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Asphaltenes are molecules which can undergo a thermodynamic itigidd phase separation from
sufficiently paraffinic solutions. The asphaltene-rich phase thus formed often has a high glass-transition
temperature, and thus a fractal morphology results. Here, we report temperature and time-dependent neutron
scattering studies which elucidate the solution behavior of asphaltenes. The temperampesition
dependence of the asphaltene precipitation phase boundary is shown to be consistent with that expected due
to solution theory. We report temperature- and concentration-dependent viscosity data which demonstrate that
the high viscosity of asphaltene-containing systems is due to their proximity to the glass transition and the
reduction of viscosity with dilution is no more than a plasticization effect, or a reduction of the glass transition
with dilution.

Introduction molecules to associate. These must be taken into account when
applying a solution theory. The association of asphaltenes in
dilute solvent solutions has been studied by various techifiques
and is still discussed in terms of colloidal or nanoaggregate
fpictures. Especially where the system is compositionally highly
bimodal, that is, extracted asphaltenes and a light solvent, there
can be regimes where such descriptions as colloidal or surfactant
analogies can describe some properties. To be clear, asphaltenes
do associate. However, they do not behave as surfactants.
hallmark of micellization is the large finite aggregation number,

Asphaltenes, often defined by their solubility characteristics
are made up of the higher molecular weight and more polar
and aromatic molecules in petroleum. We have previously
argued that their phase behavior can be explained in terms o
the solution behavior of complex molecular mixtute=urther-
more, we have shown that the small-angle “Guinier” scattering
in asphaltene-containing mixtures arises from the ephemeral
concentration fluctuations characteristic of a multicomponent

zli\r;gIre-eprna?lgofg(ljl{’tlg(r:‘altrtlewne V;:Zg ?:Oﬂ]a:iesfgﬁéa“ﬁgjs:n(ﬂ which is in contrast to asphaltene associations which can grow
9 9 P as dimers, trimers, and so forth.

insoluble asphaltenes, or other solids. The scattering peak often There is one important situation where asphaltenes do indeed

ob_served from con_cgntrated asphaltenes_can be considere xhibit colloidal behavior. After asphaltenes phase-separate from
spinodal decomposition, arrested as a microphase-separate

structure. The fractal appearance of precipitated asphaltenes is solution as an extremely viscous, virtually solid or glasslike
due to the fact that the phase into which they phase-separate ié)hase, the particles formed by that phase can act as cdoids.

a highly viscous glasslike liquid state, and the high (and strong| As we have discussed previously, however, this colloidal-like
gnly 9 q e 2 9 9y asphaltene phase is thermodynamically a liquid (or glass), and
temperature-dependent) viscosity of bitumen and asphaltenic

mixtures is due to their proximity to the glass transition at high temperatures or under various compositional situations
We have previously discussed at lerigtiow data from where the solvent incorporates into that phase, the asphaltene-

various techniques including neutron scattering and viscometr rich phase will act as a second liquid phase, exhibiting
-chnig uding . e yphenomena such as coarsening and coalesecnce rather than
have traditionally been interpreted with tassumptiorthat one

. . . . : colloidal aggregatio.
is measuring a colloidal suspension or a micellar system, rather

than proving that it is such. While micellar and colloidal models Here, we present neutron scattering studies addressing the
(see Fr)efs Zgand 3 and the. references in refs 1 and 4) roVided’[emperature and composition dependence of the phase diagram
. - . . . Providet, 4 the kinetics of phase separation. We also present viscosity
simple analogies to explain particular behaviors, by freeing

ourselves from taking these analogies too seriously. we haVeresults showing how the decrease in viscosity with dilution is
9 . Y \ . _a plasticization effect. These results help quantify and strengthen
been able to make substantial progress toward understandin

the role of asphaltenes in effecting the phase behavior, morphol-qhe simple understanding of asphaltenes discussed earlier.

ogy, and viscosity. (5) Andreatta, G.; Bostrom, N.; Mullins, O. Cangmuir2005 21, 2728.
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Experimental Section SANS in 1% solution in d-1methylnaphthalene
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—=— 30:70 tol:nC7 precipitate
—— Whole C7 asphaltene
—e— C7 asphaltenes from 30:70 DAO

Small-angle-neutron scattering (SANS) data were taken on the
NG7 30 M diffractometer at the NIST Cold Neutron Research
Facility, configured at a wavelengfh= 6.0 A and collected using
a two-dimensional area detector. The sample-to-detector distance
was 2 m for low resolution and 15 m for high resolution. Thus, the
overall range of scattering wavevectors studied was 0:0@R<
0.15 AL, q = (47/2) sin 8, where B is the scattering angle.

Our deasphalting procedure involved mixing the solvent or
solvent mixture at 10 parts solvent to 1 part oil by volume in a
round-bottom flask and stirring overnight at room temperature. The
mixture containing precipitated asphaltene was then filtered using 10"
a preweighed Buchner glass frit (medium) filter. The filter was then 0.001 q [A'1] 0.01
washed with the same solvent mixture used for precipitation until
the filtrate was clear. The bulk of the solvent was removed from Figure 1. 25°C SANS patterns of 1% asphaltene solutions in d-1mn
the deasphalted oil using a rotary evaporator af@for about of whole nC7 asphaltenes, the 30:70 toluene/heptane asphaltenes, and

1-1.5 h. The deasphalted oil was then further dried by heating in e C7 asphaltenes obtained from a deasphalted oil of the 30:70
a vacuum oven at 98C for 1 h. The solid asphaltenes were dried Precipitation.

in a vacuum oven at 90C for 14 h and removed from the filter ) . . .
after weighing. to find themselves in contact with each other with a preponder-

A Canadian bitumen was first subjected to the deasphalting @nce determined by Boltzman-like weighting. Since molecules
procedure at a toluene/heptane ratio of 30:70. This caused onlyin @ liquid are undergoing constant diffusive motion, such
1% of the material to be precipitated, about 1/3 of which was clustering of like molecules is ephemeral. For example, in an
inorganic ash. This left the remaining oil and the asphaltenes that “A”/“B” mixture, if one takes a spacetime average of the radial
would precipitate from it to be “clean”. The deasphalted oil from distribution function, one finds that the probability of finding
this first step was then subjected to heptane deasphalting, yieldingan “A” molecule at a given position decreases compared to that
~15% asphaltenes. These were used in the neutron scattering studys tpe average composition as you move further away. The
presented below. distance over which that timespace average probability decays

is known as the correlation lengt§, The correlation length
Neutron Scattering increases as phase separation is approached and diverges

Much neutron and X-ray scattering work has been done on pontlnuously at a liquigliquid critical point. One may be

asphaltenic systems, and references can be found in re\Agws. inclined to draw aggregates of d'men5'®m schematic
; . - cartoons, but one must always remind oneself that these are
As stated earlier, much experimental data have typically been . S . S e
. o Al -~ hot objects with dimensiog, but rather a statistical description
analyzed and discussed within the context of certain “colloidal - ; . -
. ) of a liquid. The resulting small-angle scattering arising from
models which we have argued are not representative of the PR o !
. ) such an average distribution is a Lorentzian line shape, which
relevant physical phenomena in these systeAsphaltenes are .. . S . Lo .
> . - - is identical to the Guinier form in the low-angle limit. This
molecules with moderately high molecular weights and high

- i . X scattering is typical of asphaltenes in a single-phase solution.
solubility parameters. Having a high aromatic content, they form .
- . ) . We carried out a SANS study of the temperature dependence
true solutions in acceptably aromatic solvents. But due to their

. T . and kinetics of asphaltene precipitation. The asphaltenes were
molecular weight, the entropy of mixing is not sufficient to keep . .
. 20 . . . ; dissolved in perdeutero-1-methylnaphthalene (d-1mn), and then
them in solution if the interaction with the remainder of the

solution becomes unfavorable, as occurs, for example, upon theperdeutero-dodecane (d-C12) was added. We defiae the

addition of an aliphatic fluid. The phase separation which ensueswelght fraction of d-1mn in the solvent mixture. We defipg,

. : T . . as the asphaltene weight fraction. A magnetic stir bar was
is thermodynamically a liquidliquid phase separation which contained in a “lollipop-shaped” quartz neutron-scattering cell
can be understood in the context of the solution theory of hop ped g g cetl.

molecules. The solidlike character of the asphaltene-rich phaseThIS allowed the mixture to be stirred at elevated temperatures

which is thus formed is only due to the fact that the material in to disperse or redisperse the asphaltenes.

. ; . i There are two important features in the typical neutron-
the heavier phase is below its glass transition temperature. The . - . .
scattering patterns. One is the scattering from local composi-

solid precipitate has a fractal-like structure since its extremely . Linh ioties in the sinale-oh lution. Thi
high viscosity typically does not let it condense into a low- tional inhomogenieties in the single-phase solution. This can
be fit to the Lorentzian formi(q) O 1/[1+(g&)3, which

surface-area morphology. - ;
. . . . approaches a constant finite value at lpwalues. Approaching

. Itis v_veII-kn_own that mlxtures_of Species with unfavorgble the conditions for phase separation, by changing the composition
interactions will tend to undergo liquieliquid phase separation __or temperature for instance, the correlation lengtfincreases.

$Vhen a second phase appears, Porod scattering results. This is
scattering with ag~—* power law behavior extending down to
very small angles limited by the size of the particles. If the
particles are fractal-like, the power will be 4. In the case of
the present data, we are not interested in the details of the fractal
morphology, but rather in the existence of the second phase.
Thus, in the present analysis, we fixed the power at 4 to get

-
o
N
T

Neutron Scattering Intensity
3 o

are not mixed totally randomly but hawlynamicallyvarying
compositional inhomogenieties, or concentration fluctuations
These inhomogenieties give rise to characteristic scatt&tifg).

The local interaction between molecules favor like molecules

(10) Sheu, E. YEnergy Fuel2002 16, 74.
(11) Gawrys, K. L.; Blankenship, G. A.; Kilpatrick, P. Kangmuir2006

22, 4487. systematic fits for the magnitude of the intensity.
83; IF\>/Iason,FT. ,\Cl%.;léir}atl;/l. YJWCFﬁm. l;hyS/i010937]11139 75255' In Figure 1, we show the room-temperature SANS patterns
usey, P. N.; GO urg, . knys. Re. s . i _ i 0, i i -1-
(14) Zimmermann, H. J.; Wendorff, J. iolloid Polym. Sci1986 264, in the low-angle region of 1% solutions in perdeutergted 1
292. methylnaphthalene of whole nC7 asphaltenes, the solids pre-

(15) Sirota, E. BPet. Sci. Technoll998 16, 415. cipitated using a 30:70 toluene/heptane blend, and the heptane
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Figure 2. Scattering frompasp = 0.0176 ang3 = 0.358 when quenched to 3& and recorded every 10 min. (a) Data superimposed. (b) Offset
factors of 1.2.

Comparing quenches to 3 temperatures In Figure 4, we show data ongas,= 0.0176 angt = 0.358
NP ‘ ‘ ’ ’ solution, at different temperatures in the single-phase regime.
3“’ e 30°C In Figure 4a, the scattering data are shown. The temperature
g - |85C ranged from 150 to 56C, and the sample was equilibrated at
E0l = et I each temperature such that the intensity was no longer changing.
3 7~ 4 =0.0176 As can be seen, the intensity increases with decreasing tem-
8 / Solvent: p=0.358 perature, and the falloff moves to lowgwalues (corresponding
10" to larger distances). The data were fit with the Lorentzian form
A * * . I = »/(1 + &%), yielding the correlation length and the
0 5°time [,‘,?igutesf“ 200 susceptibility which are plotted in Figure 4b. The susceptibility,
Figure 3. The rise in the Porod intensity showing the kinetics of % IS a measure of the strength of the fluctua_ltlons, or the
precipitation on varying temperature for thgs, = 0.0176 and3 = compositional contrast between the asphaltene-rich regions and
0.358 sample. the solvent-rich regions. The difference between the correlation

) _ length and the susceptibility is illustrated schematically in Figure
asphaltenes obtained from the deasphalted oil of the 30:705, (We have not quantified the compositional content of these

precipitation. As can be seen, the low-angle Porod scattering isfluctuations; however, this could in fact be done by measuring
caused by the material which precipitated with 30:70 toluene/ apsolute intensities.)

heptane. The material which was precipitated at 30:70 also gave
rise to th? low-angle scattering at 80. (not shown here), telling reduced, bothy and ¢ increase dramatically with decreasing
us that it was not soluble even In 1-n?ethylna.phthalene at temperaturey increasing by a factor of 5 anglincreasing by
eIeva_ted temperatures. A”?'VS'S of t_hat 30:70 precipitate showeda factor of 2. We reiterate that these temperature-driven changes
that it was largely inorganic material. Thus, in the rest of th(? in v and ¢ are equilibrium properties and are thermally
Ztudy,r\]/vtla useqlthe ;I_e?]ned Samp'f (Ch7 aSph?:ten? frolm %027 eversible. While such scattering is often interpreted by some
1?32%} 6};2 h?églgechanr?ls S|tng te-p 'atsr(]e W 'enth ltsso ve ”,: as measuring the size of basic asphaltene building blocks, it is
yinap y portant point Nere 1S tat one MUSt 101 that this is not the case, since they change reversibly with

Egn(;g::if#;;?sd\:\?rtwlizguaﬁg c?frt?a?\nrllgts reeﬁg\rl]gnpt)rt]g?ﬁ: frrcz)ngklar;grg;ﬂlcthe temperature. We contrast this to the phase transitions and
. . . P 9 precipitation phenomena as well as redissolution. These are often

studied (i.e., hydrocarbon phase behavior). . - . . i

; o . _ not as easily reversible. Phase separation requires supersaturation
In Figure 2, we show the scattering in a solution¢af, = . RS . i
) - o - . or supercooling to overcome the barriers; redissolution will not
0.0176 in a solvent mixture ¢f = 0.358 (i.e., 35.8% d-1mnin . e . 8 -

d-C12) when quenched from a high temperature in the single- have barriers, but the diffusion required to mix two macroscopic

phases will take time. These are in contrast to the establishment

phase regime to 35C. Data were recorded every 10 min. In of compositional fluctuations which occur on much shorter-

Figure 2a, the data are superimposed, showing that there isIen th scales, as the temperature is varied in a single-phase
relatively little change in the scattering from the higher-angle reg?me ' P gie-p

liquid-phase component (since only a fraction of the dissolved i ]

asphaltenes comes out of solution at that temperature), while N Figure 6, we show, for comparison, data for 1% asphaltene

the very-low-angle scattering from the second phase beings to™Mixtures at room temperature W|th_vary|ng solvent compositions.

grow in with time. In Figure 2b, each scan is offset by a factor Here,y and{ increase, approaching phase separation compo-

of 1.2. sitionally (reducingf). At 20% d-1mn, the mixture was two-
Fitting the curve to a superposition of a power law and phase yvith pr.ecipitated asphaltenes and also resultgd in Porod

Loretzian, in Figure 3, we show the kinetics of precipitation Scattering. With some of the asphaltenes out of solugamd

for three temperatures for thgss, = 0.0176 and3 = 0.358 € were lower in the deasphalted liquid phase.

sample. At 30°C, precipitation was very rapid, and at 309, it Data for the composition apasp= 0.01 ands = 0.325 are

was barely observable over the time and sensitivity of the shown in Figure 7. The temperature was decreased in steps from

experiment. At 35C, the second phase grows in over a period 150°C to 55°C, (averaging a rate of 1.@/minute), and then

of about an hour. Thus, we see the strong temperatureheld at 55°C. Thus, above 60C, the sample was in the

dependence of the kinetics of precipitation. equilibrium single-phase regime, and any time dependence was

Looking at the results, we see that, as the temperature is



2812 Energy & Fuels, Vol. 21, No. 5, 2007 Sirota and Lin

Single Phase
(@) Asphaltene Fluctuations in Single Phase Regime
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Figure 4. (a) Scattering from the.s,= 0.0176 ang8 = 0.358 sample as a function of the temperature in the single-phase regime. The curves are
labeled according to the temperature. (b) The correlation length and susceptibility derived from the curves.
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Figure 5. Schematic illustration of the difference between the correlation length and the susceptibility associated with compositional fluctuations.
The spatial extent represents the correlation length, and the contrast difference represents the susceptibility.
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Figure 6. Parameters derived from scattering f@ss, = 0.010 3.5 ; ’
asphaltene mixtures at room temperature with varying solvent composi- 49
tions. The lines are just guides to the eye. The 20% point is from the 3.0 - . 3
liquid phase in a two-phase regime, where the asphaltenes are in a 25| 150°C to 60°C 3 ;‘,
solidlike phase not contributing to this scattering. = in steps 3
2.0} =
2 ¢
only associated with the thermal equilibration of the sample 15[ &
holder. At 55°C, phase separation of the asphaltene phase began 13
to occur. This was a process with finite kinetics, which were 10} / R
probed as the sample was repeatedly measured as a function of 0.5 w w
time, at that temperature. 100 0 ime [m?nutes] 50 100

The data were fit to a superposition of the power law and Figure 7. Parameters foras, = 0.01 andf = 0.325 where the
Lorentzian arising from the phase-separated and dissolvedtemperature was decreased in steps from 150 f€5&nd then held at
asphaltenes, respectively. The fitted parameters are shown irb> °C.

Figure 7. The Porod scattering is flat above ¥5 and then  y4jyes ofy can be simply understood in terms of the fact that
begins to increase with time when the temperature reachedyne sample in Figure 4 has almost twice the asphaltene
55 °C and was held there. The finite intensity at the higher cqncentration as the present sample.

temperatures is due to background, which was not easily | g interesting to note the behavior gfand¢ at 55°C as
separable from the data. The fact that this level is independenttne asphaltene phase separation is occurring. The solution phase
of the temperature shows that it is not related to the phenomena|5 going from an effectively Supersaturated state with a |arge
of interest here. correlation length to one partially depleted in asphaltenes and

The correlation length and intensity both increase as the further from the critical composition. Thus, as asphaltenes leave
temperature is reduced in the single-phase regime, just as inthe solution into a second phase, the scattering from the solution
the previous sample shown in Figure 4b. The lower absolute phase changes to reflect this.
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O 60 : : : : O1methyinaphthatenz= 10.0 (cal/crd)2 from the literature'® we plot

-";- 55 1% asphaltenes in the results in Figure E_ib in_ terms of temperature in Kelvin. Since
5 a 1-methylnaphthalene:dodecane | the asphaltene fraction is small and constant, we neglect the
E 50 | mixture 1 asphaltene solubility parameter’s contribution to that of the
e overall mixture here.

g 45 (a) 1 phase ] In solution theory, temperature only appears in the expression
F a0l 1 for the Gibbs free energy of mixin@Gmix, as i — 9;)%RT (and

5 2 phase (a) with the high boiling choice of solvents such that the relative
s 35 ] change of the solubility parameters with temperature over this
:‘5‘_ 30 smal! range can be neglected); the simplest approximation in
3 3 imaﬁcity ] solution theory is: Tprecipitation [l (Oasphaltene— Osolven)?-

a 25 L I In Figure 8c, we plou—precipitationD (5asphaltene_ 6solven)2 versus

32 33 34 35 36 37 T, where we have choseWasphaendO Optimize the points to be
7% 1-mn in solvent mixture collinear with each other as well as with the origin. From this,

330 : : : : : we obtaineddasphatene= 10.22 (cal/cr)¥’?, which is a very
1% asphaltenes in reasonable value based on the aromaticity of the asphafténes.
&325¢} 1-methylnaphthalene:dodecane (These have an atomic H/€ 1.15 and MCR~ 50% and 50%
C . .
oo mixture aromatic carbon by3C NMR.17)
..g = 320 ]
= (b) 1 phase Viscosit
g S315¢ p ] y
§ é. 10 2 phases ] While, from a true first-principles standpoint, viscosity_ is far_
o5 (b) from totally u.n(.jersto.od, the temperatgre-dependent viscosity
F 305 | 1 of _noncrystalllzmg fluids follows a m(_)(_jlfled Arrhenius forin:
increasing aromaticity This form, also known as the modified-Vogelammann-
846 8.48 8.50 8.52 8.54 1 =1, exp{ DI[(TITy) — 1]}
: 3,1/2
o 5 of Solvent Mixture [(cal/cm’) ] Fulcher (VTF) equation is not just an empirical fit but is based
-~ 35S on theoretical considerations involving entropy chakgEhis
E 3.0 [ ©) Sasphaitene = 10-22 ] form is mathemati_callgl equivalent to the Williambkandet
2 a5f E Ferry (WLF) equatlor%. The WI__F equation is cast in terms of
o’ : ] and parametrizes the equation using the concept of free
. 20} e volume?22-2t which can then be related to the glass transition.
2 15} E The modified-VTF equation directly parametrizes the equation
2 1.0 3 (C) E in terms of the glass transition, or more specifically the Kauzman
g f ] temperature.
§ 0.5 | E For crudes, resids, lubes, deasphalted oils, solvents, and their
o, o_o(;‘ M blends, this modified-Arrhenius form well-characterizes the

50 100 150 200 250 300 350 temperature dependence of the viscosity. This is the case for
T [K] Newtonian single-phase liquids. This form does not include

Figure 8. Temperature phase boundaries for 1% asphaltenes in solventshear thinning behavior that takes place in polymeric systems,
mixtures of varyings, (a) as a function of the composition, (b) as a or the behavior of multiphase systems such as those with
function of the solubility parameter, and (c) plotted following solution crystallized wax or precipitated asphaltenes. It does apply,

theory ©? in units of cal/cri.) however, to situations when the asphaltenes are in solution in
a mixture, and with wax dissolved at temperatures above the
Phase Boundaries cloud point.

Simple Arrhenius behavior (thermal activatiop(T) = 7
Once precipitated, the asphaltenes will redissolve if the expE/kT) can describe the temperature dependence of the
temperature is raised above the phase boundary. Agitationviscosity only over small temperature ranges. Significant
clearly speeds this up, but it is nevertheless a reversible processgleviations are encountered for non-negligible temperature
with supercooling. variations as we showed previoudly.
The modification of the Arrhenius expression adds one more
garameter, which is the finite temperatui®)(at which the
viscosity diverges. This is a manifestation of the glass transition.

When this system is used, it is insightful to look at the
composition dependence of the phase boundaries. We show thi
in Figure 8a for a 1% asphaltene solution at three different

solvent compositiongj. One important point is that the phase  (16) Barton, A. M. FCRC Handbook of Solubility Parameters and Other
boundaries are very sensitive to the composition, varying by Cohesion Parameter<CRC Press: Boca Raton, FL, 1983.

10 ° ; (17) Wiehe, I. A.Energy Fuelsl994 8, 536.
10°C for every percent change fi (18) Angell, C. A.J. Non-Cryst. Solid4991 131, 13.

Since this solvent pair has a higher boiling point than, for __(19) Williams, W. F.; Lande, R. F.; Ferry, J. D. Am. Chem. S0.955

; 7, 3701.
example, heptane/toluene, the large thermal expansion changeg (20) King, H. E., Jr.: Segre, P. N.; Appel, M. Viscosity and Diffusion.

that occur approaching the boiling point (more accurately, In Encyclopedia of Applied Physics ViZBrigg, G. C., Ed.; Wiley: New
critical point) will not be significant here. To connect this data York, 1998; Vol. 23.

. . . - (21) Grest, G. S.; Cohen, M. H. Liquids, Glasses and the Glass
with solution theory, we cast theaxis in terms of the solubility Transition: A Free-Volume Approach. ladvances in Chemical Physics
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Viscosity versus temperature as a function of dilution
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From a microscopic “free volume” point of view, this represents 06 | . E
the fact that the “free volume” goes to zero at a finite 05 | N 1
temperature. Wheiip approaches 0 K, the simple Arrhenius .
behavior is recovered. (The glass transition is typically defined 0.4 [
as the temperature at which the viscosity reaché%R@ise, so 0.3 ' ‘ : ‘
0 0.2 04 0.6 0.8 1

To < Tg.) The parameterD” is called the “fragility” and can
be related to the heat capacity change at the glass transition. (A ¢vo|
large D corresponds to small heat capacity jumpJgj'8 Figure 12. T, reduction on the dilution of a 50% C4-asphaltene solution

When looking at the parameters in the expression for in 1mn, by 1mn. The initial solution was fit f&, = 206 K. (a) Viscosity
viscosity, we see that., is a limiting high-temperature viscosity ~ as a function of the temperature for varying dilutigh¢b) Data with
and can never be actually approached in the temperature range$!e temperature multiplicatively scaled. (c) The scaling factor giving
of the measurements. Likewisk, is the temperature at which /1> Which givesTo/ ToundiueqOF the reduction offo, on dilution. Here,

- . e . . ... ¢l IS the volume fraction of the 1mn diluent.

the viscosity exhibits its low-temperature divergence. This limit
is also not directly measurable. If we were to know the
parameterJ, andy.,, thenD determines the shape of how the
viscosity goes fromwo at T = Ty t0 7., at T = co. This is shown that, if, for a series of material® and#. were the same and
in Figure 9. only Ty differed between samples, then th@) curves could

Since the actual experimental data are obtained over abe made to overlap by multiplicatively scalifig(in units of
relatively narrow range of temperatures as compared to theK) (the scaling constant being the ratio of fievalues between
above plot (to the extent that the data are not exact and haveany sample and a reference samp(&) where T* = aT.) An
finite experimental uncertainty), the parameters above may notimportant observation is that, for a wide range of mixtures
be unambiguously determined but can be correlated in a fit. including crude oils, resids, asphaltene solutions, and deas-
Thus, we have found that such an experimem{a) curve can phalted oils, in mixtures and as a series of dilutions, all their
usually be reasonably fit with two parameters (for example,  temperature-dependent viscosity data could be overlaid simply
andy.,), while choosing a range of fixed values or In Figure by applying a multiplicative temperature scaling to eg¢h)
10, we show a typical correlation between the fitted value of curve. An overall composite of such data is shown below in
7. and the fixed value ob, chosen in the fit. Figure 11.

The modified-Arrhenius equation has the interesting property
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Here, the implication is that, while each mixture has its own due to insoluble, often inorganic, contaminants. Asphaltenes
To, their viscosities can be determined using single fixed values forming a second phase give distinct scattering from asphaltenes
for both D and 7. 7. and/or possiblyD are likely to vary in solution. We demonstrated the strong effect of temperature
throughout such a series of mixtures, and if you look at the on the kinetics of asphaltene precipitation and, in the single-
data points which are on a log scale covering 11 orders of phase solution, showed how the correlation length and suscep-
magnitude in viscosity, it is apparent that substantial errors in tibility both increase as the temperature is reduced.
the prediction (of over 100%) are still present. What this is  The very strong effect of composition on the phase separation
telling us is that the many-order-of-magnitude variations in temperature, varying by-10 °C for every percent change in
viscosity as a function of temperature and dilution, which occur aromatic solvent composition, was also demonstrated. The
in heavy crudes, resids, and lubes, caastly (although not composition dependence of the asphaltene precipitation phase
entirely) be attributed to variation iy, or the glass transition ~ boundary was shown to be consistent with the expectations of
temperature. solution theory. A more quantitative treatment of the phase

It is instructive to look at thd as obtained from such fits,  diagram and scattering would require the use of a solution theory
as a function of the composition. This is shown below in Figure well beyond simple mean-field approaches, accounting for the
12 on data acquired by Redd and Herbolzheimer on a series ofcomplex molecular structures, distributions and interactions
asphaltene solutiorfd.(The base solution was C4 asphaltenes characteristic of asphaltenic systems.
from a Canadian bitumen dissolved 1:1 in 1-methylnaphthalene. The temperature dependence of the viscosity of single-phase
This was diluted further with 1-methylnaphthalene.) In Figure Newtonian fluids follows the modified Arrhenius form. The very
12a, the viscosity as a function of the temperature is seen for astrong compositional dependence of the viscosity of asphaltene-
series of dilutions of the base solution. In Figure 12b, the containing systems can mostly be accounted for by variations
temperature is scaled showing that the curves can be overlaidjn their glass transition temperatures. Thus, the viscosity
and in Figure 12c, th&y reduction obtained from the scaling reduction upon dilution can be treated a3gareduction, or a
constants is plotted as a function of dilution. “plasticization” phenomena.

The reduction of the glass transition with dilution is thus a By considering asphaltenes in petroleum as molecules in
“plasticization” effect and is well-known in polymers. While  solution, their behavior becomes much more easily explained.
we are far from reaching the actual temperatures of the glass
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