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ABSTRACT  

The utilization of microfluidics has generated deep insights into asphaltenes precipitation 

mechanisms and oil-water emulsion stabilization. Agglomeration and precipitation of asphaltenes 

can cause flow assurance problems during the extraction and transportation of crude oil. Change 

in temperature, pressure, reservoir conditions, and solvents can change the local environment, 

leading to asphaltene precipitation. Understanding asphaltene properties and precipitation 

pathways become critical in devising mitigation methods, demulsifiers, and suitable conditions 

during hydrocarbon processing. Microfluidics has helped in high throughput measurement studies, 

understanding critical processing conditions, fast demulsifier screening, the effect of solvent 

concentration on deposition, generating useful information for the utilization at the point of 

resource extraction facilitating improved resource management. It has become possible to capture 

the porous, complex nature of reservoir formations and the interaction of chemicals during 

precipitation through integrated analytics and visualization studies available only through 

microfluidics. The use of droplet microfluidics, with optical microscopy and high-speed imaging 

to study the oil-water interface, has resulted in a greater understanding of the role of asphaltene on 

interfacial properties and emulsion stabilization. This mini-review highlights the crucial aspects of 

microfluidics that have been used to understand physicochemical behavior and dynamics of 

asphaltene deposition. Some of the unique devices have been presented focusing on the key 

elements of microfluidics design, fabrication, and analysis, as the insight obtained from 

microfluidics strongly depends on the device design and the controllability of the experimental 

parameters. Successful implementation of microfluidics for efficient and controlled experiments, 

short analysis time scales and rapid screening, and generation of high-quality, reliable data that 



convey asphaltenes deposition issues and interface behavior in emulsion, shows the importance of 

microsystems for advancing knowledge in hydrocarbon production and processing. 
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1. INTRODUCTION 

The heaviest component of crude oil, soluble in aromatics but insoluble in light alkanes, is 

defined as asphaltene1. Being the most polar and heaviest component of the crude oil, 

asphaltenes are also referred to as the ""cholesterol of petroleum"" 2. Asphaltenes are one of the 

few solid components of the crude oil which are challenging to generalize in a particular family 

since they have different structures3. Generally, asphaltenes are classified as solubility class 

based on their usual insolubility in light paraffin. Asphaltenes can precipitate or deposit in 

wellbores, pipelines, and refineries during production and transportation of crude oil and can also 

stabilize oil in water emulsion, hampering the separation of oil/gas from water4. Problems with 

asphaltene can cost billions worldwide5 since the large part of global economy is still dependent 

on the fossil fuel as a energy source. 

Change in the local chemical environment during production and transportation of crude oil, 

by the change in temperature, pressure, solvent injection for enhanced oil recovery, gas lift 

operations, and commingling of different crude can change the solubility and solvent power of 

the medium resulting in the flocculation, aggregation, and precipitation of asphaltenes6. In 

varying geographical locations with differing conditions and compositions of oil wells and 

temperature, the pressure employed during production/transportation and utilization of different 

solvent concentrations and composition, optimal flow assurance strongly depends on continuous 



monitoring and control of local environment, frequent and accurate characterization of 

asphaltene behavior and content7. Also, developing thermodynamic models describing 

asphaltene phase behavior are necessary to maintain the conditions at which asphaltenes remain 

solubilized. Asphaltenes have substantial and irreversible adhesion properties to the solid 

surfaces, e.g., silica, alumina, and metal surfaces, potentially obstructing the flow in pipeline13-15. 

As sandstone reservoir contains number of oxides e.g. ZrO2, CaCO3, TiO2, SiO2, MgO, Al2O3, 

and CeO2, that can affect the aggregation and deposition of asphaltenes 16. Also, studying the 

interaction between inorganics and asphaltenes becomes crucial for understanding the 

precipitation, deposition, and mitigation17.  

Asphaltenes can precipitate via multiple pathways, and much of the research is focused on 

understanding the asphaltene precipitation kinetics, influence of flow environment, interaction 

with the solvents and inorganic chemical, and effect of varying crude oil composition and 

production conditions. Conventional asphaltene investigations rely on asphaltene precipitation 

and the collection of aggregates which helps in predictive modeling of the general behavior of 

the aggregates, which in terms help in devising the cost-effective mitigation techniques and 

asphaltene inhibitors18. In general, asphaltene inhibitors are added to prevent asphaltene 

precipitation in oil fields which also require lab screening methods before actual application on 

field19. Asphaltene inhibitors peptize the asphaltenes and keep them in solution or act on the rock 

surface to limit the deposition of asphaltenes20. In any case, the inhibitor's effectiveness depends 

on the structure and chemical nature, the nature of the solvent, dispersion medium, temperature, 

and pressure during processing21, 22. In general, two types of asphaltene inhibitors are in use, 

small molecule-based23, 24 (e.g., acidic amphiphilic molecules, amides, and imides, ionic liquids, 

etc.) and polymer-based asphaltene dispersant25-27 (e.g., non-polymer alkyls of polymer 



polymethacrylate, comb-like polymers, etc.). Salicylic acid, phthalic acid, benzoic acid, dodecyl 

benzene sulfonic acid, dimethyl amide, polystyrene, maleate co-polymer etc., are being shown to 

have the effect as asphaltene inhibitors20, 28. Conventional methods of asphaltene content 

measurement and inhibitor selection utilize a large quantity of solvent, big glass vessels, high 

temperature, and pressure test methods and require qualified personnel for generating reliable 

data7. Various methods have been developed for studying the asphaltene precipitation and 

asphaltene deposition in conventional reservoirs, e.g., microscopy29, gravimetric analysis, 

viscosity measurement30, filtration31, electrical conductivity32, light scattering33, acoustic 

resonance34, refractive index measurement35, interfacial tension36, heat transfer analysis37, the 

colloidal instability index38, nuclear magnetic resonance39, and gas chromatography coupled with 

mass spectrometry40, etc. Unavailability of in-situ characterization/measurement techniques, 

many developed methods, and the very complex nature of asphaltenes, makes understanding 

asphaltene characteristics difficult and methods by which it can be accurately studied and 

quantified41. Also, conditions during experimentation differ significantly from the actual 

reservoir environment. The results obtained are particular to the crude oil composition, limiting 

the scope of application in the field.  

Microfluidics or lab on chip systems are well developed and utilized in chemical reactions42, 

biotechnology43, diagnostics44, nanomaterial synthesis45. In the recent decade, microfluidics has 

gained a lot of importance in asphaltene deposition measurement, in-situ characterization, 

solvent diffusion, creation of micromodels, etc7, 46-49. The main advantage microfluidics offers is 

to miniaturize the experimental systems reducing the overall sample volume (microliter to 

milliliter) and analysis time (seconds to minutes). The integration of inline and in-situ 

characterization allows the measurement of a large amount of reliable data quickly and in an 



automated manner. Microfluidics devices can be fabricated in different materials, e.g., glass, 

silicon, polymer, metal, or coated with different layers50-65. In addition to the possibility of 

replication of reservoir porous condition in the microfluidics, utilization of approaches for spatial 

visualization that combines the optical and spectroscopic techniques makes it possible to extract 

detailed information about chemical composition and change in physicochemical properties of 

spatially distributed components. This becomes helpful in terms of observing the dynamic 

asphaltene deposition with varying chemical and physical environments in the event of 

agglomeration or precipitation. The recent interest in microfluidics for asphaltene investigation 

has resulted in the number of microfluidic geometries in different materials to obtain reservoir-

like environments by methods such as wettability patterning techniques. The microfluidics 

devices have been shown to reduce the analysis time significantly compared to the conventional 

analysis procedures7, and measurement related to oil-water interface, composition, phase 

behavior, and PVT (Pressure-volume-Temperature) properties can be easily performed. While 

offering a high throughput approach to studying the asphaltene solubility, microfluidics 

possesses the scale most relevant to natural rock pores (porosity 20 – 40%)66-70 and can be 

excellent models of porous media48, 71. Microfluidics technology also allows direct measurement 

of pore scale phenomena, which helps understand the fluid flow properties (oil-water interface, 

interaction with pore scale, phase composition, gas-oil ratio, and chemical interaction, etc.) in 

petroleum reservoirs49, 72, 73. In all microfluidics provide well-founded replication of reservoir 

porous conditions, integration of noninvasive optical/spectroscopic analysis techniques, rapid 

characterization/ measurement to reduce the labor, and good control over the parameter to study 

the effect on dissolution, which have helped in understanding the asphaltene aggregation 

behavior, though they vary on their chemical composition and dependent on the reservoir 



conditions. Ultimately microfluidics could yield devices which are easy to deploy in the field and  

can perform efficient resource management. 

This mini-review provides a brief overview of the state of the art of utilizing microfluidics to 

understand the asphaltene dissolution/precipitation by mimicking similar porous reservoir 

conditions. Though the literature is flooded with the asphaltene mitigation methods and 

characterization techniques, those are based on the bulk phenomena, which are quite different 

from the reservoir conditions. This review focuses on the developed microfluidics designs to 

study the asphaltene precipitation and the role of asphaltene in oil/gas in water emulsion 

stabilization. The efficiency of microfluidic platforms and the generation of important 

knowledge towards asphaltene aggregation and precipitation, which can be implemented in real 

scenarios, is the focus of this review. General understanding of the factors affecting the 

asphaltene deposition and their role in microemulsion stabilization done in the microfluidics 

environment is reported without much quantitative information. For the in-depth details on the 

experimental microfluidics methods, fabrication of devices, analysis techniques, and obtained 

results reader is advised to consult the references.  

 

2. ASPHALTENES, THE ""CHOLESTEROL OF PETROLEUM""  

The main components of crude oil are grouped as "saturates-aromatic-resin-asphaltene" known 

as SARA. Chromatography is used to determine the composition of crude oil based on the SARA 

components. Saturates (figure 1A) are hydrocarbon compounds that do not contain double 

bonds, e.g., methane, ethane, etc. As the name suggests, aromatics (figure 1B) are the non-polar 

compounds containing the unsaturated hydrocarbon ring system, e.g., toluene, xylene, etc. The 



third component more complex in structure than the first two are resins, which also help stabilize 

asphaltenes (figure 1C). They contain both polar and non-polar components in the structure, 

helps in stabilizing the non-polar hydrocarbon and polar asphaltenes. Finally, asphaltenes (figure 

1D) are the polar heaviest component of crude oil, cannot be generalized based on the structure 

since they have many different structures.  

 

Figure 1. Representative structures of SARA components of crude oil; (A) Saturates; (B) 

Aromatics; (C) Resin; (D) Asphaltene. Rreproduced from  ref 74. 

 

In general, SARA components are separated based on their solubility difference. Initially, 

crude oil is mixed with liquid propane to isolate the resin, and asphaltene by solubilizing 

saturates and aromatics. Resin is then separated from asphaltene by solubilizing in n-heptane. 

After isolation, a detailed study on the asphaltene properties can be conducted. Table 1 lists 



some of the previously unresolved issues, which have been clarified with the new and advanced 

methods in the recent decade; however, the data obtained regarding asphaltene still varies in 

order of magnitude based on the type of crude and condition prevailing in the reservoir76.  

 

Table 1. Issues in reported asphaltene properties values that have been resolved over the past 10 

years76. Reproduced from ref 65 

Issue Range of 

reported values 

Values (as of 2010) Distribution width 

Asphaltene 

molecular weight 

< 1,000 Da to 

1,000,000,000 

Da 

750 Da 400 – 1,000 FWHM 

Number of PAHs in 

an asphaltene 

molecule 

1 to 20 1 dominates Small mass fraction 

with 0, 2, 3, etc., ring 

systems 

Number of fused 

rings per PAH in 

asphaltene 

2 to 20 7 4–10 

Number of PAH 

stacks in asphaltene 

nanoaggregate 

Unknown 1 — 

Aggregation number 

of nanoaggregates 

10–100 <10 4–10 

Critical 

nanoaggregate 

concentration of 

asphaltenes 

50 mg/liter to 5 

g/liter 

100 mg/liter 50–150 mg/liter 

Concentration of 

cluster formation 

Unknown ∼3 g/liter 2–5 g/liter 

Size of cluster Unknown 6 nm for small clusters Probably larger 

clusters also 

depending on 



temperature, 

concentration 

Role of resins in 

asphaltene 

nanoaggregate 

None to 

necessary 

∼15% of crude oil 

nanoaggregates are 

resins; resins are not 

surfactants 

Depends on 

definitions 

Relation of 

nanoaggregate to 

cluster 

Unknown Clusters consist of 

nanoaggregates 

_ 

Relation of 

nanoaggregates in 

toluene to those in 

crude oil 

Unknown Very similar in size and 

composition 

_ 

Abbreviations: FWHM – full width at half maximum; PAH-polycyclic aromatic hydrocarbon 

 

Models describing the method to encompass the possible structure of asphaltenes as a 

solubility class have been developed. From all the developed models Yen-Mullins model is the 

most accepted model of asphaltene, which describes the structure of asphaltene based on size and 

behavior as a function of crude oil in which it is present18. This model  focuses on understanding 

asphaltene molecule and its presence in crude oil. Methods based on chromatographic separation 

were used to study the composition of asphaltene in crude oil however, new methods are being 

developed utilizing the optical and spectroscopic measurement techniques.  

Conventional laboratory separation methods are laborious and time-consuming and require 

skilled operators, whereas optical and spectroscopic techniques are fast and well suited for 

microfluidics. Many new microfluidics designs with integrated spectroscopic analysis have 

emerged, contributing to the comprehensive understanding of the asphaltene aggregation and 

deposition dynamics. The following section will cover some of the unique designs used in the 

literature in recent years.  



 

3. INNOVATIVE MICROFLUIDIC DESIGNS FOR UNDERSTANDING ASPHALTENE 

DEPOSITION AND EMULSION STABILIZATION  

Though microfluidics provides significant benefits over conventional methods of asphaltene 

measurements, the real advantage comes from the miniaturization of setup, which offers greater 

controllability over parameters studied, resulting in noteworthy results in a short analysis time 

(~30 – 60 minutes). Being small, it is possible to change the process parameters in a fraction of 

time rapidly. With the advanced measurement techniques, it has become feasible to analyze the 

whole microfluidic device to get information about the spatial distribution of individual 

components of the crude oil in the event of precipitation or deposition. A precisely controlled 

environment helps in generating the stable drop/bubble to study the interfacial phenomena 

happening during coalescence, which can be visualized in real-time with optical measurement 

techniques.  

Material selection for microfluidics channel fabrication depends on various factors, e.g., 

property to be analyzed, analysis technique available, final data to be collected, experimental 

conditions, solvents/reagents to be handled, etc. Based on the fabrication capabilities presented 

in the literature77, there is immense scope of different materials78 such as polymer, metal, glass, 

silicon, etc., which can be utilized for microfluidics chip fabrication. However, fabrication in the 

glass appears to be the primary material of choice owing to its transparent nature and easy 

integration with the visualization methods. Though microfluidics reduces the overall 

experimentation and analysis time, the fabrication procedure is complex, and fabrication time 

scales are generally of the order of days. Developed fabrication procedures are purely material-



specific, and the resolution quality required at the micron level. However, fabrication procedures 

have been standardized over the years, and commercial manufacturers are also available in the 

market to satisfy the need of novice researchers who only want to utilize the power of 

microfluidics for their research without going much into the details of fabrication. Table 2 

provides the list of innovative microfluidics designs fabricated to understand deposition 

dynamics of asphaltene in crude oil.  

An initial report of utilizing microfluidics in heavy oil extraction is based on a simple H-cell 

design (figure 2.3) fabricated on microscopic glass slides using wet-etching technique79. Hexane 

and hydrocarbon samples were pumped into the H-cell in a co-current manner and extracted 

polar and non-polar fractions were collected at the outlet for analysis on Gas Chromatograph. 

The same H-cell was used to extract carboxylic content from the heavy oil to study the 

asphaltene content80. However, diffusion-based separation works only at microscales, possible 

only in microdevices that were later shown to be applicable for separating other components of 

the crude oil and analysis81. Simple geometry and rapid extraction demonstrated the possibility 

of tremendous applications of microfluidics in crude oil composition analysis where immediate 

measurement of small samples is required. In a recent simplistic approach, 100-micron 

microcapillary was used to study the dynamics of asphaltene deposition at various flow rates and 

change in asphaltene concentration in capillary flow utilizing the power of microfluidics and 

avoiding the extensive fabrication procedure82. 

.   



Table 2. List of microfluidic devices used for studying the deposition of asphaltenes 

Device  Dimension  Material and 

fabrication 

method 

Analytics Utilization  Insight  

2D 

Micromodel71 

Length 10 cm; 

Width 10 cm;  

Depth 57 μm s  

In glass using 

photolithography 

and wet etching 

Optical and 

thermal 

imaging  

For the understanding 

pore-scale mechanism 

of steam solvent 

coinjection; mapping the 

condensate zone and 

steam solvent 

coinjection temperature 

Steam solvent coinjection 

depends on azeotropic 

temperature, saturation 

temperature, degree of 

dilution, and asphaltene 

deposition in the condensate 

phase  

Microfluidic 

cavity with IR 

cell6 

Channel thickness 

100 μm; width 2.5 

mm; cavity width 

5 mm 

Third-party 

fabricated in 

glass with CaF2 

window 

Fourier 

transformed 

infrared 

spectroscopy  

To observe the spatial 

distribution of 

components during the 

formation of aggregates  

The flow of heptane leads to 

non-ideal conditions 

reaching beyond the 

threshold for asphaltene 

deposition; fast asphaltene 

aggregation result is firmly 

fixed deposits on the surface 

2D 

microfluidics83  

260 μm side 

channel; 20 μm 

main channel 

In borofloat 

glass using 

photolithography 

and wet etching   

Internal 

reflection 

microscopy 

For in-situ observation 

of phase separation  

It is possible to remove 

scattering of subphases, and 

diffusive mixing can be 

controlled in the 

microfluidics 

Microfluidic 

chip5, 7 

Mixer – 125 μm × 

350 μm; small 

channels 50 μm × 

125 μm; Reactor 

250 μm × 370 μm; 

inlet and 

In glass using 

lithography, 

isotropic 

etching, and 

Light source 

and UV-

visible 

spectroscopy  

To measure asphaltene 

content in crude oil; 

evaluate the solubility of 

crude oil asphaltenes; to 

make automated 

microfluidic setup for 

Microfluidics with 

integrated analytics can be 

applied to high throughput 

screening; asphaltene 

content measurement can be 

done in less than 30 min 



interconnecting 

channels 175 μm 

× 350 μm; 

filtration channel 

200 μm × 600 μm; 

temperature 

annealing 

measuring asphaltene 

yield  

compared to days using 

conventional techniques; 

measuring the solubility of 

asphaltene is easily feasible 

in crude oil  

micro packed 

bed17, 46, 84-86 

triangular 

geometry 9.9 μL; 

rectangle 48 μL; 

(μpillars; 30 rows 

× 250 columns) 20 

μm diameter; 20 

μm pillar-to-pillar 

distance 

In glass and 

silicon using 

photolithography 

and deep 

reactive ion 

etching  

UV-visible 

spectroscopy; 

Raman 

spectroscopy; 

Pressure 

measurements  

To mimic the porous 

reservoir properties; to 

evaluate the effect of 

aluminosilicate  

Alumina content delays the 

asphaltene nano aggregation 

and has higher susceptibility 

towards bigger molecules; 

high temperature helps in 

easy removal of 

asphaltenes;  

microfluidics 

cell87 

Feeding and exit 

channel 300 μm 

and 2 mm; height 

60 μm; The flow-

focusing orifice 

width 50 μm 

In polymerized 

and cured PDMS 

using soft 

lithography 

Optical 

microscopy 

using a high-

speed camera 

To study electro-

coalescence of aqueous 

droplets in crude oil 

With microfluidics, 

electrostatic forces driving 

the coalescence can be 

calculated precisely to 

predict the onset of the 

coalescence event 

microfluidics 

flow-focusing 

device88, 89 

Height 20 μm  In PDMS 

bonded on glass 

using standard 

lithography and 

soft lithography  

 To screen the evolution 

of crude oil-brine 

interface elasticity 

Using low salinity brines 

reduces the crude oil snap-

off, which enhances the oil 

recovery; asphaltene in 

crude oil aids in the 

development of elastic film, 

which depends on the 

concentration and 

composition of brine and 

crude oil 



microcapillary82 Length 10 cm; 

Width 100 μm 

Commercially 

available 

borosilicate 

glass square 

microcapillaries  

Optical 

microscopy 

with high-

speed 

imaging  

to study the impact of 

flow rate and 

concentration of 

precipitant on dynamics 

of asphaltene 

precipitation 

The size of asphaltene 

deposits depends on the 

elapsed time, and size 

distribution becomes wider 

at higher precipitation 

concentration 

micromodel90 Length 9 cm; 

Width 1.5 cm; 

Throat width 110 

μm; Throat depth 

100 μm; Matrix 

0.14 × 10- 3 m 

In glass 

fabricated from 

third party 

manufacturer 

Optical 

microscopy 

with high-

speed 

imaging 

to study the pore throat 

plugging and snowball 

effect 

Pore plugging behavior 

varies based on the initial 

and middle stage of 

deposition 

porous media 

microfluidics91-

93 

Length 4 cm; 

Width 0.41 cm; 

Height 15 μm 

In NOA 81 

(Norland optical 

adhesive) 

Optical 

microscopy 

with high-

speed 

imaging 

asphaltene remediation 

via microemulsion 

formulation; 

Characterization of 

asphaltene in the 

presence of chemical 

dispersant 

Asphaltene removal 

strongly depends on the 

amount and type of solvent 

contained in the 

microemulsion 

H cell 

microfluidics79-

81 

 In glass  Offline GC 

analysis  

Rapid extraction of 

different components 

from crude oil 

Components of crude oil 

can be extracted easily 

using microfluidics in a 

short time  

Pore throat 

model47 

circular posts 

depth = 100 µm; 

pore body width 

100 ( ± 1) µm; 

pore throat width 

40 ( ± 1) µm; 

depth 15 ( ± 1) µm 

In glass using 

standard 

lithography and 

wet etching  

Helium ion 

microscopy; 

Total internal 

reflection 

microscopy 

To evaluate the 

deposition of asphaltene 

in the solvent-based 

extraction process 

Asphaltene precipitation 

with n-decane forms large 

particles while smaller 

particles precipitation with 

n-pentane leads to higher 

aggregation and flocculation 



 

Figure 2. Microfluidics designs for understanding the asphaltene deposition; (1) μ-Reservoir 

(Pyrex/SiO2) design specifications and its states: empty (left side) and packed (right side). 

Reprinted with permission from ref. 17. Copyright 2017 American Chemical Society; (2) 2D design 

of the automated packed-bed microreactor (AUTO3-μPBR); (3) Image of H-cell device in 

operation. Contact labeled as the interface between the two fluids and the fluids exiting the device. 

Reprinted with permission from ref. 81. Copyright 2014 Royal Society of Chemistry; (4) 



Characterization and surface depth profiles of a 3D-printed μ-SPE system for sample preparation 

of crude oil. (4-A) The microfluidic device showcasing the base component (top) and assembled 

device (bottom). This device comprises a cylindrical sample compartment and a rectangular 

container for the stationary phase. Dimensions of microchips are 25 mm × 50 mm of base and 10 

mm of height. (4-B) Photos by digital stereoscope of microchannels, highlighting half-printed 

microchannel. (4-C) cross-section view of the approximately circular channel. Dyes were used to 

enhancing visualization. (4-D) Profilometry of the half-printed base component of μ-SPE 

output.(4-E) microfluidic channel. Reprinted with permission from ref.94. Copyright 2017 

American Chemical Society; (5) SEM image of the porous media used to study deposition. 

Reprinted with permission from ref.91. Copyright 2017 American Chemical Society; (6) 

Illustration of a dual-permeability porous media microfluidic device. (A) and (B) indicate the 

distance between horizontal and vertical pillars, respectively. Reprinted with permission from 

ref.93. Copyright 2021 American Chemical Society; (7) The appearance and (b) a lattice-like 

structure of the pore-throat area and the cross-sectional shape of the throats of the micromodel. 

Reprinted with permission from ref.90. Copyright 2021 Elsevier; (8) Core microfluidic chip: 

photograph of an empty glass chip containing the mixer, reactor, and filter channels. Reprinted 

with permission from ref.5. Copyright 2015 Royal Society of Chemistry. 

 

Fabrication in glass and silicon needs specific procedures to be followed in succession and 

requires cleanroom facilities. In general, fabrication steps involve surface cleaning, metal layer 

deposition, photolithography, wet and dry etching with several heat treatment steps, and finally, 

removal of deposited metal layers from wafers. Once desired quality and dimension of channels 

are obtained, the wafers can be bonded together to get the microfluidic device. The detailed 



fabrication procedure can be found elsewhere95. The enormous success of microfluidics in 

asphaltene deposition goes to the ability to mimic the similar porous structure (porosity) found in 

the reservoir rocks with the help of either packing material46 or fabricating the pillar48 structure 

inside a microfluidic channel where precipitation and pore interactions can be studied 

simultaneously. 

To study the deposition of asphaltenes in the porous media and to mimic the reservoir 

conditions, a microfluidic chip packed with porous quartz media (figure 2.1-2.2) was 

fabricated46. Initially, the triangular design and frit section at the outlet was formed in silicon 

using dry reactive ion etching (standard silicon chip fabrication procedure), then anodically 

bonded to the Pyrex glass top. After fabrication, crushed and carefully sieved quartz particles 

were manually injected inside the chip to form a μ-packed bed. In another approach, a pore 

throat structure was created in a glass microfluidic device to study the effect of deposition in the 

pore throat (figure 2.7) of the reservoir rocks. Inlet, outlet and the pore-throat area were formed 

by lattice-like structure on the micromodel 90, and to induce inhomogeneous streamlines of flow, 

parts of the throat area were randomly curved.  

Moving away from glass microfluidics, Lin et al. fabricated a microfluidic device (figure 2.5-

2.6) using Norland Optical Adhesive (NOA-81) to study the effect of different microemulsion 

and their impact on the removal of asphaltene deposits91. This design employed the posted/pillar 

arrangement in the flow path to mimic the porosity. However, to change the permeability, the 

size and density of the micropillars were varied, keeping the same porosity. In a similar 

approach, the micromodel with a homogeneous two-dimensional porous network of circular 

posts with pore-throat size close to the natural oil sand porous media was fabricated in the glass. 

In this design, only the pattern/ arrangement of posts was changed in two forms to study the 



deposition of asphaltenes during solvent-based extraction of bitumen47. Also, Silane treatment 

was applied to porous media to measure the effect of wettability alteration on asphaltene 

deposition. In an ideal environment with uniform structure micromodel effect of parameters like 

pore geometry, tortuosity and other parameters can be easily studied.  

In an independent approach to circumvent the lengthy and laborious fabrication procedure in 

glass and silicon devices, a 3D printed microfluidics (figure 2.4) system was proposed and 

developed for solid-phase extraction. Fused deposition modeling via a 3D printer was used, and a 

microdevice was fabricated in polylactic acid (PLA) substrate94. It is easy to fabricate complex 

structures in polymer microfluidics using 3D printers (as they are easily accessible), but it 

restricts the usage only to some compatible solvents. The swelling of material in a non-polar 

solvent and the integration of functional 3D elements in the microfluidics platform were two 

essential considerations behind this fabrication. It was observed that the microfeatures remained 

fully functional even after 20 min of exposure to the non-polar solvents. This can be beneficial in 

terms of a disposable device used for single analysis or extraction; however, it cannot be used for 

operations where prolonged use is desired. 

Microfluidics is also used to study the role of asphaltene in oil-water emulsion stabilization. In 

these studies, the designs are primarily straight channel type where generation and monitoring of 

droplets throughout flow path becomes feasible through optical measurement techniques. In most 

cases, the droplets are generated in different flow environments, and the effect on droplet 

coalescence was observed by changing the parameters, generally the addition of an emulsifier or 

inhibitor (Figure 3). In these experiments, the quality of the data depends on visualization 

techniques, primarily using a high-speed camera to take images over the entire flow path and at a 

different time to observe the dynamics during the flow. As the success of these devices rests on 



the ability to monitor the phenomena happening inside, devices are made chiefly of glass; 

however, it is difficult to segregate between the device solely used for asphaltene deposition 

studies and emulsion characterization. Some important microfluidic devices used for studying 

the oil-water emulsion are listed in table 3 and in figure 3. 

In a simple method to determine the effective demulsifier based on observation of drop 

coalescence, a simple 500 microns square capillary was used96. The capillary was connected to 

the drop generation system and the capillary was irradiated with a near-infrared laser, and images 

were taken using a high-speed camera. Coalescence probability was determined based on visual 

observation, sufficient for quantifying an effective demulsifier. Hu et al. used the same micro-

packed bed device (figure 2.1) to study the effect of asphaltene concentration on the heptol brine 

interphase and the fluid-fluid interphase was characterized with inline analytics84. A 

commercially available droplet generation chip (figure 3.1) was utilized to study the effect of 

additives on the separation behavior of water in diluted bitumen emulsion97. Different additives 

were added to the emulsion in one experiment, and the kinetics of droplet coalescence were 

measured, in contrast, in another experiment, droplets in the emulsion were aged first, and then 

additives were added and the coalescence rate was observed. A custom-designed glass 

microfluidics chip (figure 3.3) was used to study the attachment of crude oil drops to the gas 

bubbles98. Microfluidics-based methods (figure 3.2) help understand the effect of oil, water, and 

gas phases on the attachment of oil droplets to the gas bubbles. The same setup was also used for 

studying the coalescence of crude oil drops in water to check the effect of oil/water composition 

and the aging of the droplets99. 

Moving away from glass microfluidics, the device made using NOA 81 (Norland Optical 

Adhesive), a thiolene photopolymer (figure 3.4) with known solvent resistance and temperature 



tolerance, was used to study the effect of different demulsifier and their concentrations48. Also, 

the emulsion stabilization characteristic of fractionated asphaltenes and the two model molecules 

coronene and violanthrone-79 with flow-focusing was studied in the same device92. The 

generation of stable droplets depends on the surface properties and the droplet braking dynamics, 

and it is necessary that in each experiment, surface properties remain the same, which requires 

good cleaning of the device after each investigation or after a specific duration of using it.  

 

 

Figure 3. (1) (a) Schematic of a microfluidic device for aging droplets before introducing additive. 

The width of the serpentine channel was 1000 μm with a constriction to 100 μm at inlets 3 and 4. 

(b) Photograph of the device with water droplets being generated in dilbit. The droplets only 

coalesced after the additive was introduced. The dashed red box outlines the field of view imaged 

during the experiments. Reprinted with permission from ref.97. Copyright 2017 American 

Chemical Society; (2) Microfluidic setup and chips. Droplets and bubbles, generated at two T-



junctions, enter a wider channel (point A) and interact with each other, leading to the attachment 

of some freely flowing drops to bubbles at the end of the channel (point B). Reprinted with 

permission from ref.98. Copyright 2018 American Chemical Society; (3) (a) Droplet generation 

chip (b) schematic of the chip showing the flow channels. Reprinted with permission from ref.100. 

Copyright 2017 Elsevier; (4) Schematic of the microfluidic experimental setup for emulsion 

stabilization characteristics of asphaltene. Reprinted with permission from ref.92. Copyright 2020 

American Chemical Society.  

 

  



 

Table 3 List of microfluidics devices used for studying the oil-water emulsion  

Device  Dimension  Material and 

fabrication 

method 

Analytics Utilization  Insight  

Microfluidic 

chip 1101 

Solvent channel 

width 50 µm; 

depth 20 µm; 

bitumen-solvent 

PVT channel width 

50 µm; depth 20 

µm; bitumen 

channel width 5 

µm; depth 5 µm  

In glass and 

silicon using 

deep reactive 

ion etching and 

shadow mask 

process 

Optical 

microscopy 

with high-

speed 

imaging  

For measurement of 

solubility and diffusion 

coefficient of propane in 

bitumen 

Fast quantification, small sample 

volume, ease of operation at 

high temperature and pressure; 

with 1nl volume microfluidics 

require less than 1 hour, which is 

150 times faster than convention 

method, which takes 7 days  

Microfluidic 

chip 2100 

Channel cross-

section at junction 

depth100 μm; 

width 105 μm; 

Wide channel 

cross-section depth 

100 μm; width 300 

μm; Channel 

length after 

junction 11.25 mm 

In glass 

standard 

lithography and 

wet etching  

Optical 

microscopy 

with high-

speed 

imaging 

For emulsion 

characterization with 

different solvents and 

effect of salt 

The type and concentration of 

inorganic salts used have a 

negligible impact on the droplet 

size of the emulsion 

microcapillary 

based96 

Length 300 mm; 

width 500 × 500 

μm 

Commercially 

available glass 

microcapillary  

Optical 

microscopy 

with high-

To test demulsifier 

enhancement of 

coalescence-rate of 

Coalescence probability can be 

quantified by observing the 



speed 

imaging 

water droplets in crude 

oil 

monodispersed droplets and 

changes in their size 

microfluidic 

chip 397 

 In Norland 

Optical 

Adhesive 

(NOA) 81 using 

soft lithography 

Optical 

microscopy 

with high-

speed 

imaging 

Water Droplet 

Coalescence and 

Flocculation in diluted 

Bitumen Emulsions 

with Additives 

Effectiveness of the different 

additives can be characterized by 

observing the coalescence time  

Microfluidics 

chip 491 

Channel width 100 

μm; collision 

chamber width 500 

μm; Channel 

height 50 μm. 

In Norland 

Optical 

Adhesive 

(NOA) 81 using 

soft lithography 

Optical 

microscopy 

with high-

speed 

imaging 

To study emulsion 

stabilization via 

asphaltene 

The state of aggregation of 

asphaltene strongly affect the 

stability of the emulsion 
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4. AUTOMATION OF MICROFLUIDICS WITH ANALYTICAL METHODS FOR 

ASPHALTENE MEASUREMENTS 

The overall setup in the microfluidics experiment remains the same except for different 

microfluidic chips and integrated analysis techniques. The general schematic of the whole 

experimental setup is shown in figure 430.  

 

Figure 4. Experimental setup for asphaltene deposition experiment in capillary flow82; (a) 

constant-flowrate microfluidic pump A, (b) constant-flowrate microfluidic pump B, (c) 

microscope, (d) high-speed digital camera, (e) Y-connector, (f) microcapillary, (g) data acquisition 

computer, (h) microscopic image of asphaltene deposits in capillary flow. Reprinted with 

permission from ref.30. Copyright 2018 Elsevier. 

A good analysis/measurement technique integrated with microfluidics provides tremendous 

scope for collecting valuable data. In the case of asphaltene, an integrated analytical instrument 

depends explicitly on the asphaltene property under investigation and the nature of the data to be 

collected. Over the years, different methods used for asphaltene characterization can be 

categorized based on property under focus, such as Gravimetric methods, density measurements, 
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optical microscopy, light scattering, and refractive index measurements. Compared to density 

and gravimetric methods, other methods can be directly integrated with the microfluidic platform 

to generate the specific information in real-time. Analytical instruments have been employed, 

e.g., FTIR6, total internal reflection microscopy83, optical microscopy7, Raman spectroscopy46, 

etc., to study the asphaltene. Table 4 lists some of the utilized analytical techniques for 

measuring and monitoring the asphaltene properties and behavior which can be potential drivers 

for the high throughput analysis in short time. Large amount of data generated using these 

techniques can fuel the development of Artificial Intelligence and Machine Learning based 

approached which can further help in advancement of the field. 

Table 4. Analysis techniques used for asphaltene measurements for high throughput screening that 

can fuel the data requirement for machine learning and artificial intelligence approaches. 

Analysis  Utilization  

Nuclear magnetic 

resonance 

spectroscopy102-106  

For asphaltene chemical structure characterization, molecular 

interaction between asphaltenes and maltenes, dynamic behavior of 

asphaltene in bulk and confinement 

Fourier transform 

infrared 

spectroscopy107-109 

Measurement of the spatial distribution of chemical component and 

their amount; Display of process of aggregate formation  

Total internal 

reflection 

microscopy 83, 110 

For in-situ observation of precipitation and phase separation; high 

spatiotemporal study of precipitation dynamics for asphaltene 

deposition  

Optical absorption 

spectroscopy29, 111-113  

Used for determination of asphaltene weight content in crude oil 

based on absorbance difference; asphaltene yield measurement 

Raman 

spectroscopy17, 85, 86 

For 2D and 3D mapping of the whole microfluidics chip to give 

insights about asphaltene sheet size and bed occupancy  

Optical microscopy 

with high-speed 

imaging47, 48, 93 

For visualization of asphaltene deposition dynamics; oil-water 

emulsion interface characterization; Understanding the role of 

asphaltene in emulsion stabilization  
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FTIR with an array of detectors allowed the spatial resolution of chemical components and 

their composition during aggregate formation6. In contrast, total internal reflection microscopy 

removes the effect of scattering from subphases in the mixture with high-quality spatial and 

temporal resolution83. Raman scattering was used to determine the chemical interaction and get 

insights into the asphaltene sheet size and bed occupancy during the depostion46. Optical imaging 

at droplet level study can generate useful information so that electrostatic forces driving the 

droplet merging can be calculated and the coalescence event can be predicted. The asphaltene 

coloration can be directly correlated with asphaltene weight content which can be helpful in real-

time analysis using optical absorption techniques7. 

Integration of optical microscopy and absorbance spectroscopy in microfluidics can result in 

rapid analysis and measurement of different components of crude oil. On this principle, 

researchers have shown that high throughput screening can be employed at the point of resource 

extraction or in the laboratory, reducing the analysis time from days to hours. It was shown that a 

simple H-cell microfluidics could extract the hydrocarbons from the crude oil quickly, which can 

be analyzed on Gas Chromatograph79. Later, it was shown that the same H-cell was efficient for 

extraction of asphaltene79, carboxylic acid80, determination of the total acid number81, etc. 

Continuing on the same lines, a microfluidic device integrated with absorbance spectroscopy was 

developed where the difference between the initial absorbance of crude oil and absorbance after 

precipitation of asphaltene was correlated with the asphaltene weight29. This simple approach 

can be utilized for rapid determination of asphaltene content of the crude oil based on 

precipitation and separation5, 7.  

Asphaltenes affect the oil recovery through alteration of wettability and blockage. Asphaltene 

precipitation depends on various parameters, e.g., fluid properties, reservoir conditions, pressure, 
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temperature, dilution ratio, injected fluid molecular weight, etc. It is pretty challenging to apply 

predictive ability based on the generated data using inline/real-time measurement techniques via 

conventional thermodynamic114-116 or scaling-based117-119 modeling techniques. These traditional 

modeling techniques require accurate estimation of relevant properties to predict with high 

certainty, which is seldom the case114, 117. Also, experiments are generally performed in a 

controlled environment with nearly ideal conditions, and modeling based on conventional 

techniques requires considerable data to be generated to check the effect of each parameter 

interaction. It is also challenging to account for the simultaneous interaction of various properties 

for predictive modeling for changing environments. In these scenarios, AI and ML approaches 

have been widely applied due to their ability to solve complicated problems120. The modeling 

techniques like artificial neural network (ANN)121, Basian belief network (BBN)122 etc., are 

easily applicable in cases where the cause-effect relationship between the parameters possesses 

conceptual uncertainty. Training AI and ML-based methods may not require accurate asphaltene 

properties estimation and can predict the asphaltene deposition behavior in multiple scenarios. In 

an attempt to apply artificial intelligence for the predicition of asphaltene precipitation behaviour 

based on different variables, the authors used the BBN model122. It was found that the BBN 

model predicted the asphaltene precipitation with more confidence coomapred to other models 

aand also covered the wide range of variables. Very recently, the three efficient artificial 

intelligent models, including group method of data handling (GMDH), least squares support 

vector machine (LSSVM), and artificial neural network (ANN), were proposed for estimating 

asphaltene adsorption on different nanocomposites based on only 252 data point121. The 

temperature was found to be most prominent parameter for asphaltene adsorption for model oil 

solutions. Literature reports other predictive modeling using Artificial Intelligence, which can 
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significantly reduce the experimental efforts and aid in modeling asphaltene precipitation 

approaches with greater confidence123, 124. These simple methods showing the applicability of AI 

and ML with limited data when supplemented with microfluidics for high quality, rapid data 

generation capacity can result in new insights that have never been observed before.  

 

5. INSIGHTS INTO THE ASPHALTENE DEPOSITION DYNAMICS AND OIL AND 

WATER EMULSION STABILIZATION VIA MICROFLUIDICS STUDIES  

The scope of microfluidics is only limited to the way experiments are designed and the 

instruments available for characterization and generation of valuable data. Innovation in 

microfluidics and attached instrumentation has helped generate a lot of useful information and 

understanding of asphaltene deposition kinetics, the effect of oil well properties, and the role of 

asphaltene in oil-water emulsion stabilization. Studies in terms of understanding the role of 

demulsifiers and the additives in oil and water separation are designed to evaluate the efficacy 

between the different additives, which can help develop the suitable demulsifier as an asphaltene 

deposition mitigation technique. A good pore-scale understanding is necessary to solve the 

problem of asphaltene deposition in the reservoir, which has become feasible by microfluidics. 

The ability to mimic similar reservoir properties, generation of stable droplets and visual 

monitoring of coalescence, real-time measurement of chemical interaction, and change in 

chemical composition during asphaltene deposition have helped get deep insights about 

asphaltene, which is discussed in this section.  

Steam solvent coinjection helps in improving the steam-assisted gravity drainage performance; 

however, it complicates the thermal process further by the addition of solvent. Steam saturation 
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temperature, degree of dilution (solvent-bitumen), steam solvent azeotropic temperature and 

asphaltene precipitation in condensing zone are important criteria on which performance 

depends. In contrast with pure solvents and condensate, naphtha results in the highest recovery 

due to a higher steam-solvent azeotropic temperature, effective dilution, with minimal asphaltene 

deposition71. As naphtha contains heavier hydrocarbon fraction and aromatic/naphthenic 

components, this helps reduce the deposition in larger pore sizes since the mobility of asphaltene 

decreases and cannot reach the nearest posts to block the entire path of the flow125. The addition 

of solvent results in a non-equilibrium condition, and the local concentration of flocculants 

increase the threshold limit for asphaltene deposition. Solvents with higher diffusivity result in 

firm deposits fixed on the surface, whereas deposits can be easily taken from the channel in case 

of slow diffusion. Asphaltenes of different types and different hydrocarbon ratio starts to 

precipitate in the direction of solvent flow however, there is spatial inhomogeneity of 

precipitated asphaltene due to the varied composition and different functional groups6. Lighter 

solvents, e.g., n-pentane, tend to faster asphaltene precipitation with higher agglomeration and 

asphaltene deposition47.  

At solvent composition > 80% low molecular weight, asphaltenes are susceptible to be 

precipitated but are easier to dissolve, whereas higher temperature increases the asphaltene 

removal efficacy46. It was observed that commercially used alkylphenol model chemical 

dispersants worsen the asphaltene deposition but the mechanism of permeability reduction and 

plugging in pores medium varies. As the deposition tendency is related to the intermolecular 

interactions governing the asphaltene dispersant system, injecting chemical dispersant reduces 

the size of asphaltene aggregates which results in a higher initial deposition rate; however, strong 

repulsive interactions make aggregates soft which can be easily eroded in shear flow after 
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deposition which in turn reduces the overall deposition rate91. Different microemulsions and 

equivalent surfactant packages can remove the asphaltene deposits. The removal efficiency 

depends on the solvent type in the microemulsion and their concentration. At low concentrations, 

the D-limonene-based microemulsion exhibits the best performance compared to the xylene-

based microemulsion. The asphaltene-based micro-emulsion solubilizes the asphaltene deposits 

better in high and low permeability regions93. Asphaltene molecules with larger sheet sizes are 

easier to dissolve in xylenes than smaller sheet sizes, and adding the acidity to the pores 

asphaltene dissolution percentage can be increased85. It was also found that asphaltene deposited 

at higher temperatures is difficult to dissolve using xylene than deposited at lower temperature86. 

Using xylenes for dissolution of asphaltene at low deposition temperature, xylene fluid path was 

mainly restricted by the pore size limitation, whereas at higher temperatures, alteration of surface 

chemistry was found to be dominant86. The asphaltene deposition rate remains consistent with 

the deposition amount, and the pore-scale morphology changes even at similar deposition rates48. 

In a separate study using the toluene as a solvent, it was found that having an emulsion helps in 

reducing the solvent requirement for the same deposition removal efficiency. 70-30 water in oil 

emulsion produced better results than other emulsions with more sweep efficiency126.  

Al2O3/SiO2 ratio, an important characteristic of reservoir mineralogy, can significantly affect 

the asphaltene precipitation dynamics. The Al2O3/SiO2 ratio of 1/16 leads to >10% higher bed 

occupancy and ~13% higher asphaltene sheet size when compared to a bed with no Al2O3 

particles. Al2O3 works as a preventive agent by reducing the early pore throat plugging, which 

entraps more asphaltene, increasing the deposited sheet size and lowering the channeling17. 

Al2O3 attracts the asphaltene molecules with larger sheet sizes, which tend to self-assemble, 

forming hydrodynamic bridging within the porous media85. Higher fractal dimension with larger 



 32 

aggregates asphaltene can form at higher temperatures in a short period of time86. Lower than 

expected pore throat permeability impairments have been characterized even after removing 70-

90 wt.% asphaltene while remaining asphaltene plugs the pore throat of porous media, which 

restricts the flow46. Real-time monitoring of asphaltene deposition resulted in different pore 

throat plugging behavior during different stages of deposition. During  middle stage, asphaltene 

deposition increases by 3.8% compared to only 1.8% during late stage. In the middle stage 

snowball effect dominates by accelerating the plugging by reducing the width of pore throat or it 

blocks the current flow path and divert it to the new path.. However, decrease of detour paths 

reduced the snow-ball effect at the late stage, which was further confirmed with the reduction of 

the coordination number of pores90. The concentration of precipitants directly affects the 

asphaltene precipitation dynamics, increasing the asphaltene deposits at higher concentrations 

with wider size distribution for a longer duration.  Higher precipitant concentration can act 

counterintuitively, decreasing the number of deposits though it can increase the deposition rate.. 

The asphaltene deposition process is credited to the competition between the shear rate and 

deposition kinetics where higher flow rate displays the higher deposition kinetics. At higher 

deposition rate size of asphaltene deposits increase but number of deposits decrease. In the 

capillary flow experiments it was observed that asphaltene deposition depends on the adsorption 

force where hydrodynamic effects and shear removal are less significant82. At the pore throat 

matrix which are perpendicular to the flow direction hinders the flow resulting in the faster 

deposition (fouling) around pore throat over precipitation.Hydrophilicity of the surface increases 

the deposition because at higher hydrophobicity surface energy is low and asphaltene molecules 

have less surface to attached to form deposits47. 
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The separation of water from crude oil is also a necessary process. Understanding the 

asphaltene precipitation helps avoid the condition favorable for precipitation during extraction 

and transportation, which can help in easily feasible separation. In addition, monitoring the oil-

water interface and the droplet coalescence in the presence of other chemical additives and 

demulsifiers is also of significant interest to the scientific community. By observing the interface 

and measuring the coalescence rate of droplets, it is possible to get the efficacy of the additive 

and demulsifier, which can help in rapid screening of the suitable choice through microfluidics. 

Coalescence probability is a reasonable indicator of the efficiency of the chosen demulsifier and 

the concentration at which it can be added to the crude oil.  This coalescence probability can be 

easily calculated by observing the change in the droplet size over the flow path through optical 

visualization techniques and the coalescence rate can be calculated96. Asphaltene tends to 

stabilize the oil-water emulsion, which creates difficulties separating water from the crude oil, 

especially when water is injected into the reservoir. The interfacial shear viscosity of asphaltene 

and water is strongest compared to other SARA components, resulting in the strongest strength 

of the interfacial film, which creates difficulty in the coalescence of water molecules, making 

separation cumbersome127.  

Asphaltene to absorbed on the surface of inorganic particles, the accumulation of these 

particles at the interface increases the interfacial tension. Stabilization of emulsion can adversely 

affect the oil separation and production where combination of asphaltene concentration, 

temperature of operation, concentration of inorganic particles and aging time are some of the 

important parameters to consider84. In a study to choose between the two different additives, the 

coalescence frequency was measured on microfluidics, which was higher for one of the 

additives. At lower concentrations, it was seen that the demulsifier becomes diffusion-limited to 
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the interface, which allows the formation of droplet-stabilizing film and reduces the 

performance. Additive alters the interface, which aids in coalescence, whereas its ability to 

absorb to the interface rapidly is determinant of the performance. However, What makes one 

additive more effective than the other in preventing elastic film formation remains unclear97. 

Recently, it was experimentally shown that chemical demulsifiers act on a limited timescale and 

specifically impact the soft regions in asphaltene film . These effects were observed for the 

ethylcellulose as demulsifier, which slows down the asphaltene deposition, disrupts interfacial 

structure formation, and forms the soft interfacial layers compared with asphaltene alone128. A 

novel aliphatic alcohol nonionic polyether demulsifier was synthesized in a recent study, 

containing oxygen groups, e.g., hydroxyl, ester groups, carboxyl groups, ether groups, etc. This 

demulsifier breaks the interfacially active asphaltene films at the oil-water interface, which is 

then replaced by hydrogen bonding; however, the process strongly depends on the demulsifier 

concentration, temperature, and settling time which is also true for the other demulsifier studied 

in the literature129.  

 Attachment of crude oil droplets with gas bubbles through the spreading mechanism was 

monitored via microfluidics. It was found that attachment efficiency increases at low or neutral 

pH. Reduction in salinity increases the electrostatic repulsion, whereas dissolved components 

stabilize the oil drops and gas bubbles, negatively impacting the attachment. Having small drops 

and a lower concentration of oil drops is beneficial for improving attachment efficiency98. The 

crude oil and water phase composition influences coalescence time and droplet size distribution 

after the droplet merging. Coalescence is always most extensive with the shortest aged droplets, 

and larger droplet size distribution reduces the coalescence; however, these effects are oil 
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specific99. Molecular symmetry and the presence of interfacially active groups are also essential 

factors to consider when choosing the effective demulsifier92. 

Temperature and pressure in the reservoir also play a critical role in enhanced oil recovery 

processes, resulting in destabilization of the emulsion. Water droplets in oil coalesce at higher 

temperatures, destabilizing the emulsion, which can be separated easily. An increase in pressure 

helps in emulsion stabilization, reaching a plateau (optimum), after which pressure increment 

results in destabilization of the emulsion, which can be characterized by the amount of 

asphaltene precipitation. It was seen that at pressure up to 27579 kPa presence of asphaltene 

stabilized the emulsion; however, beyond that though the solubility of asphaltene increased 

emulsion stability decreased130.  

 

6. CHALLENGES AND PERSPECTIVE 

Microfluidics has helped advance the knowledge about asphaltene deposition dynamics relevant 

to the reservoir rock porous structures and testing different inhibitors for prohibiting deposition. 

However, the microfluidics experiments mainly were in an ideal environment compared to the 

high pressure and high-temperature conditions that prevailed in the deep-sea environment.  High-

pressure microfluidics create the possibility of studying asphaltenes with live conditions, though 

cost and safety considerations remain challenges. The 2D porous structure fabricated in 

microfluidics is, for the most part, in geometrical symmetry, which is not the case in the 

reservoir or rock pores. Advancements in the design of porous media in microfluidics could lead 

to field scale pore physics.  The chemical and surface properties in the reservoir rocks are far 

from ideal, which is critical for mimicking the exact physical environment. Incorporating the 
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chemical and surface similarity in the microporous structure in the microchannel is a significant 

challenge in simulating reservoir conditions. Most of the studies in microfluidics are performed 

in isolation at regulated flow rates with uniform flow profiles, which help understand the 

complicated dynamics but are challenging to replicate in the field where radial flow from the 

wellbore is typical. Also, as crude oil and reservoir properties vary based on location, no 

approaches have been developed to generalize results obtained in the microfluidic devices. As 

conditions in microfluidics experimentations are well controlled, any change in the specific 

properties may drastically impact the results obtained.  

Reservoir rocks are made up of nanoscale chemical and physical characteristics, and it is 

challenging to fabricate nanoporous structures in microfluidics and to incorporate visualization 

techniques for the observation at the nanoscale. There have been signs of progress in visualizing 

interfaces for oil and water coalescence, but the effective methodology to study the kinetics of 

interaction between phases is not well established. All microfluidics produce reproducible results 

but depend on the reproducibility of the parameters and composition of the materials used. 

Applied methods are ideal, and data generated will require appropriate kinetics models before 

field application. Nanoaggregation models developed for asphaltenes could lead to deeper 

understanding of their physical structure in porous media, towards a more comprehensive 

experimental approach.  Related to that point, the development of advanced in situ analytical 

methods, such as small angle or neutron scattering could generate a wealth of data on the 

chemical and physical rate processes within the porous media.  Reconstructing the porous media, 

both experimentally and computationally, in which synchronous discovery of asphaltenes 

mechanisms is performed could generate massive amounts of data, prompting big data analysis 

and the need for deep learning methods where computers work synchronous with microfluidics. 
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7. CONCLUSION 

Asphaltenes remain a central problem in the flow assurance of energy that drives the global 

economy. Understanding and monitoring the asphaltene deposition processes and dynamics in 

the presence of different chemicals and additives in varying environments will help formulate the 

strategies for mitigating asphalting deposition during extraction and transportation. Conventional 

methodologies of asphaltene analysis and related experimentations are cumbersome to utilize 

and are expensive in terms of time and energy. In the era of globalization and ever-expanding 

economies, fast, simple, reliable, and sustainable techniques to generate valuable knowledge that 

can quickly materialize becomes desirable. Microfluidics is an advanced synthesis and analysis 

tool that has proven its importance in the different areas of science and engineering as a cost-

effective and sustainable way of development. 

When integrated with powerful instruments that can probe the system's characteristics at 

significantly high resolution compared to the bulk analysis, Microfluidics can generate valuable 

information in a fraction of time. The ability to mimic the reservoir's porous nature and high-

resolution imaging helps understand the asphaltene deposition, its interfacial properties, and 

possible mitigation solutions by studying the role of different solvents and additives. 

Miniaturization also results in less volume consumption for experiments/analysis and shorter 

duration, which is an added advantage in cost reduction, sustainability, and fast measurement. 

High throughput screening is possible only with microfluidics, which can be implemented at the 

point of use and can help rapid screening between the efficacy of different demulsifiers or 

solvents.  Microfluidics experimentation makes real-time feedback with field operations a 
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possibility, and advanced data analytics algorithms developed in recent years could improve the 

efficiency of reservoir operations.  Ultra-high pressure microfluidics, for deep water applications, 

prompting the development of new device fabrication methods with in situ analytics will likely 

supplement their utilization to a much greater extent to generate new insights in the years to 

come.  
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