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Tricritical phenomena in asphaltene/aromatic hydrocarbon systems
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The calculation of phase behavior performed for asphaltene-micelles systems that assume several forms when they are mixed with petroleum
fluid depending on its aromaticity, and on the relative sizes and polarities of the particles present in such fluid mixtures, is extended to
tricritical phenomena. Asphaltene monomers form micelles in the presence of excess amounts of aromatic hydrocarbons and polar solvents,
and they are dispersed in a petroleum fluid. The coupling between the micellization and phase separation may, in principle, lead to a near-
tricritical coexistence of a monomer phase and a micellar phase; however, this tricritical phenomenon has not been experimentally observed.
In this report, such tricritical phenomenon for asphaltene / aromatic systems is predicted.
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El calculo de la conducta de fase efectuado para sistemas de micelas de asfaltenos que supone varias formas cuando son mezclados con
fluidos petroleros dependientes tanto de su aromaticidad como de Idsosnetativos y de las polaridades de lasipatas presentes en

tales mezclas de fluidos, es extendido abfaeno tricitico. Monbmeros de asfaltenos forman micelas en la presencia de cantidades de
hidrocarburos aroaticos en exceso y solventes polares, amestispersados en un fluido petrolero. El acoplamiento entre la micélizaci

y la separadin de fase puede, en principio, llevar hacia una coexistenciditicde una fase ma@amero y una fase micela; sin embargo,

el fenbmeno tricitico no ha sido observado experimentalmente en soluciones de asfaltenos. En este reporte, se predicérdaim fen

tricritico para sistemas asfalteno / af&tioo.

Descriptores: Sistemas asfalteno-ar@tico; separadin de fase; soluciones micelares; puntos ititws; transiciones de fase de segundo
orden.

PACS: 05.70.Fh; 05.90.+m; 83.70.Fh

1. Introduction Asphaltene after heating [3] are subdivided in: Non-
volatile (heterocyclic N and S species), and, volatile (paraf-

Asphaltene is defined as the fraction of carbonaceous fosgiin + Olefins), benzenes, naphtalenes, phenanthrenes, sev-
energy sources (petroleum crude oil, coal, tar sand and offral others). Speight [3] also reports a simplified repre-
shale). It is insoluble in low-boiling paraffin hydrocarbon Sentation of the separation of petroleum into the following
solvents, such as methane, ethane, propane, etc. and sofik Major fractions: volatile saturates, \{olatlle aromatics,
ble in aromatic hydrocarbons like benzene, toluene, and xy?onvolatile saturates, nonvola_tlle aromatics, resins and as-
lene. Such compounds as asphaltenes and resins are pregefitenes. He also reports arbitrarily defined physical bound-
in petroleum fluids in minute amounts, but in heavy oils andg@ries for petroleum using carbon-number and boiling point.
other fossil energy sources in insignificant quantities. In na- Ne molecular structures proposed for the asphaltene (heavy
ture, it is hypothesized that asphaltenes are formed as a r@fganic) molecules [4] includes carbon, hydrogen, oxygen,
sult of oxidation of natural resins. On the contrary, the hy-nitrogen, sulfur as well as polar and non-polar groups see
drogenation of asphaltenic compounds (resins, asphaltengég- 1.

and asphaltenic acids) may produce heavy hydrocarbon oils It can be said that asphaltene particles are known to be
which contain polycyclic aromatic or hydroaromatic hydro- Polymeric and polydisperse. They behave lyophobic and
carbons. They differ, however, from polycyclic aromatic hy- Steric, and they posses electrostatic and associative forces.
drocarbons due to presence of oxygen and sulfur in theiPue to polydispersivity of asphaltenes, entropic effects are
structures in varied amounts [1,2]. On heating above 300Importantin mixtures containing asphaltenes [5].

400°C, asphaltenes are not melted, but decompose, forming Asphaltene particles in crude oil assume various forms
carbon and volatile products. Asphaltenes react with sulfuriglepending on the oil aromaticity, and on the other compounds
acid forming sulfonic acids, as might be expected on the basigresent in the oil. Experimental observations have indicated
of the polyaromatic structure of these components. The darkhat asphaltene monomers form micelles in the presence of
brown color of crude oils and residues is due to the combineg@ertain concentrations of aromatic hydrocarbons, and the re-
effect of neutral resins and asphaltenes. The black color gfulting micelles are dispersed in the petroleum fluid [6,7].
some crude oils and residues is related to the presence of as- The behavior of asphaltenes in presence of excess amount
phaltenes, which are not properly peptized. of toluene can be analogous to the behavior of a surfactant in
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presence of an oil-water mixture. Pacheco and Mansoori [5] 4
proposed a model for the phase behavior of asphaltenes ir
aromatic hydrocarbons and could predict the conditions when T
different kinds of micelles may be formed in such mixtures.

In the present paper we report our theoretical studies on the
coupling between formation of asphaltene micelles and phase
separation which may, in principle, lead to a near-tricritical
coexistence of a monomer asphaltene phase and a micella
phase.

2. Background

Dickie and Yen [8], using X-ray diffraction studies on solid
asphaltenes, proposed unitary sheets made up a system «
highly condensed polinuclear aromatic ring with alkylical -
chains tied to the ring structure. They also proposed that the X
asphaltene association takes place through stacking of aro-

matic sheets due to — 7 interactions. These aggregates or FIGURE 2. Lambda ‘A" form of the coexistence curve showing

particles were then proposed to associate into what was calldfic'tical phenomenon, because lia€bis first order and lineiC
micelles Is second order.

Several more investigators have gstabllshed the existen fhaltenes in the solution are in a molecular state, while, above
of asphaltene m|ceIIes_ when therg IS an excess of aromatﬂecmc asphaltene micelle formation will occur, in a manner
hydrocarpons present in a crude oil [7’9'12]'. Of Course, thesimilar to that in oil/surfactant/water micellar systems while
well-studied micelles known ,“?day are the kind, which ar€syrfactant monomers are much uniform in their structure and
formed between water and oil in the presence of surfactants",ess polydisperse. Experimental measurements for the phase

Since asphaltene in oil has a large size distribution, i”VEStiaiagram of asphaltene micelle formation were performed by

gators have concluded that the asphaltene micellar system #?ogacheva 0. \&t. al.[6] and Priyantcet al. [7]
conceptually equivalent to an oil/many-surfactant/water sys- Blankschteiret. al [16] developed the thermodynamic

tem [13-15]. . L .
Th ot ¢ halt icelles | tirmed b method of phase separations in micellar solutions. Pacheco
€ existence ot asphaftene micefles 1S contirmed by, , 4 \ansoori [5] used their method to propose the phase be-

-Tr? as(,jurtements c:f surfaget ter;]smntrEG,tls ]landthV'SC(.)t.S'tyl [7.]havior of asphaltene in aromatic systems. Experimental stud-
€ data were also used to show that below he critical Mg by various investigators have indicated that the solute as-
celle concentrationcng with small concentrations, the as-

phaltene molecule (amphiphile or monomer) forms micelles
in the presence of aromatic hydrocarbon solvents [6,7,11,15].

m @ Landau and Lifshitz [17] briefly discussed the critical
\ point for second-order phase transitions in mixtures of two
r— ) substances. It can be shown that the state diagram near such
¢ /1 a point takes the--form observed in Fig. 2. As abscissa it is

plotted the concentratioX of the mixture, and as ordinate,
the temperature. The curv€a andCb are first-order phase
transition boundaries andd is a curve for the second-order
phase transition. The dashed aa&zbis the region split into

two phases of which phase | is the less symmetrical and phase
Il the more symmetrical. The poidt is the critical point; the
curvebC joins smoothly ontdCd. One more thing is that at
the critical point the specific heat,®f the mixture under-
goes a finite discontinuity.

According to Uzunov [18] in binary alloys as FeAl and,
especially, in ternary and quaternary fluid mixtures (See Grif-
FIGURE 1. Molecular structures of asphaltenes derived from vari- flths [19]) critical points, which have no ‘?‘”a'og.”e n s_lmple
ous sources. The asphaltene structures shown here are separa{éld'ds’ (_:an be observed. These aretthtqﬂmal points- C_m' )
from asphaltene deposits consisting of asphaltene steric colloid€@l POINts where three phases co-exist and have identical
flocs and encapsulated in them other compounds [4]. Benzene ring§0Mpositions. The experiments on systems which possess
are represented with double bonds, and ciclohexane rings with sintricritical points show that at such points the first-order phase
gle bond. transition line in the thermodynamics 3D space of fields (T,
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P, 1) changes to a line of critical points (second-order transi-asphaltene-micelles in petroleum fluids proposed by Pacheco

tion) as shown in Fig. 2 wher@d is a line of critical points.  and Mansoori [5]. In here, it is now extended to the predic-
At a pure-substance critical point, densities of the twotion of tricritical points.

coexisting fluid phases become identical and the meniscus We consider that micelles can exchange asphaltene am-

between them disappear. In principle, at a tricritical point,phiphile molecules. This exchange is represented as a multi-

densities of the three coexisting phases simultaneously bgle chemical equilibrium among the members of the micelle

come identical. Knobler and Scott [20] performed experi-distribution as follows:

mental studies for multicritical points in fluid mixtures. They

concluded that the disappearance of the meniscus at an or- Hn =T n=123... @)

dinary critical point could be observed in the laboratory bywhere the chemical potential per asphaltene amphiphile

heating (or sometimes cooling) the system in a sealed t“b‘?nolecule must be the same in all the micelles.
However, the analogous experiment cannot be performed for |, the thermodynamics of micelle formation is postu-

a fluid mixture at a tricritical point: for fluid mixtures, there |1a4 that the interactions between asphaltene amphiphile
is no closed-system path along which three visually distinct,gjecyles which result in micelle formation are mainly due
phases can be observed going into one. to the following three effects: ainetic effectdue to colli-

Knobler and Scott [20] also commented that the first ex-; < petween molecules into micellar solutions, which cause

perimental discovery of a tI’ICI’Itlca! point h_as been att”b“tedsynergetic phenomena, molecular interactions are present. b)
to Efremova by her coworkers Krichevsldt al. Efremova

Polar effectdn the form of electrostatic interactions present

and Prianikova found upper and lower critical end-points i”between asphaltene amphiphiles, which are responsible for
the ternary system n-;o+ CH;COOH + H,0. Inamore o nojar heads in the asphaltene amphiphiles. All of this

detailed study in cqllaboration with Krichevslét _a_l., they s reflected in the entropy of mixing of the formed micelles.
observed a separation of only @GBbetween the critical end- c) Asphaltene amphiphile effeatisie to association present

pomts_. Al bOt_h critical end-pomts_ (189.2 and 18%F and i, picellar solutions of asphaltene amphiphiles and aromatic
in the intervening three-phase region, all three phases showegl .o nts known as micellar interactions

near-critical opalescence. The third-order critical point was

estimated to lie at 19@. One year prior to the publication the equation for the total Gibbs free energy G 56G, +
of the study on the ternary system, Radyshevslayal. re- ¢4 4 system ofV,, aromatic solvent molecules andss

ported experiments on phase behavior in the system water 5o aitene amphiphile molecules at temperature T and pres-
ammonium s_ulfate + ethanol * benzene as a function Of Msyre p. Asphaltene amphiphile micellization in this system
perature at fixed (atmospheric) pressure. They described ;ﬂ'oduces a distributio§ N, }, where N,, is the number of

“triple critical point”, which they estimated to existat#S.  icojles having n asphaltene amphiphile in their structure.
In case of binary systems, upper and lower critical SOlu~rpa, the most important equations in this theory are:
tion points (UCST, LCSP) have been known since 1800 [21]

and it is reported in every solution thermodynamic book [22]. i The chemical potential of aromatic solvent in a micel-
In this case, when the components are reasonably simitgar, lar solution:

n-hexane + methanol, the system comes first to a liquid-liquid

critical point (UCST=34C). When the components are dis-

Based on the above three postulates it is possible to write

similar, e.g, n-hexane + water, however, the system comes — 0 L ETTIn(X X ¥y X
first to a critical point between the gas,, the mixed vapors, Har = Har + KTIN(Xar) + Xas = En Xo]
and the liquid phase rich in hexane.€210°C). + Cy X2 J{2[1 + (v — 1) X,4)*} )

Finally, in the asphaltene case, Tran [23] measured heat 0 ) ) )
capacity of athabasca bitumen asphaltenes using differenti¥inerez.,,(T,P) is the pure state chemical potential of an aro-
scanning calorimetry (DSC) and temperature modulated gifmatic solvent molecule, k is the Boltzmann constant, T is the
ferential scanning calorimetry (TMDSC), founding a second@Psolute temperature,
order phase transition. We must stress that Pachanct®z N,

[24] predicted a second order phase transition in asphaltenes- Xas (Nas + Nar)
micellar solutions. Now, we will explain tricritical points
in this work, as part of second order phase transition of"
asphaltene-micellar solutions. X Ny
o (Nar + Nas)
3. Asphaltene Micellization Theory are the mole fraction of asphaltene amphiphile molecules and

. . . o . aromatic solvent molecules in the solution, respectively, such
We will theoretically consider asphaltene micellization (mi- that

celle formation) in this section. In a theory of phase separa-
tion in asphaltenes-micellar solutions, Pacheaochez [24] X+ Xe=1 X, = _ N
developed an advance of the behavior of phase separation for (Nas + Nar)
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is the mole fraction of micelles (each consisting of so on. For practical purposes for a c-component system the
molecules of asphaltene amphiphiles),, X,, is defined usual choice for the independent variables are temperature,
according to the theory of moments:M,(X,s, T, P) pressure, and— 1 mole-fractions (or other forms of compo-
=¥.n*X,,C =U(T, P)/Q. where U(T,P) is the magni- sition variables).

tude of the potential energy, and= Q,; /., whereQ, is This choice of independent variables is by no means
the volume of an individual asphaltene amphiphile moleculeunique and separates the variables in the sense that temper-
and(2,, is the volume of an aromatic solvent molecule. ature and pressure are “field variables” while the composi-

tion variables represent “densities”. A “field variable” is
a quantity, sometimes called a “potential variable”, which
has the same value in all the coexisting phases at equi-
librium, while a “density variable” is a quantity that can
have, and normally does have, different values in each of
the coexisting phases. For each generalized density vari-

i By using the Gibbs-Duhem equationV{,di., +
Y. X,du, = 0)itis possible to obtain an expression
for the chemical potential of micelles in the solution

i = 10 4+ ETIn(X,) +n(Xas — 2 X, — 1)) able, there is a corresponding conjugate field variable, as can
) be seen by writing any general thermodynamic equation, as
n nC { (1 — Xas) _ 1} 3) forexample, the generalized Gibbs-Duhem equationd®
2 [T+ (y—1)Xas)? V,,,dP+x dus +Xo0pa+... Where the temperature is the field

conjugate to molar entropy, the pressure to molar volume,
and the chemical potential of a component to its correspond-
Lﬂ”?g mole fraction.

In the system used in this report, the components are as-
i The distribution of micelles is given by phaltene and toluene, and the variables are temperature, pres-
sure and mole-fraction in each phase. For all the calculations
reported here we assume normal pressure.

According to the Gibbs phase rule [20], a system:of

wherep?? = 4% + kT anduf is the hypothetical pure mi-

celle chemical potential at the same temperature and press
as the mixture.

_ n *0 *0
Xy = X{"exp[—B(py, —npi”)] components ang-phases has F = C + 2-p degrees of free-
x exp|(BU(T, P) /), fn;N;], (4) dom. Ata critical point however, the requirement that two

phases become just identical introduces a further constraint
wheres = 1/kT, {X,} is the distribution of micelles con- and reduces F by one. At ari"-order critical point, where
taining n asphaltene-amphiphile-monomex?* represents n of thep phases become identical, there are 1 such ad-
the likelihood that n molecules will be localized in the sameditional constraints and the Gibbs phase rule must be written
region of spacesxp|[—3(u:0 — nui®)] is the Boltzmann fac- as
tor which represents the enhancement of the micellar config-
uration due to the chemical potential differenpg®(— ny:°) F=c+2-p—-(n-1)=c+3-p—n (6)
arising upon assembling ofdissolved molecules into a sin-
gle micelle. In fact, the sequence of the chemical potential Since ' > 0 andp > n, it follows that ann'"-order
differences can be represented as a spectrum of energy lekdtical point requires a minimum o#n — 3 components.
els [5], the last termexp[(BU (T, P)/Q)L; f,;N;] is equal to
unity. The conservation of asphaltene amphiphile mass im- T, < T, < T; < Ty
plies the following normalization condition;

Xas = Znan (5) o o a o

The separation of the micellar solution into two coexist- b——  }—  |F=-==4  |-===]
ing phases having different total concentratidfys and Z,,

of asphaltene amphiphile will be developed in the following o o o o
section. — — —
4. Phase Coexistence o’ o o o’

In general, in the absence of any external field, the thermo-

dynami_c state of a _on_e-compone_nt system of fixed size i‘?—’lGURE 3. Schematic representation about the phase behavior, in
determined by specifying two variables as the independenf ¢josed binary system near the tricritical point. While solid line

Variab'fas- _Two-component systems require the specificatiopdicates separation of two different phases, dashed line indicates
of a third independent variable. Three-component systemgat the phase separation is vanishing, consequently two phases be-
require the specification of four independent variables, andome identical.
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Thus, one component suffices for an ordinary critical point  When a componentis absent in a phase, its activity is
(in this sense, second order or= 2), three components unity, i.e.
are necessary for a tricriticah (= 3) point, and five com-
ponents for a tetracritical poink(= 4) point, etc. Therefore
¢c+3—-p—3=c—p>00rc>p. Foratwo-componentthree |n the tricritical case the equilibrium conditign, = ny
phases in equilibrium Fig. 3 represents the general schematjfakes the activities in the monomer phage = o/ =
transition of the phases near a tricritical point [19]. As the,¢” — 1 and also activities corresponding to the asphaltene-
temperature is raised the system goes from three phases fhonomer component,, = af,, = 1. Therefore, this system

« " 1

+ o' + a”) to two phasesd + o' = ") to two phases  of Egs. (9) reduces to the following system of equations
(o = o + ") to one phased = o’ = o). The latter

aizl

is the tricritical point in which three phases become identical. 1=1=1
The dashed line in Fig. 3 is the critical interface [20].
In this particular case, asphaltene-monomers dissolved 1= aa/, = af‘):f (10)
in an aromatic solvent self-associate. This resulting asso- P o
ciation is called micelle which will constitute a new phase. L= aqn = agn
Therefore, this system can be considered as a two-component
three-phasen(, o’ anda’’) system, where: This system is equivalent to the one obtained for phase

separation in asphaltene/toluene solutions [5], because it can

« is the monomer phase. be reduced to:

at is the micellar phase

a is the liquid phase due to the solvent. I=1=1
As it was mentioned before> p, so, it is not possible to 1= pin (Yas, T, P) = pin (Zas, T, P) (11)
get more phases than components in a system. Nevertheless, 1 = ptar (Yau, T, P) = piar (Zas, T, P)

starting on the case in which there are three phases and three

mponents in ilibrium . —_
components in equilibriu In general, when a triple point is reached as the temper-

uﬁ = ug = uﬁ ature is raised, the compositions of the three phases become
p /v W more nearly identical, and theo’ anda’/a” interfaces may
s S ’ (7) . . . .
Par = Har = Ha be observed to vanish simultaneously as the tricritical temper-
ul, = Me’ _ //N ature is attained. However, when a tricritical point is reached
all - a// - a/l

o ~one of the interfacea/a’ or o’/ may never vanish, pro-
where/, (', £, are asphaltene-monomer, asphaltene micelyided that the overall composition is adjusted so that at least
lar and aromatic components respectively. Specificalfy:  one interface could remain present. i) In an excess of aro-

is the asphaltene chemical potential in a monomer phdse, matic there are no monomer phase. ii) In a scarcity of aro-
is the micelle chemical potential in a monomer phase, anghatic there is no micellar phase.

uf;" is the solvent chemical potential in a monomer phase,

©!, is the asphaltene chemical potential in a micellar phase,

and so on. The equilibrium system represented by Egs. 7has  Tricritical Phenomena

an algebraic system of six equations, in spite of that, there

are only two significant equations in view of the equilibrium The separation of the micellar solution into two coexisting

condition of Stigter [25] -Tanford [26]u, = nu1. Onthe  phases having different total concentratidns and Z,, of

other hand, it is well known that [27] asphaltene amphiphile requires the thermodynamic equilib-
wi = pd + RTna; (8)  rium condition between the phases given by Egs. (11):

wherea; is the activity of the componentandy! is the stan-

. . . n YasaT;P = Hn Zas>T7P
dard chemical potential of the componénEquations 7 can fin ) = i )

then be referred to as the system of equality of activities trar (Yas, T, P) = por(Zys, T, P)
a =a =t

, ; Using the later conditions, and after some mathematical
al, =al, =d’, (9)  manipulations, the coexistence condition between the phases

o =
‘ o o in equilibrium reduces to the following two coupled equa-
aa” = aa” == aa”‘ thﬂS

Rev. Mex. Fis59(2013) 584-593
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Zas B Yas _ _ 1- Zas 1 ng _ YaQS
T = (Zas Yas) +1In (1 — Yas) + 2570 (1 N (’Y _ 1) Zas)2 (1 + ('Y . 1) Yas)2 ) (12)
1 1 1 VZas =/ Yas 1 (1 — Zas)? (1—Y,,)?
— - — Zus — Yas + 58C - 13
\/E (\/Zas \/Tus) M \/E " 26 (1+(’Y*1) Zas)2 (1+(771)Ya5)2 ( )

The above two equations depend on the interactioh
and on the growthi' parameters, the concentratioris and !
Z,s correspond to the monomer phase and micellar phaseK >1: If MZ?) > u*0 thenasphaltene amphiphiles are dis-

respectively. Parametefi€’ and K are arbitrary positive val- tributed in the end region of the micelles in formation,

ues which depend on temperature and pressure, however, ex-  i.e, asphaltene amphiphile micelles form is cylinder-

plicit 6C(P) or K(T,P) functions have not been proposed until like. This is the form of nanotubes.

now, which means the proposition of new equations of state

is required. On the other hand, parameiét of interaction It has to be mentioned that Ravey al. [28] found

energy can be expressed as these three geometrical forms of aggregated asphaltenes by

T. using Small Angle X-Ray Diffraction, and more recently,

BC(T) = T (14)  fullerenes were found by Camacho-Bragagal. [29] us-

ing both High Resolution Transmision Electron Microscopy

A wider explanation can be found in the Ref. 24 whereand Enerav Dispersion Spectrometrv in a study of asphal-
the corresponding spinodal line is calculated. In that refer- ay P P y y P

. . : tene separated from resins. During their observation in
ence,3C values of four different fractions of crude oil were . .

. ; the microscope they saw fullerene formation in structures

also calculated, where was= /2, obtained directly . .

. e X such as Onions and G @Cs. Furthermore, using as-

from the properties and characteristics of the crude oil, den- . :
: . : . phaltenes Wangt al. [30] synthesized carbon microspheres
sity and molecular weight basically. In practice, to solve the

dependence on the critical temperatufg)( we considered using C_:hemmal Vapor .Deposmon, anq characterlz!ng by X-
X VP . Ray Difraction, Scanning Electron Microscopy, High Res-
that this corresponds to every pointémcline experimen-

tally measured. The later is allowed by the knowledge thaf)IlJtIOn Transr_n|S|on E'.eC‘.rO” Microscopy and'Raman Spec-
. . : roscopy. Theirresults indicate that the monodisperse spheres
cmcis the critical line. The growth parameter K can be ex-

pressed as are graphitic curved structures with diameters: 300 - 400 nm.
Asphaltene used consisted in metastable structures at higher

k(T, P) = exp[B(u) — nop™°)] (15) temperatures. The aromatic carbon rings promoted the for-

mation of graphitic structures of closed cage. Finally, Velasco

whereny is the minimum number of amphiphiles in the mi- . :

. . et al. [31] found nanotubes in crude oil naturally processed.
celle. Assuming a spherocylinder form of the asphaltene- ,
amphiphile micelle:0 is the reference chemical potential The system of Egs. (12) and (13) can be solved simul-

per asphaltene amphiphile monomer associated to the efgneously for calculating 3 and Z,; numerically by the
region, andu*? is the reference chemical potential per as_Newtor_]-Rz_iphson iterative method, which for a general con-
phaltene amphiphile monomer associated to the cylindricaf€Ntration is expressed as:
region. The corresponding sequence of chemical potential

levels iy’ =y + (n — ng)p*?, for n > ne. In general, Xor1 =X, — f,(X") : (16)
parameter K is responsible for the form of each micelle. As- 1 (Xn)

suming spherocylinder form for micelles, K can assume the  To accomplish this calculation we assume Eq. (12) is
following values: solved by the Newton-Raphson method for one of the vari-

0<K<1: If ;0 < p*° then asphaltenamphiphiles are dis- ables (either s or Z,,) assigning an initial value to the
tributed in the cylindrical region of the micelles being Other variable. Then Eq. (13) is also solved by the Newton-
formed, i.e., asphaltene amphiphile micelles form is Raphson method using the solution to the Eq. (12) as the
disk-like. This is the normal flat form of asphaltenes initial value. This iterative procedure converges for
and graphite.
£ = ‘Xz — Xi_1| << 1. (17)
K=1: If 10 = nop*” thenasphaltene amphiphiles are pro-
portionally distributed in both cylindrical and end re-
gions of the micelles being formeide., asphaltene am-
phiphile micelles form is sphere-like. This is the form
of fullerenes.

This iterative solution will provide us ¥ and Zs which
are used for producing the theoretical coexistence curve for
a micellar solution of asphaltene in toluene. To speed up
the convergence in the Newton-Raphson iterations we use
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the following functionality f ((KX)1/2) ~ f(K) and

f(KY2X~1/2) = f(1) which means that when 0 the
solution goes to imaginary numbers; however, whesOka
convergent solution in real numbers is obtained. Then K is
always positive.

Three asphaltene fractions of Kotur-Tepinsk crude oil
and one asphaltene fraction of Arlan crude oil were used
to test different values ofgC and K of this model
by Pacheco-Sanchez [24]. For tar asphaltene fraction
of crude oil Kotur-Tepinsk, the following cases were
analyzed. One case was f@gtC=314.45/{T) consid-
ered, in which K=0.5,0.7071,1,10,100 in one graph and 300 A
K=0.1,0.5,0.7,1,10,100,1000 in the other graph, where the
coexistence curves show lambda form; and in the other case
£C=380/T) for K=0.003,0.01,0.1,1,50,280 in two graphs,
where the coexistence curves were closed without showing 280 7 ' '_5 -3
any lambda form as expected becadéevalue is abovemc 10 10 10
In principle, this model will take us to get tricritical points by )
solving the set of Egs. (12) and (13) for particular values of X (Mole Fraction)
parameterg’C and K as we will see in the results, over all
whengC is around room temperature and K is lower than 1
as expected for asphaltene.

()

(8)}

o
[l

340 1

Temperature [K]

3201

oo

FIGURE 4. Phase behavior (of asphaltene-toluene systems for
~v=10.4038, K = 500 and3C' = 314.454T) in A-form as in the
Landau theory of tricritical points as reported in Fig. 2. Rogacheva
et al [6] cmcpoints were used as initial values in the numerical
6. Results solution. Horizontal coordinate is the asphaltene mole fraction.

This part of the analysis will be done by choosing . . .
~v=10.4038, SC = 314.45/¢T) and different positive values j[hercmcqr arbitrary points, in the Nevvton-Raphson numer-
of the parametek’, which reflects the tendency of asphalteneICaI solution O_f Egs. 12 and 13. He exhibits two general_
monomers to their aggregation in the form of spherocylindetgraphs on W.h.'Ch 'a”_‘bda form of second. order phage transi-
micelles. The Rogachewet al. [6] experimental points of t|oq and tricritical points of asphglt.enej mlcelar solutions can
cmc for tar asphaltene fraction of crude oil Kotur-Tepinsk be inferred. Here we clearly exhibit this idea.
were assigned as the initial values in Newton-Raphson it- Thecmcpoints are used as initial values in the numerical
erative calculations. A graph for a superposition of coexis-solution on Fig. 4. Such Figure shows a behavior similar to
tence curves wheR = 100, 10, 1, 0.7071 and 0.5 was calcu- & lambda in a continuous line calculated by this theoretical
lated by Pacheco-Sanchez [24] Using these valuds ofe model. This line apprOXimately coincides within foamc
solve the system of Egs. (12) and (13). WhEr100 and  Points, however the othecsncpoints remained inside of the
the temperature is greater than 320 K all the experimentdW0 phases region. This is due to the critical temperature
points are almost reproduced without region of two coexistlsed for3C value, which produces a very thin (or, vanished
ing phases. This means that the two-phase region is quit8 fact) two phase region for temperatures greater than crit-
thin. WhenK = 10 the two-phase region is wider than for ical temperature. In principlemcpoints are considered as
K=100. The two-phase region is more and more open aSfitical points in this way, from which we can take critical
the value ofK is decreasing. The widest open two-phasedemperature. Then, this is not a first order phase transition as
region is shown fork = 0.5. The later K-value is in the thatobtained for water (just one component) at a triple point
disk-like form of the micelle, which corresponds to planarsolid liquid and vapor. This is a second order phase transi-
asphaltenes. It has to be mentioned that asphaltenes wefen as that proposed by Landau on certain variation in the
found in both planar and curved forms using molecular dy-Symmetry of the body due to a change in its pressure or its
namics simulations [32]. Curved forms of asphaltenes aréemperature or its composition as in the Fig. 2.
consistent with several facts: i) reversed micelles [33], ii) ex-  The tricritical point in Fig. 4 is such that the three lines
istence of nanotubes and fullerenes [28-31], iii) activated carare joined as in Fig. 2. Then, below tricritical point it is ob-
bons containing pentagonal to heptagonal rings, which adopterved a region of two phases, the monomer phase and the
curved forms [34]. To these activated carbons we could calinicellar phase of asphaltenes, this might be considered as
them asphaltene-blankets whether the asphaltenes grew eke flocculation region. Above tricritical point it is just ob-
tensively. served separation between monomers and micelles as it was
Fixing the parametesC = 314.45/¢T) and allowing the  observed by Yudiret al. [12] because they detected asphal-
variation of parameter K, Pacheco-Sanchez [24] shows thaene “molecules” (monomers) belawncand micelles above
there are some differences when we use as initial values eemc by measurements of dynamic light scattering (photon
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360 - one is its lambda form and the other is the line above tricriti-
cal point is one order of magnitude parallel to the left of the
cmcpoints.

The v value changes when one of the otleenc curves
320 4 in the same graph of Rogacheva’s experimental data is used,
however, the general information can hardly increase if it is
analyzed another one. Then, it is believed that the analyses
done until now are enough to describe tricritical phenomena
in asphaltene/aromatic solutions.

Temperature [K]

280

10° 104 107
X (Mole Fraction)
FIGURE 5. The horizontal coordinate corresponds to the mole frac-

tion of asphaltene in toluene. Alimcsquare points of Rogacheva For haltene di ived in toluen t rtain concentration
et al. [6] were reproduced using = 10.4038,56C = 293AT and or asphaltene cissoive oluene, ata certain concentratio

K =500). A small improvement o8C or K will provide just one and temperature asphalt_ene micelles will be_ formed. Then
calculated curve. self-assembly (coacervation) of asphaltene micelles may take
place at higher concentrations and/or lower temperature and
around one of the transition points. Of course, micelle coac-
ervates may deposit if the coacervate size exceeds a certain
350 a limits, while micelles change to become coacervates due to
their growth depending on the concentration of the solution.
In these reversible processes asphaltene micelle-coacervates
330+ may swell in the presence of a proper solvent. The micelliza-
o tion point starts on the critical micelle concentrati@mg,
and ends on self-assembly (coacervation) of asphaltene mi-
celles.
In a closed binary system, made up of monomers and
micelles in liquid state abovemc (below cmc micelles do
not exist), micelles can coexist in several forms and differ-
ent (polydisperse) sizes depending on the nature of asphal-
tene molecule and temperature of the solution. Two phases
are expected for micelles: monomer and micellar phases.
Monomer phase is due to low aromaticity, and micellar phase
is due to high aromaticity of the solution.
' ' ' In this model the fact experimentally found by Yen [35],
_7 5 -3 the Ta .
10 10 10 about self-association in stacking of two to four asphaltenes
. is taken as a natural way of the micelle formation. Such as-
X (Mole Fraction) phaltene stacking is emphasized by considerations proposed
FIGURE 6. Phase behavior (of asphaltene+toluene system forby Rogel [36,37] using the free energy of Gibbs also for
v=10.4038, K = 500 and3C = 293~T) in A-form as in the Lan-  asphaltene micellar considerations. The stacking of 2-4 as-
dau theory of tricritical points. Arbitrary initial values to solve phaltenes is a self-associating model which has a strong ten-
equations (18) and (20) were used in our numerical solutions. Hor-dency to be considered as oligomer [38]. Recently, accord-
izontal coordinate is the asphaltene mole fraction. ing to the thermodynamic theory of phase separation in self
) ) associating micellar solution Huamg al. [39] open the pos-
correlation spectroscopy) on asphaltenes in toluene + heptarg,jjity that instead of oligomers of asphaltene stacking they
mixtures. . o _ might be unimers (subunits of a surfactant micelle, as op-
Threecmcpoints were exactly reproduced in Fig. 4 with- ho5ed to monomer, the subunit of a polymer) which is a natu-
out region of two phases; however, in Fig. Sa@iicpoints 4 starting for micelle growing in different geometric forms,
of Rogacheveet al. [6] were reproduced using the follow- o \which the intermolecular forces allow self associating in
ing values of the parameterg:= 10.4038 5C' =293AhT and  mjcellar phase for planar and curved asphaltene as follows:

7. Discussion

Temperature [K]

M w
T S
b

250 T

K = 500. This K-value is in the cylinder-like form of

the micelle, which corresponds to nanotubes. dinepoints i) Disk-like can be considered as planar asphaltene mi-
used as initial values in this numerical solution are still show- cellar growth toward graphite (which is also stacking
ing a very tiny lambda form. When arbitrary initial points are of huge planar pentagonal and hexagonal carbon rings)

used to solve the system of equations by Newton-Raphson
method, as the important difference respect to the last one, ii) Sphere-like are considered as curved asphaltene mi-
Fig. 6 was obtained. Two things are observed in this Figure, cellar growth to cumulus of spheres aggregates. Each
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sphere is made up pentagonal and hexagonal carbdn the temperature range 10-4@[40], and concentrations
rings. These spheres might be fullerenes. 0-40 mass %. Their results are very far of the CMC; how-
. . . ever, they affirm that the new measurements are consistent
i) C)_/Imder-hke are also c_:on5|dered as curved asphalt.en%ith those previously accomplished by themselves. They
m'c?”"’“ growth to cylinder aggregates. Each CY“”' used optical density, calorimetry, and surface tension at least
der is b.u'lt of pentagonal and hexagonal carbon MNYSfor their measurements. A preliminary calculation using our
They might be nanotubes. model needs more revision, because at those temperatures
Until now, asphaltenes are considered only as plana‘ihey report two congentrations forong temperature value, and
molecules, according to the Yest al. model [35]; how- We still need to validate the calculation accomplllshe.d. Our
ever, asphaltene stacking for planar and curved asphaltenBt¥del works neacmcvalues, the most probable idea is that
can be observed in a previous work [32], which reports strucPeW considerations have to be taken into account in order to
ture factors agree with Yeet al. work [35], and it is nearerto  9€t @ successful model.
the asphaltene habitat conditions than that proposed by Yen
et al. [35]. Furthermore, the existence of activated carbong.  Conclusions
as those proposed by Hares al. [34] gives us confidence
about the existence of curved asphaltenes, that might arrivall the experimentaktmc points were reproduced in Fig. 5
to be nanotubes, or fullerenes according to the conditions der specific values of the parametet€’ and K tuned bycmc
we observed in this work. experimental points. In principle, the model can give an idea
In general, the m-phase region (m = 1,2,3,...) is theof the phase diagram in case oomc point is given, such
focus of most SANS investigations since it is the region ofpoint will be considered as the tricritical point by this model.
micelle formation and micelles are of nanometer size. The If the cmcpoint were in the top of the phase diagram it
m-phase region is rich in mesophases (with various morwill hardly be found a second order phase transition, how-
phologies). It contains spherical, cylindrical and lamellarever, it is expected a limited miscible fluid, this means that
micelles depending on the temperature range. Structures faisphaltene can stay dispersed in the solution. IEthepoint
these mesophases correspond to cubic (spherical micellesyere in the middle of the phase diagram a second order phase
hexagonal (cylindrical micelles) and lamellar symmetry re-transition can be obtained as in the Fig. 4. If trecpoint
spectively. Moreover, oil-in-water micelles are obtained atwere in the bottom of the phase diagram a second order phase
low temperature and “reverse” (water-in-oil) micelles are ob-transition can be found as in Fig. 6.
tained at high temperatures. The coupling between the micellization and phase sepa-
This method can be used as a model of two parameters t@tion may, in principle, lead to a near-tricritical coexistence
be adjusted. The model is good for: i) aqueous solutions, iipf a monomer phase and a micellar phase, however, this tri-
asphaltene in aromatic micellar solutions, iii) asphaltene ircritical phenomenon has not been experimentally observed,
chromatographic fractions. In this work, the model has beemevertheless Fig. 6 is very indicative that this can be a good
tested for temperatures among 0 <°@0and concentrations possibility. Rowlinson gives another good indication of this
lower than 102 (mole fraction). The model is still in devel- possibility because he reported tricritical points at 273 K for
opment to be tested for temperatures 104D@nd higher binary systems, and it can be considered that tricritical point
concentrations of asphaltenes among 0.01-1 (mole fractiori} at 293 K in Fig. 6, which is considered for a binary asphal-
where the aggregated stability of petroleum dispersed sysene + toluene system. Fig. 5 is also indicative of tricritical
tems is a central problem. points or second order phase transition, because it has a su-
Rogachevat al. [6] extended their work in order to find perposition of differenf< values showing how can be closed
the phase state of asphaltenes in petroleum dispersed systethat open region in a lambda form as Landau reported.
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