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Abstract

Polymers of various types are added to crude oils and oil products to prevent wax
deposition, break water-in-oil emulsions, reduce drag in pipelines and to stabilize
asphaltenes. In mixtures where a polymer does not adsorb on colloids, two stable
liquid phases can arise due to depletion flocculation. Asphaltenes in heavy oils
and toluene mixtures form sterically stabilized colloidal particles. In this work, the
addition of a non-adsorbing polymer (polystyrene) to Cs Maya asphaltene +
toluene mixtures was investigated experimentally and theoretically. As
concentrated asphaltene + toluene mixtures are opaque to visible light, phase
volumes and compositions were detected using ultrasound. The sensors comprised
two commercial 64 element phased-array acoustic probes. The operation of the
view cell, and kinetic and equilibrium data processing procedures were validated
using mixtures of methanol + alkanes. Acoustic speed and attenuation profiles
were found to provide independent measures of phase separation. At equilibrium,
acoustic speed profiles are uniform in each phase with a step change at the
interface. Acoustic wave attenuation profiles exhibit a sharp peak/spike at liquid-
liquid interfaces. Mixtures of asphaltenes + polystyrene + toluene are shown to
exhibit liquid-liquid phase behavior over broad ranges of composition. This is the
first report of liquid-liquid phase behavior for such mixtures. One phase is

asphaltene rich and the other phase is polystyrene rich. Liquid-liquid critical



points were also identified along the liquid-liquid/liquid phase boundary for

mixtures with two mean molar masses of polystyrene.

Compositions of co-existing phases were computed using phase volume variations
along dilution lines [1], acoustic speed data and a mass balance model. A
parameter was introduced to improve the agreement between calculated and
experimental speeds of sound. The results of the model indicate that more than
half of the asphaltenes, by volume, participate in the depletion flocculation
process. Phase compositions were measured independently using UV-visible
spectrophotometry. The nominal size of asphaltene colloidal particles
participating in the phase separation mechanism was estimated by comparing
calculated phase boundaries with the experimental phase diagram. The estimated
size of asphaltene colloidal particles is in agreement with the expected size of

asphaltenes in toluene mixtures obtained exogenously.

1. Bodnar, I. & Oosterbaan, W. (1997) Indirect determination of the
composition of the coexisting phases in a demixed colloid polymer mixture.
Journal of Chemical Physics 106, 7777-7780.
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CHAPTER 1. Introduction

1.1. Background
1.1.1. Mixtures of colloids + non-adsorbing polymers

Colloids and polymers coexist in many biological and industrial mixtures.
Examples can be found in living cells [1] [2], food products [3] and paint and ink
[4]. The phase behavior of these mixtures depends on the concentration and
interactions between the colloidal particles and the polymer. In mixtures of
colloids + non-adsorbing polymers, an attractive force is induced between the
colloidal particles. The attraction is caused by an unbalanced osmotic pressure [5]
[6]. The range and strength of the attractive forces can be tuned by varying the
molecular weight and the volume fraction of the polymer. When the attraction is
strong enough, the mixture can separate into coexisting colloid rich and colloid
poor liquid phases. The colloid rich phase can be either liquid-like or solid-like
[7]. The mechanism causing phase separation in such mixtures is called

“depletion flocculation”.

A large number of experimental investigations for the phase behavior of colloids
+ non-adsorbing polymer mixtures can be found in the literature. These include,
water-in-oil microemulsion + polyisoprene [8], F actin (cylindrical protein) +
polyethylene glycol (PEG) [9] and spherical protein (nanoparticle) + polyethylene
glycol (PEG) [10]. Phase separation by depletion flocculation was also measured
in mixtures of cross-linked swollen polystyrene—microgel-particles + linear
polystyrene in toluene [11] and ethybenzene [12] and in mixtures of silica

particles sterically stabilized with C,g alcohol + polystyrene in toluene [13] [14].



1.1.2. Colloidal nature of asphaltene and the effect of polymer addition

Asphaltenes are another example of colloidal particles that are sterically stabilized
in toluene [15]. More broadly, variations of pressure, temperature and
composition in crude oil can result in asphaltene deposition [18] and can cause
significant problems in oil production, transport and refining [19]. The colloidal
nature of asphaltenes has been investigated by several authors. Their size and

shape have been studied using a variety of experimental techniques [16] [17].

Polymers have been used extensively in the oil industry as additives to solve
problems affecting oil production [20]. For example, they are used for
viscosification, drag reduction in turbulent flows in pipelines, prevention of wax
deposition at temperatures below the WAT (wax appearance temperature),
breaking water in oil emulsions and stabilization of asphaltenes. Recent
investigations focused on the effect of adding adsorbing polymers to asphaltene +

toluene mixtures to cause flocculation [21], or to delay sedimentation [22].

The effect of adding a non-adsorbing polymer to asphaltene + toluene mixtures
has not been investigated systematically in the past. Potential applications of
depletion flocculation induced phenomena in the hydrocarbon production
transport and refining sectors appear to have been overlooked. As asphaltenes
form sterically stabilized colloidal particles, the addition of a non-adsorbing
polymer should induce liquid-liquid phase behavior. The investigation of such
phase behavior can provide new insights and new opportunities for using
polymers in hydrocarbon production, transport and refining. The challenges in
this investigation are both experimental and conceptual because detection of
liquid-liquid phase behavior, experimentally, for such mixtures is not certain, and

because asphaltenes themselves are so poorly defined.



1.2. Thesis outline

Following this introduction, the colloidal nature of asphaltenes, and phase
behavior investigations of mixtures of colloids + non-adsorbing polymers are
reviewed in Chapter 2. The experimental approach and apparatus, together with
examples of acoustic measurements in liquid mixtures and porous media, are
presented in Chapter 3. Results and data analysis related to the phase behavior of
asphaltene + polystyrene + toluene mixtures are presented in Chapters 4-5.
Modeled vs experimental phase compositions are compared in Chapter 5. Finally,

conclusions and recommendations are presented in Chapter 6.
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CHAPTER 2. Literature Review

2.1. Asphaltenes as Colloids

Asphaltenes are a fraction of oil deemed as insoluble in alkanes and soluble in
benzene and toluene on the basis of filtration measurements (ASTM D4055). In
toluene, asphaltenes aggregate and are thought to form colloidal particles similar
to hairy tennis balls. The concentration at which the nanoaggregates stop growing
is called “the critical nanoaggregate concentration” (CNAC). The CNAC was
measured using different experimental techniques: high-Q ultrasonics [1] [2], DC-
conductivity [3], centrifugation [4] and NMR hydrogen index measurements [5].
Reported values range from 50 to 200 mg/L. In toluene mixtures, the interactions

between asphaltene colloidal particles are dominated by steric repulsive forces

[6].

The colloidal state of asphaltenes in toluene has been the subject of several
investigations. Rheological, centrifugation and SAXS measurements have been
performed to characterize the size and shape of asphaltene aggregates in toluene
[4] [7]1 [8] [9]- Mostowfi et al. [4] performed a centrifugation investigation of a
solution of asphaltene in toluene with a concentration of 250 mg/l. They found
that the diameter of asphaltenes ranged from less than 1.5 nm up to 10 nm. They
attributed the lower bound to molecules and the upper bound to the largest
aggregates present. At concentrations of several grams per liter, asphaltenes form
larger aggregates. For example, at 3 % vol asphaltenes in toluene, the radius of

gyration of the aggregates was found to fall in the range 6-16 nm [8]. Espinat et



al. [7] measured the size of asphaltenes in toluene using small-angle X-ray
scattering (SAXS), small-angle neutron scattering (SANS) and dynamic light
scattering to investigate the effect of temperature and pressure on the size of
asphaltene aggregates in toluene. They found that their size decreased with
temperature while pressure did not appear to have a significant effect. Zhao et al.
[10] performed ultrafiltration studies of Maya crude oil (16 %w asphaltenes) at
473 K. They found that the amount of asphaltene retained depended on the filter
pore size. 50 wt % of the asphaltenes passed through a 20 nm ceramic filter and
10 wt % passed through a 5 nm ceramic filter. None of the aggregates appeared to
be greater than 100 nm. Ching et al. [11] performed nanofiltration experiments
using Gore-Tex Teflon filters with a nominal pore size of 30 nm. Conventional
crude oils containing up to 7.6 w% asphaltenes were filtered at 80 C, and toluene
mixtures containing up to 15 g/L asphaltenes were filtered at room temperature.
No retentates were observed for any of these cases. The viscosities of the crude
oils before and after filtration were found to be the same. It was concluded that
the size of asphaltene colloidal particles was below the 30 nm nominal pore size
of the filter for the concentration range investigated. It was also suggested that the
size of asphaltene colloidal particles could be larger in heavy oils and
concentrated solutions of asphaltene in toluene. These prior results suggest that
the size distribution of asphaltene colloidal particles in both crude oils and
concentrated toluene solutions is bounded with nominal sizes ranging from ~ 1.5

to ~ 100 nm.

Phase separation methods for asphaltenes include: ultracentrifugation, variation of
pressure, temperature, solvent evaporation and addition of antisolvent (alkane)
[12] [13]. Phase separation in colloidal mixtures could also be achieved by adding
a polymer[13]. In the following sections, the effect of adding polymers to

asphaltene and colloidal solutions is discussed.



2.2. Chemical and polymeric additions to asphaltene solutions

Polymers are used in asphaltene solutions to prevent deposition and delay
asphaltene sedimentation. Hashemi et al. [14] investigated the effect of adding
alkylated phenol (4F) and polyolefin amide alkeneamine (AG) polymeric
dispersants on asphaltene sedimentation in mixtures of oil + heptane. The delay in
sedimentation was attributed to a decrease in asphaltene particle size and a change
in asphaltene interparticle interactions. Chang et al. [15] investigated the effect of
adding alkylbenzene-derived amphiphiles on asphaltene stability in alkane
solvents. It was found that increasing the polarity of the amphiphile head group
strengthens the attraction of amphiphiles to asphaltenes and therefore improves
asphaltene stabilization. An amphiphile without a polar group (nonylbenzene) did
not have any effect on asphaltene stability because the benzene group could not

associate with it.

Recently, Lima et al [16] studied the flocculation of asphaltenes in organic
solvents induced by polymeric compounds. It was suggested that the most suitable
polymers contain polar groups that can associate with asphaltenes. Two sets of
polymers were investigated: Polycardanol with different molar masses and
sulfonated polystyrene with various degrees of sulfonation. It was shown that both
sets of polymers behave as flocculants at low concentrations and as dispersants at
higher concentrations. This was attributed to the relative amount of polymer polar
groups available for association with asphaltene polar groups. Increasing polymer
concentration increased the number of asphaltene-polymer interactions which
initially increased the number of asphaltene aggregates associated to the polymer
but a large number of asphaltene — polymer association was thought to cause less
asphaltene-asphaltene association and therefore less aggregates were susceptible
to flocculate. It was reported that polystyrene without polar groups did not modify
asphaltene behaviour in dilute solutions [16]. This result from the literature is
different from the anticipated behavior for the impact of a non-adsorbing polymer

(polystyrene) in a good solvent (toluene) [17][18] on concentrated sterically



stabilized colloidal particles (asphaltenes) [6]. The result may reflect the dilute

composition range investigated.

2.3. Phase behaviour of polymer + polystyrene mixtures and phase

separation by depletion flocculation

Mixtures of polymer + polystyrene + toluene, where toluene is a good solvent for
both polymers, can be fully miscible or can exhibit phase separation. Examples of
fully miscible and partially miscible mixtures are poly(vinyl methyl ether) +
polystyrene + toluene [19] and polybutadiene + polystyrene + toluene [20]
respectively. The phase behavior of polymer + polystyrene + toluene depends
both on the thermodynamic compatibility between the polymers and the solvent
affinity for them [21]. According to Flory Huggins theory, the Gibbs free energy
of mixing in a ternary mixture of two unlike polymers and a solvent is given by
[20]:
% =n, In¢, + n, Ing, + n, Ing;,
+ (X12¢1¢2 + X309 + X23¢2¢3)<m1n1 tm,yn, + ms”s) (2.1)

where: n; is the number of moles of component 1, m; is the ratio of molar volume
of component 1 to the molar volume of a reference component, %;; is the Flory-

Huggins interaction parameter.

The above equation was derived for cases where polymer molecules overlap one
another extensively [22] [24]. The first three terms in the right hand side of
equation (2.1) represent the entropic contribution to the free energy of mixing and
the remaining terms represent the enthalpy of mixing. For the case where the
solvent is equally good for both polymers, (x12=)13<0.5), the mixture separates
when the binary interaction parameter exceeds a critical value: ¥23>¥erit [22]. In
this case, phase separation is caused by the repulsion between unlike polymers.
The enthalpy of mixing is positive and the mixture separates to reduce the free

energy.



Figure 2.1. Schematic of a microgel particle in good solvent [23]

Phase separation in mixtures of polymer + polystyrene + toluene can be driven by
entropic effects. For example, Seiglaff et al. [24] found that when the polymer
added to polystyrene in toluene is a cross-linked polystyrene swollen particle,
microgel particle [23] (Fig.2.1), the mixture separates into two phases. In this
case, phase separation is attributed to entropy effects and not to the repulsion
between unlike polymers. A mixture of polystyrene microgel swollen particle +

polystyrene + ethyl-benzene behaves similarly [25] [26].

The mechanism driving phase separation for these mixtures is depletion
flocculation, a mechanism first described by Asakura and Oosawa [27] [28]. The
microgel polystyrene particles are assumed to be sufficiently cross-linked to
prevent penetration by the linear polymer chains. In this case, the configurations
for which the polymer penetrates the microgel particle are excluded. Effectively,
the linear polymer is excluded from a depletion layer around each particle
(Fig.2.2.a.i-11). This layer generates a uniform osmotic pressure as shown in
Figure 2.2.b.i. When two depletion layers overlap, the osmotic pressure around
the particles becomes unbalanced giving rise to a net attractive force (Fig.2.2.b.ii).
The resulting interaction potential between two colloidal particles is shown in
Figure 2.2.c.i. The range of the attraction potential is proportional to the depletion
thickness where its depth is proportional to the osmotic pressure and the overlap
volume. At a sufficiently high polymer concentration, the mixture separates into

colloid-poor and colloid-rich stable phases (Fig.2.2.c.ii).
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Figure 2.2. Depletion flocculation mechanism: (a.i) depletion layer for the case of @/,
>1, (a.ii) depletion layer for the case of @/ <1, (b.i) osmotic pressure IT applied around
each nanoparticle, (b.ii) overlap of two depletion layers and generation of a net attractive
potential, (c.1) attractive potential between two colloidal particles, (c.ii) phase separation
of a mixture of colloidal particles and a non-adsorbing polymer.

The colloid rich phase can be either liquid-like or solid-like. Thus, the addition of
a non-adsorbing polymer can be considered as a way to control the attractive

forces between the colloidal particles and to manipulate their phase behavior.

Microgel particles in good solvent are swollen particles sterically stabilized
without a hardcore [23]. The same mechanism driving phase separation in
mixtures of microgel-particles + non-adsorbing polymer applies to mixtures of

colloidal particles with hardcore + non-adsorbing polymer.
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2.4. Mixtures of colloidal particles + non-adsorbing polymers

Non-adsorbing polymers in colloidal solutions can induce phase separation by the
mechanism of depletion flocculation [29]. The phase behavior of such mixtures
depends on the volume fraction and the size of both the colloidal particles and the
polymer. The prediction of the behavior of mixtures of colloids + non-adsorbing
polymer was performed using computer simulations of hard spheres plus self
avoiding polymer chains [30], thermodynamic perturbation theories [31],
polymer-colloid liquid state theory [32] and density functional theory [33]. The
calculation of the binodal line using these methods is computationally expensive
[34]. A simpler theory, the osmotic equilibrium or the free volume theory, was
developed by Lekkerkerker et al [35] for the prediction of the phase behavior of
such mixtures. In this theory, polymer partitioning between the separated phases
is taken into account. The depletion thickness o is considered to be proportional to
the radius of gyration R, of the polymer. Lekkerkerker’s model is valid when
Ry/a<I (colloid limit) and where polymer concentration is below the overlap
concentration (¢/¢,,<1). The model fails when the concentration of the polymer
at the binodal points exceeds the overlap concentration (¢/@,, >1). This situation
occurs in the so-called protein limit where the polymer radius of gyration is larger
than the colloidal particle radius (R,/a>1). In this limit, the depletion thickness &
is independent of the polymer chain length and is only function of the
concentration of the polymer. Recently, Fleer et al developed a model based on
the free volume theory and valid for both the colloid (R,/a<I) and the protein
(Rg/a>1) limits and in the crossover between the two limits. According to this
model, the depletion thickness is function of both (R,/a) and the polymer volume
fraction in the mixture. In this work, the recent thermodynamic model of Fleer et
al [34] for the depletion flocculation mechanism, with the predicted effects of
colloidal particle size and polymer radius of gyration on the phase diagram, is
outlined. The model was developed to predict the phase behavior of mixtures with
polymers (excluded volume - ev - chains version) in good solvents and in theta

solvents (mean field chains in theta solvent - mf - version). Experimental
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techniques for the determination of the composition of coexisting phases are
discussed. Examples from the literature of mixtures of colloidal particles +

polystyrene in toluene are also presented.
2.4.1 Phase separation by depletion flocculation and the free volume fraction

Figure 2.3 shows a mixture of colloidal particles + non-adsorbing polymer where
two phases coexist. The lower phase is colloid rich; it can be solid (S) or liquid-
like (L). The upper phase is colloid poor and can be gas-like (G) or liquid-like (L).

In a colloidal phase X, the overall polymer volume fraction @ is given by:

Py =0x @, (2.2)

where: X= G, L or S and ¢: is the polymer volume fraction in the free volume not
occupied by the particles and the depletion layer surrounding them. It is the same
in both phases. a: is the free volume fraction. It is a function of the colloid
volume fraction 7 and g=&/a, the ratio of the depletion thickness d to the particle

radius a. The free volume fraction, a, is given by the following equation:

a=(1-1)p (2.3)

Colloidal gas

/ (phase 1I)
&

polymer

L |

depletion layer \

AN Colloidal
N

Colloidal liquid (phase I)

particle

Figure 2.3. Diagram of a mixture of colloid + non-adsorbing polymer separating into
colloid rich (phase I, L) and colloid poor (phase II, G) phases.
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where:

p=e? (2.4)
Q=Af+Bf’+Cf°, (2.5)
f=—1 2.6)
l-n
A=(1+q)*-1 B=3¢’(q+3/2) C=3¢" (2.7)

The depletion thickness is a function of both (R./a) and the volume fraction of the
polymer in the mixture. Thus, the ratio of the depletion thickness to the particle

radius, for polymers in a good solvent (ev), is given by:

5 S 2 -0.44
q= P _0.865{qR +c Y } ’ (2.8.a)

with ¢,=3.95, y=0.77. For polymers in theta solvent (mf), the ratio of the depletion

thickness to the particle radius is given by:

) 5 517045
=—=093 Ye
9=",=09 8{% ta } , (2.8.b)
with ¢,=6.02, y=1.0, where:
y_ (1) .
Por (2.9)
and:
qr=Rya (2.10)
The radius of gyration of polystyrene in toluene is given by [36]:
R, =0.012M >, 2.11)
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The volume fraction for which the polymer goes from dilute to semi-dilute

solution, known as the overlap volume fraction, is given by [37]:

M

w

475 R N 4P poiysr (2.12)

Pov

2.4.2. Thermodynamic model for a mixture of mono-dispersed colloidal

particles + non-adsorbing polymer
2.4.2.1. Phase diagram calculation
In this thesis, experimental data are compared to the model developed by Fleer et
al [34]. Details for the calculation of the phase diagram can be found in their

paper. Only a summary of the equations is presented here.

The chemical potential and the pressure are given as a sum of hard sphere and

polymer contributions, as follows:

w=u’+u”, (pv)=(pv)0+(pv)P, (2.13)

where: v is the volume of one colloidal particle.

The hard sphere parts of the chemical potential and the pressure are given by:

Inn+8f+7f>+2f° fluid
3
0 _ S .
W = 2.1306+—( n) 3In(y™ ~m;,)  solid (2.14)
1-—1
Tlcp

r]+4f2+2f3 fluid

(pv) = ﬁ T (2.15)
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where:

f=1 (2.16)
1-n

n is the volume fraction of the colloidal particles and n¢,=0.741 is the close

packing volume fraction.

The polymer contribution to the chemical potential and (pv) are given by the

following equation:

Y

W= [1B-arppai” +3ex ] ar

0

f , 2.17
(pv)© =f[/5—f/31][q,}”’ +3yc2Y3V“]dY @17)

0

where: ¢,=1.62 and y=0.77 for excluded volume (ev) chains in good solvent (x=0)
and c,=4.2 and y=1.0 for mean field chains (mf) in a theta solvent. §; is the first

derivative of f with respect to f.

Binodal points are obtained from equal chemical potential and pressure in the two

coexisting phases:

Colloidal fluid-solid: wo=u, (pv), =(pv), (2.18)

Colloidal gas-liquid: u, =uw, (pv)g = (pv)l (2.19)

At the colloidal gas-liquid critical point, the first and second derivatives of the

pressure with respect to f are zero:

(pv), = (pv), =0, (2.20)
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Finally, at the triple point, the chemical potentials and the pressures in the

colloidal gas, liquid and solid phases are equal:
uo=w =t (pv), =(pv), =(pv),, (221)

When gz is above gz*=0.388, the critical end point value for excluded volume
chains in good solvent, a colloidal liquid-gas region is predicted in the phase
diagram. For the case of gg=Ry,/a=1, Fleer et al [34] compared calculated phase
diagram for mixtures of colloidal particles + non-adsorbing polymer in good
solvent with experimental observations. This comparison is shown in Figure 2.4.
This Figure shows that at fixed colloid volume fraction and with increasing
polymer concentration, a mixture of colloids + non-adsorbing polymer moves
from a stable single-phase region to a two-phase region where two stable colloidal
liquid-colloidal gas phases coexist. The binodal curves meet at the colloidal gas-
liquid critical point. With a further increase in the polymer volume fraction, the
mixture moves to a three-phase coexistence region (gas-liquid-solid) and then to a
two-phase region where colloidal gas and solid phases coexist. The last two
regions are not observed in mixtures with polydispersed colloidal particles [38].
The vertices of the triangular three-phase region represent the three triple points

(colloidal gas, colloidal liquid and crystal solid).

In the two-phase region, the volume fraction of each phase can be obtained by the
lever rule. In mixtures with polydispersed colloidal particles, the formation of the
colloidal solid phase is less favorable when compared to the colloidal liquid phase
[34]. At relatively high polymer concentrations, these mixtures form a gel phase

instead of a crystal solid phase [38].
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Figure 2.4. Phase diagram of a colloid + non-adsorbing polymer mixture for qg=1 and
yi=®/qoy. (Filled circles): Phase boundaries calculations from Fleer [34]. Experimental
data for a mixture of PMMA colloidal particles (a=130 nm) + Polystyrene (M,=15.4x10°
g/mol)+(cis-decalin+tetralin): [39] (open circle): stable single phase, (>): colloidal gas-
liquid coexistence region, (*): colloidal gas-liquid-solid coexistence region, (<): colloidal
gas-solid region.

2.4.2.2. Effect of polymer radius of gyration and colloidal particle size on the

predicted phase diagram

The effects of varying qg=R//a from 0.4 to 5.0 on the volume fractions of the
colloidal particles and the polymer at the critical and triple points were
investigated by Fleer et al[34]. They are shown in Figures 2.5.a-b. Figure 2.5.a
shows that when qr is increased, the volume fraction of the colloidal particles at
the critical point decreases and converges to 0.10-0.11 and 0.06 for the cases of
polymers in good solvent (ev) and polymers in theta solvent (mf) respectively.
When qr is increased, the volume fractions of the colloids at the gas, liquid and
solid triple points converge to 0.0, 0.47 and 0.56 for the case of polymers in good
solvent (ev) and to 0.0, 0.48 and 0.55 for the case of polymers in theta solvent
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(mf). Figure 2.5.b shows that when qr is increased at constant polymer radius of
gyration — decreasing particle radius a-, the volume fraction of the polymer at the
critical point increases monotonically with qr. Similar variations of the volume
fraction of the polymer at the triple points with qr can be observed except for the
intial decrease in the liquid triple point when 0.4 < qr < 0.5. When qg is increased
at constant particle radius a (increasing polymer radius of gyration), the volume
fractions of the polymer at the critical and triple points are weakly dependent on

gr, particularly when gg is increased above 0.6.
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Figure 2.5.a. Numerical results of Fleer et al model extracted numerically for normalized
colloidal particle volume fractions at the critical point 7° =n° / 1" (diamonds) and the
triple points ﬁ; = 77; / 7];*, 0 =n / nl’*, and 75 = / ng* (circles) as a function of g,
where 9r =4 / q; [34]. For exluded chains in good solvent (ev: open symbols)

dr>M Ms are 0.388, 0.317 and 0.594. For mean-field chains in theta solvent (mf: closed
symbols), these values are 0.337, 0.318 and 0.593.
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Figure 2.5.b. Normalized polymer volume fractions q~>c (critical points, diamonds) and

q?t (triple points, circles) as a function of G = g /0.388 for a polymer in a good solvent,
on a double-logarithmic scale. Closed symbols and solid curves are for constant radius of
gyration R,, open symbols with dashed curves are for constant particle radius a; the

symbols correspond to the same set of qr's given in Figure 2.5.a. The normalized (]3
values may be converted to real volume fractions ¢ by multiplying with ¢ *= a* ¢*
where p* = y*p,.* y*=0.428 and a*=0.381, where * refers to values at the critical end
point [34].

For large values of qr, the normalized volume fractions of the polymer at the
critical point ¢~)C and at the gas, liquid and solid triple points 43;, qf),’, ‘7’3 reach the
constant levels of 1.19, 2.62, 0.44 and 0.16 respectively. Figure 2.5.b was
obtained for the case of polymers in good solvent, in the exluded volume limit.

Similar variations can be obtained for the case of a theta solvent[34].

2.4.2.3. Comparison between predicted and experimental critical points

Fleer et al. [34] compared experimental critical points with modeling results for
different mixtures of colloidal particles + non-adsorbing polymer. The

comparison is shown in Table 2.1 for different values of gr=R,/a. The excluded

volume (ev) chains version- used for polymers in good solvent - of the model
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corresponds to polymers with an effective Flory-Huggins parameter of x=0 [40].

Polymers in good solvent, with a scaling behavior RgOCMW3/ 3

, can be obtained for
mixtures with Flory-Huggins parameter y slightly below 0.5. An example of this
is polystyrene in toluene where %=0.48 [40]. In these cases where the solvent is
slightly better than a theta solvent, calculations were performed using both
versions: the excluded volume chains in a good solvent and the mean field chains
in a theta solvent. Calculations using both versions provided upper and lower

limits for the volume fractions of the colloidal particles and the polymer at the

critical points[34].

The predicted trend of increasing polymer volume fraction at the critical point

v =£ with increasing qr was globally supported by experimental results in

ov

Table 2.1. Model calculations predicted that, with increasing qgr, the volume

fraction of the colloid at the critical point 1° decreased down to 0.11 for excluded

Table 2.1. Comparison between experimental and theoretical critical points performed by
Fleer et al[34].

Theory
. Excluded volume Mean field chains
. Experiments .. .
Mixture qr chains in good in theta solvent
solvent (ev) (mf)
TIC in:¢/ (pov Tf in:¢/ (pov UC in:¢/ wov
sil/PDMS/chx | 0.49 | 0.21 1.00 0.27 0.21 - -
sil/PS/tol 0.67 - 0.35 0.22 0.30 - -
cas/psc/w 0.86 - 0.45 0.19 0.41 - -
ySprot/PEO/w | 0.87 | 0.18 0.34 0.19 0.42 - -
sil/PDMS/chx | 1.08 - 1.6 0.17 0.58 - -
sil/PS/tol 1.40 - 0.65 0.14 0.87 - -
wp/psc/w 3.2 - 3.5 0.11 3.0 - -
PMMA/PS/dec | 0.56 | 0.1 0.36 0.25 0.24 0.22 0.18
PMMA/PS/dec | 0.57 - 0.25 0.25 0.25 0.22 0.19
sil/PS/tol 42 | 0.13 2.2 0.11 4.2 0.06 1.52
sil/PiP/chx 4.8 | 0.13 1.6 0.11 5.0 0.06 1.74
sil/PS/to 52 | 0.09 2.6 0.11 5.6 0.06 1.89

Abbreviations:

sil: (stearly)silica, cas = caseine micelles, wp = whey proteins, ySprot = eye lens protein, PDMS:
polydimethyl siloxane, PS = polystyrene, psc = polysaccharide, chx = cyclohexane, tol = toluene.
w = water, PMMA = polymethylacrylate, PiP = polyisoprene, dec=decalin.
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volume chains in good solvent and to 0.06 for mean field chains in theta solvent.
It was reported that there were no direct experimental measurements to support
this prediction but the data available in Table 2.1 suggested that at high qg, the

colloid volume fraction at the critical point 1° approached 0.1.

For mixtures of silica particles sterically stabilized + polystyrene in toluene,
predicted polystyrene volume fractions at the critical points (¢/Qoy)ieo=0.30,
(9°/ov)iheo=0.87 compared well with experimental data (¢°/ov)exp=0.35,
(9*/ov)exp=0.65 for qr=0.67 and 1.4, respectively. Calculations have been
performed using the polymer in good solvent version (excluded volume chains —
ev-). When qr=4.2 and 5.2, the experimental critical points (1°=0.13,
O/Pov=2.2)exps (N°=0.09, ¢°/pev=2.6)exp appeared to be in the range between the
critical points predicted for the cases of excluded volume chains in good solvent
M°=0.11, ¢*/Pov=4.2)theo, (N=0.11, ¢/Pov=5.6)meo and mean field chains in theta
solvent (n°=0.06, ¢*/0ov=1.52)theo, (N°=0.06, ¢°/Poy=1.89)tneo.

In this work, calculated phase boundaries and critical points are compared with
experimental results for mixtures of asphaltene + polystyrene + toluene. By
varying the size of the particles, the monodispered model for polymers in good
solvent, is used to estimate an interval for the radii of asphaltene colloidal

particles participating in the phase separation mechanism.

2.4.3. Experimental determination of phase composition

The binodal points of the phase diagram of colloids + non-adsorbing polymer
mixtures can be determined experimentally by direct sampling and measurement
of the composition of the separated phases. Figure 2.6 shows the composition of
the separated phases determined experimentally for a mixture of nanoparticles (ys
spherical protein, M;=20,800 g/mol, a=1.8 nm) + non-adsorbing polymer
(polyethylene glycol, M,=1450 g/mol, R,=1.56 nm) + water [41]. The

concentration of protein (nanoparticle) in each phase was obtained by UV
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absorption, where the concentration of the non-adsorbing polymer PEG was
determined by taking an aliquot of known weight from each phase. The polymer
was separated from the protein by ultra filtration and its concentration in the

filtrate was measured using a refractive index detector.

In opaque fluids, Erne et al. [42] used an infrared technique to measure the phase
behavior and the composition of the phases for a mixture of nanoparticles (a=4.5
nm, magnetite Fe;O4 sterically stabilized with oleic acid) + poly(dimethyl
siloxane) (My=41500 g/mol, R,=8.5 nm) + toluene. Infrared spectra were
measured at different positions along the height of the cell to obtain the
composition profile of the mixture in the cell. This technique analyzes only a thin
layer near the wall (~1 um), it is therefore limited to cases where adsorbtion at the
wall is negligible. The IR absorption spectra of the polymer and the nanoparticles
should be sufficiently distinct to allow for the determination of the composition of

the separated phases.

120 x x . .

601

400 100 200 300 400 500

c, (mg/ml)

Figure 2.6. Binodal points for the ternary yS+PEG1450+water system. The critical point
at ¢,,=260 mg/ml. For PEG1450, R,=1.56 nm, whereas a=1.80 nm is estimated from the
molecular weight and specific volume of yS[41].
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Bodnar et al[43] proposed an indirect method to estimate the composition of the
separated phases for a mixture of colloidal silica particles (a=47 nm) + non-
adsorbing polymer (polydimethylsiloxane, R,=23 nm) + cyclohexane. This
method is based on measuring the variations of the volume fractions along at least
three dilution lines. The binodal points are obtained using the lever rule by
varying the length and the slope of the tie lines to fit the experimental volume
fractions of the separated phases. This is illustrated in Figures 2.7.a-b. For
example, a mixture in state P in the phase diagram separates into a colloid poor
phase (a) and a colloid rich phase (). The volume fraction of the colloid poor

phase (upper phase) is given by:

O A e

a

TV AV, nPont gt —gP - (2.22)

Binodal

Figure 2.7.a. Schematic representation of the binodal, dilution lines p, q and r and the
intersections P, Q and R with a tie line in a phase diagram where the polymer volume
fraction ® is plotted against the colloid volume fraction n [43].
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n

Figure 2.7.b. Schematic representation of two tie lines [a ] and [’ §’] with different
slopes and lengths in a phase diagram where the polymer volume fraction @ is plotted
against the colloid volume fraction 7.

The volume fraction of the polymer in point P can be given by:

nf-n* nf-n*

5 =(nﬁ¢“—na¢ﬁ)+(¢ﬁ—¢“
-n

P P
J" =d+nn (2.23)

where d , n are the intercept and the slope of the tie line [a (].
Similarly:
¢’ =d+nn’ (2.24)

The volume fraction of the upper phase can also be given by:

\/(nﬁ —77“)2 +(¢a —¢ﬁ)2 (2.25)
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After substitution of equations (2.23) and (2.24) in equation (2.25), the following

equation is obtained:

\n*+1 (0’ =n")=R" -1 (2.26)
[

n'=n"+— 2.27)

For any point P along dilution line p with volume fraction Jf, pP, the volume

fractions of the colloid at the binodal points are given by:

P
)
nﬁ=nP+ ﬁ
n®+1
% (1-77) 1 (2.28)
n*=n" -
n?+1

Similarly, using points Q and R in dilution lines q and r, the colloid volume

fractions at the binodal points are given by:

Q'l
0P =+ L2
Vn2+l
% (1-72)-1 (2.29)
n®=n?- L
n’+1

n-=n
n*+1
l—er -1 (230)
R Ut
n*+1

T TR (2.31)
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After substitution in equation (2.22):

cpnp =d+nr]P, (2.32)
similarly:

can =d+ an, (2.33)

c,nR=d+nnR, (2.34)

By combining equation (2.33) with (2.32) and (2.34) with (2.32), the following

equations are obtained:

c, —n
o_ P°p
=N ¢, - (2.35)
rR_.pSp TN
n=n c—n> (2.36)

After substitution of equations (2.35) and (2.36) in equations (2.29) and (2.30) for
n? and m%, The colloid volume fraction in the binodal points belonging to a tie

line passing through state P can be determined from the following equations:

P.
nﬁ=nP+ fp !
Vn?+1
4
1_fP) -l (2.28)
a _ P_(—p’
T n?+1
c -n  f2-1
B _ P q
" c —n+ 2
q n-+1
o pepmn (A7) (2.37)
'r’ = —_
Cq— N n?+1
c,-n R
ﬁ= P "D + r
7 ¢, —n n’+1
e (2 @)
¢ —n n®+1

27



In theory, three dilution lines (p, q and r) can be used to determine the
composition of the coexisting phases. More dilution lines can be used to reduce
the effect of the experimental error. For a tie line passing through point P with
slope n and length 1, the colloid volume fraction in the coexisting phases can be

estimated using equations (2.28), (2.37) and (2.38). Three values can be obtained
for the colloid volume fraction at the binodal points M- par) 77(6);: p.ar) - The

composition is then averaged to obtain 77, ﬁﬁ. Values of the slope n and the
length / of the tie line are varied (Fig.2.7.b) to minimize the following objective

function:

Obj(n, 1) = E[(nzﬂ)(nf;) —ﬁ“)]2+ E[(n2+l)(n£> -ﬁﬁ)r, (2.39)

xX=p.q.r X=p,q,r

The numerical procedure described above was applied by Bondar et al[43] to a
mixture of colloidal silica particles a=43 nm and polydimethylsiloxane (My=204
000 g/mol, Rg=23 nm) in cyclohexane. The variations of the volume fraction of
the upper phase along the four dilution lines and the calculated binodal points are
shown in Figures 2.8.a-b [43]. It was suggested that a good estimate of the critical
point could be obtained by extrapolating the centers of the tie lines towards the

experimental phase boundary [43].

2.4.4. Experimental measurements of phase separation for mixtures of

colloidal particles + polystyrene + toluene

Ramkrishnan et al [44] [45] measured the phase behavior of silica particles (a=50
nm) sterically stabilized with stearly alcohol + polystyrene in toluene. Different
polystyrene molecular weights were investigated: M,=2.43x10°, 2.93x10%,
2.214x10°, 5.5x 10°, 1.88x10° g/mol. They found that homogenous gel formation,
dense (solid)-dilute phase separation and liquid-liquid separation were observed

as the ratio R,/a increased from 0.026 to 1.395. Hennequin et al [37] measured the
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Figure 2.8. (a) Experimetal variations of the upper phase volume fraction along the
dilution lines, (b) binodal points extracted numerically, from Bondar et al[43]. (triangle):
observed binodal points. Data are obtained for the case of a mixture of colloidal silica
particles a=43 nm and polydimethylsiloxane, R,=23 nm.

29



phase behavior of silica particles, sterically stabilized with stearly alcohol in
toluene + polystyrene (My=8.5x10° g/mol) for Ry/a=4.1 (a=42.5 nm) and
Ry/a=5.2 (a=33 nm). They found that for both cases and above a certain polymer
concentration, the mixtures separated into two stable liquid phases, one colloid
rich and one colloid poor. An interface was first observed to form at the bottom of
the cuvette, moving upwards and becoming sharper. Phase separation was

complete and equilibrium reached nearly 1 hour after of homogenization.

Figure 2.9.a shows the variations of the upper phase volume fraction along
dilution lines A-E. The upper phase volume fraction appears to increase
significantly along dilution lines A, B and C, where it increases slightly along
dilution lines D and E. This behavior could be attributed to the movement of the
liquid-liquid interface with dilution. Figure 2.9.b shows the experimental phase

diagram with calculated binodal points and estimated critical point.
2.5. Objective

In this work, the phase behavior of asphaltene + polystyrene + toluene mixtures is
investigated. Speed of sound and attenuation profile measurements along the cell
are measured for different mixtures of asphaltene + polystyrene + toluene. The
composition of the separated phases is calculated from experimental phase
volume fraction and speed of sound data. For a mixture with fixed global
composition, calculated phase compositions are compared with compositions
obtained from UV-Visible spectrophotometry measurements and mass balance
equations. The fraction and the size of asphaltene colloidal particles participating
in the phase separation mechanism are estimated. Finally, the possibility of

improving asphaltene separation by adding non-adsorbing polymers is discussed.
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Figure 2.9. (a) Variations of the upper phase volume fraction along the dilution lines (b)
Experimental phase diagram (extracted numerically) from Hennequin et al[37] for a
mixture of silica nanoparticles (a=42.4 nm) + polystyrene (M,=8.5-10° g/mol): (open
circle) liquid-liquid phase behavior, (filled circle): single phase behavior, (open square):
estimated binodal points, (star): estimated critical point.
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Chapter 3. Phase Behaviour and Phase Separation

Kinetics Measurement Using Acoustic Arrays

3.1. Introduction

Online measurements of thermodynamic property profiles in opaque materials are
needed in many industrial applications. Examples include the phase behaviour of
heavy oil, water in oil emulsions, colloidal phase separation, natural gas hydrate
formation and dissociation, and liquid diffusion in porous media. The focus here
is on hydrocarbon energy sector applications where unresolved and significant
issues related to phase equilibrium, process kinetics and transport properties arise.
A variety of experimental methods have been applied to make such
measurements. Each has limitations linked to cost or range of application. For
example, X-ray transmission tomography has been used to measure the phase
behaviour of opaque heavy oil + solvent mixtures [1], to make mutual diffusion
mass transfer measurements [2] and to measure local compositions in oil + water
emulsions and dispersions [3]. Infrared spectroscopy has been used to measure the
phase behaviour and the composition of phases in opaque mixtures comprising a
colloidal dispersion and a non-adsorbing polymer [4]. This latter technique
analyzes only a thin layer near the wall and is limited to cases where adsorption at
the wall is negligible. The same infrared technique was used to characterize
hydrate formation in porous media [5]. Proton magnetic resonance spectroscopy
has been applied to measure phase separation of opaque oil in water emulsions
[6]. In solvent based oil recovery processes, diffusion measurements are
challenging because of the difficulty of measuring local compositions in bitumen,
particularly in porous media. Afsahi et al [7] used an NMR technique to measure

solvent mass transfer in bitumen in the presence and absence of sand. An MRI
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technique has also been used to measure composition profiles and asphaltene

deposition in porous media [8] [9] with a resolution of 0.86 mm/pixel.

Acoustic speed and wave attenuation measurements, with a single emitter and
receiver, have been used to determine liquid mixture composition [10],
thermodynamic properties [11] and phase behaviour [12] [13]. They have also
been used in porous media where acoustic speed and attenuation depend on the
properties of the fluids contained in the pores [14]. Acoustic measurements are
accurate, non-intrusive and are sensitive to the composition of liquid mixtures and
to the presence of interfaces. Therefore, measurements of acoustic property
profiles, at fine length scales using an array of emmitters and receivers, has
potential as a sensor for the characterization of the behaviour of fluids in divers

applications. Energy sector applications are illustrated here.

3.2. Experimental methodology

3.2.1. Experimental apparatus

A Schematic of the acoustic cell apparatus is shown in Figure 3.1. The cell is
made from PBI (PolyBenzImidazole), it was purchased as a rod from Goodfellow
Cambridge Limited. It contains a cavity where the sample is introduced as shown
in the front view of Figure 3.1. The cell is held in place using a cylindrical
aluminium frame. The frame is milled on two sides so that the emitting and
receiving probes can be located and positioned accurately. The cell is sealed with
a stainless steel cap that fits into the cavity. The temperature is controlled by
circulating water from a thermostatted reservoir (Fisher Scientific Isotemp
3006D) through two copper blocks located on both sides of the sample as shown
on the side view and the top view of Figure 3.1. Temperature is controlled to
within 0.1 C. The acoustic phased array probes, 10L64-A2 [15], comprise an
array of 64 elements with a nominal frequency of 10 MHz. The 7 mm wide

elements are 0.6 mm high. The probes are positioned parallel to each other and
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Figure 3.1. Schematic views of the acoustic cell
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can operate in both pulse/echo and transmission modes. The acoustic waves
emitted travel through the wall for a distance of 6.7 mm and through the sample
for a distance of 16 mm. A fraction of the waves are reflected and travel back to
the emitter (pulse/echo mode), the other fraction is transmitted to the receiver
(transmission mode). The acoustic paths are shown on the top view of the cell in

Figure 3.1. The reflected waveform is recorded at a sampling rate of 100 MHz, it

contains the first and second echoes of the pulses ( pi", p;"") that travel through

the sample and echoes from the reflection at the wall-sample interface. In this
work the pulse/echo mode was used for measurements in liquids and for
monitoring liquid-liquid phase separation, while the transmission mode was used
for measurements in porous media. The latter mode permitted measurements
through the highly attenuating porous medium that were not possible in the

pulse/echo mode.

Single and multiphase liquid mixtures were prepared within the cell prior to
measurement by introducing the constituents separately with a syringe. The
contents were then stirred for 4-5 minutes before the stirrer was removed. The
acoustic measurements were started just before removing the stirrer, to capture the
acoustic properties just after mixing (time t=0 s), at a rate of 1 Hz for the first 20
seconds. Five acoustic measurements were then performed for up to 10 minutes

after mixing.

3.2.2. Measurement methodology and calibration

Data acquisition hardware (TomoScan Focus LT™) and software (TomoView™
Software) from Olympus NDT were used for data acquisition. For local speed of
sound measurements, the acoustic cell operates in pulse-echo mode where 113
acoustic beams are sent and then received by the same probe. Each beam is
formed by pulses sent by 8 acoustic elements: the first beam is formed by the 1%
to 8" elements, the second by the 1* to 9™ elements, the third by the 2™ to 9™

elements, the fourth by the 2" o 10™ elements, and so on.... The vertical
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resolution is half the height of an element - 0.3 mm. Relative elevation is
measured from the first acoustic beam. From volume calibration measurements
based on liquid-air interface elevation, Figure 3.2, the first acoustic beam is
measured at 2.2 mm below the base of the cell. An example of a reflected
waveform p(z,¢) in pure toluene at an elevation z =18.5 mm is shown in Figure

3.3. It is recorded from time t=20 us to t=60 us after firing the pulse. It contains

two reflections of the initial pulse plE o (z,t) and pf “(z,t) as shown in F igs 3.3

and 3.4:
Echo
Pz t)=p(zt; <t<t; +T)
Echo

pr(z,t) = pzot, + A z) < t < t; + T+ AK(Z)) » (3.1

where ¢ is the start time of the first echo and 7 is the duration of the reflection

waveform. At(z) is the travel time between the first and the second echoes

pf;"cho (2.10), pfdw(z,t) at elevation z.

The autocorrelation function of the waveform p(z,¢), shown in Figure 3.5, is given

by:
tmux
C,(z0) = [ plz.t) pz,t +7) dt. (3.2)
0
The local speed of sound is calculated using the following equation:
21(z)
uz) = ) 33
® At(z) 33)

where /(z) is the acoustic path length and A¢(z) is the time delay between the first

ho cho .
and the second echoes PlE “(z,t) and p;™(z,t) at elevation z. At(z) corresponds to

the time delay of the second maximum in the autocorrelation function. The first

maximum corresponds to the reflection at the wall-liquid interface.

Acoustic path length, Figure 3.6, was calibrated at each elevation based on
literature data for the speed of sound in toluene at 25 C (1302.9 m/s) [16], and it
varies systematically with elevation from 15.85 mm to 15.99 mm. These acoustic

path lengths were used for local speed of sound evaluation, equation (3.3).
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Attenuation spectra are calculated using the following equation:

(3.4)

~ Echo
A(z.f)=-10 loglo(pz—(z’f)),

Pr(z.f)

~ Echo ~ Echo

where P (Z,t),p2 Echo Echo

(z,t) are the Fourier transforms of p;““(z,t),p; " (z,1)
respectively. Example Fourier transforms, for first and second echos for toluene at
25 C, at elevation z =18.5 mm are presented in Figure 3.7. The spectra of the
waveforms possess maxima between 4 MHz and 9 MHz. Consequently, the
evolution of the attenuation spectra were monitored in this frequency range. The
attached matlab code was developed to analyze the data and produce speed of
sound and attenuation results and videos of the phase separation kinetics from the

recorded waveforms.
3.2.3. Materials

Toluene (99%), n-heptane (99%), mixed hexanes (65% n-hexane) were purchased
from Fisher scientific. Methanol (99%) was purchased from Aldrich. All were

used without further purification.

The synthetic porous medium comprised a block (16 mm x 12 mm x 38 mm) cut
from a ChemGlass filter disk (J190 mm x 15 mm). After cleaning with
concentrated hydrochloric acid, the block was washed and then soaked for 24
hours in distilled water. It was then dried under vacuum at 80 C for 12 hours.
Mercury porosity measurement showed that the block had an average pore
diameter of 13 um and a porosity of 23.7 % vol. The porous block was partially
filled with Athabasca bitumen by immersing it in bitumen at 60 C for 80 minutes
as shown in Figure 3.8.a. Bitumen penetrated the pores and was imbibed by
capillary pressure to approximately half the height of the block [17]. The block
was then immersed in heptane within the cell, at 22.5 C and 1 atm (Fig.3.8.b).
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Figure 3.8. (a) Preparation of a synthetic porous block partially saturated with bitumen.
(b) Porous block immersed in heptane inside the cell during acoustic measurements.

3.3. Results and discussion
3.3.1. Acoustic measurements of liquid-liquid separation in organic mixtures

3.3.1.1. Speed of sound vs composition

The speed of sound was measured in mixtures of methanol + heptane and
methanol + mixed hexanes. Values are reported in Figures 3.9 a and b. The speed
of sound decreases with increasing methanol volume fraction for both cases until
the mixtures separate into alkane-rich and methanol-rich liquid phases. At high
methanol volume fractions, the mixtures pass from the liquid-liquid region to the
single-phase methanol-rich liquid region. The speed of sound then increases with
methanol volume fraction, in the single phase region, rising to the speed of sound
in pure methanol. For mixtures of methanol + heptane, the average speeds of
sound in the, fixed-composition, heptane-rich and methanol-rich phases are
1115.0 m/s and 1080.4 m/s respectively as indicated by the two horizontal dotted
lines in Figure 3.9.a. The saturated compositions of methanol in the two liquid
phases are 6.5 vol% and 71.9 vol%. These values are in good agreement with ones
reported in the literature 4.7 vol % and 72.1 vol% for the same mixure [18]. For
the mixed hexanes + methanol case, the transition from liquid to liquid-liquid

phase behavior is marked by cusps in the speed of sound-composition
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dependence. As there are multiple components present, the speeds of sound in the

two phase region vary with global composition, as seen in Figure 3.9b.

3.3.1.2. Acoustic property profiles and the kinetics of phase separation in

liquid mixtures

Figure 3.10 shows the time dependent evolution of the speed of sound, column I,
the attenuation difference spectra map, column II, and the value of the attenuation
difference at 7.94 MHz, column III, from time t=0 s (just after mixing) to time t¢
(after completion of phase separation) for mixed hexanes + methanol (38.7 %

vol). Values were measured at 113 elevations simultaneously. The attenuation

difference is the difference between the attenuation at time t (A(Z.f )|t) and time

=0 s (Af )|t=0) just after mixing. The evolution of the speed of sound and

attenuation difference measurements as functions of elevation provide insights
into the phase separation process. The phases begin to separate within one second,
and within 9 seconds, the hexane-rich and methanol-rich phases are largely
separated as shown in Figure 3.10 .a — I.j. The speed of sound increases with time
in the upper part of the cell and decreases in the lower part. Only slight systematic
variations of speed of sound with elevation remain in each phase after 9 seconds.
The attenuation spectra profiles, presented in Figure 3.10 IL.b-11.d, show that large
attenuation difference regions are formed from the top and the bottom of the cell.
These attenuation regions are likely caused by losses in the acoustic energy at the
liquid-liquid interface between the nucleating phase and the continuous phase.
The high attenuation regions appear to coalesce to form an attenuation peak/spike
at the horizontal liquid-liquid interface (Fig 3.10 IL.e-Ilj). Large random
fluctuations persist at and above the liquid-air interface. Ultrasonic attenuation
and speed of sound profiles both provide independent measures of interface
location and the dynamics of the phase separation. The evolution of local
compositions, and the scale and devolution of the interfacial region are readily

traced using either local speed of sound or attenuation measurements.

46



30 30
E t 3
£20 ?* E20
C §+ [

2 t S
g i g
3 10 } 3 10
w |
o . 0
1055 1060 1065 1070 4 6 8
Speed of sound (m/s) Frequency (MHz)
(I.a) (I1.a)

30 30
£ £
£20 Ea ' £20
5 [ 5
g i g
3 10 : 3 10
w j ]

0 P .
1055 1060 1065 1070 4 6 8
Speed of sound (m/s) Frequency (MHz)
(Lb)

30 :
£ - £ i
E20 a E
c j* ' c
o i o
810 i 8 1
w ] ]

TR
+F l
o R ;
1055 1060 1065 1070 4 6 8
Speed of sound (m/s) Frequency (MHz)
(I.c) (Il.c)

30 i
£ > £ -
é 20 éﬁ* g
c ot c
kel & 0o
T # T /
510 i &

w v T w
S
oL f
1055 1060 1065 1070 4 6 8
Speed of sound (m/s) Frequency (MHz)
(Ld) (IL.d)

30
£ i £
E20 i+ E
c e c
;c:) + # 2
g iy g
810 g ' 8
w ; w

#
O 3 I n
1055 1060 1065 1070
Speed of sound (m/s) Frequency (MHz)
(I.e) (Il.e)

10

10

0.5

-0.5

ny w
(=] o

—
o

Elevation (mm)

n W
o o

—
o

Elevation (mm)

ny w
o o

Elevation (mm)
>

n w
(=} (=)

Elevation (mm)
S

n w
(=) (=)

Elevation (mm)
S

10 5 0 5 10
Attenuation (dB)

(1ILa)

-0 5 0 5 10
Attenuation (dB)

(11Lb)

0 5 0 5 10
Attenuation (dB)
(ILc)

0 5 0 5 10
Attenuation (dB)
(I1L.d)

0 5 0 5 10
Attenuation (dB)
(IILe)

47



%0 ! 30 =
—_ — — e
€ . § - € 0.5 =
£20 E £ E20
c o c c
X o ) 0 9
il i g Sl s
[0) [0) (0]
w i w % W
o4 : 0 —
1055 1060 1065 1070 -10 -5 0 5 10
Speed of sound (m/s) Attenuation (dB)
(L (ILf) (I1L.f)
30 k 30 —
£ . £ 05 €
E20 % £ £E20
S i S o 5
® : ¥ ® ®
3 10 é z z 10
w # m] -05 i
;
0 Y - . 1 ob— - : :
1055 1060 1065 1070 10 5 0 5 10
Speed of sound (m/s) Attenuation (dB)
(Lg) (IlL.g)
30 ! 30 %
€ H € 05 3
E20 i 3 E20 i
c + c c
el i el 0 i)
g i S g
3 10 § H o5 3 10
w ; o ] &
#
QL% ! ol— ) ) :
1055 1060 1065 1070 10 5 0 5 10
Speed of sound (m/s) Attenuation (dB)
(Lh) (ILh) (IILh)
30 == 30
’é P £ 05 €
£20 5 E £20
5 " 5 o 8
g ¢ - 8 g
3 10 ? H 05 3 10
w g w - w
oL_# A, 0 ‘ -
1055 1060 1065 1070 4 6 8 10 10 5 0 5 10
Speed of sound (m/s) Frequency (MHz) Attenuation (dB)
(Li) (ILi) (11L1)
30 30 !
£ r T 05 €
£20 & £20 E
o ? c C
S + ke 0 S
310 Y 310 PO+
] f w - ]
oL # ‘ - 1 I _—
1055 1060 1065 1070 10 5 0 5 10
Speed of sound (m/s) Frequency (MHz) Attenuation (dB)
((8)) (ILj) (IILj)

Figure 3.10. Evolution of speed of sound and attenuation profiles for 38.7 vol.%
methanol in mixed hexanes during phase separation at 25 C and 1 bar: (a) t=0 s, (b) t=1 s,
(c)t=2s,(d) t=3 s, (e) t=4 s, (f) t=5 s, (g) t=6 s, (h) t=7 s, (1) t=8 s, (j) t=9 s. Column (I):
speed of sound, column (II) attenuation difference spectra AA(fz), column (III)
attenuation difference at f=7.94 MHz (A4(f=7.94 MHz,z)).
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Figure 3.11. Equilibrium speed of sound and attenuation profiles for methanol in
hexane: (a) 26.3% vol. methanol, (b) 38.7% vol. methanol (c) 49.7% vol. methanol.
Along the columns: (I): speed of sound, (II) attenuation difference spectra AA(f,z), (I111)
attenuation difference at f = 7.94 MHz (AA(f=7.94 MHz, z),). Horizontal lines indicate
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Figure 3.11 shows the speed of sound and acoustic attenuation profiles 10 minutes
after phase separation for three different methanol + mixed hexane compositions.

For these cases, the liquid-liquid and liquid-air interfaces are well defined by
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discontinuities in the speed of sound and spikes in the attenuation profiles and the

relative volume fractions are consistent with expectations.

3.3.2. Acoustic measurements in porous media

For these experiments, the acoustic cell was operated in transmission mode.
Acoustic wave transmission time measurements performed 2 hours after
immersing a porous block in heptane were used as a baseline for transmission
time differences for a porous block partially filled with bitumen that was
subsequently immersed in heptane, where heptane filled the upper part and the
free space on both sides of the block as shown in Figure 3.8 b. Transmission time
difference profiles are shown in Figure 3.12, for immersion times: 2 hours, 23
hours and 53 hours. Ultrasonic waves travel faster in the bitumen filled porous
medium because the speed of the acoustic waves increases with the viscosity of
the fluid [14]. Bitumen is orders of magnitude more viscous [19] than heptane.
The transmission time difference in the lower part of the block decreases with
time as a consequence of heptane penetration and counter diffusion of bitumen. In
the upper part of the block, transmission times change little with time, indicating
that bitumen moves upward only slowly through the porous medium — less than 4
mm in 53 hrs. This can be attributed to the fact that bitumen also diffuses to
heptane in the free space on the sides of the block. In the absence of a porous
medium, bitumen is detected more than 20 mm vertically upward from a pentane-
bitumen interface within 24 hours [20] [2]. Clearly, imbibition, diffusion and
other processes are readily monitored in porous media using differences in local
speed of sound or transmission time values. Numerous applications with standard

industrial cores and synthetic cores are envisioned.

3.3.3. Two Dimensional acoustic mapping

The results above are promising. Organic phases, composition gradients and fluid

movement/diffusion are readily measured as averages at specific elevations even
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in porous media. These results set the stage for the creation of two dimensional
speed of sound and acoustic attenuation maps where spatial variation at fixed
elevation is evaluated. In principal, this can be realized using acoustic arrays but it
is computationally complex from both a data acquisition and processing
perspective. However, such images would provide rich understanding of

processes dynamics at fine length and time scales with industrial fluids.
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Chapter 4. Phase Behavior of Asphaltenes +
Polystyrene + Toluene Mixtures at 293 K, Part One:
Experimental Results and Discussion

4.1. Introduction

Asphaltenes are defined as the fraction of oil insoluble in alkanes and soluble in
benzene and toluene on the basis of filtration experiments (ASTM D4055). In
toluene, asphaltenes aggregate to form sterically stabilized colloidal particles. The
size of these particles has been the subject of several investigations. For example,
Barre et al [1] measured the radius of gyration of asphaltenes colloidal particles in
a 3 vol% toluene solution using small-angle X-ray scattering (SAXS). They found
that the size of asphaltene aggregates fall in the range 6.3 to 16 nm. In heavy oils
(15 to 20 w% asphaltenes [2]) nanofiltration experiments showed that asphaltene
nanoaggregates form large aggregates up to 50 to 100 nm in both Athabasca
bitumen and Maya crude oil [3]. Espinat et al [4] measured the size of asphaltenes
in toluene using small-angle X-ray scattering (SAXS), small-angle neutron
scattering (SANS) and dynamic light scattering to investigate the effect of
temperature and pressure on the size of asphaltene aggregates in toluene. They
found that the size of asphaltene aggregates decreased with temperature, while
pressure did not appear to have a significant effect on size. The interaction forces
between asphaltene colloidal particles in toluene are dominated by repulsion.
Steric repulsive forces between asphaltene coated surfaces in toluene were

measured by Wang et al [5].
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If asphaltene containing mixtures are treated as colloidal solutions, energy
intensive phase separation methods include: ultracentrifugation, variation of
pressure, temperature, solvent evaporation and addition of antisolvent [6] [7].
Alternatives include polymer addition[7]. In a recent work, Lima et al [8] focused
on the impact of adsorbing polymers, polycardanol and sulfonated polystyrene, on
asphaltene solutions. Polycardanol polymers were added to asphaltene in toluene
solutions (60 mg/L) and sulfonated polystyrene was added to asphaltene in
toluene + acetone solution. Asphaltene + polymer solutions were left for 24 hours
and then centrifuged at 3000 rpm for 30 min. The effect of polymer addition was
estimated by measuring the concentration of asphaltenes left in the solutions with
a UV-Visible spectrophotometer. The authors found that at low polymer
concentrations (0 to 0.4-0.7 w/vol% for polycardanol and 0 to 0.2 w/vol% for
sulfonated polystyrene) both sets of polymers act as flocculants. In this case,
polymer molecules adsorb to more than one nanoaggregate. The nanoaggregates
become attached to one another and form flocs. At higher polymer concentrations,
the polymers behave as a dispersant. It was reported that polystyrene without
polar groups did not modify asphaltene behavior in dilute solution. This result
from the literature is different from the anticipated behavior for the impact of a
non-adsorbing polymer (polystyrene) in a good solvent (toluene) [9][10] on
concentrated sterically stabilized colloidal particles (asphaltenes) [5]. The result

may reflect the dilute composition range investigated.

Sieglaff et al [11] found that when linear polystyrene is added to a cross-linked
polystyrene swollen particle — microgel particle- sterically stabilized in toluene,
the mixture separates into two stable liquid phases. A similar result was obtained
by Clarke et al [12] for a mixture of polystyrene microgel particle + linear
polystyrene + ethylbenzene. Phase separation was attributed to entropy effects.
The mechanism driving phase separation for these mixtures is depletion
flocculation, it was first described by Asakura and Oosawa [13] [14]. The
microgel polystyrene particles are assumed to be sufficiently cross-linked to

prevent penetration by linear polymer chains. In this case, the configurations for

55



which the polymer penetrates the microgel particle are excluded. Effectively, a
polymer free depletion layer forms around the dispersed particles. When two
depletion layers overlap, the osmotic pressure around the particles becomes
unbalanced giving rise to a net attractive force. For a sufficiently high polymer
concentration, mixtures can separate into colloid-poor and colloid-rich stable
phases of uniform composition. The colloid rich phase can be either liquid-like or
solid-like. The addition of non-adsorbing polymers can therefore be used to
control the attractive forces between the colloidal particles and to manipulate their
phase behavior. The phase behavior of mixtures of colloids and non-adsorbing
polymers has been the subject of a substantial number of experimental and
theoretical investigations[15]. For example, Ramkrishnan et al [16] measured the
phase behavior of silica particles (a=50 nm) coated with 1-octadecanol +
polystyrene in toluene. They observed fluid-gel, fluid-crystal and fluid-fluid
transitions as the ratio of polymer radius of gyration to colloidal particle radius
(R¢/a) increased from 0.026 to 1.395. Hennequin et al [17] measured the phase
behavior of silica particles sterically stabilized with 1-octadecanol in toluene +
polystyrene for R,/a=4.1 and 5.2. They found that, after nearly one hour of
homogenization and over a range of compositions, the mixtures separated into
two stable liquid phases: one colloid rich and one colloid poor. The method
developed by Bodnar et al [18] was then used to estimate the composition of the

phases in equilibrium.

In this work, asphaltenes in toluene solutions are investigated at concentrations
greater than 5.0 vol%. At these concentrations, asphaltenes form sterically
stabilized colloidal particles. Thus, the phase behavior of concentrated asphaltene
+ polystyrene + toluene solutions is expected to be analogous to that of silica
colloidal particles sterically stabilized with C;g alcohol + polystyrene + toluene. In
this work, the ultrasonic phase array acoustic cell, described in the previous
Chapter, is used to investigate the phase behavior of mixtures of asphaltene +

polystyrene + toluene at 293 K.
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4.2. Experimental methodology

4.2.1. Chemicals and solution preparation

Toluene 99% was purchased from Fisher Scientific and pentane asphaltenes were
prepared from Maya crude oil according to ASTM standard D4055 and to the
titration method[19] [20]. Asphaltene in toluene mixtures were prepared by
adding toluene to vials containing asphaltenes. They were mixed with a vortex
mixer and hand shaking for at least 45 min until they appeared homogeneous and
liquid like. They were then stirred to make sure that there were no macroscopic
solid aggregates in the solution. Polystyrene with two different average molecular
weights: M,= 393,400 g/mol and M= 700,000 g/mol were purchased from
Aldrich.

The volume fractions of asphaltenes and polystyrene were calculated assuming an
asphaltene density of 1.17 g/cm’ [21] and by using the density of polystyrene
specified by the supplier, 1.047 g/cm’.

4.2.2 Experimental apparatus and measurements

A detailed description of the experimental apparatus and the measurement
methodology is available in the previous chapter. Key points are summarized
here. Phase boundaries are detected on the basis of two independent
measurements namely: speed of sound differences between phases, and spikes in
acoustic wave attenuation, that arise at liquid-liquid interfaces. Uniformity of
compositions within phases is evaluated from speed of sound profiles.
Composition gradients are readily detected as are composition differences
between phases. Both sets of measurements are obtained from reflected
waveforms measured with a phased array acoustic probe attached to the walls of a
PolyBenzlmidazole cell. Measurements were performed at 113 elevations

simultaneously with the first waveform being measured at an elevation of 1.2 mm

57



from the bottom of the cell. Acoustic wave attenuation is less accurate than speed
of sound for interface detection but plays an important supporting role in cases

where the volume of a phase is too small to obtain a speed of sound measurement.

Asphaltene + polystyrene + toluene mixtures were prepared in the cell by
introducing mixtures of asphaltene in toluene and polystyrene in toluene
separately with a syringe. The final composition of the mixture depended on the
relative amounts of the added mixtures as shown in Figure 4.1. The contents were
stirred for 5 minutes before the stirrer was removed. The acoustic measurements
were started after removing the stirrer to capture the acoustic properties just after
mixing (time t=0 min), and then at a rate of about 5 min for at least the first hour

after homogenization. The rate of the measurements was then decreased.

Solution of polystyrene in
toluene with volume fraction @, >

Solution of asphaltene in toluene

with volume fraction n, —_—
A
Do,
- A Y
5\
o
0B S
5 £ Adding Adding polystyrene in
g o toluene 2 toluene solution
v E ¢ D
22 p S
o0 Ay
a> V4 \
/ \
4 \
LN > r]
Asphaltene

volume fraction

Figure 4.1. Experimental variation of mixture composition in the phase diagram

The temperature of the mixture just after mixing can be still affected by the
temperature of the added solution and the surrounding air. It may not have
reached its stable equilibrium temperature. This could have an impact on the

speed of sound measurement at t=0 min. Temperature shifts of + 0.1 C can
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change speed of sound values in both phases. Changes in the temperature of the

environment can also have an impact on the measured speed of sound.

4.3. Dependence of the speed of sound and acoustic wave attenuation on the

volume fraction of asphaltenes and polystyrene in toluene

Figure 4.2 shows the variations of the speed of sound with elevation for five
asphaltene volume fractions in toluene. Each measurement was performed at least
1 hour after introducing the mixtures into the cell. For the case of 23.4 vol%
asphaltene in toluene, the measurement is performed 17 hours later. For each
asphaltene volume fraction, five speed of sound profiles are superimposed. They
are calculated from five different waveforms. The profiles of the speed of sound
appear nearly vertical lines. This suggests that asphaltenes are stable and the

mixtures are homogenous.

: + 0%vol asph
30r j 1 « 3.3%volasph [
7.6%vol asph
* o 15.8%vol asph
25¢ ; o 23.4%vol asph |1
E 20| % ]
< * :I'}
2 -
5150 | &
i
10+ 4 § E 7
£ 3 g
5t 5 1
;

1%20 1330 1340 1350 1360
Speed of sound (m/s)

Figure 4.2. Speed of sound profiles in asphaltene + toluene mixtures at 20 C and 1.0 atm.
Asphaltene volume fraction is a parameter.
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Figures 4.3.a-b show the variations of the profiles of the speed of sound with
elevation for seven polystyrene volume fractions and for two polystyrene

molecular weights (M=393,400 g/mol, M;,=700,000 g/mol). Measurements were

35¢ ' ' ' ]
30l + 0.0 %vol polyst
< 0.5 %vol polyst ||
1.0 %vol polyst
257 = 2.0 %vol polyst
€ = 3.0 %vol polyst
£ ool . g ! < 4.0 %vol polyst ||
5 ; i¢ v 6.0 %vol polyst
E 4 : o 7.7 %vol polyst
FRLIE (L ;
i 3] %
H
g g 3 1
ik §
iR R |
H
1%20 1330 1340 1350 1360
Speed of sound (m/s)
(a)
35} ' ' ' ]
+ 0.0 %vol polyst
30t * 0.5 %vol polyst
1.0 %vol polyst
= 2.0 %vol polyst
o5l 3.0 %vol polyst
a 4.0 %vol polyst
€ v 5.0 %vol polyst
Eql % it ] o 7.7 %vol polyst
c I8 R g‘ H
2 30 ? i
< 4§
EREIE £ : ]
of & % £ .
5 Y [f 1
N
1%20 1330 1340 1350 1360
Speed of sound (m/s)
(b)

Figure 4.3. Speed of sound profiles in toluene + polystyrene mixtures at 20 C and 1.0

atm. Polymer volume fraction is a parameter. (a) My=393,400 g/mol, (b) M,=700 000
g/mol.
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performed 22-24 hours after introducing the solutions in the cell. Phase separation
was not observed. The gradient in the speed of sound values with elevation,
evident for mixtures of 7.7 vol% polystyrene in toluene, may reflect small thermal

or composition gradients.

The apparent speeds of sound in asphaltene and polystyrene were estimated by
assuming that the speeds of sound in the binary mixtures asphaltene + toluene and
polystyrene + toluene vary linearly with volume fraction, over the composition
range where experimental speed of sound data are available. The estimated values
of the speeds of sound are 1457.7 m/s, 1490.65 m/s and 1483.7 m/s for
asphaltene, and polystyrenes (M,=393,400 g/mol, M,;=700,000 g/mol)
respectively (Figures C.1-3).

A model based on the Redlich-Kister correlation is used to describe the deviation
of the experimental speed of sound from the average volume fraction values [22]

in the binary mixtures of asphaltenes + toluene and polystyrene + toluene:

Au=u,, —(CI)J. u; +(1—(I)j)uml)
3
- cI)j(l—CI)j)EAk[CDk ~(1-0,)] (4.1)
k=0

where ®; and u; are the volume fractions and speeds of sound of asphlatenes (1,
Uasph) OF polystyrene (§, uyops). The coefficients 4, are obtained by minimizing the

standard deviation o, defined by:

o= |- (42)

where N is the number of data points and u., is the calculated speed of sound,

given by the following equation [22]:
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3
U, =(<I)j u; +(1—(I)j)um,)+q)j(1—(I)j)EAk[(I)k—(1_q)k)]" (4.3)
k=0

The coefficients Ax and the standard deviations are given in Table 4.1 for the

binary mixtures: asphaltenes + toluene, polystyrene (My=393,400 g/mol) +

toluene and polystyrene (My=700,000 g/mol) + toluene. For these binary

mixtures, experimental vs calculated speeds of sound using the fitting equation

(4.3) are presented in Figures 4.4. The average experimental speed of sound for a

mixture of 23.4 vol% asphaltenes in toluene was obtained by averaging the speed

of sound profiles of six mixtures prepared separately.

Table 4.1. Coefficients A; and standard deviation o of equation (4.3)

toluene x 107

AO Al A2 A3 o
Asphaltenes + toluene 126.81 163.95 -283.22 -296.11 6.32x10™"
Polystyrene
(My=393 400 g/mol) + 0.6945 2.2858 2.5069 0.9164 0.12
toluene x 107
polystyrene
(My=700 000 g/mol) + 0.7285 24216 2.6807 0.9884 0.06

In this work, the attenuation difference between mixtures at time t after mixing

and time t = 0 min just after mixing: AA=A(z,f)|; -A(z,f)|+=0 min 1S monitored to

detect phase separation and the elevation of the liquid-liquid interface.
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Figure 4.4. Experimental speed of sound data and fitting equation (4.3) at 20 C and 1.0

atm in the binary mixtures: (a) asphaltene + toluene, (b) polystyrene (M,,=393,400 g/mol)
+ toluene, (c) polystyrene (M,,=700,000 g/mol) + toluene.
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4.4. Results and discussion:

In this section, the effect of adding a mixture of polystyrene in toluene to a
mixture of asphaltene in toluene is examined. This permits movement in the phase
diagram roughly parallel to the tie lines within the liquid liquid region. The effect
of dilution with toluene on the volume fractions of the phases in the two-phase
region is also examined. This permits movements in the phase diagram that are
nominally orthogonal to the tie lines. The repeatability of the phase boundaries
and relative volumes of phases at fixed global composition is also evaluated.
Acoustic measurements of phase separation kinetics in mixtures of asphaltene +
polystyrene + toluene are presented. Finally, UV-Visible spectrophotometry
measurements are performed to measure the concentration of asphaltenes in two
equilibrium phases for a mixture with a defined global composition. The
concentration of polystyrene in the separated phases is estimated using mass

balance equations.

Phase behavior of mixtures with global composition (1), ¢), upper phase volume
fraction R, and experimental speed of sound before and after phase separation for
Maya asphaltenes + toluene + polystyrene (My= 393,400 g/mol and 700,000
g/mol) are presented in Tables 4.2-5.

4.4.1. Effect of adding a solution of polystyrene in toluene to a mixture of

asphaltene in toluene

In an initial experiment, aliquots of polystyrene (Mw = 393,400), ®=7.7 vol%, in
toluene were added to an asphaltene, n=23.4 vol%, in toluene mixture. The
trajectory follows the segment line a-e in the phase diagram, shown in Figure
4.5.a. Experimental data for these mixtures at equilibrium are summarized in
Table 4.2. Speeds of sound and attenuation profile measurements are shown in

Figure 4.6.
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Table 4.2. Effect of adding polystyrene in toluene to asphaltene in toluene. Experimental
data for mixtures (a-e) of asphaltene + polystyrene (My=393,400 g/mol) + toluene.
Composition, speed of sound per phase, liquid-liquid interface elevation and volume
fraction of the upper phase.

vol, | Time
. fraction Final
Global Average Speed of Sound Elevation phase time
Composition (m/s) (mm) separat .
upper ion (min)
phase (min)
M ¢ Phasel | Phase2 | Diff | Mix H inerface
Mixa | 0.217 | 0.0058 | 1352.7 | 1352.7 - 1352.4 - - - 1129
Mix b | 0.142 | 0.0305 | 1348.5 | 13452 | 3.3 | 13474 11.0 0.55 38 1413
Mixc | 0.119 | 0.0383 | 1347.1 | 1343.8 | 3.3 | 1345.8 9.2 0.68 24 156
Mix d | 0.107 | 0.0419 | 1346.2 | 1343.0 | 3.2 | 1345.0 8.6 0.73 33 427
Mixe | 0.102 | 0.0438 | 1344.7 | 1341.8 | 2.9 | 1344.1 8.0 0.76 40 1614

Abbreviations. Diff: speed of sound difference between the separated phases, Mix: speed of sound
before phase separation, Hj,:: Elevation of the liquid-liquid interface (mm).

Table 4.3. Experimental repeatability measurements of phase separation for mixture (d)
for four successive mixings. Composition, speed of sound per phase, liquid-liquid
interface elevation and volume fraction of the upper phase.

< | &3
[es| £ 2 B § 3!
Global Average Speed of Sound 22| 83 Sz |2 &
Composition (m/s) 3 %. B2 |35 |Eg
5|28 |88 5

o 5 E 2

- |20

n ¢ Phasel Phase2 | Diff Mix Hiw R

Mixing 1 | 0.107 | 0.042 1346.2 1343.0 3.2 1345.0 8.6 0.73 33 427
Mixing2 | 0.107 | 0.042 1346.3 1343.1 3.2 1344.7 8.3 0.74 35 142
Mixing3 | 0.107 | 0.042 1346.9 1343.5 34 1344.9 8.3 0.74 34 685
Mixing4 | 0.107 | 0.042 1345.6 1342.5 3.1 1345.1 8.3 0.74 30 345

Abbreviations. Diff: speed of sound difference between the separated phases, Mix: speed of sound

before phase separation, Hj,:: Elevation of the liquid-liquid interface (mm).
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Table 4.4. Experimental data for a mixture of asphaltene + polystyrene (M,~=393,400
g/mol) + toluene. Composition, speed of sound per phase, liquid-liquid interface
elevation and volume fraction of the upper phase.

§
e - = &3 o
Global Average Speed of Sound §’~ = ’55 5 %
Composition (m/s) = g |E25| ° )
E 3 21 3 | 2
g - | 8| & |8
g;‘ =
a
n ¢ Phase 1 | Phase2 | Diff Mix H R
Mix p; | 0.069 | 0.0544 - 1342.4 - 13423 | <1.2 | >0.94 | 46 904 | tp
Mix 1 | 0.098 | 0.0450 | 1346.0 | 1342.7 | 3.3 1345.0 4.1 0.83 37 374 tp
ol Mix2 | 0.093 | 0.0429 | 1344.7 | 1341.6 | 3.1 1343.5 3.8 0.85 32 136 tp
2] Mix3 | 0.089 | 0.0410 | 1343.4 | 1340.6 | 2.8 1342.3 3.2 0.88 35 129 tp
i Mix 4 | 0.085 | 0.0392 | 1342.6 | 1339.7 | 2.9 1341.3 2.6 0.91 36 126 tp
-% Mix 5 | 0.078 | 0.0361 | 1342.0 | 1339.0 | 3.0 1340.7 2.0 0.93 41 222 tp
=| Mix6 | 0.077 | 0.0354 | 1342.6 | 1338.7 | 3.9 1339.7 1.7 0.95 37 144 tp
- Mix 7 | 0.073 | 0.0335 | 1338.0 | 1338.0 - 1339.0 | <1.2 | >0.96 | 47 | 1082 | tp
Mix 8 | 0.070 | 0.0323 | 1338.5 | 1338.5 - 1338.6 | <1.2 | >0.96 | 48 | 1182 | tp
Mix 1 | 0.196 | 0.0123 | 1353.6 | 1349.4 | 4.2 13542 | 143 0.25 50 306 tp
~| Mix2 | 0.185 | 0.0115 | 1351.3 | 13484 | 2.9 1351.5 152 | 0.25 43 144 tp
& Mix3 | 0.167 | 0.1045 | 1348.6 | 13459 | 2.7 1348.8 | 16.1 0.28 41 120 tp
=| Mix4 | 0.153 | 0.0095 | 1346.8 | 1344.6 | 2.2 1346.6 | 17.0 | 0.30 41 187 tp
£ Mix5 [ 0.146 | 0.0091 | 1344.9 | 13428 | 2.1 13452 | 17.6 | 0.31 46 127 tp
g Mix 6 | 0.128 | 0.0080 | 1342.3 | 13423 - 1342.4 - - - 688 sp
Mix 7 | 0.118 | 0.0074 | 1341.2 | 1341.2 - 1341.1 - - - 1334 | sp
Mix 8 | 0.109 | 0.0068 | 1339.7 | 1339.7 - 1340.1 - - - 1705 | sp
Mix 1 | 0.148 | 0.0284 | 1349.7 | 1346.1 | 3.6 1348.6 | 11.6 | 0.43 39 785 tp
ol Mix2 | 0.142 | 0.0272 | 13479 | 13450 | 2.9 1347.5 122 | 043 41 133 tp
| Mix3 | 0.134 | 0.0258 | 1346.1 | 1343.5 | 2.6 13459 | 12.2 | 0.46 39 170 tp
i Mix 4 | 0.127 | 0.0245 | 1345.0 | 1342.7 | 2.3 1344.6 | 12.2 | 0.49 37 203 tp
% Mix 5 | 0.118 | 0.0227 | 1343.9 | 1342.0 | 1.9 1343.5 12.0 | 0.53 32 126 tp
= Mix 6 | 0.113 | 0.0217 | 1342.5 | 1341.2 | 1.3 1342.3 10.5 0.61 49 125 tp
Mix 7 | 0.108 | 0.0208 | 1341.4 | 1341.4 - 1341.6 - - - 1211 | sp
Mix 8 | 0.098 | 0.0188 | 1339.9 | 1339.9 - 1339.9 - - - 1643 | sp
. Mix 1 | 0.168 | 0.0204 | 1349.8 | 13469 | 2.9 1350.3 14.6 | 0.33 41 677 tp
& Mix2 | 0.139 | 0.0169 | 1344.7 | 13429 | 1.8 13456 | 17.0 | 0.35 36 108 tp
- Mix 3 | 0.118 | 0.0142 | 1341.4 | 13409 | 0.5 1342.4 | 18.8 0.39 37 | 1400 | tp
= Mix 1 | 0.172 | 0.0254 | 1352.7 | 1348.6 | 4.1 1351.3 179 | 036 62 | 2030 | tp
2| Mix2 | 0.154 | 0.0340 | 1353.1 | 1349.0 | 4.1 1350.8 | 17.3 0.45 75 1104 | tp
| Mix3 | 0.142 | 0.0398 | 1353.8 | 1349.6 | 4.2 1351.3 164 | 0.52 89 | 8918 | tp

Abbreviations. Diff: speed of sound difference between the separated phases, Mix: speed of sound
before phase separation, H;,: Elevation of the liquid-liquid interface (mm).
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Table 4.5. Experimental data for a mixture of asphaltene + polystyrene (M,=700,000
g/mol) + toluene. Composition, speed of sound per phase, liquid-liquid interface elevation
and volume fraction of the upper phase.

2 S "; = o)
s S8 |E
2 1l- 8 ~ O - @
Global Average Speed of Sound 5| 590 | B3 = o)
Composition (m/s) S| 2 o |28 o )
ERIE &1 B | =
El | &| & |=®

n ¢ Phase 1 | Phase2 | Diff Mix H i R
Mix p; | 0.075 | 0.0528 - 1339.0 - 1340.6 - 0 - 1440 | sp
Mix p, | 0.095 | 0.0462 | 1342.0 | 13394 | 2.6 | 13419 | 23 0.90 59 394 | tp
Mix 1 | 0.108 | 0.0419 | 1343.2 | 1340.7 | 2.5 | 13422 | 44 0.83 50 169 | tp
ol Mix2 | 0.104 | 0.0405 | 1343.4 | 1340.6 | 2.8 | 1341.6 | 4.1 0.85 45 688 tp
2| Mix3 | 0.098 | 0.0384 | 1341.1 | 1338.8 | 2.3 | 13412 | 3.5 0.88 49 182 | tp
i Mix 4 | 0.094 | 0.0368 | 1339.9 | 13379 | 2.0 | 1339.8 | 3.2 0.89 45 404 | tp
2| Mix5 | 0.090 | 0.0351 | 1338.6 | 1337.1 | 1.5 | 13388 | 2.6 0.92 44 133 tp
= Mix 6 | 0.087 | 0.0341 | 1338.6 | 1336.7 | 1.9 | 1338.1 2.0 0.94 43 137 tp
S Mix 7 | 0.089 [ 0.0323 | 1339.8 | 1336.7 | 3.1 1337.6 1.4 0.96 41 604 | tp
Mix 8 | 0.081 | 0.0315 | 1338.0 | 1338.0 - 1337.6 | <1.2 | >0.96 | 53 | 1571 tp
Mix 1 | 0.199 | 0.0115 | 1353.7 | 1350.3 | 3.4 | 1353.1 | 152 | 0.25 61 124 | tp
Mix2 | 0.188 | 0.0109 | 1351.3 | 1348.2 | 3.1 1351.0 | 15.8 | 0.26 60 309 | tp
Mix 3 | 0.181 | 0.0105 | 1349.7 | 1347.0 | 2.7 | 13493 | 164 | 0.26 50 127 tp
ol Mix4 | 0.171 | 0.0099 | 1348.3 | 13459 | 2.4 | 13479 | 17.0 | 0.28 50 128 tp
E[ Mix5 [ 0.163 | 0.0094 | 1346.8 | 1344.7 | 2.1 1346.5 | 17.6 | 0.29 52 128 tp
§ Mix 6 | 0.154 | 0.0089 | 1345.7 | 1343.8 | 1.9 | 13453 | 17.9 | 0.32 53 129 | tp
2| Mix7 | 0.148 | 0.0086 | 1344.8 | 1343.1 | 1.7 | 13444 | 183 | 032 55 127 tp
Al Mix8 | 0.141 | 0.0081 | 1344.0 | 13425 | 1.5 | 1343.6 | 188 | 034 59 123 tp
Mix 9 | 0.135 | 0.0078 | 1342.7 | 1341.7 | 1.0 | 1342.6 | 19.5 | 0.34 72 845 tp
Mix10 | 0.127 | 0.0074 | 1340.0 | 1340.0 - 1341.3 - - - 3053 | sp
Mix11 | 0.119 | 0.0069 | 1338.3 | 1338.3 - 1339.4 - - - 2695 | sp
Mix 1 | 0.156 | 0.0258 | 1346.8 | 1343.6 | 3.2 | 13474 | 11.3 | 0.46 50 425 tp
lzf;;; 0.156 | 0.0258 | 1347.2 | 1344.0 | 3.2 | 13469 | 113 | 045 50 942 | tp
o| Mix2 | 0.152 | 0.0250 | 1345.0 | 1342.1 | 2.9 | 13458 | 11.6 | 0.46 50 204 | tp
8] Mix3 [ 0.135 | 0.0222 | 13424 | 1340.0 | 2.4 | 13429 | 122 | 049 40 334 | tp
g Mix 4 | 0.130 | 0.0214 | 1341.5 | 13393 | 2.2 | 1341.7 | 12.0 | 0.52 27 167 tp
£ Mix5 | 0.121 | 0.0200 | 1341.0 | 1339.1 | 1.9 | 1340.7 | 11.7 | 0.56 24 740 | tp
E Mix 6 | 0.112 | 0.0185 | 1339.8 | 1338.2 | 1.6 | 1340.0 | 104 | 0.64 19 158 tp
Mix 7 | 0.107 | 0.0176 | 1338.6 | 1337.6 | 1.0 | 13389 | 8.3 0.73 33 127 tp
Mix 8 | 0.104 | 0.0171 | 1338.4 | 1337.7 | 0.7 | 13383 | 53 0.83 95 1069 | tp
Mix 9 | 0.099 | 0.0163 | 1337.4 | 1337.4 - 1338.0 - - - 1331 | sp
Mix10 | 0.094 | 0.0155 | 1336.6 | 1336.6 - 1337.6 - - - 727 | sp

Abbreviations. Diff: speed of sound difference between the separated phases, Mix: speed of sound
before phase separation, Hj,: Elevation of the liquid-liquid interface (mm).
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Figure 4.5.a. Phase diagram and dilution lines p, q and r for mixtures of asphaltenes +
polystyrene (My=393,400 g/mol) + toluene. (cross): Two-phase region, (triangle): single-

phase region.
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Figure 4.6. Speed of sound profiles (i) acoustic wave attenuation spectra difference and
(i1) attenuation difference at 7.9 MHz, at final times given in Table 4.1, and for global
compositions (a-e) shown in Figure 4.5.a.
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Mixture (a) remained homogenous and there was no evidence of phase separation
even after 19 hours. As more of the polystyrene + toluene mixture was added,
distinct upper and lower phases with uniform compositions, separated by an
interface, emerged. Figure 4.7 shows the variations with time, from phase

separation to final time, of the liquid-liquid interface, the speed of sound in the
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separated phases and the speed of sound difference between the separated phases
for mixtures (b-e). This Figure shows that the elevation of the liquid-liquid
interface and the speed of sound difference between the separated phases are
stable with time within 0.3 mm and 0.4 m/s respectively, while the speed of sound
in the separated phases can shift in both phases by up to 1 m/s. The variations of
the speed of sound with time may be caused by small temperature variations of

the circulating fluid (= 0.1 C) or changes in the temperature of surrounding air.

The variations of the elevation of the liquid-liquid interface, Hinterface, the volume
fraction of the upper phase, R, and the speed of sound difference between the
separated phases from mixture (b) to (e) are shown in Figures 4.8.i-iii. These
Figures show that when the amount of polystyrene in toluene is increased from
mixture (b) to (e), the liquid-liquid interface decreases (Fig.4.8.i), the volume
fraction, R, of the upper phase increases (Fig.4.8.ii) and the speed of sound
difference between the separated phases did not appear to change significantly

(Fig.4.8.iif).

4.4.2. Reproducibility of phase separation

For mixture (d) with composition: n=10.7 vol%, ®=4.2 vol%, the reproducibility
of the phase separation measurement was examined. Four successive trials were
performed. Results are summarized in Figure 4.9 and Table 4.2. After each
separation, the mixture was remixed for 5 minutes. In all four cases, phase
separation was complete within 30-35 minutes. The speeds of sound in the
separated phases were repeatable within 1.5 m/s. Measured speeds of sound
variations in liquid phases are likely caused by temperature variations. Volume
fractions of the upper phase, R, and speed of sound difference values appear to be
repeatable within 0.01 and 0.3 m/s respectively. These measurements are obtained
at the final time of the phase separation measurement: 7 hours after
homogenization for mixing 1, 3 hours for mixing 2, 11 hours for mixing 3 and 6

hours for mixing 4. Note that in all cases, local speed of sound values can be
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significantly affected by the discontinuity at the liquid-liquid interface. The
stability with time of the elevation of the liquid-liquid interface, the speed of
sound in the separated phases and the speed of sound difference between the
separated phases are shown in Figure 4.10. This Figure shows that the liquid-
liquid interface and the speed of sound difference between the separated phases
are stable with time within 0.3 mm and 0.5 m/s respectively. The speed of sound

in the separated phases shift with time in a similar way by up to 1 m/s.

The results presented above show that phase separations of mixtures of
asphaltenes + toluene + polystyrene are reproducible. Therefore, the mechanism

causing the phase separation has a consistent effect.

4.4.3. Effect of adding toluene to a mixture of asphaltene + polystyrene +

toluene

Phase behavior measurements were subsequently made along dilution lines p, q
and r shown in Figure 4.5.a for M,,=393,400 g/mol. These measurements were
performed by adding small aliquots of toluene to three mixtures of asphaltene +
polystyrene + toluene with different ratios of polystyrene/asphaltene volume
fractions. When the volume of toluene added was large enough, the mixtures
moved from a two-phase region to a single-phase region. The effects of dilution
on the elevation of the liquid-liquid interface, the volume fraction of the upper
phase and the speed of sound difference between the separated phases are shown
in Figure 4.11. The ratios of polystyrene/asphaltene volume fractions are 0.46,
0.19 and 0.06 along dilution lines p, q and r respectively. Large volume fractions
of the upper phase are obtained along dilution line p and smaller fractions are
obtained along dilution lines q and r. This suggests that the upper phase is

polystyrene rich and the lower phase is asphaltene rich.

The position of the liquid-liquid interface along dilution line p decreases from 4.1

mm to 1.7 mm, as the volume fraction of the upper phase increases from 83% to
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95%vol. When the phase boundary approaches the base of the cell (Hinterface < 1.2
mm), acoustic wave attenuation is used to detect the presence of the interface.
The speed of sound difference between the two coexisting phases decreases
initially. The abrupt increase that follows is caused by the fact that only few speed
of sound values are available in the lower phase and they are affected by their
proximity to the liquid-liquid interface. Along dilution line r, the liquid-liquid
interface increases from elevation 14.3 mm to 17.6 mm, the volume fraction of
the upper phase increases slightly from 25 % vol to 31 % vol and the speed of

sound difference decreases from 4.2 m/s to 2.1 m/s.
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Figure 4.11. Effect of dilution on the phase separation for mixtures of asphaltenes +
polystyrene (M, =393,400 g/mol) + toluene. (I) Dilution line p, (II) dilution line q, (III)

dilution line r. (i) Elevation of the liquid-liquid interface, (ii) volume fraction of the upper
phase, (iii) speed of sound difference between the coexisting phases.
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The elevation of the liquid-liquid interface along dilution line q appears to present
a maximum. The volume fraction of the upper phase increases from 43% to 61 %
and the speed of sound difference between the separated phases decreases from

3.6 m/sto 1.3 m/s.

At a critical point the compositions and phase volumes of the two phases become
identical. In this context, the speed of sound difference goes to zero (identical
phase composition) and the volume fraction of the phases is 0.5. If the global
composition is marginally rich in one component, the phase volumes diverge from
0.5 as the boundary is approached. The gradient and direction of the divergence
provide directional and proximity information related to the location of the critical
point. On the basis of these criteria, the critical point is located between dilution

lines q and r on the phase boundary (Fig.4.5.a).

Similar results were obtained for mixtures of asphaltene + polystyrene + toluene
with a polystyrene molecular weight of 700,000 g/mol. Dilution lines r, q and p
are presented in Figure 4.5.b. The effects of dilution on the elevation of the liquid-
liquid interface, the volume fraction of the upper phase and the speed of sound
difference are shown in Figure 4.12. In this case, the ratios of
polystyrene/asphaltene volume fractions are 0.39, 0.16 and 0.06 along dilution
lines p, q and r respectively. Again, large volume fractions of the upper phase are
obtained along dilution line p and smaller fractions are obtained along dilution
lines q and r. The position of the liquid-liquid interface along dilution line p
decreases from 4.4 mm to 1.4 mm, as the volume fraction of the upper phase
increases from 83% to 96%vol. When the phase boundary approaches the base of
the cell (Hinterface < 1.2 mm), acoustic wave attenuation is used to detect the
presence of the interface. Along dilution line r, the liquid-liquid interface
increases from elevation 15.2 mm to 19.5 mm, the volume fraction of the upper
phase increases slightly from 25 %vol to 34 %vol and the speed of sound

difference decreases from 3.4 m/s to 1.0 m/s.

77



5 1 - 5
-4 - 4 h
E _—
E3 23 * .
0.5 £ +
] o ~ +
% 2 2 2 0‘ *
c
I_1 1
0 0
0.06 0.08 0.1 0.12 0.06 0.08 0.1 0.12 0.06
1 1
(L.1) (Lii)
15 1 5
- 1 ' 4
£ o bt + ' + \ —
£ . ' . 83
9 10 o 0.5 te ‘e é
s 52
: | 2
-
T 1
81 012 014 016 8.1 012 014 0.16 8
Ll Ll
(ILi) (ILii)
20 " 1 5
—_ Te, 4
£ . —_
é + ®3
3 15 ' as 05 \ g
g Ao cae 2 2
o +
T 1
10 0 0
012 0.14 016 0.18 0.2 012 014 016 0.18 0.2 012 014 016 018 02

M Ul Ll
(11Li) (I1Lii) (I1Liii)

Figure 4.12. Effect of dilution on the phase separation for mixtures of asphaltenes +
polystyrene (M, =700,000 g/mol) + toluene. (I) Dilution line p, (II) dilution line q, (III)
dilution line r. (i) Elevation of the liquid-liquid interface, (ii) volume fraction of the upper
phase, (iii) speed of sound difference between the coexisting phases.

The elevation of the liquid-liquid interface along dilution line q appears to present
a maximum. The volume fraction of the upper phase increases from 46% to 83 %
and the speed of sound difference between the separated phases decreases from
3.2 m/s to 0.7 m/s. Again, the critical point in this case is suggested to be located

between dilution lines r and q on the phase boundary (Fig.4.5.b).

Concentrated asphaltene in toluene solutions form colloidal particles sterically
stabilized. Polystyrene was reported not to modify asphaltene behavior in dilute
solutions[8]. It does not possess polar groups that can associate to asphaltenes.

Thus, the mixture asphaltene + polystyrene + toluene can be considered to be
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analogous to that of colloidal particles sterically stabilized + polystyrene +
toluene. Therefore, it can be suggested that the mechanism driving phase
separation is depletion flocculation. Indeed, the variations of the upper phase
volume fractions, shown in Figures 4.11-12, along the dilution lines are similar to
those observed in mixtures of colloidal particles sterically stabilized + a non-
adsorbing polymer [18][17]. Unlike these mixtures, however, asphaltene colloidal

particles are not monodispersed and their size can depend on concentration.

4.4.4. Phase separation Kkinetics

An example of an acoustic measurement of phase separation kinetics for a
mixture of asphaltene + polystyrene (M;=393,400 g/mol) + toluene (m=14.78
vol%, ©=2.84 vol%) is shown in Figure 4.13. This mixture corresponds to the
first composition in dilution line q shown in Figure 4.5.a. It shows the evolution
of the speed of sound and acoustic wave attenuation difference profiles from time
t = 0 min just after mixing to time t = 784 min. The attenuation difference is the
difference between the attenuation at time t and that at time t = 0 min just after

mixing.

At t = 0 min, the profile of the speed of sound is a continuous vertical line. With
increasing time, the speed of sound decreases in the upper part of the cell and
increases slightly in the lower part. Large attenuation difference regions are
evident at the top and bottom of the cell. These attenuation regions are similar to
those observed in methanol + hexanes liquid-liquid phase separation and reported
in Chapter 3. They are attributed to losses in the acoustic energy at the liquid-
liquid interface. Phase separation is complete when the speed of sound profiles
separate into two parallel vertical lines (39 minutes after mixing) each
corresponding to the speed of sound in the separated phases. The position of the
liquid-liquid interface corresponds to a high attenuation region with a thickness of
few millimetres. In cases where the speed of sound difference between phases is

small, or a phase volume is too small to permit speed of sound measurements,
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Figure 4.13. Measurement of phase separation kinetics for a mixture of asphaltene +
polystyrene (M,=393,400 g/mol) + toluene (n=14.78 vol%, ®=2.84 vol%) — first
composition along dilution line g-. (i) Speed of sound profile (ii) acoustic wave
attenuation spectra difference and (iii) attenuation difference at 7.9 MHz. Time elapsed
after mixing: (a) 0 min , (b) 4 min, (c) 14 min, (d) 19 min, (¢) 24 min, (f) 29 min, (g) 35
min, (h) 39 min, (k) 13 hours and 5 min (784 min).
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attenuation profile measurements can be used for the detection of the liquid-liquid
interface. The stability of the liquid-liquid interface, the speed of sound per phase
and the speed of sound difference between the separated phases over 785 minutes
after phase separation are presented in Figure 4.14. Elevation of the liquid-liquid
interface and the speed of sound difference between the separated phases are

stable within 0.3 mm and 0.5 m/s respectively.

Although, the phase separation presented above is qualitatively similar to that
reported for a mixture of methanol + hexanes. The time required for completing
phase separation (~39 min) is significantly larger than the few seconds required

for the separation of methanol + hexanes mixtures.

Tables 4.2-5 summarize the times required for the phase separation of different
asphaltene + polystyrene + toluene mixtures. In average, phase separation took 30
- 40 min after mixing to be completed. This is in agreement with the time reported
for completion of phase separation for mixtures of colloidal particles + non-
adsorbing polymers. For example, Hennequin et al [17] reported that after
homogenizing mixtures of silica colloidal particles + polystyrene + toluene, a
fuzzy interface first formed at the bottom of the cuvette, moving upwards and
becoming sharper as phase separation proceeded. All samples investigated
reached equilibrium nearly 1 hour after homogenization. They reported that the
separated phases were clearly visible with a sharp and flat mirrorlike interface.
Ramakrishnan et al. [16] reported that for mixtures of silica colloidal particles +
polystyrene + toluene, a meniscus separating two fluid phases appeared few
minutes after mixing. The bottom phase was more concentrated in colloidal
particles than the upper phase and both phases could flow easily. Aarts et al [23]
reported that for mixtures of fluorescent PMMA nanoparticles + polystyrene in
cis/trans decalin, phase separation was complete within 15 min at intermediate

polymer concentrations and up to few hours at high polymer concentration.
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4.5. UV-Visible spectrophotometry measurements of asphaltene composition

in the separated phases

A mixture of asphaltene + polystyrene (My= 393,400 g/mol) + toluene (n=14.72
vol%, $=2.88 vol%) with a composition close to that of mixture 1 in dilution line
q (M=14.78 vol%, $=2.84 vol%) was prepared. Phase separation was completed
52 min after mixing. The profiles of speed of sound and the attenuation spectra
are shown in Figure 4.15. Measured volume fraction of the upper phase R is 0.42,
this value compares well with that measured for mixture 1 in dilution line q,
R=0.43. Upper and lower phases were extracted successively from the cell and

aliquots of 0.4 ml of each phase were diluted in 100 ml of toluene.

A Variant Carry 50 Scan UV-Visible spectrophotometer was used to measure the
concentration of asphaltene in the separated phases. The specified instrument
tolerance for absorbance measurement is +0.005 Abs at 1 Abs. Samples were
introduced in a 10 mm path quartz cell. Absorbance spectra in pure toluene, and
polystyrene 7.8 vol% in toluene, and for nine asphaltene + toluene mixtures are
presented in Figure 4.16.a. Neither toluene nor polystyrene + toluene mixtures

absorb significantly in the wavelength range 500-800 nm. Their absorbance is ~

0.03 Abs.

Elevation (mm)
— n
o S
LT —

Elevation (mm)
Elevation (mm)
>

3
o
“

I
5 t§
S S
1%35 1340 1345 1350 1355 1360
Speed of sound (m/s)

Frequency (MHz) Attenuation (dB)

@) (b) (©

Figure 4.15. Experimental phase separation results for a mixture with global composition
(n=14.72 vol%, $=2.88 vol%), 167 min after mixing: (i) Speed of sound profile, (ii)
Acoustic wave attenuation spectra difference and (ii) ultrasound attenuation difference at
7.9 MHz.
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Absorbance spectra measured in diluted samples extracted from upper and lower
phases are shown in Figure 4.16.b. Maya asphaltene molecules contains no
significant chromophore in the range 500 — 900 nm [24]. Absorbance in this range
is attributed to scattering effects by asphaltene colloidal particles. The
concentration of asphaltenes in the diluted upper and lower phase samples is
obtained using the calibration curve of absorbance at a wavelength of 700 nm vs
asphaltene concentration in toluene (Figures 4.17). Figure 4.17 shows that the
calibration curve is a straight line with a correlation coefficient R* of 0.9999904.
The straight line has a non-zero intercept that is within the instrument tolerance
(£0.005). The absorbance of pure toluene is substracted from the absorbance
measured in the lower phase and the absorbance of polystyrene in toluene solution

7.8 vol% is substracted from the absorbance measured in the upper phase.

The concentration of asphaltene in the diluted solutions of the samples extracted
from the lower and upper phases are 938.7 mg/L and 346.4 mg/L respectively.
This corresponds to asphaltene volume fractions of 1;=20.06 = 0.58 vol% and
Nu=7.40 = 0.26 vol% in the original lower and upper phases respectively. Using
the mass balance equation, the overall volume fraction of asphaltene can be

calculated as follows:

n=Rny+ (I-R) m; =14.74 = 0.73 vol% 4.5)

This value is in agreement with the global volume fraction of asphaltene in the

original solution (14.72 = 0.58 vol%).

The volume fraction of polystyrene in the two phases can be estimated by
evaporating toluene from two vials containing liquid samples from the upper and
lower phases. The vials were left in the oven for 10 hours at 90 C and in a vacuum

oven for 6 hours at 80 C.
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upper phases.
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Figure 4.17. Absorbance difference between asphaltene in toluene solutions and pure
toluene at a wavelength of 700 nm vs asphaltene concentration. Dashed lines indicate the
absorbance and the concentration of asphaltene in the diluted samples extracted from the
upper and the lower phases.

From the mass differences (Appendix B), the volume fraction of polystyrene in
the lower and upper phases are: ¢; =-0.18 = 0.67 vol% = 0.00 = 0.67 vol% and ¢n
= 6.0 = 0.32 vol% respectively. The overall polystyrene volume fraction in the

mixture can be estimated from the following mass balance equation:
¢=R ¢u+ (I-R) ¢r=2.52 = 0.50 vol% (4.6)

The deviation between this value and the global volume fraction of polystyrene

(2.88 = 0.25 vol%) is 0.36 vol%. This deviation falls into the estimated error

range of equation (4.6).
Figures 4.18.a-b show the experimental phase diagrams for mixtures of asphaltene

+ polystyrene + toluene for the two case of polystyrene molecular weights. These

figures show the estimated phase boundaries and critical points. The critical
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points fall, on the liquid-liquid to liquid boundary, between lines r and q for the
cases of polystyrene with molecular weights of 393,400 g/mol and 700,000 g/mol.
The critical point was found to be in the range: (10.8 < n°<14.5 vol%, 0.8 < ¢° <
2.2 vol%) for the case of polystyrene with a molecular weight of 393,400 g/mol
and in the range: (9.9 < n° <13.5 vol%, 0.8 < ¢° < 1.7 vol%) for the case of
polystyrene with a molecular weight of 700,000 g/mol. Figure 4.18.a also shows
phase compositions obtained experimentally with error bars for a mixture with
global composition n=14.7 vol%, ¢$=2.9 vol%. For this mixture, the asphaltene
volume fraction in the asphaltene poor phase is 7.4 vol% and it is 20.1 vol% in the

asphaltene rich phase.

4.6. Conclusions

Reproducible liquid-liquid phase behavior was observed for mixtures of
asphaltene + polystyrene + toluene over a broad range of composition at 293 K
and atmospheric pressure. The speed of sound in the lower phase was larger than
in the upper phase. The upper phase volume fraction was found to increase with
the volume fraction ratio of polystyrene/asphaltene. Acoustic measurements of the
phase separation kinetics were found to be similar to those measured in a mixture
of methanol + hexanes and the time required for the completion of the phase
separation was in the same range as that reported for mixtures of colloidal
particles + non-adsorbing polymer. Phase boundaries and critical phenomena

were identified for two polystyrene molecular weights.

UV-Visible spectrophotometry measurements and mass balance equations were
used to determine the concentration of asphaltenes and polystyrene in the
separated phases for a mixture with an overall composition of n=14.7 vol% and
$=2.9 vol%. The lower phase is asphaltene rich and polystyrene poor (1;=20.1
vol%, ¢1~0 vol%). The upper phase is asphaltene poor and polystyrene rich
(Mi=7.4 vol%, ¢1=6.0 vol%) relative to the feed.
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Figure 4.18.b. Phase diagram for mixtures of asphaltenes + polystyrene (M,=700,000
g/mol) + toluene with estimated phase boundaries and critical point: (cross) two-phase
region, (triangle): single-phase region.
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The phase behavior of mixtures of asphaltenes + polystyrene + toluene conforms
with that of sterically stabilized colloidal particles (asphaltenes) + a non-
adsorbing (polymer) in a good solvent (toluene). The mechanism proposed for the
phase separation is depletion flocculation. As asphaltene colloidal particles in
toluene are polydispersed, it is not clear what fraction of the asphaltenes

participate in the depletion flocculation process.
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Chapter 5. Phase Behavior of Asphaltenes + Polystyrene
+ Toluene Mixtures at 293 K, Part Two: Data Analysis

5.1. Introduction

From Chapter 4, mixtures of asphaltene + polystyrene + toluene separate into
asphaltene rich and asphaltene poor liquid phases. This behavior is analogous to
the behavior of colloidal particles + non-adsorbing polymer in a good solvent
where separation into colloid-poor and colloid-rich stable phases occurs by
depletion flocculation (Figure 2.2). The prediction of the phase behavior of
mixtures of colloids + non-adsorbing polymer was performed using computer
simulations of hard spheres plus self avoiding polymer chains [1], thermodynamic
perturbation theories [2], polymer-colloid liquid state theory [3] and density
functional theory [4]. The calculation of the binodal line using these methods is
computationally expensive [5]. A simpler approach, the osmotic equilibrium
theory or the free volume theory, was developed by Lekkerkerker et al [6] for the
prediction of the phase behavior of such mixtures. In this theory, polymer
partitioning between the separated phases is taken into account. The depletion
thickness 0 is considered to be proportional to the radius of gyration R, of the
polymer. Lekkerkerker’s model is valid when R,/a<I (colloid limit) and where
polymer concentration is below the overlap concentration (¢/¢,,<I). The model
fails when the concentration of the polymer at the binodal points exceeds the
overlap concentration (¢/@,, >1). This situation occurs in the so-called protein
limit where the polymer radius of gyration is larger than the colloidal particle
radius (Ry/a>1). In this limit, the depletion thickness 0 is independent of the
polymer chain length and is only function of the concentration of the polymer.
Recently, Fleer et al developed a model based on the free volume theory and valid
for both the colloid (R,/a<1) and the protein (R,/a>1) limits and in the crossover

between the two limits. According to this theory, the depletion thickness is
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function of both (Ry/a) and the polymer volume fraction in the mixture. The

agreement between this model and experimental data was discussed in Chapter 2

[5].

The binodal compositions can be determined experimentally by direct
measurement/sampling of the phases [7], or indirectly, by measuring the
variations of volume fractions of the two phases along at least three dilution lines
[8]. The binodal points are obtained by varying the length and the slope of the tie
lines to fit the experimental volume fractions of the phases. In opaque liquids,
Erne et al [9] used an infrared technique to measure the phase behavior and the
concentration of the colloidal particles and the non-adsorbing polymer. This
technique is limited to cases where adsorption at the wall is negligible and where
the IR spectra of the polymer and the colloidal particles are sufficiently distinct to
allow for the estimation of the volume fractions of the particles and the polymer

separately.

In this work, the composition of the phases in mixtures of asphaltene +
polystyrene + toluene are first calculated from the variations of the volume
fraction of the separated phases along the dilution lines using the procedure
described by Bodnar et al[8]. It is initially assumed that all asphaltene colloidal
particles are participating in the phase separation mechanism. Calculated binodal
points are then used for the calculation of the speeds of sound in the separated
phases, results are compared with measured speed of sound values. A fraction y of
asphaltene colloidal particles participating in the phase separation mechanism is
introduced to improve the agreement between calculated and experimental speeds
of sound in the separated phases by increasing the slope of the calculated tie lines.
For a mixture with a specific global composition, calculated compositions of the
separated phases are compared with the results obtained from UV-Visible
spectrophotometry measurements. Finally, an interval for the radii of asphaltene

colloidal particles participating in the phase separation is estimated by comparing
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the experimental phase diagram with model calculation results for a mixture of

monodispersed colloidal particles + non-adsorbing polymer [5].

5.2. Evaluation of binodal compositions

5.2.1 Phase volume, mass balance and UV spectrophometry data

For a mixture of asphaltene + polystyrene + toluene moving along dilution line p,
q or r with global composition (1), @), the compositions of the phases (1, Pr),
(nu, @) are estimated using the variations of the volume fraction of the upper
phase along the three dilution lines p, q and r. These variations were fitted with a
first order exponential function [10] as shown in Figure 5.1. The numerical
algorithm of Bodnar et al [8], based on the lever rule and described in Chapter 2 is
used in this work. In the mixtures investigated by Bodnar et al. [8] and Hennequin
et al. [10], both the size and the volume fraction of the colloidal particles were

known. The particles were monodispersed and dilution had no effect on their size.

In this work, it is initially assumed that all asphaltenes in the solution form
colloidal particles participating in the depletion flocculation mechanism and
causing phase separation. Binodal points, calculated by minimizing the objective
function, equation (2.39), are presented in Figures 5.2.a-b for the two polystyrene
molecular weights. The volume fractions of asphaltenes in the upper and lower
phases vary from 7.0 vol% to 8.1 vol% and from 18.9 vol% to 22.4 vol%
respectively. Polystyrene volume fraction varies from 0.2 to 0.3 vol% in the lower
phase and from 3.9 vol% to 5.3 vol% in the upper phase. The effect of the
molecular weight on the phase diagram is not apparent. Parts of the binodal are
not constructed because the tie lines can be calculated only when they intersect
three dilution lines [8]. The critical points are estimated by extrapolating the
centres of the tie lines to the experimentally observed liquid-liquid phase
boundary [8]. The critical points obtained, (“=12.1 vol%, ¢“=1.7 vol%) for
mixtures with a polystyrene molecular weight of 393,400 g/mol and (n°=11.6

vol%, $“=1.2 vol%) for mixtures with a polystyrene molecular weight of
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Figure 5.1. Variations of the upper phase volume fraction with asphaltene volume
fraction along dilution lines p, q and r for mixtures of asphaltene + polystyrene + toluene:
(a) polystyerene molecular weight M=393,400 g/mol, (b) polysytrene molecular weight
M,=700,000 g/mol. Dotted line: first order exponential function fit.
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Figure 5.2. Experimental phase diagram for mixtures of asphaltene + polystyrene +
toluene: (a) polystyrene molecular weight of 393,400 g/mol (b) polystyrene molecular
weight of 700,000 g/mol. Symbols: (+) two-phase, (A) single-phase, (square): estimated
critical point, (open circle): calculated binodal points. (dot): with error bars in (a)
represents the experimental phase compositions for a mixture with global composition
(n=14.7 vol%, $=2.9 vol%).
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700,000 g/mol, fall within the estimated composition ranges for direct phase

boundary measurements.

For a mixture of asphaltene + polystyrene (M;,=393,400 g/mol) + toluene with a
global composition (n=14.7 vol%, ¢$=2.8 vol%), calculated phase compositions
(M=22.4 = 1.0 vol%, $;=0.30 = 0.3 vol%)calculated for the lower phase and (my=7.0
+ 1.0 vol%, ¢yp=5.3 = 0.3 v0l%)calculatea for the upper phase are obtained.

Calculated error for binodal points varies on the extension of the tie line.

From a combination of spectrophotometry measurements + mass balance
equations (Section 4.5), for a mixture with a similar global composition (n=14.7 =
0.6 vol%, $=2.9 = 0.3 vol%) —Fig.5.2 a-, phase compositions (1=20.1 = 0.6 vol%,
$=0.0 = 0.7 vol%)experimental lower phase and (ny=7.4 = 0.3 vol%, ¢=6.0 = 0.3
VO1% )experimental UpPeEr phase are obtained. The slope of the calculated tie line
appears to be smaller than the experimental line. The difference between the
calculated and measured phase compositions may be attributed to shortcomings in
the composition extrapolation procedure. The lever rule used for the calculation of
the composition of the phases is only valid if asphaltenes may be considered as a
single species. Polydispersity of asphaltene colloidal particles and their size
dependence on concentration may have impacted the estimated phase
compositions. Only a fraction of asphaltene may be large enough to participate in
the depletion flocculation mechanism and cause phase separation. This potential
shortcoming can account for the difference between the slopes of the calculated

and the experimental tie lines in the two-phase region.

5.2.2 Speed of sound data and the fraction of asphaltenes participating in the

phase separation mechanism
Another way to compare the estimated compositions of the phases with

experimental data is to compare computed speed of sound values for estimated

binodal compositions (shown in Figures 5.2.a-b) with experimental speed of
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sound measurements. The deviations between experimental speeds of sound from
average volume fraction values in the ternary mixtures of asphaltene +

polystyrene + toluene are fitted with the following Cibulka equation [11]:

Au=u,, =(nu,,+¢u,, +(1-n-9u,)
=Aubm+n¢(1_n_¢)(31+B2n+B3¢) (51)

where Au,, is the sum of the deviations of experimental speeds of sound from

average volume fraction values in the three binaries: asphaltene + toluene,
polystyrene + toluene and asphaltene + polystyrene. It is given by:

Au,;, = Au .+ Au

asph-to polyst—tol + Al'tasph—polyst , (52)
Agsphior and  Aupopsiior  Were calculated using equation (4.1). Since no
experimental data are available for the binary system asphaltene + polystyrene,

the speed of sound deviation for this binary is neglected (Auaspir-porys= 0).

Coefficients B;, B; and B; were obtained by minimizing the standard deviation o
between experimental and calculated speeds of sound, before phase separation,
along dilution lines p, q and r. The standard deviation o is given by the following

equation:

(5.3)

where N is the number of data points and u., is the calculated speed of sound,

given by the following equation:

e = (@ 1, +(1=® ) )+ Ay, +1§(1-11-9) (B, + B,n+By9)  (54)
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Values of the parameters B; are reported in Table 5.1 for the ternary mixtures
asphaltenes + polystyrene (M,=393,400 g/mol) + toluene and asphaltene +
polystyrene (M;=700,000 g/mol) + toluene.

Table 5.1. Values of the parameters B, in equation (5.1) and the standard deviation o.

Asphaltene + polystyrene Asphaltene + polystyrene
(M,=393,400 g/mol) + toluene (M,=700,000 g/mol) + toluene
B, 0.4934x 10* 0.2866x 10*
B, -1.6593x 10* -0.8906x 10*
B, -7.8027x 10* -6.3309% 10*
o 0.7296 0.8639

Figure 5.3 shows a parity plot of calculated vs experimental speeds of sound in
the single-phase region and in the separated phases where the composition was
measured experimentally. The largest deviation between calculated and
experimental speeds of sound in the single-phase region is found to be 2.3 m/s.
The origin of the deviations could be attributed to the error in the experimental
composition, small temperature variations, or to the speed of sound model given
in equation (5.4). When the speed of sound is calculated using the compositions
determined experimentally. The impact of the composition measurement error on
the speed of sound is such that the deviation between experimental and calculated

speed of sound varies in the range 0 m/s to 4.2 m/s.
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Figure 5.3. Parity plot for calculated speed of sound using equation 5.4 vs measured
speed of sound in: (+) single phase region for the case of M=393,400 g/mol, (x) single
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Figures 5.4.a-c and 5.5.a-c show a comparison between experimental speeds of
sound in the mixtures after phase separation and calculated values along the three
dilution lines (p, q and r) and for the two cases of polystyrene molecular weight.
Also shown in Figure 5.4.b are calculated speeds of sound obtained from equation
5.4 and experimental phase compositions. When speeds of sound are calculated
using the binodal compositions shown in Figures 5.2.a-b. Figures 5.4.a-c and
5.5.a-c show that for the case of polystyrene with an average molecular weight of
393,400 g/mol, the largest deviations between experimental and calculated speeds
of sound in the separated phases are 8.8 m/s, 5.4 m/s and 7.8 m/s along dilution
lines p, q and r respectively (Fig.5.4). These values are 11.6 m/s, 9.3 m/s and 10.0
m/s for the case of polystyrene with a molecular weight of 700,000 g/mol
(Figs.5.5.a-c). Calculated speed of sound differences between the separated
phases vary between 8.1 m/s and 15.9 m/s where experimental values vary

between 1.2 m/s and 4.2 m/s. The deviations between calculated and experimental
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Figure 5.4. Comparison between calculated and experimental speeds of sound, after
phase separation, along: (a) dilution line p, (b.i) dilution line q, (b.ii) computed speed of
sound based on experimental phase compositions for a mixture with global composition
(m=14.7 vol%, $=2.9 vol%): (x) lower phase, (¥) upper phase. (c) dilution line r for
mixtures of asphaltenes + polystyrene (M,=393,400 g/mol) + toluene. Experimental
speeds of sound: (0): lower phase, (A): upper phase. Calculated values: (continuous line):
lower phase, (dashed line): upper phase.

101



1355

1350}

1355

13807

u (m/s)

1340+

1355

13807

0.1

1345¢

e e e e e e

0.16

(©)

0.22

Figure 5.5. Comparison between calculated and experimental speeds of sound after phase
separation, along: (a) dilution line p, (b) dilution line q, (c) dilution line r for mixtures of
asphaltenes + polystyrene (M,=700,000 g/mol) + toluene. Experimental speeds of sound:
(0): lower phase, (A): upper phase. Calculated values: (continuous line): lower phase,

(dashed line): upper phase.

102



values can be attributed to the prediction accuracy of the binodal points shown in
Figure 5.2. One way to reduce the calculated speed of sound difference between
the separated phases and improve the agreement with experimental speed of
sound data is to assume that only a fraction y of asphaltene colloidal particles are
large enough to cause phase separation. In this case, the predicted polystyrene
volume fraction in the separated phases does not change, the slopes of dilution
lines p*, q* and r* increase and the slope and the length of the tie lines change
such that the difference between the colloidal particle volume fractions in the
separated phases decreases by a factor of y (Fig.5.6). Additional details are
provided in Appendix D. For this analysis, asphaltene colloidal particles
participating in the phase separation mechanism are assumed to be invariant with

global composition.

The total volume fraction of asphaltenes, n, in a mixture of asphaltene +
polystyrene + toluene, is modeled as:

n=n"+n", (5.5)
where: n*=y M (5.6)
n’=(1-+)n (5.7)

N’ is the volume fraction of asphaltene colloidal particles that are large enough to
cause phase separation, 1’ : the volume fraction of asphaltenes that are too small
to participate in the phase separation and y: the fraction of asphaltene colloidal

particles causing phase separation.

After phase separation, the volume fractions of asphaltenes in the coexisting

phases (I), (II) are given by:

no=m

. 0 (5.8)
Ny =My My
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The volume fractions of asphaltenes that are too small to participate in the phase

separation mechanism are assumed to be unaffected by separation:
n=ny=n"=0-y)n (5.9)

For a given value of the fraction y, the geometrical transformation given in

equation (5.6) is applied to dilution lines p, q and r and binodal points
M, %,), My, .9,)to obtain dilution lines p*, q* and r* and binodal points

(nj,¢1),(njn¢,,) of asphaltene colloidal particles participating in the phase
separation mechanism. By incorporating this modification for the determination
of phase compositions in the calculation of the speed of sound in the separated
phases (Eq.5.4), it is possible to calculate the speed of sound difference between
the upper and lower liquid phases as a function of y and to compare computed

values with measurements.
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n*=yn

(b)
Figure 5.6. Schematic presentation of the effect of y on the tie line [I 1] and dilution lines

p, qandr: (a) y=1, (b) y<I: M*-nu*)=y (ni-Mn).
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When the fraction y is decreased, the slopes of the tie lines increase, the
asphaltene volume fraction difference between the phases in equilibrium
decreases and the speed of sound difference between coexisting phases decreases.
The calculated speed of sound difference is sensitive to asphaltene and
polystyrene composition variation. The ranges placed on the computed estimates
reflect composition uncertainties in the upper and lower liquid phases (A¢ = = 0.3
vol%, An = = 1.0 vol%) on the extension of the tie lines. Figures 5.7.a-8.a show a
comparison between calculated and experimental speed of sound differences
between the separated phases for different values of the fraction y and for the two
cases of polystyrene molecular weight. These figures suggest that y = 0.63 and
0.49 for the cases of My=393,400 g/mol and M,,=700,000 g/mol respectively. The
errors in the phase compositions obtained from the UV measurements are too
large to contribute to the evaluation of y on the basis of speed of sound value

comparisons.

Figures 5.7.b-8.b show calculated asphaltene volume fraction difference between
the phases for the two cases of polystyrene molecular weights. The experimental
asphaltene volume fraction difference obtained from UV measurements (An =
12.7 = 0.8 vol%)exp 1s larger than the calculated value for y = 0.63 (An=9.7 1.1
vol%).al, as shown in Fig.5.7.b. However, allowing for composition uncertainty in
the calculation places the values close to quantitative agreement (within = 1
vol%). The reason for the difference in the fraction y between the two polystyrene

molecular weight cases cannot be attributed at this time.

106



15 : . : e 0.18
0.16}
107 014}
Q
E 5012t
3
<]
5 01t
0.08}
O 1 1 1 1 1 006 L L - ‘—— ! !
0075 008 0085 009 0095 0.1 0075 008 0085 009 0095 01
n M
(La) (Ib)
15 : : —— 018 T T
0.16¢
10t 0.14f
@
E So12t
3
<
S 01r
0.08f
0 . . . 0.06 . - L
01 0.12 0.13 0.14 0.15 0.12 0.13 0.14 0.15
n n
(IL.a) (ILb)
15 : : : : 0.18 :
0.16}
10t 014}
0y
£ o012t
3
<
5t 01t
0.08}
0 0.06

015 016 017 018 019 02

n
(IILa)

Figure 5.7. (a) Calculated (line) and experimental (circle) speed of sound difference
values vs asphaltene global composition. (x): Calculated speed of sound difference using
experimental phase composition for a mixture with global composition composition
(m=14.7 vol%, ¢=2.9 vol%), (b) calculated (line) volume fraction difference of
asphaltenes between phases vs global asphaltene composition. (I) Dilution line p, (II)
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phases (III) dilution line r. y is a parameter. Polystyrene molecular weight M,=393,400
g/mol.
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Figures 5.9-10 show calculated vs experimental speeds of sound for mixtures
moving along dilution lines p, q and r. For the case of polystyrene with a
molecular weight of 393,400 g/mol and y=0.63 (Fig.5.9), the largest deviations
between calculated and experimental speeds of sound in the separated phases are
1.3 m/s, 0.5 m/s and 1.5 m/s along dilution lines p, q and r respectively. A
significant improvement compared with the case of y=1.0, where the largest
deviations are 8.8 m/s, 5.4 m/s, 7.8 m/s. For a polystyrene molecular weight of
700,000 g/mol, these values are 1.8 m/s, 1.7 m/s and 1.5 m/s for the case of
v=0.49 with (Fig.5.10) vs 11.6 m/s, 9.3 m/s, 10.0 m/s, for y = 1. Thus, the
agreement between experimental and calculated speeds of sound in the separated

phases is significantly improved when y is reduced.

The volume fraction of asphaltene, 1°, unaffected by the phase separation, is a
fraction (1-y) of the global asphaltene composition (Eq.5.9). Therefore, overall
phase compositions (M1, ¢1), (N, Pn), in the separated phases depend on the global
composition of the mixture before separation (v, ¢). Phase compositions for
mixtures moving along dilution line p, q and r for the two cases of polystyrene
molecular weights (My=393,400 g/mol and y=0.63) and (M,~=700,000 g/mol and
v=0.49) are illustrated in Figures 5.11.a-c and 5.12.a-c. These Figures show that
overall phase compositions depend on the global composition of the mixtures in
dilution lines p, q and r. Figure 5.11.b shows that the calculated composition in
the lower phase agrees with that determined experimentally for a mixture with
global composition (n=14.7 vol%, ¢$=2.9 vol%). In the upper phase, the polymer
and the colloidal particle volume fractions are underpredicted and overpredicted
respectively. These deviations have compensating effects on the calculation of the

speed of sound.
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Figure 5.11. Composition of the separated phases in equilibrium (n,¢1), (M,¢n) for a
mixture of asphaltenes + polystyrene (M,=393,400 g/mol) + toluene and y=0.63 with
global composition (1),$) moving along: (a) dilution line p, (b) dilution line q. Dots with
error bars represent the composition of the separated phases determined experimentally
for a mixture with global composition (n=14.7 vol%, $=2.9 vol%). (c) dilution line r.

112



0.06

0.05}

0.04 1

0.02}

0.01}

’/:»”//(TII* » DDeistsispgrrsernee
/) - N

0.06

0.05

0.04r

0.027

0.01r

00'

0.06

0.05¢

0.04

0.02r

0.01r

0

0

0.03+

(nl s q)I)
00

0.05

0.15 0.2
n
(@)

0.1 0.25

0.03 1

- (mu*, Pr)
SRR

i
I

?

'/_-—""’(.711* , q)l)tmlmml 0.0-60

(m, @)
o

0.03

0.05

0.1 0.15 0.25

n
(b)

5 -
i

T, @)

T
wnwx (M, O)
o(711 , @)

1

0.05

0.15 0.2 0.25

n
(c)

0.1

Figure 5.12. Composition of the separated phases in equilibrium (n,¢1), (M,¢n) for a
mixture of asphaltenes + polystyrene (M,=700,000 g/mol) + toluene and y=0.49 with
global composition (1,$) moving along: (a) dilution line p, (b) dilution line q, (c) dilution
line r.

113



5.2.3. Comparison between experimental phase boundaries, critical points

and the depletion flocculation theory

To compare with depletion flocculation theory, the experimental phase diagrams
must be expressed in terms of n*, the asphaltene fraction participating in the
phase separation mechanism. The volume fractions of asphaltene colloidal
particles, obtained from experimental phase compositions, are estimated by
substracting the fraction of asphaltene not participating in the phase separation

mechanism from measured phase compositions:

M= Niexp= (1Y) Nexp » (5.10.2)
nII*ZnHexp - (I'Y) TIexp D (SIOb)

The volume fraction of asphaltene colloidal particles participating in the phase
separation mechanism in the lower and upper phases are respectively larger and
lower than those in the original mixture before separation. This suggests that
when the calibration curve (Fig. 4.17) — based on colloidal particle scattering
effect - is used to estimate the composition of the phases, the concentration of
asphaltene in the upper phase is underestimated where that in the lower phase is
overestimated. The arrows in Figure 5.13.a indicate the likely directional change

in composition of the colloidal binodal points.

Figures 5.13.a-b show modified experimental phase diagrams with phase
boundaries and critical points for mixtures of asphaltene + polystyrene + toluene
presented on the coordinates (m*, ¢). The estimated critical points become
(M°**=7.6 vol%, ¢°=1.7 vol%) and (m°*=5.7 vol%, ¢°=1.2 vol%) for the mixtures
with polystyrene molecular weights of 393,400 g/mol and 700,000 g/mol

respectively.
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According to the depletion flocculation theory of Fleer et al[5], the volume
fraction of the polymer at the critical point ¢ increases with decreasing particle
size and that of the colloidal particles ° decreases asymptotically to a constant
value ~ 10 - 11 vol% for mixtures with polymers in good solvent, and to ~ 6.0
vol% for mixtures with polymers in theta solvent, as shown in Figures 5.14.a-b.
Numerical results are tabulated in Table 5.2. Calculations were performed using
both versions of the depletion theory: polymers in good solvent (excluded volume
chains in good solvent) and polymers in theta solvent (mean field-chains in theta
solvent). Fleer et al [5] model for mixtures with polymers in good solvent is valid
in the excluded volume (ev) limit. It corresponds to polymers in solvents with an
effective Flory-Huggins parameter of x=0 [12]. Polymers in good solvent with a

3/5

scaling behavior R,xM,"", can be obtained for mixtures with Flory-Huggins

parameter  slightly below 0.5.

Table 5.2. Numerically calculated critical points using Fleer et al. model with two
versions: polymers in good solvent (excluded volume chains in good solvent) and
polymer in theta solvent (mean-field chains in theta solvent).

Mixtures of asphaltene + polystyrene Mixtures of asphaltene + polystyrene
(M,=393,400 g/mol) + toluene (M,,=700,000 g/mol) + toluene

Good solvent (ev) Theta solvent (mf) Good solvent (ev) Theta solvent (mf)

am) | m(vol%) $°(vol%) n°(vol%) PWol%) | n'(vol%) | ¢°(vol%) | n'(vol%) | ¢°(vol%)
32.0 20.1 0.3 17.3 0.2 16.0 0.3 13.1 0.2
28.4 18.6 0.4 15.8 0.2 14.8 0.4 11.9 0.2
25.6 17.3 0.5 14.5 0.3 13.8 0.5 10.9 0.3
21.3 15.3 0.6 12.5 0.3 12.3 0.6 9.3 0.3
18.3 13.8 0.7 10.9 0.4 11.2 0.8 8.2 0.4
16.0 12.7 0.9 9.8 0.5 10.5 1.0 7.4 0.4
14.2 11.8 1.1 8.9 0.5 10.1 1.2 6.8 0.5
12.8 11.1 1.3 8.1 0.6 10.0 1.5 6.4 0.6
10.5 10.2 1.8 7.0 0.7 10.2 2.0 6.0 0.7
8.5 10.0 2.6 6.2 1.0 10.8 2.7 6.1 0.9
6.4 10.7 39 6.0 1.4 11.3 4.0 6.3 1.2
5.1 11.2 5.4 6.3 1.7 11.5 5.4 6.3 1.5
43 11.4 6.8 6.3 2.0 11.7 6.9 6.4 1.8
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Figure 5.14. Variations of calculated critical points with varying particle radius. Values
are given in Table 5.2. Horizontal line segments represent the variations of the
experimental critical point with y from 0.63 to 1.0 for 393,400 g/mol and from 0.49 to 1.0
for 700,000 g/mol. (a) mixtures with a polystyrene molecular weight of 393,400 g/mol:
calculations performed for polymers in good solvent (continuous line), in theta solvent
(dashed line). (b) mixtures with a polystyrene molecular weight of 700,000 g/mol. :
calculations performed for polymers in good solvent (continuous line), in theta solvent
(dashed line). (¢) comparison between mixtures with polystyrene molecular weight of
393,400 g/mol (continious line), and 700,000 g/mol (dashed line). Calculations were
performed for polymers in good solvent
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An example of this is polystyrene in toluene where x=0.48 [12]. In this case,
toluene is a good solvent for polystyrene but is only slightly better than a theta
solvent. Calculations using both versions of the model would be expected to

provide lower and upper limits for the critical points, as suggested by Fleer et

al[5].

Direct measurements of volume fraction data place the critical points at (n° =12.1
vol %, ¢° = 1.7 vol%) and (n° = 11.6 vol%, ¢° = 1.2 vol%) for polystyrene
molecular weights of M,=393,400 g/mol and 700,000 g/mol respectively, above
the minimum threshold from theory = 10 - 11 vol% for polymers in good solvent
(Figs 5.14.a-c). The modified values, fit on the basis of speed of sound data, "
=7.6 vol %, ¢° = 1.7 vol%) and (n° = 5.7 vol%, ¢¢ = 1.2 vol%), fall roughly
between the critical points predicted for mixtures with good solvent and theta
solvent as shown in Figures 5.14.a-b. Figure 5.14.c shows that increasing polymer
molecular weight from 393,400 g/mol to 700,000 g/mol does not have a
significant effect on the prediceted critical point, particularly for small colloidal

particles (a < 12.8 nm).

As both the polystyrene and the asphaltenes are polydispersed, only qualitative
comparison with the model of Fleer et al[5] for monodispered colloidal particles
and non-adsorbing polymer is feasible. From Figures 5.14.a-b and Table 5.2, it
would appear that the experimental polymer volume fractions at the critical points
correspond to those predicted theoretically for monodispersed particles falling in
the range (5-14 nm). The upper bound of this range is obtained using the model
with polymers in good solvent version (ev) where the lower bound is obtained

using the model with polymers in theta solvent version (mf).

Figures 5.15.a-b and Fig. 5.16.a-b show a comparison between the experimental
phase diagram presented in the coordinates (n*, ¢) and the theory of the depletion
flocculation mechanism for mixtures with polymers in good solvent. For

polystyrenes with a molecular weight of M=393,400 g/mol, it is found that if the
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particles have radii smaller than an;,=6.4 nm, all mixtures are predicted to be in
the single-phase region. For radii smaller than an,=23.5 nm, all mixtures that
separated experimentally are predicted to be in the two-phase region. If the
colloidal particles have larger radii, mixtures that were found experimentally to
exhibit single-phase behavior are predicted to separate. In this manner, lower and
upper limits for the radii of asphaltene colloidal particles causing phase separation
are obtained (6.4 < a < 23.5 nm). For the case of polystyrene with a molecular
weight of My=700,000 g/mol, a similar interval is obtained (7.0 < a < 26.0 nm).
These intervals are in agreement with the range expected for asphaltenes in
concentrated toluene mixtures in the absence of polymer. For example, Barre et al
[13] performed Small Angle X-ray Scattering measurements on different liquid
fractions separated by ultracentrifugation from a solution of 3 % vol asphaltene in
toluene. They found that the radius of gyration of asphaltene fall in the range 6-16
nm [13]. High temperature filtration measurements of Maya crude oil (16 %w
asphaltene) [14] have shown that 50 wt % of the asphaltenes passed through the

20 nm filter with none of the aggregates being greater than 100 nm.

5.3. Conclusion

The compositions of the liquid phases for mixtures of asphaltene + polystyrene +
toluene were estimated by using the volume fraction of the upper phase along
three dilution lines, experimental speed of sound data and a mass balance model.

The volume fractions of asphaltene in the lower and upper phases were
overpredicted and underpredicted, respectively, when compared to experimental
values for a mixture with a specific composition (N=14.7 vol%, $=2.9 vol%). The

volume fraction of polystyrene in the upper phase was underpredicted.

Large deviations were obtained when speeds of sound in the phases were
calculated using estimated binodal points. However, calculated speeds of sound

with phase compositions measured experimentally showed that variations of
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Figure 5.15. Calcualted phase diagram vs experimental phase diagram for mixtures of
asphaltene colloidal particles + polystyrene (M,=393,400 g/mol) + toluene and for two
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calculated from experimental data. (square): experimental critical point.

120



0.06

0.051

0.04

0.021

0.01} at -

0 0.05 0.1 0.15 0.2

*

N
(a)
0.06 - . ;

»

T
1

0.05

+

0000
+++
1

0.04

e

T
1

) 0.03
0.02

0.01

0 0.05 0.1 015 0.2

*

n
(b)
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asphaltene and polystyrene volume fractions in the measurement error range can
cause large deviations between calculated and experimental values. A parameter
Yy, interpreted as the fraction of asphaltene colloidal particles causing phase
separation, was introduced to improve the agreement between experimental and
calculated speeds of sound. The volume fractions of polystyrene in the upper and
lower phases were not modified. The best agreement was obtained when the
parameter y was decreased from 1.0 to 0.63 for the case of M=393,400 g/mol and
from 1.0 to 0.49 for the case of M,=700,000 g/mol. Calculated phase
compositions were compared with experimental results for a mixture with a
specific global composition (N=14.7 vol%, ¢$=2.9 vol%). It was found that in the
upper phase, the volume fractions of polystyrene and asphaltene were
underpredicted and overpredicted respectively. In the lower phase, an agreement
within 0.5 vol% was obtained between calculated and experimental asphaltene

and polystyrene volume fractions.

Experimental phase diagrams were compared with model predictions for phase
boundaries for mixtures of monodispersed colloidal particles + non-adsorbing
polymer. It was estimated that the radii of asphaltene colloidal particles causing

phase separation fall in the range 6 <a <26 nm.
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CHAPTER 6. Conclusions and Recommendations

6.1. Phased array acoustic cell

In this work, a cell was designed and constructed for online measurement of
acoustic speed and attenuation profiles in opaque materials. The cell was operated
in both pulse-echo and transmission modes. The pulse-echo mode was used to
measure speed of sound and attenuation profiles in liquid mixtures where the
transmission mode was used to measure the travel time profiles in porous media.
The kinetics of phase separation were measured in mixtures of methanol + mixed
hexanes. Phase separation was complete when the speed of sound profile split into
two parallel lines. Each profile line corresponded to the speed of sound in one
phase. The elevation of the interface was identified as a discontinuity in the

profiles.

The elevation of the liquid-liquid interface was measured independently using
spikes in the attenuation profiles caused by a significant loss in the acoustic
energy at the liquid-liquid interface. This independent measurement was useful in
cases where the speed of sound difference between the two phases approached the
experimental error. Liquid-liquid equilibria can be detected even if the difference

between the properties of the phases is small.

Acoustic transmission measurements were performed in a porous structure
partially saturated with heptane and bitumen. It was found that the acoustic waves
travel faster in the bitumen saturated regions than in the heptane saturated region.
As heptane diffused in the bitumen saturated region, the profile of the travel time
increased in the regions initially saturated with bitumen. This demonstrated that

the experimental technique developed in this work may be used for the
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measurement of diffusion in porous media. It can therefore present an alternative
to other experimental techniques [1][2][3] or provide a technique where others are

not applicable.

The acoustic cell designed and constructed in this work may be applied to
investigate the phase behaviour of challenging opaque mixtures, from water in oil
emulsions[4][5] and colloidal particles + non-adsorbing polymer mixtures[6] to

natural gas hydrates.

6.2. Measurements of phase behaviour of mixtures of asphaltene +

polystyrene + toluene

Speed of sound and attenuation profile measurements were performed in
mixtures of asphaltene + polystyrene + toluene. Liquid-liquid phase behaviour
was observed over broad ranges of composition. Phase separation was complete
within 30-90 minutes. This time range is in agreement with the time reported for
the phase separation of colloidal particles + non-adsorbing polymer mixtures [7]
[8]. Acoustic phase separation measurements were found to be qualitatively

similar to those of mixtures of methanol + hexanes.

The variation of phase volumes along dilution lines revealed the presence of
critical points. It was proposed that the key mechanism causing phase separation
is depletion flocculation where asphaltenes in toluene are colloidal particles

sterically stabilized and polystyrene is the non-adsorbing polymer.

At fixed polymer molecular weight and volume fraction, the phase behavior of
mixtures of colloidal particles + non-adsorbing polymer + toluene depends on the
size and the volume fraction of the colloidal particles. Experimental variation of
the upper phase volume fraction along the dilution lines were used to calculate
phase compositions using an algorithm based on the lever rule, these

compositions were then used to estimate the speeds of sound in the separated
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phases. A fraction y of asphaltene colloidal particles participating in the phase
separation was introduced to improve the agreemenent between calculated and
measured speeds of sound in the phases. It was estimated that ~ 0.5 - 0.6 of
asphaltenes were participating in the phase separation by the mechanism of

depletion flocculation.

For a mixture with global composition nN=14.7 vol% and ¢=2.9 vol%, the
compositions of the separated phases determined with UV-Visible
spectrophotometry were compared with calculated values. It was found that when
all asphaltene colloidal particles were assumed to participate in the phase
separation mechanism, the volume fraction of asphaltenes were overpredicted and
underpredicted in the lower and upper phases, respectively. The volume fraction
of polystyrene in the upper phase was underestimated. When only a fraction 0.63
of asphaltenes was assumed to participate in the phase separation mechanism, the
calculated composition in the lower phase agreed with experimental data. In the
upper phase, the volume fraction of polystyrene and asphaltene were
underestimated and overestimated respectively. The fraction y=0.63 was obtained
by fitting speed of sound data with an underestimated polymer volume fraction in
the upper phase. This has caused an overestimation of the asphaltene volume
fraction in the upper phase to improve the agreement with speed of sound per

phase and speed of sound difference between the phases.

An interval for the radii of asphaltene colloidal particles was estimated by
comparing the experimental phase diagrams with the phase boundaries predicted
by Fleer et al model [9]. It was estimated that the radii of asphaltene colloidal
particles, participating in the phase separation, fall in the range 6 - 26 nm. This
interval is in agreement with the range obtained from nanofiltration results for
Maya heavy oil asphaltenes [10] and SAXS measurements in a solution of

asphaltene in toluene 3 vol% [11].
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6.3. Future work and recommendations

- In mixtures of colloidal particles + non-adsorbing polymers, the colloid volume
fraction difference between the separated phases can be increased by increasing
the concentration of the polymer. Another way to improve the separation is to
increase the colloidal particle size. For mixtures of asphaltenes + polystyrene +
toluene, this can be achieved by controlling asphaltene particle size in the
solution. For example, by injecting colloidal particles (or water in oil emulsion) in
the solution such that asphaltenes sorb to their surface. The size of the colloidal
particles would be the size of the particles injected and the steric-repulsive forces
between their asphaltene-covered surfaces would dominate the interaction forces.
In this way, phase separation between asphaltene rich and asphaltene poor phases
could be improved by controlling particle size without increasing polymer

concentration.

- The effect of polydispersity of the colloidal dispersion on the phase separation
by depletion flocculation was not included in this work [9]. This could be part of a

future investigation.

- The comparison between calculated phase compositions and compositions
obtained from UV-Visible spectrophotometry measurements can be extended to a
wide range of global compositions for mixtures of asphaltene + polystyrene +

toluene.

- The acoustic cell could be used in other applications for the investigation of
opaque materials. Future work consists of finding new applications. Examples of
future investigations would be: measurements of hydrate formation in porous
media, solvent diffusion in bitumen saturated porous media, and phase behavior

of colloidal dispersions in opaque mixtures.
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- The acoustic cell permits simultaneous measurements of acoustic waveforms at
different elevations along the height of the cell. These measurements could be
used to obtain acoustic mappings of opaque materials (liquid or solid) [12]. A
computer code for the deconvolution of measured waveforms and the calculation

of the mapped acoustic properties needs to be developed.
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Appendix A. Acoustic Measurements of Mixtures of

Asphaltene + Polystyrene + Toluene

A.1. Measurements of mixtures of asphaltene + polystyrene (M,=393,400
g/mol) + toluene (Figures for data in Table 4.4):
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Figure A.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9
MHz for mixture P, in Table 4.4.
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Figure A.2.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9
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Figure A.3.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9

MHz for mixtures along dilution line r. Roman symbols refer to mixture numbers in Table 4.4.
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Figure A.4.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9
MHz for mixtures along dilution line q. Roman symbols refer to mixture numbers in Table 4.4.
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Figure A.4.2. (a) Variations of the liquid-liquid and liquid-air interfaces, (b) Speeds of sound in
the separated phases: (triangle): upper phase, (circle): lower phase, (c) Speed of sound difference
between the separated phases (c), for dilution line q. Roman symbols refer to mixture numbers in

Table 4.4.
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Figure A.6.3. Mixture 3 in line W is extracted with a needle and mixed for 5 minutes in a
vial: (a) 268 minutes after mixing (b) 203 minutes after mixing.
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A.2. Measurements of mixtures of asphaltene +
g/mol) + toluene (Figures for data in Table 4.5)
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Figure A.7.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9
MHz for mixtures: (I) Py, (II) P, of Table 4.5.
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Figure A.8.2. (a) Variations of the liquid-liquid and liquid-air interfaces, (b) Speeds of sound in
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Table 4.5.
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Figure A.9.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9
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Figure A.10.1. (a) Speed of sound profile, (b) attenuation spectra profile, (c) attenuation at f=7.9
MHz for mixtures along dilution line q. Roman symbols refer to mixture numbers in Table 4.5.
(I"): refers to mixture 1 after the second mixing.
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Appendix B. Calculation of Asphaltene and Polystyrene

Volume Fractions in The Separated Phases

The concentrations of asphaltene in the diluted samples obtained from UV-Visible
spectrophotometry measurements are Cagpho lLowe= 938.7 = 8.53 mg/L and
Caspho |Upper=346.4 + 3.15 mg/L in the lower and upper phases respectively. The

concentration of asphaltene in the original lower and upper phases are:

Casph |Lower: Casph() |LOW€1’X (VtOt/VO) = 234.67 * 6.84 mg/ml, (B. 1)
Casph |Upper: CaSphO |Upperx (Vtot/vo) = 86.61 + 3.02 mg/ml, (B.2)

where: V=100 = 0.08 ml is the volume of the diluted sample and V(=0.4 + 0.01

ml is the volume of the original sample.

The volume fractions of asphaltene in the original phases are:

NLower= CLowerX(1/Pasph)=20.06 = 0.58 vol% (B.3)
Nupper= CupperX(1/Pasph)=7.40 = 0.26 vol% (B.4)

The concentrations of polystyrene in the phases were obtained by evaporating
toluene from two vials containing samples from the original upper and lower
phases. The weights of the empty vials, with original samples from the upper and

lower phases, and after toluene evaporation are shown in Table B.1.

The masses of toluene and asphaltene + polystyrene, in the vials, are calculated
by substracting the mass of the vials after drying from their mass before drying .
Results are reported in Table B.1.

The masses of asphaltene and polystyrene in the vials is calculated using the

following equations:
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The total volume of the sample in the vials is given by:

- mu\'ph +

tot

P Pros

polyst + m tol

1-C

asph

2

p tol

R

(B.5)
.
) , (B.6)
(B.7)

The volume fraction of polystyrene in each vial is calculated using the following

equation:

o=

tot

(mpolyﬂ /ppnlysl)

b

(B.8)

Calculation results for the upper and lower phase samples are summarized in

Table B.1.

Table B.1. Weights of vials empty, with original sample from upper and lower phases

and after toluene evaporation.

Lower phase

Upper phase

Empty vial weight (mg)

8133.05 £ 0.01

8041.09 = 0.01

Vial with original sample (mg)

9347.81 = 0.01

8709.39 = 0.01

Vial with dried sample (mg) 8438.5 +0.01 8152.23 = 0.01
Mygph T Mpolyst (ML) 305.45 = 0.02 111.13 £ 0.02
my, (Mg) 909.31 = 0.02 557.16 = 0.02
Myeph (M) 307.90 = 9.18 64.41 =2.27
Mpotyst (M) -2.45+9.20 46.72 +2.29
Vot (ml) 1.312 £ 0.017 0.744 = 0.004
¢ (%) -0.18 = 0.67 6.00 = 0.33
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Appendix C. Linear Fit Plots of Speed of Sound vs
Concentration in the Binary Mixtures of Asphaltene +
Toluene and Polystyrene + Toluene
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Figure C.1. Linear fit of speed of sound vs asphaltene volume fraction. u,s»n=1452.7 m/s.
u(m/s)=129.35 n+1323.39. R*=0.991635717160612.
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Figure C.2. Linear fit of speed of sound vs polystyrene volume fraction in binary
mixtures of polystyrene (M,=390,000 g/mol) + toluene, u(m/s)=166.41 ¢ + 1324.25.
Upolys=1490.65 m/s. R*= 0.9949222931158359.
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Figure C.3. Linear fit of speed of sound vs polystyrene volume fraction in binary
mixtures of polystyrene (M,=700,000 g/mol) + toluene, u(m/s)= 159.26 ¢ + 1324.45.
Upoys=1483.7 m/s. R*=0.9989073340684618.
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Appendix D. Scaling Geometric Transformation of Dilution
Lines p, ¢ and r and the Tie Line [a (]

When only a fraction y of asphaltene particles are active (large enough) in the
phase separation. The composition of the separated phases can be estimated using
a scaling geometric transformation of the tie lines p, q and r by y in m-direction
and by 1 in ¢-direction to obtain the scaled dilution lines p*, q* and r*. In this
case, the components active in the phase separation are the polystyrene in toluene
and the fraction y of asphaltenes. p*, q* and r* are the dilution lines of the

colloidal particles participating in the phase separation.

In this appendix, it will be proven that the line [o* *], the scaled transformation
of the tie line [a B] (Fig.D.1.b) crossing dilution lines p, q and r at compositions

P,Q and R (Fig.D1l.a) ,is the tie line crossing dilution lines p*,q* and r* at
compositions P*, Q* and R* (Fig.D.1.c).

From equation (2.23) in Chapter 2, the tie line equation is given by:

¢=d+nn (D.1)

From equation (D.1) the following equation can be obtained:
9" ~¢" =n(n’-n") (D.2)
The scaling transformation equations are given by:

n =yn
¢* =¢ (D.3)

The equation of the line [a* $*], the scaled transformation of the tie line

[a B], is obtained from equations (D.1) and (D.3), as follows:
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¢=¢*=d+(§)n* (D4)

Thus, the slope of the line [a* f*] increases by a factor of (1/y) when compared to

the slope of the original tie line [a (3].

From equation (2.25) in Chapter 2, the volume fraction of the upper phase at point

P in dilution line p is given by:

(D.S5)

If the line [a* B*], the scaling transformation of the tie line [a ], is used to
calculated the volume fraction of the upper phase for a mixture with composition
P* in dilution line p*, the following equation is obtained:

R i I J(nﬁ*-np*)2+(;j2(nﬂ*-nP*)2

R ’ = =

\/("ﬁ* _”a*)z +0 - ‘Pﬁ*)z \/(nﬂ* _na*)z +(’;)2(nﬁ* _ na*)2
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Therefore:
R""=R" (D.7)
Similarly, the following equations can be obtained:

RY'=R? (D.8)
RF'=RE (D.9)

Therefore, the volume fractions of the upper phases (R”, R and R®) at the
intersection of the tie line [a B] with dilution lines p,q and r in P,Q or R are equal
to the volume fractions of the upper phases (R”", RC™ and R®") at the intersection
of the scaled line [a* B*] with the scaled dilution lines p*,q* and r*. It can be
concluded that the tie line that fits the variations of the upper phase volume
fractions along the scaled dilution lines p*, q* and r* is [a* B*], the scaled

transformation of the tie line [a B].
The volume fraction difference of asphaltenes between the separated phases in the

tie line [a* B*] is related to the volume fraction difference of asphaltene between

the separated phases in the original tie line [a B] by the following equation:
An = = =y ") =y A (D.10)

Therefore, when y is reduced, the volume fraction difference between the
separated phases decreases - at constant ¢ -. Consequently, the speed of sound

difference between the separated phases decreases.
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Figure D.1. (a) Original dilution lines p, q and r with tie line [a B], (b) Scaled line [a*
*] of tie line [a B] by v in n direction and 1 in ¢ direction, (¢) Intersection of scaled line
[a* B*] with scaled dilution lines p*, q* and r*.
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Appendix E. Matlab Code for the Calculation of Speed of
Sound and Attenation Spectra Profiles from Recorded
Waveforms

[o)

% This matlab file converts measured waveforms into
speed of sound and

% attenuation profiles videos and data for mixture 1 in
dilution line q for

% the case of mixtures of asphaltene + polystyrene
(Mw=393 400 g/mol) +

% toluene

A similar file is used for every mixture in Tables
.1-4.4.

= o0

clear all;
close all;

$ Load waveforms pe recorded at different times

load Toluene polyst 7vol asphalt aprilll mixl 1.txt
pe(:,:,1)=Toluene polyst 7vol asphalt aprilll mixl 1;

load Toluene polyst 7vol asphalt aprilll mixl 2.txt
pe(:,:,2)=Toluene polyst 7vol asphalt aprilll mixl 2;

load Toluene polyst 7vol asphalt aprilll mixl 3.txt
pe(:,:,3)=Toluene polyst 7vol asphalt aprilll mixl 3;

load Toluene polyst 7vol asphalt aprilll mixl 4.txt
pe(:,:,4)=Toluene polyst 7vol asphalt aprilll mixl 4;

load Toluene polyst 7vol asphalt aprilll mixl 5.txt
pe(:,:,5)=Toluene polyst 7vol asphalt aprilll mixl 5;

load Toluene polyst 7vol asphalt aprilll mixl 6.txt
pe(:,:,6)=Toluene polyst 7vol asphalt aprilll mixl 6;

load Toluene polyst 7vol asphalt aprilll mixl 7.txt
pe(:,:,7)=Toluene polyst 7vol asphalt aprilll mixl 7;

load Toluene polyst 7vol asphalt aprilll mixl 8.txt
pe(:,:,8)=Toluene polyst 7vol asphalt aprilll mixl 8;

load Toluene polyst 7vol asphalt aprilll mixl 9.txt
pe(:,:,9)=Toluene polyst 7vol asphalt aprilll mixl 9;

166



load Toluene polyst 7vol asphalt aprilll mixl 10.txt
pe(:,:,10)=Toluene polyst 7vol asphalt aprilll mixl 10;

load Toluene polyst 7vol asphalt aprilll mixl 11.txt
pe(:,:,11)=Toluene polyst 7vol asphalt aprilll mixl 11;

load Toluene polyst 7vol asphalt aprilll mixl 12.txt
pe(:,:,12)=Toluene polyst 7vol asphalt aprilll mixl 12;

load Toluene polyst 7vol asphalt aprilll mixl 13.txt
pe(:,:,13)=Toluene polyst 7vol asphalt aprilll mixl 13;

load Toluene polyst 7vol asphalt aprilll mixl 14.txt
pe(:,:,14)=Toluene polyst 7vol asphalt aprilll mixl 14;

load Toluene polyst 7vol asphalt aprilll mixl 15.txt
pe(:,:,15)=Toluene polyst 7vol asphalt aprilll mixl 15;

load Toluene polyst 7vol asphalt aprilll mixl 16.txt
pe(:,:,16)=Toluene polyst 7vol asphalt aprilll mixl 16;

load Toluene polyst 7vol asphalt aprilll mixl 17.txt
pe(:,:,17)=Toluene polyst 7vol asphalt aprilll mixl 17(
:,1:4001);

load Toluene polyst 7vol asphalt aprilll mixl 18.txt
pe(:,:,18)=Toluene polyst 7vol asphalt aprilll mixl 18;

load Toluene polyst 7vol asphalt aprilll mixl 19.txt
pe(:,:,19)=Toluene polyst 7vol asphalt aprilll mixl 19;

load Toluene polyst 7vol asphalt aprilll mixl 20.txt
pe(:,:,20)=Toluene polyst 7vol asphalt aprilll mixl 20;

load Toluene polyst 7vol asphalt aprilll mixl 21.txt
pe(:,:,21)=Toluene polyst 7vol asphalt aprilll mixl 21;

load Toluene polyst 7vol asphalt aprilll mixl 22.txt
pe(:,:,22)=Toluene polyst 7vol asphalt aprilll mixl 22;

load Toluene polyst 7vol asphalt aprilll mixl 23.txt
pe(:,:,23)=Toluene polyst 7vol asphalt aprilll mixl 23;

load Toluene polyst 7vol asphalt aprilll mixl 24.txt
pe(:,:,24)=Toluene polyst 7vol asphalt aprilll mixl 24;
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for j=1:24

b=[ 'Toluene polyst 7vol asphalt aprilll mixl '
int2str(j) '.txt'];

try file(j)=dir(fullfile(b));
vec(j,:)=try file(j).date; % load the date and time
when the file was recorded.

load dist T197Cave0.txt -ASCII % load the variations of
the acoustic path
% with elevation

o

distance=dist T197Cave0;% variation of the acoustic
path with elevation

[m n]=size(pe(:,:,1));
nFrames=24;

dx=0.3; % elevation between two successive waveforms
L=1:m;
L=dx*(L-1)+1.243; % Elevation vector

nil=35;
ni2=36;
nf=65;

Hinterface=0.5*(L(nil)+L(ni2));
liquid-liquid interface
Hf=L(nf);

liquid interface

oo

Elevation of the

oo

Elevation of the air-

R=1-Hinterface/Hf;
fraction

oo

Upper phase volume

aviobj=avifile('Speed Aprilll mixl.avi', 'fps',2);
%creates AVI file, test.avi

hf= figure('color',[1 1 1], 'visible', 'off'); %turns
visibility of figure off

hax=axes;
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oo

This loop produces a video of the variations of the
speed of sound
% profile with time

for j=l:nFrames %numframes
matrix=pe(:,:,J);

% Determine the speed of sound and the time
difference between the first and second reflected
waveforms at any elevation and time

[c(:,]) To(:,])]=speedofsound Time(matrix,distance);

% Plot the speed of sound with the position of the
uid-liquid and
3 air-liquid interfaces

plot(c(:,3j),L, 'k+');hold on;

plot([1335 1360],[Hinterface Hinterface], 'k:');hold
on;

plot([1335 1360],[Hf Hf], 'k:");

1i

° O

x1im([1335 13607])

ylim([0. L(length(L))1])

set(gca, 'FontSize',16)

ylabel('Elevation (mm) ')

xlabel('Speed of sound (m/s) ')

% Display the date and time of the measurement
title(num2str(vec(j,:)));hold off;

aviobj=addframe(aviobj,hf); %adds frames to the AVI
file

hold off;
end

aviobj=close(aviobj); %closes the AVI file
close(hf); %closes the handle to invisible figure

% Calculate the speed of sound just after mixing at t=0
min

format bank

plot(c(l:nf-3,1), 'k+');hold on;

umix=mean(c(l:nf-3,1));

]

$%%%—— Attenuation -----
¢---Calculate the attenuation spectra at time t=0 min:
npos_final=length(L);
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dtl=To(:,1)
pel=pe(:,:,
T=1.e-8;
Fs=1/T;
[attenuation framel f Imaxl fmax framel

attenuationmax framel]=...

;
1);

Attenuation_ formovie2 testfig(npos final,T,Fs,dtl,pel);

= ———————————————

aviobj=avifile('Attenuation Aprilll mixl without.avi','
fps',2); %creates AVI file, test.avi
hf=figure('color',[1 1 1], 'visible', 'off'); %turns
visibility of figure off

hax=axes;

% This loop produces a video of the variations of the
attenuation spectra

[o)

% with time

for j=l:nFrames

dtl=To(:,j);% Time difference between first and
second echoes

pel=pe(:,:,j); % Waveform at time corresponding to
index j

% Calculation of the attenuation spectra

[attenuation f Imax fmax
attenuationmax]=Attenuation formovie2 testfig...

(npos_final,T,Fs,dtl,pel);

levation (mm)
% Frequency (MHz)
y=f(1l,:)*le-6;

% Calculation of the attenuation difference spectra
z=attenuation'-attenuation framel';

clims = [-1.0 1.0];
imagesc(y,x,2',clims);hold on;

set(gca, 'ydir', 'normal', 'FontSize',16)

title(num2str(vec(j,:)));
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axis([3 10 0 x(length(x)

ylabel('Elevation (mm) '

xlabel ( 'Frequency (MHz)
colorbar;

% Display the date and time of the measurement
title(num2str(vec(j,:)));

colormap(jet)

)

.
14

)]
)i
)

for k=1:113
Zf(jlk)=z(lllk);
end

aviobj=addframe(aviobj,hf); %adds frames to the AVI
file

hold off;
end

aviobj=close(aviobj); %closes the AVI file
close(hf); %closes the handle to invisible figure

aviobj=avifile('Attenuation Aprilll mixl freqg.avi', 'fps
',2); %creates AVI file, test.avi

hf2=figure('color',[1 1 1], 'visible', 'off'); %turns
visibility of figure off

hax=axes;

for j=l:nFrames %numframes
plot(zf(j,:),L, 'k', 'Linewidth',2);hold on;
plot([-10 10],[Hinterface Hinterface], 'k:');hold on;
plot([-10 10],[Hf Hf], 'k:");

set(gca, 'ydir', 'normal', 'FontSize',16)

xlabel('Attenuation (dB) ');

ylabel('Elevation (mm) ');

title(num2str(vec(j,:)));

x1lim([-10 101]1);

ylim([0 L(length(L))])

aviobj=addframe(aviobj,hf2); %adds frames to the AVI
file

hold off;

end

aviobj=close(aviobj); %closes the AVI file
close(hf2); %closes the handle to invisible figure
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n_ps=11;% time index at which complete phase separation
was obtained

% This loop determine the variations of the liquid-
liquid interface and
% air-liquid interfaces with time

for j=n_ps:nFrames
% look for liquid-liquid interface
for k=nil-5:ni2+5
if abs(c(k,j)-c(k-1,3))>1.5
nitl=k-1;
nit2=k;
H interfacetime(j)=0.5*(L(nitl)+L(nit2));
break
end
end
% look for air-liquid interface
for k=nf-5:nf+5

if abs(c(k,j)-c(k-1,7))>2.
nft=k-1;
H ftime(j)=L(nft);
break

end

end

% Calculate the speed of sound in the separated
phases and the speed of

sound difference between the separated phases

delta c(j)=mean(c(l:nitl-3,j))-mean(c(nit2+3:nft-
1,3));

V1(j)=mean(c(l:nitl-3,3j));

V2(j)=mean(c(nit2+3:nft-1,3));

[

B=———
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% Convert the time of the first measurement to minutes
VO0=datevec(vec(1l,:));
time0=V0(4)*60+V0(5)+(V0(6)/60);

% Converts all times to minutes
time=zeros(l,nFrames);

for j=l:nFrames

V=datevec(vec(j,:));
time(j)=V(4)*60+V(5)+(V(6)/60);
end

time(20:nFrames)=time(20:nFrames)+24*60;

% Calculate the relative time in minutes from the first
measurement
%2at t=0 min

dtime=time-timeO0;

% Plot the variations of the liquid-liquid and air-
liquid interfaces with time:

figure('color',[1 1 17]);

semilogx(dtime(n_ps:nFrames),H interfacetime(n_ ps:nFram
es), 'k+', 'Linewidth',2);hold on;
semilogx(dtime(n_ps:nFrames),H ftime(n_ps:nFrames), 'kx'
, 'Linewidth',2);hold on;

ylim([0. L(length(L))1);

set(gca, 'FontSize',16);

ylabel('Elevation (mm) ');

xlabel('time (min) ")

$ Plot the variations of the speed of sound difference
between the separated phases with time:

figure('color',[1 1 1]);
semilogx(dtime(n_ps:nFrames),delta c(n_ps:nFrames), 'k+'
, 'Linewidth',2),hold on;

set(gca, 'FontSize',16);

ylabel('\Delta u(m/s)');

xlabel('time (min) ")

ylim([0 5]1);
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% Plot the variations of the speeds of sound in the
separated phases with
% time:

figure('color',[1 1 1]);
semilogx(dtime(n_ps:nFrames),V1l(n ps:nFrames), 'ko', 'Lin
ewidth',1.),hold on;
semilogx(dtime(n_ps:nFrames),V2(n_ps:nFrames), 'k”', 'Lin
ewidth',1.),hold on;

set(gca, 'FontSize',16);

ylabel('u(m/s)"');

xlabel('time (min) ')

% This function calculates the speed of sound and time
difference between
%2 the first and second reflected waveforms

function [c,To]=speedofsound Time(pe,distance)

oo

Input parameters:
pe: waveform at fixed elevation
distance: acoustic path at fixed elevation

oo

oo

% Output parameters:
% c: speed of sound
% To: time difference between the first and the second

s = 100e6; % Sampling frequency
Sample time

I
|_l
~
1

0

-e
oo

for k=1:113

[ACF,Lags,Bounds ]=autocorr(pe(k,:),length(pe(k,:))-1);
istart=2000;

[v,index]=max (ACF(istart:length(ACF)));
index=index+istart-2; % Lags start by 0
To(k)=Lags(index)*T;

c(k)=2*distance(k)/To(k);

end

return
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% This function calculates the attenuation spectra

function [attenuation frequency I max fmax
attenuationmax]=...

Attenuation_ formovie2 testfig(npos final,T,Fs,dtl,pel)

% Input parameters:

npos final total number of waveforms at any given

'_l
=
(0}

Fs : frequency of the recording (100 MHz)

T: time difference between two data point (1/Fs)
dtl: time difference between two reflections
pel: waveform

o0 o° o° o° (+ oo

oo

Output parameters:

attenuation: attenuation

frequency: frequency

I max: index at maximum spectra of the first
reflection

% fmax: frequency at maximum spectra of the first
reflection

% attenuationmax: attenuation at fmax

0% o©

oo

for npos=l:npos final

dtyl=floor(dtl(npos)*Fs); % estimates the time index
difference

% between two successive
reflections

yl=pel(npos,:); %

[pemax Imax]=max(abs(yl(l:length(yl))));

% Identify the first reflected waveform and its
duration between timel and
% time2

for kk=1l:length(yl)
if abs(yl(kk))>1000
break
end
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end

timel=kk-5;
time2=timel+90;

if (timel<=0)
timel=800;
time2=timel+90;
end

| (time2>=length(yl))

% First reflected waveform:
wll=yl(timel:time2);%

% Second reflected waveform:
w2l=yl(timel+dtyl:min(time2+dtyl,length(yl)));% Echo

$ This is useful when the signal is noise
if time2+dtyl>length(yl)

w2l=wll
end

time=1:length(wll);
T=1/Fs;
time=T*time;

%******************************************************
*kkkkhkkkhkhkkkh*k

L = length(wll); % Length of signal

t = (0:L-1)*T; Time vector

oo

NFFT = 2"nextpow2(L);% Next poower of 2 from length of
y

% Frequency vector

~e

f = Fs/2*linspace(0,1,NFFT/2)

coefficent=(10.);

u=wll; % first reflection
y=w2l; % second reflection

Wll = fft(wll,NFFT)/L;
w21 = fft(w21l,NFFT)/L;

Wll=abs (W1l (1:NFFT/2));
reflection
W21l=abs (W21 (1:NFFT/2));

oo

Frequency spectra of first

oo

Frequency spectra of the
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second reflection

% Calculation of the attenuation spectra
attenuationl=-
coefficent.*(logl0(abs(W21(1:NFFT/2)./W11(1:NFFT/2))));

[Wllmax Imax]=max(W1ll);
I max(npos)=Imax;

attenuation(npos, :)=attenuationl;
frequency(npos, : )=f;

fmax(npos)=f(Imax);
attenuationmax(npos)=attenuation(npos,Imax);

end
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Appendix F. Matlab Code for the Calculation of the
Composition and the Speed of Sound in the Separated Phases

% This code calculates the composition of the separated
phases using the variations of the upper phase volume
fraction along the three dilution lines

clear all;
close all;

% load experimental dilution lines:

load mydilutionl philphi2.txt -ASCII
load mydilution2 philphi2.txt -ASCII
load mydilution3 philphi2.txt -ASCII

mydilutionl philphi2=mydilutionl philphi2';
mydilution2 philphi2=mydilution2 philphi2';
mydilution3 philphi2=mydilution3 philphi2';

$ perform scaling transformation of the dilution lines
by gama in eta direction:

mydilutionl philphi2(:,1)=mydilutionl philphi2(:,1);
mydilution2 philphi2(:,1)=mydilution2 philphi2(:,1);
mydilution3 philphi2(:,1)=mydilution3 philphi2(:,1);

$ Load experimental variations of the volume freaction
of the upper phase along the three dilution lines

load R mydilutionl.txt -ASCII
load R mydilution2.txt -ASCII
load R mydilution3.txt -ASCII

R mydilutionl=R mydilutionl'
R mydilution2=R mydilution2'
R_mydilution3=R mydilution3'

Ne Ne woe

$ perform scaling transformation of the dilution lines
by gama in eta direction:

R mydilutionl(:,1)=R mydilutionl(:,1);
R mydilution2(:,1)=R mydilution2(:,1);
R mydilution3(:,1)=R mydilution3(:,1);

% Calculation of the ratio polystyrene/asphaltene
volume fractions along the dilution lines:
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cp=max(mydilutionl philphi2(:,2))./max(mydilutionl phil
phi2(:,1));
cg=max(mydilution2 philphi2(:,2))./max(mydilution2 phil
phi2(:,1));
cr=max(mydilution3 philphi2(:,2))./max(mydilution3 phil
phi2(:,1));

% Discretize the interfaces along the dilution lines in
eta direction

vecphi 1P=min(R mydilutionl(:,1)):0.001l:max(R mydilutio
nl(:,1));

vecphi 1Q0=min(R mydilution2(:,1)):0.001l:max(R mydilutio
n2(:,1));

vecphi 1R=min(R mydilution3(:,1)):0.001l:max(R mydilutio
n3(:,1));

$ Fit the variations of the volume fraction of the
upper phase with a first order exponential function:

xdatal=R mydilutionl(:,1l);ydatal=R mydilutionl(:,2);
[estimatesl, model] = fitcurvedemo(xdatal, ydatal);
[sse, FittedCurvel] = model(estimatesl);

xdata2=R _mydilution2(:,1l);ydata2=R _mydilution2(:,2);
[estimates2, model] = fitcurvedemo(xdata2, ydata2);
[sse, FittedCurve2] = model(estimates2);

xdata3=R mydilution3(:,1l);ydata3=R _mydilution3(:,2);
[estimates3, model] = fitcurvedemo(xdata3, ydata3);
[sse, FittedCurve3] = model(estimates3);

vecR phi P=spline(R mydilutionl(:,1),FittedCurvel,vecph
i 1P);
vecR _phi Q=spline(R mydilution2(:,1),FittedCurve2,vecph
i 19);
vecR _phi R=spline(R mydilution3(:,1),FittedCurve3,vecph
i 1R);

figure('color',[1 1 1]);
plot (R mydilutionl(:,1),R mydilutionl(:,2), " 'k+"');hold
on;

plot(vecphi 1P,vecR _phi P, 'k--');hold on;
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plot (R mydilution2(:,1),R mydilution2(:,2), 'k+"');hold
on;
plot(vecphi 1Q,vecR _phi Q, 'k--');hold on;

plot (R mydilution3(:,1),R mydilution3(:,2), 'k+"');hold
on;
plot(vecphi 1R,vecR phi R, 'k--');hold on;

set(gca, 'FontSize',16);

ylim([0 17])

xlabel('{\eta}', 'FontSize',16);
ylabel('R', 'FontSize',16);

% parameters of the minimization procedure for the
objective function:

opts.tol=1.e-8;

opts.maxevals=61000; $maximum number of function
evaluations

opts.maxits=2000; $number of iterations
opts.maxdeep=100;%

opts.globalmin=0.;

% Lower and upper bounds for n: the slope and L: the
length of the tie lines:

1b=[-10. 0.];
ub=[0. 1.];

bounds(:,1)=1b;
bounds(:,2)=ub;
$ Define vector eta along which the loop is performed

along dilution line p:

vector_phil P=0.080:0.0034:0.097;
vector_phil P=vector phil P;

$ Loop moving along dilution line p to calculate
binodal points

for j=l:length(vector phil P)

% Coordonates of point P in dilution line p:
phil P=vector phil P(Jj);
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eta P(j)=phil P;

$ Minimize the objective function defined in equation
(2.40) to obtain the
% length L and slope n of the tie line:

myfunc=@ (x)

object function2(x,phil P,cp,vecphi 1P,vecR phi P,...
cq,vecphi_1Q,vecR phi Q,cr,vecphi 1R,vecR phi R)

Problem. f=myfunc;

[ret minval(j),final xatmin,history] =

Direct (Problem,bounds,opts);

n(j)=final xatmin(1l) ;
L=final xatmin(2);

d(Jj)=(cp-n(Jj))*phil_P;

% Calculate eta at the binodal for the three different
dilution lines:

$—— Dilution line p:

[vec indexp]=min(abs(vecphi 1P-phil P))
fpP=vecR_phi P(indexp);

phil betaI(j)=phil P+((fpP*L)/sqrt(n(j)"2+1));
phil alfaI(j)=phil P-((l-fpP)*L/sqrt(n(j)"2+1));
$—— Dilution line qg:

phil O=((cp-n(j))/(ca-n(j)))*phil_P;
eta_Q(Jj)=phil_Q;

[vec indexqg]=min(abs(vecphi 1Q-phil Q));
fgQ=vecR _phi Q(indexq);

phil betalII(j)=phil P*((cp-n(j))/(cqa-
n(j)))+(£gQ*L/sqrt(n(j)"2+1));
phil_alfalII(j)=phil_P*((cp-n(Jj))/(ca-n(J)))-((1l.-
fgQ)*L/sqrt(n(j)"2+1));

%$—— Dilution line r:

phil R=((cp-n(j))/(cr-n(j)))*phil_P;

eta R(Jj)=phil R;
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[vec indexr]=min(abs(vecphi 1R-phil R));
frR=vecR_phi R(indexr);

phil betaIII(j)=phil P*((cp-n(j))/(cr-
n(j)))+(frR*L/sqrt(n(j)"2+1));

phil alfaIII(j)=phil P*((cp-n(j))/(cr-n(j)))-((l.-
frR)*L/sqgrt(n(j)"2+1));

[o)

B=———

phil alfa mean(j)=(phil_alfaI(j)+phil alfaII(j)+phil al
faIII(j))/3.;
phil beta mean(j)=(phil_betaI(j)+phil betaII(j)+phil be
taIII(j))/3.;

----% plot the phase diagram:

figure('color',[1 1 17)

for j=l:length(phil alfa mean)

plot([phil alfa mean(j) phil beta mean(j)],...
[d(j)+n(]J)*phil alfa mean(])

d(j)+n(J)*phil beta mean(j)], 'ko',...
'Linewidth',2);hold on;

plot([phil alfa mean(j) phil beta mean(j)],...
[d(j)+n(]J)*phil alfa mean(])
d(j)+n(J)*phil beta mean(j)], 'k:');

Xmean(j)=0.5*(phil alfa mean(j)+phil beta mean(j));
Ymean(j)=0.5*(d(j)+n(j)*phil _alfa mean(j)+d(j)+n(J)*phi
1 beta mean(j));

hold on;

plot([phil alfaI(j) phil betaI(j)]l,..-.
[d(3)+n(j)*phil_alfaI(j)

d(j)+n(J)*phil betaI(j)], 'kx");...
hold on;

plot([phil alfaII(j) phil betaII(j)],...

[d(j)+n(J)*phil alfalII(J)
d(j)+n(J)*phil betaII(Jj)], 'kx');...
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hold on;

plot([phil alfaII(j) phil alfaIII(Jj)],..-.
[d(j)+n(J)*phil alfaII(J)
d(j)+n(J)*phil alfaIII(j)], 'k:');...
hold on;

plot([phil betaII(j) phil betaIII(Jj)],..-.
[d(j)+n(]J)*phil betaII(J)
d(j)+n(J)*phil betaIII(j)], 'k:');...
hold on;

plot([phil alfaIII(j) phil betaIII(j)]l,...
[d(j)+n(J)*phil alfaIII(j)
d(j)+n(J)*phil betaIII(j)], 'kx');...
hold on;

end

hold on;

% plot median of tie lines:

p=polyfit (Xmean,Ymean,1l);
xmean=0.12:0.001:0.2;
plot(xmean,p(l)*xmean+p(2), 'k--"');hold on;

% plot experimental phase diagram:
Experimental phase diagram final MwW390000 withrrorbars
hold on;

% plot dashed lines along the dilution lines:

plot ([0 max(mydilutionl philphi2(:,1))],[0
max(mydilutionl philphi2(:,2))], 'k--");hold on;
plot(mydilutionl philphi2(:,1),mydilutionl philphi2(:,2
), 'k.");hold on;

plot ([0 max(mydilution2 philphi2(:,1))],[0

max (mydilution2 philphi2(:,2))], 'k--");hold on;
plot(mydilution2 philphi2(:,1),mydilution2 philphi2(:,2
), 'k.");hold on;

plot ([0 max(mydilution3 philphi2(:,1))],[0
max(mydilution3 philphi2(:,2))], 'k--");hold on;
plot(mydilution3 philphi2(:,1),mydilution3 philphi2(:,2
), 'k.");hold on;

set(gca, 'FontSize',16);
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xlabel('{\eta}', 'FontSize',16);
ylabel('{\Phi}', 'FontSize',16);

————— % Calculated and plot results corresponding to the
case where only a fraction of asphaltene are colloidal
particles:

fraction=1.;

[www]=ploting binodals_speeds Mw390000(fraction,eta alf
a,fi alfa,eta beta,fi beta,eta Q,eta P,eta R,cq,cp,cr,e
ta alfaI,fi alfaI,eta alfaII,fi alfaII,eta alfaIII,fi a
1faIII,eta betaI,fi betaI,eta betalII,fi betalI,eta beta
III,fi betaIII)
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% This function was used in the minimization procedure

for the calculation of the binodal points

Function

[Obj]=object function2(x,phil P,cp,vecphi 1P,vecR phi P

AR

cq,vecphi_1Q,vecR phi Q,cr,vecphi_ 1R,vecR _phi R)

% Objective function (eq.2.40).
% Input parameters:

n=x(1l); % slope of tie line
L=x(2); % length of tie line

oo

phil P: eta coordonate along dilution line p
cp: ratio polystyrene/asphaltene volume fraction
vecphi 1P: discretized vector eta along dilution

oo

oo

vecR phi P: Volume fraction of upper phase along
ilution line p

cq: ratio polystyrene/asphaltene volume fraction
vecphi 1Q: discretized vector eta along dilution

o0 o0 O, o0 g

vecR phi Q: Volume fraction of upper phase along
ilution line g

cr: ratio polystyrene/asphaltene volume fraction
vecphi 1R: discretized vector eta along dilution

o0 o0 O, o0 O

r
% vecR phi R: Volume fraction of upper phase along
dilution line r

oo

—— Dilution line p:
% eta coordonates at the binodal:

[vec indexp]=min(abs(vecphi 1P-phil P));
fpP=vecR_phi P(indexp);

phil betaI=phil P+((fpP*L)/sqrt(n”2+1));
phil alfaI=phil P-((1-fpP)*L/sqrt(n”2+1l));

%—-- Dilution line q:
% eta coordonates at the binodal:

phil QO=((cp-n)/(cg-n))*phil P;
[vec indexqg]=min(abs(vecphi 1Q-phil Q));
fgQ=vecR _phi Q(indexq);

line

line

line

phil betaII=phil P*((cp-n)/(cg-n))+(£gQ*L/sqrt(n”2+1));
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phil alfaII=phil P*((cp-n)/(cg-n))-((1l.-
fgQ)*L/sqgrt(n”2+1));

%$—=— Dilution line r:
% eta coordonates at the binodal:

phil R=((cp-n)/(cr-n))*phil P;
[vec indexr]=min(abs(vecphi 1R-phil R));
frR=vecR_phi R(indexr);

phil betaIII=phil P*((cp-n)/(cr-
n))+(frR*L/sqrt(n”"2+1));

phil alfaIII=phil P*((cp-n)/(cr-n))-((l.-
frR)*L/sqgrt(n”2+1));

% —-- Calculate average eta at binodal points:

phil alfa mean=(phil alfaI+phil alfaII+phil alfaIII)/3.

;%

phil beta mean=(phil betaI+phil betaII+phil betaIII)/3.

oo

% Calculate the objective function:

Obj alfaI=((n"2+1)*(phil alfaI-phil alfa mean))”2.;

Obj alfaII=((n"2+1)*(phil alfaII-phil alfa mean))”"2.;
Obj alfaIII=((n"2+1)*(phil alfaIII-phil alfa mean))"2.;
Obj alfa=0bj alfaI+Obj alfaII+Obj alfaIII;%+0bj alfalV;
Obj betaI=((n"2+1)*(phil betaI-phil beta mean))”2.;

Obj betaII=((n"2+1)*(phil betaII-phil beta mean))”2.;
Obj betaIII=((n"2+1)*(phil betaIII-phil beta mean))"2.;
Obj beta=0bj betaI+Obj betaII+Obj betaIlII;%+0bj betalV;
Obj=0bj alfa+Obj beta;

d=(cp-n)*phil P;

% Phi coordonates at binodal points:
phi2 alfaI=d+n*phil alfaI;

phi2 alfaII=d+n*phil alfaII;
phi2 alfaIII=d+n*phil alfalII;
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phi2 betaI=d+n*phil betaI;
phi2 betaII=d+n*phil betalI;
phi2 betaIII=d+n*phil betallI;

if
((phil_betaI<=0)||(phil _alfaI<=0)||(phil betaII<=0)]||(p
hil alfaII<=0)...

| | (phil betaIII<=0)||(phil alfaIII<=0))
Obj=1000000;
elseif

((phi2_betaI<=0) || (phi2_alfaI<=0)||(phi2_ betaII<=0)]||..

(phi2_alfaII<=0) || (phi2 betaIII<=0)||(phi2 alfaIII<=0))
Ob3j=1000000;
end

return
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%2 This function was used for the calculation of the
coefficients A’s in the binary mixtures by minimizing
the standard deviation

function
[w]=Objective function(A,fracl,frac2,speed asph tol, spe
ed_asph,speed_tol)

AO0=A(1);
Al=A(2);
A2=A(3);
A3=A(4);

y RK=(fracl.*frac2).*(AO0O+Al.*(fracl-frac2)+A2.*(fracl-
frac2).”2+A3.*(fracl-frac2)."3);

N=length(speed asph tol);

% standard deviation
w=(sum( (speed_asph tol-fracl.*speed asph-
frac2*speed tol-y RK)."2)/N)."(0.5);

% This function calculates the difference between
calculated speed of sound and volume average speed of
sound

function [y _RK]=Redlich Kister(A,fracl,frac2)
AO0=A(1);
Al=A(2);
A2=A(3);
A3=A(4);

y _RK=(fracl.*frac2).*(AO0O+Al.*(fracl-frac2)+A2.*(fracl-
frac2).”2+A3.*(fracl-frac2).”3);%
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$ This function was used for the calculation of the
coefficients B’s in the binary mixtures by minimizing
the standard deviation

function

[w]=Objective function ternary(B,Abinl2,Abinl3,Abin23,f
racl,frac2,u _asph polyst tol,u asph,u polyst,u tol)

1l: asphaltene

2: polystyrene

% 3: toluene

frac3=1l.-fracl-frac2;

ov

ov

B1=B(1l);
B2=B(2);
B3=B(3);

A0 12=Abinl2(1);
Al 12=Abinl2(2);
A2 12=Abinl2(3);
A3 12=Abinl2(4);

A0 13=Abinl3(1
Al 13=Abinl3(2
A2 13=Abinl3(3);
A3 13=Abinl3(4);

);
);

A0 23=Abin23(1);
Al 23=Abin23(2);
A2 23=Abin23(3);
A3 23=Abin23(4);

uE binl2=(fracl.*frac2).*(A0_12+Al 12*(fracl-
frac2)+A2 12*(fracl-frac2).”2+A3_12*(fracl-frac2).”3);

uE binl3=(fracl.*frac3).*(A0_13+Al 13*(fracl-
frac3)+A2 13*(fracl-frac3).”2+A3_13*(fracl-frac3)."3);

uE bin23=(frac2.*frac3).*(A0_23+Al 23*(frac2-
frac3)+A2 23*(frac2-frac3).”"2+A3 _23*(frac2-frac3).”3);

uE bin=uE binl2+uE binl3+uE bin23;

uE_ ternary=uE bin+(fracl.*frac2).*(l.-fracl-
frac2).*(Bl+B2*fracl+B3*frac2);

u_ternary=fracl.*(u_asph)+frac2*(u_polyst)+frac3*(u_tol
)TuE_ternary;

N=length(u_asph polyst tol);

w=(sum( (u_asph polyst tol-u ternary).”2)/N)."(0.5);
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$ This function calculates the speed of sound in the
ternary mixtures of asphaltene + polystyrene + toluene

function
[u_ternary]=Ternary speed sound(B,Abinl2,Abinl3,Abin23,
fracl,frac2,u _asph,u polyst,u tol)

ov

1l: asphaltene
2: polystyrene
3: toluene

ov

ov

frac3=1l.-fracl-frac2;

B1=B(1l);
B2=B(2);
B3=B(3);

A0 _12=Abinl2(1l);
Al 12=Abinl2(2);
A2 12=Abinl2(3);
A3 12=Abinl2(4);
A0 _13=Abinl3(1l);
Al 13=Abinl3(2);
A2 13=Abinl3(3);
A3 13=Abinl3(4);
A0 _23=Abin23(1);

Al 23=Abin23(2);

A2 23=Abin23(3);

A3 _23=Abin23(4);

uE binl2=(fracl.*frac2).*(A0_12+Al 12*(fracl-
frac2)+A2 12*(fracl-frac2).”2+A3 _12*(fracl-frac2).”3);

uE binl3=(fracl.*frac3).*(A0_13+Al 13*(fracl-
frac3)+A2 13*(fracl-frac3).”2+A3 _13*(fracl-frac3)."3);

uE bin23=(frac2.*frac3).*(A0_23+Al 23*(frac2-
frac3)+A2 23*(frac2-frac3).”"2+A3_23*(frac2-frac3).”3);

uE bin=uE binl2+uE binl3+uE bin23;
uE_ternary=uE bin+(fracl.*frac2).*(l.-fracl-
frac2).*(Bl+B2*fracl+B3*frac2);

u_ternary=fracl.*u asph+frac2*u polyst+frac3*u_ tol+uE t
ernary;
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function [www]=ploting binodals_speeds Mw390000
(fraction,eta alfal,fi alfa,eta betal,fi beta,eta Ql,et
a Pl,eta Rl,cq,cp,cr,eta_alfaIl,fi alfaI,eta alfaIIl,fi
_alfalI,eta alfaIIIl,fi alfaIII,...

eta betaIl,fi betalI,eta betaIIl,fi betalI,eta betaIIIl,
fi betalIII)

% This function calculates and plots phase compositions
and speed of sound per phase for the case where only a
fraction of asphaltene are colloidal particles

$ Experimental Global Compostion:
eta_exp=1.472e-01;
phi exp=2.88e-02;

$Experimental Lower phase composition:
etal=2.005777624579399e-01;
DetaI=0.58*1e-2;

phiI=0.*1le-2;

DphiI=0.67*1le-2;

$ Experimental Upper phase composition
etall=7.402337674553910e-02;
DetalII=0.26*1le-2;

phiII=6.0*1.e-2;

Calculation of asphaltene colloidal volume fraction
rom the overall asphaltene volume fraction
$ Binodal points:

o
3
f

%

eta_alfa=fraction*eta alfa

1;
eta beta=fraction*eta betal;%
eta _alfaI=fraction*eta_alfaIl;
eta alfaII=fraction*eta alfaIIl;

eta alfaIlI=fraction*eta alfaIIIl;

eta betaI=fraction*eta_ betaIl;

eta betaII=fraction*eta betalll;

eta betaIII=fraction*eta betaIIIl;

% Dilution lines:

% (fraction) of asphaltene colloidal particles

participating in the phase separation mechanism along
the tie lines:
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oo

eta P=(fraction)*eta P1l; Colloidal dilution line p
eta Q=(fraction)*eta Q1; Colloidal dilution line g
eta R=(fraction)*eta R1l; % Colloidal dilution line r

oo

$ (l.-fraction) of asphaltene not participating in
the phase separation

mechanism along the dilution lines:

eta0P=(1l.-fraction)*eta P1; Dilution line p
etal0Q=(l.-fraction)*eta Q1; Dilution line q
etaOR=(1l.-fraction)*eta R1l; % Dilution line r

oo

oo

figure('color',[1 1 1]);

for j=l:length(eta Q)

plot(eta alfa(j)+etal0Q(j),fi alfa(j), 'ko', 'Linewidth',1
.);hold on;

plot(eta beta(j)+etalQ(j),fi beta(j), 'ko', 'Linewidth',1
.);hold on;

plot(eta alfa(j),fi alfa(j), 'ksg', 'LineWidth',1.);hold
on;

plot(eta beta(j),fi beta(j), 'ksqg', 'LineWidth',1.);hold
on;

plot([eta alfa(j) eta alfa(j)+etalQ(j)],[fi alfa(])
fi alfa(j)], 'k:");hold on;

plot([eta beta(j) eta beta(j)+etal0Q(j)],[fi beta(])
fi beta(j)], 'k:');hold on;

plot([eta _alfa(]j) eta beta(j)]l,...

[fi alfa(j) fi beta(j)],'k:');hold on;

plot([eta_Q(]J) eta_Q(j)+etalQ(J)]l,[cg*eta Q1(J)
cg*eta Q1(j)1, 'k:');hold on;

plot([eta_Q(J) eta_Q(j)+etalQ(Jj)]l,[cg*eta _Q1(J)
cg*eta Q1(j)]1,'k.', 'LineWidth',1.5);hold on;

plot([eta Q(Jj)+etalQ(j)],[cg*eta Q1(j)], 'kx', 'LineWidth
'",2);hold on;
end

plot([0. fraction*max(eta Q1)],[0. cg*max(eta Ql)], 'k--
");hold on;
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plot([0. fraction*max(eta P1)],[0. cp*max(eta Pl)], 'k--
");hold on;
plot([0. fraction*max(eta R1)],[0. cr*max(eta R1l)], 'k--
");hold on;

plot(eta P,cp*eta P1l, 'k.', 'LineWidth',1.5);hold on;
plot(eta R,cr*eta R1, 'k.', 'LineWidth',1.5);hold on;

HERRORBAR([etal etaIIl],[phiI phiII],[Detal Detall], 'b--
. '");hold on;

plot(eta exp,phi exp, 'b*', 'Markersize',12);hold on;
errorbar (etal,phiI,DphiI, 'b+');hold on;
errorbar(etalIIl,philII,DphiII, 'b+"');hold on;

HERRORBAR([eta exp etaI],[phi _exp phiI],[0.58e-2
DetaI], 'b.');hold on;

errorbar([eta_exp],[phi _exp],[0.25e-
2], 'b*', 'Markersize',12);hold on;

set(gca, 'FontSize',16);
xlabel('{\eta}', 'FontSize',16);
ylabel('{\Phi}', 'FontSize',16);
x1lim([0 0.257]);

ylim([O0 0.061]);

ylim([-0.0005 0.075]);

Fmm——— Coexistence points along dilution line p:
figure('color',[1 1 1]);

for j=l:length(eta P)

plot(eta alfa(j)+etaOP(j),fi _alfa(j), 'ko', 'LinewWidth',1l
.);hold on;

plot(eta beta(j)+etalOP(j),fi beta(j), 'ko', 'LinewWidth',1

.);hold on;

plot(eta alfa(j),fi alfa(j), 'ksqg', 'LineWidth',1.);hold
on;

plot(eta beta(j),fi beta(j), 'ksqg', 'LineWidth',1.);hold
on;

plot([eta alfa(j) eta alfa(j)+etaOP(j)],[fi alfa(])

fi alfa(j)], 'k:");hold on;
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plot([eta beta(j) eta beta(j)+etaOP(j)],[fi beta(])
fi beta(j)], 'k:');hold on;

plot([eta _alfa(]j) eta beta(j)]l,...
[fi alfa(j) fi beta(j)],'k:');hold on;

plot([eta P(]j) eta P(j)+etalOP(j)],[cp*eta P1(])
cp*eta P1(j)1, 'k:');hold on;

plot([eta P(]J) eta P(j)+etalOP(j)],[cp*eta P1(J)
cp*eta P1(j)], 'k.', 'LineWidth',1.5);hold on;

plot([eta P(j)+etalOP(j)],[cp*eta P1(j)], 'kx', LineWidth

'",2);hold on;

end

plot([0. fraction*max(eta Q1)],[0. cg*max(eta Ql)], 'k--

");hold on;

plot([0. fraction*max(eta P1)],[0. cp*max(eta Pl)], 'k--

");hold on;

plot([0. fraction*max(eta R1)],[0. cr*max(eta R1l)], 'k--

");hold on;

plot(eta Q,cg*eta 01, 'k.', 'LineWidth',1.5);hold on;
plot(eta R,cr*eta R1, 'k.', 'LineWidth',1.5);hold on;
set(gca, 'FontSize',16);

xlabel('{\eta}', 'FontSize',16);

ylabel('{\Phi}', 'FontSize',16);

x1lim([0 0.25]);
ylim([0 0.06]);

oS

figure('color',[1 1 1]);
for j=l:length(eta R)
plot(eta _alfa(j)+etaOR(j),fi alfa(j), 'ko', 'LineWidth'

.);hold on;

plot(eta beta(j)+etaOR(j),fi beta(]j), 'ko', 'LineWidth'

, 1

, 1
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.);hold on;
plot(eta alfa(j),fi alfa(j), 'ksqg', 'LineWidth',1.);hold
on;
plot(eta beta(j),fi beta(j), 'ksqg', 'LineWidth',1.);hold
on;
plot([eta alfa(j) eta alfa(j)+etaOR(j)],[fi _alfa(])
fi alfa(j)], 'k:"');hold on;
plot([eta beta(j) eta beta(j)+etaOR(j)],[fi beta(])
fi beta(j)], 'k:');hold on;
plot([eta _alfa(]j) eta beta(j)]l,...
[fi alfa(j) fi beta(j)],'k:');hold on;
plot([eta R(J) eta R(j)+etaOR(j)],[cr*eta R1(J)
cr*eta R1(j)]1, 'k:');hold on;
plot([eta R(J) eta R(j)+etaOR(j)],[cr*eta R1(J)
cr*eta R1(j)],'k.', 'LineWidth',1.5);hold on;
plot([eta R(Jj)+etaOR(j)],[cr*eta R1(j)], 'kx', 'LineWidth
'",2);hold on;

end

plot([0. fraction*max(eta Q1)],[0. cg*max(eta Ql)], 'k--
");hold on;
plot([0. fraction*max(eta P1)],[0. cp*max(eta Pl)], 'k--
");hold on;
plot([0. fraction*max(eta R1)],[0. cr*max(eta R1l)], 'k--
");hold on;

plot(eta Q,cg*eta 01, 'k.', 'LineWidth',1.5);hold on;
plot(eta P,cp*eta P1l, 'k.', 'LineWidth',1.5);hold on;

set(gca, 'FontSize',16);

xlabel('{\eta}', 'FontSize',16);
ylabel('{\Phi}', 'FontSize',16);
x1lim([0 0.251]);
ylim([O0 0.061]);

www=0.;

2222222222222 2222

Y —— Binary asphaltene in toluene:

V_mean=mean([1356.4 1353.4 1357.2 1356.89 1353.57
1354.81);

eta mean=mean([23.43 23.43 23.347 23.3475 23.446
23.389]1*1.e-2);
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eta=[0 0.0330 0.0765 0.1576 eta mean];3
speed_asph tol=[1324.7 1327.9 1332.0 1341.8 V_mean];%

sigma=std([1356.4 1353.4 1357.2 1356.89 1353.57
1354.8],1);

P=polyfit(eta,speed asph tol,1l); %
speed_asph fit=P(1l)*eta+P(2);

u_asph=P(1)*1+P(2);% Estimate the apparent speed of
sound in asphaltene
u_tol=1324.7;

fracl=eta;
frac2=1.-eta;

% Estimate the coefficient A's for the speed of sound
correlation
Ain=l.*ones(1,4);
myfunc2= @(A)
Objective function(A,fracl,frac2,speed asph tol,u asph,
u_tol);
[AA
f minasph]=fminsearch(myfunc2,Ain,optimset( 'TolX',1l.e-
8, 'MaxFunEvals',...
1000000, 'MaxIter',1000000));
[y_RK]=Redlich Kister(AA,fracl, frac2);

figure('color',[1 1 1]);

xx=0:0.001:1.;
plot(xx, (xx.*(u_asph)+(l-xx).*(u_tol)), 'k--");hold on;

errorbar(eta,speed asph tol,[ones(1l,length(speed asph t
0l)-1) sigma], 'k+', 'markersize',12);hold on;

set(gca, 'FontSize',16);
xlabel('\eta');

ylabel('Speed of sound (m/s)');
x1lim([0. 1.]);

[o)

$ Coefficients used for the speed of sound correlation
in the binary
$ mixtures of asphaltene in toluene:

Abinl3(1)=AA(1);
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Abinl3(2)=AA(2);
Abinl3(3)=AA(3);
Abinl3(4)=AA(4);

Y ——— Binary Polystyrene in toluene:
Ain=l.*ones(1,4);

phi=[0. 0.0050 0.0100 0.0199 0.0299 0.0401 0.0607
0.077371;

speed polyst tol=[1324.1 1324.5 1325.5 1326.7 1328.3
1330.1 1333.1 1337.31+0.6;

P=polyfit(phi,speed polyst tol,1l);
$polyfit(eta, (l./speed asph tol),1l);
speed polyst fit=P(1l)*phi+P(2);

Output = polyval(P,phi);
Correlation=corrcoef (speed polyst tol,Output)

u _polyst=P(1l)*1.4P(2);% Apparent speed of sound in
polystyrene

fracl=phi;
frac2=1-phi;

[o)

% Estimate the coefficient A's for the speed of sound
correlation

myfunc2 = @(A)

Objective function(A,fracl,frac2,speed polyst tol,u pol
yst,u _tol);

[AA2

f minpolyst]=fminsearch(myfunc2,Ain,optimset( 'TolX',l.e
-8, 'MaxFunEvals',1000000, 'MaxIter',1000000));
[y_RK2]=Redlich Kister(AA2,fracl, frac2);
figure('color',[1 1 1]);
plot(phi,speed polyst tol,'+');hold on;
plot(phi,fracl.*u polyst+frac2.*u tol+y RK2, 'k-');hold
on;

plot(phi,fracl.*u polyst+frac2.*u tol, 'k--');hold on;

set(gca, 'FontSize',16);
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xlabel('\Phi');
ylabel('Speed of sound (m/s)');

$ Coefficients used for the speed of sound correlation
in the binary mixtures of asphaltene in toluene:

Abin23(1)=AA2(1);
Abin23(2)=AA2(2);
Abin23(3)=AA2(3);
Abin23(4)=AA2(4);

$--- Experimental speed of sound data before and after
phase separation:

$ dilution line p

eta p=[0.0978 0.0932 0.0890 0.0852 0.0785 0.0770];

phi p=[0.0450 0.0429 0.0410 0.0392 0.0361 0.03547];

u pI=[1346.0 1344.7 1343.4 1342.6 1342.0 1342.4];
u pII=[1342.7 1341.6 1340.6 1339.7 1339.0 1338.7];

u p=[1345.0 1343.5 1342.3 1341.3 1340.7 1339.7];
% dilution line r

eta r=[0.1965 0.1848 0.1673 0.1529 0.1457];

phi r=[0.0123 0.0115 0.01045 0.0095 0.00917;

u rI=[1353.6 1351.3 1348.6 1346.8 1344.9];
u rII=[1349.4 1348.4 1345.9 1344.6 1342.8];

u r=[1354.2 1351.5 1348.8 1346.6 1345.2];

$ dilution line g

eta g=[0.1478 0.1416 0.1340 0.1273 0.1183 0.11307];
phi g=[0.0284 0.0272 0.0258 0.0245 0.0227 0.02177];

u gqI=[1349.7 1347.9 1346.1 1345.0 1343.9 1342.5];
u qII=[1346.1 1345.0 1343.5 1342.7 1342.0 1341.2];

u g=[1348.6 1347.5 1345.9 1344.6 1343.5 1342.3];

% Speed of sound data in the ternary asphaltene +
polystyrene + toluene before phase separation:

fracl=[eta_r eta g eta p];
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frac2=[phi r phi g phi p];
u_asph polyst tol=[u r u g u pl;

% Asphaltene polystyrene:
Abinl2(1)=0.
Abinl2(2)=0.
Abinl2(3)=0.
Abinl2(4)=0.

Ne Ne Neo we

% Calculation of the coefficient B's used in the
ternary mixture of asphaltene + polystyrene + toluene
by fitting the speeds of sound before phase separation:

Bin=10.*ones(1,3);
myfunc3=@ (B)
Objective function ternary(B,Abinl2,Abinl3,Abin23,fracl
frac2,u _asph polyst tol,u asph,u polyst,u tol);
[BB £ minB]=fminsearch(myfunc3,Bin,optimset('TolX',1l.e-
8, 'MaxFunEvals',...

10000000, 'MaxIter',1000000));
% Calculation of the speed of sound before phase
separation:

[u ternary p]=Ternary speed sound(BB,Abinl2,Abinl3,Abin
23,eta _p,phi p,u asph,u polyst,u tol);
[u ternary g]=Ternary speed sound(BB,Abinl2,Abinl3,Abin
23,eta_qgq,phi _g,u asph,u polyst,u tol);
[u_ternary r]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,eta _r,phi r,u asph,u polyst,u tol);

% 1l: asphaltene
polystyrene
toluene

o° o°
w N

% Calculation of the speed of sound after phase
separation along dilution line p:

$[umix P]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23,e
taOP+eta P,cp*eta Pl,u asph,u polyst,u tol);

[umix alfaP]=Ternary speed_sound(BB,Abinl2,Abinl3,Abin2
3,eta0P+eta_alfa,fi alfa,u asph,u polyst,u tol);
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[umix alfaPI]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,etal0P+eta_alfaI,fi alfaI,u asph,u polyst,u tol);
[umix alfaPII]=Ternary speed_sound(BB,Abinl2,Abinl3,Abi
n23,eta0P+eta_alfalII,fi alfalII,u asph,u polyst,u tol);
[umix alfaPIII]=Ternary speed sound(BB,Abinl2,Abinl3,Ab
in23,eta0P+eta alfaIII,fi alfalIII,u asph,u polyst,u tol

)i
[umix betaP]=Ternary speed_sound(BB,Abinl2,Abinl3,Abin2
3,eta0P+eta beta,fi beta,u asph,u polyst,u tol);

[umix betaPI]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,etal0P+eta_betaI,fi betaI,u asph,u polyst,u tol);
[umix betaPII]=Ternary speed_sound(BB,Abinl2,Abinl3,Abi
n23,eta0P+eta betalI,fi betalI,u asph,u polyst,u tol);
[umix betaPIII]=Ternary speed sound(BB,Abinl2,Abinl3,Ab
in23,eta0P+eta betaIII,fi betalIII,u asph,u polyst,u tol

)i
$Speed of sound difference betwen the separated phases:
diff umixP=(umix_ betaP-umix alfaP);

diff umixPI=(umix betaPI-umix alfaPI);
diff umixPII=(umix betaPII-umix_ alfaPII);
diff umixPIII=(umix betaPIII-umix alfaPIII);

for j=l:length(umix betaPI)

umix betaPmax(j)=max([umix betaPI(j) umix betaPII(j)
umix betaPIII(j)]):;
umix betaPmin(j)=min([umix betaPI(j) umix betaPII(j)
umix betaPIII(j)]):;
umix_alfaPmin(j)=min([umix alfaPI(j) umix alfaPII(j)
umix_alfaPIII(j)]):;
umix_ alfaPmax(j)=max([umix alfaPI(j) umix alfaPII(j)
umix_alfaPIII(j)]):;

end

diff umixPmax=(umix_ betaPmax-umix alfaPmin);
diff umixPmin=(umix_ betaPmin-umix alfaPmax);

% Calculation of the speed of sound after phase
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separation along dilution line qg:

$[umix Q]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23,e
tal0Q+eta Q,cg*eta Ql,u asph,u polyst,u tol);

[umix_ alfaQ]=Ternary speed_sound(BB,Abinl2,Abinl3,Abin2
3,etal0Q+eta_alfa,fi alfa,u asph,u polyst,u tol);

[umix alfaQI]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,etalQ+eta_alfaI,fi alfaI,u asph,u polyst,u tol);
[umix alfaQII]=Ternary speed_sound(BB,Abinl2,Abinl3,Abi
n23,etalQ+eta _alfalII,fi alfalII,u asph,u polyst,u tol);
[umix alfaQIII]=Ternary speed sound(BB,Abinl2,Abinl3,Ab
in23,etal0Q+eta alfaIII,fi alfalIII,u asph,u polyst,u tol
)i

[umix betaQ]=Ternary speed_sound(BB,Abinl2,Abinl3,Abin2
3,etal0Q+eta beta,fi beta,u asph,u polyst,u tol);

[umix betaQI]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,etalQ+eta_betaI,fi betaI,u asph,u polyst,u tol);
[umix betaQII]=Ternary speed_sound(BB,Abinl2,Abinl3,Abi
n23,etalQ+eta betalI,fi betalI,u asph,u polyst,u tol);
[umix betaQIII]=Ternary speed sound(BB,Abinl2,Abinl3,Ab
in23,etal0Q+eta betaIII,fi betalIII,u asph,u polyst,u tol
)i

diff umixQ=(umix_ betaQ-umix alfaQ);

diff umixQI=(umix betaQI-umix alfaQTI);
diff umixQITI=(umix betaQII-umix_ alfaQII);
diff umixQIII=(umix betaQIII-umix alfaQIII);

for j=l:length(umix betaQI)

umix betaQmax(j)=max([umix betaQI(j) umix betaQII(j)
umix betaQIII(j)]):;
umix_ betaQmin(j)=min([umix betaQI(j) umix betaQII(j)
umix betaQIII(j)]):;
umix_ alfaQmin(j)=min([umix alfaQI(j) umix alfaQII(j)
umix_ alfaQIII(j)]):;
umix_ alfaQOmax(j)=max([umix alfaQI(j) umix alfaQII(j)
umix_ alfaQIII(j)]):;

end
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diff umixQOmax=(umix_ betaQmax-umix alfaQmin);
diff umixQOmin=(umix_ betaQmin-umix alfaQmax);

% Calculation of the speed of sound after phase
separation along dilution line r:

$[umix R]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23,e
taOR+eta R,cr*eta Rl,u asph,u polyst,u tol);

[umix_ alfaR]=Ternary speed_sound(BB,Abinl2,Abinl3,Abin2
3,eta0R+eta_alfa,fi alfa,u asph,u polyst,u tol);

[umix alfaRI]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,eta0R+eta_alfaI,fi alfaI,u asph,u polyst,u tol);
[umix alfaRII]=Ternary speed_sound(BB,Abinl2,Abinl3,Abi
n23,eta0R+eta_alfalII,fi alfalII,u asph,u polyst,u tol);
[umix alfaRIII]=Ternary speed sound(BB,Abinl2,Abinl3,6Ab
in23,eta0R+eta alfaIII,fi alfalIII,u asph,u polyst,u tol

)7

[umix betaR]=Ternary speed_sound(BB,Abinl2,Abinl3,Abin2
3,eta0R+eta beta,fi beta,u asph,u polyst,u tol);

[umix betaRI]=Ternary_ speed sound(BB,Abinl2,Abinl3,Abin
23,eta0R+eta_betaI,fi betaI,u asph,u polyst,u tol);
[umix betaRII]=Ternary speed_sound(BB,Abinl2,Abinl3,Abi
n23,eta0R+eta betalI,fi betalI,u asph,u polyst,u tol);
[umix betaRIII]=Ternary speed sound(BB,Abinl2,Abinl3,Ab
in23,eta0OR+eta betaIII,fi betalII,u asph,u polyst,u tol

)7

diff umixR=(umix_ betaR-umix alfaR);

diff umixRI=(umix betaRI-umix alfaRI);

diff umixRII=(umix betaRII-umix_alfaRII);
diff umixRIII=(umix betaRIII-umix alfaRIII);
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for j=l:length(umix betaRI)

umix betaRmax(j)=max([umix betaRI(j) umix betaRII(j)
umix betaRIII(j)]):;
umix_ betaRmin(j)=min([umix betaRI(j) umix betaRII(j)
umix betaRIII(j)]):;
umix_alfaRmin(j)=min([umix alfaRI(j) umix alfaRII(j)
umix_alfaRIII(Jj)]):;
umix_ alfaRmax(j)=max([umix alfaRI(j) umix alfaRII(j)
umix_alfaRIII(Jj)]):;

eta betamax(j)=max([eta betaI(j) eta betaII(j)
eta _betaIII(])]);
eta betamin(j)=min([eta betaI(j) eta betaII(j)
eta _betaIII(])]);

eta_alfamax(j)=max([eta alfaI(j) eta alfaII(j)
eta_alfaIII(])]);
eta _alfamin(j)=min([eta alfaI(j) eta alfaII(j)
eta_alfaIII(])]);

end

diff umixRmax=(umix_ betaRmax-umix alfaRmin);
diff umixRmin=(umix_ betaRmin-umix alfaRmax);

$ Volume fraction difference of asphaltene between the
separated phases:

delta eta=eta beta-eta_alfa;
delta etamax=eta betamax-eta alfamin;
delta etamin=eta betamin-eta_ alfamax;

figure('color',[1 1 17);
plot(eta_P+etaOP,delta etamin, 'k--
', 'MarkerFaceColor', 'k');hold on;
plot(eta_P+etaOP,delta etamax, 'k--
', 'MarkerFaceColor', 'k');hold on;
plot(eta_ P+etalOP,delta eta, 'k-
~','MarkerFaceColor', 'k');hold on;

plot(eta Q+etalQ,delta etamin, 'k--
', 'MarkerFaceColor', 'k');hold on;
plot(eta Q+etalQ,delta etamax, 'k--
', 'MarkerFaceColor', 'k');hold on;
plot(eta Q+etalQ,delta eta, 'k-

v', 'MarkerFaceColor', 'k');hold on;
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plot(eta_R+etaOR,delta etamin, 'k--
', 'MarkerFaceColor', 'k');hold on;
plot(eta_R+etaOR,delta etamax, 'k--
', 'MarkerFaceColor', 'k');hold on;
plot(eta_R+etalOR,delta eta, 'k-

sq', 'MarkerFaceColor', 'k');hold on;

set(gca, 'FontSize',16);

xlabel('{\eta}', 'FontSize',16);

ylabel('{\Delta} \eta',6 'FontSize',16);
legend('Dilution line p','Dilution line g', 'Dilution
line r');

x1im([0.05 0.25]);

ylim([0. 0.16]);

Qe ——

B=——=====

load delta u aprill .txt
load delta u april7 .txt
load delta u aprilll .txt

eta aprill=delta u aprill (1,:);
delta u aprill=delta u aprill (2,:);

eta april7=delta u_april7 (1,:);
delta u april7=delta u april7 (2,:);

eta_aprilll=delta u aprilll (1,:);
delta u aprilll=delta u aprilll (2,:);

¥———— Speed of sound difference between the phases:
figure('color',[1 1 1]);

plot(eta aprill,delta u aprill, 'k-""',
'MarkerSize',7);hold on;

plot(eta aprilll,delta u aprilll, 'k-v',
'MarkerSize',7);hold on;

plot(eta april7,delta u april7, 'k-sq’',
'MarkerSize',7);hold on;

plot(eta P1,diff umixP, 'k-
~','MarkerFaceColor', 'k', 'Linewidth',1.25);hold on;
plot(eta P1l,diff umixPmin, 'k--

', 'MarkerFaceColor', 'k', 'Linewidth',1.);hold on;
plot(eta P1l,diff umixPmax, 'k--

', 'MarkerFaceColor', 'k', 'Linewidth',1.);hold on;
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plot(eta Q01,diff umixQ, 'k-

v', 'MarkerFaceColor', 'k', 'Linewidth',1.25);hold on;
plot(eta Q01,diff umixQOmin, 'k--', 'Linewidth',1.);hold
on;

plot(eta Q01,diff umixQOmax, 'k--', 'Linewidth',1l.);hold
on;

plot(eta R1,diff umixR, 'k-

sq', 'MarkerFaceColor', 'k', 'Linewidth',1.25);hold on;
plot(eta R1l,diff umixRmin, 'k--', 'Linewidth',1.);hold
on;

plot(eta R1l,diff umixRmax, 'k--', 'Linewidth',1.);hold
on;

set(gca, 'FontSize',16);

xlabel('{\eta}', 'FontSize',16);

ylabel('{\Delta}u (m/s)', 'FontSize',16);
legend('Dilution line p','Dilution line g', 'Dilution
line r');

x1im([0.05 0.25]);

ylim([0. 14.1);

$ dilution line p

eta p=[0.0978 0.0932 0.0890 0.0852 0.0785 0.07707];
phi p=[0.0450 0.0429 0.0410 0.0392 0.0361 0.03547];

u pI=[1346.0 1344.7 1343.4 1342.6 1342.0 1342.4];
u pII=[1342.7 1341.6 1340.6 1339.7 1339.0 1338.7];

u p=[1345.0 1343.5 1342.3 1341.3 1340.7 1339.7];
% dilution line r

eta r=[0.1965 0.1848 0.1673 0.1529 0.1457];

phi r=[0.0123 0.0115 0.01045 0.0095 0.00917;

u rI=[1353.6 1351.3 1348.6 1346.8 1344.9];
u rII=[1349.4 1348.4 1345.9 1344.6 1342.8];

u r=[1354.2 1351.5 1348.8 1346.6 1345.2];

$ dilution line g
eta g=[0.1478 0.1416 0.1340 0.1273 0.1183 0.1130];

phi g=[0.0284 0.0272 0.0258 0.0245 0.0227 0.0217];

u gqI=[1349.7 1347.9 1346.1 1345.0 1343.9 1342.5];
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u gII=[1346.1 1345.0 1343.5 1342.7 1342.0 1341.2];
u g=[1348.6 1347.5 1345.9 1344.6 1343.5 1342.3];

$ Plot experiment and calculated speed of sound in the
separated phases

[o)

$ Along dilution line p:

figure('color',[1 1 17]);
% Experimental speeds of sound in the separated phases:
plot(eta p,u pI, 'ko’,

'MarkerSize',12, 'LineWidth',1);hold

on; %, 'MarkerFaceColor', 'k');hold on;
errorbar(eta p,u pI,ones(1l,length(eta p)), ko',

'MarkerSize',12);hold on;

plot(eta p,u pII, k"', 'MarkerSize',12, 'LineWidth',1);
hold on;

errorbar(eta p,u pII,ones(l,length(eta p)), 'k""', Marker
Size',12);hold on;

[u calp]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23,et
a p,phi p,u asph,u polyst,u tol);

% Caclulated speed of sound in the separated phases
plot(eta P+etalOP,umix alfaP, 'k-', 'LineWidth',1.25);hold
on;plot(eta P+etalOP,umix_alfaPmin, 'k--

", 'LineWidth',1.);hold on;

plot(eta P+etalOP,umix_alfaPmax, 'k--

", 'LineWidth',1.);hold on;

plot(eta P+etalOP,umix betaP, 'k', 'LineWidth',1.25);hold
on;

plot(eta P+etalOP,umix betaPmin, 'k', 'LineWidth',1l.);hold
on;

plot(eta P+etalOP,umix betaPmax, 'k', 'LineWidth',1l.);hold
on;

set(gca, 'FontSize',16);
xlabel('{\eta}', 'FontSize',16);
ylabel('u (m/s)', 'FontSize',16);
x1im([0.07 0.117])

$ Plot experiment and calculated speed of sound in the
separated phases
$ Along dilution line r:
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figure('color',[1 1 17]);

% Experimental speeds of sound in the separated phases:
plot(eta r,u rI, 'ko’,

'MarkerSize',12, 'LineWidth',1);hold on;
errorbar(eta r,u rI,ones(1l,length(eta r)), ko',
'MarkerSize',12);hold on;

plot(eta r,u rII,'k”™', 'MarkerSize',12, 'LineWidth',1);ho
1d on;

errorbar(eta _r,u rII,ones(l,length(eta r)), " 'k""', Marker
Size',12);hold on;

[u calr]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23,et
a r,phi r,u asph,u polyst,u tol);

% Caclulated speed of sound in the separated phases:

plot(eta R+etaOR,umix_alfaR, 'k--

', 'LineWidth',1.25);hold on;

plot(eta R+etalOR,umix alfaRmin, 'k--');hold on;
plot(eta R+etalOR,umix alfaRmax, 'k--');hold on;

plot(eta R+etaOR,umix betaR, 'k', 'LineWidth',1.25);hold
on;

plot(eta R+etalOR,umix betaRmin, 'k');hold on;

plot(eta R+etalOR,umix betaRmax, 'k');hold on;

set(gca, 'FontSize',16);
xlabel('{\eta}', 'FontSize',16);
ylabel('u (m/s)', 'FontSize',16);

$ Plot experiment and calculated speed of sound in the
separated phases
$ Along dilution line q:

figure('color',[1 1 1]);
% Experimental speeds of sound in the separated phases:

plot(eta g,u gI, 'ko’,

'MarkerSize',12, 'LineWidth',1.);hold

on; %, 'MarkerFaceColor', 'k');hold on;
errorbar(eta _g,u gI,ones(1l,length(eta _q)), ko',
'MarkerSize',12);hold on;

plot(eta g,u gII,'k”™', 'MarkerSize',12, 'LineWidth',1.);h

old on;
errorbar(eta g,u gqII,ones(1l,length(eta q)),'k"",
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'MarkerSize',12);hold on;

[u calg]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23,et
a gq,phi g,u _asph,u polyst,u tol);

% Caclulated speed of sound in the separated phases
plot(eta Q+etalQ,umix alfaQ, 'k--

', 'LineWidth',1.25);hold on;

plot(eta Q+etalQ,umix alfaQmin, 'k--

", 'LineWidth',1.);hold on;

plot(eta Q+etalQ,umix alfaQmax, 'k--

", 'LineWidth',1.);hold on;

plot(eta Q+etalQ,umix betaQ, 'k', 'LineWidth',1.25);hold
on;
plot(eta Q+etalQ,umix betaQmin, 'k', 'LineWidth',1);hold
on;
plot(eta Q+etalQ,umix betaQmax, 'k', 'LineWidth',1);hold
on;

set(gca, 'FontSize',16);
xlabel('{\eta}', 'FontSize',16);
ylabel('u (m/s)', 'FontSize',16);

% Calculate the speed of sound based from experimental
phase compositions

$ and the effect of phase composition error on the
speed of sound:

Ddelta eta=DetalI+Detal;
delta_eta=etaI-etall;

[u ternary]=Ternary speed sound(BB,Abinl2,Abinl3,Abin23
,eta exp,phi exp,u _asph,u polyst,u tol)

[u_ternary Lower ]=Ternary speed sound(BB,Abinl2,Abinl3,
Abin23,etaI,phiI,u_asph,u polyst,u tol)

[u_ternary Lower max]=Ternary speed sound(BB,Abinl2,Abi
nl3,Abin23,etaI+Detal,phiI+DphiI,u _asph,u polyst,u tol)
[u_ternary Lower min]=Ternary speed sound(BB,Abinl2,Abi
nl3,Abin23,etaI-Detal,phiI,u _asph,u polyst,u tol)

[u_ternary Upper ]=Ternary speed sound(BB,Abinl2,Abinl3,
Abin23,etalII,phiII,u asph,u polyst,u tol)

[u_ternary Upper max]=Ternary_ speed_sound(BB,Abinl2,Abi
nl3,Abin23,etalII+Detall,phiII+DphiII,u asph,u polyst,u_
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tol)

[u_ternary Upper min]=Ternary_ speed_sound(BB,Abinl2,Abi
nl3,Abin23,etall-Detall,philI-
DphiII,u asph,u polyst,u tol)

difference u=u_ternary Lower-u_ternary Upper
difference u max=u_ternary Lower_ max-
u_ternary Upper min
difference u min=u_ternary Lower min-
u_ternary Upper max

delta u=u_ternary_ Lower-u_ternary Upper;

h=errorbar([eta_exp],[u_ternary Lower],[u_ternary Lower
-u_ternary Lower min],[u_ternary Lower max-

u_ternary Lower], 'kx', 'LineWidth',1.1,
'MarkerSize',12);hold on;

errorbar tick(h,160)

h=errorbar([eta_exp],[u_ternary Upper],[u_ternary Upper
-u_ternary Upper min], [u_ternary Upper max-

u_ternary Upper], 'k*','LineWidth',1.1,
'MarkerSize',12);hold on;

errorbar tick(h,160)

plot([eta _exp],[u_ternary Lower], 'kx', 'LinewWidth',1.2,
'MarkerSize',12);hold on;
plot([eta _exp],[u_ternary Upper], 'k*', 'LinewWidth',1.2,
'MarkerSize',12);hold on;

U upper exp=1344.9;%m/s
U_lower exp=1349.1;%m/s
U mix=1349.6;% m/s

h=errorbar([eta_exp],[U lower exp],[1]1,[1], ko', 'LineWi
dth',1., 'MarkerSize',12);hold on;

errorbar tick(h,60)
h=errorbar([eta_exp],[U upper exp],[1]1,[1],'k"™", LineWi
dth',1., 'MarkerSize',12);hold on;

errorbar tick(h,60)

www=0.;

return
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Appendix G. Matlab Code for the Calculation of the Phase
Diagram of Colloidal Particles + non-adsorbing Polymer

close all;
clear all;

$ This code calculates the phase diagram for mixtures
of colloidal

% particles and non-adsorbing polymer in good solvent
% using Fleer et al model.

Mw=393400;% Polystyrene molecular weight (g/mol)
a=23.;% Colloidal particle radius(nm)

Rg=0.012* (Mw"0.595);% Radius of giration of the polymer
(nm)

NA=6.0221417930e23; % Avogrado number
Cp_over=3*Mw/(4.*pi*((Rg*l.e-9)"3)*NA);% Polymer
overlap concentration

phi over=Cp over/(1.047e6);% Polymer overlap volume
fraction

gR=Rg/a;
gR_star=0.388;
gR_tilda=gR/gR_star;

Y star=1.464;

eta _star=0.317;

f _star=eta_star/(l-eta_star);
eta _stars=0.594;

f stars=eta_stars/(l-eta_stars);
Ry ————— parameters for minimization:
opts.tol=1.e-8;
opts.maxevals=100;
opts.maxits=100;
opts.maxdeep=100;
opts.globalmin=0.;

fs _star=1.465;
g ————— Critical Point Calculation ------
myfunc_crit = @(vec)integ object critical(vec,qR);

X0=[Y_star f_star];
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[X
f valX]=fminsearch(myfunc crit,X0,optimset( 'TolX', le-
8, 'MaxFunEvals',...

10000, 'MaxIter',10000))

Yc=X(1);
fcritical=X(2);

¢fcritical=fc;

lb=[Y star 1.18 0. fcritical];
ub=[1.6*Y star fs_star fcritical 0.97];
bounds triple(:,1)=1lb;

bounds triple(:,2)=ub;

opts.tol=1l.e-8;
opts.maxevals=10000;
opts.maxits=1000;
opts.maxdeep=100;
opts.globalmin=0.;

myfunc_triple = @(vec)Obj triple integr(vec,qR);
Problem. f=myfunc_triple;

[ret_minval,final xatmin,history triple]=Direct(Problem
;bounds_triple,opts)

history triple(:,3)

Y trip=final xatmin(1l);
fs trip=final xatmin(2)
fg trip=final xatmin(3)
fl trip=final xatmin(4)

fL2triple=fl trip;
fLltriple=£fg trip;

Y ——— LS calculations —-————————————-
gama=0.77;

etasmin=0.542;
fsmin=etasmin/(1l.-etasmin);
opts.maxevals=1000;

fs=fsmin:0.05:1.6;
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if (abs(fL2triple-fLltriple)>0.001) % If there is
triple point

lb=[0.4*Y star fL2triple];
ub=[1.6*Y star 0.970];
bounds L(:,1)=1b;

bounds L(:,2)=ub;

for j=1l:length(fs)
fsj=fs(j)

if (fs(j)>fs_trip)
lb=[0.4*Y star 0.0000000001];
ub=[1.6*Y star fLltriple];
bounds L(:,1)=1b;
bounds L(:,2)=ub;

end

myfunc_ LS=@(vec) Obj LS integr(vec,fs(j),qR);
Problem. f=myfunc_LS;

[ret minval,final xatmin,history]=Direct(Problem,bounds
_L,opts)

Y LS(j)=final xatmin(1l);
y _LS(Jj)=Y LS(j)./(dR"(-1./gama));
fLeg(j)=final xatmin(2);

end
else % No triple point

lb=[0.4*Y star 0.];
ub=[1.6*Y star 0.970];
bounds L(:,1)=1b;
bounds L(:,2)=ub;

for j=1l:length(fs)
£sj=£s(J)
myfunc_ LS=@(vec) Obj LS integr(vec,fs(j),qR);
Problem. f=myfunc_LS;

[ret minval,final xatmin,history]=Direct(Problem,bounds
_L,opts)
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Y LS(j)=final xatmin(1l);
y _LS(Jj)=Y LS(j)./(dR"(-1./gama));
fLeg(j)=final xatmin(2);

end

$-— Colloidal Gas- Colloidal Liquid calculations:
if (abs(fL2triple-fLltriple)>0.001)

lb=[0.4*Y star 0.];
ub=[1.6*Y star fcritical];

bounds(:,1)=1b;
bounds(:,2)=ub;

opts.tol=1l.e-8;
opts.maxevals=5000;
opts.maxits=5000;
opts.maxdeep=50;
opts.globalmin=0.;
etasmin=0.542;
fsmin=etasmin/(1l.-etasmin);
fLvec2=fcritical:0.01:fL2triple;
for j=l:length(fLvec2)

myfunc LL= @(vec)
Obj LL integr(vec,fLvec2(j),dR);

Problem. f=myfunc LL;

[ret minval,final xatmin,history]=Direct(Problem,bounds
1Opts)

Y LG(j)=final xatmin(1l);
y _ LG(Jj)=Y LG(Jj)./(dR"(-1./gama));

fLvecl(j)=final xatmin(2);

end
end
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[o)

y_trip=Y trip./(gR"(-1./gama));

kkhkhkhkhkhkhhhhkhkhkhkhkhkhkhhhhhkhkhkhkhkhkhkhhhhhkhkhkhkhkhkhkhkhhhhkkhkikikikikkk*k*

ov

% plotting phase diagram in coordonates
(eta,y=phi/phi over)
$ where phi is the volume fraction of polystyrene in

the free volume
%******************************************************

*kkhkkhkhkhkhkhkhkhkkkhkk*k

figure('color',[1 1 1]);
$——-—- Solid Liquid ------

plot(fs,y LS, 'r.");hold on;
plot(flLeq,y LS, 'b.');hold on;

if (abs(fL2triple-fLltriple)>0.001)
$———- Liquid Gas ------
plot(fLvecl,y LG, 'r.', 'Linewidth',2);hold on;
plot(fLvec2,y LG, 'b.', 'Linewidth',2);hold on;

plot([0. 1.6],[y_trip y trip], 'k:');hold on;
plot([fLltriple fLltriple],[0 y trip], 'k:');hold on;
plot([fL2triple fL2triple],[0 y trip], 'k:');hold on;
plot([fs_trip fs trip],[0 y trip], 'k:"');hold on;
plot([fcritical fcritical],[0. y trip]l, 'g:');

end
xlabel('f');
ylabel('y");

%******************************************************

*khkkhkhk*k*

% plotting phase diagram in coordonates

(eta,w=fi/phi over)

$ where fi is the "real" volume fraction of polysytrene
%******************************************************

*khkkk*k*

[alphas]=cal alpha y(fs,qR,Y LS);
[alphaleqg]=cal alpha y(fLeq,qR,Y LS);

phi_ LS=y LS.*phi_over;

fi LS S=alphas.*phi LS;
fi LS Leg=alphaleq.*phi LS;
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figure('color',[1 1 17);

$——-—- Solid Liquid ------
plot(fs./(fs+l),fi LS S,'r.-', 'Linewidth',2);hold on;
plot(fLeq./(fLeg+l),fi LS Leq, 'b.', 'Linewidth',2);hold
on;

if (abs(fL2triple-fLltriple)>0.001) % If there is
triple point

$———- Liquid Gas ------
etaLvecl=fLvecl./(l+fLvecl);
etaLvec2=fLvec2./(l+fLvec2);

[alphaG]=cal alpha y(fLvecl,qgR,Y LG);
[alphal]=cal alpha y(fLvec2,qR,Y LG);

phi_ LG=y LG.*phi_ over;
fi LG G=alphaG.*phi LG;
fi LG L=alphaL.*phi LG;

%————- LG TIE LINE CALCULATION ---

for j=l:length(etalvecl)
dv=(etalLvec2(j)-etalLvecl(j))/nf;
V=etaLvecl(j):dV:etaLvec2(j);
eta LG tie line(:,Jj)=V;
P(:,J)=polyfit([etalvecl(]) etalLvec2(]j)],[fi LG G(3J)
£i_LG_L(3)1,1);

fi LG tie line(:,J)=P(1l,j)*eta LG tie line(:,j)+P(2,]);
end

= ———— e — — i — — ——— —

[alphaLltriple]=cal alpha y(fLltriple,qR,Y trip);
[alphaL2triple]=cal alpha y(fL2triple,qR,Y trip);
[alphaStriple]=cal_alpha y(fs trip,qR,Y trip);
[alphacritical]=cal alpha y(fcritical,qgR,Yc);

215



phi Lltriple=y trip*phi over;
fi Lltriple=alphalLltriple*phi Lltriple;

phi L2triple=y trip*phi over;
fi L2triple=alphal2triple*phi L2triple;

phi Striple=y trip*phi over;
fi Striple=alphaStriple*phi Striple;

phi crit=yc*phi over;
fi critical=alphacritical*phi crit;

plot(etalLvecl,fi LG G, 'r.-', 'Linewidth',2);hold on;
plot(etalLvec2,fi LG L, 'b.-', 'Linewidth',2);hold on;

plot([fLltriple./(fLltriple+l)
flL2triple./(fL2triple+l) fs trip./...
(fs_trip+l)
fLltriple./(fLltriple+l)],[fi Lltriple fi L2triple...
fi Striple fi Lltriple], 'k', 'LineWidth',2);hold
on;

plot([fLeq(l:3)./(fLeq(1l:3)+1)
fL2triple./(fL2triple+l)], ...

[fi LS Leq(l:3) fi L2triple], 'b.-
', 'Linewidth',2);hold on;

end
hold on;

for j=1:10:1length(etalLvecl)

plot([etalLvecl(]j) etaLvec2(j)],[fi LG G(J)
fi LG L(J)], ' 'k:");hold on

end

% plot experimental phase diagram:
Experimental phase diagram final MwW390000 fraction Nov
plot(fcritical./(fcritical+l),fi critical, 'kp', 'MarkersS

ize'...
,12, 'LineWidth',2.);hold on;
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set(gca, 'FontSize',16)

xlabel('{\eta}"*', 'FontSize',16);
ylabel('{\it{\Phi}} ', 'FontSize',16);
x1lim([0 0.2]);

ylim([0O 0.061]);

plotting phase diagram in coordonates
eta,w=fi/phi over)

~ o©

figure('color',[1 1 1]);
$——-—- Solid Liquid ------
plot(fs./(fs+l),fi LS S/phi over, 'r."');hold on;

plot(fLeq./(fLeg+l),fi LS Leq/phi over, 'b.');hold on;

if (abs(fL2triple-fLltriple)>0.001) % If there is
triple point

$———- Liquid Gas ------
etaLvecl=fLvecl./(l+fLvecl);
etaLvec2=fLvec2./(l+fLvec2);

[alphaG]=cal alpha y(fLvecl,qgR,Y LG);
[alphal]=cal alpha y(fLvec2,qR,Y LG);

phi_ LG=y LG.*phi_ over;
fi LG G=alphaG.*phi LG;
fi LG L=alphaL.*phi LG;

[alphaLltriple]=cal alpha y(fLltriple,qR,Y trip);
[alphaL2triple]=cal alpha y(fL2triple,qR,Y trip);
[alphaStriple]=cal_alpha y(fs trip,qR,Y trip);
[alphacritical]=cal alpha y(fcritical,qgR,Yc);

phi Lltriple=y trip*phi over;
fi Lltriple=alphalLltriple*phi Lltriple;

phi L2triple=y trip*phi over;
fi L2triple=alphal2triple*phi L2triple;
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phi Striple=y trip*phi over;
fi Striple=alphaStriple*phi Striple;

phi crit=yc*phi over;
fi critical=alphacritical*phi crit;

plot(etaLvecl,fi LG G/phi over, 'r."');hold on;
plot(etaLvec2,fi LG L/phi over, 'b."');hold on;
plot([fLltriple./(fLltriple+l)
fL2triple./(fL2triple+l)
fs trip./(fs_trip+l)
fLltriple./(fLltriple+l)], ...
[fi Lltriple/phi over fi L2triple/phi over
fi Striple/phi over...
fi Lltriple/phi over], 'k', 'LineWidth',2);hold on;

end

xlabel('{\eta}"*', 'FontSize',16);
ylabel('{\yi', 'FontSize',16);

eta critical=(fcritical/(fcritical+l))

function [Obj]=0bj triple integr(vec,qR,fcritical)
Y=vec(1l);

fs=vec(2);

fLl1=vec(3);

fL2=vec(4);

[pvs mus]=cal pv mu(Y,fs,qgR,1);
[pvLl mulLl]=cal pv mu(Y,fL1l,qR,0);
[pvL2 mulL2]=cal pv mu(Y,fL2,9R,0);

Obj=abs((pvs-pvLl)/pvLl)+abs((pvs-pvL2)/pvL2)+abs((mus-
muL2)/mul2)+abs( (mus-muLl)/mulLl);

Return

218



function [Obj]=0bj LS integr(vec,fs,qgR)

Y=vec(1l);
fLl=vec(2);

[pvs mus]=cal pv mu(Y,fs,qgR,1);
[pvLl mull]=cal pv mu(Y,fL1l,qR,0);

Obj=abs((pvs-pvLl)/pvLl)+abs((mus-mulLl)/mulLl);

Return

function [pv mu]=cal pv mu(Y,f,qR,flag)

[mul,pv0]=f mupv0 int(f,flaqg);
YY=0:0.001*Y:Y;

myfunc_pv =fun pvp(YY,£f,qR);
integral pv= trapz(YY,myfunc pv);
pv=pv0+integral pv;

myfunc _mu =fun mup(YY,f,qR);
integral mu=trapz(YY,myfunc mu);
mu=muO+integral mu;

return

function [Obj]=0bj LL integr(vec,fL2,qR)
Y=vec(1l);

fLl=vec(2);

[pvLl mulLl]=cal pv mu(Y,fL1l,qR,0);
[pvL2 mulL2]=cal pv mu(Y,fL2,9R,0);

Obj=abs((pvL2-pvLl)/pvLl)+abs((muL2-muLl)/mulLl);

return
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function [alpha]=cal alpha y(f,qR,Y)

cl=3.95;
gama=0.77;

g=0.865*((gR."(-2.)+cl*(Y."(2*gama)))." " (-0.44));
A=3*g+3*(q."2)+(g."3);

B=3*(q."2).*(q+(3/2));

C=3*(gq."3);

Q=A.*f+B.*(£."2)+C.*(£."3);

eta=(f./(1+£f));

beta=exp(-0Q);

alpha=(1l.-eta).*beta;

return
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