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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 BACO) with a paraffinic British crude oil and observe the scattered
neutron intensityl, as a function of wave numbag, over timest, ranging from twenty minutes to

about a week. We observe a growthlimt low g as the nanoscale asphaltenes agglomerate into
microscale aggregates and interpret this growth as an increase in surface scattering from the
aggregates. We fit(g,t) to an empirical model and measure the growth in the power-law exponent,

«, associated with the low-logarithmic slope ofl (q). We define a timer,, associated with the

first appearance of the aggregates whet8; 7, increases as a function of the volume fractigg,,

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 scalg,, which is larger thanr, but has essentially the same
dependence ow,,. We interpretr,(¢,,) andr, (., 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 Physic§DOI: 10.1063/1.1572457

I. INTRODUCTION simple quantitative analysis possible, and might work even
for complex practical systems such as crude oil mixtures. In
One of the least understood aspects of the incompatibilerude oil mixtures, both the concentration of asphaltenes and
ity of crude oils is the dynamic process of asphaltene aggrethe strength of the average interparticle attraction may
gation. When a heavy oil containing thermally dispersed arochange as a function of the volume fraction of mixing of the
matic asphaltenes is mixed with a lighter, nonpolar,asphaltene-containing oifs,,, there may be a wide range of
paraffinic oil, the interactions between the asphaltenes cafime scales over which the aggregation can take place.
become strongly attractive, leading to asphaltene Recently, small angle neutron scatterif§ANS) has
aggregatiort.* Typically, the initial convective shear mixing heen used to examine the static structure of asphaltenes in
is completed rapidly compared to the time scales associatqficompatible crude oil mixtures systematically long after the
with the asphaltene aggregation. In this case, the asphalteggs have been blend€dThis work represents a direct ap-
particles diffuse and stick together to form aggregates whegroach for detecting and quantifying how much paraffinic oil
the depth of the attractive well in their interaction potential can be added to an aspha]tenic oil before aspha|tene aggre-
significantly exceeds thermal energy. Based on our knowlyation occurs for nativéi.e., undeuteratedcrude oils, de-
edge of the aggregation kinetics of model colloids, such agpite significant incoherent scattering from the high density
polystyrene spher@and emulsion droplefsyve expect that  of hydrogen nuclei. In particular, the SANS intensity analy-
the kinetics of the aggregation process may be dependent @fis method discussed in this work permits the quantification
the concentration of the asphaltenes present in the mixturgs the degree of asphaltene aggregation either from the pres-
and also on the stabilizing repulsive barrier and the shorterance of surface scattering from the aggregates or from a re-
range attractive well in a hypothetical average interactionyction in the scattering from the colloidal scattering signa-
potential. In fact, the very idea of using a single pair inter-y e of asphaltene nanoparticles. Applying SANS directly to
action potential to describe the average interactions betwees} de oil mixtures and using the systematic analysis method

a wide variety of differently shaped asphaltene particles inepresents a significant advance over other SANS studies of
crude oil mixtures may be too simplistic since the 'nterac'asphaltenes in deuterated solveéhtd.

tions may arise from different sources and may be orienta- |, this article, we present neutron scattering measure-
tion dependent. However, the traditional approach to explaing,ents of the aggregation time scales for an incompatible
ing aggregation from a single interaction potential makespixture of asphaltene-rich Syrian crude (8ACO) and par-
affinic British crude oil(BPCO crude oils as a function of
dElectronic mail: thomas.g.mason@exxonmobil.com the mixing volume fraction. Rather than studying the static
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FIG. 1. (Color) Measured scattered neutron intensityas a function of ~ FIG. 3. (Color) Scattered neutron intensity,as a function of wave number,
wave numberg, for a SACO/BPCO crude oil mixture at a SACO volume g, for a SACO/BPCO crude oil mixture at,,=0.3. The symbols and lines
fraction of ¢,,=0.1 at timeg(in order from bottom to topof t=600 s(blue have the same meaning as in Fig. 1.

crossed open squajes3600 s (black open circles 1.1xX10* s (magenta

open squares 1.9x10* s (light green open triangles2.8x 10% s (purple

open diamonds 3.7< 10* s (dark green inverted trianglgs2.6<10°s (or-  |ength scales we probe. In order to understand the measured

ange solid diamonds4.8x 10° s (light blue solid squarésand 6.0<10° s time scales. we have developed a simple scaling model for
(red solid circleg following mixing. The open symbols represent early time . . . . L .
measurements on the same sample immediately after mixing, and the solffl€ aggregation time based on diffusion-limited aggregation

symbols represent different samples that were premixed days before tH#1at broadly explains the measurements and may be used to
measurements. The solid lines are fits to the data using1q. estimate the aggregation time for other incompatible crude

oil mixtures.

structure long after mixing, we use time-resolved-SANS
(TR-SANS to study the aggregation process by measurindl' EXPERIMENT

the time evolution of the scattered neutron intendityas a To obtain TR-SANS measurements of the aggregation
function of wave number, after mixing for several differ- kinetics over a wide range of time scales, we have used
ent ¢,,. Using our previously developed analytical method essentially two different sets of samples. To determine the
that separates out contributions to the scattering from unagdeng-time behavior over many days while conserving neu-
gregated asphaltene particles and larger asphaltene aggtesn beam time, we have premixed several sets of crude oil
gates, we are able to track the formation, growth, and satumixtures of SACO and BPCO at identicé},,=0.1, 0.2, 0.3,
ration of the asphaltene aggregates following the mixing ofand 0.4 on different days preceding the measurements. These
the two crude oils. Using this method, we parameterize thgamples have been loaded into individual 2 mm quartz cells
strong increase ih(q) at low q resulting from the surface after shaking to redisperse any asphaltene aggregates that
scattering as the aggregates grow. This provides quantitativ@ay have settled. To determine the short-time behavior over
measures of the time scales associated with the first recogime scales less than roughly one day, we made a single set
nizible aggregates and also time scales associated with thg mixtures for the same set of,,,, loaded them into 2 mm
cessation of evolution of the aggregate structures over the
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FIG. 4. (Color) Scattered neutron intensity,as a function of wave number,
FIG. 2. (Color) Scattered neutron intensity,as a function of wave number, g, for a SACO/BPCO crude oil mixture a,,=0.4. The symbols and lines
g, for a SACO/BPCO crude oil mixture at,,=0.2. The symbols and lines have the same meaning as in Fig. 1, except the dark green inverted triangles
have the same meaning as in Fig. 1. refer to timet=28.6x 10" s.
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FIG. 5. Steady shear viscosity of SACO/BPCO crude oil mixtures measuredflG. 6. The temporal dependence of the intensity of the Lorentzian fitting

at a shear rate of 200 $as a function of the volume fraction of SACO oil, term,l_, obtained from the fits of the data in Figs. 1-4. The mixing volume

¢m. The solid line represents a fit to the data using @8). fractions are¢,,=0.1 (triangles, 0.2 (diamond$, 0.3 (squares and 0.4
(circles. The solid lines guide the eye.

quartz cells, placed the cells in the SANS automated sample ) .
) . : roughly one day, and approaches a final terminal shape at the

cell holder, and immediately commenced the scattering mea- .
ongest times we measure. The measurements for the other

surements. The SANS measurements were performed at trtl\,(\alo & in Figs. 2 and 3 lie systematically between these two
NIST Center for Neutron Research using the 30 m NG7 in- m gs. Y y
strument extremes.

. . ' The measured dependence of the viscosity of the crude
Since we wish to detect the first appearances of surface,, . - S
. . 0il mixtures on the mixing volume fraction is shown by the
scattering from aggregates, we set the array detector distance

to correspond to the lowest possitderange, 0.0027 A? p'oints.in Fig. 5. The light BPCO crude oil g,=0 has a
<q=0.050 A * at the neutron wavelength ié fixed BES viscosity of =4.4 cP, whereas the heavy SACO crude oil at

A. The minimum data collection time to obtain reasonable.qsm:1 hgs a\_/lscpsny of7=100_cP. Betwe_en these two lim-

statistics was about 20 min, essentially the smallest time aﬁs' the viscosity rises monotonically and increases more rap-
. P idly as ¢,,— 1.

which we could observi(q). Similarly, each measurddq) m

represents a temporal average of scattering from the aspha'{; ANALYSIS

ene structures over a 20 min period. The entire experiment”

has been carried out at room temperatdre,23 °C. In order to parameterize the behaviorlg) as a func-
Because we expect the time scales of aggregation to déon of ¢, and time,t, we fit 1(q) using a model that has

pend on the viscosity of the crude oil mixturg, we have been applied to SACO/BPCO mixtures long after aggrega-

measured the steady shear viscosity of SACO/BPCO mixtion has taken place. The model assumes that the scattering

tures as a function of,,. The samples are mixed at room arises from three distinct sources: constant incoherent scat-

temperature and immediately loaded into a concentric cylintering intensity,li,con, from the hydrogen nuclei, Lorentzian

der couette geometry on a strain controlled rheometer. Wecattering from nanometer-scale unaggregated asphaltene

find that a shear rate of 200%is sufficiently large for the particles, and surface scattering from significantly larger as-

torque on the fixed inner cylinder to be measured atgll phaltene aggregates. The functional fornf is:

including low ¢,, where the viscosity and torque are small. _ 2.2 —a

For each sample, the measurement takes only several hun- (@) =lincort 1L /(140765 + a0/ A1) @

dred seconds, so this viscosity represents the short-time limherel, represents the Lorentzian scattering intensity of the

of a homogeneous mixture before asphaltenes have aggrenaggregated asphaltene particlésepresents a correlation

gated. Subsequent measurements of the viscosity at longt@ngth associated with the size of the particleg; repre-

times show that it does not change appreciably for this mixsents the magnitude of the surface scattering intensity at the

ture even after the aggregation has occurred. lowest wave numberg;=0.0027 A%, we probe; and is

the exponent associated with the logarithmic slope of the

surface scattering at low. This functional form does not

attempt to extract the likely continuum of sizes of asphaltene
We show the temporal evolution df(q) for SACO/  structures that may occur during aggregation, but instead,

BPCO mixtures atp,,=0.1, 0.2, 0.3, and 0.4 in Figs. 1-4, lumps all of the contributions from the these structures into

respectively. The sample with the lowest,=0.1 exhibits a  the third power-law surface scattering term.

rapid initial increase in the low scattering intensity fol- The solid lines in Figs. 1-4 represent the fits to the

lowed by a saturation df(q) toward a final terminal shape at SANS data using Eq.1) where the background incoherent

long times. The sample with the highest,= 0.4 exhibits an  scattering intensity has been fixed to bgy~1.3cm?

I(g) that changes little at the earliest times we measurebased on scattering measurements at higherhere it is

increases significantly over in(q) at low q over a time of more clearly defined. For all mixing volume fractions and

Ill. RESULTS
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) ~ FIG. 9. The temporal dependence of the intensity of the surface scattering,
FIG. 7. The temporal dependence of the correlation length of the Lorentziap . ghtained from the fits of the data in Figs. 1-4. The mixing volume

fitting term, g obtained from tr_]e fits of the Qata in Figs. 1-4. The mixing ¢ actions are¢,=0.1 (triangleg, 0.2 (diamonds, 0.3 (squarel and 0.4
volume fractions areb,=0.1 (triangle, 0.2 (diamonds, 0.3(squares and  (gjrcle. The solid lines correspond to fits to the data using @)
0.4 (circles. The solid lines guide the eye.

times, the fits in Figs. 1—4 agree very well with the data. WeSXPlore. The behavior df, over time is qualitatively simi-

show the time dependence of the parameters associated wiff © that of @, as shown in the log—log plot of Fig. 9;
the Lorentzian terml, and¢, in Figs. 6 and 7, respectively. however| surfINcreases by well over one _order of ma_lgmtude.
The overall amplitude of the Lorentzian intensity in Fig. 6 /e define a time scale, corresponding to the first ap-
increases withp,, as more SACO asphaltenes are added td€arance of fracta! a}ggregates having at least asize of about
the mixture. Because the overall amplitudel ofis low for 100 nm by determining where(t)>3, as shown in Fig. 10.
#m=0.1, there is a significant scatter and it is difficult to W& define a different time scale,, associated with the ces-
precisely determine the evolution bf and ¢ from the fits, ~ Sation of the evolution of the aggregation process over a
Moreover, the limitedq range increases the uncertainty in Similarly large length scale based on the knee in the growth
value of & At ¢,=0.2 and 0.3, we observe an overall de- and long-time sat_uratlon_(b_gm(t_), shown for comparison in
crease in both, and ¢ toward longer times. This indicates F|g. 10. To describe the initial increase and_subsequer_n satu-
that the population of asphaltene particles is becoming dg@tion of lsu{t), we have chosen an arbitrary functional
pleted and smaller in size at longer times.t=0.4, both  orm for the fit to be

I, and & remain roughly constant, indicating that only a rela- t/ 7

tively small population of asphaltene particles are participat- |sun(t)=|oc71+t/7I : 2

ing in the aggregation. Finally, we plot the surface scattering _ o o

parametersq and |, as a function of timet, for the dif-  The fits are shown by the solid lines in Fig. 9; we have
ferent ¢, in Figs. 8 and 9, respectively. We find thatis excluded the early time data corresponding to an initial con-
small at early times, increases at intermediate times that b&tant for ¢,=0.3 and¢,=0.4. We find that the long-time
come systematically longer for largér,,, and finally satu-
rates at the longest times at a value above 4 forbg/lwe

10 ;
5 ——rr——rrrr——rrrrr—T -' 106 e :
4 F ot2 * O ]
3k Y Ty 100 .
S SRR R LR 2
Y toe ] Gy '
Ry PN 0 01 02 03 04 05
100 100 100 10° 10 O
t (S) FIG. 10. The characteristic aggregation timg, determined from the cri-

terion =3 in Fig. 8, andr, , determined from the knees in the fits in Fig. 9,
FIG. 8. The temporal dependence of the surface scattering power law exas a function of the SACO volume fractiog,,. The solid lines are fits
ponent, e, obtained from the fits of the data in Figs. 1-4. The mixing using Eq.(11) with d;=3 anda,=50 A, wheren, and ¢}, are allowed to
volume fractions areb,,= 0.1 (triangles, 0.2 (diamond$, 0.3 (squares and vary. For reference, the dashed lines represent times of one day and one
0.4 (circles. The dashed linee=3 corresponds to fractal surfaces. week, respectively.
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saturated value of intensity,.(¢,,), is approximately inde- n(4rad/3)
pendent of¢,, so thatl.,~100cni ! is a good approxima- = —30. (4)
tion. By contrast;; does exhibit an interesting variation with d;

¢m; we find thatr lies systematically two to three times This may actually underestimate the intercluster distance,
larger thanr, . This is reasonable since, is more closely  gjnce not all clusters will have precisely simeat the same

associated with the first stages of the aggregation. instant. Solving for the average intercluster spacing, we find:
477,2] -1\ 1/3
dJ =ap 34 ) )

V. INTERPRETATION AND DISCUSSION
Using this value for the spacing, the probability to encounter

In order to quantitatively understand the measured iny pejghbor is essentially the square of the cluster radius over
crease in aggregation time scales with the mixing volumgne separation:
fraction, we consider a physical model of diffusion-limited
aggregation kinetics of asphaltene particles. This model is _ 3

based on several simplifying assumptions that make the es- "~ 2 T2

tlmatg of the time s_cale f.ea5|ble, but may not real|st|callyf0r dilute solutions of clusters, the encounter probability can
describe the underlying microstructures. The asphaltene Pl quite small, reflecting the fact that even though a cluster
ticles are considered to be spherical with an average hydro- '

dynamic radius for translational diffusion af~50A, cor- oY diffuse a distancd; , it may not always find a neigh-

responding to the initial Lorentzian feature | This boring cluster of a similar size.
P 9 o 'OQ)i We also hypothesize that the effective interaction poten-
neglects the reasonable likelihood that the particles com-

. . tial between two asphaltene particles or clusters includes a
prised of several planar polyaromatic molecules may be a

: o ) . . repulsive barrier of height) ., at a larger interparticle sepa-
isotropic in shape. It also neglects the size polydispersity o b 9Mrep g P P

the particles and the possibility that two larae particles ma ation than the essentially infinitely deep short-range attrac-
b b y ge partl Yive well. The probability that thermal energy will drive two
have a deeper attractive well than two small particles. For

NI . ) . . clusters together with sufficient energy to overcome the re-
simplicity, the interaction between all particles is assumed t g 9y

ulsive barrier so that the particles can stick is
be very short ranged and much stronger than thermal energy, P

kgT, wherekg is Boltzmann’s constant, so that particles Pstick= EXP — U ep/KgT). 7

stick irreversibly when they touch. This neglects the possi-.l.h. icki ility effectively i | dif-
bility for equilibrium gas—liquid and gas—solid phase behav- s sticking probability effectively incorporates several di

ferent physical effects that may occur when two anisotropic

lor near the boundary of compatibility that one would e>(pm;tasphaltene particles encounter one another: The first effect is

i thg particles could Ieaye the aggregate reversibly due to the repulsion that might be present when the aromatic struc-
relatively shallow atiractive potential well. . ures of neighboring asphaltenes are oriented at right angles.
We model the aggregafcels of many part|clgs as fract he second effect is the presence of structures, such as ali-
clgsters. The F:Iusters contaln[mlgoarjrlcles also diffuse, but phatic side chains or resin molecules, between the asphalt-
wiih an .eﬁec“?’e hydrodynamic radluan, that reflects the enes that might transiently inhibit their aggregation. We ex-
fractal dimension of the cluster: pect that the height of the repulsive barrier will increase with
¢m as the solvent quality for the asphaltene particles be-
comes better and the particles become stable against aggre-
gation. Likewise, we expeig;«— 1 as¢,— 0 because the
so thata, grows linearly withn for rodlike clusters having selvent quality becomes very poor and the particles always
di=1 anda, grows with the cube root ofi for compact  stick together when they encounter each other, as in classical
clusters havingl;= 3. For diffusion-limited cluster aggrega- pLA.
tion (DLCA) of monodisperse spheres that stick with a  The characteristic time for two clusters at stage dif-
Shear-l’igid bond at dilute volume fraCtiOI"IS, experiments havwse and stick togethet’ , is given by the Simple diffusion
shown thatdP"“*~1.75!* Simulations of simple diffusion equation, modified to account for the capture probability:
limited aggregatior{DLA) at infinitesimal dilution in which )
particles aggregate one at a time onto a large cluster yield a t:dj /(D))
larger fractal dimension ofP**=2.5. 7 Pstickdj
We account for the probability of one cluster encounter—Where the diffusion coefficient is given by the Stokes—
ing a neighboring cluster of the same size after diffusing ON&-. tain relation:
intercluster spacingd;, where the subscrigtrefers to the ’
stage of the aggregation amd=2) "1 for simple doubling. KgT
We take the encounter probability at stgge;, of a cluster D; :m-
to bond with a cluster of about the same size to be the ratio 7780
of the projected hydrodynamic area of six neighboring clusHere, we have assumed that the convection associated with
ters onto a sphere of areardf’. Assuming all spheres are mixing the two oils together has died out before the aggre-
incorporated into clusters of particles at stagg the volume  gation has occurred and that the motion of the clusters is
fraction of the particlesg, is given by: only diffusive. Using Eqs(3)—(9), the characteristic time to

al

2 3(4xw
d;

-23
- @) 22(j=1)(Ld~1/3). (6)

a,=agnd, ©)

®

(€)
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oo

proceed from aggregation stage 1 to aggregation stage 1 3
can be expressed in terms of the fundamental physical pa- 3 <

rameters:
s &
m
2
~—

3
agm )
i exp(U rep/ kgT) 2(j=1)(4/3-1/dy)

kgT
10 g

This time is proportional to the viscosity of the solution and =
inversely proportional to the entropic osmotic pressure of the
clusterst® so that it diverges ag—0. It grows rapidly with . ]
increasing, and becomes very long for tenuous clusters that PSP
have fractal dimensions significantly lower than 3. The pres- 0 01 02 03 04 05
ence of a potential barrier stronger than thermal energy can ¢
also causes the time to become extremely long. m

In order to calculate the total timerequired for aggre- FIG. 11. The estimated repulsive potential barrier height between asphaltene
gation to be completed to Iength scales Iarger than SANQarticIe_s,Urep, asafunctiqn of the voIl_Jme fr_action of SACO af#,,, based _
probes, we sum all of the the characteristic timJeBp to a omnotdheellﬂts to the data in Fig. 10. The linear increase has been assumed in the
critical stagej. at which the clusters of aggregation number
n.=2lc"1 are significantly larger than thgrange we probe.
By summing, we implicitly assume that the longest time _ _
scale at each stage is set by the diffusion and linking of the Hlbm) = bsacobnl 1= (ém/ do)l, 3
largest clusters from the previous stage; this summation igivhere¢saco="0.12 is the volume fraction of asphaltene par-
nores the possibility that several smaller clusters than thécles in pure SACO oil and.=0.53 is the volume fraction
average may combine to y|e|d |arge clusters. Assumn'pg of mixing at which the oils are Compatible and no aggregates
>1 and using the differential relatiom¢dj=21"%, we in-  are observed.

tegrate Eq(10) overn from n=0 to n=n, and find: By incorporating the measureg( ¢,) and¢(¢y,) in Eq.
(11), we fit the SANS measurements 8f( ¢,,) and 7( )
2m (4w c in Fig. 10 by fixing the fractal dimension to be that of a
3 @ eXA(U e/ kg T) 4/3—1/d)’ (11) compact clusterd;=3), assuming that th*e repulsive*barrier
grows linearly with¢y,, U,e;=KgT(dm/ dp), Where oy, is
In Eq. (11), ¢, 7, andd; may depend orp,,,. The parameter  the volume fraction of mixing at which the barrier height is
n. is independent offy, and is essentially set by the length aqual to thermal energy, and allowing oy and ¢* to
scale of the cluster above which SANS becomes insensitivesry The fits, shown by the lines in Fig. 10, describe the

to further aggregation. We expect this length scale to be ofyeasured aggregation times well, and the values of the pa-
the orq?r of 100 nanometers, since this is several tlmes larg@smeters aren,=2.2x10° and ¢}%=0.068 for =, and n,
thanq, = and that it should not depend a#y,, since it re-  —7 55105 and ¢*=0.074 for 7,. These two independent
flects the lowest measurabieof the SANS apparatus. fits yield nearly identical values fog* ; this is reassuring
Both the viscosity of the mixture and the volume frac- gince one would expect the sticking probability to be inde-
tion of particles that will eventually aggregate have beemandent of the criteria we have chosen to identify the two
measured as a function ap,,. We assume an empirical gitterent timesr, and 7, . From these values af%, and our
functional form for desc_nblng the viscosity da_ta in Fig. 510 35sumed linear model, we estimate the repulsive barrier
be an exponential that incorporates a stretching exponent, hejght hetween asphaltenes as a function of solvent quality,
- noe“f’m"%)y, (12) and thereforep,,, to be that shown in Fig. _11. At the largest
¢m=0.4 that we have measured, we estimatg,~5kgT.
where 7, is the viscosity of the light oil at),,=0 and¢, From the fit, we also deduce that the two valuesofmply
represents the volume fraction of mixing above which thecluster radii of 300 nm corresponding to the definition of
viscosity begins to increase rapidly. The fit to the data usingiggregation time based anand 450 nm corresponding to
Eq. (12) is shown by the solid line in Fig. 5; it describes the the definition of the aggregation time basedloifhese val-
measured viscosity well over the full range@f,. From the ues are reasonable, since they are consistent with the idea
fit, we obtainy,=4.7 cP,¢,=0.41, andy=1.3. At present, that the strong lowg scattering is from the surfaces of com-
we do not understand theoretically why EG2) describes pact asphaltene aggregates that are significantly larger than
the measured mixture viscosities. ql’l. If we allow the aggregates to be less compact,dset
The total volume fraction of particles available to aggre-<3, and refit the data, we find that the quality of the fits and
gate has been measured both by SANS and centrifugation. the values ofp}, do not change; instead, increases and the
quadratic form captures the initial rise éhat low ¢,, due to  cluster radii become micron scale.
the addition of more of the asphaltene-containing oil in the  Although this simple model provides good fits to the
bad solvent and the subsequent decreagganlarger¢,, as  data using only two adjustable parameters, it does not incor-
the solvent quality improves and the oils become moreporate all the possible physical parameters that may be im-
compatible’ portant for describing the aggregation time. For instance, we

t_277 4
173 13¢

= S )

43/ .3 4/3— 1/d;
N n

kgT

T=
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have completely neglected the polydispersity in the size disume fraction of aggregates and the viscosity of the mixtures,
tribution of asphaltene particles, assuming that all particlesve have been able to predict the behavior of the aggregation
are monodisperse with a fixed radiaigthat does not depend time as a function ofb,,, based on simple scaling arguments
on ¢,,. Previous measurements of the correlation length obf cluster aggregation. This prediction yields divergences in
the patrticles that remain in suspension following mixing in- 7 at ¢,,=0 and ¢,,= ¢, since no particles are available to
dicate that only the largest of the asphaltene particles aggreggregate in these limits. To precisely account for the mea-
gate near the compatibility boundary, implying tlea( ¢.,) sured increase in the aggregation time from several hours at
may actually increase witkb,,. This could help account for low ¢, to several days at highef,,, we have hypothesized
the longer aggregation times observeddas— ¢, without  that there is a repulsive barrier in the average interaction
the need to introduce as large a potential barrier. Also, theotential between asphaltene particles that depends on the
fractal dimension of the asphaltene aggregates may be lesffective solvent quality. By fitting our measurements of the
than 3, corresponding to clusters that are not completelaggregation time as a function ¢f,,, we have deduced the
compact. Moreover, the fractal dimension could depend upobarrier heightJ . ¢,). Finally, these measurements clearly
¢ - Finally, we have ignored the possible rearrangement o§how that tests for crude oil incompatibility should be modi-
asphaltene particles once they stick to a cluster, and we hav&d to account for the possibility of long aggregation times
also assumed that asphaltene particles do not reversibly leaweore than the several days that we have observed.
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