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The destabilization of asphaltenes adversely affects many aspects of the petroleum energy industry.

Although polymeric dispersants have been shown to stabilize asphaltene colloids in non-polarmedia, the

mechanism by which they prevent aggregation is not well-understood. We use a variety of techniques to

investigate systems of colloidal asphaltenes stabilized in heptane by an effective dispersant. Phase

analysis light scattering (PALS) measurements reveal an increase in the electrophoretic mobility as

a function of dispersant concentration, suggesting electrostatic repulsion as the primary stabilizing force.

Dynamic light scattering (DLS) measurements indicate that the increase in mobility corresponds to

adecrease in particle size.A simple scaling argument suggests that the dispersant adsorbs to the surface of

the asphaltene colloids. UV-visible spectroscopy and static light scattering (SLS) measurements

corroborate this proposal. Interestingly, the colloidal asphaltene properties change below the critical

micelle concentration (cmc) of the dispersants used. The nature of the asphaltenes themselves plays an

important role in allowing for this tunability of their properties. Contrary to currently accepted views of

non-polar colloidal suspensions, our results indicate that isolated dispersant molecules, not inverse

micelles, can lead to charge-stabilization of asphaltene colloids.
Introduction

Asphaltene precipitation causes significant problems for many

aspects of the petroleum energy recovery industry and a multi-

tude of resources have been dedicated to understanding,

controlling and inhibiting the precipitation process. Still, ques-

tions remain about the mechanisms which take asphaltenes from

a molecular-scale dissolved substance to a distinct, separated

phase blocking flow, coating equipment or settling during pro-

cessing. Precipitation can occur with changes in temperature,

pressure, or composition. Asphaltene molecules are composed of

polyaromatic hydrocarbon ring systems, operationally defined as

the oil portion soluble in aromatic liquids but insoluble in light

alkanes.1 Asphaltene molecules associate even in favorable

conditions, mainly through p-bonding interactions.2,3 In unfa-

vorable compositions, asphaltenes aggregate from the scale of

tens of nanometres to tens of microns.4–6 Precipitation proceeds

through a state where the asphaltene phase is contained in nano-

or micro-scale particles, in the form of colloidal suspensions.

Sedimentation follows, with signatures of gelation as observed

through light scattering, leading to complete phase separation.7–9

Bulk solvents can prevent asphaltene precipitation, but their use

is neither environmentally friendly nor economically feasible:

small doses of effective material to stabilize asphaltenes in

suspension at the nano-scale are greatly preferred. A variety of
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amphiphilic dispersants can preferentially adsorb onto asphal-

tenes, thereby imparting some stability to the system.10–15 There

have been suggestions that steric stabilization plays a role.10–12,16

However, measurements that act as proxies for dispersant

effectiveness often neglect the dynamics of the precipitation

process, and a detailed understanding of dispersant mechanisms

remains an open question.11 At the same time, electrodeposition

reveals that asphaltenes are charged entities.17–19 Asphaltene

colloids can be stable even in aqueous and alcohol solutions, with

surface charge being tunable by pH and the addition of salts.20–23

We seek to demonstrate the possibility that electrostatics can

stabilize asphaltene colloids in alkanes.

It is energetically unfavorable to separate ions in low dielectric

liquids, including alkanes, and therefore electrostatic stabiliza-

tion in non-polar colloidal suspensions may seem improbable.

While the surface grafting of polymers can electrostatically

stabilize colloids in aqueous media, their use in non-polar

suspensions seems to be limited to providing steric stabiliza-

tion.24–26 Notably, non-polar suspensions of polymethyl meth-

acrylate (PMMA) colloids with polyhydroxy stearic acid (PHSA)

surface grafts are widely used as model hard sphere systems to

investigate the statistical mechanics of fluids and solids.27–31

While some charge may exist in these sterically-stabilized non-

polar colloidal suspensions, it is considered too small to affect the

overall system stability.32,33 However, electrostatic stabilization

of carbon black particles was found with the addition of charge

control agents, dating back to the pioneering work of van der

Minne and Hermanie in the 1950s.34 The charging mechanism
This journal is ª The Royal Society of Chemistry 2011
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was initially postulated to be due to acid–base interactions.35–37

Subsequent studies using a variety of additives have shown that

the electrostatic stabilization can be achieved through inverse

micelles.33,38,39 Pairwise interactions can result in ionic exchange

between micelles, or between micelle and colloid. A fraction of

micelles can become transiently charged in this manner, facili-

tating electrostatic interactions between colloids.40 For instance,

when the anionic surfactant dioctyl sodium sulfosuccinate

(AOT) is added in excess of its critical micelle concentration

(cmc) in dodecane, electrophoretic mobility measurements reveal

the generation of colloidal surface charges.39,41 Despite this

detailed understanding of charging in non-polar colloidal

suspensions, it is unclear whether dispersant micellization plays

a role in colloidal asphaltene stabilization.

Here, we form colloidal asphaltene suspensions in heptane and

investigate stabilization by dispersants known to inhibit

asphaltene aggregation and sedimentation.8,9 We show that these

dispersants both increase electrophoretic mobility and decrease

the size of asphaltene particles by surface adsorption. Remark-

ably, these changes occur at concentrations below the dispersant

cmc. Furthermore, a comparison with AOT suggests that inverse

micelles do not necessarily provide the most effective stabiliza-

tion of asphaltene colloids. The native state of the asphaltenes

themselves plays an important role; effective dispersants can halt

the continuous growth of asphaltenes to the micron scale. Given

our results, we suggest a new mechanism for electrostatic stabi-

lization unique to non-polar colloidal suspensions of

asphaltenes.
Materials & methods

Materials

We obtain a petroleum fluid from the Middle East, SB. We

precipitate asphaltenes by adding heptane, and define the

heptane ratio c, with units mL g�1, indicating the number of mL

heptane (Fischer) mixed with 1 g oil. The asphaltene content of

SB is measured as reported previously, by mixing the oil with

heptane at c ¼ 40 mL g�1.8 The mixtures are soniccated for

1 min, allowed to equilibrate for several hours and filtered

through 0.2 mm pore-size cellulose nitrate membrane filters

(Whatman). The filtrate is collected, dried and weighed to give

the asphaltene weight fraction f ¼ 0.0069 � 0.0008 g/g. We use

a densitometer (Anton Paar) to measure the asphaltene density

ra in a solution of 0.005 g asphaltenes in 1 g toluene. Based on

12 measurements, the SB asphaltene density is ra ¼ 1.1 �
0.09 g mL�1, within error bars of typical literature values.9

We obtain proprietary non-ionic dispersants: 0519947BA,

which we call BA, a polyolefin alkeneamine with molecular

weight�2000 Da, and 05171004F, which we call 4F, an alkylated

phenol with molecular weight �4000 Da. We use these disper-

sants as received from Lubrizol Corporation. We obtain dioctyl

sodium sulfosuccinate (AOT), with molecular weight 445 Da

(Sigma Aldrich). We prepare dispersant stock solutions in

heptane at various concentrations c, in ppm by weight. We

measure cc, the critical micelle concentration, of the dispersants

in heptane by monitoring the normalized intensity of scattered

light I/I0 at a wave vector q ¼ 0.02320 nm�1. We corroborate cc
This journal is ª The Royal Society of Chemistry 2011
through conductivity measurements on the dispersants in

heptane (Scientifica 600).
Light scattering

A model oil asphaltene solution is prepared by dissolving

asphaltenes in toluene at an asphaltene concentration fa ¼
5000 ppm by weight. All colloidal asphaltene suspensions are

made by mixing the model oil with heptane at c¼ 20 mL g�1. We

mix heptane with dispersant stock solutions at various ratios to

obtain normalized concentrations between 0.01 < c/cc < 100.

Asphaltene suspensions are prepared at volumes of 3 mL and

sonicated for 1 min before measurement. The amount of

asphaltenes in each suspension is �340 ppm, corresponding to

a colloidal volume fraction f � 2.3 � 10�4. We assess the effects

of dispersant by measuring the electrophoretic mobility m of the

asphaltene colloids using phase-analysis light scattering (Zeta-

PALS, Brookhaven Instruments). Ten measurements are taken

per sample; between 2 and 10 samples are measured at each

dispersant concentration assessed: compositions with a larger

spread in results require a larger number of samples. To char-

acterize colloidal size and morphology, we use dynamic light

scattering at wave vector q ¼ 0.01872 nm�1 and static light

scattering over a range 0.00484 < q < 0.03184 nm�1. DLS

measurements are taken every 30 s for at least 60 min, and are

performed on 3–4 samples at each dispersant concentration

(ZetaPALS). Scattered light intensity monitoring confirms the

absence of sedimentation during this time. SLS measurements

are taken every 1�, with a 20 s collection time (ALV-GmbH).
UV-visible spectroscopy

UV-visible spectroscopy is performed on 3 systems: asphaltene

solutions in toluene, dispersants in heptane, and colloidal

asphaltene suspension supernatants (Agilent 8453). All

measurements are done in quartz cuvettes (Cole Parmer),

transparent into the UV range. Stock solutions of dispersants in

heptane and asphaltene solutions in toluene are used to calibrate

the extinction coefficient 3 for each material: A ¼ 3cL, where A is

the absorbance, c the concentration and L ¼ 10 mm, the optical

path length for all samples. The asphaltene spectral signature

falls within the UV range and extends into the visible range. At

low concentrations of asphaltenes in toluene, A is linear with

concentration at wavelengths above l � 280 nm, but saturates at

lower wavelengths. We use l ¼ 575 nm to characterize the

asphaltene concentration, a wavelength at which the dispersants

have no residual signatures. At l ¼ 575 nm, A is constant with c

below c � 140 ppm. Using several known concentrations of

asphaltenes in toluene, we measure 3 ¼ 0.0191 (1/ppm 1/mm).

The spectra of the dispersants in heptane have signatures in the

UV and near UV ranges. Using the dispersant solutions in

heptane, we measure 3BA ¼ 0.0024 (1/ppm 1/mm) in the range

lBA ¼ 288–313 nm and 34F ¼ 0.0026 (1/ppm 1/mm) in the range

l4F ¼ 313–389 nm. The signature of 4F extends until l� 550 nm.

AOT has a signature in the range lAOT ¼ 232–262 nm with 3 ¼
0.0002 (1/ppm 1/mm), overlapping with the saturated portion of

the asphaltene spectrum.We also measure dispersant solutions in

heptane after centrifugation, confirming that the dispersants do

not sediment under the given amount of gravitational forcing. To
Soft Matter, 2011, 7, 8384–8391 | 8385
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assess concentrations in the asphaltene suspension supernatants,

suspensions are prepared as noted above, and centrifuged for

1000 min at 16 000 g (Eppendorf 5415 D). Given ra, this

centrifugation time guarantees that asphaltene colloids larger

than �20 nm are driven out of suspension. The resultant

supernatants are isolated and measured to assess both the

concentration of molecularly dissolved asphaltenes and

dispersants.

A summary of the asphaltene and dispersant properties is

provided in Table 1. All measurements are carried out at 25 �C
and standard pressure.
Fig. 1 Evidence of dispersant micellization. (a) shows the normalized

intensity of scattered light from dispersant solutions in heptane. The

dashed line shows the scattering from heptane alone, while the solid line

indicates the amount of scattering with colloidal asphaltenes in suspen-

sion. The inset shows the critical micelle concentrations of the disper-

sants. (b) shows conductivity measurements of dispersant solutions in

heptane. The two dashed lines indicate the scatter in the data below c/cc,

while the solid line indicates the conductivity of the asphaltene suspen-

sions in heptane at c ¼ 0 ppm.
Results & discussion

Dispersant micellization

To assess the importance of micelles in stabilizing asphaltene

colloids we first confirm the critical micelle concentration cc of

the dispersants in heptane alone. Light scattering measurements

reveal the presence of micelles once the normalized scattered light

intensity I/I0 increases above its low concentration plateau. At

low c in heptane, I/I0 remains roughly constant for each of the

three dispersants, �5 � 10�6. The increase of I/I0 at cc indicates

a phase transition from isolated dispersant molecules to micelles,

at c ¼ 10, 100, and 1000 ppm for BA, 4F, and AOT, respectively,

in heptane. In contrast, the asphaltene suspensions in heptane

scatter two orders of magnitude more light than from the

dispersants alone: I/I0 � 5 � 10�4, indicating the presence of

colloids. Fig. 1(a) shows I/I0 for heptane alone (dashed line), the

dispersant solutions in heptane (symbols), and the asphaltene

suspensions in heptane (solid line). The inset provides a closer

look at cc for each dispersant.

We can compare the cc of AOT to measured values from the

literature, but need a different corroboration of cc for both BA

and 4F. Through various methods of measurements in heptane,

including spectrophotometry and calorimetry, the cc for AOT

ranges between 400 and 750 ppm. In octane, decane, and

cyclopentane, cc ranges from 200 to 1100 ppm, whereas in

dodecane, the cc for AOT is �1250 ppm.42 Given that AOT is

hygroscopic and trace water is difficult to eliminate, the

measurement cc � 1000 ppm is reasonable when compared to

the literature. For BA and 4F, we confirm cc through conduc-

tivity measurements. At low c, the dispersants in heptane have

a roughly constant, low conductivity: g ¼ 0.86 � 0.3 pS. With
Table 1 Material properties. Properties extracted from the source petroleum
the model oil studied, ra asphaltene density, c heptane ratio for all suspens
information includes dispersant name, class, molecular weight, cc the critical m
spectroscopy, and 3 the dispersant extinction coefficient in the given wavelen

Petroleum fluid fc fa

SB 0.0069 � 0.0008 0.005

Dispersant Class MW

BA Polyolefin Alkeneamine 2000
4F Alkylated Phenol 4000
AOT Anionic Surfactant 445

8386 | Soft Matter, 2011, 7, 8384–8391
the formation of micelles, g increases for both BA and 4F, at

values of c ¼ cc that are in line with the light scattering results.

Interestingly, even without dispersants, asphaltene suspensions

in heptane have g ¼ 4.8 pS, a value reached by the dispersants

only at c � 10cc. The behavior of g as a function of BA and 4F
fluid SB: fc asphaltene fraction in the source fluid, fa asphaltene fraction in
ions, and 3 asphaltene extinction coefficient at l ¼ 575 nm. Dispersant
icelle concentration in heptane, l the wavelength range used in UV-visible
gth range

ra (g mL�1) c (mL g�1) 3 (1/ppm 1/mm)

1.1 � 0.09 20 0.0191

cc (ppm) l (nm) 3 (1/ppm 1/mm)

10 288–313 0.0024
100 313–389 0.0026
1000 232–262 0.0002

This journal is ª The Royal Society of Chemistry 2011
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concentration in heptane is shown in Fig. 1(b), where the

dashed lines indicate the scatter in the low c measurements, and

the solid line shows g for asphaltene suspensions in heptane at

c ¼ 0 ppm.
Colloidal asphaltene charging

The conductivity of colloidal asphaltene suspensions without

dispersant suggests the presence of charge on the asphaltenes

themselves. We measure the electrophoretic mobility m ¼ v/E of

asphaltene colloids suspended in heptane using phase analysis

light scattering (PALS), a technique similar to laser Doppler

electrophoresis. Particle velocity v in an electric field E is

measured by the phase shift in the laser signal compared to

a reference signal which does not pass through the electric field.

Given the balance of hydrodynamic and electrostatic forces,

mobility measurements reflect both the total surface charge q and

the particle size a: m � q/(6pha), where h is the viscosity. In

suspensions without stabilizing dispersants, the measurements

reveal a bimodal distribution of m: approximately one third of

100 measurements yield negative mobility values, while two

thirds yield positive results. The average magnitude of the two

modes is roughly equivalent: the average negative mobility is hm–i
¼ (�0.0554 � 0.0283) � 10�8 m2 V�1 s�1, while hm+i ¼ (0.0561 �
0.0261) � 10�8 m2 V�1 s�1. For each mode the spread in the

distribution p(m) is approximately 50%, andmay be due in part to

a polydispersity in the colloidal asphaltene particle size, to be

discussed below. A normalized histogram of the results is shown

in Fig. 2; the area under the curve
Ð
p(m) du ¼ 1. The measure-

ments of m are on the same order of magnitude as the m of other

asphaltenes measured in heptane and heptane-toluene

systems.20,21

The bimodality of m suggests that the surfaces of the individual

asphaltene colloids may have both positively and negatively

charged sites, as depicted in the cartoon in Fig. 2. This situation

is more entropically favorable than the possibility of some

asphaltene colloids being wholly positively charged while others

are wholly negatively charged. The observation of the bimodal

distribution of m is compatible with electrodeposition studies on

asphaltenes, which indicate they are charged entities that can
Fig. 2 Distribution of electrophoretic mobility m in colloidal asphaltene

suspensions without dispersant; p(m) is based on 100 measurements. The

inset gives a representation of charge distribution on an asphaltene

colloid.

This journal is ª The Royal Society of Chemistry 2011
exhibit both positive and negative charges.17–19 Furthermore,

conductivity and electrophoresis measurements show evidence of

asphaltene ions and ionization even in low dielectric constant

media.7,43 Although the origin of these charges remains some-

what mysterious, asphaltenes are known to contain metallic

components whose relative abundance can influence asphaltene

dissolution kinetics in heptane with dispersants.16,44 While

metallic components may account for the presence of positive

charges, the electron clouds of the p orbitals in the polyaromatic

asphaltene rings may provide an explanation for the observed

negative charges.

The observation of mixed charges on the colloidal asphaltene

surface indicates a reason for the great instability of colloidal

asphaltenes in heptane: no counter-ions exist in the oil to screen

the resultant long-range electrostatic attraction, which can

readily cause aggregation. Enhanced van der Waals attraction

forces have been proposed as the mechanism leading to insta-

bility of asphaltenes in non-polar media.19,45 Van der Waals

interactions scale with the ratio of particle size a to interparticle

separation r: UvdW ¼ �A121a/12r, where A121 is the Hamaker

constant. Bare coulomb interactions are given by Uc ¼ �e2/

(4p30Dr), where e is the elementary charge, 30 the permittivity of

free space and D ¼ 2 the dielectric constant of heptane. Both

electrostatic and van der Waals interactions decay with the

inverse of r, so the range of the two forces is comparable. Given

A121 ¼ 1.1 � 10�21 for asphaltene-asphaltene interactions in

heptane, Uc ¼ UvdW when a ¼ 1.3 mm.46 Therefore, for asphal-

tene colloids in heptane smaller than �1.3 mm, electrostatic

attraction can be even stronger than van der Waals. In addition

to van der Waals, long-range electrostatic attraction due to

bimodal surface charging may play an important role in the early

stages of asphaltene precipitation and growth approaching the

micron scale.

The effect of dispersant on m is seen when suspensions are

prepared by mixing the model oil with stock solutions of

dispersants in heptane. We choose two dispersants which have

been shown to effectively inhibit aggregation and delay sedi-

mentation in asphaltene suspensions in heptane, labeled ‘BA’

and ‘4F’.8,9 As a point of comparison, we also assess colloidal

asphaltene properties with the addition of AOT, known to

stabilize non-polar colloidal suspensions through the formation

of inverse micelles.33,38,39 AOT does not provide significant

stabilization against aggregation and sedimentation of colloidal

asphaltenes in heptane.8 We refer to all suspensions and results in

terms of c/cc, the normalized dispersant concentration, where cc
is the measured cmc of the dispersants as listed in Table 1.

The addition of even a small amount of the effective disper-

sants BA and 4F converts the bimodal distribution of m to

a monomodal positive distribution. We quantify this change in

p(m) through
Ð
p(m�) du, the total percentage of negative

measurements as a function of dispersant. For both BA and 4F,

negative charging on the asphaltene colloids persists at low

values of c/cc. In each case the asphaltenes become wholly

positively charged at approximately c/cc � 0.1. As c/cc increases,

the surface charge remains wholly positive. In contrast, AOT has

a nearly opposite effect: below cc AOT does little to alter p(m).

Above cc, AOT micelles facilitate an incomplete negative

charging of the asphaltene colloids: �15% of the measurements

remain positive. This result is shown in Fig. 3(a).
Soft Matter, 2011, 7, 8384–8391 | 8387
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We also assess the effect of the dispersants on the average

colloidal asphaltene mobilities hmi. Given the bimodal charge

distribution p(m) without dispersant, hmi � 0 � 10�8 m2 V�1 s�1 at

c ¼ 0 ppm. Both BA and 4F neutralize the negative charges on

the asphaltene colloids at c/cc ¼ 0.1, as seen in Fig. 3(a), and

additional dispersant continues to increase hmi even afterÐ
p(m�) du reaches 0. Plateau values of hmi are reached near the cc

of BA and 4F: at c/cc � 0.7 for BA and c/cc � 1.5 for 4F. In each

case the plateaus persist until the highest concentrations

measured, c/cc ¼ 100 and 10 for BA and 4F respectively. BA

induces a larger magnitude plateau: hmi ¼ (0.2296� 0.01) � 10�8

m2 V�1 s�1, roughly 24% larger than that induced by 4F: hmi ¼
(0.1846 � 0.01) � 10�8 m2 V�1 s�1. AOT leads to negatively

charged asphaltene particles, matching its charge characteristics

in other non-polar colloidal suspensions.39 Contrary to the

behavior induced by BA and 4F, the magnitude of hmi remains

flat at c < cc and changes mainly after the cmc of the AOT is

reached. The plateau value is hmi ¼ (–0.0638 � 0.01) � 10�8 m2

V�1 s�1; the error bars encompass the measurement of hm–i at c ¼
0. Fig. 3(b) shows hmi as a function of c/cc, for suspensions with

BA, 4F and AOT. The dashed lines indicate the measured values

of hm–i and hm+i at c ¼ 0 ppm. BA and 4F induce plateau values
Fig. 3 Electrophoretic mobility of colloidal asphaltenes with dispersant.

(a) shows the total percentage of negative mobility measurements as

a function of dispersant concentration, while (b) gives hmi as a function of

dispersant concentration. In each plot BA is indicated by (B), 4F by (*)

and AOT by (>). The data in (a) and the error bars in (b) reflect up to 40

measurements at each concentration. The dashed lines in (b) indicate the

measurements of hm–i and hm+i at c ¼ 0 ppm.

8388 | Soft Matter, 2011, 7, 8384–8391
of hmi that are 3–4 times greater than hm+i at c ¼ 0 ppm, while

AOT does not induce any additional charging beyond hm–i at c¼
0 ppm. With AOT, the plateau in hmi may reflect simply the

negative surface charges already present on the native asphal-

tenes, suggesting that AOT micelles can neutralize the positive

charges which are present on the asphaltenes at c ¼ 0 ppm.
Dispersant adsorption behavior

The ability of BA and 4F to increase hmi at c/cc < 1 shows that BA

and 4F micelles are not necessary to induce charging; isolated

dispersant molecules are sufficient. Below cc, the dispersant

molecules alone do not conduct electricity and are not themselves

charge carriers, as evidenced by the measurements shown in

Fig. 1(b). However, BA and 4F both contain p bonds through

their respective alkene and phenolic functional groups. These p

bonds can associate with the aromatic p bonds of asphaltene

molecules, potentially explaining the observed coverage of

negative surface charges seen in Fig. 3(a). Evidence in the liter-

ature suggests that other effective dispersants also act by

adsorption.10,12,47 To discern the dispersant adsorption behavior,

we perform UV-visible spectroscopy measurements, first assess-

ing the asphaltene dissolution. We centrifuge the suspensions to

remove all asphaltene particles larger than approximately 20 nm,

and investigate the suspension supernatants. We use l ¼ 575 nm

to characterize the amount of molecular-scale asphaltenes in

solution, casph. For all suspensions with BA, 4F and AOT, casph
does not strongly depend on dispersant concentration, and is

61 � 5 ppm. This amount of molecular-scale asphaltenes is

approximately 17% of the total asphaltene content in each

suspension, indicating that �83% of the asphaltene content in

each suspension is contained within the colloidal particles.

Having quantified the molecular asphaltenes in the superna-

tants, we turn our attention to assessing dispersant adsorption.

The signature region of AOT overlaps too strongly with the

saturated portion of the asphaltene spectra to allow for effective

investigation of AOT concentrations. We investigate superna-

tants prepared using BA and 4F in the wavelength regions lBA
and l4F, respectively, as listed in Table 1. Asphaltenes also

absorb light in these regions: the absorbance hAi due to the

dissolved asphaltenes is hAi ¼ 1.85 � 0.04 in the region lBA,

while in l4F, hAi ¼ 1.22� 0.03. For suspensions with BA, there is

little additional absorbance due to dispersant: at all concentra-

tions up to c/cc ¼ 100, hAi � 1.86 � 0.05 in the region lBA. The

lack of additional absorbance from BA indicates that the

dispersant preferentially adsorbs onto the asphaltenes, remaining

with the centrifuged phase. For suspensions with 4F, hAi in l4F
remains approximately constant until c/cc � 2.5: hAi � 1.18 �
0.04, and then rises. However, the observed increase is less than

anticipated if all dispersant remained in the supernatant, indi-

cating adsorption onto the asphaltenes in the sedimented phase.

The results suggests that BA adsorbs more strongly onto the

asphaltenes than 4F, as there is no evidence of BA in the

supernatant even up to c/cc ¼ 100. As the behavior of 4F has

a stronger trend than that of BA, we show UV-visible spectra of

4F suspension supernatants in Fig. 4, where the solid line shows

the spectrum due to the dissolved asphaltenes alone. The inset

gives hAi as a function of c/cc in the range l4F as compared to

both hAi for the dissolved asphaltenes (solid horizontal line) and
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 UV-visible spectroscopy on asphaltene suspension supernatants.

The main plot shows several spectra of supernatants with 4F, at c/cc as

given in the legend. The spectrum shown by the solid line shows the

behavior at c/cc ¼ 0. The dashed line indicates l ¼ 575 nm used to

characterize the asphaltene content, while the pair of solid lines denotes

the range l4F ¼ 313–389 nm. The inset shows hAi as function of c/cc in

this range; the solid line indicates hAi due to the dissolved asphaltenes,

while the curve indicates hAi due to the dispersant.
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the expected increase from equivalent amounts of 4F in the

supernatant (solid curve).
Fig. 5 Colloidal asphaltene particle sizes. (a) shows the growth of the

asphaltene colloids without dispersant, followed by a plateau at size hai.
(b) shows hai as a function of dispersant concentration, with BA (B), 4F

(*) and AOT (>), displayed on a log-log plot. The error bars in (b) show

the size distribution s of �120 measurements at each c/cc. The dashed

lines indicate s at c ¼ 0. The solid black line is a fit to the data, with slope

�0.73.
Asphaltene particle size and morphology

The adsorption of BA and 4F onto the asphaltene surface may

affect asphaltene particle size and morphology. Optical micros-

copy studies show that asphaltenes in heptane form round,

compact structures.48 Furthermore, a decrease in colloidal

asphaltene size with the addition of dispersant has been previ-

ously observed, but without explanation.8,9,49 We first investigate

the colloidal asphaltene suspensions in the absence of dispersant,

using dynamic light scattering (DLS) to measure the colloidal

asphaltene particle size a. Within the first minute, the time

between sample preparation and the start of the measurement,

the asphaltenes have already grown from the molecular scale to

a � 1 mm, and continue to grow over the next 10–15 min. The

growth leads to a plateau hai ¼ 3.13 � 0.46 mm, with the 20%

variation indicating a high degree of polydispersity. The early-

time growth of the asphaltene colloids without dispersant is

shown in Fig. 5(a).

With the addition of a small amount of BA or 4F, the colloids

do not grow to the same final size, and hai decreases dramati-

cally, beginning at c/cc ¼ 0.01 in the BA suspensions and c/cc ¼
0.02 with 4F. The size decreases until c/cc � 0.5, followed by

a plateau at hai ¼ 204 � 21 nm. BA and 4F cause a 15-fold

decrease in hai at c/cc ¼ 1 as compared to c/cc ¼ 0. Furthermore,

once hai decreases into the nanometre range, the distribution

width in the suspensions also decreases, to s/a < 4%, indicating

fairly monodisperse suspensions with the addition of BA and 4F.

AOT, however, does not halt the colloidal asphaltene growth nor

significantly alter hai as compared to the value at c/cc¼ 0, even at

concentrations ten times larger than cc. The average particle size

over all suspensions with AOT is 2.98 mm, and the distribution

width in each sample is s/hai � 17%, indicating fairly poly-

disperse suspensions regardless of AOT concentration. The
This journal is ª The Royal Society of Chemistry 2011
behavior of hai with all three dispersants is shown in Fig. 5(b), on

a log scale to better illustrate the decrease at c < cc and the

plateau at c > cc for suspensions with BA and 4F. The error bars

indicate s in each sample and the dashed lines indicate s in

suspensions without dispersant. The solid line indicates a power-

law fit to hai at concentrations 0.01 < c/cc < 0.5.

The power-law decrease in hai with BA and 4F may be

explained by a simple scaling argument describing the effect of

dispersant adsorption on hai. These measurements show that

dispersants BA and 4F truncate the initial stages of colloidal

asphaltene growth. If the molecules of dispersant uniformly

adsorb onto the asphaltene particle surfaces, then for suspen-

sions with constant asphaltene mass we expect the surface area to

volume ratio SV to increase linearly with c, allowing for smaller

particles. For fractal objects, SV� hai(Df�3), whereDf is the fractal

dimension.50 Simple scaling therefore gives a power law depen-

dence of hai on c: hai(Df�3) � c, with the expected decrease in

hai with the addition of dispersant.

To test the validity of the scaling argument in comparison to

the observed power law behavior of hai with BA and 4F, we

characterize the fractal structure of the asphaltene colloids. We

employ static light scattering (SLS), a standard method by which

to measure the fractal dimension Df, as the scattered light
Soft Matter, 2011, 7, 8384–8391 | 8389
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Fig. 7 Proposed stabilization mechanism. At c ¼ 0, the asphaltene

colloids display both positive and negative surface charges. At low

dispersant concentration, c < cc, isolated dispersant molecules adsorb

onto the colloidal surface, neutralizing negative charges. Increasing

surface coverage truncates the asphaltene particle growth until the

dispersant cmc is reached. At c > cc, dispersant micelles might adsorb

onto the surface, but their presence effects neither the size nor the

mobility of the colloids. The figure is not drawn to scale.
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intensity scales as I ¼ q�Df, where q is the wave vector.50 We

investigate a dozen suspensions with BA and 4F over a range of

c/cc and find that Df has a slight dependence on c/cc, decreasing

from �1.8 at c/cc ¼ 0 to � 1.5 at c/cc ¼ 1. The average value Df is

1.63� 0.16, a variation of 10%. Representative results are shown

in Fig. 6, as shown by suspensions at c ¼ 0 and at c < cc for BA

and 4F. The solid black lines indicate fits to the data. The value

Df ¼ 1.63 suggests the power law hai � c�0.73, which fits the

measurements of hai with an R2 value of 0.96, as shown by the

solid line in Fig. 5(b).

The present results indicate a unique stabilization mechanism

found in non-polar colloidal asphaltene suspensions: the

adsorption of single molecules of surfactant simultaneously

provides electrostatic stabilization and truncates colloidal

growth. The dual-charge nature of the asphaltenes at c/cc ¼
0 explains their affinity for growth. At c # cc of effective

dispersants BA and 4F: the dispersants adsorb, the asphaltene

colloids become uniformly charged and hmi increases up to c¼ cc.

The uniformly positive surface charge truncates further growth

of the asphaltenes, which grow to increasingly smaller sizes, with

a power-law dependence on c/cc. We therefore propose that

single dispersant molecules stabilize asphaltenes by coating

colloidal asphaltenes, in this case preferentially covering nega-

tively charged sites on the surface. In fact, the increase in hmiwith
the addition of dispersant can be qualitatively explained by the

corresponding decrease in hai. Cartoons of this mechanism are

provided in Fig. 7. We note that this mechanism may not

otherwise work in traditional colloidal systems: the bimodal

charge on the asphaltene colloids at c/cc ¼ 0 plays a key role in

allowing both the dispersant adsorption and subsequent

suspension stabilization to occur.
Conclusions

Contrary to the current understanding of electrostatic stabili-

zation of non-polar colloids, inverse micelles of dispersant at c >

cc are not necessary to induce charge-stabilization in non-polar

suspensions of asphaltene colloids. Isolated dispersant
Fig. 6 Fractal dimension measurements. Static light scattered intensity

from asphaltene suspensions without dispersant, with BA at c/cc ¼ 0.1

and with 4F at c/cc ¼ 0.5. The solid lines are fits to the data; the slopes

provide Df. I(q) for each sample has been multiplied by an arbitrary

constant for better visualization of the data.

8390 | Soft Matter, 2011, 7, 8384–8391
molecules adsorb onto asphaltene colloids as they grow,

neutralize the negative surface charges, induce uniformly posi-

tive surfaces, and thereby truncate colloidal growth. The

appearance of micelles of BA and 4F at the cmc can explain

both the ceiling in hmi and the floor in hai. Exceeding the cmc

limits the number of isolated dispersant molecules and halts the

stabilization process rather than providing further changes in

the colloidal asphaltene properties. AOT provides an excellent

counter-example: while measurements of hmi indicate that AOT

micelles can neutralize most of the positive surface charges on

the asphaltene colloids, the absence of any effect on

hai indicates that AOT does not effectively truncate colloidal

asphaltene growth even above cc. The dichotomy between AOT

and BA or 4F raises an interesting possibility for future inves-

tigation: adsorption onto positive asphaltene surface charges

might not effectively truncate growth, while adsorption onto

negative surface charges can, as it is the p bonds which are the

main drivers of asphaltene instability.44 Furthermore, our work

introduces the cmc as an important consideration in industrial

dispersant selection. Both the polarity or acidity of the head-

groups as well as the length and branching of the tails have been

shown to be important characteristics of dispersants.10,11,13–15

Until now considerations of the cmc have been largely ignored.

While a low cmc does not guarantee effectiveness, the fact that

cc for BA is less than that for 4F means that 10 times less BA is

needed to obtain similar results.

The observed bimodal charge distribution on asphaltenes in

non-polar suspensions facilitates their growth and aggregation to

the colloidal scale and beyond. Selective adsorption of effective

dispersants to the colloidal asphaltene surface can truncate this

growth, offering the ability to tune colloidal asphaltene proper-

ties in non-polar suspensions, including final size and
This journal is ª The Royal Society of Chemistry 2011
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electrophoretic mobility. There is even some indication that the

asphaltene colloids become more compact as they grow to larger

sizes, as evidenced by the slightly higher values ofDf found at low

concentration of dispersant. Given their unique charge charac-

teristics, asphaltenes may therefore provide an interesting plat-

form for further investigation of remaining open questions about

electrostatic stabilization in non-polar media.51 The development

and synthesis of model asphaltene particles could even result in

novel functional materials. For instance, many applications of

photonic materials, including switchable electrophoretic displays

used for electronic ink, rely on sub-micron colloidal size scales

and the tunable response of particles to external fields.52,53
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