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Time-resolved small angle neutron scattering measurements of asphaltene
nanoparticle aggregation kinetics in incompatible crude oil mixtures
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We use time-resolved-small angle neutron scattering to study the kinetics of asphaltene nanoparticle
aggregation in incompatible crude oil mixtures. We induce asphaltene aggregation by mixing
asphaltene-rich Syrian crude oil~SACO! with a paraffinic British crude oil and observe the scattered
neutron intensity,I, as a function of wave number,q, over times,t, ranging from twenty minutes to
about a week. We observe a growth inI at low q as the nanoscale asphaltenes agglomerate into
microscale aggregates and interpret this growth as an increase in surface scattering from the
aggregates. We fitI (q,t) to an empirical model and measure the growth in the power-law exponent,
a, associated with the low-q logarithmic slope ofI (q). We define a time,ta , associated with the
first appearance of the aggregates whena.3; ta increases as a function of the volume fraction,fm ,
of SACO in the mixture. The surface scattering intensity initially increases and then saturates at long
times when the aggregate structures no longer evolve at the length scales we probe. Based on this
saturation, we define a time scale,t I , which is larger thanta but has essentially the same
dependence onfm . We interpretta(fm) andt I(fm) in terms of a simple aggregation model based
on diffusion-limited kinetics and a repulsive potential barrier that models the effective solvent
quality. © 2003 American Institute of Physics.@DOI: 10.1063/1.1572457#
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I. INTRODUCTION

One of the least understood aspects of the incompat
ity of crude oils is the dynamic process of asphaltene ag
gation. When a heavy oil containing thermally dispersed a
matic asphaltenes is mixed with a lighter, nonpol
paraffinic oil, the interactions between the asphaltenes
become strongly attractive, leading to asphalte
aggregation.1–4 Typically, the initial convective shear mixing
is completed rapidly compared to the time scales associ
with the asphaltene aggregation. In this case, the aspha
particles diffuse and stick together to form aggregates w
the depth of the attractive well in their interaction potent
significantly exceeds thermal energy. Based on our kno
edge of the aggregation kinetics of model colloids, such
polystyrene spheres5 and emulsion droplets,6 we expect that
the kinetics of the aggregation process may be dependen
the concentration of the asphaltenes present in the mix
and also on the stabilizing repulsive barrier and the shor
range attractive well in a hypothetical average interact
potential. In fact, the very idea of using a single pair int
action potential to describe the average interactions betw
a wide variety of differently shaped asphaltene particles
crude oil mixtures may be too simplistic since the intera
tions may arise from different sources and may be orien
tion dependent. However, the traditional approach to expl
ing aggregation from a single interaction potential mak

a!Electronic mail: thomas.g.mason@exxonmobil.com
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simple quantitative analysis possible, and might work ev
for complex practical systems such as crude oil mixtures
crude oil mixtures, both the concentration of asphaltenes
the strength of the average interparticle attraction m
change as a function of the volume fraction of mixing of t
asphaltene-containing oil,fm , there may be a wide range o
time scales over which the aggregation can take place.

Recently, small angle neutron scattering~SANS! has
been used to examine the static structure of asphaltene
incompatible crude oil mixtures systematically long after t
oils have been blended.7 This work represents a direct ap
proach for detecting and quantifying how much paraffinic
can be added to an asphaltenic oil before asphaltene ag
gation occurs for native~i.e., undeuterated! crude oils, de-
spite significant incoherent scattering from the high dens
of hydrogen nuclei. In particular, the SANS intensity ana
sis method discussed in this work permits the quantificat
of the degree of asphaltene aggregation either from the p
ence of surface scattering from the aggregates or from a
duction in the scattering from the colloidal scattering sign
ture of asphaltene nanoparticles. Applying SANS directly
crude oil mixtures and using the systematic analysis met
represents a significant advance over other SANS studie
asphaltenes in deuterated solvents.8–11

In this article, we present neutron scattering measu
ments of the aggregation time scales for an incompat
mixture of asphaltene-rich Syrian crude oil~SACO! and par-
affinic British crude oil~BPCO! crude oils as a function o
the mixing volume fraction. Rather than studying the sta
© 2003 American Institute of Physics
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structure long after mixing, we use time-resolved-SAN
~TR-SANS! to study the aggregation process by measur
the time evolution of the scattered neutron intensity,I, as a
function of wave number,q, after mixing for several differ-
ent fm . Using our previously developed analytical metho7

that separates out contributions to the scattering from un
gregated asphaltene particles and larger asphaltene a
gates, we are able to track the formation, growth, and s
ration of the asphaltene aggregates following the mixing
the two crude oils. Using this method, we parameterize
strong increase inI (q) at low q resulting from the surface
scattering as the aggregates grow. This provides quantita
measures of the time scales associated with the first re
nizible aggregates and also time scales associated with
cessation of evolution of the aggregate structures over

FIG. 1. ~Color! Measured scattered neutron intensity,I, as a function of
wave number,q, for a SACO/BPCO crude oil mixture at a SACO volum
fraction offm50.1 at times~in order from bottom to top! of t5600 s~blue
crossed open squares!, 3600 s ~black open circles!, 1.13104 s ~magenta
open squares!, 1.93104 s ~light green open triangles!, 2.83104 s ~purple
open diamonds!, 3.73104 s ~dark green inverted triangles!, 2.63105 s ~or-
ange solid diamonds!, 4.83105 s ~light blue solid squares!, and 6.03105 s
~red solid circles! following mixing. The open symbols represent early tim
measurements on the same sample immediately after mixing, and the
symbols represent different samples that were premixed days before
measurements. The solid lines are fits to the data using Eq.~1!.

FIG. 2. ~Color! Scattered neutron intensity,I, as a function of wave number
q, for a SACO/BPCO crude oil mixture atfm50.2. The symbols and lines
have the same meaning as in Fig. 1.
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length scales we probe. In order to understand the meas
time scales, we have developed a simple scaling model
the aggregation time based on diffusion-limited aggregat
that broadly explains the measurements and may be use
estimate the aggregation time for other incompatible cru
oil mixtures.

II. EXPERIMENT

To obtain TR-SANS measurements of the aggregat
kinetics over a wide range of time scales, we have u
essentially two different sets of samples. To determine
long-time behavior over many days while conserving ne
tron beam time, we have premixed several sets of crude
mixtures of SACO and BPCO at identicalfm50.1, 0.2, 0.3,
and 0.4 on different days preceding the measurements. T
samples have been loaded into individual 2 mm quartz c
after shaking to redisperse any asphaltene aggregates
may have settled. To determine the short-time behavior o
time scales less than roughly one day, we made a single
of mixtures for the same set offm , loaded them into 2 mm

lid
the

FIG. 3. ~Color! Scattered neutron intensity,I, as a function of wave number
q, for a SACO/BPCO crude oil mixture atfm50.3. The symbols and lines
have the same meaning as in Fig. 1.

FIG. 4. ~Color! Scattered neutron intensity,I, as a function of wave number
q, for a SACO/BPCO crude oil mixture atfm50.4. The symbols and lines
have the same meaning as in Fig. 1, except the dark green inverted tria
refer to timet58.63104 s.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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quartz cells, placed the cells in the SANS automated sam
cell holder, and immediately commenced the scattering m
surements. The SANS measurements were performed a
NIST Center for Neutron Research using the 30 m NG7
strument.

Since we wish to detect the first appearances of sur
scattering from aggregates, we set the array detector dist
to correspond to the lowest possibleq range, 0.0027 Å21

<q<0.050 Å21 at the neutron wavelength is fixed atl55
Å. The minimum data collection time to obtain reasona
statistics was about 20 min, essentially the smallest tim
which we could observeI (q). Similarly, each measuredI (q)
represents a temporal average of scattering from the asp
ene structures over a 20 min period. The entire experim
has been carried out at room temperature,T'23 °C.

Because we expect the time scales of aggregation to
pend on the viscosity of the crude oil mixture,h, we have
measured the steady shear viscosity of SACO/BPCO m
tures as a function offm . The samples are mixed at roo
temperature and immediately loaded into a concentric cy
der couette geometry on a strain controlled rheometer.
find that a shear rate of 200 s21 is sufficiently large for the
torque on the fixed inner cylinder to be measured at allfm ,
including low fm where the viscosity and torque are sma
For each sample, the measurement takes only several
dred seconds, so this viscosity represents the short-time
of a homogeneous mixture before asphaltenes have ag
gated. Subsequent measurements of the viscosity at lo
times show that it does not change appreciably for this m
ture even after the aggregation has occurred.

III. RESULTS

We show the temporal evolution ofI (q) for SACO/
BPCO mixtures atfm50.1, 0.2, 0.3, and 0.4 in Figs. 1–4
respectively. The sample with the lowestfm50.1 exhibits a
rapid initial increase in the low-q scattering intensity fol-
lowed by a saturation ofI (q) toward a final terminal shape a
long times. The sample with the highestfm50.4 exhibits an
I (q) that changes little at the earliest times we measu
increases significantly over inI (q) at low q over a time of

FIG. 5. Steady shear viscosity of SACO/BPCO crude oil mixtures meas
at a shear rate of 200 s21 as a function of the volume fraction of SACO oi
fm . The solid line represents a fit to the data using Eq.~12!.
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roughly one day, and approaches a final terminal shape a
longest times we measure. The measurements for the o
two fm in Figs. 2 and 3 lie systematically between these t
extremes.

The measured dependence of the viscosity of the cr
oil mixtures on the mixing volume fraction is shown by th
points in Fig. 5. The light BPCO crude oil atfm50 has a
viscosity ofh54.4 cP, whereas the heavy SACO crude oil
fm51 has a viscosity ofh5100 cP. Between these two lim
its, the viscosity rises monotonically and increases more r
idly as fm→1.

IV. ANALYSIS

In order to parameterize the behavior ofI (q) as a func-
tion of fm and time,t, we fit I (q) using a model that has
been applied to SACO/BPCO mixtures long after aggre
tion has taken place. The model assumes that the scatte
arises from three distinct sources: constant incoherent s
tering intensity,I incoh, from the hydrogen nuclei, Lorentzia
scattering from nanometer-scale unaggregated aspha
particles, and surface scattering from significantly larger
phaltene aggregates. The functional form is:7

I ~q!5I incoh1I L /~11q2j2!1I surf~q/q1!2a, ~1!

whereI L represents the Lorentzian scattering intensity of
unaggregated asphaltene particles;j represents a correlatio
length associated with the size of the particles;I surf repre-
sents the magnitude of the surface scattering intensity at
lowest wave number,q150.0027 Å21, we probe; anda is
the exponent associated with the logarithmic slope of
surface scattering at lowq. This functional form does no
attempt to extract the likely continuum of sizes of asphalte
structures that may occur during aggregation, but inste
lumps all of the contributions from the these structures i
the third power-law surface scattering term.

The solid lines in Figs. 1–4 represent the fits to t
SANS data using Eq.~1! where the background incohere
scattering intensity has been fixed to beI incoh'1.3 cm21

based on scattering measurements at higherq where it is
more clearly defined. For all mixing volume fractions an

dFIG. 6. The temporal dependence of the intensity of the Lorentzian fit
term,I L , obtained from the fits of the data in Figs. 1–4. The mixing volum
fractions arefm50.1 ~triangles!, 0.2 ~diamonds!, 0.3 ~squares!, and 0.4
~circles!. The solid lines guide the eye.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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times, the fits in Figs. 1–4 agree very well with the data.
show the time dependence of the parameters associated
the Lorentzian term,I L andj, in Figs. 6 and 7, respectively
The overall amplitude of the Lorentzian intensity in Fig.
increases withfm as more SACO asphaltenes are added
the mixture. Because the overall amplitude ofI L is low for
fm50.1, there is a significant scatter and it is difficult
precisely determine the evolution ofI L and j from the fits.
Moreover, the limitedq range increases the uncertainty
value of j. At fm50.2 and 0.3, we observe an overall d
crease in bothI L and j toward longer times. This indicate
that the population of asphaltene particles is becoming
pleted and smaller in size at longer times. Atfm50.4, both
I L andj remain roughly constant, indicating that only a re
tively small population of asphaltene particles are particip
ing in the aggregation. Finally, we plot the surface scatter
parameters,a and I surf, as a function of time,t, for the dif-
ferent fm in Figs. 8 and 9, respectively. We find thata is
small at early times, increases at intermediate times that
come systematically longer for largerfm , and finally satu-
rates at the longest times at a value above 4 for allfm we

FIG. 7. The temporal dependence of the correlation length of the Lorent
fitting term, j, obtained from the fits of the data in Figs. 1–4. The mixi
volume fractions arefm50.1 ~triangles!, 0.2 ~diamonds!, 0.3 ~squares!, and
0.4 ~circles!. The solid lines guide the eye.

FIG. 8. The temporal dependence of the surface scattering power law
ponent,a, obtained from the fits of the data in Figs. 1–4. The mixi
volume fractions arefm50.1 ~triangles!, 0.2 ~diamonds!, 0.3 ~squares!, and
0.4 ~circles!. The dashed linea53 corresponds to fractal surfaces.
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explore. The behavior ofI surf over time is qualitatively simi-
lar to that of a, as shown in the log–log plot of Fig. 9
however,I surf increases by well over one order of magnitud

We define a time scaleta corresponding to the first ap
pearance of fractal aggregates having at least a size of a
100 nm by determining wherea(t).3, as shown in Fig. 10.
We define a different time scale,t I , associated with the ces
sation of the evolution of the aggregation process ove
similarly large length scale based on the knee in the gro
and long-time saturation ofI surf(t), shown for comparison in
Fig. 10. To describe the initial increase and subsequent s
ration of I surf(t), we have chosen an arbitrary function
form for the fit to be

I surf~ t !5I `

t/t I

11t/t I
. ~2!

The fits are shown by the solid lines in Fig. 9; we ha
excluded the early time data corresponding to an initial c
stant forfm50.3 andfm50.4. We find that the long-time

n

x-

FIG. 9. The temporal dependence of the intensity of the surface scatte
I surf , obtained from the fits of the data in Figs. 1–4. The mixing volum
fractions arefm50.1 ~triangles!, 0.2 ~diamonds!, 0.3 ~squares!, and 0.4
~circles!. The solid lines correspond to fits to the data using Eq.~2!.

FIG. 10. The characteristic aggregation timeta , determined from the cri-
teriona53 in Fig. 8, andt I , determined from the knees in the fits in Fig.
as a function of the SACO volume fraction,fm . The solid lines are fits
using Eq.~11! with df53 anda0550 Å, wherenc andfm* are allowed to
vary. For reference, the dashed lines represent times of one day and
week, respectively.
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saturated value of intensity,I `(fm), is approximately inde-
pendent offm so thatI `'100 cm21 is a good approxima-
tion. By contrast,t I does exhibit an interesting variation wit
fm ; we find thatt I lies systematically two to three time
larger thanta . This is reasonable sinceta is more closely
associated with the first stages of the aggregation.

V. INTERPRETATION AND DISCUSSION

In order to quantitatively understand the measured
crease in aggregation time scales with the mixing volu
fraction, we consider a physical model of diffusion-limite
aggregation kinetics of asphaltene particles. This mode
based on several simplifying assumptions that make the
timate of the time scale feasible, but may not realistica
describe the underlying microstructures. The asphaltene
ticles are considered to be spherical with an average hy
dynamic radius for translational diffusion ofa0'50 Å, cor-
responding to the initial Lorentzian feature inI (q). This
neglects the reasonable likelihood that the particles c
prised of several planar polyaromatic molecules may be
isotropic in shape. It also neglects the size polydispersity
the particles and the possibility that two large particles m
have a deeper attractive well than two small particles.
simplicity, the interaction between all particles is assumed
be very short ranged and much stronger than thermal ene
kBT, where kB is Boltzmann’s constant, so that particle
stick irreversibly when they touch. This neglects the pos
bility for equilibrium gas–liquid and gas–solid phase beha
ior near the boundary of compatibility that one would exp
if the particles could leave the aggregate reversibly due
relatively shallow attractive potential well.

We model the aggregates of many particles as fra
clusters. The clusters containingn particles also diffuse, bu
with an effective hydrodynamic radius,an , that reflects the
fractal dimension of the cluster,df :

an5a0n1/df, ~3!

so thatan grows linearly withn for rodlike clusters having
df51 and an grows with the cube root ofn for compact
clusters havingdf53. For diffusion-limited cluster aggrega
tion ~DLCA! of monodisperse spheres that stick with
shear-rigid bond at dilute volume fractions, experiments h
shown thatdf

DLCA'1.75.12 Simulations of simple diffusion
limited aggregation~DLA ! at infinitesimal dilution in which
particles aggregate one at a time onto a large cluster yie
larger fractal dimension ofdf

DLA52.5.
We account for the probability of one cluster encount

ing a neighboring cluster of the same size after diffusing o
intercluster spacing,dj , where the subscriptj refers to the
stage of the aggregation andn52 j 21 for simple doubling.
We take the encounter probability at stagej, pj , of a cluster
to bond with a cluster of about the same size to be the r
of the projected hydrodynamic area of six neighboring cl
ters onto a sphere of area 4pdj

3. Assuming all spheres ar
incorporated into clusters ofn particles at stagej, the volume
fraction of the particles,f, is given by:
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n~4pa0

3/3!

dj
3

. ~4!

This may actually underestimate the intercluster distan
since not all clusters will have precisely sizen at the same
instant. Solving for the average intercluster spacing, we fi

dj5a0S 4p2 j 21

3f D 1/3

. ~5!

Using this value for the spacing, the probability to encoun
a neighbor is essentially the square of the cluster radius o
the separation:

pj'
3

2 S aj

dj
D 2

'
3

2 S 4p

3f D 22/3

22~ j 21!~1/df21/3!; ~6!

for dilute solutions of clusters, the encounter probability c
be quite small, reflecting the fact that even though a clus
may diffuse a distancedj , it may not always find a neigh
boring cluster of a similar size.

We also hypothesize that the effective interaction pot
tial between two asphaltene particles or clusters include
repulsive barrier of heightU rep at a larger interparticle sepa
ration than the essentially infinitely deep short-range attr
tive well. The probability that thermal energy will drive tw
clusters together with sufficient energy to overcome the
pulsive barrier so that the particles can stick is

pstick5exp~2U rep/kBT!. ~7!

This sticking probability effectively incorporates several d
ferent physical effects that may occur when two anisotro
asphaltene particles encounter one another: The first effe
the repulsion that might be present when the aromatic st
tures of neighboring asphaltenes are oriented at right ang
The second effect is the presence of structures, such as
phatic side chains or resin molecules, between the asp
enes that might transiently inhibit their aggregation. We e
pect that the height of the repulsive barrier will increase w
fm as the solvent quality for the asphaltene particles
comes better and the particles become stable against a
gation. Likewise, we expectpstick→1 asfm→0 because the
solvent quality becomes very poor and the particles alw
stick together when they encounter each other, as in clas
DLA.

The characteristic time for two clusters at stagej to dif-
fuse and stick together,t j , is given by the simple diffusion
equation, modified to account for the capture probability:

t j5
dj

2/~6Dj!

pstickpj
, ~8!

where the diffusion coefficient is given by the Stokes
Einstein relation:

D j5
kBT

6pha02~ j 21!/df
. ~9!

Here, we have assumed that the convection associated
mixing the two oils together has died out before the agg
gation has occurred and that the motion of the cluster
only diffusive. Using Eqs.~3!–~9!, the characteristic time to
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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proceed from aggregation stagej 21 to aggregation stagej
can be expressed in terms of the fundamental physical
rameters:

t j5
2p

3 S 4p

3f D 4/3S a0
3h

kBTDexp~U rep/kBT!2~ j 21!~4/321/df!.

~10!

This time is proportional to the viscosity of the solution a
inversely proportional to the entropic osmotic pressure of
clusters,13 so that it diverges asf→0. It grows rapidly with
increasingj, and becomes very long for tenuous clusters t
have fractal dimensions significantly lower than 3. The pr
ence of a potential barrier stronger than thermal energy
also causes the time to become extremely long.

In order to calculate the total timet required for aggre-
gation to be completed to length scales larger than SA
probes, we sum all of the the characteristic timest j up to a
critical stagej c at which the clusters of aggregation numb
nc52 j c21 are significantly larger than theq range we probe.
By summing, we implicitly assume that the longest tim
scale at each stage is set by the diffusion and linking of
largest clusters from the previous stage; this summation
nores the possibility that several smaller clusters than
average may combine to yield large clusters. Assumingnc

@1 and using the differential relation dn/dj 52 j 21, we in-
tegrate Eq.~10! over n from n50 to n5nc and find:

t5
2p

3 S 4p

3f D 4/3S a0
3h

kBTDexp~U rep/kBT!S nc
4/321/df

4/321/df
D . ~11!

In Eq. ~11!, f, h, anddf may depend onfm . The parameter
nc is independent offm and is essentially set by the leng
scale of the cluster above which SANS becomes insens
to further aggregation. We expect this length scale to be
the order of 100 nanometers, since this is several times la
than q1

21 and that it should not depend onfm , since it re-
flects the lowest measurableq of the SANS apparatus.

Both the viscosity of the mixture and the volume fra
tion of particles that will eventually aggregate have be
measured as a function offm . We assume an empirica
functional form for describing the viscosity data in Fig. 5
be an exponential that incorporates a stretching exponeng

h~fm!5h0e~fm /fh!g
, ~12!

whereh0 is the viscosity of the light oil atfm50 andfh

represents the volume fraction of mixing above which
viscosity begins to increase rapidly. The fit to the data us
Eq. ~12! is shown by the solid line in Fig. 5; it describes th
measured viscosity well over the full range offm . From the
fit, we obtainh054.7 cP,fh50.41, andg51.3. At present,
we do not understand theoretically why Eq.~12! describes
the measured mixture viscosities.

The total volume fraction of particles available to agg
gate has been measured both by SANS and centrifugatio
quadratic form captures the initial rise inf at low fm due to
the addition of more of the asphaltene-containing oil in
bad solvent and the subsequent decrease inf at largerfm as
the solvent quality improves and the oils become m
compatible.7
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f~fm!5fSACOfm@12~fm /fc!#, ~13!

wherefSACO50.12 is the volume fraction of asphaltene pa
ticles in pure SACO oil andfc50.53 is the volume fraction
of mixing at which the oils are compatible and no aggrega
are observed.

By incorporating the measuredh(fm) andf(fm) in Eq.
~11!, we fit the SANS measurements ofta(fm) andt I(fm)
in Fig. 10 by fixing the fractal dimension to be that of
compact cluster (df53), assuming that the repulsive barri
grows linearly withfm , U rep5kBT(fm /fm* ), wherefm* is
the volume fraction of mixing at which the barrier height
equal to thermal energy, and allowing onlync and fm* to
vary. The fits, shown by the lines in Fig. 10, describe t
measured aggregation times well, and the values of the
rameters arenc52.23105 and fm* 50.068 for ta and nc

57.53105 and fm* 50.074 for t I . These two independen
fits yield nearly identical values forfm* ; this is reassuring
since one would expect the sticking probability to be ind
pendent of the criteria we have chosen to identify the t
different timesta andt I . From these values offm* and our
assumed linear model, we estimate the repulsive bar
height between asphaltenes as a function of solvent qua
and thereforefm , to be that shown in Fig. 11. At the large
fm50.4 that we have measured, we estimateU rep'5kBT.
From the fit, we also deduce that the two values ofnc imply
cluster radii of 300 nm corresponding to the definition
aggregation time based ona and 450 nm corresponding t
the definition of the aggregation time based onI. These val-
ues are reasonable, since they are consistent with the
that the strong low-q scattering is from the surfaces of com
pact asphaltene aggregates that are significantly larger
q1

21. If we allow the aggregates to be less compact, sedf

,3, and refit the data, we find that the quality of the fits a
the values offm* do not change; instead,nc increases and the
cluster radii become micron scale.

Although this simple model provides good fits to th
data using only two adjustable parameters, it does not in
porate all the possible physical parameters that may be
portant for describing the aggregation time. For instance,

FIG. 11. The estimated repulsive potential barrier height between aspha
particles,U rep, as a function of the volume fraction of SACO oil,fm , based
on the fits to the data in Fig. 10. The linear increase has been assumed
model.
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have completely neglected the polydispersity in the size
tribution of asphaltene particles, assuming that all partic
are monodisperse with a fixed radiusa0 that does not depen
on fm . Previous measurements of the correlation length
the particles that remain in suspension following mixing
dicate that only the largest of the asphaltene particles ag
gate near the compatibility boundary, implying thata0(fm)
may actually increase withfm . This could help account fo
the longer aggregation times observed asfm→fc without
the need to introduce as large a potential barrier. Also,
fractal dimension of the asphaltene aggregates may be
than 3, corresponding to clusters that are not comple
compact. Moreover, the fractal dimension could depend u
fm . Finally, we have ignored the possible rearrangemen
asphaltene particles once they stick to a cluster, and we h
also assumed that asphaltene particles do not reversibly l
the clusters as the solvent quality becomes better. Obse
tions using other techniques, especially real space meas
ments of asphaltene structures, are needed to further clar
these numerous assumptions are truly appropriate. For di
ent crude oil mixtures other than those of SACO and BPC
the scaling prediction of Eq.~11! can serve as a guide fo
making an initial prediction of the aggregation time. How
ever, a true theory of the DLCA kinetics that includes t
polydispersity of the particles, their anisotropic shapes,
the variation in the strength of the barrier height and
depth of the attractive potential well withfm , is still needed.

VI. CONCLUSION

This study represents the first successful application
TR-SANS as a tool for quantitatively measuring the kinet
of asphaltene aggreation in incompatiable mixtures of cr
oils. We have shown that TR-SANS can be used to simu
neously probe the time-dependent growth of the low-q scat-
tering intensity associated with aggregates of asphaltene
well as the reduction in the average size of the asphalte
nanoparticles that have not aggregated. Based on the inc
and subsequent saturation ofI (q) at low q, we have defined
characteristic aggregation times for asphaltenes in the c
oil mixtures. Using independent measurements of the v
Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP
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ume fraction of aggregates and the viscosity of the mixtur
we have been able to predict the behavior of the aggrega
time as a function offm based on simple scaling argumen
of cluster aggregation. This prediction yields divergences
t at fm50 andfm5fc since no particles are available t
aggregate in these limits. To precisely account for the m
sured increase in the aggregation time from several hour
low fm to several days at higherfm , we have hypothesized
that there is a repulsive barrier in the average interac
potential between asphaltene particles that depends on
effective solvent quality. By fitting our measurements of t
aggregation time as a function offm , we have deduced the
barrier heightU rep(fm). Finally, these measurements clear
show that tests for crude oil incompatibility should be mo
fied to account for the possibility of long aggregation tim
more than the several days that we have observed.
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