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ABSTRACT

Whole asphaltenes were fractionated by extendedatafiy aromatics, resins and
asphaltenes (E-SARA) analysis into four asphaltenefractions: toluene-extracted
interfacially active asphaltenes (T-1AA), toluendraxted remaining asphaltenes (T-RA),
heptol 50/50-extracted interfacially active asphadge (HT-IAA), and heptol 50/50-
extracted remaining asphaltenes (HT-RA). The aggragakinetics of fractionated
asphaltenes measured by dynamic light scattering Y[3h8wed that decreasing solvent
aromaticity promoted asphaltene aggregation foruwfractions. In a given solvent, T-
IAA exhibited the strongest aggregation tendencypWdd by HT-IAA, then T-RA and
HT-RA. Such differences were attributed to the higheygex and sulfur contents
(highlighted in sulfoxide content) in IAA subfractiotien RA subfractions, as confirmed
by elemental analysis and X-ray photoelectron spsctqgy (XPS). The interaction forces
between immobilized fractionated asphaltenes weresummed using an atomic force
microscope (AFM) to obtain a fundamental understagaf asphaltene interactions in
organic media of varying aromaticity. The results shbweat decreasing solvent
aromaticity reduced steric repulsion and increasdtesidn between asphaltenes with
asphaltenes adopting a more compressed conform&iArsubfractions, in particular T-
IAA, exhibited higher adhesion forces than RA subfrarg during separation of two
asphaltene films in contact. The results of AFM cdédiforce measurements were in good
agreement with the DLS data. In spite of the smafbgide content in asphaltenes, the
sulfoxide groups are believed to play a critical inlenhancing asphaltene aggregation in

the bulk oil phase.



1. INTRODUCTION

Frequently quantified by SARA (Saturates, AromaticssiRs and Asphaltenes) analysis,
asphaltenes are defined as a solubility class of lpetro molecules being soluble in
aromatic solvents such as toluene but insoluble-alkanes such as n-pentane or n-
heptané. Despite their applications in coating and pavingptaltenes are generally
considered a nuisanéé. Their ability to self-associate and partition dtsalid and oil-
water interfaces is the root cause of several magoras encountered during oil production
and processingrhe adsorption of asphaltenes onto solid surface$) @drange reservoir
wettability and plug wellbores® and ii) block pipelines and foul equipménthereby
reducing oil recovery and potentially halting oil gustion. On the other hand, the
adsorption of asphaltenes to the oil-water integasgnificantly contributes to the
stabilization of undesirable water-oil (W/O) emulsions, which pose severe corrosion
problems to pipelines and refining facilities duestdts and fine solids associated with
emulsified water droplets!! These asphaltene-induced problems are closely defatbe
inevitable self-aggregation behavior of asphalterses gesult of the strong adsorption of

asphaltene aggregatesodt-water interfaces or onto mineral and metallic surfaces.!212:13

As a result of such important practical implicatiotieg aggregation of asphaltenes has
been the subject of extensive investigations for reé\decadesAsphaltenes are able to
self-assemble at very low concentrations and in adgeolvent such as tolueffe.
Fluorescence spectroscopic studies showed the gradgatgation of asphaltenes with
increasing asphaltene concentratioff Molecular dynamic simulations confirmed the
formation of complex asphaltene aggregates both in the bulk oil phase and at the oil—water
interfacet’1° Chacoén-Patifio et &. and Yang et &' reported that the asphaltene
subfractions enriched in archipelago structures etddba higher tendency of self-
association than those enriched in island structivedlins et al. proposed a step-wise
asphaltene aggregation model in which asphaltereaules begin to form nanoaggregates
of ~2 nm, followed by further association of nanoaggeg&b form clusters of ~5 nfA.
Gray et al. proposed that asphaltenes self-assotatéorm a three-dimensioha
“supramolecular assembly” as a result of multiple intermolecular interactions, including
aromatic n—7 stacking, hydrogen bonding, acid—base interaction, metal coordination and

association of hydrophobic pockéts.



Addition of an aliphatic solvent can greatly enhaasphaltene aggregatiéhSirota et al.
reported that asphaltene molecules in a good soluwetérwent a thermodynamic phase
separation following the addition of an aliphatic suit?® Wang et al. pioneered the
colloidal force measurements between whole asphalteoated on silica in organic
solvents of different aromaticity (toluene to n-heptamatio) using an atomic force
microscopy (AFMY%27 The increase of n-heptane was found to reducelange steric
repulsion and induce weak adhesion between aspbattereculesUsing mica as the
substrate materiaNatarajan et al. and Zhang et al. obserastmilar trend when studying
the molecular interactions between whole asphaltesesya surface forces apparatus
(SFA) 282° The addition of n-heptane reduced the steric répulsetween asphaltenes,
accompanied by an increase in adhesion force. Agpleafilms adsorbed on mica were

found to swell significantly in toluene in contragtthose films immersed in n-heptane.

As discussed more recenfly3? studying whole asphaltenes may restrict our abibty t
determine the physicochemical characteristics ofitbst interfacially active asphaltenes,
i.e., the most troublesome asphaltene subfractionkhwpreferentially deposit and
partition at oil-solid* 3> or oil-watef? 3640 interfaces The extended-SARA (E-SARA
analysis fractionates whole asphaltenes accordinghéto interfacial behaviors and
adsorption characteristics, allowing us to targetisigeasphaltene subfractions of varying
interfacial activities$? Subramanian et al. fractionated whole asphaltenies) uke E-
SARA analysis by adsorbing asphaltenes onto caldarnonaté* The authors showed
that the asphaltene subfraction irreversibly adsodoéd calcium carbonate exhibited the
highest concentration of carbonyl and carboxylic gcmlps, which agreed with the work

of Clingenpeel et &t

In our previous studies of E-SARA fractionation basedasphaltene adsorption at oil-
water interfacesa total of four different asphaltene subfractions wab&ined using
toluene and heptol 50/50 (a mixture of n-heptanetaluégne at a 1:1 volume ratio) as the
extracting solvent, respectively.We found that the oxygenated groups, in particular
sulfoxides, plagda critical role in enhancing asphaltene adsorptiail avater interfaces

Among the four asphaltene subfractions, the subfractotaining the highest amount of



sulfoxides exhibited the highest interfacial activiormed the most rigid interfacial films

and contributed significantly to the stabilizationWfO emulsions

Despite their critical importance in understandinglenular mechanisms of asphaltene-
induced problems, no study has considered the mialeénteractions between such
interfacially active asphaltenes. The complex akpha interaction could be better
understood by studying and comparing asphaltenerasttliins of different interfacial
activities and compositions, paving the way to dateespecific chemical functionalities
with certain interaction characteristics. In the curneatk, the four different asphaltene
subfractions were obtained according to the procedutined in our earlier studif
Dynamic light scattering (DLS) was used to measueeattgregation behaviors of these
fractionated asphaltenes in organic solvents of mgrgromaticity, while AFM colloidal
force measurements were conducted to understand ¢ishamsms of their molecular
interactions Combined with the detailed characterizations of fraetied asphaltenes
through elemental analysis and X-ray photoelectpmtisoscopy (XPS), the results from
this study provide molecular insights into the rol&key functional groups in controlling

asphaltene interactions.

2. MATERIALSAND METHODS

2.1 Materials

Whole asphaltenes were precipitated at a 40:1 (mb/gentane/bitumen ratio from
vacuum distillation feed bitumen provided by Syncr@demada, Ltd. (Canada). Optififa
grade n-pentane, Optitd-grade toluene, OptimM¥4-grade n-heptane (Fisher Scientific,
Canada) were used as received. Heptol 5ar80heptol 70/30 were prepared by mixing
n-heptane and toluene ata 1:1 and 7:3 volume raspgctively. DI water with a resistivity
of 18.2 MQ-cm was used throughout the study.

Asphaltene subfractions were obtained using the EAARctionation methodby
adsorbing asphaltesat oil-water interfacedn brief, the W/O emulsion was prepared
using DI water and whole asphalteinesdvent solution, agitated at 30 000 rpm for 5 min

and allowed to stand still overnight. The supernttgas removed and the sediment cake
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(settled water droplets) of the emulsion was washeu fvésh solvent until its supernatant
appeared colorles¥he cleaned sediment cake was then dried in a vacwem at 60 °C

to obtain the interfacially active asphaltene sultioa¢ termed IAA. The asphaltenes
which remained in the organic phasere considered as remaining asphaltenes (RA)
Based on the different organic solvents used in theAEAS fractionation, two IAA
subfractions and two corresponding RA subfractioneveallected as followdoluene-
extracted interfacially active asphaltenes (T-IAA), lueme-extracted remaining
asphaltenes (T-RA), heptol 50/50-extracted interfcadtive asphaltenes (HT-1AA), and
heptol 50/50-extracted remaining asphaltenes (HT-RAjther details on the E-SARA
fractionation of whole asphaltenes can be found inpoevious study?

2.2 Dynamic Light Scattering (DL S)

The aggregation behavi® of fractionated asphaltenes were studied using th& D
technique. The mean hydrodynamic radiRg)(of the particles (asphaltene aggregates) is
correlated directly to their diffusion coefficienD{ according to the Stokes—Einstein

equation

kT

D= (1)

- 6TTRy M

wherek is the Boltzmann constarfi,is the temperature, angdis the viscosity of solvent.
For Brownian particles, their diffusion coefficie)(is also related to their characteristic

diffusion time €p) through

1

D= (@)

 21pg?

whereq is the scattering vector given by
q = (4nn/A)sin(6/2) (3)

with n being the refractive index of the medium in whible @asphaltenes are dispersed,
andA being the wavelength of the laser beam. The DicBriggue can measure the time-
dependent autocorrelation functi@it) of the scattered light, which is a function of the

characteristic diffusion time, and the decay timebetween the measurements as given

by



G(t) =b[1+ eexp (— i)] (4)

D

whereb is the baseline correlation level relative to tbel light scattering intensity, and
€ is the coefficient which depends on the stray lhd the aperture size. In the current
study, aggregates of fractionated asphaltenes wenel fiauexhibit Brownian motion with
different diffusion rates. Combining Egs. (1-4), the mbgdrodynamic radiug, of the
asphaltene aggregates can be deduced from the DiaSldaspite of the tendency for
asphaltenes to interact with each other to form grgwiggregates, the DLS is applicable
to monitor the size of asphaltenes when the measutetinge is much shorter than the
characteristic aggregation time. Details of the DL&teque can be found in the relevant

literature2:43

A multifunctional ALV 5022 laser light scattering gometer (ALV, Germany) in
combination with an ALV SP-86 digital correlator (AL\Germany) was used in the DLS
experiments. A He—Ne laser with an output power of 22 mW was used as the light source.
The optical cell was placed in an index-matchinty ftked with high-purity, dust-free
toluene. 2 mL of 0.04 g/L fractionated asphalténselvent (heptol 50/50 or heptol 70/30)
solution was added into the optical cell. The akpha concentration of 0.04 g/L was
chosen in this study to ensure that the fractionatgdhaltenes do not precipitate in the
solvents during the measuremelrtte scattering angle was set at 75° to minimizetfest

of backscattering from the samples. The data adoprisime was chosen to be 60 s to
ensure no significant changes in the aggregatedsizeg the measurement interval, while
retaining a good signal/noise ratio. The total mears@nt time was limited to 2 h to avoid
the artifacts of aggregate sedimentation. A lag time min was allowed between any two
consecutive measurements. All of the measurememnts eaeried out at room temperature

(22 £0.2 °C) and ambient pressure.

2.3 Elemental Analysis

A FLASH 2000 CHNS/O analyzer (Thermo Scientific, U.§.as used to analyze the
contents of carbon, hydrogen, nitrogen, sulfur andyeryof asphaltene subfractions. The
standard operational method recommended by the mstrtumanufacturer was followed.

Asphaltene samples of ~5 mg were used for the aisaly



2.4 X-ray Photoelectron Spectr oscopy (XPS)

A Kratos Axis 165 spectrometer (Kratos, U.K. u@ped with a monochromatic Al Ka X-

ray source (1486.6 eV) at 15 kV anode potential ancth2Gmission current was used to

perform XPS analysis on the asphaltene subfract@ihthe XPS spectra were calibrated

by the binding energy of Au 4f7/2 at 84.0 eV witlierence to the Fermi level. Narrow

scan spectra over the C 1s, S 2p, N 1s and O 1s sagieme acquired with a pass energy
of 20.0 eV and a dwell time of 200 ms. Casa XPSwsoft was used to conduct peak

deconvolutions and calculate the atomic concentratio

2.5 Colloidal Force M easurement using Atomic Force Microscopy (AFM)

AFM was used to measure the interaction forces betveesphaltene subfractions in
different organic solvents. Asphaltene subfractionseweated onto silica wafers and
probe particles by dip-coating method. The silica v&afdlanoFab, University of Alberta,
Canada) were cleaned using freshly prepared piranhaos@s:1 (v/v) BSQW/H20,],
soaked for 1 h and rinsed with DI water prior to these. The AFM colloidal probe was
made by attaching a silica microsphebex 9 um, Whitehouse Scientific, U.K.) onto the
apex of an AFM tipless silicon nitride cantilever ({@R.0, Bruker Scientific, U.S.A.) using
a two-component epoxy glue (EP2LV, Master Bound, Al)SThe colloidal probes were
kept under vacuum overnight and then exposed toteavidlet light for 30 min to remove
residual organic contaminants. The spring constaindg-M cantilevers used in this study
were~0.24 N/m and did not change significantly during fibree measurements (<10%).
Prior to the force measurements, the treated probesilasadwafers were immersed @il
g/L fractionated asphaltene-toluene solutions for 1 h, after which they were washigh
pure toluene and then dried with gentle nitrogenlga®. The fractionated asphaltene-
coated silica wafers and colloidal probes were usedFd/ colloidal force measurements.
The clean and fractionated asphaltene-depositezh sitafers were imaged in air with a
silicon tip at a scan rate of 1 Hz in ambient cands of temperature and humidity using
a Bruker ICON AFM (Bruker Scientific, U.S.A.) in tapping de

Interaction forces between fractionated asphaltenesobilized on silica wafers and
colloidal probes in organic solvents of varying aabitity were measured using the same

Bruker Icon AFM. The approach and retract velocity @f ¢blloidal probe was fixed at 1



um/s. Details of the AFM force measurement technique canfdo@d in the open

literature?*47 All interaction forces were normalized by the radifishe colloidal probe

coated with the fractionated asphaltenes. Force uneaents were conducted in tolugne
heptol 50/50 and heptol 70/30 using a house-magéllicell at a constant temperature of
22 +1 °C and ambient pressure. After the solvergtiwj@cted into the cell, the system was
allowed to equilibrate for 15 min before initiating fereneasurements. A number of
different surface locations on at least two indepahdgamples for each asphaltene-

asphaltene pair were chosen to ensure that représgeritdaeraction forces were captured

3. RESULTSAND DISCUSSION
3.1 Aggregation of Fractionated AsphaltenesMonitored by DL S

The aggregation kinetics of fractionated asphalteme&se studied by DLS. The
hydrodynamic radii of the aggregates of different afiehe subfractions were measured
as a function of time. At a concentration of 0.04 ig/ heptol 50/50, the T-1AA subfraction
was found to be more prone to aggregation than amy stibfractions, as shown in Figure
la. The hydrodynamic radii of T-IAA aggregates quidklgreased from around 500 nm,
the largest initial size amongst the four fractiodaasphaltenes, to almost 1600 nm after 2
h. The increase in size of HT-IAA aggregates wasvel than that of T-IAA, while no
significant size increase was observed for T-RA andRA aggregates during the
measurement time. The RA subfractions showed a howgdr tendency to aggregate than
the IAA subfractions. As an effective precipitant foplaaltenes, increasing the n-heptane
content from heptol 50/50 to heptol 70/30 led teréased aggregation rates and enlarged
ultimate aggregate sizes, as shown in Figurddowever, in comparison with the two IAA

subfractions, the extent of enhanced aggregatiomwa$ smaller for T-RA and HT-RA.
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Figure 1. Time-dependent aggregation kinetics of 0.04 géctionated asphaltenes in a)
heptol 50/50 and b) heptol 70/30. Inset figures: gédtted on a log-log scale.

A linear relationship was observed between the hydrachic radii and aggregation time
when plotted on a log-log scale (inset of Figureriicating diffusion-limited aggregation
for all asphaltene subfractions. The dependence of#tsple aggregate siZ®) on time

(t) can be approximated as follows,

R = At® (5)

whereA is a constant determined by the size of initialhafiene aggregates and the
characteristic time of asphaltene nucleatfohhe empirical fits showed that the T-RA and
HT-RA had a similai of 0.53 + 0.02, whilexr was 0.45 + 0.01 and 0.38 £ 0.01 for HT-
IAA and T-1AA, respectivelyThe o of T-IAA was similar to the value reported for whole
asphaltenes (0.36 + 0.0%)suggesting that the T-IAA subfraction contributemiicantly

to asphaltene aggregation despite the fact thatA décounts for only a small fraction of

the whole asphaltenes as shown by its low fractigieddl (1.1 £ 0.3 wt%), see Table 1.

The differences in oxygen and sulfur contents amoppgatene subfractions caused their
contrasting aggregation behaviors. The IAA subfragtiguarticularly T-IAA subfraction,
featured higher oxygen and sulfur contents than RAaatons (Table 1). As determined
by elemental analysis, the oxygen content of T-IAAsw-1.5 times greater than that of
HT-IAA, and 3 times greater than those of both RA matifons. Such significant
differences in oxygen and sulfur content were highéghby the higher content of

oxygenated polar groups, in particular sulfoxides, gme#n IAA subfractions than RA



subfractions, as verified by XPS analysis given ibl&d. The higher amount of sulfoxides
in IAA provide more binding sites among IAA moleeslthan RA molecules, leading to a
higher probability of aggregation and hence larger aggregatd AA than RA through
polar/hydrogen binding. It is therefore reasonable tackemle that the polar sulfoxides
significantly contribute to promoting asphalteneg@gation, as supported by previous
studies showing that considerably larger asphaltegeeggtes were formed by the more
polar asphaltene subfractiotfdJsing isothermal titration calorimetry (ITC), Subramanian
and co-workers reported that the asphaltene subfragtibmigher concentrations of polar
groups (carbonyl, carboxylic acid or derivative groups)d a significantly higher
aggregation tendency than other subfractfdnSimilar results were also observed by
Wang et al. using DL® The subfraction which was believed to be respoadit the
aggregation of whole asphaltenes had the largesbeuaf polar groups. The role of polar
groups in enhancing asphaltene aggregation was atdomed in studies of asphaltene
model compound¥) In addition, by disrupting the interactions betwéles polar groups

of asphaltene molecules, polar resins were fourtable to disperse asphaltefks.

Table 1. Elemental composition of the four asphaltene subfrasti

T-IAA HT-IAA T-RA HT-RA
H/C ratio 1.19 1.20 1.18 1.18
N (Wt%) 1.12 1.13 1.12 1.12
O (Wt%) 5.64 3.70 1.38 1.33
S (wt%) 9.76 9.71 8.75 8.72
Sulfoxide (%% 22.36 19.22 n/a n/a

Fractional yield (Wt%) 1.1 +0.3 42 +0.3 98.9+0.3 95.8+0.3
aSulfoxide content determined by the peak area rdtsnilfoxide from the XPS S 2p band

of each fractionated asphaltenes.

3.2 Char acterization of Fractionated Asphaltene Films Deposited on Silica Wafers
Fractionated asphaltenes were coated onto silicarsvafed colloidal probes in order to
measure the interaction forces between asphaltefaessiin organic media using an AFM.
The successful and similar coatings of fractionatgzhaltenes on both silica wafers and

probes were confirmed by the identical interaction feroeeasured by AFM upon
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approach between asphaltene-coated wafer-bare @mobdare wafer-asphaltene-coated
probe pairg€®2” The morphological featuresf the asphaltene films dip-coated from
asphaltene solutiormto silica wafers were characterized inlayr AFM in tapping mode
(Figure 2) In reference, the bare hydrophilic silica wafer wasdtad featureless, as shown
in Figure 2a. In comparison, deposited asphalteneswinly rinsing with pure toluene
exhibited a layer of asphaltene aggregates of iraegshapes, suggesting a strong
irreversible adsorption of asphaltenegoohydrophilic silica surfaces (Figure 2b-2e)
Asphaltene aggregates of equivalent diameter bet@@amd 180 nm were observed for
the HT-RA and T-RA, while the size of aggregates fednby HT-IAA and T-I1AA
increased to between 200 and 400 nm, with the ggtge much more densely distributed.
The root mean square roughnelRg)(of the dry asphaltene film gradually increased from
~1.1 to ~1.8 nm in the order BIT-RA, T-RA, HT-IAA and T-IAA. The results indicated
the stronger aggregation of two I1AA subfractions tRansubfractions, which agrees well
with the DLS data

5.0 nm

. .
50um 00 Height Sensor

0.0 Height Sensor ~ 5.0um 0.0 Height Sensor ~ 5.0um 0.0 Height Sensor

(a) (b) (©) ) (e)

Figure 2. Tapping mode AFM imaging in air of clean bare silstaface (a) and silica
surfaces coated with (b) HT-RA, (c) T-RA, (d) HT-lAekd (e) T-IAA.

Asphaltenes adsorb onto silica surfaces primarilgubh thér polar functional group%->3
The sulfoxide group was considered the single iflentior IAA subfraction4® with the
T-IAA containing more sulfoxides than the HT-IAA (Tlabl). The presence of polar
oxygenated functional groups allows the asphalteolecules to arrange themselves more
favorablyon hydrophilic solid surfacé%>*and oil-water interface's;**4°mainly through
hydrogen bonding interactions. It is therefore nopsaging to see that T-IAA molecules
packed more densely on the hydrophilic silica surfaae any other subfractiorresulting

in the closest packing pattern amongst the four aspi@kubfractions.
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3.3 Interaction For ces between Fractionated Asphaltenesin Organic Solvents

The interaction forces between immobilized asphalt®n&ractions in toluene, heptol
50/50 and heptol 70/30 were measured using the ABNbidal probe technique, to
provide a fundamental understanding of asphaltemeactions in organic media. During
approach, pure repulsion between two immobilizedhalspne surfaces was measured for
all asphaltene subfractions. Since the electrosthtithle-layer forces can be considered
negligible in organic media, the observed repulsias attributed to the steric repulsion
between the immobilized asphaltene filtAsSuch interaction can be analyzed using the
Alexander—de Gennes (AdG) scaling model, as asphaltenes exhibit similar steric
interactionsasswollen polymer brushé$.2° The AdG model is normally used to interpret
the steric forces between surfaces coated with mepetie and neutral polymer brushes
in good solvent8:°6 Since the absolute distance between the two asphaftins is
unknown in the AFM force measurements, the AdG maaed modified to include
parameter which describes the thickness of a fully compresasphaltene film as

follows,26:27

F(D)_16nkTL ( 2L )5/4 (D+2§)7/4 .
R 3553 |'\D+2¢ 2L

for D + 2¢ < 2L (6)

whereD is the distance between the probe and flat silickase,R is the radius of the
probe k is the Boltzmann constarf, is the temperaturd, is the length of protruding
asphaltengwithout compressigrs is the average distance between two grafting pommts

the surface, anélis the thickness of a fully compressed asphaltéme(Figure 3).
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Figure 3. Measured force profiles (symbols) between two agpghmmg fractionated
asphaltene films (subfraction labelled in figure) imminbd ona silica colloidal probe
anda flat silica substrate, respectively, in comparisorhwite best theoretical fit (solid
lines) of the AdG model. Only one typical force plehas been reported for each condition

to providea clear illustration of the subfraction and solvent dffec

The measured repulsion was in good agreement wtlAttG scaling model for all the
cases (Figure 3), confirming that steric repulsiors Wee dominant interaction between
asphaltene films during approach. Table 2 providesraamary of the fitting parameteks

s and ¢ obtained for the four asphaltene subfractions undiéerednt conditions. The
varying trends of the three fitting parameters are hgadliserved in Figure 4. For all the
subfractions, the uncompressed sizedf asphaltene films decreased with increasing n-
heptane concentration, indicating a more dense amafiion of asphaltenes induced by
the addition of a poor solvent (n-heptane). For instan for T-IAA was reduced
significantly from 41.9 to 19.5 nm as the solvenswhanged from a good solvent (toluene)
to a relatively poor solvent (heptol 70/30). Simitdyservations were previously noted

when studying the molecular interactions between wiadphaltene¥.?® Likewise, é
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which describes the thickness of a fully compressgahaltene film, was greater in toluene
than in heptol 50/50 and heptol 70/30, for all élsphaltene subfractions. The smaller and
denser asphaltene aggregates are less likely toeaplklothewhen brought into contact,
as verified by the decreasing magnitude and rangepailsive forces with increasing n-
heptane content in the solvent. In terms of the awedisfance between the two grafting
points on the surface, the largest values were observed in toluene for all the cases, with

only a slight reduction (~ 2%) observed between @ses of heptol 50/50 and heptol 70/30.

Table 2. Parameter values obtained by fitting the repulsiveractions (Figure 3) using
the AdG model.

Toluene Heptol 50/50 Heptol 70/30
i & s b & s L & S
(hm)  (m) (nm) (m) (m) (hm) (m) (nm) (nm)
T-IAA 419 438 9.3 26.1 3.8 8.5 195 34 8.3
HT-IAA 420 4.4 11.1 258 3.6 10.2 191 2.9 10.1
T-RA 41.6 3.9 136 255 2.9 129 193 2.5 12.7
HT-RA 418 3.8 135 256 3.1 126 19.0 2.4 12.7

Il Toluene
[ Heptol 50/50
Il Heptol 70/30

h 04 0
T-IAA HT-IAA T-RA HT-RA T-IAA HT-IAA T-RA HT-RA T-IAA HT-IAA T-RA HT-RA

Figure 4. Varying trends of the AdG fitting parametdr,sS ands of the four asphaltene

subfractions under different solvent conditions.

For different asphaltene subfractions under the sanwergotonditionsL values were
comparableindicating little variation in the size of the uncprassed asphaltene films
among the four subfractions. The fittédalues also showed little variation, all less than

5 nm which was close to the asphaltene film thickrigs 1 nm) measured by ellipsometry
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in air. The¢ values of the two I1AA subfractions were slightly larghan those determined
for the two RA subfractions in the same solv&uch differences were anticipated due to
the higher polarity of IAA subfractions and henceslesmpressible nature of ihdilms.>3
Unlike L and ¢, the s values varied significantly among the different adf@ne
subfractions. The RA subfractions showed largealues than the 1AA subfractions. For
example, in heptob0/50, thes values of T-RA and HT-RA were 12.9 and 12.6 nm,
respectively, whereas tlsevalues for HT-IAA and T-IAA were reduced to 10.8da8.5
nm, respectively. According to the definitionyepresents the mean distance between the
two neighboring grafting points on the surface. Sipo&ar interactions are the main
mechanism for asphaltene adsorptionasilica’?>3 more polar functional groups would
lead to more grafting points of asphaltenashe surface. The asphaltene subfraction with
the highest polarity (number of polar groups) woulddeeexhibit thesmallest s value. As
discussed earlier, the primary difference among the fagtibnated asphaltenes was the
higher amount of sulfoxide groups present in the |AAfsactionsin comparison with the
RA subfractions, the IAA subfractions also congminmmore of other oxygenated polar
functional groups, such as carbonyl and hydroxyl gspupore so for T-IAA thatdT-
IAA. 40 The T-IAA subfractionwas therefore expected to result in the smakestlue,
followed by HT-IAA, and then the two RA subfractiofisis trendwas in good agreement
with the order of fitted values, indicating the predominant role of polaeractions in the
adsorption of asphaltenesto hydrophilic silica. As a result, the T-IAA moleesl had the
least freedom of movement on the silica, leadinth&r closest packing pattern, which

was in good agreement with the results of AFM imgdifigure 2)

Figure 5 shows the magnitude of the adhesion forcessumed when separating two
contacting immobilized asphaltene surfaces in todydeptol 50/50 and hepfl/30. For

all subfractions, adhesion forces between the imnzalilasphaltene surfaces increased
with increasing n-heptane content in the solvene flily expanded (swollen) asphaltene
aggregates in toluene featuned adhesion (unmeasurable) between opposing asphaltene
films upon separation. For instance, the adhesiore f(fg/R) between the T-IAA films

was unmeasurable in toluene, while it increase®t®3-mN/m in heptol 50/50, and further

increased to ~0.41 mN/m in heptol 70/30. Increask@sion between asphaltemesnore
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aliphatic solvents (addition of n-heptane) correlatesll with the stronger aggregation

tendency of asphaltesen more aliphatic solvents measured by DLS (Figure 1)

0.5
1 = Toluene 4
0.4 e Heptol 50/50
A Heptol 70/30 T 1
E 0.3 1 A ®
=z
£E . @
Q\: 0.2 & A
B 1
- - ®
®
0.1
004 R e e e .-
1 ’ 1 1 1
HT-RA T-RA HT-I1AA T-IAA

Figure5. Normalized adhesion forceR,(; /R) between equivalent asphaltene subfractions
interacting in toluene, heptol 50/50 and heptol @0/Zhe dotted line indicates zero

adhesion.

Under the same solvent conditions, T-IAA and HT-l&Rhibited larger adhesion forces
than the two RA subfractions. The strengdhesions between IAA subfractions were
attributed to thie higher oxygen and sulfur contents (Table The heteroatoms (N, O and
S) embedded in the aromatic rings of asphaltened atndngthen the aromatic interaction
between asphaltené&sy” which is considered to be the dominant driving force for
asphaltene aggregatiéh?®>"°8The presence of heteroatoms increases the polafrity
asphaltenes and hence enhaniteszn-electron cloud density of aromatic ringfus
contributing to stronger-n stacking interactions between the polyaromatic cares
asphaltenes. In addition, heteroatoms along thé&atiip side chains of asphaltenes also
play a significant role in the aggregation of asphats through polar interactie®®¢° The
density functional theory (DFT) calculations by da @ost al. showed that hydrogen
bonding was as important as ©— interactions for asphaltene aggregation.®! The higher
oxygen and sulfur contents of the 1AA subfractions ttzerefore be considered to be the

primary cause for the enhanced association betweghbwing asphaltenes. The AFM
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colloidal force measurements correlated well withafgregation trend revealed by DLS,
confirming the stronger binding interactions betwées IAA subfractions than the RA

subfractions, as well as the role of n-heptane inreihg asphaltene aggregation.

4. CONCLUSION

The aggregation behaviors of four asphaltene subdmesir-IAA, HT-IAA, T-RA and
HT-RA) prepared using E-SARA fractionation were probed hGn organic media of
varying aromaticity. The DLS results indicated a sggemaggregation tendency of the two
IAA subfractions (especially T-IAA) than the two RA d$tdxtions in a given solvent.
Decreasing solvent aromaticity was found to promaphaltene aggregation. AFM
colloidal force measurements were conducted in otdepbtain a molecular level
understanding of asphaltene interactions, and thatseshowed a good correlation with
the DLS findings. For all asphaltene subfractiong, $blvent aromaticity significantly
influenced the interaction forces between immobiliasghaltene films. As the solvent
aromaticity decreased, asphaltene molecules adept@ale compressed conformation as
verified by their collapsed sizes. The steric repulsietected during the approach of two
asphaltene films diminished with increasing n-heptaontent. On the contrary, the
adhesion forces measured during separation of two @aspbaurfaces in contact increased
as the solvent changed from toluene to heptol 70/8@er the same solvent conditions,
IAA films were more likely to associate with eaclhet than RA films as revealed during
separation of two contacting asphaltene filfise greagr aggregation tendency of I1AA
subfractions was attributed to their hagloxygen and sulfur contentSompared with the
RA subfractionsthe presence a@flarger number of oxygenated polar groups (particularly
sulfoxides) greatly contributed to the stronger akpha aggregatiomy strongern-n
interactions between large conjugated aromatic rifigsphaltenes, as well as hydrogen
bonding interactions between polar groups of asphadteiihe current study provides
scientific insights into the molecular interaction®tWeen asphaltene molecules,
specifically highlighting the contribution of sulfaes which promote strong asphaltene

aggregation.
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