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ABSTRACT

SARA fractionation separates the oil into fractionsaturates (S), aromatics (A), resins
(R), and asphaltenes (A) based on the differences in podarizability and polarity.
Defined as a solubility class, asphaltenes are albyntonsidered as a menace in the
petroleum industry mainly due to their problematiccgation and adsorption at oil water
and oil-solid interfaces. As a broad range of molestll within the group of asphaltenes
with distinct sizes and structures, considering tipbalsenes as a whole was noted to limit
the deep understanding of governing mechanisms sphatene-induced problems.
Extended-SARA (E-SARA) is being proposed as a conoéptsphaltene fractionation
according to their interfacial activities and adsmnptcharacteristics, providing critical
information to correlate specific functional groupsthwicertain characteristics of
asphaltene aggregation, precipitation and adsarpBach knowledge obtained is essential
to addressing asphaltene-related problems by taggsfpiecific subfractions of asphaltenes

for selective removal.



1. INTRODUCTION

1.1 SARA

Derived from ancient fossilized organisms, petroleamde oil is a complex organic
mixture comprising of saturated and unsaturated hydbons with small amounts of
heteroatoms (N, O, and S) and metallic constitueiiitse characterization of crude oil is
critical not only to oil processing from upstreameme®ir exploration to downstream
refining design, but also for prediction and manageinof environmental exposutéue

to the complex nature of crude oill, it is almost irsgible to identify individual molecules
present in it. Bulk properties of crude oils, suctidassity (or API gravity), viscosity and
boiling point, are often measured to give a fasessment of petroleum oil, in the context
of various types of oil separation processes basdubiting point (distillation), solubility
(precipitation) and chromatography (adsorptibn)lhese physical properties are
determined by chemical compositions and structusesel as molecular weights of the

crude oil components.

SARA fractionation uses a combination of solubilitydachromatographic separation,
which separates the crude oil into fractions of sa#sré®), aromatics (A), resins (R) and
asphaltenes (A) according to their polarizability gradarity (Figure 1)+ In SARA
fractionation, asphaltenes are first precipitateidgis-alkanes, such as n-pentane or n-
heptan€.” After removal of asphaltenes, the remaining SARAtfoms are sequentially
obtained by eluting the remaining components, ctillely called maltenes. Maltenes are
adsorbed onto a chromatographic column using variolersts of particular polarity.
Saturates consisting mainly of non-polar linear, bradarel cyclic alkanes are removed
by flushing the maltenes with n-alkanes through ¢blimn, with all other remaining
components adsorbed onto the colutiithe aromatic fraction is separated (washed off)
from the adsorbent in the column using aromaticesth\such as benzene, and resins are
eluted from the column with polar solvent such as amhand chloroformAromatics
contain compounds with one or more aromatic ringwnch heteroatoms are normally
embedded:® Resins and asphaltenes are operationally defingd@solubility classes
containing various types of polar components with atmrings?1%11Resins are soluble

in n-heptane and n-pentane, but insoluble in ligoidpane; whereas asphaltenes are
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insoluble in n-alkanes, but soluble in toluene. Potarizability of all SARA fractions

increases from saturates to asphaltenes.

SARA Dilute with n-alkane E-SARA
l l
[Solution: Maltenes] [Precipitate: Asphaltenes]
——-—————"—"— —

: —»[Adsorption at oil-water interface]

'
lAIkane Aromatic lPoIarsoIvent_ [Interfacially active} [ Remaining }
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column and elute with:

. asphaltenes asphaltenes |
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Figure 1. Comparison bconventional SARA and extended-SARA (E-SARA) anaysi

SARA analysis does not provide sharp boundaries betweseous fractions. The yield of
each of the fractions in chromatography depends orelilteng solvent and adsorbent
(column materials) used. For example, the mass fracfiasphaltenes recovered using n-
heptane is lower than that using n-pentane, duesio higher solubility in n-heptane than
in n-pentané? Moreover, the results of SARA analysis using diffeteahniques and/or
from different laboratories can vary greath* Despite these ambiguities, SARA analysis
has become a widespread characterization method @& ofu@ARA analysis results have
successfully guided the processing and refining gafhcrudes based on the quantity of
asphaltenes in crudes. Asphaltenes precipitate wigetetnperature/pressure changes, or
the oil loses its light components, or is mixedhnatparaffinic solvent, or is blended with
a paraffinic crudé:'®> Such precipitation may lead to the deposition gfhatenes in
production wells and pipelines (Figure 2a), resultingthe flow restriction, or even
bringing oil production to a hatt!>2° In addition, asphaltenes play a significant roléhie

stabilization of watein-oil (W/O) emulsion$-2¢ (Figure 2b) which lead to severe
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corrosion problems in production and transportation dueéhe dissolved salts and
entrained fine solids carried by emulsified water dregdlévioreover, an oil with high
content of asphaltenes tends to form coke when heatech is highly detrimental to heat
exchangers and catalyst beds in upgrading and mgftdP-?"2®Because of its simplicity,

SARA analysis is a reasonable first step in chareatg oils, providing warning for

potential asphaltene-related losses suffered bydilstry.

Figure 2. (a) The pipeline was plugged with asphaltenes. Regatiwith permission from
Torres et af® Copyright 2005 Society of Petroleum EngineersMlxyoscope image of a
typical W/O emulsion stabilized by asphaltenesppred by homogenizing 20 mL of DI
water in 100 mL of 10 g/L asphaltemetoluene solution at 30000 rpm for 5 min.

1.2 Asphaltenes

Asphaltenes are not a specific family of chemicalghvei common functional group
Individual molecules in the spectra of asphalteneg naae distinct chemical structures.
Until very recently, the average molecular mass \alfeasphaltenes were reported to
span six orders of magnitude from less than onestdiup to tens of millions daltoffs.
However, this has now been refined and the well gtece molecular weights of

asphaltenes are betweddDPa and 100@a with an average molecular weight of 7158,
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depending on the source of #ilAsphaltenes consist mainly of carbon, hydrogenogén,
oxygen and sulfur, with trace amounts of metals siscthanadium, nickel and iron. While
the elemental composition of asphaltenes is wellgeized, there had been long-standing
debate as to whether the asphaltene compounds cengirisne polycyclic aromatic
hydrocarbon (PAH) core with peripheral alkyl and naghtb groups, or multiple cross-
linked PAHSs, known as the island and archipelago ehod asphaltenes, respectively.
Recent work by Schuler et al. indicated that asphest@me dominated by one large fused
aromatic hydrocarbon ring with peripheral alkyl substitis Combining atomic force
microscopy (AFM) with scanning tunneling microscof§TM), the authors identified

island structures of more than one hundred asphattetecules’!

Aggregation behavior of asphaltenes has been anaiibgrct of controversy that receives
substantial attention. Asphaltenes are known forr thevitable self-aggregation, even in
good solvents such as tolueidé® The aggregation of asphaltenes is enhanced with
decreasing aromaticity of the solvéfe® Dickie and Yef and later Mulling’ proposed a
stepwise aggregation model of asphaltenes, knowmeagen-Mullins modete including
formation of asphaltene nanoaggregates and clustigngé 3. According to Yen-Mullins
model, asphaltene molecules are dominated by istankitecture with most probable
molecular weight of~750 Da, as supported by recent mass spectral an#lysis
Approximately six asphaltene molecules form a nanoaggregate via n-n stacking of their
PAH cores. The asphaltene nanoaggregates can fasiseciate to form clusters with
aggregation numbers of approximately eight. Thehaliig side chains around PAH cores
were believed to impose a steric repulsion thattfitlie aggregation number. The sizes of
the asphaltene nanoaggregates and clusters weratest to be around 2 nm and 5 nm,
respectively. More recent work by Gray et al. propdsedformation of complex macro-
molecular aggregates of asphaltenes through thieessional “supramolecular assembly
model”.#?> These authors suggested that asphaltene aggregatiocumulative effect of
various intermolecular interactions, including acigdanteractions, hydrogen bonding,
metal coordination complexes, hydrophobic pockets, aromatic n-n stacking, etc. Such

multi-cooperative association would explain the psrsiuctures of asphaltene aggregates



with a range of sizes and shapes, exhibiting pobeafisity in population. Molecular
dynamics simulation studies confirmed that asphaltggregation results in the formation
of complex structures both in the bulk and at thengiter interfacé®“® The strong self-
aggregation of asphaltenes facilitates the adsorptf asphaltenes at oil-water interfaces,
which is crucial for the stabilization of oil-water pgegum emulsions, and also the
adsorption of asphaltenes onto mineral and metsllifaces, which leads to plugging and

fouling through entire oil production chains.

Molecule Nanoaggregate Cluster
1.5 nm 2.0 nm 5nm

Figure 3. Yen—Mullins model to describe asphaltene aggregation. Reprinted with

permission from Mullins et & Copyright 2010 American Chemical Society.

1.3 Asphaltene adsor ption

The interfacial and surface activity of asphaltehas long been studied due to the
processing challenges that are encountered oncel@s@sabegin to accumulate at oil-
water and oil-solid interfaces. Earlier studies havews) that a water droplet aged in a
diluted crude oil or asphaltene solution experienaeenpling upon volume reduction,
which was attributed to the irreversible asphaltene adsmmptat the oil-water
interface3*4748 Following the time-dependent adsorption of asphekerFreer and
Radké® conducted measurement after replacing the existhgisns with pure solvent
for a few times, and reported only a marginal inoegaghe oil-water interfacial tension
(~1.5 mN/m), confirming the irreversible adsorptiomudst asphaltene molecules. After

the washing, the frequency-dependent responses obicitd dilatational moduli (storage



(E’) and loss (E”) moduli) of the asphaltene film were in excellent agreement with the
Maxwell model for irreversibly adsorbed species. Wisardying the surface pressure
isotherms of asphaltene films, Yarranton et®ashowed a lower compressibility with
increasing aging time of the films. The presencenfédion) of solid-like (elastic dominant)
asphaltene films at the oil-water interface has bseown to significantly hinder the
coalescencef two contacting water droplets, as such that whendrmeplets interact and

undergo significant compression, they continue toaiarstable without coalescent®&?

The correlation between interfacial dilatationakglety and overall emulsion stability has
been qualitatively proven by several researcfe1s32%6 although there is clear
disagreement at high asphaltene concentrations where emulsion stability increases and E’
decreasesThe discrepancy between the interfacial rheologg emulsion stability is
believed to be associated with a change in thefadial layer structure, transitioning from
a compact and rigid monolayer, to a collapsed intafaayer dominated by three-
dimensional structureS.More recently, the sheaheological response (storage (G’) and
loss (G”) moduli) of asphaltene films has been studied following ititeoduction of
interfacial geometrie¥*>%5” With a biconical bob geometry, Spiecker and Kilp#tric
investigated the evolution of the shear elasticity (G’) for asphaltene films.>*>7 It was shown
that stronger asphaltene films of higher elasticitgl gield stress are more favored under
conditions such as high asphaltene concentrationstdvent aromaticity and asphaltenes
of high polarity. Using double wall ring geometry, rHattle et al. showed that asphaltene
films exhibit time-dependent viscoelasticity, tramsiing from a liquidkke film (G”>G’”)

at short aging times to a solitke film (G’>G”) at longer aging times.>! The transition in
rheological response was found to correspond to aitiensn the observed droplet
stability that the droplets coalesce readily witb@tonds in the liquid-like state, and they
remain stable without coalescence in the solid-Stee. The contributing factor to the
enhanced droplet stability is the development oieddystress in the asphaltene network,
which must be overcome to initiate the mobility hiit asphaltene films and subsequent
droplet coalescence. The authors directly comparedliear and dilatational rheological

responses, demonstrating that shear is the dominate afanterfacial deformation due to



the high energy cost associated with dilatatiorefbianation. The importance of yield
stress has also been underlined by thin-liquid fitairdhge experiments which use photo-
interferometry to accurately measure the thicknessdraining asphaltene filnfs.
Following interfacial aging, the drainage kineticaswsignificantly retarded and thick
asphaltene films with extended lifetimes were measdurThe deviation between
experiment and theory (Stefan-Reynolds equation) wdseased by accounting for the

liquid film yield stress, i.e. resisting force asotasphaltene films interact.

The interaction of asphaltenes with solid surfacesafss received significant scientific
attention due to its importance in preventing pipeliblockages and wettability
modifications of fine solids. The oil wettabilityf dine clays increases with increasing
asphaltene adsorption, increasing the potentialléysdo stabilize W/O emulsiori&26:5°

A range of experimental techniques have been adopmtestudy the adsorption of
asphaltenes onto several different substrates inclisiling 262 alumina®®-62iron oxide®®
gold3:5160.6467 stainless stedf glas§®, and clay mineral®’® Using quartz crystal
microbalance with dissipation (QCM-D), asphaltensaagtion and film formation have
been studied in real tinf&:5061.6466 X_ray photoelectron spectroscopy (XPS)> X-ray
diffraction (XRD),/27475 small-angle X-ray scattering (SAXS3), Fourier transform
infrared spectroscopy (FTIR)’2"*and Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICRMS)’3 have been applied to characterize the surface matidic
by asphaltene adsorptioh is however not straightforward to compare the itssfrtbm
different adsorption studies since asphaltene adearfg a complex process affected by
many aspects such as source of asphaltenes, tygmvehts (quality and composition),
moisture content of solvents, flow condition, temaere, etc. The adsorption process often
follows a Langmuir-type isotherm, although the mexsin for film formation and factors
which contribute to monolayer and multi-layer filmstiaue to be debate:50.6467.70.75
The detailed discussion of adsorption “isotherms” is outside the scope of this article.
Needless to say, adsorbed asphaltenes have been shde very stable. Removal of
adsorbed asphaltenes by solvent washing has beee@npnoostly unsuccessful, with only

partial removal reported for aggressive cleaning str@segsing solvent such as toluene,



benzene, chloroform and acetd¥€?78.°The irreversibility of asphaltene adsorption is a

big problem that can eventually lead to pipelineckbge and equipment fouling

2. EXTENDED-SARA (E-SARA)

Asphaltenes are defined by solubility rather thanaaralyzed chemical properties. Despite
its simplicity, such generalized definition of asjpbaes has often limited our knowledge
regarding the asphaltene-induced problems in crudprodessing. It was reported that
rather than whole asphaltenes, only a subfractiorspliatenes is more likely the real
contributor to the stabilization aV/O emulsion£88086 The asphaltenes adsorbedmn
clays have also been found to be different in comijpmsftom whole asphaltené%/>77
Therefore, it is important to find ways to extract atady these particular species from
asphalteneswhich are mainly responsible for the relevant issoésinterest. The
fractionation of asphaltenes allows the investigatidnthese asphaltene subfractions
thereby providing necessary information to improve waderstanding of the governing
mechanisms and develop efficient mitigating appreado the related problems. Most
existing work on the asphaltene fractionation aretas their solubility by precipitating
different subfractions of asphaltenes using a mixtdraromatic solvent and aliphatic
solvent with varying ratio%>27.88However, it is more instructive to fractionate aspved
molecules according to their problematic propertiegséarch interest. Here, we introduce
a new concept of extended-SARA (E-SARA) (Figurethg, fractionation of asphaltenes
based on their adsorption at oil-water and oil-satigerfaces. Through the studies of
resulting asphaltene subfractions, E-SARA enablesdbetification of key functional
groups which govern asphaltene adsorption at oil-soletface and partition at oil-water
interface, thus providing a greater understandirth@fnolecular mechanisms of observed
challenges caused by asphaltene subfractions idolgteE-SARA analysis. With such
approach, new routes to mitigate asphaltenes iiialgil oil-water emulsions, and

adsorbing onto solid surfaces (flow assurance anéhifgucan be sought.



2.1 Fractionation of asphaltenesbased on asphaltene adsor ption at oil-water interface
One of the major problems encountered in crude or hepyaaluction is the formation
of stable W/O emulsions. Resolution of these eraaksiand water removal from oil feed
to upgrading facilities is an important step in pleton industry. A great deal of research
was focused on understanding the stabilization nrésimes of W/O emulsion®:26 It was
identified that asphaltenes play a key role inghmilsion stabilization; however, the exact
mechanism is not entirely clear. As it was pointed by Czarnecki et &84 the
understanding that asphaltenes stabilize the eamgdsn way similar to surfactants by
lowering interfacial tension and giving rise of seddorces to prevent droplet coalescence
is discounting the facts that asphaltenes as aendminot have amphiphilic character and
their structures are dominated by hydrophobic groufisfew polar functionalities. These
authors suggested that in fact only a small sub&maaf asphaltenes is responsible for
W/O emulsion stabilization, and blaming the asgrads as a whole is detrimental for the

deep understanding of the related mechanisms.

Therefore, it is important to isolate and charactenerfacial active components of
asphaltenes irreversibly accumulated at the oil+naterface. Wu developed an effective
method to collect the interfacial materials (IM) afuohen which adsorb at the surfaces of
heavy water (2O) droplets dispersed in the W/O emulsfnn this method, BO was
mixed with heptol (a mixture of heptane and toluah#:1 volume ratio)-diluted bitumen
to form a stable W/O emulsion. Regular deionized (Dl}ewavas then added in the
emulsion, followed by the centrifugation of the reisigftmixture. After the centrifugation,
the emulsified heavy water droplets containing INg&d through the oil-water interface
and then DI water layer, finally settled down to forroake on the bottom of the vessel
due to the density difference. The DI water layer dete a barrier to reduce bitumen
contamination on the surfaces of heavy water dropléts IM of bitumen were recovered
by drying the wet cake. Through the characterizatisimg FT-ICR MS, Stanford et al.
reported that sulfur- and oxygen-containing spesie® enriched in the IM obtained using
Wu’s heavy water method as compared to the parent bitumen.®? Jarvis et al. isolated the

IM of crude oils based their interactions with the inmmtieed water layers on the hydrated
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silica surfacé? The interactions of oil compounds with silica sulistraere inhibited by
water monolayers generated on the surface of sigtal@pe mixture of hydrated silica gel
and heptol-diluted crude oil was loaded on the colanhthe beginning of the isolation.
After the removal of non-interacting oil componenysfloshing the column with heptol,
the IM solution was obtained by eluting the coluosing methanol/toluene (10:25 v/v)
solution followed by the extraction with dichloromatie to minimize silica contamination.
The solvent of IM solution was then evaporated upging under N. The IM isolated
using this wet silica technique showed similar cloahfunctionalities with those obtained
by Wu’s heavy water method. These isolation techniques provided valuable information of
interfacially active components of crude oils. Iistime of thinking, Yang et al. developed
an original method to extract only the subfraction ggtaltenes which is really involved
in the stabilization of W/O emulsions, i.e. the adpdne species that irreversibly adsorbed

at oil-water interfacé&>:86

2.1.1 Fractionation procedure

Yang et al. fractionated the asphaltenes basedeimatiinity to toluene-water interface.
The entire fractionation procedure is schematicaflgresented in Figure 4. Pentane-
extracted asphaltenes from Athabasca coker feed hitg8&yacrude Canada, Ltd., Canada)
were refered to as whole asphaltenes (WA) in this work. WA werstfilissolved in
toluene at a concentration of 10 g/L, followed by logenizing the WAn-toluene
solution with 10% (v/v) water at 30,000 rpm for 5 mineTiesulting emulsion was then
left for 24 h for equilibration. Through the centrifugati®0,000 g), the cake of emulsified
water droplets was separated from the continuoushais@ No apparent coalescence or
free water was observed during centrifugation. Thehagpnes remaining in the oll
supernatant were named as remaining asphaltenes\(RA¢r droplets were then washed
with an excessive amount of clean toluene untilemrciashing toluene was observed
indicating the complete removal of entrapped asphaitetoluene solution and
asphaltene species loosely bound to the interfAtter the evaporation of water in a

vacuum oven at 60 °C, the asphaltenes which wererlageld at the surfaces of water

11



droplets were isolated and named as interfacially@etsphaltenes (IAA). The extracted

IAA subfraction was estimated to be less than 2 Wit/ A.

2.1.2 Chemical compositions

IAA subfraction is heavier than RA according to theules of electrospray ionization mass
spectrometry (ESI-MS¥ The molecular weight distribution of IAA peaked wiiththe
range of 1,000-1,20Da, while the average molecular weight of RA was cadet about
700-750 Da, which is in good agreement with recent asphalstndies’® The elemental
analysis showed similar carbon, hydrogen, nitrogemj sulfur contents for two
subfractions; however, the oxygen content of IAA 45v8%) is three times higher than
that of RA (1.68 wt%). Such higher oxygen content A is linked to the presence of
sulfoxide groups as indicated from FTIR spectra, in WhisA subfraction exhibited a
pronounced peak at 102871, Further analysis was conducted usiHgand**C nuclear
magnetic resonance (NMR) spectroscopy. All carbon gypesent in the asphaltene
samples were determined using an original methoctldped at CanmetENERGY,
which allows for calculation of average segment Ieagdf hydrocarbon chains, and
average cluster sizes of aromatic and cycloparaffimgsii Based on the data of above
analysis, the authors proposed an average molecesesentation for I1AA and RA,
respectively, as shown in Figure 5. On average, |Adlecules have lower aromatic
content and higher paraffinic content than RA. Na#icant difference was observed
between WA and RA, which is reasonable considehagRA subfraction comprises more
than 98 wt% of WA.
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Figure4. Procedure of asphaltene fractionation based ora#teple adsorption at toluene-

water interfaceAdapted with permission from Yang et®lCopyright 2014 American

Chemical Society.

Figure 5. Molecular representations of IAA (left) and RA (righReprinted with
permission from Yang et 8&.Copyright 2015 American Chemical Society.

2.1.3 Interfacial properties
The interfacial tensioonf 0.1 g/L IAA-in-toluene solution against water was measured to

be24.0 mN/m after 1 h, in comparison with 29.5 mN/mR®& under the same conditions,
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indicating 1AA are more interfacially active tharAR® In addition, interfacial pressure-
area isotherms showed that IAA formed a rigid layeghwow compressibilitywhich is
bedow 0.5 m/mN even at the initial stage of compressin contrast, RA films were soft
with high compressibility. Furthermore, the authorsl&d the relaxation process of the
interfacial layers of IAA and RA by reducing the irfeesial area until reaching the same
target pressure of 20 mN/m. The relaxation of therfatial pressure was then recorded
for 20 min. The results indicated that the intedapressure decreases about 10% and 40%
for IAA and RA, respectively. As compared to RA, témaller reduction of interfacial
pressure exhibited by IAA is interpreted as andation of irreversible adsorption and less

freedom for rearrangement of adsorbed molecules.

2.1.4 Emulsion stability and oil film properties

Despite the fact that IAA molecules represent @algmall subfraction of WA, the bottle
tests showed that the removal of IAA dramatically rdased the stability of W/O
emulsion® In addition, using thin liquid film technique, whisvasproven to be a useful
tool for understanding the stabilization mechanisthaMdO emulsions, Yang et al.
evaluated the stability of oil films formed by IAARA-, and WA-in-toluene solutions.
Through the direct studies of thin oil layers separptvater phases, they found that IAA
formed very stable films, which did not rupture for 2thphiowever, the average lifetime
for WA films and RA films is ~500 s and less than£0espectively. Such data agrees
well with emulsion stability results obtained fromitbe tests. Microscopic imagesvealed
that RA andlIAA emulsion films have significantly different morpholognd film
thickness. The dark background of the RA film indisat®at the film thickness is about
30-40 nm. RA films ruptured in less than 1 min, and no appbeging effects were
observedIn contrast to RA films, the IAA film wsmuch thicker (above 100 nm) wigh
significant variation in the thickness inferred by thewton fringes. These thick lenses
indicate the formation of aggregates in the IAA filmhich was not observed initially
before 30 min aging. These films are similar to asphalin-toluene films as reported by
Tchoukov et a® They proposed that self-association of asphalténest limited to

nanoaggregates but also forms an extended macrosasidtu the film with gel-like
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rheological properties. As indicated by molecular dyiegnsimulations, such formation
and extension of asphaltene network upon aging elieved to be relateid hydrogen
bonding interactions mainly induced by sulfoxidelgre present in IAAIAA molecules
could form hydrogen bonds with water molecules, resylin the adsorption at the
interface. In addition, hydrogen bonding interacsiobetween neighbouring 1AA

molecules could provide a pathway for the formatibaupramolecular structures.

2.2 Fractionation of asphaltenes based on asphaltene adsor ption at oil-solid interface
Despite a great number of chemically distinct coomats acting as the building blocks of
asphaltenes, they do not contribute equally to thmdtion of asphaltene deposits within
pipelines and wellbores. Analysis indicated that #sphaltenes extracted from solid
deposits contain a higher amount of metals (vanadnickel, and iron) and more polar
fractions than the asphaltenes separated from paretéscin the same fiel. Solid
deposit asphaltenes were more prone to form aggeegetaluene compared with their oil
counterpart. Heteroatoms (N, O, and S), largely coathin the ring system, have been
found to be enriched in asphaltenes adsorbet clays in comparison with bulk
asphaltene&’” The adsorption amount of asphaltenes onto kaolindse reported to
increase with increasing nitrogen and sulphur castefiasphaltene€. The presence of
heteroatoms in the form of polar functional groupasphaltenes plays an important role
in asphaltene-adsorbent interactions, presumablglyngirough hydrogen bondiri§:63.7°
Water, as the most common hydrogen-bonding molecale compete with asphaltenes
for surface adsorption or even desorb the pre-adsabgldaltene®’ Less asphaltenes
have been found adsorbed onto silica particles aftdrophobic treatment, due to the
hindered hydrogen bonding interactions between dilgmonip on silica surface and polar
groups of asphaltené%ln addition, the asphaltenes with a higher degfesromaticity
showed enhanced affinity to adsorbents in both coatiomaP? and real adsorption
studies’>’” Although intriguing, it remains unclear as to therelation between specific
structures and adsorption behaviors of asphaltereseiore, it would be informative to
fractionate asphaltenes based on their adsorptiomcteaistics to better understand the

adsorption mechanisms of asphaltenes at oil-salierfaces. However, the incomplete

15



recovery of asphaltenes from the adsorbent limitsagmglication of adsorption-based
fractionation. Recently, Sjoblom et al. developechew fractionation procedure of
asphaltenes based on asphaltene adsorption ontencadarbonate (CaC{pwith a good
recovery of 9899 wt% 93

2.2.1 Fractionation procedure

Three different subfractions of asphaltenes were istltiom whole asphaltenes according
to their adsorption strengths (Figure 6). The fitdifeaction, named as bulk asphaltenes,
was obtained from the supernatant after centrifugatbnmixture of CaC@ and
asphaltenen-toluene solution. Adsorbed asphaltenes, which @deéned as another
subfraction of asphaltenes, were then collected fitbe supernatant following the
centrifugation of tetrahydrofuran (THF) and asphaltersedibed CaCe@obtained from
previous step. CaC{recovered here was mixed with 50/50 (v/v) THF/CEl@llowed

by the addition of HCI or acetic acid (AA) solutidrhe organic and aqueous layers were
separated subsequently. The last subfraction of asplealt called irreversibly-adsorbed
asphaltenes, was extracted from the organic layerLhk of different acids (HCI or acetic
acid) had a negligible effect on the composition amdcture of irreversibly-adsorbed
asphaltenes. Similar elemental analysis resultsl€TBband FTIR spectra were observed
for both irreversibly-adsorb&d' and irreversibly-adsorb&Jasphaltenes. This separation
method of asphaltenes is reproducible and quanttatth a recovery of 989 wt% of

the whole asphaltenes used.
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Figure 6. Procedure of asphaltene fractionation based on depbahdsorption onto

CaCQ. Adapted with permission from Subramanian €€ &opyright 2016 Elsevier.

2.2.2 Chemical compositions

The elemental analysis indicated that all the agpha subfractions have similar H/C ratio,
nitrogen and sulfur contents (Table 1). As shownTiRFspectra, they all had resembling
absorption peaks in the region @Hs; and €H, stretching vibration (2950 cthand 2830
cml), suggesting the presence of similar alkyl groupswvéieer, the oxygen content of
asphaltene subfractions varied significantly inrduege of 2.33 to 4.22 with irreversibly-
adsorbed asphaltenes containing the maximum anuduntygen. Adsorbed asphaltenes
have more oxygen than bulk asphaltenes. Such tresaiso reflected by FTIR spectra in
which irreversibly-adsorbed asphaltenes exhibitedhighest adsorption intensity around
1700 cm?, indicating the highest concentration of carbonytpoaylic acid or derivative
groups present in them. This adsorption band at t#®bwas found not induced by the

contamination of CaCg In addition, irreversibly-adsorbed asphalteneghte lowest
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nickel and vanadium contents while the variatiomsamparatively less between bulk and
adsorbed asphaltenes. It should be noted that, cechpsith whole asphaltenes, the
fractionation procedure caused the overall increasexgfien and calcium due to the
oxidation and contamination by Cag@s well as the loss of nickel, vanadium and iron

resulting from acid treatment and water washing.

Table 1. Elemental analysis of whole asphaltenes and agplgakubfractions. Adapted

with permission from Subramanian ef&Copyright 2016 Elsevier.

Asphaltene subfractions

Whole Mass balance
R asphaltenes B,/ Adsorbed lrreversib/yi Il of element (%)
adsorbed™  adsorbed™
H/C ratio 1.145 1157 1.139 1.194 1.186 /
N (wt%) 1.32 1.20 1.40 1.35 1.36 -3.0
S (Wt%) 1.96 1.91 2.28 2.14 218 +4.5
O (Wt%) 1.85 233 3.217 422 3.9 +58.4
Ni (ppm) 77 65 87 40 53 -13
V (ppm) 256 227 266 128 146 -15
Fe (ppm) 96 25 19 <30 <30 -75
Ca (ppm) 1402 6613 3366 655 434 +193

2.2.3 Adsorption properties

Irreversibly-adsorbed asphaltenes showed the aldifprm viscoelastic multilayers on
the stainless steel surface, while both bulk amsbdekd asphaltenes formed rigid layers
on the surface, as detected by QCM-D measureniemesadsorption of all the asphaltene
subfractions has also been found quite strong omtattinless steel surface. In addition,
they did not reach the saturation on the surfaceimihe concentration range tested (0.01-
1.5 g/L in xylene), unlike whole asphaltenes whighikbited maximum saturation when

their concentration was higher than 0.05 g/L in xyléffee highest amount of adsorption
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(~8 mg/n?) was obtained by irreversibly-adsorbed asphaltemesng three asphaltene
subfractions with bulk asphaltenes showing the Ieastmg/n?), based on the calculated
results from Sauerbrey equation. Such adsorption differeould be attributed to the
concentration of carboxylic acid groups (irrevengiisorbed> adsorbed> bulk), since
carboxylic acids tend to interact with chromium (Ill) oxidn the stainless steel surface
thereby inducing the asphaltene adsorption. Howelerenhanced adsorption could also
result from the diminished interactions between asph@ subfractions due to the
fractionation. This is supported by the fact thatatieorption amount by whole asphaltenes
was lower than any of the asphaltene subfractions. &umlestigations concerning the
interactions between asphaltene subfractions anddk&iled structural information are

therefore required to clarify the mechanism of asphaleesorption on stainless steel.

3. CONCLUSIONS

Asphaltenes are generally recognized as a primary batiobn to several major challenges
encountered in petroleum processing from the regexvthe refinery. They are notorious
for the stabilization of undesirable W/O emulsions #me formation of solid deposits
resulting in fouling and flow-assurance issues. Asadl industry is increasingly turning
to unconventional oil resources such as heavy xitaeheavy oil and oil sands bitumen
which contain a large amount of asphaltenes, uraleisig the role of problematic
asphaltenes is of immense scientific and econonpoitance. Defined as a solubility class
by SARA analysis, asphaltenes comprise a broad rdngelecules with distinct chemical
structures and properties. Considering asphaltenasvesole was noted to impede the
understanding of corresponding mechanisms of aspieadtésorption at oil-water and oil-
solid interfacesTherefore, E-SARA is proposed as the solution-orgkritactionation of
asphaltenes depending on their interfacial actwit@nd adsorption characteristics.
Through the determination of active components ghalenes, E-SARA enables the
identification of key functional groups which pampate in asphaltene adsorption. For
instance, the stabilization of W/O emulsions byhadignes was found mainly due to the
IAA subfraction, which accounts less than 2% of wradphaltenes. The high interfacial

activity of IAA molecules, and their ability to prode rigid film with aging effects, were
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linked to their high content of sulfoxide groups whaould induce the hydrogen bonding
interactions between IAA molecules and water as agheighbouring IAA molecules. In
another study concerning the fractionation of asphattéased on adsorption onto CaCO
the whole asphaltenes showed lower adsorptiontgluhto stainless steel surface than
fractionated asphaltenes, in which carbonyl, carboxacid or derivative groups play an
important roleThus, E-SARA optimizes the investigation of compdesphaltene systems
by distinguishing subfractions of asphaltenes andwatlg the correlation of specific
functional groups with certain asphaltene charasties. Under the guidance of the
concept of E-SARA fractionation, asphaltene moleswéich have critical influences in
the relevant systems of interest could be targetedamalyzed. Although the precise
chemical structures and molecular associations ofectmponents of asphaltenes remain
largely unclear, E-SARA paves the road for future stigation to obtain irdepth
understanding of asphaltene behaviors. With theoéidther analytical techniques and

computational studies, the exact mechanisms indolre expected to be fully established.
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