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ABSTRACT

In thiswork, the PC-SAFT equation of state was applied to the modeling of asphaltene precipitation from
n-alkane diluted heavy oils and bitumens. Liquid-liquid equilibrium was assumed between a dense liquid
phase (asphaltene-rich phase) and a light liquid phase. The liquid-liquid equilibrium calculation, in which
only asphaltenes were alowed to partition to the dense phase, was performed using an efficient method
with Michelsen's stability test. The bisection or Newton-Raphson method was used to improve
convergence. Experimental information of the heavy oils and bitumens, characterized in terms of
solubility fractions (saturates, aromatics, resins, and asphaltenes), was taken from the literature.
Asphaltenes were divided into fractions of different molar masses using a gamma distribution function.
Predictions of the PC-SAFT equation of state using linear correlations of the binary interaction
parameters between asphaltene subfractions and the n-alkane were compared with the measured onset of
precipitation and the amount of precipitated asphaltene (fractional yield) of the heavy oils and bitumens
diluted with n-alkanes. Results of the comparison showed a satisfactory agreement between the
experimental data and the cal culated values with the PC-SAFT equation.

Key words: onset; asphaltene precipitation; equation of state; PC-SAFT; liquid-liquid equilibrium.
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1. Introduction

Asphaltenes are defined as the fraction of crude oil or bitumen that precipitates with the addition of alow-
chain liquid n-alkane (n-pentane or n-heptane) and dissolves in aromatic solvents as toluene or benzene.
In practice, there are different aspects of the asphaltene precipitation that are important for the oil industry
such as the prevention of the plugging in transport pipelines and the damages caused in the refinery
facilities due to the asphaltene precipitation process. A major problem is when different crude oils having
different densities and viscosities are mixed and they are, in turn, mixed with light liquid hydrocarbons
(e.g., natural gasolines) to reduce the viscosity of the crude oil blends, since asphaltene precipitation may

occur due to the instability of the crude oil mixtures[1].

To overcome such a problem, various research groups have developed different approaches to predict and
quantify the onset and amount of precipitated asphaltene in crude oils. This task was started with the
approach of Hirschberg et a. [2], who applied the regular solution theory for modeling asphaltene
precipitation in crude oils. Later, this modeling approach was improved by other authors to predict (1) the
amount of precipitated asphaltene from rn-alkane diluted heavy oils and bitumens [3, 4], (2) the
asphaltenes dissolved in pure solvents [5, 6], and (3) the stability of crude oil blends [1, 7]. In particular,
Y arranton and co-workers [1, 3, 4] proposed approaches to predict asphaltene precipitation by treating
them as a mixture of subfractions with different densities and molar masses. These approaches have been
successfully applied to several heavy oils and bitumens diluted with n-alkanes [3, 4]. The heavy oils and
bitumens were characterized based on SARA analysis and the polidispersity of the asphaltene fraction

was included through the use of a gamma distribution function.

Other approaches in which the asphaltene precipitation is understood as a result of self-assembly and
instability of resinous-asphaltene aggregates in the crude oil have aso been used. For instance, Leontaritis
and Mansoori [8] presented a colloidal model based on the assumption that the insoluble solid asphaltene
particles are suspended in the crude oil; the suspended solid asphaltene particles being stabilized by the
adsorbing resins on their surface. In this model, resins are necessary for the asphaltenes to exist in
solution. Subsequently, Victorov and Firoozabadi [9], Pan and Firoozabadi [10], and Victorov and
Smirnova [11], among others, presented thermodynamic models to predict asphaltene precipitation in
petroleum fluids by assuming that asphaltene precipitation from petroleum fluid is a micellization
process. These models, however, although have shown promising results in explaining most of the
experimentally observed results, they are still far from provides satisfactory quantitative representation.
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On the other hand, the application of an equation of state to calculate the asphaltene solubility in solvents
was studied by Gupta [12] considering a solid-liquid equilibrium calculation. Nghiem and co-workers
[13-15] applied a modeling technique based on the representation of the precipitated asphaltene as a pure
dense phase. In this approach, the heaviest component in the oil is divided into two fractions, the non-
precipitating and the precipitating fraction. The precipitating fraction is considered as pure asphaltenes
and the prediction precipitation process is quantified by a three phase flash calculation. Sabbagh et al.
[16] applied in their approach a liquid-liquid equilibrium calculation, where one of the liquid phases is
considered a light phase or a non-precipitating phase and the other liquid phase is considered a heavy
liquid phase or a precipitating phase. The precipitating phase is considered a phase where only
asphaltenes are present. They used the PR equation of state [17] to represent the asphaltene-rich liquid
phase by relating the equation of state parameters of each asphaltene fraction to monomer parameters
using group contribution theory. Ting et a. [18] modeled the asphaltene phase behavior in a model live
oil and arecombined oil under reservoir conditions by using the SAFT equation of state [19]. In this case,
the parameters of the equation of state for the asphaltenes were adjusted to precipitation data from oil

titrations with n-alkanes at ambient conditions.

By using a molecular-thermodynamic framework based on the SAFT equation of state and colloidal
theory, Wu et al. [20, 21] calculated the solubility of asphaltenes in petroleum liquids as a function of
temperature, pressure, and liquid-composition. In this approach, asphaltenes and resins were represented
by pseudo-pure components while all other components in the solution were represented by a continuous
medium that affects interactions among asphaltene and resin particles. The effect of the medium on
asphaltene-asphaltene, resin-asphaltene, and resin-resin pair interactions was taken into account through
its density and dispersion-force properties. The SAFT model was used in the framework of McMillan-
Mayer theory, which considers hard-sphere repulsive, association and dispersion-force interactions. In
their calculations, Wu et al. assumed that asphaltene precipitation is a liquid-liquid equilibrium process.

Buenrostro-Gonzalez et al. [22] used an approach similar to that suggested by Wu et al. for modeling the
asphaltene precipitation from r-alkane diluted Mexican crude oils. They used the statistical association
fluid theory for potentials of variable range (SAFT-VR) equation of state [23] in the framework of the
McMillan-Mayer theory in the calculations to represent the asphaltene precipitation envelopes and bubble

point pressures of the two oils investigated. By matching a single titration curve or two precipitation onset
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points with this SAFT-VR equation of state, satisfactory predictions of asphaltene precipitation over wide

temperature, pressure, and composition intervals were obtained.

Li and Firoozabadi applied the cubic-plus-association (CPA) equation of state [24] to study the asphaltene
precipitation from solutions of toluene and an r-alkane and from r-alkane diluted heavy oils and
bitumens [25], and the asphaltene precipitation in live oils from temperature, pressure, and composition
effects [26]. Heavy oils and bitumens were characterized in terms of saturates, aromatics/resins, and
asphaltenes, whereas the live oils were characterized by considering the pure components, the pseudo-
hydrocarbon components, and the hydrocarbon residue. In the case of heavy oils and bitumens, the
asphaltene precipitation was modeled as liquid-liquid equilibrium. By using a single adjustable parameter
—the cross association energy between asphaltene and aromatics/resins (or toluene), the amount of
asphaltene was successfully predicted over a broad range of temperatures, pressures, and compositions
for n-alkane diluted model solutions, heavy oils, and bitumens. In the case of live oils, the asphaltene
precipitation was modeled as liquid-liquid equilibrium between the upper onset and bubble point
pressures and as gas-liquid-liquid equilibrium between the bubble point and lower onset pressures. The
amount and onset pressures of asphaltene precipitation in several live oils were reasonably reproduced

over a broad range of composition, temperature, and pressure conditions.

More recently, Panuganti et al. [27] presented a procedure to characterize crude oils and plot asphaltene
envelopes using the PC-SAFT equation of state. The results obtained with the proposed characterization
method showed a satisfactory matching with the experimental data points for the bubble point and
asphaltene precipitation onset curves studied.

The aim of this work is to apply the PC-SAFT equation of state [28] to predict the asphatene
precipitation from n-alkane diluted heavy oils and bitumens by using linear correlations of the binary
interaction parameter as a function of n-alkane concentration. It is assumed that there exists liquid-liquid
equilibrium coexistence between a light non-precipitating liquid phase and a heavy precipitating liquid
phase, where only asphaltenes are allowed to partition, and that the effect of self-association is included
in the asphaltene molar mass distribution to model the asphaltene precipitation from solvent diluted heavy
oils and bitumens. The oils are characterized in terms of saturates, aromatics, resins, and asphaltenes
(SARA) fractions, and the asphaltenes are, in turn, treated as nano-aggregates formed from asphaltene
monomers and divided into subfractions of different aggregation number based on a gamma distribution
function.
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2. Thermodynamic model

2.1 PC-SAFT equation of state

In the PC-SAFT equation of state [28], the molecules are considered to be chains composed of spherical

segments, in which the pair potential for the segment of a chain is given by a modified square-well

potential [29]. Non-associating molecules are characterized by three pure component parameters, namely,

the temperature-independent segment diameter o, the depth of the potential &, and the number of

segments per chain m .

The PC-SAFT equation of state written in terms of the Helmholtz energy for an N-component mixture of

non-associating chains consists of a hard-chain reference contribution and a perturbation contribution to

account for the attractive interactions. In terms of reduced gquantities, this equation can be expressed as

~res
a

— a—hc + a—disp

The hard-chain reference contribution is given by
N
a" =(mya" - Zx,.(mi ~DlIngl(d,)
i=1
where (m) isthe mean segment number in the mixture,
N
(m) = leml.
i=1

The Helmholtz energy of the hard-sphere fluid is given on a per-segment basis as

a —1{ 362 & )2 +[§23—§o]|n(1_§3)]

6| A8 &LA-8)? g

and the radial distribution function of the hard-sphere fluid is

o ()=t { il J % 2+[ dd, ] 2%
S (1-¢3) di+dj 1-25) di+dj (1-2%)

with ¢, defined as
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T ul n
= Gp[inmidi J n=0123 (6)
i-1

The temperature-dependent segment diameter d, of component i is given by

gi
kTﬂ (7)

where k isthe Boltzmann constant and 7 is the absolute temperature.

d, =0, {1— 0.12 exp[— 3

The dispersion contribution to the Helmholtz energy is given by
a’ ==2zp-1,(n,(m)) -(m*sa”y = mp (m)C, - I,(17,(m)) - (m*¢**) (8)

where C; is an abbreviation for the compressibility factor, defined as

w0z 8 — 21 20n — 27n% +125° = 2%\
C,=1+z -1 1- . 9
(+ P apJ (“”” e S N e T Babe) j ©

where Z’ is the compressibility factor of the hard-chain reference contribution and 7 is the reduced

density, and

(mPec®) = ZZX x;mm, (;Tjaf (10)

i=1l j=1

(m*e*c®) = iix X, mm, (;TJ 01].3 (11)

i=1 j=1

where the term in angular brackets, (---), represents a mixture property.

The parameters for a pair of unlike segments are obtained by using conventional combining rules

1
Oy :E(Gi +O_j) (12)

&y = J?gj(l_ ky) (13)

where k, is a binary interaction parameter, which is introduced to correct the segment-segment

interactions of unlike chains.
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Theterms 1,(r7,(m)) and 1,(n,{m)) in Eq. (8) are calculated by simple power seriesin density

L0, (m)) = > a1’ (14)
Ly m)) = 3 by -1’ (15)

where the coefficients a, and b, depend on the chain length as given in Gross and Sadowski [28].

The density to a given system pressure p** is determined iteratively by adjusting the reduced density

7 until p® = p** . For a converged value of 77, the number density of molecules p, givenin A=, is

calculated from

6 (& )

p= n(inmidi j (16)
T\t

Using Avogadro’'s number and appropriate conversion factors, p produces the molar density in

different units such as kmol-m= .

The pressure can be calculated in unitsof Pa= N-m™ by applying the relation

p=7 kTp(lOlO A] (17)

m

from which the compressibility factor Z , can be derived.

The expression for the fugacity coefficient is given by

) aa—res N aa—res
Inp, =a"™ + - +(Z-1)-InZ 18
i ¢ ( ox, jT,v,x ;!-in axk jT,v,x y :I ( ) ( )

l

where the derivatives with respect to mole fractions are calculated regardless of the summation

relation >, x, =1.

3. Solution procedure
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For purposes of modeling, the heavy oils and bitumens were divided into pseudo-components based on
SARA (saturates, aromatics, resins, and asphaltenes) fractions. Asphaltenes were, in turn, divided into
pseudo-components based on a molar mass distribution function, whereas saturates, aromatics, and resins
fractions are considered to be a single pseudo-component. Thus, the self-association of the asphaltenesis
considered in the model used here to calculate the amount of asphaltene precipitation from r-alkane

diluted heavy oils and bitumens.
3.1 Asphaltene molar mass distribution

By considering the asphaltenes to be macromolecular aggregates of monodispersed asphaltene monomers,
there is a distribution of aggregate sizes (molar mass) in which asphaltenes can be divided into fractions
of different molar mass. In this case, the asphatene fraction was divided into 30 subfractions, each
representing a different aggregate size range described by an aggregation number

r=— (29)

where r isthe aggregation number of each asphaltene molar mass fraction, M is the molar mass of the

asphaltene aggregate, and M, isthe monomer molar mass of the asphaltenes.

The gamma distribution function, as reported by Yarranton and co-workers [1, 16, 30], was chosen to
describe the molar mass distribution of the aggregates. The gamma distribution function is given by

1 a a;_ ey a(l-r)
f0=y r(a{(r—l)}( : exp{ (r—1>} 20

m

where r is the average aggregation number given by M /M, ; M being the average molar of the self-

associated asphaltene, and « is aparameter that determines the shape of the distribution.

Sabbagh et a. [16] used avalue of a =4 for the precipitation of asphaltenes from diluted heavy oils and
bitumens with relatively low average molar mass asphaltenes. They used an asphaltene average monomer
molar mass of 1800 g/mol and adjusted the average molar mass for the diluted heavy oils and bitumens.
Asphaltene self-association was accounted for by using the average associated molar mass of the
asphaltene estimated for the given precipitation conditions. The maximum molar mass was set to 30,000

g/mol.
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For the modeling purposes of n-akane diluted heavy oils and bitumens with the PC-SAFT model, the «
parameter used in this work was set to 9.5. The other parameters used were those reported by Sabbagh et

al. [16], with the exception of the maximum molar mass, which was set to 15,000 g/mol.

The distribution was discretized into increments of constant Ar. The mass fraction of each segment was

calculated from the expression [ 3]

J'rHlf(r)dr

W= (21)
L" f(r)dr

whereas the average aggregation parameter for each fraction was calculated as
J.rm rf (r)dr

= (22)
[ r)dr

from which the average molar mass of each asphaltene fraction can be calculated as

Mi :;iMm (23)

3.2 Liquid-liquid equilibrium calculation

As stated earlier, the asphaltene precipitation modeling is based on a liquid-liquid flash calculation, where
the denser liquid phase is assumed to be the asphalt phase (precipitant phase) and the lighter one the non-
precipitant phase formed of maltenes (i.e., saturates, aromatics, and resins fractions) and of an n-alkane.
The procedure reported by Sabbagh [31] was adopted here for cal culating asphaltene precipitation.

The equilibrium calculation assumes equality of fugacities of two liquid phases at a given temperature
and pressure. The processisiterative in which at each step the fugacity of al componentsin each phaseis
calculated and compared. The equilibrium constants are then updated until convergence is achieved when
the liquid phase fugacities are equal. Fig. 1 presents a schematic flow diagram of the algorithm for the

equilibrium calculation.
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The iterative process implies solving for the number of moles of the precipitant liquid phase g, the well-
known Rachford-Rice equation [32]

Noz(K, -1
1 (B)= ;1 FK 1)ﬂ =0 (24)

where K, istheliquid-liquid equilibrium ratio and z,, x,, and y, are the mole fractions of component i

in, respectively, the feed, the first (light) liquid phase, and the second (dense) liquid phase. Fig. 2 shows
the algorithm for the Rachford-Rice flash calculation. It can be seen in this figure that a bisection method
(e.g., the Brent method [33]) can be used instead of Newton-Raphson method to improve convergence.
This is due to the very large K-values of the asphaltene fractions which, sometimes, makes difficult to

apply the Newton-Raphson method.

Equation (24) yields a physically correct root for 0< <1 using constant K-values determined in an
outer loop. Once the value of A is determined, mole fractions of each component in every phase are

calculated from the relations

z

Xo=o S (25)
1+ B(K, 1)

Yi L XiKi (26)
1+ (K, -1

where X, and Y, are non-normalized mole fractions and their summations ¥, X, and >, Y, are equal

1 1 = l

to one when convergence is achieved.

In this algorithm, the K-values are updated in an outer loop after each iteration, since they depend on the

composition of each phase, which is not known before convergence.

The updating procedure in based on the equilibrium conditions

flr=f i=1..,N (27)
where £ and f': are, respectively, the fugacities of component i at the first and second liquid phases,

and the convergence criteria that satisfies the stability test [34]

Inf, —Inf, =0 i=1.,N (28)
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where f; is the fugacity of component i for a new potential phase and £, is the reference fugacity of

component : in all the existing phases. Equation (28) can be written as

szlnﬁ—lnﬁzzln[mj (29)
izZi
or
N
6, =—In) X, (30)
J=1

which isvalid for any phase.

On the other hand, the method reported by Sabbagh [31] to establish the stability criteria at equilibriumis
given by

fi=1, i=1..,N (31)
or
9. x,p :¢iyyip i=1..,N (32)

and the equilibrium ratios, which can be expressed as

Vi _ 9. .
K= O Vi “1.N 33
T T8 =t 3
or
InKi:In[f“]Jrln[yiJ =1 N (34)
iy xi

where X, and Y, are obtained from the solution of the Rachford-Rice, and x, and y, aretheir normalized

mole fractions. Consequently, Eq. (34) can also be written as

N N
InKi:In[)?j—(lnfinnZYj—lnfix—anXjJ i=1..,N (35)
i J=1 J=1
or
Y .
InKi:In(X’j—[lnﬁy—Hy—lnﬁx+9x] i=1..,N (36)

If the equilibrium ratios K, at iteration & are defined as
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K® =(v1x,)" i=1..,N (37)

then the equilibriumratios X, at iteration (k +1) can be calculated as follows

INK*? =Ink™® - g, i=1..,N (38)
where
g =Inf, -6, —Inf, +6, i=1..,N (39)

Equation (38) is based on the successive substitution method, which has linear convergence rate. To

accelerate the convergence, a suitable step length » can be used. In such a case, Eq. (38) iswritten as
INK*™ =Ink® -y g, i=1..,N (40)

where y is set equal to unity at the start of calculations and it is modified using an appropriate numerical

method during the iteration process.

To use the procedure outlined above, the K-values must be initialized. Thisis done by first setting the K-
values of al components, except for the asphaltene fractions, to zero. Then, the K-values for the
asphaltene subfractions are initialized by assuming the mole fractions of the light liquid phase equal to the
mole fractions of feed components (except for the asphaltenes), and calculating the mole fractions of
components of the dense liquid phase from the molar masses and mass fractions of the asphaltene
fractions. The K-values are then calculated from the ratio of the asphaltene pseudo-components mole
fractions in the dense liquid phase to the mole fractions of the same pseudo-components in the light liquid
phase.

During the liquid-liquid flash calculation, the Rachford-Rice equation is solved for the moles of the dense
liquid phase by using the Newton-Raphson method or a bisection method to obtain convergence. After
convergence, the component mole fractions of each phase are calculated using the updated K-values and
the obtained moles of the dense liquid phase are used to calculate the mass of the dense liquid phase (the
precipitate) in order to determine the fractional yield of asphaltene precipitation, defined as the mass of
precipitated asphaltenes and solids divided by the mass of the heavy oil or bitumen [16]. In this
procedure, fugacities of the components in the two liquid phases were calculated with the PC-SAFT
equation of state.
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2.3 Determination of asphaltenes PC-SAFT parameters

The correlations reported in the literature for estimating the three pure-component parameters (i.e.,
number of segments per chain m, temperature-independent segment diameter o, and depth of the
potential &) characterizing the PC-SAFT equation of state for asphaltenes, are valid for asphaltene
subfractions of molar masses up to 1475 g/mol [35]. However, these correlations cannot be used to
estimate such parameters for asphaltenes that can reach very high molar masses, e.g., 15,000 g/mol.

The use of the gamma distribution function to split the asphaltenes SARA fraction into subfractions
indicates that the first asphaltene subfraction —the one with the smallest molar mass of the subfractions—
should be greater than the monomer molar mass value. The molar masses of the different subfractions
were obtained from the difference between the largest molar mass (set to 15,000 g/mol) and the monomer
molar mass, divided by the number of subfractions; i.e., 30. For the heavy oils and bitumens studied here,
the monomer molar mass value was set to 1800 g/mol [16], All these molar mass values are beyond the
range of validity of the reported correlations to estimate the PC-SAFT parameters m, o, and ¢ for

asphaltene subfractions.

This aspect isillustrated in Fig. 3, which shows the PC-SAFT parameters m, o, and ¢/k for saturates
pseudo-component as a function of the molar mass cal culated from the correlations reported by Panuganti
et al. [27,36]. As can be seen in this figure, parameters o and &/k tend to reach an asymptotic value as
the molar mass increases. If these correlations were used to calculate parameters o and ¢/k for the
asphaltene subfractions at molar masses greater than, say 2000 g/mol, al the subfractions would have
similar o and &/k values, which is not desired in practice. It is therefore necessary that parameters o

and ¢/ k increase as the molar mass of the asphaltene subfraction increases.

To circumvent this problem, we suggest the following empirical correlations for estimating the PC-SAFT

parameters m, o, and ¢/k asafunction of the molar mass of each asphaltene subfraction:

m=0.0257M +0.8444 (41)
o =0.1097InM +3.3685 (42)
&l k=32.81InM +80.398 (43)
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where M isthe molar mass of the asphaltene subfraction, and parameters o, and ¢/k are givenin units

of A and Kelvin, respectively, whereas parameter m is dimensionless.

The correlations given by Egs. (41)—(43) allow estimating the PC-SAFT parameters m, o, and ¢/k to
represent the several asphaltene subfractions resulting from the gamma distribution function. It should be
mentioned that these correlations were developed by assuming that the asphaltene subfractions behave as
long linear chains of carbons molecules. Of course, this does not correspond to the real structural form of
any asphaltenes fraction; however, it isjust a“practical” way to conceive and approximate the structural
form of the asphaltenes to predict with the PC-SAFT model the complex phase behavior of the asphaltene
precipitation process experimentally exhibited from n-alkane diluted heavy oils and bitumens.

Table 1 presents the PC-SAFT parameters m, o, and ¢/k calculated from correlations (41)—(43) for the
“hypothetical” asphaltene subfractions used in this work. These parameters are also plotted in Fig. 3. This
figure shows that, according to correlations (41)—(43), parameter m increases linearly as the molar mass
increases, while parameters o and ¢/k increase in aregular trend as the molar mass increases without

reaching an asymptotic value.

On the other hand, because the saturates, aromatics, and resins fractions obtained from the SARA analysis
are considered to be pseudo-components with molar masses not greater than 1100 g/mol for the heavy
oils and bitumens studied, it seems reasonable to use the correlations suggested by Panuganti et a. [27,
36] to estimate the PC-SAFT parameters m, o, and ¢/k for these pseudo-components. That is, the

following correlations were used

m=0.0257M +0.8444 (44)
o = 4.047 - (4.8013InM) | M (45)
&1k = exp(5.5769 — 9.523/ M) (46)

for saturates pseudo-component, and

m = (1- ) (0.0223M +0.751) + y (0.0101M +1.7296) (47)
o =(1-7)(4.1377 —38.1483/ M) + y (4.6169 — 93.98/ M) (48)
elk = (1- y)(0.00436 M +283.93) + y (508 — 234100/ M) (49)
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for aromatics + resins pseudo-component, where y is the degree of aromaticity that determine the
tendency of the aromatics + resins pseudo-component to behave as a poly-nuclear aromatic (y =1) or as
a benzene derivative component (y =0) [37]. Here, it is assumed that the heavy oils and bitumens have a
low degree of aromaticity, so that we set the aromaticity factor y to 0.01 to estimate the PC-SAFT

parameters m, o, and ¢/k for aromatics and resins pseudo-components.

Fig. 4 shows the calculated m, o, and ¢/k parameters for saturates, aromatics, and resins pseudo-
components as a function of the molar mass. The PC-SAFT parameters for aromatics and resins pseudo-
components were calculated (1) by assuming that the resins pseudo-component behaves as a poly-nuclear
aromatic and the aromatics pseudo-component as a benzene derivative component (solid lines), and (2)
by using an aromaticity factor of 0.01 (dashed lines). This figure also shows the PC-SAFT parameters for
asphaltenes calculated from correlations (41)—(43). Also showed in this figure are the calculated PC-
SAFT parameters for saturates, aromatics, and resins fractions with corresponding molar masses of 460,
522, and 1040 g/mol (solid square symbols) [16] by using an aromaticity factor of 0..01 for the aromatics
and resins pseudo-components.

3.4 Estimation of interaction parameters

Itistypical in equation of state calculations to introduce binary interactions (BIPs) for modeling the phase
behavior of complex systems such as exhibited by the system heavy oil (or bitumen)-solvent. In this case,
the BIPs are used between the heaviest most polar component (asphaltenes) and the lightest, least polar
component (the n-alkane). The interaction parameters between different asphaltene subfractions are set to
zero, and they are considered to have similar structures. The BIPs between asphaltenes and r-alkane are
assumed to be the same for all the asphaltene subfractions. Thus, the only interaction parameter used in
the modeling is the one corresponding to the interaction between asphaltene and n-alkane. All other
interactions parameters between asphaltenes + saturates, asphaltenes + aromatics, asphaltenes + resins,
saturates + aromatics, saturates + resins, and aromatics + resins pseudo-components, aromatics + n-
alkanes, and resins + n-alkanes, are set to zero.

The BIPs are generally determined by minimizing the difference between the model predictions and the
experimental data. Therefore, to increase the usefulness of the combining rule given in Eq. (13), we have

determined the binary interaction parameter &, characterizing the interactions between the asphaltene
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subfractions and the n-alkane for the PC-SAFT equation of state by minimizing the difference between
the experimental fractional yields (amount of precipitated asphaltene) and those ones calculated with the
PC-SAFT model for different concentrations of n-alkane.

The simplex optimization procedure of Nelder and Mead [38] was used in the computations by searching

the minimum of the following objective function

M Yexp _ Ycal 2
E,, = Z ('Y@C/J (50)

i=1

where (Y7 —Y) is the difference between the experimental and calculated values of fractiona yields

for an experiment i, and M isthe total number of experimental data.

In afirst attempt, we used all the asphaltene fractional yield data reported by Sabbagh et al. [16] to obtain
a single binary interaction for each bitumen or heavy oil, independent of temperature or composition.
However, we found a rather poor agreement between the experimental fractional yields and those values
calculated with the PC-SAFT model, so that we redlized than a single interaction parameter was not
enough to give a good representation of the experimental fractional yield data for any of the seven n-
alkane diluted bitumens and heavy oils investigated in this work. Therefore, to follow the behavior of
these interaction parameters as a function of the n-alkane mass fraction, we adjusted the interaction
parameter for each fractional yield datum (i.e., M =1). Thisisillustrated in Figs. 5 and 6.

Fig. 5 shows the behavior of the interaction parameter as a function of the n-alkane mass fraction from
the Athabasca bitumen diluted with n-pentane, n-hexane, and n-heptane at 296.2 K and 0.1 MPa. This
figure shows that al the interaction parameters are negative but they become less negative as the
concentration of the n-alkane increases. In this case, the interaction parameter values varied from (—0.008
to —0.002), (-0.0067 to —0.0057), and (—0.0057 to —0.0041), for n-pentane, n-hexane, and r-heptane,
respectively.

Fig. 5 aso shows that there exists a great deal of scatter among the adjusted interaction parameters, may
be due to possible experimental errors in the method of determining the asphaltene fractional yields.

Notwithstanding this fact, they were correlated to the following straight line

ky. =a-w,, +b (51)
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where £, isthe binary interaction parameter between asphaltenes and the n-alkane and it is assumed that

they are the same for all the asphaltene subfractions, w, , isthe n-alkane mass fraction, and a and b

are the two constants of the correlation. Although the values of the interaction parameters are in general
small, they are very sensitive when these are used to calculate the fractional yield at a given n-akane

composition, as will be discussed below.

Fig. 6 shows the behavior of the interaction parameter as a function of the n-alkane mass fraction from
the Athabasca bitumen diluted with n-heptane at 273.2 and 0.1 MPa, and at 296.2, 323.2, and 373.2 K all
at 2.1 MPa. This figure shows the effect of temperature and pressure upon the behavior of the interaction
parameters as a function of the n-heptane. As seen in thisfigure, the interaction parameters are negative at
the lower temperatures, irrespective of the pressure, varying from (—0.0095 to —0.0059) and (—0.0061 to
—0.0042) as the n-alkane concentration increases, similar to those showed in Fig. 5. However, as
temperature increases, the slope of the straight line changes from positive to negative. That is, the
interaction parameters varying from (-0.0013 to —0.0030) and (0.0020 to —0.0024) at 323.2 and 373.2 K
both at 2.1 MPa, respectively, as the n-alkane concentration increases. This indicates that the influence of
temperature is stronger than pressure when correlating the fractiona yield data for this bitumen diluted
with n-heptane. The same behavior is observed for the Cold Lake bitumen diluted with n-heptane at 296.2
and 323. 2K both a 2.1 MPa, and at 373.2 K and 6.9 MPa

Table 3 presents the estimated constants a and b of the linear correlations to calculate the interaction
parameters for asphaltene-n-alkane interactions of Athabasca, Cold Lake, Lloydminster, Venezuela 1,
Venezuela 2, Russia and Indonesia bitumens and heavy oils, where the n-alkane is either n-pentane, or n-

hexane, or n-heptane. They are listed according to Figs. 9-20 presented in Sabbagh et al.’ s article [16].

4. Modeling results and discussion

To investigate the ability of the PC-SAFT equation of state to predict asphaltene precipitation, the
procedure suggested by Sabbagh et al. [16] was used for calculating asphaltene fractional yields of
Athabasca, Cold Lake, Lloydminster, Venezuela 1, Venezuela 2, Russia and Indonesia bitumens and
heavy oils diluted with n-alkanes. In all the calculations, the PC-SAFT equation of state was used as the
thermodynamic model to represent the liquid phases in conjunction with interaction parameters estimated

from Eq. (51). The characteristic parameters m, o, and ¢/k for saturates, aromatics and resins pseudo-
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components, and for asphaltene subfractions, are given in Table 1, while those corresponding to the

preci pitating compounds (z-pentane, n-hexane, and n-heptane) were taken from Gross and Sadowski [28].

SARA analysis fractions (in weight %) and asphaltene average associated molar masses for the seven
bitumens and heavy oils studied in this work are given in Table 2. The average molar mass reported by
Sabbagh et a. for each SARA fraction are 460, 522, 1040, and 1800 g/mol for saturates, aromatics,
resins, and asphaltenes (monomer), respectively. Results from the modeling of the bitumens and heavy
oils diluted with an n-alkane (n-pentane, or n-hexane, or n-heptane) at several conditions of temperature
and pressure, are given below.

4.1 n-Alkane diluted heavy oils and bitumens

Figs. 70013 show the measured asphaltene fractional yields from Athabasca, Cold Lake, LIoydminster,
Venezuela 1, Venezuela 2, Russia and Indonesia bitumens and heavy oils diluted with n-alkanes (n-
pentane, n-hexane, and n-heptane) at 296.2 K and atmospheric pressure, and those ones calculated with
the PC-SAFT equation of state at the same conditions of temperature and pressure. As seen in these
figures, the calculated fractional yields are in good agreement with the experimental ones when they are

calculated using interaction parameters that depend on the n-alkane mass fraction as given by Eq. (51).

By using the PR equation of state [17] with interaction parameters between asphaltene subfractions and
the n-alkane, independents of temperature and n-alkane concentration, Sabbagh et al. [16] obtained a
reasonable representation of the asphaltene fractional yields for these heavy oils and bitumens diluted
with n-pentane, n-hexane and n-heptane. However, the representation of the asphaltene fractional yields
for the heavy oils and bitumens diluted with n-pentane was rather poor. Although, they claim that, in most
cases, the average absolute deviation was less than 0.02 (fractional yield) and that the greatest
discrepancies occurred at high n-pentane mass fractions, possibly due to that (1) the model did not
account for the partition of the resins to the dense phase, (2) there was a significant mass of trapped
maltenes (i.e., saturates, aromatics, and resing) at the high fractional yields measured in n-pentane, and (3)
the formation of multiple liquid and/or solid phases that were not accounted for in the modeling, it isclear
that a single interaction parameter independent of temperature and solvent concentration is not enough to
adequately represent the experimental data of asphaltene precipitation irrespective of the equation of state
used, as shown in Figs. 5 and 6. Of course, it is also possible that these discrepancies may be due to errors
in the experimental data as pointed out by Sabbagh et al.
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Similar results were obtained by Li and Firoozabadi [25] when they modeled the asphaltene precipitation
for the same heavy oils and bitumens using the CPA equation of state [24]. They characterized the heavy
oils and bitumens in terms of saturates, aromatics/resins, and asphaltenes. In this model, the physical
interactions were described by the PR equation of state [17] and the self-association between asphaltenes
and aromatics/resins were represented by the thermodynamic perturbation theory of Wertheim [39-42].
The model contains only one adjustable parameter, namely, the cross energy between asphaltenes and
aromatics/resins molecules that depends on the types of asphaltenes and r-alkane, and probably
temperature, but is independent of pressure and n-alkane concentration. Through the adjustment of this
parameter, they reproduced most of the experimental fractional yield data. However, for n-pentane at high
mass fractions, the fractional yield was always underestimated, in spite of considering in their model the

partitioning of resins to the dense liquid phase rich in asphaltenes.

Figs. 7-13 aso show that the PC-SAFT predictions of the fractiona yields for both low and high n-
pentane concentrations are in very good agreement with the experimental data and that the discrepancies
existing between the experimental and calculated fractional yields may be due to experimental errors and

not to the ability of the equation of state in modeling this type of systems.

The PC-SAFT equation of state has also successfully been used to modeling the asphaltene precipitation
process of several n-alkane diluted Mexican oils and their blends at 296.2 K and atmospheric pressure,
which experimentally exhibit a large region of “colloidal stability” as a function of the n-alkane mass
fraction. This wide region both limits and delays the asphaltene precipitation process. The results of the
modeling will be presented in a subsequent communication.

4.2 n-Alkane diluted heavy oils and bitumens as a function of temperature

Figs. 14-16 show the effect of temperature on the experimental and calculated asphaltene fractional
yields from Athabasca and Cold Lake bitumens diluted with n-heptane, and from Venezuela 1 heavy ail
diluted with n-pentane, respectively. Fig. 14 presents the results of the modeling obtained with the PC-
SAFT equation of state at 273.2 K and 0.1 MPa, and at 296.2, 323.2 and 373.2 K all at 2.1 MPa, whereas
Fig. 15 shows the results of the modeling realized at 296.2 and 323.2 K both at 2.1 MPa, and 373.2 K and

6.9 MPa. These figures show, in general, that there exists agood agreement between the experimental and
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calculated asphaltene fractional yields, except at 373.2 K where the representation of the experimental
data is rather poor, may be due to some experimental difficulties to obtain consistent data at this
temperature, as pointed out by Sabbagh et a. [16]. These figures also show that the asphaltene fractional

yield decreases as temperature increases, irrespective of the pressure.

Fig. 16 presents the results of the modeling at 273.2 and 296.2 K both at 0.1 MPa. An examination of this
figure shows that there is a poor agreement between the experimental and calcul ated asphaltene fractional
yields for the two sets of experimental data. These discrepancies are due to that the adjusted interaction
parameters do not follow a linear trend in function of the n-pentane mass fraction, so that it was not
possible to obtain a suitable linear correlation from these interaction parameters. For instance, the
adjusted interaction parameter at 296.2 K, which correctly matches the experimental asphaltene fractional
yield, was —0.00713 for an n-pentane mass fraction of 0.3832, but this interaction parameter becomes
more negative as the n-pentane mass fraction increases up to reach a value of about 0.6. Then, the
interaction parameters turn back to be less negative as the n-pentane mass fraction increases reaching a
value of —0.00557 at an n-pentane mass fraction of 0.9267. Consequently, the interaction parameter
estimated from the linear correlation given by Eq. (51) was not able to correctly predict the asphaltene
fractional yield at the n-pentane mass fraction of 0.3832, as can be seen in this figure. This example
illustrates the strong effect of the interaction parameters in predicting the asphaltene precipitation for the

heavy oils and bitumens studied in this work.

4.3 n-Alkane diluted heavy oils and bitumens as a function of pressure

Figs. 17-18 show the effect of pressure on the experimental and calculated asphaltene fractional yields
from the Athabasca and Cold Lake bitumens, respectively, diluted with n-heptane at 296.2 K and
pressures of 0.1, 2.1, and 6.9 MPa. These figures show that the asphaltene fractional yields obtained with
the PC-SAFT equation of state are, on the whole, in good agreement with the experimental data for both
bitumens diluted with n-heptane. Also observed in these figures is the little effect of pressure on the
experimental and cal culated asphaltene fractional yields; the experimental and calculated fractional yields
decrease only slightly with pressure for both bitumens. This indicates that the effect of temperature on the
asphaltene fractional yields is stronger than the effect of pressure.
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Finally, it is worth mentioning that the modeling results of asphaltene precipitation show a decrease in the
amount of precipitated asphaltene at high n-alkane fractions (high dilution) for most of the figures
presented above (see Figs. 7-18), whereas the experimental data points follow a different trend. As can be
seen in these figures, the PC-SAFT EoS is able to give good results both for the onset point at which the
precipitation begins and for the fractional yields at different n-alkane mass fractions (usualy less than
0.9). These figures also show that at high n-alkane mass fractions, the model predicts a maximum in the
fractional yield, but at higher n-alkane mass fractions a decrease in the precipitated asphaltene is
observed. An explanation of this behavior isthat, in thermodynamic models, the asphaltenes have a small
solubility in n-alkanes. However, at very high n-alkane mass fractions, the concentration of asphaltenesin
the system is very small and the small amount that remains soluble reduces the amount of precipitated
asphaltene, so that the decreasing in the fractional yield is a result of dilution effects that become

dominant.

5. Conclusions

The ability of the PC-SAFT thermodynamic model to predict the asphaltene precipitation process
obtained by the addition of an n-alkane to seven bitumens and heavy oils at different conditions of
temperature and pressure was investigated. The results obtained showed that this equation of stateis able
to satisfactorily represent the precipitation process of the asphaltenes for these bitumens and heavy oils by
using linear correlations for the binary interaction parameters of asphaltene (subfractions)—n-alkane as a

function of the n-alkane mass fraction.

Liquid-liquid equilibrium was assumed between a dense liquid phase (asphaltene-rich phase), which only
asphaltenes were allowed to partition, and a light liquid phase. The calculated fractional yields showed to
be very sensitive to the interaction parameter value. The heavy oils and bitumens were characterized in
terms of saturates, aromatics, resins, and asphaltenes fractions. The saturates, aromatics, and resins
fractions were considered as single pseudocomponents, whereas the asphaltenes fraction was divided into
subfractions of different molar mass based on a gamma distribution function. The use of a gamma
distribution function considering the self-aggregation of the asphaltenes through the average associated
molar mass, proved to be suitable for representing the molar mass distribution of the asphaltene
subfractions for the PC-SAFT equation of state.
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Table 1. PC-SAFT parameters for saturates, aromatics, and resins pseudo-components, “ and asphaltene

subfractions.’

Component M m o elk
g/mol A K

Saturates 460.0 12.6664  3.9830 258.84
Aromatics 522.0 12.3377  4.0683 288.23
Resins 1040.0 23.8259  4.1053 290.59
Asph. subfract. 1 2191.6 57.1696  4.2124 332.79
Asph. subfract. 2 2569.4 66.8784  4.2298 338.00
Asph. subfract. 3 2956.6 76.8296  4.2452 342.61
Asph. subfract. 4 3364.8 87.3189  4.2594 346.85
Asph. subfract. 5 3785.5 98.1314  4.2723 350.72
Asph. subfract. 6 4213.0 109.1177  4.2840 354.23
Asph. subfract. 7 4644.3 120.2028  4.2947 357.43
Asph. subfract. 8 5078.0 131.3484  4.3045 360.35
Asph. subfract. 9 5513.2 1425331 4.3136 363.05
Asph. subfract. 10 5949.4 153.7445 4.3219 365.55
Asph. subfract. 11 6385.4 164.9749  4.3297 367.88
Asph. subfract. 12 6823.9 176.2193  4.3370 370.05
Asph. subfract. 13 7261.9 187.4741 4.3438 372.09
Asph. subfract. 14 7700.1 198.7371  4.3502 374.01
Asph. subfract. 15 8138.6 210.0065 4.3563 375.83
Asph. subfract. 16 8577.3 221.2810 4.3620 377.55
Asph. subfract. 17 9016.2 2325598 4.3675 379.19
Asph. subfract. 18 9455.2 243.8419 4.3727 380.75
Asph. subfract. 19 9894.3 255.1269  4.3777 382.24
Asph. subfract. 20 10333.5 266.4144  4.3825 383.67
Asph. subfract. 21 10772.7 277.7039 4.3870 385.03
Asph. subfract. 22 112121 288.9952 4.3914 386.34
Asph. subfract. 23 11651.5 300.2880 4.3956 387.60
Asph. subfract. 24 12091.0 311.5821  4.3997 388.82
Asph. subfract. 25 12530.5 322.8774  4.4036 389.99
Asph. subfract. 26 12970.0 334.1737  4.4074 391.12
Asph. subfract. 27 13409.6 3454709 4.4111 392.22
Asph. subfract. 28 13849.2 356.7689  4.4146 393.27
Asph. subfract. 29 14288.8 368.0676  4.4180 394.30
Asph. subfract. 30 14728.5 379.3670 4.4214 395.29
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“ Calculated from Panuganti et a.’s correlations [27, 36].
’ Calculated from correlations (41)—(43).
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Table 2. SARA analysis (wt %) of heavy oils and bitumens,“ asphaltene average associated molar mass*

(M) , and average aggregation number (r).

Bitumen or Saturates  Aromatics  Resins  Asphatenes  Solids M r
Heavy Qil g/mol

Athabasca 16.3 39.8 28.5 14.6 0.8 4200 2.33
Cold Lake 19.4 38.1 26.7 15.3 0.5 4050 2.25
Lloydminster 23.1 41.7 195 15.1 0.6 4000 2.22
Venezuelal 154 44.4 25.0 15.0 0.2 4290 2.38
Venezuela 2 20.5 38.0 19.6 21.8 0.1 4290 2.38
Russia 25.0 311 37.1 6.8 0.0 4800 2.67
Indonesia 23.2 33.9 38.2 4.7 0.0 3960 2.20
“ Ref. [16].
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Table 3. Constants for determining the binary interaction parameters between asphaltene subfractions of

heavy oils and bitumens and each n-alkane according to correlation k, =a-w, 4 +b.

Bitumen or T P n-Pentane n-Hexane n-Heptane
Heavy Oil

K MPa a b a b a b
Athabasca 296.2 0.1 0.0097 -0.0134 0.0021 -0.0078 0.0034 -0.0076
Cold Lake 296.2 0.1 0.0031 -0.0064 0.0030 —0.0086 0.0022 -0.0066
Lloydminster 296.2 0.1 0.0114 -0.0124 0.0019 -0.0069 0.0033 -0.0065
Venezuelal 296.2 0.1 0.0095 -0.0142 0.0052 -0.0091
Venezuela 2 296.2 0.1 0.0074 -0.0113 0.0028 -0.0070
Russia 296.2 0.1 0.0105 -0.0161 0.0034  -0.0093
Indonesia 296.2 0.1 0.0207 -0.0254
Athabasca 2732 01 0.0103 -0.0152
Athabasca 296.2 21 0.0068 -0.0105
Athabasca 3232 21 —0.0031  -0.0001
Athabasca 3732 21 -0.0183 0.0141
Cold Lake 296.2 21 0.0052 -0.0086
Cold Lake 3232 21 -0.0015 -0.0008
Cold Lake 3732 6.9 -0.0138 0.0128
Venezuelal 2732 01 0.0060 -0.0155
Venezuelal 296.2 0.1 0.0089 -0.0139
Athabasca 296.2 0.1 0.0034 -0.0077
Athabasca 296.2 21 0.0066  —0.0102
Athabasca 296.2 6.9 0.0056  —0.0093
Cold Lake 296.2 0.1 0.0021 -0.0064
Cold Lake 296.2 21 0.0050 -0.0083
Cold Lake 296.2 6.9 0.0071  -0.0096
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FIGURE CAPTIONS

Fig. 1. Flow diagram to calculate liquid-liquid equilibrium for asphaltene precipitation (adapted from
Sabbagh [31]).

Fig. 2. Flow diagram for Rachford-Rice flash cal culation (adapted from Sabbagh [31]).

Fig. 3. PC-SAFT parameters m, o, and &/k as a function of molar mass for saturates pseudo-
component and asphaltene subfractions.

Fig.4 PC-SAFT parameters m, o, and &/k asafunction of molar mass for saturates, aromatics, and
resins pseudo-components, and asphaltene subfractions.

Fig. 5. Binary interaction parameters as a function of n-alkane mass fraction from Athabasca bitumen
diluted with n-alkanes at 296.2 K and 0.1 MPa.

Fig. 6. Binary interaction parameters as a function of n-alkane mass fraction from Athabasca bitumen
diluted with n-heptane at 273.2 K and 0.1 MPa, and at 296.2, 323.2 and 373.2K al at 2,1 MPa.

Fig. 7. Experimental and calculated fractional yield from Athabasca bitumen diluted with n-alkanes at
296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et al. [16], solid lines are
calculated fractiona yields with the PC-SAFT EoS, and dotted line is the solids content.

Fig. 8. Experimental and calculated fractional yield from Cold Lake bitumen diluted with n-alkanes at
296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et al. [16], solid lines are
calculated fractiona yields with the PC-SAFT EoS, and dotted line is the solids content.

Fig. 9. Experimental and calculated fractional yield from LIoydminster heavy oil diluted with n-alkanes
at 296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et al. [16], solid lines are
calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids content.

Fig. 10. Experimental and calculated fractional yield from Venezuela 1 heavy oil diluted with n-alkanes
at 296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et al. [16], solid lines are
calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids content.

Fig. 11. Experimental and calculated fractional yield from Venezuela 2 heavy oil diluted with n-alkanes
at 296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et al. [16], solid lines are
calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids content.

Fig. 12. Experimental and calculated fractional yield from Russia bitumen diluted with n-alkanes at
296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et a. [16], solid lines are
calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids content.

Fig. 13. Experimental and calculated fractional yield from Indonesia bitumen diluted with n-pentane at
296.2 K and 0.1 MPa. Symbols are experimental data from Sabbagh et a. [16], solid lines are
calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids content.

56
Page 29 of 42



Fig. 14. Experimental and calculated fractiona yield from Athabasca bitumen diluted with n-heptane at
296.2 K and 0.1 MPaand at 296.2, 323.2, and 373.2 K al at 2.1 MPa. Symbols are experimental
data from Sabbagh et a. [16], solid lines are calculated fractional yields with the PC-SAFT EoS,
and dotted line is the solids content.

Fig. 15. Experimental and calculated fractiona yield from Cold Lake bitumen diluted with »n-heptane at
296.2 K and 2.1 MPa, 323.2 K and 2.1 MPa, and 373.2 K and 6.9 MPa. Symbols are
experimental data from Sabbagh et al. [16], solid lines are calculated fractiona yields with the
PC-SAFT EoS, and dotted lineis the solids content.

Fig. 16. Experimental and calculated fractional yield from Venezuela 1 bitumen diluted with »-pentane at
273.2 and 296.2 K both at 0.1 MPa. Symbols are experimental data from Sabbagh et a. [16],
solid lines are calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids
content.

Fig. 17. Experimental and calculated fractional yield from Athabasca bitumen diluted with n-heptane at
296.2 K and 0.1, 2.1, and 6.9 MPa. Symbols are experimental data from Sabbagh et al. [16],
solid lines are calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids
content.

Fig. 18. Experimental and calculated fractional yield from Cold Lake bitumen diluted with n-heptane at
296.2 K and 0.1, 2.1, and 6.9 MPa. Symbols are experimental data from Sabbagh et al. [16],
solid lines are calculated fractional yields with the PC-SAFT EoS, and dotted line is the solids
content.
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