (11)

On the other hand, Botet and Jullien™ have derived the following relation between o and w
for a 3D DLCC aggregate

4

1

2o =at - (12)
If we substitute (11) into (12) we obtain w = —1/2. This agreement between the theory and
our results is another confirmation of our proposed mechanisms of formation of the asphalt and
asphaltene aggregates and their fractal structure. Therefore, it is not unreasonable to assume
that w = —1/2 for all cases if the solutions reach equilibrium. A universal value of w is also
appealing, since it puts Egs. (9) and (10) on an even firmer theoretical foundation. Finally, we
note that for all the cases w varies in a relatively narrow range which, given the wide spread in
the data, is quite remarkable.

We point out that Eq. (10) is very robust. To see this, consider Figure 9 which indicates
that there is only one maximum in the MW distribution. Despite this, we fitted the data to
Eq. (10) rather than Eq. (9), and found that ¢; = ¢, a1 = a2, and M,y = My, = 0. The
significance of Egs. (9) and (10) is not in the fact that they provide accurate representation of
our data. In fact, Trauth et al.’? suggested an empirical MW distribution which is very similar
to Eq. (9). The most significant aspect of Egs. (9) and (10) is that, these equations can be
derived, with no empiricism involved, if we accept the mechanisms that we have proposed for
the formation of the asphalt and asphaltene aggregates. We believe that in Part II and in the
present paper we have presented ample evidence for the validity of these mechanisms, which is
reinforced by the fact that the evidence comes from three different types of experimental data,

namely, the precipitation, small-angle scattering, and the MW distributions data.

SUMMARY

We have presented extensive new experimental data for the MW distributions of the asphalt
and asphaltene aggregates. We have shown that the type and amount of the solvent, and non-
equilibrium (aging) effects have a strong influence on the shape and broadness of the MW
distribution. Based on the mechanisms of formation and the structure of the aggregates that

we proposed in Part II, we have also proposed new analytical equations for the MW distributions

13




of the asphalt and asphaltene aggregates, which not only provide accurate predictions for the

new data presented in this paper, but also confirm our proposed mechanisms and structures.
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Table 1
Tank oil PVT data

Component Mole percent

Cy 0.0 ,
C, 0.0
Cs 0.0
i-Cy 0.05
n-Cy 0.64
i-Cs 1.69
n-Cs 2.21
n-Cg 4.23
Ct 91.18

Cs-asphalt weight percent = 11; n-Cy-asphalt weight percent = 2.2; molecular weight of
the oil (measured by vapor pressure osmometer) = 200; specific gravity of the oil (at 60/60°F)
= 0.8778 gr/cm?; weight percent of Ci; fractions = 12.66; specific gravity of Cd; fractions (at
60/60°F) = 1.0186 gr/cm?®; normal boiling point of C¥, fractions = 468°C.
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Table 2
The weight-averaged molecular weights (M,,) of the asphalts obtained with various solvents,

and solvent to oil ratio E.

R 1.5 4.0 10.0
n-Cs 5694 5539 3138
n-Cg 8410 7946 3122
n-C; 9085 7843 4337
n-Cyo 7550 8373 3978

Table 3
The number-averaged molecular weights (M,,) of the asphalts obtained with various solvents,

and solvent to oil ratio R.

R 1.5 4.0 10.0
n-Cs 1330 1180 876
n-Cg 2019 1897 852
n-C; 2013 1705 1268

n-Cyo 1719 1987 1089




Table 4
The weight-averaged molecular weights (M,,) of the asphaltenes obtained with various

solvents, and solvent to oil ratios R.

R 1.5 40 10.0
n-Cs 5951 5680 4191
n-Cs 7422 9835 4727
n-C; 11202 83582 4864
n-Cyo 11427 11840 4707

Table 5
The number-averaged molecular weights (M, )} of the asphaltenes obtained with various

solvents, and solvent to oil ratios R.

R 1.5 4.0 10.0
n-Cs 1553 1608 1437
n-Cg 1821 3095 1662
n-C; 3108 2591 1622
n-Cyo 3022 4629 1097
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Table 6
Estimated values of the MW distribution parameter w for the asphalts obtained with various

solvents, and solvent to oil ratios R.

R 1.3 4.0 100
n-Cs; -0.28 -0.65 -0.44
n-Ce -0.41 -0.37 -0.41
n-C; -0.37 -049 -0.50
n-Cyo -0.50 -0.37 -0.45

Table 7
Estimated values of the MW distribution parameter w for the asphaltenes obtained with

various solvents, and solvent to oil ratios R.

R 1.5 4.0 10.0
n-Cs -0.43 -0.55 -0.50
n-C¢ -0.45 -0.58 -0.59
n-C; -0.52 -0.49 -0.62
n-Cyo -0.48 -0.69 -0.41




Captions

Figure 1. The molecular weight distributions of the asphalts obtained with n-Cs and solvent
to oil ratio (in cm® of the solvent/gr of oil) R = 1.5 (top left), 4 (top right); and 10 (bottom).
Symbols represent the datd, while the curves are the predictions of Eq. (10).

Figure 2. The same as in Figure 1, but with n-Cs as the solvent.

Figure 3. The same as in Figure 1, but with n-C; as the solvent.

Figure 4. The same as in Figure 1, but with n-C;q as the solvent.

Figure 5. The molecular weight distributions of the asphaltenes obtained with n-Cs and
solvent to oil ratio (in cm?® of the solvent/gr of oil) R = 1.5 (top left), 4 (top right), and 10
(bottom). Symbols represent the data, while the curves are the predictions of Eq. (10).

Figure 6. The same as in Figure 5, but with n-Cg as the solvent.

Figure 7. The same as in Figure 5, but with n-C; as the solvent.

Figure 8. The same as in Figure 5, but with n-C,4 as the solvent.

Figure 9. The molecular weight distribution of the asphaltenes obtained with n-Cg and
solvent to oil ratio R = 1.5 cm®/gr of oil. The measurements were done 4 weeks after the
asphaltene-containing solution was formed. Symbols represent the data, while the curve is the
predictions of Eq. (10).

Figure 10. A typical three-dimensional diffusion-limited particle aggregate.

Figure 11. Three stages of formation of a two-dimensional diffusion-limited cluster-cluster

aggregate.
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PREFACE

A significant portion of the experimental work on this grant (DE-FG22-92PC92527)
was performed with coal-derived materials. However, much of the data from this work
was part of an unfinished doctoral thesis that has been lost due to circumstances
beyond the control of the authors and the Department of Energy. Readers are
cautioned to view the Final Report and Addendum accordingly. A publication resulting
from this work (Yang, L., Zhu, Y. and Tsotsis, T. T., 1996,“The Use of Inorganic
Membranes in Reactive Liquid Phase Applications” Proceedings of the Fourth
International Conference on Inorganic Membranes, D. G. Fain, ed., 128-142) contains
the following reference which is not available: Yang, L., “The Use of Membranes in
the Study of Coal Liquids,” 1996, Ph.D. Thesis, University of Southern California.
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1. INTRODUCTION AND BACKGROUND INFORMATION

This document is an addendum to the Final Report document for DOE contract
DE-FG22-92PC92527 which was submitted on 7/02/96. This document was prepared in
response to the request by the DOE program manager Mr. Robert Warzinski. This
document contains unpublished experimental “raw” data on the transport/separation of
coal liquids through membranes. These data were not included in the original report
because they were deemed at that point not to be, for various reasons, of “archival
journal” publication quality. The original goal of our University Coal Research program
project was to further the fundamental understanding of the transport/separation of oil
macromolecules through porous systems. Most of our experiments were carried out
utilizing a variety of inorganic membranes; an extensive program of research focusing on
the agglomeration/delamination behavior of such systems involved sorption/precipitation
studies utilizing a variety of other model systems. All of this prior work has been
published in archival journals and has been included in the Final Report submitted on
7/02/96. Further details about the literature on the state of the art in the field and the

modeling part of the work can be found in the original Final Report.

In this document we will first briefly describe the experimental system used in the
transport/separation investigations. Then we will concisely describe the data analysis
techniques that were utilized. Subsequently we will detail the experimental data generated

in this system that were not included in the final report previously submitted.

¢ Background on Membrane Transport/Separation and Data Analysis Techniques

A membrane is defined as a semipermeable barrier between two phases. This
barrier, in order to be of value, must be permselective which means that it restricts the
movement of molecules through it. Permselectivity can be obtained by many mechanisms.

These include but are not limited to:

1) Size exclusion or molecular sieving;




2) Differences in diffusion coefficients (bulk as well as surface);
3) Differences in electrical charge;

4) Differences in solubility in sorption and/or reactivity within the membrane pores.

There are different types of membranes available. Of interest in this study were
primarily inorganic membranes, which, because of their chemical and physical stability,
have attracted research attention recently. Inorganic membranes can be categorized as
dense and porous membranes. The dense inorganic membranes consist of solid layers of
metal (Pd, Ag, various Ag alloys) or {(oxidic) solid electrolytes which allow diffusion of
hydrogen (or oxygen)in the form of ionic species. Another category of dense membranes
consists of a porous support on which a “liquid” is immobilized. This liquid fills the pores
completely and is itself semipermeable. Interesting examples of such membranes are
molten salts immobilized in porous steel or ceramic supports and semipermeable to
oxygen. Sometimes this liquid can be formed in situ as for example during the use of
ceramic membranes in the decomposition of H,S where liquid S is condensed in the pores
and blocks hydrogen diffusion. Another example is the group of the so-called dynamic
membranes where a hydroxide (gel) is precipitated in or on a porous support. Of interest
in this study will be porous membranes consisting of a porous ceramic support with

porous top-layers which can have different morphologies and microstructures.

The available ceramic membranes are characterized by two distinctly different pore
systems. The first type of membranes (track-etch or anodic) are characterized by straight,
nonintersecting pores either cylindrical or conical in shape running from one side of the
membrane to the other. The membranes utilized mostly here are characterized by a porous
structure, which consists of a percolating system of pores with more or less regular shapes
or with a spongy structure. This is associated with the packing of particles resulting during
the preparation of such membranes. In composite membranes the top layer is modified

further by precipitation of a new phase followed by further treatment. This results in a

decrease of the pore size or in a change in the chemical character of the internal pore




surface.

The principle of separation through membranes of liquid macromolecular mixtures
of interest in this study is by ultrafiltration, based on the concept of size exclusion or
sieving. During separation of such a mixture the ultrafiltration membrane is characterized
by its permeability and selectivity. Permeability is defined as the flux of permeate per unit
transmembrane pressure (the average pressure difference across the membrane structure
from the feed to the permeate side). Selectivity is defined as the ratio of the solute
concentrations in permeate and feed. These two characteristic parameters of an
ultrafiltration process are affected by many operating conditions. The following discussion
presents the theory utilized in analyzing the experimental data in order to calculate the

permeability and selectivity of the membranes towards the various liquids investigated.
e Permeability

The pore structure of an ultrafiltration membrane can be modeled by various
techniques. For the purposes of this study a simple “parallel bundle of pores” model will
be utilized which considers the pore structure to consist of n parallel straight cylindrical
capillaries of length L and radius of 7,. The flux of fluid through a single-layer membrane

can be expressed by the Hagen-Poiseuille’ equation:

<Q>=mr (P, —&)&Z—Z) )

Where

<Q> — average flux (m*/m® s);

rp — membrane pore size (m);

P,, P, —upstream and downstream pressures, respectively (Pa);
n - area pore density (m>);

4 — fluid viscosity (Pa-s);




L — membrane layer thickness (m).
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Figure 1.1. A Schematic of A Two-layer Membrane

For a two-layer membrane as demonstrated in Figure , the flux can be found as:
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is defined as the flow resistance factor for each membrane layer i. When R; «, the

contribution of this layer to total flow resistance can be ignored.




o Selectivity

The transport and separation properties of ultrafitration membranes are most often
characterized by determination of the volume permeate flux and the retention coefficient

of selected macromolecules. The experimental retention coefficent is defined as
Ro=1-C,/C¢ 6)
where
C, -- solution concentration downstream of the membrane
Cs -- solution concentration upstream of the membrane

According to Deen,” the solute flux in a single layer membrane, assuming that the
membrane layer is described by the bundle of uniform, parallel (e.g. nonintersecting) pores
model, can be described by the following equation:

[1-(C, / Co)e_Pe]

<N>=W<V>C 7
© N-e™] @
where
Pe:W<V>L
HD,
H=0aK,
W= 0K,
@ =(1- 1)
67
K, =—
d Kt
Kc:(z——q))Ks
2K
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Table 1.1. Constants a, and b,in Deen’s

Equation

n a, B,

1 -73/60 7/60

2 77293/50400 -2227/50400
3 -22.5083 4.0180

4 -5.6117 -3.9788

5 -0.3363 -1.9215

6 1.216 4392

7 1 647 5 006

The constants @, and b, were given by Bungay™ as in Table 1.

The above model was based on the following assumptions:
1. the radius of the pore r, and that of the solute molecules r, (see Figure 1.2) greatly
exceed that of the solvent, which is treated as a continuum,;
2. At the low Reynolds numbers of interest to this study, flow is fully developed within
about one pore radius downstream from the entrance;

3. the pore length L is much larger than its radius.

Equation 7 can be rearranged as:

<N>  _[=(C,/Ce™]

®)

W<V>C, [1-e7]




Figure 1.2. Capillary Model for Flow through Membrane Pores.
The relations described by equation 8 is illustrated in Figure 1.3.

From Figure 3 we can find that when Pe is larger than 7,

<N>
W<V>C,

Since <N> = <}V>(, equation 9 becomes

P
o o O N

4

< N> /W &

0.8

CJ/C,

Figure 1.3. <N>/<V>C,W as a Function of Pe and C;/Cy
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CL
=—-=W (10
S 2 )

where

s — sieving factor

From the above discussion one can see that when Pe is larger than 1, the sieving
factor, or selectivity of membrane is independent of any other variables such as the
membrane thickness, but is a sole function of A, which is the ratio of solute hydrodynamic
radius to membrane pore geometric radius. The change of C;/C; as a function of 4, when

Pe is larger than /, is given in Figure 1.4

cJ/C,

Figure 1.4. Sieving Coeflicient s = C;/C as a Function of 4




<V>

P1-P2 —_—

Figure 1.5. Typical Dependence of Permeate Flux on Transmembrane Pressure.

During the course of a typical permeation and separation experiment using
membranes a variety of phenomena such as concentration polarization, adsorption and
internal pore fouling might influence the permeate rate. In the membrane transport
investigations involving oil liquid macromolecules one expects to encounter most if not all

these phenomena. This makes model analysis a very complex undertaking.

According to Hagen-Poiseuille equation previously discussed, <V> should be
proportional to (P;-P,). However, in reality, this is not observed when (P;-P;) is high. A
typical dependence of permeate flux on the transmembrane pressure is demonstrated in
Figure 1.5. These phenomena are generally modeled as solute concentration polarization

as demonstrated in Figure 1.6.




At a given operating condition, the permeate crossing the surface carries with it a
certain amount of solute. This can be represented by the product of total flow rate per unit
area and solute concentration. As a result of solute transport across the membrane
structure, the concentration of solute near the membrane surface can be higher than in the
bulk. However, due to the higher solute concentration near the wall, there will be back
diffusion of solute from near the wall into the bulk liquid phase. This can be expressed as

D(dC/dz). Thus at steady-state

Cw

G Boundary layer &

|

Figure 1.6. A Scheme Describing the Concentration Polarization Phenomena.

<v>c=p% (11)
dz
By integrating,
& =e(<r>3)
v V> 12
C. exp| <V>— (12)
where k;g.
)

In the case of low mass transfer rates, Brites and de Pinho" developed a laminar
boundary layer model to determine an average thickness, <d&>, that is used to calculate &

and to relate Sh with Re and Sc:

k= Dg, Re"?

(0.255¢%3 — 0.025)" ( Se )‘”4 (13)
0.567R_ Sc.

where R, is the membrane tube radius and Reynolds number is defined with a

10




characteristic velocity, which is the stirrer linear speed and with the membrane tube radius

as the characteristic length.

A g

P P

Figure 1.7. Typical Flux vs. Transmembrane Pressure Dependence’

Macromolecules also often interact with surfaces they come in contact with. This
phenomenon, commonly described as fouling is due to adsorption; it is often difficult to
understand and predict its influence on flux and selectivity. To simplify the analysis, a
monomolecular adsorption layer is assumed to be formed covering the membrane pore
surface during contact with the feed solution (with or without permeation across the
membrane surface area). A significant flux reduction (20-35%) can occur even with a
monomolecular adsorption layer. The tendency to form an adsorbed layer on the
membrane pore surface may be a function of the nature of the membrane surface. For
example, it is commonly observed that hydrophilic surfaces adsorb less strongly than

hydrophobic surfaces especially when organics are involved.

It is known that the presence of adsorption layer can modify the linear relationship
between the flux and transmembrane pressure. This is illustrated in Figure 1.7. In these
situations, the difference, Aa, in the linear portions of the two <V> vs. (P; - Py

relationships shown in Figure 1.7 may be attributed to the adsorption phenomenon

11




occurring on the pore walls. In general, the smaller the pore size the larger will be the

value of Aa.

At high solute concentrations, however, a number of layers progressively build-up
on the membrane surface in contact. These secondary layers are responsible for further
flux reduction which can be quite pronounced, and up to 90% of the original flux can be
lost. Adsorption and fouling phenomena can also change the selectivity of membranes. as
commonly observed for example with filtration membranes utilized for the ultrafiltration of

milk."
¢ Coal Liquids

During liquefaction coal is reacted under high hydrogen pressures and elevated
temperatures in the presence of hydrogen donor solvents and catalysts to produce
complex mixtures of countless organic aliphatic, aromatic and heterocyclic compounds.
Traditionally coal liquefaction has been studied utilizing four solubility classes of
compounds: ™

1) oil — soluble in aliphatic solvents (e.g. pentane or hexane).

2) asphaltenes — soluble in aromatic solvents (e.g. benzene or toluene) but insoluble in
aliphatic solvents (e.g. pentane or hexane).

3) preasphaltenes — soluble in THF but insoluble in aromatic solvents (e.g. benzene or
toluene).

5) unreacted coal and char — THF insoluble.

Among these four solubility classes of components, oil is the most desirable
product while obviously unreacted coal and char are the least desired ones. When one’s
interest is in transport investigations one must always be reminded that though the
solubility of individual components of a coal liquid will to a large extent depend on the

molecular weight the number and the nature of the polar substituents and the aromaticity

12




together with the size and condensation index of the aromatic units also play an important
role."™ In the literature coal liquid molecular size (in terms of the radius of the equivalent

hydrodynamic sphere r1;) has been correlated to its molecular weight M,, ™ according to the

following equation

ry =&l 14
_A_l 1/3
" :[ W[n]}
@I
[7]= K(M,,)"

where

r, - radius of the equivalent hydrodynamic sphere
r, - tadius of gyration

[5]- intrinsic viscosity (cm’/g)

M, - weight-average molecular weight (g/mol)

[ 7 1 -constants

a - positive constant

When M, <10°, [7]=52x10>(M,, )**.

e The Transport Experimental Apparatus

The experimental system utilized in the transport investigations is shown in Figure
1.8. This system has the capability of being operated in a batch, CSTR and membrane
CSTR mode. The residence time for the CSTR and the membrane CSTR can be varied
over a range of 20 to 80 min. Built within a protective barricade of metal construction, the
unit can be safely controlled, operated and products sampled from outside the barricade.
The overall unit is divided into the following different sections: (a) a gas delivery system;

(b) a slurry feed system; (c) a preheater; (d) the transport vessel; (¢) a solid sample basket;

13




(f) liquid sampling system; and (g) a gas sampling system.
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Figure 1.8. Schematic of a Membrane Reactor System

The gas delivery system which consists of 1/4” tubing and valves, supplies a

constant flow of gas to the unit at pressures ranging from atmospheric to 5000 psi. The

gases are supplied from regulated gas cylinders. Gas flow rate is measured by a mass flow

meter and the gas pressures to other parts of the unit are controlled by accurate pressure

regulators.

14




To deliver either solvent, a coal liquid or a coal-solvent slurry to the transport
apparatus at system pressure a feed tank (a 300 m! autoclave) is provided to store the
feed. Slurry is mixed in the feed tank with a variable speed stirrer and heated with a
preheater. Feed flows by gravity to a Beckman HPLC pump through 1/8” stainless steel
tubing. The feed flow rate, ranging from 0-10ml/min is controlled by the HPLC pump.
The preheater consists of a process controlled heater. It can be used to preheat the feed to
the transport vessel to about 250 °C. Higher temperatures can be attained within the
transport system itself. A 300 ml Autoclave Engineers magnetdrive autoclave of custom
design is used to carry out the transport experiments. The pressure of the system is
controlled by a back pressure regulator and the temperature is controlled by a temperature
controller. When the system is operating in its CSTR reactor mode, a dip tube is used to
serve as the exit port. The total volume of solution (hence the CSTR residence time), is
controlled by the position of the dip tube. The other end of the dip tube is connected to a
jacket water cooler where cold water is run through the shell-side of the cooler while the
effluent of the transport system goes through the tube-side. The effluent is cooled down in
the cooler. A piston pump, which is attached to the tube side of the water cooler is used to

control the effluent flow rate.

When the reactor is operating at its membrane CSTR transport mode, the dip tube
is replaced by a membrane tube assembly and the piston pump for flow control is replaced
by a back-pressure regulator. The membrane tube assembly consists of several pieces of
lcm O.D. ceramic membrane tubes which are connected in series by Swagelok tube
fittings. The liquids are driven by the pressure in the system through the membrane pores
into the inner side of the membrane tube. One end of the membrane tube assembly is
blinded by a Swagelok blank fitting and the other end is connected to a back-pressure
regulator. Since the effluent flow rate is determined by the pressure difference between the
autoclave and the pressure inside the membrane tube, the back pressure regulator is used
to control the effluent flow rate and hence the liquid volume (or the residence time). The
autoclave stirrer is typically operated at 1500 rpm to ensure constant concentrations

throughout the transport volume external to the membrane and to minimize mass transport

15




limitations due to interfacial resistance.

For transport investigations under reactive conditions a vapor-liquid separator
consisting of a 1000 ml high pressure vessel is used to separate gaseous and liquid
products. The vapor from the separator is directed to a wet-test meter where the vapor
flow rate is measured while the liquid collected in the high-pressure separator is
periodically drained to a liquid sampling system. In the membrane CSTR operation mode,
pressure-reduced liquid from the effluent pump is collected in the high pressure separator
and 1s periodically drained to collect liquid samples. Liquid samples inside the transport
apparatus are collected through a dip tube, one end of which is emerged in the system and
the other end connected with a metering valve. Gas samples are withdrawn from the top
of the high pressure separator. System product gas flow is measured through a mass flow-

meter.
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2. GENERAL EXPERIMENTAL PROCEDURES

The experimental system described above has been used for all the permeation
experiments of both pure compounds as well as mixtures. To ensure a clean system for
each experiment, all tubing and valves were flushed for 48 hr prior to each experimental
run with the solvent, which is to be used during the permeation and separation experiment.
The feed-tank was a glass vessel, and the wetted parts of the piston pump and centrifugal
pump were made of Teflon. The piston pump feeds the solution from the permeant feed
tank from the tube side of the membrane back to the shell side of the membrane tube,
which is the space between the autoclave and the membrane tube, while the centrifugal
pump provided the recirculation flow rate to prevent any concentration stagnancy on the
membrane tube side. A back-pressure regulator was used to maintain the tube side at a
constant positive pressure, which is important to minimize any liquid flashing at high
temperature. The permeant is cooled down by a jacketed water cooler before going back
into the feed tank. A magnetic stirrer was used on the shell side to minimize concentration
polarization. N, gas was used to pressurize the system on the shell-side (autoclave side). A
temperature-controlled heater was used to control the temperature. The configuration of
the system allows varying the pressure and temperature while maintaining a constant
cross-flow rate through the bore of the membrane. Effective operation necessitates that
the piston pump flow rate be almost the same as the permeate’s flow rate through the
membrane so that when running with a mixture, a build-up of solute would not occur in
the shell side. In all experimental cases reported here, piston pump feed rate to the
permeate flow rate ration was ~ 1. For all experiments reported, the temperature and the
pressure of the membrane separation system were maintained at constant desired points.
The piston pump flow rate was manually adjusted throughout each experiment to maintain

the liquid level in the feed tank constant.

The coal asphaltenes and preasphaltenes utilized in our experiments have been

generated by direct coal liquefaction carried-out in our laboratories. Coal samples were
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obtained through The Penn State Coal Sample Bank and subsequently liquefied by thermal
hydrogenation in the presence of tetrahydronapthalene. Typically a liquefaction run
involved weighing 40 g of a coal sample and then subsequently drying overnight at 100 °C
to ensure a low moisture content. The sample was then added to the autoclave together
with 215 ml of tetrahydronapthalene. Coal cracking was carried out at 350 °C and under
1000 psig of H, for a period of 2 hr. Isolation of the resulting products was done
following a conventional isolation procedure. Extraction of products was done
sequentially in the order of oils, asphaltenes, and preasphaltenes. Heptane was first used
to extract the oils (these are liquids with a low M, of 200 soluble in alkanes) by mixing it
with the liquefaction products at a 40:1 solvent to products ratio. The resulting solution
was vigorously stirred for 24 hr and then filtered with 5 um filters by gravimetric filtration.
The filtrate solution was then distilled for heptane recovery and oil isolation. Xylenes, at a
40:1 mixing ratio, were then mixed with the solid filter cake to extract asphaltenes (solid
materials with a M, of 750 soluble in aromatic solvents). The solution was stirred and
isolated in a similar procedure followed for the oil isolation. Finally, tetrahydrofuran
(THF) was used to extract preasphaltenes (high molecular weight species with a M, of
1200) with the same procedure as oils and asphaltenes. The leftover solids containing
unbreakable aromatic structures not subject to hydrogenation are described as “unreacted”

coal.

Gas chromatography, thermogravimetric weight measurements and Gel
Permeation Chromatography were the main analytical techniques utilized in our
experiments. For the transport experiments with asphaltenes and preasphaltenes Gel
Permeation Chromatography proved to be the most accurate technique for analysis
because of the very dilute concentrations being utilized. With GPC one is able to analyze
both for concentration and molecular weight distribution. Due to the high gas solubility of
THEF, the refractometer proved to be inaccurate and as a result, the absorbance detector
was used for all preasphaltene and asphaltene analysis. For the dilute concentrations
utilized in the transport experiments under nonreactive conditions a linear relationship

between absorbance and concentration was observed as noted in Figures 2.1, 2.2, and 2.3.
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GPC molecular weight distributions are shown in Figure set 2.4 for a single sample at
different material concentration values. Most of the defining characteristics are noticeable
in each of the responses regardless of the concentration. However, the higher
concentrations allow for higher precision and accuracy and may have a few small
additional defining characteristics that are not observed at lower concentrations. In either
case, these slight deviations are small in consideration to the type of data that are expected
from this type of analysis. The linear trend displayed in Figure sets 2.1, 2.2, and 2.3 can
be expected as a result of the nature of the GPC requirement for dilute solution injections.
In this study we have assumed that the molecules are in a relaxed state and do not
individually differ in absorbance properties to any great extent that can easily be
differentiated by the GPC system. This is a necessary assumption if one is to utilize the
GPC device for concentration analysis since the present computer software makes no
attempt and cannot correct for possible differences in absorbance responses for each
individual molecular weight. On the basis of the aforementioned assumption the GPC
system responds much like a gas chromatograph. The column, carrier fluid, material(s)
injected, amount of material injected, and detector determine the type and size of response
observed. The absorbance response for each individual molecular weight increases
linearly with respect to overall concentrations as noted in the figures and according to the

following form

Amw = eXmwCrotal (15)

where A is the absorbance, Xyw mass fraction of a particular molecular weight, Ciota
overall solute concentration, and € the absorbance constant. Since the individual
molecules are assumed to have similar absorbance properties one, therefore, can infer that
the overall area reflects the total amount of solute injected and since sample injections
always took place at a specific, known volume, the total material reflected in the peaks
also reflects the concentration. =~ The GPC column separates the THF injected from the
solid material as it passes through the column. Therefore, the response for the first

peak(s) reflect the amount of solid material without regard for how much solvent had been
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originally used to dilute the material. With this in mind, the concentration of the original
sample can be determined providing consistent injections into the GPC system are made.
Obwviously, a response of zero is expected for a zero amount of material entering the
column. This is not always observed according to the extrapolated data in Figures 2.1-
2.3. These small errors, however, are the result of the inherent imprecision of the GPC
system and in the preparation of dilute standard concentration asphaltene/preasphaltene

solutions .
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Figure 2.1a. Asphaltene Concentration Determinations through GPC.
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Figure 2.2a. Preasphaltene Concentration Determinations through GPC.
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Figure 2.3a. Total Area Normalization Parameter Determination.
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3. TRANSPORT INVESTIGATIONS OF COAL ASPHALTENES AND
PREASPHALTENES IN y-AL,0; MEMBRANES

These alumina membranes have been prepared by deposition of y-AlLO; films on
Coors and US Filter porous substrates. We have found both the Coors and US Filter
macroporous substrates having surfaces that cause problems in forming crack-free alumina
films. The average pore size of the substrates is of the order of 2000 angstroms. For the
preparation of the y-ALO; films we utilized a 20 wt.% alumina boehmite sol (Dispal
23N4-20), which was supplied by the Vista Chemical Company. The sol was diluted to 6
wt.% in distilled water and then heated and rigorously stirred at 90° C. Typically, 15g of
the Boehmite was prepared with 35g of water. Meanwhile, a polyvinyl alcohol (PVA)
solution was prepared by adding 0.5g of PVA to 5 ml of a 1M HCI solution diluted with
50g of water. While the boehmite solution was being heated, 1.5 ml of the PVA solution
thus prepared was added to it to provide a 0.03 wt.% PVA content. The solution was
allowed to stir at 90 °C for 2 hr. The solution was then cooled to room temperature and

filtered through 5 pum syringe filters.

Before applying the alumina coatings to the substrates, the substrates were first
sonicated in isopropyl alcohol in an ultrasonic bath for 1 hr and subsequently allowed to
dry for 24 hr. The outside tube surface was then wrapped in teflon tape to prevent the
alumina coating from spreading on the outer surface of the substrates. Depending on
whether the substrates already had y-alumina films previously deposited on them or not,
the membranes were subject to dip-coating from 2 to 4 min. After the allotted time frame,
the membranes were drawn from the solution at a rate of 2 cm/min and allowed to dry for
48 hr under ambient conditions. After 2 days, the membranes were calcined in air within
an oven. The first temperature profile raised the temperature at a heating rate of 0.2
°C/min up to100 °C and then held it there for 4 hr. The secondary temperature profile
varied depending on the type of substrate. US Filter substrates were heated at the same

heating rate up to 500 °C and held there for 6 hr. COORS membranes required multiple
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films at slightly different temperatures for each film (see further discussion below). The
membranes were tested for argon permeation and maximum transmembrane pressure
drops. All membranes were expected to be capable of a minimum transmembrane

pressure drop of at least 40 psi and a permeation of near or under 1.0 ml/min/cm®/psi.

As mentioned previously during film deposition we have utilized polyvinyl alcohol
which acts as a binder for the alumina films to prevent film cracking during calcination.
However, care must be taken not to add too much or too little of the binder. Not enough
binder will cause extensive cracking especially with the COORS substrates. Too much
binder on the other hand will create a thick film on the surface of the substrate and prevent
pore penetration of the Boehmite. In addition, only calcining at 500 °C was not always
successful for the COORS substrates. The material structure resulting was rather weak.
As a result a calcination procedure was devised which resulted in converting some of the
earlier y-ALLO; films into a-alumina layers before the final y-alumina layer was deposited.
This calcination procedure involved heating the substrates at 900 °C, 700 °C, and followed
by a final 500 °C y-alumina film deposition. This calcination procedure proved successful
in providing good mesoporous alumina films. Of course much more remains to be learned
in this area, since deposition of smooth and crack-free y-alumina films still remains mostly

an art.

We report here experiments with both asphaltene and preasphaltene solutions. y-
alumina films are stable to THF which made it possible to carry-out investigations with
preasphaltenes dissolved in a THF solvent. The experiments with coal pre-asphaltenes are
presented in Tables 3a-3c and in Figures 3a-3¢. The experiments at 298 K are shown in
Tables and the corresponding Figures 3a. As can be seen in Figure 3a.2 the rejection
factors vary between 0.1 to 0.0.65 and seem to be increasing with molecular weight as one
would have expected. The membrane for the first few hours or so is undergoing a
conditioning process which is likely to involve adsorption within the pore structure of the
preasphaltenes themselves and narrowing of the pore structure. The transport behavior at

two other temperatures is shown in Tables and the corresponding Figures 3b and 3c. The
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behavior in terms of rejection coefficients and separation factors is again similar except
from the fact that the membrane appears to condition itself faster as one would expect it to
happen at these higher temperatures where molecular mobility is higher and

sorption/desorption equilibria are attained faster.

Transport investigations with asphaltenes dissolved in THF are shown in Tables
and Figures 3d to 3f. Asphaltenes generally behave similarly with preasphaltenes with the
membrane taking a few hours to condition itself into a steady-state and the rejection
factors increasing with molecular weight. The behavior in Figures 3d.2 -3f2 can be
compared directly with the behavior in Figures 3a.2-3¢.2 since the same molecular weights
were monitored in both figures (one needs to be cautious here, however since these are
equivalent polystyrene molecular weights; it is unlikely, for example, that a 1030 MW
asphaltene component will be similar in chemical or molecular structure with the
equivalent MW preasphaltene component). It is interesting to know that the lower
molecular weight asphaltene components show lower rejection coefficients than the
corresponding preasphaltene components. On the other hand the reverse is true for the
medium to higher molecular weights. It is interesting to see that the y-alumina films (after
conditioning) are even capable of separating asphaltenes and preasphaltenes given the
nominal pore diameter of the “clean” alumina film. One has to be cautioned also that that
the higher rejection factors observed at the highest temperature of 373 k might be due to
the fact that higher shell side pressure (approaching the critical pressure of THF) had to be
maintained (for the same transmembrane pressure drop) since this temperature is above

the THF standard boiling temperature of 339 K.
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Table 3a.1 Preasphaitene-THF Filtration Experiments for a y-Alumina Film.

Nominal Shell Pressure: 0 psig

Temperature: 298 K

Trial Number AP Membrane] Equil. [ Total Area] Estimat. Flow Rate
& Condition Time Conc.
Description Time
—(PSID) | (Min) (Min)__| (V°Sed) | (gl (mi/min)

(1.) Shell Side 41.1 120 120 67881405 | 0.8127 -

Tube Side 120 120 55801486 ] 0.6580 0.2293
(2.) Shell Side 544 510 390 73756978 | 0.8879 -

Tube Side 510 390 46438192 1 0.5381 0.1498
(3.) Shell Side 40.1 1260 750 70774777 | 0.8497 -

Tube Side 1260 750 43538376 | 0.5010 0.1173
(4.) Shell Side 43.8 1380 120 70172383 0.8420 -

Tube Side 1380 120 41752041 0.4781 0.1091

Table 3a.2 Rejection Factors of Preasphaltenes-THF for a y-Alumina Film.

Temperature: 298 K

Table 32.3 MW-M

'EFC’TW
Trial 6.50 8.50 0.00 9.80 Permeability
Number | 56721 2073 | 1030 344 “ (mi/min/PSID/cm?) I
1 0.2929 0.2052 0.2300
I 2 0.3391 0.4034 0.3288 |
3 0.6296 0.4260 0.2374 |
4 06404 | 04451 | 02711 | )

aration Factors of Preasphaltenes-THF for a y-Alumina Film.

“ Temperature: 298 K

Trial || 56721-344 | 2073-344 | 1030-344
1 097 1.12 1.08
2 0.85 0.76 0.87 |
3 0.37 0.61 0.86
4 0.38 0.61 0.85
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Figure 3a.2 Rejection Factors for a ?-Alumina Film with Preasphaltene-
THF Solution (AP = 45 PSID), (T = 298 K).
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Table 3b.1 Preasphaltene-THF Filtration Experiments for a y-Alumina Film.

Nominal Shell Pressure: 400 psig

Temperature: 323 K

Trial Number AP [Membrane| Equil. |Total Area] Estimat. Flow Rate
& Condition Time Conc.
Description Time
(PSID) ~(Min) Min) | (V- Sec) @D ~(mi/min)
[(1.) Shell Side [ 425 30 30 89444603 | 1.0888 - I
Tube Side 30 30 65959410 | 0.7881 0.0716
(2.) Shell Side 41.2 390 360 90609565 | 1.1037 -
Tube Side 390 360 51786903 | 0.6066 0.0438
[((3.) Shell Side 36.2 990 600 69448503 | 0.8328 -
Tube Side 990 600 43203776 | 0.4978 0.0341
(4.) Shell Side 34.2 1290 300 68400375 | 0.8194 -
Tube Side 1290 300 45747732 | 0.5293 0.0318
Table 3b.2 Rejection Factors of Preasphaltenes-THF for a x-Alumma Film,
Temperature: 323 K
I im olrecuiar elg t I
Trial 6.50 8.50 ~ 9.00 ~ 9.80 Permeability
Number " 56721 | 2073 1030 344 (ml/min/PSID/cm’)
1 || 0.3352 | 0.2640 0.1990 0.1959 0.00021896
2| 04217 | 0.3975 | 0.2561 | 0.1711 || 0.00013803
3. || 04781 0.4488 0.2064 | 0.0613 0.00012263 |
4 || 05817 | 0.4446 | 0.2090 | -0.0591 1| ~0.00012086 ...

Table 3b.3 MW-MW Separation Factors of Preasphaltenes-THF for a y-Alumina Fiim.

Temperature: 323 K

|| Trial__ || 56721-344 | 2073-344 | 1030-344
L 0.79 0.90 1.00
2 0.64 0.68 0.87 |
3 0.48 0.51 0.69

lt 4 0.31 0.43 067
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Figure 3b.2 Rejection Factors for a 'y-Alumina Film with Preasphaitene-
THF Solution (AP = 40 PSID), (T = 323 K).
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Table 3c.1 Preasphaitene-THF Filtration Experiments for a y-Alumina Film.

Nominal Shell Pressure: 600 psig Temperature: 373 K

Trial Number || AP  |Membrane] Equil. | Total Area] Estimat. Flow Rate

& Condition Time Conc.
Description Time )
(PSID) (Min) (Min) Vrsec) @h) (mi/min)

1(1.) Shell Side 250 510 510 78914209 | 0.9540 -

Tube Side 510 510 43850516 | 0.5050 0.0716
(2.) Sheli Side 41.1 1050 540 84106536 | 1.0204 -

Tube Side 1050 540 36942731 ] 0.4165 0.0438
(3.) Shell Side - 397 1410 360 80467288 | 0.9738 -
I Tube Side 1410 360 36914298 | 0.4162 0.0341

Table 3c.2 Rejection Factors of Preasphaltenes-THF for a y-Alumina Film.
Temperature: 373 K

[GPC Time/Molecular Weight ||
[ Triai 6.50 8.50 9.00 9.80 Permeability
Number 56721 2073 1030 344 (mllminIPSIDIcmz)
1 0.6479 | 0.5302 0.3364 0.1848 | 0.00037223
2 0.6832 0.6389 0.5010 | 0.2859 0.00013836
3 0.7282 0.6469 0.4425 0.1762 || 000011173

Table 3c.3 MW-MW Separation Factors of Preasphaltenes-THF for a y-Alumina Film.
Temperature: 373 K

 Trial || 56721-344 | 2073-344 | 1030-344
1 0.35 0.49 0.75
2 0.39 045 | 0.65
3 0.28 0.37 0.62
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Figure 3c.2 Rejection Factors for a y-Alumina Film with Preasphaltene-
THF Solution (AP = 40 PSID), (T = 373 K).
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Table 3d.1 Asphaltene-THF Filtration Experiments for a y-Alumina Film.

Nominal Shell Pressure: 0 psig Temperature: 298 K
Trial Number AP  |Membrane] Equil. | Total Area| Estimat. Flow Rate
& Condition Time Conc.
Description Time .
(PSID) | (Min) (Min) | (aV'Sec) | (glh) (mi/min)

W“ .) Shell Side 612 300 510 38540367 | 0.4370 -

Tube Side i 300 510 36042923 ] 0.4050 0.0755
(2.) Shell Side 425 840 540 42039803 | 0.4818 -

Tube Side 840 540 291887731 0.3172 0.0468
(3.) Shell Side 54.9 1500 660 40376122 | 0.4605 -

Tube Side 1500 660 23538957 | 0.2449 0.0455

Table 3d.2 Rejection Factors of Asphalitenes-THF for a y-Alumina Film.
Temperature: 298 K

IIGP'C'TW'
[ Trial 6.50 8.50 9.00 9.80 Permeability
Number || 56721 2073 1030 344 " (mU/min/PSID/cm?)
1 0.5821 [ 0.1052 | 0.0523 0.0104 0.00016021
2 0.7352 0.4093 0.3288 0.1477 0.00014301
3 ||_o.8631 05480 | 04438 | 0.1830 0.00010762

Table 3d.3 MW-MW Separation Factors of Asphaltenes-THF for a y-Alumina Film.
Temperature: 298 K

[ Trial_|[56721-344 ] 2073-344 | 1030-344 ||
1 0.37 0.88 095 ||
2 0.26 0.64 0.74 |
3 0.14 0.51 0.64
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Figure 3d.2 Rejection Factors for a y-Alumina Film with Asphaltene-
THF Solution (AP = 50 PSID), (T = 298 K).
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Table 3e.1_Asphaltene-THF Fiitration Experiments for a y-Alumina Film.
Nominal Shell Pressure: 400 psig

Temperature: 323 K

Trial Number

AP Membrane| Equil. | Total Area] Estimat. Flow Rate
& Condition Time Conc.
Description Time
I_(PSID) (Min) (Min) (LV*3ec) (g/L) (mifmin)_
I(1.) Shell Side 42 .4 630 630 38540367 0.4370 -
Tube Side 630 630 36042923 0.4050 0.0480
I2.) Shell Side 49.3 1350 720 42039803 | 0.4818 -
Tube Side 1350 720 29188773 0.3172 0.0463
(3.) Shell Side 547 1650 300 40376122 0.4605 -
Tube Side 1650 300 23538957 0.2449 0.0468
Table 3e.2 Rejection Factors of Asphaltenes-THF for a y-Alumina Film.
Temperature: 323 K
||GPC'TmWEi§lﬁ—'—|[
Trial 6.50 8.50 9.00 9.80 Permeability
Number || 56721 2073 1030 344 (mimin/PSID/cm®)
1 0.6091 0.5991 0.4649 0.2243 0.00014724
2 0.7416 0.7139 | 04985 | 0.2229 0.00012198
3 0.7821 0.7232 0.5279 0.1772 0.00011111

Table 3e.3MW-MW Separation Factors of Asphaltenes-THF for a y-Alumina Film.
Temperature: 323 K
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Trial ][ 56721-344 | 2073-344 | 1030-344
1 0.45 0.46 0.64
2 0.29 0.32 0.60
3 0.23 0.30 053 |
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Figure 3e.2 Rejection Factors for a v-Alumina Film with Asphaltene-
THF Solution (AP = 45 PSID), (T = 323 K).
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Table 3f.1 Asphaltene-THF Filtration Experiments for a y-Alumina Film.

Nominal Shell Pressure: 600 psig Temperéture: 373K
Trial Number AP~ [Membrane] Equil. |Total Area| Estimat. Flow Rate
& Condition Time Conc.
Description Time
—(PSID)_[__(Min) — (Min) (MUEES) CIm) (mi/min)

(1.) Sheil Side 361 360 360 60529111 ] 0.7185 -

Tube Side 360 360 38640780 | 0.4383 0.0508
I(2.) Shell Side 371 960 600 60529136 | 0.7185 -

Tube Side 960 600 29695241 0.3237 0.0438
(3.) Shell Side 46.1 1680 720 54772392 | 0.6448 -

Tube Side 1680 720 26955257 | 0.2886 0.0429

Table 3f.2 Rejection Factors of Asghaltenés-THF for a y-Alumina Film.
Temperature: 373 K

[GPC Time/Molecular Weight ___ |
Trial 6.50 8.50 9.00 9.80 Permeability
Number || 56721 2073 1030 344 (mi/min/PSID/cm®)
1 0.6284 05933 | 0.3581 | 0.0005 0.00018292
2 0.8685 | 0.7741 0.4837 0.0669 0.00015340
3 0.8962 0.77/68 0.4955 0.0214 | 0.00012079

Table 3f.3 MW-MW Separation Factors of Asphaltenes-THF for a y-Alumina Film.
Temperature: 373 K

[ Trial | 56721-344 | 2073-344 | 1030-344
1 0.30 0.33 0.56 |
2 0.1 0.19 0.48
3 0.08 0.18 0.45 |
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Figure 3f.2 Rejection Factors for é y-Alumina Film with Asphaltene-
THF Solution (AP = 40 PSID), (T = 373 K).
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4. THE TRANSPORT OF COAL PREASPHALTENES THROUGH SIO; SOL

GEL TYPE MEMBRANES

Silica membranes were prepared by dip-coating alumina substrates utilizing silica
solutions. These are prepared by diluting 27.5 ml of tetraethylorthosilicate (TEOS, from
Aldrich) with 25 ml EtOH. Under vigorous stirring, 14.2 ml of distilled water is added
drop-wise to the solution. The sol is then peptized with 5.2 ml of 2 N HCI and
continuously stirred for 3 hr. The membranes were dip-coated for 2 min, drawn from the
solution at a rate of 2 cm/min, and allowed to dry for 48 hr. The calcination process
occurs at 500 °C with the same temperature profile heating rate and hold times as

described for the alumina film procedure.

The silica membranes were utilized to carry-out transport investigations of
solutions of preasphaltenes in THF. As with the y-Al;O; membranes the silica membranes
proved very resistant to reactive solvents like THF. The experimental results are
described in Tables 4.1-4.3 and in Figures 4.1-4.5. Figures 4.1-4.3 contain the raw GPC
data of the samples in the tube side and the shell side of the transport apparatus. As with
the alumina experiments the membrane upon exposure requires a period of conditioning.
Over the same period over which the rejection coefficients reach an asymptotic value in
the alumina membrane experiments the rejection coefficients for the silica membrane was
still found to be increasing. Interestingly enough, however, over the same period of time

the separation factor between the different molecular weights appear to be leveling off.

Silica membrane have a significantly lower permeance than the corresponding
alumina membranes, which explains some of the inaccuracies observed in the experiments
with the largest molecular weights (MW 50000+) in the Figures due to the very low

concentrations of these higher molecular weight species (the GPC system has trouble
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dealing with such low concentration changes as previously discussed). In addition we
have observed that upon conditioning of the membrane some of the gains in rejection
coefficients are irreversible. These findings are most likely indicative of the fact that for
the silica membranes a thin film is forming on the surface of the pore during conditioning.
By comparing the SiO2 data with the data previously generated with the alumina
membranes one observes that upon conditioning the attained rejection coefficients are not

significantly bettter with the silica membrane than they are with alumina membranes.
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Table 4.1. Preasphaltene-THF Filtration Experiments for a Silica Film.

Nominal Shell Pressure: 0 psig Temperature: 298 K
I_ Trial Number AP | Membrane]| Equil. | Total Area] Estimat. Flow Rate
& Condition Time Conc.

Description Time

| (PSID) | (Min) in) | (BV'Se0) | (o) (mi/min)

{[(0.) Start Sample - - - 49020994 | 0.5712 -

| (1.) Shell Side 51.2 80 80 40521020 } 0.4623 -
Tube Side 80 80 273821121 0.2941 0.5485

"(2.) Shell Side 51.2 575 215 48172309 | 0.5603 -
Tube Side 575 215 257679651 0.2734 0.2565

|(3.) Shell Side 540 1295 720 49337072 | 0.5752 -
Tube Side 1295 720 21192603 | 0.2148 0.1214

|(4.) Shell Side 33.2 160 80 46561975 | 0.5397 -
Tube Side 160 80 42338834 | 0.4856 0.2127

“(5.) Shell Side 33.0 375 215 43546364 | 0.5011 -
Tube Side 375 215 37446816 | 0.4230 0.1899

|(6.) Shell Side 35.0 1415 120 46445337 | 0.5382 -
Tube Side 1415 120 19990954 | 0.1995 0.0707

l(?.) Shell Side 60.0 4320 2880 49790487 | 0.5810 -
Tube Side 4320 2880 16131649 | 0.1500 0.0045

Table 4.2. Rejection Factors of Preasphaitenes-THF for a Silica Film .
Temperature: 298 K

[GPC Time/Molecular Weight ||
[ Trial Number 6.00 7.00 8.38 9.00 9.20 Permeability
167556 27847 2747 1053 783 || (miimin/PSID/cm’)
1 0.2506 | 0.3539 0.1998 0.1313 0.1205 0.00139194
2 0.2677 05209 | 05023 | 04135 | 03887 || 000065084
3 0.4424 0.7268 0.6801 0.4610 0.3847 0.00029212
4 0.2144 0.2424 0.1025 | 0.0016 -0.0181 0.00083246
5 0.2776 0.3968 0.1652 0.0049 ~0.0061 0.00074781
6 0.6552 0.7937 | 0.6709 0.4210 0.3312 ||  0.00026252
7 0.7618 | 0.8921 0.7887 | 0.5495 | 04615 | _ 0.00000985 |

Table 4.3. MW-MW Separation Factors of Preasphaltenes-THF for a Silica Film.
Temperature: 298 K

Trial  |[167556-783] 27847-783 | 2747-783 | 1053-783 ||
1 0.81 0.69 0.89 0.08_|
2 1.24 0.76 0.79 0.95
3 0.89 0.41 0.48 0.86
4 0.70 0.67 0.84 0.97
- 5 0.64 0.51 0.77 0.98
6 0.46 0.26 0.44 0.84
7 0.41 0.18 0.37 0.82
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Figure 4.la.

GPC Analysis of Preasphaltene
Separation by a Silica Film
in a THF Medium (T = 293K).
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Figure 4.1b.
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Figure 4.1lc.
GPC Analysis of Preasphaltene
Separation by a Silica Film
in a THF Medium (T = 293K).
Time = 1295 Minutes.
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- Pigure 4.2a.

GPC Analysis of Preasphaltene
Separation by a Silica Film
in a THF Medium (T = 293K).
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Figure 4.2b.

GPC Analysis of Preasphaltene
Separation by a Silica Film
in a THF Medium (T = 293K).
Time = 375 Minutes. ’
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Figure 4.3.
GPC Analysis of Preasphaltene

Separation by a Silica Film
in a THF Medium (T = 293K).
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Figure 4.4a. Rejection Factors for a Silica Film with Preasphaltene-THF
Solution
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Figure 4.5a. Separation Factors for a Silica Film with Preasphaltene-THF
Solution (AP = 50), (T = 298 K).
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5. THE TRANSPORT OF COAL ASPHALTENES THROUGH CARBON

MEMBRANES

The carbon membranes were prepared by the dip-coating and subsequent
carbonization of polyfurfuryl Alcohol (PFFA) films on alumina substrates. The PFFA resin
was obtained through Monomer-Polymer and Dajac Laboratories, Inc. A rough 1:1
weight ratio of PFFA resin to toluene was typically prepared by weighing out 25 g of resin
and 25 g of toluene. The solution was heated to 65 °C with a moderate stirring rate for 24
hr. Afterwards, the solution was allowed to cool for 24 hr and then decanted. The
remaining solution was then reheated to 40 °C for 4 hr. The resulting liquid was filtered
through 0.2 um syringe filters. The outer surface of the membrane was teflon taped and
dipcoated in the solution for 3 min. The membranes were then drawn from the solution at
a rate of 2 cm/min. After sufficient time, the membrane is removed and allowed to dry for
at least 24 hr. The membranes are then carbonized under argon. The temperature profile
chosen involves increasing the temperature at a rate of 1 °C/min to 100 °C, 200 °C, 350
°C, and 450 °C respectively. Each temperature is held there for 1 hr. The final step of the

temperature profile involves holding the temperature constant at 600 °C for 4 hr.

The PFFA utilized for the deposition of these films had a nominal average
molecular weight value M, value of 1200 and a M, value near 1600. Generally speaking,
much higher molecular weights are more desirable in terms of forming smooth, durable
films. Small molecular weights typically cause pore blockage and do little in the way of
pore narrowing. The heating technique for polymer solution preparation described in the
procedure described above serves to enhance the solubility of PFFA in toluene. However,
during this heating procedure the polymer is polymerized further but also degraded to
smaller molecular weight species. The lower molecular weights typically precipitate out of
the toluene solvent and leave behind a slightly higher molecular weight average within the

solution. This process should help in coating the substrates providing a suitable y-alumina
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film is present. Sample GPC results of the polymeric solutions utilized in the preparation

of films are given in Figure 5.1.

Carbon membranes prepared as discussed from the deposition and carbonization of
PFFA films have proven to be resistant to heat, but prone to degradation by THF and
other reactive liquids. In testing with gases PFFA-based carbon films have shown high
affinity to polar gases, like carbon dioxide, and little affinity, if any, to gases like methane.
This may also explain the similar effects with polar liquids, like THF. Dip-coating of the
substrates seems to work very inconsistently for these polymeric films since the process
leaves much to chance due to the presence of rather small molecular weights and the
rather large pore sizes of the substrates. Besides dip-coating another technique for
preparing carbon membranes involves shearing and pressurizing a flow of polymeric
solution through the membrane in the hope of applying an inherently smoother carbon

film. Studies with such membranes are currently in progress.

We have concluded that THF cannot be used in transport studies of coal liquids
with carbon membranes. The solvent is believed to break down the structure of the
membrane as evidenced by the presence of small particles at the bottom of the autoclave
upon conclusion of the transport experiments. We do not believe that THF, at least for
the experiments taking place at lower temperatures, is hydrogenating the membrane
carbon structure since no discoloration of the solvent is observed. The physical
characteristics of the carbon layer superficially remain unchanged and the film still appears
to be smooth and intact. On the other hand transport investigations with standard gases
indicate a complete destruction of the pore structure. Obviously the THF must be
attacking particular points on the surface of the film, such as pinholes, that are vulnerable
to solvent attack. On the other hand our studies have shown that carbon membranes are
quite stable to other aromatic solvents like xylenes. Transport of asphaltene solutions in
xylene have, therefore, been investigated utilizing these membranes. The results of these
studies rae shown in Tables 5.1-5.3 and in Figures 5.2-5.3. Raw GPC data of the transport

experiments are shown in Figures 5a-5b.
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At low transmembrane pressure drops, as shown in Figures 5.2a and 5.3a, the
PFFA carbon membrane exhibits the typical behavior expected with a molecular sieve
membrane. During the experiment rejection factors slowly increase with time and
separation factors also improve. However, the rejection factors were observed to change
upon shutting down and restarting the experiment. This indicates that the conditioning
process is reversible probably being the outcome of the formation of thin film weakly held

to the membrane and easily removable from the surface.

We are not exactly sure of how to explain the behavior at the higher
transmembrane pressure drops, Figures 5.2b and 5.3b. The rejection factors that are
initially high decrease significantly as a function of time. The separation factors on the
other hand seem to be changing little as a function of experimental time. The results in
these Figures have followed the experiments of Figures 5.2a and 5.3a and the initial
decline in the rejection coefficients might be a manifestation of the reversibilty in the
conditioning state of the membrane. It may be argued that at these relatively high
transmembrane pressures, the high shear rates across the pores, results in the removal of
any surface films formed during the conditioning of the surface during the lower

transmembrane pressure drop experiments.
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Figure 5.1 (above) Sample GPC analysis of Polyfurfuryl alcohol (PFFA) resin. M,=1234; M, =14739; M,=1620.
(below) Sample GPC analysis of PFFA solution. M,=1395; M, =4103; M,=1395.
(bottom) Sample GPC analysis of residual PFFA solution. M,=994; M,=23986; M,=629.
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Table 5.1. Asphaltene-Xylene Filtration Experiments for a Carbon Film.

Nominal Shell Pressure: 0 psig

Temperature: 298 K

Flow Rate i

Trial Number AP Membrane] Equil. | Total Area] Estimat.
& Condition Time Conc.
Description Time
(PSID) (Min) (Min) (nVFSec) @D (mi/min)
(1.) Shell Side 35.1 60 60 5334707 | 0.4534 -
l Tube Side 60 60 5089252 | 0.4305 0.7653
(2.) Shell Side 29.6 1410 150 6385218 | 0.5517 -
Tube Side 1410 150 4398265 | 0.3659 0.5246
(3.) Shell Side 29.8 3700 1290 5830386 | 0.4998 -
| Tube Side 3700 1290 5717237 | 0.4892 0.5319
"(4.) Shell Side 51.9 90 30 5005489 | 0.4226 -
Tube Side 90 30 4669668 | 0.3912 0.9899
| (5.) Shell Side 493 1260 1170 9934978 | 0.4418 -
Tube Side 1260 1170 5220174 | 0.2214 0.8660
l(e.) Shell Side 56.4 3835 135 5010170 | 0.4231 -
Tube Side 3835 135 4745145 | 0.3983 0.9363
“(7.) Shell Side 53.7 4035 1200 4573743 | 0.3823 -
Tube Side 4035 1200 5152429 | 0.4364 0.9019
Table 5.2. Rejection Factors of Asphaitenes-Xylenes for a Carbon Film.
Temperature: 298 K
I ime/Molecuiar vveig
Trial Number I| 8.00 9.15 9.70 Permeability
4311 838 395 (mlimin/PSIDicm?)
1 0.0150 0.0861 0.0779 0.00283293
2 0.2805 | 0.0468 0.0244 0.00230274
3 0.7324 0.4042 0.4408 0.00231927 ||
4 0.4818 0.2972 0.3312 0.00247828
5 0.2360 -0.0220 | -0.0302 0.00228253
6 0.1349 0.0382 0.0292 0.00215713
7 0.0332 0.1218 0.1695 0.00218236

Table 5.3. MW-MW Separation Factors of Asphaltenes-Xylenes for a Carbon Film.

Temperature: 298 K

Trial 4311-395 | 838-395 | 4311-838
1 1.10 0.99 1.11
2 0.66 0.97 0.68
3 0.43 1.08 0.40
4 0.75 1.06 0.70
5 0.69 0.99 0.69
) 0.87 0.99 0.88
7 1.21 1.07 1.13

60




Figure 5a.la.
GPC Analysis of Asphaltene

Separation by a Carbon Film
in a Xylene Medium (T = 293K).
Time = 60 Minutes.

Pressure Drop: 30 PSID
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Separation by a Carbon Film
in a Xylene Medium (T = 293K).
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Figure 5.2a. Rejection Factors for a Carbon Film with Asphaltene-Xylene
0.80 Solution (AP = 30 psid), (T = 298 K).
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Figure 5.3a. Separation Factors for a Carbon Film with Asphailtene-Xylene
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Figure 5.2b. Rejection Factors for a‘Carbon Film with Asphaltene-Xylene
Solution (AP = 50 psid), (T =298 K).
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Figure 5.3b. Separation Factors for a Carbon Film with Asphaltene-Xylene
Solution (AP = 50 psid), (T = 298 K).
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6. TRANSPORT INVESTIGATIONS OF A MODEL COAL OIL COMPOUND

As a model coal liquid molecule in this investigation we utilized 4-OH-
diphenylmethane. Transport investigations with this model compound were conducted
using a 7-ALO; coated US Filter membrane and a CVD SiO; coated US Filter membrane.
The preparation of the y-Al,O; coated US Filter membrane has been previously discussed.
The CVD Silica coated US Filter membrane was prepared by a chemical vapor deposition
technique. Tetraethyl orthosilicate (TEOS) was used as the source of silica. A mixture of
O, gas in He was used as the carrier gas for the TEOS to the CVD reactor where the US
Filter porous alumina substrate was placed. It is important to control the concentration of
O in order to control the oxidation rate and prevent any damage to the substrate and
excessive decomposition. The carrier gas mixture is saturated with TEOS by passing
through a vaporizer that operates at different temperatures. Silica content, thickness of
deposited layer and mean pore size of the composite membrane are controlled through
varying the vaporizer temperature, carrier gas flow rate and composition, duration of
deposition and temperature and pressure of the CVD reactor. While the exact mechanism
of silica deposition is very complex and not very clear, the suggested reaction for silica

deposition from TEOS is:

Si(OC2H5)4+02 9 Si02+xC2H5OH+yC2H4+zC02+nH20

Ethanol can be further decomposed to H,O and CO; if the concentration of oxygen in

carrier gas is relatively high.

C,Hs0H + 0, = 2CO, + 3H,0

The final gaseous products and their component distribution basically depend on

decomposition temperature and the ratio of oxygen to the other components.
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The separation experiments were conducted following the following procedure: The
membrane was baked in the oven at 300 °C for 24 hr to remove any surface deposits.
Upon removing it from the oven the membrane was placed in a descicator to allow it to
cool down to room temperature. It was immediately then installed in the experimental
system described above which was subsequently heated to 200 °C for 1 hr to remove any
moisture that might have been picked-up by the membrane during its transfer. All system
ports were then closed and the system was pressurized with argon (during the experiment
the exterior to the membrane volume was constantly purged with argon to eliminate any
moisture for contaminating the system). 200 ml of model compound/xylenes solution (0.6
g/L) was pumped into the system, the permeate side valve of the membrane was opened
and the autoclave pressure and temperature were increased to the desired point. Upon
stabilization of the system’s pressure samples were taken from both the autoclave and
stirred beakers at every 5 min interval. The flow rate of solution coming out of the
permeate side valve was constantly measured. The concentrations of samples from both
side of the membrane (Cyn, Ciw) were analyzed by GC. The data are shown for three
different values of transmembrane pressure in Figure 6.1. As one would have expected
the y-AlL,O; membrane shows little separation ability for the model compound. The CVD
Si0;, coated y-Al,O; membranes, however, exhibits a 30% rejection efficiency indicative of

its much narrower pore size.
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Figure 6.1. Membrane Separation of the Model Compound/Xylene Mixture at 200 °C.
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7. THE TRANSPORT CHARACTERISTICS OF THE SOLVENT

In addition with the experiments with coal liquid solutions the transport
characteristics of the solvents themselves through the membranes were also measured. The
various solvents, whose transport characteristics were measured include tetralin, xylenes,
THF and water. The measurement of the solvent’s transport characteristics through each
membrane was undertaken after the membrane had been wetted very well. Permeate flow
rates are typically determined by weighing the amount of permeate that is collected over a
predetermined period of time (e.g. 5 min). In the case of very low flows, a small,
graduated capillary was attached to the permeate line, and the flow was measured by
timing the rise of solvent between two points on the capillary. The goal of these
experiments was first to calculate the permeance of the membranes themselves and second
to investigate the effect of the solvent itself on the membrane structure. Figure shows the

permeance of tetralin and xylenes through the y-Al,O; membrane and the CVD SiO,

membranes.
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Figure 7.1. Permeances vs. Transmembrane Pressure at 80 °C

In the measurements taken to evaluate membrane stability the permeance at a
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predetermined pressure gradient is studied as a function of time. The point at t=0 is taken
as the intrinsic permeance (however, it should be noted there was a short time delay due to
dead volume, ~20 cc, in the tube side of the system). The water, xylenes and THF
permeance dropped from their initial value approximately 10%. These results indicate

these two membranes have sufficient chemical stability towards these solvents.

A single y-AlL,O; membrane was tested with THF for 1 year, over which time the
permeance dropped only 20% (the reduction in permeability was most likely due to
adsorption of trace contaminants either on the membrane surface or in the pores). The
same is not true with the carbon coated microporous membranes which as previously
discussed proved quite vulnerable to attack by THF. All membranes tested proved very
resistant to compaction by pressure up to a transmembrane pressure gradient of 50
atm..and so did the polymeric seals and O-rings. The measured permeances for water,
xylenes and THF are consistent with the leterature results of Clark et al. within the degree
of scatter in the data measured for the thickness of the permselective layer between
various membrane samples. In a study to specifically investigate this scatter in data three
membranes were selected at random and their thickness was determined by viewing their
cross-section using SEM. The thickness was measured at four different places on the
photomirograph and then the four values were averaged. The thickness was fairly uniform
for each sample. For the three membranes tested, the average top-layer thickness for each
membrane was 3.50, 2.96 and 2.79 um, respectively. This gave an overall average
thickness of 3.1 um and a data spread of 13% close to the error range between the values
of permeances measured by us and those reported in the literature. Comparing the
differences in the permeances of the various solvents measured with the same membranes
we have concluded that there is an adsorbed layer of solvent molecules on the wall (no-
slip condition), effectively reducing the cross-sectional area available for flow. The layer
thickness however is a complicated function of parameters such as solvent size and the

magnitude of long-range interactions (dispersion forces) between the solvent and pore

wall.




8. CONCLUDING REMARKS

This document is an addendum to the Final Report document for DOE contract DE-
FG22-92P(C92527 prepared in response to the request by the DOE program manager Mr.
Robert Warzinski. It contains unpublished experimental “raw” data on the
transport/separation of coal liquids through membranes not included in the original report.
The original goal of our University Coal Research program project was to further the
fundamental understanding of the transport/separation of oil macromolecules through
porous systems. Most of our experiments were carried out utilizing a variety of inorganic
membranes. Additional information can be found in the original Final Report and in over
10 papers that have been published in archival journals which also describe an extensive
program of research focusing on the agglomeration/delamination behavior of such

systems.
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