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Aggregation and breakup of asphaltenes flocs in a Couette flow de®ice are studied for
( ) ( )®arious ®alues of shear rate G , ®olume fraction of particles � , and sol®ent composi-

( )tion ratio of toluene to n-heptane in the solution X . The number a®erage asphaltenes
aggregate size initially increases before achie®ing a maximum size and then decreases
until reaching a steady-state ®alue that reflects a balance between aggregation and frag-
mentation. Increasing the applied shear rate leads to higher aggregation and fragmenta-
tion rates, reducing the steady-state a®erage aggregate size and the characteristic relax-
ation time required to achie®e a steady state. For a fixed ®alue of G, when either � is
increased or X is decreased, the steady-state floc size increases. The kinetics of thes
aggregation-fragmentation process and the attainment of steady state by asphaltenes
aggregates were modeled using a population balance approach. The model describes the

(time e®olution of the a®erage floc size using fitted parameters the breakup coefficient
)for shear fragmentation, b and the porosity of the aggregates � . Binary breakage was

included in calculations and collision efficiency was assumed to be equal to one.

Introduction

Petroleum asphaltenes have been a subject of extensive re-
search. On the basis of solubility, asphaltenes are defined as
the part of petroleum that is insoluble in n-alkanes and com-
pletely miscible in aromatic hydrocarbons such as toluene or

Ž .benzene Speight, 1990 . This property is used for the extrac-
tion of asphaltenes. The above definition is in some sense
arbitrary, as the molecular structure of asphaltenes varies sig-
nificantly depending on their origin, method of oil recovery,

Ž .and history of extraction Burya et al., 2001 . According to
chemical structure, asphaltenes are aromatic multicyclic
molecules surrounded and linked by aliphatic chains and het-
eroatoms; published molar mass data for petroleum as-
phaltenes range from 500 grmol to a high of 50,000 grmol
Ž .Long, 1981 . The polarity and complex structure of as-
phaltenes lead to their self-association, flocculation, and pre-
cipitation during the course of heavy oil processing.

Correspondence concerning this article should be addressed to J. H. Masliyah.

On the one hand, the importance of asphaltenes in the
petroleum industry is through its negative impact on various
petroleum operations, such as exploration, production, trans-

Žportation, and refining Yen and Chilingarian, 1994; Sheu and
.Storm, 1995 . For example, upon release of a well pressure,

asphaltenes may precipitate and plug the reservoir formation
and well bore. On the other hand, a new technology is under
development for cleanup operation of bitumen originating
from the shallow oil sands deposits in northern Alberta, which
takes advantage of asphaltenes propensity to aggregate. As-
phaltenes, a high molecular weight constituent of bitumen,
when precipitated out of a bitumenrlight aliphatic hydrocar-
bon mixture, act as flocculent to the emulsified water droplets
and fine solids. Very little is known about the mechanical

Ž .properties such as structure and yield strength of the pre-
cipitated asphaltene aggregates. This article focuses on deter-
mining these properties under dynamic conditions. The size
range of studied aggregates is similar to the ones encoun-

Ž .tered in commercial systems as reported by Long et al. 2002 .
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The formation of colloidal asphaltenes associates in several
organic solvents and in crude oil was observed for the first

Žtime more than half a century ago Mack, 1932; Pfeiffer and
.Saal, 1940 . It is postulated that, in aromatic solvents, as-

phaltenes can form micelle-like aggregates above a certain
concentration, known as the critical micelle concentration
Ž .CMC . The CMC data for asphaltenes in toluene have been
determined using a variety of methods, such as the measure-

Ž .ment of surface tension Rogacheva et al., 1980 and calori-
Ž .metric titration Andersen and Birdi, 1991; Sheu et al., 1992 .

ŽThe values obtained by various authors differ widely such as
y1.the CMC in toluene is in the range from 0.10 to 3.24 gL .

This can be explained by the diversity of the techniques ap-
Žplied and by the variety of asphaltenes origin, extraction, im-

. Ž .purities studied. Sheu and Storm 1995 have noted that as-
phaltenes in a good solvent below the CMC are in a molecu-
lar state, whereas, above the CMC, asphaltene micelle forma-
tion occurs in a manner similar to that in surfactant systems,
but with less uniformity in their structure and with more
polydispersity. According to other investigations, the struc-
ture and the shape of asphaltenic micelle-like associates ap-
pear to be much more complicated than that of classic sur-

Žfactant micelles Drushel and Schultz, 1980, Yudin et al.,
.1998 . These studies indicate that asphaltene micelle-like as-

sociates are formed as a result of multiple interactions: ag-
gregates about 2�5 nm in size are present either in a molecu-
lar form or are formed by strong intermolecular attraction
forces, while the larger particles are self-associates, formed
from these small aggregates by weaker attraction forces.

Although many studies have been conducted on the growth
of colloidal asphaltene particles in hydrocarbon solutions, the
flocculation of asphaltene particles under hydrodynamic shear
flow has not been investigated. It bears a valuable implica-
tion in industrial applications. The objective of the present
work is to study the kinetics of aggregation of suspended
‘‘primary’’ particles of asphaltenes under controlled shear
conditions. A mixture of toluene and n-heptane is often used
to investigate the stability and the precipitation process of
asphaltenes. At a certain threshold value of the ratio of n-
heptane to toluene, the asphaltenes in solution becomes un-
stable and asphaltenes particles start to precipitate. It is found
that when a concentrated solution of asphaltenes in toluene
is added to excess heptane, the precipitated asphaltene grows
from sub-micron-size primary particles to aggregates that are
orders of magnitude larger within a few minutes.

In the present study, the growth of the asphaltenes flocs
takes place in a well-controlled, laminar shear flow of a Cou-
ette device. Image analysis is used to measure the size of the
aggregates in suspension. This article is a first step to study
asphaltene flocculation for a model system using optical mi-
croscopy. It presents both experimental and theoretical stud-
ies of dynamics of aggregation and fragmentation for asphal-
tene particles under shear in an organic solvent. The growth
of the aggregates is investigated as a function of shear rate,
ratio of toluene to n-heptane, and asphaltenes concentration.
It is shown how the variation in the applied shear rate leads
to the change of parameters of a steady-state average aggre-
gate size and the characteristic relaxation time required to
achieve the steady-state. A population balance approach is
used to shed light on the effect of G, �, and X in the aggre-s
gation and fragmentation processes. The model, developed in

this work, describes well and explains the experimental ob-
servations and has two adjustable parameters: the porosity of
the aggregates � and the breakup coefficient for shear frag-
mentation b. The values obtained for these two parameters
are discussed. The microscopic technique described in this
article is ideally suited for the study of suspensions contain-
ing solid asphaltenes particles in the sub-micron size range,
which flocculate to form aggregates several microns in diame-
ter. The technique also provides information on aggregation
kinetics and aggregate size.

Population Balance Model
Theory

Ž .Since the pioneering work of Smoluchowski 1917 , the
physical processes that control kinetics of particle aggrega-
tion have been quite well known. The aggregation rate de-
pends upon the rate at which collisions occur and on the
probability of cohesion of particles during a collision. How-
ever, the fragmentation processes are not so well understood.
The main objective of this work is to establish a population
balance model that describes the kinetics of aggregation and
fragmentation of asphaltenes particles.

During the initial stages of shear-induced aggregation, par-
ticle growth is dominant and the average floc size increases
rapidly. As the flocs grow and hydrodynamic stresses become
of the order of the yield stress of the aggregates, the frag-
mentation becomes significant. To model the rate of change
of size of particles of a given size due to the processes of

Ž .aggregation and fragmentation, Austin 1971 and Friedlan-
Ž .der 1977 proposed the following expression

nma xdn 1i s �� V ,V n n yn �� V ,V nŽ .Ž .Ý Ýjk j k j k i ki k i kdt 2 jq ks i ks1

nma x

yB n q � B n 1Ž .Ýi i i , j j j
js iq1

where n is the number concentration of flocs of size ii
Ž .meaning that a single floc contains i primary particles , � is
the collision efficiency or the fraction of collisions that result
in aggregation, and � is the collision frequency for particlesjk
of volume V and V . B is the fragmentation or breakup ratej k i
of flocs of size i, and � is the breakup distribution functioni, j
defining the volume fraction of the fragments of size i origi-
nating from j-sized particles. Here, the index n repre-max
sents the largest particle size that will form fragments of size
i upon breakup.

The first term on the righthand side of Eq. 1 represents
the formation of particles of size i by collisions of smaller j-
and k-sized particles. The second term on the righthand side
denotes the loss of particles of size i by collisions with parti-
cles of any other size. The third term on the righthand side
describes the loss of particles of size i by fragmentation and
the fourth term on the righthand side defines the formation
of particles of size i by the fragmentation of larger particles.

The growth of aggregates occurs over a wide size range, so
a discrete model of flocculation may require excessive com-

Ž .putation time Landgrebe and Pratsinis, 1990 . The size do-
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main considered is divided into ranges or bins to ease compu-
tation. Equations describing the particle number concentra-
tion within each bin are used. Each bin is represented by an
characteristic volume V that is the average volume of thei
sizes contained in the section

u quiy1 i
V s 2Ž .i 2

where u is the upper boundary volume of bin i and u isi iy1
the lower boundary volume. V is also a function of the previ-i
ous section Viy1

fViy1
V s 3Ž .i 1y�

where f is the sectional spacing and � is the porosity of ag-
gregates. In this study, a numerical technique is used to simu-

Žlate the evolution of the particle size with fs2 Hounslow et
.al., 1988; Kusters et al., 1993; Spicer and Pratsinis, 1996 , and

for this specific case, Eq. 1 can be rewritten as

iy2dN 1i jy iq1 2s 2 �� N N q �� NÝ iy1, j iy1 j iy1, iy1 iy1dt 2js1

iiy1 ma x
jyiyN 2 �� N yN �� N yB NÝ Ýi i , j j i i , j j i i

js1 js i

ima x

q � B N 4Ž .Ý i , j j j
js iq1

where � is the breakup distribution function from Eq. 1i, j
modified to conserve volume within the framework of the
sectional mode for the particular case of fs2, and N is thei
number concentration of aggregates having characteristic vol-
ume V . Calculations are carried out using 31 sections, fromi
is1 to i s31. In order to represent the whole populationmax
of particles, the number of equations that needs to be solved
is the same as the number of classes or sections. Volume
conservation has been enforced in the model, which means
that when a particle of size class i aggregates with a particle
of size class j, a particle of size class k is formed whose vol-
ume is

V sV qV 5Ž .k i j

The minimum size corresponds to the smallest particle size
Ž .that is, the size of the primary particle observed in experi-

Ž .ments at the early stage Oles, 1992; Kusters et al., 1993 .

Closure of Model Parameters and Description of
Model

( )Collision efficiency �

According to the Smoluchowski model, the colloidal parti-
cles in the flow field are assumed to follow the fluid stream-
lines and collide with each other when the distance between
the streamlines is less than the sum of the particle radii

Ž .Masliyah, 1994 . However, during a collision between two
particles, the particles experience hydrodynamic and repul-
sive or attractive colloidal forces. Taking these forces into
account, a factor is introduced, called the orthokinetic colli-
sion efficiency � that represents the ratio of actual aggrega-
tion rate to Smoluchowski’s aggregation rate. Many authors
Ž .Mishra et al., 1998; Mousa and van de Ven, 1991 have ex-
pressed this factor as a stability ratio W which is merely the
reciprocal of � . For aggregation in a shear field, Smolu-
chowski’s rate was derived by neglecting Brownian motion,
gravitation effects, colloidal forces, and hydrodynamic inter-
actions.

In the present calculations, collision efficiency was as-
Ž .sumed to be equal to 1 �s1 . A similar assumption was

Ž .also made by Spicer and Pratsinis 1996 and Serra and
Ž .Casamitjana 1998 , and can be justified by the fact that large

colloidal aggregates have fractal structures. As was pointed
Ž .out by Jiang and Logan 1991 , a higher aggregation fre-

quency exists due to the fractal nature of the actual flocs.
Ž .Hence, a higher value of the collision frequency � may

Ž .compensate for the reduction in the collision efficiency �
and, consequently, the product of � and � takes care of the
inherent inadequacy of this assumption. However, it is impor-
tant to point out that � is a complex function of the surface
properties of the particles, the structure of the aggregates or
the diameter of the aggregates, hydrodynamic effects, and the

Ž .prevailing colloidal forces Burban et al., 1989 . Various ex-
pressions exist relating � to system variables such as ionic

Žstrength and viscous retardation of collisions Higashitani et
.al., 1982; Han and Lawler, 1992 . However, these expressions

are not applicable for the present study, since it deals with
organic solvents and a laminar flow regime.

( .Collision frequency �i, j

Particles in the liquid medium may collide due to three
different processes: Brownian motion, fluid shear, and differ-

Ž .ential settling Elimelech et al., 1995 . The collision fre-
quency function due to Brownian motion is

2
d qd2 k T Ž .i jB

� s 6Ž .i , j 3 � d di j

The collision frequency function due to fluid shear is

G 3
� s d qd 7Ž .Ž .i , j i j6

The collision frequency function due to differential settling is

	 g 2 2 2� �� s d qd 
 � d y
 � d 8Ž .Ž .i , j i j i i j j72�

where g is the acceleration due to gravity and 
 � s � y � isi i
the difference between the effective density of the particle of
size class i and the density of the liquid medium.

Ž .Han and Lawler 1992 observed that for both orthokinetic
aggregation and differential sedimentation, the collision fre-
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quency was a strong function of particle size, dominated by
the diameter of the larger of the two particles. The authors
extended the analysis to compare collisions between all pairs
of particles with sizes in the range 1�1,000 �m. For a range
of values of G, the authors found that differential sedimenta-
tion was dominant only when one particle was quite large
and the other was significantly smaller. In all other cases,
orthokinetic aggregation was the dominant mechanism. For

Ž .the present study, the orthokinetic collision frequency Eq. 7
was used for the calculations.

( )Fragmentation rate Bi

The fragmentation of aggregates is caused by hydrody-
namic stresses. The most common breakage mechanisms are:
Ž .a erosion of primary particles or small fragments from the

Ž .floc surface; b ‘‘bulgy deformation,’’ rupture, or splitting of
Ž .the floc Pandya and Spielman, 1982; Chen et al., 1990 . Ero-

sion releases loosely bound particles from the surface of the
aggregate. The splitting mechanism arises from pressure dif-
ferences on the opposite sides of the floc that induce a shear-

Ž .ing type of fragmentation Parker et al., 1972 . The larger an
aggregate becomes, the more susceptible it is to breakage.
The fragmentation rate is given as a function of particle vol-

Ž .ume by Kapur 1972

B sbV a 9Ž .i i

where as1r3. This is consistent with the theoretical expec-
tation that breakup rate is proportional to floc diameter
Ž .Boadway, 1978 and b is the breakup rate coefficient for

Ž .shear-induced fragmentation Pandya and Spielman, 1982

bsb�G y 10Ž .

where y is a constant inversely proportional to the floc
strength and b� is a proportionality constant that is deter-
mined from data fitting. This type of power law relationship
between aggregate size and shear rate is commonly used to

Ž .correlate experimental Parker et al., 1972 and simulation
Ž .results Chen et al., 1990 .

( .Breakup distribution function �i, j

Ž .Different types of breakup distribution functions � cani, j
be assumed for the sectional description of aggregation and
fragmentation. Here, a binary breakage function is examined
that describes the breakup of an aggregate into two parts of

Ž .equal size Chen et al., 1990

Vj
� s ; binary breakage, so js iq1 11Ž .i , j Vi

The expression for � in Eq. 11 is only valid for f beingi, j
equal to 2. All the breakage parameters in this model best
describe fragmentation by splitting. Although splitting is en-
ergetically less likely, the velocity fluctuations lead to a pres-
sure gradient across the floc making the splitting mode more
significant than erosion.

( )Porosity of the aggregates �

Substantial research indicates that flocs formed by aggre-
gation may have a fractal structure. Unlike fractals with an
increasing porosity as their size increases, Euclidean objects

Žhave a constant porosity Meakin, 1988; Jiang and Logan,
.1991; Gregory, 1997 . Since fractal structure was not incorpo-

Ž .rated in the model, a constant porosity � is assumed for
aggregate formation from primary particles. For an aggregate
made up of n spherical primary particles each of volume V ,1
the porosity can be derived as

nV1
�s1y 12Ž .

Va

where V is the aggregate volume. In this model, the porositya
of the aggregates � is used as an adjustable parameter and it
can be expressed as

�syaGqc 13Ž .

where a and c are proportionality constants that are deter-
mined from data fitting. This type of linear relationship be-
tween aggregate porosity and shear rate can be used to corre-
late experimental and simulation results.

Equations 3, 7, 9�11, and 13 provide closure to the popula-
tion balance equation. They were substituted into Eq. 4 and
the sectional model was solved numerically by a finite differ-
ence scheme using RK15s, an ordinary differential equation
solver.

Experimental Method
Materials

Asphaltenes used in this study are derived from Syncrude
ŽCoker feed Athabasca bitumen bitumen that has been

treated to remove most of the solids and water and is ready
.for upgrading . However, it still contains mineral solids, which

make up about 1 wt. % of the bitumen. The ‘‘solids,’’ which
Ž .include fine clays, are insoluble in toluene Yarranton, 1997 .

To remove the solids, the bitumen is first dissolved in toluene
and centrifuged at 35,000 g for 30 min. The supernatant liq-
uid is recovered and evaporated until only dry, solids-free bi-
tumen remains. Asphaltenes are extracted from this bitumen

Ž .with a 40:1 volume ratio of heptane to bitumen solids-free .
The mixture is stirred for 4 h and left standing to allow the
precipitated asphaltenes to settle overnight. Then, the super-
natant liquid is removed and the remaining precipitate is fur-
ther diluted with heptane at a 4:1 volume ratio of heptane to
asphaltene. After 4 h, the final mixture is filtered using 0.22
�m Millipore filter paper and the remaining asphaltenes are

Ž .washed thoroughly with heptane until the filtrate heptane
becomes colorless. The precipitated asphaltenes are dried in
a vacuum oven dryer at 23 kPa absolute pressure and 50�C.
The drying process usually requires one week. The as-
phaltenes recovered in this method make up about 16 wt. %
of original bitumen.

Reagent-grade toluene and heptane were purchased from
Fisher Scientific.
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Figure 1. Experimental setup.

Apparatus
ŽThe Couette device where the asphaltenes-solvent mix-

.ture is introduced is shown in Figure 1. This type of appara-
tus is used, because, under certain conditions, it generates a
well-defined shear field. Couette flow is preferable, because,

Žif h� d where d is the inner Couette diameter and h is the
.gap width , a constant velocity gradient across the gap is
Ž .achieved Cummins et al., 1990 . In a turbulent flow regime,

Couette flow generates a more isotropic turbulence than other
Žflow schemes such as blades in a jar Pandya and Spielman,

.1982 .
The inner cylinder, with a diameter of 50 mm, is made of

Teflon to provide better optical reflection. The outer cylin-
der, with an inner diameter of 60 mm, is made of Pyrex glass
to allow the mixture to be observed. The height of the cylin-
ders is 200 mm, and the annular gap between them is 5 mm.

ŽFor the second and third sets of experiments as shown in
.Table 1 , the height of the cylinders is doubled to 400 mm,

Ž .but the annular gap between them remains the same 5 mm .
The outer cylinder is fixed, while the rotational speed of the
inner cylinder can be adjusted. For all three sets of experi-
ments, the location of the observation area or control volume
is 50 mm above the bottom of the cylinder. Images of as-
phaltenes aggregates in suspension are obtained using a mi-

Ž .croscope Carl Zeiss Canada Ltd. coupled with a CCD cam-
Žera and a video recorder. Image analysis software Sigma

.ScanPro 4 is used to calculate the geometrical properties of
the aggregates from the captured images.

Sample Preparation
Tests at different shear rates

Initially, a 10.0 mg sample of asphaltenes is dissolved in
10.0 mL of toluene. The solution is added to 150 mL of n-
heptane in a beaker and is stirred instantly at 300 rpm with a
marine propeller for 15 s to ensure complete mixing of the
solution. Although no baffle is placed in the beaker, aeration
and evaporation of the solvent can be neglected due to low
mixing intensity and short mixing time. Following the mixing,
the asphaltenes solution is transferred into the outer glass
cylinder, which is quickly snapped into the Couette device,
and the rotation of the inner cylinder begins at a fixed rpm.
This is considered as the starting time for aggregation. The

Ž .experiments are carried out at a constant shear rate G
ranging from 1.2 to 12.7 sy1. Because of the limited optical
resolution, the fine asphaltenes aggregates and structural de-
tails of particles became visible when they reached approxi-
mately 30 �m. Hence, there is a time lag before the images
can be captured due to lack of growth of the asphaltenes

Ž .flocs to observable size Figure 2 .

Figure 2. Growth kinetics of asphaltene aggregates un-
der shear at toluene to heptane solvent ratio
of 1:15 and particle concentration of 12.8 mgrrrrr
L.

Table 1. Amount of Precipitated Asphaltenes, Particle Volume Fraction, and Asphaltenes Concentration in Solution for
Different Experimental Conditions

Avg. Ratio of Init. Conc. of Init. Conc. of Final Asphaltenes Asphaltenes
Shear Toluene to Asphaltenes Asphaltenes Amount of Particle Conc. Particle

Rate, G n-Heptane in Toluene in Tolueneq Precipitated in Tolueneq Volume
y1Ž . Ž .s in Solution mgrL n-Heptane Asphaltenes n-Heptane Fraction

y6Ž . Ž .Mixture mg Mixture 
 10
Ž . Ž .mgrL mgrL

1.2�12.7 1:15 1,000 62.5 4.1�0.4 12.8 10.81

2.5 1:15 1,000 62.5 4.1�0.4 12.8 10.81
2.5 1:7 1,000 62.5 3.3�0.3 10.3 8.60
2.5 1:3 1,000 62.5 2.8�0.2 8.8 7.29

2.5 1:7 1,000 62.5 3.3�0.3 10.3 8.60
2.5 1:7 750 46.9 1.7�0.2 5.3 4.43
2.5 1:7 500 31.3 1.3�0.2 4.1 3.38
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Although the initial asphaltenes feed concentration was
62.5 mgrL, the amount of precipitated asphaltenes at the end
of the experimental run was found to be significantly less than
the initial amount added. After the stirring is stopped, the
asphaltenes aggregates are allowed to settle out of solution.
The precipitated asphaltenes aggregates are filtered using
0.22-micron Millipore filter article. Since these aggregates are
weak or fragile, great care must be taken in the measurement
and handling of the flocs. The precipitate is then dried in a
vacuum dryer at 23 kPa absolute pressure and room tempera-
ture until the weight becomes constant. The asphaltenes re-
covered by this method is the precipitated amount and is used
to calculate the particle volume fraction in solution assuming

Ža specific gravity of 1.20 for solid asphaltenes Yarranton,
.1997 . However, the actual volume of the precipitate is larger

due to the porous structure of the asphaltene aggregates. It
means that the density of the aggregates is lower than 1.2
grcm3.

Tests at different sol©ent compositions and asphaltene
particle concentrations

Table 1 shows the amount of precipitated asphaltenes, par-
Ž .ticle volume fraction 
 , and asphaltenes particle concentra-

tion in the solution for all experiments carried out at differ-
Ž .ent conditions set 1 to 3 . From this table, it can be seen that

the second set of experiments were carried out at a constant
shear rate of 2.5 sy1 and an initial asphaltenes concentration

Žof 62.5 mgrL, but the solvent composition the ratio of
.toluene to heptane in the solution varied. In the third set of

experiments, the shear rate was set at 2.5 sy1, and the ratio
of toluene to n-heptane was kept fixed at 1:7; the initial as-
phaltenes concentration varied from 62.5 mgrL to 31.3 mgrL.

Results and Discussion
Effect of shear on the growth of asphaltene flocs

Figure 2 shows the kinetics of asphaltenes growth in terms
of the aggregate size as a function of time for a given shear
rate. The number mean diameter D derived from the aggre-n
gate projected area, can be defined as follows

is k

n DÝ i i
is1D s 14Ž .n is k

nÝ i
is1

where D is a function of time, n is the number of particlesn i
measured in size range i, D is the middle of class range ii
size, and k is the number of particle-size ranges. The number
mean diameter is a good parameter to represent the com-
plete growth process in image analysis and is used as the
characteristic size.

Ž .Different shear rates G are used in the range of 1.2�12.7
sy1. A characteristic time-dependent behavior is found for all
experiments. For all values of G, the aggregate size increases
rapidly with time, consistent with the results of previous ex-

Ž .perimental studies Oles, 1992; Spicer and Pratsinis, 1996 .
As explained earlier, due to the limited resolution of the mi-

croscope-camera system, particles with size around 30 �m
will be considered to be the ‘‘primary’’ particles from which
aggregation starts. The size and concentration of primary
particles also defines our initial conditions for the population
balance.

As shown in Figure 2, the growth of the polydispersed as-
phaltenes primary particles in the suspension appears to be a
strong function of the shear rate. The rate of growth of the
flocs is greater at higher shear, which can explain the earlier
appearance of primary flocs of the same size, about 30 �m,
at the higher shear, as well as by the slight change in the
slopes of the size vs. time curves. As the shear rate is in-
creased, the collision rate increases. Consequently, the aggre-
gate mean size increases more rapidly and the slopes become
steeper. For shear rates higher than 8.4 sy1, not much growth

Žis observed. At times greater than 10 to 25 min depending
.on the shear rate , the aggregates pass through a maximum

size. During the growth phase of the flocs, as the concentra-
tion of large flocs increases, breakup becomes more signifi-
cant. In addition, it is found that the system reaches maxi-
mum size state more rapidly when the shear rate is increased,
with the size of the aggregates being smaller. This suggests

Figure 3. Growth kinetics comparison between differ-
ent observation locations at toluene:heptane
s1:15, and asphaltene particle concentration
s12.8 mgrrrrrL.

y1 Ž . y1In Figure 3a, Gs1.2 s , and in 3 b , Gs 2.5 s .
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that, as the shear rate is increased, the flocs become more
likely to break due to the hydrodynamic shear force. Similar
behavior is supported by other studies, such as Burban et al.
Ž . Ž . Ž .1989 , Oles 1992 , Spicer and Pratsinis 1996 , and Serra

Ž .and Casamitjana 1998 . After this stage, the mean aggregate
size starts to decline until it reaches a steady-state size. How-
ever, this behavior was initially thought to be a mere artifact
due to differential settling of the flocs beyond these times. In
such a case, since the flocs are denser than the liquid medium,
the larger flocs would settle out of the observation region
after a certain time, leaving only the smaller aggregates. In
order to test this hypothesis, the cylinders in the Couette de-
vice were made twice as long. If the rates of aggregation and
fragmentation become equal after the flocs attain the maxi-
mum size, the longer cylinder should provide a broader maxi-
mum size plateau before the observed size would start declin-
ing solely due to settling. However, if a similar curve is found
as that in Figure 2, it should prove that aggregation is over-
taken by fragmentation or, possibly, restructuring.

In Figures 3a and 3b, the mean aggregate size as a function
of time is shown for the two cylinders under the same experi-
mental conditions, that is, shear rate, asphaltenes particle
concentration, and toluene-to-heptane ratio in the solution
are kept the same. The mean aggregate size variations with
time are found to be similar when the observation points are

Ž . Žlocated 15 cm 200-mm cylinder and 35 cm 400-mm cylin-
.der below the top surface in the cylinders. This means that,

regardless of where the measurements are taken, what is ob-
served is the net result of breakup-restructuring and aggrega-
tion, and not due to settling. Hence, the observed maximum
in aggregate size is not an artifact of the experimental appa-
ratus. The maximum in the aggregate size can be explained
as a result of restructuring of the large flocs produced ini-
tially to form more compact structures. Under constant
shearing, large open flocs become more compact as the flocs
restructure or fragment and reform more durable structures
Ž .Bouyer et al., 2001; Spicer et al., 1996 .

Effect of asphaltenes particle concentration on floc growth
Figure 4 shows the effect of particle concentration on the

growth of asphaltenes flocs. All three experiments are car-
ried out at a shear rate of 2.5 sy1 and toluene-to-heptane
ratio of 1:7. It can be observed from the figure that a higher
particle concentration provides a smaller relaxation time for
visible floc formation and increases the initial aggregation rate
Ž .observed from the initial slopes of the curves by decreasing
the average distance between particles, thus reducing the
characteristic time between collisions. The dynamic balance
between the floc growth and breakage determines the aver-
age floc size that is attained at steady state. Increasing 

leads to an increase in the aggregation rate to a much greater
extent than the fragmentation rate and, consequently, a larger
steady-state floc size is reached. However, no significant dif-
ference in steady-state floc size is observed for asphaltenes
particle concentrations of 5.3 and 4.1 mgrL. A larger 
 also
results in a faster attainment of the maximum floc size than
at lower asphaltene concentrations, because of the acceler-
ated kinetics of both aggregation and fragmentation.

Ž .Yudin et al. 1998 investigated the kinetics of asphaltene
aggregation in toluene and n-heptane mixtures with dynamic

Figure 4. Evolution of average aggregate diameter vs.
time at different concentrations of asphaltene
particles and at Gs2.5 s�1.

light scattering. They reported a CMC value of about 3 grL
for asphaltenes in toluene and varied the concentration of
asphaltenes in toluene from 1 to 10 grL. The aggregation
kinetics was measured upon adding the near precipitation
threshold concentration of n-heptane. Two types of kinetic
behaviors were observed. The noted size range for asphal-
tene aggregates was less than 5 microns. At a concentration
of asphaltenes in toluene lower than the CMC, the aggre-
gates were formed from ‘‘asphaltene molecules’’ and the
character of the aggregation was solely determined by diffu-

Ž .sion-limited aggregation DLA . Above the CMC, the aggre-
gates were formed from micelles and reaction-limited aggre-

Ž .gation RLA took place at least in the initial stage of parti-
cle growth. As the asphaltene concentration increased, the
micelles became larger and the potential barrier became
higher. That is why the RLA rate slowed down with increas-
ing asphaltene concentration, which was exactly opposite of
the DLA process.

In the present study all asphaltene solutions in toluene are
dilute, less than 1 grL, that is, well below the CMC. Simi-
larly, as in the case of the DLA process, higher aggregation
rate and larger floc size are observed for higher asphaltene
concentrations. Under the present conditions, an excess of
heptane is added to destabilize the system. Therefore, the
kinetics is governed by hydrodynamic shear-induced aggrega-
tion.

Effect of sol©ent composition on the growth of asphaltenes
flocs

Figure 5 represents the effect of the ratio of toluene to
n-heptane in the solution on the growth rate of asphaltenes
flocs. The shear rate was set at 2.5 sy1, and the initial as-
phaltenes particle concentration was 62.5 mgrL for all exper-
iments. A lower ratio of toluene to n-heptane means lower
solubility of asphaltenes and, accordingly, greater quantities
of precipitated asphaltenes are observed at the end of an ex-
periment. The amount of precipitate, which is always signifi-
cantly less than the initial amount added to the solution, is
used to determine the particle concentration in the solution
Ž .Table 1 . Hence, a lower toluene-to-heptane ratio results in
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Figure 5. Evolution of average aggregate diameter vs.
time at different toluene to heptane ratios in

( ) �1the solution X and at Gs2.5 s .s

higher particle concentration in the solution. Therefore, a be-
havior similar to that in Figure 4 is found, that is, lower
toluene-to-heptane ratio provides a faster aggregation rate.
Although a large variation in the maximum aggregate size is
observed, there is a smaller difference in the steady-state floc
size for different solvent compositions. Hence, for a fixed
stirring speed, increasing the ratio of heptane in the solution
greatly enhanced the aggregation rate and increased the
steady-state floc size.

Theoretical Modeling
Determination of number concentration for primary
asphaltene particles

During an experimental run, the first few captured images
at the beginning, or, at that particular time, provided the size
distribution of the primary asphaltenes particles. Assuming
the primary particles to be spherical, the volume distribution
of the primary particles could be determined. At the end of
the experiment, the asphaltenes aggregates were filtered and
dried in a vacuum oven dryer at 23 kPa absolute pressure

Ž .and 22�C room temperature to determine the mass of the
precipitated solid asphaltenes particles. Assuming a specific

Ž .gravity of 1.2 for solid asphaltenes Yarranton, 1997 , the vol-
ume of the primary asphaltenes particles was calculated. Since
the well-mixed suspension is homogeneous at the beginning,
the size distribution of primary particles from captured im-
ages is assumed to be the same for the entire suspension.
Hence, the initial number concentration of primary as-
phaltenes particles in the solution can be calculated.

Comparison of model and experiment
Given an initial distribution of particles, Eq. 4 was solved

using a finite difference scheme for each of the 31 size classes
until a steady-state size is reached. It can be observed from
Eqs. 3, 7, 9�11, and 13 that, except for the breakup rate coef-
ficient b and the porosity of the aggregates � , other model

Ž .parameters that is, V , d , N , � , and � can be obtainedi i i i, j i, j
from experimental conditions. Simulations were conducted
for different values of G, �, and X .s

Figure 6. Model prediction vs. experimental data for
growth kinetics of asphaltene aggregates un-
der shear at toluene to heptane solvent ratio
of 1:15 and particle concentration of 12.8 mgrrrrr
L.
Solid curves are drawn from the model.

In Figure 6, model predictions for asphaltenes aggregate
growth as a function of shear rate are represented for the
asphaltenes volume fraction 
s10.8�10y6, corresponding
to an initial number concentration of asphaltene particles
equal to N s3.0�104, N s1.8�104, and N s0.5�104

1 2 3
cmy3. In the model, the porosity of the aggregates � and the
breakup coefficient b are used as adjustable parameters and
it is intuitive to represent the variations of � and b with shear
rate G. Values of � and b are determined by matching the
model predicted floc mean diameter with the experimental
data for the aggregation of primary asphaltene particles at
various shear rates Gs1.2 �12.7 sy1. In Figures 7 and 8,
the variations of the fitting parameters b and � with G are
represented. In this case, a power relationship, bsb�G y, and
a linear relationship �syaGqc, provide a good fit for the
experimental data. The parameters b�, y, a, and c are deter-
mined by regression analysis of � and b as functions of G. In

Figure 7. Relationship between the breakup rate coeffi-
cient b and the shear rate G at the particle
volume fraction � s10.8�10 �6.
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Figure 8. Relationship between the porosity of the ag-
gregates � and the shear rate G at the parti-
cle volume fraction � s10.8�10 �6.

Figure 6, the results predicted by the model with b�s2�
10y5, ys0.61, as0.07, and cs0.94 are compared to the
experimental data over the whole range of G.

In Figure 9, model predictions with the predetermined fit-
ting parameters for asphaltenes aggregate growth at different
particle concentrations are represented with and without
breakup. For the case of no breakage, b is set to zero. With-
out breakage, asphaltene aggregates continue to grow mono-
tonically up to a given ‘‘stable’’ size. A maximum does not
appear in the aggregate diameter vs. time curve by setting the
breakage term to zero. The maximum in the aggregate diam-
eter vs. time is the result of a competition between aggregate
growth and breakage. It can be observed that fragmentation
greatly affects the average size of the flocs, which is clear
from the greater difference between the larger floc size pre-
dicted by the model without breakup and the steady-state floc
size with breakup.

Figure 9. Model prediction vs. experimental data for
growth kinetics of aggregates at Gs2.5 s�1

and at different concentrations of asphaltene
particles.
Curves are drawn from the model. Solid lines: without
breakage at all asphaltene particle concentrations, and
dashed lines: with breakage for all asphaltene particle con-
centrations.

Figure 10. Model prediction vs. experimental data for
growth kinetics of asphaltene aggregates at
Gs2.5 s�1 and at different ratios of toluene
to heptane in solution.
Curves are drawn from the model. Solid lines: without
breakage at all solvent compositions, and dashed lines: with
breakage for all solvent compositions.

For the case of asphaltene concentration of 10.3 mgrL,
there is a larger difference between the attained maximum
aggregate size and the steady-state size due to floc restructur-
ing or fragmentation. Whereas in the case of lower asphal-
tene concentrations, this effect is less noticeable. Hence, it
can be inferred that, by reducing the asphaltenes concentra-
tion in the solution, the strength of the flocs is increased and
they become less susceptible to restructuring or breakage.

In Figure 10, model predictions including breakup and
without breakup are represented for asphaltene aggregates
growth at different solvent compositions. Again, for the case
of no breakage bs0. It is clear from the plots of both Figure
9 and Figure 10 that the initial aggregate growth is not af-
fected by breakage where the mean aggregate diameter in-
creases with time at the same rate whether aggregate break-
age is present or not. However, the steady-state aggregate
size is affected by breakage. This is especially true when there
is a significant maximum in the aggregate size. It can be ob-
served from model results that the solvent composition has a
dominant effect on the kinetics of floc growth and the magni-
tude of aggregate breakup-restructuring, but no significant

Ž .impact on the final steady-state floc size see Figure 10 .
The two parameters b� and y can be related to the strength

of the floc, which depends on flocculants type and concentra-
tion, surface properties of the primary particles, floc struc-
ture, and suspension medium. All of these factors need to be
related to the values of b� and y in order to provide a more
mechanistically based description of the floc breakup kinet-
ics. This work also confirms that a simple power law descrip-

Ž .tion Eq. 11 is a useful kinetic model of floc breakup. How-
ever, the breakup rate coefficient b is found to be indepen-
dent of asphaltenes particle concentration �, and toluene-
to-heptane ratio in the solution X , at least for present con-s
ditions. In the experimental regime, the range for particle
volume fraction is about 3.4�10.8�10y6, and the solution
can be considered very dilute. Hence, b is found to be con-
stant with � though the number of collisions and the rate of
nonlinear breakup increase with higher �.
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Figure 11. Relationship between the porosity of the ag-
gregates � and the ratio of toluene to
n-heptane in the solution X at the shear rates
Gs2.5 s�1.

On the other hand, the porosity of the aggregates � is found
to be independent of �, but shows a weak dependence on
X . This is due to the fact that the ratio of toluene to heptanes
in the solvent X determines the solubility of asphalteness
particles. At lower toluene-to-heptane ratio, asphaltenes be-
come less soluble in the solution and larger aggregates are
formed. However, these aggregates are more susceptible to
restructuring-breakage due to their loosely bound structures
Ž .Figure 10 . Accordingly, a higher porosity is found with de-

Ž .creasing X Figure 11 .s

Conclusions
This article provides new information on the kinetics of

asphaltenes flocculation in the model system. It demonstrates
the use of a population balance approach to describe the
flocculation phenomena in organic solvents. An experimental
study was carried out on the effects of shear rate, particle
concentration, and solvent type or composition during aggre-
gation of primary asphaltene particles. The dynamic evolu-
tion of asphaltene aggregates growth was monitored by image
analysis of the digitized images. Asphaltenes seem to be
unique in terms of forming a maximum in the floc size evolu-
tion. After a certain period of time, the floc size distribution
reached a steady-state size distribution as a result of the
competition between aggregation and fragmentation. In-
creased shear enhanced the aggregation rate as determined
from image analysis. The average steady-state floc size always
decreased with increasing shear. Increasing the asphaltenes
concentration or reducing the ratio of toluene to heptane in
the solution increased the floc growth rate and the steady-
state floc size.

A population balance model is used in order to understand
the dynamics of the aggregationrfragmentation process. The
model uses two independent parameters: the porosity of the
aggregates � and the breakup coefficient for shear fragmen-
tation b. The parameter � depends on flow characteristics
Ž . Ž .that is, shear rate G and solvent composition X . The pa-s

Ž .rameter b was found to depend on the shear rate G . The
relations bsb�G y and �syaGqc fit well with the experi-

mental data. The value of b was found independent of � in
the experimental regime for very dilute suspension.

From a commercial viewpoint, the present study provides
information on the significance of shear rate, particle con-
centration and solvent composition in asphaltenes floc forma-
tion, which are essential for proper process design and mate-
rial handling.
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