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Abstract 

This thesis presents a comprehensive experimental and modelling work on the study 

of asphaltene precipitation from petroleum fluids and the effect of resins and 

amphiphiles. Eight different petroleum fluids are fractionated into asphaltenes, resins, 

and oils. An experimental procedure is devised for resin measurement using the 

dipole moment as a criterion. The ASTM D-2007 adsorption method with some 

modifications is found to give the true resin amount provided no toluene is used to 

elute oils. The dipole moment of asphaltenes, resins, and oils is calculated from the 

Onsager formulation, which relates the dipole moment to the dielectric constant 

(measured by dielectric spectroscopy), refractive index, density, and molecular 

weight. The calculated dipole moments are in the range of 3.3-7.0 D (asphaltenes), 

2.4-3.2 D (resins), and 0-0.9 D (oils). The effect of resins and dodecyl benzene 

sulfonic acid (DBSA) amphiphile on precipitation from three petroleum fluids is also 

examined. Addition of resins to the fluids increases the onset point of precipitation 

-the increase is more pronounced with the most polar resins- and the amount of 

precipitation, which is undesirable. When DBSA is mixed with the fluids at different 

concentrations, an increase then a decrease in the precipitation is observed with 

increasing DBSA concentration. Thus, the amphiphile is not effective before a certain 

concentration. The data provide a basis for successful field applications and show that 

electrostatic and inductive interactions between molecules in petroleum fluids may 

not be negligible. The experimental results are also used as reference data for the 

revision of a thermodynamic micellization model. Introduction of inductive forces 

and a new mixing rule in the PR-EOS allows a high concentration of asphaltene 

monomers in the bulk liquid. As a result, the effect of various n-alkanes is modelled 

properly. The predictions at low dilution ratio are improved with a new formulation of 

the interfacial tension between asphaltene core and suiTOunding shell. The revised 

model can be used at both stock tank and reservoir conditions. It also allows the study 

of the effect of resins on precipitation. 
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Chapter 1 

Introduction 

1.1 Preamble 

A large number of subsurface petroleum reservoirs from various parts of the world 

experience asphaltene precipitation in the subsurface formation, in the wellbore, in the 

well, and in the surface facilities and pipelines. Asphaltene precipitation is 

undesirable because it reduces well productivity and limits fluid flow. In some cases, 

precipitation can result in complete plugging of flow lines (see Fig. 1.1), fouling, 

wettability alteration, and coking. The main factors that promote precipitation are 

pressure, temperature and composition variations due to gas injection, phase 

separation, mixing of fluid streams. 

Paradoxically, the asphaltene precipitation is often observed in petroleum fluids that 

contain very low asphaltene content (see Fig. 1.2). A heavy petroleum fluid with an 

asphaltene content of say 20 wt% may not have precipitation problems. On the other 

hand, a light petroleum fluid with an asphaltene content of less than 0.2 wt% may 

precipitate asphaltene. Examples are the light petroleum fluid from the Hassi-

Messaoud field in Algeria (44 API gravity) with an asphaltene content of 0.1 wt%, 

which precipitates a considerable amount of deposits in tubings and surface facilities. 

On the other hand, the heavy petroleum fluid from Boscan in Venezuela (10 API 

gravity) containing approximately 17 wt% asphaltenes does not encounter asphaltene 

deposition (Leontaritis and Mansoori, 1988). 
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Chapter 1: Introduction 

Fig. 1.1 - Paraffin and asphaltene deposition in flow lines. 
(http://www.bakerhughes.com/bakerpetrolite/oilgas/paraffin.html) 
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Fig. 1.2 - Hydrocarbon group-type distribution for stable and unstable petroleum 
fluids. (Carbognani et al., 1999) 

It is imperative to be able to predict when and why asphaltene precipitation occurs 

in order to mitigate production decline in oilfields. Accurate prediction of the 

precipitation requires a number of input parameters that are not readily defined for 

asphaltenes and resins. In particular, the amount of resins depends on the method of 

separation. The disparity in the measured data is due to the lack of definition of the 

resin fi-action. In this thesis, asphaltene and resin molecules are different from the rest 

of hydrocarbons in the petroleum fiuid because of their polar character. Polarity stems 
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Chapter 1: Introduction 

from the presence of heteroatoms and metals in the molecules and may lead to 

association. The quantification of polarity is not important for hydrocarbon vapor-

liquid equilibrium (VLB) calculations, however it is essential for the modelling of 

asphaltene precipitation. Presently, most models lack in predictive capability because 

they do not take into account the interactions from polar molecules. There are several 

means to quantify polarity; among them is the dipole moment which allows the 

calculation of the van der Waals interactions between asphaltenes, resins, and the 

medium. 

Knowledge of the aggregation and precipitation mechanisms is also fundamental to 

the development of preventive and curative measures against asphaltene precipitation. 

Resins act as natural dispersants of asphaltenes. A viable option for the inhibition of 

asphaltene precipitation is the mixing of resins or some dispersants with the petroleum 

fluid in a batch process. Field data show that in some cases the resins and dispersants 

not only do not inhibit precipitation; they may also promote it. The study of the effect 

of resins and chemical dispersants on precipitation contributes significantly to the 

understanding of molecular interactions in petroleum fluids. Such interactions are 

believed to be key elements for a proper modelling of asphaltene precipitation. 

Several models have been developed for the prediction of asphaltene precipitation 

from petroleum fluids. Some completely ignore the complexity of the interactions and 

use simple concepts such as solubility (Hirshberg et al., 1984), and equation of state 

(Gupta, 1986; Thomas et al, 1992). Other improved models account for the micellar 

nature of petroleum fluids and the dispersant effect of resins (Leontaritis and 

Mansoori, 1987; Pan and Firoozabadi, 1998, 2000). More modern approaches use 

association equations of state (Wu et al, 1998) and integral equations (Duda and Lira-

Galeana, 2002). All of these are valid approaches. However, there is need for a simple 

model that one can use to predict the asphaltene precipitation with a limited number 

of input parameters based on few simple measurements. The thermodynamic 

micellization model by Pan and Firoozabadi (1998, 2000) shows promising results at 

reservoir conditions however it has some limitations at stock tank conditions. In the 

same model, a hypothetical path is devised to describe the formation of micelles, 

which is mainly driven by the polarity of molecules. However, the model cannot 

predict properly the effect of n-alkanes and resins on precipitation from stock tank 
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Chapter 1: Introduction 

petroleum fluids suggesting that an important component is missing in the model 

formulation. One of the motivations of this thesis is to find that component, which is 

believed to be related to the polarity of asphaltenes and resins. 

1.2 Research objectives 

The main objectives of this research are as follows, 

• Devise a suitable method for the measurement of resins and asphaltenes in stock 

tanlc petroleum fluids, 

• Quantify the polarity of asphaltenes, resins, and oils by measuring their dipole 

moment, 

• Investigate the effect of resins and dodecyl benzene sulfonic acid (DBSA) 

amphiphile on the precipitation, 

• Model asphaltene precipitation from stock tank and reservoir petroleum fluids and 

the effect of resins on precipitation using thermodynamics of micellization. 

1.3 Approach 

This thesis comports mainly two parts; experimental and modelling. In the 

experimental part, asphaltenes, resins, and oils are first separated from eight different 

petroleum fluids. Several separation methods (propane precipitation, adsoiption on 

clay with various solvents) are considered and the dipole moment is used as a 

criterion for the selection of the procedure that preserves the resin constituents in the 

resin fraction. Once the fractions separated, the molecular' size of asphaltenes and 

resins is estimated by fluorescence emission spectroscopy, and the dipole moment of 

asphaltenes, resins, and oils is calculated from measurements of dielectric constant 

(by dielectric spectroscopy at radio frequency), refractive index, and density. The 

dipole moment is used as a measure of polarity. Different theories that correlate the 

dipole moment to the macroscopic properties are tested using chemicals with known 

dipole moments. The theory that provides the most accurate data of dipole moment is 

selected. Next, the effect of resins and DBS A amphiphile on the precipitation from 
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three petroleum fluids is investigated by first studying the effect of resin concentration 

then the effect of resin dipole moment on the precipitation. Because of the complex 

interactions involved, the experiments are conducted by keeping the asphaltenes in 

their natural envirormient that is, in the petroleum fluid. In order to corroborate the 

differences between asphaltene and resin species, solubility tests are performed on 

resins in different fluids and precipitation tests are carried out on the fluids with 

additional asphaltenes. The effect of DBSA concentration is further measured on the 

three petroleum fluids in the same manner as for the resins. In the last part, attempts 

are made to model the experimental data using thermodynamics of micellization. 

Accordingly, the formulation proposed by Pan and Firoozabadi (1998, 2000) is 

revised by taking explicitly into account the effect of polarity and non-ideal mixing. 

The predicted results are compared to the experimental data in order to validate the 

revised model. 

1.4 Thesis outl ine 

The thesis is divided into seven chapters including the introduction chapter. Chapter 2 

contains the comprehensive work undertaken on eight different petroleum fluids in 

order to devise a procedure for the measurement of asphaltene and resin amounts. 

Chapter 3 provides the molecular size of some asphaltene and resin samples by 

fluorescence emission spectroscopy. The method also presents the population size 

distribution of various asphaltene, resin, and oils fractions. Chapter 4 provides the 

dipole moment of asphaltenes, resins, and oils. The methodology followed for the 

determination of the dipole moment is described and the measurement procedures for 

the dielectric constant, refractive index, and density are included. The results obtained 

are compared and discussed. Chapter 5 presents the effect of resin concentration and 

dipole moment on the onset point and the amount of precipitation as well as the effect 

of DBSA amphiphile at different concentrations on the precipitation from tluee 

petroleum fluids. The chapter also outlines the contribution of different types of van 

der Waals molecular interactions in the precipitation. Chapter 6 models asphaltene 

precipitation from petroleum fluids using a revised formulation of the thermodynamic 

micellization model. The main revisions are presented and discussed. The model 

predictions of the effect of various n-alkanes and resins on precipitation from different 

stock tanlc petroleum fluids are compared to the experimental data. The model is also 
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tested at reservoir conditions. The final chapter reflects on the work carried out in this 

thesis and considers recommendations and future developments. 
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Chapter 2 

Measurement of asphaltene and 
resin amounts in petroleum fluids 

A petroleum fluid can be divided into three types of species: 1) asphaltenes, 2) resins, 

and 3) oils. Different methods for the measurement of asphaltenes in a petroleum 

fluid give similar results. HoM'ever, different methods give different results for the 

resin content. We have embarked on a comprehensive work to measure the amount of 

worZcf. Once ajpAaZfeMgj' rgj'zm are mgcwwrggf rngfAock/ 

1) propane precipitation, cmd 2) ASTM D-2007 adsorption method with different 

combinations of n-pentane/toluene solvents to elute oils. The dipole moment property 

is used as a criterion for the determination of resins in petroleum fluids. Results from 

the total resin and contains the most polar resin molecules. On the other hand, 

givg /Ag r̂wg q / n o foZweng ̂  g/wfg 

rAg 

2.1 Introduct ion 

It is generally recognized that petroleum fluids at atmospheric pressure and ambient 

temperature are composed of tliree major constituents: 1) oils (that is, saturates and 

aromatics), 2) resins, and 3) asphaltenes. This partition is very broad; every part of the 

26 



Chapter 2: Measurement of asphaltene and resin amounts 

petroleum fluid also consists of a wide range of molecules with varying structures and 

properties. Oils are often nonpolar or mildly polar, however asphaltenes and resins are 

polar because they contain heteroatoms (such as S, O, N) and metals (such as V, Ni, 

Fe). There is evidence that asphaltenes and resins exist in the form of monomers, as 

well as in micelles (Pfeiffer and Saal, 1940; Swanson, 1942). In a micelle, asphaltenes 

associate into an aggregate to form the core and resins adsorb onto the core to form a 

steric shell, which also contains the oils (Firoozabadi, 1999). The properties and the 

amount of asphaltenes and resins affect the formation of micelles. Considering 

petroleum fluids as a continuum of several thousands of molecules, it is very difficult 

to define a cut-off between the asphaltene, the resin and the oils fractions. The 

diversity of the methods for the measurement of asphaltene and resin amounts in 

petroleum fluids is related to the operational definition of these fractions. Indeed, 

asphaltenes are defined as those hydrocarbons insoluble in an excess of n-pentane (or 

n-heptane). Resins remain soluble when petroleum fluid is mixed with nCs (or nCy) 

but can adsorb on surface-active materials such as fuller's earths, attapulgus clay, 

alumina or silica gel (Speight, 1999). In addition, resins are insoluble in an excess of 

liquid propane, butane(s) and some other chemicals (such as acids, acetates, alcohols, 

etc). 

The standard procedures for asphaltene measurement are similar and generate 

comparable resuhs. They consist mainly of precipitation by n-alkanes (nC; or nCy). 

Although acids and heavy paraffins may co-precipitate with asphaltenes (Becker, 

2000; Newberry and Barker, 2000), precipitation with n-alkanes is the main 

separation method of asphaltenes from petroleum fluids. In the IP 143 procedure 

(1957), asphaltenes are separated from petroleum fluids with nC?; the precipitated 

phase is then washed for one hour with a reflux of hot heptane to remove waxy 

constituents. In the ASTM D-3279 method (1978), asphaltenes from petroleum 

residues are precipitated with nC? and filtered after 30 minutes of heating and stirring 

with a reflux system. In the ASTM D-893 method (1980), asphaltenes are precipitated 

from lubricating oils by centrifugation in nC?. Finally, in the Syncrude analytical 

method (1979), petroleum fluids are mixed with benzene prior to asphaltene 

precipitation with nCg. After two-hour settling in the dark, they are filtered and 

washed. 
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There are two main methods for the separation of resins from petroleum fluids: 1) 

precipitation, and 2) adsorption. The precipitation by liquid propane is inspired from 

refinery processes and has found application in the laboratory by Sch wager and Yen 

(1978), Murzakov et al. (1981) and others. Other precipitation methods using 

chemicals have also been proposed. In the standard ASTM D-2006 procedure (1970), 

resins are separated from rubber extender and processing oils by precipitation in 

sulfuric acid. A method prevalent in Germany applied by the German Petroleum 

Institute advocates the precipitation of asphalt (that is, asphaltenes and resins) from 

petroleum fluids with ethyl acetate and solubilization of resins from the precipitate 

with nCs (Andersen and Speight, 2001). The adsorption methods have been 

extensively used and consist of adsorbing resins on surface-active materials. The oils 

are eluted (that is, washed away from the column) with a nonpolar solvent and the 

resins remain on the adsorbent until desorbed by a polar solvent. Following this 

separation scheme, a series of standard procedures have been established. The 

Syncrude analytical method (1979) separates resins by adsorption on attapulgus clay; 

oils are eluted with nCj and resins are desorbed by successive elution with methyl-

ethyl-ketone and tetrahydrofuran/water (95/5 vol/vol). The ASTM D-2007 (1991) 

uses the same adsorbent and eluting solvent for oils but a mixture of toluene and 

acetone (50/50 vol/vol) to desorb resins. In the ASTM D-4124 (1991), resins are 

adsorbed on activated alumina, oils are eluted with nC; and toluene (33/67 vol/vol); a 

mixture of toluene-methanol-trichloroethylene (17/17/66 vol/vol/vol) recovers resins. 

In all the above methods, oils are eluted by the n-alkane used to precipitate 

asphaltenes. The separation is time-consuming and it is sometimes found that heavy 

aromatics are eluted with resins due to the high retention time in the column. This has 

oriented some to introduce a certain amount of aromatic solvent with n-alkanes to 

elute the oils. Callen (1976) used 6 vol% dichloromethane in nC^, Farcasiu (1979) 

used 15 vol% toluene in nC?, Moinelo (1988) used 36 vol% benzene in nCe, and more 

recently McLean and Kilpatrick (1997) used 32 vol% toluene in nC?. 

Resins recovered by precipitation or adsorption show marked differences in the 

amount and chemical composition. Even within adsorption methods, discrepancies 

can be found if adsorbents are different or elution time is varied (Wallace et al, 

1987). Currently, resins are defined according to the solvents used for their 

separation. Considerable effort has been dedicated to the selection of appropriate 
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polar solvents to desorb resins from surface-active materials with less effort to the 

choice of nonpolar solvents to elute oils. The principle of resin separation by 

adsorption assumes that the nonpolar solvent should not dissolve any resin. Yet, 

aromatic solvents such as toluene or benzene are very good solvents for resins and 

their use may cause unreliability for resin separation. 

The main objective of this chapter is to devise a simple method for proper 

measurement and separation of resins in petroleum fluids. Simplicity, scale and 

practicality are considered when choosing the method. The resin content is measured 

using a precipitation method with liquid propane and an adsorption method according 

to the modified ASTM D-2007 procedure. In the adsorption method, different 

nCs/toluene volume ratios are used to recover the oils in order to accelerate the 

separation and to ensure that heavy aromatics are washed from the column with oils. 

Because toluene may elute some resin constituents with oils, one would study the 

nCg/toluene volume ratio that separates oils by preserving all the constituents of resins 

in the resin fraction. This is possible by measuring the dipole moment of resins 

recovered in each test. 

This chapter is structured into tliiee parts. The first part provides the experimental 

methods and procedures for asphaltene and resin separation from eight different 

petroleum fluids. In the second part, the results on the amounts of asphaltenes, resins 

and oils recovered from each petroleum fluid are presented and commented. The main 

conclusions of this chapter are drawn in the last part. 

2.2 Experimental 

Eight different petroleum fluids with API gravities in the range of 10 to 56 are used 

(see Table 2.1). Two of the petroleum fluids are from the Hamaca field in Venezuela, 

from two different wells. The other petroleum fluids are from various parts of the 

world. Detailed composition of three petroleum fluids at ambient conditions is 

available in Table 2.2. In this work, asphaltenes are first precipitated from the 

petroleum fluids using nC), nCy, and nCjo, then resins are separated from the nCg-

deasphaltened petroleum fluids by: 1) precipitation with liquid propane, and 
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Table 2.1 - Petroleum fluids 

Petroleum 
fluid 

Density at 
20°C (g/cc) 

API gravity Refractive 
index at 20°C 

Description 

H 1.0089 9 - Very heavy 

TE 0.9990 10 - Very heavy 

C (18588 33 1.487 Medium 

TA (X8372 37 1.479 Medium 

TK 0.8520 35 1.488 Medium 

S 0.8627 32 1.472 Medium 

U (18550 34 1.491 Medium 

B (X7554 56 1.431 Very light 

Table 2.2 - Composition of three selected petroleum fluids at ambient conditions 

TK u 

Fraction Component 
moie% 

M 
g/mol 

Component 
moIe% 

M 
g/mol 

Component 
mole% 

M 
g/mol 

c , 0.00 0.00 0.00 0.00 0.00 0.00 

Cj 0.00 0.00 0.01 30.1 0 0 4 30.1 

C3 0.00 0.00 0 15 44,1 0.73 44.1 

C4 0 ^ 2 58.1 0 8 5 58.1 4.15 58.1 

C5 2.12 72.1 2 ^ 4 72.1 6.00 72.1 

C« 3 84 86.2 4.91 85.8 833 8 5 j 

C7 5 1 8 100.2 8 3 9 95^ 10.35 100.2 

Cs 7 J 2 114.2 11,14 I0&5 70.40* 32&5 

Cg 6 5 8 12&3 10.29 123,2 

C|o 6.11 1423 7.83 137,8 

Cn 5.77 156J 5 j J 148.3 

C,2 4^9 170.3 4 J 8 154,4 

C , 3 5.17 184^ 4 4 6 172.4 

C|4 4.81 19&4 3 7 9 1879 

C , 5 4.61 21Z4 3^9 19%2 

C , 6 3 J 2 22&4 3.02 210.1 

Cl7 3.63 24&5 2.69 227.1 

C|8 3 4 8 254.5 2^2 240.9 

C | 9 2 J 2 26&5 2 4 2 25^2 

C20+ 29,13 43^6 21.31 441.2 

Total 100.00 24Z0 100.00 20&I 100.00 256.5 
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2) modified ASTM D-2007 adsorption procedure. In the adsorption method, the oils 

are eluted with five different nCg/toluene volume ratios. All the chemicals used are 

Reagent grade with maximum water content of 0.05% and minimum purity of 99%. 

2.2.1 Aspha l t ene prec ip i tat ion 

From the examination of the various asphaltene precipitation methods and 

identification of optimum separation conditions (Speight et al, 1984), the Syncrude 

analytical method (1979) is selected with some modifications. The precipitation 

sequence includes mixing of the petroleum fluid with toluene (10 ml per g asphaltene 

in the fluid) followed by addition of nCs (50 ml per ml toluene). The settling time is 

set to twelve hours to allow complete precipitation. Asphaltenes are then filtered 

under vacuum and the precipitate is extensively washed with nCg. The sequence is 

repeated several times to remove resins adsorbed onto asphaltenes until the liquid 

filtrate is colorless. Fig. 2.1 provides the detailed procedure for asphaltene 

precipitation from the petroleum fluids. 

Apparatus - The experimental set-up is presented in Fig. 2.2 and consists of a 

filtration flask and funnel connected to a vacuum pump thiough rubber tubings. To 

avoid solvent infiltration into the pump, a trap is used at a temperature of - 60°C to 

liquefy n-pentane from vapor. Asphaltenes are filtered using a Whatman glass 

microfibre filter paper (7 mm diameter and 1.5 [am pore size). The weight is measured 

with a Sartorius analytical balance with an accuracy of 0.001 g. 

2.2.2 Res in prec ip i ta t ion 

The resin precipitation is performed using a high-pressure cylinder with piston 

collected to a high-pressure filter holder at one side, and a water pump at the other 

side (see Fig. 2.3). The filter holder contains a Whatman glass microfibre (4.7 mm 

diameter and 0.8 jam pore size) filter paper. Liquid propane from a 1-gallon high-

pressure bottle is charged at a low temperature ( - 5 to 0°C) into the cylinder 

containing the deasphaltened oil sample, with a sample to propane ratio of 1/20 

(wt/wt). The pressure in the cylinder is increased to 1,400 psia and the mixture is left 

for 4-6 hours at room temperature. A piston is then used to push the mixture tlirough 
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the fiher. The resins are recovered from the filter as well as the cylinder walls by 

washing with toluene. 

3 t imes 

N o If wash ing 

is colorless 

Yes 

Solid 

Filtrate Sol id 

Filtrate 

Filter 

Filter 

Filtrate Solid 

Filter 

Asphal tenes 

Disso lve in 

to luene 

Evapora te 

nC< 

Deasphal tened 

fluid 

Mix with 300 

volumes n C ; 

Mix with n C 

Agitate 
Evapora te nC; 

Evapora te 

toluene, dry 

and we igh 

Agitate at r o o m T 

Leave 12h in dark 

Fluid + 10 ml toluene/g asphal tene 

+ 50 ml pentane /ml to luene 

Fig. 2.1 - Procedure for asphaltene precipitation from petroleum fluids 

32 



Chapter 2; Measurement of asphaltene and resin amounts 

Filtration funnel 

Flexible 
tubing 

Erienmeyer 
flask 

Filtrate 

To vacuum 
pump 

Trap 

Fig. 2.2 - Experimental set up for asphaltene precipitation from petroleum fluids 

1. Water pump 
2. Valve 
3. Pressure gauge 

4. Cylinder with piston 
5. High pressure filter holder 
6. Oil receiver 

Fig. 2.3 - Propane test apparatus 

Apparatus - The cylinder used is made of stainless steel (400 mm long x 20 mm 

ID) and can stand a maximum pressure of 680 atm. Stainless steel tubings (1/16" ID) 

are used for connections to the water pump (max pressure 272 atm) and to the high-

pressure filter holder. Ball valves (max pressure 136 atm) and needle valves (max 

pressure 408 atm) allow the control of flow rate. The pressure of water pumped into 
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the cyhnder is read from a pressure gauge (max pressure 272 atm). The filter holder 

(stainless steel, 47mm size) is designed to stand pressures up to 95 atm. 

2.2.3 Res in adsorpt ion 

Once asphaltenes are removed, resins are separated from the deasphaltened petroleum 

fluid using the ASTM D-2007 (1991) method with some modifications. The 

deasphaltened petroleum fluid is charged into an adsorption column containing the 

attapulgus clay immersed in nCg. Saturates and aromatics are then eluted with various 

proportions of nCs/toluene mixtures: 100/0, 85/15, 70/13, 50/50 and 0/100 vol/vol. 

The elution continues until the yellow coloration of the liquid leaving the column 

sustains (the yellow coloration is attributed to aromatic hydrocarbons in oils). On 

average, 2 to 3 liters are required to recover oils from 1 g of sample. Once the column 

is drained from the solvent, resins are desorbed using a 40/40/20 volume mixture of 

toluene/acetone/methylene chloride. The solvent in the resin solution is then 

evaporated and the resins are dried and weighed. 

Apparatus - The adsorption column (300 mm height x 44 mm diameter) is made of 

glass and contains the attapulgus clay (250-500 fam pore size) with a sample/clay 

ratio of approximately 1/20 (wt/wt). Each column has a 125 ml reservoir in the top 

inside which the eluting solvent is poured. A glass wool plug is placed in the bottom 

of the column in order to retain the clay inside the column. 

2.3 Results 

The amount of asphaltenes precipitated with n-alkanes (nCj, nC? and nC,o) and resins 

separated by propane precipitation and the ASTM D-2007 adsorption method with 

different solvents are presented. Table 2.3 provides the results of asphaltene 

precipitation with nCs, nC? and nC,o from the eight petroleum fluids. On average, five 

tests are performed on each sample, and the standard deviation is about 1%. The 

amount of nCs asphaltenes varies from 0.05 wt% in petroleum fluid B to 17.7 wt% in 

petroleum fluid H and decreases with the carbon number of the precipitating n-alkane. 

Table 2.4 presents the results of asphaltene and resin (that is, asphalt) precipitation by 

propane. When propane is mixed with the petroleum fluid, C3 asphaltenes and C3 
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resins precipitate. However, when propane is mixed with the nCs-deasphaltened fluid, 

Cs-nCs asphaltenes and C3 resins precipitate. Thus, the difference between the two 

amounts provides the nCg asphaltenes in the petroleum fluid (see Table 2.4). The 

difference compares well with the amounts of nCs asphaltenes reported in Table 2.3. 

The disparity is due to some losses during the separation. Each test is repeated at least 

tliree times and the standard deviation is 4%. 

Table 2.3 - Amount of asphaltenes precipitated by nCs, nC? and nCio from the 
petroleum fluids 

H TE C TA TK S u B 

Precioitant Amount, \vt% 

nC; 17.7 14.8 2.3 (118 1.33 1.1 2.5 0.05 

nCj 13.5 11.9 1.52 0.10 0,46 0.77 - 0.04 

nC,o 13.0 11.2 1.42 0.05 &26 - 0.03 

Table 2.4 - Amount of asphalt (that is, asphaltenes and resins) precipitated 
propane from the petroleum fluids and from the nC; deasphaltened fluids 

H TE C TA TK s U B 

PreciiDitation from Amount, wt% 

Petroleum fluids 38.6 36.3 6.2 3 ^ 5 J - - -

nCj-deasphaltened 
19.8 2 a o 3.3 3 ^ 4 2 1.5 0.3 

petroleum fluids 
19.8 2 a o 3.3 3 ^ 4 2 0.3 

Difference 18.8 16.3 2.9 0.2 1.5 - - -

Results of resin separation by the modified ASTM D-2007 adsorption method using 

different solvents are provided in Tables 2.5 and 2.6. Table 2.5 shows the amount of 

resins recovered after elution of oils with nQ, nC? and nC|o. The amount of resins 

slightly increases with the carbon number of n-alkane used to elute oils, which is 

consistent with the amounts of asphaltenes precipitated with the n-alkanes. For all the 

petroleum fluids, the amounts of resins by adsorption are higher than those by 

propane precipitation. It is also observed that petroleum fluids with high asphaltene 

content contain substantial amounts of resins. Material balance calculation on the very 

heavy petroleum fluids reveals minor losses (that is, irreversible adsorption of polar 

compounds on the clay (< 1 wt%)). It is found that the high quality of the clay assures 

good selectivity and reproducibility of the tests. Table 2.6 provides the amount of 
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resins recovered from the nCs-deasphaltened petroleum fluids after elution of oils 

with different nCs/toluene volume ratios of 100/0, 85/15, 70/30, 50/50 and 0/100 

(vol/vol). The amount of resins decreases with the volume of toluene in nCs/toluene 

mixtures. When using only nCg to elute oils, one obtains almost two times more resins 

than when using only toluene. All the above tests are performed three times and the 

standard deviation is 3%. 

Table 2.5 - Amount of resins adsorbed on clay after elution of oils with nCs, nCy and 
nCio 

H TE C TA TK S U B 

Elution of oils with Amount, \vt% 

nC; 3 0 3 2&6 6.5 6.0 7.5 3.5 8.6 0 ^ 6 

nC? 31.1 2&7 7.4 6.2 7.6 3.8 - 0 6 5 

nC|o 3 2 4 3&0 7.8 6.5 7.9 4.0 - 0.68 

Table 2.6 - Amount of resins adsorbed on clay after elution of oils with various 
nCg/toluene mixtures 

H TE C TA TK S U B 

Elution of oils with nCVtoluene Amount, wt% 

100/0 (vol/vol) 3&3 28 6 6.5 6.0 7.5 3.5 8.6 0 ^ 6 

85/15 2&4 2 4 4 5.9 4.8 5.9 2.7 - 0.45 

7 0 8 0 2L8 19 9 4.9 3.9 5.2 2.2 - 0 3 7 

50^W 2&0 l&O 4.2 3.6 4.2 1.5 - 0.30 

WIW 14.0 13.3 2.9 2.8 2.9 1.1 - CU5 

Fig. 2.4 shows the photograph of the separated asphaltenes and resins from 

petroleum fluid H. The resins are those separated by adsorption after elution of oils 

with nCj. Asphaltenes and resins have very different appearances. Indeed, asphaltenes 

from all the petroleum fluids are black, shiny and friable solids while resins are dark 

brown, semi-solid, shiny and gummy. Oils are orange/brown liquids with a density 

that varies from a petroleum fluid to another. The color of oils changes from 

orange/brown to red/brown when the proportion of toluene in the nC^/toluene 

mixtures is increased. This change in coloration may suggest the presence of polar 

species in the oils (Becker, 2000). 
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•• • . . . 

Asphaltenes Resins Oils 

Fig. 2.4 - Photograph of asphaltenes, resins, and oils from petroleum fluid H. 

In order to compare the results of this study with other separation techniques, the 

resin content of petroleum fluid E has been determined in two different laboratories 

(Durandeau, 1999; Boduszynski, 2000). Durandeau used Thin Layer Chromatography 

(TLC) and reported a value of 14 wt% while Boduszynski used High Performance 

Liquid Chromatography (HPLC) and reported a resin content of 25 wt%. In TLC, 

saturates are eluted with nC^ and aromatics with toluene while in HPLC, nCe is used 

to elute oils. The solvents used in the two techniques correspond to the extreme 

proportion of nCg/toluene volume ratios. The results from HPLC correspond to 100% 

nCg (0% toluene) and the results from TLC correspond to 100% toluene (0% nCj) 

when compared with our adsorption method. It is interesting to see that the results 

from HPLC and TLC for resins which are 25 and 14 wt%, respectively for petroleum 

fluid TE are in line with our measurements of 28.6 wt% and 13.3 wt%, respectively. 

The next step is to define the true resins from the set of fractions recovered. We 

would like to find the nCg/toluene volume ratio that separates oils by preserving all 

the constituents of resins in the resin fraction. This is possible by measuring the dipole 

moment of the resin fractions. The detailed procedure of the measurements is 

described in chapter 4. The dipole moment of resins is found to increase gradually 

with increasing volume of toluene as shown in Table 2.7. In fact, when toluene is 

introduced into the eluting solvent of oils even at small concenfrations, the dielectric 

constant of resins increases linearly with the amount of toluene in the solvent (see Fig. 

2.5). 
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Table 2.7 - Dipole moment (in Debye) of resins 

H TE C TA TK S U B 

Precipitated bv 

C3 4.0 3.8 4.4 3.5 4.0 4.2 - 3.7 

Adsorbed after elution of oils with nCJtoluene 

100/0 (vol/vol) 2.5 2.4 3.2 3.1 2.8 2.4 2.4 3.0 

8%15 2.6 2.5 3.3 3.1 3.0 2.5 - 3.1 

7 0 # 0 2.7 2.6 3.5 3.2 3.1 2,6 - 3.2 

2.9 2.8 3.6 3.3 3.2 2,7 - 3.4 

0/100 " 3,1 2.9 3.7 3.3 3.4 2.8 - 3.5 

0 10 20 30 40 50 60 70 80 90 100 O B 

Toluene, vol% 

Fig. 2.5 - Increase of the dielectric constant of resins with the amount of toluene in 
the eluting solvent of oils. 

A nitrogen analysis of the oils from petroleum fluids H and C shows that the resins 

eluted with the oils are those containing nitrogen fimctions (see Table 2.8). Because 

heavy aromatics may possess a small polarity (as will be see in chapter 4), one may 

argue that the increase in dipole moment be attributed to the presence of slightly polar 

aromatics. However, slightly polar aromatics are distinguished from slightly polar 

resins in that the polarity of resins stems from the presence of heteroatoms in the 

molecule. These resuhs imply that toluene does elute some resins with the oils, 

probably those weakly bound to the clay. Therefore, it is recommended not to use any 

toluene with nCs to separate oils from resins. Table 2.7 also provides the dipole 

moment of resins by the precipitation method. It is found that resins precipitated by 
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propane are more polar than resins separated by adsorption. This reveals that propane 

precipitates only part of the resin fraction containing the most polar molecules. 

Table 2.8 - Nitrogen content of oils from petroleum fluids H and C eluted with 
various nCs/toluene mixtures 

nCVtoluene, vol/vol 
Amount, ppm 

H 

100/0 213 250 

85^^ 655 300 

70/30 1100 356 

50/50 1700 415 

2.4 Conclusions 

Based on the extensive work on the separation of asphaltenes and resins from 

petroleum fluids, the following conclusions are drawn. 

1) The Syncrude analytical method allows a good separation of asphaltenes from 

petroleum fluids by precipitation with n-alkanes. The method is slightly modified 

to reduce the co-precipitation of heavy resins with asphaltenes. 

2) The propane precipitation method separates only part of resins. This part is the 

most polar fraction of the resins. 

3) The total resins can be separated by the ASTM D-2007 adsorption method using 

nCs-deasphaltened petroleum fluids. Modifications are introduced into the method 

to assure consistency of the separation and provide reproducible resuhs. It is 

found that the use of an aromatic solvent such as toluene with nCs, even a small 

quantity, to elute the oils may reduce the amount of the separated resins. 
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Chapter 3 

Molecular size of asphaltenes and 
resins 

ZTzij' /MoZgcwZar j'/ze re^m j^gcfg^ ^o/M 

some of the petroleum fluids in Chapter 2. Three different sets of experiments are 

performed: I) absorption spectroscopy, 2) steady state fluorescence emission 

spectroscopy (SSFES), and 3) time-dependent fluorescence emission spectroscopy 

(TDFES). In SSFES, the emission intensity correlates with the molecular size. The 

measured molecular size distributions suggest a decrease in the population of large 

molecules from nCj asphaltenes to nCs asphaltenes to C3 resins to nCs resins to 

petroleum, fluids to oils. TDFES uses the theory of anisotropy decay to calculate the 

molecular size of spherical molecules. The radius of asphaltene molecules by TDFES 

3.1 Introduct ion 

The molecular size of asphaltenes has been extensively studied over the past years. 

The emergence of sophisticated measurement techniques unveiled important 

structural features of the asphaltenes. It is now recognized that asphaltene molecules 

are substantially smaller in size than it was previously reported. Zajac et al. (1994) 

used scanning tumieling microscopy (STM) to image directly the aromatic 

components of asphaltenes and reported an average molecular radius of 5 A. 
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Liang et al. (2000) measured values in the same range by X-ray diffraction. Recently, 

fluorescence depolarization measurements provided estimates in the range of 5-10 A 

(Groenzin and Mullins, 2000; Buenrostro-Gonzales et al., 2001). 

In this chapter, fluorescence emission spectroscopy is used to measure the 

molecular size of asphaltenes and resins that were separated from some petroleum 

fluids in Chapter 2. The fluorescence emission can be measured under steady state or 

time-resolved conditions. The steady state fluorescence emission spectroscopy 

(SSFES) provides a qualitative estimation of the size of chromophore populations that 

emit at a definite wavelength while the time-dependent fluorescence emission 

spectroscopy (TDFES) assesses the volume of molecules based on the decay of their 

fluorescence emission with time. The decay depends on the molecular size; small 

molecules experience a high anisotropy due to Brownian motion and their decay is 

sharp and short compared to large molecules. In other words, large molecules emit in 

the "red" (infra red region) and small molecules emit in the "blue" (ultra violet 

region) as shown in Fig. 3.1. Because asphaltene fluorescence emission is significant 

in the range of 400 to 650 mn, the tests are performed at excitation wavelengths in the 

range of 310 to 400 mn. Prior to the fluorescence emission measurements, the 

samples are diluted in toluene at very small concentrations. For such small 

concentrations, it is preferable to measure the sample concentration from its 

absorbance response rather than using conventional methods. Thus, the absorption 

spectroscopy (AS) is used for concentration measurements. The AS method can also 

be used to probe the presence of metals such as Ni or V in the molecule. 

This chapter is structured into four parts. In the first part, a brief theory on 

absorption, fluorescence emission, and anisotropy decay is presented. The second part 

describes the equipments used and provides the measurement procedures. The third 

part presents the results of SSFES tests on several samples of asphaltenes, resins, and 

oils, as well as the results of TDFES test on two asphaltenes and one resin sample. 

The results are then compared and discussed before drawing in the last part the main 

conclusions of this chapter. 
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20000 25000 30000 35000 

1/A, cm"' 

Fig. 3.1 - Plot of the emission spectra for the four smallest aromatic molecules: 
benzene, naphthalene, anthracene, and tetracene. (Haken et al, 1994) 

3.2 Theory 

3.2.1 Absorpt ion 

Absorption is defined as the transition from the ground level of electronic ground 

states to the lowest vibrational levels of excited electronic states. For a given 

wavelength, the absorption intensity can be determined from the Beer-Lambert law. 

/ = V (3.1) 

where is the incident intensity, C is the concentration of the absorbing material, x 

the optical path length, and a the absorption coefficient. The optical density (OD) or 

absorbance is defined as. 

OD = In — = —axC 
h 

(3.2) 

The optical density is directly proportional to the concentration. Thus, one can use the 

optical density response to measure the small sample concentrations. Another 

application of the absorbance spectroscopy is the detection of metals such as Ni and 

V; a Soret band at 389 nm and 409 nm indicates the presence of Ni and V in the 

sample, respectively (Dolphin, 1978). 
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3.2.2 F l u o r e s c e n c e emiss ion 

Fluorescence emission is defined as the spontaneous radiative transitions between an 

excited quantum state to any state with a lower energy. Usually, transitions occur 

between the highest occupied (HO) energy level to the lowest unoccupied (LU) 

energy level and they depend on the size of the molecule. The observed HO-LU gap 

of electronic energy levels of large molecules is small compared to that of small 

molecules. Consequently, large molecules emit at high wavelengths (in the IR region) 

while small molecules emit at small wavelengths (in the UV region). 

The steady state fluorescence spectrum technique is able to obtain the energy 

difference between the states that participate at the optical transition by measuring the 

intensity at a wavelength that corresponds to a certain transition. At low temperature, 

the fluorescence spectrum is the mirror image of the absorption spectrum and is 

detectable in the UV-VIS-Near IR region. While the steady state fluorescence 

spectroscopy can locate an optical transition on an energy scale, the time-resolved 

fluorescence spectrum gains additional information about the excited state of that 

transition. 

3.2.2.1 A n i s o t r o p i c po lar i za t ion d e c a y 

The theory of anisotropic polarization decay as presented in the following is mainly 

based on the work of Chuang and Eisenthal (1972). The first formulation of the 

relationship between fluorescence and rotational Brownian motion was done by Perrin 

(1926) and extended by several authors such as Tao (1969) who developed the theory 

of rotational Brownian motion of a free rigid body. The work is partly based on 

Einstein's theory of Brownian motion (Einstein, 1906), which developed the basic 

concept of the motion of particles suspended in fluids. We present briefly in the 

following the spherical model formulated by Perrin-Tao-Chuang (Chuang and 

Eisenthal, 1972). The state of fluorescence polarization may be characterized by the 

three polarized components , / , , where the subscript gives the direction of 

polarization (see Fig. 3.2). 
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Fig. 3.2 - Excitation and fluorescence emission of a spherical molecule, which 
undergoes anisotropy decay. (Tao, 1969) 

For the exciting light polarized in the z-direction and traveling in the negative x-

direction and by observation of the fluorescence along the y-direction, it follows that 

/|i = 7, and /_L = = ^y, where the subscripts || and _L denote a detection of light 

polarized parallel and perpendicular to the excitation, respectively. In this system, the 

emission anisotropy is defined as. 

p r o 
(3.3) 

where D is the difference between the parallel and perpendicular polarized light and S 

is the sum of the three polarized components, which represents the magnitude of the 

intensity emitted by the fluorophore. Therefore, the emission anisotropy can be 

written for a vertically polarized exciting light as. 

4 ~ 4 (3.4) 

The emission of light by a molecule is characterized by a transition dipole moment, 

which stays constant in the molecular frame but is time-dependant in the laboratory 

frame (due to Brownian motion). In the four possible combinations of excitation-

emission of light: vertical-vertical (vv), vertical-horizontal (vh), horizontal-vertical 

(hv) and horizontal-horizontal (hli), the transition dipole has to rotate 90° except for vv 
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excitation-emission of hght. If one considers a vertical incident light, the vv light 

intensity is equal to = 1^^ for a vertically polarized emission light, and the vh light 

intensity is equal to/,,/, = for a horizontally polarized emission light (see Fig. 3.2). 

The difference between the two intensities provides an estimate of anisotropy. 

Emission has two components: 1) fluorescence F(t), and 2) anisotropy r{t). The total 

emission intensity is F{f)r{t). Assuming an equal distribution of intensity along the 

three axis, the intensity of each axe will be F(t)r(t)/3. For a clockwise rotation of the 

dipole, one can write, 

+ il)F(l) 
1 

f ( 0 
F(l) 

[l + 2r(()] (3.5) 

/ , = [ 0 ] + (3.6) 

Therefore, S{t) = F{t) and D{t) = r{t)F{t). Now let us express the emission 

anisotropy as a function of S{t) and D{t). The general expression of the emission 

anisotropy is, 

r{t) = Ae ^ (3.7) 

where A is the anisotropy constant and r is the rotational correlation time in seconds. 

Groenzin (1999) derived the following expression for the anisotropy, 

(3.8) 

where D is the diffusion constant of a sphere of volume V. Based on a method used by 

Einstein, the diffusion constant is give by, 

6D = 
V1] 

(3.9) 

where k is the Boltzman constant, 7 the temperature, Fthe volume and rj the viscosity 

of the solvent (%]uene = 0.0005716 Pa.s). Thus, the rotational correlation time is. 
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Vr] 
(3.10) 

The rotational correlation time provides the volume of the molecule and thus the 

radius for a given molecular shape (spherical) from, 

R = (3 11) 

Determination of the rotational correlation time is possible through measurement of 

the difference and sum curves. The data are fitted to exponential curves as follows, 

- i , 
(3 12) 

-1, -1/ 
(3^3) 

which is approximated to, 

S(t)-(A2+A^)e (3.14) 

with 

4̂ ~ 
A2T2 + 

Aj + A^ 
(115) 

The ratio of D over S gives. 

A -I -—- I r 

A2 + A^ 
(3.16) 

Thus, the anisotropy constant and the rotational correlation time can be obtained from, 

A2 + A^ 
(3.17) 

1 1 1 

T f, 
(3.18) 
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3.3 Experimental 

The sample preparation is first presented then the experimental setup and procedure is 

provided for each test. 

3.3.1 Sample preparat ion 

A small amount of solute is introduced into a cuvette and toluene is added so that the 

concentration of the solute in toluene is approximately 0.006 g/1, which corresponds 

approximately to a solution OD of 0.2 at a 237 nm excitation wavelength. During 

sample preparation, repeated dilutions of the solute in toluene are performed until the 

desired OD-wavelength match is obtained. The solution is then de-irradiated by 

blowing nitrogen during ten minutes in order to remove oxygen, known to induce 

quenching effects. The sample is then charged into the emission spectrometer for 

fluorescence emission measurements. 

3.3.2 GARY 500 absorpt ion spectrometer 

For all absorption measurements, a UV-VIS-Near IR absorption spectrometer GARY 

500 is employed (see Fig. 3.3). The spectrometer is controlled by a P11/200 PC with a 

software that allows complete control of the measurement parameters such as slit 

width of the monocliromator, scamiing range, setting of rear beam attenuator, detector 

and filter change. To collect the spectra, the default setting with a baseline correction 

is used. The baseline correction is collected with an empty sample compartment. The 

range of variation of the source wavelength is set from 600 nm to 300 nm. In the 

vicinity of 300 mn, the optical density increases considerably due to toluene 

absorbance in this region. 

Procedure - For each measurement, 10 mm path-length cuvettes are used. The 

cuvettes are hermetically closed to avoid solvent evaporation or any contamination. 

After use, the cuvette is emptied and thoroughly flushed with acetone. Rests of 

acetone are dried and acetone vapors are removed by purging with nitrogen. 
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Fig. 3.3 - Schematic of the optical arrangement of the GARY 500 absorption 
spectrometer. (Groenzin, 1999) 

3.3.3 PTI C-72 and A-720 emiss ion spec trometer 

For collection of SSFES spectra, the A-720 fluorescence spectrometer is used with a 

75 watt Xe compact arc lamp source (see Fig. 3.4a). TDFES data are collected with 

the (Photon Teclinology International) PTI G-72 laser system connected to the A-720 

fluorescence spectrometer. The PTI G-72 employs a PTI GL-3300 nitrogen laser 

source along with a PTI GL-302 high-resolution dye laser with a fiber optic coupling 

to the measurement cell to excite the fluorophore (see Fig. 3.4b). The directions of the 

excitation and emission light from the cell are oriented 90°G from each other with 

vertical polarization defined to be perpendicular to this plane. The wavelength of the 

emission monoclii-omator is fixed while two polarizers (placed before and after the 

measurement cell) are used to select the polarizations. TDFES curves are collected for 

four source-emission polarizations: vertical-vertical (vv), vertical-horizontal (v/z), 

horizontal-vertical (/zv), and horizontal-horizontal (M). The vh curve has a higher 

intensity than the hv curve due to different transmission efficiency tiirough the 

emission channel of the instrument. A calibration factor G equal to I,, J I,,,, is 

introduced in order to compensate this effect. 
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Fig. 3.4 - Schematic of the optical arrangement of the PTI C-72 and A-720 emission 
spectrometer. (Groenzin, 1999) 
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Procedure - The steps for the determination of the rotational correlation time r are, 

1) Measure and plot the emission intensity , 7^̂ ,, and curves vs. 

time at different emission wavelengths, 

2) Normalize all curves, 

3) Correct curves to remove the effect of the scatterer, 

4) Calculate the calibration factor G, 

5) Correct the curve by multiplying by G, 

6) Plot the difference curve D = , 

7) Plot the sum curve S = + 27^ G, 

8) Fit the difference D with an exponential curve, 

9) Fit the sum S with the sum of two exponential curves. 

3.4 Results 

The experimental data obtained from the absorption spectroscopy, steady state and 

time-dependent fluorescence emission spectroscopy are presented. The selected 

samples for the SSFES test are the nCs asphaltenes, nC? asphaltenes, C3 resins, nCs 

resins, and oils which were separated from petroleum fluids TK and H in Chapter 2. 

Note that the emission spectra of the other fluids lay between those of petroleum 

fluids TK and H, and are not presented here. The TDFES test is performed on nC^ 

asphaltenes from petroleum fluids H and TK, and on nCs resins from petroleum fluid 

H. 

3.4.1 Absorpt ion spectroscopy 

The absorption spectra of oils, resins and asphaltenes from our petroleum fluids are 

measured. All the spectra obtained are similar except those of the very heavy 

petroleum fluid H, Indeed, a Soret band in the spectrum of nCs asphaltenes H and nCg 

resins H at a 406 nm wavelength is detected, suggesting the presence of Vanadium in 

the fractions (see Fig. 3.5). It is interesting to see that traces of metal are present in 

both asphaltenes and resins. 
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Fig. 3.5 - Absorbance spectra of fractions from petroleum fluid H. 
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3.4.2 F l u o r e s c e n c e emiss ion spectroscopy 

3.4.2.1 S t e a d y s ta te 

Fig. 3.6 shows the normalized steady state fluorescence emission spectra of nCs 

asphaltenes and nCg resins from petroleum fluids TK and H at two excitation 

wavelengths (310 nm and 390 nni), and reflects the wide distribution of small and 

large chromophores in the molecules. Results suggest that the size of asphaltene 

chromophores from petroleum fluid TK is smaller than that of asphaltene 

cliromophores from petroleum fluid H. On the other hand, the emission spectra of C5 

resins are almost similar; this has also been observed for other petroleum fluids. Fig. 

3.7 compares the population size distribution of nCs and nC? asphaltenes H, C3 and 

nCs resins H, oils H, and petroleum fluid H at an excitation wavelength of 310 nm. 

The spectra generated show that the population of large molecules decreases from nCy 

asphaltenes to nCs asphaltenes to C3 resins to nCg resins to petroleum fluid to oils. 

3.4.2.2 T ime r e s o l v e d 

Fluorescence depolarization rates of very dilute solutions of asphaltenes or resins in 

toluene are analyzed. For each wavelength, the excitation wavelength is about 40 nm 

shorter than the emission wavelength. Fig. 3.8 provides the TDFES spectra of nCg 

asphaltenes from petroleum fluid H. A complete data set for one excitation and 

emission wavelength pair corresponds to the acquisition of four time-resolved 

fluorescence curves vv, v/i, hv, and hh that are used to generate the anisotropy decay. 

The initially large difference between vv and vh curves is due to anisotropy; the 

reduction of this difference with time is due to rotational diffusion. 
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Fig. 3.6 - Normalized SSFES spectra of nCg asphaltenes and resins from petroleum 
fluids TK and H at 310 nm {a) and 390 mii (6) excitation wavelengths. 
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The sum and difference curves created from Fig. 3.8 are presented in Fig. 3.9. The 

fits of the curves are used to calculate the anisotropy constant and the rotational 

correlation time. The values obtained are reported in Table 3.1 together with the 

average radius calculated from Eq. (3.11). One can observe that the rotational 

correlation times of asphaltenes H and resins H are very close. The values vary from 

0.01 ns to 0.1 ns as shown in Fig. 3.10. The large variation suggests a wide range of 

molecular sizes in the asphaltene and resin population of petroleum fluid H, on 

average the radii are about 5 A , which is in line with the literature. On the other hand, 

asphaltenes TK are smaller than asphaltenes H, the rotational correlation times are 

approximately equal to 0.01 nm giving an average molecular radius of 3 A (see Table 

3.1). 

M 1600 

% 1000 scatterer 

Time, ns 

Fig. 3.8 - TDFES lifetime spectra of nCs asphaltenes H at 365 nm excitation 
wavelength (the four time-resolved fluorescence). 
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Fig. 3.9 - TDFES lifetime spectra of 11C5 asphaltenes H at 365 nm excitation 
wavelength (the fits of the difference and the sum curves). 
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Table 3.1. Results of the TDFES measurements 

nm 4m, nm T, ns A .R, A 

Asphaltenes 

H 600 635 0.1195824 0.271144 5.9 

530 570 0.0967440 0.289565 5.5 

480 520 0.0759931 0.337563 5.1 

440 480 0.0530304 0.315084 4.5 

406 450 0.0403203 0.380936 4.1 

Average 
365 410 0.0153176 0.688407 1 0 

4.7 

TK 600 635 0.016624 0.430692 3.0 

530 570 0.015748 0.48002 2.5 

480 520 0.009496 0.304888 2.9 

406 450 0.015466 0.313558 2.5 

Average 
365 410 (1016624 0.430692 M 

2.7 

Resins 

H 440 480 0.062925 0.23987 4.7 

600 635 0.112184 0.199115 5.8 

365 410 0.02822 0.371238 3.6 

Average 
406 450 0.053452 0.294846 4.5 

4.7 

• nC5 Asphaltenes H 

• nC5 Resins H 

• nC5 Asphaltenes TK 

400 450 500 550 

X, nm 

600 650 

Fig. 3.10 - The rotational correlation times of nCg asphaltenes H and TK and nC; 
resins H vs. emission wavelength. 
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3.5 Conclusions 

The conclusions drawn from this chapter are presented in the following points. 

1) In a petroleum fluid, the population of large molecules decreases from nCy 

asphaltenes to nCg asphaltenes to C3 resins to nC; resins to petroleum fluids to 

oils. 

2) The radii of asphaltenes and resins are in the range of 2.5-6 A depending on the 

nature of the petroleum fluid, which is in line with the literature. 
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Chapter 4 

Dipole moment of asphaltenes, 
resins, and oils 
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mildly polar. The interaction between these species has a strong effect on asphaltene 

precipitation from petroleum fluids. It is believed that the polarity of asphaltenes and 

resins affects precipitation. The Onsager formulation of dipolar moments is used to 

measure the dipole moment of asphaltenes, resins, and the oil species in petroleum 

yZwzck. TTzg (f/poZg moTMgMf a mgcwwrg po/arzf); ancf zj' ZM f/zg mngg j. j -7.0 Dybr 

nCs asphaltenes, 2.4-3.2 D for resins, and 0.0-0.9 D for oils. The dipole moment of 

resins is reported for the first time in this thesis. Results reveal that for a given 

petroleum fluid, asphaltenes have a higher dipole moment than resins. However, 

resins from one petroleum fluid can have a higher dipole moment than asphaltenes 

from another petroleum fluid. 

4.1 Introduct ion 

In chapter 2, several samples of asphaltenes, resins, and oils have been separated from 

eight petroleum fluids. The separation procedure allowed the preservation of all the 

polar constituents of resins in the resin fraction. The polar character of resins plays an 

important role in the stabilization of asphaltenes in petroleum fluids (Speight, 1999). 

Also, the polarity of asphaltenes affects the micellar formation and precipitation. This 

chapter investigates the polarity of asphaltenes, resins, and oils from the measurement 

of their dipole moments. 
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There has been very little work on the measurement of asphaltene and resin dipole 

moment, despite their polar character. To the best of our knowledge, the dipole 

moment of resins has not yet been reported in the literature. The dipole moment 

depends on the structure and size of the molecule, and is a guide to the polarity 

generated by functional groups and metallic elements. The polarity of asphaltenes has 

often been related to heteroatom or metal content (Nalwaya et al, 1999; Kaminski et 

al., 1999). Swanson (1942) studied qualitatively the polarity of asphaltenes, resins and 

oils by dielectric constant measurements in benzene solution at different frequencies. 

Asphaltenes were found to be highly polar while resins had intermediate polarity 

between asphaltenes and oils. Conversely, Ese et al. (1998) analyzed the adsorptive 

properties of asphaltenes and resins and concluded that resins were more polar than 

asphaltenes. Maruska and Rao (1987) investigated the dipole moment of asphaltenes 

and reported a value of 5.3 D (the symbol for Debye) for a vacuum residue of a heavy 

petroleum fluid. They used the Onsager theory (1936) to correlate the dipole moment 

of asphaltenes to the dielectric constant and refractive index. Because asphaltenes are 

solid, it was not possible to determine directly the dielectric constant by dielectric 

spectroscopy; instead, Maruska and Rao dissolved asphaltenes in dilute toluene 

solutions. At low asphaltene concentrations (<10wt%), the dielectric constant and 

refractive index were found to vary linearly with concentration. The linear variations 

were then extrapolated to 100 wt% concentration to estimate the properties of pure 

asphaltenes. Halvorsen (1997) measured the dipole moment of asphaltenes from 

several North Sea petroleum fluids precipitated by n-pentane. Dielectric constants 

were determined by dielectric spectroscopy (100 Hz to 15 MHz) and a loop system 

allowed the circulation of p-xylene solutions from the dielectric cell to the impedance 

meter. Halvorsen used the Debye theory (1929) to relate the dielectric constant to the 

dipole moment of asphaltenes and reported values ranging from 4 to 17 D. In this 

chapter, it will be demonstrated that the Debye theory may not provide reUable 

results. A study of the dielectric behavior of hydrocarbon mixtures by Sen et al. 

(1992) revealed that the Debye theory can be used for mixtures of nonpolar liquids 

(such as n-octane in n-hexane) while the Onsager theory can be used for mixtures of 

polar and nonpolar liquids (such as acetone in n-hexane). 
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The main objective of this chapter is to measure the dipole moment of asphaltenes, 

resins, and oils. The theory of dipole moment is briefly reviewed and various methods 

are compared using chemicals with a known dipole moment. The appropriate method 

is selected and applied for measuring the dipole moment of asphaltenes and resins. 

The determination of asphaltene and resin dipole moments is important in that it 

provides a valuable database for the study of the effect of resin polarity on asphaltene 

precipitation (see chapter 5), and the calculation of molecular interactions involving 

asphaltene molecules in a solvent medium (see chapter 6). 

4.2 Theory of dipole moment of molecules 

In a dipolar molecule, the center of negative charges (say electrons) and the center of 

positive charges (say protons) do not coincide. In such molecules, the charge times 

the separation between the centers is called dipole moment (Feynman, 1964). Large 

molecules containing heteroatoms such as ms-tetraphenylporphine do not necessarily 

possess a dipole moment when they have a symmetrical structure (Kumler, 1942). For 

non-symmetrical molecules, the dipole moment is the vector (directed from the 

negative to the positive charge) that tends to orient a molecule in a polarized 

dielectric. The dipole moment is generally expressed in Debye (1 D = 3.338xlO"^®C 

m); it is given by, 

= (4 1) 

where i refers to the number of atoms in the molecules, e,- is the charge of an atom in 

the molecule, and /',• is the distance vector between charges. The charge distribution 

creates an electric field that tends to line up the individual dipoles to produce a net 

moment per unit volume called electric polarization. The electric polarization P is 

given by, 

where N is the number of molecules per unit volume. 
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One can study the behavior of dielectrics in a condenser to estimate the electric 

properties. Dielectrics, such as petroleum fluids are insulators; such materials do not 

conduct electricity, but when placed in an electric field, molecules become polarized. 

When an electric field is applied, the charges that build on the plates of the condenser 

are two types: free charges, and polarization charges (of opposite sign) due to 

polarization; the net charge on the plates will be the difference between the two. The 

charge density due to polarization is equal to the electric polarization inside the 

dielectric (Feynman, 1964). The dielectric constant is a characteristic of the dielectric 

and is given by, 

f = (43) 
0̂ 

where Sa is the absolute permittivity of the dielectric and is the absolute 

permittivity of vacuum. The dielectric constant depends on the frequency v and is 

written in the complex space as, 

••{v) = £'{y)-ie" {y) (4.4) 

Ig'(0) at radio v 

£ (co) = at visible V 

where s ' and e" are the dielectric storage and loss, respectively (see Fig. 4.1). The 

dielectric storage is the amount of polarization created at a given frequency and helps 

to determine the nature of the constituent material. The dielectric loss represents the 

energy of molecules dissipated or lost as heat; it is used to estimate the penetration of 

the sensing wave into the material (Sen et ai, 1992; Pedersen et al., 1999). At radio 

frequency, the dielectric constant equals the dielectric storage at zero frequency; it is 

also called static dielectric constant g'(O). At visible frequency, the dielectric constant 

is approximated by the dielectric storage at infinite frequency g'(oo); it is equal to the 

square root of the refractive index n of the sodium D-line of light (Maxwell, 1954). 
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s 

f ' ( 0 ) 

Fig. 4.1 - Schematic representation of the dielectric constant vs. frequency 

Using fundamental electrostatic equations, one can readily derive the following 

expression that relates electric polarization to electric field E (Bottcher, 1952), 

An 
(4.5) 

The dipole moment camiot be measured directly. Several theories exist to relate the 

dipole moment to macroscopic measurable quantities such as dielectric constant, 

refractive index and density. The first theory from Clausius and Mosotti (Bottcher, 

1952) is applicable to non-polar molecules. Debye (1929) extended the formulation of 

Clausius and Mosotti to polar gases and liquid solutions. Later, Onsager (1936) 

advanced the original Clausius and Mosotti theory for polar molecules and proposed a 

new formulation. A brief review of these theories is presented in the following. 

4.2.1 The Clausius & Mosotti theory 

Clausius and Mosotti used the notion of internal field to relate the dielectric constant 

of a non-polar spherical molecule to the density (Bottcher, 1952; Born and Wolf, 

1980). While the electric field is the mean field obtained by averaging over a region 

that contains a large number of molecules, the internal (or effective) field acts on the 

molecule itself The difference between the two fields is due to the gaps between 

molecules (Born and Wolf, 1980). To estimate the internal field, each molecule is 

considered to be surrounded by a small sphere. For non-polar molecules, molecules 

inside the sphere do not produce any resulting field at the central molecule and one 
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may regard the molecule as being situated in a spherical region inside which there is 

vacuum and outside which there is a homogeneously polarized medium. The internal 

field is derived by assuming that the field at the spherical hole is equal to the 

difference between the field at any point in the dielectric and the field due to a 

spherical plug. The expression for the internal field F is given by, 

F = E + ~P (4.6) 
3 

In vacuum, the internal field equals the electric field but in other materials, it is 

higher. Clausius and Mosotti assumed that the electric dipole moment induced in a 

molecule is proportional to the internal field, 

== ".jF (4.7) 

where is the polaiizability volume of the molecule, a macroscopic quantity which 

has the unit of volume (Smyth, 1955). The polarizability volume is a measure of the 

strength with which protons in the nucleus attract the electrons and prevent their 

distortion by the applied field. This parameter increases with increasing atomic 

number, atomic size, and the ease of excitation of atoms in the molecules (Atkins, 

1978). When # molecules are contained in a unit volume, one can write. 

4#a3 
TV = 1 (4.8) 

where R is the radius of the spherical molecules. Combining Eqs. (4.2), (4.5), (4.6) 

and (4.7), 

(4,9) 

Eq. (4.9) is the general expression of Clausius and Mosotti. From s = n̂  and 

combining Eqs. (4.8) and (4.9), 

(4,10) 
n + 2 

The polarizability volume (also dipole moment) may have two contributions 
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depending on the nature of the molecule and the frequency of excitation: 1) 

permanent (orientation) and 2) induced. Polar molecules experience both 

contributions at very low frequencies (such as radio frequencies) while non-polar 

molecules experience only the induced one. The induced contribution is the result of 

two parts: 1) atomic (or distortion) and 2) electronic effects. The former is associated 

with the molecular vibrations and the latter results from the displacement of the 

electron cloud by the field in the visible-ultraviolet frequency domain. The atomic 

polarizability volume is not readily determined and may be neglected on the grounds 

that it is partially compensated by the use of refractive index of the sodium D-line of 

light to estimate the electronic polarizability volume (or dipole moment). 

Limitations - The .Clausius and Mosotti equation applies to gases at moderate 

pressures but deviations may occur at high pressures when the polarizability volume 

of molecules is large. There may also be some deviations for liquids especially for 

mixtures (Bottcher, 1952). 

4.2,2 The Debye theory 

Debye (1929) borrowed the oldest model of conductive spheres proposed by Clausius 

and Mosotti. He made the implicit assumption that the average permanent dipole 

moment of a molecule is proportional to the internal field. In the absence of external 

forces, the moments of a number of molecules will, on the average, be distributed 

with the same probability over all directions in space. Therefore, if one considers a 

small solid angle at a given orientation, the average dipole moment is, according to 

Debye, equal to the total dipole moment divided by the number of molecules in the 

direction confined within the solid angle. Debye used the Boltzmann-Maxwell 

distribution law to calculate the small variations of the number of molecules confined 

within the solid angle. The final expression of the average dipole moment found is, 

F (4.11) 

where F is the magnitude of the internal field vector. Combining Eqs. (4.2), (4.5), 

(4.6), (4.8), (4.10) and (4.11) gives the Debye equation, 
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, - l ( 4 . 1 2 ) 

g + 2 M"+2 9A:r 

It is more convenient to work with molar polarization because of its additivity in 

mixtures (Debye, 1929; Bottcher, 1952; and Smyth, 1955). The molar polarization is 

defined by, 

(4.13) 
s + 2 p 

From the expression of the number of molecules per unit volume, 

= (4J4) 
M 

and combining Eqs. (4.12), (4.13) and (4.14), one can write. 

The first term on the right hand side of Eq. (4.15) is the induced molar polarization, 

and the second term is the orientation molar polarization. Therefore, 

(4 16) 

Limitations ~ At moderate pressures, the dielectric constant of a gas conforms 

accurately to the Debye equation. The dipole moment is generally determined from 

temperature variation. The procedure consists of plotting the molar polarization 

against HT and deducing the dipole moment from the slope of the straight line. For 

polar liquids, the dipole moment is usually overestimated and the theory does not 

hold. Several authors claimed that the limitations of the Debye equation are due to 

association between polar molecules (Bottcher, 1952). To overcome this deficiency, it 

was suggested to work with a very dilute solution of polar solutes in a non-polar 

solvent. A series of differentiation techniques were proposed to measure the dipole 

moment of solutions of polar- solutes in nonpolar solvents. 
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Differentiation methods - The Debye theory was recast according to the 

modifications introduced by various authors. Only the methods in which the 

electronic molar polarization of the polar molecule is not required are retained. The 

selected methods are those proposed by Cohen-Henriquez (Bottcher, 1952), LeFevre 

(1948), Smyth (1950) and Guggenheim (1951). Measurements are performed with 

dilute solutions of a polar solute (species 1) in a non-polar solvent (species 2). The 

methods consider the additivity of molar polarization and molecular weight, and 

assume linear variations of the dielectric constant, refractive index (and density in 

some cases) with the mole or weight fraction of the solute as shown in Table 4.1. The 

authors listed in Table 4.1 expressed the difference between the molar polarization at 

a low frequency and at visible frequency in order to eliminate the solvent and the 

electronic polarization of the solute. The expression obtained is then differentiated 

with respect to mole (or weight) fraction of the solute at very low concentrations; the 

expressions of the orientation molar polarization of the solute are obtained (see Table 

4.1). The equation of Smyth is similar to the one by LeFevre, except that the density 

term is neglected. Guggenheim further simplified Smyth's equation by assuming that 

the dielectric constant of the solvent is approximately equal to the square of its 

refractive index. Bottcher found that the last three methods give similar results (1951). 

The Guggenheim version is selected for its simplicity. The Cohen-Henriquez equation 

is also selected and compared with the one by Guggenheim. 

Table 4.1 - Differentiation methods of Debye equation for binary mixtures of polar 
solute (species 2) in nonpolar solvent (species 1) 

Orientation molar polarization Eq. Author Year Assumptions 

Cohen- ^ 3 5 g = az; + g, 

11 = CZj + M, 
Henriquez 

g = az; + g, 

11 = CZj + M, 

LeFevre 1948 s = f|(aii'j +1) 

P = P, (bWj +1) 

ii~ = nf (cii'j + 1) 

Smyth 1950 £ = + 1) 

+ 1) 

Guggenheim 1951 

s = £^(aw^ +1) 

+2) 

((\ -b)(e, -iif) ag| cn^ ^ (TZ) 
p, t , + 2 ; ' r^,+2/ rn'+2/ 
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4.2.3 The Onsager theory 

Because the internal field depends on the orientation, Onsager (1936) proposed to 

compute the orienting force-couple for each individual direction of the dipole. 

Onsager considered the original Clausius and Mosotti theory of the internal field not 

applicable to permanent dipoles. In his work, the total dipole moment m is the vector 

sum of the permanent and the induced dipole moments, 

m = juu + a^F (4.17) 

where // is the permanent dipole moment in vacuum (which rotates around a mean 

orientation) and u is the unit vector in the direction of the dipole axis. In addition, the 

internal field is the sum of a cavity field and a reaction field. 

F = G + R (4.18) 

where G is the cavity field vector and R is the reaction field vector. The reaction field 

is parallel to the average dipole moment and it is only the cavity field that contributes 

to the orientation of the polar molecule. Onsager solved the electrostatic problem by 

combining the results of a dipolar molecule in a non-polarized dielectric with those of 

a spherical cavity in a polarized dielectric. The internal field is then expressed as 

(detailed derivations are provided by Onsager (1936)), 

F = 
- ( g - l ) l // 2 ( g - l ) (n^+2)(2g + l) 

' i + " " , 
2g-kl 3(2g + M") " 

Eqs. (4.6) and (4.19) are identical for non-polar molecules (for which ju = 0 and 

s = n'). Unlike the induced dipole moment, the permanent dipole moment depends 

on the orientation of the molecule and its average value is equal to the actual dipole 

moment times the mean orientation of the molecule. The mean orientation is 

determined from the Boltzmami-Maxwell formula using the work of orientation. The 

expression derived by Onsager is then introduced into Eqs. (4.17)-(4.19) to give the 

Onsager equation. 
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2 _ . £-1 n -I 47rN + 
g + 2 9&r 

3c(M2+2) 

(^2s + + 1^ 
0L2O) 

Eqs. (4.12) and (4.20) are identical for e = . Therefore, the Onsager and Debye 

equations give similar results for nonpolar molecules. However for polar molecules (s 

> n^), the dipole moments calculated from Debye and Onsager equations are different. 

Limitations - The formulation of Onsager is limited to spherical molecules in liquid 

systems. In addition, the neighborhood of a molecule is considered to be a continuum. 

4.3 Experimental 

The dipole moment determination is made by measuring the dielectric constant and 

refractive index of dilute solutions of asphaltenes, resins and oils in toluene. The 

procedure is similar to Maruska and Rao's (1987), however lower concentrations of 

polar solutes are used to allow visual reading of the refractive index and to reduce the 

effect of association. There has been a debate whether nC; asphaltenes are less polar 

than nCv asphaltenes or vice-versa (Speight, 1999). The asphaltenes are separated 

with both n-alkanes to clarify the issue of polarity by measuring the dipole moment. 

The dipole moment of resins by adsorption after elution of oils with nC? is also 

measured. 

4.3.1 Die lec tr ic constant 

In a class of substances called insulators or dielectrics, the electrons move a very 

small distance from the nucleus when the substance is subjected to an electric field. 

The dielectric constant of a dielectric substance is a measure of chemical composition 

and density (Feyimian, 1964). When a condenser containing a dielectric substance is 

subjected to an electric field, the dielectric constant is given by £" = C / Q where C 

and Co are the capacitance of the condenser filled with the dielectric and air, 

respectively. In this study, a liquid test fixture is used as a condenser. The 

determination of capacitance is performed at ambient conditions tluough impedance 

measurements (HP impedence measurement handbook, 1999). The electronic circuit 

comprises the liquid fixture connected to an LCR meter that measures the inductance 
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L, the capacitance C, and the resistance R of the circuit. The choice of the equipment 

is driven by the frequency coverage, measurement range, accuracy and ease of 

operation. 

Apparatus - The equipment consist of a precision LCR meter HP 4284A (20Hz to 

IMHz frequency range) connected to a Hquid test fixture HP 16452A through test 

leads HP 16048A of Im- long as shown in Fig. 4.2. The capacity of the liquid test 

fixture is 3.4 ml. The cell comports four electrodes with 1 mm spacing between plates 

(see Fig. 4.3). The sensitive areas of the plates are coated with platinum to prevent 

local polarizability. For accurate reading of capacitance, the equipment is calibrated 

and a short compensation is performed to account for lead capacitance. Measurements 

are performed at a frequency of 800 Hz and a voltage level of 1 V. 

4.3.2 Refract ive index 

For a non-absorbing medium, the refractive index is the ratio of the velocity of light in 

vacuum to the velocity of light in the medium (Bitter, 1956). In the visible range of 

frequencies, measurements of the refractive index of the sodium D-line of light are 

possible using a refractometer. The effective speed of light is different in different 

materials and on this basis, the refractive index depends on the nature of the material 

(Feynman, 1964). 

Apparatus - An Abbe C-10 refractometer is used to measure the refractive index of 

liquid mixtures to be described later. A built-in thermometer allows the reading of 

temperature. The range of refractive index covered is 1.300 to 1.700, with an accuracy 

of 0.0003. Calibration is performed with naphthalene bromide, which has a refractive 

index of 1.656 at 25°C. 

4.3.3 Dens i ty 

The density of a substance is its mass per unit volume. The density at ambient 

conditions is usually measured using pycnometers; however digital density-meters, 

when available, provide more accurate data. In this work, density is measured using 2 

types of pycnometers having a fixed volume. Density and refractive index are 

temperature-dependent. 
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Fig. 4.2 - HP 4284A precision LCR meter connected to the HP 16452A liquid test 
fixture through HP 16048A test leads 

High electrode 
assembly 

J Low electrode 
assembly 

aWiilm I ^ U l T 

Dram 

Outlet 

Fig. 4.3 - HP16452A liquid test fixture 
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Density at a given temperature can be estimated from measurements at another 

temperature using the correlations of Van Ness and Van Westen (1951). 

Apparatus - The density of petroleum fluids is measured using a weld-type 

pycnometer devised for specific gravity of volatile liquids with an accuracy of 0.001 

g/cm^. The pycnometer made of borosilicate glass, has a capacity of 25 ml and is 

equipped with a glass stopper and a cap to reduce evaporation of the sample. The 

density of oils is measured with a Moore-Van Slyke specific gravity bottle with 

ground-in stopper. The bottles made of borosilicate glass have a capacity of 2 ml. 

4.4 Results 

The results are presented in two different parts. The first part provides the results of 

dipole moment calculation from the Debye and Onsager methods for several 

chemicals with known dipole moments from the literature. In the second part, the 

Onsager method is selected and applied for the calculation of asphaltene, resin and 

oils dipole moment. Note that prior to these measurements, the accuracy of the 

equipment was verified by direct measurement of the dielectric constant and 

refractive index of pure toluene and water. The difference found between the 

measured values and the literature data was be less than 1%. 

4.4.1 Dipole m o m e n t ver i f icat ion 

The methods presented for the estimation of the dipole moment of molecules are 

applied to twelve chemicals with known dipole moments from the literature (Tide and 

Frederikse, 2000; McClellan, 1963) in Table 4.2. The objective is to verify the 

validity of the methods; the most accurate method will be used to determine the dipole 

moment of asphaltenes, resins, and oils. In the selection of the chemicals, we aim to 

cover a wide range of dipole moments (0 to 4 D) as well as a variety of chemical 

functions (ketones, alcohols, amines, etc). The dipole moment of toluene, 

dibutylamine, anisole, ethanol, ethyl acetate, ethyl benzoate and acetone were 

measured in the vapor phase by the temperature variation procedure in the microwave 

frequency region, using the Debye equation (Tide and Frederikse, 2000; McClellan, 

1963). The dipole moment of the remaining substances were measured in liquid 

solutions with benzene at 20°C. For instance, the dielectric constant of 2-butanone 
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solutions in benzene was measured by a Wheatstone bridge method and the dipole 

moment calculated from LeFevre (1948) equation. For Dimethylsulfoxide, the 

dielectric constant was measured by a resonance method and the dipole moment was 

calculated from the Halverstadt and Kumler (1942) equation. Usually, the dipole 

moment measurements in the vapor phase are the most reliable (McClellan, 1963). 

Table 4.2 - Substances with known dipole moments 
(Lide and Frederikse, 2000; McClellan, 1963) 

Substance Formula 
M 

g/mol g/cm^ D 

Toluene C7H, 100.2 0.940 0.37 

Dibutylamine CgHigN 129.2 0.760 1.18 

Anisole C-̂ HgO 108.1 1.000 1.36 

Ethanol QHgO 46.1 0.790 1.69 

Ethyl acetate C/iHg02 8 8 1 0.894 1.78 

Ethyl benzoate C9H10O2 150.2 1,051 1.95 

2-Butanone QHgO 72.1 0.800 2 J ^ 

Acetone C^HaO 58.1 0.790 2jW 

N.N-
Dimethylformamide 

C3H7NO 73.1 0.944 3 82 

Dimethylsulfoxide QH^OS 78.1 1.096 3.96 

3-Methyl-2-
cyclopenten-l-one 

C^HgO 9 6 J 0.980 4JW 

In these measurements, toluene is selected as a solvent although it has a small dipole 

moment (// = 0.4 D). The results do not differ significantly when using p-xylene {jj. = 

0.0 D). Toluene is preferred because of the high solubility of asphaltenes, resins and 

oils in this solvent. While preparing the solutions, it is important to make sure that all 

the chemicals are dissolved in toluene. The dipole moment of the substances in Table 

4.2 is calculated from various methods, using equations T1 (Cohen-Henriquez) and 

T4 (Guggenheim) from Table 4.1, and Eq. (4.20) (Onsager). The atomic polarization 

is neglected in this study. Fig. 4.4 presents results for ethanol solution in toluene. In 

the Cohen-Henriquez method, the variation of the dielectric constant and refractive 

index of the solution with the mole fraction of ethanol in toluene is determined. The 

Guggenheim method requires the determination of c - f , and n^-nf versus the 

weight fraction of ethanol in toluene (f, and /?, are the dielectric constant and 
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refractive index of toluene, respectively). For the Onsager method, we present the 

variation of the dielectric constant and refractive index of ethanol solutions as a 

function of weight percent of ethanol in toluene. In the Cohen- Henriquez and 

Guggenlieim methods, the slope of the straight lines is substituted in the 

corresponding equations. For the Onsager method, the variations are extrapolated to 

= 100 w% to determine the dielectric constant and refractive index of ethanol. 

(a) Cohen-Henriquez 

2.60 

10 2.50 

2.40 

1.499 

1.497 

1.495 

1.493 
0 0.005 0.01 0.015 0.02 

7-2, mole fraction 

(b) Guggenheim 

0.000 

-0.004 

c 
1= 

-0.008 

-0.012 

0.01 0.02 

W2, weight fraction 
0.03 

(c) Onsager 

2.40 I 

1.498 

1.497 

1.496 

1.495 

1.494 

1 2 

W2, weight percent 

0.005 0.01 0,015 0.02 

Z2, mole fraction 

0.01 0.02 0.03 

W2, weight fraction 

1 2 3 

W2, weight percent 

Fig. 4.4 - Dielectric constant and refractive index vs. concentration of ethanol 
in toluene. 
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The same procedure is applied to all substances and results are summarized in Table 

4.3. For each method, the relative error (%) of the dipole moment and the data from 

the literature is reported. 

Table 4.3 - Dipole moment of substances from different methods 
(CH; Cohen-Henriquez, G: Guggenheim, O: Onsager) 

Substance 

Calculated n, D 

Substance CH 
Relative 
error, % 

G 
Relative 
error, % 

0 
Relative 
error, % 

Toluene 0 J 5 -7 0 ^ 3 40 0.36 -3 

Dibutylamine 0 ^ 6 -27 1,57 33 1.14 3 

Anisole 1.57 14 1.93 40 1.13 -16 

Ethanol 3.01 78 2 ^ 8 58 1.82 8 

Ethyl acetate 2 J 3 25 2 ^ 6 55 1.75 -2 

Ethyl benzoate 2 ^ 5 25 3.01 54 1.67 -14 

2-Butanone 3 J 9 22 4.12 48 2 ^ 6 -4 

Acetone 3 68 28 4U6 44 2 J 8 -4 

N,N-
5.13 34 6.31 65 3 ^ 4 -7 

Dimethylformamide 
5.13 34 6.31 65 3 ^ 4 

Dimethylsulfoxide 5 J 6 45 7.11 79 3.49 -12 

3-Methyl-2-
6 ^ 0 59 7 ^ 2 76 4.10 -5 

cyclopenten-l-one 
6 ^ 0 59 

Examination of the results in Table 4.3 reveals that the Cohen-Henriquez and 

Guggenheim methods overestimate the dipole moment of the substances in Table 4.2. 

The differences with data in the literature are very high and can be 80%. The error in 

the estimation becomes large for substances with a high dipole moment. On the other 

hand, the Onsager equation underestimates the dipole moment. Deviations may arise 

from the extrapolation teclinique adopted, which endows some uncertainties in the 

results especially for refractive indices. Nevertheless, the overall deviation with the 

Onsager method is small. This method is therefore selected for the determination of 

the dipole moment of asphaltenes, resins and oils. 

4.4.2 Dipole m o m e n t of asphal tenes , resins, and oils 

Following the above procedure, four different solutions with increasing concentration 

of solute (that is, asphaltenes, resins or oils) in toluene are prepared. The oils 
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considered comport only the hydrocarbons that are non-volatile at atmospheric 

conditions; the light hydrocarbons were removed by evaporation. A small 

concentration of solutes (<5 wt%) is used in order to allow complete dissolution of 

asphaltenes and resins in toluene and for accurate reading of refractive indices. For 

each sample, the tests are repeated two to four times to assure reproducibility of the 

results. 

Among the parameters required in the dipole moment calculation are the moleculai" 

weight and density of asphaltenes and resins. The average molecular weights of 

asphaltenes and resins are 900 amu and 700 amu, respectively (Boduszynski, 1988; 

Storm et al., 1990). The density is assumed 1.2 g/cc for asphaltenes (Schabron and 

Speight, 1998; De Hemptinne et al., 1999) and 1.0 g/cc for resins (Wu et al., 2000). 

For oils, the density and refractive index are measured at 20°C and the molecular 

weight is calculated using the Riazi and Daubert (1987) correlation. 

Figs. 4.5 and 4.6 illustrate the variation of the dielectric constant and refractive 

index of nCs asphaltenes, resins and oils for the very heavy petroleum fluid H and the 

very light petroleum fluid B, respectively. The linear variations are extrapolated to wj 

(weight fraction in toluene) of 100 wt% to estimate the dielectric constant and 

refractive index of asphaltenes, resins and oils. The small range of variation of W2 

especially for asphaltenes increases the uncertainty in the extrapolation results. For 

each asphaltene, resin and oils sample, the tests are repeated tliree to four times and 

the standard deviation in the dielectric constant and refractive index is about 2% and 

0.5%, respectively. Oils are viscous translucent liquids and their refractive index can 

be measured directly. The data obtained by direct measurement and extrapolation 

from oils in toluene solutions compare very well. The dielectric constant and 

refractive index of asphaltenes, resins and oils are reported in Table 4.4 along with 

density and molecular weight. The dielectric constant of asphaltenes, resins and oils is 

in the range of 5.5-18.4, 3.8-5.1, and 2.1-2.6, respectively. The range of variation of 

the refractive index is 1.638-1.707 for asphaltenes, 1.576-1.608 for resins, and 

1.472-1.527 for oils. The refractive indices of asphaltenes are in line with those 

reported in the literature (see Table 4.5). 

76 



Chapter 4: Dipole moment of asphaltenes, resins, and oils 

(a) nCs Asphaltenes 

0.0 0.2 0.4 0.6 0.8 1.0 
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1.4984 

1.4982 

c 1.498 

1.4978 

1.4976 

1.4974 

0.0 0,2 0.4 0.6 0.8 1.0 

W2, weight percent 

b) Resins 

1 2 3 

W2, weight percent 

1.4985 

1.4980 

1.4975 

1.4970 

1.4965 

.4960 

1 2 3 

W2, weight percent 

(c) Oils 

1.4994 

.4993 

2.386 
1.4992 

c 1.4991 

1.4990 

1.4989 

1.4988 

w 2.385 

2.384 

2 383 
1 2 3 

W2, weight percent 

1 2 3 

W2, weight percent 

Fig. 4.5 - Dielectric constant and refractive index vs. concentration of nCs 
asphaltenes, resins and oils in toluene for petroleum fluid H. 
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(a) nCs Asphaltenes 

2.43 

2.42 

2.41 

2.40 

0.0 0.5 1.0 1.5 

W2, weight percent 

1.502 

1.502 

c 1.501 

1.501 

1.500 

0.0 0.5 1.0 1.5 
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(b) Resins 

2.40 
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1.501 

1.500 

c 1.499 

1.498 

1.497 
0 1 2 3 4 5 
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(c) Oils 

w 2.35 

0 3 6 9 12 15 
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1.495 

1.494 

c 1.493 

1.492 

1.491 
3 6 9 12 15 
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Fig. 4.6 - Dielectric constant and refractive index vs. concentration of nC; 
asphaltenes, resins and oils in toluene for petroleum fluid B. 
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Table 4.4 - Dielectric constant, refractive index, density and molecular weight of nCs 
asphaltenes, resins and oils 

H TE C TA TK S U B 

nC; asphaltenes 

1.647 1.707 1.638 1.676 1.706 1668 1.685 1.650 

e 1&2 184 15.2 9.2 10.9 10.1 8.2 5.5 

1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

M, g/mol 900 900 900 900 900 900 900 900 

Resins 

1.576 1.587 1.606 1.585 1.608 1608 1.595 1.606 

£ 3.9 3.8 5.1 4.8 4.5 3.9 3.8 4.7 

g/cm: 1.0 1.0 1,0 1.0 1.0 1.0 1.0 1.0 

M, g/mol 700 700 700 700 700 700 700 700 

(Dik 

1.527 1.522 1.487 1.497 1496 1.498 1.496 1.472 

e 2.6 2.5 2.2 2.3 2.4 2.4 2.4 2.1 

(1935 0.935 0.875 0.876 0 876 0.870 0.881 0.830 

M, g/mol 371 389 269 287 300 290 320 196 

Table 4.5 - Dielectric constant and refractive index of asphaltenes and resins reported 
in the literature 

Source Sample 

()udui(1970) 
nC; asphaltenes 
soluble in CCI4 

nC; asphaltenes 
insoluble in CCI4 

Resins 

6 16 

6 9 2 

5 3 2 

-

Maruska and 
Rao (1987) 

nC; asphaltenes 6 8 0 1.682 

Buckley et al. 
(1998) 

nC(, asphaltenes - 1720 

However, the measured dielectric constants of asphaltenes from all the petroleum 

fluids (except petroleum fluid B) are high compared to the values reported in Table 

4.5. Oudin (1970) measured the dielectric constant of asphaltenes in chloroform at a 

concentration of 20 g/1 and reported a value of 6.2 for asphaltenes soluble in C C I 4 and 

6.9 for asphaltenes insoluble in C C I 4 . Maruska el al. (1987) measured the dielectric 
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constant of asphaltenes in toluene at a concentration of 1-100 g/1 and reported a value 

of 6.8. The dielectric constant of asphaltenes in toluene is measured at a concentration 

of 1-8 g/1 and dielectric constants in the range of 5.5-18.4 are obtained. In this work, 

the asphaltene concentrations in toluene are low compared to those used by Maruska 

et al. and Oudin. This suggests that the high dielectric constants measured in this 

study may not be due to association between molecules. 

Table 4.6 provides the dipole moment of asphaltenes, resins and oils calculated with 

the Onsager equation. The dipole moments are in the range of 3.3-7.0 D for nCs 

asphaltenes. The standard deviation in the calculated values of dipole moment is 

about 2%. The dipole moment of asphaltenes increases with the carbon number of the 

precipitating n-alkane. The results show that nC? asphaltenes are more polar than nCg 

asphaltenes (note that the same molecular weight is used for both nCs and nC? 

asphaltenes). Previous studies by Nighswander et al., 1993; Speight, 1999 and 

Nalwaya et al. (1999) suggest that the molecular weight and the metal content of 

asphaltenes increases with the carbon number of the precipitating n-alkane; which is 

consistent with our dipole moment data. In the adsorption method, nCy resins are 

more polar than nCg resins because they contain the nCg-nC? fraction of asphaltenes 

(that is, the fraction of asphaltenes soluble in nCy but insoluble in nCg). The oils 

eluted by pure nCs possess a small dipole moment that does not exceed 1 D (see Table 

4.6). In order to elucidate the origin of this dipole moment, distillation cuts from two 

different petroleum fluids (an asphaltic petroleum fluid and a waxy petroleum fluid) 

are used. The asphaltic petroleum fluid is heavy and viscous with high sulfur, 

asphaltene, resin and aromatic content (>50 wt%). The waxy petroleum fluid contains 

large amount of paraffins and small amount of aromatics. The asphaltene and resin 

content in waxy petroleum fluids is low (<10 wt%) (Whauquier, 1995). The dipole 

moment of the distillation cuts is determined and presented in Table 4.7. The cuts 

from the waxy petroleum fluid are completely apolar while the cuts from the asphaltic 

petroleum fluid have dipole moments in the same range as the oils listed in Table 4.6. 

Moreover, it is unlikely that the distillation cuts up to 550 °F contain any traces of 

asphaltenes or resins. Asphaltic petroleum fluids are characterized by a high amount 

of aromatic hydrocarbons (Whauquier, 1995) and this may be the precursor of the 

small polarity measured. Swanson (1942) reported the small polarity of oils and 
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attributed it to the high electronic and atomic polarizations of heavy aromatic 

hydrocarbons. 

Table 4.6 - Dipole moment (in Debye) of asphaltenes, resins and oils 

Precipitated by 

nC; 

nC? 

nCj 

nC^ 

Eluted by 

nC; 

H 

6.9 

7.2 

2.5 

3.5 

0.9 

TE 

7.0 

7.7 

2.4 

3.6 

0.8 

6.7 

7.2 

3.2 

3.9 

0.0 

TA TK 

Asphaltenes 

4 ^ 5 2 

5 8 

Resins 

3 1 2 ^ 

3^ 3^ 

(3ik 

0.4 0,6 

5.1 

6.4 

2.4 

3.9 

0.7 

U 

4.4 

2.4 

0.7 

3.3 

4.0 

3.0 

3.7 

0.0 

Table 4.7 - Dipole moment (in Debye) of distillation cuts from an asphaltic petroleum 
fluid and a waxy petroleum fluid 

Asphaltic 
petroleum fluid 

Waxy 
petroleum fluid 

1 7 7 - 1 3 2 0.3 0.0 

2 3 2 - 2 8 8 0.6 0.0 

2 8 8 - 3 4 3 0.7 0.0 

343 - 4 5 4 0.9 0.0 

The results presented above for different petroleum fluids show that the dipole 

moment is in the range of 3.3-7.0 D for nCg asphaltenes, 2.4-3.2 D for resins, and 

0.0-0.9 D for oils. Water is a polar substance and its dipole moment is 1.87 D. The 

dipole moment measurements show that in these petroleum fluids, asphaltenes and to 

a lesser degree resins are highly polar molecules. Asphaltenes are more polar than 

resins in the same petroleum fluid, however, resins of one petroleum fluid can be 

more polar than asphaltenes of another petroleum fluid. 

Tables 4.8 and 4.9 show the effect of charge separation and the presence of 

heteroatoms on the dipole moment of several substances, respectively. The dipole 

moment slightly increases from toluene to ethyl anthracene in Table 4.8, suggesting 
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that charge separation does not contribute significantly to the dipole moment of 

asphaltenes. Table 4.9 provides the dipole moment of some chemicals that have been 

reported to be part of the asphaltenes (Waldo et ah, 1992; Mitra-Kirtley et al., 1993). 

The presence of certain groups (such as sulfoxide) in a molecule has a significant 

effect on the dipole moment. 

Table 4.8 - Effect of charge separation on the dipole moment 
(Lids and Frederikse, 2000; McClellan, 1963) 

Molecule Formula H ,D 

Toluene 
4 ) 

0.4 

Ethyl benzene 0.6 

2-Methyl naphthalene 0.4 

2-Ethyl naphthalene 0.6 

2-Methyl anthracene 0.5 

2-Elhyl anthracene 0 0 0 - 0.6 

Table 4.9 - Effect of heteroatoms on the dipole moment 
(Lide and Frederikse, 2000; McClellan, 1963) 

Molecule Formula |i, D 

f 
l.H-Pyrrole 6 1.7 

Pyridine 0 2.2 

0 
Dimethyl sulfoxide 

CH^—S— 
4.0 

Thiophene (!) 0.6 

Dimethyl sulfide CH-g—S — 1.6 

OH 
1 

Phenol (§ 1,2 

0 

Acetone CH3—C—CH3 2.9 
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Fig. 4.7 illustrates the variation of the dielectric constant and refractive index of nCg 

asphaltenes and resins vs. the dipole moment. There is a linear relationship between 

the dielectric constant and dipole moment for both asphaltenes and resins. However, 

no correlation is observed between the refractive index and the dipole moment of 

these fractions. 

(a) nCs Asphaltenes 

21 1,770 

1.740 

1.710 

1.650 

1.620 

1.590 
• Dielectric constant • Refractive index 

1.560 

(b) Resins 
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4.6 

4.2 

3.8 

3.4 

3.0 

Dielectric constant • Refractive index 

1.680 

1.650 

1.620 

1.590 c 

1.560 

1.530 

1.500 

24 2^ 2^ 30 32 34 36 
H.D 

Fig. 4.7 - Dielectric constant and refractive index vs. dipole moment of nCs 
asphaltenes and resins. 
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A closer examination of Fig. 4.7 shows that the refractive index is around 1.68 for 

asphaltenes and 1.60 for resins. This might indicate that molecules with a same 

refractive index are not similar if their dipole moment is different. The refractive 

index has been previously used to determine the onset point of asphaltene 

precipitation from petroleum fluids (Buckley et al., 1998) and was concluded that 

asphaltene precipitation is dominated by London dispersion interactions. Chapter 5 of 

this thesis demonstrates that the effect of resins on asphaltene precipitation is a 

function of their dipole moment. In the same chapter, the onset point of asphaltene 

precipitation is found to increase when resins or surfactants are added to the 

petroleum fluid; the magnitude of the increase as well as the amount of precipitation 

depend on the dipole moment of the added resin/surfactant. These measurements 

suggest that the interactions involving polar molecules should be included in the study 

of asphaltene precipitation from petroleum fluids. 

4 . 5 C o n c l u s i o n s 

The measurement of the dipole moment of asphaltenes, resins, and oils leads to the 

following conclusions, 

1) Asphaltenes precipitated by heavy normal alkanes are more polar than asphaltenes 

precipitated by light normal alkanes; nCjo asphaltenes are more polar than nC? 

asphaltenes and nC? asphaltenes are more polar than nCj asphaltenes. 

2) For a variety of petroleum fluids used in this study, the dipole moment of resins 

and nCj asphaltenes are in the range of 2.4-3.2 D and 3.3-7.0 D, respectively. 

3) For all the petroleum fluids used in this study, the asphaltenes are more polar than 

the resins in the same petroleum fluid. However, resins from one petroleum fluid 

could be more polar than the asphaltenes in another petroleum fluid. 

4) The oil fraction (that is, the atmospheric crude minus the asphaltenes and resins 

and volatiles) can be slightly polar with a dipole moment of less than 1 D. 
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Chapter 5 

Effect of resins and DBSA 
amphiphile on asphaltene 
precipitation 

This chapter examines the effect of various resins and dodecyl benzene sulfonic acid 

(DBSA) amphiphile on asphaltene precipitation from different petroleum fluids. 

Karzowj' are fo r/zreg (fz^rgnf pg^oZgw/M fo meajwrg ̂ rgc^zfafzoM 

with n-pentane. Results show that the dipole moment of resins (M>hich is a measure of 

polarity) has a strong effect on precipitation. Resins with a high dipole moment are 

more effective than resins with a low dipole moment. The effectiveness is defined in 

terms of the increase in the onset point ofprecipitation. However, addition of resins to 

a petroleum fluid increases the amount of precipitated asphaltenes. This is the first 

report of such a behavior in the literature; the increase is less pronounced with the 

most polar resins. Addition of asphaltenes to a petroleum fluid results in a high 

amowMf q/prgcz)7zfafzoM. j' gxpgcfgcf, fAg omgf ĵ omf q/prgczp/fafzoM aj;pAaZfgMg 

ac/̂ fzYzoM fo <3 j[7gfro/gzv/M yZẑzcZ zj' (fz^^rgnf ^ozzz f/zaf q/ z'gjzw. PPVzgM f/zg 

a/7 /̂zzj?/zz/g zj" /Mzxĝ f M/zf/z f/zg /pafz-o/gz/TM yZz/zcf af ^/z^rgnf coMcg/ifmfzoMf, o rgfrogra^^^g 

p/zgMomgMOM zj' oAj'gryg^f. T/ze amowMf q/prgczpzfo'fgcf aĵ p/zaZfgMg mcA'ga^gj' wzf/z 

zMcrgâ zMg coMcgnfrnf/OM. Bgyonc^ a cgrfam coMcgMfrafzon, f/zgre M a ^fecrgofg 

in precipitation. At higher concentrations, DBSA proves to be very effective to move 

f/zg oMjgf pozMf q / /7rgczpzfafzo/7. TTzg &zfa j/zow //ze compZgx mfgmcfzoM.y Agfwggn 

various species in petroleum fluids. 
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5.1 Introduction 

The description of the structure and properties of asphahenes has been a challenge 

over the past decades. More recently, a growing interest has developed towards the 

study of resins with the recognition of their effect on the stability of asphaltenes in 

petroleum fluids. The stabilizing effect is related to the association of resins with 

asphaltenes to form micelles (Swanson, 1942). In chapter 4, the dipole moment of 

asphaltenes, resins and oils was investigated for eight petroleum fluids. The dipole 

moment was found to increase sharply from oils (0.0-1.0 D) to resins (2.4-3.2 D) to 

asphaltenes (3.3-6.9 D). Polar species with a high dipole moment (greater than 2.0 

D) affect molecular interactions in the petroleum fluid and result in the formation of 

micelles. The interactions involved in micellar formation and stabilization are not yet 

well defined. 

Generally, molecular interactions are classified into two types; 1) short-range, and 

2) long-range interactions. Hydrogen bonding, charge transfer, and repulsion are 

short-range interactions while van der Waals interactions are long-range (Ratajczak 

and Orville-Thomas, 1980). The difference between short- and long-range 

interactions is mainly in the bond distance between interacting molecules. Short-range 

interactions occur when the bond distance between molecules is smaller than the sum 

of the van der Waals radii, resulting in an overlap between the electron clouds and the 

formation of molecular complexes (Ratajczak and Orville-Thomas, 1980). Hydrogen 

bonding consists of the sharing of a proton between the proton acceptor of a molecule 

and the anion derived from the proton donor of another molecule; charge transfer 

consists of the transfer of electrons between an electron donor and electron acceptor 

of two molecules (Huyskens et al, 1991). The repulsion interaction is orientation-

dependent and occurs when the electronic orbital of two approaching molecules begin 

to overlap noticeably (Israelachvili, 1991). The main contributions to the van der 

Waals interactions are: 1) electrostatic (Keesom or orientation or dipole-dipole), 2) 

induction (Debye or dipole-induced dipole), and 3) dispersion (London or induced 

dipole-induced dipole) interactions (Maitland et al, 1981). In electrostatic 

interactions, the rotating dipoles of two polar molecules interact by aligning into a 

favorable arrangement. Hydrogen bonding is no more than a particularly strong type 

of directional dipole-dipole interaction (Israelachvili, 1991). In induction interactions. 
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the permanent dipole of a polar molecule distorts the electron charge distribution of a 

non-polar molecule and an induced dipole moment is created. In dispersion 

interactions, the instantaneous positions of the electrons around the nucleus protons of 

a molecule create a finite dipole moment, which in turn generates an electric field that 

polarizes a nearby molecule, inducing a dipole moment in it (Israelachvili, 1991). 

It is believed that dispersion interactions affect asphaltene flocculation (Buckley et 

al., 1998; Rogel, 2000). Electrostatic and induction interactions, on the other hand, 

help stabilize the asphaltenes in the petroleum fluid (Moschopedis and Speight, 1976; 

Bardon et al., 1996; Li et al., 1997). Murgich (2002) presented a comprehensive 

analysis on the intermolecular forces in aggregates of asphaltenes and resins and 

stated that the main contributions involved are the electrostatic, repulsion, and 

dispersion interactions. In this chapter, it will be shown that electrostatic interactions 

between asphaltenes and resins affect the precipitation. In order to understand the 

mechanism of asphaltene precipitation, it is primordial to analyze the effect of resins 

on asphaltenes and to define the main interactions involved. 

Very few studies have delved into the effect of resins on asphaltene precipitation. 

The limited studies center around the effect of resins on the onset point of 

precipitation. In addition, the effect of resins on asphaltene precipitation is usually 

assessed after asphaltenes have been precipitated from petroleum fluids and 

solubilized in aromatic solvents. Murzakov et al. (1981) investigated the micellar 

stability of asphaltenes in benzene solutions by means of gravimetric sedimentation 

analysis and found that the addition of resins (2-8 wt%) to the solution decreased the 

amount of asphaltene precipitated by nC?. Lian et al. (1994) performed nCg 

precipitation tests from asphaltene/toluene solutions and found as well that addition of 

resins to the solution decreased the amount of precipitated asphaltenes. Hammami et 

al. (1998) measured the onset point of asphaltene precipitation at ambient temperature 

and high pressure (690 kPa) and found that addition of resins with high content of 

basic functions to the petroleum fluid increased significantly the onset point of 

asphaltene precipitation by nCg. Recently, Carnahan el al. (1999) reported that resins 

from Boscan petroleum fluid could increase considerably the onset point of 

asphaltene precipitation from Hamaca petroleum fluid, suggesting that resins from 

Boscan petroleum fluid are more effective than resins from Hamaca petroleum fluid. 
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However, the reasons underlying this phenomenon were not discussed. 

Structural investigations of the resin fractions have not been carried out to the same 

extent as those of the asphaltene fractions. Because asphaltenes and resins are two 

contiguous classes of components separated from a continuum of molecules, they may 

have a similar structure. However the difference in size, aromaticity, polarity, and 

physical appearance confer to asphaltenes and resins different properties (Speight, 

1999). Spectroscopic investigations indicate the presence of hydroxyl groups, as well 

as ester, acid, and carbonyl functions in the resin fractions (Speight, 1999). It has been 

postulated that resins contain long paraffinic chains connected to naphtenic and 

aromatic rings with polar functions (Wu et ah, 1998; Firoozabadi, 1999). This might 

confer to resins some of the properties of surfactants. By definition, a surfactant is a 

substance that lowers the surface tension of the medium in which it is dissolved 

(Hiemenz, 1986). Amphiphiles are the surfactants with molecules consisting of two 

parts; a polar head and a nonpolar long-chain hydrocarbon tail, each part has an 

affinity for different phases (Hiemenz, 1986). There have been several studies on the 

effect of amphiphiles on asphaltene precipitation. Chang and Fogler (1994) analyzed 

the effect of the structure of amphiphiles such as p-nonylphenol (NP) and dodecyl 

benzene sulfonic acid (DBSA) on asphaltene stabilization. They found that the 

polarity of the head and the length of the tail affect the effectiveness of the amphiphile 

and selected DBSA as the most effective stabilizer for asphaltenes. The effect of 

DBSA on asphaltene precipitation has been reported to be successful in some studies 

(Permukarome et al, 1997; Rogel et al, 2001; Al-Salihaf et al, 2002) and not so 

successful by others (Clarke and Pruden, 1998). Recently, Al-Saliliaf et al. (2002) 

investigated the effect of resins and various amphiphiles on the onset point of 

asphaltene precipitation. They confirmed the observations of Chang and Fogler and 

reported the effectiveness of dodecyl resorcinol (DB) and DBSA amphiphiles. The 

same authors also reported that larger amounts of resins are required to produce the 

same effect on the onset point as low concentration of amphiphiles. 

The main objective of this chapter is to examine the effect of resins with different 

concentrations and dipole moments on asphaltene precipitation from the three 

petroleum fluids U, TK, and C using nC; as a precipitant. Due to the complexity of 

interactions between asphaltenes and resins in a petroleum fluid, tliis study is 
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conducted by keeping asphaltenes in their natural environment (i.e. in the petroleum 

fluid). The effect of DBSA amphiphile on asphaltene precipitation from the same 

petroleum fluids is also studied at different concentrations. The effects of resins and 

DBSA are compared and discussed. Another objective of this chapter is to unveil the 

differences between asphaltenes and resins in a petroleum fluid. Accordingly, 

solubility tests on resins in different media are performed and the effect of asphaltene 

addition to a petroleum fluid on precipitation from the same petroleum fluid is 

examined. 

5.2 Experimental 

We use the three petroleum fluids: U, TK, and C to investigate the effect of resins and 

DBSA on asphaltene precipitation. The resins are separated by adsorption liquid 

chromatography according to the procedure described in Chapter 2, and are named 

after the respective petroleum fluids. The dipole moments of the resins and the 

corresponding nCj asphaltenes are provided in Chapter 4. Resins C have the highest 

dipole moment while resins U have the lowest dipole moment. The effectiveness of 

resins is evaluated from the onset point of asphaltene precipitation as well as the 

precipitation amount. Precipitation data are measured with nCs/petroleum fluid ratios 

varying from 1 vol/vol to 20 vol/vol. The resins are added to the petroleum fluids at 

three different concentrations. Prior to the precipitation tests, the solubility of resins C 

is measured in nCs, oils C and petroleum fluid C, as well as the solubility of resins TK 

and C in petroleum fluids TK and C, respectively. The effect of asphaltenes U on 

precipitation by nCg from petroleum fluid U is also measured and compared to that of 

resins U. In addition, precipitation measurements are performed with DBSA at 

concentrations of 0.3 wt%, 0.5 wt%, 1.0 wt%, 3.0 wt%, and 5.0 wt% in the petroleum 

fluid. It was not possible to determine the dipole moment of DBSA by dielectric 

spectroscopy because of strong association in toluene even at very small 

concentrations. 

Procedure - Resins and DBSA are first transferred in equal amounts 

(approximately Ig) into eight different flasks. The weight of resins and DBSA is 

measured and an appropriate quantity of petroleum fluid is added to each flask. The 

mixture is left for 24 hours after Ih steering then nCs is added in different proportions. 
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The concentration ofnCg is varied to provide the nCs/petroleum fluid ratios of 1, 2, 4, 

6, 8, 10, 15 and 20 vol/vol. After standing overnight, the mixtures are filtered 

according to the procedure described in Chapter 2. The procedure used to measure the 

amount of resins soluble in different fluids consists of mixing resins with each fluid at 

various concentrations (from 1 to 20 wt%) and recording, after several days, the 

amount of resins soluble in the fluid as a percent of total resins. The amount of 

insoluble resins is measured by taking into account the portion of resins that remain 

on the wall of the test tube as well as the amount filtered from the petroleum fluid. 

Note that the filtrate has the appearance of resins (brown, shiny and non-friable). 

5.3 Results 

The results of resin solubility in different fluids are first presented. Once the solubility 

behavior of resins is defined, the effect of resins U, TK and C on precipitation from 

petroleum fluids U, TK and C at three concentrations is presented. To better illustrate 

the difference between asphaltenes and resins, the effect of asphaltenes U on nCj 

precipitation from petroleum fluid U is also described. The effect of DBSA 

amphiphile on precipitation from the same petroleum fluids is also measured. The 

results are discussed and compared with those obtained with resins. All precipitation 

measurements are repeated a minimum of tliree times. 

5.3.1 Solubi l i ty of res ins 

Fig. 5.1 presents the solubility of resins C in tliree different fluids: nCg, oils C, and 

petroleum fluid C. The oils C represent the non-volatile fraction of saturates and 

aromatics in petroleum fluid C; this fraction is only 40% of the total oils. For all the 

three fluids, the amount of soluble resins increases with the fluid concentration. The 

measurements were repeated twice and the average value is plotted in Fig. 5.1. For 

petroleum fluid and oils concentration higher than 90 wt%, resins are completely 

soluble, however resins become partially soluble for lower petroleum fluid and oils 

concentrations. Data show that when resins are mixed with a petroleum fluid or with 

oils at a concentration of 20 wt%, 4% of the resins are insoluble in the petroleum fluid 

and 2% are insoluble in oils. Resins are generally believed to be soluble in nCg but 

our results show that this is not the case even at a low resin concentration. Indeed, 
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when 80 g of nCs is mixed with 20 g of resins, about 70% of the resins are soluble, 

that is only 14 g. 

Fig. 5.2 depicts the solubility of resins U, TK and C in petroleum fluid TK as well 

as the solubility in petroleum fluid C. Resins C are more soluble in the petroleum 

fluids than resins TK and U. In addition, resins U show the same solubility behavior 

as resins TK. This may imply that resins with a high dipole moment are more soluble 

in petroleum fluids than resins with a low dipole moment. In all cases, additional 

resins revealed to be completely soluble in the petroleum fluid at a concentration 

lower than 7 wt%. The solubility tests are repeated tkee times and the standard 

deviation is about 0.5%. 
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Fig. 5.1 - Solubility of resins C in nCg, oils C and petroleum fluid C. 
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Fig. 5.2 - Solubility of various resins in petroleum fluids TK and C. 
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5.3.2 Effect of res ins on prec ip i tat ion 

The effect of resins is presented in two separate sections. The first section presents the 

effects of resin concentration on precipitation by nCg from the three petroleum fluids 

U, TK, and C. The second section provides the effect of various resins with different 

dipole moments on precipitation from the same petroleum fluids. 

5.3.2.1 Effect of resin concentration 

Figs 5.3, 5.4 and 5.5 show the effect of resin amounts on precipitation by nCs from 

petroleum fluids U, TK, and C. Resins are added to each petroleum fluid at three 

concentrations (see Table 5,1). In Figs 5.3-5.5, the thick solid curves represent the 

precipitation of asphaltenes from the petroleum fluids without resin addition. 

Examination of the data in Table 5.1 and Fig. 5.2 suggests that resins added at the two 

first concentrations are completely soluble in the petroleum fluid while resins added at 

the highest concentration are partially soluble in the petroleum fluid. Indeed, 

asphaltene precipitated upon addition of low resin concentration do not have the same 

appearance as asphaltene precipitated upon addition of high resin concentration. In the 

first case, the precipitate is black, shiny and friable and resembles the asphaltenes 

precipitated from the petroleum fluids without resin addition. In the second case, the 

precipitate is brown, shiny and non-friable which reveals the presence of some resins 

with asphaltenes. Nevertheless, high resin concentrations are considered in order to 

examine the effect on the onset point of precipitation and the amount of precipitate. 

The main observation from Figs 5.3-5.5 is that the additional resins at low 

concentration increase the onset point of precipitation as well as the amount 

precipitated. The effect of resins on the onset point of precipitation at low 

concentration is in line with published data (Hammami et ai, 1998; Carnahan et ah, 

1999). However, the increase in the amount of precipitation was not expected and has 

not been reported in the literature, to the best of our knowledge. Previous studies 

(Murzakov et al, 1981; Lian et al, 1994) examined the effect of resins on solutions 

of asphaltenes in aromatic solvents. This study examines the effect of additional 

resins on precipitation from petroleum fluids. The results obtained reveal that 

asphaltenes interact differently with resins according to the medium in which they are 

present. 
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r 3.0 

4 6 8 10 12 14 16 

nCs/petroleum fluid ratio, vol/vol 

18 20 

• Resins = original (8.6 wt%) 

- • -o- - - Resins = original (8.6 wt%) + additional (1.9 wt%) 

— o Resins = original (8.6 wt%) + additional (3.8 wt%) 

o - — Resins = original (8.6 wt%) + additional (14.7 wt%) 

Fig. 5.3 - Precipitation by nCj from petroleum fluid U for various concentrations of 
resins U. 
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nCs/petroleum fluid ratio, vol/vol 

• Resins = original (7.5 w t%) 

- - - - - - - Resins = original (7.5 wt%) + additional (1.7 wt%) 

— o Resins = original (7.5 wt%) + additional (3.4 wt%) 

• Resins = original (7.5 wt%) + additional (13.0 wt%) 

Fig. 5.4 - Precipitation by nCs from petroleum fluid TK for various concentrations of 
resins TK. 
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5 
2 2.0 
n 
Q. 1.5 

4 6 8 10 12 14 16 

nCs/petroieum fluid ratio, vol/vol 

Resins = original (6.5 wt%) 

— A — Resins = original (6.5 wt%) + additional (1.6 wt%) 

— A — Resins = original (6.5 wt%) + additional (2.9 wt%) 

— A — Resins = original (6.5 wt%) + additional (11.5 wt%) 

Fig. 5.5 - Precipitation by nC; from petroleum fluid C for various concentrations of 
resins C. 

Table 5.1 - Concentration of additional resins in petroleum fluids U, TK, and C 

Additional resins, wt% Total resins, wt% 

U TK C U TK C 

0.0 0.0 0.0 8.6 7.5 6.5 

1.9 1.7 1.6 l O j 9.2 8.1 

1 8 3 4 2.9 12.4 10.9 9.4 

14.7 13.0 11.5 213 205 18.0 

Fig. 5.3 shows the effect of different concentrations of resins U on precipitation by 

nCs from petroleum fluid U. The increase in the amount of precipitation is 

proportional to the concentration of additional resins and becomes substantial (about 

89% difference) when the total concentration of resins in the petroleum fluid is 23.3 

wt% instead of 8.6 wt% in the original petroleum fluid. On the other hand, the high 

resin concentration causes early precipitation. The precipitate is mainly composed of 

resins that are not soluble in the petroleum fluid (see Table 5.2). 

Fig. 5.4 portrays the effect of different concentrations of resins TK on precipitation 

by nCs from petroleum fluid TK. The same behavior as in Fig. 5.3 is observed; the 

maximum precipitation of 3.3 wt% occurs with 13 wt% additional resins TK as 
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compared to 1.3 wt% in the original petroleum fluid. At the high concentration, 

precipitation occurs upon resin addition. 

Fig. 5.5 depicts the effect of different concentrations of resins C on precipitation by 

nCs from petroleum fluid C. One can observe the high slope of the precipitation curve 

with the addition of small concentrations of resins, which increases the uncertainty in 

the reading of the onset points. Nevertheless, the effect of resins in increasing the 

onset point of precipitation is not substantial at low resin concentration. Also, the 

amount of precipitation does not increase appreciably with the addition of 11.5 wt% 

resins. At this concentration, the percent of soluble resins in the petroleum fluid is 

99% for resins C and 97% for resins TK and U, leading to 0.3 wt% precipitated resins 

TK and U and 0.1 wt% precipitated resins C in petroleum fluid C as shown in Table 

5.2. In other words with low resin concentration, the onset is moved to the right in 

Fig. 5.5, however at high concentration the onset is moved to the left, similar to the 

results in Figs 5.3 and 5.4. This is also the first report in the literature of the effect of 

resins at high concentration on the amount of precipitation. 

Table 5.2 - Resin precipitation from petroleum fluids U, TK, and C 

Petroleum fluid U Petroleum fluid TK Petroleum fluid C 

Additional resins Additional resins Additional resins 

U TK C U TK C U T K C 

Additional resins, \vt% 14,7 14.7 14.7 13.0 13.0 13.0 11.5 11.5 11.5 

Petroleum fluid, \vt% 85 3 85J 813 810 834 83 0 8&5 88 5 8&5 

Resin precipitate 

% of additional resins* 4.0 4.0 2.0 4.0 4.0 2.0 2.5 2.5 1.0 

\vt% " 0.6 0.6 0.3 0.5 0.5 0.3 0.3 0.3 0.1 

* Determined from Fig. 5.2 

5.3.2.2 Effect of various resins 

Figs 5.6, 5.7 and 5.8 present the effect of additional resins on precipitation by nCg 

from the three petroleum fluids, at different concentrations (see Table 5.1). Fig. 5.6 

presents the precipitation results for petroleum fluid U after addition of various resins 

at two concentrations. The maximum increase in precipitation amount is with resins U 

and the minimum increase is with resins C. Thus, resins with a high dipole moment 

result in less precipitation than resins with a low dipole moment. In addition, the onset 
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point of precipitation is higher upon addition of resins C and it is lower upon addition 

of resins TK and U. This suggests that resins with high dipole moment are more 

effective than resins with relatively low dipole moment in increasing the onset point 

of precipitation at low resin concentrations. 

Fig. 5.7 presents the precipitation results for petroleum fluid TK by the addition of 

resins at two concentrations. The same correlation between the amount/onset point of 

precipitation and the dipole moment of resins is found as with petroleum fluid U. At 

the two concentrations of resins, comparable effects on the amount of precipitate are 

observed for resins U and TK and for resins C; the highest amount of precipitate 

corresponds to addition of resins with the lowest dipole moment (i.e. resins U). The 

effect of resin dipole moment on the onset point is also noted. A gradual increase in 

the onset point is obtained with increasing dipole moment of resins and a maximum 

value of about 1.8 vol/vol is found upon addition of 1.6 wt% of resins C as compared 

to 0.3 vol/vol in the original petroleum fluid. 

Fig. 5.8 depicts the precipitation results for petroleum fluid C after addition of resins 

at two concentrations. Petroleum fluid C contains approximately the same amount of 

nCs asphaltenes as petroleum fluid U; however, the effect of resins on the two 

petroleum fluids is different. The first observation is the contrast in the amount of 

precipitation between resins TK and U and resins C. Addition of 11.5 wt% resins C to 

petroleum fluid C slightly increases the amount of precipitation, however the amount 

becomes significant with resins TK and C and reaches 4.9 wt% with resins U. It is 

also found that resins U do not affect much the onset point of precipitation when 

added at low concentration. 

Comparison of the results reveals that the difference in the amount precipitated with 

the addition of resins at low concentration increases from petroleum fluid U to 

petroleum fluid TK to petroleum fluid C as shown in Fig. 5.9. Thus, the increase in 

precipitation is more pronounced when the dipole moment of asphaltenes in the 

petroleum fluid is high. On the other hand, resins C (with the highest dipole moment) 

are the most effective with respect to the change on the onset point of precipitation in 

all petroleum fluids, and result in the least increase in precipitation. 
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a 40 

4 6 8 10 12 14 16 

nCs/petroleum fluid ratio, vol/vol 

• Resins = original (8.6 w t%) 

• - o - . - Resins = original (8.6 wt%) + additional U (1.9 wt%) 

• Resins = original (8.6 wt%) + additional TK (1.9 wt%) 

-A - - - Resins = original (8.6wt%) + additional C (1.9 wt%) 

• Resins = original (8.6 wt%) + additional U (14.7 wt%) 

-Resins = original (8.6 wt%) + additional TK(14,7 wt%) 

•Resins = original (8.6 wt%) + additional C(14.7 wt%) 

Fig. 5.6 - Precipitation by nCg from petroleum fluid U for various additional resins. 
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4 6 8 10 12 14 16 

nCs/petroleum fluid ratio, vol/vol 

18 20 

Resins = original (7.5 wt%) 

-o- - - Resins = original (7.5 wt%) + additional U (1.7 wt%) 

- Resins = original (7.5 wt%) + additional TK (1,7 wt%) 

-A- • - Resins = original (7.5 wt%) + additional C(1,7 wt%) 

-o Resins = original (7,5 wt%) + additional U (13,0 wt%) 

- a — R e s i n s = original (7.5 wt%) + additional TK (13,0 wt%) 

- 6 — R e s i n s = original (7,5 wt%) + additional C (13,0 wt%) 

Fig. 5.7 - Precipitation by nCg from petroleum fluid TK for various additional resins. 
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2 
re 3.0 

4 6 8 10 12 14 16 

nCs/petroleum fluid ratio, vol/vol 

-Res ins = original (6.5 w t%) 

- Resins = original (6.5 w t%) + additional U ( 1 . 6 w t % ) 

- Resins = original (6.5 w t%) + additional TK (1.6 w t%) 

- Resins = original (6.5 w t%) + additional C (1.6 w t%) 

Resins = original (6.5 w t%) + additional U (11.5 w t%) 

Resins = original (6.5 w t%) + additional TK (11.5 w t%) 

Resins = original (6.5 w t%) + additional C(11.5 w t%) 

Fig. 5.8 - Precipitation by nCg from petroleum fluid C for various additional resins. 
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Fig. 5.9 - Relative increase in the amount of precipitation by nCs (nCs/petroleum 
fluid ratio = 20 vol/vol) in petroleum fluids U, TK and C with additional resins. 
[Increase = 100 x (precipitate in fluid with additional resins - precipitate in original 
fluid) / precipitate in original fluid] 
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5.3.3 Ef fec t of addit ional asphal tenes on prec ip i ta t ion 

Fig. 5.10 shows the effect of adding asphaltenes U on precipitation from petroleum 

fluid U. Results are shown for two concentrations of additional asphaltenes: 0.6 wt% 

and 4.8 wt%. For comparison purposes, the same figures include the results of resin 

addition at two concentrations: 1.9 wt% and 14.7 wt%. In Fig. 5.10, the addition of 

0.6 wt% of asphaltenes increases the amount of nCs precipitate from 2.5 to 3.3 wt%, 

which is 12% higher than the amount precipitated with the addition of 1.9 wt% of 

resins. For higher concentration of asphaltenes (i.e. 4.8 wt% asphaltene increase), 

results are substantially different. Prior to nC; dilution, only 56% of additional 

asphaltenes are soluble in the petroleum fluid, that is 2.7 wt%. The amount of 

precipitate by nC; is about 7.5 wt%, almost three times higher than the original 

amount in the petroleum fluid and considerably higher than the amount obtained with 

the addition of 14.7 wt% of resins. The addition of asphaltenes and resins at low 

concentration to a petroleum fluid has an opposite effect on the onset point of 

asphaltene precipitation. These observations along with solubility analyses 

corroborate the differences between asphaltenes and resins in the petroleum fluid. 
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Fig. 5.10 - Precipitation by nCg from petroleum fluid U for various concentrations of 
resins and asphaltenes U. 
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5.3.4 Ef fec t of DBSA amphiphi le on prec ip i ta t ion 

Figs 5.11-5.13 present the effect of DBSA on asphaltene precipitation from 

petroleum fluids U, TK and C, respectively. For each petroleum fluid, five 

precipitation measurements are made with nCs at five different concentrations of 

DBSA. For high concentrations of DBSA, it is important to observe that the mixing of 

petroleum fluids with DBSA and an excess of nC; generates very small dark black 

and dispersed particles that deposit on the bottom of the flask. The filtration of the 

precipitate does not require extensive washing with nCg indicating that micelles are 

almost resin-free. All measurements with resins and DBSA amphiphile are repeated 

three times and the standard deviation in the amount of precipitation is about 2%. 
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—o—DBSA = 0.3 wt% 

—6—DBSA = 1.0 w t% 

—X—DBSA = 5.0 w t% 

Fig. 5.11 - Precipitation by nCs from petroleum fluid U for various concentrations of 
DBSA. 
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Fig. 5.12 - Precipitation by nCs from petroleum fluid TK for various concentrations 
of DBSA. 
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Fig. 5.13 - Precipitation by nCs from petroleum fluid C for various concentrations of 

DBSA. 

Fig. 5.11 presents the effect of DBSA on asphaltene precipitation from petroleum 

fluid U. It appears that the amount precipitated depends on the concentration of 

DBSA in the petroleum fluid. At concentrations less than 1.0 wt%, the effect is 
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similar to that of resins. Addition of 0.3, 0.5 and 1.0 wt% DBSA increases the amount 

of precipitate from 2.5 wt% to approximately 3.0 wt%. At these concentrations, the 

onset point of precipitation increases slightly with the concentration of DBSA. 

However, for concentrations above 1.0 wt%, the effect of DBSA on precipitation is 

different. The precipitation amount decreases with DBSA concentration to only 2.4 

wt% when using 5.0 wt% amphiphile. Moreover, increasing the concentration of the 

amphiphile above 1.0 wt% has a significant effect on the onset point of precipitation. 

DBSA concentration of 3.0 and 5.0 wt% increases the onset point of precipitation 

from 0.4 vol/vol, to about 1.6 and 3.3 vol/vol, respectively. Thus, DBSA is a suitable 

stabilizer for asphaltenes at high concentrations. 

Fig. 5.12 presents the effect of DBSA on asphaltene precipitation from petroleum 

fluid TK, which follows the same pattern as in petroleum fluid U. At 1.0 wt% DBSA 

concentration in the petroleum fluid, the increase in the amount of precipitation is 

maximal and is almost two times higher than the original amount in the petroleum 

fluid. Conversely, a concentration of 5.0 wt% DBSA reduces precipitation 

considerably to 1.52 wt%, only 10% higher than the original amounts. As for the 

onset point of precipitation, DBSA shows high stabilization towards asphaltenes at 

increasing concentrations. The onset point increases significantly from 0.3 to 3.6 

vol/vol at 5.0 wt% DBSA. 

Fig. 5.13 shows the effect of DBSA on asphaltene precipitation from petroleum 

fluid C. The effect of DBSA on precipitation is similar to that in petroleum fluid U. At 

different concentrations, the variation in precipitation is not high. The precipitation 

data are very close to each other especially when the concentration of DBSA is less 

than 1.0 wt%. In addition, the data show approximately the same onset point of 

precipitation. However at 3.0 wt% and 5.0 wt% DBSA, the onset point is increased 

from 0.05 vol/vol, to about 0.5 and 1.0 vol/vol, respectively. 

Comparison of the amount of precipitation from the tliree petroleum fluids is 

presented in Fig. 5.14. One can observe the increase in precipitation with increasing 

concentration of DBSA amphiphile first and then decrease in precipitation. 

Differences with original amounts are approximately the same for petroleum fluids U 

and C, but much higher for petroleum fluid TK. 
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Fig. 5.14 - Relative increase in the amount of precipitation by nC; (nCg/petroleum 
fluid ratio = 20 vol/vol) in petroleum fluids U, TK and C with various concentrations 
of DBSA. [Increase = 100 x (precipitate in fluid with DBSA - precipitate in original 
fluid) / precipitate in original fluid] 

5.3.5 Comparison b e t w e e n res ins and DBSA 

In an attempt to investigate the nature of the precipitate and compare the effects of 

resins and DBSA on precipitation, fluorescence emission spectroscopy - SSFES -

tests (see Chapter 3) are run on the precipitate from petroleum fluid U at three resin 

concentrations: 8.6 wt% (which is the original resin content in the fluid), 10.5 wt%, 

and 23.3 wt%. Another set of emission tests is undertaken on the precipitate from the 

same petroleum fluid at two DBSA concentrations: 1.0 wt% and 5.0 wt%. 

Fig. 5.15 provides the normalized population size distribution of the precipitate for 

an excitation wavelength of 310 nm. The bold continuous line represents the 

distribution of asphaltenes precipitated by nC; from petroleum fluid U. It is seen that 

addition of a small amount of resins to the fluid does not modify appreciably the 

population size distribution of the precipitate. The distribution is slightly stretched 

towards the left indicating the presence of a larger proportion of molecules that emit 

at relatively short wavelengths, as compared to the original distribution. This may 

imply that the additional precipitate is solely composed of small asphaltene molecules 

that were not previously precipitated by nCj. However, addition of a large amount ol 
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resins shifts the population size distribution of the precipitate towards that of the 

resins, suggesting the presence of both asphalltenes and resins in the precipitate, 

which is in agreement with the visual observations. 
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Resins U = 10.5 wt% 
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Fig. 5.15 - Normalized population size distribution (by SSFES) of the precipitate 
from petroleum fluid U for various concentrations of resins U and DBSA. 

The population size distribution obtained with DBSA is very interesting. The 

distribution spans a relatively large proportion of molecules that emit at short 

wavelengths indicating that DBSA is able to precipitate a higher number of small 

asphaltene molecules than resins do. This ability is enhanced with increasing 

amphiphile concentration. On the other hand, the retrograde precipitation obtained 

with increasing amphiphile concentration demonstrates that DBSA molecules may 

interact with themselves and with resins and asphaltenes through a complex 
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mechanism. The reasons underlying the effect of DBSA amphiphile on asphaltenes in 

petroleum fluids are the subject for future studies. 

5.3.6 Electrostat ic and induct ion vs. d i spers ion in terac t ions 

A new finding in this work from the effect of dipole moment of resins and asphaltenes 

on precipitation is that, the electrostatic and induction interactions may not be 

negligible. Let us calculate the relative contribution of the electrostatic, induction and 

dispersion interactions between asphaltene molecules in a solvent medium using the 

van der Waals interaction energy U derived from the McLachlan theory and given by 

(Israelachvili, 1991), 

+ 
3/2 

r: 
(5.1) 

and between asphaltene and resin molecules in a solvent medium given by 

(Israelachvili, 1991), 

/ \ f \ 
+ -

(5J0 

where the subscripts a, r, and ^ refer to asphaltenes, resins and solvent, respectively, 

g is the dielectric constant, n is the refractive index, R is the molecular radius, r is the 

distance between polar molecules (asphaltenes or resins) and solvent interacting 

molecules, k is the Boltzmann constant, h is the Planck constant, T is the absolute 

temperature and v, is the absorption frequency. The product h i s called ionization 

potential /, and a typical value o f / i n the UV range is 2x10"'^ J (Israelachvili, 1991). 

It is assumed here that asphaltenes, resins, and the solvent medium have the same 

absorption frequency. In the brackets, the first term in the right-hand side of Eqs. (5.1) 

and (5.2) represents the electrostatic and induction interactions and the second term 

represents the London dispersion interactions. The contribution of each term in the 

total van der Waals interactions will be calculated and compared. At a temperature of 
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298 K, the dielectric constant of asphaltenes can be as high as 18.0, and the refractive 

index is approximately equal to 1.7, the dielectric constant of resins is about 4.5, and 

the refractive index is equal to 1.6, the dielectric constant and refractive index of the 

petroleum fluid are approximately equal to 2.0 and 1.49, respectively (see Chapter 4). 

Considering these values in Eqs. (5.1) and (5.2) then the first term in the right-hand 

side representing electrostatic and induction interactions is equal to 0.65x10'^° J in Eq. 

(5.1) and 0.26x10"^° J in Eq. (5.2), and the second term representing London 

dispersion interactions is equal to 1.96x10'^° J in Eq. (5.1) and 1.036x10"^° J in Eq. 

(5.2). The sum of these two terms is equal to 2.61x10"^° J and 1.29x10"^° J in Eqs. 

(5.1) and (5.2), respectively, and the ratio of the first term (electrostatic and induction 

interactions) to the sum of the two terms is 0.25 for Eq. (5.1) and 0.20 for Eq. (5.2). 

Thus, electrostatic and induction interactions represent 25% of the total van der Waals 

interactions between asphaltene molecules, and 20% of the total van der Waals 

interactions between asphaltene and resin molecules; which is significant and may not 

be neglected. 

5.4 Conclusions 

Based on the extensive and careful measurements reported in the paper, the following 

conclusions are drawn. 

1) The solubility of resins in petroleum fluids is limited. A common belief in the 

literature is that resins are completely soluble in nC;. The results presented in this 

chapter show that this is not the case. 

2) Addition of resins to a petroleum fluid increases the amount of precipitation. 

Reported data in the literature indicate that resins decrease the amount of 

asphaltene precipitation. The reasons underlying the observed behavior are 

presented in the next chapter. 

3) The effect of various resins on precipitation depends on the resin dipole moment. 

Resins with a high dipole moment do not increase the amount of precipitation 

significantly. 
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4) The effectiveness of resins on precipitation decreases with asphahenes having a 

high dipole moment. 

5) The addition of the DBSA amphiphile on precipitation by nCg shows two different 

trends on the amount of precipitation. At low concentrations of DBSA, the 

amount of precipitation increases with increasing amphiphile concentration. This 

trend reverses with higher concentration (that is, as DBSA concentration 

increases, the amount of precipitation decreases). Therefore, before a certain 

concentration, the amphiphile is not effective. 

6) Electrostatic and induction interactions between polar molecules such as 

asphaltenes and resins in a solvent medium are not negligible in comparison to 

dispersion interactions. This may explain why resins with distinct dipole moments 

affect the precipitation differently. 
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Chapter 6 

Revised thermodynamic 
micelhzation model for asphaltene 
precipitation 

The thermodynamic micellization model by Pan and Firoozabadi (1998, 2000), which 

has sound predictive features at reservoir conditions, lacks predictive capability at 

stock tank conditions. Specifically, the model predicts the complete precipitation of 

asphaltenes at high dilution ratios with normal alkanes, and cannot predict the effect 

of resins. The revised formulation includes the effect of inductive forces and accounts 

for the change of the interfacial tension between the liquid asphaltene in the micellar 

core and the surrounding shell with curvature. The first modification allows a high 

concentration of asphaltene monomers in the bulk liquid. As a result, the effect of 

various normal alkanes is predicted. The second modification allows a better 

prediction at low n-alkane/petroleum fluid dilution ratio. A number of other 

modifications are also made in the revised model. As a result, the model can be used 

for both stock tank and reservoir conditions. It also allows the study of the effect of 

6.1 Introduction 

Gradual progress has been made in the modelling of asphaltene precipitation from 

petroleum fluids in the last two decades. The modelling approaches can be classified 

into five different categories; 1) solubility, 2) equation of state, 3) colloidal, 4) 
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thermodynamic micellization, and 5) molecular thermodynamics. A brief review of 

the modelling approaches is presented with their main limitations. 

The solubility model 

This model was first proposed by Hirshberg et al. (1984) and further applied by 

several authors (Burke et ah, 1990; Kokal et al., 1992; Cimino et al, 1995). Two 

sequential phase equilibrium calculations are performed; a vapor-liquid equilibrium 

using a cubic equation of state, and a liquid-liquid equilibrium in which the 

deasphalted petroleum fluid (called solvent) is treated as a single component. The 

reversible liquid-liquid equilibrium is governed by activity coefficients that are 

calculated from the Flory-Huggins polymer solution theory in order to account for the 

non-ideality of asphaltene and resin molecules. The activity coefficients depend on 

solubility parameters derived from the Hildebrand regular solution theory. Another 

group of authors (Chung, 1992; MacMillan et al., 1995) used a similar approach but 

considered asphaltenes as a solid component. The fugacities in both phases are equal 

at equilibrium, and expressed in terms of solubility, activity coefficient, and pure 

phase fugacity. The general equation that relates the solid to the liquid fugacity of 

pure asphaltenes depends on temperature and fusion properties (Firoozabadi, 1999). 

The activity coefficient is derived from the Flory-Huggins theory, which expresses the 

excess Gibbs free energy of mixing in terms of molar volumes and solubility 

parameters. The solubility model is simple and useful for reproducing n-alkane-based 

titration tests, yet it does not include the effect of pressure, which is necessary at 

reservoir conditions (Park, 1989). The performance of the model depends essentially 

on the molar volume and solubility parameter of the solvent, resins, and asphaltenes. 

One limitation of the model is its high sensitivity to small variations in the solubility 

parameter, which is difficuh to calculate accurately for complex molecules such as 

asphaltenes and resins (Monteagudo et al., 2001). Recently, Andersen and Speight 

(1999) made a critical review of several methods based on the solubility model and 

concluded that the methods lack predictability because they require a large number of 

adjustable parameters. 

The equation of state model 

This model was established by Gupta (1986) and Thomas et al. (1992), and later 

modified by Nghiem et al (1993, 2000). It is also referred to as the solid model. The 
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precipitated asphaltene phase is represented by a pure solid component while the 

liquid and vapor phases are modeled with an equation of state (EOS). The fugacity of 

the solid asphaltene is calculated from the fugacity of pure liquid asphaltene 

(Firoozabadi, 1999). Nghiem et al. (1993) applied this model to live petroleum fluids 

and attributed the success of their approach to the division of the heavy petroleum 

fluid residue into a non-precipitating and a precipitating pseudo-component. The 

Peng-Robinson EOS was used to calculate the asphaltene precipitation by assigning 

different values of binary interaction coefficients to the precipitating and non-

precipitating pseudo-components with light components. The model is easy to 

implement however it requires tuning of many parameters to match experimental data. 

Moreover, Thomas et al. (1992) observed that the model does not exhibit the correct 

behavior with increasing concentration of the precipitating solvent. A serious 

limitation of the solubility and equation of state models is that the micellar nature of 

asphaltenes and resins in petroleum fluids is neglected. Thus, there are two main 

factors controlling asphaltene precipitation that are not addressed in these models: one 

is the association of asphaltenes and the other is the peptizing effect of resins. 

The colloidal model 

This model was initially proposed by Leontaritis and Mansoori (1987) and later 

revised by Park and Mansoori (1988). The model assumes that asphaltenes exist in the 

petroleum fluid as solid-like particles in suspension, stabilized by resins adsorbed 

onto their surface. The model comports two parts: a static model to calculate the resin 

chemical potential, and a dynamic model to predict the streaming potential for the 

asphaltene precipitate. The static model calculates the onset point of precipitation 

from the chemical potential of resins. A vapor-liquid flash calculation is first 

performed using an EOS to determine the composition of the liquid phase. Based on 

experimental measurements of the onset of precipitation, a critical chemical potential 

for resins is estimated using the Flory-Huggins theory. This chemical potential 

corresponds to the coverage of asphaltenes with a single layer of resins. It is then the 

chemical potential of resins in the solid and liquid phases that determine the split 

between the two phases. Asphaltene flocculation occurs when the chemical potential 

of resins becomes lower than the critical value. The dynamic model calculates the 

amount of asphaltene deposition in pipes under the influence of a streaming potential. 

A set of equations based on the streaming potential are derived from which the 
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generated minimum streaming potential during deposition is calculated. The method 

requires input parameters such as electrical conductivities, total charge densities, 

mean charge of asphaltene particles. The colloidal model shows promising results at 

stock tank and reservoir conditions, however it requires a set of experimental and field 

data that may not be readily available. Nevertheless, this approach can describe the 

role of resins adhering onto asphaltene surface and assess the possibility of 

precipitation even though it does not explicitly consider details of the micellar 

structure and shape. 

The thermodynamic micelhzation model 

The model proposed by Pan and Firoozabadi (1998, 2000) calculates the total Gibbs 

free energy of a system composed of 1) a bulk liquid phase containing oil, asphaltene, 

and resin monomers, 2) micelles, and 3) a precipitated liquid or solid phase. The 

micelles consist of an asphaltenic core surrounded by a solvating shell containing both 

resin and oil molecules. A hypothetical path is devised to describe the formation of 

micelles in the petroleum fluid (Firoozabadi, 1999) and the phase equilibrium is 

calculated using the Peng-Robinson equation of state (PR-EOS). The total Gibbs free 

energy of the system, expressed as a function of several variables and subject to 

material balance constraints, is minimized using the feasible sequential quadratic 

programming (Zhou et al, 1997). There are different contributions in the Gibbs free 

energy of the system, namely the standard, interaction, mixing, precipitation, and 

micellization free energies. An important feature of the model is that it can capture the 

micellar nature of petroleum fluids; however it does not predict properly the effect of 

precipitants such as n-alkanes and aliphatic mixtures on asphaltene precipitation; the 

model predicts a very low concentration of asphaltene and resin monomers in the bulk 

liquid as almost all transfer into micelles upon titration with n-alkanes. Because the 

entire asphaltene content in the petroleum fluid precipitates at a high dilution with 

various n-alkane precipitants, one cannot properly predict the precipitation amount 

without forcing different asphaltene fractions to precipitate by different n-alkanes. In 

addition, the model does not predict properly the effect of resins on precipitation. The 

onset point of precipitation is increased with additional resins however the amount of 

precipitation remains unchanged. 
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The molecular thermodynamic model 

This model developed by Wu et al. (1998, 2000) and was used by Buenrostro-

Gonzalez et al. (2002). Both asphaltenes and resins are represented by pseudo-pure 

components while all other components form a continuous medium. Asphaltene 

precipitation is considered as a liquid-liquid equilibrium process and the Helmholtz 

free energy of the system is derived from the hard sphere perturbation theory and the 

theory for chain molecules (Prigogine et al., 1957). The model uses the statistical 

associating fluid theory (SAFT) in the framework of the McMillan-Mayer theory to 

calculate the chemical potential of asphaltenes and resins (Chapman et al., 1988; Lee, 

1988). The approach is similar to the SAFT model for association and chain 

molecules (Chapman et al., 1990; Ghonasgi and Chapman, 1994). Large hard spheres 

represent the asphaltenes while small ones correspond to the resin chain segments. 

The model considers hard-sphere repulsion, association and dispersion interactions 

(Wu et al., 1998). The dispersion interaction is computed from van der Walls 

potential of mean force. The effect of the medium on asphaltene and resins 

interactions is taken into account through its density and dispersion force properties. 

Buenrostro-Gonzalez et al. (2002) applied the same approach and used the SAFT 

model with variable-ranged potentials, which is believed to describe rigorously the 

intermolecular interactions (Gil-Villegas et al, 1997; Galindo et al., 1998). The 

molecular thermodynamic model has been applied successfully to stock tank and 

reservoir petroleum fluids, however it requires some fitting parameters. The strength 

of the model resides in its ability to describe the intermolecular interactions in 

petroleum fluids, and the explicit effect of the fluid density, which may not be taken 

into account in the other approaches. Another method is to apply an integral equation 

approach using statistical mechanical theory (Duda and Lira-Galeana, 2002). The 

flocculation depends on the interactions between asphaltenes, resins and the medium 

and one can solve the associative Ornstein-Zernike integral equation (Varakin et al., 

1997) to obtain the structure factor from which the compressibility and other 

thermodynamic properties can be deduced. The model requires molecular parameters 

that are estimated from experimental data. This approach is still in the primitive stage 

and is being investigated for more practical applications. 
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Among the modelling approaches presented above, the thermodynamic 

micellization model is selected because it is complete and does not require excessive 

tuning of parameters. The model considers the micellar nature of petroleum fluids 

without restraining the deasphalted fluid to a single component. It also allows the 

study of the peptizing effect of resins and surfactants on precipitation, which is very 

important for the inliibition of precipitation in the field. 

The main goal of this chapter is a revised formulation of the original micellization 

model by Pan and Firoozabadi (1998, 2000) in order to improve the predictions. 

Extensive sensitivity studies on various contributions to the Gibbs free energy 

affecting the precipitation amount helped us to target the main contributions missing 

in the original formulation. Special attention was given to the energy of interaction, 

mixing and interfacial properties. In the description of energy of interaction between 

asphaltenes, resins and the other hydrocarbons, it is important to consider all the 

interactions that may arise from the presence of polar molecules in a petroleum fluid. 

While dispersion interactions mainly affect asphaltene flocculation, electrostatic and 

induction interactions are believed to stabilize polar molecules in the bulk liquid 

phase (Israelachvili, 1991). The calculation of the interaction energy is complex and 

not very tractable for large solvated molecules such as asphaltenes and resins. Pan and 

Firoozabadi (1998) used the mean field approximation to calculate the Gibbs free 

energy of interaction between all molecules in the petroleum fluid. This chapter offers 

new insights into the nature of molecular interactions in petroleum fluids and 

demonstrates the importance of the induction energy between asphaltenes and the 

medium, which may not be properly represented by the mean field approximation. 

Polarity affects the non-ideal mixing of asphaltene and resin molecules in the 

petroleum fluid. The accuracy of the predictions from the PR-EOS depends on the 

mixing rule. Quadratic mixing rules may not be appropriate for mixtures containing 

polar asymmetric molecules; instead, methods based on suitable excess energy 

models are used. Among these methods, the Wong and Sandler (1992) mixing rule 

has found wide use in successfully representing the behavior of polar multicomponent 

mixtures with only binary parameters. We propose to introduce this mixing rule into 

the PR-EOS. In addition, the volume-translation concept of Peneloux et al. (1982) is 

applied to improve density predictions. 
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The above considerations along with better characterization of the asphaltene 

species should allow precipitation predictions from petroleum fluids upon 

composition alteration. An important parameter that affects the slope of the 

precipitation curve as well as the onset point of precipitation is the interfacial tension 

between the asphaltene liquid phase in the core and the liquid phase outside the core 

in the micelle. Because micelles are nanoparticles (typically the radius of the micellar 

core is 20-30 A), the curvature dependence of interfacial tension may be important. 

Thus, the interfacial tension is considered to be function of both concentration and 

curvature. Moreover, the curvature of the core surface results in a pressure difference 

in the bulk phases. The pressure difference is proportional to the interfacial tension 

and should be considered in fugacity calculations. 

Another important aspect to model is the effect of petroleum resins on precipitation. 

It has been shown in chapter 5 that petroleum resins may not be a suitable inhibitor 

for asphaltenes as they increase the amount of precipitation. To the best of our 

knowledge, no attempt has yet been made in the literature to model properly the effect 

of resins on precipitation. In the original formulation (Pan and Firoozabadi, 1998), 

increase in resin concentration increases the onset point of precipitation without 

changing the amount of precipitate. It will be shown in the revised formulation that 

resins alter the dielectric properties of the medium, which in turn affect the molecular 

interactions in petroleum fluids and therefore both the onset and the amount of 

precipitation are affected. 

This chapter is structured into three parts. In the first part, a thorough description of 

the revised model is presented and the modifications are outlined. The second part 

applies the revised formulation to several petroleum fluids at ambient conditions and 

the main results on the effect of n-alkanes and resins on precipitation are presented 

and discussed. Several examples of precipitation from reservoir fluids are also 

considered, and the effect of composition and pressure is studied. The last part draws 

the main conclusions of this chapter. 
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6.2 Model description 

This section first explains the characterization of the plus fractions and the 

implementation of different asphalt species, then presents the main contributions 

introduced into the model, that is, the van der Waals induction energy, the Wong and 

Sandler mixing rule as applied to PR-EOS, and the effect of interfacial tension and 

core pressure. Following these modifications, a revised formulation of the Gibbs free 

energy of the system is provided and the main parameters used in the model are given. 

A brief description of the optimization algorithm is also given in the last section. 

6.2.1 Character izat ion of the plus fract ion and i m p l e m e n t a t i o n 
of d i f ferent asphalt ic spec ies 

The Whitson method (1983) is used to characterize the deasphalt plus fraction. Molar 

and mass distributions are generated from a gamma function and the resulted 

components are lumped into several pseudo-components of equal weight (see 

Appendix A). The asphaltenes are also characterized by subdividing them into three 

different fractions: 1) Cs-nCs, 2) nCg-nC?, and 3) nC? asphaltene, according to their 

solubility in various n-alkanes: propane (C3), n-pentane (nCs) and n-heptane (nC?). It 

is assumed that the total asphaltene in a petroleum fluid can be precipitated by C3 

while only a portion is precipitated by heavier n-alkanes. Table 6.1 presents the stock 

tank petroleum fluids and their asphaltene and resin contents. Table 6.2 lists the 

chemical composition of these petroleum fluids. In this study, only one fraction of 

resins is considered with average properties. However, when resins are added to the 

petroleum fluid, a second resin fraction is included in the model. 

6.2.2 The induct ion energy 

In the condensed state, the induction interactions may be significant when molecules 

with free charges or with strong intrinsic dipole moments are present (Israelachvili, 

1991). Emphasize is put on the contribution of the induction interaction or the 

induction energy between dipolar and nonpolar molecules, as it is believed to play an 

important role in the stabilization of asphaltene monomers in petroleum fluids. 
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Table 6 .1 - Selected petroleum fluids 

P e t r o l e u m 

f lu id 

P e t r o l e u m f luid Cg+ f rac t ion Aspha l t enes , w t % 

R e s i n s , 

w t % 

P e t r o l e u m 

f lu id 
M, 

g / m o l g/cc 

A m o u n t , 

w t % 

M, 
g /mo l 

C s - n Q nCs-nCy nCy 

R e s i n s , 

w t % 

T K 2 0 6 1 & 8 5 2 0 .832 230 .1 1.07 Oj^ 0 . 4 6 7 .5 

C 2 4 Z 0 & 8 5 9 0 .880 2 6 2 . 9 0.90 0 J 8 1.52 6 .5 

U 2 5 & 5 & 8 5 5 0 .704 3 2 9 j 0 . 9 0 0 .98 1.52 8 .6 

M e x - C 2 3 & 1 & 8 5 7 0 .952 2 4 5 J OjW 0 .72 3 . 0 8 13.4 

M e x - Y 3 2 2 0 . 2 0 .861 0 . 9 1 4 2 3 Z 6 0.75 0 . 5 4 2 . 7 1 11.4 

M e x - P 2 6 7 . 7 0 .847 0 .954 2 7 & 0 1.07 0 .70 0 J 3 9 .4 

Table 6.2 - Composition (mole %) of selected petroleum fluids 

Fraction C TK U Mex-C Mex-Y3 Mex-P 

c, OIW OIW 0 0 0 0 4 0 0.00 0.00 

C2 OIW 0.01 0 4 4 0 4 0 0.00 0.00 

C3 0,00 0.15 0 J 3 0.00 0.00 0.00 

C4 0 82 0 8 5 4,15 0.04 0.00 0.00 

Cs 2 J 2 2 ^ 4 6 4 0 0.21 0.01 0.14 

Cg 3.84 4.91 8 J 3 I j y 2.48 0.72 

C7 5 18 8 3 9 l(k38 3 J 0 4jW 3 j # 

Cs 7 3 2 11.14 70.37* 6.21 7 6 0 5.95 

Cg 6 5 8 1029 8 4 7 9 J ^ 8 3 2 

Cio 6.11 8 j 9 9.19 7.03 

Cn 5.77 5.67 7.70 7.57 7.41 

C | 2 4 9 9 4^38 6 J ^ 7.03 6 4 8 

C,3 5.17 4.46 5 89 5.89 4 ^ 2 

C|4 4.81 3.79 5 4 6 6 2 6 4 8 3 

C,5 4.61 3.59 4 j y 3.10 

C,6 3 J 2 3.02 4.07 4 4 2 4 4 8 

C | 7 3.63 2 ^ 9 3.45 3 J y 3.31 

C|8 3 4 a 2 ^ 2 3.19 2 89 2.81 

C|9 2 J 2 2.42 3.07 3.00 3.17 

C20+ 29.13 21.31 2 8 3 6 21.16 34.43 

M C20+ g/mol 433.6 441.2 32&5* 425.5 451.2 464.2 

*c, 
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Let us consider the configuration shown in Fig. 6.1. The dipolar molecule gives rise 

to an electrostatic potential 0 and consequently to a small electric field F. The 

electric field polarizes the neighboring non-polar molecule and the induced dipole 

moment is proportional to the field, 

(6.1) 

where a is the molecular polarizability related to the polarizability volume 

presented in Chapter Ahy a= AttzqCCV . The potential energy of the induced dipole is 

then. 

V' 
/w/ aF' 

2 
(6.2) 

The expression of the electric field can be derived from the electrostatic potential 

created by the dipolar molecule (Maitland et al, 1981), 

0 = 
1 // cos 9 

Ans^s 
(&3) 

where /j. is the permanent dipole moment of the dipolar molecule contained in a 

medium of dielectric constant s. From F -
1/2 

non-polar 

molecule 

^ dipolar 

molecule 

Fig. 6.1 - Induced interaction between a dipolar and a non-polar molecule 
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F = -
Answer 

3 cos 6 + \ 
1/2 

( 6 . 4 4 

Combining Eqs. (6.2) and (6.4), 

3 cos 6 + \ (6.5) 

The mean potential energy is obtained by averaging over all possible angles, giving 

each angle the Boltzmami weight e -[//tr 

U /W a / / 

(4;rgQg) 
(6.6) 

The total induction energy of the dipolar molecule with all the surrounding non-polar 

molecules is therefore given by, 

g""' = N An r^dr = • 
1 2 ; 7 ( £ -O£- ) 

(6.7) 

where N is the number density of non-polar molecules (that is, the number of non-

polar molecules per unit volume), related to a and s tlirough the Clausius-Mosotti 

equation (see Eq. 4.9), 

g + 2 3 3 fn 
(6.8) 

Combining Eqs. (6.7) and (6.8) gives. 

atvr^s^s^ [s +2) 
(6 9) 
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6.2.3 The Wong and Sandler Mixing rule in the PR-EOS 

The Wong and Sandler (WS) mixing rule is introduced into PR-EOS in order to 

account for non-ideal mixing of the polar asphaltenes and resins in the medium. The 

expression of the PR-EOS is, 

f = . s ( 6 . 1 0 ) 
v-b v{y + b) + byv-b) 

where a and b are the interaction and volume parameters, respectively. The basic 

equations that completely define the parameters a and b in the Wong and Sandler 

mixing rule allow a high-density limit consistent with experiment and a correct low-

density limit according to. 

/ i f : : Z, 0 5 . 1 1 ) 
b i V, 

a 

Eq. (6.11) is obtained by equating the excess Helmholtz free energy at infinite 

pressure to the excess Gibbs free energy at low pressure Gp , which is calculated 

from an activity coefficient model (Wong and Sandler, 1992). Eq. (6.12) results from 

the Taylor expansion of the second virial coefficient in terms of the PR-EOS 

parameters and assuming a quadratic composition dependence of the coefficient. 

Combining the above equations gives, 

a = (6JJ) 
\ — D 

\-D 

with D given by Eq. (6.20) and Q defined as 

6 = (6.14) 

^ a ^ 
0 = 
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The composition-independent second cross virial coefficient (^b-a/kT).., obtained 

from the PR-EOS is related to those of pure components by (Orbey and Sandler, 

1995), 

J. 2 \ 
(6.16) 

where K.. are the composition-independent interaction coefficients between species / 

and7, a, and 6, are the pure component parameters of the PR-EOS given by, 

a. =&457235-
P 

l + m.l-lT (6.17) 

6. =&077796-
RT 

P 
(&18) 

m. = 
0.37464 + 1.54226(5, -0.26992(0,!^ (O.O<0. <0.5) 

0.3796 +1.4850); - 0.16440)!̂  + 0.01667 )̂,̂  ( 0.1 < G). < 2.0 ) 
(6.19) 

, P̂  , and o, are the critical temperature, pressure, and acentric factor, respectively. 

ZJ. is the reduced temperature, equal to TjT̂ ^ . 

D is defined as. 

(6.20) 

where c is a constant equal to and Al is the excess Helmholtz free 

energy at infinite pressure equal to the excess Gibbs free energy at low pressure Gp 

which can be calculated from the modified NRTL model proposed by Huron and 

Vidal (1979), 

(6.21) 
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with 

J' J 
(6.22) 

lij is the non-randomness parameter and TJ. is the NRTL binary interaction parameter. 

There are several methods to evaluate t.. according to polarity. 

• For non-polar molecules, L is set to zero and r . can be calculated from, 

t .. — 
•" kT 

a a ( 
A 
b. 

(6.23) 

For polar molecules, Uj is set to 0.1 and t .. and are determined by solving the 

following system of equations. 

(6.24) 

(&25) 

X" and y j are the infinite dilution activity coefficients of each species in the otlier, 

calculated from the modified separation of cohesive energy density MOSCED model 

(Thomas and Eckert, 1984) which is an extension of regular solution theory to polar 

and associating mixtures. In this model, asphaltene and resin molecules are 

considered as acids and alcohols, respectively with an approximate carbon atom 

number of 50. In order to verify the validity of the MOSCED model, the method is 

applied to several binary mixtures whose dispersion, induction, and polar parameters 

are available (Thomas and Eckert, 1984). The calculated activity coefficients at 

infinite dilution are in good agreement with experimental data, as shown in Table 6.3. 
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Table 6.3 - Activity coefficient at infinite dilution for several solute-solvent systems 
using the MOSCED model 

Solu te Solvent y"" (data)* ( m o d e l ) A b s . e r ror , % 

E t h a n o l n - H e p t a n e 49 .00 4 6 . 1 0 6 

A c e t o n e Ca rbon te t rach lor ide 340 2 ^ 0 13 

n - P e n t a n e Benzene 230 2 .10 9 

n - H e x a n e Ani l ine 25J0 2420 6 

Ace ton i t r i l e p -Xy lene 216 1.80 17 

E t h y l ace ta te H e x a d e c a n e 2.80 2 j# -3 

N i t r o e t h a n e I sooc tane 1&90 16.00 15 

E t h y l b r o m i d e Quino l ine 1.27 -2 

D i c h l o r o m e t h a n e Squa lane 0^9 &81 -3 

H e x a n e M e t h a n o l 27 .00 23 13 

P h e n o l Oc tane 930 -5 

* Source; Thomas and Eckert (1984). 

The fugacity coefficient of the components in the mixture can now be calculated 

from. 

In (p. = I 
kT 

1 

V 
dv-ln Pv 

kT 
(&26) 

Integrating this equation and replacing the expressions of the EOS parameters a and b 

according to Wong and Sandler mixing rule gives, 

P(v-b) 1 
f \ dnb Pv 

kT 

+ • 

2 V 2 I 

CM a 

ndn. 
/ / 

/ \ 

' / 

In-
v + h[ l - v 2 

+ 6 1 1 + V 2 

(6.27) 

with, 

dnb 
\-D 

dn Q 

ndn i y 

e 

( i - f l ) ' 

1 -
dnP 
dn. 

f y 

(6.28) 
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dn^a 
ndn. 

= kT D dnb ^ 
9/7. 

+ b 
f \ dnD 

' J 
dn. 

' / 

(6.29) 

in which, 

^ = 2 X x . f b - ^ (6.30) 

dnD 
dn. b.kT c 

(631) 

To improve the volumetric predictions of the PR-EOS, the volume-translation 

concept is used (Peneloux et al, 1982; Jhaveri and Youngren, 1988). The volume-

translation parameter of each component is defined as v, = s-b ,̂ where Si is a 

dimensionless shift parameter, well defined for components lighter than n-heptane 

(see Table 6.4). For heavier n-alkanes, it is given by s. = 1-2.258/M°'^^^ , The 

mixture parameter is related through a lineai" mixing rule to the parameters v/ of each 

component ( v = ^ z. v,-) and the translated volume is equal to v - v/. 

Table 6.4 - Volimie shift parameters of defined hydrocaibons 

Componen t 

C, -0 .1540 

C2 -0 .1002 

C3 -0 .08501 

C 4 -0 .06413 

C 5 -0 .04183 

Ce -0 .01478 

C7 0 .01174 
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6.2.3.1 Verification with various mixtures 

To verify the method, several non-ideal mixtures are investigated (Wong and Sandler, 

1992; Orbey and Sandler, 1995; Sandler, 1999; and Poling et al., 2001). The binary 

interaction coefficient in the PR-EOS is available for each mixture and is obtained by 

fitting to experimental vapor-liquid data. For non-polar organic mixtures, is 

calculated from the modified NRTL model described above, and for aqueous and 

polar organic mixtures, the parameters available in the literature are used (see Table 

6.5). 

Table 6.5 - Parameters of the modified NRTL model for several binary mixtures 

B i n a r y m i x t u r e Kn in r i2 ^21 

E thano l / n -hep t ane -0 .2 1.7204 1 .7204 2 . 3 9 7 2 

C a r b o n d iox ide / p r o p a n e 0 .37 0 .30 1.26 - 0 . 1 8 

2 - P r o p a n o l / water 0 .2529 0 .2893 0 . 1 5 0 9 1.8051 

A c e t o n e / wa te r 0 .189 0 . 2 8 6 2 0 .1835 2 . 0 0 0 9 

Source: Poling et a!., 2001; Wong and Sandler, 1992; Orbey and Sandler, 1995 

Fig. 6.2 compares measured and calculated bubble point pressure vs. mole fraction 

of some organic systems (ethano 1/n-heptane, carbon dioxide/propane, methane/n-

decane, n-hexane/n-octane/n-hexadecane). Fig. 6.3 provides similar results for 

aqueous systems (2-propanol/water, acetone/water). In addition, the phase (vapor or 

liquid) amount vs. mole fraction for different mixtures (n-butane/n-hexane, 

methane/n-heptane, and methane/n-butane/n-heptane/n-decane) is shown in Fig. 6.4. 

In all examples, the predicted results are in good agreement with experimental data 

and thus validate the method. 
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a) Ethanol (1) + nC? (2) 

w 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0,0 

T = 343 K 

0.0 

o P, data 

P, calculated (A) 

P, calculated (B) 

0.2 0.4 0.6 0.8 1.0 

Xi, mole fraction 

re 
SI 

6 ) C 0 2 ( l ) + C 3 ( 2 ) 

277 K 

o P, data 

P, calculated (A) 

P, calculated (B) 

0.2 0,4 0.6 0.8 1.0 

Xi, mole fraction 

250 

200 

15 150 
XI 

Q." 100 

50 

0 

c ) C , ( l ) + r K : m ( 2 ) 

T - 3 I 1 K 

o P, data 

P, calculated (B) 

0,0 0.2 0.4 0.6 0.8 

Xi, mole fraction 

1,0 

4nC6(l) + nC:(2) + nC,6 (3) 
X2, mole fraction 

0,30 0,25 0.20 0.15 0.10 0.00 
0.20 

0.15 

ro 
-Q 0.10 

0.05 

0.00 

T = 298K 

o P, data 

P, calculated (B) 

0.00 0.20 0.40 0.60 0.80 1.00 

Xi, mole fraction 

Fig. 6.2 - Saturation pressure vs. mole fraction of some organic mixtures. (A) WS 
parameters from source data, (B) WS parameters from NRTL model. Source: Wong 
and Sandler (1992); Sandler (1999); Poling gf a/. (2001). 
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Fig. 6.3 - Saturation pressure vs. mole fraction of some aqueous mixtures. (A) WS 
parameters from source data. Source: Orbey and Sandler (1995), Sandler (1999). 
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Fig. 6.4 - Phase amount vs. pressure of some organic mixtures. (B) WS parameters 
from the NRTL model. 

6.2.4 Interfac ia l t e n s i o n and asphal tene-core pressure 

Let us consider a spherical imier liquid phase (') surrounded by an outer liquid phase 

("). The two phases are considered homogeneous up to an imaginary geometrical 

surface that divides the two phases (called the dividing surface). 

In the following, let us consider a small part contained in a conical vessel as indicated 

in Fig. 6.5. In this figure, co is the solid angle and R denotes the location of the 

dividing surface. The work associated with an increase dco of the solid angle is given 

by (Ono and Kondo, 1960; Gibbs, 1961), 

dW = -rjdo) = P' dV'+ P " dV cr dA (632) 
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R 

Fig. 6.5 - Conical section of a spherical inner liquid phase (') surrounded by an outer 
liquid phase ("). 

where 77 is an intensive variable conjugate to the extensive variable O), V is the 

volume of the drop [v'= co{r^ - V " is the volume of the suiTounding liquid 

{v"^co[R"^-R^^I3^, <y is the interfacial tension, and A is the area of the dividing 

surface (A = coR^). Replacing the expressions of F ' , V", and A into Eq. (6.32) gives, 

= + + j ( 6 . 3 3 ) 

Differentiating Eq. (6.33) with respect to R, 

P'-F" = — + 
R 

2(j (dcr^ 
( 6 . 3 4 ) 

This is the generalized Laplace equation. For the surface of tension (that is the surface 

for which [dcr/dR) =0), the generalized Laplace equation reduces to. 

= ^ ( 6 . 3 5 ) 

The subscript s stands for the surface of tension, thus R,- denotes the location of the 

surface of tension. The Laplace equation provides the condition of mechanical 

equilibrium of the curved interface. It shows that the pressure in the imier phase (here, 

the asphaltene micellar core) is higher than the pressure in the surrounding liquid 
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(here, the liquid in the shell); the difference in pressure is directly proportional to the 

interfacial tension. 

Let us now derive the expression of the interfacial tension as a function of 

concentration and curvature. For this, the Gibbs-Duhem equation for the interface is 

(Onon and Kondo, 1960), 

dfu + A^ dcT̂  = 0 (6.36) 

where is the number of molecules at the interface. The surface for which Us is equal 

to zero is called the equimolar dividing surface, corresponding to the radius . For 

isothermal variations, the Gibbs-Duhem relations for the homogeneous phases (') and 

("), are (Ono and Kondo, 1960), 

V V" 
= = — ( 6 . 3 7 ) 

n n 

Combining Eqs. (6.35)-(6.37), 

d In cr_. V 

' 1 + 

V 

(&38) 

Tolman (1949) defined the length parameter 4" as the difference between the radius 

of the surface of tension and the radius of the equimolar dividing surface 

Eq. (6.38) becomes (Ono and 

Kondo, 1960), 

r6 39) 
( f l r i J ? , 1 + 2 < r / j R , 

For simplification, let us represent cr̂  and by cr and R . Assuming a constant 

integration of Eq. (6.39) leads to, 

(6.40) 
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where % is the interfacial tension at a planar interface between the asphaltene core 

and liquid. The interfacial tension cro//,«> at the asphaltene-petroleum fluid flat interface 

is assumed to be 0.035 N/m; which is within the range of interfacial tension between 

the petroleum fluid and water and petroleum fluid and air (Pan and Firoozabadi, 

1998). For micelles with a radius of 20-30 A , the interfacial tension is found to vary 

from 0.028 to 0.034 N/m when ^ varies between 0.5 and 2.5 A (see Fig. 6.6). 

Sorensen (1982), Puvvada and Blankenstein (1992) used a value of 1-2 A , thus a 

value of 1.5 A is considered in the revised model for 

E 
z 

g 
b 
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0.032 

0 .030 

0.028 

0.026 
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4 - & 5 A 

4 - l O A 

4 - L 5 A 

- 4 - 2 0 A 

- 4 - 2 5 A 

0 10 20 30 40 50 60 70 80 90 100 

R , A 

Fig. 6.6 - Effect of the Tolman length parameter ^ on (t{R) 

The interfacial tension at the planar interface depends on the liquid composition; 

it is expected to increase when the petroleum fluid is diluted with n-alkanes because 

the density difference between the core and the liquid increases. There is limited 

literature on the dependence of interfacial tension on composition. Nagarajan and 

Ruckenstein (1991) calculated the interfacial tension between hydrophobic surfactant 

tails and water in terms of their surface tension. Helfand and Tagami (1971) derived 

an expression of the interfacial tension between two symmetric polymers within the 

framework of the mean-field approximation, and related the interfacial tension to 

composition tluough liquid solubility parameter and molar volume. The same 

formulation as Helfand and Tagami is used with slight modifications. Considering 

that the interfacial tension in petroleum micelles is lower than that in pure polymer 

systems, the two exponents in Helfand and Tagami's equation have been modified 
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from 2 to 1 and from 1/2 to 1/6. The interfacial tension at the planar interface between 

asphaltene core and liquid in the micelle becomes, 

(6.41) 

where L is the characteristic length of the liquid molecule (equals to v,.̂  ) and % is the 

Flory-Huggins interaction parameter, 

(6.42) 

Siiq , viig and Sa, Va are the solubility parameter and molecular volume of the liquid 

phase molecules and asphaltene molecules, respectively. At constant temperature, % 

can be expressed as a function of od from. 

o - . ( C ) = o-, 
OlV.OO 

5/6 f -x, 
^0,7 

1/3 r 1/3 

The solubility parameter of the liquid is calculated from (Firoozabadi, 1999), 
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-
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V 2 - l ) 6 

(6.43) 

(6.44) 

with. 
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(6.45) 

dD z. 
' " " 1 + / M , ( 1 - ^ ) 1 + : : ^ 

TT 

^ 6 

Y Y 

(6.46) 

(6.47) 

And the solubility parameter of asphaltenes is given by (Hirshberg et al., 1984), 
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' -9 . Ix lO"'(r-298.15)] (6.48) 

Fig. 6.7 depicts the variations of o{R) ( = 0.035/(1 + 2^/7?)), %(C), cy{R,C), and cr 

(original model) with nCj dilution ratio for petroleum fluid TK. The effect of 

curvature on the interfacial tension is important at low dilution ratios. The 

modification of the Helfand and Tagami's equation limits the variation of cr to 

0.03-0.04 N/m instead of 0.04-0.15 N/m when the petroleum fluid is diluted with n-

alkanes. 

E 
z 

o" (Hel iand & Tagami , 1971) 

1 2 3 4 5 6 

nCs/petroleum fluid ratio, vol/vol 

(0 
D) 

si 
c 

o % 

Fig. 6.7 - Variations of cr^(C), cr{R,C), and a ( Helfand and Tagami, 1971) 

with nCs dilution ratio for petroleum fluid TK. 

Fig. 6.8 shows the effect of oiR), o{R,C), and cr (original model) on asphaltene 

precipitation from petroleum fluid TK with the revised formulation. The slope of the 

precipitation curve is improved with the new equations of interfacial tension. At high 

n-alkane dilution, cr has no effect on the amount of precipitation provided the n-alkane 

used to precipitate the asphaltenes is the same. 
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a (Helfand & Tagami, 1971) 

4 6 8 10 12 14 16 

nCs/petroleum fluid ratio, vol/vol 

Fig. 6.8 - Effect of a(R), a(R,C) and cr (Helfand & Tagami, 1971) on asphaltene 
precipitation by nCs from petroleum fluid TK with the revised model. 

6.2.5 Formula t ion of the Gibbs free energy 

In a mixture comprised of various molecules, the Gibbs free energy is expressed as a 

function of 1) the number of asphaltene molecules in the micellar core n^ ,̂ 2) the 

number of resin molecules in the micellar shell ^,3) the thickness of the shell D, 4) 

the number of micelles , 5) the number of asphaltene and resin monomers in the 

bulk liquid phase ^ , and 6) the number of asphaltene molecules in the 

precipitated phase nj . , assuming that resins do not precipitate at atmospheric 

conditions. Note that when resins are added to a petroleum fluid in large amounts, the 

insoluble resin in the fluid is considered as a precipitate. The amount of insoluble 

resin is calculated from solubility data (see chapter 5). The indices i {i = 1, 2, 3) and / 

(j = 1,2) stand for the different types of asphaltenes and resins, respectively. 

The total Gibbs free energy is expressed as the sum of different contributions in the 

liquid and precipitated phases (Pan and Firoozabadi, 1998; Firoozabadi, 1999). 

(6.49) 

The next section presents the expression of G as a function of the 15 variables and 

subject to the following material balance equations, 
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) + "I,/ = + "I, '̂=1.3 

7 = 1 , 2 

(6.50) 

(6.51) 

The total number of molecules in the system is, 

3 2 

" = +Z"r,v 
k-\ /=1 /=! 

(&52) 

6.2.5.1 Standard Gibbs free energy of micellization 

The standard Gibbs free energy of micellization represents the standard Gibbs free 

energy difference between asphaltene and resin molecules in the micelle and those in 

an infinitely diluted petroleum fluid mixture. 

(6.53) 

Pan and Firoozabadi (1998) devised a four-step hypothetical path to describe the 

formation of micelles in a petroleum fluid (see Appendix B) and the final expression 

of the Gibbs free energy of micellization is, 
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with. 

R = 

1/3 

(6J5) 

a = attr' 

t " . , -
. /= i 

(6.56) 
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c : , — ( 6 ^ 7 ) 

C + E » 2 , v 

n'"-! is the number of oil molecules in the micellar shell. 

- I " : . , 
« : ,= (6.58) 

where F'" is the volume of the shell given by F'* =An [R + - F? 13. 

6.2.5.2 Gibbs free energy of the liquid phase 

The bulk liquid phase is composed of oil, asphaltene, and resin monomers as well as 

micelles. The Gibbs free energy of each type of components is expressed separately. 

G'-=G,J,+G,t+G,',+G,; (6.59) 

The Gibbs free energy of oil monomers is, 

(6.60) 
/t=l 

with 

= j u l + k T l n - ^ = / u l + k T l n ( P j ^ P + k T l n z ^ ( 6 . 6 1 ) 

fk 

(6X52) 

The Gibbs free energy of asphaltene monomers has three contributions: 1) standard 

state, 2) mixing, and 3) interaction. 

(6.(33) 

where 
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(6.64) 

05.65) 

(6.66) 

In the right-hand side of Eq. (6.66), the first term represents dispersion interactions 

that are estimated using the mean field approximation (Pan and Firoozabadi, 1998), 

and the second term represents the induction energy between solvent and asphaltene 

monomers (see Eq. (6.9)). 

From , + A ; n i i . , one can write, 

* 8 U . — Li 

AT 
(6.67) 

The Gibbs free energy of asphaltene monomers becomes. 

G 
\a 

kT 
i k . 
kT 

i l l , incl 
kT 

(6.68) 

Similarly, the Gibbs free energy of resin monomers is. 

g: 

kT /"J 

/ * 

kT 
(6,69) 

In the above equation, the induced interaction between solvent and resin monomers is 

neglected due to relatively small values of resin dielectric constant, approximately 

equal to 4.7 (see chapter 4). 

The Gibbs free energy of micelles is. 

G 
(6.70) 
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Therefore, the Gibbs free energy of the liquid phase is, 

1 
11-5 

ZL * L * i * 

k=\ i-\ J=\ 

AG 00 

n 
k=\ kT 

+ 
n-5 

Z +Z 4 , , + Z ^ 
./=i k=\ i=\ i=\ 

(6 71) 

6.2.5.3 Gibbs free energy of the precipitated phase 

The state of the precipitated phase depends on pressure and temperature conditions. 

At atmospheric conditions, the precipitated phase from stock tank petroleum fluids is 

assumed to be solid, and at reservoir conditions, it is assumed to be liquid 

(Firoozabadi, 1999). When the precipitated asphaltenes do not self-associate, the 

Gibbs free energy of the precipitate is. 

(6.72) 

At stock tank fluid conditions, an ideal solid solution is assumed and thus. 

(6.73) 

The fugacity of pure solid asphaltene can be calculated from the fugacity of pure 

liquid asphaltene (Pan and Firoozabadi, 1998), 

1 - -

AA 

kT 
1 -

T 
T'. 

(6.74) 

• At reservoir conditions, the fugacity of liquid asphaltenes is calculated from the 

equation of state for nonideal mixtures. 

Thus, the final expression of the Gibbs free energy of the system can be written in 

/cr units as, 

G = G""+G""" + M AGr + G (6.75) 
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with, 

k=\ 

L ind 

i=\ 

(6.76) 

= E "f + Z ^1.,,+E îr.y (6.77) 
A:=I /=1 y=l 

3 

G ' 
1=1 

03.78) 

* / 

Note that Z H-k is a constant and thus is not considered in the minimization of 
k=\ 

G. To provide an appreciation of various contributions to the total Gibbs free energy 

of the two-phase system, Fig. 6.9 presents the variation of G"'", G'"', and 

with nCs/petroleum fluid dihition ratio for petroleum fluid TK. Various 

parameters used in the calculation of Fig. 6.9 will be discussed next. 

nCg/petroIeum fluid ratio, vol/vol 

0 1 2 3 4 5 6 7 9 10 

Fig. 6.9 - Variation of G with nCs dilution ratio for petroleum fluid TK. 

G = G"" + G'"" + AG^ + G^ 
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6.2.6 Mode l parameters 

The parameters used in the model are presented in this section. The parameters of 

asphaltenes and resins are provided along with the volume shift parameters of defined 

hydrocarbons, the molar volume and refractive index of hydrocarbons. In addition, the 

PR-EOS binary interaction coefficients between petroleum fluid components are 

presented. 

Table 6.6 provides the relevant parameters of asphaltenes and resins, namely the 

molecular weight, molar volume, density, critical constants and acentric factor, and 

the fusion temperature and enthalpy. The Gibbs free energy of asphaltene association 

is found by fitting the onset point of precipitation to experimental data. Table 6.7 

shows that is about - 10 kT, which is consistent with values previously reported 

for a residue (Storm and Sheu, 1995). In addition, the nCy asphaltenes have a lower 

energy of association than Cg-nC; asphaltenes; which is in line with their dipole 

moment values measured in chapter 4. Note that the Gibbs free energy of association 

in Table 6.7 is provided at stock tank conditions, it is set to - 10 A:? at reservoir 

conditions. Among the micellization parameters, the adsorption enthalpy of resins 

onto asphaltene core Ahf'- is approximated to the enthalpy of formation of the 

hydrogen bond (A/z^ = - 11.2x10^ J/mol). The cross-sectional areas of resin polar 

head ., and non-polar tail a . are set to 40 and 21 A ,̂ respectively (Nagarajan 

and Ruckenstein, 1991). 

Table 6.6 - Relevant data of asphaltenes and resins 

Critical Fusion 

M V P Tc Pc (0 Tf Ahf 
g/mol cm7mol g/cm' K bar K cal/mol 

nC? Asphaltenes 1100 900 0 1.20 1074 8.1 2.1 680 10500 

nC^-nC? 1000 85&0 1.15 1045 8.2 2.0 583 8500 

CrnC; " 900 80&0 1.10 1017 8.3 1.9 533 7500 

Resins 700 700.0 1.00 953 8.8 1.8 350 3500 
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Table 6.7 - Gibbs free energy of asphaltene association (A:? units) 

Petroleum Asphaltenes 

fluid Ĉ -nCf UCs-iiCT nC? 

TK -8.0 -9.0 -10.0 

C -10.0 -11.3 -12.5 

U -9.7 -12.3 -13.3 

Mex-C -9.4 -11.5 -12.3 

Mex-Y3 -9.0 -10.0 -12.0 

Mex-P -9.0 -10.0 -12.0 

6.2.6.1 Interaction coefficients 

The binary interaction coefficients between CO2 and hydrocarbons are set to 0.125 

and between CO2 and N2 to - 0.02. The interaction coefficients between Ni and 

hydrocarbons are equal to 0.12. The assigned interaction coefficients between Ci and 

C 2 / C 3 , defined components, pseudo-components are 0, 0.02 and 0.025, respectively. 

For all other non-polar hydrocarbons, the interaction coefficients are set to 0.01. The 

interaction coefficients between asphaltenes and resins are considered to be zero, and 

the interactions with pseudo-components are set to 0.03 for asphaltenes and 0.02 for 

resins. Table 6.8 provides the interaction coefficients between defined hydrocarbons 

and asphaltenes, resins. These parameters might be slightly adjusted at reservoir 

conditions to match saturation pressure data. 

Table 6.8 - Binary interaction coefficients between asphaltenes-hydrocarbons and 
resins-hydrocarbons 

Component / K. 
c, 0.12 0.08 

C2 0.11 0.07 

C3 0.10 0.06 

C4 0.08 0.04 

C5 0.07 0.02 

Ce 0.05 0.02 

C7 0.04 0.02 
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6.2.6.2 Induction energy parameters 

In the induction energy expression given by Eq. (6.9), the average values of the 

asphaltene molecular radius and dipole moment are approximated to 2.7 A (Sheu and 

Mullins, 1995) and 5.5 D (see chapter 4), respectively. The dielectric constant of the 

medium is equal to 2, however it increases with additional resins. The Clausius-

Mosotti mixing rule (Sihvola, 1999) is used to calculate the average dielectric 

constant of the medium s upon resin addition, 

where and ê . are the volume fraction and dielectric constant of resins, respectively. 

The average dielectric constant of resins is approximated to 4.7 as measured in 

chapter 4. 

6.2.7 Minimizat ion of the Gibbs free energy 

The calculation of phase equilibrium involves the minimization of the total Gibbs free 

energy of the system. A feasible sequential quadratic programming (FSQP) algoritlim 

(Zhou et al, 1996) is used to minimize the objective function G with respect to 15 

independent variables and subject to 5 material balance constraints. The objective 

function is given by Eqs. (6.75)-(6.78). The independent variables are D, 

f / /' m ' "urn "ir /' Ki ^ 1,2,3 and / = 1,2), and the dependent variables arei?, a, and 

z"'.. The fugacity coefficients and molar volumes are computed directly from the PR-

EOS at a given pressure and temperature, the other parameters are input in the model. 

The problem corresponds to globally minimizing the Gibbs free energy function 

while satisfying the material balance constraints given by Eqs. (6.50) and (6.51). One 

needs to provide the gradients of the constraints, and the upper and lower boundaries 

of the variables. The choice of the variables assures symmetry in the gradients of the 

constraints used in the minimization algoritlim and allows numerical stability of the 

model. The algoritlmi generates sequences oi feasible iterates (that is, satisfying all 

the constraints) and uses penalty functions to maintain the feasibility on the linear 

constraints. The convergence of FSQP is sensitive to the initial input of variables and 
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the model uses the previous results as the input for the current initial values. The 

global minimum provides the micellar size, the phase(s), and the composition. 

6.3 Results 

The revised thermodynamic micellization model is used to predict the precipitation 

from six stock tank petroleum fluids (see Tables 6.1-6.2) and tliree reservoir fluids. 

The compositional analyses of the reservoir fluids, including asphaltene and resin 

contents, are available in the literature (Firoozabadi, 1999; Pan and Firoozabadi, 

2000). The results are presented in two distinct parts. The first part examines the 

precipitation of asphaltenes from stock tank petroleum fluids by nCs and nC? as well 

as the effect of resins on precipitation from the three first petroleum fluids in Table 

6.1. In the last part, the results for the three reservoir fluids are presented. Because 

resin precipitation at reservoir conditions may not be negligible, the model allows for 

resin precipitation but considers only one type of asphaltene to avoid numerical 

problems in the algorithm that may arise when too many variables are considered. In 

each part, results are discussed and compared with experimental data. 

6.3.1 Prec ip i ta t ion from stock tank p e t r o l e u m f lu ids 

6.3.1.1 Effect of nCs and nC? n-alkanes 

In asphaltene precipitation with n-alkanes, the amount of precipitation decreases with 

the n-alkane carbon number. The original formulation by Pan and Firoozabadi (1998) 

does not predict such a behavior as all the asphaltenes precipitate when the petroleum 

fluid is mixed with various n-alkanes (see Fig. 6.10). In the revised formulation, it has 

been shown that in a system with polar molecules, the interaction parameter a in PR-

EOS which reflects the strength of attraction between two molecules is better 

represented by the WS mixing rule. Application of the new mixing rule to petroleum 

fluids results in a higher number of asphaltene monomers kept in the bulk liquid phase 

as compared to the original formulation. Consequently, the amount of precipitation 

slightly decreases as shown in Fig. 6.11. A much further decrease in the amount is 

obtained when the induction energy is considered (see Fig. 6.11) and the precipitation 

profile becomes very close to that obtained experimentally. The magnitude of the 

induction energy calculated from Eq. (6.9) and from the induction energy parameters 
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presented above, is - 2.5 kT. Thus, the induction energy represents an important 

component of the interaction energy. One can notice that the effect of the induction 

energy is relatively important in maintaining the asphaltene monomers in solution. 

o Data, nC5 

• Data, nC7 

Original model, nC5 

Original model, nC7 

Q. 1,0 

2 4 6 8 10 12 14 16 18 20 

n-alkane/petroleum fluid ratio, vol/vol 

Fig. 6.10 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid TK 
with the original model. 

Total asphaltene content 

±... 

o Data 

Model, WS 

Model, WS & Induction 

4 6 8 10 12 14 16 18 

nCs/petroleum fluid ratio, vol/vol 
20 

Fig. 6.11 - Effect of the WS mixing rule and the induction energy on the amount of 
precipitation from petroleum fluid TK. 

Figs. 6.12-6.17 depict the amount of precipitated asphaltenes vs. n-alkane (nCs, 

nCj) dilution ratio for the six stock tank petroleum fluids in Tables 6.1-6.2. The 

predicted amounts are in agreement with the measured data for both n-alkanes. The 

main difference between precipitation by nC; and nC? is the difference in n-alkane 

molar volume. The n-alkane molar volume also affects the interfacial tension between 

asphaltene core and liquid. As the molar volume increases, the interfacial tension 
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decreases, which explains the slightly higher onset point of precipitation by nCy, as 

compared to precipitation by nCs. For most cases, the slope of the precipitation curves 

fits to some extent the experimental data. In addition, the maximum amount of 

precipitation is observed between a dilution ratio of 2 and 6 vol/vol. From this point, 

the amount of precipitation slightly decreases with further increase in dilution with n-

alkanes and then becomes constant at high dilution ratios. This decrease in the amount 

of precipitation is due to the high n-alkane dilution for a relatively small increase in 

the precipitation amount. 
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Fig. 6.12 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid TK. 
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Fig. 6.13 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid C. 
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Fig. 6.14 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid U. 
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Fig. 6.15 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid Mex-
C. 
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Fig. 6.16 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid Mex-
Y3. 

150 



Chapter 6; Revised thermodynamic micellization model 

3.0 

2.5 

5 2.0 
wf 
o 
c 1.5 
01 
75 1.0 
Q. 
W < 0.5 

0.0 

0 Data, nC5 • Data, nC7 

Model, nC5 Model, nC7 

0 // ° f/o 

P 0 ° 
// o 

/ ° , 

• 
• 

4 6 8 10 12 14 16 18 

n-alkane/petroleum fluid ratio, vol/vol 

20 

Fig. 6.17 - Effect of n-alkanes on asphaltene precipitation from petroleum fluid Mex-
P. 

Figs. 6.18-6.20 present the effect of the two n-alkanes on the micellar size and 

number as well as the number of asphaltene and resin molecules in micelles and bulk 

liquid, for one mole of stock tank petroleum fluid. It appears from Fig 6.18, that 

dilution with nC? results in smaller micelles and in a larger number than dilution with 

nCs does. As a consequence, less asphaltene and resin molecules are present in 

micelles (see Fig. 6.19) and more asphaltene and resin monomers are kept in the bulk 

phase with nC? as compared to nCj (see Fig. 6.20). 
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Fig. 6.18 - Effect of n-alkanes on the core radius and number of micelles in petroleum 
fluid TK 
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Fig. 6.19 - Effect of n-alkanes on the number of asphaltene and resin molecules in the 
micelles of petroleum fluid TK. 
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Fig. 6.20 - Effect of n-alkanes on the number of asphaltene and resin monomers in 
petroleum fluid TK 

6.3.1.2 Effect of petroleum resins 

Addition of resins to a petroleum fluid affects the dielectric constant of the fluid 

medium. Proper representation of the dielectric constant variation with resin 

concentration is important in modelling the effect of resins on precipitation. The 

calculation of the average dielectric constant e of the medium upon resin addition 

using the Clausius-Mosotti mixing rule (see Eq. (6.79)) suggests that s increases with 

resin concentration (see Fig. 6.21). Consequently, the induction energy given by Eq. 

(6.9)increases. 
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Fig. 6.21 - Effect of resins on the dielectric constant of the medimn. 

The effect of resin concentration increase in the petroleum fluids TK, C and U is 

modelled. The concentration of resins is first increased from the original amount by a 

factor of two, by mixing the petroleum fluids with additional resins (see Table 6.9). 

Because there is a limit to the solubility of resins in petroleum fluids and nCs, the 

precipitate contains both asphaltenes and resins. At a zero dilution ratio, the amount 

of resin precipitation from the petroleum fluids is calculated from solubility curves 

established in chapter 5. Similarly, an additional amount of resin precipitation in nCs 

is considered from an excess dilution ratio of say 2 vol/vol (see Chapter 5). A linear 

increase in resin precipitation between the two limiting dilution ratios (0 and 2 

vol/vol) is used and the total amount of resin precipitation in the petroleum fluids TK, 

C and U is presented in Table 6.9. Figs. 22-24 show the amounts of asphaltene and 

resin precipitation in the three petroleum fluids. The predicted amounts are in good 

agreement with the data for petroleum fluid C but slightly underestimated for 

petroleum fluids TK and U. 
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Table 6.9 - Precipitation of additional resins from petroleum fluids and nCg 

Petroleum fluid 

TK C U 

Original resins, wt% 7.5 6.5 8.6 

Additional resins, wt% 13.0 11.5 14.7 

Resin precipitate (wt%) from 

Petroleum fluid (at 0 vol/vol) 0.52 0.11 0.59 

nC; (at 2 vol/vol) 0.13 0.11 0.15 

Total (after 2 vol/vol) 0.22 0.74 

.-2 
a. 
o 
(U 

Asphaltenes 

Asphaltenes and resins 

o Data 

Resins 

4 6 8 10 12 14 16 18 20 

nCg/petroleum fluid ratio, vol/vol 

Fig. 6.22 - Effect of additional resins from petroleum fluid TK on precipitation from 
the same petroleum fluid (Resins = 19.9 wt%). 
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Fig. 6.23 - Effect of additional resins from petroleum fluid C on precipitation from 
the same petroleum fluid (Resins =17.8 wt%). 
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Fig. 6.24 - Effect of additional resins from petroleum fluid U on precipitation from 
the same petroleum fluid (Resins = 22.6 wt%). 

Figs 6.25-6.27 present the effect of resins on precipitation for four concentrations in 

the petroleum fluids TK, C and U, respectively. Resins at the first three concentrations 

are completely soluble in the petroleum fluids, and therefore do not precipitate. Note 

that the results with the last resin concentration, which is the highest, have been 

presented above. For all resin concentrations, the model successfully describes the 

effect on the precipitation onset point and the amount of precipitation for the tliree 

petroleum fluids. The increase in the induction energy results in a higher amount of 

precipitation whereas the decrease in the standard Gibbs free energy of micelle 

formation results in a higher onset point of precipitation. The decrease of the free 

energy of micellization is the result of two reverse effects. The first one and probably 

the most important is the negative energy of adsorption, which decreases the free 

energy of micellization. The second one is the positive interfacial and steric energy, 

which increases the free energy of micellization. 
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Fig. 6.25 - Effect of resin concentration on asphaltene precipitation from petroleum 
fluid TK. 
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Fig. 6.26 - Effect of resin concentration on asphaltene precipitation from petroleum 
fluid C. 

156 



Chapter 6: Revised thermodynamic miceUization model 

- 3.0 

Q. 2.0 

4 6 8 10 12 14 16 

nCs/petroleum fluid ratio, vol/vol 

o Data, resins = 8.6 wt% 

• Data, resins = 10.5 wt% 

A Data, resins = 12.4 w t% 

O Data, resins = 23.3 w t% 

• Model, resins = 8.6 w t% 

Model, resins = 10.5 wt% 

- Model, resins = 12.4 wt% 

Model, resins = 23.3 wt% 

Fig. 6.27 - Effect of resin concentration on asphaltene precipitation from petroleum 
fluid U. 

The effect of resins on the molecular distribution of asphaltenes and resins in the 

bulk liquid and in micelles is presented in Figs. 6.28-6.30, for one mole of petroleum 

fluid TK. The figures suggests that addition of resins to a petroleum fluid enhances 

the formation of larger micelles and in a higher number than in the original fluid (see 

Fig. 6.28). As a result, micelles contain more asphaltene and resin molecules (see Fig. 

6.29), and the number of asphaltene monomers in the bulk liquid phase decreases 

whereas the number of resin monomers increases (see Fig. 6.30). 

< of 

31 

29 

27 

25 

23 

21 

19 I 

17 I 

15 : 

• R, resins = 7.5 wt% 

• R, resins = 9.2 wt% 

0.0 0.5 1.0 1.5 2.0 

nCg/fluid ratio, vol/vol 

Nm, resins = 7.5 wt% 

Nm, resins = 9.2 wt% 
<L120 

0.5 1.0 1.5 2.0 

nCg/fluid ratio, vol/vol 

Fig. 6.28 - Effect of resins from petroleum fluid TK on the core radius and number of 
micelles in the same petroleum fluid. 
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Fig. 6.29 - Effect of resins from petroleum fluid TK on the number of asphaltene and 
resin molecules in the micelles of the same petroleum fluid. 
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Fig. 6.30 - Effect of resins from petroleum fluid TK on the number of asphaltene and 
resin monomers in the same petroleum fluid. 

6.3.2 Prec ip i ta t ion f rom reservoir f lu ids 

The revised model is used to predict precipitation in tliree reservoir fluids: Weyburn, 

North Sea and Hirshberg fluids (Firoozabadi, 1999). The saturation pressure of each 

fluid is first computed to allow for flash calculations at pressures below the bubble 

point pressure. Because the model at reservoir conditions is more sensitive to the 

interaction coefficients between asphaltenes and other hydrocarbons and non-

hydrocarbons than at stock tank conditions, it is sometimes necessary to adjust once 

these coefficients in order to match the saturation pressure. Yet, the sensitivity of the 

model to the interaction coefficients is less pronounced with the revised formulation 
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than the original model due to the WS mixing rule. The amount of precipitation is 

then calculated at various pressures. From experience, it is preferable to start the 

modelling at high pressures then decrease the pressure gradually. The input variables 

of each run are the output variables of the previous run. 

Figs. 6.31-6.34 present in the precipitation from the three fluids. Fig. 6.31 shows 

the effect of dilution with CO2 on asphaltene precipitation from the Weyburn fluid. 

By setting the interaction coefficient between asphaltenes and CO2 to 0.2, the 

predicted precipitation is in good agreement with experimental data. Moreover, the 

predictions are improved with the revised formulation. Fig. 6.32 depicts the amount of 

asphaltene and resin precipitation from the Hirshberg reservoir fluid and propane 

mixture (at a weigh ratio of 1 to 7) when the pressure is reduced from 1400 bara to 

atmospheric pressure. As expected, the maximum amount of precipitation occurs 

around the bubble point pressure. Again, the predictions with the revised model are 

more in line with the data than the predictions with the original model. Fig. 6.32 also 

shows that because of the high concentration of propane in the fluid, the amount of 

precipitated resins is higher than that of asphaltenes. Figs. 6.33 and 6.34 present the 

results of precipitation from the North Sea fluid by a separator gas. The interaction 

coefficients are adjusted to match the saturation pressure and the pressure at the onset 

of precipitation at two temperatures 333 K and 365 K (see Fig. 6.33). The 

precipitation results are presented in Fig. 6.34. The model slightly underestimates the 

amounts of asphaltenes and resins however, the onset of precipitation is well 

predicted. 
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Fig. 6.31 - Asphaltene and resin precipitation from the Weyburn petroleum fluid 
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Fig. 6.32 - Asphaltene and resin precipitation from the Hirshberg petroleum fluid 
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Fig. 6.33 - Pressure at the onset of precipitation and bubble point pressui'e of the 
North Sea petroleum fluid 
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Fig. 6.34 - Asphaltene and resin precipitation from the North Sea petroleum fluid 
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6.4 Conclusions 

The thermodynamic micellization framework proposed by Pan and Firoozabadi is 

modified to improve the prediction of asphaltene aggregation and precipitation from 

petroleum fluids at ambient and reservoir conditions. The revised formulation predicts 

properly the effect of n-alkanes on precipitation from stock tank petroleum fluids and 

can capture the effect of petroleum resins on precipitation. The same model can be 

applied to stock tank and live petroleum fluids. The main novelties are summarized in 

the following points: 

1) The amount of precipitation is directly related to the interactions between 

asphaltenes and the other hydrocarbons. To improve the interaction parameter 

calculation in PR-EOS, the WS mixing rule is used. As a result, more asphaltene 

monomers are kept in the bulk liquid phase. However, it is mainly the induction 

energy between asphaltene monomers and the solvent that affects the amount of 

precipitation as a large number of monomers are maintained in the solution. The 

induction energy represents an important component of the interaction energy and 

is not described by the mean-field approximation. The effect of the induction 

energy is mainly observed at stock tank conditions because of large composition 

variations. This effect may not contribute much at reservoir conditions. Moreover, 

the WS mixing rule reduces the sensitivity of the model to interaction coefficients 

at reservoir conditions. 

2) The interfacial tension between the liquid in the shell and the asphaltene core 

affects the onset point of precipitation and the slope of the precipitation curve. The 

effect of composition described by Helfand and Tagami is modified and the effect 

of curvature is included. The new equation for the interfacial tension improves the 

profile of the precipitation curve. 

3) The effect of resins on the amount of precipitation is modeled though the effect 

of the dielectric properties of the medium on the induction energy between the 

asphaltene monomers and the solvent. As resins are added to the petroleum fluid, 

the dielectric constant of the medium increases and as a result, the induction 

interactions are less favored and more asphaltenes precipitate. 
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Chapter 7 

Conclusions and recommendations 

7.1 Introduct ion 

A comprehensive experimental and modelling work has been conducted to study the 

precipitation of asphaltenes from petroleum fluids and the effect of resins and 

amphiphiles. The major contribution of this thesis is in the quantification of the 

polarity of asphaltenes and resins and its effect on the precipitation. The experimental 

investigations provide valuable data for the revision of the thermodynamic 

micellization model by Pan and Firoozabadi (1998, 2000). The measurement of resin 

dipole moment, and the effect of resins and DBS A amphiphile on the amount of 

precipitation add new data for the first time to the literature. This chapter summarises 

the key findings of the thesis. We present in separate sections the conclusions drawn 

from the experimental and modelling work and provide some suggestions for future 

study. 

7.2 Conclusions from the experimental work 

An improved method for the measurement of resins in petroleum fluids is devised 

based on the dipole moment of molecules. It is found that the propane precipitation 

separates only part of the resins, the most polar fraction. The modified ASTM D-2007 

adsorption method on the other hand, gives the total amount of resins provided no 

aromatic solvent is used to elute the oils. In the previous investigations, emphasis has 
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been placed on the choice of the adsorbent and the solvents for resin desorption from 

the adsorbent. This study shows that the choice of the solvent to elute the oils is very 

important. The introduction of toluene even at small proportions may elute some resin 

molecules with nitrogen functions that are weakly bound to the clay. 

The molecular size of asphaltenes and resins is similar to the literature and confirms 

that the molecules are relatively small compared to the previous reports. The radius of 

asphaltene molecules by time-dependent fluorescence emission spectroscopy is found 

to vary between 2.5 to 5.9 A depending on the nature of the petroleum fluid. The 

comparison of the population size distribution of different asphaltenes and resins by 

steady-state fluorescence emission spectroscopy suggests that resins precipitated by 

propane contain the largest and most polar molecules. The observations confirm that 

petroleum fluid is indeed a continuum. The heaviest fractions of asphaltenes and 

resins, composed of the largest molecules, are the most polar. 

The dipole moment of asphaltenes and resins is calculated in order to model the 

interactions involving these molecules in the petroleum fluid. It is demonstrated that 

the Onsager formulation provides the most accurate data of dipole moments. The 

dipole moments are in the range of 3.3-7.0 D for nCs asphaltenes, 2.4-3.2 D for 

resins, and 0.0-0.9 D for oils. Thus, asphaltenes and to a lesser degree resins are 

highly polar molecules. Oils may be slightly polar due to high electronic and atomic 

polarizations of heavy aromatic hydrocarbons. Asphaltenes precipitated by heavy 

normal alkanes are more polar than asphaltenes precipitated by light normal alkanes. 

This observation confirms that petroleum fluid is a continuum in size and polarity. In 

this work, the dipole moment of resins is measured for the first time. Results reveal 

that for a given petroleum fluid, asphaltenes have a higher dipole moment than resins. 

However, resins from one petroleum fluid can have a higher dipole moment than 

asphaltenes from another petroleum fluid. 

The study of the effect of resins and amphiphiles on precipitation shows that the 

molecular interactions depend strongly on the medium. The previous investigations 

have examined mainly the effect on the onset point of precipitation, very few provide 

the amount, which is limited in scope and is not in agreement with our extensive 

measurements. The new results on the effect of resins on the amount of precipitation 
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show that asphaltenes and resins interact differently when they are in the petroleum 

fluid and when they are in aromatic solvents. Also, the resins are partially soluble in 

nCs, although resins in the nCg-deasphaltened fluid are completely soluble in nCs. 

There are two novelties in the study of the effect of resins on precipitation. First, 

resins increase the amount of precipitation and hence may not be good inhibitors for 

asphaltene precipitation. Second, resins with a large dipole moment increase less the 

amount of precipitation than resins with a small dipole moment, implying that 

electrostatic interactions between asphaltenes and resins may not be negligible. The 

study on the effect of DBS A amphiphile on the amount of precipitation is also new 

and has not been reported by others. The retrograde precipitation with increasing 

concentration of the amphiphile suggests that before a certain concentration, the 

amphiphile is not effective. The results show that the mechanisms by which resins and 

DBS A stabilize asphaltenes are different and provide a basis for successful field 

applications. 

7.3 Conclusions from the model ing work 

The results of the modelling work show that the limitations of the previous 

formulation are mainly due to a misrepresentation of the molecular interactions 

between the polar and nonpolar molecules. The introduction of inductive interactions 

between asphaltenes and the medium allows the model to capture the effect of the 

medium on the precipitation, specifically the effect of density and dielectric constant 

(that is, the effect of n-alkanes and resins, respectively). The Wong and Sandler 

mixing rule in PR-EOS provides a better description of the non-ideal mixing of 

asphaltenes and resins, mainly due to differences in molecular size. In this mixing 

rule, the modified NRTL model is used to calculate the excess Gibbs free energy of 

mixing, and the MOSCED model to estimate the activity coefficient at infinite 

dilution of asphaltenes and resins. The modification of the interfacial tension 

expression between asphaltene core and surrounding liquid improves the prediction at 

low dilution ratio. With the above modifications, the model can predict properly the 

precipitation from stock tank and reservoir petroleum fluids. The results from the 

same model on the effect of resins on precipitation are also in good agreement with 

the experimental data. 
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7.4 Recommendat ions 

This study has shown that asphaltene precipitation results from different interactions 

between species in the petroleum fluid. Further research should be directed towards 

the understanding of such interactions including electrostatic and induction 

interactions. The following areas are recommended for future study; 

a. Allow for resin precipitation from stock tank petroleum fluids by considering 

other minimisation algorithms that can perform with a higher number of 

independent variables. 

b. Include the electrostatic and induction interactions between polar molecules in the 

revised model in order to reproduce the effect of various resins on the 

precipitation. These interactions, which constitute approximately 20% of the total 

van der Waals interactions (see Chapter 5), may not be included in G'"' because of 

the mean field approximation used. 

c. Investigate the mechanism by which asphaltenes associate in order to predict their 

Gibbs free energy of association (cuixently a fitting parameter of the model). 

d. Validate the high dipole moments of asphaltenes from quantum mechanics 

calculations. Also, investigate the effect of water on the dipole moment and the 

electrostatic interactions in the petroleum fluid. 

e. Include the effect of higher moments (such as quadrupoles) in the interactions, 

which may be important because of the high aromaticity of asphaltene molecules. 

f Investigate other methods to quantify polarity. 

g. Model the effect of DBSA amphiphile on the precipitation. The experimental data 

gathered in this thesis provide a challenge for the prediction of the retrograde 

effect measured. 

h. Extend the application of the model to other amphiphiles. 

i. Perform experiments on the effect of resins and DBSA amphiphile at various 

concentrations on precipitation at reservoir conditions. 
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Appendix A 

Characterization of the plus fraction 

The characterization of the heavy fraction in a petroleum fluid is obtained by using 

the tliree-parameter F distribution function to generate the molar distribution of the 

deasphalted plus fraction (Whitson, 1983). The input parameters are: 1) the carbon 

number CN of the plus fraction, here equal to 8, 2) the mole fraction Zcn+ and 

molecular weight Mcn+ of the Cg+ fraction, 3) the molecular weight of the petroleum 

fluid, 4) the weight fraction and molecular weight of asphaltene and resin fractions, 

and 5) the number of pseudo-components. The procedure consists first of calculating 

the mole fraction and molecular weight of the deasphalted Cg+ fraction. The 

probability function that describes the relation between mole fraction z,- and molecular 

weight Mi of the deasphalted Cg+ sub-fractions is then computed from. 

p(M)^- , (A.l) 

where A, B, and LM axe parameters defining the distribution. A gives a measure of the 

shape of the distribution and is calculated from an empirical correlation (Whitson, 

1983). LM is the lowest molecular weight in the plus fraction given by 

LM = \4CN-1, and B is calculated from B-={M^,^,-LM^Ia. The cumulative 

distribution function is the integral of the probability function p(x,a) from LM to x. 
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,A+] 

Therefore the mole fraction and the molecular weight are, 

Zy = M,., - ;?(" M,._,, (A.3) 

M, = Z M + — [ +1; - , ̂  + V] (A.4) 

The split sub-fractions are then lumped into several pseudo-components of 

approximately equal weight. Since the number of pseudo-components is set initially, 

the composition and the molecular weight of the grouped fractions are readily 

determined. 
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Appendix B 

Standard Gibbs free energy of 
micellization 

Pan and Firoozabadi (1998) devised a four-step hypothetical path to describe the 

formation of micelles in a petroleum fluid (see Fig. B.l). In the following, the 

superscripts 0 and 0 represent the standard state (infinite dilution) and the pure state, 

respectively. 

Step # 1 

Asphaltene molecules first transfer from the infinite-dilution solution to the 

aggregated state, assumed as an ideal liquid solution, then deform inside tlie micellar 

core. The Gibbs free energy of asphaltene transfer is negative and is given by, 

(B.i) 

is the liquid chemical potential of asphaltene i in the micellar core given by, 

== Q8.2) 

where Ag^, is the Gibbs free energy of asphaltene association. 
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Fig. B.l - Schematic representation of micelle formation. (Pan and Firoozabadi, 

1998) 

Froni /J,., = = /jG, + ,wliere r,: , is the aciti^iljfcioejaicieiit 

of asphaltene at infinite dilution with the pure liquid as the standard state, 

/ / f l , = 4 - /KTZny,:, CB.3) 

and from XC,/ - / / Z ' and 1 - /yZ' one can write. 

03 4) 

Thus, 

A;gj,i = Aj?:; i /rrZ" CB.5) 

The Gibbs free energy of asphaltene deformation in the micellar core is positive, 

which prevents asphaltenes from infinite growth. According to Nagaiajan and 

Ruckenstein (1991), it is approximately equal to. 

Ag'f = 
kT 

+ • 
R 

- 3 CB6) 
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Appendix B: Standard Gibbs free energy of micellization 

where ma,i is the ratio of the molecular volumes of asphaltenes and asphalt-free oil 

species, and Lou is the characteristic length of the asphalt-free oil (equal to ). 

Step # 2 

An interface between asphaltene core and liquid is formed and the contribution of the 

interfacial free energy is positive and given by, 

=(? a (13/7) 

where a is the core area divided by the number of resin molecules in the shell, and a 

is the interfacial tension described in a previous section. 

Step # 3 

Resin molecules transfer from the infinitely diluted solution to the shell region, then 

adsorb onto asphaltene core and deform inside the micellar shell. The Gibbs free 

energy of resin transfer is negative and is given by, 

A f r : , = ( T B . 8 ) 

. is the liquid chemical potential of asphaltene j in the micellar shell given by, 

Similar to previously, the chemical potential o f liquid resin molecules at infinite dilution is, 

4- (Ek 10) 

auidfrcxni arid == orie canTwrite, 

(Z) 2 
Ag; : = (IS. 11) 
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Appendix B: Standard Gibbs free energy of micellization 

Step # 4 

Resins adsorb onto the asphaltene core, rearrange in the shell by deformation and 

steric repulsions. The Gibbs free energy change due to resin adsorption onto the core 

surface is negative and can be expressed as. 

(B.12) "•J 

w h e r e A / z " i s the adsorption enthalpy o f resins onto asphaltene core. The second term in 

the right-hand side is the adsorption entropy and the third term is the interfacial screening 

energy. 

The Gibbs free energy of resin deformation in the micellar shell is positive and its 

expression is similar to that of asphaltenes Nagarajan and Ruckenstein (1991), 

+ "" - 3 (B.13) 

where myj is the ratio of the molecular volumes of resins and resin-free oil species. 

In addition, a positive steric energy between additional resins is introduced for a 

better prediction of the onset of precipitation. The steric interaction may be due to the 

unfavorable entropy associated with compressing the additional resin chains between 

shell layer surfaces. In the limit of low surface coverage and assuming the average 

distance between micelles is approximately twice the micellar radius, the steric or 

overlap repulsion energy per molecule is expressed as ~ 36kTe " % 4kT 

(Israelachvili, 1991). It is important to consider the steric energy between additional 

resins as it affects notably the onset of precipitation. Without the steric energy, the 

effect of additional resins on the onset of precipitation is overestimated. 
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A petroleum fluid can be divided into three types of species: asphaltenes, resins, and 

oils. Asphaltenes and resins are polar, while the rest of the so-called oib are either 

nonpolar or mildly polar. The interaction among these species strongly affect asphaltene 

precipitation from petroleum fluids. Different measuring methods for asphaltenes in a 

petroleum fluid give similar results, but different results for the resin content of a 

petroleum fluid. In addition to the amount affecting precipitation, the polarity of as-

phaltenes and resins affects precipitation strongly. The Onsager formulation of dipolar 

moments was used to measure the dipole moment of asphaltenes, resins and the oil 

species from eight different petroleum fluids from various parts of the world. The dipole 

moment, a measure of polarity, for resins was measured in this work for the first time. 

Results showed that resin separated from a petroleum fluid by propane is part of the 

total resin. Adsorption methods, however, give the total amount of resins. For a given 

petroleum fluid, asphaltenes had a higher dipole moment than resins. However, resins 

from one petroleum fluid can have a higher dipole moment than asphaltenes from 

another petroleum fluid. 

Introduction 

A large number of subsurface petroleum reservoirs from 
various parts of the world experience asphaltene precipita-
tion in the subsurface formation, in the wellbore, in the well, 
and in the surface facilities and pipelines. Asphaltene precip-
itation is undesirable because it reduces well productivity and 
limits fluid flow. In some cases, asphaltene precipitation can 
result in complete plugging of flow lines. Paradoxically, the 
asphaltene precipitation is often observed in petroleum fluids 
that contain very low asphaltene content. A heavy petroleum 
fluid with an asphaltene content of say 20 wt % may not have 
precipitation problems. On the other hand, a light petroleum 
fluid with an asphaltene content of less than 0.2 wt % may 
precipitate asphaltene. Examples are the light petroleum fluid 
from the Hassi-Messaoud field in Algeria (44 API gravity) 
with an asphaltene content of O.I wt % that precipitates a 
considerable amount of deposit in tubings and surface facili-
ties (Leontaritis and Mansoori, 1988). On the other hand, the 

Correspondence conccming this arlidc should be addressed (o A. Firoozabadi. 

heavy crude from Boscan in Venezuela (10 API gravity) con-
taining approximately 17 wt % asphaltenes does not en-
counter asphaltene deposition (Leontaritis and Mansoori, 
1988). 

A petroleum fluid at atmospheric pressure and ambient 
temperature has three main constituents: (1) oils (that is, sat-
urates and aromatics), (2) resins, and (3) asphaltenes. Oils 
are often nonpolar or are mildly polar (as we will see in this 
work). Asphaltenes and resins are polar and may associate to 
form micelles. In a petroleum fluid, asphaltenes and resins 
exist in the form of monomers, as well as in micelles (Pfeiffer 
and Saal, 1940; Swanson, 1942). In a micelle, the micellar 
core is formed from the self-association of asphaltene 
molecules, and resins adsorb onto the core surface to form 
the shell that also contains the oils (Firoozabadi, 1999). The 
properties and the amount of asphaltenes and resins affect 
the formation of micelles. One purpose of this work is to 
measure the properties that are believed to influence the mi-
cellar formation and precipitation. Another main objective is 
to find how to measure the amount of resins in a petroleum 
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fluid. A petroleum fluid is a continuum of several thousands 

of molecules, and it is very difficult to define a cutoff be-

tween the asphaltene, the resin, and the oil fractions. Never-

theless, asphaltene molecules are believed to contain one or 

two aromatic chromophores (containing on average seven 

rings) with short aliphatic side-chains (Groenzin and MuUins, 

2000). Resin molecules have a similar structure but smaller 

chromophores and relatively longer aliphatic side-chains, 

which increase their solubility in aliphatic solvents (Speight, 

1999; Firoozabadi, 1999). 

There is a wide range of methods for the measurement of 

the amount of asphaltenes and resins in petroleum fluids. The 

diversity of the methods is related to the operational defini-

tion of these fractions. Indeed, asphaltenes are defined as 

those hydrocarbons insoluble in an excess of «-pentane (or 

/i-heptane). Resins remain soluble when petroleum fluid is 

mixed with n-pentane (or /i-heptane) but can adsorb on sur-

face-active materials such as fuller's earths, attapulgus clay, 

alumina, or silica gel (Speight, 1999). In addition, resins are 

insoluble in an excess of liquid propane, butane(s), and some 

other chemicals (such as acids, acetates, alcohols). Both as-

phaltenes and resins are represented by average properties 

such as average molecular weight and average dipole mo-

ment. In recent years, it has been demonstrated that the av-

erage molecular weight of asphaltenes and resins is less than 

1,000 g /mol (Lian et al., 1994; Storm and Sheu, 1995; Groen-

zin and Mullins, 2000). There has been very little work on the 

measurement of asphaltenes and resins' dipole moment, de-

spite their polar character. To the best of our knowledge, the 

dipole moment of resins has not yet been reported in the 

literature. The dipole moment depends on the structure and 

size of the molecule, and is a guide to the polarity generated 

by functional groups and metallic elements. The polarity of 

asphaltenes has often been related to heteroatom or metal 

content (Nalwaya et al., 1999; Kaminski et al., 1999). Swan-

son (1942) studied qualitatively the polarity of asphaltenes, 

resins, and oils by dielectric constant measurements in ben-

zene solution at different frequencies. Asphaltenes were 

found to be highly polar while resins had intermediate polar-

ity between asphaltenes and oils. Conversely, Ese et al. (1998) 

analyzed the adsorptive properties of asphaltenes and resins 

and concluded that resins were more polar than asphaltenes. 

Maruska and Rao (1987) investigated the dipole moment of 

asphaltenes and reported a value of 5.3 D (the symbol for 

debye) for a vacuum residue of a heavy crude. They used the 

Onsager theory (1936) to correlate the dipole moment of as-

phaitenes to the dielectric constant and refractive index. Be-

cause asphaltenes are solid, it was not possible to determine 

directly the dielectric constant by dielectric spectroscopy; in-

stead, Maruska and Rao dissolved asphaltenes in dilute 

toluene solutions. At low asphaltene concentrations ( < 10 wt 

%), the dielectric constant and refractive index were found to 

vary linearly with concentration. The linear variations were 

then extrapolated to 100 wt % concentration to estimate the 

properties of pure asphaltenes. Halvorsen (1997) measured 

the dipole moment of asphaltenes from several North Sea 

crudes precipitated by n-pentane. Dielectric constants were 

determined by dielectric spectroscopy (100 Hz to 15 MHz), 

and a loop system allowed the circulation of p-xylene solu-

tions from the dielectric cell to the impedance meter. 

Halvorsen used the Debye theory (1929) to relate the dielec-

tric constant to the dipole moment of asphaltenes and re-

ported values ranging from 4 to 17 D. In this work, it will be 

demonstrated that the Debye theory may not provide reliable 

results. A study of the dielectric behavior of hydrocarbon 

mixtures by Sen et al. (1992) revealed that the Debye theory 

can be used for mixtures of nonpolar liquids (such as n-oc-

tane in n-hexane), while the Onsager theory can be used for 

mixtures of polar and nonpolar liquids (such as acetone in 

n-hexane). 

The standard procedures for asphaltene measurement are 

similar and generate comparable results. The methods con-

sist mainly of precipitation by n-alkanes (n-pentane or n-

heptane). Although acids and heavy paraffins may coprecipi-

tate with asphaltenes (Becker, 2000; Newberry and Barker, 

2000), precipitation with «-alkanes is the main separation 

method of asphaltenes f rom petroleum fluids. In Institute of 

Petroleum Standard IP 143 (1957), asphaltenes are separated 

from petroleum fluids with n-heptane; the precipitated phase 

is then washed for one hour with a reflux of hot heptane to 

remove waxy constituents. In the ASTM D-3279 method 

(1978), asphaltenes from petroleum residues are precipitated 

with «-heptane and filtered after 30 min of heating and stir-

ring with a reflux system. In the ASTM D-893 method (1980), 

asphaltenes are precipitated from lubricating oils by centrifu-

gation in n-heptane. Finally, in the Syncrude analytical 

method (1979), crudes are mixed with benzene prior to as-

phaltene precipitation with n-pentane. Af ter 2-h settling in 

the dark, they are filtered and washed. 

There are two main methods for separation of resins from 

petroleum fluids: (1) precipitation, and (2) adsorption. The 

precipitation by liquid propane is inspired f rom refinery pro-

cesses and has found application in the laboratory by Schwa-

ger and Yen (1978), Murzakov et al. (1981), and others. Other 

precipitation methods using chemicals have also been pro-

posed. In the standard ASTM D-2006 procedure (1970), resins 

are separated from rubber extender and processing oils by 

precipitation in sulfuric acid. A method prevalent in Ger-

many applied by the German Petroleum Institute advocates 

the precipitation of asphalt (that is, asphaltenes and resins) 

from petroleum fluids with ethyl acetate and solubilization of 

resins from the precipitate with «-pentane (Andersen and 

Speight, 2001). The adsorption methods have been exten-

sively used and consist of adsorbing resins on surface-active 

materials. The oils are eluted (that is, washed away f rom the 

column) with a nonpolar solvent, and the resins remain on 

the adsorbent until desorbed by a polar solvent. Following 

this separation scheme, a series of standard procedures have 

been established. The Syncrude analytical method (1979) 

separates resins by adsorption on attapulgus clay; oils are 

eluted with n-pentane and resins are desorbed by successive 

elution with methyl-ethyl-ketone and te t rahydrofuran/water 

(95/5 vol/vol). ASTM D-2007 (1991a) uses the same adsor-

bent and eluting solvent for oils, but a mixture of toluene and 

acetone (50/50 vol/vol) to desorb resins. In ASTM D-4124 

(1991b), resins are adsorbed on activated alumina, and oils 

are eluted with n-heptane and toluene (33/67 vol/vol); a mix-

ture of t o l u e n e - m e t h a n o l - t r i c h l o r o e t h y l e n e (17/17/66 

vol/vol/vol) recovers resins. In all the preceding methods, 

oils are eluted by the /i-alkane used to precipitate as-

phaltenes. The separation is time-consuming and it is some-

times found that heavy aromatics are eluted with resins due 
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to a high retention t ime in the column. This has oriented 

some to introduce a certain amount of aromatic solvent with 

«-alkanes to elute the oils. Callen et al. (1976) used 6 vol % 

dichloromethane in «-hexane, Farcasiu (1979) used 15 vol % 

toluene in n-heptane, Moinelo et al. (1988) used 36 vol % 

benzene in n-hexane, and more recently, McLean and Kil-

patrick (1997) used 32 vol % toluene in n-heptane. 

Resins recovered by precipitation or adsorption show 

marked differences in the amount and chemical composition. 

Even within adsorption methods, discrepancies can be found 

if adsorbents are different or elution time is varied (Wallace 

et al., 1987). Currently, resins are defined according to the 

solvents used for their separation. Considerable effort has 

been dedicated to the selection of appropriate polar solvents 

to desorb resins f rom surface-active materials, with less effort 

to the choice of nonpolar solvents to elute oils. The principle 

of resin separation by adsorption assumes that the nonpolar 

solvent should not dissolve any resin. Yet, aromatic solvents 

such as toluene or benzene are very good solvents for resins 

and their use may cause unreliablity for resin separation. 

In this work, resins are separated by both precipitation and 

adsorption. In the adsorption method, different n-Cg/toluene 

volume ratios are used to recover oils in order to accelerate 

the separation and to ensure that heavy aromatics are washed 

from the column with oils. Because toluene can elute some 

resin constituents with oils, we would study the n-Cj / to luene 

volume ratio that separates oils by preserving all the con-

stituents of resins in the resin fraction. This is possible by 

measuring the dipole moment of resins recovered in each test. 

With the preceding background, the main objectives of this 

work are: (1) to devise a simple method for proper measure-

ment and separation of resins in crudes, and (2) to determine 

the dipole moment of asphaltenes and resins. In the first part, 

we measure the resin content using a precipitation method 

with liquid propane and an adsorption method according to 

the modified ASTM D-2007 (1991a) procedure with different 

mixtures of ; i -pentane/ toluene to elute the oils. Simplicity, 

scale, and practicality are considered when choosing the 

methods. In the second part, the theory of dipole moment is 

briefly reviewed and various methods are compared using 

chemicals with a known dipole moment. The appropriate 

method is selected and applied for measuring the dipole mo-

ment of asphaltenes and resins. The determination of asphal-

tene and resin dipole moments is important in that it allows 

the selection of a definitive procedure for resin measurement 

in crudes and provides a valuable database for studying the 

effect of resins on precipitation and the modeling of asphal-

tene-asphal tene and asphal tene-resin interactions. In a fu-

ture publication, the effect of resins with different dipole mo-

ments and surfactants on asphaltene precipitation will be 

presented for different petroleum fluids. 

Experimental 

We use eight different petroleum fluids with API gravities 

in the range of 10 to 56 (see Table 1). Two of the petroleum 

fluids are from two different wells in the Hamaca field in 

Venezuela. The other petroleum fluids are f rom various parts 

of the world. Detailed composition of three crudes at ambi-

ent conditions is available in Table 2. In this work, as-

phaltenes are first precipitated from the petroleum fluids us-

Table 1. Crude Data 

Crude 

Density 
at 20°C 
(g/cm^) 

API 
Gravity 
at 20°C 

Refractive 
Index at 

20°C Description 

H 1.0089 9 — Very heavy 
TE 0.9990 10 — Very heavy 
C 0.8588 33 1.487 Medium 
TA &8372 37 1.479 Medium 
TK 0.8520 35 1.488 Medium 
S 0.8627 32 1.472 Medium 
U 0.8550 34 1.491 Medium 
B 0.7554 56 1.431 Very light 

— = not measured. 

ing M-C;, n-C^, and n-C,Q, then resins are separated from 
the n -C j deasphaltened crude by: (1) precipitation with liq-
uid propane, and (2) modified ASTM D-2007 (1991a) adsorp-
tion procedure. In the adsorption method, the oils are eluted 
with five different n -Cj / to luene volume ratios. 

The dipole moment determination is made by measuring 
the dielectric constant, refractive index, and density of dilute 
solutions of asphaltenes, resins, and oils in toluene. The pro-
cedure is similar to Maruska and Rao's (1987); however, we 
use lower concentrations of polar solutes to allow a visual 
reading of the refractive index and to reduce the effect of 
association. 

There has been a debate if n-C^ asphaltenes are less polar 
than n-Cy asphaltenes or vice versa (Speight, 1999). W e sep-
arate the asphaltenes with both n-alkanes to clarify the issue 
of polarity by measuring the dipole moment. Furthermore, in 
the adsorption method, we opt to work with n-C^ deasphal-
tened crudes instead of n-C-j deasphaltened crudes, because 

Table 2. Composition of Selected Crudes at Ambient 
Conditions 

Crude 

C TK U 

Fraction 
Comp. 
mol % 

M 
g/mol 

Comp. M Comp. M 
mol % g/mol mol % g/mol 

C. 
C2 
C3 
C, 
C5 
C6 
C, 
Cs 
C, 
Cm 
C,, 
Cn 
C,3 

C,4 
C,5 
C,6 
C,7 

C,8 
Ci9 
C%i + 

0.00 
0.00 
0.00 
&82 
2.12 
3.84 
&18 
7.32 
6jg 
6.11 

5.77 
4.99 
5.17 
4.81 
4.61 
3.72 
3.63 
3.48 
2.72 

29.13 

Total 100.00 

0.00 
0.00 
0.00 

58.1 
72.1 
8&2 

100.2 
114.2 
128.3 
142.3 
156.3 
170.3 
184.4 
198.4 
212.4 
22&4 
240.5 
254.5 
26&5 
4316 

242.0 

0.00 
0.01 
0.15 
0.85 
2.48 
4.91 
8J9 

11.14 
10.29 
743 
5.67 
4.38 
4.46 
3.79 
3.59 
3.02 
2.69 
2.62 
Z42 

21.31 

0.00 
30.1 
44.1 
58.1 
721 
85.8 
95.8 

108.5 
123.2 
137.8 
14&3 
154.4 
172.4 
187.9 
197.2 
210.1 
227.1 
240.9 
#12 
441.2 

0.00 
0.04 
0.73 
4.15 
6.00 
8.33 

8&75* 

0.00 
30.1 
44.1 
58.1 
72.1 
85.8 

100.00 206.1 100.00 

' = c , + 
- = no t avai lable 
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the latter would leave the C 5 - C 7 fraction of asphaltenes sol-

uble with resins. 

All chemicals are reagent grade except propane (commer-

cial grade). Once fractions are recovered, the solvent is evap-

orated under low vacuum. The fractions are then dried and 

weighed (within 0.01 g accuracy) using an analytical balance. 

Asphaltene precipitation 

From the examination of the various asphaltene precipita-

tion methods and the identification of optimum separation 

conditions (Speight et al., 1984), we select the Syncrude ana-

lytical method (1979) with some modifications. The precipita-

tion sequence includes mixing the crude with toluene (10 

mL/g asphaltene in the crude) followed by an addition of 

/7-C5 (50 m L / m L toluene). The settling time is set to 12 h to 

allow complete precipitation. Asphaltenes are filtered under 

a vacuum using a Whatman glass microfibre filter paper (7 

mm diameter and 1.5 /j,m pore size). The sequence is re-

peated several times to remove resins adsorbed onto as-

phaltenes until the liquid filtrate is colorless. 

Apparatus. The experimental setup consists of a filtration 

flask and funnel connected to a vacuum pump through rub-

ber tubings. To avoid solvent infiltration into the pump, a 

trap is used at a temperature of - 6 0 ° C to liquefy pentane 

from vapor. 

Resin adsorption. Once asphaltenes are removed, resins are 

separated f rom the deasphaltened oil using the ASTM D-2007 

(1991a) method with some modifications. The deasphaltened 

crude is charged into an adsorption column containing atta-

pulgus clay immersed in n-pentane. We use the following n-

C; / to luene volume ratios: 100/0, 85/15, 70/13, 50/50, and 

0/100 to elute the oils. The elution continues until the yellow 

coloration of the liquid leaving the column reduces apprecia-

bly (the yellow coloration is attributed to aromatic hydrocar-

bons in oils). The column is then drained from solvent and 

resins are desorbed using a 40/40/20 volume mixture of 

to luene-ace tone-methylene chloride. 

Apparatus. The adsorption column (300 mm height X 44 

mm diameter) is made of glass and contains attapulgus clay 

(250-500 ^ m pore size) with a sample/clay ratio of approxi-

mately 1/20 (wt/wt). The high quality of the clay (azoben-

zene equivalence value of 30-35) assures good selectivity and 

reproducibility of the tests. 

Resin precipitation 

We use a high-pressure cylinder with a piston connected to 

a high-pressure filter holder at one side, and a water pump at 

the other side. The filter holder contains a Whatman glass 

microfibre (4.7 mm diameter and 0.8 /im pore size) filter pa-

per. Liquid propane from a 1-gal high-pressure bottle is 

charged at a low temperature ( - 5 to 0°C) into the cylinder 

containing the deasphaltened oil sample, with a sample 

propane ratio of 1/20 (wt/wt). The pressure in the cylinder is 

increased to 1400 psi and the mixture is left for 4 - 6 h at 

room temperature. A piston is then used to push the mixture 

through the filter. The resins are recovered from the filter as 

well as the cylinder walls by washing with toluene. 

Apparatus. The cylinder used is made of stainless steel (400 

mm long X 20 mm ID) and can stand a maximum pressure of 

680 atm. Stainless steal tubings (1/16-in. ID) are used for 

connections to the water pump (max pressure 272 atm) and 

to the high-pressure filter holder. Ball valves (max pressure 

136 atm) and needle valves (max pressure 408 atm) control 

the flow rate. The pressure of water pumped into the cylin-

der is read from a pressure gauge (max pressure 272 atm). 

The filter holder (stainless steel, 47 mm size) is designed to 

stand pressures up to 95 atm. 

Dielectric constant 

In a class of substances called insulators or dielectrics, the 
electrons move a very small distance f rom the nucleus when 
the substance is subjected to an electric field. The dielectric 
constant of a dielectric substance is a measure of chemical 
composition and density (Feynman, 1964). When a condenser 
containing a dielectric substance is subjected to an electric 
field, the dielectric constant is given by = C/Cq, where C 
and Cq are the capachance of the condenser filled with the 
dielectric and air, respectively. In this work, a liquid test fix-
ture is used as a condenser. The determination of capaci-
tance is per formed through impedance measu remen t s 
(Hewlett-Packard, 1999). The electronic circuit makes up the 
liquid fixture connected to an LCR meter that measures the 
inductance L, the capacitance C, and the resistance R of the 
circuit. The choice of the equipment is driven by the fre-
quency coverage, measurement range, accuracy, and ease of 
operation. 

Apparatus. We use a precision LCR meter (HP 4284A) (20 
Hz to 1 MHz frequency range) connected to a liquid test fix-
ture (HP16452A) through 1-m long test leads (HP 16048A). 
The capacity of the liquid test fixture is 3.4 mL. For accurate 
reading of capacitance, the equipment is calibrated to ac-
count for lead capacitance. Measurements are performed at 
a frequency of 800 Hz and a voltage level of 1 V. 

Refractive index 

For a nonabsorbing medium, the refractive index is the ra-

tio of the velocity of light in the vacuum to the velocity of 

light in the medium (Bitter, 1956). In the visible range of 

frequencies, measurements of the refractive index of the 

sodium D-line of light are possible using a refractometer. The 

effective speed of light is different in different materials, and 

on this basis, the refractive index depends on the nature of 

the material (Feynman, 1964). 

Apparatus. We used an Abbe C-10 refractometer to mea-

sure the refractive index of liquid mixtures to be described 

later, A built-in thermometer allows the reading of the tem-

perature, The refractive index range covered is 1.300 to 1.700, 

with an accuracy of 0.0003. Calibration is performed with 

naphthalene bromide, which has a refractive index of 1.656 at 

25°C. 

Density 

The density of a substance is its mass per unit volume. The 

density is usually measured using pycnometers; however, digi-

tal density-meters, when available, provide more accurate 

data. In this work, densit)' is measured using two types of 

pycnometers with a fixed volume. Density and refractive in-

dex are temperature-dependant. Density at a given tempera-
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ture can be estimated f rom measurements at another tem-

perature using the correlations of Van Ness and Van Westen 

(1951). 

Apparatus. The density is measured using a weld-type pyc-

nometer devised for the specific gravity of volatile liquids with 

an accuracy of 0.001 g/cm^. The pycnometer made of borosil-

icate glass, has a capacity of 25 m L and is equipped with a 

glass stopper and a cap to reduce evaporation of the sample. 

The density of oils is measured with a Moore-Van Slyke spe-

cific-gravity bottle with ground-in stopper. The bottles made 

of borosilicate glass have a capacity of 2 mL. 

Theory of Dipole Moment of Molecules 

In a dipolar molecule, the center of negative charges (say 

electrons) and the center of positive charges (say protons) do 

not coincide. In such molecules, the charge multiplied by the 

separation between the centers is called dipole moment 

(Feynman, 1964). Large molecules containing heteroatoms 

such as mj- tetraphenylporphine do not necessarily possess a 

dipole moment when they have a symmetrical structure 

(Kumler, 1942). For nonsymmetrical molecules, the dipole 

moment is the vector (directed from the negative to the posi-

tive charge) that tends to orient a molecule in a polarized 

dielectric. The dipole moment is generally given in debye (1 

D = 3.338 X lO '^^C- m); it is given by 

fir A 

'= Ee,'' (1) 

where i refers to the number of atoms in the molecules, e, is 

the charge of an atom in the molecule, and r, is the distance 

vector between charges. The charge distribution creates an 

electric field that tends to line up the individual dipoles to 

produce a net moment per unit volume called electric polar-

ization. The electric polarization, P, is given by 

P = Nfji (2) 

where N is the number of molecules per unit volume. 
One can study the behavior of dielectrics in a condenser to 

estimate the electric properties. Dielectrics, such as crude oils 
are insulators; such materials do not conduct electricity, but 
when placed in a small electric field, molecules become po-
larized. When an electric field is applied, the charges that 
build on the plates of the condenser are two types: free 
charges, and polarization charges (of the opposite sign) due 
to polarization; the net charge on the plates will be the dif-
ference between the two. The charge density due to polariza-
tion is equal to the electric polarization inside the dielectric 
(Feynman, 1964). The dielectric constant is a characteristic of 
the dielectric, and is given by 

(3) 

where e is the permittivity of the dielectric and eg is the 

permittivity of the vacuum (equals 8 5 4 x 1 0 " ' ^ or 

1.11 X 10"" ' /47r, F/m). The dielectric constant depends on 

E/O) 

e'(~) 

0 V 
Figure 1. Dielectric constant vs. frequency. 

the frequency v and is written in the complex space as 

= <(")- '<(") (4a) 

' e'XO) at radio p (4b) 

eX°°) = at visible v (4c) 

where and e" are the dielectric storage and loss, respec-
tively (see Figure 1). The dielectric storage is the amount of 
polarization created at a given frequency and helps to deter-
mine the nature of the constituent material. The dielectric 
loss represents the energy of molecules dissipated or lost as 
heat; it is used to estimate the penetration of the sensing 
wave into the material (Sen et al., 1992; Pedersen et al., 1999). 
At radio frequency, the dielectric constant equals the dielec-
tric storage at zero frequency; it is also called static dielectric 
constant e^(0). At visible frequency, the dielectric constant is 
approximated by the dielectric storage at infinite frequency 
e^co); it is equal to the square root of the refractive index n 
of the sodium D-line of light (Maxwell, 1954). 

Using fundamental electrostatic equations, one can readily 
derive the following expression that relates electric polariza-
tion to electric field E 

47r 
(5) 

The dipole moment cannot be measured directly. Several 

theories exist to relate the dipole moment to macroscopic 

measurable quantities, such as dielectric constant, refractive 

index, and density. The first theory from Clausius and Mosotti 

(Bottcher, 1952) is applicable to nonpolar molecules. Debye 

(1929) extended the formulation of Clausius and Mosotti to 

polar gases and liquid solutions. Later, Onsager (1936) ad-

vanced the original Clausius and Mosotti theory for polar 

molecules and proposed a new formulation. In the following, 

we present a brief review of these theories. 

Clausius and Mosotti theory 

Clausius and Mosotti used the notion of an internal field 

to relate the dielectric constant of a nonpolar spherical 

molecule to the density (Bottcher, 1952; Born and Wolf, 
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1980). While the electric field is the mean field obtained by 

averaging over a region that contains a large number of 

molecules, the internal (or effective) field acts on the molecule 

itself. The difference between the two fields is due to the 

gaps between molecules (Bom and Wolf, 1980). To estimate 

the internal field, each molecule is considered to be sur-

rounded by a small sphere . Fo r nonpolar molecules, 

molecules inside the sphere do not produce any resulting field 

at the central molecule, and one can regard the molecule as 

being situated in a spherical region, inside which there is a 

vacuum and outside there is a homogeneously polarized 

medium. The internal field is derived by assuming that the 

field at the spherical hole is equal to the difference between 

the field at any point in the dielectric and the field due to a 

spherical plug. The expression for the internal field F is given 

by 

Att 
F = E+—P (6) 

In vacuum, the internal field equals the electric field, but in 

other materials, it is higher. Clausius and Mosotti assumed 

that the electric dipole moment induced in a molecule is pro-

portional to the internal field 

M i n d 
= aF (7) 

where a is the polarizability of the molecule, a macroscopic 

quantity that has the unit of volume (Smyth, 1955). The po-

larizability is a measure of the strength with which protons in 

the nucleus attract the electrons and prevent their distortion 

by the applied field. This parameter increases with increasing 

the atomic number, atomic size, and the ease of excitation of 

atoms in the molecules (Atkins, 1978). When N molecules 

are contained in a unit volume, one can write 

47rfl 
- A ' = l (8) 

where a is the radius of the spherical molecules. Combining 

Eqs. 2, 5, 6 and 7 

e.-l 417- (9) 

Equation 9 is the general expression of Clausius and Mosotti. 

Combining Eqs. 4c, 8 and 9 

n ' - l 

V + 2 ' 
(10) 

The polarizability (also dipole moment) can have two contri-

butions, depending on the nature of the molecule and the 

frequency of excitation: (1) permanent (orientation), and (2) 

induced. Polar molecules experience both contributions at 

very low frequencies (such as radio frequencies), while non-

polar molecules experience only the induced one. The in-

duced contribution is the result of two parts; (1) atomic (or 

distortion), and (2) electronic effects. The former is associ-

ated with the molecular vibrations and the latter results f rom 

the displacement of the electron cloud by the field in the 

visible-ultraviolet frequency domain. The atomic polarizabil-

ity is not readily determined and can be neglected on the 

grounds that it is small or is partially compensated by the use 

of the refractive index of the sodium D-line of light to esti-

mate the electronic polarizability (or dipole moment). 

Limitations. The Clausius and Mosotti equation applies to 

gases at moderate pressures, but deviations may occur at high 

pressures when the polarizability of molecules is large. There 

may also be some deviations for liquids, especially for mix-

tures (Bottcher, 1952). 

Debye theory 

Debye (1929) borrowed the oldest model of conductive 

spheres proposed by Clausius and Mosotti. H e made the im-

plicit assumption that the average permanent dipole moment 

of a molecule is proportional to the internal field. In the ab-

sence of external forces, the moments of a number of 

molecules will, on average, be distributed with the same 

probability over all directions in space. Therefore, when we 

consider a small solid angle at a given orientation, the aver-

age dipole moment is, according to Debye, equal to the total 

dipole moment divided by the number of molecules in the 

direction confined within the solid angle. Debye used the 

Boltzmann-Maxwell distribution law to calculate the small 

variations of the number of molecules confined within the 

solid angle. The final expression of the average dipole mo-

ment found is 

(11) 

where F is the magnitude of the internal field vector. Com-

bining Eqs. 2, 5, 6, 8, 10 and 11 gives the Debye equation 

-1 n -1 AttN 

.+1 n^+2 9kT' 
(12) 

It is more convenient to work with molar polarization P^f 

because of its additivity in mixtures (Debye, 1929; Bottcher, 

1952; and Smyth, 1955). The molar polarization is defined by 

M 
4+2 P 

(13) 

From the expression of the number of molecules per unit 

volume 

N = 
NaP 

M 

Combining Eqs. 12, 13 and 14, one can write 

Pu —' 
-1 M 4ttNa 

M +2 p 

(14) 

(15) 
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The first term on the righthand side of Eq. 15 is the induced 
molar polarization, and the second term is the orientation 
molar polarization. Therefore 

F„ = P,„h + F„ (16) 

Limitations. At moderate pressures, the dielectric constant 
of a gas conforms accurately to the Debye equation. The 
dipole moment is generally determined from temperature 
variation. The procedure consists of plotting the molar polar-
ization against 1/T and deducing the dipole moment from 
the slope of the straight line. For polar liquids, the dipole 
moment is usually overestimated and the theory does not 
hold. Several authors claimed that the limitations of the 
Debye equation are due to association between polar 
molecules (Bottcher, 1952). To overcome this deficiency, it 
was suggested one work with a very dilute solution of polar 
solutes in a nonpolar solvent. A series of differentiation tech-
niques was proposed to measure the dipole moment of polar 
liquid solutions. 

Differentiation Methods. The Debye theory was recast ac-
cording to the modifications introduced by various authors. 
We retain only the methods in which the electronic molar 
polarization of the polar molecule is not required. The se-
lected methods are those proposed by Cohen-Henriquez 
(Bottcher, 1952), LeFevre (1948), Smyth (1950), and Guggen-
heim (1951). Measurements are performed with dilute solu-
tions of a polar solute (species 1) in a nonpolar solvent 
(species 2). The methods consider the additivlty of molar po-
larization and molecular weight, and assume linear variations 
of the dielectric constant, refractive index (and density in 
some cases) with the mole or weight fraction of the solute, as 
shown in Table 3. The authors listed in Table 3 expressed the 
difference between the molar polarization at a low frequency 
and at visible frequency in order to eliminate the solvent and 
the electronic polarization of the solute. The expression ob-
tained is then differentiated with respect to mole (or weight) 
fraction of the solute at very low concentrations; the expres-
sions of the orientation molar polarization of the solute are 
obtained (see Table 3). The equation of Smyth is similar to 

the one by LeFevre, except that the density term is ne-
glected. Guggenheim further simplified Smyth's equation by 
assimiing that the dielectric constant of the solvent is approx-
imately equal to the square of its refractive index. Bottcher 
found that the last three methods give similar results (1951). 
We select the Guggenheim version for its simplicity. We also 
select the Cohen-Henriquez equation and compare it with 
the one by Guggenheim. 

Onsager theory 

Because the internal field depends on the orientation, On-
sager (1936) proposed to compute the orienting force-couple 
for each individual direction of the dipole. Onsager consid-
ered the original Clausius and Mosotti theory of the internal 
field not applicable to permanent dipoles. In his work, the 
total dipole moment is the vector sum of the permanent and 
the induced dipole moments 

m = fjiu+ aF (17) 

where /x is the permanent dipole moment in vacuum (which 
rotates around a mean orientation) and u is the unit vector 
in the direction of the dipole axis. In addition, the internal 
field is the sum of a cavity field and a reaction field 

F = G + R (18) 

where G is the cavity field and R is the reaction field. The 
reaction field is parallel to the average dipole moment and it 
is only the cavity field that contributes to the orientation of 
the polar molecule. Onsager solved the electrostatic problem 
by combining the results of a dipolar molecule in a nonpolar-
ized dielectric with those of a spherical cavity in a polarized 
dielectric. The internal field is then expressed as [detailed 
derivations are provided by Onsager (1936)] 

1 + 
7:̂ (6 -̂1) \ n 2(e^-l) {n^ +2){2e^ + l) 

2e^ 4- 2^ + 1 3(2e^ + n^^ 
(19) 

Table 3. Differentiation Methods of Debye Equation for Binary Mixtures of Polar Solute (species 2) in Nonpolar 
Solvent (species 1) 

Author Assumptions Orientation Molar Polarization Eq. 

Cohen-Henriquez = 0X2+ fr, 
3M, 

n-cX2 + 

(Tl) 

LeFevre = €̂ ,(<"̂ 2 + 1) 
3M2 ( l - i ) ( e , j - / ! f ) oCr, 

p. ^(e,_-t^2)(nZ+2) ' (n^-l-2)' 

p = PiibW2 +1) 
n^ = nj{cw2 + l) 

(T2) 

Smyth = e^(,aw2 + 1) 
3M, 06,, 

" Pi ( ^ + ^ 
(T3) 

Guggenheim 

= nf(cK'2 +1) 

e, = +1) 

(T4) 
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Table 4. Asphaltenes Precipitated by n-Cg, n-C, , and 
n-C((| from Crudes 

Table 6. Resins Adsorbed on Clay after Elution of Oils 
With n-C;, n-Cy, and n-CjQ 

Crude (wt %) Crude (wt %) 

Precipitant H TE C TA TK S U B Elution of 

n-C; 17.7 14.8 2.3 0.18 1.33 1,1 2.5 0.05 Oils with H TE C TA TK S U B 

n-C-j 13.5 11.9 1.52 0.10 0.46 0,77 — 0,04 /1-C5 30,3 28.6 6,5 6,0 7.5 3.5 8.6 0.56 

n-Cm 13.0 11.2 1.42 0.05 0,26 0,63 — 0,03 n-C-j 31,1 28,7 7,4 6,2 7.6 3.8 — 0.65 
n-C|o 32,0 30,0 7,8 6.5 7.9 4.0 — 0.68 

Equations 6 and 19 are identical for nonpolar molecules (for 
which fi = 0 and = Unlike the induced dipole mo-
ment, the permanent dipole moment depends on the orienta-
tion of the molecule and its average value is equal to the 
actual dipole moment times the mean orientation of the 
molecule. The mean orientation is determined from the 
Boltzmann-Maxwell formula using the work of orientation. 
The expression derived by Onsager is then introduced into 
Eqs. 17-19 to give the Onsager equation 

-1 n^-1 4TrN I 3ê (n̂ -l-2) 
(20) €,4-2 M̂ 4-2 9tr^2e, + M )̂(e,4-2)' 

Equations 12 and 20 are identical for = n^. Therefore, the 
Onsager and Debye equations give similar results for nonpo-
lar molecules. However, for polar molecules (e^> n^), the 
dipole moments calculated from Debye and Onsager equa-
tions are different. 

Limitations. The formulation of Onsager' is limited to 
spherical molecules in liquid systems. In addition, the neigh-
borhood of a molecule is considered to be a continuum. 

Results 

The results are presented in three different parts. In the 
first part, the amount of asphaltenes precipitated with n-
alkanes (n-C;, /1-C7, and n-Cig) and resins separated by 
propane precipitation and the ASTM D2007 (1991a) adsorp-
tion method with different solvents are presented. In the sec-
ond part, we provide the results of the dipole moment calcu-
lation from the Debye and Onsager methods for several 
chemicals with known dipole moments from the literature. 
We select the Onsager method and in the third part present 
the dipole moment of the asphaltenes, resins, and oils. 

Asphaltene and resin amounts 

Table 4 provides the results of asphaltene precipitation with 
M-C;, /1-C7, and /t-Cjo from the eight petroleum fluids (from 

— = not measured. 

here on, we refer to petroleum fluids as crudes). The amount 
of fi-Cj asphaltenes varies from 0.05 wt % in crude B to 17.7 
wt % in crude H and decreases with the carbon number of 
the precipitating /i-alkane. In Table 5 we present the results 
of asphaltene and resin (that is, asphalt) precipitation by 
propane. When propane is mixed with the crude, C3 as-
phaltenes and C3 resins precipitate. However, when propane 
is mixed with the n-Cj deasphaltened crude, C3-C5 as-
phaltenes and C3 resins precipitate. Thus, the difference be-
tween the two amounts provides the n-Cj asphaltenes in the 
crude (see Table 5). The difference compares well with the 
amounts of n-C, asphaltenes reported in Table 4. The dis-
parity is due to some loss during the separation. Results of 
resin separation by the modified ASTM D2007 adsorption 
method (1991a) using different solvents are provided in Ta-
bles 6 and 7. Table 6 shows the amount of resins recovered 
after elution of oils with n-Cj, n-C,, and n-C,Q. The amount 
of resins slightly increases with the carbon number of n-al-
kane used to elute oils. For all the crudes, the amount of 
resins by adsorption are higher than those by propane precip-
itation. It is also observed that crudes with high asphaltene 
content contain substantial amounts of resins. Material bal-
ance calculation on the very heavy crudes reveals minor losses 
[that is, irreversible adsorption of polar compounds on the 
clay ( < 1 wt %)]. Table 7 provides the amount of resins re-
covered from the /1-C5 deasphaltened crudes after elution of 
oils with different n-Cj/toluene volume ratios of 85/15, 
70/30, 50/50, and 0/100 (vol/vol). It is found that the amount 
of resins decreases with the volume of toluene in n-
Cj/toluene mixtures. When using only n-C^ to elute oils, we 
obtain almost two times more resins than when using only 
toluene. In order to compare our results with other separa-
tion techniques, the resin content of crude E has been deter-
mined in two different laboratories (Durandeau, 1999; Bo-
duszynski, 2000). Durandeau used thin-layer chromatography 
(TLC) and reported a value of 14 wt %, while Boduszynski 
used high-performance liquid chromatography (HPLC) and 

Table 5. Asphalt (asphaltenes and resins) Precipitated 
by Propane from Crudes and 71-Cj Deasphaltened 

Crudes 

Precipitation from 

Crude (wt %) 

Precipitation from H TE C TA TK S U B 

Crudes 38.6 3 6 j 6^ 34 5,7 
M-C; deasphaltened 19.8 20.0 3 J 3^ 4,2 1,5 — 0,3 

crudes 
Difference 18.8 16.3 2.9 0.2 1,5 — — — 

Table 7. Resins Adsorbed on Clay after Elution of Oils 
With Various n-Cj/Toluene Mixtures 

Elution of Oils 
with n-Cs/Toluene 

Crude (wt %) 
Elution of Oils 

with n-Cs/Toluene H TE C TA TK S U B 

100/0 (vol/vol) 303 28.6 6,5 6,0 7,5 3,5 8.6 0.56 
85/15 (vol/vol) 264 24,0 5,9 4.8 5,9 2,7 — 0.45 
70/30 (vol/vol) 21a 19.9 49 3,9 5,2 2,2 — 0.37 
50/50 (vol/vol) 20,0 18,0 4,2 3,6 4,2 1.5 — 0.30 
0/100 (vol/vol) 14,0 13,3 2,9 2,8 2.9 1.1 — 0.25 

- s not measured . - = not measured . 
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Asphaltenes Resins 

Table 8. Substances wifh Known Dipole Moments 

Figure 2. Asphaltenes and resins separated from crude 
H. 

M p20-C A 
Subiitancc Formula g/mol a/cm' D 

Toluene C,H, 100.2 0.940 0.37 
Dibutylamine 129.2 0.760 1.18 
Anisole C,H:0 108.1 1.000 1.36 
Ethanol CzHgO 46.1 0,790 1.69 
Ethyl acetate 88.1 0.894 1.78 
Ethyl benzoate CgHigO; 150.2 1,051 1.95 
2-Butanone 72.1 0,800 2.78 
Acetone ĈHgO 58.1 0.790 288 
A'.A'-Dimethylformamide CiĤ NO 73.1 0,944 3.82 
Dimethylsulfoxide CzĤ OS 78,1 1.096 3.96 
3-Methyl-2-C!yclopenten-l-one CgHgO 96.1 0.980 4J3 

Source: L ide and F rede r ik se (2000); McCle l lan , (1963). 

reported a resin content of 25 wt. %. In TLC, saturates are 
eluted with /i-hexane and aromatics with toluene, while in 
HPLC, /7-hexane is used to elute oils. The solvents used in 
the two techniques correspond to the extreme proportion of 
n-Cj/toluene volume ratios. The results from HPLC corre-
spond to 100% M-C; (0% toluene) and the results from TLC 
correspond to 100% toluene (0% n-C^) when compared with 
our adsorption method. It is interesting to see that the results 
from HPLC and TLC for resins, which are, respectively, 25 
and 14 wt % for crude TE, are in line with our measurements 
of 28.6 wt % and 13.3 wt %, respectively. Later we comment 
on the true resin content of various crudes once the dipole 
moment of separated resins are presented. 

Figure 2 shows the separated asphaltenes and resins from 
crude H. The resins are those separated by adsorption after 
elution of oils with n-C^. We observe that asphaltenes and 
resins have very different appearances. Indeed, asphaltenes 
from all the crudes are black, shiny, and friable solids, while 
resins are dark brown, shiny, and gummy. Oils are 
orange/brown liquids with a density that varies from one 
crude to another . The color of oils changes from 
orange/brown to red/brown when we increase the propor-
tion of toluene in the n-C^/toluene mixtures. This change in 
coloration may suggest the presence of polar species in the 
oils (Becker, 2000), 

Dipole moment verification 

The methods presented for the estimation of the dipole 
moment of molecules are applied to 12 chemicals with known 
dipole moments from the literature (Lide and Frederikse, 
2000; McClellan, 1963); see Table 8. The objective is to verify 
the validity of the methods; the most accurate method will be 
used to determine the dipole moment of asphaltenes, resins, 
and oils. In the selection of the chemicals, we aim to cover a 
wide range of dipole moments (0 to 4 D) as well as a variety 
of chemical functions (ketones, alcohols, amines, and so on). 

The dipole moment of toluene, dibutylamine, anisole, 
ethanol, ethyl acetate, ethyl benzoate, and acetone were 
measured in the vapor phase by the temperature variation 
procedure in the microwave-frequency region, using the 
Debye equation (Lide and Frederikse, 2000; McClellan, 1963). 
The dipole moments of the remaining substances were mea-
sured in liquid solutions, with benzene at 20°C. For instance, 
the dielectric constant of 2-butanone solutions in benzene was 

measured by a bridge method and the dipole moment calcu-
lated from the LeFevre (1948) equation. For dimethylsulfox-
ide, the dielectric constant was measured by a resonance 
method and the dipole moment was calculated from the 
Halverstadt-Kumler (1942) equation. Usually, the dipole mo-
ment measurements in the gas phase are the most reliable 
(McClellan, 1963). 

In our measurements, toluene is selected as a solvent, al-
though it has a small dipole moment (/x = 0.4 D). We found 
that the results did not differ significantly when using p-
xylene (/x = 0 D). Toluene is preferred because of the high 
solubility of asphaltenes, resins, and oils in this solvent. While 
preparing the solutions, we make sure that all the chemicals 
are dissolved in toluene. The dipole moment of the sub-
stances in Table 8 is calculated from various methods, using 
Eqs. T1 (Cohen-Henriquez) and T4 (Guggenheim) from Table 
3, and Eq. 20 (Onsager). The atomic polarization is neglected 
in our calculations. Figure 3 presents results for the ethanol 
solution in toluene. The variation of the dielectric constant 
and refractive index of the solution with the mole fraction of 
ethanol in toluene is determined by the Cohen-Henriquez 
method. The Guggenheim method requires the determina-
tion of and - n j vs. the weight fraction of ethanol 
in toluene (ê ^ and n, are the dielectric constant and refrac-
tive index of toluene, respectively). For the Onsager method, 
we present the variation of the dielectric constant and refrac-
tive index of ethanol solutions as a function of the weight 
percent of ethanol in toluene. In the Cohen-Henriquez and 
Guggenheim methods, the slope of the straight lines is substi-
tuted in the corresponding equations. For the Onsager 
method, the variations are extrapolated to ivj = 100 wt % to 
determine the dielectric constant and refractive index of 
ethanol. The same procedure is applied to all substances, and 
the results are summarized in Table 8. For each method, we 
report the absolute relative error (%) of the dipole moment 
and the data from the literature. 

Examination of the results in Table 9 reveals that the Co-
hen-Henriquez and Guggenheim methods overestimate the 
dipole moment of the substances in Table 8. The differences 
with data in the literature are very high, and can be as high 
as 80%. The error in estimation becomes large for substances 
with a high dipole moment. On the other hand, the Onsager 
equation underestimates the dipole moment. Deviations may 
arise from the extrapolation technique used, which produces 
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Figure 3. Dielectric constant and refractive index vs. concentration of ethanoi In toluene. 
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Table 9. Dipole Moment of Substances Using Different Methods 

Calculated fi, D 

Relative Relative Relative 
Substance CH Error, % G error, % 0 Error, % 

Toluene 0.35 - 7 0.53 40 0,36 - 3 
Dibutylamine 0.86 - 2 7 1.57 33 1.14 3 
Anisole 1.57 14 1.93 40 1.13 - 1 6 
Ethanol 3.01 78 168 58 1.82 8 
Ethyl acetate 2.23 25 2.76 55 1.75 - 2 
Ethyl benzoate 2.45 25 3.01 54 1.67 - 1 4 
2-Butanone 3.39 22 4.12 48 2.66 - 4 
Acetone 3.68 28 4.16 44 Z78 - 4 
N, W-Dimethylformamide 5.13 34 6,31 65 3.49 - 7 
Dimethylsulfoxide 5,76 45 7.11 79 3.49 - 1 2 
3-Methyl-2-cyclopenten-l-one 6.90 59 7.62 76 4.10 - 5 

Note: C H : C o h e n - H e n r i q u e z ; G : G u g g e n h e i m ; 0 : O n s a g e r , 

some uncertainties in the results, especially for refractive in-
dices. Nevertheless, the overall deviation with the Onsager 
method is small. We select this method for the determination 
of the dipole moment of asphaltenes, resins, and oils, 

Dipole moment of asphaltenes, resins, and oils 

Following the preceding procedure, four different solu-
tions with an increasing concentration of solute (that is, as-
phaltenes, resins, or oils) in toluene are prepared. The oils 
considered comprise only the hydrocarbons that are non-
volatile at atmospheric conditions; the light hydrocarbons 
were removed by evaporation. We use a small concentration 
of solutes ( < 5 wt %) in order to allow a complete dissolu-
tion of asphaltenes and resins in toluene and for an accurate 
reading of refractive indices. For each sample, the tests are 
repeated two to four times to assure reproducibility of the 
results. 

Among the parameters required in the dipole moment cal-
culation are the molecular weight and density of asphaltenes 
and resins. The molecular weight of asphaltenes and resins is 
estimated by fluorescence depolarization spectroscopy ac-
cording to the procedure described by Groenzin and Mullins 
(2000). The average molecular weights are approximately 900 
for asphaltenes and 700 amu for resins. The density is as-
sumed to be 1.2 g/cc for asphaltenes (Schabron and Speight, 
1998; De Hemptinne et a l , 1999) and 1.0 g/cc for resins (Wu 
et al,, 2000). For oils, the density and refractive index are 
measured at 20°C and the molecular weight is calculated us-
ing the Riazi and Daubert (1987) correlation. 

Figures 4 and 5 illustrate the variation of the dielectric 
constant and refractive index of /1-C5 asphaltenes, resins, and 
oils for the very heavy crude H and the very light crude B, 
respectively. The linear variations are extrapolated to Wj 
(weight fraction in toluene) of 100 wt % to estimate the di-
electric constant and refractive index of asphaltenes, resins, 
and oils. The small range of variation of especially for 
asphaltenes, increases the uncertainty in the extrapolation re-
sults. The dielectric constant of asphaltenes, resins, and oils 
are calculated with a maximum error of 2%. The error on the 
estimation of refractive index of asphaltenes and resins in-
creases because of the extrapolation; however, it does not 
exceed 1%. Oils are viscous translucent liquids and their re-
fractive index can be measured directly with an error of about 

0.1%. The data obtained by direct measurement and extrapo-
lation from oils in toluene solutions compare very well. The 
dielectric constant and refractive index of asphaltenes, resins 
and oils are reported in Table 10 along with the density and 
molecular weight. The dielectric constants of asphaltenes, 
resins, and oils are in the ranges of 5.5-18.4, 3.8-5.1, and 
2.1-2.6, respectively. The range of variation of the refractive 
index is 1.638-1.707 for asphaltenes, 1.576-1.608 for resins, 
and 1.472-1.527 for oils. The refractive indices of as-
phaltenes are in line with those reported in the literature 
(see Table 11). However, some measured dielectric constants 
of asphaltenes (crudes H, TE, C, and TK) are high compared 
to 6 -7 range in the literature in Table 11. Oudin (1970) mea-
sured the dielectric constant of asphaltenes in chloroform at 
a concentration of 20 g / L and reported a value of 6.2 for 
asphaltenes soluble in CCI4 and 6.9 for asphaltenes insoluble 
in CCI4. Maruska et al. (1987) measured the dielectric con-
stant of asphaltenes in toluene at a concentration of 1-100 
g / L and reported a value of 6.8. We measured the dielectric 
constant of asphaltenes in toluene at a concentration of 1 -8 
g /L and obtained dielectric constants in the range of 5.5-18.4. 
In this work, the asphaltene concentrations in toluene are 
low compared to those used by Maruska et al. and Oudin. 
This suggests that the high dielectric constants measured in 
our work may not be due to an association between molecules. 

Table 12 provides the dipole moment of asphaltenes, resins, 
and oils calculated with the Onsager equation. The dipole 
moments are in the 3.3-7.0 D range for n-C, asphaltenes. It 
is found that the dipole moment of asphaltenes increases with 
the carbon number of the precipitating n-alkane. The results 
show that n -Cj asphaltenes are more polar than /1-C5 as-
phaltenes (note that we have used the same molecular weight 
for both M-C; and n-C, asphaltenes). Previous studies by 
Nighswander et al. (1993), Speight (1999), and Nalwaya et al. 
(1999) suggest that the molecular weight and the metal con-
tent of asphaltenes increases with the carbon number of the 
precipitating M-alkane, which is consistent with our dipole 
moment data. Table 12 provides the dipole moment of resins 
by precipitation and adsorption methods. Resins precipitated 
by propane are more polar than resins separated by adsorp-
tion. This reveals that propane precipitates only part of the 
resin fraction containing the most polar molecules. In the ad-
sorption method, n-C-, resins are more polar than n-C; 
resins, because they contain the C5-C7 fraction of as-
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Figure 4. Dielectric constant and refractive index vs. concentration of n - C j asphaltenes, resins, and oils (eluted with 

n - C j ) in toluene for crude H. 
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Figure 5. Dielectric constant and refractive index vs. concentration of n-Cg asphaltenes, resins, and oils (eluted with 

n-Cg) in toluene for crude B. 
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Table 10. Dielectric Constant, Refractive Index, Density, and Molecular Weight of n-Cg Asphaltenes, 
Resins, and Oils 

H TE C TA TK s U B 

^20-C 
n -Cj Asphaltenes 

^20-C 1.647 1.707 1.638 1.676 1.706 1.668 1.685 1.650 
Cr 16.2 18.4 15.2 9.2 10.9 10.1 8.2 5.5 

1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 
M, g/mol 900 900 900 900 900 900 900 900 

Resins 
1.576 1.587 1.606 1.585 1.608 1.608 1.595 1.606 
3.9 3.8 5.1 4.8 4.5 3.9 3.8 4.7 
1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

M, g/mol 700 700 700 700 700 700 700 700 

Oils 
^20-C 1.527 1.522 1.487 1.497 1.496 1.498 1.496 1.472 

2.6 2.5 2.2 2.3 2.4 2.4 2.4 2.1 
&935 0.935 &875 0.876 a876 0.870 0.881 0.830 

M, g/mol 371 389 269 287 300 290 320 196 

Table 11. Dielectric Constant and Refractive Index of 
Asphaltenes and Resins 

Source Sample 

Oudin (1970) n-C; Asphaltenes 6.16 — 

soluble in CCI4 
n-C; Asphaltenes 6.92 — 

insoluble in CCI4 
Resins 532 — 

Maruska and M-C; Asphaltenes 6.8 1.682 
Rao (1987) 

Buckley et al. n-Cf Asphaltenes — 1.720 
(1998) 

— = not r e p o r t e d . 

phaltenes (that is, the fraction of asphaitenes soluble in n-Cj 
but insoluble in n-C^). When toluene is introduced into the 
eluting solvent of oils, even at small concentrations, the di-
electric constant of resins increases linearly with the amount 

of toluene in the solvent as shown in Figure 6. The dipole 
moment of resins separated after elution of oils with various 
n-Cj/toluene volume ratios is given in Table 12. A gradual 
increase in the dipole moment is observed with the increas-
ing volume of toluene. These results imply that toluene does 
elute some resins with oils, probably those weakly bound to 
the clay. A nitrogen analysis of the oils of crudes H and C 
shows that the resins eluted by toluene are those containing 
nitrogen functions (see Table 13). Therefore, it is recom-
mended that toluene not be used with n-C; to separate oils 
from resins. In fact, the oils eluted by pure n-Cj possess a 
small dipole moment that does not exceed 1 D (see Table 
12). In order to elucidate the origin of this dipole moment, 
we used distillation cuts from two different crudes (an as-
phaitic crude and a waxy crude). The asphaltic crude is heavy 
and viscous with high sulfur, asphaltene, resin and aromatic 
content ( > 5 0 wt %). The waxy crude contains large amount 
of paraffins and small amount of aromatics. The asphaltene 

Table 12. Dipole Moment (in debye) of Asphaltenes, Resins and Oils 

Crude 

H TE C TA TK S U B 

Asphaltenes 
Precipitated by 
/1-C5 6.9 7.0 6.7 4^ 5 2 5.1 4.4 3.3 
n-C-j 7.2 7.7 7.2 &8 6j 6.4 — 4.0 

Resins 
Precipitated by 
C3 4.0 3.8 4.4 3.5 4.0 4.2 — 3.7 
Adsorbed after elution of oils with 
n-Cs 2.5 2.4 3.2 2.4 2.4 3.0 
/i-Cj/toluene, 85/15 vol/vol 2.6 2.5 3.3 3,1 3.0 2.5 — 3.1 

70/30 vol/vol 2.7 2.6 3.5 32 11 2.6 — 3.2 
50/50 vol/vol 2.9 2.8 3.6 3.3 3,2 2.7 — 3.4 
0/100 vol/vol 3.1 2.9 3.7 3.3 3.4 2.8 — 3.5 

n-C., 3.5 3.6 3.9 14 3 ^ 3.9 — 3.7 

Oils 
Eluted by 

0.9 0.8 0.0 0.4 0.6 0.7 0.7 0.0 

— z not m e a s u r e d . 
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Figure 6. increase of the dielectric constant of resins 

with the amount of toluene in the eluting sol-
vent of oils. 

Molecule Formula M. D 

Toluene 
4 ) 

0.4 

Ethyl benzene 0.6 

2-Methyl naphthalene 0.4 

2-Ethyl naphthalene 0.6 

2-Methyl anthracene 0.5 

2-Ethyl anthracene 
0 ^ 

0.6 

Source: Lide and Frederikse, 2000; McClellan. 1963. 

Tabic 13. Nitrogen Cotent of Oils from Crude H and C Eluted 
with Various n-Cj/Toluene Mixtures 

rt-Cj/Toluene Crude (ppm) 

(Vol/vol) H C 

100/0 213 250 
85/15 655 300 
70/30 1,100 356 
50/50 1,700 415 

and resin content in waxy crudes is low ( < 1 0 wt %) 
(Whauquier, 1995). The dipole moment of the distillation cuts 
is determined and presented in Table 14. The cuts from the 
waxy crude are completely apolar, while the cuts from the 
asphaltic crude have dipole moments in the same range as 
the oils listed in Table 12. Moreover, it is unlikely that the 
distillation cuts up to 550°F contain traces of asphaltenes or 
resins. Asphaltic crudes are characterized by a high amount 
of aromatic hydrocarbons (Whauquier, 1995), and this may 
be the precursor of the small polarity measured. Although 
stili a subject of controversy, we consider that slightly polar 
resins are distinguished from slightly polar aromatics in that 
the polarity of resins stems from the presence of heteroatoms 
in the molecule. Swanson (1942) reported the small polarity 
of oils and attributed it to the high electronic and atomic 
polarizations of heavy aromatic hydrocarbons. 

The results just presented for different crudes show that 
the dipole moment is in the 3.3-7.0 D range for /1-C5 as-
phakenes, 2.4-3.2 D for resins, and 0-0.9 D for oils. Water is 
a polar substance and its dipole moment is 1.87 D. Our dipole 

Table 14. Dipole Moment (in debye) of Distillation 
Cuts from Asphaltic Crude and Waxy Crude 

Cut, "C Asphaltic Crude Waxy Crude 

177-132 0.3 0,0 
0.6 0.0 

288-343 0.7 0,0 
3 # - # 4 0.9 0,0 

moment measurements show that in these crudes, as-
phaltenes, and to a lesser degree resins are highly polar 
molecules. Asphaltenes are more polar than resins in the 
same crude, although resins of one crude can be more polar 
than asphaltenes of another crude. 

Tables 15 and 16 show the effect of charge separation and 
the presence of heteroatoms on the dipole moment of several 
substances, respectively. The dipole moment slightly in-
creases from toluene to ethyl anthracene (see Table 15), sug-
gesting that charge separation does not contribute signifi-
cantly to the dipole moment of asphaltenes. Table 16 pro-
vides the dipole moment of some chemicals that have been 
reported to be part of the asphaltenes (Waldo et al., 1992; 
Mitra-Kirtley et al., 1993). The presence of certain groups 
(such as sulfoxide) in a molecule has a significant effect on 
the dipole moment. 

Figure 7 illustrates the variation of the dielectric constant 
and refractive index of n-C^ asphaltenes and resins from ad-
sorption vs. the dipole moment. There is a linear relationship 

Table 16. Effect of Heteroatoms on Dipole Moment 

Molecule Formula H.D 

l.H-Pyrrole 
6 

1.7 

Pyridine 
0 

2.2 

Dimethyl sulfoxide ? 
CH3—S—CHg 4.0 

Thiophene 0 0.6 

Dimethyl sulfide CH3—S—CH3 1.6 

1" 
Phenol 1.2 

Acetone ? 
CB3—C—CB3 2.9 

Source: Lide and Frederikse, 2000; McClellan, 1963. 
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Figure 7. Dielectric constant and refractive index vs. 
dipole moment of n -Cj asphaltenes and 
resins. 

between the dielectric constant and dipole moment for both 
asphaltenes and resins. However, no correlation is observed 
between the refractive index and the dipole moment of these 
fractions. A close examination of Figure 7 shows that the re-
fractive index is around 1.68 for asphaltenes and 1.60 for 
resins. The refractive index has been previously used to de-
termine the onset of asphaltene precipitation from crudes 
(Buckley, et al., 1998), and it was concluded that asphaltene 
precipitation is dominated by London dispersion interactions. 
In a separate study on the effect of resins/surfactants on as-
phaltene precipitation (work to be published in the near fu-
ture), we demonstrate that the effect of resins on asphaltene 
precipitation is a function of their dipole moment. In the same 
work, the onset of asphaltene precipitation is found to in-
crease when resins or surfactants are added to the crude; the 

magnitude of the increase as well as the amount of precipita-
tion depend on the dipole moment of the added 
res in / sur fac tan t . These measu remen t s suggest that 
dipole-dipole interactions should be included in the study of 
asphaltene precipitation from crudes. 

Conclusions 

Based on extensive work on the separation of asphaltenes 
and resins from petroleum fluids and the measurement of the 
dipole moment of asphaltenes, resins, and oils, we draw the 
following conclusions. 

1. Asphaltenes precipitated by heavy normal alkanes are 
more polar than asphaltenes precipitated by light normal 
alkanes; n-C,Q asphaltenes are more polar than n-C^ as-
phaltenes, and n-Cy asphaltenes are more polar than n-C^ 
asphaltenes. 

2. The propane precipitation method separates only part 
of the resins. This part is the most polar fraction of the resins. 

3. The total resins can be precipitated by adsorption using 
ft-Cj deasphaltened crude. Use of an aromatic solvent such 
as toluene with n-C^, even a small quantity, may reduce the 
amount of the separated resins. 

4. For a variety of crudes used in this study, the dipole 
moment of resins and asphaltenes are in the ranges of 2 - 3 D 
and 3 -7 D, respectively. 

5. For all the crudes used in this study, the asphaltenes are 
more polar than the resins in the same crude. However, resins 
from one crude could be more polar than the asphaltenes in 
another crude. 

6. The oil fraction (that is, the atmospheric crude minus 
the asphaltenes and resins and volatiles) can be slightly polar 
with a dipole moment of less than 1 D. 
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Notation 

a --
C--
E--
F--
G--
k--
L--
m' 
M--

n = 
N-

Na-

P--
e-
r-

R--

T--
u = 
u = 

: molecular radius, m 
= capacitance, J~' -C^ 
' electric field, J • m " ' • C" ' 
= internal field, J • m ~ • C " ' 
= cavity field, J • m " ' • C" ' 
= BoUzmann constant, J -K" ' (k = 1.381 X10"^^ J • K" ' ) 
= inductance, H 
= total dipole moment. C m 
: molecular weight, kg^raol"' 
= refractive index 
= number of molecules per unit volume, mol-m" ' 
= Avogadro number, mol"' (W., = 6.022 X10^^ m o r ' ) 
= polarization, C-m"^ 
= electric charge, C 
: distance between charges, m 
:reaction field, J ' m ~ ' - C ~ ' 
= resistance, (1 
•• temperature, K 
= unit dipole moment 
= volume fraction 
: weight fraction 
= mole fraction 
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Greek letters 

a = polarizability, 
e = permittivity, (e, 

= dielectric constant 
e', = dielectric storage 
e" = dielectric loss 

dipole moment, C-m 
;<= frequency, Hz 
p= mass density, kg-m"^ 

Subscripts 

0 = air/vacuum 
1 = nonpolar solvent 
2= polar solute 
a = actual 
i = component index 

ind = induced 
molar 
orientation (or permanent) 
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This work examines the effect of various resins and dodecyl benzene sulfonic acid 

(DBSA) amphiphile on asphaltene precipitation from different petroleum fluids. Various 

resins are added to three different petroleum fluids to measure precipitation with n-

pentane. Results show that the dipole moment of resins (which is a measure of polarity) 

has a strong effect on precipitation. Resins with a high dipole moment are more effective 

than resins with a low dipole moment. The effectiveness is defined in terms of the increase 

in the onset point of precipitation. However, addition of resins to a petroleum fluid 

increases the amount ofprecipitated asphaltenes. This is the first report of such a behavior 

in the literature; the increase is less pronounced with the most polar resins. Addition of 

asphaltenes to a petroleum fluid results in a high amount of precipitation. As expected, 

the onset point of precipitation from asphaltene addition to a petroleum fluid is different 

from that of resins. When the DBSA amphiphile is mixed with the petroleum fluid at 

different concentrations, we observe a retrograde phenomenon. The amount of 

precipitated asphaltene increases first with increasing DBSA concentration. Beyond a 

certain concentration, there is a decrease in precipitation. At higher concentrations, 

DBSA proves to be veiy effective to move the onset point of precipitation. The data show 

the complex interactions between various species in petroleum fluids. 

Introduction 

A molecule where the center of negative charges and the The 
description of the structure and properties of asphaitenes has been 
a challenge over the past several decades. More recently, a 
glowing interest has developed towards the study of resins with the 
recognition of their effect on the stability of asphaltenes in 
petroleum fluids. The stabilizing effect is understood to be related 
to the association of resins with asphaltenes to form micelles 
(Swanson, 1942). It is believed that in a micelle, asphaltenes self-
associate into an aggregate to form the core and resins adsorb onto 
the core to form a steric shell (Firoozabadi, 1999). 

A petroleum fluid can be divided into three parts: 1) oils (that is, 
saturates and aromatics), 2) resins, and 3) asphaltenes. This 
partition is very broad; every part of the petroleum fluid also 
consists of a wide range of molecules with varying structures and 
properties. Asphaltenes and resins are polar molecules while the 
oils are either non- or mildly polar. In a previous work (Goual and 
Firoozabadi, 2002), the dipole moment (a measure of polarity) of 
asphaltenes, resins and oils was investigated for eight petroleum 

fluids. The dipole moment was found to increase sharply from oils 
(0-1 D) to resins (2.4-3.2 D) to asphaltenes (3.3-6.9 D). Polar 
species with a high dipole moment (greater than 2 D) affect 
molecular interactions in the petroleum fluid and result in the 
formation of micelles. Therefore, resins act as natural dispersants 
of asphaltenes because of their polar character. A viable option for 
the inhibition of asphaltene precipitation is the mixing of resins or 
some dispersants with the petroleum fluid in a batch process. Yet, 
field data show that in some cases the resins and dispersants not 
only do not inhibit precipitation; they may also promote it. The 
study of the effect of resins and chemical dispersants on 
precipitation contributes significantly into the understanding of 
molecular interactions in petroleum fluids. Such interactions are 
believed to be key elements for proper modeling of asphaltene 
precipitation. Presently, most models fail to predict precipitation 
because they do not take into account the interactions involving 
polar molecules. 

Generally, molecular interactions are classified into two types: 
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1) short-range, and 2) long-range interactions. Hydrogen bonding, 
charge transfer, and repulsion are short-range interactions while 
van der Waals interactions are long-range (Ratajczak and Orville-
Thomas, 1980). The difference between short- and long-range 
interactions is mainly in the bond distance between interacting 
molecules. Short-range interactions occur when the bond distance 
between molecules is smaller than the sum of the van der Waals 
radii, resulting in an overlap between the electron clouds and the 
formation of molecular complexes (Ratajczak and Orville-Thomas, 
1980). Hydrogen bonding consists of the sharing of a proton 
between the proton acceptor of a molecule and the anion derived 
from the proton donor of another molecule; charge transfer 
consists of the transfer of electrons between an electron donor and 
electron acceptor of two molecules (Huyskens et al., 1991). The 
repulsion interaction is orientation-dependent and occurs when the 
electronic orbital of two approaching molecules begin to overlap 
noticeably (Israelachvili, 1991). The main contributions to the van 
der Waals interactions are: 1) electrostatic (orientation or dipole-
dipole), 2) induction (Debye or dipole-induced dipole), and 3) 
dispersion (London or induced dipole-induced dipole) interactions 
(Maitland et al., 1981). In electrostatic interactions, the rotating 
dipoles of two polar molecules interact by aligning into a favorable 
arrangement. Hydrogen bonding is no more than a particularly 
strong type of directional dipole-dipole interaction (Israelachvili, 
1991). In induction interactions, the permanent dipole of a polar 
molecule distorts the electron charge distribution of a non-polar 
molecule and an induced dipole moment is created. In dispersion 
interactions, the instantaneous positions of the electrons around the 
nucleus protons of a molecule create a finite dipole moment, which 
in turn generates an electric field that polarizes a nearby molecule, 
inducing a dipole moment in it (Israelachvili, 1991). 

It is believed that dispersion interactions affect asphaltene 
flocculation (Buckley et al., 1998; Rogel, 2000). Electrostatic and 
induction interactions, on the other hand, help stabilize the 
asphaltenes in the petroleum fluid (Moschopedis and Speight, 
1976; Bardon et al., 1996; Li et al., 1997). Murgich (2002) 
presented a comprehensive analysis on the intermolecular forces in 
aggregates of asphaltenes and resins and stated that the main 
contributions involved are the electrostatic, repulsion, and 
dispersion interactions. In this work, we will demonstrate that 
electrostatic interactions between asphaltenes and resins affect the 
precipitation. In order to understand the mechanism of asphaltene 
precipitation, it is primordial to analyze the effect of resins on 
asphaltenes and to define the main interactions involved. 

Very few studies have delved into the effect of resins on 
asphaltene precipitation. The limited studies center around the 
effect of resins on the onset point of precipitation. In addition, the 
effect of resins on asphaltene precipitation is usually assessed after 
asphaltenes have been precipitated from petroleum fluids and 
solubilized in aromatic solvents. Murzakov et al. (1981) 
investigated the micellar stability of asphaltenes in benzene 
solutions by means of gravimetric sedimentation analysis and 
found that the addition of resins (2-8 wt%) to the solution 
decreased the amount of asphaltene precipitated by n-Cy. Lian et 
al. (1994) performed nC; precipitation tests from 
asphaltene/toluene solutions and found as well that addition of 
resins to the solution decreased the amount of asphaltene 
precipitated. Hammami et al. (1998) measured the onset point of 
asphaltene precipitation at ambient temperature and high pressure 
(690 kPa) and found that addition of resins with high content of 
basic functions to the petroleum fluid increased significantly the 
onset point of asphaltene precipitation by nC;. Recently, Carnahan 
et al. (1999) reported that resins from Boscan petroleum fluid 
could increase considerably the onset point of asphaltene 
precipitation from Hamaca petroleum fluid, suggesting that resins 
from Boscan petroleum fluid are more effective than resins from 

Hamaca petroleum fluid. However, the reasons underlying this 
phenomenon were not discussed. 

Structural investigations of the resin fractions have not been 
carried out to the same extent as those of asphaltene fractions. 
Because asphaltenes and resins are two contiguous classes of 
components separated from a continuum of molecules, they may 
have a similar structure. However, the difference in size, 
aromaticity, polarity, and physical appearance confer to 
asphaltenes and resins different properties (Speight, 1999). 
Spectroscopic investigations indicate the presence of hydroxyl 
groups, as well as ester, acid, and carbonyl functions in the resin 
fractions (Speight, 1999). It has been postulated that resins contain 
long paraffmic chains with naphtenic rings and polar functions 
(Wu et al., 1998; Firoozabadi, 1999). This might confer to resins 
some of the properties of surfactants. By definition, a surfactant is 
a substance that lowers the surface tension of the medium in which 
it is dissolved (Hiemenz, 1986). Amphiphiles are the surfactants 
with molecules consisting of two parts: a polar head and a 
nonpolar long-chain hydrocarbon tail, each part has an affinity for 
different phases (Hiemenz, 1986). There have been several studies 
on the effect of amphiphiles on asphaltene precipitation. Chang 
and Fogler (1994) analyzed the effect of the structure of 
amphiphiles such as p-nonylphenol (NP) and dodecyl benzene 
sulfonic acid (DBSA) on asphaltene stabilization. They found that 
the polarity of the head and the length of the tail affect the 
effectiveness of the amphiphile and selected DBSA as the most 
effective stabilizer for asphaltenes. The effect of DBSA on 
asphaltene precipitation has been reported to be successful in some 
studies (Permukarome et al., 1997; Rogel et al., 2001; Al-Salihaf 
et al., 2002) and not so successful by others (Clarke and Pruden, 
1998). Recently, Al-Sahhaf et al. (2002) investigated the effect of 
resins and various amphiphiles on the onset point of asphaltene 
precipitation. They confirmed the observations of Chang and 
Fogler and reported the effectiveness of dodecyl resorcinol (DB) 
and DBSA amphiphiles. The same authors also reported that larger 
amounts of resins are required to produce the same effect on the 
onset point as low concentrations of amphiphiles. 

In a previous work (Goual and Firoozabadi, 2002), eight 
petroleum fluids were separated into asphaltenes, resins and oils. 
Asphaltenes were precipitated by nC; according to a modified 
Syncrude analytical method. The choice of nC; is preferred to nC? 
because the latter would leave the nCj-nCy fraction of asphaltenes 
soluble with resins. The resins were separated using two different 
methods: 1) propane precipitation, and 2) ASTM D2007 
adsorption method on attapulgus clay with different nCg/toluene 
ratios to elute oils. The dipole moment was used as a criterion for 
the determination of resins in petroleum fluids. Results showed 
that propane precipitation separates only part of the resins (the 
most polar portion). The adsorption method gives true amount of 
resins provided no toluene is used to elute oils. Material balance 
calculations reveal that the total amount of losses including the 
resins irreversibly adsorbed on the clay is less than 1 wt%. 
Because the clay may cause chemical modification of the resin 
constituents, we have compared the resins adsorbed on clay and on 
silica gel and found that the resins recovered have the same 
properties. A full description of the separation procedure is 
provided in our previous publication (Goual and Firoozabadi, 
2002). 

In a previous work (Goual and Firoozabadi, 2002), the dipole 
moment (a measure of polarity) of asphaltenes, resins and oils was 
investigated for eight petroleum fluids. The dipole moment was 
found to increase sharply from oils (0-1 D) to resins (2.4-3.2 D) to 
asphaltenes (3.3-6.9 D). The measurements show that asphaltenes 
are more polar than resins in the same petroleum fluid, however 
resins of one petroleum fluid can be more polar than the 
asphaltenes in another petroleum fluid. Polar species with a high 
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dipole moment (greater than 2 D) affect molecular interactions in 
the petroleum fluid and result in the formation of micelles. 

The main objective of this work is to examine the effect of 
resins with different concentrations and dipole moments on 
asphaltene precipitation from three petroleum fluids using nC; as a 
precipitant. Due to the complexity of interactions between 
asphaltenes and resins in a petroleum fluid, this study is conducted 
by keeping asphaltenes in their natural environment (i.e. in the 
petroleum fluid). We also study the effect of DBSA on asphaltene 
precipitation from the same petroleum fluids at different 
concentrations. The effects of resins and DBSA are compared and 
discussed. Another objective of this work is to unveil the 
differences between asphaltenes and resins in a petroleum fluid. 
Accordingly, we perform solubility tests on resins in different 
media and examine the effect of asphaltene addition to a petroleum 
fluid on precipitation from the same petroleum fluid. 

asphaltenes U on precipitation by nC; from petroleum fluid U is 
measured and compared to that of resins U. In addition, 
precipitation measurements are performed with DBSA at 
concentrations of 0.3, 0.5, 1, 3, and 5 wt% in the petroleum fluid. 
We could not determine the dipole moment of DBSA by dielectric 
spectroscopy because of strong association in toluene even at very 
small concentrations. 

Chemicals. The data for the chemicals used in this study are 
listed below. 
• n-Pentane (nC,): J. T. Baker, HPLC grade, M W = 72.15, 

purity > 99%, density at 25°C = 0.63 g / cm\ water content = 
0.01%. 

• Toluene: J. T. Baker, HPLC grade, MW = 92.14, purity > 
99.5%, density at 25°C = 0.87 g/ cm', water content = 0.05%. 

• DBSA: TCI, MW = 326.5, purity = 95%, density = 1.0 g/ 

Experimental 

We used three different petroleum fluids (data are listed in Table 
I) to investigate the effect of various resins and DBSA on 
asphaltene precipitation. The three petroleum fluids are medium 
mixed-base type and their chemical composition is provided in our 
previous paper (Goual and Firoozabadi, 2002). 

T a b l e 1. Pe tro leum f luids 

Petroleum 
fluid 

Density 
at 20°C 
(g/cc) 

API 
gravity 
atlO-'C 

Asphaltene 
wl% 

Resin 
wt% 

R/A 

U 0.8550 34 2.5 8.6 3.4 

TK 0.8520 35 1.3 7.5 5.6 

C 0.8588 33 2.3 6.5 2.8 

The resins are separated by adsorption liquid chromatography 
(ASTM D2007) from petroleum fluids C, TK, U and are named 
after the respective petroleum fluids. Table 2 presents the dipole 
moment of the resins and the corresponding nC; asphaltenes. 
Resins C have the highest dipole moment while resins U have the 
lowest dipole moment. The effectiveness of resins is evaluated 
from the onset point of asphaltene precipitation as well as the 
precipitation amount. 

Tabic 2. D ipo le m o m e n t (in D) of asphal tenes and resins 

Petroleum fluid U TK C 

nC; Asphaltenes 4.4 5.2 6.7 

Resins 2.4 2.8 3.2 

Precipitation data are measured with nC^/petroleum fluid ratios 
vai-ying from 1 wt/wt to 20 wt/wt. The resins are added to the 
petroleum fluids at three different concentrations. Prior to the 
precipitation tests, we measure the solubility of resins C in nC;, 
oils C and petroleum fluid C, as well as the solubility of resins TK 
and C in petroleum fluids TK and C, respectively. The effect of 

Equipment. The asphaltene filtration set-up consists of a 
filtration flask and fimnel connected to a vacuum pump through 
rubber tubings. To avoid solvent infiltration into the pump, a trap 
is used at a temperature of - 6 0 ° C to liquefy n-pentane in the air. 
Asplialtenes are filtered using a Whatman glass microfibre filter 
paper (7 mm diameter and 1.5 pm pore size). The weight is 
measured with a Sartorius analytical balance with an accuracy of 
0.001 g. 

Procedure. Resins and DBSA are first transferred in equal 
amounts into eight different flasks. The weight of resins and 
DBSA is measured and an appropriate quantity of petroleum fluid 
is added to each flask. The mixture is left for 24 hours then nC; is 
added in different proportions. The concentration of nC; is varied 
to provide the nCj/petroleum fluid ratios of 1,2, 4, 6 , 8 , 10, 15 and 
20 wt/wt. After standing overnight, the mixtures are filtered and 
asphaltenes are washed extensively with nC; then dissolved in 
toluene. Once the solvent is evaporated, asphaltenes are dried and 
weighed. The procedure used to measure the amount of resins 
soluble in different fluids consists of mixing resins with each fluid 
at various concentrations (from I to 20 wt%) and recording, after 
several days, the amount of resins soluble in the fluid as a percent 
of total resins. The amount of insoluble resins is measured by 
taking into account the portion of resins that remain on the wall of 
the test tube as well as the amount filtered from the petroleum 
fiuid. Note that the filtrate had the appearance of resins (brown, 
shiny and non-friable). 

Results 

We first present the results of resin solubility in different fluids. 
Once the solubility behavior of resins is defined, the effect of 
resins U, TK and C on precipitation from petroleum fluids U, TK 
and C at three concentrations is presented. To better illustrate the 
difference between asphaltenes and resins, the effect of asphaltenes 
U on nC; precipitation from petroleum fluid U is also described. 
We also measured, the effect of DBSA amphiphile on precipitation 
from all the petroleum fluids; the results are discussed and 
compared with those obtained with resins. All precipitation 
measurements are repeated a minimum of three times. 
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Resin solubility tests 

Figure 1 presents the solubihty of resins C in three different 
fluids: nCs, oils C, and petroleum fluid C. The oils C represent the 
non-volatile fraction of saturates and aromatics in petroleum fluid 
C; this fraction is only 40% of the total oils. For all the three fluids, 
the amount of soluble resins increases with the fluid concentration. 
The measurements were repeated twice and the average value is 
plotted in Figure I. For concentration higher than 90 wt% in the 
petroleum fluid and oils, resins are completely soluble, however 
resins become partially soluble for lower petroleum fluid and oils 
concentrations. Data show that when resins are mixed with a 
petroleum fluid or with oils at a concentration of 20 wt%, 14% of 
the resins are insoluble in the petroleum fluid and 6% are insoluble 
in oils. Resins are generally believed to be soluble in nCj but our 
results show that this is not the case even at a low resin 
concentration. Indeed, when 80 g of nC; is mixed with 20 g of 
resins, about 70% of the resins are soluble, that is only 14 g. 

Oils C 

X— Ftetroleum fluid C 

84 88 92 96 100 

Fluid, wt% 

Figure 1. Solubility of resins C in nC;, oils C and 
petroleum fluid C. 

Figure 2 depicts the solubilit)' of resins U, TK and C in 
petroleum fluid TK as well as the solubility in petroleum fluid C. 
Resins C are more soluble in the petroleum fluids than resins TK 
and U. In addition, resins U show the same solubilit)' behavior as 
resins TK, This may imply that resins with a high dipole moment 
are more soluble in petroleum fluids than resins with a low dipole 
moment. In all cases, additional resins revealed to be completely 
soluble in the petroleum fluid at a concentration lower than 7 wt%. 

Effect of resin concentration on asphaltene precipitation 

Figures 3, 4 and 5 show the effect of resin amounts on 
precipitation by nCj from three different petroleum fluids. Resins 
are added to each petroleum fluid at three concentrations (see 
Table 3), In Figures 3-5, the thick solid curves represent the 
precipitation of asphaltenes from the petroleum fluids without 
resin addition. 

Tabic 3. Concentrat ion of addit ional resins in pe tro leum fluids 

U, T K , and C 

Additional resins, wt% Total resins. wt% 

U TK C U TK C 

0.0 0.0 0.0 8.6 7.5 6.5 

1,9 1,7 1.6 10.5 9.2 8.1 

3 ^ 3 j 2.9 12.4 10.9 9.4 

14,7 13.0 11.5 233 2&5 18.0 

Examination of the data in Table 3 and Figure 2 suggests that 
resins added at the first two concentrations are completely soluble 
in the petroleum fluid while resins added at the highest 
concentrations are partially soluble in the petroleum fluid. Indeed, 
asphaltene precipitated upon addition of low resin concentration do 
not have the same appearance as asphaltene precipitated upon 
addition of high resin concentration. In the first case, the 
precipitate is black, shiny and friable and resembles the 
asphaltenes precipitated from the petroleum fluids without resin 
addition. In the second case, the precipitate is brown, shiny and 
non-friable which reveals the presence of some resins with 
asphaltenes. Nevertheless, high resin concentrations are considered 
in order to examine the effect on the onset point of precipitation 
and the amount of precipitate. The main observation from Figures 
3-5 is that the additional resins at low concentration increase the 
onset point of precipitation as well as the amount precipitated. The 
effect of resins on the onset point of precipitation at low 
concentration is in line with published data (Hammami et a!., 
1998; Carnahan el al., 1999). However, the increase in the amount 
of precipitation was not expected and has not been reported in the 
literature, to the best of our knowledge. Previous studies 
(Murzakov el al., 1981; Lian et ai, 1994) examined the effect of 
resins on solutions of asphaltenes in aromatic solvents. In this 
study, we examine the effect of additional resins on precipitation 
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Figure 2. Solubility of resins in petroleum fluids TK and C. 
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from petroleum fluids. Our results reveal that asphaltenes interact 
differently with resins according to the medium in which they are 
present. 

Figure 3 shows the effect of different concentrations of resins U 
on precipitation by nC; from petroleum fluid U. The increase in 
the amount of precipitation is proportional to the concentration of 
additional resins and becomes substantial (about 89% difference) 
when the total concentration of resins in the petroleum fluid is 23.3 
wt% instead of 8.6 wt% in the original petroleum fluid. On the 
other hand, the high resin concentration causes early precipitation. 
The precipitate is mainly composed of resins that are not soluble in 
the petroleum fluid (see Table 4). 

Figure 4 portrays the effect of different concentrations of resins 
TK on precipitation by n Q from petroleum fluid TK. The same 
behavior as in Figure 3 is observed; the maximum precipitation of 
3.3 wt% occurs with 13 \vt% additional resins TK as compared to 
1.3 wt% in the original petroleum fluid. At the high concentration, 
precipitation occurs upon resin addition. 

Figure 5 depicts the effect of different concentrations of resins C 
on precipitation by nC; from petroleum fluid C. One can observe 
the high slope of the precipitation curve with the addition of small 
concentrations of resins, which increases the uncertainty in the 
reading of the onset points. Nevertheless, the effect of resins in 
increasing the onset point of precipitation is not substantial at low 
resin concentration. Also, the amount of precipitation does not 
increase appreciably with the addition of 11.5 wt% resins. At this 
concentration, the percent of soluble resins in the petroleum fluid 
is 99% for resins C and 97.5% for resins TK and U, leading to 0.29 
\vt% precipitated resins TK and U and 0.115 wt% precipitated 
resins C in petroleum fluid C as shown in Table 4. In other words 
with low resin concentration, the onset is moved to the right in 
Figure 5, however at high concentration the onset is moved to the 
left, similar to the results in Figures 3 and 4. This is also the first 
report in the literature of the effect of resins at high concentration 
on the onset point of precipitation. 

Effect of various resins on asphaltene precipitation 

Figures 6, 7 and 8 present the effect of additional resins on 
precipitation by nC; from three different petroleum fluids at 
different concentrations (see Table 3). 

Figure 6 presents the precipitation results for petroleum fluid U 
after addition of various resins at two concentrations. The 
maximum increase in precipitation amount is with resins U and the 
minimum increase is with resins C. Thus, resins with a high dipole 
moment result in less precipitation than resins with a low dipole 
moment. In addition, the onset point of precipitation is higher upon 
addition of resins C and it is lower upon addition of resins TK and 
U. This suggests that resins with high dipole moment are more 
effective than resins with relatively low dipole moment in 
increasing the onset point of precipitation at low resin 
concentrations. 

Figure 7 presents the precipitation results for petroleum fluid 
TK by the addition of resins at two concentrations. The same 
correlation between the amount/onset point of precipitation and the 
dipole moment of resins is found as with petroleum fluid U. At the 
two concentrations of resins, comparable effects on the amount of 
precipitate are observed for resins U and TK and for resins C; the 
highest amount of precipitate corresponds to addition of resins 
with the lowest dipole moment (i.e. resins U). The effect of resin 
dipole moment on the onset point is also noted. A gradual increase 
in the onset point is obtained with increasing dipole moment of 
resins and a maximum value of about 1.8 wt/wt is found upon 
addition of 1.6 wt% of resins C as compared to 0.3 wt/wt in the 
original petroleum fluid. 

Figure 8 depicts the precipitation results for petroleum fluid C 
after addition of resins at two concentrations. Petroleum fluid C 
contains approximately the same amount of nC, asphaltenes as 
petroleum fluid U; however, the effect of resins on the two 
petroleum fluids is different. The first observation is the contrast in 
the amount of precipitation between resins TK and U and resins C. 
Addition of 11.5 wt% resins C to petroleum fluid C slightly 
increases the amount of precipitation, however the amount 
becomes significant with resins TK and C and reaches 4.9 wt% 
with resins U. It is also found that resins U do not affect much the 
onset point of precipitation when added at low concentration. 

Comparison of the results reveals that the difference in the 
amount precipitated with the addition of resins at low 
concentration increases from petroleum fluid U to petroleum fluid 
TK to petroleum fluid C as shown in Figure 9. Thus, the increase 
in precipitation is more pronounced when the dipole moment of 
asphaltenes in the petroleum fluid is high. On the other hand, 
resins C (with the highest dipole moment) are the most effective 
with respect to the change on the onset point of precipitation in all 
petroleum fluids, and result in the least increase in precipitation. 

Effect of additional asplialtenes on asphaltene precipitation 

Figure 10 shows the effect of adding asphaltenes U on 
precipitation from petroleum fluid U. Results are shown for two 
concentrations of additional asphaltenes: 0.6 wt% and 4.8 wt %. 
For comparison purposes, we also include in the same figures the 
results of resin addition at two concentrations: 1.9 wt% and 14.7 
wt%. In Figure 10, the addition of 0.6 wt% of asphaltenes 
increases the amount of nC; precipitate from 2.5 to 3.3 wt%, which 
is 12% higher than the amount precipitated with the addition of 1.9 
wt% of resins. For higher concentration of asphaltenes (i.e. 4.8 
wt% asphaltene increase), results are substantially different. Prior 
to nC; dilution, only 44% of additional asphaltenes are soluble in 
the petroleum fluid, that is 2.1 wt%. The amount of precipitate by 
nC; is about 7.5 wt%, almost three times higher than the original 
amount in the petroleum fluid and considerably higher than the 
amount obtained with the addition of 14.7 wt% of resins. The 
addition of asphaltenes and resins at low concentration to a 

Table 4. Resin precipitat ion f rom petro leum f luids U, T K and C 

Petroleum fluid U 

Additional resins 

U TK C 

Petroleum fluid TK 

Additional resins 

U TK C 

Petroleum fluid C 

Additional resins 

U TK C 

Additional resins, wt% 14.7 14.7 14.7 13.0 13.0 13.0 11.5 11,5 11.5 

Petroleum fluid, wt% 85.3 85J 85.3 834 834 834 8&5 8&5 8&5 
Resin precipitate 

% of additional resins* 4.0 4.0 2.0 4.0 4.0 2.0 2.5 2.5 1.0 

&59 0 ^ 9 0.52 052 0 29 0.115 

* Determined from Fig. 2 
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Figure 3. Precipitation by nCg from petroleum fluid U for various concentrations of resins U. 
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Figure 4. Precipitation by nCs from petroleum fluid TK for various concentrations of resins TK. 
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Figure 5. Precipitation by nCs from petroleum fluid C for various concentrations of resins C. 
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Figure 6. Precipitation by nCs from petroleum fluid U for various additional resins. 
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Figure 7. Precipitation by nCs from petroleum fluid TK for various additional resins. 
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Figure 8. Precipitation by nCs from petroleum fluid C for various additional resins 
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petroleum fluid has an opposite effect on the onset point of 
asphaltene precipitation. These observations along with solubility 
analyses corroborate the differences between asphaltenes and 
resins in the petroleum fluid. 

Effect of DBSA on asphaltene precipitation 

Figures 11-13 present the effect of DBSA on asphaltene 
precipitation from petroleum fluids U, TK and C, respectively. For 
each petroleum fluid, five precipitation measurements are made 
with nC, at different concentrations of DBSA. During our 
experiments, visual observations indicate that the amount of 
resinous material in the precipitate decreases when the 
concentration of DBSA is increased in the petroleum fluid. At 5 
wt% DBSA in the petroleum fluid with an excess of n Q , very 
small dark black and dispersed particles deposit on the bottom of 
the flask. The filtration of the precipitated solid does not require 
extensive washing with nC, indicating that the precipitate is almost 
resin-free. 

Figure 11 presents the effect of DBSA on asphaltene 
precipitation from petroleum fluid U. It appears that the amount of 
precipitate depends on the concentration of DBSA in the 
petroleum fluid. At concentrations less than 1 wt%, the effect is 
similar to that of resins. Addition of 0.3, 0.5 and 1 wt% DBSA 
increases the amount of precipitate from 2.5 wt% to approximately 
3 wt%. At these concentrations, the onset point of precipitation 
increases slightly with the concentration of DBSA. However, for 
concentrations above 1 wt%, the effect of DBSA on precipitation 
is different. The precipitation amount decreases with DBSA 
concentration to only 2.4 wt% when using 5 wt% aniphiphile. 
Moreover, increasing the concentration of the amphiphile above 1 
wt% has a significant effect on the onset point of precipitation. 
DBSA concentration of 3 and 5 wt% increases the onset point of 
precipitation from 0.4 wt/wt, to about 1.6 and 3.3 wt/wt, 
respectively. Thus, DBSA is a suitable stabilizer for asphaltenes at 
high concentrations. 

Figure 12 presents the effect of DBSA on asphaltene 
precipitation from petroleum fluid TK, which follows the same 
pattern as in petroleum fluid U. At 1 wt% DBSA concentration in 
the petroleum fluid, the increase in the amount of precipitation is 
maximal and is almost two times higher than the original amount 
in the petroleum fluid. Conversely, a concentration of 5 wt% 
DBSA reduces precipitation considerably to 1.52 wt%, only 10% 
higher than the original amounts. As for the onset point of 
precipitation, DBSA shows high stabilization towards asphaltenes 
at increasing concentrations. The onset point increases 
significantly from 0.3 to 3.6 wt/wt at 5 wt% DBSA. 

Figure 13 shows the effect of DBSA on asphaltene precipitation 
from petroleum fluid C. The effect of DBSA on precipitation is 
similar to that in petroleum fluid U. At different concentrations, 
the variation in precipitation is not high. The precipitation data are 
very close to each other especially when the concentration of 
DBSA is less than I \vt%. In addition, the data show 
approximately the same onset point of precipitation. However at 3 
wt% and 5 wt% DBSA, the onset point is increased from 0.05 
wt/wt, to about 0.5 and 1 wt%, respectively. 

Comparison of the amount of precipitation from the three 
petroleum fluids is presented in Figure 14. One can observe the 
increase in precipitation with increasing concentration of DBSA 
amphiphile first and then decrease in precipitation. Differences 
with original amounts are approximately the same for petroleum 
fluids U and C, but much higher for petroleum fluid TK. 
Furthermore, for DBSA concentration less than 1 wt%, the effect 
of DBSA on precipitation is similar to that of resins and it is likely 
that the interaction of DBSA and resin molecules are the same 
with other species. However at greater concentrations, due to their 

high polarity, DBSA molecules may interact with themselves and 
with resins and asphaltenes through a different mechanism. The 
reasons underlying the effect of DBSA amphiphile on asphaltenes 
in petroleum fluids are the subject for future studies. 

Electrostatic vs. London interactions 

A new finding in this work from the effect of dipole moment of 
resins and asphaltenes on precipitation is that, the electrostatic 
interactions may not be negligible. Let us calculate the relative 
contribution of the electrostatic and dispersion interactions 
between asphaltene molecules in a solvent medium using the van 
der Waals interaction energy U given by (Israelachvili, 1991), 

3̂ 7 & (1) 

and between asphaltene and resin molecules in a solvent medium 
given by (Israelachvili, 1991), 

r G.-g,) 
/ \ 

(2) 

where the subscripts a, r, and ^ refer to asphaltenes, resins and 

solvent, respectively, s is the dielectric constant, n is the 

refractive index, R is the molecular radius, r is the distance 

between polar molecules (asphaltenes or resins) and solvent 

interacting molecules, k is the Boltzmann constant, h is the Planck 

constant, T is the absolute temperature and Vg is the absorption 

frequency. The product h i/, is called ionization potential /, and a 

typical value of I in the UV range is 2x10"'® J (Israelachvili, 1991). 
We assume here that asphaltenes, resins, and the solvent medium 
have the same absorption frequency. In the brackets, the first term 
in the right-hand side of Eqs. (1) and (2) represents the 
electrostatic interactions and the second term represents the 
London dispersion interactions. We will calculate the contribution 
of each term in the total van der Waals interactions and compare 
them. At a temperature of 298 K, the dielectric constant of 
asphaltenes can be as high as 18.0, and the refractive index is 
approximately equal to 1.7, the dielectric constant of resins is 
about 4.5, and the refractive index is equal to 1.6, the dielectric 
constant and refractive index of the petroleum fluid are 
approximately equal to 2.0 and 1.49, respectively (Goual and 
Firoozabadi, 2002). If we consider these values in Eqs. (I) and (2) 
then the first term in the right-hand side representing electrostatic 
interactions is equal to 0.65x10'^° J in Eq. (I) and 0.26x10'^° j in 
Eq. (2), and the second term representing London dispersion 
interactions is equal to 1.96x10'^° J in Eq. (1) and 1.036x10"^° J in 
Eq. (2). The sum of these two terms is equal to 2.61x10'^° J and 
1.29x10"^° J in Eqs (1) and (2), respectively, and the ratio of the 
first term (electrostatic interaction) to the sum of the two terms is 
0.25 for Eq. (1) and 0.20 for Eq. (2). Thus, electrostatic 
interactions represent 25 % of the total van der Waals interactions 
between asphaltene molecules, and 20 % of the total van der Waals 
interactions between asphaltene and resin molecules; which is 
significant and cannot be neglected. 
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Figure 11. Precipitation by nCs from petroleum fluid U for various concentrations of DBSA. 
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Figure 12. Precipitation by nCj from petroleum fluid TK for various concentrations of DBSA. 
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Conclusions 

Based on tlie extensive and careful measurements reported in 
the paper, we draw the following conclusions. 
1. Addition of resin to a petroleum fluid increases the amount of 
precipitation. Reported data in the literature indicate that resins 
decrease the amount of asphaltene precipitation. The effect of 
vaj'ious resins on precipitation depends on the resin dipole 
moment. Resins with a high dipole moment do not increase the 
amount of precipitation significantly. 

2. The increase in precipitation upon resin addition is more 
pronounced when the dipole moment of asphaltenes in the 
petroleum fluid is high. 
3. The addition of the DBSA amphiphile on precipitation by nC, 
shows two different trends on the amount of precipitation. At low 
concentrations of DBSA, the amount of precipitation increases 
with increasing amphiphile concentration. This trend reverses 
with higher concentration (that is, as DBSA concentration 
increases, the amount of precipitation decreases). Therefore, before 
a certain concentration, the amphiphile is not effective. 
4. Electrostatic interactions between polar molecules such 
asphaltenes and resins in a solvent medium may not be negligible 
in comparison to dispersion interactions. 
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