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A B S T R A C T   

Paraffinic froth treatment (PFT) is an essential step in oilsands extraction. The ability to quantitatively under
stand and control asphaltene precipitation induced by solvent dilution is key to technology innovation in PFT 
process. In this work, we investigate the early stage of asphaltene precipitation in a model oil system in response 
to diffusive solvent addition in quasi-2D confinement. Using total internal reflection fluorescence microscope, we 
provide direct visualization of the size distribution and structural characteristics of asphaltene precipitates with a 
spatial resolution of ∼ 200 nm and temporal resolution of 250 ms. Our results show the correlation between the 
size and number of the asphaltene particles and the concentration of the paraffinic solvent in the diluent. Notably 
the aggregates were found to consist of primary submicron particles with a similar size from 200 nm to 400 nm in 
radius. These particles may be the primary elementary units that aggregate and form bigger particles via ag
gregation. The growth time of asphaltene particles decreases with increase n-pentane concentration in the 
observation area. The findings from this work provide new insight into the effects of solvent mixing on the size 
distribution and morphological characteristics of asphaltene precipitates that are important for association with 
water and solids and separation properties.   

1. Introduction 

Asphaltene is classified as the most complex and heaviest component 
in heavy oil, consisting of polynuclear aromatic species with different 
molecular weight, polarity, and heteroatom content. As a solubility 
class, asphaltene is insoluble in paraffinic solvents and soluble in aro
matic solvents [1]. In the industrial process of oilsands extraction, 
bitumen with a considerable amount of fine solids and water is sepa
rated from oilsands ore by warm-water extraction to form bitumen froth. 
The froth typically consists of 60 wt% bitumen, 10 wt% mineral solids, 
and 30 wt% water [2]. In paraffinic froth treatment (PFT), solids and 
water are removed from the bitumen froth by adding paraffinic solvents 
at the solvent/bitumen ratio (S/B ratio) above a critical value, which 
triggers asphaltene precipitation and agglomeration with water drops 
and solids. Controlled asphaltene precipitation in PFT process is a key 
parameter to yield bitumen product in both high quality and high 

recovery [2,3]. 
For several decades, extensive research has been conducted to un

derstand molecular or colloidal structures, solubility and phase behavior 
of asphaltene in various media including solvents and bitumen. How
ever, dilution-induced asphaltene precipitation in bitumen froth treat
ment is still one of the most important and challenging topics. In 
addition to complexity in chemical and physical properties of asphaltene 
and bitumen, asphaltene precipitation induced by solvent dilution in
volves dynamical processes over multiple length scales (from nanometer 
to millimeter) and varied time scale (from seconds to days). It is known 
that the onset and quantity of asphaltene precipitation are related to the 
solvent type, solvent/bitumen (S/B) ratio, temperature and pressure. 
For a given solvent, asphaltene precipitation occurs over a range of S/B 
ratios [1]. The size, density and structure of the asphaltene precipitates 
are important for the separation properties of their aggregates with 
water droplets and solids. 
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However, the morphology and structure of the precipitates are not 
well defined. The settling behavior suggests that asphaltene precipitates 
are porous and tenuous fractal structures with fluid trapped inside. A 
quicker settling rate represents a larger fractal dimension and more 
compact particles [4]. The settling rate depends on the type of solvent 
precipitant. For example, the rate of n-pentane precipitated asphaltene 
is two magnitudes higher than that of n–heptane precipitated asphaltene 
[4]. For a given type of precipitant, settling rate increases with the 
concentration of precipitant and then decreases at approximately 75% 
[4]. Based on the mean diameter of the precipitates, two classical models 
are applied to approximately describe the growth dynamics: diffusion- 
limited aggregation (DLA) and reaction-limited aggregation (RLA) 
[5,6]. Transition from one model to the other was observed at different 
S/B ratios, although the mechanism for such transition is not fully un
derstood [5–7]. 

In parallel, liquid–liquid microphase separation induced by solvent 
dilution is ubiquitous in many other technological and industrial pro
cesses. A simple example is known as ‘Ouzo’ effect in a ternary mixture 
of oil, ethanol and water [8]: When water is added into a clear Greek 
alcoholic drink Ouzo, anise oils in the drink become oversaturated by 
dilution and spontaneously form nanodroplets in the cloudy mixture 
[9]. The same effect can also be seen when eucalyptus disinfectants and 
mosquito repellents in alcohol solutions are diluted with water [10]. In 
liquid–liquid microextraction, oil microdroplets from the spontaneous 
phase separation by dilution are the basic unit to concentrate and 
separate trace hydrophobic analytes from aqueous samples [11]. Gas 
molecules, small hydrophobic organics, lipids or polymers dissolved in a 
polar organic solvent all exhibit similar effects, forming bubbles, or 
nanoparticles upon dilution by a poor solvent. The process is also 
referred to as solvent exchange [12], nanoprecipitation [13], solvent 
displacement or solvent shifting [14,15]. 

The key feature of the above spontaneous liquid–liquid phase sepa
ration is that the growth dynamics of individual domains is determined 
not only by concentration of the compositions (thermodynamic aspects), 
but also by the temporal and spatial characteristics of the mixing process 
of the solvents (dynamic aspects) [8]. How the solvent is added has a 
great impact on the size distribution, morphological characteristics, 
chemical and physical properties of the formed new phase. The dilution- 
induced microphase formation is complex, influenced by several factors 
including solution composition [16] and mixing of the solvent and the 
solution [8]. Latest advance made in well-defined systems has provided 
a solid foundation to understanding another dilution-induced phase 
separation process in heavy oils: asphaltene precipitation. The experi
mental techniques and theoretical frameworks are transferable to the 
study of early stage dynamics of asphaltene precipitation induced by 
mixing with a paraffinic solvent. 

There are knowledge gaps in early stage dynamics of asphaltene 
precipitation induced by paraffinic solvent addition. Direct visualization 
of the size distribution and structural characteristics of asphaltene pre
cipitates from an early stage is challenging, largely due to the high op
tical density of the mixture mainly from asphaltene fractions. 
Measurements with improved spatial resolution were recently per
formed by using confocal laser-scanning microscopy in a transmission 
mode [7]. Size distribution of asphaltene aggregates in various solvents 
and precipitants were observed as a function of time when a very thin 
film of the mixture was confined between two plates [7]. The amount 
and the size distribution of asphaltene precipitates after phase separa
tion were also studied by a confocal microscope and image processing 
technique [17,18]. In the optical measurements above-mentioned, the 
concentration of asphaltene in the crude oil/solvent solution must 
remain very low (<0.2 mg/ml) to allow enough intensity of the light to 
pass through the samples. Therefore the measurements were either far 
below the concentration regimes in bitumen, or missed the entire early 
stage dynamics of the precipitation, due to the ratio of solvent already 
high above the critical ratio. 

Total internal reflection fluorescence microscopic system (TIRF) is a 

technique that can largely overcome experimental difficulties from 
asphaltene while providing high temporal and spatial resolutions. In the 
configuration of TIRF, the light travels within a substrate (usually a thin 
glass slide) through total internal reflection and creates an evanescent 
field above the substrate [19]. The selective excitation and visualization 
of species in TIRF is confined in a narrow zone of the evanescent field 
generated from the total internal reflection. The sampling zone in TIRF is 
approximately 150 nm adjacent to a substrate as well as what on the 
surface. The probe depth into the sampling zone depends on the 
refractive index of the media. The strong scattering background from the 
medium outside of the substrate can be largely neglected, which is the 
most desirable feature of TIRF configuration, compared to a trans
mission or reflection mode of an optical microscope. The difficulty from 
the high optical density will be largely overcome, due to the thin zone of 
the evanescent field. TIRF allows for following the microphase separa
tion during solvent mixing. 

The aim of this work is to in situ study dynamics of asphaltene pre
cipitation in response to different mixing processes of a model paraffinic 
solvent (i.e. n-pentane). Employing the experimental techniques of TIRF 
microscope for mixing in a quasi-2D chamber, our measurements will 
reveal the onset and temporal evolution of asphaltene precipitates 
during the dilution. The measurements will provide high temporal (∼
0.25 s) and spatial (∼ 200 nm) resolutions at high asphaltene concen
tration. This work will reveal early stage asphaltene precipitation during 
diffusive mixing with a paraffinic solvent. Although convective mixing 
takes place in many solvent-induced precipitation processes including 
PFT, locally diffusive mixing may happen, particularly for a large vol
ume and/or viscous liquids. Furthermore, diffusive mixing process al
lows us to understand the roles of solvent diffusion in the precipitation 
on a microscopic scale, laying the basis for a quantitative understanding 
of asphaltene precipitation under more complicated mixing conditions. 
Our results show that the sizes of asphaltene precipitates are associated 
with mixing conditions. 

From TIRF images, we quantify the size distribution, particle quan
tity and surface coverage of asphaltene precipitates. Size of precipitate 
particles is an important parameter for asphaltene precipitation 
modeling [20,21], associated with the degree of flocculation of the 
primary submicron particles. As the sedimentation of asphaltene pre
cipitates is essential for sweeping down water and solids from bitumen 
in PFT [2,22,23], our work implies that mixing conditions may be an 
approach to form large aggregates of asphaltene with extended struc
tures for efficiently cleaning up water and solids. 

2. Experiment 

2.1. Chemicals and sample preparation 

Asphaltene used in this study was n-pentane precipitated asphaltene 
supplied by Quadrise Canada Corporation, and it was used as received. 
Toluene (ACS grade, Fisher Scientific, 99.9+%) was used as the solvent 
for asphaltene. The diluent was n-pentane (Fisher Scientific, 98%). Nile 
Red (Fisher Scientific) was used for microchamber characterization. 
CHNS/O Analyzer (Flash 2000, Thermo Scientific) was used to measure 
the organic element composition of asphaltene in the asphaltene sample, 
and the composition is 85.3 ± 0.9 wt.% of carbon, 8.2 ± 0.1 wt% of 
hydrogen, 3.7 ± 0.1 wt.% of sulfur and 1.0 ± 0.0 wt.% of nitrogen. 

The asphaltene in toluene solution was prepared as following: 20 g 
asphaltene was first dissolved in 200 mL toluene and then the mixture 
was shaken for 30 min and left still at room temperature for 1 day till 
asphaltene was fully dissolved. The mixture was filtered by using a PVFD 
filter paper with 0.22 μm pore size (Millipore) to remove any inorganic 
solids > 0.22 μm in the asphaltene sample. After removal of toluene by 
rotatory evaporator, the obtained asphaltene is treated as both inorganic 
solids and solvent free asphaltene. It is worth noting that trace amount of 
inorganic solids with < 0.22 μm size may still remain in the asphaltene 
after the filtration, but their impact on asphaltene precipitation was 
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negligible in this study. 1.7 g of the treated asphaltene sample was 
redissolved in toluene with a total volume of 100 mL. The mixture was 
well shaken for 30 min and left for 1 day for asphaltene to be fully dis
solved in toluene. The as-prepared asphaltene in toluene solution is 
named as ’solution A’ with a concentration of 17 g/L. 

The solvent (named ‘solution B’) used to precipitate asphaltene in all 
experiments was a mixture of n-pentane and toluene with the initial 
concentration of n-pentane in solution B (Cpen

B ) from 70% to 100%, as 
shown in Table 1. 

2.2. In-situ detection of asphaltene precipitates using quasi-2D 
microfluidic device and TIRF 

A quasi-2D microfluidic device consisting of a shallow main channel 
(height  = 20 μm) and a deep side channel (height  = 260 μm) was used 
for the in situ detection of asphaltene precipitation. Diffusive mixing 
between toluene and n-pentane was confirmed through fluorescence 
microscopy by doping toluene with Nile red. A minimum distance from 
the side channel to the main channel required to achieve fully diffusive 
mixing was obtained from the fluorescence characterization. 

For the precipitation of asphaltene, the quasi-2D microfluidic device 
was pre-filled with a solution A. Solution B was introduced through the 
side channel at 5 mL/h continuously replacing solution A. The process 
proceeds till all solution A displaced from the chamber as sketched in 
Fig. 1a. Once in the side channel, solution B diffused through the main 
channel to mix with solution A. No apparent convective flow was 
observed due to the shallow height of the main channel. Detailed 
characterization of diffusive mixing in the quasi-2D microfluidic device 
was described elsewhere [24,25]. 

As solution B mixed with solution A, precipitation of asphaltene was 
observed using TIRF equipped with 60× /1.49 NA objective (DeltaVi
sion OMX Super-resolution microscope, GE Healthcare UK limited, UK). 
The fluorophores in the asphaltene solution were excited with a green 
laser with wavelength λ = 488 nm and fluorescence emission was 
detected at 576 nm. The images were collected in a field of view of 82.5 
μm × 82.5 μm distanced more than 80 μm from the side channel to 
eliminate the edge effect. The refractive indices of asphaltene (RI  =
1.72), toluene (RI  = 1.50), and n-pentane (RI  = 1.36) needed for TIRF 
were taken from literature [26–28]. We note that the RI of 1.72 from the 
literature is not a universal value, possibly varying with the source of 
asphaltene. However, the contrast in TIRF imaging only requires the 
difference between asphaltene and the surrounding medium. As 
asphaltene precipitated out, fluorescence signal was quenched and the 
precipitates appeared dark. Although TIRF can detect objects on the 
solid surface as well as in the evanescent field, the precipitates in the 
images at our final stage are all on the surfaces, as our solution is already 
n-pentane without precipitates. Even if some objects are in the bulk, they 
may not be visible to our TIRF images if they move around. So even our 
images showing the dynamical process, the precipitates are mainly on 
the surface. 

Confocal Laser Scanning Microscopy was performed on a Leica SP8 
STED (Stimulated Emission Depletion) Falcon system (Leica micro
system, Germany) based on an inverted microscope (Leica DM8). The 
dried samples in ambient temperature were imaged with a 100× /1.4 
NA immersion objective using 470 nm laser excitation in order to vali
date the image collected from TIRF and morphology of precipitated 

asphaltene processed from the image analysis. The same samples after 
TIRF experiment were used for the purpose. The solvent (i.e. n-pentane), 
which is already free of asphaltene after TIRF experiment, was removed 
by evaporation overnight, while asphaltene particles remain on the 
substrate. The fluorescence emission signal was collected between 478 
nm to 670 nm range at a pixel size of 105 nm and using a dwelling time of 
1.44 μs (400 Hz). Typically, 4 time line averaging was used to collect the 
images. The spatial resolution of confocal microscope is 120 nm. If the 
spacing between two neighboring domains is smaller than the spatial 
resolution, the separation between the domains cannot be resolved in 
the images. A more thorough description of the system could be found in 
the literature [29]. 

2.3. Image analysis of asphaltene precipitates 

The series images extracted from the video frames were processed 
and analysed using a software programmed in MATLAB. Microscopic 
images often suffered the problems, such as low contrast, noise and 
uneven background. Several image processing techniques were used to 
enhance the image, including stretching pixel intensity range, median 
filter, Gaussian noise filter and top-hat filtering. The enhanced image 
was then binarized with a selected threshold (T). If the intensity value of 
the pixel is smaller than T, it was converted to 0. The choice of T was 
arbitrary to a certain extent with a relationship with the maximum in
tensity in the whole image (Imax). The threshold was varied from 0.5 Imax 
to 0.8 Imax to capture as many particles as possible. The arbitrary of 
choosing threshold leads to approximately 30% uncertainty of the data 
based on tests.The objects smaller than 200 nm were removed using area 
opening and the objects along the image border were masked out 
because they are likely noise of the image as the size is already close to 
the spatial resolution of TIRF. The objects larger than 200 nm in radius 
(i.e. 400 nm in diameter) were reliable. For the 80 nm pixel size TIRF 
camera, objects larger than 200 nm radius contain more than 20 pixels. 

The software measured the set of properties for each object in the 
binary image, including object centroid, area size, perimeter and radius 
of the precipitates. The centroid provided location information for 
further tracking the objects in the series images collected at different 
time. The white dots with irregular shape corresponded asphaltene 
particles, as shown in Fig. 1c. The dots were then outlined by blue lines 
and the equivalent radius of particles was defined as the radius of the 
circle that has the same area as the irregular shape, as shown in Fig. 1d 
and 1e. Particle quantity was obtained by counting the number of the 
white dots divided by the total observation area. Surface coverage was 
calculated by summing the areas occupied by particles divided by the 
total observation area. 

3. Results 

3.1. Morphology of early stage precipitates: primary submicron particle 
sizes 

High spatial resolution images enabled by TIRF allow us to resolve 
the asphaltene aggregates formed by several particles. The asphaltene 
particles are dispersed and there is little evidence of overlap when the 
images were taken. As shown in Fig. 2, in the primary submicron particle 
study, aggregates are isolated into primary submicron particles. We 
define the primary submicron particles are the population with the most 
probable distribution. These primary submicron particles are larger than 
the spatial resolution limit (i.e. 200 nm), and therefore the images may 
reliably reveal their sizes. The aggregates are referred to as fractal ag
gregates in the confocal study. 

The asphaltene particle parameters at final state were obtained by 
averaged value of three rounds of experiments after injecting solution B 
into the microfluidic device for sufficient time. Final state is defined as 
the state at which the asphaltene particle parameters (i.e. mean radius, 
particle quantity and surface coverage) are stable and the asphaltene in 

Table 1 
Composition of solvents. For all cases, solution A is 17 g/L of asphaltene in 
toluene. Cpen

B is the initial concentration of n-pentane in solution B  

Cpen
B (vol.%)  n-Pentane (vol.%) Toluene (vol.%) 

70 70 30 
80 80 20 
90 90 10 
100 100 0  

J. Meng et al.                                                                                                                                                                                                                                    



Fuel 296 (2021) 120584

4

the mixture does not lead to further precipitation in measured time 
duration. 

Fig. 3a shows images of the final state of precipitated asphaltene 
particles over a large field of view for variety of particle sizes at different 
n-pentane concentration in solution B. The zoomed-in images corre
spond to the asphaltene particles in the corresponding color square in 
the large field of view. The detailed structure of asphaltene particles are 
revealed in the images. The asphaltene particles are either primary 
submicron particles or aggregates formed by several primary submicron 
particles. 

To study the primary submicron particle size, the aggregates were 
isolated into primary submicron particles. The primary submicron par
ticle size was measured by counting pixels. Fig. 3b shows the particle 
equivalent radius at Cpen

B of 70% to 100%. The data were collected based 
on a 82.5 μm × 82.5 μm area in each group of n-pentane concentration. 
Remarkably, the majority of primary submicron particle radii are 
distributed in a narrow range of 200 nm - 400 nm, independent of Cpen

B . 
The average radius is around 300 nm. 

The primary submicron particle size of precipitated asphaltene was 
further confirmed by confocal microscope, as shown in Fig. 4, where the 
confocal images were captured in air after precipitation with 100% n- 
pentane to avoid threshold influences on the detection in the solution. 
With neglecting the data of aggregates, the averaged equivalent particle 

radius measured from confocal images on the precipitates is around 250 
nm, which is comparable to the value obtained from TIRF experiment in 
solutions. The average size of the primary submicron particle in the 
solvent is slightly larger than that in the dry state, consistent with 
swelling behavior of asphaltene in the solvent [30]. The results verified 
the presence of primary submicron particles, and the reliability of using 
TIRF to monitor the asphaltene precipitation solutions. Fig. 4b has a 
peak from 0.2 μm to 0.4 μm in the relative frequency distribution based 
on quantity of asphaltene particles, representing primary submicron 
particles whose radius is from 0.2 μm to 0.4 μm. There are also some 
particles whose equivalent radius distribute from 0.4 μm to a few mi
crons, representing aggregates with different sizes coexist with primary 
submicron particles. The absence of particles smaller than 0.2 micron is 
the result of the detection limit. Noise and small particles cannot be 
distinguished beyond the detection limit. 

3.2. Influence of initial solvent concentration on asphaltene precipitates 

Three characteristics of the asphaltene particles are studied in this 
section, including particle size distribution, particle quantity and surface 
coverage of asphaltene particles. Although asphaltene aggregates are 
formed by several primary submicron particles, aggregates were treated 
as single units rather than counting primary submicron particles in it 

Fig. 1. a) Schematic representation of 
the microchamber and TIRF setup. b) 
Representative TIRF image of asphaltene 
particles when asphaltene solution is 
displaced by solution B (n-pentane so
lution). The asphaltene particles appear 
as black dots. c) Binary image processed 
by MATLAB code based on TIRF image 
with white dots representing asphaltene 
particles. d) Outline asphaltene particles 
for further analysis. Scale bar is 10 μm. 
e) Zoomed-in image of an outlined par
ticle to show the irregular structure of 
asphaltene particles. Scale bar is 1 μm.   

Fig. 2. a) Snapshot of an asphaltene aggregate at Cpen
B of 90%. b) Fractal structure of the asphaltene aggregate. c) Isolate aggregate to primary submicron particles. 

Scale bar is 1 μm. 
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when measuring particle size and counting particle quantity. Particle 
quantity and surface coverage were normalized by the unit area in the 
field of view. 

The morphology of asphaltene at final state is influenced by Cpen
B . 

Fig. 5a shows particle quantity increases with n-pentane concentration 
in solution B. The asphaltene particle quantity at Cpen

B of 70% is around 1 
± 1 per 1000 μm2, and is around 12 ± 5 per 1000 μm2 at Cpen

B of 100%. 
Fig. 5b shows asphaltene surface coverage increases with n-pentane 

Fig. 3. a) TIRF images of asphaltene 
particles at the concentration of n- 
pentane in solution B (Cpen

B ) of 70% to 
100%. Scale bar is 5 μm. b) Zoomed-in 
view of primary submicron particles 
shown in the TIRF images at locations 
with respective color box. Note: the im
ages have been false-colored. Scale bar is 
5 μm. c) Primary submicron particle size 
at different n-pentane concentration in 
solution B. Error bar shows the standard 
deviation of the primary submicron 
particle radius based on three rounds of 
experiments.   

Fig. 4. a) Snapshots of confocal image of asphaltene particles at the concentration of n-pentane in solution B (Cpen
B ) of 100%. The image shows primary submicron 

particles co-exist with fractal aggregates. Scale bar is 4 μm. b) Asphaltene particles equivalent radius relative frequency of confocal image of Cpen
B of 100%. The 

column in red corresponds to the primary submicron particle in the image of a). 
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concentration in solution B. The surface coverage at Cpen
B of 70% is 

around 0.12 ± 0.10%, while the surface coverage reaches around 1.76 ±
0.39% at Cpen

B of 100%. For precipitates that are too small to settle on the 
surface the precipitates can come close to the surface through Brownian 
motion, and stay there through non-specific interactions with the sur
face. Surface quantity and coverage are approximately proportional to 
the concentration of asphaltene precipitates in the bulk mixture. The 
concentration of precipitates in our experiments may not be constant 
with time. The surface coverage represents the concentration of pre
cipitates in the entire process of solvent mixing. 

Fig. 6 shows influence of Cpen
B on asphaltene particle size distribution 

at final state. Experiments were repeated three times for each condition 
in order to reduce errors. There are always two types of particles, 
regardless of Cpen

B : primary submicron particles and aggregates. At the 
final state, the size distribution of the asphaltene has an obvious peak of 
primary submicron particles, as shown in Fig. 6. The corresponding 
primary submicron particle size is consistent with the confocal result in 
Fig. 4. The height of the peak appears to be lower than that in the 
confocal results. The difference may be mainly caused by the state of 
samples, where confocal microscope captures all the primary submicron 
particles in dried state while some of these particles in TIRF experiment 
are mobilized as a suspension in the solution medium. Asphaltene ag
gregates with different sizes are formed. TIRF results also show the ex
istence of aggregates with different sizes from 0.4 μm to a few microns, 

which is consistent with the confocal result in Fig. 4. The proportion of 
the primary submicron particles increases with decrease of Cpen

B , which 
means less aggregates are formed. In other word, the proportion of ag
gregates increases with increase of Cpen

B . 
The final particles may represents the way how asphaltene pre

cipitates evolve, triggered by mixing with n-pentane. Higher proportion 
of primary submicron particles at Cpen

B , as shown in Fig. 6, is the 
consequence from an early stage of precipitation. More aggregates 
formed at higher Cpen

B is equivalent to grown or aggregated precipitates. 
However, we do not know how the asphaltene aggregates from entities 
of even smaller sizes to primary submicron particles around 300 nm in 
radius, as the required spatial resolution is beyond the capacity of our 
technique. 

3.3. Effects of n-pentane concentration on precipitation dynamics 

We show the precipitates in situ during diffusive mixing process with 
a spatial resolution around 200 nm in this section. The spatial resolution 
of the measurement is compromised due to continuous change in the 
medium properties. 

Fig. 7a show asphaltene precipitation precipitation process in situ. 
Time 0 s is defined as the appearance time of the first particle (radius >
200 nm) to be detected by TIRF. After a certain growth time, the surface 
coverage of the asphaltene particles in the observation area plateaus, as 
shown in Fig. 8. The asphaltene particle growth time (i.e. duration from 
first asphaltene particle to the surface coverage reaches plateau) are 
different for different groups of n-pentane concentration in solution B. 
As shown in Fig. 7b, the growth time at Cpen

B of 70% and 80% are both 
around 20 s, which is higher than the growth time at Cpen

B of 90% and 
100% around 5 s. 

After reaching plateau, the asphaltene primary submicron particle 
size was analyzed by the same method described in the Section 3.1. As 
shown in Fig. 7c, the primary submicron particle size does not have 
detectable change after the growth time. Similar to the primary sub
micron particle radius at final state (i.e. after 5 min), the primary sub
micron particle radius is around 300 nm for the four groups. There is also 
no obvious dependence of asphaltene primary submicron particle size on 
n-pentane composition in solution B. 

Finally we note that the chemical composition of mixture in the main 
channel can be estimated using the brightness of TIRF images. In the 
time course images from TIRF measurements, the brightness is deter
mined by the emission light intensity of the fluorophores in the 
evanescent field (Fig. S2 in Supporting information). Two factors affect 
the emission light intensity: fluorophore concentration and penetration 
depth. Within the excitation wavelength range used in our experiment, 
only dissolved asphaltene have appropriate fluorophores for emission. 

Fig. 5. Final state asphaltene particle amount at the concentration of n-pentane in solution B (Cpen
B ) of 70% to 100%: a) particle quantity in the unit area, b) surface 

coverage of asphaltene particles. 

Fig. 6. Relative frequency of asphaltene particle size distribution with Cpen
B of 

70% to 100%. 
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Toluene and n-pentane have a weak emission (around 1000 a.u.), while 
precipitated asphaltene does not have obvious emission (< 500 a.u.). In 
the solvent mixing process, dissolved asphaltene concentration de
creases, due to dilution by n-pentane. Asphaltene precipitation also 
decreases the dissolved asphaltene concentration, when rsolvent/toluene is 
higher than the onset ratio. The refractive index (RI) of n-pentane is 
1.36, lower than that of toluene (RI = 1.50). The decrease of penetration 
depth (dp) results in the decrease of excitation light intensity at a critical 
position during mixing. There is always a gradient from white to gray 
region from the mixing front. The signal from brightness can be obtained 
by gray scale value to estimate the solvent ratio. White region represents 
solution A, while gray region represents solution B (i.e. n-pentane and 
toluene mixture). We tracked the shift in the position along x-direction 
with the same brightness intensity (i.e. same concentration of dissolved 
asphaltene) with time. The data shown in Supporting Information 
indeed suggest that the mixing process is dominated by diffusion. 

4. Discussion 

4.1. Possible mechanism for presence of primary submicron particles 

The primary submicron particles observed by TIRF are not from 
settled precipitates under gravity as their sizes are too small to settle 
within the diffusion time of the solvent. Brownian motion of these 
particles is estimated as below [31]: 

X2
Brownian =

4RTKmt
3π2ηND

(1) 

XBrownian is the moving distance of particles due to Brownian motion. 
R is gas constant. T is temperature, which is 294 K. Km is correction for 
discontinuity of fluid, which is 1 for liquid. t is time of solvent diffuses 
across the observation field, which is 7.5 s as shown in Fig. S2a and S2b. 
η is the viscosity of the medium, which is assumed the same as the vis
cosity of n-pentane (i.e. 0.214 mPa⋅s) because n-pentane concentration is 

Fig. 7. a) Snapshots of asphaltene precipitation process at the concentration of n-pentane in solution B (Cpen
B ) of 70% to 100%. Scale bar is 10 μm. b) Asphaltene 

particle quantity growth time from the first particle appear till the surface coverage reaches plateau at Cpen
B of 70% to 100%. c) Primary submicron particle size after 

30 s. 
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high when asphaltene precipitation happens. N is Avogadro constant. D 
is the diameter of particles. Stokes settling motion of particles is esti
mated as below [31]: 

Xsettling =

(
ρasp − ρsol

)
gD2t

18η (2) 

Xsettling is moving distance of particles due to settling under gravity. g 
is gravity constant. ρasp is density of asphaltene, which is around 1176 
kg/m3 [32]. ρsol is the density of the solution, which is assumed the same 
as the density of n-pentane (i.e. 626 kg/m3). Solving Eq. (1) and (2), the 
calculation shows that asphaltene particles smaller than 0.7 μm in 
diameter do not settle due to Brownian motion. Primary submicron 
particles are much smaller than 0.7 μm, therefore not mainly from 
settling but possibly from proportional to the particle concentration. 

There are theoretical models in literature to describe asphaltene 
precipitation based either on phase separation or on colloid interaction 
[33–38,21]. To rationalize our experimental results, here we focus on 
the paradigm of the colloid theory for simplicity. The temporal evolution 
and the effects from asphaltene concentration observed in our results 
can be equivalently rationalized by a phase separation model. 

According to the colloid theory of asphaltene precipitation [39–42], 
asphaltene dispersed in a solvent exist in the form of colloids (namely 
asphaltene nano-aggregates [43]) with the size a few nanometers far 
below the spatial resolution of our measurements [44]. Mixing asphal
tene in toluene with a paraffinic solvent reduces solvent strength in the 
liquid medium, which may shift the dominant colloidal interactions 
between asphaltene nano-aggregates from steric repulsion to van der 
Waals attraction according to classic DLVO theory [37,45–47]. The 
concentration ratio of the paraffinic solvent to toluene (rsolvent/toluene) in 
the mixture has to be above a critical value (i.e. onset) [46] to initiate 
asphaltene precipitation [45,40]. Those heavy aromatic species of 
asphaltene with the lowest solubility in the paraffinic solvent precipitate 

first from the mixture, some of which deposit on the surface and are 
captured as primary submicron particles in our experiments. Those 
primary submicron particles that still suspended in the mixture may 
grow by acting as preferential sites [37] for further aggregation and 
precipitation of lighter species of asphaltene. 

Compared to the diffusion of the nano-aggregates, slow or fast pre
cipitation of primary submicron particles would lead to different paths 
in increasing the sizes of the precipitates. In the case that precipitation 
kinetics is slower than the time for nano-aggregates to diffuse to the 
formed primary submicron particles, larger aggregates may form from 
growth by adding nano-aggregates, as well as from merging of more 
than one primary submicron particle. In the case that precipitation ki
netics is faster than the diffusion of nano-aggregates to existing primary 
submicron particles, the precipitates may be mainly in the form of pri
mary submicron particles. We believe that when the concentration of 
pentane is low (such as Cpen

B of 70% or 80%), our experiments more 
resemble the latter case that the precipitation of primary submicron 
particles is faster than the growth of primary submicron particles from 
nano-aggregates by diffusion. At a lower concentration of pentane in 
solution B, asphaltene is more diluted before the threshold for precipi
tation is reached. With a small population of asphaltene in the mixture, 
the nano-aggregates take a longer time to diffuse into the formed pri
mary submicron particles. 

An interesting question is why primary submicron particles are 
observed in all Cpen

B . During diffusive mixing processes in our experi
ments, remaining soluble asphaltene in the mixture (CAsp

total) decreases 
with time at the rate determined by diffusion process of solution B in the 
main channel. Hence how fast CAsp

total decreases is independent of the 
initial concentration of n-pentane in solution B (Cpen

B ). However, 
rsolvent/toluene in the mixture is consistently lower for solution B with lower 
Cpen

B . What in common for all groups of solution B is the precipitation 

Fig. 8. Asphaltene growth dynamics: a) mean radius, b) particle quantity c) surface coverage. All of the three parameters increase at the first 30 s and reaches plateau 
afterwards for the concentration of n-pentane in solution B (Cpen

B ) of 70% and 80%. The plateau is much earlier for Cpen
B of 90% and 100%. 
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process of asphaltene at a high rsolvent/toluene, taking place as the asphal
tene is nearly all depleted. Even for Cpen

B of 90% or 100%, asphaltene is 
gradually depleted by the precipitation of primary submicron particles 
with time, the nano-aggregates become less likely to diffuse to the 
existing primary submicron particles. During this final process of pre
cipitation, primary submicron particles still form due to the low solva
tion strength in the mixture. However, as the mixture is already 
sufficiently diluted by n-pentane, the number density of the primary 
submicron particles is low so that the probability for primary submicron 
particle collision and aggregates is also low. Therefore, primary sub
micron particles could be observed for all conditions. As even more 
paraffinic solvent is added to the mixture, CAsp

total eventually decreases to a 
certain limit and the precipitation terminates due to lack of sufficient 
asphaltene in the bulk solution. There are a low number of several large 
aggregates that may form from aggregates of discrete primary submi
cron particles, as shown in our images in Fig. 3 and 4. 

Asphaltene precipitation at high dilution is consistent with the size 
distribution observed in our experiments for solution B with low Cpen

B . 
The precipitates mostly consist of primary submicron particles with 

fewer large aggregates (shown in Fig. 6) at Cpen
B of 80% and 70%. As 

comparison, the precipitated larger aggregates at Cpen
B of 100% and 90% 

observed in our TIRF images may consist of many primary submicron 
particles or aggregates from primary submicron particles with nano- 
aggregates. 

4.2. Microscopic view of asphaltene precipitation dynamics 

We observed in Fig. 7 that the growth time at higher concentration of 
n-pentane is shorter than that at lower concentration. Below we will 
rationalize this interesting result. To simplify the analysis of the 
asphaltene growth process, we made the following assumptions: (1) the 
first asphaltene particle is detected at the time that rsolvent/toluene reaches 
onset, which is 1.22 (i.e. n-pentane concentration is 55 vol.% in the 
mixture) according to the value in the literature [34,48]. The exact 
number of onset is not a universal value. However, the following anal
ysis holds for any number below 70%. (2) The concentration ratio of 
asphaltene and toluene remains constant, determined by initial con
centration of asphaltene in solution A. 

Fig. 9. Sketch of asphaltene concentration as a function of time at Cpen
B of 70% and 100%. The black lines correspond to the no precipitation condition, while red lines 

correspond to the precipitation condition. t1 and t2 are the starting moments of asphaltene precipitation. t3, t4 and t5 are stopping moments of asphaltene precip
itation. The duration between the starting and stopping moments (Δt100 and Δt70 are the growth time of asphaltene particles.). 
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Based on the assumption, there are two important moments for 
asphaltene precipitation during diffusive mixing processes in the ex
periments: The time when rsolvent/toluene reaches onset and the time when 
CAsp

total is too low and the precipitation terminates. As sketched in Fig. 9, 
the two moments are labelled as t1 and t3 for Cpen

B of 100%, and t2 and t4 

for Cpen
B of 70%. The growth time (Δt) is the time interval between these 

two moments, which is Δt100 and Δt70, respectively. CAsp
total in the mixture 

decreases from addition of solution B, but also from the mass loss after 
the onset due to asphaltene precipitation. The growth time of asphaltene 
precipitation is governed by the relative kinetics of precipitation versus 
diffusion. 

The growth time Δt is estimated as below: 

Δt ∼
conset

kdω̇d + kpω̇p
(3) 

Here conset is the asphaltene concentration in the mixture when n- 
pentane concentration reaches onset. ω̇d is the reduction rate in CAsp

total in 
the mixture induced by dilution (black curve in the sketch), approxi
mately the same for Cpen

B of 100% and 70% as both are controlled by the 
diffusion process. ω̇p is the reduction rate in CAsp

total induced by precipi
tation (red curve in the sketch). kd and kp are coefficients of dilution and 
precipitation rate, respectively. kd and kp are different because dilution 
reduces all types of asphaltene but precipitation reduces the least soluble 
asphaltene. After the threshold concentration of n-pentane, the reduc
tion of asphaltene concentration by precipitation can be much faster 
than by dilution at least for a short time window. 

Based on colloidal theory, ω̇p can be estimated as below [49,38,21]: 

ω̇p = αi,jβi,jcicj (4) 

Here ci and cj represent concentration of asphaltene particle with size 
i and j. αi,j and βi,j represent collision frequency and collision efficiency of 
asphaltene particle with size i and j, respectively. The collision efficiency 
βi,j increases exponentially with n-alkane concentration [38]. Especially 
when Cpen

B is higher than 80 vol.% because the dominated force changes 
from repulsion to attraction (i.e. the energy barrier is much lower) [46]. 
Therefore ω̇p is larger. Accordingly, the growth time Δt is shorter at 
larger Cpen

B based on Eq. (3). In other words, with higher Cpen
B , the drop of 

CAsp
total is sharper, due to faster precipitation. The asphaltene is depleted in 

a shorter period of time and the time window for precipitation is nar
rower. In contrast, with lower Cpen

B , the precipitation rate of asphaltene is 
slow, so asphaltene almost grows until the end of solvent displacement. 

In our experiments, rsolvent/toluene at any given time could be estimated 
from the composition measurements using fluorescence intensities from 
diffusive mixing between toluene doped with fluorescent dye and pure 
n-pentane. Assuming that fluorescent dye and toluene ratio remains 
constant, we can estimate compositions of toluene and n-pentane in the 
mixture in the main channel of the microchamber. Details of the mixing 
characterization are reported elsewhere.[25] Assuming that asphaltene 
precipitation after rsolvent/toluene of 4 (i.e. n-pentane concentration is 80 
vol.% in the mixture) does not contribute much to the aggregates 
observed at high Cpen

B , we estimated that it was approximately 5.5 s and 
8.5 s at Cpen

B of 90% and 100%, respectively, to reach rsolvent/toluene of 4 
from the onset of 1.22. The duration is consistent with the growth time 
Δt of 90% and 100%. Our measurements were not sensitive enough to 
distinguish if there is systematic difference between these two, but is 
enough to identify the difference between two high and two low groups 
of Cpen

B . 

4.3. Implications to asphaltene colloid theory and paraffinic froth 
treatment 

A question is why the primary submicron particles observed under 
various conditions are similar in size, all around 200–400 nm in radius. 

These particles were not observed in toluene solution at the same spatial 
resolution of our images. Clearly, the formation of primary submicron 
particles was induced by addition of n-pentane, after the solvation 
strength in the liquid medium was reduced. As solvation strength re
duces by addition of n-pentane, asphaltene nano-aggregates may reor
ganize and form more compact and larger entities that become visible to 
our imaging technique, due to higher density relative to the surrounding 
liquid medium. The compact asphaltene entities stranded in the field of 
view were captured and monitored by our images. The reorganized and 
compact asphaltene entities formed at a low concentration of asphaltene 
at high dilution by n-pentane may be the primary submicron particles 
observed in our experiments. Similar sizes of primary submicron parti
cles formed at low concentration of asphaltene (near the end of solvent 
diffusion even for Cpen

B of 100%) could be due to that the formation 
process of the particles up to this size of 300 nm is fast, relative to 
dilution of asphaltene by diffusive mixing accompanied by the change in 
the solvation effect. 

As mentioned in the introduction, paraffinic froth treatment (PFT) is 
an essential step in oilsands extraction to remove solids and water from 
bitumen froth through dilution by paraffinic solvents. Although PFT and 
many other solvent-induced phase separation processes are conducted 
through convective mixing, clearly local diffusive mixing is unavoid
able, even for the case in a turbulence flow. In particular, for a large 
volume of liquid, viscous liquid or mixing confined in a small space, 
diffusive mixing may play a role as it is challenging to reach uniform 
mixing instantly. Before being uniformly mixed, the added solvent dif
fuses into bitumen. The early stage phase separation of asphaltene in
fluences the number density, size distribution and morphology of the 
precipitates, which may impact the subsequent agglomeration with fine 
solids and water droplets and their settlement in PFT process. Our results 
showed that when n-pentane concentration is high and asphaltene 
concentration is low, the precipitates are mainly in the form of primary 
submicron particles that may not contribute to the settling of water and 
solids directly, due to their small surface area, and slow settling rate 
under gravity. Moreover, it was also believed that water droplets in PFT 
are coated with asphaltene due to their surface activity [2]. The addition 
of a poor solvent may cause the formation of small asphaltene particles 
at droplet surface. The size of the asphaltene particles on water drops 
may play an important role in the settling process, because the interfa
cial properties of water drops may depend on the size of asphaltene 
particles. In analogy, the nanoparticle size and shape are essential to the 
stability of Pickering emulsions [50,51]. As compared to larger particles, 
it is likely that small asphaltene particle may stabilize water droplets by 
reducing their coalescence, and hence hinder the separation process in 
PFT. 

5. Conclusions 

In this work, the asphaltene precipitation under diffusive mixing is 
tracked in situ by TIRF microscope in a quasi-2D chamber. Asphaltene 
precipitation occurs simultaneously during diffusion of n-pentane into 
the asphaltene solution. As n-pentane to toluene ratio exceeds onset with 
mixing, the interaction between asphaltene colloids changes from 
repulsion to attraction to form a new phase as precipitation. The 
asphaltene precipitation stops when the asphaltene concentration is not 
enough to provide source of asphaltene for precipitation. The diffusive 
mixing lasts for a few seconds and the asphaltene precipitation lasts for a 
similar time scale (< 30 s). Two types of asphaltene particles (i.e. pri
mary submicron particles and aggregates) are formed in the dilution 
induced precipitation. More aggregates are formed with higher initial n- 
pentane concentration, but the primary submicron particles with a 
similar size range from 200 nm to 400 nm in radius are observed inde
pendent of n-pentane concentration. The findings from this project will 
provide new insight into the effects of solvent mixing on the onset, size 
distribution and morphological characteristics of asphaltene 
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precipitates. This fundamental understanding may help design mixing 
conditions to achieve enhanced separation. 

In addition to the parameters studied in this study, TIRF provides an 
opportunity for future work to investigate the effects of many other 
interesting parameters that are important to asphaltene precipitation. 
Some examples are type and initial concentration of asphaltene, tem
perature, precipitant type, solid contents and others. 
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Xu Z, Dechaine G, et al. On the size distribution of self-associated asphaltenes. 
Energy Fuels 2013;27:5083–106. 

[45] Anisimov M, Ganeeva YM, Gorodetskii E, Deshabo V, Kosov V, Kuryakov V, 
Yudin D, Yudin I. Effects of resins on aggregation and stability of asphaltenes. 
Energy Fuels 2014;28:6200–9. 

[46] Wang S, Liu J, Zhang L, Masliyah J, Xu Z. Interaction forces between asphaltene 
surfaces in organic solvents. Langmuir 2010;26:183–90. 

[47] Wang S, Liu J, Zhang L, Xu Z, Masliyah J. Colloidal interactions between 
asphaltene surfaces in toluene. Energy Fuels 2009;23:862–9. 

[48] Johnston K, Schoeggl F, Satyro M, Taylor S, Yarranton H. Phase behavior of 
bitumen and n-pentane. Fluid Phase Equilib 2017;442:1–19. 

J. Meng et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.fuel.2021.120584
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0005
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0005
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0010
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0010
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0015
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0015
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0020
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0020
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0025
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0025
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0025
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0030
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0030
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0035
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0035
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0040
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0040
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0040
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0045
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0045
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0050
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0050
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0050
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0055
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0055
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0055
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0060
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0060
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0065
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0065
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0065
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0070
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0070
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0070
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0075
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0075
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0080
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0080
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0085
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0085
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0090
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0090
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0090
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0100
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0100
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0105
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0105
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0110
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0110
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0110
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0115
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0115
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0130
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0130
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0140
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0140
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0140
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0145
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0145
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0150
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0155
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0160
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0160
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0165
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0165
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0170
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0170
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0170
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0175
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0175
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0175
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0180
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0180
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0185
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0185
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0190
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0190
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0190
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0195
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0195
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0200
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0200
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0200
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0205
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0205
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0210
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0210
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0210
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0215
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0215
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0215
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0220
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0220
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0220
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0225
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0225
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0225
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0230
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0230
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0235
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0235
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0240
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0240


Fuel 296 (2021) 120584

12

[49] Thomas D, Judd S, Fawcett N. Flocculation modelling: a review. Water Res 1999; 
33:1579–92. 

[50] Bizmark N, Ioannidis MA. Nanoparticle-stabilised emulsions: droplet armouring vs. 
droplet bridging. Soft Matter 2018;14:6404–8. 

[51] Weijgertze HM, Kegel WK, Zanini M. Patchy rough colloids as Pickering stabilizers. 
Soft Matter 2020;16:8002–12. 

J. Meng et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0016-2361(21)00460-9/h0245
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0245
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0250
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0250
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0255
http://refhub.elsevier.com/S0016-2361(21)00460-9/h0255

	Primary submicron particles from early stage asphaltene precipitation revealed in situ by total internal reflection fluores ...
	1 Introduction
	2 Experiment
	2.1 Chemicals and sample preparation
	2.2 In-situ detection of asphaltene precipitates using quasi-2D microfluidic device and TIRF
	2.3 Image analysis of asphaltene precipitates

	3 Results
	3.1 Morphology of early stage precipitates: primary submicron particle sizes
	3.2 Influence of initial solvent concentration on asphaltene precipitates
	3.3 Effects of n-pentane concentration on precipitation dynamics

	4 Discussion
	4.1 Possible mechanism for presence of primary submicron particles
	4.2 Microscopic view of asphaltene precipitation dynamics
	4.3 Implications to asphaltene colloid theory and paraffinic froth treatment

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


