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THERMODYNAMIC MODELING FOR ORGANIC SOLID PRECIPITATION

By Ting-Horng Chung

ABSTRACT

A generalized predictive model which is based on thermodynamic principle for solid-liquid
phase equilibrium has been developed for organic solid precipitation. The model takes into
account the effects of temperature, composition, and activity coefficient on the solubility of wax
and asphaltenes in organic solutions. The solid-liquid equilibrium K-value is expressed as a
function of the heat of melting, melting point temperature, solubility parameter, and the molar
volume of each component in the solution. All these parameters have been correlated with
molecular weight. Thus, the model can be applied to crude oil systems. The model has been
tested with experimental data for wax formation and asphaltene precipitation. The predicted wax
appearance temperature is very close to the measured temperature. The model not only can match
the measured asphaltene solubility data but also can be used to predict the solubility of asphaltene
in organic solvents or crude oils. The model assumes that asphaltenes are dissolved in oil in a true
liquid state, not in colloidal suspension, and the precipitation-dissolution process is reversible by
changing thermodynamic conditions. The model is thermodynamically consistent and has no
ambiguous assumptions.

INTRODUCTION

Organic deposition is a common problem in oil production and processing. The constituents
of deposited organic substances are complicated and may contain asphaltenes, asphaltic resins,
wax, and some heavy hydrocarbons. There may be some solid fines and water trapped in the
precipitated organic solid. Deposition may occur in reservoir formations, wellbores, production
tubing, submersible pumps, surface equipment, pipelines, storage tanks, and refining process
equipment. Organic deposition in tubing and production facilities will cause operational difficulties
and necessitate costly treatments to remove the deposits. This problem is particularly serious in
offshore oil production. In miscible gas flooding, asphaltene deposition often occurs in the
wellbore region after gas breakthrough and causes plugging. Organic deposition may also occur in
refining process facilities such as desalter and heat exchanger. The organic deposition problem has
confronted the petroleum industry for many decades. It is important to producers that any potential
organic deposition problems can be predicted so that a production strategy can be designed to
prevent or mitigate, if possible.

Organic deposition is caused mainly by the change in temperature and pressure or oil
composition. Electrical and other factors may promote peptization of the asphaltic material and



induce asphaltene precipitation.!2 The solubility of heavy hydrocarbons in crude oil depends very
strongly on temperatur- und the lighter components in crude oil. When the temperature of the oil is
decreased, the long-chain paraffinic components may precipitate in the form of solid wax crystals.
Asphaltenes and other hydrocarbons may also co-precipitate with the wax crystals. Asphaltene
solubility in oil is susceptible to the compositional change of the oil. Adding light alkanes ( e.g.,
Cs3, nCs, nCy, etc.) to crude oil can reduce the solubility of asphaltenes in the crude oil and cause
asphaltene precipitation. Laboratory studies have indicated that carbon dioxide can alsc cause
precipitation of asphaltene from crude o0il.3 Organic deposition is a complicated problem,
especially for asphaltenes. Because of the limitation of analytical techniques, the nature of
asphaltene in crude oils is not understood. Light scattering technique is not applicable in the case
of asphaltene solution because of the presence of an intense fluorescence signal and optical
absorption.4 Other techniques such as small angle X-ray scattering, small angle neutron scattering,
and gel permeation chromatography have been applied for asphaltene structure study. There is still
no conclusive answer to the structure of asphaltene. Published data for the molecular weight of
petroleum asphaltenes varies in accordance with analytical method used, and the difficulty for
asphaltene characterization has impeded modeling work. Therefore, the developed models for
asphaltene precipitation are still diverse.> When compared with asphaltene, wax is relatively
easier to model because the chemical and physical properties of wax are better understood. Several
models have been successfully developed for wax precipitation.6-9

There are two different approaches for asphaltene precipitation modeling. One is based on
the assumption that asphaltenes are dissolved in oil in a true liquid state and may precipitate as a
result of changing thermodynamic conditions.!0 This approach considers the asphaltene
precipitation process to be thermodynamically reversible. The complete dissolution of asphaltenes
in some organic solvents, such as toluene and benzene, supports this assumption. The other
approach is based on the assumption that asphaltenes are solid particles colloidally suspended in
crude oil which are stabilized by the adsorbed resin molecules.2 When the adsorbed resin
molecules are dissvlved into solution, asphaltene particles may aggregate mechanically or by
electrostatic attraction. This concept is based mainly on titration experiments which demonstrate
that once the adsorption equilibrium of resins between solid (asphaltene) and liquid phases is
disturbed by adding paraffinic solvents, the asphaltene particles flocculate irreversibly. Whether
the asphaltene-crude solution is a true solution or a colloidal suspension is still debatable.
Systematic studies, starting from simple binary or ternary systems instead of the complicated crude
oil systems, can be more helpful for understanding asphaltene solution properties.

The reversibility assumption implies that thermodynamic models can be used to describe
asphaltene-crude oil phase behavior. A simplified thermodynamic model was proposed by
Hirschberg, et al.10 This model describes the solubility of asphaltenes in crude oil by polymer



solution theory. The asphaltene molecules are considered to be similar in structure and behavior to
polymer molecules. A simplified expression for the maximum volume fraction of asphaltene
soluble in crude oil was proposed. In this approach, a vapor-liquid equilibrium calculation is
performed to determine the composition of the liquid phase, and then a modified Flory-Huggins
modell1117 is used to calculate the solubility of asphaltene in the liquid phase. Experimental
titration data are needed to tune the model parameters for asphaltene. Some experimental results
show that the precipitated asphaltene is a mixture with virtually continuous distribution of
molecular weights.!2 To formulate a continuous mixture model for asphaltene, Mansoori et
al.13.14 have proposed a continuous thermodynamic model by applying the heterogeneous polymer
theory15:16 and assuming the asphaltene behaves as a heterogeneous polymer. The resulting
model is complicated and needs more detailed information about the molecular distribution of
asphaltenes in both the oil phase and solid phase, that is usually unobtainable. Neither of these
two models have been rigorously tested with simple well-defined systems.

Experiments have been conducted in this work to measure the solubility of asphaltene in
toluene and in mixtures of normal paraffins and toluene. The results of these well defined systems
were used to test the models reported in the literature. It was found that the simplified model
proposed by Hirschberg, et al.10 cannot adequately explain the observed solubility results, most
probably due to inadequacy in the assumptions. The model developed in this work is based on
thermodynamic principle for solid-liquid phase equilibrium. The model is generalized for both
wax and asphaltene precipitation. Because the mole fractions of asphaltenes in crude oil are
usually very small, there is no need to separate the asphaltenes into detail as a polydispersed
mixture. In this model, asphaltenes are treated as a lumped pseudo-component and the other
components are considered as solvents. This model is thermodynamically consistent and can
predict wax and asphaltene precipitation with reasonable accuracy for either simple or complicated
systems.

Thermodynamic Model
Assuming that the solid hydrocarbon mixture is in a solution form, at solid-liquid
equilibrium, the fugacity of component-i in solid phase, f,-s, must be equal to the fugacity of the

e L .
same component in liquid phase, f;, i.e.,

f;g:f:{‘ (1)

where the fugacities of the i-th component in solid and liquid phases are defined respectively by



P

S
) § 08 vidP
fi=Yxfi expl] —+—
Voxif ex pos
0 2
L LooL ViLdP
fi = #xi i expl —E“]
0 3)

where Yi, x;, v;, and f{ are the activity coefficient, mole fraction, molar volume, and standard state
fugacity of component-i , respectively. The superscript S stands for solid state, and L for liquid
state.

The solid-liquid equilibrium constant, K,-SL , 1s then derived by combining Eqgs. 1, 2, and 3,

P
kSt = xj = (Z‘L-) ¢ ‘OL) exp AvidP
, R

X w @

LS
where 4vi= Vi - v;

In Eq. 4, the equilibrium constant is determined by three factors: the first term on the right-
hand side is the effect of molecular interaction between components, the second term is the effect
of temperature, and the third term is the effect of pressure. Thus, Eq. 4 is a general representation
for a solid-liquid equilibrium constant.6

In solid-liquid systems, the change in molar volume, Av; = v,!‘ - vf’ is small. Thus, the third
term usually can be neglected if there is no significant pressure change.

The relation between the standard state fugacity of component-i in the solid phase, f,-"s, and
that in the liquid phase, ffOL, can be derived by calculating the Gibbs energy change of pure
component-i from solid to liquid,6-11,17

ndisy =y Ty ACey T, T

f?s RT T{ R T T (5)

where Ah,l and T{ are the latent heat of melting and melting point temperature of solute-i,
respectively. ACp is the difference of heat capacity between the two phases, and R is the universal
gas constant. The second term is usually small and can be neglected.

Assuming that in solid phase, the interactions among all components are the same. Thus, the
solid-phase activity coefficient, )’,Y is assumed to be equal to unity. To take into account of the

nonideality of liquid solution, the liquid phase activity coefﬁcient,)’{“, can be derived from the



excess Gibbs free energy. By considering both enthalpy and entropy effects on free energy,!1:17 a
thermodynamic model for the change of excess Gibbs energy in mixing, AG E s given as

AGE _AHE A _i_ NVm ;i
RT . RT ZZAu@%Jrznln( ) ©

2
where N Viu=Znv;, Aij7=(6-8)", and the superscript E denotes the excess property. According to
thermodynamic relationship, one can obtain the activity coefficient from Eq. 6

E

¢1 V;
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where the solubility parameter, &;, and volume fraction, @i for each component-i in liquid phase are
defined and presented in many standard textbooks,! 1,17

s

¢;=ZiYi
Vim 9)
The average solubility parameter, §,,, and the average molar volume, Vy,, for solution are given as

5m = 2¢,‘5,‘ , Vin = Zxv; (10)

Under no significant change in pressure, combining Egs. 4 to 7, gives

5 S L 2 L L
Kt =20 = oxp ABL1 vy + YiSh-68) +inYi 41 - Yi
xk RT RT Vo Vm an

In Eq. 11, the equilibrium K-value for each component is determined by temperature, liquid-
phase composition, x;, which is imbedded in V,,, and §,,, and properties such as the heat of
melting, melting temperature, molar volume, and solubility parameter for each component.30
Since the heat of melting, Ah,f , is usually a large value, the first term is dominant in determining
solid precipitation. It must therefore be expected that the component with the highest heat of
melting is the first to precipitate. The contribution of the first term also depends on temperature.
Components with higher melting temperatures have greater tendency to precipitate. The second
term is the enthalpy contribution. Adding more light components will reduce the average solubility
parameter of solution, 8,,, and thus increase the K-value. Therefore, adding a large quantity of
light components to a solution may cause precipitation for some components with high solubility



parameters. The remaining terms on the right-hand side are the entropy contributions to the
solubility. The entropy effect is adverse to the enthalpy effect. Adding more light components to
the solution will increase the molar volume ratio, vi/Vy,, and thus increase the solubility of the
heavy components.

The equilibrium compositions of component-i in the solid and liquid phases have to satisfy
not only the equilibrium condition, Eq. 11, but also the material balance. Following the same
procedure as in the vaper-liquid equilibrium calculation, the solid-liquid equilibrium calculation is
then performed by solving Eq. 11 with the following mass balance equations simultaneously,

2K 1)

FSt=3x8 sxl=x
(1 +;§(K,-S’~- ]

=0

(12)

xk= zy{l +3(KE 1)]
F (13)

S_  wSL S gSL
x5 = 7K, {1 + 2K 1)] a4

where Z;» -’C,'L » and Xis are the compositions of the crude oil (before precipitation), the equilibrium
liquid oil (after precipitation) phase, and the precipitated solid phase, respectively. S/F is the mole
fraction of solid (precipitated phase) to feed (crude oil). The onset of solid formation is the point at
which the solid fraction (S/F) approaches zero. The solution algorithms are the same as those used
in the vapor-liquid equilibrium calculations.

Parameter Correlations

In Eq. 11, one needs information for the heat of melting, melting temperature, molar volume,
and solubility parameter for each component. These properties are usually available in the literature
for most pure substances, while data on the properties of high-molecular-weight compounds and
petroleum fractions are not obtainable. Won67 has proposed the following correlations for
estimating the melting point temperature, heat of melting, and molar volume:

T{ =374.5 + 0.02617 MW; 20172/MW; (15)
Ah{ = 0.1426 T, (MW)) (16)
Vi = MWi/(0.8155+0.6272x10“M Wi - 13.06/M W;) a7)



where MW; is the molecular weight. In this work, a correlation was developed for the liquid phase
solubility parameter based on the values given by Won?,

8 =6.993 + 0.781P - 0.0495°-10.235/p,
B=In(MW) (18)

The above correlations are developed based on the values of normal paraffins. As shown in
Figs 1 and 3, these properties are very dependent on molecular structure. There are significant
differences in values of these properties between two different groups of compounds even though
they have the same molecular weight. With Egs. 15 to 18, the model usually overpredict the wax
appearance temperature, as will be shown in the next section. To improve the prediction accuracy,
the following empirical correlations were used to replace Egs. 16, 17, and 18.

Ahf = 0.95 (WM)°3 (19)
VE =3.8 (WM;)° 788 (20)
5 =6.743 + 0.938 - 0.03955°-13.039/8  B=In(MW)) Q1)

These correlations are oversimplified and used only for undefined C7-plus fractions.

Application For Wax Formation

The majority of crude oils contain substantial amounts of petroleum wax. Petroleum waxes
are of two types: paraffin waxes of n-alkanes ranging from Cpg to C4¢, and microcrystalline or
amorphous waxes of high-molecular-weight iso-alkanes and cyclo-alkanes. 18,28 The former type
of wax generally crystallizes as large needles or | "ates. In contrast to petroleum wax, petrolatum
(jelly type) does contain both solid crystalline (essentially microcrystalline wax) and liquid
hydrocarbons.28 The deposited waxes usually contain both paraffin waxes and petrolatum.
Purified paraffin waxes are only obtainable in laboratory. The high molecular weight paraffins
which have higher melting enthalpy are readily solidified as temperature drops. Wax formation is
due mainly to temperature drop. As long as the temperature remains high, the wax phase will melt
and dissolve into crude oil. The process is thermodynamically reversible. To apply phase
equilibrium criteria, the wax phase is treated as a homogeneous solid solution, which is in
equilibrium with a liquid solution. In the application of the developed thermodynamic model, it is
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of particular interest to predict the wax appearance or precipitation temperature, traditionally known
as the cloud point, at which crystallization commences. Another important information is the
amount of wax formed in the solution at any given temperature. By solving Egs. 11 to 14
simultaneously, one can obtain such information with a given state condition and detailed oil
composition. Furthermore, the model will predict the compositions of the precipitated solid phase
and the remaining oil phase.

Three oil samples from the North Sea8.9 were used as examples. Because wax precipitation
is a serious problem in the North Sea, much research has been targeted to the North Sea
crudes.8.9:18-20 The composition and the molecular weight of each component for the three oil
samples are given in Table 13:9. More detailed information regarding these oil samples is
available.8:9.18-20 The predicted wax appearance temperatures (WAT) for the three oils are also
given in Table 1. As compared with experimentally determined WAT, our predicted values using
Egs. 19 to 21 are close to measured values, while the predicted results using Egs. 15 to 18 are
substantially higher than measured values. The WATs were determined by low-resolution pulsed
NMR method!? for the first sample and by microscopy? for the other two samples. Comparison
of different methods—microscopy, viscosity, differential scanning calorimetry (DSC), and pulsed



TABLE 1
Oil Samples and the Wax Appearance Temperatures ("NAT)

Sample No. 1! Sample No. 22 Sample No. 32
Components Mol. % Mol. wt. Mol. % Mol. wt. Mol. % Mol. wt.
C1 1.139 16.0
C2 0.507 30.1
Cc3 0.481 44.1 SC4 0.280 29.0 0.197 38.0
Cc4 1.197 58.1 '
Cs 1.628 72.2 3.057 71.0 13.390 65.0
C6 2.003 86.2 2.292 82.0 6.237 81.0
Cc7 5.478 90.9 6.623 91.0 9.548 97.0
C8 8.756 105.0 6.877 103.0 9.239 106.0
C9 7.222 117.7 5.578 116.0 7.293 119.0
C10 5.414 132.0 4.789 132.0 3.948 134.0
Cl1 5.323 148.0 3.311 147.0 3.704 148.0
C12 4.571 159.0 3.668 163.0 4.036 162.0
C13 5.289 172.0 3.031 175.0 3.509 177.0
Ci4 4.720 185.0 4.916 190.0 2.898 188.0
C15 4.445 197.0 4.636 205.0 3.228 201.0
Ci6 3.559 209.0 2.420 215.0 2.585 215.0
Cc17 3.642 227.0 4.432 237.0 2.390 234.0
Ci18 3.104 243.0 3.821 251.0 2.233 250.0
C19 2.717 254.0 3.311 262.0 1.972 264.0
C20 2.597 262.0 2.649 268.0 Cpp+ 23.593 489.0
C21 1.936 281.0 2.955 284.0
Cc22 2.039 293.0 2.674 299.0
C23 1.661 307.0 2.776 315.0
C24 1.616 320.0 2.522 330.0
C25 1.421 333.0 2.216 342.0
C26 1.233 346.0 2.191 352.0
Cc27 1.426 361.0 1.426 371.0
C28 1.343 374.0 1.808 385.0
C29 1.300 381.0 2.012 399.0
C30+ 13.234 624.0 13.729 578.0
WAT (Exp.) = 315K 308K 314K
WAT (pred.) = (a) 319K 318K 312K
= (b 341K 338K 330K

(a) Use equations 12, 16, 17, and 18; (b) Use equations 12 to 15.
! Data from reference 9.
2 Data from reference 8.
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NMR—have been conducted for the first sample!8-20, The determined WATs were 304 K
(microscopy), 296 K (viscosity), 284 K(DSC), and 315 K(NMR). It can be seen that the
measured WAT is very dependent on the experimental method used. Many factors can affect the
WAT measurement. Also, it was found that the measured WAT and the wax dissolution
temperature (WL T) were not the same. For the first sample, the WDT was about 19 K higher than
the WAT measured by microscopy and 27 K higher by the DSC method!8. The amount of wax
precipitated at a given temperature is even harder to determine since the waxy crystals entrapped
significant amounts of liquid. Also, precipitated wax contains crystalline and amorphous fractions.
Thus, determinations of wax quantity precipitated at different temperature conditions depend on the
definition of wax and the method used. Methods such as pulsed NMR (described by Pedersen et
al.19) and the so-called "acetone precipitation t¢chnique" (described by Burger et al.2!) have been
developed to dewwrmine solid-wax content. The quantity obtained by the filtration method will be
significantly higher than the quantities of waxy crystals. However, in field cases the precipitated
wax does contain entrapped liquid hydrocarbons. Therefore, the amount of wax precipitation
determined in the laboratory, based on the amount of solid-ciystals, will be much lower than that
occurring in the field.

Since the petroleum fractions contain complicated components, and the content of n-paraffins
decreases with increasing carbon number, those correlations used to estimate the values for
T{, Ah{, Vi, and &; may not be accurate for C7, characterization. Unfortunately, there is no data
available to verify them. One can tune these parameters to match the experimental result. For
example, Pedersen et al.9 introduced an empirical parameter to Eq. 16 to reduce the estimated
values of Ah,( by a factor of 0.5148.

Another factor affecting the predicted results is the composition of heavy fractions. The first
two samples were cut up to Cag and the remaining more than 13 mol % were lumped as C304. The
third sample was cut only up to Cjg and left more than 23 mol % as a lumped component. The
compositional analysis did not give detailed paraffinic, naphthenic, and aromatic components in
each fraction. Since most of the heaviest component will first precipitate when temperature drops
down to the WAT, the fraction of solid phase will suddenly jump from zero to a very large value.
This obviously is not the phenomenon that was observed in experiments In order to get more
accurate predictions for wax precipitation, an extended compositional analysis for the "plus”
fractions is needed. Furthermore, information of the contents of paraffins, naphthenes, and
aromatics in each fraction will be helpful in improving the prediction.8

Application For Asphaltene Precipitation
Asphaltenes are very complex in molecular structure and their molecular weight varies with
the crude oil and solvent used.# The average molecular weights are generally in the range of 1,000

11



to 10,000. There is no agreement in the molecular weight determination for asphalienes. Because
the molecular weights of asphaltenes are so large, the molar fraction of asphaltenes in crude oil
becomes too small to be computed accurately in molar base. The phase equilibrium calculation
algorithm mentioned in the above section for wax prediction is impractical for the prediction of
asphaltene precipitation. For asphaltenes, the model is simplified by assuming that the solid phase
contains only pure component a (asphaltene). Eq. 11 then can be rewritten for the solubility of
solid asphaltene a in solvents as

S L 2 L L
L= expl-Mamyrh - Yask b . 1@~1+”L]
Xg exp,: 'E'f( 2 ﬁ( m-Og ) an V., 22)

where x is the mole fraction of asphaltene in solution. With the assumption of ideal solution,
Eq. 22 can be further simplified as

f
xb= ex [ —4—}3§—(1-T/Tf)}
R Y (23)

Many petroleum engineers have adopted the model developed by Hirschberg, et al.10 to
correlate the asphaltene precipitation data. Their model treated asphaltenes as a polymer and
asphaltene-free oil as solvents, and employed the Flory-Huggins polymer solution theory!1.17 to
model the asphaltene solubility in oil. The model gives a simplified expression for the maximum
volume fraction, ¢L, of asphaltenes in the solution as,

L L
aL = exp{‘;’ii -1- %3#50-55)2}

where the superscript L denotes the properties of the liquid phase (oil); the subscripts a and s
denote the asphaltene and solvent, respectively. This model was developed (see Appendix A) with
the following assumptions:

(24)

(1) The precipitated asphaltenes are still considered as a liquid phase, thus, the reference
states for both of the precipitated asphaltenes and the dissolved asphaltenes are the same, i.e.,
Eq. 5 equals zero.

(2) The precipitated phase is pure in asphaltene, i.e., ¢i=1.

(3) The Flory-Huggins theory was simplified by assuming that the volume fraction of
solvent in solution approaches one, i.e., ¢f — 1.

In Eq. 24, the solubility parameter, &,, and the molar volume, v, , of asphaltene are unknown
parameters which have to be determined by matching the results of titration experiments. The
values obtained by Hirschberg et al.!0 are vg = 4000 cm3/mol, and §,=9.53(cal/cm3)}/2. The

obtained solubility parameter of asphaltene is close to the solubility parameter of naphthalene.
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However, this model has not been rigorously tested with experimental data by using non-fitted
parameters.

In order to test the accuracy of the three models: Egs. 22, 23, and 24, we selected well-
defined systems: naphthalene with organic solvents (benzene, n-hexane, and chloroform). Since
naphthalene properties, and all required parameters for these systems, are available in the
literature,22 no data fitting was involved in these tests. The predicted naphthalene solubilities in the
three solvents at the specified temperatures are given in Table 2.

It can be seen that the model proposed by Hirschberg et al.10 overpredicts the naphthalene
solubilities in benzene and chloroform. As expected, the ideal-solution approximation, Eq. 23,
predicts the same value for the solubility of naphthalene in different solvents for a given
temperature, because the model neglects the effect of intermolecular forces. Other tests have also
shown that the model, Eq. 22, developed in this work is more accurate and can give reasonably
accurate predictions for the solubilities of solids in non-associating solvents. The model developed
by Mansoori, et al.13:14 using a heterogeneous polymer solution theory also has the same defect as
Eq. 24.

The activity coefficient of solid in the liquid phase, Eq. 7, is valid only for nonpolar or weak-
polar solvent systems. For highly polar or associating solvents, the activity coefficient has to be
estimated by other methods such as the group contribution models.

TABLE 2
Predicted Results of the Solubilities of Naphthalene in Organic Solvents

NAPHTHALENE SOLUBILITY, Mol. %

Calculated
Solvent T (K) Experiment Ideal This work Hirschberg et al.
Eq. 23 Eq. 22 Eq. 24
Benzene 298.2 21.7 23.8 233 105.1
n-Hexane 289.2 — 23.8 8.7 29.6
313.2 22.2 43.6 21.3 32.3
Chloroform 313.2 47.3 43.6 43.8 168.4

Naphthalene: Ahf= 4541 calimol T/ =353.4K V=111.5 cm3imol, § =9.74 (cal/cm3)w2

13



Experimental measurements of the solubility of asphaltene in organic solvents have been
conducted in this work. In order to obtain consistent experimental results, a single asphaltene
sample was prepared for use in all of the experiments. The asphaltene sample was obtained from
the bottom-hole of a production well in San Andres Unit of Seminole (TX) oilfield. The solid
sample was redissolved in toluene and filtered to separate all solid particles before the n-pentane
(nCs) titration. The obtained nCs-asphaltene sample was then analyzed by gel permeation
chromatography (GPC) to check its molecular weight distribution. GPC measurements were made
with a Waters Assoc. liquid chromatograph using a Waters Model R401 differential refractometer
as a mass detector. Two Waters Ultrastyragel packing columns (7-mm I.D. x 30 cm) were used to
allow separation on the basis of molecular size. The first column (linear) had packing ranging in
pore size from 500 to 106 A, and the second column had packing with a pore size of 500 A.
Tetrahydrofuran (THF) was used as solvent and the flow rate was 1 mL/min. The calibration
curve (Figure 4), which converts the elution volume (mL) into molecular weight, was obtained by
using polystyrene standards and normal alkanes as reference. The molecular weight distribution of
the asphaltenes determined by the GPC method?3 is shown in Fig.5. The estimated weight-
average molecular weight for the asphaltene sample was 6,378 g/mole.

Molecular weTght correlation
+- (using polystyrenes and n-alkanes) -

f e In(MW)=40.6577-2.87225V+0.0555792Y2 i

ek &

- polystyrenes i

S TTICTRY AP NS N

1 000 N i ::EIZZ OO oot :::EE“ I

..................................................

MOLECULAR WEIGHT, MW(g/mol)

...................................

GPC ELUTION VOLUME, V(ml)

FIGURE 4. - GPC calibration.
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20

Molecular weight distribution of asphaltene sample

Wt. %

0
1.000 10*
2.000 10*
3.000 10*
4.000 10*
5.000 10*
6.000 10*
7.000 10*

MOLECULAR WEIGHT, g/mole

FIGURE 5. - Molecular weight distribution of the asphaltene sample.

The solubilities of asphaltenes in the nCs and toluene mixtures were determined by first
dissolving an accurately weighed asphaltene sample (a gm) in a certain amount of toluene and then
adding nCs. The solution was then filtered through a 0.45-pm Millipore HA cellulose acetate
filter. The asphaltene cake was dried by heating to vaporize all solvents and then weighed (b gm).
The remaining asphaltenes dissolved in the solution was equal to the difference between a and b.
A series of experiments were conducted for different nCs-toluene ratios. The same procedure was
applied for n-heptane (nC7) and n-decane (nCjyg) and crude oil. Results of the determined
asphaltene solubility are given in Table 3.

The solubility data of the asphaltene in nCs-toluene mixtures were fitted with the model, Eq.
z'zf , V,,L , and 5,,’“. Figure 6 shows the best fit of the model for
this system. To apply the model for this system, asphaltene was treated as a one component solute
with a molecular weight of 6,378, while toluene and n-pentane were considered as solvents. It can
be seen that the model of Eq. 22 reasonably fits the data. When the mole fraction of toluene is less
than 0.5, the accuracy of data decreases because of the small value of the solubilities. The
parameters for asphaltene determined from the data fitting are given in Table 4, and were used

22, by tuning the parameters of T3, Ah
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ASPHALTENE SOLUBILITY, mol%
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TABLE 3

Asphaltene Solubility in
Toluene-Alkane Mixtures

Asphaltene, Toluene, n-Alkanes,
mol. % mol. % mol. %
1. n-Pentane 0.02882 67.23252 32.73866
0.02536 63.01081 36.96383
0.01042 50.77881 49.21077
0.00901 46.99565 52.99534
0.00610 44.92489 55.06901
0.00401 39.88661 60.10938
0.00074 22.06283 77.93643
0.00026 18.24755 81.75219
2. n-Heptane 0.02052 62.25726 37.72222
0.01640 59.90469 40.07891
0.01413 56.32614 43.65973
0.01260 53.74757 46.23983
0.00687 46.58166 53.41147
0.00649 39.92524 60.06827
0.00275 32.72183 67.27542
0.00150 25.92642 74.07208
0.00067 19.06704 80.93229
3. n-Decane 0.01539 62.00099 37.98362
0.00736 50.84368 49.14896
0.00183 22.27111 77.72706
0.00138 14.35134 85.64728

Exp. data
Fitted result

0.2

0.4

0.6

0.8

1

MOLE FRACTION OF TOLUENE IN N-PENTANE-TOLUENE MIXTURE
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TABLE 4
Characterization Parameters for Asphaltene and Organic Solvents

Parameters .tmphallene1 Toluene nCsg nCy nCiqo
Ahf (Cal/mol) 9,635
T (K) 452
v (cm3/mol) 498 107.0 116.0 147.0 196.0
8 (Cal/cm3)!”2 10.54 8.90 7.05 7.45 7.73
M.W. (g/mol) 6,378 92.1 72.1 100.2 142.3

! From data regression.

to predict the solubilities of the asphaltene in other systems. Figure 7 shows the predicted results
for the asphaltene solubilities in nC7-toluene mixtures and nCjq-toluene mixtures. It can be seen
that the predictions agree well with experimental data.

In the above cases, the solvents are well defined binary systems. Properties of these solvents
are available in the literature. For crude oil, because its composition is complicated, some
techniques such as the continuous thermodynamic approach24-26 have to be used to characterize the

X
°
£
=
g N
|
O 0.01 L. ,’/
n P e i AT SO ! LALLM
uZJ .........
E ®  Exp. data (in nCy-toluene mix.)
<—(' 0.001 ©  Exp.data (in nC,-toluene mix.)
E Cal. result (in nCy-toluene mix.)
0
< U URUOUOUITIY: SYTRTORITTPRPTIRIORS PO — — Cal result (in nC1O't°Iuene mix.)

1 0‘4 1 1 Il 1 1 1 1 1 s 1 L 1 1 1 A L 1

0 0.2 04 0.6 0.8 1

MOLE FRACTION OF TOLUENE IN SOLVENT MIXTURES

FIGURE 7. - Asphaltene solubility in n-heptane/toluene, n-decane/toluene mixtures.
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crude cil. The method of using continuous distribution functions to characterize crude oil is
described in Appendix B. In this work, an example of using a semicontinuous mode to
characterize a crude oil, and to predict the asphaltene solubility in the crude, is presented. The
asphaltene sample is the same as that used in the above binary systems and the experimental
procedure is also the same. The composition of the oil (stock-tank oil) is plotted vs. molecular
weight in Fig. 8. An exponential distribution function was used to represent the molar distribution
for Cg+. The oil composition is then expressed by a semicontinuous mode as

X1 +X2+[ F([)d[:l
lo (25)

and

F(I) = 7.596x107 exp[-8.485x10-3(/-114.23)] (26)

where /, the variable in the distribution function, is molecular weight (MW); x| and x7 are the mole
fraction of Cg and C7, respectively. With the application of the Laguerre-Gauss (L-G) quadrature
approximation,?7 the integration part can be represented by two pseudocomponents, x3 and x4.

12

® Measured oil composition
Continuous composition
. e ——

MOL %

O L ! l PRI J NSO Lt 141 IR M .1 It
0 100 200 300 400 500 600 700
MOLECULAR WEIGHT

FIGURE 8. - Molar distribution of sample oil.
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Therefore, the oil can be considered as a four component mixture. The values of x3 and x4 were
obtained from the weighting factors of the two-point L-G quadrature formula, and the
corresponding molecular weight of the two pseudocomponents were from the zeros of the L-G
formula (see Appendix B). The compositions and their molecular weights for the four components
of the oil are

x1 = 0.0272, MW, = 86.18

x2 = 0.0776, MW, = 100.21
x3= 0.7641, MWs; = 183.27
x4 = 01311, MWy = 516.61

The molecular weight of the sample oil is about 218. The experimental results and predicted
results are given in Table 5. Predictions were performed in two cases: one with the assumption
that the oil is represented with a four component system and the other treating the oil as one
component with molecular weight of 218. Results show that the four-component approach gives
better prediction for the asphaltene solubility than the one-component approach. The correlations
of Egs. 15 to 21 provide the bridge for the applications of continuous or semicontinuous
thermodynamic methods to the model for crude oil systems. The above tests have demonstrated
that the model is accurate and self-consistent, since all the predictions were performed with the
same set of parameters. Because no asphaltene samples are exactly the same, the parameters
obtained from one asphaltene sample may not be applicable to others. To apply the developed
technique for the prediction of asphaltene precipitation from crude oil, the following experiments
and data regression are needed:

1. Determine the total asphaltene content of crude oil by nCs titration.

2. Perform compositional analysis and characterize the asphaltene-free crude oil with
pseudoization techniques or continuous thermodynamic approach.

3. Determine the average molecular weight of the asphaltene by gel permeation
chromatography or other methods.

4. Conduct experiments to measure the solubilities of the asphaltene in well-defined organic
solvents.

5. Determine the model parameters for asphaltene by matching the solubility data with the
model.

With all the obtained model parameters, one can use the model to predict the solubility of
asphaltene in other solvents and crude oil. The calculation is straightforward and simple. The
quantity of asphaltene precipitation is then equal to the difference between the total asphaltene
content and the amount of asphaltene dissolved in the oil.

19



TABLE 5
Composition of Asphaltene-Toluene-Oil Solution

Asphaltene Toluene Crude Ojl
M.W. 6,378 92.1 218.0
Weight, g 0.1991 7.0643 44.2152
Moles 3.12x10°3 0.0767024 0.202822
Mol. % 0.011166 27.437260 72.551574
Asphaltene solubility
Experimental Xé‘ = 0.0001117
Predicted ng' = 0.0001031 (Four component for oil); 0.0000905 (One component for oil)

CONCLUSIONS

(1)

(2)

3)

(4)

(5)

A generalized predictive model for wax and asphaltene precipitation has been developed
based on thermodynamic principle. The model is self-consistent and was tested to be
accurate for the predictions of wax formation temperature and asphaltene solubilities in
organic solvents and crude oil.

A method to apply this predictive model for asphaltene precipitation prediction is presented.
The prediction technique is simple and applicable for binary and complicated systems because
all required inputs are obtainable through some simple experiments.

Since all the model parameters have been correlated with molecular weight, the model is
applicable for crude oil by using continuous distribution mode for crude oil characterization.
Further improvement to the prediction technique can be achieved by developing more
accurate correlations for those model parameters of Ah{, T{, Vi, and §; for petroleum
fractions.

The work has also provided a technique for the selection of effective solvents for the solution
of asphaltene deposition problem.
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NOMENCLATURE
difference of specific heat capacity
fugacity
Gibbs free energy
heat of melting (or fusion)
enthalpy
molecular weight
equilibrium constant
total number of molecules
pressure
gas constant
entropy
temperature
melting point temperature
molar volume
average molar volume (solution)
mole fraction
mole fraction in feed
volume fraction
solubility parameter
activity coefficient
chemical potential
dimensionless energy parameter

Solid phase
Liquid phase
standard state
excess property

component index
mixture property
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APPENDIX A

DEVELOPMENT OF THE POLYMER SOLUTION MODEL, EQ. 24.
Following the Flory-Huggins (FH) polymer solution theory, the chemical potentials () of
the polymer (p) and the solvent (s) in a polymer solution system are given by !1

Mo - 1§

= lnq)p - (m - 1)¢5 + '"X¢s2 (A-l)

s - M 2
K ;" = Ing,+ (1 - L)g, + ¢/

(A-2)
where the superscript o denotes the standard state; the subscripts p and s denote polymer and

solvent, respectively. The volume fraction, $», and the molar volume ratio, m, are defined as

P,
P npvy + ngvs (A-3)

m=-L
Vs (A-4)

where v; is the molar volume and »; is the number of molecule for species i. In terms of solubility
parameter (§), the dimensionless energy parameter X for nonpolar systems is given by

Z=%:(5p‘ 55)2

(A-5)
With the relationships of A-3, A-4, and A-5, Eq. A-1 can be written as
Hp - Hp Vp Vp 2
=lng,- (—=-1)¢, + )

RT n¢p (Vs )¢x 1_37:(6}) s)2¢s (A-ﬁ)
For liquid phase, assuming ¢5 = 1, Eq. A-6 becomes
Hp - Hp Ve Vp
——=lng,+1-— + o, - O,

RT P 1_5( p- &f (A7)

This is the FH formula used by Hirschberg et al. in their paper of Ref. 10 (Eq. A-2).

For solid phase, it was assumed that the solid phase contains only pure polymer, i.e.,
¢p =1, and ¢; =0, then from Eq. A-6 we obtain

o,
RT solia or (A-8)
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At phase equilibrium, the chemical potentials of polymer in the solid and liquid phases have
to be equal,

(:up)liq. = (up)sol. (A-9)
With Egs. A-7 and A-8, Eq. A-9 becomes

(L‘E
RT

Y v ug
/ Y els s P =(_£_)
+[Ingp + 1 . +E—T{6p 5)] RT

lig. sol. (A-10)

Assuming the reference states for both of the solid and liquid polymer are the same, then

v Vv 5
Ing,= L -1-215,- 8}
Py E‘{” K (A-11)

If we assume that asphaltene is a polymer and the asphaltene-free oil is solvent, Eq. A-11 is the
model Eq. 24 of Hirschberg, et al.10
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APPENDIX B

CRUDE OIL PSEUDOIZATION METHOD
Crude oil is a mixture of a great number of individual components. The composition of
crude oil can be represented by discrete components, z; - the mole fraction of component-i, or by a
continuous distribution function, F(I), where I can be molecular weight, carbon number, or other
characteristic properties. Both approaches have to satisfy the normalization condition, i.e.,
Discrete:

NC
2 = 1
i=1

(B-1)

Continuous:

j F)dl =1
o (B-2)

The commonly used distribution functions are exponential distribution, Gamma distribution
function, and a combination of orthonormal functions. If the molar distribution function is in the
form of

F)=eSIASD (B-3)

with S as a scaling parameter, the integration of Eq. B-2 can be approximated by an algebraic
summation using the Gauss integration method,

f F{)dl = j e SLAST) dI
= f e{L;—'- Ru+SI,)

=f e glu)du

=) wigu)=3, =1

i (B-4)

du

where ; and u; are weighting factors and quadrature points of Laguerre polynomials Ln(u),
respectively. The following list gives some of these values.
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n w; Ui

2 0.85355 33905 0.58578 64376
0.14644 66094 3.41421 35623
3 0.71109 30099 0.41577 45567
0.27851 77335 2.29428 03602
0.01038 92565 6.28994 50829

A more comprehensive list is given in Ref.27.

The effective mole fraction at each quadrature point (z;), is

w;e -STo

z;= ; gu;) =

RuSl,) = L€Z g stgsry = [“’ie “} FU)=F{) (AD);

S S (B-5)
where I; = u/S + 1, Thus, with the given values of the weighting factors (@;) and zeros (u; ) for
the selected number of terms (n), one can calculate the composition, z;, using Eq. B-5 and the
corresponding molecular weight, /;, for the pseudocomponent-i. -

*U.S.GP0:1992-761-027/60058
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