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Solubility Fractions in Asphaltenes

Keith L. Gawrys! George A. Blankenship, and Peter K. Kilpatrick*

Department of Chemical and Biomolecular Engineering, North Carolina Statedusity,
Raleigh, North Carolina 27965-7905

Receied July 5, 2005. Résed Manuscript Receéd January 12, 2006

Asphaltenes from B6, Canadon Seco (CS), and Hondo (HO) crude oils were separated on a preparatory
scale into 26-30 so-called “fine fractions” by sequential precipitation from mixtures-beptane and toluene.
Chemical analyses were performed to measure the carbon, hydrogen, nitrogen, sulfur, oxygen, and trace metals
contents of the fractions. Small-angle neutron scattering (SANS) was performed on fractions dissolved or
dispersed in mixtures of toluerteor methylnaphthalend) and methanoti to determine the average aggregate
size. Statistical analyses were performed to calculate the weighted moments of each elemental parameter
assuming that the data were “normally” distributed. High values of the standard deviation and skewness because
of the early precipitation of metal oxides and inorganic salts suggested that a Gaussian distribution was
inappropriate to describe the behavior of most metals. H/C, N/C, and S/C ratios in B6 and HO asphaltenes
appeared to obey a Gaussian distribution, with mean values approximating the average values for the whole
asphaltenes. For CS asphaltenes, the initial 10% of precipitated material was generally less aromatic than the
remaining fractions. Coefficients of linear correlation were calculated for the chemical composition, solubility,
and aggregate size parameters and provided a statistical means of determining the properties of the asphaltene
fractions that promoted aggregation and precipitation. Polar and hydrogen-bonding interactions appeared to
be more important than dispersion interactions in the precipitation of B6 and HO asphaltenes. In particular,
interactions of metalloporphyrins appeared to play a key role in the asphaltene aggregation mechanism. On
the other hand, dispersion interactions likely dominated the solubility of CS asphaltenes.

Introduction production, such as by the turbulent flow of fluids up a bore

. . hole, with the addition of “wash water” during the desalting
The tendency of petroleum asphalte_r1e§ to associate in SO|Ut_'0noperation, and by wave agitation of crude oil spills on wétét.
and adsorb at interfaces can cause significant problems duringrhe propensity of asphaltenes to adsorb at interfaces is related
the pdeUqllOE, recovery, pipeline transportation, and refining (5 the extent of asphaltene aggregation and the solvating power
of crude oil:~* For example, a common method of increasing o the crude oil mediad Asphaltenes maintain a delicate balance
oil produgthn involves the injection of miscible agents (€.9., petween solvency, aggregation, and interfacial activity in
carbon dioxide or natural gas) into underground reserves t0 g tion that must ultimately be related to the chemical

displace the oil. This practice may result in the formation of ,mnosition and molecular architecture of the participating
asphaltene deposits that tend to plug up the reservoir wells and;qmnonents.

pipelines!-212Similarly, asphaltene-stabilized water-in-crude oil

(Wo) emulsions are formed during various stages of the Asphaltenes are defined as the portion of crude oil insoluble

in light n-alkanes (e.g.n-heptane on-pentane) but soluble in
aromatic solvents (e.g., benzene or toluériefhe quantity,
chemical composition, and molar mass distribution of the
asphaltene “solubility class” varies significantly with the source
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Asphaltenes are polydisperse in chemical composition, with  Several of the above-described problems encountered during
typical atomic H/C ratios varying between 1.0 and 1.3 and N, petroleum production may be related to or predominantly
S, and O contents of a few weight percém®25 Fourier contributed to by a particular fraction of the total asphaltenes.
transform infrared spectroscopy (FTIR) studies have shown thatSeparation of the total asphaltenes into fractions is often
sulfur is evenly distributed among the acidic, basic, and neutral motivated by an attempt to probe the relationship between the
fractions of asphaltené§.2° X-ray absorption near-edge struc- chemical composition, solubility, aggregation behavior, and
ture spectroscopy (XANES) reveals that sulfur exists predomi- emulsion-stabilizing properties of discrete portions of the
nantly as thiophenic heterocycles and sulfidic grotfpghe asphaltene fraction. Previous methods of separating asphaltenes
thiophenic groups are only slightly polar and are not likely to into fractions include gel-permeation chromatografthge-
contribute to intermolecular associations, such as hydrogen-quential elution solvent chromatograpfiy,liquid—liquid
bonding. XANES studies also indicated the presence of small extraction’?-# dialysis fractionatior?® ultracentrifugatiort® and
quantities of sulfoxides in asphaltenes obtained from biode- precipitation by the addition of flocculantg?1:32,34,35,42,4750

graded or partially oxidized crude oils. Unlike sulfur, oxygen-  Two different experimental methods are common for the
and nitrogen-containing moieties in asphaltenes are generallyseparation of asphaltenes into fractions by precipitation and will
polar and capable of participating in strong intermolecular be referred to as the “coarse” and “fine” fractionation methods.
associations. For example, FTIR and XANES spectroscopy The solvent/antisolvent combination used and exact procedure
reveal several polar functional groups, such as carboxylic acids,for the isolation of the precipitated asphaltenes generally varies
carbonyls, phenols, pyrroles, and pyridines, that are capable ofpetween researchers; however, in both methods, the total
participating in proton doneracceptor interaction®.3!32 asphaltene fraction is typically dispersed in a “good” solvent
Sjoblom and co-workers used diffuse reflectance FTIR to show (e g., toluene) at a fixed solute concentration and a flocculating
that the interfacially active components of fractionated asphalt- solvent (e.g.n-heptane) is added to induce partial precipitation.
enes contained significant concentrations of acidic and open-puring a coarse fractionation, two asphaltene fractions (i.e.,
chain carbonyl groups that introduce a strong hydrogen-bondinginsolubles and solubles) are isolated by asphaltene precipitation
contribution to the mechanical film strength and prevent water- at a given solvent condition. Typically, the ratio of flocculant/
droplet coalescencg. solvent is varied, so that several pairs of more and less soluble
Various metals (e.g., Ni, V, Fe, Al, Na, Ca, and Mg) have fractions are isolated. For example, Yarranton and Masliyah
also been shown to accumulate in the asphaltene fraction ofstudied the solubility behavior and molar mass distribution from
crude oil, typically in concentrations much less than 1% vapor-pressure osmometry (vpo) and interfacial tension mea-
(wiw).1317:3435vanadium and nickel are generally the most surements of several Athabase&; asphaltene coarse fractions
abundant of the trace metals, are present to some extent agrecipitated from mixtures af-hexane and toluerf€ Andersen
chelated porphyrin complexes, and have been linked to catalystet al. isolated several coarse fractions of Bose&h asphaltenes
poisoning during the upgrading of heavy cifs38 The con- by precipitation in mixtures ofn-heptane and toluerf@:A°
centrations of Fe, Al, Na, Ca, and Mg have also been reported Spiecker et al. studied the solubility and aggregation behavior
to vary in deposits as a function of well deptland among by small-angle neutron scattering (SANS) of coarse asphaltene
asphaltene fractions:3> fractions precipitated from various parent asphaltenes by a
similar proceduré? In each of the above studies, the relative
(22) Bergmann, U.; Groenzin, H.; Mullins, O. C.; Glatzel, P.; Fetzer, J.;  aromaticities, N/C contents, and aggregate sizes (in toluene or

Cr?g;réss'tg’&;éﬁsﬂ' Le§3|?0|528<?4czr12i}1186|§r'1967 12 4773 pyridine) of the less soluble fractions generally decreased with
(24) Boduszynski, M. MPrepr. ACS Di. Pet. Chem1985 30, 626. an increasing yield of precipitated asphaltenes (i.e., at higher

(25) Boduszynski, M. MEnergy Fuels1988 2, 597. flocculant/solvent ratios). Sulfur and oxygen contents were
(26) McKay, J. F.; Harnsberger, P. M.; Erickson, R. B.; Cogswell, T typically distributed evenly throughout the fractions. Further-

E';(Iz‘?;hﬁ?ka% ?_F;?figﬁdﬁoﬁll}_'. Harnsberger, P. M.; Cogswell, T. E.; MOre, the less soluble fractions were generally more aromatic,

Latham, D. R.Fuel 1981, 60, 14. had a higher N/C content, and formed larger aggregates in
(28) McKay, J. F.; Latham, D. R.; Haines, W. Euel 1981, 60, 27. toluene and pyridine than the more soluble fractions.
(29) Boduszynski, M. M.; McKay, J. F.; Latham, D. Rroc. Assoc. . . .
Asphalt Paing Technol.198q 49, 123. Instead of generating only two fractions, one of which

(30) Mullins, O. C. Sulfur and Nitrogen Molecular Structures in  represents at least half of the original asphaltenes by mass, the

Asphaltenes and Related Materials Quantified by XANES Spectroscopy. fine fractionation procedure here separates the total asphaltenes
In Asphaltenes: Fundamentals and Applicationdullins, O. C., Ed.;

Plenum Press: New York, 1995 p 53. into several discrete fractions by a stepwise increase in the
(31) Mitrakirtley, S.; Mullins, O. C.; Vanelp, J.; George, S. J.; Chen, J.; concentration of the flocculating solvent. During each precipita-
Cramer, S. PJ. Am. Chem. Sod993 115, 252. tion step, a small amount of asphaltene material is precipitated

(32) Buenrostro-Gonzalez, E.; Andersen, S. |.; Garcia-Martinez, J. A.;
Lira-Galeana, CEnergy Fuels2002 16, 732.
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sions from the Norwegian Continental Shelf Part\Diffuse Reflectance 1709.
Fourier Transform Infrared Characterization of Interfacially Active Fractions (41) Jacobs, F. S.; Filby, R. Hruel 1983 62, 1186.
from North Sea Crude Oil. liEmulsions: A Fundamental and Practical (42) Andersen, S. I.; Keul, A.; Stenby, Pet. Sci. Technoll997, 15,
Approach Sjoblom, J., Ed.; Kluwer Academic Publishers: Dordrecht, The 611.
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Table 1. Hansen Partial Solubility Parameter Values of Selected Table 2. Crude Oil and Whole Asphaltene Properties
4
Solvents weight% RIA  viscosity  HIC NIC  HIC

solvent o0q (MPa}2  op (MPa}?2 o (MPaj?2 o (MPa)2 crude asphaltene ratio (cP), 100°F asphaltene asphaltene resin
n-pentane 14.5 0.0 0.0 14.5 B6 13.1 0.92 2030 1.22 0.0201 151
n-heptane 15.3 0.0 0.0 15.3 CS 7.5 1.19 70 1.11 0.0190 1.39
toluene 18.0 1.4 2.0 18.2 HO 14.8 1.39 363 1.24 0.0236 1.51
acetone 155 10.4 7.0 19.9
methylene 18.2 6.3 6.1 20.2

chloride

contents, while dispersion interactions dominated the solubility
and isolated, the soluble filtrate is recovered, and the next behavior at high acetone contents and for the heptane/toluene

fraction is precipitated after a change in solvent conditions. The fractions. Similar fractionations performed by Fogler and co-
major difference between the coarse and fine fractionation Workers were completed by sequentially increasing the amount
methods is that the coarse fractions that precipitated at higher©f n-pentane flocculant to a mixture of Mobil and Venezuelan
flocculant contents likely contain the entire subset of chemical N-Cr asphaltenes in methylene chioritfé’ Marked differences
species present in fractions precipitated at lower flocculant in Physical appearance, crystallinity, and solubility behavior (in
contents; whereas each fine fraction should represent the discretélodecylbenzene sulfonic acid) were observed between the most
subset of asphaltenes that precipitate within the range of two polar qnd least polar fractlons..SlmllarIy, t.he more polar fractions
solvent conditions. For example, Yang et al. isolated six had h|gher metals contents (i.e., Fe, Ni, and V) than the least
asphaltene fractions from Athabasca bitumen by stepwise Polar fraction. o _
increasing the ratio oh-heptane/bitumen (H/B¥ The first In the current study, the fractionation of asphaltenes is
fraction to precipitate was the most aromatic and had the highestexpanded to the isolation of 2(B0 asphaltene fine fractions
concentration of Fe, Ca, Mg, and Al. The atomic H/C ratio was Per crude oil [i.e., Hondo (HO), B6, and Canadon Seco (CS)],
observed to increase, and metalloporphyrin contents decreas&Vith typical fractions representing-1-18% of the total
systematically as the fractionation proceeded (i.e., at higher H/B @Sphaltenes by mass. The various fine fractions were isolated
ratios). Unlike the previous analyses of coarse fractions by DY precipitation of asphaltenes from mixturesnetieptane and
SANS and vpd348no significant variations in aggregate molar toluene. Combustion elemental analyses and ICP metals _analyses
mass were observed by vpo for the fractions dissolved in tolueneWere performed to measure the carbon, hydrogen, nitrogen,
at 50 °C. Groenzin et al. isolated six fractions @ECs sulfur (B6 only), oxygen (B6 only), and trace metals contents
asphaltenes by sequential precipitation in mixtures-péntane ~ ©f each fraction. SANS measurements were performed on all
and toluené! Fluorescence depolarization measurements on Of the HO and B6 fractions dissolved in mixtures of toluehe-
solutions of the asphaltene fractions in toluene indicated that (0r methylnaphthalend) and methanott. The objective of the
the less soluble fractions emitted at higher wavelengths thanPreparatory-scale separation of the asphaltenes into several
more soluble fractions, possibly suggesting that the less solublediscrete fractions and subsequent analyses was to identify the
fraction contained a higher population of larger chromophores. SPecific chemical properties responsible for asphaltene precipita-
Asphaltene precipitation at a given solvent condition may be tion at a given solubility parameter.
related to specific intermolecular forces (i.e., dispersion, polar,
and hydrogen bonding) using the multicomponent solubility Experimental Section
parameter concept 53 Table 1 compares the Hansen partial
solubility parameters for Sek_actt_ed solv_ents, includir_fgaptan(_e, identified as B6, HO, and CS. HO and B6 crude oils were obtained
n-pentane, and toluerfé As indicated in the table, increasing  from off-shore California. CS crude oil was obtained from
the amount ofn-heptane om-pentane flocculant during the  Argentina. The crude oils were asphaltene-rich and varied in
above-described fractionation experiments mainly varied the viscosity, resin/asphaltene (R/A) mass ratio, and asphaltene chemical
dispersion contribution to the overall solubility parameter. composition. Physical and chemical properties of the crude oils
Buenrostro-Gonzalez et al. compared the chemical compositionand isolated asphaltenes are summarized in Table 2. Asphaltene
of fractions isolated by stepwise increasing the amount of isolation and fractionation experiments were performed using
flocculant (i.e., acetone ar-heptane) added to a 2.3% (w/w) toluenen-heptane, and methylene chloride (HPLC grade) obtained
solution of Mayam-C; asphaltenes in toluer# The replace- from Fisher Scientific. The deuterated solvents used in SANS
ment ofn-heptane with acetone introduced significant polar and gxperlmer;)ts .("ed' ftoluecruéﬁln?thylnaphtha:jler?dé-ggg /mﬁthaﬂ‘)';
hydrogen-bonding contributions to the solvent character. A total ) were obtained from sotopes and ad9.9% chemica

£10 di fracti isolated f h sol . purity and>99.5% perdeuteration.
0 Iscrete fractions were Isolated for each solvent mixture, Asphaltene Precipitation. Asphaltenes were precipitated from

but not enough material was precipitated during the first few the corresponding source crude oils by the addition of excess
fractionations (l.e., the least soluble asphaltene fraCtlonS) to n-heptane (401, V/V). The crude mﬂheptane mixtures were
perform subsequent chemical analyses. There were no apparerdubjected to 24 h of constant, gentle shaking to ensure that all of
trends in atomic H/C, N/C, S/C, or O/C with the order of the material was completely dispersed. After this equilibration
fractionation for the heptane/toluene fractions analyzed. Simi- period, the precipitated asphaltenes were removed by vacuum
larly, there were no apparent trends in atomic H/C, N/C, or S/C filtration through 15 cm diameter, 15n Whatman 934-AH glass

for the acetoneftoluene fractions; however, the O/C content microfiber filter paper. The filter_c_ake was rinsed with an excess
appeared to increase continuously from the third to sixth fraction, ©f n-neptane to remove coprecipitated maltenes. The filter cake
These results suggested that polar and hydrogen-bondin (i.e., precipitated asphaltenes) was completely dissolved from the

int " dominated th lubility behavi £ i Yilter paper and recovered in a different collection flask by the
interactions dominate € Solubility behavior at Iow acetone ,qgition of excess methylene chloride under partial vacuum. Most

. of the solvent was removed from the asphaltene solutions by rotary
(51) Redelius, PFuel 200Q 79, 27 fth lvent df th halt lut by rot
(52) Karlsson. R - 1sacsson lﬁne}gy Fuel2003 17, 1407. evaporation under partial vacuum at 20. Once nearly dry, the
(53) Redelius, PEnergy Fuel2004 18, 1087. ’ asphaltenes were moved into a nitrogen-flushed vacuum oven at

(54) Hansen, C. MHansen Solubility Parameters: A User's Handbpok 50 °C for 24 h. The dry asphaltenes were transferred to glass jars
CRC Press: Boca Raton, FL, 1999. and stored under argon to prevent oxidation. The asphaltenes that

Materials. Asphaltenes were isolated from three crude oils
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Filter &
Dry

Figure 1. Schematic representation of the fine fractionation procedure for the preparatiofraitions. Whole asphaltenes (W) are dispersed in
mixtures of heptane and toluene (H/T) at a fixed solute concentration. After filtration of the equilibrated solution, the filter cake (P1)t@nd filtra
(S1) are recovered and dried. The S1 fraction is dispersed in a H/T mixture with a higher heptane volume fraction to recover a second precipitated
fraction (P2). The sequential fractionation of the soluble fraction (S2) continues\ufrictions are isolated. The final precipitated fraction (PN)

and soluble fraction (SN) are isolated from pure heptane.

S1& H/T

1% (w/w)
Solution

1% (w/w)
Solution

1% (w/w)
Solution

were isolated from the crude oils by the above method will be described procedure for asphaltene precipitation. The precipitated
referred to as the “whole” asphaltenes for the remainder of the text. asphaltenes became the first fine fraction, P1. The soluble asphalt-
Desalting of B6 Asphaltenes.The whole B6 asphaltenes enes were recovered from the filtrate (S1 fraction) by rotary
precipitated according to the above procedure were suspected taevaporation and dried in a nitrogen-flushed vacuum oven 4€50
contain coprecipitated inorganic salts, because the source crude oifor 24 h. The S1 fraction was then dispersed in a mixture of toluene
was sampled from the bottonf @ 5 gallon drum containing a  and n-heptane containing a higher concentration of flocculant
mixture of crude oil and sedimented seawater. Spiecker et al. according to the above procedure, such that anoth@94 of the
observed a relatively high concentration of sodium in whole B6 whole asphaltenes was precipitated. The fractionation procedure
asphaltenes (9300 ppm) and a fraction of B6 asphaltenes that wasontinued using progressively manéheptane as a flocculant until
insoluble in 60:40n-heptane/toluene (25 000 ppm) obtained from 20—30 fine fractions were isolated. During the final fractionation
the same crude oil source used in this sttidyhe Na content in step, the soluble asphaltenes from the previous fraction were
the whole B6 asphaltenes was reduced from 9300 to 35 ppm by dispersed in pur@-heptane to obtain a precipitated fraction (i.e.,
extracting a crude oil/methylene chloride mixture with deionized PN in Figure 1) and am-heptane-soluble fraction (i.e., SN).
water prior to the asphaltene precipitation. The reduction in Na  chemical Characterization. The B6 asphaltene fractions were
content suggested that the B6 asphaltenes contained either COgparacterized by combustion elemental analysis (carbon, hydrogen,
precipitated inorganic salts (e.g., NaCl) or water-soluble soaps of nitrogen, sulfur, and oxygen) at the University of Alberta (Depart-
corresponding carboxylic acids. In this study, a similar Qesalting ment of Chemistry, Edmonton, Alberta, Canada) using a Carlo Erba
procedure was followed for the whole B6 asphaltenes prior to the jngirment. The HO and CS asphaltene fractions were characterized
fine fractionation steps. Whole B6 asphaltenes were dissolved in by combustion elemental analysis (carbon, hydrogen, and nitrogen)

mtleth_ylen(? Hcg:o-pﬁe @ g/_lOO gﬂ-) and exr:racted With a O'.l '\l/ldat Nalco Energy Services (Sugar Land, TX). Metals analyses for
solution o - The organic and aqueous phases were Intermingled.,;| ot the asphaltene fractions were performed at the Nalco Energy
in a 500 mL separatory funnel in a 1:1 ratio (v/v). The addition of Services using a Jerrel Ash 9000 by the ICP technique

HCI was expected to increase the surface area of contact between SANS. Solutions with a mass concentration of 1% (W/.W) were
the organic and aqueous phases by the formation of a weak emulsion : . . . ) 7o WA

that could be broken by gravity settling. After the acid extraction, prepared by dissolving various asphaltene fine fract|0n§ in mixtures
the organic phase was extracted with deionized wated).(3he of toluened, methylnaphthalend; and methanot. During the
whole B6 asphaltenes were recovered from the organic phase byszréwpéetpr(teﬁargtlon, toLueltmhar metr:jyltr;]aphtr}alf_endwas |n|tga_1lly ed t
rotary evaporation of the methylene chloride solvent and subsequen2¢t€d 10 the dry asphaitenes and the solution was subjected to

drying in the vacuum oven according to the procedure described €Onstant, gentle shaking until the asphaltenes were completely
ab);vg. g P dissolved. Upon dissolution of the asphaltenes, methdneis

Asphaltene Fine Fractionation. The whole HO, CS, and added to the solution.s. The solutiqns were allowed to quilibrate
desalted B6 asphaltenes were further separated into several fractionfQ" @t least 1 week prior to performing the scattering experiments.
by sequential fractionation in mixtures ofheptane and toluene. ~ SANS measurements were performed on all of the HO fine fractions
A schematic representation of the fine fractionation procedure is in 90:10 toluene/methanold (v/v), all of the B6 fine fractions in
shown in Figure 1. During the fractionations, approximately 20 g 90:10 methylnaphthalerg/methanold (v/v), and the most soluble
of whole asphaltenes were dissolved in the toluene solution such30% (W/w) of the B6 fine fractions in toluer-In previous studies,
that the total asphaltene concentration was 1% (w/w) after flocculant it was observed that the addition of a small amount of methenol-
addition. Upon dissolution in toluene, enougheptane was added  t0 solutions of asphaltenes in toluedger methylnaphthalend)
to the solution to induce partial precipitation of approximately Was sufficient to disrupt interactions between polar_heteroatoms
1-2% of the whole asphaltenes. The asphaltene solutions wereWithin the aggregates and reduce the aggregate>sidecause
subjected to 24 h of constant, gentle shaking to allow for

equilibration of the samples. The precipitated asphaltenes were (55) Gawrys, K. L.; Kilpatrick, P. KJ. Colloid Interface Sci2005 288,
isolated by vacuum filtration and recovered similarly to the above- 325.
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wob T ] Table 3. Elemental Composition ofn-Heptane-Soluble Asphaltene
L Fractions
L parameter B6 Cs HO
z 80 L H/C 1.45 1.35 1.46
E F N/C 0.013 0.013 0.019
% ol ] siC 0.026 nd nd
S L o/C 0.021 nd nd
2 F Na/C 2x 10°° 4x10°° 2x10°°
g ol ] Ca/C 5x 1075 3x 1075 4x 1078
=) L KIC 1x10°5 3x10°° 1x10°5
b - Mg/C 2% 10°° 2x10° 2x10°
’:- 20'_ ] VvIC 6 x 104 1x10° 2x 107
= | Al/C 3x10°° 4x10° 3x10°
Fel/C 2x 1075 2x 105 4x 1075
0'_ ] Ni/C 4x10°° 6 x 10°6 6 x 10°°
15.0 15.5 16.0 16.5 17.0 17.5 18.0 Table 4. Aggregate Sizes ofi-Heptane-Soluble Fractions in Various
" Solvents
8 (MPa)
) ) . asphaltene solvent Rg (A)
Figure 2. Cumulative percentages of asphaltenes precipitated as
function of the total solvent solubility parametér for (filled triangles) B6 toluened 19+6
CS, (open squares) HO, and (filled circles) B6 asphaltenes in mixtures B6 90:10 methylnaphthalerdmethanold 25+6
HO 90:10 toluened/methanold 22+ 8

of n-heptane and toluene.

several of the earliest fractions isolated were insoluble in tolwkene- fracthnatlons: The final fracthnatlpn step in each of the

and methylnaphthalerg-a small amount of methandiwas added ~ €XPeriments involved the precipitation fromheptane. The

to the mixtures to enable dissolution of the asphaltenes. n-heptane-soluble fractions for B6, CS, and HO asphaltenes
Most of the SANS measurements were performed on the small- consisted of 1.7, 3.9, and 3.0% of the whole asphaltenes,

angle neutron diffractometer (SAND) at the Intense Pulsed Neutron respectively. Because the individual fractions were characterized

Source Division of the Argonne National Laboratory (Argonne, IL); by the solubility parameter in which they precipitated, the

however, additional experiments were performed on the 30 m NG3 chemical and colloidal properties of the-heptane-soluble

and 8 m NG1 small-angle spectrometers at the National Institute fractions were presented separately (Tablest)3from the
of Standards and Technology (NIST) Center for Neutron Research remaining fractions (Figures-37).

(Gaithersburg, MD). The SAND instrument at the Argonne National
Laboratory is a time-of-flight diffractometer attached to an ac- 1.40

celerator-based pulsed neutron source (30 Hz). Each pulse contains ' ' ' ' '
neutrons with wavelengths ranging from 1 to 14 A. The higher 1351 i
energy neutrons had lower wavelengths and reached the sample 130 .
ahead of the lower energy neutrons. Thus, the energy of each ~ 125l ]
scattered neutron was determined by its “time-of-flight” to the 2
detector. The availabl® range for the SAND instrument extended £ 120} 1
from 0.0035 to 2 Al During the NG3 and NG1 (NIST) E, LIS} -
experiments, the souresample distance was varied from 4 to 16 Q  Lwol ]
m, while the sampledetector distance was varied from 1.2 to 15 = ’
m. Neutrons 66 A wavelength and 0.22 spread\{/A) were 105 T
scattered from the sample and collected on a two-dimensional Look i
detector (65« 65 cm, 1x 1 cm resolution). The availabl@ range [ . . ) . .
extended from 0.0015 to 0.67A 09050 155 160 165 170 175 180
The samples were measured af25n cylindrical quartz sample 5 (MPa)m

cells (NGS Precision) with a path length of 2 mm. The absolute
scattering intensityl(Q), for each sample was obtained from the Figure 3. Variation in the atomic hydrogen/carbon ratio with total
total detector counts corrected for background radiation, neutron solubility parameters for (filled triangles) CS, (open squares) HO, and
transmission through the sample, scattering from the quartz cell, (filled circles) B6 asphaltene fractions.

and detector sensitivity. The resulting scattering intensity versus

. ’ . 0.040 T T T . T

scattering anglel{Q) versusQ] curves were fit to a polydisperse

oblate cylinder form factor to determine the average aggregate

size® 0.035 .

Results and Discussion g 0.030 - -

Cumulative percentages of asphaltenes precipitated as a ‘3

function of the overall solubility parameter imheptane/toluene o 0sp ]

mixtures are presented in Figure 2 for the various asphaltenes. 2

Each data point in Figure 2 represents a different asphaltene 0.020 | .

fine fraction. The solubility parameter represented on the

abscissa increases in proportion to the toluene volume fraction 0015 bt

in the solvent blend for the fractionation. The ordinate represents 150 155 160 165 170 175 18.0

the total amount of asphaltene material precipitated after the 5 (MPa)"?

fractionation. The amount of a given asphaltene fine fraction gigyre 4. variation in atomic (filled triangles) nitrogen/carbon, (filled

may be determined from Figure 2 as the difference between circles) oxygen/carbon, and (open squares) sulfur/carbon ratios with
the total amount of precipitated material from sequential total solubility parameters for B6 asphaltene fractions.
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10" T T T T ; asphaltenes and the elemental composition of the fractions
isolated at a given solubility parametgmespectively. Similarly,
the weighted standard deviatiom) @nd skewness) are given

107 E by

o)
£ 3 |12
S 10°F 3 Wi(x — X)
v
o o= (2)
- - -
¥ 10 zwi
I
10°F 1 A3 3
1 1 1 1 1 W (X — X /U
150 155 160 165 17.0 175 18.0 Z 6=
& (MPa)"” (f=————— (3)
Figure 5. Variation in atomic (open circles) sodium/carbon, (filled ZWi
I

diamonds) calcium/carbon, (open squares) potassium/carbon, and (filled

triangles) magnesium/carbon ratios with total solubility parameters for
B6 asphaltene fractions. The calculations for the mass-weighted moments from e 1

excluded the elemental composition of théneptane-soluble
fractions for the following reasons: (1) the elemental H/C and
N/C ratios for these fractions varied by greater thanfidm
the mean values; (2) the individual fractions passed Chauvenet's
E criterion for rejecting then-heptane-soluble samples from the
data set$f and (3) the solubility of these fractions firheptane
suggests that they are not asphaltenes, by the definition used in
3 this paper. The H/C and N/C ratios of timeheptane-soluble
fractions were chemically similar to resins obtained by saturates,
aromatics, resins, and asphaltenes (SARA) fractionation of the
crude oils (Table 2), suggesting that these fractions consisted
. . . ' ' of coprecipitated resins from the initial asphaltene precipitation.
150 155 160 165 17.0 175 18.0 Coefficients of linear correlation were calculated to determine
5 (MPa)l/z if pairs of chemical and physical property data were linearly
related, as shown in Tables-8. The correlation coefficient,

Figure 6. Variation in atomic (open diamonds) vanadium/carbon, ; ; ;
(filled circles) aluminum/carbon, (open squares) iron/carbon, and (filled between two sets of points,andy, is defined by®

triangles) nickel/carbon ratios with total solubility parameters for B6

X/C (atomic)

asphaltene fractions. =2 (4)
0,0,
120 ]
whereoyy, oy, andoy are the covariance and unweighted standard
100 | ] deviations inx andy, respectively. The covariance bf pairs
- of data points is given by
< osof ]
a 1
A —
e 60F g Oxy - Z(Xl - Xmear)(yi - ymear) (5)
&~ N 4
v
or ] wherexmeanandymeanare calculated assuming equal weighting
2ol 1 of the samples. Positive values of the correlation coefficient
: : ! : indicate that parametey tends to increase as parameter
150 155 160 165 170 175

increases. Negative values indicate an inverse relationship. A
3 (MPa) stronger correlation of two data sets is indicated by larger values
Figure 7. Variation in the aggregate size with the total solubility —of |r].
parameter for (open circles) B6 asphaltene fractions in 90:10 methyl-  The variation in the atomic H/C ratios for the fine fractions
naphthaleneﬂn_“lethanold, (filled circles) B6 asphglten_e fractions in g5 a function of the overall solubility parameter is shown in
toluene, and (filled squares) HO asphaltene fractions in 90:10 tquene-Figure 3. Values of the mean H/C ratio for the B6 and HO
d/methanolel fractions (Table 5) agreed withinolof the H/C ratio for the
The mass-weighted mean, standard deviation, and skewnesavhole asphaltenes (Table 2). This observation, coupled with a
of the elemental compositions were calculated assuming alow skewnessq = 0.2) of the data, suggests that the relative
Gaussian or “normal” distribution for the data sets, as shown aromaticity of the fractions is “normally” distributed throughout

12

in Table 5. For example, the weighted meahi¢ given by?® the fractions. Aromaticity is likely not the driving force for
precipitation of the HO and B6 fractions. A higher skewness
B WiX; ) (¢ = 1.2) was observed in the H/C ratios for CS asphaltenes,
X =
ZiWi (56) Taylor, J. R.An Introduction to Error Analysis: The Study of

) Uncertainties in Physical Measurementbniversity Science Books:
where w, and x; are the mass fraction recovery of whole Sausalito, CA, 1982.
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Table 5. Weighted Mean, Standard Deviation, and Skewness of Elemental Compositions (ExcludingHeptane-Soluble Fractions)

B6 Cs HO
standard standard standard
parameter mean deviation skewness mean deviation skewness mean deviation skewness
H/C 1.21 0.04 0.2 1.04 0.04 1.2 1.24 0.04 0.2
N/C 0.021 0.001 -1.4 0.017 0.001 0.2 0.023 0.001 -0.8
S/IC 0.032 0.001 -0.4 nd nd nd nd nd nd
o/C 0.025 0.003 0.0 nd nd nd nd nd nd
Na/C 1.0x 1078 4.0x 108 5.1 6.0x 10°° 50x 10°° 4.4 2.0x 104 7.0x 104 6.6
Ca/C 4.0x 1074 1.2x10°3 9.2 4.0x 105 7.0x 10°° 105 9.0x 10°° 50x 10°° 54
K/C 1.0x 10 20x 10 7.3 4.0x 1075 1.0x 10°° 0.4 1.0x 10 1.0x 10°° 5.6
Mg/C 1.0x 104 3.0x 104 9.1 2.0x 10°° 1.0x 10°° 4.7 2.0x 10°° 1.0x 10°° 5.6
VIC 1.1x10°3 1.0x 10 -1.7 5.0x 10°6 50x 10°® 35 2.3x 10 4.0x 1075 0.2
AllIC 2.0x 104 1.0x 1073 9.5 5.0x 105 4.0x 1075 3.1 6.0x 10°° 4.0x 1075 5.7
Fe/C 3.0x 10°° 6.0x 1075 7.3 2.0x 10°° 7.0x 1075 135 2.0x 107 1.0x 1075 1.0
Ni/C 1.1x 104 20x 10° -1.4 7.0x 10°% 1.2x10°° 6.6 9.0x 10°° 1.0x 10°° -0.1
Table 6. Correlation of Chemical Composition, Solubility, and Aggregate Size (in 90:10 MethylnaphthalenédMethanol-d) Parameters for B6
Asphaltenes
o H/C N/C S/IC o/C Na/C Ca/C K/C Mg/C VIC AllIC Fe/C Ni/C Rg
0 1.000
H/IC —0.332 1.000
N/C 0.755 —0.381 1.000
S/C 0.267 —0.157 0.381 1.000
o/C 0.298 —0.082 0.282 0.010 1.000
Na/C 0.451 —0.264 0.142 —0.128 0.424 1.000
Ca/C 0.348 —0.094 0.049 —0.258 0.569 0.893 1.000
K/IC 0.439 -0.172 0.109 —0.202 0.514 0.971 0.966 1.000
Mg/C 0.350 —0.106 0.059 —0.255 0.565 0.898 0.999 0.968 1.000
VIC 0.501 -0.332 0.765 0.386 0.106 —0.334 —0.397 -0.360 —0.391 1.000
AllIC 0.307 —0.078 0.026 —0.272 0.598 0.884 0.997 0.961 0.996-0.414 1.000
Fe/C 0.323 0.050 —0.002 —0.202 0.611 0.770 0.897 0.856 0.893-0.320 0.902 1.000
Ni/C 0.366 —0.231 0.651 0.283 —0.051 —0.525 —0.437 —0.486 —0.433 0.875 —0.460 —0.395 1.000
Rg 0.530 —0.580 0.683 0.227 0.151 0.115 0.073 0.106 0.080 0.466 0.05@.005 0.475 1.000
Table 7. Correlation of Chemical Composition, Solubility, and Aggregate Size (in 90:10 ToluendMethanol-d) Parameters for HO Asphaltenes
0 H/IC N/C Na/C Ca/C K/C Mg/C VIC AllIC Fe/C Ni/C Rg
0 1.000
H/IC —0.404 1.000
N/C 0.416 —0.312 1.000
Na/C 0.374 -0.219 0.366 1.000
Ca/C 0.500 —0.025 0.291 0.503 1.000
K/C 0.362 —0.316 0.406 0.958 0.391 1.000
Mg/C 0.441 0.014 0.276 0.480 0.995 0.369 1.000
VIC 0.623 —0.210 0.237 0.536 0.495 0.521 0.443 1.000
AllIC 0.401 0.056 0.225 0.419 0.981 0.295 0.980 0.430 1.000
Fe/C 0.209 0.295 0.345 0.108 0.399 -0.016 0.393 0.319 0.395 1.000
Ni/C 0.780 —0.370 0.279 0.412 0.420 0.423 0.357 0.942 0.342 0.285 1.000
Rg 0.895 —0.515 0.249 0.410 0.311 0.403 0.242 0.645 0.186 0.167 0.810 1.000
Table 8. Correlation of Chemical Composition and Solubility Parameters for CS Asphaltenes
o H/C N/C Na/C Ca/lC K/C Mg/C VIC AllIC Fe/C Ni/C
0 1.000
H/C 0.633 1.000
N/C 0.520 0.317 1.000
Na/C 0.489 0.712 0.059 1.000
Ca/C 0.495 0.608 0.203 0.850 1.000
K/IC 0.001 0.137 —0.268 0.055 —0.186 1.000
Mg/C 0.472 0.678 0.138 0.855 0.971 —0.098 1.000
VIC 0.424 0.588 0.100 0.782 0.913 —0.056 0.929 1.000
AlIC 0.451 0.566 0.352 0.564 0.704  —0.013 0.696 0.766 1.000
Fe/C 0.408 0.518 0.197 0.774 0.977 —0.286 0.934 0.859 0.661 1.000
Ni/C 0.275 0.360 0.320 0.330 0,511 —0.411 0.509 0.425 0.325 0.570 1.000

suggesting that the data do not necessarily obey a Gaussian Relative trends in elemental composition of the B6 fractions
distribution. The apparent step change in the average H/C ratiowere representative of trends in the HO and CS fractions, thus
of CS asphaltenes nedr= 16.6 (MPa}? suggests that the  only B6 data was shown in Figures-8. Figure 4 shows the
earliest 10% of precipitated material is chemically different (i.e., variation in atomic N/C, S/C, and O/C ratios for fractions of
less aromatic) than the remaining asphaltenes. To this extent,B6 asphaltenes. No measurements of elemental sulfur or oxygen
relative differences in aromaticity appear to drive the precipita- were performed on the CS and HO fractions. As shown in Table
tion in CS asphaltenes. Upon precipitation of the initial 10% of 5, atomic S/C ratios of B6 asphaltenes appeared to obey a
CS asphaltenes, the remaining fractions did not vary significantly Gaussian distribution with slight negative skewness (—0.4).

in the H/C ratio. Sulfur content did not appear to be a driving force for asphaltene
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precipitation. Atomic N/C ratios appeared to be “normally” oxides would account for approximately 0.96% (w/w) of the
distributed in the CS fractions, but higher negative skewness total chemical species. Normalized to the total carbon content
values were observed in the B6 and HO fractions. Figure 4 in the first fraction, the atomic O/C ratio estimated for inorganic
suggests that the earliest 90% (w/w) of B6 fractions to oxygen ¢-0.013) was roughly the difference between the
precipitate was normally distributed in nitrogen composition. experimentally measured O/C ratio for the first fractiei®(037)

The final 10% (w/w) of B6 asphaltenes that precipitated and the mean O/C ratio for the B6 fractionsQ.025). These
appeared to decrease in nitrogen composition with the decreasingesults suggest the elevated oxygen content in the earliest B6
solvent solubility parameter. This observation, coupled with fine fractions was largely related to the presence of inorganic
considerably higher than average H/C ratios for the most soluble oxides that coprecipitated with the asphaltenes. Yang et al.
10% (w/w) of B6 asphaltenes, suggests that these fractions areobserved a similar enrichment in the oxygen content of “fine
more chemically similar to the resin fraction than the bulk solids” extracted from the earliest precipitating fraction of
asphaltene fraction. In fact, the aggregation properties of the Athabasca asphaltenes in a 10:1 toluene/water mixture {/v).
‘resin™-like fractions as gauged by SANS are also distinctly  Figyre 6 also shows the general trends in vanadium and nickel
different from those of the less soluble asphaltene fractions. contents of B6 asphaltenes during fractionation. As shown in
Specifically, the degree of solvent entrainment of the resin-like Figyre 6, v/C and Ni/C ratios appeared to vary randomly during

fractions is very small or negligible, as compared t6-80%  the fractionation experiments. Neglecting the elemental com-
for typical asphaltene fractiort$ Additionally, the ratio of the  positions of the earliest precipitating fractions from the weighted
average aggregate radius to the aggregate thickReafL{ of moments analyses, the vanadium and nickel contents of the

the polydisperse oblate cylinder fit to the resin-like fractions \4rious fractions were more “normally” distributed than sug-
yields high values of 57 as compared to 1-54 for comparable  gested in Table 5.

asphqltene fractiors. ) SANS measurements were performed on 1% (w/w) solutions
While the oxygen content of the B6 fractions (Table 5) ¢ gg fine fractions dispersed in mixtures of 90:10 methyl-

appears to obey a Gaussian distribution, Figure 4 suggests thaﬁaphthalenei/methanold (v/v) and in toluened. The HO fine
there is a systematic variation in the oxygen content of the ¢ one \were dispersed in mixtures of 90:10 toluehe-
fractions with a SOI.ub'“ty parametgr for th? .f|rs'~t50% of methanold (v/v). Aggregate average radii of gyration values,
asphaltenes to precipitate. The earliest precipitating fraction of [Rs2¥2, were obtained from nonlinear least-squares fits of the
B6 asphaltenes had a relatively high O/C ratio. The O/C ratios scattering intensity curves to a polydisperse oblate cylinder

of the fract.ions precipitgting b?tWEénf 16.8 ar!d.17.2 (MPaf model>® Variation in the average aggregate size with the overall
generally increased with an increasing precipitated asphaltene,

. solvent solubility parameter is shown in Figure 7. Although the
yield. The most soluble 7% (wiw) of B6 asphaltenlfas had_IO\c/(-_:tr whole B6 asphaltenes were soluble in toluene at 1% (w/w), the
than average oxygen contents and were more “resin-like” in

hemical i earliest precipitated 65% of the whole asphaltenes did not
chemical composttion. redissolve in toluene at a similar concentration. B6 whole

Variation_s in_atomic Na/C rat_ios of B§ asphaltene fractions asphaltenes were previously observed to form aggregateS®f
are shown in Figure 5. The earliest fractions of B6 asphaltenes 3 in size in toluened.’® As shown in Figure 7, the first toluene-

possessed relatively high concentrations of alkali and alkaline g ple B6 fraction isolated ab = 16.7 (MPa}? formed

earth metals, partlcularly Na and Ca that_ accounted for 3.7 andaggregates 0£93 A in average size, suggesting that asphaltenes
2.6% (wiw) of the fraction mass, respectively. The sums of the ¢ 1he jower solubility parameter help solvate and reduce the
C, H, N, S, and O contents from the combustion of the first ,qreqate size of asphaltenes with higher solubility parameters.
two B6 fine fractions were-71 and 82% (w/w), respectively.  pis provides additional evidence of the synergistic interaction
The_ incomplete combustion of the fractions, z_alor_1_g with th_e between “more soluble” and “less soluble” asphaltene fractions
enriched Na and Ca contents, suggests that a significant portionyp <o eq by Spiecker et #.The average aggregate size in
of the fractions contained coprecipitated metal oxides and iy ,aned generally decreased with a decreasing solubility
inorganic salts. Atomic Na/C ratios of all asphaltene fractions parameter for the remaining B6 fractions. A small amount of
appeared to decrease with decreasinguggesting that most — \athanold (i.e., 10%, viv) was added to the solutions of B6
of the sodium-rich solids coprecipitated with the initial asphalt- fine fractions in' methillnaphthalertéin an attempt to dissolve

ene fractions. A similar reduction in other alkali and alkaline : . - .

. the less soluble fractions. The earliest precipitated B6 fraction
ez_aréh rrcljetals cqntentsl (Ibel CalC, KIC, a]}nd wglgg \f/vas _obserx‘edand the two fractions that formed aggregates larger than 100 A
with a decreasing solubility parameter for the ractions. AS are not completely soluble in the 90:10 (v/v) mixture of

shown in Table 5 the d|§tr|butlons of alkali gnd alkaline eayt_h deuterated methylnaphthalene/methanol. The aggregate sizes of
metals contents in many instances had relatively large, positive . . n-heptane-soluble fractions of B6 and HO in the selected
values of the skewness parameter and values of the standar olvents are shown in Table 4

deviation that were larger than the calculated mean, suggestin . . . .
g 99 9 Table 6 shows the coefficients of linear correlation for various

that the data did not obey a Gaussian distribution. . - . .
¢ pairs of composition, solubility, and aggregate size parameters

Figure 6 and Table 5 indicate that the distribution o . ;
4 ) . SR for B6 asphaltenes. Atomic N/C, H/C, anidl provided the
aluminum and iron contents in B6 asphaltenes is significantly highest correlations to the size of B6 aggregates in 90:10

skewed by the earliest precipitating fractions. Figure 4 indicates . 4 .

significantly higher oxygen contents in the earliest precipitating Tgtggg‘zﬂg%als%%d;gstgigsg Téxélérris a\;\i”stgnrwgh t()HSE\;/irious

B6 fractions that coincided with higher than average aluminum B 230, TeSp y. In comp . -
parameters for elemental composition, the atomic H/C ratio

and iron contents. Assuming that all of the Al and Fe species . .

in the first B6 fine fraction were present as alumina and iron c?rrela(';ed the mosl,t strolngr:y }’:"th th? nltrog?n content/. Table 6
L : also indicates a relatively high correlation of atomic N/C ratios

oxide (i.e., AbO, and FeQs), then oxygen in the form of metal with vanadium and nickel contents and suggests that a significant

(57) (a) Gawrys, K. L Kilpatrick, P. KLangmuir manuscript submitted portion of the nitrogen functionality is bound in chelated

for publication. (b) Gawrys, K. L. Ph.D. Thesis, North Carolina State POrPhyrin compounds. In fact, the maximum porphyrin nitrogen
University, Raleigh, NC, 2005. fraction can be estimated from the vanadium and nickel
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concentrations in the asphaltenes by assuming that all of thefor CS asphaltenes (Table 8), suggesting a greater importance
vanadium and nickel are distributed in porphyrin structdPes. of dispersion interactions in this crude oil.
Previous UV-vis spectroscopic analyses of whole crude oil and
bitumen samples in the Soret regior410 nm) suggest that
only 40-60% of vanadium species are generally present in  Asphaltenes from three different crude sources were fraction-
porphyrin complexe89-¢° therefore, only the maximum value  ated into 26-30 discrete fractions by sequential precipitation
is calculated. The maximum fraction of nitrogen associated with in mixtures of n-heptane and toluene. Sufficient asphaltene
porphyrin groups for B6, HO, and CS asphaltene fractions material was isolated during each fractionation to perform
ranged from 5 to 10%, 4 to 8%, and less than 0.7%, respectively. Subsequent chemical analyses and SANS studies on the frac-
Thus, potentially high correlations of N, V, and Ni contents tions. An n-heptane-soluble fraction, similar in chemical
are expected for B6 and HO asphaltenes but not CS asphaltenes:omposition and aggregation behavior to petroleum resins, was
The correlation coefficients in Table 6 were consistent with generated during the final fractionation step. ICP metals analyses
previous studies that indicated that the size of aggregates insuggested that the fractions contained significant amounts of
solution generally increased with increasing aromaticity and N/C inorganic fine solids (e.g., metal oxides and salts) that copre-
content of the asphaltene fractiéf4® and suggest the impor-  Cipitated with the asphaltene species. Most of the inorganic
tance of metalloporphyrins in the asphaltene aggregation mech-solids appeared to precipitate with the earliest fractions, with
anism. Similarly, Table 7 indicates that the size of HO the small concentration of material remaining precipitating
aggregates in 90:10 tolueémethanold was highly correlated ~ randomly during the later fractionations. The “early” precipita-
to nickel and vanadium contents but not atomic nitrogen. tion of many of the inorganic solids tended to skew the
Relative to B6 asphaltenes, the weaker correlation of atomic distribution of many of the metals to values higher than the
N/C with nickel and vanadium in HO asphaltenes suggests thatmean of a “normal” distribution. In fact, weighted statistical
a smaller fraction of the atomic nitrogen is bound to metal- analyses suggested that most of the metals contents of the
loporphyrin functional groups. fractions did not obey a Gaussian distribution. Atomic H/C and
Aggregate sizes were not determined for CS asphaltenes inN/C ratios in the earliest precipitated90% of B6 and HO
similar solvents; however, it was observed that CS asphaltenes@sphaltenes appeared to obey a Gaussian distribution, with mean
were not generally soluble in 90:10 methylnaphthaldhe- values approximating the average values for the whole asphal-
methanold. Table 8 indicates that atomic H/C and N/C ratios tenes. The sulfur content also appeared to be normally distrib-
were not highly correlatedr (= 0.317). The relatively low  uted in B6 asphaltenes. CS asphaltenes showed an apparent
concentrations of vanadium and nickel in the CS asphaltene bimodal distribution of atomic H/C ratios because the initial
fractions (Table 5) coupled with the relatively poor correlation 10% of precipitated material was generally less aromatic than
of these parameters suggest that metalloporphyrin content is noth€ remaining gsphaltgne;.
the driving force for aggregation in CS asphaltenes. Furthermore, SANS experiments in mixtures of toluedgor methylnaph-
the addition of methanakto solutions of CS asphaltenes in thalenee) and methanott suggested that aggregate size gener-
methylnaphthalene-likely induced asphaltene precipitation, ~ally decreased with a decreasing solubility parameter. Deuterated
because these fractions had a lower concentration of po|armethanol was used as a cosolvent in these experiments to assist
nitrogen than B6 and HO asphaltenes. These results arethe dissolution of the earliest precipitating fractions; however,
consistent with previous fractionation studies that concluded thatthe solvent behaved as a flocculant for the CS asphaltene
aggregation in CS asphaltenes was dominatedrinpnding fractions.

interactions, while polar interactions drove aggregation in B6  Coefficients of linear correlation for the chemical composi-
and HO asphaltenés. tion, solubility, and aggregate size parameters provided a

statistical means of determining the properties of the asphaltene

correlated to various metals contents (e.g., Fe and Al) than fractions that promoted aggregation and precipitation. The

hydrogen, nitrogen, or sulfur (Table 6). Tables®also indicate observation that ag_gregation in B6 asp_haltenes was most highly
relatively high correlations between alkali and alkaline earth correlated to atomic N/C and H/C ratios was consistent with

metals, iron, and aluminum contents. These observations furthefPr€vious scattering experiments. The nitrogen content also
support the claim that inorganic oxides and other “fine” solids provided the highest correlation to the solubility parameter in

likely coprecipitated with the asphaltenes during fractionation. B6 asphaltenes. The relatively high correlation of the N/C ratio

On the basis of the correlation of solubility parameters with With vanadium and nickel contents in B6 asphaltenes suggests
chemical composition, the major driving force for precipitation that interactions of chelated porphyrin compounds are important
of B6 asphaltenes appears to be the nitrogen content with'n_the asphaltene ag_greganon_mechamsm. Ir_1fact, vanadium and
secondary importance to the vanadium content (Table 6). nickel contents provided the highest correlation to the aggregate

Vanadium and nickel showed the highest correlation to the SiZ€ and solubility parameter in HO asphaltenes. .
solubility parameter of HO asphaltenes (Table 7). These results, O the basis of these results, polar and hydrogen-bonding
suggest that polar and hydrogen-bonding interactions are morelntéractions appear to be more important than dispersion

important than dispersion interactions for the precipitation of INteractions in the precipitation of B6 and HO asphaltenes from

HO and B6 asphaltenes from mixtureseieptane and toluene. mixtures ofn-heptane and toluene. In particular, interactions
On the other hand, the H/C ratio appears to correlate more ©f métalloporphyrins appear to play a key role in the asphaltene
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