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| NVENTI &0 PDOTE4Y The present invention relates to the di FAdo¥¥gaeidn of
asphaltenes. In particular, the presednt invention includes a nethod to
determ ne aggregation and steps to disaggregate the asphaltenes. 100021
Asphal tenes are a fraction of a petroleumoil or refinery process stream
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mcelle-like structures of several nolecules that remain thermally

suspendedohy ool ut iya;lgasﬂxlégeﬁﬁ L B8fibn RIBCL (8 iRediafghiooatbDbe asglialiibng

effects ecu es In the petrol'eumoil or process
stream ﬂ?gﬁﬁlcdﬂu‘: ehé ﬁrésbhﬁlrﬁiehﬂ@h iEsdef a arviesdio dubeninesgmegatsonet i mes
referred t asphal tene particles” in order to differentiate them from
the singlagd'sagrheldisngregaeehehestialtethes. may al so be present in suspension
in the oil. The asphaltene particles are typically smaller than twenty
nanoneters in size. but this can vary dependlng upon the source of the

etroleumoil or process stream and .t
P {0002} P Asphaltenes are a racnon of'a petroleum oil or refinery process

stream that typically aggregate or precipitate out of solution when a nonpolar
solvent, petroleum oil, or process stream is mixed or blended with 1t.
Asphaltenes represent a wide variety of hydrocarbon molecules that are typically
polyaromatic in nature with some degree of alkylation present and which may or
may not contain heteroatoms such as oxygen, nitrogen, and sulfur and metal
atoms in their structures. Asphaltenes are usually found in significant quantities
in heavy crude oils and refinery residua, and they are believed to sometimes self-
assemble into colloidal micelle-like structures of several molecules that remain
thermally suspended in solution due to their small size and possible solvating
effects of other types of molecules in the petroleumn oil or process stream. These
micelle-like structures of several molecules are sometimes referred 10 as
"asphaltene particles” in order to differentiate them from the single "asphaltene
molecules" that may also be present in suspension in the oil. The asphaltene
particles are typically smaller than twenty nanometers in size, but this can vary
depending upon the source of the petroleum oil or process stream and their

concentration in the oil.

[0003] 1t is well known that insoluble asphaltenes may precipitate when

two or more unprocessed petroleum crude oils and/or refinery process streams



concentration in the oil. [0003] It is well known that insolubl e ays 7o
asphal tenes may precipitate when two or nore unprocessed petrol eum crude
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2111 52 3 1 are blended together. Thé term "asphaltene aggregate" refers
to the formation of l|arger precipitated clusters of asphaltene particles
and nol ecul es that stick together due to an attractive interaction that
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scattering as a function of wavenunmher. BRI EF DESCRI PTI ON OF THE DRAW NGS
precipitation of asphaltenes, then the oils are said to be incompatible as opposed
to compatible oils that do not precipitate asphaltenes on blending. Precipitated
asphaltenes are not desirable as they are known to foul process equipment when

rapidly heated to high temperatures,

SUMMARY OF THE INVENTION

[0004] The present invention is a method to disaggregate asphaltenes in
petroleum oil mixtures by mild heating. A preferred embodiment of the
invention determines the presence of aggregated and unaggregated asphaltenes
by irradiating the mixture with neutrons and determining the extent of small

angle neutron scattering as a function of wavenumber.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Figure 1 shows the measured neutron intensity, J, as a function of

wavenumber, g, for mixtures of heavy Souedie and light Forties crude oils for

several mixing volume fractions, ¢, of the heavy crude oil in the light crude oil:

¢m = 0 or pure Forties oil (solid circles), 0.1 (open circles), 0.2 (open squares),



[ 00051 Figure | shows the nmeasured neutron intensity, |, as ﬁifMﬂF@mP” of
wavenunber, q, for m xtures of heavy Souedie and light Forties crude oils
for sev@OdIZORPNng vol ume fractions, om of the heavy cr B§d/W6\'F 241 t he
light crude oil: "™ = 0 or pure Forties3oil (solid circles), 0.1 (open
circles), 0.2 (open squares), 0 1 4U r 2005 WD 02/076889 PCT/[S02/ 05231
-3- 0.3 (open dianonds), 0.4 (open triangles), 0.5 (open inserted

[ I 0.7 h d . 0. . . 1.0
oo 33 ich 0 eRS 1 bhansled P PEBB SRR el Pon 1) o
be d i.pbed, | at ingt ifi i OR. i - h
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¢ et ) . . . , |
i xi ng vart s i AR dre S G EARIONEL) b b BPlcriioater O 1% YGRS, e
oil: O or pure Marib Light oil (solid circles), 0.1 (open circles), 0.2

(open squares), 0.4 (open dianonds), 0.6 (open triangles), 0.8 (hatched
squar es) ,[0006P or PRigrBCrstdAsaht niceliid sguaras)eltroridersify; dmasyot t om t o
top. The solid lines are fits to Equation (1). 10007] Figure 3 shows the
| ow q scduheriomof iwevensinther agdocimxegennt heaneBClo22 andiMarbdrght gnude of

Egq. (1) as a function of mxing volume fraction, 1q , for Souedie/Forties
crude oi loils for yeesral asixoly aolnetd fraciorsi vt ofticlkecadyteruide ofi ig. the lighhe

solid line represents a fit to data for dh" ? 0.7 using the hard sphere

model of  Eguati %:é%)or_ I%!ﬁr%'}%ﬂEL bt Gi) sl #6898 D. I @penecircled)ots the

| ow-q scattering tensity associated wwth the Lorentzian term 1L, of

Equat i on i(8PerPiafl o /O &pEn riagléQn0. 8@hatcheianuares),
BCF-2211r\(/éﬂjl):%%@lgrﬁ%}{ggﬁégﬁ%r?{mﬁdﬁdggeos{?(as Obrta;ifg‘g]esg bycgfhiatcti ngqt he )data in

Fig. 1.0 or pure BCF-22 oil (solid squares) in order {from bottom to top. The solid lines

are fits to Equation (1).

[0007} Figure 3 shows the low-g scattering intensity associated with the
Lorentzian term, J1.. of Eq. (1) as a function of mixing volume fraction, ¢, for
Souedie/Forties crude oil mixtures, as obtained from fitting the data in Fig. 1. The

solid line represents a fit to data for ¢y, = 0.7 using the hard sphere model of

Equation (2), yielding ¢, = 0.12.

[0008]) Figure 4 shows the low-g scattering intensity associated with the
Lorentzian term, /i, of Equation (1) as a function of mixing volume fraction, ¢n,,

for BCF-22/Marib Light crude oil mixtures, as obtained by fitting the data n Fig.

2. The solid line represents a fit of all data using the hard sphere model of
Equation (2), yielding an asphaltene particle volume fraction of ¢, = 0.077 in the

pure BCF-22 oil.

[0009] Figure 5 shows the low-q scattering intensity, Isurf, associated with

surface scattering from asphaltene aggregates of Equation (1) as a function of



2. The solid line represents a fit of all data using the hard (spihgfké)ifodel
of Equation gzg, yi el ding an asphal tene particle volune fraction of 4 =
0.077 i WPRE938t e BCF-22 oil. 10009] Figure 5 shows the PERAG"¥EREtering
intensity, Jsurf, associated with su#df-ace scattering from asphaltene
aggregates of Equation (1) as a function of DI AUG/005 WD 02/ 076SS9

PCT/ 1 1S02! U5231 -4- m xing volunme fraction, Om for Souedie/Forties crude
oil mxtures, as obtained by fittin he. data in.Fig. 1. [0010]. Fjgure 6
shows t HeDpBSwelYBa@eHeRe fitn, é@s%%weai?%@om%crga?f%lc‘w@&% E%Pl%}?]gﬂﬁrdrg}h
asphal tene aggregates, a, of Equation (1) as a function of mxing volune
fractiodﬁnngtEQdBSU@éa@eﬂForties crude oi |l nixtures, as obtained by
fitting the data in Fig. 1. The value of a is essentially the absolute
value of the slope of 1(g) on a log-log plot inthe lowq limt. The

dashed 1jgpe0] epr eskiduse 8<shdwsitheqidvi@tlawrexponedeasooiancdiyiilf ssageal t ene
aggregates are present, as described later in the specification. 10011]

Fi gure Tscahensg filven uephuteerer axire gatesf o.agfi @uaioed( 13 sphafuneties of cuigerg as a
function of the volune fraction of mxing, ~,,,, for Souedie/Torties crude

oi | m XtdIHAR frASi AR RIL 788 Sbhietelerids thedeenit enikairegern dhainedasufiticgl L and
the hard sphere prediction for IL in Fig. 3, as described by Equation (3)

later inpLhg, @plgg. i $REIQMe bPBLR s FirgAlg Be SBOMELE BetuehATtAe Ripe ifi C

|l ength scale o npact structures wthin asphaitene aggregates, R as a
functi 0“}@’ oft Q%é‘%g?ﬁ‘oﬂ‘ih%b'l@ﬁr fimdTl XHOdasPed ke ropradh®/ frerdies crude
es, u

oi I m xt as-ca | ated using Equation (4) from ) _
criterion for determining if asphaltene aggregates are present, as described later 1n

the specification.

[0011] Figure 7 shows the volume fraction of aggregated asphaltenes, ¢agp,

as a function of the volume fraction of mixing, ¢y, for Souedie/Forties crude o1l

mixtures, as obtained from the difference between the measured /i and the hard
sphere prediction for I1 in Fig. 3, as described by Equation (3) later in the

specification.

[0012] Figure 8 shows the characteristic length scale of compact structures

within asphaltene aggregates, R, as a function of the volume fraction of mixing,
¢m., for Souedie/Forties crude oil mixtures, as calculated using Equation (4) from

Jsurfand @,ge shown in Figures 5 and 7, respectively.

[0013] Figure 9 shows the measured scattered neutron intensity, /, as a

function of wavenumber, ¢, for a Souedie/Forties crude oil mixture at a Souedie
volume fraction of ¢y, = 0.2 at the following temperatures: T =25 °C (solid

circles), 40 °C (crossed open squares), 50 °C (open triangles), 60 °C (open



"surf and Oagg shown in Figures 5 and 7, respectively. [0013] ‘b:'iggzure 9
shows the neasured scattered neutron intensity, |I. as a funct JofF
wavenuniyeo 02/07688%r a Souedi e/ Forties crude oil mixture atPQ@I"Boflrdd?e

volume fraction of y,,, = 0.2 at the-fiollowing tenperatures: T= 25 C
(solid circles), 40 C (crossed open squares), 50 C (open triangles), 60 C
(open 01 4UG 2005 'VO 112;11765811 PCT/[5112!11S231 di anonds), 70 C (open

(D 5s disdmndiid | S APDPhSGReshan T Wkt o Eboh e lrE IR 1 he
. d f.th j ' - [ dwith th
Lor ent o1 Bringcararen UE, SeeABRRAmERD GEAPRaEdiefr 0 =0, 1 (open

circles), 0.2 (open triangles), 0.3 (open squares), and 0.4 (open
di anonds). The val ues have been determ ned using Equation (1) to fit the

t enper at ;@@rﬂdepean@%ssrel 1AL 08 tﬁéﬂ@nﬁjeiér@feeméaeﬁathoﬂdiwmatefamaintehsirrbs-
10015] Figure 11 sho the tenperature dependence of the | ow q val ue of

the surf ggsg)_cieﬁ@(% bGHH t'?l%.]ld}%gs&)%ﬂ gf-:é;f[lf%mf t he adsipheineqnetiarariegal,es0.1l surf,

for On, open circl (opén triangles), 0.3 open squares),
and 0.4 (open .di o 14N M i 26 ation
(1) to fﬁ? %‘é"i@%gg{% g-m gé?ﬁﬁgﬁ% I@@%ﬁﬁgﬁuﬁi’ﬁ%ﬁ{jﬂh‘fe gﬁt 1n‘i QF%% vol une

f racti ongyeanfl &f1ese biahuRterdimed 1ty Bqudionl(load fitohé hanpeaaured () at
an .

each Q,, 100161 Figure 12 shows the tenperature dependence of the

sur f ace- Yepernyd¥nt Ifgy) fet the diffeasphaitiepeobooe fgatiess. Sv, for r~ = 0.1 (open
circles), %.2 (open triangles), 0.3 (open squares), and 0.4 (open
di anonds), determ ned using the values for Isurf shown in Fig. 11, and

using an L%k ion ‘%‘?@Sffei Pechd @t e lehpdifursdgsdndesied bfthe low-g value of
the surface scattering intensity from the asphaltene aggregates, Jour, for ¢ = 0.1

(open circles), 0.2 (open triangles), 0.3 open squares), and 0.4 (open diamonds).
The values have been determined using Equation (1) to fit the temperature-

dependent J(g) for the different mixing volume fractions, and these values are

nearly identical to the measured /(g,) at each ¢, and 7.

[0016] Figure 12 shows the temperature dependence of the surface-to-
volume ratio of asphaltene aggregates, Sy, for ¢y, = 0.1 (open circles), 0.2 (open

triangles), 0.3 (open squares), and 0.4 (open diamonds), determined using the

values for Jg,rf shown in Fig. 11, and using an equation described later 1n the

specification.

DESCRIPTION OF PREFERRED EMBODIMENT

The present invention includes mild heating to disaggregate asphaltenes in biended
petroleum oi} mixtures. In a preferred embodiment, the presence of asphaltenes is

determined by irradiating the mixture with neutrons and measuring small angle

neutron scattering.



DESCRI PTI ON OF PREFERRED EMBODI MENT The present invention incfqgdgs sl d
heating to di saggregate asphaltenes in blended petroleumoil m xtures.
In a pre‘f‘@‘t‘%ﬁ"%ﬁbodi ment, the presence of asphaltenes is P@eteERAfHed by
irradiating the m xture with neutrons. @nd neasuring snmall angle neutron
scattering. 0 1 AU6 ?2U@® WO 02/076889 PCT/USo2litS:31 -6- [0017] The
preferred enbodi nent of the present invention includes sensitive neutron
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detected using ordi nary opti cal roscopy Is desirable. By contrast, it

i s shownfigmipesoRdum.aliiee the presinceedistieh apgrepsyPasitiendigicditodoning
asphaltene Structures in petroleum m xtures rangi ng from nanoneters to

m crons andsioking inrefidests (seei B8 RaepsiS@9héld aod St 634), ag objedlives of
asphalteries, no contrast enhancing deuteration of_ any of the conponents
in the mingaspes oktheggesansg of [aggregatsyuthiciamgy diane stPBHCKERSTUGIG tha 5
wel | -established technique, and it is.described.in the US Departnent of
Cormmer ce CRUBP @‘?‘B‘Ffeg Ng{ﬂﬁ) M3YsQRHGH BUGFOSCRPY F?d‘i?%?‘%a\ﬁd Bi’e@ml@lgg d{/

NI ST) Col d Neutron Research Facilijty" . 6oL eam of
ol d heutr DI gL EnsERORscapih T ANt en diFE s SRS ™ 2
two di megsiieRats A S@Y1eement:AurdY BGEthPEBISarldife R AT MiERAS W 6Fe. In

distinction 1o prior neutron scattering studies of asphaltenes, no contrast cnhancing

deuteration of any of the components in the mixture is required.

[0018] Small angle neutron scattering is a well-established technique, and it
is described in the US Department of Commnerce publication "National Institute of
Standards and Technology (NIST) Cold Neutron Research Facility" (Jan. 1996).
A collimated beam of cold neutrons having wavelength 2 =5 A is directed at a test
material. A two dimensional array detector placed behind the sample measures
the intensity, J, of neutrons scatiered by the crude oil mixture as a function of the
wavenumber, g, which is related to the angle of scattering away from the
transmitted neutron beam, &, by the equation g = (47 sin (@2))/A. The scattering
results from inhomogeneities in the neutron scattering length density, which is
related 10 the scattering cross sections and proximity of the various nuclei, in the
test material. Performing SANS on petroleum mixtures held within a quartz cell
with a thickness of 2 mm, optimally, has shown that the presence of asphaltene
aggregates can be linked to a strong low-g rise in /(g) due to scattering from the

surfaces of the aggregates.



the intensity, I, of neutrons scattered by the crude oil mi x8 ke dWa
function of the wavenunber, gq. which is related to the angle of

scatt er iwig tanegsf rom t he transnitted neutron beam 0, by RGEUEHRUEE ION q =
(42r sin (0,12))171. The scattering .results frominhonogeneities in the
neutron scattering length density, which is related to the scattering
cross sections and proximty of the various nuclei, in the test
material. Perform ng SANS on f(etrol eum m'xtgres hel d vvithig a quartz cell

with a ti90d@hess of he measugst {(mlgna THXRITE ROWTUERLEEP REPDHENSRce of

asphal tene aggregates can .be ljnked to.,a,stro | L d ; ue
o oot (aRERE SRR h e Pai o 18 L BnB ag Rt b el P b lsEs e
t 7USU2/ 0; 231 100191 The measured 1 r .a mxture .of Souedi an
asphal t eheerigonf mlmn@@/qmwar@w, %rﬂ? 9{ _ﬁw&l%’efﬁri %L”efib‘ ﬁ"f?é‘h?d éﬁ"ﬁgr af finic
crude oil) is shown for a series of mxi ng volume fractions, A, ,, of the
heavi er Bguesingatible §p, theghape 61 /{g0is nearpa obtszienandrihp oty sjape

nearly Lorcntzian and the logarithmc slope of 1(q), defined as d In

1 (q) / dof Rqyl, defpidomcdies Jegr/al &s gqapprrohehesrozsrpipproadiesefg t hat the
asphaltenes are in the formof nanoneter-sized particles,.

However, for
d, at whirnclhicatine thaxthe ssphsliemesoargan it é@ma0§flﬁ6@1@‘3?qr"§ézqup%§gesved
toward | ow g, such that the absolute value of the logarithmc sl op(ﬁ of
1 (q) excHeSseverhfoeeh sowhidpthadnigureds angrapatile, Havongrisans ab¥IVehat are
fractal or nore dense than fractal) as g approaches zero. Based on _this
| ogar i t hgwearsl lopeg caichethiapthe dbiselute aalpe affthe hegarphmneslopeyofofat esedsr ude
oils is neasured to be 0 < mS 0.52. This _i

; is | ar ger asur ed range of
i nconpat tthiee (¢m¢mdh®§%@€g@|§§)hﬂ‘é@gb%}ﬂw_§ﬁ_g.‘at S BRaG BN 0T O 519B30 | ng
%t or nat Tacopeie et GRPEAALE BERadtisrd BN Roler g agore chleffon, BlENE
range of incompatibility of these crude oils is measured to be 0 < ¢ < 0.52. This
is a larger measured range of incompatibility than has been reported by Wiehe:
"Prevention of Fouling by Incompatible Crudes with the Oil Compatibility
Model.” Proc. AIChE Internat. Conf. Petrol. Phase Behavior and Fouling 1999,

1:354-358 (the range of incompatible mixing volume fractions was reported as 0 <
¢m < 0.33) and also in patent 5,997,723 and potentially quantifies what has been
termed "near-incompatible”. This reveals the greater sensitivity of the SANS
measurement procedure we have employed and, according to drawing 1 in patent

5,997,723, mixing at ¢, ~ 0.52 would lead to greatly reduced fouling, whereas

mixing at ¢y, = 0.33 measured by Wiehe and Kennedy using an optical
microscopic method would lead to fouling. By contrast, the measured /(g) for two
crude oils that are compatible at any mixing volume fraction, BCF-22 and Marib
Light, is shown for the same set of ¢ in Figure 2. No strong low-q rise in [(g) 1s
observed, consistent with the absence of asphaltene aggregates in the mixtures.
This difference in the behavior of the logarithmic slope at low g characterizes the
essential difference between compatible and incompatible mixtures. This allows

using SANS as a tool for more accurately testing petroleum mixtures. Finally,



1: 354-358 (the range of inconpatible m xing volunme fractions Qaspirepgy ted
as 0 < 4h , < 0.33) and also in patent 5,997,723 and potentially

quant i fi W8 RAIe8%has been terned "near-inconpatible". Thi PGTevealNs2the
greater sensitivity of the SANS neasugenent procedure we have enpl oyed
and, according to drawing | in patent 5,997,723, mxing at 0,,; 0.52
would lead to greatly reduced fouling, whereas mxing at On 0. 33
nmeasured by W ehe.and Kennedy using an optical mcroscopic nmethod woul d
|l ead to FHIAG TRPCAE apdfiorHss s:mdﬁ@ll%eagw@oﬁqlxdqwaﬁ@aﬂﬂ%ate&,rwaélaaﬁ| s t hat

are conpatibl e.at m xi.ng vqglume fractiqn, BCF-22 and, Marib, Light, is
shown 1 oFhPR@ BARSANS Tt UnUsia s Gares: SPIE e s o RIIoPEE e 1(q) i s
observed, _consi st - W th the sencg of.,asphal tene aggregates in the

m Xt ur espresfeﬁ]l%g oﬁﬁlgr\g%ga‘tlhcu?zﬂss Héﬁ}?v‘i’%%— of the logarithm c slope at

| ow q characterizes the essential difference between conpatible and

i nconpati ble m xtures. This allows wusing SANS as a tool for nore

accur at egaochfrt i Ng Pk Gl RIHR A HuHE]Rat tﬁierf@hlbwmg equithorc 2988 vl 10 fit |
02/ 076889 P S02/ 0231 -S- since Souedi e and Forti'es crude oils contain

sol i d waxheaidasarddai(@®, we have shown that SANS can be used to detect
asphal tene aggregation despite the presence of solid wax particulates in
the oils. [0020] It has al so been found that the follow ng equati on can
be used to fit the neasured I(q): 1(g)=lincoh+lL +9252) +I sud(q/glya, (1)

Here, lincoh is the comgfaat, highia/ineghere Jsﬁéé%l@]r)eg,neutron (1)
intensity, ILis the lowqg plateau intensitly of the Lorentzian, 5 is the
correlation length (proportional to the radius of gyration of an

asphal tene particle), Isurf is the |lowq value of the
Here, Iincon 1S the constant high-g incoherent scattered neutron intensity, /i 1s the

low-g plateau intensity of the Lorentzian, & is the correlation length (proportional
to the radius of gyration of an asphaltene particle), Jy ¢ 1s the low-g value of the
intensity due to surface scattering from asphaltenc aggregates, « is the absolute
value of the logarithmic slope of /(g) at low ¢, and g, is fixed by the lowest g
probed in the experiment. Each of the terms in this equation has a justification in
terms of a simple physical model. The constant incoherent scattering term is
correlated to the atomic hydrogen to carbon ratio of all the free molecules 1n the
oil. The second Lorentzian term is related to the scattering from unaggregated
nanometer-sized asphaltene particles. Finally, the third power law term is due to
surface scattering from much larger asphaltene aggregates that have been formed
at an earlier time due to the aggregation of a subset of asphaltene particles after the
petroleum oils have been mixed together. The fits to the measured I(g) using
Equation (1) are shown by the solid lines in Figures 1 and 2. The quality of the

fits is excellent.

[0021] One simple way that neutron scattering can show the incompatibility
of a mixture of oils is through the behavior of /1 (¢y,) for the asphaltene particles

obtained by fitting SANS J(g) data using Equation (1), as shown for the



absolute value of the logarithmc slope ofl(qg) at lowqg, a i fixed
by the MWOwat7@8? probed in the experinment. Each of the tefGEVPN/ thils
equation has a justification in ternsyof a sinple physical nodel. The
constant incoherent scattering termis correlated to the atom c hydrogen
to carbon ratio of all the free nolecules in the oil. The second
Lorentzian termis related to the scattering fromunaggyegated
nanonet erSaadied atighardnel] paixturel sthepphd|disglestiRd IHEE éol?\iérrlol“é@ﬂt ermis
due to surface scattering frommuch |arger asphaltene aggrgg?;es t hat
have beenvi@e tedasghatieneantd effeativedy duanon-pohe Wygeridaci BvSbY faT8ebhset of
asphal tene panicles after the petroleumoils have been m xed together.
The fits dradd b), MBauUs actldd)pwisichg pEited iarcaplly indp(dihiolen spds AOUS i d
lines in Figures | and 2. The quality of the fits is excellent. [00211
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m xture i's throug ehavtor of IL(y+rn,) for the asphaltene
particles | L L hRg; dédlatReit SirpenEQ Yo the)lowag shown
for the (Pf]i\%é%gggg &Md(tir%})‘ggkﬁgngé&@gZ%ZlSl -9 Souedi e/ Forti 25: crude
of | m xt LHiﬁlt@YlIﬁiEQ?éﬁ)liﬂ id Riskibleefo bdlchagueagprokimaleaivedretical pregicionhe
asphal tenes are effectively in a non-polar solvent (i.e. nostly Forties

crude of |4 (DG BeIbhAaF oHRNAREtRTy OB ITLb¥Gore 0 givint thelabsiride,off )t han

ends aroun one treats the  asphal tene particles as spheri cal

particles that interact . onl hrough. a:-co [ Sd Jer s
their st rffl&ﬁr%ﬁfaélofnag{hﬁrpr?ﬂlql éitpﬁweﬁgg&ﬁvmft@if%d %}%@E‘%t}’ %fﬂsjsrg(%zsi ble to
cal cul ate an approximate theoretical prediction for the expected behavior
of the inhenbstncea agregmitaols Hrven by /us@nthe absence of

intensity due to surface scattering from asphal tene aggregapg]s%ima U@ﬁs t he

Iy By : (2)
+ 8adydly +20(fn ) + 6br ¢u]

Iys(@m)= E

where the denominator represents the hard sphere structure factor S(g.¢m) in the
0 , 2 4

fimit as g = 0, a= (420, Y /A~ dn ), 5= 0 dudy 127 /Q-008,) 00

represents the effective hard sphere volume fraction of asphaltcnes in the

undiluted oil at ¢, = 1, and Jy represents the scattering intensity from the

unaggregated "hard sphere" asphaltenes. As shown in Figure 3 by the solid line,
this theoretical prediction of Equation (2) only fits the data for ¢, > 0.5. The
lack of agreement at low ¢, is a clear indicator that the population of suspended
asphaltene particles has become depleted due 1o aggregation. By contrast, for a
compatible crude oil mixture, BCF-22 and Marib Light, Equation (2) provides a
o00d fit to J1.(¢y) over the entire range 0 = ¢m < 1, and the concavity is clearly a

downward or negative concavity, as shown in Figure 4. Different systematic

trends in the behavior of the correlation length associated with the particles as a



aggregation. The prediction for the behavior of JL(yh,,) for [g rfﬁu‘rz@&hard
spheres in the absence of aggregation is given by JHs(O): ( AU m--
11, OV 8A8J2876883a(~. OuY -} Gbonr Vul where the denoni nat oP(FépY@4E s t he
hard sphere structure factor S(q,ginjlp-in the limt asq -> 0,a=(l+201,
41"1/11-0.0i, ,6-~1+~m-u/2}-/1-0nu)4+9~u represents the effective hard
sphere volune fraction of asphaltenes in the wundiluted oil at m= 1, and
lu represents the scattering intensity fromthe wunaggregated "hard

here" t . - - 2. hy - Cd L e
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aggregation. By contrast, for a conpatible crude oil m xture, BCF-22 and
Mari b Li Equat.jyon. (2 [ovi.de ood fit t L r e entire
range 0[@%11 g 1,1}5}1@ Phlﬁf’%gg’ﬁ]ég\ﬁsfttse i‘@’@f%él"ﬁ} agso“l[&%%fe\éﬁgp 1Lfgegati 1/e
concavity, as.sho in Figure 4, Different ste ic trends in th
bonayt oftiEETY (Br QSR BF SPTARE Fetinr 0 edolesmit, Surve 1b I ROVEF e esEonstta o 1
AUG 2005 WO 112/176889 PCT/1JS02/ 15231 -10- function of.n, can al so be
used toowthatiaﬂf@ifmnahf:\ﬁééﬁg%Wtu%qt@naﬁ@aﬂenﬁggwwﬁidmnélfbﬁ%tﬁlaﬁ es and
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from zero at ¢, = 0 to a large {inite value that is significantly greater than J} for
the pure heavy crude oil for ¢, > 0. It then decreases thereafter for larger ¢y, and
when J,( ¢y) becomes less than I (@) + fincon{ém), one has reached the limit of
incompatibility. For this mixture, this boundary occurs a little above ¢, = 0.5.
This criterion for determining aggregation from Jq,r compared to Jy + Jineon can

be applied 1o a single SANS /(g) measurement at a particular ¢y, without the need

for an entire set of measurements as a function of dy,. Likewise. the value of the
power law exponent, @, can be used to determine the boundary of incompatibility;
a > 3 defines the existence of aggregates with surface structures that are at least
fractal in nature, as shown in Figure 6 for the Souedie/Forties crude oil mixture.

The boundary for incompatibility using this criterion for a yields a value for the

limit of incompatibility of ¢, = 0.52 that is in agreement with the other criteria.

[0023] In addition to assessing incompatibility of petroleum oils, it is
possible to estimate the volume fraction of the asphaltene aggregates, ¢sg,, and the

average length scale, R, associated with the internal structures of the aggregates

from the fits to X(g,¢y,) using Equation (1). The difference between the values for

the fitting parameter /_and the hard sphere prediction Jyyg given by the solid line



asphal tene aggregates' surfaces. As an exanple, for inconpatillieprd %iures
such as Souedi e! Forties, the surface scattering intensity, shown in

Fi gure 3VOOR8BE8Y apidly fromzero at (A, = 0 to a large ¥¢Hpﬂ€“0éﬂue
that is significantly greater than IL1fer the pure heavy crude oil for
,,, > 0. It then decreases thereafter for larger Or,, and when
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in Figur e 1 neomnpa region can b ed 1o estimate hagg in a

crude of loil, y X {rdf &in B98N Tromh 5‘3&%'%%&?&; ubtrig Rk HpbERimfiTon( iRkt

the internal structures are interconnected spheres of radius R. The well-known
Porod scattering law from a step change in the neutron scattering length density of

Ap at the boundary between an asphaltene aggregate and the surrounding liquid oil

. 2 4 .
mixture gives an expression for Sy: Sy = I (27807q) ), so K 1s:

2 4
R= 67 ¢agg Ap qi Hsur- )

For example, for the Souedie/Forties crude oil mixture at ¢, = 0.4, where o= 4,
. ~1
Jourt=5 cm—l, and g, = 0.018, we estimate Sy = 355c¢m  and R= 1.5 um for

typical values of Ap=2x 10" em™ and g)= 6.5 X 107 A™', Using a more
general approach that resembles this in form but accounts for a more gradual non-
step change in the neutron scattering length density, we can account for non-Porod
values of a, and the values of R determined for the Souedie/Forties crude oil
mixture are shown in Figure 8. The actual spatial extent of the aggregates can be

much larger than the average intemnal structure length R.



The results of this calculation for the Souedi e/ Forties are S@ﬁ) i,@é
Figure 7 and indicate that the maxi num vol une fraction of ag \é@gt
occurs n¥4 0¥/mEs¥enter of the inconpatible region around RET/ESORSHIZ,
Once the aggregate volune fraction isj2known, the average |ength scale,
R, of the internal structures of the aggregates can be estimated using
the total surface area of the aggregates per unit volune of the oil, Sv,

that can b bt ai n fromlsurt: R,z 3 gagg/.Sv, usin he approxi.mati on
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may be effective enough to cause substantial, if not total, disaggregation of the

asphaltene aggregates, depending upon the temperature and the time that the
petroleum oil or oil mixture has been held at that temperature. Even a partial
disaggregation of the asphaltenes by mild heating could be useful since the rate of
fouling of process equipment is linked to the quantity of aggregated (i.e.

unsuspended) asphaltenes in the stream.

[0025] Using small angle neutron scattering as described above, the
disaggregation of the asphaltenes in a Souedie and Forties crude oil mixture has
been observed as the temperature is raised from room temperature to 7= 80°C. In
this measurement, the lowest g set by the detector distance from the sample cell
was g1 =2.7x 107 AT By increasing the temperature in a stepwise fashion, and
then measuring the scattered neutron intensity, I, as a function of wavenumber, g,
after about 50 minutes at a given temperature, 7, a dramatic reduction in the low-g
scattered intensity has been shown when the temperature exceeds roughly 7>
70°C. An example of the reduction in surface scattering from asphaltene

aggregates due to mild heating for a mixing volume fraction of twenty percent

Souedie crude oil in Forties crude oil (¢, = 0.2) is shown in Figure 9. The solid



m xtures into the extrenely hot environnent of refinery fur bt &80l or der
to inhibit the deposition and coking of carbonaceous material on the

wal | s of Wh&/M7p%¥¥naces. The mild preheating may be acconpPf3AeHZ/31
several ways: blending the crude oil-sl3t-ogether in-line at an el evated
tenperature or taking a petroleumoil or petroleumoil m xture that
contai ns asphal tene aggregates and mldly heating it in a tank for up to
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as a function of wavenunber, g, after about 50 m nutes at a given

t enper at Un@icafes that)bgmaising t}mdnmpematum thadepbvefghe sttaadtereedellno dinsi t y
has been shown when the tenperature exceeds roughly T> 70C An exanple

of the re?df@cageomtﬁrﬁctsm patﬁétlébb@wmﬁgefaﬁahﬁl?;@%haﬁﬁ bren reditred 813840 fSe t o
mld heatin

Cr ude of SO RpEaPte o dribEa heTTRal Sy, (el AR TR an d TR <Dt ¢
to redisperse. Although we have demonstrated the disaggregation of asphaltene
aggregates after mild heating using the technique of SANS, other techmques,
including some optical techniques, can also be used to show this effect. Similarly,
other beamline techniques, such as ultra small angle neutron scattering (USANS)

an extension of SANS to lower g than those in the examples we show, could be

employed to detect disaggregation after heating.

16026] The advantage of the mild pre-heating methed over the other
methods is that it does not require the addition of a potentially costly dispersant
and that the temperature should be easily accessible in a refinery environment.
The kinetics of the disaggregation is fast enough that a simple warm holding tank
approach for previously mixed oils or even in-line mixing of pre-warmed oils are
feasible approaches. Finally, this approach may potentially be used with so-called
self-incompatible crude oils, namely, those crude oils that inherently contain
asphaltene aggregates as a result of their production and not due to mixing with

other petroleumn oils. Thus, 1t may be possible to use self-incompatible crude oils
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fits to the data using Equation (1). The heating causes a systematic
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require the addition of a potentially costly dispersant and that the
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kinetics of the disaggregation is fast enough that a sinple warm hol di ng
tank approach for previously mxed oils or even in-line mxing of
pre-warned oils are



feasi bl e approaches. Finally, this approach may potentially be usedjmgh
so-called self-inconpatible crude oils, nanely, those crude oils that

i nherently contain asphaltene aggregates as a result of their production
and not due to mxing with other petroleumoils. Thus, it my be
possible to use self-inconpatible crude oils 01 AUG 2GB5 WO 02NI 76889
PCT/ US112! ( 5231 -14_ or petroleumoil m xtures in which asphaltene

aggr egalesiMge know u to exist in a refinery equipped with the
pre-heating di saggregati on process step. 100271 Suitable time/tenperature
ranges for the heating step include | mnute to four weeks at a

b 40 d,150C.. ferred f 2 m : 24
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petrol eum m xtures of petroleumoils, feedstream and/or refinery
proces prédesS a¥bary, thicl disagpestatatoasphakeried rpefaindheboiublel ia thogembbeuny ¢ and
petrol eumoils, feedstream and/or refinery process streans, the
di saggmugtitresiofipptraleneneods feedsirerm gndor n¢fiecry prodess patams wberan saidnd
m xtures of petroleumoils feedstream and/or refine prqcess streans
wher ei ReaBRRS predeRryl 71 mﬁf&wweanﬁ@réépgtlépéf taees pEedaHd 150C
for a ti.ne, period of .1 mnute to four weeks. 2. The nethod of claim1

i

f ur t hePURBIFIO {OPREEERS step of determining the

2. The method of claim 1 further comprising the step of determining the
presence of asphaltene aggregates by irradiating said petroleum oils and o1} mixtures of
petroleum oils, feedstream and/or refinery process streams with neutrons and determining
small angle neutron scattering (SANS) intensity, 7, as a function of wavenumber, g,
wherein said scattering intensity includes a coherent component and an incoherent

component.

3. The method of claim 2 wherein said neutron scattering wavenumber, g,

is in the range 10 A''<gs1 4",

4. The method of claim 3 wherein compatibility and incompatibility of
petrolenm oils and mixtures of petroleum oils and/or refinery process streams are
determined fitting J(g) to an equation based on a physical model that contains coherent
components, a strongly decaying component to describe the surface scattering of
asphaltene aggregates at the g near its Jower range (low-g), a plateau component with a
falloff for g near its upper range (high-g) to describe the asphaltene particles, and a

constant to describe the g incoberent component.

5. The method of claim 4 wherein the equation is given by



presence of asphaltene aggregates by irradiating said petrol eumTOAUGQZ[]ﬁnd
oil mxtures of petroleumoils, feedstream and/or refinery process
streans with neutrons and determ ninggsmall angle neutron scattering
(SANS) intensity, I, as a function of wavenunber, g, wherein said
scattering intensity includes a coherent conponent and an incoherent
conponent. 3. The nethod of claim2 wherein said neutron scattering

wavenunber, q, is int range "44 1 5B I}L eamet hod of claim3
wherein conpatibility a’@ T%‘@ﬁﬁpé?}r bﬁl%gy?o Isp’éﬁ? {)abum oi s and i xtures
of petroleumoils and/or refinery process streans are determned fitting
I (gq) to an equation based on a physical nodel that contains coherent
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the radius of gyration of an asphaltene particlé), 16"rf is the I'owq
value of the intensity due to surface scattering from asphal tene
aggregates, a is the_absolute value_ of the logarithmc slope of I(qg) at

low g, and q, is &ixEe Bytadeofiduiest wharpintineompstulitye's detrrmmpehby
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the  yolume fraction of mixing, @n.

7. The method of claim 5 wherein incompalibility is determined by the
systematic deviation of J;, as a function of mixing volume fraction from a hard sphere

prediction.

&. The method of claim 5 wherein incompatibility is determined by a

maximum in the correlation length, &,

9. The method of claim 5 wherein incompatibility is determined by the
dominance of the low-g value of the surface scattering intensity, /.., over the sum of the
low-g plateau intensity of the asphaltene particles, /;, and the incoherent scattering

intensity, Lipcon.

10. The method of claim 5 wherein incompatibility is determined by the

power law exponent, a, exceeding a value of three,



volune fraction of mxing, O 7. The method of claim5 wherein
i nconpatibility is determned by the systematic deviation of ULl Alés2085
function of mxing volunme fraction frgma hard sphere prediction. 8. The
met hod of claim5 wherein inconpatibility is determned by a maxi numin
the correlation length, |;. 9. The nethod of claim5 wherein
inconpatibility is determ ned by the dom nance of the | owq value of the
surface scatteri i pt ' . ] tHh & lteh O Fe PArad €aU
intensity of therigais'p‘ﬂa{ﬁg@hg){%gért rlnéqeetgé’ Fk’lﬁﬁgfrggét e ff%%@ﬁe?en#éc ttering
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aggr egat es, I'n 1nconpati bl e petroleumoil and/or refinery process
St r eamaphiIteR A ABIRE ladtl s, thletrrensityi prgfdchBardispheres i ehdgtissmesiof L, t he

|l ow-q plateau i'ntensity corresponding to the asphaltene particles and

| HS, t hggiogatios hepanecmdiias drespalcesiined dalifosat veluwste faggenyef i on,
wherein IL, and IHS are are determ ned at different volume fractions of
m xi ngaxi®g ¢Fhe nethod of claim 11 wherein the equation to estimate the
volunme fraction of asphaltene aggregates, A ., is given by the

di fference between the neasured valve of IL (,,,) and the IL (c,J for

perfect hard spheres..in the absence of aggregation. 13. The .net hod of
claim5 wherein t Tfé? et ?é@@%#ié‘*’%&g&s‘ﬁﬁaﬂ?&%‘ 1 eshifatE The' Fotufle
fraction of asphaltene aggregates, ¢, is given by the difference between the measured

valve of I, (#y) and the J; (4,,) for perfect hard spheres in the absence of aggregation.

13. The method of claim 5 wherein the total surface area of asphaltene
aggregates per unit volume of the petroleum oil, Sv, is determined from the surface

scattering intensity, 1oy, at low wavenumbers, g.

14. The method of claim 12 wherein the average length scale, R, associated
with the internal structures of the asphaltene aggregates is determined from the ratio of
the volume fraction of asphaltene aggregates and the total surface area of asphaltene
aggregates, wherein the total surface of asphaltene aggregates per unit volume of the
petroleum oil, Sy, is determined from the surface scattering intensity, [y, at low

wavenumbers, g.

15. The method of claim 2 wherein said neutron scattering wavenumber, g,

is in the range 10° A< g <10 A",



aggregates per unit volunme of the petroleumoil, Sv, is determ nqigra@ﬂﬁ
the surface scattering intensity, IS ~, at |ow wavenunbers, q. . UE’
met hod of claim 12 wherein the averagg |length scale, R associated wth
the internal structures of the asphaltene aggregates is determined from
the ratio of the volune fraction of asphaltene aggregates and the total
surface area of asphaltene aggregates, wherein the total surface of
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met hod of claim 1 wherein said heating is perforned at a tenperature
range between 40C and 100C for a time period of 2 mnutes to 24 hours.

18. The nethod of | &| Themietb&bLtimdi Whéredi sag hestineisiperfoethedtat a
tenperature range between 40C and 80C for a tine period of 3 mnutes to 3
hours, témpefaterenempodetieen 4016 AndReTElor astind pesiadiolg minyes food hewrsat a
tenperature range between 40C and 60C for a tinme period of 4 mnutes to 1
hour .

19. The method of claim 1 wherein said heating is performed at a

temperature range between 40°C and 60°C for a time period of 4 minutes to 1 hour.





