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The effect of electrostatic field on the aggregation rate and aggregate size of asphaltene particles precip-
itated from three different crude oil samples suspended in a mixture of toluene and n-heptane (a model
oil) was investigated. An electrode-embedded glass micro-model utilizing a high-voltage direct current
power supply was utilized in this study. The asphaltene particle size and the rate of aggregation under
the electric field were monitored using a high-resolution optical microscope and the average aggregate
size for asphaltene particles was estimated using image processing software. To investigate the effects
of structural parameters on asphaltene aggregation rate, aggregate size and electro-deposition, the ele-
mental analyses for the three asphaltene samples were carried out and the mass ratios for C, H, N, S
and O elements present in the asphaltene samples were determined. Also, the functional groups of
asphaltene molecules were analyzed using the FTIR technique. Asphaltene molecules with larger chro-
mophore and higher complexity exhibited faster aggregation behavior under the electrical field. The
asphaltene aggregation rate was found to be directly proportional to the number of hetero-atoms on
asphaltene molecules. The effects of parameters such as the electric field intensity, exposure time, asphal-
tene concentration, the amount of precipitant, and the asphaltene molecular structure on the asphaltene
aggregation rate and aggregate size under the electrostatic field were also investigated. The electrostatic
field strongly affected the aggregation rate of asphaltene particle; under an electrostatic field, asphaltene
particles tended to aggregate faster and this may have resulted in faster and a larger quantity of asphal-
tene particles that precipitated out of the quiescent mixture of toluene and n-heptane. It should be also
stated that for higher voltage applied to the mixture, a higher aggregation rate and larger aggregate size
of asphaltene particles were observed.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Asphaltene is a heavy fraction of crude oil with a complex
poly-aromatic structure that is soluble in aromatic solvents such
as toluene but insoluble in light normal alkanes such as
n-pentane and n-heptane [1–4]. Interest in the characteristics
and properties of asphaltene originates from the severe opera-
tional problems caused at the different stages of petroleum pro-
duction due to asphaltene phase separation, asphaltene
flocculation and deposition [5]. Identifying the conditions leading
to asphaltene precipitation from crude oils has been a major chal-
lenge for researchers over the past decades, and many attempts
have been made to understand the effects of several parameters
such as pressure, temperature and crude composition on asphal-
tene phase behavior [1,6–10]. It has been recently shown that,
due to the molecular complexity and high polarity of the asphal-
tene molecules, their electro-kinetic behavior such as natural
streaming potential can have an important role in their instability
and, hence, in their precipitation and deposition tendencies [11–
17]. The electro-kinetic properties such as electrical conductivity,
electrophoresis and electro-deposition of asphaltene particles
under an electrostatic field have been extensively studied
[11,12,16,18,19]. In these publications, it has been shown that
asphaltene molecules can be polarized and gain electric charge
while they are exposed to the electrostatic field. It should be
emphasized that neither the mechanism of asphaltene charging
nor the conditions leading to electro-deposition have been well
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Table 1
SARA analysis and the API gravity of crude oil used in this work.

Crude Type A Crude Type B Crude Type C

Saturates (wt.%) 21.83 42.0 51.75
Aromatics (wt.%) 53.59 43.0 34.45
Resins (wt.%) 9.58 8.0 8.5
C7-Asphaltenes (wt.%) 14.7 7.0 5.3
API gravity (�) 12.8 23.8 31.0
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understood to date. In most studies, it has been concluded that
asphaltene molecules possess a predominantly positive charge
in a number of non-aqueous solvents such as nitromethane
[20], heptane [21], ethanol [21], and mixtures of heptane and
toluene [22]. On the other hand, negatively-charged asphaltene
deposits were observed in experiments conducted in crude oil
samples [14,19,23,24]. An electrostatic field can be utilized for
various applications in the petroleum production and processing
such as the electric de-emulsification [25] in which direct current
electric voltage is applied to break water–oil emulsions [14]. It
should be mentioned that the precipitation of asphaltene mole-
cules has been previously described based on the electrical charge
interactions between asphaltene and resin molecules in crude oil.
It is controversially believed that the resin content has the great-
est impact on the stability of asphaltene molecules in crude oil
and that the resin-asphaltene molecular interaction is highly
dominated by the opposing surface charges of resins and asphal-
tene moieties [13]. Any disruptions in such electrostatic and sur-
face charge interactions between asphaltene and resins can
change the attraction forces and result in the destabilization of
colloidal asphaltene particles [26,27]. Recent studies on the elec-
trical conductivity of asphaltene particles have broadened the
understanding of their molecular association [28,29], however,
studies on solid asphaltene electrical conductivity showed that
solid asphaltene particles mimic semiconductor behavior. It has
been observed that due to the structural phase transition, the
conductivity increases at higher temperatures [30]. More detailed
investigations of asphaltene electro-kinetics such as electrophore-
sis, and adsorption properties using different crude oils strongly
confirmed the charge-bearing characteristics and streaming
potential of asphaltene molecules [22,31–33]. It was concluded
that protonation and dissociation reactions of asphaltene func-
tional groups results in asphaltene surface charging and its elec-
trophoretic mobility [34]. However, solvent-induced polarity
causes reversed electrophoretic mobility of destabilized asphal-
tene particles. Asphaltene particles dispersed in a polar solvent
(water) present a negative electrophoretic mobility, whereas
when dispersed in a non-polar solvent (toluene), the particles
present positive electrophoretic mobility [33]. In this way it has
been shown that the net negative surface charge of colloidal
asphaltene is the main cause of deposition on metal pipes due
to potential differences across them [7]. Such charge neutraliza-
tion might be used to manage and control the asphaltene precip-
itation and deposition [35]. A recent study by Hashmi and
Firoozabadi [36] tried to elucidate the existing vagueness of
asphaltene surface charge; they suggested that asphaltene parti-
cles possess heterogeneous surface charges where some moieties
may exhibit a small net positive charge and others a negative sur-
face charge. Other parameters such as metallic components and
acid–base functional groups contribute to the surface charge,
which may vary with the source of the crude oil, and other char-
acteristics of the crude oils such the molecular weights and den-
sities [36].

In this work, asphaltene particles were precipitated from three
different crude oil samples and added to a mixture of toluene
and n-heptane in order to understand their electro-kinetic behav-
ior. A glass micro model was equipped with two electrodes, an
optical microscope, and a high-voltage, direct current (HVDC)
power supply. To understand the effects of structural parameters
on asphaltene aggregation rate and aggregate size, elemental
analyses of the three asphaltene samples were conducted and
the mass ratios of C, H, N, S and O elements were determined.
Also, the effects of parameters such as electric field intensity,
exposure time, asphaltene concentration, and precipitant strength
on the asphaltene aggregation and electro-deposition were
investigated.
2. Materials and methods

Asphaltene particles were precipitated from three crude oil
samples having three different API gravity using the standard
ASTM-D6560-12 method [37]. The results of SARA (saturates, aro-
matics, resin, and asphaltene) analyses for these three crude oil
samples are presented in Table 1. As shown in Table 1, the heaviest
crude oil with API = 12.8 is labeled as ‘‘Type A”, the crude oil with
medium API gravity (23.8) is labeled as ‘‘Type B” and the lightest
crude oil (API = 31) is labeled as ‘‘Type C”. This nomenclature will
be used throughout this manuscript for the crude oils and their
corresponding asphaltene samples. The standard procedure of
Clay-Gel Absorption Chromatographic method (ASTM D2007-93)
was used for the SARA fractionation analysis.

To synthesize the model oil, normal heptane with a purity of
99.9% was purchased fromMerck Company and used to precipitate
the asphaltene particles from the above three crude oil samples.
Toluene with the purity of 99% (Merck Co.) was used to dissolve
the asphaltene particles. In order to prepare homogenous mixtures,
the asphaltene particles were initially dissolved in toluene and stir-
red for one hour using a magnetic stirrer. Then, n-heptane was
gradually added to the mixture and stirred for an additional
30 min. All samples were prepared at a heptane to toluene ratio
of 30:70 except preliminary experiments aimed at studying the
effect of precipitant (n-heptane) concentration. Prior to each
experiment, the model oil was sonicated at a frequency of 40 kHz
for two minutes to disperse all asphaltene particles uniformly
and break any pre-formed aggregates or particles’ cross-links.
Moreover, to ensure that no asphaltene precipitation occurred dur-
ing the preparation procedure, the concentration of asphaltene in
the mixture or model oil was monitored using spectrophotometry
[38]. It should be noted that the synthesis of this asphaltene sus-
pension was performed at ambient temperature and at only two
asphaltene concentrations, 1 g/l and 3 g/l. All of the electro-
kinetic tests were conducted under static conditions. For the sake
of considering the precipitant effect on asphaltene aggregation, a
set of preliminary experiments was conducted to observe whether
the particles precipitated due to precipitant addition or the applied
electrostatic field. These preliminary control experiments were
performed at varying heptane concentrations in order to determine
the visual on-set point of the asphaltene particles without applying
the electrostatic field. It is a well-accepted in the literature that, in
visual studies, the asphaltene on-set point is the point at which the
average asphaltene particle size grows larger than 0.5 lm in diam-
eter [39]. For most of the test solutions, it took at least 18 h for
asphaltene particles to appear (to grow larger than 0.5 lm),
whereas the duration for the electrostatic tests was less than two
hours. We also note that, when applying an electrostatic force,
the asphaltene particle grow about two orders of magnitude
(greater than 10 lm) during the first minutes of the experiments
alone.
3. Analysis of asphaltene chemical structure

Detailed analysis of three asphaltene samples in order to deter-
mine their chemical structures was done by Amin et al. [40] at the



Table 2
Elemental analysis of asphaltene samples.

Asphaltene C (wt.%) H (wt.%) N (wt.%) S (wt.%) O (wt.%) Ni (ppm) V (ppm) Formula

Type A 80.34 7.19 0.98 8.90 2.57 0.277 0.189 C95H102O2N1S4
Type B 74.56 6.74 0.85 6.84 10.99 0.626 0.219 C102H110O11N1S3
Type C 79.84 7.71 1.50 6.09 4.84 0.166 1.052 C62H71O3N1S2

Fig. 1. Proposed molecular structure for: (a) asphaltene Type A; (b) asphaltene Type B; and (c) asphaltene Type C [40].

Fig. 2. Schematic diagram of the experimental set-up used in this study.
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Fig. 4. Mean aggregate diameter in a model oil (1 g/l solution of asphaltene Type A)
subjected to an electrostatic field for an 80-min duration. The measurements were
repeated using voltages that varied between 1 and 8 kV.

Fig. 5. Average aggregation rate (lm/min) at an asphaltene concentration of 1 g/l
for asphaltene Type A subjected to an electrostatic field at varying voltage. Note
that for a specific voltage, the aggregation rate declined with the duration that the
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same research center using coupled elemental analysis, FTIR, and
molecular simulations; the structural analysis was performed
according to the procedures described elsewhere [40–42] and the
results are reported in Table 2. The mass ratios of the C, H, N, S,
and O elements present in the asphaltene molecules were deter-
mined using the elemental technique. The CHNSO analyzer
(Thermo Flash EA 1112 series) was used for the elemental analysis.
In addition, the amount of nickel (Ni) and vanadium (V) were given
in Table 2. The molecular structure of each asphaltene sample was
proposed based on the elemental mass ratios for each asphaltene
sample. The presence of particular functional groups in each
asphaltene sample was determined using the FTIR spectra (Shi-
madzu model 8300). Two peaks at 1325 and 1037 cm�1 are
assigned to C–N and S–O groups stretching vibrations, respectively,
while other peaks positioned at 3070 cm�1, 2920 cm�1, and
2850 cm�1 are indications of the aromatic and aliphatic hydrocar-
bons presence [40].

It is worth mentioning that deuterated chloroform (CD3Cl) was
used to determine both Proton NMR (H NMR) and Carbon NMR (C
NMR) spectra. Both spectra were used to determine the ratios of
carbon and hydrogen atoms contributing to aromatic and aliphatic
parts of asphaltene molecules. This measurement leads to the esti-
mation of the number of peripheral aliphatic chains and aromatic
rings from which the chemical formula of each sample can be
predicted.

The results of the elemental analysis, along with the FTIR spec-
tra confirmed the existence of a large chromophore composed of at
least seven fused rings and a small chromophore with two rings on
each structure. The Type C asphaltene contains saturated hydrocar-
bon chains attached to the main large chromophore. These chains
are composed of three carbon atoms and the main chromophore
contains aromatic fused rings couple with non-aromatic rings.
Asphaltene Type B has the largest chromophore consisting of ele-
ven fused rings. Both Type A and B asphaltenes show evidence of
aliphatic hydrocarbon chains with three carbon atoms. These
structural features are very likely to control the mechanism of
asphaltene precipitation and aggregation. Fig. 1 presents the pro-
posed molecular structures of asphaltene Types A, B, and C based
on molecular simulations performed using both elemental and
FTIR data [40].
Fig. 3. Schematic representation of the glass micro-model with electrodes inserted.

voltage was applied (see also Fig. 8 below). Here, the average rate is presented for
all the applied voltages.
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4. Experimental apparatus

A horizontally oriented glass micro-model, with a pair of oppos-
ing electrodes inserted within the model and a microscopic cam-
era, was used to study the asphaltene aggregation rate under
electric field. Fig. 2 shows a schematic of the experimental set-
up. The electrodes were 6-cm long and the distance between them
was 2 cm. The entire electrode length was in contact with the test
solution. The model oil (an asphaltene suspension) was injected
into the void space between electrodes using a syringe. The injec-
tion ports were drilled through the upper glass surface and injec-
tion needles were inserted vertically. Schematic representation of
the glass micro-model is shown in Fig. 3. The electrodes extended
out of the model so that they could be connected to the signal gen-
erator. An electric field was generated with a high-voltage, direct
current power supply (Sanaye Amouzeshi Co.) capable of supplying
voltages up to 13 kV.

Two types of microscopic camera were used: an optical micro-
scope (model E200 Nikon Instrument Inc., USA) and a microscope
eyepiece camera (Dino-Eye, AnMo Electronics Corporation, Tai-
wan) were used to monitor the asphaltene aggregation. To create
images with desirable contrast, the glass micro-model was placed
on a light panel and at least six images at different locations of the
model were taken for each data point to obtain more reliable
results. Aggregate size was measured and analyzed with Image
J software [43].
Fig. 6. Aggregate size distribution for asphaltene Type A under applied 1 kV electric poten
and; (d) after 60 min.
5. Experimental procedure

After preparing the model oil according to the aforementioned
procedure, the solution was quickly injected into the micro-
model by a syringe. The micro-model void space was completely
filled with the model oil and then the injection ports were closed
and sealed. The electrostatic field applied to the solution while
both the asphaltene aggregate size and its aggregation rate were
carefully observed for each test using a camera mounted on the
microscope. Finally, the average asphaltene aggregate diameter
and particle size distribution were measured as a function of time
using image-processing software at pre-defined time intervals.
6. Results and discussion

Fig. 4 shows the effect of the high voltage direct current on the
average (mean) aggregate size of the Type A asphaltene particles.
Similar results were obtained for the other two asphaltene types
and only one type is presented here for the sake of brevity. Each
experimental data point in Fig. 4 shows the average diameter of
asphaltene aggregates observed at a specific time intervals for an
80-min duration; the average diameter is noted to increase with
voltage. This behavior can be explained by the fact that the asphal-
tene particles respond to the electrostatic field by polarizing and
folding toward each other. As higher voltage is applied, more polar-
ization and aggregation occur. Based on the results shown in Fig. 4,
tial (a) at initial time step-first seconds of exposure; (b) after 5 min; (c) after 45 min,
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the average (mean) aggregation rate for the asphaltene Type A was
calculated and is illustrated in Fig. 5 for the applied voltages. The
average values presented in Fig. 5 are the mean values for each
data set of Fig. 4 for the test duration and intended to show the
effect of voltage on aggregation rate in a holistic view. It can be
observed that the aggregation rate of asphaltene particles increases
with the intensity of the electrostatic field. This behavior shows a
direct effect of the electrostatic field on asphaltene aggregation;
only the electro-static field strength varies while the precipitant
concentration remains constant. Thus, the higher asphaltene parti-
cle aggregation cannot be a result of the added precipitant.

Fig. 6 demonstrates an increase in aggregate size of the Type A
asphaltene particles under a 1 kV potential. Note that the size scale
Fig. 7. Optical images of the model oil consisting of 1 g/l
(horizontal axis) is increased so that the distribution can be clearly
observed for all time intervals. The initial size distribution is shown
in Fig. 6(a), where the majority of particles are smaller than 1.2
microns and no particles are larger than 2 microns. When a 1 kV
potential is applied, the average aggregate size of asphaltene parti-
cles are observed (Fig. 6b and c) to increase with time so that the
majority of particles were larger than 5 microns after 1 h. It is
worth noting that the minimum detectable particle size was
0.5 lm and the asphaltene particles were assumed to be spherical.

In Fig. 7 below, optical images of the asphaltene aggregation
process at different times and under potential of 6 kV are shown.
All images have the same scale and clearly show a trend of aggre-
gation, increasing in size.
solution of asphaltene Type A under 6 kV potential.



Fig. 8. Aggregation rate as a function of time for asphaltene Type A, under potential
of 6 kV. The initial rate is approximately 0.35 lm/min, while the rate after 60 min
decreased to approx. 0.05 lm/min.

Fig. 9. The effect of asphaltene concentration on average aggregate size for
asphaltene Types A and B. The average aggregate size of asphaltene Types A and B,
are larger when the concentration is higher, as shown here for two concentrations
that were both subjected to a 2 kV electrical potential.

Table 3
Properties of three asphaltenes studied in this work.

Asphaltene N + O + S (wt.%) Hydrogen content (wt.%) Complexity

Type A 12.45 7.19 Medium
Type B 18.68 6.74 Highest
Type C 12.43 7.71 Lowest

Fig. 10. The average aggregate size for asphaltene particles with asphaltene
concentration of 1 g/l subjected to a 2 kV electrostatic field.

Fig. 11. The average aggregate diameter of asphaltene particles in model oil with
asphaltene concentration of 1 g/l subjected to a 6 kV electrostatic field.

Fig. 12. The effect of voltage on aggregation rate of three asphaltene types.
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Fig. 8 compares the asphaltene aggregation rate under a con-
stant electrostatic voltage of 6 kV. As shown in the figure, the
asphaltene aggregates grow at a rate about seven times faster at
the initial time intervals than the ultimate time intervals. After
some time, the growth rate declined. This behavior could be
explained by the fact that an unstable fraction of asphaltene parti-
cles is more polar with a higher di-electric constant and metal con-
tent that responds quickly to the electric field [44,45]. Therefore,
exposure to an electric potential will result in faster precipitation
of the unstable fraction compared to the rest of the asphaltene par-
ticles and hence a decreasing aggregation rate will be observed.

Fig. 9 elucidates the effect of asphaltene concentration on the
average asphaltene aggregate size under a constant 2 kV electro-
static field for two asphaltene particles, Type A and B. As shown
in this figure, the asphaltene aggregate size increased for both
types when the concentration of asphaltene particles in the mix-
tures is increased. In addition, faster aggregation for the asphaltene
particles was observed for higher asphaltene concentrations.



Fig. 13. Effect of precipitant concentration on the mean aggregation rate of
asphaltene particles. Increasing the n-heptane concentration has the effect of
increasing the average aggregation rate of asphaltene Type A (solid line) and Type B
(dotted line) when subjected to a 4 kV electrostatic field. Note that the effect is
similar for both asphaltene types.

A. Hosseini et al. / Fuel 178 (2016) 234–242 241
Increasing the asphaltene concentration of the model oil would
increase the solution viscosity to a limited extent. It was shown
by Maqbool et al. that increasing the asphaltene solution viscosity
decreases particle collision frequency and hence their aggregation
rate [39]. However, in the case of electrostatic field, due to the lar-
ger number of asphaltene particles at the higher concentrations,
particle collisions and aggregation chances are enhanced.

The analysis of asphaltene samples and proposed structure is
described in a previous section. Table 3 shows a comparison
between some structural properties of the asphaltene samples
such as total hetero-atom content, hydrogen content, and struc-
tural complexity. Hetero-atom content of asphaltene directly con-
trols its polarity [46]. Thus, it is expected that Type B asphaltene,
with highest hetero-atom content and a larger number of aromatic
cycles, be more prone to ionization when exposed to an electric
field compared with the other two asphaltene types. This ioniza-
tion will enhance the asphaltene particles’ surface charge proper-
ties [11] and will result in a higher aggregation rate. Our results
show this to be true: asphaltene Type B, with highest hetero-
atom content, has the highest aggregation rate when exposed to
electrical potential.

The effect of molecular structure on the average aggregate
diameter of asphaltene particles under electrostatic field at two
voltages was considered using the results presented in Figs. 10
and 11. As can be observed, the Type B asphaltene has a higher
aggregation tendency compared to those particles of Type A and
C. Also, the same observation can be made for the aggregation rate
of the Type B asphaltene particles. Fig. 12 shows that the highest
aggregation rate is observed for the Type B asphaltene compared
to those Type A and C. Since Type B has the highest value of total
heteroatom content (elucidated by the structural analysis, as men-
tioned earlier), this fact could be a plausible explanation for this
behavior. In addition, comparison of the same results shown in
Figs. 10–12 indicates that the higher voltage can cause more
asphaltene aggregation at a higher aggregation rate for all three
samples.

The effect of n-heptane concentration on the average aggrega-
tion rate can be seen on Fig. 13. The higher ratio of n-heptane
resulted in a higher aggregation rate for all three types of asphal-
tene particles (two of them are shown here). It is expected that a
mixture with higher n-heptane concentration can precipitate more
asphaltene particles which, in turn, results in a higher asphaltene
aggregation rate. Note that there is little difference in the aggrega-
tion rate between the two types asphaltene types, A and B, and it
can be concluded that the sensitivity of asphaltene type B to n-
heptane concentration is not significantly greater than other
asphaltene types, while it is more sensitive to electric field inten-
sity as was observed in Fig. 12.

7. Conclusions

The effect of electrostatic field on the aggregation rate and
aggregate size of asphaltene particles from three different crude
oil samples in the mixture of toluene and n-heptane has been
investigated. A glass micro-model equipped with two electrodes,
an optical microscope and a high voltage direct current power sup-
ply were used. In this study, the effect of several parameters—
structural properties, electric field strength, asphaltene and precip-
itant concentration—on the average aggregation size and rate of
asphaltene particles were evaluated. Elemental analyses for the
three asphaltene samples were carried out and the mass ratios
for C, H, N, S and O atoms present in the asphaltene samples were
specified. The functional groups on asphaltene molecules were
analyzed using the FTIR technique. It was found that asphaltene
molecules with larger chromophore and higher complexity exhi-
bits faster aggregation behavior while exposed to the electric field.
In addition, asphaltene aggregation rate is directly proportional to
the number of hetero-atoms on asphaltene molecules.

Results show that the higher aggregation rate of asphaltene par-
ticles was observed when the electric field with higher voltage was
applied to the mixture. In addition, a descending trend of aggrega-
tion rate was observed during each test, which indicates faster pre-
cipitation of the unstable fraction of asphaltene particles (more
polar particles with higher metal content and di-electric constant)
relative to the rest of the asphaltene particles. The asphaltene
aggregate size increased with increasing the concentration of
asphaltene particles in the mixtures, which is the result of
increased collisions between particles. Also, faster aggregation
was observed at higher n-heptane (precipitant) concentrations
subjected to a electric field.

In conclusion, an electrostatic field could highly affect the
aggregate size and aggregation rate of asphaltene particles. In fact,
under the electrostatic field, the asphaltene particles tend to get
aggregated faster and this, in turn, may result in faster asphaltene
deposition. The results show that the asphaltene electro-kinetic
behavior is mainly controlled by structural characteristics such as
hetero-atom content, structural complexity and molecular
characteristics.
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