energy:fuels

pubs.acs.org/EF

Simulation of Asphaltene Aggregation and Related Properties Using

an Equilibrium-Based Mathematical Model

Socrates Acevedo,* Manuel Caetano, Maria Antonieta Ranaudo, and Blanca Jaimes

Universidad Central de Venezuela, Facultad de Ciencias, Escuela de Quimica 40756, Caracas 1053, Venezuela

e Supporting Information

ABSTRACT: Aggregation of asphaltenes was simulated using a mathematical model based on the following consecutive

K K
equilibrium: nA=>A, and mA + A, <A, 1, where A, A,, A,,,,, K, K, represent asphaltenes, n aggregates, n + m aggregates,
and equilibrium constants, respectively. A mass balance lead to a n + m polynomial in C (Co, n, m, Ky, K, M), where C is the
concentration of free solute (monomer), M is the monomer molecular mass, and C, is the total monomer concentration added to
solution. Using numerical methods, this polynomial was solved in terms of Cy, K;, and K, for given values of n, m, and M. Selection of
n=3,m=5andM=800gL" ! was consistent with data in the literature, and determination of K, and K, was achieved by fitting to
experimental data from ultrasound velocity, thermal diffusion [thermal lens and dual-beam photothermal reflection (DBPR)], and
self-diffusion coeflicient techniques. The good fittings found suggest that asphaltene aggregation is adequately described by the
present model. A procedure based on the present model was employed to simulate the stepwise adsorption of asphaltenes at the
toluene/glass interface. The above sequential equilibrium is discussed in terms of aggregation of the toluene-insoluble asphaltene
fraction molecules (A1TM, first equilibrium), followed by incorporation into aggregates of toluene-soluble fraction molecules
(A2TM, second equilibrium). This sequential scheme is proposed as a means to keep fraction Al as nanoaggregates (first step),
which, were it not by the presence of A2 (second step), would lead to phase separation. The formation of small aggregates at very low
concentrations, predicted by the model, is consistent with the very low solubility of the Al fraction. When the above mathematical
model is combined with the Hansen solubility parameter (HSP) method, it is concluded that asphaltenes form stable colloid solutions
in toluene and similar solvents where Al is insoluble. In other words, for these colloidal solutions, interfacial tension would be zero.

B INTRODUCTION

Asphaltene aggregation is a very important property of this
sample because of the negative impact that it has in both
characterization of the sample and related phenomena, such as
colloid flocculation and sedimentation. Aggregation is mainly
driven by van der Waals, polar, and hydrogen-bonding interac-
tions. The topic have been extensively reviewed in the
literature." > Molecular aggregates, also called nanoaggregates,
are small aggregates whose formation begins at very low con-
centrations, which is measured in a good solvent, such as toluene.
By small, we mean sizes between 1 and 2 nm, and by good
solvent, we mean one with a relative energy difference (RED)
value less than 1 (see below and the Nomenclature). Dependent
upon the technique and conditions used, the formation of
molecular aggregates is apparent at concentrations close to 100
mgL™ P orless (from here on, unless stated otherwise, conditions
will be toluene at room conditions). This has been established by
different techniques and different research groups; thus, Sheu
et al., using surface tension measurements in pyridine, reported
aggregate formation at 0.05 wt %.* Acevedo et al. reported
aggregate formatron close to 90 mg L™ ! using a thermal lens
techmque Norinaga et al. using pulse field gradient spin—echo
"H nuclear magnetic resonance (NMR), reported that aggrega-
tion would occur at concentrations below 0.1 wt %, and accord-
ing to self-diffusion coefficient measurements, performed in
pyridine, spherical aggregates at 1nﬁn1te dilution would have a
hydrodynamic radius of 1.1 nm. Nanoaggregate formation at
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concentrations close to 0.1 g L~ were reported by Mullins et al.
using ultrasound velocities.” By a combination of static light
scattering, optical absorption, dynamic viscosity, and NMR
relaxation measurements, Evdokimov and collaborators® studied
asphaltene solutions in toluene, reportlng an aggregation thresh-
old of 10 mg/L. Lisitza et al,” using "H NMR spin—echo and
diffusion-ordered spectroscopy (DOSY), reported an aggrega-
tion onset close to 0.2 gL~ and radii between 1.2 and 3.6 nm for
monomers and aggregates Nanoaggregate diameters close to
2 nm and asphaltene molecular mass in the 500—1000 range
were reported using time-resolved fluoresce depolarization
(TRED)." Diameters close to 2.5 nm were reported for asphaltene—
resin solutions at 250 °C when the freeze-fracture transmission
electron microscopy (FE-TEM) technique was employed.®
Caetano and co-workers, using a dual-beam photothermal re-
flection (DBPR) method, measured thermal diffusivity coeffi-
c1ents of asphaltenes and found a max1mum value close to 0.1 g
L, con51stent with aggregate formation."* Quoineaud and co-
workers,' using DOSY, studied the self-diffusion of asphaltenes
from several sources and calculated diameters in the range from
1.3 to about 2 nm, from self-diffusion coeflicients extrapolated at
infinite dilution.
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In a series of papers, Acevedo et al. have presented evidence
for the presence of two main fractions present in asphal-
tenes;'> '3 these fractions, called Al and A2, and the corre-
sponding asphaltenes (As) have the Hansen solubility para-
meter (HSP)'® described below, with Al being practically
insoluble in toluene and A2 having solubility properties
similar to As.'® These finding have been found coherent with
a colloidal structure model, where periphery is occupied
mainly by A2-type molecules (A2TM), whereas Al-type
molecules (A1TM) are segregated to the core. As discussed
below, these propositions may have an important impact in
the aggregation mechanism. Relatively low number average
molecular masses (M,) using vapor pressure osmometry
(VPO) close to 1000 g mol ' were reported for A2 solutions
of o-dichlorobenzene measured at 120 °C.'7 In contrast, Al
afforded higher values (around 2600 g mol ), emphasizing
the strong aggregation tendency of this fraction. M values
close to or lower than 1000 g mol " have been reported using
other techniques.'®"®

In this work, a mathematical model based on two consecutive
aggregation equilibrium steps is proposed as a preliminary tool to
account for asphaltene aggregation properties. A simulation of
several asphaltene experiments was performed to evaluate the
plausibility of the proposed model. Multistage aggregation is
discussed in terms of the above model and on solubility proper-
ties regarding Al and A2.

B EXPERIMENTAL SECTION

Equilibria and Equilibrium Aggregation Constants. We
consider the following equilibria for the formation of aggregates:

K,
nA<A, (1)

K,
mA + An 2An+m

In these equations, n and m are number of moles, whereas A, A,, and
A,,., represent single molecules, n aggregates, and (n + m) aggregates of
A, respectively; K; and K, are equilibrium constants defined as follows:

Cu
Cn m Cn m
Kz _ + _ + (3)

(©)"C,  Ky(C)"t™

In these equations, C values are molar concentrations of corresponding
species. Mass balance, in terms of C,, leads to (see the Supporting
Information)

Co = C + nK,C" + (n + mKK,C" ™ (4)

where Cj is the total quantity of asphaltene of molecular mass M added
to the solution, C is the equilibrium concentration of non-aggregated
asphaltene (molecular mass M), C, is the aggregate concentration of
molecular mass nM, and C,,, is the aggregate concentration of
molecular mass (1 + m)M. These are defined by the following equations:

C = f(Co,n,m, Ky, Ky, M) ()
C, = nk,C" (6)
Coim = (n + m)KKC" " (7)

Equation 5 was solved using a numerical program, which gives roots for
known values of the argument. In all calculations, values of n =3, m =S,

and M = 800 were employed. Knowledge of C allows for computation of
both C, and C,,,,,.

Molar Ratio and Simulations. Here, molar ratios f, f,, and f,.,,
are defined by eqs 8—10.

f=c/G (8)
ﬂ=%=mg 9)

cn+m (n + m)KlKZC” +m

n+m — = 10
foom = = (10

These definitions are convenient because these ratios are bounded in the
0—1 interval.

Simulation of Aat; 1(Cy) or the thermal lens heat diffusivity difference
was computed using f, according to eq 11.

AQLT(C()) = af,, (11)

In eq 11, a is a scaling constant with the same units as O .

Simulation of S1(Co) or the heat diffusivity corresponding to the
dual-beam photothermal reflection (DBPR) method was computed
using the following linear combination of f and f,..

Br(Co) = of + bf, (12)

Here, a and b are fitting parameters with the same units as fSr.
Simulation of self-diffusion constant ratio D(C,) was computed using
eq 13.

1X@>=(§§Cag+qn (13)

Here, D and Dy are experimental self-diffusion constants measured at

infinite dilution, and a is a fitting parameter. Subscripts S and T

correspond to sample (asphaltenes) and toluene, respectively.
Ultrasound velocity fitting was carried out using eq 14

VUS =a + bcn+m (14)

where Vg is simulated ultrasound velocity, a is the scaling constant, b is
a fitting parameter, and C,,, is the aggregate concentration in g L™,

The procedure to find parameters n, m, K;, K, a, and b in each case
could be summarized as follows: (1) Give values to n and m such that the
expected size of spherical aggregates is between 1 and 3 nm approxi-
mately. For n = 3 and m = §, this condition is accomplished and these
values were used in all simulations. (2) Use the (1, m) pair to find roots
of eq S as a function of Cy, K}, and K,. (3) Give crude values to K; and K,
such that the slope of curve C(Cy) has a significant drop in the 20—50
mg L~ range. This procedure allows for the determination of K; within
1 order of magnitude. (4) Using the above K; and K, as initial input,
search for new pairs to match C, corresponding to the maximum of the
property being examined (Aot or ft). This step allows for the
determination of K, within about 2 orders of magnitude. (5) Scale
simulation to experimental property and search for parameters and
refined K; and K,, instructing the fitting program to compute them
between appropriated ranges.

Free Energy of the Aggregation Ratio, Aﬁggg/RT. The above
total change in free energy of the aggregation ratio per mole of added
solute and per liter of toluene was computed from eq 15 (see the
Supporting Information).

AGyg _ In[(Co + 9.64)" " 'KK5

_ 15
RT n -+ m ()

Here, 9.64 is moles in 1 L of toluene, and Cy = 1 mol. As shown in the

Supporting Information, Aaggg could be defined as the standard
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Table 1. Parameters Found after Fitting Models to Experimental Data”

technique propertyh eq a
thermal lens Aoy 11 4.4
DBPR Bt 12 0.04
mass diffusion D, 13 0.018
ultrasound Vus" 14 1307.0992
adsorption Vad 22 9

b K; (%107, mol 2) K, (mol ) fAngg/RTC
80 1.00 x 10** 11
0.47 4 5.00 x 10" 10
0.09 1 4x 10" 6
0.0677 4 5.00 x 10" 10
2 5 1x 10" 32

“R* > 0.980 for all fittings. n = 3 and m = 5 in all cases. ® Heat and mass diffusion parameters are in m*s ™" units. © Calculated using eq 185.  Thermal lens
diffusivity difference. “ DBPR diffusivity constant. / Diffusion ratio (see the text). € From ref 12; equal to Ds/Dr; not a fitting parameter. " Ultrasonic
velocity is in m s~ * units. ' Scaling constant from ref 7; not a fitting parameter. ’ Surface concentration is in g m™~ units.

aggregation molar free energy change corresponding to the formation of
n + m aggregates from monomers in toluene.

Number Average Molecular Mass, M,,. These were calculated
using eq 16 and the K; and K, values found for the 31(Cy) case.

Zn,-Mi
; B M(C + nC, + (n + m)Chim)

- Zn,- - C()

M,

(16)

In eq 16, M is the molar mass of the monomer.

It is easy to prove that eq 16 has the right limits when C, — 0 and
when Cy — 0. In the first case at infinite dilution, only monomer
is present, C — Cy and M,, — M. In the second case, C,,,, = Co and
M, — (n+m)M.

Adsorption Simulation. This simulation follows similar lines
as the one used above, except that aggregation of aggregates (mimick-
ing flock formation) was employed. First equilibrium is identical to the
one in eq 1.

K’

nA=A, (17)
Here, we use K,’ to distinguish it from the one above. All equilibria
consider here are solution equilibria and do not consider any adsorption
as such (see below). Second equilibrium is aggregation of A,, to simulate
flock formation in solution.

K’
MA, = Apsom (18)

Here, A, .,,, is an aggregate of flock formed by n X m molecules of A.
Using a similar procedure as above, the mass balance equation is

Co = C + nK,'C" + nm(K,")"K,/ C™" (19)
In this case, A, and A,,, concentrations are given by eqs 20 and 21,

respectively.

Cn = T'IKI,C" (20)

_ INM 1 Anxm
nxXm —

As for other cases above, C was computed using eq S and C, and C,,,,,
were calculated from eqs 20 and 21, respectively.
Adsorption simulation was computed using eq 22.

_aC n bChsm
T 14 aC 1+ bCyupm

ve (22)
In this equation, v simulates the quantity of solute adsorbed per surface
unit and quantities a and b are fitting parameters with appropriated units.
For reasons to be discussed below, the contribution of A, was dis-
regarded. Similar to Langmuir-type isotherms, the two terms on the right
of eq 22 are self-limited or asymptotic functions; however, in the present
treatment, no such isotherm is assumed and adsorption is determined by
solution concentration only.

Sizes. The size of the molecule or aggregate was estimated from the
density equation using either eq 23 (for spheres) or eq 24 for disks of
thickness .

M 1/3

r = 0.0734 (?J) nm (23)
M2

r = 0.023 (p—ej) nm (24)

In these equations, 7 is the radius in nm and Mj is the molecular mass that
could be M, nM, (n + m)M, or (nXm)M according to the nature of the
species. For calculations, a density of asphaltenes of p = 1.17 g mol ,"*
monomer M = 800 g mol ' (see below), and ¢ = 0.4 nm?® were
employed.

Solubility Parameters. These were from ref 15 calculated using
the sphere program developed by Hansen.'® Values of D, P, and H
correspond to dispersion, polar, and hydrogen-bonding components of
HSP. R, is the radius of the sphere in the three-dimensional space
defined by D, P, and H axes, with the center in the (D, P, H) point
corresponding to solubility parameter (SP) components of the sample.
Solubility parameter components (D, Pnim and H,.,,) for the
octamer aggregate (n + m = 8) were calculated using eqs 25.1—25.3.

1
Dyim = [(nD, + mD,)] (25.1)
n+ m
1
Py = [((nPy 4+ mP,) (25.2)
n+m
1
Hn+m == [(l’lHl + mHz] (253)
n+ m

In these equations, Dy, Py, and H; and D,, P,, and H, are SP components
of fractions Al and A2, respectively. To obtain these equations, we
assumed that the octamer aggregate is composed of # molecules of Al
and m molecules of A2, both with an identical molar volume.

RED values between samples 1 and 2 were obtained using eq 26 as
defined by Hansen.'®

V400, — 00" + (0r, — 85, + (s —0,)°
Ry

RED =

(26)

Here, R, is the radius of the sphere with the center at the point (D,, P,,
H,), corresponding to SP components of the solute. SP of (D,, P, H;)
corresponds to the solvent or other material whose miscibility with the
solute is investigated. Miscibility between the pair is expected for RED < 1.
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B RESULTS

Table 1 collects parameters computed in all simulations
performed in this work. Mole numbers of n = 3 and m = S were
assigned for solving eq 5, which is the first step in all calcula-
tions carried out (see the Experimental Section). Selection of
these was suggested by reported size particle data for asphal-
tene nanoaggregates under high and intermediate dilution (see
the Introduction). For instance, using M = 800 g L™ " as the
molecular mass, diameters in the 1.3—2.6 nm range are
computed for n = 3 and n + m = 8 for sphere and disk values
going from 1.9 (n = 3) to 5.4 (m + n = 8) nm. The selected M
value is coherent with other reported results'®'”'® (see the
Introduction).

In principle, with the same system (asphaltenes in toluene at
room conditions), values of K; and K, should be independent of
the method; however, model limitations and differences in
asphaltene origin and property examined are likely to lead to
differences between these parameters (see Table 1).

In particular, the adsorption case is different from the others
because second aggregation is different (compare eq 1 with
eqs 17 and 18). The formation of n X m size particles was used
here to simulate flock formation from colloidal n particles or
nanoaggregates.

Figure 1 shows the plot ¢ against ¢, using eq S to obtain ¢ and
fitted K; and K, parameters shown in Table 1. For Figure 1, we
use parameters for fitting S (Table 1), although any pair of the
four will show that aggregation starts at extremely low c,.

—c_: Total Solution Concentration
c: Monomer Solution Concentration

100

80 0

60 -{ 4

c/mgL"
\

20

T T v T v T g T
0 20 40 60 80

Figure 1. Plot of the monomer concentration ¢ as a function of the total
solution concentration co. This plot was calculated using eq S, with n =3,
m=5K =4x10",K,=5 x 10", and M= 800 g L ' (see Table 1).
These calculation suggest that aggregation begins at extreme low values
of ¢y (see the text and Figure 3).
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Figure 3. Plot of the mole ratios calculated using eqs 8—10 with
parameters used for both S and Vyjg simulations (see Table 1). f; has
a maximum at (143, 0.362). Note that within the present model, the
formation of aggregates is a continuous process because aggregates
formed are small.
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Figure 2. Fitting of eq 14 to reported ultrasound data.” The red curve corresponds to cg (octamer) as a function of the concentration co. Lines 1 and 2 were

used for authors
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to locate the CNAC at the intersection of lines 1 and 2 (164 mg LY. For fitting, we consider points on line 1 (“experimental data”).
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Thermal Lens Diffusivity

25_ Difference
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¢, or Solution Concentration /mgL'1 I

Figure 4. Fitting of eq 11 to Aayr data using parameters shown in
Table 1, with a maximum at (56, 2.24). Experimental data are from ref S.

DBPR Simulation
1,12 4 @ Experimental Data
’ Computed: Equation 12

BJ10°m’s™)
g
1 "

100 1000 10000

Figure S. Fitting of eq 12 to S experimental data. Calculated maximum
are at (129, 1.09). Calculations were performed using parameters shown
in Table 1. Experimental data are from ref 11.

In Figure 2, fitting of eq 14 to an ultrasound velocity measure-
ment reported by Mullins et al. is shown.” A very good fitting (R> =
0.997) was found when the cg concentration alone was used. As
shown here, the critical nanoaggregate concentration (CNAC) is
very close to the upsurge of the cg concentration at very low ¢y
values. Lines shown were used by the authors’ to locate what they
call the CNAC. The main issue regarding Figure 1 is the close
resemblance between data and simulation carried out.

Figure 3 shows the change of the mole ratios as a function of co.
Mole ratios, as defined in eqs 8—10, are convenient because they
change in the 0—1 range. These boundaries are very convenient
to compare such changes. As expected, f; has a maximum because
Aj; is the result of opposite effects: the formation by means of
equilibrium 1 and consumption by means of equilibrium 2. Note

Diffusion Constant Ratio
@ Observed
—— Computed
0.1
0.08 9
o 0.06
QE
a® 004
0024+ 1y —— . ?
0.1 1 10

Solution Concentration (W %) .

Figure 6. Comparison of the observed diffusion ratio to simulation
computed using eq 13, with parameters shown in Table 1. Experimental
data are from ref 12.

Mn
6000 - Computed Using
Equation 12
5000 - —
To Octamer
Mn = 6400 g mol"’
4000
kS
£
=) 3000
e
=
2000 -
Monomer
1000 Mn =800 g mol'
T T T T T T 1

0 1 2 3 4 5 6 7 8
1

Figure 7. Plot of M, as a function of ¢, for the mixture of A, A,, and A, ,
computed using eq 16. As shown, the plot has the right M, limits (800
and 6400 g mol ).

that there is no CNAC, insofar as such a term marks the sudden
appearance of aggregates. As shown, the monomer ratio drops
continuously with ¢.

Simulation of thermal lens diffusivity difference 0y, using
eq 11, is shown in Figure 4. Data for building this are from a
previous report.” Here, we consider Aa, t or the difference
between resins and asphaltenes rather than . for asphal-
tenes. Artifacts, likely to be due to absorbance and other
optical effects, are apparently discounted in this way. Aoyt
differences were always >0 in view of the expected higher
mobility of resins. Best fitting parameters are shown in
Table 1. For Aoy r, only f; was explicitly considered; how-
ever, in view of the above equilibria, both fc and fg are
implicitly considered. The same argument stands for all
simulations shown in Table 1.
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Figure 8. Plot of Kypo/M, against co. Experimental data are from ref 17.
The line intersection is equivalent to 4170 g mol ‘. The curve
intersection is equivalent to M, = 800 g L
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Figure 9. Plot of the adsorbed asphaltenes against ¢ and simulation
curve computed using eq 22, with the list of parameters shown in
Table 1. Data are from curve c of Figure 4 in ref 21.

Figure S shows a simulation corresponding to fr, using
reported data.!' As was the case for Aayr, the dependence
with ¢y shows a maximum, a fact coherent with a maximum for
f3 (see Figure 3). As shown in Table 1, the contribution of f to
the simulation is 100% for Aayr and 92% for fBr. These
maxima and contributions suggest that A; is essential within
the scope of the present model.

Simulation of the self-diffusion ratio is shown in Figure 6
using eq 13, with parameters shown in Table 1 and data from
ref 12. Because both Dyt and Diojyene €xtrapolated at infinite
dilution were available, we use their ratio as a parameter for f."*
According to the fitting, the main contribution comes from f;
or nanoaggregates with n = 3.

Table 2. HSP and RED Values for Samples and Pairs

Sp?
samples and pairs D P H Ro** RED*
As 19.5 4.7 4.9 7.3
Al 20.9 5.6 6.8 7.8
A2 19.6 5.8 44 7.9
aggregated 20.1 5.7 S.3
Al—A2 7.8 0.4
aggregate—toluene 7.8 0.87
As—toluene 7.8 0.73
Al—toluene 7.8 1.1
A2—toluene 7.9 0.76

“ From ref 15 unless stated otherwise. * Sphere radius. © Calculated using
eq 26. “SP components for the octamer are calculated using
eqs 25.1—-25.3.

Figures 7 and 8 show M,, dependence with co. M,, values were
computed using eq 16. Figure 8 combines computed with experi-
mental data'” for asphaltenes in toluene measured at 50 °C.
Figure 8 is presented in the format employed to analyze VPO
results to obtain M, from a line intercept, in other words, by
plotting AV/c = Kypo/M, against co. As shown, extrapolation of
experimental points to ¢ = 0 leads to a too high M,, value for the
monomer. Moreover, computed values show that more than 90%
of the M,, change occurs outside the experimental ¢ concentration
range for VPO measurements (X1—7 g L™ Y). In view of the low
polarity of toluene, these finding are expected. It is interesting that
both calculated and experimental extrapolation lines lead to the
same intercept, supporting the plausibility of the model.

Simulation of the adsorption isotherm is shown in Figure 9,

using eq 22 and reported data.*’ Stepwise adsorption is the
outstanding feature of the isotherm, and this was simulated using
adsorption of both A and A, ,,, (A;s)- To obtain the step by step
adsorption, we found it necessary to exclude A3, suggesting that
successive steps will show when species generating them are very
different in size. It is important to underline that the isotherm in
Figure 9 could be simulated using the solution equilibrium alone.
Such a proposition was used earlier to account for adsorption
kinetics and other effects.*”
Values of —Aéggg/ RT shown in Table 1 indicate that aggrega-
tion in all cases is a favorable event when compared to thermal
energy. Of course, this is consistent with the low aggregation
onset of asphaltenes.

HSP data from ref 15 are collected in Table 2, reproduced here
for convenience. As shown in this table, for the A1 —toluene pair,
RED > 1, indicating that Al is not soluble in toluene. This is
coherent with aggregate formation at very low concentrations.
Miscibility of the A1—A2 pair is predicted (RED < 1), as well as
miscibility in toluene of the Al;—A25 octamer aggregate (see
Table 2).

H DISCUSSION

Among the objectives of this work is to account for asphal-
tene aggregation using a mathematical model common to
properties examined under similar conditions (toluene and
room conditions). The good fittings shown above for proper-
ties examined suggest that we accomplished this goal. Thus,
equilibrium formation in solution of relatively small aggregates
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or nanoaggregates could describe the above properties in a
concentration range covering 2—3 orders of magnitude in c.

In view of the very low solubility of the Al fraction (about 90
mg L™, toluene, and room temperature13), the formation of
nanoaggregates at very low concentrations is expected. Co-
solubilization of these aggregates by A2 (second step) halt the
phase separation that would follow otherwise.

The presence of maximum values in the simulation of both
opr and fBr properties was close to corresponding experi-
mental values, strongly suggesting that aggregation is a
stepwise process similar to the one shown in eq 1. Moreover,
because the number of molecules in aggregates is relatively
small, the change in properties should be progressive rather
than abrupt, as is the case when relatively large aggregates are
formed.

Stepwise aggregation is consistent with the adsorption
isotherms (see Figure 9) where, as described in Experimental
Section, relative large aggregates, formed in solution and
adsorbed at the interface, account for the measured stepwise
adsorption isotherm.

Stepwise aggregation would in principle be observed when
subsequent steps involve different species. Although for
mathematical simplicity, the present model does not explicitly
consider this to be the case, it does so implicitly by assuming
different equilibrium constants in the first and second steps.
Here, we propose that the first aggregation step involves the
component of the low soluble fraction Al, which has a
toluene—Al RED > 1 and a very low toluene solubility (see
above). The second step would be described as a solution
mixing of Al and A2, leading to a soluble colloid. RED < 1 for
the A1—A2 pair warrants miscibility among them, and using
the procedure described above (see the Experimental
Section), a RED between the A1;—A2; aggregate and toluene
would be about 0.86 when three molecules of Al and five
molecules of A2 are used to built the aggregate (see Table 2).
We also consider that aggregate A;s, used in adsorption
experiments, would contain enough molecules of A2 to keep
it in solution.

Accordingly, asphaltene colloids could be considered as an
Al1—A2 solid solution, which in turn is soluble in toluene. As
expected, soluble A2 would be in an adsorption—desorption
equilibrium between colloid and bulk, and in this case, the
equilibrium would be controlled by the RED value correspond-
ing to the pair colloid periphery media. In other words, the
amount of A2 in the mixture, at the periphery, would be such that
RED < 1 for the above pair.

Conceptually, the sequential aggregation described above
based on very low solubility of Al, leading to aggregate
formation, followed by co-solubilization of these aggregates
by A2, avoiding phase separation at relatively low concentra-
tions, is the foundation of the present model. A solubility test
in more than 50 solvents shows that, in comparison to A2,
the solubility of Al is less, regardless of the solvent nature.
Thus, in general, for solvents or media, in which asphaltenes
are soluble and Al is not, the present model is expected
to hold.

The scope of the present model is limited to conditions
similar to the one described above and is not intended to
cover the general behavior of asphaltenes in crude oil reser-
voir (such as phase separation), Issues such as temperature
and pressure dependence are not within the scope of the
present model.

Bl CONCLUSION

The mathematical model proposed on the basis of the two
consecutive equilibrium steps was found consistent with re-
ported experimental techniques dealing with asphaltene aggrega-
tion. The model was found coherent with nanoaggregate
formation at extremely low concentrations (first step), which is
consistent with equally extremely low solubility of asphaltene
fraction Al. The addition to A2 aggregates of soluble fraction
molecules (A2TM) in the second step keeps aggregates in
solution, thus avoiding phase separation in toluene. The model,
along with SP data, was found coherent with a two-step
equilibrium mechanism, where A1TM of high SP and low
toluene solubility forms aggregates in the first step and to-
luene-soluble A2TM is added in a second step to form a soluble
colloid. Solubility of colloid would be warranted when enough
A2TM, present at the colloid periphery, would keep the colloid
media RED below 1. RED < 1 for the of A1—A2 pair warrants
miscibility between them.

In short, the partition of A2TM, between insoluble phases (Al
and toluene), leads to a soluble colloid with interfacial tension
y = 0. For example, as a possible extension of the present ideas to
crude oils, using a TEM technique, it was shown that extra-heavy
oils have a very high concentration of the colloidal phase;*’
however, such oils show no flocculation tendency at all.
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B NOMENCLATURE

Al = fraction of asphaltenes of low solubility and corresponding
higher HSP; in particular, solubility in toluene is close to 0.1
g L™ " at room conditions

A2 = fraction of asphaltenes with solubility and HSP close to
asphaltenes

A1TM = molecules present in fraction Al

A2TM = molecules present in fraction A2

As = asphaltenes

C or ¢ = monomer concentration; C, molar units; ¢, mass units

(g L 'or mg Lfl)
C,, = concentration of n aggregates (trimers in this work)
C,em = concentration of (n + m) aggregates (octamers in this
work)
Co or ¢y = total sample added to solution in the form of
monomers; Cy, molar units; ¢y, mass units
D = dispersion component in the HSP method
D,, = self-diffusion or rate of self-diffusion coefficients
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DBPR = dual-beam photothermal reflection
Aéﬁfgg = Standard aggregation molar free energy change corre-
sponding to the formation of m + n aggregates from
monomers in toluene
H = hydrogen-bonding component of SP employed in the
HSP method
HSP = Hansen solubility parameter
K; = equilibrium constant for the formation of n aggregates in
toluene at room conditions
K, = equilibrium constant for the formation of n + m aggregates
in toluene at room conditions
M = molecular mass
M,, = number average molecular mass
RED = relative energy difference between components of a
solution within the scope of the HSP method; RED
values are used here as a miscibility criteria; when RED
< 1, components are miscible and not miscible other-
wise
R, = sphere radius in the HSP method
SP = solubility parameter
VPO = method for M, determination using sample solutions
above 1 g L~ concentration
Vus = ultrasound velocity
Aayr = difference between heat diffusion coefficients for
asphaltenes and resins
Pr = heat diffusion coefficient of asphaltenes in the DBPR
technique
V¢ = amount of solute adsorbed at the toluene/silica interface
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