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ABSTRACT 

 

 

This dissertation focuses on the design and the application of microchemical systems to 

understand multiphase flows in upstream hydrocarbon and natural gas productions.  

Offshore petroleum and natural gas catastrophes, such as the Deepwater Horizon spill of 

2010, motivate the need to understand how to minimize the introduction of potentially invasive 

compounds while maximizing their efficacy during emergency remediation. The microfluidic 

stabilities of mineral oil-seawater multiphase flows in the presence of model dispersants were 

studied for We < 1. Introducing dispersants at varying dimensionless volumetric injection rates, 

ranging from 0.001 to 0.01, transitions from stable slug flow to the bubbly regime. 

Dimensionless mass ratios of three model dispersants to the mineral oil necessary to establish 

emulsions were estimated from 2.6x10
-3

 to 7.7x10
-3

. Residence time distributions of seawater 

single- and mineral oil-seawater multi-phase flows, laden with dispersants, were also 

investigated. Increasing the dimensionless dispersant injection rate from 0 to 0.01 was observed 

to increase convective dispersion, which was confirmed by estimations of the vessel dispersion 

number and the Bodenstein number.  

The deposition and dissolution of asphaltenes in porous media, an important problem in 

science and macromolecular engineering, was for the first time investigated in a transparent 

packed-bed microreactor (μPBR) with online analytics to generate high-throughput information. 

Residence time distributions of the μPBR before and after loading with ~29 μm quartz particles 

were measured using inline UV-Vis spectroscopy. Stable packings of quartz particles with 
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porosity of ~40% and permeability of ~500 mD were obtained. Temperature (25.0–90.0 C), n-

heptane composition (50.0–80.0 vol%), and n-alkane (n-C5 to n-C9) were all observed to 

influence asphaltenes deposition in the porous media, and reduced dispersion was obtained in the 

damaged packed-bed by estimating disperision coefficients and the Bodenstein number. 

Deposition by mechanical entrapment dominated the mechanism in all scenarios, as discovered 

by the simplified Kozeny-Carman and Civan’s permeability-porosity relationships. Role of water 

on the deposition mechanism was then investigated. Porosity loss and permeability impairment 

of the porous media for water mass fractions of <0.001 to 34.5 wt% were investigated. 

Interestingly, a switch in the mechanism of water (from 0.030 to 3.18 wt%) on the accumulation 

was discovered. Analyses of porosity-permeability relationships revealed competition between 

adsorption and desorption followed by pore-throat plugging via mechanical entrapment for all 

mass fractions of water studied. For the dissolution of asphaltenes in porous media, many factors, 

such as shut-in time, temperature, Reynolds number, and n-heptane compositions, were studied, 

and the dissolution of asphaltenes was investigated. The work described within this dissertation 

undergirds that microchemical systems are promising tools that impact dispersant science and 

asphaltenes science. Microchemical systems also potentially aid the design of reservoir 

treatments.  
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CHAPTER 1 

INTRODUCTION 

 

1.1. Oil dispersant 

The Deepwater Horizon oil spill on April 20, 2010 attracted attention to many researchers, 

both from industry and academia, due to its deleterious damage to the marine and wild life 

habitats. It is the worst environmental disaster in the history of the United States
1
. A well-known 

remediation technique applied to deal with the spilled oil and protect the wetlands and beaches 

was the use of dispersants on the ocean surface and also at the wellhead
2
. Negative consequences 

exist when the introduction of dispersants is insufficient or excess. So it is of significant 

importance to answer the question of what mass of dispersant is suitable. Several factors
3
, such 

as salinity, temperature, mixing energy and oil weathering, should be considered in determining 

the total mass of dispersant needed.  

Other remediation techniques to deal with the spilled oil include the usage of booms, barriers, 

skimmers, sorbents and in situ burning
2
. However, the use of dispersants is the most convenient 

way, especially in harsh weather conditions. The advantages of dispersant use mainly include 

accelerating the bacteria biodegradation process by significantly increasing oil droplet surface 

area, allowing for rapid treatment of large ocean surface areas, and making oil less likely to 

adhere to wild animals
3
.  



 

2 

 

   Dispersants are usually mixture of organic solvents and surfactants designed to lower the 

surface tension. The role of dispersant is to disrupt crude oil slicks into fine droplets that are 

eventually biodegraded by natural bacteria
4
. The common anionic surfactants used in oil spill 

include sodium dioctyl sulfosuccinates, potassium lauryl sulfates, and sodium dodecyl sulfates. 

Nonionic surfactants usually include sorbitan monooleate, polyoxyethylene sorbitan monooleate, 

polyoxyethylene sorbitan trioleate, di(propylene glycol) butyl ether, and 1,2-propanediol. 

Dispersant chemistry is complex due to both the environmental concern, and the factors that 

directly influence dispersant efficiency
5
.  

1.2. Deposition and dissolution of asphaltenes 

Asphaltenes are typically defined as n-heptane(or n-pentane)-insoluble, toluene-soluble 

component of a crude oil
6
. The asphaltene fraction consists primarily of aromatic polycyclic 

clusters and some heteroatoms (N, S, O), and trace amount of metals like Fe, Ni, and V. As the 

most enigmatic component of crude oil, asphaltenes are problematic in wellbores, transportation 

flow lines and production facilities
7-16

. Currently, the essential topics of research in this 

important area of science include asphaltenes structures
15-20

, aggregation and solubility 

behaviors
13, 17, 21-26

, precipitation (or flocculation) and deposition (or accumulation)
9-12, 14, 27-29

, 

dissolution
30-32

 and so on. Understanding asphaltene science is of significant importance to green 

chemistry and sustainability, and tremendous potential exists for microfluidic devices to make 

contributions by merging oilfield chemistry and microchemical systems to bridge the knowledge 

gap between molecular, nano- and micro-scale level events and oilfield production.  

Many factors, such as changes in shear rate, temperature, pressure and composition may 

cause asphaltenes to precipitate and deposit
6
. Asphaltenes can deposit almost anywhere in the 

production, transportation and storage systems, but the most damaging place is the near-wellbore 



 

3 

 

region. The onset of precipitation occurs at the upper asphaltene precipitation pressure, and the 

rate obtains a peak at the solvent bubble point
33

. Subsequent asphaltene deposition leads to the 

accumulation of organic material that constrains reservoir fluid flows. There are two 

recognized models: adsorption and mechanical entrapment
33

. The adsorption process is 

reversible with asphaltenes desorbing from the porous media as the asphaltenes 

concentration in bulk decreases. Mechanical entrapment (e.g., hydrodynamic bridging) is 

a physical blocking process of pores by the precipitated asphaltene particles. Both 

adsorption and mechanical entrapment result in the loss of porosity and the impairment of 

permeability of the porous media which in turn lower the crude oil yield. Traditional 

asphaltenes intervention and remediation techniques are usually economically expensive. 

Squeeze injection treatments require shut-in time and considerable amount of chemicals 

that could potentially impact the local environment. Other mechanical removal techniques 

such as pigging are potentially risky due to the possibility of pigs
34

 getting stuck. As a 

consequence, understanding the precipitation and deposition mechanisms of asphaltenes 

in reservoirs to predict the presence and type of trouble zones is necessary to design 

remediation treatments that in turn minimize production losses of considerable economic 

magnitude. 

1.3. Microchemical systems  

Microfluidic systems, as model laboratory devices, allow for the precise process 

control of mass transfer limited systems
35-52

. The high surface-to-volume ratios attainable 

in micro-fabricated devices result in fast heat and mass transfers which suggest that 

microfluidic systems offer advantages in studying flow and reaction behavior relative to 

conventional macroscopic systems
36

. Consequently, the microfluidic dispersion of 
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mineral oil-seawater multiphase flows and the precipitation, deposition and dissolution of 

asphaltenes in microchemical reactors
40-43

 offers novel approaches to overcome transport 

limitations while discovering the nature of the kinetic parameters that control the 

remediation.  
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CHAPTER 2 

MICROFLUIDIC DISPERSION OF MINERAL OIL-SEAWATER MULTIPHASE FLOWS IN 

THE PRESENCE OF DIALKYL SULFONATES, POLYSORBATES, AND GLYCOLS 

(Green Process Synth. 2013, 2, 611-623) 

 

Abstract 

The role of dispersants on hydrocarbon phase behavior in seawater is an important problem 

that influences marine environment ecology. Offshore petroleum and natural gas catastrophes, 

such as the Deepwater Horizon spill of 2010, motive the need to understand how to minimize the 

introduction of potentially invasive compounds while maximizing their efficacy during 

emergency remediation. The microfluidic stabilities of mineral oil-seawater multiphase flows in 

the presence of model dispersants were studied for We < 1. Introducing dispersants at varying 

dimensionless volumetric injection rates, ranging from 0.001 to 0.01, transitions from stable slug 

flow to the bubbly regime. Dimensionless mass ratios of three model dispersants to the mineral 

oil necessary to establish emulsions were estimated from 2.6x10
-3

 to 7.7x10
-3

. Residence time 

distributions of seawater single- and mineral oil-seawater multi-phase flows, laden with 

dispersants, were also investigated. Increasing the dimensionless dispersant injection rate from 0 

to 0.01 was observed to increase convective dispersion, which was confirmed by estimations of 

the vessel dispersion number and the Bodenstein number. The observations undergird that 

microfluidics are useful laboratory techniques to identify the transition to bubbly flow where 
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bacteria consumption rates could potentially be enhanced, while minimizing the dispersant mass 

introduced into calm-sea marine environments. 

2.1. Introduction 

 

The Deepwater Horizon oil spill, on  pril 20, 2010, is regarded as the worst environmental 

disaster in the history of the United States
1
. It caused extensive damage to the marine and 

wildlife habitats and disrupted the lives of many people.   remediation technique applied to 

protect the wetlands and beaches from the spreading oil
2
 was the use of dispersants at the 

wellhead and on the ocean surface. Tradeoff exists in such a catastrophe between the negative 

consequences of the hydrocarbon and the dispersants themselves introduced to remediate the 

hydrocarbon release.  nswering the question of what mass of dispersant is critical requires 

principal understanding of the phase behavior. Several influencing factors
3, 4
 such as salinity, 

temperature, oil weathering, mixing energy, and particles should be considered in determining 

the composition and the total mass of dispersants needed to engineer remediation techniques that 

preserve the environment.  

Remediation techniques
2
 applied to protect the wetlands and the beaches from the spreading 

crude oil mainly include the usage of booms, barriers, skimmers, sorbents, dispersants, and in-

situ burning. The use of dispersants at the wellhead and on the ocean surface is convenient, 

especially in harsh weather conditions
3
.  Other advantages of dispersant use

3
 include allowing for 

rapid treatment of large ocean surface areas, accelerating the bacteria biodegradation process by 

significantly increasing oil droplet surface area, and making oil less likely to adhere to sediment, 

wildlife, and shorelines. Remediation dispersants are blends of organic solvents and surfactants 

(mixtures of ionic and non-ionic components) designed to lower the interfacial tension, which 

disrupts crude oil slicks into fine droplets that are eventually consumed by natural bacteria
5
. 
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Specific examples of the anionic surfactants used in the Deepwater Horizon spill include sodium 

dioctyl sulfosuccinates, potassium lauryl sulfates, and sodium dodecyl sulfates. Nonionic 

components include sorbitan monooleate, polyoxyethylene sorbitan monooleate, 

polyoxyethylene sorbitan trioleate, di(propylene glycol) butyl ether, and 1,2-propanediol. The 

chemistry is complex in its design because of both environmental concerns and functionality, and 

the salinity directly influences dispersant efficacy 
6
. 

Microfluidic systems, as model laboratory devices, elucidate the critical formulation 

conditions needed when absolutely necessary to artificially create hydrocarbon dispersions. 

Microfluidics take advantage of reduced mass and heat transfer limitations, enhanced mixing, 

model fluid mechanics, and improved surface-area-to-volume ratios
7-27

 that make studying 

multiphase dispersant systems superior relative to conventional batch techniques. Microfluidic 

systems are generally constrained to low Reynolds number laminar flow due to their reduced 

length scales
8
, which inherently rely on diffusive mixing principles. Multiphase flows in 

microfluidics, however, have been shown to achieve mixing in microseconds
9, 28-31.

 

Consequently, the mapping of intrinsic fluid mechanics is made possible and the conditions of 

their transitions from segmented flows to bubbly flows readily available
9, 32-34

. Such information 

is critical to identify interfacial surface areas of immiscible liquid-liquid systems. 

In the present study, we explore for the first time microfluidic systems towards understanding 

why model dispersants influence mineral oil-seawater phase behaviors. Classical chemical 

engineering reactor design principles are used to delineate the critical mass of dispersant 

necessary to remediate mineral oil in model seawater. The work presented herein is motivated, in 

part, by the need to minimize chemical additives during an environmental disaster (e.g., an oil 
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spill). The results of our dimensionless analogy demonstrate microfluidics as promising tools to 

minimize chemical additives and to engineer formulations based on science and engineering. 

2.2. Experimental section 

 

2.2.1. Chemicals 

Sorbitan monooleate, polyoxyethylene sorbitan trioleate, dioctyl sulfosuccinate sodium salt, 

di(propylene glycol) butyl ether (mixture of isomers), and sea salts were obtained from Sigma-

Aldrich (St Louis, MO, USA). 1,2-propanediol, sodium benzoate, and kerosene (low odor) were 

purchased from Alfa Aesar (Ward Hill, MA, USA). Polyoxyethylene sorbitan monooleate was 

acquired from VWR International (West Chester, PA, USA). Mineral oil (White, Light) was 

obtained from Avantor Performance Materials (Phillipsburg, NJ, USA). All chemicals were used 

without further purification.  

2.2.2. Experimental setup 

 

The experimental setup is schematically illustrated in Figure 2.1. Dispersant, mineral oil and 

seawater were delivered into a 6 μL microfluidic chip (0.15x0.15x340 mm, Micronit 

Microfluidics, The Netherlands) using three syringe pumps (PHD 2000, Harvard Apparatus, 

Holliston, MA, USA ), one 0.5 mL glass syringe and two 5 mL glass syringes (SEG Analytical 

Science, Austin, TX, USA). The syringes and the microfluidic chip were connected using fluidic 

Connect 4515 (Micronit Microfluidics, The Netherlands), 150 μm I.D. tubing (Perkinelmer, 

Waltham, MA, USA), 500 μm ID tubing (Idex Heath & Science, Oak Harbor, WA, USA), and 

PEEK ferrules (Idex Heath & Science, Oak Harbor, WA, USA). A StereoZoom Microscope 

(VWR international West Chester, PA, USA) with a USB digital camera (DV-500) was used for 

imaging. The camera was linked to a computer. 
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Figure 2.1. (A) Schematic flow diagram of the experimental setup used to study the stability of 

mineral oil-seawater multiphase flows in the presence of model dispersants. Photographs of (B) 

the enlarged 6 μL microfluidic chip and (C) the packaged system with fluid delivery and exiting 

connections are also provided. 

2.2.3. Reagent preparation 

 

Seawater was prepared by dispersing 3.5 wt% sea salts into deionized water. Using 

commercial sea salts provides a reproducible solution of known composition, and it minimizes 

biological effects. Table 2.1 shows the typical composition of seawater. Model dispersant was 

also prepared by first mixing the components according to the molar fractions shown in Table 

2.2. Kerosene was then added to the mixture. Samples were named based on their kerosene 

contents: Model Dispersant I (75 wt% kerosene), Model Dispersant II (50 wt% kerosene), and 

Model Dispersant III (25 wt% kerosene), respectively. 
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Table 2.1. Typical composition of seawater (Salinity = 35). 

Component Concentration 

(mmol/kg) 

H2O 53600 

Cl
- 

546 

Na
+ 

469 

Mg
2+ 

52.8 

SO4
2- 

28.2 

Ca
2+ 

10.3 

K
+ 

10.2 

HCO3
-
 2.06 

Br
-
 0.844 

BO3
3-

 0.416 

Sr
2+

 0.091 

F
-
 0.068 

 

 

Table 2.2. Molar composition of model dispersant less kerosene. 

Chemical Name Molecular Structure Molar Content 

( mol % ) 

Sorbitan Monooleate 

 

 

18.0 

Polyoxyethylene 

SorbitanMonooleate 

 

 

9.5 

Polyoxyethylene 

Sorbitan Trioleate 

 

 

3.1 

Dioctyl Sulfosuccinate 

Sodium Salt 

 

 

8.7 

Di(propylene glycol) 

butyl ether, mixture of 

isomers 
 

 

10.1 

1,2-Propanediol  

 

50.6 
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2.2.4. Residence time distribution measurements 

 

The residence time distributions (RTDs) of the seawater single-phase and seawater-oil-

dispersant multiphase were measured using an inline UV-Vis setup, as shown in Figure 2.2. 

Syringe pumps and 5 mL SGE glass syringes were used to refill seawater and oil into the 

microfluidic chip. Sodium benzoate with concentration of 0.04 wt% in seawater was used as the 

tracer, and was injected into the seawater phase by a microscale injector before the two phases 

contact. The distribution of tracer was measured using the UV-Vis setup at the outlet of the 

microfluidic chip. The microfluidic chip, microscale injector and the UV-Vis setup were 

connected by 0.005‖ tubing to reduce the dead volume. Both lamps on the light source were 

allowed to warm up for at least 20min before operating the experiments.  

 

Figure 2.2. (A) Schematic diagram of continuous inline UV-Vis spectroscopy used for RTD 

measurements. (B) Microscale injector with a 0.75 μL sample loop (6 cm of 0.005” I.D. red 

tubing) and (C) flow cell with integrated 400 m ID quartz capillary. 
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2.3. RTD theory and dispersion models 

 

Residence time distribution (RTD) measurements can be used for characterizing laminar 

flow profiles
35-43

, and the measurements elucidate the dispersion properties of single-phase and 

multi-phase flow in microfluidic systems
44-46

. Though segmented flow formed by immiscible 

liquids is a well-known phenomenon to reduce the unwanted axial dispersion
47

, how organic 

dispersants influence the axial dispersion of multiphase systems is not fully understood. Better 

understanding of the effects of dispersants on the axial dispersion is critically important for the 

study of materials synthesis, chemical reaction and environmental protection.  

Residence time distributions
35, 36

 are described first to best understand the multiphase flows. 

For the pulse injection of a tracer molecule (e.g., sodium benzoate), the tracer’s residence time, , 

and its variance, 2
, were obtained by 

36
, 

  
∫      
 

   

∫       
 
 

          (2.1) 

 

    
∫   
 
       

∫       
 
 

            (2.2) 

 

Where the dimensionless time, , is calculated from the ratio of the real time, t, to the 

residence time, , defined as,  

   
 

 
           (2.3) 

 

The dimensionless residence time distribution function, E(), calculated from pulse tracer 

experiments offers the direct comparison of the experimental results for different flow rate 

conditions
 36

, 

      
    

∫       
 
 

         (2.4) 

 

The ratio of convection to molecular diffusion, the Bodenstein number (Bo)
 36

, 
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          (2.5) 

 

yields principle understanding of the dominant forces that govern hydrocarbon, seawater, and 

dispersant phase behavior in multiphase microfluidics. Here,   is the molecular diffusivity, u is 

the fluid velocity, and dE is the effective microchannel diameter. Principle understanding of 

convective forces to axial dispersion is also available when considering the vessel dispersion 

number, D*/uL, where D* is the dispersion coefficient and L the microchannel length. When 

(D*/uL) < 0.01 in single-phase flow, the system emulates plug flow, and 
36

, 

      
 

√       ⁄  
   * 

      

      ⁄  
+       (2.6) 

 

And, 

   
  

   

  
          (2.7) 

 

When (D*/uL) > 0.01, the system is open and far from plug flow, which gives 
36

, 

  

      
 

√       ⁄   
   * 

      

      ⁄   
+      (2.8) 

 

And, 

   
  

   

  
  (

  

  
)
 

         (2.9) 

 

The maximum peak heights of either E() curves yield estimations of D*, and hence Bo is 

estimated for known L/dE ratios of 10
3
 by combining 

36
,  

   
    

 

               (2.10) 

 

into Equation (2.5). The subsequent Bo values provide useful knowledge on the role of molecular 

diffusion on mineral oil-seawater phase behavior in the presence of dispersants.  
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2.4. Results and discussion 

 

2.4.1. Mineral oil-seawater microfluidic slug-length distribution 

 

Mineral oil and seawater were delivered into the 6 μL microfluidic chip at identical flow 

rates ranging from 1 to 10 μL/min. No model dispersant was injected in the initial set of 

experiments. Depending on the flow rates of mineral oil and seawater, different slug length 

distributions of two phases were estimated, which is consistent with the work of others 
48, 49

. 

Figure 2.3A illustrates an example of the mineral oil slug length images obtained using a 

StereoZoom Microscope, and the mineral oil slug length number distribution calculated as 

Figure 2.3B. Here, samples of one hundred consecutive mineral oil slugs for each flow rate were 

chosen to estimate their distributions. As the slug length analysis shows, the flow rate has a 

strong influence on the slug length distribution. Increasing the flow rate decreases the slug 

lengths of both the mineral oil and the seawater phases, as depicted in Figures 2.3A and B. 

Larger flow rates result in larger rates of pressure buildup, and therefore more rapid insertion of 

one phase into the other. As a consequence, both phases segment into a greater number of slugs
49, 

50
. One observes that the mineral oil slugs are a fraction larger than the water slugs, which results 

from the hydrophilic microfluidic channel surface. There exists a thin water film between the 

mineral oil slugs and the microchannel wall. That is to say, the thin water film connects all the 

water slugs while all the mineral oil slugs are discrete. The corresponding film thickness, h, is 

estimated using Bretherton’s Law:
 51

 

           
            (2.11) 

 

where the Capillary number, Ca = u/,  is the viscosity of the liquid, and  is the interfacial 

tension of the liquid. In our system, the mean Capillary number is on the order of 10
-3

 (see Table 

2.3) and the water film thickness estimated by Equation (2.11) as 0.68 to 3.14 μm. The mean 
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Capillary number is below the critical value (10
-2

), so the shear stress alone is not sufficient to 

break-up the slugs. The slug length is determined by the flow rate of mineral oil and the seawater  

 

Figure 2.3. Characterization of mineral oil-seawater multiphase flow through a microfluidic 

device in the absence of dispersants. (A) Photographs of mineral oil slug lengths obtained using a 

StereoZoom Microscope. (B) Estimation of the mineral oil slug length number distribution at 

different injection rates. (C) Dimensionless characterization of the mean Capillary and the mean 

Reynolds numbers. 

Table 2.3. Experimental conditions and dimensionless quantity estimates. 

 (a) (b) (c) (d) 

Total flow rate, FT (μL/min) 2.00 4.00 10.00 20.00 

Mean velocity, u (×10
-2

 m/s) 0.188 0.376 0.940 1.88 

Remean 0.185 0.369 0.924 1.85 

Camean (×10
-3

) 0.548 1.10 2.74 5.48 

Wemean (×10
-4

) 0.113 0.452 2.83 11.3 

τ (min) 3.00 1.50 0.60 0.30 

 

in our model system
52

. Plotting Camean as a function of Remean yields Figure 2.3C. The slope, 

Camean/Remean = 2
/(dE), is estimated to be 3.0×10

-3
. Previously reported values estimated for 
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toluene dispersed in deionized water of 0.47 ×10
-4 

(for a T-shaped junction) and 0.63×10
-4

 (for a 

Y-shaped junction) 
48

 are indications of the characteristic difference of the seawater-mineral oil 

viscous forces. Increasing viscous forces increases the Camean/Remean ratio
48

.  

Table 2.3 further summarizes the experimental conditions achieved in the 6μL microfluidic 

chip and the corresponding dimensionless quantities. Reynolds number ranges from 0.19 to 1.8, 

and thus laminar was established for residence times ranging from 0.30 to 3.0 min. For mineral 

oil and seawater flow rates each of 5.00 μL/min (total flow rate of 10.00 μL/min), the equivalent 

mean residence time is 0.60 min and the mean mineral oil slug length approximately 900 m. 

The Weber number, We = dEu
2
/, where  is the density of the liquid, ranges from 0.11 to 11.3 

(×10
-4

).  Therefore, the liquid-liquid surface tension dominates over the inertial forces, and again 

slug flow is expected
48, 53

. Spilled crude oil on the ocean surface forms a thin film influenced by 

interfacial tension, viscous, and gravitational forces
54

. In stormy seas, the near-surface turbulence 

of waves generates oil droplets through natural dispersion
55

, and We’s > 10 predicts natural 

droplet break-ups
53, 56

. When one considers calm seas, the thin crude oil film velocity on the 

ocean surface is approximately 3.5% of wind speeds
57

 ranging from 1.0 to 9.0 m/s
58

.  Suspended 

crude oil droplets can exhibit broad size distributions in thin films (e.g., 1 to 1000 m)
55

.  

Estimations of the corresponding We’s based on previously reported data gives maximum and 

minimum values of 1.9x10
-3

 and 2.4x10
-5

 for droplet sizes of 1 m.  Maximum and minimum We 

values of 1.9 and 2.4x10
-2

 correspond to 1000 m droplets.  As a consequence, interfacial forces 

govern, both our laboratory scale study and calm sea conditions, over inertial forces.  As we will 

soon learn, introducing model dispersants into the mineral oil-seawater multiphase flow has a 

profound impact on the stability of the phase behavior and on the molecular dispersion.  
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2.4.2. Influence of model dispersants on the slug length 

 

The influence of dispersant on the slug size distribution was evaluated in the next set of 

experiments.  Seawater, analogous to the basecase, was injected into the 6 μL microfluidic chip 

at a flow rate of 5 μL/min. Model dispersants were also injected each separately at flow rates 

ranging from 0.02 to 1.0 μL/min. The combined flow rate of the mineral oil and the dispersant 

was 5μL/min in each test. Microscope photographs of the mineral oil-seawater multiphase flows 

for different injection rates of Model Dispersant I are shown in Figure 2.4. Interestingly, one 

observes in the figure a transition in the stability as the flow rate of the model dispersant 

increased from 0.02 μL/min (Figure 2.4A) to 0.04 μL/min (Figure 2.4B) to 0.06 μL/min (Figure 

2.4C). For Model Dispersant I flow rates < 0.04 L/min, uniform mineral oil slugs were 

observed. At flow rates > 0.04 L/min, mineral oil slug lengths became stochastic. Increasing the 

flow rate to 0.20 L/min dispersed mineral oil droplets in the continuous seawater phase, and 

thus the mineral oil-seawater multiphase flow took a form of bubbly flow as shown in Figures 

2.4D, 2.5A, and 2.5B for flow conditions. A stop flow technique was applied to estimate the 

static droplet diameters, ranging from 7 to 70 m, for the bubbly flow regime (see Figure 2.5C) 

for dispersant injection rates of 0.30 L/min. Increasing the injection rate to 1.0 L/min further 

reduced the droplet diameters as shown in Figure 2.5D. The transition to bubbly flow, a 

significant discovery, is preliminary indication of a critical dispersant concentration necessary to 

achieve high interfacial surface areas. To facilitate better understanding of the transition, we 

define the dimensionless dispersant flow rate, D, as, 

    
                    

               
 

  

  
       (2.12) 

 

where the total flow rate, FT, is the sum of the mineral oil (FO), dispersant (FD), and seawater 

(FW) flow rates. 
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Figure 2.4. Microscope photographs of the mineral oil-seawater multiphase flow through a 

microfluidic device for different injection rates of the Model Dispersant I: (A) FD = 0.02 μL/min, 

(B) FD = 0.04 μL/min, (C) FD = 0.06 μL/min, and (D) FD = 0.20 μL/min (FW = 5 μL/min; FO + 

FD = 5 μL/min for all tests). 

 
 

Figure 2.5. Photographs of mineral oil-seawater phase separation (with Model Dispersant I) 

through a microfluidic device under flow, (A) FD = 0.30 μL/min and (B) FD = 1.0 μL/min, and 

static conditions, (C) FD = 0.30 μL/min and (D) FD = 1.0 μL/min, where FW = 5 μL/min and FO + 

FD = 5 μL/min for all tests. 

Estimation of the mean slug length (Lmean) for different D values (Figure 2.6) elucidates the 

mass of dispersant needed to destabilize the mineral oil slugs. As can be seen in Figure 2.6, 

increasing D values from 0 to approximately 0.003 has no influence on Lmean values for Model 
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Dispersant I. However, Lmean values for Model Dispersants I, II, and III began to decrease for D 

values of 0.003, 0.0015, and 0.001, respectively. By D values of 0.010, Lmean of mineral oil 

droplets were 0.126 mm (I), 0.108 mm (II), and 0.064 mm (III). The plateau values illustrated in 

Figure 2.6 reveal that the mineral oil slug are stable until the concentration of the model 

dispersants are greater than a critical concentration. The critical concentrations of Model 

Dispersant I, II, and III are observed for dispersant flow rates of 0.012, 0.02, and 0.04 L/min, 

respectively. The corresponding dimensionless mass ratios of each model dispersant to the 

mineral oil are 7.7x10
-3

 (I), 4.1x10
-3

 (II), and 2.6x10
-3

 (III).  The resultant ratios undergird that 

increasing the kerosene mass fraction increases the critical mass ratio whereby emulsion 

formation is expected. 

 

Figure 2.6. Mean mineral oil slug length (Lmean) as a function of the dimensionless dispersant 

injection rate (ΘD×10
3
) measured by analyses of microscope images. The transition from stable, 

well-characterized slug flows to the bubbly microfluidic regime is illustrated for each Model 

Dispersant I, II, and III. 
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The mineral oil slugs remain stable prior to achieving the critical concentration of dispersant 

as the surface tension decreases and the dispersant molecules construct a monolayer at the liquid-

liquid interfaces. Dispersant molecules accumulate at the interface until the critical concentration 

is achieved, whereby the surface tension decreases to its minimum limit and the slugs start to 

break-up. As D values increase beyond the critical values, the dispersant molecules need 

additional mineral oil-water interface to occupy, which results in the transformation of mineral 

oil slugs into dispersed mineral oil droplets (i.e., an emulsion). In marine environments, wave 

motions govern the phase behavior of crude oil slicks. Identifying the critical mass addition of 

dispersants that effectively break-up oil slicks into dispersed droplets is key to minimizing 

environmental risks and to maximizing the crude oil surface-to-volume ratio (i.e., maximizing 

the bacteria consumption rate) before crude oil slicks have enough time to reach coastal 

shorelines.  

2.4.3. RTDs of single- and multi-phase flows 

 

Experimental analysis of dispersion in multiphase microfluidics, which builds on the 

classical residence time distribution theory previously derived, offers additional insights on the 

mineral oil-seawater system. As a first step, the dispersion in single-phase seawater within the 

microfluidic device was investigated. A tracer molecule, 0.04 wt% sodium benzoate in seawater, 

was injected into the carrier seawater solvent. Figure 2.7 shows the absorbance of sodium 

benzoate in seawater at different concentrations. The maximum absorbance wavelength of 225 

nm was chosen to increase the signal-to-noise ratio, which improves the precision of the 

measurements especially at low absorbance. Flow rates of seawater single-phase flow of 2.00, 

4.00, 10.00 and 20.00 L/min were studied. Estimations of the dimensionless residence time 

distribution function, E(), by Equation (2.4) were made and the results reported in Figures 2.8A  
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Figure 2.7. UV-Vis absorbance of sodium benzoate in seawater. 

 

Figure 2.8. RTD measurements of mineral oil and seawater flows. (A) Absorbance as a function 

of time for seawater injections and (B) their corresponding E(θ) values as a function of 

dimensionless time (θ). (C) Absorbance as a function of time for mineral oil-seawater multiphase 

flows and (D) their corresponding E(θ) values as a function of dimensionless time (θ). 
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and B. The corresponding parameters were calculated using Equations (2.5) through (2.7) and 

(2.10), and they are reported in Table 2.4. As the flow rate increased from 2.00 to 20.00 L/min, 

the mean residence time decreased from 8.35±0.19 to 0.85±0.003 min (see Table 2.4), and the 

peak width of the absorbance decreases (Figure 2.8A) while the peak width of E() curves 

increases (Figure 2.8B).  Furthermore, Table 2.4 confirms that increasing the flow rate increases 

the vessel dispersion number and Bo because differences between the centerline fluid velocity 

and the zero wall velocity (i.e., the no-slip boundary condition at the microchannel wall) are 

greater. 

Table 2.4. Comparison of dispersion for single-phase RTDs at different flow rates. 

Total Flow 

rates 

(μL/min) 

u 

 (×10
-2
 

m/s) 

τ  

(min) 

σ
2 

(min
2
) 

σθ
2 

 

D*/(uL) 

 

D* 

(×10
-5 
m

2
/s)

 
Bo 

2.00 0.188 8.35±0.19 3.56 0.0166 0.0083 0.88 400 

4.00 0.376 4.18±0.05 1.68 0.0188 0.0094 2.00 800 

10.00 0.940 1.68±0.006 0.48 0.0275 0.0132 6.97 1990 

20.00 1.880 0.85±0.003 0.17 0.0387 0.0182 19.3 3980 

 

Dispersion of the tracer molecule in multiphase flow was next evaluated under the same flow 

rate conditions and using Equations (2.4), (2.5), and (2.8) through (2.10). Figures 2.8C and 2.8D 

illustrate the absorbance and the resulting E() curves for total flow rates of of 2.00, 4.00, 10.00 

and 20.00 L/min.  As shown in Figure 2.8D and Table 2.5, (D*/uL) values are independent of 

the flow rate, which is not surprising in well-mixed segmented flow. Values of (D*/uL) ~0.003, 

significantly less than those reported in Table 4 for single-phase flow, confirm that segments of 

mineral oil dispersed in seawater confine the tracer molecule. The result is in agreement with 

previously reported observations for gas-liquid flows
46, 59

. Values of Bo ranging from 400 to 

4,000 in both the single- and multiphase flows confirms the convective flux to dominate the 

diffusive flux in the radial direction. Eliminating the diffusive and the convective communication 
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between segments in the axial direction, as we will soon see, creates an ideal microfluidic 

condition that can be exploited to identify when the addition of dispersants breaks up the slugs 

into dispersed droplets (i.e., an emulsion).  

Table 2.5. Comparison of dispersion for multi-phase RTDs at different flow rates. 

Total Flow 

rates 

(μL/min) 

u 

 (×10
-2
 m/s) 

τ 

(min) 

σ
2 

(min
2
) 

σθ
2 

 

D*/(uL) 

 

D* 

(×10
-5 

m
2
/s)

 

Bo 

2.00 0.188 12.1±0.2 1.69 0.0059 0.0030 0.31 420 

4.00 0.376 5.83±0.09 0.71 0.0063 0.0032 0.66 850 

10.00 0.940 2.51±0.04 0.21 0.0060 0.0030 1.57 2120 

20.00 1.880 1.22±0.02 0.04 0.0062 0.0031 3.22 4240 

 

 nalyses of the tracer molecule’s absorbance in liquid-liquid mineral oil-seawater multiphase 

flow offer additional insight on the influence of the model dispersants. As shown in Figure 2.9A, 

the tracer molecule absorbance injected into the seawater carrier solvent (in the absence of any 

model dispersant) generates a histogram distribution with alternating absorbance from one 

immiscible phase to the other. Figures 2.9B, 2.9C, and 2.9D illustrate the destabilization of the 

multiphase segmented flow as D values increase from 0.5x10
-3

 to 4x10
-3

 to 10x10
-3

. Not only 

does the maximum absorbance increase with increasing D values but stochastic peaks outside 

the distribution function also appear as the droplets are dispersed. Re-plotting the E() curves by 

substituting data of Figures 2.9A, 2.9C, and 2.9D into Equation (2.4) yields Figure 2.10. The 

maximum of the dimensionless distribution function E() decreases as D values increase from 0 

to 0.004 to 0.010, which signifies axial communication between the immiscible liquid-liquid 

segments.  Recall that axial dispersion was neither observed in Figures 2.8C and 2.8D nor in the 

results of Table 2.5. As the slugs break-up into dispersed droplets, via the addition of Model 

Dispersant I, axial dispersion is made possible. Table 2.6 further exemplifies the observation as 

the resulting calculated (D*/uL) and Bo values increase from 3.0x10
-3

 to 4.0x10
-3

 and from 2100  
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Figure 2.9. RTDs of mineral oil-seawater multi-phase flows with (A) no dispersant (Fw = FO = 5 

μL/min; FD = 0; ΘD (×10
3
) = 0), and for varying dimensionless injection rates of Model 

Dispersant I: (B) ΘD (×10
3
) = 0.5, (C) ΘD (×10

3
) = 4, and (D) ΘD (×10

3
) = 10. 

 

Figure 2.10. Dimensionless E(θ) curves of mineral oil-seawater multi-phase flow for different 

dimensionless dispersant injection rates. 
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Table 2.6. Comparison of dispersion for varying dimensionless dispersant concentrations. 

ΘD 

(×10
3
) 

Total Flow 

rates 

(μL/min) 

u 

 (×10
-2
 m/s) 

τ 

(min) 

σθ
2 

 

D*/(uL) 

 

D* 

(×10
-5 
m

2
/s)

 
  

(×10
-10 

m
2
/s) 

Bo 

0 10.00 0.940 2.51±0.04 0.0060 0.0030 1.57 6.68 2120 

4 10.00 0.940 2.17±0.03 0.0071 0.0035 1.83 5.73 2480 

10 10.00 0.940 2.04±0.03 0.0080 0.0040 2.09 5.02 2830 

 

  

to 2800 with increasing D values in the range from 0 to 0.010. Our general observations support 

that changes in the Bodenstein number measured in immiscible liquid-liquid segmented flows 

indicate the dispersant-induced transition from stable slug flow to the bubbly flow regime. 

Understanding the criteria, as previously stated, are key to minimizing environmental risks and 

to maximizing the crude oil surface-to-volume ratio before crude oil slicks have enough time to 

reach coastal shorelines.  

2.5. Conclusions  

 

Chemical dispersants reduce the mass of crude oil that contaminates coastal shorelines during 

oil spill catastrophe, which protects the wetlands and the beaches from the spreading oil. 

Quantifying the mass of dispersants needed is crucial to minimizing the mass released into the 

environment. Microfluidic analysis of mineral oil-seawater multiphase flows elucidates that a 

critical concentration of dispersant exists to transform stable slug flows into the bubbly flow 

regime. Our analysis of the mean slug size for different dimensionless model dispersant injection 

rates yields the mass ratio of dispersant to mineral oil that generates emulsions. The 

dimensionless mass ratio values are key to scaling up from the laboratory to full-scale systems 

that operate in calm seas (i.e., We < 1).  dditional knowledge on the dimensionless mass ratios 

for real crude oil systems could potentially identify the critical mass of dispersant needed during 

emergency oil spill remediation. 
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Measurements of the residence time distributions of seawater single- and mineral oil-

seawater multi-phase flows, laden with dispersants, also provide insight on the influence of 

model dispersants. Increasing the dimensionless dispersant injection rate was observed to 

increase convective dispersion, which was confirmed by estimations of the vessel dispersion 

number, the molecular diffusivity, and the Bodenstein number. The observations undergird that 

microfluidics are useful laboratory techniques to identify the transition to bubbly flow where 

bacteria consumption rates could potentially be enhanced while minimizing the dispersant mass 

introduced into calm-sea marine environments. Classical reactor design analogies are 

omnipresent towards the discovery of global knowledge that mitigates the severity of 

environmental disasters. 

Acknowledgements 

 

Financial support from the Dauphin Island Sea Lab MESC BP-GRI is gratefully 

acknowledged.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

31 

 

References 

 

1. Kujawinski, E. B.; Kido Soule, M. C.; Valentine, D. L.; Boysen, A. K.; Longnecker, K.; 

Redmond, M. C. Fate of dispersants associated with the Deepwater Horizon oil spill. Environ. 

Sci. Technol. 2011, 45 (4), 1298-1306. 

 

2. Clayton, J. R.; Payne, J. R.; Farlow, J. S.; Sarwar, C. Oil spill dispersants: mechanisms of 

action and laboratory tests; Science Applications International Corp., San Diego, CA (United 

States)1993. 

 

3. Lessard, R. R.; DeMarco, G. The significance of oil spill dispersants. Spill Science & 

Technology Bulletin 2000, 6 (1), 59-68. 

 

4. Fiocco, R. J.; Lewis, A. Oil spill dispersants. Pure Appl. Chem. 1999, 71 (1), 27-42. 

 

5. Guyomarch, J.; Le Floch, S.; Merlin, F.-X. Effect of suspended mineral load, water salinity 

and oil type on the size of oil–mineral aggregates in the presence of chemical dispersant. Spill 

Science & Technology Bulletin 2002, 8 (1), 95-100. 

 

6. Chandrasekar, S.; Sorial, G. A.; Weaver, J. W. Dispersant effectiveness on oil spills–impact of 

salinity. ICES Journal of Marine Science: Journal du Conseil 2006, 63 (8), 1418-1430. 

 

7. Hessel, V.; Angeli, P.; Gavriilidis, A.; Löwe, H. Gas-liquid and gas-liquid-solid 

microstructured reactors: contacting principles and applications. Ind. Eng. Chem. Res. 2005, 44 

(25), 9750-9769. 

 

8. Jensen, K. F. Microreaction engineering—is small better? Chem. Eng. Sci. 2001, 56 (2), 293-

303. 

 

9. Günther, A.; Jensen, K. F. Multiphase microfluidics: from flow characteristics to chemical and 

materials synthesis. Lab Chip 2006, 6 (12), 1487-1503. 

 

10. Losey, M. W.; Schmidt, M. A.; Jensen, K. F. Microfabricated multiphase packed-bed 

reactors: characterization of mass transfer and reactions. Ind. Eng. Chem. Res. 2001, 40 (12), 

2555-2562. 

 

11. Hartman, R. L.; Jensen, K. F. Microchemical systems for continuous-flow synthesis. Lab 

Chip 2009, 9 (17), 2495-2507. 

 

12. Hartman, R. L.; Naber, J. R.; Buchwald, S. L.; Jensen, K. F. Multistep microchemical 

synthesis enabled by microfluidic distillation. Angew. Chem. Int. Ed. 2010, 49 (5), 899-903. 

 

13. Hartman, R. L.; Sahoo, H. R.; Yen, B. C.; Jensen, K. F. Distillation in microchemical 

systems using capillary forces and segmented flow. Lab Chip 2009, 9 (13), 1843-1849. 

 



 

32 

 

14. Yen, B. K.; Günther, A.; Schmidt, M. A.; Jensen, K. F.; Bawendi, M. G. A Microfabricated 

Gas–Liquid Segmented Flow Reactor for High‐Temperature Synthesis: The Case of CdSe 

Quantum Dots. Angew. Chem. 2005, 117 (34), 5583-5587. 

 

15. Marre, S.; Park, J.; Rempel, J.; Guan, J.; Bawendi, M. G.; Jensen, K. F. Supercritical 

Continuous‐Microflow Synthesis of Narrow Size Distribution Quantum Dots. Adv. Mater. 

2008, 20 (24), 4830-4834. 

 

16. Watts, P.; Wiles, C. Recent advances in synthetic micro reaction technology. Chem. 

Commun. 2007,  (5), 443-467. 

 

17. Roberge, D. M.; Ducry, L.; Bieler, N.; Cretton, P.; Zimmermann, B. Microreactor 

technology: a revolution for the fine chemical and pharmaceutical industries? Chem. Eng. 

Technol. 2005, 28 (3), 318-323. 

 

18. Pennemann, H.; Watts, P.; Haswell, S. J.; Hessel, V.; Löwe, H. Benchmarking of 

microreactor applications. Org. Process Res. Dev. 2004, 8 (3), 422-439. 

 

19. Kockmann, N.; Gottsponer, M.; Zimmermann, B.; Roberge, D. M. Enabling Continuous‐

Flow Chemistry in Microstructured Devices for Pharmaceutical and Fine‐Chemical Production. 

Chemistry-A European Journal 2008, 14 (25), 7470-7477. 

 

20. Jensen, K. F. Silicon-based microchemical systems: Characteristics and applications. MRS 

Bull. 2006, 31, 101-107. 

 

21. Jähnisch, K.; Hessel, V.; Löwe, H.; Baerns, M. Chemistry in microstructured reactors. 

Angew. Chem. Int. Ed. 2004, 43 (4), 406-446. 

 

22. Fletcher, P. D.; Haswell, S. J.; Pombo-Villar, E.; Warrington, B. H.; Watts, P.; Wong, S. Y.; 

Zhang, X. Micro reactors: principles and applications in organic synthesis. Tetrahedron 2002, 58 

(24), 4735-4757. 

 

23. Geyer, K.; Codee, J. D.; Seeberger, P. H. Microreactors as Tools for Synthetic Chemists—

The Chemists' Round‐Bottomed Flask of the 21st Century? Chemistry-A European Journal 

2006, 12 (33), 8434-8442. 

 

24. Geyer, K.; Gustafsson, T.; Seeberger, P. H. Developing continuous-flow microreactors as 

tools for synthetic chemists. Synlett 2009, 2009 (15), 2382-2391. 

 

25. Haswell, S. J.; Middleton, R. J.; O’Sullivan, B.; Skelton, V.; Watts, P.; Styring, P. The 

application of micro reactors to synthetic chemistry. Chem. Commun. 2001,  (5), 391-398. 

 

26. Haswell, S. J.; Watts, P. Green chemistry: synthesis in micro reactors. Green Chemistry 

2003, 5 (2), 240-249. 

 



 

33 

 

27. Hessel, V.; Löwe, H. Organic synthesis with microstructured reactors. Chem. Eng. Technol. 

2005, 28 (3), 267-284. 

 

28. Song, H.; Tice, J. D.; Ismagilov, R. F. A microfluidic system for controlling reaction 

networks in time. Angew. Chem. 2003, 115 (7), 792-796. 

 

29. Hatakeyama, T.; Chen, D. L.; Ismagilov, R. F. Microgram-scale testing of reaction 

conditions in solution using nanoliter plugs in microfluidics with detection by MALDI-MS. J. 

Am. Chem. Soc. 2006, 128 (8), 2518-2519. 

 

30. Zheng, B.; Ismagilov, R. F. A microfluidic approach for screening submicroliter volumes 

against multiple reagents by using preformed arrays of nanoliter plugs in a three‐phase 

liquid/liquid/gas flow. Angew. Chem. Int. Ed. 2005, 44 (17), 2520-2523. 

 

31. Gerdts, C. J.; Sharoyan, D. E.; Ismagilov, R. F. A synthetic reaction network: chemical 

amplification using nonequilibrium autocatalytic reactions coupled in time. J. Am. Chem. Soc. 

2004, 126 (20), 6327-6331. 

 

32. Cubaud, T.; Ho, C.-M. Transport of bubbles in square microchannels. Physics of Fluids 

(1994-present) 2004, 16 (12), 4575-4585. 

 

33. Triplett, K.; Ghiaasiaan, S.; Abdel-Khalik, S.; Sadowski, D. Gas–liquid two-phase flow in 

microchannels Part I: two-phase flow patterns. Int. J. Multiphase Flow 1999, 25 (3), 377-394. 

 

34. Zhao, T.; Bi, Q. Co-current air–water two-phase flow patterns in vertical triangular 

microchannels. Int. J. Multiphase Flow 2001, 27 (5), 765-782. 

 

35. Fogler, H. S. Elements of chemical reaction engineering. Pearson Education, Inc.: New 

Jersey, 2006. 

 

36. Levenspiel, O. Chemical reaction engineering; 3rd ed.; Wiley: New York, 1999. 

 

37. Lohse, S.; Kohnen, B. T.; Janasek, D.; Dittrich, P. S.; Franzke, J.; Agar, D. W. A novel 

method for determining residence time distribution in intricately structured microreactors. Lab 

Chip 2008, 8 (3), 431-438. 

 

38. Adeosun, J. T.; Lawal, A. Numerical and experimental studies of mixing characteristics in a 

T-junction microchannel using residence-time distribution. Chem. Eng. Sci. 2009, 64 (10), 2422-

2432. 

 

39. Günther, M.; Schneider, S.; Wagner, J.; Gorges, R.; Henkel, T.; Kielpinski, M.; Albert, J.; 

Bierbaum, R.; Köhler, J. Characterisation of residence time and residence time distribution in 

chip reactors with modular arrangements by integrated optical detection. Chem. Eng. J. 2004, 

101 (1), 373-378. 

 



 

34 

 

40. Amador, C.; Wenn, D.; Shaw, J.; Gavriilidis, A.; Angeli, P. Design of a mesh microreactor 

for even flow distribution and narrow residence time distribution. Chem. Eng. J. 2008, 135, 

S259-S269. 

 

41. Debling, J. A.; Zacca, J. J.; Ray, W. H. Reactor residence-time distribution effects on the 

multistage polymerization of olefins—III. Multi-layered products: impact polypropylene. Chem. 

Eng. Sci. 1997, 52 (12), 1969-2001. 

 

42. Zacca, J. J.; Debling, J. A.; Ray, W. H. Reactor residence time distribution effects on the 

multistage polymerization of olefins—I. Basic principles and illustrative examples, 

polypropylene. Chem. Eng. Sci. 1996, 51 (21), 4859-4886. 

 

43. Zacca, J. J.; Debling, J. A.; Ray, W. H. Reactor residence-time distribution effects on the 

multistage polymerization of olefins—II. Polymer properties: bimodal polypropylene and linear 

low-density polyethylene. Chem. Eng. Sci. 1997, 52 (12), 1941-1967. 

 

44. Commenge, J.-M.; Obein, T.; Genin, G.; Framboisier, X.; Rode, S.; Schanen, V.; Pitiot, P.; 

Matlosz, M. Gas-phase residence time distribution in a falling-film microreactor. Chem. Eng. 

Sci. 2006, 61 (2), 597-604. 

 

45. Trachsel, F.; Günther, A.; Khan, S.; Jensen, K. F. Measurement of residence time distribution 

in microfluidic systems. Chem. Eng. Sci. 2005, 60 (21), 5729-5737. 

 

46. Aris, R. On the dispersion of a solute in a fluid flowing through a tube. Proceedings of the 

Royal Society of London. Series A. Mathematical and Physical Sciences 1956, 235 (1200), 67-

77. 

 

47. RE Thiers, A. R., K Delander. Origin of the lag phase of continuous-flow analysis curves. 

Clinical chemistry 1971, 17 (1), 42-48. 

 

48. Dessimoz, A.-L.; Cavin, L.; Renken, A.; Kiwi-Minsker, L. Liquid–liquid two-phase flow 

patterns and mass transfer characteristics in rectangular glass microreactors. Chem. Eng. Sci. 

2008, 63 (16), 4035-4044. 

 

49. Khan, S. A. Microfluidic synthesis of colloidal nanomaterials. Massachusetts Institute of 

Technology2006. 

 

50. Kashid, M. N.; Gerlach, I.; Goetz, S.; Franzke, J.; Acker, J.; Platte, F.; Agar, D.; Turek, S. 

Internal circulation within the liquid slugs of a liquid-liquid slug-flow capillary microreactor. 

Ind. Eng. Chem. Res. 2005, 44 (14), 5003-5010. 

 

51. Kashid, M. N.; Agar, D. W. Hydrodynamics of liquid–liquid slug flow capillary 

microreactor: flow regimes, slug size and pressure drop. Chem. Eng. J. 2007, 131 (1), 1-13. 

 



 

35 

 

52. Garstecki, P.; Fuerstman, M. J.; Stone, H. A.; Whitesides, G. M. Formation of droplets and 

bubbles in a microfluidic T-junction—scaling and mechanism of break-up. Lab Chip 2006, 6 (3), 

437-446. 

 

53. Zhao, Y.; Chen, G.; Yuan, Q. Liquid‐liquid two‐phase flow patterns in a rectangular 

microchannel. AlChE J. 2006, 52 (12), 4052-4060. 

 

54. Li, M.; Garrett, C. The relationship between oil droplet size and upper ocean turbulence. 

Marine Pollution Bulletin 1998, 36 (12), 961-970. 

 

55. Delvigne, G. A. In On scale modeling of oil droplet formation from spilled oil, International 

Oil Spill Conference, 1991; American Petroleum Institute, pp 501-506. 

 

56. Hinze, J. Fundamentals of the hydrodynamic mechanism of splitting in dispersion processes. 

AlChE J. 1955, 1 (3), 289-295. 

 

57. Delvigne, G. Oil Spill Conference 1985, 507-514. 

 

58. Milgram, J. H.; Donnelly, R. G.; Van Houten, R. J.; Camperman, J. M. Effects of Oil Slick 

Properties on the Dispersion of Floating Oil into the Sea; DTIC Document1978. 

 

59. Kreutzer, M. T.; Günther, A.; Jensen, K. F. Sample dispersion for segmented flow in 

microchannels with rectangular cross section. Anal. Chem. 2008, 80 (5), 1558-1567. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

36 

 

 

 

 

 

 

 

CHAPTER 3 

MICROFLUIDIC INVESTIGATION OF THE DEPOSITION  

OF ASPHALTENES IN POROUS MEDIA 

(Cover article in Lab Chip. 2014, 14, 2014-2022) 

 

Abstract 

The deposition of asphaltenes in porous media, an important problem in science and 

macromolecular engineering, was for the first time investigated in a transparent packed-bed 

microreactor (μPBR) with online analytics to generate high-throughput information. Residence 

time distributions of the μPBR before and after loading with ~29 μm quartz particles were 

measured using inline UV-Vis spectroscopy. Stable packings of quartz particles with porosity of 

~40% and permeability of ~500 mD were obtained. The presence of the packing materials 

reduced dispersion under the same velocity via estimation of dispersion coefficients and the 

Bodenstein number. Reynolds number was observed to influence the asphaltene deposition 

mechanism. For larger Reynolds numbers, mechanical entrapment likely resulted in significant 

pressure drops for less pore volumes injected and less mass of asphaltenes being retained under 

the same maximum dimensionless pressure drop. The innovation of packed-bed microfluidics for 

investigations on asphaltene deposition mechanisms could contribute to society by bridging 

macromolecular science with microsystems. 
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3.1. Introduction 

Miniaturization has broadly advanced the physical and chemical rate principles of organic 

chemistry, in large part, by providing high-throughput knowledge that bridges molecular level 

and laboratory-scale understandings. The ultimate goal of integrating online analytical analyses 

with microscale devices that yield directly scalable knowledge to real-world scenarios, albeit 

maturing, remains a vital limitation of the field. High molecular weight aromatics, such as 

asphaltenes, are difficult to characterise because of the complexity of their chemistry. 

Deciphering the science of such macromolecular aromatics impacts the sustainability of 

upstream conventional and unconventional energy production, chemicals manufacture, 

transportation systems, and the residential and commercial building industries. Tremendous 

potential exists for lab-on-a-chip devices to discover science that directly scales-up to make 

societal contributions. 

Asphaltenes are macromolecular aromatics, and similar to amino acid derived 

macromolecules (e.g., proteins, DNA, etc.) they are challenging to characterise due to their 

thermodynamic and functional complexities. They are the most complex component of crude oil. 

As a result, asphaltenes are commonly defined as the toluene-soluble, light n-alkanes-insoluble 

component of a specific crude oil or other carbonaceous materials such as bitumen and coal
1,2

. 

They are the heaviest and most polarisable components. Asphaltenes obtained from crude oil 

using n-heptane as a precipitant are usually dark-coloured, fragile solids with C : H ratios of ~1 : 

1.2 and specific gravity of ~1.2. They consist primarily of aromatic polycyclic clusters and 

heteroatoms (e.g., N, S, O), as well as trace amount of metals such as V, Fe, and Ni. Similarities 

exist between asphaltenes and some lower molecular weight fine chemicals and pharmaceuticals. 

Merit exists for the green hydrothermal cracking of asphaltenes into fine chemical and 
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pharmaceutical precursors. Even after decades of academic investigations, understandings of 

asphaltenes structures
2–11

, behaviours at heterogeneous interfaces,
10,12–15

 aggregation and 

solubility,
4,11,16–26

 precipitation and depositions,
26–39

 dissolutions,
40–42

 and the characterization of 

asphaltenes bearing media,
37,43–45

 all remain essential topics of research in this important area of 

science. 

Many factors, such as changes in the temperature, pressure, composition, and shear rate 

cause asphaltenes to precipitate and deposit on heterogeneous surfaces.
1
 In upstream petroleum 

and natural gas production, instabilities of asphaltenes within subterranean porous media creates 

the potential to adversely affect production rates.
46–48

 Two recognized models describe 

asphaltene deposition in porous media: adsorption and mechanical entrapment.
47

 Adsorption is 

reversible with asphaltenes desorbing from siliceous and/or carbonate surfaces as their bulk 

concentrations decrease. Mechanical entrapment (e.g., hydrodynamic bridging) is a physical 

blocking process of pore throats by precipitated asphaltene particles. Remediation techniques 

have been studied in order to understand how to mitigate the outcomes of either mechanism on 

production rates.
49

 Conventional macroscale laboratory techniques, however, mask the intrinsic 

mechanisms and their relationship to asphaltene science. 

Microfluidic systems allow for the precise control of conditions to study chemistry.
50–57

 The 

high surface-to-volume ratios attainable in microscale devices and their reduced characteristic 

length scales within heterogeneous systems minimize the heat and mass transfer resistances, 

which suggests that microfluidic systems offer advantages in studying intrinsic flow and reaction 

behaviour relative to conventional macroscopic systems.
51

 The nature of porous media itself 

represents highly parallelized nanofluidic and microfluidic chemical reactors. Macroscale 

systems are commonly used to capture the science of chemical reactions in porous media, yet 
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their non-invasive design overlooks key molecular and microscale, mechanistic information. 

Engineering packed-bed microreactors potentially creates a way to study chemical reactions in 

situ when unsteady-state time scales are magnitudes less than geological equilibrium conditions. 

The precipitation of asphaltenes in continuous flow, microchemical reactors,
58–61

 in our example, 

offers a novel approach to overcome the transport limitations while discovering the scalable 

nature of the kinetic parameters that characterise their deposition mechanisms in porous media. 

In the present work, microfluidic devices were designed and fabricated in silicon and Pyrex, 

for the first time, to develop high-throughput understanding of the deposition of asphaltenes in 

porous media. Our quartz packed-bed microreactor with online analyses provides a ubiquitous 

platform to study the deposition of asphaltenes in micro-scale tortuous flows, which bridges the 

knowledge gap between molecular level events and macro-scale reservoir productions. The 

porosity loss and permeability impairment of the porous media before and after damages were 

also studied. The results of asphaltene deposition demonstrate packed-bed microreactors as 

promising microfluidic tools that could yield mechanistic understanding of high molecular 

weight aromatics for a broad cross-section of science. 

3.2. Experimental 

3.2.1. Chemicals 

Toluene and acetone (HPLC grade) were obtained from EMD (Millipore, USA). Ethanol 

(absolute) and n-heptane (HPLC grade) were purchased from Alfa Aesar (Ward Hill, MA, USA). 

Quartz sand (30–40 mesh) was acquired from VWR International (West Chester, PA, USA). All 

liquids were used without further purification. 
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3.2.2. Device fabrication, layout, and analytics 

Empty microreactors (EμPBR) were fabricated from 1 mm polished single-crystal silicon 

wafers and capped with 1.1 mm Pyrex wafers. The fabrication process primarily included 

photolithography (spin-coating, exposure, and development), deep reactive ion etching (DRIE), 

cleaning, anodically bonding of silicon wafers to Pyrex, and dicing into chips, as shown in 

Figure S3.1a of the ESI. Figure 3.1a illustrates a fabricated EμPBR with dimensions of 

5.0×1.8×0.21 cm. Here, the microchannel is 300 μm in depth and 9 mm in width. Near the outlet, 

30 rows of cylindrical pillars of 20 μm in diameter were etched 20 μm apart, as depicted in the 

SEM micrograph of Figure 3.1b. Quartz particle sizes were designed such that the largest particle 

size was less than one fourth of the minimum microchannel depth of 300 μm to avoid aspect 

ratios that lead to bridging,
61

 i.e., less than 75 μm. The starting material, 30–40 mesh quartz 

sands, was grinded by mortar and pestle in the presence of water. Particles were separated and 

collected using 635 mesh and 500 mesh sieves. The remaining ultrafine particles were removed 

by ultrasonic bath treatments. Microscope photographs, e.g., Figure 3.1c. acquired using an 

optical microscope, were used to calculate the quartz particle size number distribution, as shown 

in Figure 3.1d. From Figure 3.1d, mean particle sizes of 29 μm were estimated ranging from 17–

38 μm. The packed bed was prepared by injecting the ~29 μm quartz particles dispersed in 

absolute ethanol into the EμPBR using a 5 mL syringe. Figure 3.1e shows the packaged system 

loaded with quartz particles, which creates a native packed-bed microreactor (μPBR). Figure 

S3.1b further illustrates the underside fluidic connections the packaged system. 

 

 



 

41 

 

 

 

 

 
 

Figure 3.1. (a) Photograph of the EμPBR with dimensions of 5.0×1.8×0.21 cm. (b) SEM 

micrographs of 20 μm pillars. (c) Microscope photograph and (d) estimated size distribution of 

the quartz particles. (e) Photograph of the packaged system with water circulation connections. (f) 

Schematic flow diagram of the experimental setup used to study the deposition of asphaltenes in 

the μPBR. 

 

The experimental setup used to study asphaltene depositions is shown schematically in 

Figure 3.1f. Two high-pressure pumps (Teledyne ISCO, Lincoln, NE, USA) were used to inject 

4 g/L asphaltene in toluene (40 vol%) and n-heptane (60 vol%) at constant flow rates. Inline 

check valves (IDEX Health & Science, Oak Harbor, WA, USA) prevented back flows of the 
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liquids. Two pressure-reducing valves (IDEX Health & Science, Oak Harbor, WA, USA) were 

installed inline as relief devices. Asphaltenes dissolved in toluene and n-heptane were mixed in a 

stainless steel T-union within an ultrasonic bath (VWR International, West Chester, PA, USA) to 

ensure no accumulations upstream of the μPBR. Inline pressure transducers (500 psi, Honeywell 

Sensing & Control, Golden Valley, MN, USA), connected to the entrance and exit of the 

microreactor, enabled online analyses of pressure drops. The packaged μPBR interconnected to a 

heated circulating bath (Honeywell Sensing & Control, Golden Valley, MN, USA) maintained 

theμPBR temperature on-chip of 70.0 °C. A 5 psi back-pressure regulator (IDEX Health & 

Science, Oak Harbor, WA, USA) maintained constant pressure at the μPBR outlet, and it 

established fluidic resistance in order to minimize the possibility of microchanneling within the 

μPBR. 

3.2.3. Measurements of residence time distributions (RTDs) 

Residence time distributions were measured using a continuous inline UV-Vis spectroscopy 

system, as shown in Figure 3.2. As shown in Figure 3.2a, a syringe pump (PHD 2000, Harvard 

Apparatus, Holliston, MA, USA) and 5 mL SGE glass syringes were used to inject n-heptane 

(carrier solvent) at flow rates of 10.00, 20.00, 40.00, 80.00, and 160.0 μL/min. A microscale 

injector (Figure 3.2b, IDEX Health & Science, Oak Harbor, W , US ) with a 1.0 μL sample 

loop of acetone (20 vol% in n-heptane) delivered the tracer inline and upstream of the μPBR. 

Axial dispersion of the tracer was measured using inline UV-Vis spectroscopy (Figure 3.2c, 

Ocean Optics, Dunedin, FL, USA) at the outlet of the μPBR. The peak absorbance wavelength of 

277 nm (Figure 3.2d) was chosen to maximize the signal-to-noise ratio, which improved the 

resolution of dilute tracer concentration measurements. The microscale injector, packaged μPBR, 

and UV-Vis spectroscopy were interconnected by 0.005" tubing in order to reduce the dead 
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volume. The light source was allowed to warm-up for at least 20 min before performing RTD 

experiments.  

 

 

 
 

 

Figure 3.2 (a) Schematic diagram of continuous inline UV-Vis spectroscopy used to obtain 

RTD measurements. (b) The microscale injector with a 1.0 μL sample loop (8 cm of 0.005‖ 

I.D. red tubing), and (c) flow cell integrated with a 400 μm I.D. quartz capillary. (d) 

Measurements of the UV-Vis absorbance (at 277 nm) of acetone in n-heptane at different 

concentrations. 

 

3.2.4. Preparation of asphaltenes 

Asphaltenes used in the present study were then-heptane insoluble fraction of a Wyoming 

crude oil deposit provided by Nalco Energy Services. The insoluble fraction was then dissolved 

in toluene. Passing the solution through a ceramic filter fitted with Whatman no. 1 filter paper 

separated the insoluble organic and inorganic material. Next, n-heptane was combined with the 

filtrate, the insoluble material collected, and the procedure repeated until no asphaltenes 
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precipitating out of the solution. The filtered asphaltene precipitates were then dried at 60.0 °C 

for 24 h. The dried asphaltenes (dark-coloured, friable solids) were used in the present work. 

3.3. Theoretical 

3.3.1. Axial dispersion model 

Residence time distribution theory and dispersion models in laminar flow microreactors have 

been previously described.
62

 Under open–open boundary conditions a molecule can pass the 

boundary several times
63

 and the system deviates from plug flow. The dimensionless residence 

time distribution function is given as,
64,65 

      
 

√       ⁄   
   * 

      

      ⁄   
+      (3.1) 

 

where D*is the dispersion coefficient, u the superficial velocity, and L the axial length of 

the microreactor. The maximum peak heights of E(θ) curves yield estimations of D*, and 

hence the ratio of convection to diffusion (i.e., the Bodenstein number, Bo =udE/  ) is 

estimated for known L/dE ratios of magnitude 10
2
 by combining into,

64 

   
    

 

               (3.2) 

Here, dE is the effective cross-sectional diameter of the microchannel, and   is the molecular 

diffusivity. Equation (3.1) and (3.2) characterise the extents of axial dispersion and molecular 

diffusion within μPBRs.  

3.3.2. Porosity, permeability, and skin factor of porous media 

In packed-beds, important parameters that characterize the porous media include the length 

of the packed-bed, L, the mean particle size, dP, and the interstitial fluid velocity, ui, 

      ∅          (3.3) 

 

where u is the superficial velocity, and ∅ is the porosity of the porous media (i.e., the void 

fraction).
66 
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Permeability describes how well a given liquid flows through a porous media, and it is 

controlled by pore sizes and their interconnectivity. The one-dimensional empirical equation 

discovered by Darcy continues to be widely adopted by engineers and scientists in their 

descriptions of porous media.
67

 Permeability can be estimated by Darcy's law,
68 

   
  

 

  

 
          (3.4) 

 

which describes the relationship between the flow rate in porous media, Q (e.g., m
3
/s or 

barrels per day, bpd), the cross-sectional area normal to the axial direction of flow, A (m
2
), 

the permeability, κ (m
2
 or mD, and 1 mD = 9.869233×10

−16
m

2
), the dynamic viscosity of 

the fluid, μ (Pa s or Cp), and the pressure drop across the packed-bed, ΔP (Pa or Psi). 

In porous media, the presence of solid particles themselves causes the diffusion paths 

of molecules to deviate from their original trajectories. Tortuosity should be considered to 

accurately estimate the role of porosity on diffusion, which is defined by,
69,70 

   
  

  
           (3.5) 

 

where Le and Ls are the actual length and the straight length of the molecule flow paths. 

Unlike∅,   values are challenging to directly measure. An empirical tortuosity–porosity 

relationship for unconsolidated sands has previously been described by,
70 

      ∅              (3.6) 

 

where the parameter values in equation (3.6) are A=1, n= 1 and m= 2.14. 

The hydraulic radius between the sand grains can be estimated by,
71

 

    
∅

   ∅ 

  

 
          (3.7) 

 

where dP is the mean particle size of the sand grains. 

The dimensionless van Everdingen–Hurst skin factor, s, commonly used to describe the 

extent of subterranean wellbore damage, is defined as,
71
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         (3.8) 

where h is the thickness of production zone. 

Reynolds number in a packed-bed, ReP, is defined as,
72

 

     
    

   ∅  
          (3.9) 

 

where ρ is the density of the solvent. Fully laminar conditions exist for ReP <10, while fully 

turbulent from >2000. Equation (3.3) through (3.9) characterise the extent asphaltene deposition 

within μPBRs has on fluid flow through the porous media. 

3.4. Results and discussion 

3.4.1. Porosity, permeability, and tortuosity of the μPBR 

Characterisations of an EμPBR free of quartz particles were first performed to establish the 

dimensionless constraints that govern the microfluidic system. Table 3.1 summarizes the 

experimental conditions achieved in the EμPBR and the corresponding dimensionless quantity 

estimates based on 40 vol% toluene and 60 vol% n-heptane solvent injections. In empty reactors 

(Table 3.1a), Reynolds number ranged from 0.25 to 4.1, and as a consequence laminar flow was 

established for residence times ranging from 0.28 to 4.50 min. Viscosities and densities of 

toluene andn-heptane at 70 °C were obtained from the work of others.
73–76

 Capillary numbers 

(Ca =μu/γ, where γ is the interfacial tension of the liquid) were estimated on the order of 10
−5

, 

while the Weber number (We =dEρu
2
/γ) ranged from 0.02 to 6.09×10

−5
. Therefore, surface 

tension dominated over the inertial forces within the EμPBR. The ratio of Ca/Re =μ
2
/(dEργ) was 

estimated to be 0.37×10
−5

 (see Figure S3.2), which is much smaller than a previously reported 

value of mineral oil–seawater systems
62

 due to the small viscosity and larger effective 

microchannel diameter. Estimation of the same quantities of μPBRs required first understanding 

the porosity of the porous media. 
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A μPBR was characterised in order to establish the dimensionless constraints that govern the 

microfluidic systems via RTD measurements. Figure 3.3 and S3.3 show the dimensionless RTDs 

of the EμPBR and the μPBR.  s the flow rates through the EμPBR increased from 10.00 to 

40.00 μL/min, the mean residence times decreased from 7.97 ± 0.05 to 2.02 ± 0.02 min, and 

from 5.35±0.03 to 1.35±0.02 min for the μPBR (see Table S3.1). The variance σ
2
 decreased from 

2.13 to 0.17 for the EμPBR, and it decreased from 1.51 to 0.16 for the μPBR (see Table S3.2). 

The magnitudes of variances are indications of the ―spread‖ of the distributions. Figure S3.3a 

confirmed the shrinkage. The mean volume obtained from RTD measurements was 80.2 ± 0.6 

μL for the EμPBR and 53.8 ± 0.3 μL for the μPBR, as reported in Table 3.2 for ―μPBR 1‖. The 

difference between the two, 26.4 μL, corresponds to the volume occupied by quartz particles.  

 

Table 3.1. Experimental conditions and dimensionless quantity estimates for EμPBR and μPBR 

  (I) (II) (III) (IV) (V) (VI) 

 

(a) 

EμPBR 

Total flow rate, FT (μL/min) - 10.00 20.00 40.00 80.00 160.0 

Mean velocity, u (x10
-4
 m/s) - 0.62 1.23 2.46 4.92 9.84 

Re - 0.25 0.51 1.02 2.04 4.08 

Ca (x10
-5
) - 0.09 0.19 0.38 0.76 1.52 

We (x10
-5
) - 0.02 0.09 0.38 1.52 6.09 

  (min) - 4.50 2.25 1.13 0.56 0.28 

 

(b) 

μPBR 

Total flow rate, FT (μL/min) 8.00 10.00 20.00 40.00 80.00 160.0 

Interstitial velocity, ui (x10
-4
 

m/s) 

1.23 1.54 3.09 6.17 12.3 24.7 

ReP (x10
-2
) 0.55 0.69 1.38 2.76 5.52 11.0 

τP (min) 2.25 1.80 0.90 0.45 0.23 0.11 

 

 

 

The resulting packing efficiency and the porosity of the μPBR were 58.7% and 41.3%, 

respectively. The corresponding Reynolds number calculated using equation (3.9) is reported in 

Table 3.1b. As is evident in Table 3.1, the interstitial velocity within the μPBR was much larger 

than the mean velocity in the EμPBR for the same volumetric flow rate. Reynolds number in the 
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μPBR ranged from 0.55 to 11.0×10
−2

 (i.e., <10), and thus laminar flows were confirmed for 

residence times ranging from 0.11 to 2.25 min. 

 

 

 

 

Figure 3.3. RTD measurements of the EμPBR and the μPBR. E(θ) values as a function of 

dimensionless time (θ) for (a) the EμPBR and (b) the μPBR. The volumetric flow rates ranged 

from 10.00 to 160.0 μL/min. 

 

The extent of dispersion was evaluated in both the EμPBR and the μPBR. Tracer experiments 

in n-heptane single-phase flows report the dimensionless RTDs of Figure S3.3b, which compares 
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E(θ) values as a function of dimensionless time (θ) for both microreactors given the same 

velocity of 1.23 ×10
−4

 m/s. The maximum peak heights of 3.55 (for the μPBR) and 2.73 (for the 

EμPBR) yield estimations of (D*/uL) using equation (3.1). As shown in Table S3.2, (D*/uL) is 

1.24 ×10
−2

 within the EμPBR and 7.5×10
−3

 within the μPBR for a velocity of 1.23×10
−4

 m/s. As 

a consequence, the packing reduced axial dispersion. From Figure 3.3a and b, one observes the 

maximum peak height decreased with increasing volumetric flow rate for both the EμPBR and 

the μPBR. The corresponding values of (D*/uL) are reported in Table S3.2. From equation (3.2), 

values of   were calculated to be 0.85×10
−8

 m
2
/s (for the EμPBR) and 0.32×10

−8
 m

2
/s (for the 

μPBR), which yielded Bo values. Values of Bo, ranged from 10 to 10
3
 in both the EμPBR and 

the μPBR, which confirms that convective forces dominated over diffusive forces. One observes 

in Figure 3.3a and b that the maximum peaks shifted left for both the EμPBR and the μPBR as 

the flow rates increased. Some degree of back-mixing, by dispersion, was likely present within 

the microreactors.
64,77

 

To confirm the reproducibility of the packing efficiency, four μPBR were prepared 

and the porosities determined by estimations of their RTDs (∅RTD). Values of ∅RTD, 

ranging from 39.1 to 41.3%, were estimated and reported in Table 3.2. Quartz masses 

within each μPBR were also measured, and the corresponding porosity (∅mass) estimated 

from 38.3 to 40.3%. Using equation (3.4) and (3.6), permeability and tortuosity were also 

estimated to range from 501–575 mD and 1.68–1.73, respectively. The resultant 

diffusivity within μPBRs (i.e., 0.32×10
−8

 m
2
/s) is less than that within the EμPBR (i.e., 

0.85×10
−8

 m
2
/s), yet of the same order of magnitude. As shown in Table 3.2, the 

hydraulic radii calculated from equation (3.7) were ~3.2 μm. The preparation of μPBRs 

with quartz particles was highly reproducible. 
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Table 3.2. Porosity, permeability and tortuosity of the packed quartz particles 
 

Reactor V 

 (μL) 
∅𝑅𝑇  

(%) 

m 

(mg) 
∅mass 

(%) 

𝜅 

(mD) 

  rH 

(μm) 

EμPBR 80.2±0.6 - 0 - - 1 - 

μPBR 1 53.8±0.3 41.3 71.2 40.3 575 1.68 3.37 

μPBR 2 52.8±0.4 39.1 73.6 38.3 501 1.73 3.11 

μPBR 3 53.5±0.4 40.6 71.7 39.9 557 1.69 3.31 

μPBR 4 53.1±0.2 39.7 72.4 39.2 524 1.71 3.23 
 

 

3.4.2. The solubility of the asphaltenes and their deposition in μPBRs 

As a next step in understanding asphaltene deposition, their solubility in n-heptane was 

measured using inline UV-Vis spectroscopy. The solubility of asphaltenes in n-heptane (0 to 90 

vol%) in toluene was investigated. Mixtures of n-heptane and 4 g/L asphaltenes in toluene at 

varying ratios were stirred and maintained for 24 h at 70.0 °C before filtration using Whatman no. 

3 filter paper. The absorbance of asphaltenes in the filtrates was measured using UV-Vis 

spectroscopy (at 286 nm) and the results shown in Figure 3.4 (black squares). 

 

Figure 3.4. UV-Vis absorbance of asphaltenes at 286 nm in the filtrates, and the corresponding 

precipitated weight percent of asphaltenes (wt%) for different n-heptane volume fractions 

(vol%). 
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Contaminated filter papers were dried and the mass measured. As seen in Figure 3.4, the 

precipitated wt% corresponds to different n-heptane volume fractions. The absorbance of 

asphaltenes decreased from 1.23 to 5.0×10
−3

 as the volume fraction of n-heptane increased from 

0 to 90 vol%. The precipitated asphaltenes were 93.8 wt% for an n-heptane volume fraction of 

60 vol% at 70.0 °C. The relationship between the anticipated solubility of the asphaltenes for 

different volume fractions was therefore established, which enabled the design of experiments 

for asphaltene depositions in μPBRs. 

Depositions of the asphaltenes within μPBRs (i.e., damaged μPBRs, denoted by DμPBRs) 

were next studied using microscopy. The influence of Reynolds number (ReP) was investigated 

in the next set of experiments for constant temperature. Asphaltenes dissolved in toluene 

(concentration of 4 g/L) and n-heptane were delivered into the μPBR at an n-heptane 

concentration of 60 vol% for varying total flow rates from 7.50 to 40.00 μL/min and ReP ranging 

from 0.52 to 2.76×10
−2

. Figure 3.5a shows an example photograph of the deposition of 

asphatlenes in the DμPBR for different pore volumes (t/τP) obtained by CCD camera. Values of 

ReP = 1.38×10
−2

 and the initial porosity of 40.6% within the μPBR were estimated.  s seen in 

Figure 3.5a, no obvious channelling was observed up to 77.0 pore volumes, as the colour of the 

DμPBR changed uniformly. Uniform deposition of asphaltenes was observed under these 

conditions and before plugging. 

 nalyses of fluidic resistances and μPBR-characterizations further revealed the deposition of 

the asphaltenes within DμPBRs. Figure S3.4 shows the influence of the flow rate on the pressure 

drop as a function of time, and Figure 3.5b illustrates the corresponding dimensionless pressure 

drop as a function of the pore volumes of 4 g/L asphaltenes in toluene injected. One observes in 

Figure 3.5b that Reynolds number influenced the number of pore volumes necessary to obtain 
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dimensionless pressure drop values of 225. The DμPBRs plugged in less pore volumes injected 

as the ratio of the inertial-to-viscous forces increased. Interestingly, Table 3.3 shows that as ReP 

decreased from 2.76×10
−2

 to 0.52 ×10
−2

 the mass of asphaltenes deposited increased from 1.1 to 

2.1 mg. The corresponding damaged porosities were estimated to range from 0.949–0.902 of the 

original. The porosity of the DμPBR was calculated from the mass of deposited asphaltenes, 

which was measured by closing the mass balance (i.e., the difference between the mass flow rate 

of asphaltenes in and out of each DμPBR). The mass of asphaltenes in the waste collector and 

tubing were also measured by flushing with toluene. Reynolds number clearly plays an important 

role on the mechanism of asphaltene deposition within μPBRs. 

 

 

Figure 3.5. (a) Photographs of the deposition of asphaltenes in the DμPBRs obtained using a 

CCD camera for different pore volumes. (b) Influence of Reynolds number on the dimensionless 

pressure drop as a function of pore volumes of 4 g/L asphaltenes in toluene injected. 
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Table 3.3. Influence of Reynolds number on μPBR impairments that generated DμPBR 

Test Pore  

volumes 

ReP 

(x10-2) 
∅        𝜅        

(mD) 

mtotal 

 (mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅    𝑔 

∅       
 

𝜅    𝑔 

𝜅       
 

s 

(x103) 

  

   
 

1 68 2.76 39.7±0.59 520±4.5 4.9 3.8±0.14 1.1 0.949 0.005 3.46 225 

2 68 1.38 41.7±0.46 580±3.7 5.1 4.1±0.15 1.0 0.956 0.004 4.19 134 

3 68 0.69 40.7±0.32 556±2.9 5.0 4.6±0.29 0.4 0.982 0.020 0.85 13 

4 68 0.52 40.4±0.73 557±6.6 5.0 4.8±0.09 0.2 0.991 0.050 0.33 3.7 

5 77 1.38 40.6±0.98 560±10.2 5.5 4.1±0.20 1.4 0.936 0.002 6.86 225 

6 77 0.69 40.5±0.55 556±4.9 5.5 4.9±0.19 0.6 0.973 0.007 2.46 37 

7 77 0.52 39.9±0.53 529±5.3 5.4 5.2±0.17 0.2 0.991 0.048 0.35 3.9 

8 96 0.69 40.3±0.56 550±4.7 7.0 5.3±0.32 1.7 0.922 0.001 12.7 225 

9 96 0.52 41.1±0.40 570±3.2 7.1 6.8±0.19 0.3 0.986 0.045 0.37 4.2 

10 115 0.52 40.5±0.31 550±4.2 8.4 7.1±0.39 1.3 0.941 0.012 3.21 15.3 

11 133 0.52 39.7±0.66 524±6.3 9.5 7.4±0.35 2.1 0.902 0.001 17.2 225 

 

3.4.3. The deposition mechanisms and dispersion within DμPBRs 

The mechanism of the deposition process and its impact on permeability impairment are 

evident upon further evaluation of their relationships to Reynolds number. Statistically, a larger 

number of asphaltene particles passed through pore throat entrances along stream lines for a 

given number of pore volumes at larger ReP compared to smaller ReP, which ultimately lead to 

hydrodynamic bridging.
78

 At smaller ReP, precipitated asphaltenes likely penetrated further into 

DμPBRs and uniformly, resulting in gradual dimensionless pressure drop increases. The porosity 

loss (∅damage/∅initial) of Table 3.3 was more severe at smaller ReP under the same dimensionless 

pressure drop of 225. 

Table 3.3 also reports the permeability impairment (κdamage/κinitial) ranging from 0.001 to 

0.058, and the dimensionless skin factor of 0.33 ×10
3
 to 12.7 ×10

3
 calculated by equation (3.8). 

The viscosity of the mixture at 70.0 °C was obtained from the work of others.
73,74

 Fluctuations of 

the curves of Figure 3.5b at small ReP of 0.69 and 0.52×10
−2

 are explained by the relationship 

between the interstitial velocity and the critical velocity necessary to transport desorbed 

asphaltene particles at quartz particle surfaces. Under such near equilibrium conditions, 



 

54 

 

previously deposited asphaltene particles desorb from quartz surfaces and begin to move with the 

flow. The pressure drop then increases when the transported asphaltene particles were trapped or 

absorbed once again on surfaces. The overall deposition process was the combination of 

asphaltene absorption and desorption and asphaltenes mechanical entrapment.
47

 Larger relative 

ratios of the inertia to the viscous forces favour mechanical entrapment. 

 nalyses of RTDs of DμPBRs and their comparison to μPBRs reveal the influence of 

impairments on axial dispersion. The RTDs of DμPBRs were measured after injecting 115 pore 

volumes for ReP of 0.52×10
−2

. Figure S3.5 shows the RTDs of the EμPBR, μPBR, and DμPBRs. 

One observes in Figure S3.5a that the maximum absorbance of a DμPBR shifted left by 

comparison of the values of the μPBR, which is attributed to the deposition of asphaltenes. The 

difference in mean volumes between the μPBR (53.5 ± 0.4 μL) and the DμPBR (52.5 ± 0.3 μL) 

was 1.0 μL, which corresponds to ∅damage/∅initial values of 94.5%. The result was also 

approximated from the mass accumulated of 1.3 mg, which corresponds to a volume decrease of 

~1.1 μL and ∅damage/∅initial values of 94.5%. Figure 3.6 and Table 3.4 demonstrate that in general 

axial dispersion increased with increasing ReP(RTD) values. The same trend was observed for 

ReP(RTD) values ranging from 0.86 ×10
−2

 to 3.44 ×10
−2

 for μPBRs (I and III) and DμPBRs (II and 

IV), separately. For a given ReP(RTD), however, axial dispersion was reduced by the deposition of 

the asphaltenes at 70.0°C. No significant channeling was observed in DμPBRs, as illustrated by 

the single mode of Figure 3.6 (i.e., the by-bass model does not accurately describe the system).
66

 

The design of μPBRs, their characterization, and integration with online analytics lay the 

groundwork for understanding nanofluidic by-pass pore throat models that predict DμPBRs. 

Such information is ubiquitous towards revealing the relationship of the two deposition 

mechanisms and the dimensionless constraints that describe macroscale scenarios. 



 

55 

 

Table 3.4. Dispersion within μPBR and DμPBRs for different Reynolds numbers 

  ui 

(x10
-4 
m/s) 

ReP(RTD) 

(x10
-2
) 

σ
2
 

(min
2
) 

σθ
2
 

 

D*/(uL) 

 

D* 

(x10
-8
 m

2
/s) 

Bo 

(a) 

μPBR 

2.46 0.86 0.85 0.018 0.0086 3.60 90 

9.84 3.44 0.07 0.023 0.0112 18.8 360 

15.4 5.38 0.04 0.025 0.0120 31.4 563 

(b) 

DμPBR 

2.46 0.86 1.02 0.016 0.0079 3.31 85 

9.84 3.44 0.09 0.021  0.0101 16.9 340 

15.4 5.38 0.04 0.024 0.0113 29.6 531 

 

 

 

Figure 3.6. Comparison of E(θ) values as a function of dimensionless time (θ) for Reynolds 

numbers of 0.86 ×10
−2

 (I and II) and 3.44 ×10
−2

 (III and IV) within μPBR (I and III) and 

DμPBRs (II and IV). 

 

3.5. Conclusions 

The deposition of asphaltenes in porous media, an important problem in science and 

macromolecular engineering, was for the first time investigated in transparent packed-bed 

microreactors with online analytics to generate high-throughput information. Highly 

reproducible, stable packings of quartz particles with porosity of ~40% and permeability of ~500 

mD were designed. The presence of the quartz particles reduced axial dispersion under the same 
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velocity via estimations of the dispersion coefficients and the Bodenstein number. The 

deposition of asphaltenes decreased axial dispersion. 

The high-throughput chemical and microfluidic information revealed the influence of 

Reynolds number on asphaltene deposition within packed-bed microreactors. For low Reynolds 

numbers, evidence of asphaltene adsorption onto quartz particle surfaces was revealed. For larger 

Reynolds numbers, mechanical entrapment likely resulted in significant pressure drops for less 

pore volumes injected and less mass of asphaltenes being retained under the same maximum 

dimensionless pressure drop. In general, the mass of asphaltenes deposited increased as Reynolds 

number decreased for the same pore volumes injected. As a consequence, the corresponding 

porosity loss increased and the permeability decreased. No significant channelling was evident in 

any scenario. The innovation of packed-bed microfluidics for investigations on asphaltene 

deposition mechanisms promises to contribute to society by bridging macromolecular science 

with microsystems. 
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Supporting information 

 

 

 
 

Figure S3.1. (a) Schematic fabrication process of the μPBR. (b) Backside view of the packaged 

system.  

 
Figure S3.2. Dimensionless characterization of Capillary and Reynolds numbers. 
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Figure S3.3. Residence time distribution measurements of n-heptane flow in EμPBR and μPBRs. 

(a) Absorbance as a function of time at different flow rates ranging from 10.00 to 40.00 μL/min, 

and (b) comparison of E(θ) values as a function of dimensionless time (θ) at the same velocity of 

1.23x10
-4

 m/s in EμPBR and μPBRs. 

 

 

Figure S3.4. Influence of flow rates on the pressure drop as a function of time. 
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Figure S3.5. Residence time distribution measurements of n-heptane flow in EμPBR, μPBR, and 

DμPBRs. (a) Absorbance as a function of time at 10.00 μL/min, and (b) comparison of E(θ) 

values as a function of dimensionless time (θ) at the same velocity of 1.23x10
-4

 m/s in EμPBR, 

μPBR, and DμPBRs. 

 

 
 

Figure S3.6. Comparison of E(θ) values as a function of dimensionless time (θ) at the Reynolds 

number of 0.86, 3.44 and 5.38x10
-2

 in a μPBR, and DμPBR. 
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Table S3.1. Mean volume obtained from residence time distribution measurements 

 
Reactor FT 

(μL/min) 

τ 

(min) 

V 

(μL) 

 VMean 

(μL) 

(a) 10.00 7.97±0.046 79.70  

EμPBR 20.00 4.01±0.044 80.20 80.20±0.55 

 40.00 2.02±0.015 80.80  

(b) 10.00 5.35±0.025 53.50  

μPBR 1 20.00 2.71±0.034 54.10 53.80±0.30 

 40.00 1.35±0.017 53.80  

 

Table S3.2. Dispersion within the EμPBR and a μPBR for different flow rates. 

 FT 

 (μL/min) 

u or ui 

(x10
-4 
m/s) 

σ
2
 

(min
2
) 

σθ
2
 

 

D*/(uL) 

 

D* 

(x10
-8
 m

2
/s) 

Bo 

 

(a) 

EμPBR 

10.00 0.62 2.13 0.027 0.0115 1.21 13 

20.00 1.23 0.62 0.026 0.0124 2.59 26 

40.00 2.46 0.17 0.026 0.0134 5.60 52 

80.00 4.92 0.06 0.028 0.0145 12.1 104 

160.0 9.84 0.03 0.031 0.0159 26.6 208 

(b) 

μPBR 

8.000 1.23 2.63 0.015 0.0075 1.57 45 

10.00 1.54 1.51 0.017 0.0081 2.12 56 

20.00 3.09 0.54 0.019 0.0090 4.73 113 

40.00 6.17 0.16 0.021 0.0103 10.8 225 

80.00 12.3 0.05 0.024 0.0117 24.5 450 

160.0 24.7 0.02 0.027 0.0130 54.5 900 
 

 

Table S3.3. Dispersion within EμPBR, μPBR and DμPBR for different flow rates. 

 FT 

(μL/min) 

u or ui 

(x10
-4 
m/s) 

σ
2
 

(min
2
) 

σθ
2
 

 

D*/(uL) 

 

D* 

(x10
-8
 m

2
/s) 

Bo 

(a) 

EμPBR 

10.00 0.62 2.13 0.027 0.0115 1.21 13 

20.00 1.23 0.62 0.026 0.0124 2.59 26 

(b) 

μPBR 

10.00 1.54 1.51 0.017 0.0081 2.12 56 

8.000 1.23 2.63 0.015 0.0075 1.57 45 

(c) 

 DμPBR 

10.00 1.63 1.38 0.015 0.0074 2.05 57 

7.550 1.23 2.79 0.013 0.0063 1.32 43 
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CHAPTER 4 

HIGH-THROUGHPUT PACKED-BED MICROREACTORS WITH IN-LINE ANALYTICS 

FOR THE DISCOVERY OF ASPHALTENE DEPOSITION MECHANISMS 

(AIChE J. 2014, 60, 3534-3546) 

 

Abstract 

Understanding asphaltene nanoaggregation kinetics is a key to predicting the deposition in 

pure quartz-grain porous media. High-throughput quartz packed-bed microreactors (μPBRs) 

were, therefore, designed to provide mechanistic insights by merging oilfield chemistry and 

microchemical systems. Inline UV-Vis spectroscopy and pressure transducer were used to 

characterize the stable packing of quartz particles with porosity of ~40% and permeability of 

~5.5x10
-13

 m
2
. Temperature (25.0–90.0 C), n-heptane composition (50.0–80.0 vol%), and n-

alkane (n-C5 to n-C9) were all observed to influence asphaltenes deposition in the porous media, 

and reduced dispersion was obtained in the damaged packed-bed by estimating disperision 

coefficients and the Bodenstein number. Deposition by mechanical entrapment dominated the 

mechanism in all scenarios, as discovered by the simplified Kozeny-Carman and Civan’s 

permeability-porosity relationships. The results could aid in the design of remediations that 

minimize production losses of considerable economic magnitude. 
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4.1. Introduction 

Asphaltene science broadly impacts chemicals manufacturing, transportation, roofing, and 

energy production. Every barrel of crude oil produced upstream is comprised of natural gas, 

hydrocarbon, and aqueous phases. The potential for thermodynamic instabilities of asphaltenes 

within hydrocarbon phases necessitates understanding asphaltene accumulation mechanisms: a 

global problem in upstream conventional and unconventional energy production that also 

influences downstream chemicals refining. Asphaltene science in general is important to green 

chemistry and sustainability. Tremendous potential exists for lab-on-chip devices to make 

significant contributions across broad fields of science where molecular, nano-, and micro-scale 

understandings of asphaltene science are needed. 

The precipitation and the resultant deposition of crude oil asphaltenes (i.e., asphaltene 

instability) is complex and problematic during oil production, transportation, and refining 

operations
1-12

. Due to their complexity, asphaltenes are defined by the solubility characteristics 

and not by a specific chemical compound. In the laboratory, asphaltenes are often defined as the 

n-heptane (or n-pentane) insoluble, toluene soluble components of a given crude oil. This 

definition of asphaltenes captures the most aromatic and polar components of a given crude oil, a 

broad molecular fingerprint, which challenges the determination of some fundamental 

asphaltenes parameters, such as molecular weight and solution behavior. The chemical 

composition, molecular structure, and other intrinsic properties vary with reservoir geography, 

pressure, temperature, and precipitant type
1
. Changes in reservoir pressure, temperature, and bulk 

fluid composition
13

 are known to create asphaltene instability, and as a result their precipitation 

and deposition.  Amidst such complex chemistry, universal science that connects the laboratory 

to production scenarios is highly sought after and for great reason. 



 

69 

 

Asphaltene precipitation and deposition can occur on any reservoir production surface, 

especially within the near-wellbore region where the pore volumes are confined and component 

concentrations achieve their maximum values
14-16

. The onset of precipitation occurs at the upper 

asphaltene precipitation pressure, and the rate achieves a maximum at the solvent bubble point
15

.  

Subsequent asphaltene deposition leads to the accumulation of organic material that constrains 

reservoir fluid flows. There are two widely accepted deposition models: adsorption and 

mechanical entrapment. In adsorption, asphaltene nanoparticles physically adsorb on porous 

media surfaces due to affinity, polarity, or other attractive forces. This process is reversible and 

its contribution to total mass deposited depends on the surface characteristics
17

. In mechanical 

entrapment, surface deposition, entrainment, and pore-throat plugging can all contribute to 

deposition
15

. Both deposition mechanisms reduce porosity and impair permeability, and in turn 

reservoir production rates effectively decline. Mechanical pigging and squeeze injection 

treatments are common operational techniques that remediate such damage. Mechanical pigging 

removes asphaltene deposits from the production casing downstream of the reservoir fluids 

exiting the porous media
18

. Squeeze injection treatments, on the other hand, target asphaltenes 

deposited within the porous reservoir matrix via chemical injection and shut-ins within the 

subterranean reservoir, and hence production is temporarily shutdown. Molecular, nano-, and 

micro-scale mechanistic insights are crucial for the accurate design of chemical remediation 

treatments that minimize the production losses during shut-ins while maximizing the production 

rates during the commencement of reservoir flow-backs.  

Microchemical systems, characteristic of high surface-area-to-volume ratios and reduced heat 

and mass transfer resistances
19-37

, serve as ideal systems to investigate flow and reaction in 

porous media science scalable from the laboratory to production. Microreactors have made 
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considerable advances in fine chemicals and pharmaceutical discovery and the rapid screening of 

catalysts.  The choice of microreactor materials
19,30,38-45

 depends on many factors, including the 

experimental conditions and ease of fabrication techniques. The advantages of silicon
19,42

 and 

glass
41,43-45

 microreactors are their capability of withstanding high pressures due to the bond 

strengths of the materials. In-situ analyses of chemical transformations performed with 

transparent microreactors introduces further versatility and the potential for understanding 

multiphase systems. Transparent packed-bed microreactors (μPBRs) are well suited but to date 

have not been designed to investigate the deposition of asphaltenes.  High-throughput chemical 

and physical information is readily available on demand by lab-on-chip designs that are capable 

of operating at high-pressures (>20 MPa) and temperatures (>350 C). The design of 

microsystems and their integration with online analytical techniques creates the potential to 

advance asphaltene science at characteristic length scales where computational techniques 

directly interface experimental laboratory techniques. 

In the present study, two fields of science were merged, oilfield chemistry and 

microchemical systems, to investigate the deposition of asphaltenes in porous media. A 

transparent μPBR was designed in attempt to bridge the knowledge gap between molecular level 

events and oilfield production. For the first time, porosity losses and permeability impairments of 

μPBRs were studied, and as a result the dominant asphaltene deposition mechanism was 

revealed.  The experimental results obtained in the present work could be useful in designing 

remediation treatments that minimize conventional and unconventional energy production losses 

of considerable economic magnitude.  
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4.2. Experimental 

4.2.1. Materials and instruments 

Ethanol (absolute), n-pentane (n-C5, 98 mol%), n-hexane (n-C6, HPLC grade), n-heptane (n-

C7, HPLC grade), n-octane (n-C8, 98 mol%), and n-nonane (n-C9, 99 mol%) were obtained from 

Alfa Aesar (Ward Hill, MA, USA). Toluene and acetone (HPLC grade) were purchased from 

EMD (Millipore, USA). BDH quartz sand (30-40 mesh) was acquired from VWR International 

(West Chester, PA, USA). All liquids were used without further purification.  

High-pressure syringe pumps (65DM) and PHD 2000 syringe pumps manufactured by 

Teledyne ISCO (Lincoln, NE, USA) and Harvard Apparatus (Holliston, MA, USA), 

respectively, were used in the present work. Check valves, pressure reducing valves, a 

microscale injector, and back pressure regulators were purchased from IDEX Heath & Science 

(Oak Harbor, WA, USA). UV-Vis spectroscopy and pressure transducers were obtained from 

Ocean Optics (Dunedin, FL, USA) and Honeywell Sensing & Control (Golden Valey, MN, 

USA), respectively.  

4.2.2. Preparation of asphaltenes and estimation of their solubility 

The asphaltenes used in the present work were obtained from Wyoming crude oil deposit 

provided by Nalco Energy Services Headquarters. The crude oil deposit was dissolved in 

toluene, and the solution media was filtered by Whatman No. 1 filter paper in order to remove 

the insoluble organic and inorganic impurities. Next, n-heptane was injected and the dissolved 

asphaltenes precipitated. The precipitates were collected by Whatman No. 1 filter paper and 

oven-dried at 60 C for 24 hours. 

The solubility of the recovered asphaltenes in mixtures of pure toluene and n-alkanes at 

temperatures ranging from 25.0 to 90.0 C were estimated. Mixtures of n-alkanes and 4 g/L 
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asphaltenes dissolved in toluene were maintained at constant temperatures for 24 hr and then 

filtered using Whatman No. 3 filter paper. UV-Vis spectroscopy was used to measure the 

absorbance of asphaltenes in the filtrates. The precipitated asphaltenes in the filter paper were 

dried and the masses measured via analytical balance.  

4.2.3. Fabrication of PBRs  

The transparent μPBRs were fabricated from a 1 mm polished single crystal silicon wafer 

and a 1.1 mm Pyrex wafer. Figure 4.1 schematically illustrates the fabrication process employed 

to create the microsystems, which primarily included (I) photolithography (spin-coating, 

exposure, and development), (II) deep reactive ion etching (DRIE), (III) cleaning, (IV) anodic 

bonding of the silicon wafer to the Pyrex wafer, and (V) dicing into chips. A photograph of the 

45 μL μPBR with dimensions of 5.0x1.8x0.21 cm is shown in Figure 4.2a. The microchannel is 

300 μm in depth and 9 mm in width. Near the exit, 30 rows of pillars of 20 μm in diameter are 

spaced 20 μm apart, as shown in Figure 4.2b. Figure 4.2c illustrates, each separately, the 

components of the μPBR system employed to study asphaltene accumulations. 

 

 

Figure 4.1. Schematic illustration of the fabrication process used to create μPBRs. 
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Figure 4.2. (a) Photograph of the μPBR. (b) SEM micrograph of pillars with diameter of 20m. 

(c) Separated components of the package system. (d) Microscope photograph and (e) the 

measured size distribution of quartz particles. (f) Schematic process flow diagram of the 

experimental setup used to study the deposition of asphaltenes in the μPBRs. 

 

Quartz particles were prepared from 30–40 mesh quartz sands by mortar and pestle in the 

presence of water. The smallest quartz particle fractions were collected using 500 and 635 mesh 

sieves. Ultrafine particles were removed by graduated cylinder introduced into an ultrasonic 

bath. Microscope photographs of the recovered particles were obtained (see Figure 4.2d), and the 

size distributions were estimated by measurements of samples of 100 particles per micrograph 

image as shown in Figure 4.2e. 
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4.2.4. Asphaltene deposition apparatus 

The process flow diagram engineered to study asphaltene accumulations in μPBRs is shown 

schematically in Figure 4.2f. Two high-pressure pumps were used to inject asphaltenes dissolved 

in toluene and n-alkanes into the μPBR at constant flow rates. Check valves ensured flow of 

fluids through the μPBR while pressure relief devices (set to 689 kPa) were integrated to avoid 

the worst-case scenario of pumping into a closed system. The reagents in two laminar flow 

streams were combined in a stainless steel T-union placed in an ultrasonic bath to prevent 

plugging. Inline pressure transducers (689 kPa) enabled the monitoring of the pressure drop 

inside the μPBR. The packaged compression chuck system was connected to a water bath to 

control the temperature ranging from 25.0–90.0 C. At the outlet of the μPBR, a backpressure 

regulator maintained the outlet pressure of the microreactor at 35kPa. 

4.2.5. Residence time distribution measurements 

Figure 4.3a illustrates the process flow diagram of the continuous inline UV-Vis 

spectroscopy system designed to measure the residence time distributions (RTDs) of the μPBR. 

Carrier solvent (n-heptane) in 5 mL SGE glass syringes was delivered using a Harvard Apparatus 

PHD 2000 syringe pump at constant flow rates of 40.00 L/min. A micro-scale injector (Figure 

4.3b) was used to inject 1.0 L of tracer (20 vol% acetone in n-heptane) inline. Tracer 

dispersions were monitored inline using UV-Vis spectroscopy at the outlet of the μPBR, where a 

flow cell with integrated 400 m I.D. quartz capillary (Figure 4.3c) was connected. The micro-

scale injector, packaged compression chuck, and the flow cell were interconnected using 0.005” 

I.D. PFA tubing to reduce the dead volume. As before, a backpressure regulator maintained a 

constant pressure at the microreactor outlet of 35 kPa. Both deuterium and halogen lamps on the 

light source were allowed to warm up for at least 20 min before performing RTD experiments. 



 

75 

 

Figure 4.3d shows the absorbance of acetone in n-heptane at concentrations ranging from 1.0 to 

20.0 vol%. The peak absorbance wavelength, 277 nm, was chosen to maximize the signal-to-

noise ratio and to improve the precision of the measurements, especially at low tracer 

absorbances. 

 

 
 

 

Figure 4.3. (a) Schematic process flow diagram of the continuous inline UV-Vis spectroscopy 

used to measure RTDs. (b) Microscale injector with 1.0 μL sample loop (8 cm of 0.005” I.D. 

tubing) and (c) flow cell with integrated 400 μm I.D. quartz capillary. (d) UV-Vis absorbance of 

acetone in n-heptane for different volume percentages. 
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4.3. Theoretical approach 

4.3.1. Characterization of porous media 

Permeability and porosity are two important parameters that characterize porous media. 

Permeability is the ability of porous media to allow gas or liquid to pass through, while porosity 

is the amount of void space in a porous media. Two arbitrary porous media systems can have the 

same porosities but exhibit different permeability. Estimation of permeability is of pivotal 

importance for the description of hydrocarbon recovery
46

. Permeability 𝜅  (  ) is commonly 

defined by Darcy’s law, obtained empirically, as a proportionality coefficient in the relationship 

between flow rate Q (    ) and pressure drop over a distance, expressed as
46,47

, 

  𝜅  
  

 

 

  
          (4.1) 

where   is the dynamic viscosity of the fluid (    ),   the cross-sectional area normal to the 

direction of flow (  ),    the pressure drop across the porous media (  ), and   is the axial 

length ( ). 

When precipitation occurs, for instance asphaltenes in hydrocarbon reservoirs, the extent of 

subterranean wellbore damage is commonly quantified by defining the dimensionless Skin 

Factor, which was originally considered by van Everdingen and Hurst
48

. The van Everdingen-

Hurst Skin Factor, s, is defined as
17,49

, 

     
     

  
          (4.2) 

where h is the characteristic thickness of the production zone.  

Porosity is given as the ratio of the volume of the void space,   , and total volume,  𝑇,
50

 

 ∅  
  

  
           (4.3) 

from which the actual fluid velocity ui can be obtained by
51

, 
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      ∅          (4.4) 

where   is the superficial velocity.  

Tortuosity of porous media is defined as the ratio of the actual length to the straight length of 

a molecules flow path
52,53

. When the flow paths are not readily available, a previously 

recognized empirical tortuosity-porosity relationship, given by,
53

 

      ∅              (4.5) 

estimates the tortuosity,  , where a = 1, n = 1 and m = 2.14 for unconsolidated sands systems.  

Important parameters that characterize packed-beds include the length of the packed-bed, L, 

the superficial fluid velocity u, and the mean particle size dp, from which the Reynolds number in 

a packed-bed, ReP, can be determined,
51

 

     
    

   ∅  
          (4.6) 

In packed-bed systems, laminar conditions exist for     < 10 and fully turbulent when     > 

2000.  The hydraulic radius, rH, is the cross-sectional, characteristic dimension of a cylindrical 

pore throat independent of a system’s geometry defined by the boundary conditions.  From the 

porosity, ∅, and the mean particle size, dP, the hydraulic radius is estimated by,
17

 

    
∅

   ∅ 

  

 
          (4.7) 

4.3.2. Dispersion model 

In our previous work
33

, dispersion models for plug flow and open-open systems were used to 

accurately characterize single- and multiphase flows in microfluidics. The vessel dispersion 

number, D*/uL, where D* is the dispersion coefficient and L the microchannel length, 

approximates the degree of axial dispersion. For large deviations from plug flow, open-open 

boundary conditions have been shown to accurately describe dispersion within packed-beds 

when the dimensionless RTD, E(), is described by, 
54
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      ⁄   
+      (4.8) 

The maximum peak heights of E() curves yield estimations of the vessel dispersion number, 

D*/uL, and the axial dispersion coefficient, D*. The ratio of convection to molecular diffusion, 

the Bodenstein number, Bo, defined as,
54

 

    
   

 
          (4.9) 

is estimated for known L/dE ratios of 10
2
 by combining,

54
 

   
    

 

               (4.10) 

into Equation (4.9). Here,   is the molecular diffusivity, and    is the effective microchannel 

diameter of the rectangular μPBR.  

4.3.3. Permeability-porosity relationships 

It is generally understood that no universal permeability-porosity relationship describes all 

porous media.  For packed columns, combining the Ergun equation with Darcy’s Law for 

laminar flow yields, 
49,55-58
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  ∅
           (4.11) 

which is also known as the simplified Kozeny-Carman equation. Equation (4.11) describes the 

permeability-porosity relationship of a packed column of same-sized particles through which the 

flow is laminar, where 𝜅  and ∅  are the initial permeability and porosity, respectively. Equation 

(4.11) accounts for geometric changes of the particles, specifically the particle size. For 

negligible changes in the particle size, asphaltene nanoaggregate adsorptions onto particle 

surfaces reduce ∅, and hence rH decreases according to Equation (4.7). Thus, Equation (4.11) 

approximates the influence of pore throat constriction on the permeability. The Civan’s power-

law flow unit equation, given by,
49,55,56,59-62
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 √
 

∅
   

∅

  ∅
            (4.12) 

describes changes in a packed column of particles where laminar flow induces the mechanical 

entrapment of ultra fine particles via pore throat plugging (e.g., hydrodynamic bridging). Here,   

and   are the exponent and interconnectivity parameters, and   is the cement exclusion factor 

(       , where    is the volume fraction of the cementation or grain consolidation in 

porous media). The values of the parameters vary in the range of    ,       , and 

∅       . For convenience in the plotting of the dimensionless permeability and porosity 

data, Equation (4.12) can be expressed by, 
49,55,62
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           (4.13) 

The best estimate values of the parameters   and   are determined using Equation (S4.1) by 

means of the least-squares fit of the experimental data of permeability and porosity, provided 

that   and   vary while   is approximately constant. Either Equation, (4.11) or (4.13), as will 

later be shown, yields insight on asphaltene deposition mechanisms within μPBR. 

Effect of migration of fine particles on permeability impairment and porosity loss in porous 

media can be estimated by calculating the dispersion coefficient of particles migrating in the 

flowing phase, D, by
63

,  

         ∅           (4.14) 

It is important to note that    here is the size of grain particles, not the size of deposition 

particles in the bulk flow.  

4.3.4. Vogel-Tammann-Fulcher (VTF) equation 

The VTF equation has been widely used to correlate the temperature dependent parameters 

of various physical and chemical processes, such as diffusivity, viscosity, emulsion stability, and 
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wettability related properties of porous media, among others
64-66

. The general VTF equation, as 

described by Civan, is expressed as
64,65

,  

           
 

𝑅 𝑇 𝑇  
         (4.15) 

where T and Tc are the actual and critical-limit absolute temperatures of the system, separately.  

Here, E is the activation energy of the system, R is the universal gas constant, f is a temperature 

dependent parameter, and  fc is the high temperature value of the parameter f  in the limit as (T-

Tc)     (also known as the pre-exponential coefficient). When Tc = 0, Equation (4.14) is 

converted into the Arrhenius expression. As will be shown in the next section, the experimental 

data of asphaltene solubility in mixture of 40.0 vol% toluene-60.0 vol% n-heptane, S, and 

permeability impairment, 𝜅    𝑔  𝜅       , will be correlated using VTF equation to elucidate 

the temperature dependence.  

4.4. Results and discussion 

4.4.1. Characterization of PBRs 

Understanding asphaltene accumulation in μPBRs begins with first principle 

characterizations of the microsystems themselves. Table S4.1 (reported as Supplementary 

Material) summarizes the experimental conditions and the characteristic dimensionless quantity 

estimates for the empty microreactor (EμPBR). From Table S4.1, Reynolds number (Re) of 1.02 

(for flow rates of 40.00 L/min) confirms the flow was laminar, while Capillary numbers (Ca) 

on the order of 10
-5

 and a Weber number (We) of 0.38x10
-5

 support that surface tension forces 

dominated instead of the inertial forces. The dimensionless quantity estimates for the EμPBR, 

exhibiting characteristic length scales of an order of magnitude larger than those anticipated 

within the packed-bed, elucidate that surface tension forces will also dominate during flow 

through the packed-bed of quartz particles.  From the micrograph and the distribution of Figures 
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4.2d and e, the quartz particles were measured to range from 20-40 m. The corresponding 

minimum characteristic aspect ratio of the microchannel height-to-particle size is 7.5, which 

ensured that convective jamming was avoided
34

 while injecting a quartz slurry (i.e., quartz 

particles suspended in absolute ethanol) with 5 mL glass syringes. The resultant μPBR loaded 

with quartz particles was used as the best case (i.e., free of asphaltene accumulations) for all 

experiments. 

Residence time distributions were next measured to determine the porosity within the μPBR.  

The tracer, 1.0 L 20.0 vol% acetone in n-heptane injected inline into the carrier n-heptane 

solvent, was analyzed downstream via UV-Vis spectroscopy (see Figure 4.3).  Figure 4.4 gives 

the RTD measurements (the absorbance and the dimensionless RTD, E()) during n-heptane 

flow in both EμPBR and μPBRs.  Mean residence times of 2.01±0.01 min and 1.33±0.01 min for 

EμPBR and μPBRs were estimated for flow rates of 40.00 L/min, respectively (see Figure 4.4a).  

The corresponding mean volume (obtained from RTD measurements) was 80.2±0.5 L for the 

EμPBR and 53.1±0.3 L for the μPBR. The volume difference of 27.1 L, the volume occupied 

by quartz particles, estimates the porosity of the packed-bed to be 39.7%.  Based on this porosity 

and a mean particle size, dR, of 29 m, the actual fluid velocity, ui, (calculated by Equation (4.4)) 

and Reynolds number in the packed-bed, ReP, (from Equation (4.6)) are reported in Table S4.1.  

Values of ui = 6.17x10
-4

 m/s were estimated to be larger than the mean velocity, u = 2.46 x10
-4

 

m/s, within the EμPBR. Values of ReP = 2.76x10
-2

 confirm laminar flow, as expected. 

Dispersion within the μPBR was characterized by analyses of the E() values of Figure 4.4b.  

Maximum E() peak height values of 3.13 for μPBR and 2.66 for EμPBR yield estimations of 

(D*/uL) from Equation (4.8). As shown in Table S4.2, (D*/uL) = 1.34x10
-2

 for the EμPBR and 

1.03x10
-2

 for the μPBR. As a consequence, the μPBR experienced reduced axial dispersion 
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compared to the EμPBR for the same injection rate of 40.00 L/min. Molecular diffusivity   

values were calculated (from Equation (4.10)) to be 0.85x10
-8

 m
2
/s in the EμPBR and of similar 

magnitude (0.32x10
-8

 m
2
/s) as in the μPBR, based on values of Bo obtained from Equation (4.9).  

Values of Bo = 52 in the EμPBR and 225 in μPBR were significantly less, as expected, than 

those previously reported in the range of 10
3
 to 10

4
 for ~150 m microchannels

33
. One further 

observes E() values of Figure 4.4b shift to the left for the μPBR compared to the EμPBR. These 

shifts indicate some degree of recirculation eddies within the μPBR 
67

. In all scenarios, however, 

convection dominates over molecular diffusion. 

(a)  

(b)  

Figure 4.4. Measured RTDs of n-heptane injected into EμPBR and μPBRs. (a) Absorbance as a 

function of time in EμPBR and μPBRs, and (b) comparison of E(θ) values as a function of 

dimensionless time (θ) in EμPBRs and μPBRs. 
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Table 4.1. Characteristics of quartz μPBR estimated by their RTDs. 

Reactor V 

 (μL) 
∅RTD 

(%) 

m 

(mg) 
∅mass 

(%) 

κ 

(x10
-13
 

m
2
) 

  rH 

(μm) 

EμPBR 80.20 - 0 - - 1 - 

μPBR 1 53.07 39.7 72.5 39.2 5.18 1.71 3.12 

μPBR 2 53.52 40.7 71.8 39.8 5.53 1.69 3.20 

μPBR 3 53.19 40.0 72.7 39.0 5.40 1.71 3.09 

μPBR 4 53.58 40.8 71.4 40.1 5.53 1.68 3.24 

 

Reproducibility was next evaluated by reloading the EμPBR with fresh quartz particles four 

times, each separately, and the resultant porosities determined by RTD (∅𝑅𝑇  . Table 4.1 reports 

the characteristics of each packed-bed. Values of ∅𝑅𝑇 , as seen in Table 4.1, ranged from 39.7 to 

40.8%. The masses of quartz particles within each microreactor were also measured, and the 

corresponding porosity (∅      estimated from 39.2 to 40.1%. Pressure drop measurements 

estimate the permeability ~5.5x10
-13

 m
2
 by Equation (4.1) and the tortuosity ~1.7 given by 

Equation (4.6). The hydraulic radius estimated by Equation (4.8) reveals pore throats of ~6.4 m. 

In all scenarios, parameter estimates demonstrate conclusively that reloading the packed-beds 

with quartz particles is highly reproducible. 

4.4.2. Influence of temperature on asphaltene accumulation 

The solubility of asphaltenes in mixtures of 40.0 vol% toluene-60.0 vol% n-heptane at 25.0, 

50.0, 70.0 and 90.0 C were investigated, each separately, to delineate the role of temperature on 

accumulation in μPBRs. Mixtures of 2.4 mL n-heptane and 1.6 mL toluene (with 4 g/L 

asphaltenes) were agitated in 20 mL vials for 24 hrs at each temperature and the insoluble 

fractions separated using Whatman No. 3 filter paper. The absorbances of asphaltenes in the 

filtrates were then measured using UV-Vis spectroscopy, as shown in Figure 4.5a, for each 

temperature condition. As can be seen, the absorbance wavelengths range from 275 to ~450 nm  
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(a) (b)  

(c)  

Figure 4.5. (a) UV-Vis absorbance of asphaltenes in 40 vol% toluene-60 vol% n-heptane 

filtrates.  (b) Precipitated wt% of asphaltenes recovered by filtration, and their corresponding 

absorbance at 286 nm at different operating temperatures. (c) Semi-log linear plot of the 

asphaltene solubility in toluene and n-heptane mixture as a function of reciprocal of temperature 

deviation from the critical-limit temperature value.  

 

with maxima of 286 nm for all temperatures. Figure 4.5b illustrates the absorbance maxima (at 

286 nm) increased over the temperature range, while the mass of the recovered precipitate 

decreased (i.e., the mass difference before and after filtration). The relationship between the UV-

Vis absorbance of light and the asphaltenes concentration in the filtrate was useful in identifying 
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the solubility. At 90.0 C, 89.7 wt% of asphaltenes precipitated, and the value increased to 96.3 

wt% at 25.0 C. The solubility of asphaltenes in mixtures of 40 vol% toluene-60 vol% n-heptane 

obviously increased as the temperature increased, which is consistent with the work of others
6
. 

Figure 4.5c is the semi-log linear plot of asphaltene solubility as a function of reciprocal of 

temperature deviation from the critical-limit temperature. Pre-exponential coefficient Sc, E/R, 

and Tc were determined to be 1.58 g/L, 536 K, and 136 K (-137 C), respectively. The results of 

Figure 4.5 were essential to successfully precipitate asphaltenes within the interstitial pore spaces 

of μPBRs.  

 sphaltenes were next precipitated within μPBRs for each temperature ranging from 25.0 to 

90.0 C. As shown in Figure 4.2f, 4 g/L asphaltenes in toluene and n-heptane were injected (at 

constant flow rates of 16.00 L/min and 24.00 L/min) into the μPBR of 35 kPa backpressure.  

The visual observations of the 70.0 C packed-beds of Figure 4.6 (obtained using a CCD camera) 

are noteworthy. The native packed-bed of porosity 39.8% was gradually damaged (from left to 

right in Figure 4.6) as the number of pore volumes injected, t/P, increased from 0–68.0. No 

significant channeling is evident from the color gradients of Figure 4.6. Interestingly, the inlet 

color was similar to the outlet after injecting > 1.0 pore volume, which supports that asphaltene 

accumulation was uniform throughout the packed-bed. Accumulations that impair the 

permeability are expected to increase fluidic resistances, and hence pressure drops according to 

Equation (4.1). As shown in Figure 4.7, the dimensionless pressure drop, P/P0, increased as a 

function of the pore volumes of 4 g/L asphaltenes in toluene injected. 
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Figure 4.6. Photographs of the μPBR during asphaltene accumulations for different pore 

volumes injected, t/P, obtained by CCD camera. 

 

Figure 4.7. Influence of temperature on the dimensionless pressure drop as a function of the pore 

volumes of 4 g/L asphaltenes in toluene injected. 

 

Gradual increases in P/P0 were initially observed with increasing t/P for values < 45. The 

steady P/P0 increases and oscillations > ±1 (leading up to about 45 pore volumes) indicate the 

adsorption and desorption of asphaltenes onto and from the quartz particle’s surfaces, as 

supported by Figure S4.1. Adsorption and desorption overlap with bulk kinetic processes. As 

deposition occurred in the packed-bed, the actual velocity increased continuously (from ui = 

6.0x10
-4

 m/s calculated by Equation (4.4)), especially near the inlet where supersaturation ratios 

are at their maxima. Once the critical actual velocity was obtained (~6.0x10
-3

 m/s),
68

 at which 
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point deposited asphaltenes desorbed from the quartz particle’s surfaces by inertial forces, the 

dimensionless pressure drop decreased and migration in the direction of flow of the precipitated 

asphaltenes occurred. Temperature clearly plays a role in the accumulation process as increasing 

the temperature from 25.0 to 90.0 C reduced the number of pore volumes for the differential to 

approach infinity. As an example, less pore volumes were needed at 90.0 C to obtain the same 

dimensionless pressure drop of 225 at a temperature of 25.0 C. These observations arise from 

the fact that the apparent onset time is reduced at higher temperatures
6
, and larger asphaltenes 

precipitate in the same time scale
6
. As a result, hydraulic channels of the porous media were 

―turned-off‖ and significant pressure buildups occurred in shorter relative time scales. The 

results of Figure 4.7 undergird that injections designed using Figure 4.5 indeed successfully 

damaged the μPBRs. The extents of the damages are summarized in Table 4.2. The packed-bed 

surfaces experience infinite residence time where apparent ―onset‖ precedes mechanical 

entrapment, which occurs when the asphaltenes are sufficiently small to undergo adsorption and 

desorption without significant surface or body forces acting on the nanoparticles, relative to 

particle-to-surface and particle-to-particle attraction. Nanoaggregation kinetics are clearly key in 

the deposition mechanism. 

Table 4.2. Influence of temperature (n-heptane 60.0 vol%) on μPBR impairments. 

Test t/P T 

( ) 
∅        𝜅        

(x10-13 m2) 

mtotal 

(mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅    𝑔 

∅       
 

𝜅    𝑔 

𝜅       
 

s 

(x103) 

  

   
 

1 56.0 90.0 39.7±0.92 5.18±0.066 4.0 3.4±0.05 0.6 0.972 0.005 4.04 225 

2 56.0 70.0 40.7±0.80 5.53±0.051 4.1 3.6±0.10 0.5 0.977 0.020 0.85 50 

3 56.0 50.0 40.0±0.70 5.40±0.046 4.0 3.5±0.03 0.5 0.977 0.051 0.28 20 

4 56.0 25.0 40.8±0.22 5.53±0.022 4.1 3.7±0.11 0.4 0.982 0.145 0.08 6.9 

5 68.0 70.0 39.7±0.59 5.13±0.043 4.9 3.8±0.19 1.1 0.949 0.005 3.46 225 

6 68.0 50.0 41.0±0.54 5.58±0.039 5.0 4.1±0.15 0.9 0.959 0.021 0.71 49 

7 68.0 25.0 40.9±0.38 5.54±0.037 5.0 4.3±0.12 0.7 0.968 0.063 0.18 16 

8 81.0 50.0 41.1±0.76 5.68±0.054 6.0 4.3±0.20 1.7 0.923 0.005 3.18 225 

9 81.0 25.0 40.2±0.13 5.59±0.019 5.9 4.8±0.09 1.1 0.949 0.028 0.41 36 

10 139 25.0 39.9±0.48 5.16±0.037 10.0 7.0±0.15 3.0 0.860 0.005 2.33 225 
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At lower temperatures (e.g., 25.0 C), a larger number of precipitated asphaltenes (smaller in 

size) flowed the same axial distance until deposition occurred (i.e., ease of penetration into the 

porous media). Furthermore, submicron particles undergo Brownian diffusion, which can play an 

important role in the process of particle transport to a pore’s surfaces
68

. The overall outcome was 

less impairment at 25.0 C as compared to experiments performed at higher temperatures, which 

is confirmed by the results of Table 4.2. Here, the porosity damage, ∅    𝑔  ∅       , was 

directly calculated from the measured mass of deposited asphaltenes (obtained by performing 

component mass balances and from the previously reported asphaltene S.G. = 1.2)
1
. Table 4.2 

also gives permeability impairment values, 𝜅    𝑔  𝜅        = 0.005–0.145, calculated from 

Equation (4.1) and the van Everdingen-Hurst Skin Factor, s = (0.07–3.58) x 10
3
, estimated from 

Equation (4.2). The results support that μPBRs were successfully engineered and damaged by 

asphaltene accumulations. 

Residence time distributions were next measured to validate the porosity damage calculations 

and to characterize dispersion within the damaged packed-bed microreactors (DμPBRs). As 

before, the tracer, 1.0 L 20.0 vol% acetone in n-heptane injected inline into the carrier n-

heptane (100 vol%) solvent, was analyzed downstream via UV-Vis spectroscopy (see Figure 

4.3).  Figure 4.8 reports RTD measurements for native μPBR and DμPBRs damaged after 

injecting 81.0 pore volumes of 4 g/L asphaltenes in toluene (60.0 vol% n-heptane) at 25.0 C. 

The corresponding mean volume difference of 0.85 L (between the μPBR and the DμPBRs), 

described by the dashed-line shift in Figure 4.8a, estimates (∅    𝑔  ∅       )𝑅𝑇 
 = 0.952.  

Comparison to the calculated value of 0.949 from Table 4.2 (Test 9) demonstrates excellent 

agreement between the mass balance approach and measurement of RTDs. Based on the 

measured RTD porosity and a mean particle size, dR, of 29 m, the actual fluid velocity, ui, 
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(calculated by Equation (4.4)) and Reynolds number in the packed-beds, ReP(RTD), (from 

Equation (4.6)) are reported in Table 4.3.   

 

Table 4.3. Dispersion in μPBR and DμPBR estimated by their RTDs. 

  ui 

(x10
-4 
m/s) 

ReP(RTD) 

(x10
-2
) 

σ
2
 

(min
2
) 

σθ
2
 

 

D*/(uL) 

 

D* 

(x10
-8
 m

2
/s) 

Bo 

(a) μPBR 1.54 0.54 1.51 0.018 0.0086 2.12 56 

15.4 5.38 0.04 0.025 0.0120 31.4 560 

(b) DμPBR 1.54 0.54 1.42 0.015 0.0074 2.03 53 

15.4 5.38 0.04 0.024 0.0113 29.6 550 

 

 

(a) (b)  

 

Figure 4.8. Residence time distribution measurements of n-heptane flow in μPBR and DμPBRs. 

(a) Absorbance as a function of time at 40.00 μL/min, and (b) comparison of E(θ) values as a 

function of dimensionless time (θ) for Reynolds number of 0.54 and 5.38x10
-2

 in μPBR and 

DμPBRs. 

 

Values of ui = (1.54–15.4) x10
-4

 m/s are less than the critical actual velocity, ui = 60.0x10
-4

 

m/s for Reynolds number in the range of 0.54 and 5.38x10
-2

. Dispersions within the μPBR and 

the DμPBRs for all Re values were characterized by analyses of the E() values of Figure 4.8b.  
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As shown in Table 4.3, (D*/uL) was estimated to range from (0.86–1.20) x10
-2

 for the μPBR and 

from (0.74–1.13)x10
-2

 for the DμPBR. As a consequence, the deposition of asphaltenes reduced 

axial dispersion for the same Re values. Values of Bo were estimated to range from 56–560 in 

the μPBR and from 53–550 in DμPBRs, which confirms that convection dominated over 

molecular diffusion for all experiments. Furthermore, no obvious channeling occurred in the 

μPBR or the DμPBRs, as in each case only a single dominant E() peak was detectable (see 

Figure 4.8b)
50

. 

4.4.3. Influence of n-heptane composition 

The role of n-heptane composition on the deposition was examined to further comprehend 

the stability of asphaltenes in μPBRs. The continuous, high-throughput, and integrated system 

enabled screening of the n-heptane compositional influence (from 0–90.0 vol%) on asphaltene 

solubility using the approach previously described for temperatures of 25.0-90.0 C (refer to 

Figures 4.3 and 4.5). Figure 4.9a reports the asphaltenes absorbance at 286nm in toluene-n-

heptane filtrates. As anticipated, the absorbance decreased and the precipitation wt% increased 

with increasing n-heptane vol% as the solubility decreased at constant 70.0 C. The solubility 

reported in Figure 4.9a were then analyzed to successfully precipitate asphaltenes within the 

interstitial pore spaces of μPBRs for varying n-heptane compositions. 

Using data of Figure 4.9a,  sphaltenes were next precipitated within μPBRs for each n-

heptane composition, ranging from 50.0–80.0vol% at constant temperature of 70.0 C. As shown 

in Figure 4.9b, P/P0 values increased as a function of the pore volumes of 4 g/L asphaltenes in 

toluene injected. Similar to the influence of the temperature, gradual increases in P/P0 were 

initially observed with increasing t/P for values < 30 prior to abrupt increases toward differential 

infinity. The general trend of Figure 4.9b is consistent with the results of Figure 4.9a: increasing 
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the n-heptane vol% incrementally (from 50.0, 60.0, 70.0, to 80.0 vol%) reduced the asphaltene 

solubility and precipitation onset time, and hence impairments of packed-beds occur in shorter 

relative time scales. The trends of Figure 4.9b were observed to be highly reproducible.  

Remarkably, no obvious pressure buildup was observed for an n-heptane composition of 40 vol% 

from 0 to 350 pore volumes of 4 g/L asphaltene in toluene injected, which elucidates a critical 

concentration of n-heptane is a necessary condition to deposit asphaltenes in the quartz μPBRs. 

 

(a) (b)  

 

Figure 4.9. Analysis of the influence of n-heptane composition.  (a) Precipitated wt% of 

asphaltenes (in the filtrates) and their corresponding absorbance at 286 nm at different n-heptane 

compositions.  (b) Influence of n-heptane vol% on the dimensionless pressure drop as a function 

of pore volumes of 4 g/L asphaltenes in toluene injected. 

   

The extents of the impairments for different n-heptane vol% are summarized in Table 4.4. 

The analogous trends hold, from varying the packed-bed temperature, to increasing the n-heptane 

vol%. At lower n-heptane compositions (e.g., 50.0 vol%), a larger number of precipitated 

asphaltenes (smaller in size) likely flowed the same axial distance until deposition occurred, and 
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any submicron particles logically experienced transport to the quartz particle’s surfaces via 

Brownian diffusion
68

. The overall outcome was less impairment in 50.0 vol% n-heptane (for the 

same pore volumes injected) as compared to experiments performed in larger compositions, as 

confirmed by the porosity damage  ∅    𝑔  ∅        , permeability impairment  𝜅    𝑔  

𝜅        , and the van Everdingen-Hurst Skin Factor (s) estimations reported in Table 4.4.  The n-

heptane composition clearly influenced impairment, and the damage mechanism appeared to be 

the same in all scenarios. 

 

Table 4.4. Influence of n-heptane composition on μPBR impairments. 

Test t/P n-heptane 

(𝑣  %) 
∅        𝜅        

(x10-13 m2) 

mtotal 

(mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅    𝑔 

∅       
 

𝜅    𝑔 

𝜅       
 

s 

(x103) 

  

   
 

1 40.0 80.0 40.7±0.13 5.50±0.018 2.9 2.6±0.04 0.3 0.986 0.030 0.57 65 

2 40.0 70.0 40.1±0.48 5.23±0.041 2.9 2.7±0.11 0.2 0.991 0.073 0.24 19 

3 40.0 60.0 39.6±0.87 5.14±0.066 2.9 2.7±0.09 0.2 0.991 0.091 0.17 11 

4 40.0 50.0 41.5±0.31 5.75±0.028 3.0 2.9±0.13 0.1 0.996 0.145 0.12 5.5 

5 58.0 80.0 40.7±0.52 5.58±0.038 4.3 3.7±0.04 0.6 0.972 0.009 1.94 225 

6 58.0 70.0 40.5±0.82 5.33±0.061 4.3 3.6±0.16 0.7 0.968 0.008 2.21 164 

7 58.0 60.0 40.5±0.64 5.48±0.056 4.3 3.7±0.14 0.6 0.972 0.016 1.08 64 

8 58.0 50.0 39.9±0.52 5.23±0.046 4.2 4.0±0.25 0.2 0.991 0.130 0.12 5.9 

9 68.0 60.0 39.7±0.59 5.13±0.044 4.9 3.8±0.16 1.1 0.949 0.005 3.46 225 

10 68.0 50.0 40.5±0.40 5.44±0.036 4.9 4.4±0.19 0.5 0.977 0.080 0.19 10 

11 99.0 50.0 40.3±0.39 5.33±0.041 7.2 5.6±0.47 1.6 0.926 0.004 4.14 225 

 

4.4.4. Influence of n-alkane carbon number 

Hydrocarbon producing reservoirs are comprised of a vast range of aromatic and straight-

chain compounds, which vary widely in their intrinsic chemical and physical properties. A 

common parameter used to evaluate crude oil systems is the carbon number of alkanes.  Next, 

the role of n-alkane carbon number, X, from n-C5 to n-C9, on asphaltene depositions in μPBRs is 

elucidated using the same high-throughput approach engineered to study temperature and n-

heptane compositional influences. 
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Figure 4.10 summarizes measured asphaltene solubility and dimensionless pressure drops 

during injections of different n-alkanes (as co-solvents) into μPBRs.  In Figure 4.10a, analyses of 

UV-Vis absorbances of asphaltenes in filtrates (at 286 nm) demonstrates that increasing the 

carbon number, sequentially from 5 to 9, as expected, increased their solubility. The same trends 

were observed at 25.0 and 70.0 C. Measurements of the solubility proved useful in assessing the 

role of the carbon number on the impairment of μPBRs. Figure 4.10b reports that P/P0 values 

increased as a function of the pore volumes of 4 g/L asphaltenes in toluene-n-pentane (n-C5) 

injected. However, reproducibility at 70.0 C was evidently compromised, as shown by the ~90 

pore volume difference for the same conditions. This observation is attributed to the lower 

bubble point of n-pentane (36.0 C at atmospheric pressure, from Table S4.3) compared to other 

n-alkanes studied. Packed-bed inlet pressures near 690 kPa dropped to 35 kPa, and thus flashing 

of the co-solvent introduced variability of P/P0 values (i.e., the volume of ideal vapor near 

atmospheric conditions is ~2 orders of magnitude > the volume of the same component in the 

liquid phase).  As shown in Figure 4.10c, increasing the carbon number from 5 to 6 by injecting 

n-hexane as the co-solvent reduced, but did not eliminate altogether, the variability of P/P0 

values, which is explained by its bubble point of 69 C from Table S4.3. Figure 4.10d, however, 

illustrates that solvent flashing was avoided for carbon numbers > 7, as P/P0 values increased 

with excellent reproducibility as a function of the pore volumes of 4 g/L asphaltenes in toluene 

injected in the presence of n-heptane (n-C7), n-octane (n-C8), and n-nonane (n-C9). Similar to the 

influence of the temperature and the n-heptane composition, gradual increases in P/P0 were 

initially observed with increasing t/P for values < 40 before abrupt increases toward differential 

infinity. Perhaps just as intriguing, increasing the n-alkane carbon number (sequentially from 7, 8, 

to 9) increased the asphaltene solubility and extended the precipitation onset time, and hence 
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impairments of packed-beds were belated. The extents of the impairments for different n-alkane 

carbon number from n-C5 to n-C9 are summarized in Table 4.5 and S4.4. 

 

(a) (b)  

(c)  (d)  

 

Figure 4.10. Analysis of the influence of n-alkane carbon number. (a) Precipitated wt% of 

asphaltenes (in the filtrates), and their corresponding absorbance at 286 nm as a function of n-

alkane carbon number. Influence of (b) n-pentane, (c) n-hexane, and (d) n-heptane, n-octane and 

n-nonane on the dimensionless pressure drop as a function of pore volumes of 4 g/L asphaltenes 

in toluene injected. 
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Table 4.5. Influence of n-alkane (n-Cx) on μPBR impairments. 

Test t/P n-CX ∅        𝜅        
(x10-13 m2) 

mtotal 

 (mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅    𝑔 

∅       
 

𝜅    𝑔 

𝜅       
 

s 

(x103) 

  

   
 

1 68.0 n-C7 39.7±0.59 5.13±0.044 4.9 3.8±0.16 1.1 0.949 0.005 3.46 225 

2 68.0 n-C8 40.1±0.47 5.21±0.049 4.9 4.5±0.27 0.4 0.982 0.017 0.91 60 

3 68.0 n-C9 40.7±0.62 5.56±0.054 5.0 4.8±0.31 0.2 0.991 0.056 0.23 18 

4 100 n-C8 39.1±0.35 5.08±0.046 7.0 5.9±0.33 1.1 0.948 0.005 3.58 220 

5 100 n-C9 40.1±0.52 5.22±0.034 7.2 6.8±0.45 0.4 0.982 0.014 0.84 70 

6 130 n-C9 40.7±0.64 5.53±0.039 9.5 8.2±0.39 1.3 0.941 0.005 2.54 200 

 

4.4.5. Permeability-porosity relationship 

The experimentally determined permeability-porosity relationships for all conditions were 

compared to equation (4.11)
49,55,56

 and the Civan’s power-law flow unit, Equation (4.13)
49,55,62

, 

and the results are illustrated in Figure 4.11. Equation (4.11) did not accurately describe the 

asphaltenes-induced permeability impairment as a function of the porosity impairment. Figure 

4.11a reveals that Equation (4.11) over predicted experimentally measured 𝜅    𝑔  𝜅        

values by an order of magnitude for all temperature (from Table 4.2), n-heptane composition 

(from Table 4.4), and n-alkane (from Table 4.5) conditions. One can infer from Figure 4.11a that 

the damage mechanism did not accurately emulate changes in the quartz particle’s sizes within 

μPBRs, which points to impairment mechanisms other than constriction brought about by 

asphaltene particle adsorption. Figure 4.11b instead reveals that mechanical entrapment of 

asphaltene particles likely dominated the impairment mechanism for all scenarios. The cement 

exclusion factor varies from 0.95 to 1.0 (Table S4.5), and   and   can be determined by least-

squares fit of the experimental data using equation (S4.1). The correlated plots and the 

parameters are reported in Figure S4.2 and Table S4.5, respectively. Excellent agreement 

between Equation (4.13) and the experimentally measured 𝜅    𝑔  𝜅        values supports that 

asphaltene depositions generated pore throat blockages, perhaps via hydrodynamic bridging 
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phenomenon. In addition, the experimental data of permeability impairment at different 

temperatures of 25, 50 and 70 C (see Figure S4.3) for ∅    𝑔  ∅        of 0.96 and 0.97 were 

correlated using the VTF equation, as shown in Figure 4.11c.  

 

(a) (b)  

(c)  

Figure 4.11. (a) Experimentally measured permeability-porosity compared to the (a) equation 

(4.11) and (b) Civan’s power-law flow unit equation (4.13). (c) Semi-log linear plot of the 

permeability impairment in porous media as a function of reciprocal of temperature deviation 

from the critical-limit temperature value. 

 

The discovery that pore throat blockages dominate the asphaltene accumulation mechanism 

holds true for the quartz-grain porous media in the present study, and for a broad range of 
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conditions.  The existence of clays and other minerals commonly found in siliceous sandstone 

reservoirs are readily known to influence reservoir surface chemistry. It is quite possible that the 

compositional heterogeneity of sandstone formations could induce asphaltene nanoaggregate 

surface attraction, and hence constriction remains as a possible dominant deposition mechanism 

for permeability impairment. Nanoaggregate repulsion is a problem equally important that could 

uphold mechanical entrapment as the dominant accumulation mechanism in sandstone reservoirs.  

Suffice to say that the microchemical analyses reported herein establishes the groundwork for 

high-throughput chemical and fluidic information that spans the molecular scale to full reservoir 

production, where enormous libraries of chemical science remain to be discovered.  

4.5. Conclusions 

Conventional and unconventional subterranean reservoirs that are known to produce 

asphaltenes create the potential for near wellbore skin damage, which results in production losses 

of considerable economic magnitude. High-throughput packed-bed microreactors were 

successfully innovated to understand asphaltene accumulation mechanisms. Residence time 

distributions of the packed bed microreactors before and after loading with quartz particles were 

measured using inline UV-Vis spectroscopy. Highly producible, stable packings of quartz 

particles with porosity of ~40% and permeability of ~5.5x10
-13

 m
2
 were obtained. Asphaltenes 

solubility was made readily available via inline microfluidic analyses for different temperatures, 

n-heptane compositions, and n-alkanes. All these three scenarios were observed to influence 

asphaltenes deposition in the porous media, and reduced dispersion was obtained in the damaged 

packed-bed. The experimentally determined permeability-porosity relationships for all 

conditions were compared to the simplified Kozeny-Carman and Civan’s permeability-porosity 

relationships, which revealed mechanical entrapment of asphaltene particles dominated the 
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impairment mechanism. The chemical engineering of such continuous flow, lab-on-chip systems 

have tremendous merit in oilfield chemistry science where chemical and physical properties are 

vast and dynamic, unsteady-state conditions routinely exist. 

Dimensionless pressure drop analyses and measurements of residence time distributions of 

packed-bed microreactors elucidated molecular-to-pore scale mechanistic insights.  Asphaltene 

adsorptions were observed to contribute to pore scale impairments in pure quartz-grain packed-

bed microreactors. Theoretical predictions of experimentally measured permeability-porosity 

relationships proved that mechanical entrapment dominated the asphaltene deposition 

mechanism for all experimental conditions investigated. No channeling was evident in any 

experiment, and estimations of the Bodenstein number confirmed that convective forces 

governed relative to diffusive forces within the interstitial pore spaces. The experimental results 

undergird that packed-bed microreactors are potentially ubiquitous tools that could bridge the 

scientific gap between molecular-level events and upstream conventional and unconventional 

energy productions.  
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Figure S4.1. Comparison of the dimensionless pressure drop between n-heptane-asphaltene in 

toluene flow and n-heptane-toluene flow at 70 C. (a) Dimensionless pressure drop from 0 to 

250. (b)  Dimensionless pressure drop from 0 to 20. 
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(a) (b)  

(c)  (d)  

(e)  (f)  

(g)  (h)  
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(i)  (j)  

 

 

Figure S4.2. Correlation of the data of (a, b) 25  , 60 vol% n-C7, (c, d) 50  , 60 vol% n-C7, (e, 

f) 70  , 50 vol% n-C7, (g, h) 70  , 60 vol% n-C7, and (i, j) 70  , 60 vol% n-C9 according to 

Equation (S4.1). 

 

 
 

Figure S4.3. Experimental measured permeability-porosity relationship at different temperatures 

compared to Civan’s power-law flow unit Equation (4.13). 
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Table S4.1. Experimental conditions and characteristic dimensionless quantity estimates for 

EμPBR and μPBRs. 

 
Reactor Parameter Value 

 

EμPBR 

Total flow rate, FT (μL/min) 40.00 

Mean velocity, u (x10-4 m/s) 2.46 

Re 1.02 

Ca (x10-5) 0.38 

We (x10-5) 0.38 

  (min) 1.13 

 

μPBR 

Total flow rate, FT (μL/min) 40.00 

Interstitial velocity, ui (x10
-4 m/s) 6.17 

ReP (x10
-2) 2.76 

   (min) 0.45 

D (x10-5m2/s) 5.97 

 

 

 

Table S4.2. Dispersion in EμPBR, μPBR, and DμPBRs estimated by their RTDs. 

 
 FT 

(μL/min) 

u or ui 

(x10-4 m/s) 

σ2 

(min2) 

σθ
2 

 

D*/(uL) 

 

D* 

(x10-8 m2/s) 

Bo 

EμPBR 40.00 2.46 0.17 0.026 0.0134 5.60 52 

μPBR 40.00 6.17 0.16 0.021 0.0103 10.8 225 

 

 

 

 

Table S4.3. Physical properties of n-alkanes and toluene. 
 

 n-C5 n-C6 n-C7 n-C8 n-C9 toluene 

Molecular weight MW (g/mol) 72.15 86.18 100.21 114.23 128.26 92.14 

Melting point MP ( ) -130 -95 -91 -57 -53 -95 

Boiling point BP ( ) 36 69 97~99 125~126 150~152 111 

Flash point FP ( ) -49 -23 -4 15 31 6 

Density 𝜌 (g/mL) 0.626 0.659 0.684 0.703 0.718 0.870 

Viscosity μ (@20 ) (x10-4 Pa s) 2.40 2.94 3.86 5.42 7.11 5.90 

Viscosity μ (@70 ) (x10-4 Pa s) - - 2.70 3.17 4.32 3.50 

Vapor pressure VP (@20 ) (kPa) 57.9 17.6 5.33 1.47 1.33 2.93 

Surface tension 𝛾 (@20 ) (mN/m) 19.54 18.43 20.14 21.62 23.50 28.40 

Refractive Index RI 1.358 1.375 1.387 1.398 1.405 1.497 

 

 

 

 

 

 

 

 



 

108 

 

 

 

 

Table S4.4. Influence of n-pentane and n-hexane on μPBR impairments. 

 
Test n-CX Final 

t/P 

∅        

(%) 

𝜅        
(x10-13 m2) 

mtotal 

 (mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅    𝑔 

∅       
 

𝜅    𝑔 

𝜅       
 

s 

(x103) 

  

   
 

1 n-C5 103 38.9±0.34 5.08±0.068 7.2 6.0 1.2 0.943 0.005 2.67 225 

2 n-C5 132 39.6±0.53 5.12±0.043 9.4 8.1 1.3 0.939 0.005 2.69 225 

3 n-C5 144 40.7±0.38 5.54±0.044 10.5 9.2 1.3 0.941 0.005 2.92 225 

4 n-C5 202 41.0±0.45 5.57±0.073 14.9 13.3 1.6 0.928 0.005 2.93 225 

5 n-C6 51.0 40.3±0.52 5.49±0.058 3.7 3.0 0.7 0.968 0.005 2.89 225 

6 n-C6 55.0 40.9±0.35 5.60±0.045 4.0 3.3 0.6 0.973 0.005 2.94 225 

7 n-C6 88.0 39.7±0.49 5.20±0.049 6.3 5.4 0.9 0.958 0.005 2.73 225 

8 n-C6 115 39.1±0.34 5.12±0.037 8.1 6.9 1.2 0.943 0.005 2.70 225 

 

 

Table S4.5. Parameters of equation (4.13) determined by experiments ( ) and least square match 

( ,   and R
2
). 

 
Test Conditions    (m)   R2 

1 25 , 60 vol% n-C7 0.95/0.98/0.99/0.99 8.0x10-6 7.1 0.904 

2 50 , 60 vol% n-C7 0.97/0.98/0.99 5.9 x10-5 12.2 0.993 

3 70 , 50 vol% n-C7 0.97/0.99/1.0/1.0 2.6 x10-4 15.3 0.985 

4 70 , 60 vol% n-C7 0.98/0.99/1.0 1.5 x10-4 20.0 0.940 

5 70 , 60 vol% n-C9 0.98/0.99/1.0 3.3 x10-5 11.9 0.621 
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CHAPTER 5 

 ROLE OF WATER ON THE PRECIPITATION AND DEPOSITION OF  

ASPHALTENES IN PACKED-BED MICROREACTORS 

(Ind. Eng. Chem. Res. 2015, doi: 10.1021/ie5038775) 

 

Abstract 

Water naturally comprises some fraction of virtually all petroleum reservoirs worldwide, yet 

its existence introduces complexity to asphaltene precipitation and deposition mechanisms. This 

global problem not only impacts upstream conventional and unconventional energy productions, 

but it also influences downstream chemical refining, the construction industry, and the 

transportation sector. A transparent packed-bed microreactor (μPBR) with inline analytics was 

designed to merge the two fields of science, oilfield chemistry with microchemical systems, in 

order to investigate the role of water on the molecular-to-the-micro-scale deposition of 

asphaltenes in quartz porous media. Porosity loss and permeability impairment of the porous 

media for water mass fractions of <0.001 to 34.5 wt% were investigated. Interestingly, a switch 

in the mechanism of water (from 0.030 to 3.18 wt%) on the accumulation was discovered. 

Analyses of porosity-permeability relationships revealed competition between adsorption and 

desorption followed by pore-throat plugging via mechanical entrapment for all mass fractions of 

water studied. Soluble water molecules were also found to decrease the asphaltene nanoparticle 

collision efficiency within quartz porous media where trace amounts existed (i.e., in the range of 
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<0.001 to 0.030 wt% water) whereas higher mass fractions (>0.030 wt%) created the possibility 

of emulsion water blocking with more particles (relatively speaking) depositing on pore throat 

surfaces, precipitating by heterogeneous nucleation at asphaltene-water interfaces, and/or 

experiencing catalyzed aggregation at interfaces. In general, the water fraction was found to 

control the number of closed pore throats that interconnect the quartz porous media. The design 

of transparent packed-bed microreactors that bridge molecular-to-microscale understanding of 

asphaltene-water interactions are promising as tools for the advancement of asphaltene science 

and their risk management during hydrocarbon productions. 

5.1. Introduction 

Crude oil contains a mixture of large molecules that are concentrated in the heaviest 

petroleum fractions, defined operationally as asphaltenes. Asphaltenes have for decades attracted 

the attention of researchers, both from industry and academia, because of their deleterious effects 

on crude oil production, transportation, and refining operations
1-14

. Understanding asphaltene 

precipitation and deposition mechanisms are high impact in upstream conventional and 

unconventional energy productions. Global economic impacts within the upstream petroleum 

and the downstream petrochemicals industries alone are easily on the order of hundreds of 

billions of US dollars. Asphaltene science further impacts commercial and residential 

construction (e.g., roofing) and the transportation sector. Understanding asphaltene science is an 

important problem across multiple industries that drive global commerce. As a consequence, the 

field is inevitably linked to green chemistry, sustainability, and economics. 

Asphaltenes are typically defined as the n-alkane-insoluble, toluene-soluble component of a 

crude oil
15

. The asphaltene fraction consists primarily of aromatic polycyclic clusters and some 

heteroatoms (N, S, O), and trace amount of metals (e.g., Fe, Ni, and V). Tremendous potential 
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exists for microfluidic devices to make contributions by merging oilfield chemistry with 

microchemical systems in order to bridge the knowledge gap between molecular, nano-, and 

micro-scale events in oilfield production. Currently, petroleum-related research has focused on 

asphaltene structures
6, 7, 16-19

, aggregation and solubility behaviors
11, 16, 20-24

, precipitation (or 

flocculation), deposition
8, 9, 11, 12, 14, 25-27

, and dissolution
4, 28, 29

 among others. Water is an area of 

critical importance, yet the topic is severely under-researched. Every barrel of crude oil produced 

upstream is usually comprised of hydrocarbon, natural gas, and water. In most cases, crude oil is 

co-produced with formation water and also injected water during secondary and tertiary 

recoveries. Water is usually injected into a reservoir to maintain pressure (i.e., replacement of 

void space) while at the same time pushing crude oil towards the well-head. 

The existence of water increases the difficulty of understanding asphaltenes precipitation and 

deposition mechanisms. Investigations of molecular orientation
30

 and adsorption kinetics
31

 of 

asphaltenes at oil-water interfaces has shed light on asphaltenes precipitation and deposition.  

Asphaltene polycyclic hydrocarbons are oriented toward oil-water interfaces and the alkyl 

groups are transverse to interfaces
30

. The accumulation of asphaltene molecules at oil-water 

interfaces can stabilize water-in-oil emulsions
31

. For short times (< 30 min), the interfacial 

tension reduction kinetics are controlled by the diffusion of asphaltene molecules in the bulk, and 

after ~ 30 min the interfacial tension depends on surface coverage, independent of time
31

.  

Distinguishing the boundary conditions each of asphaltenes thermodynamics and kinetics are 

critical steps in assessing the role of water. 

Asphaltene precipitations and their resultant depositions are severe impediments in the 

production and the transportation of reservoir fluids. It is important to distinguish the difference 

between precipitation and deposition. Precipitation can be defined as the formation of a solid 
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asphaltene phase out of the liquid phase, whereas deposition can be described as the formation 

and the accumulation of the solid asphaltene phase on a surface
15

. Precipitation depends mainly 

on thermodynamic variables such as temperature, pressure, and liquid composition. Without 

precipitation, deposition will not happen; with precipitation, deposition may not happen. Other 

factors that influence precipitation include heat and mass transfer, flow hydrodynamics, and 

interface interactions
15

. The two widely accepted deposition mechanisms
32

, adsorption and 

mechanical entrapment, each reduces porosity and impairs permeability, which ultimately 

declines reservoir production rates. Deeper understandings of the precipitation and of the 

deposition mechanisms of asphaltenes are needed to design remediation treatments that minimize 

production losses of considerable economic magnitude. Microchemical systems (e.g., lab-on-a-

chip devices) take advantage of high surface-area-to-volume ratios and reduced heat and mass 

transfer resistances
33-39

 that serve as ideal systems to investigate flow and reaction in porous 

media. The choice of microreactor materials
33, 40-45

 depends on the availability of fabrication 

techniques and the experimental conditions, such as temperature, pressure, and chemical 

properties. Silicon
33

 and glass
41, 42, 45

 are two widely used materials that can withstand high 

pressures and temperatures. In-situ analyses of physical and chemical rate processes are possible 

by designing integrated transparent silicon/glass, packed-bed microreactors (μPBRs), which are 

well suited to investigate the deposition of asphaltenes
46, 47

. On-chip studies have the potential to 

advance understandings of interactions between water and asphaltene molecules. 

In the present work, a transparent μPBR with inline analysis was designed to investigate the 

role of water on the precipitation and the deposition mechanism of asphaltenes in quartz packed-

beds. Porosity loss and permeability impairment of the porous media were studied and the 

porosity-permeability relationship that accurately describes deposition revealed. The influence of 
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water on asphaltene depositions was explored and new knowledge gained on why the water 

fraction switches the mechanism. Our experimental results demonstrate that transparent PBR 

are promising tools that impact asphaltene science and potentially aid the design of reservoir 

stimulation treatments. 

5.2. Experimental section 

5.2.1. Chemicals and instruments  

 Anhydrous toluene (99.8 wt%, water <0.01 wt%), ethanol (absolute), and anhydrous n-

heptane (active dry, packaged under Argon) were obtained from Alfa Aesar (Ward Hill, MA, 

USA). Quartz sand (30~40 mesh) and molecular sieves were acquired from VWR International 

(West Chester, PA, USA). All liquids were used without further purification, except for the 

removal of water in toluene and n-heptane where required by experimental design. The 

asphaltenes used in the present work were obtained from a Wyoming field deposit
46, 47

 and their 

elemental compositions summarized in Table S5.1. 

Model 65DM high-pressure syringe pumps were manufactured by Teledyne ISCO (Lincoln, 

NE, USA). Pressure reducing valves, check valves, backpressure regulators, and a micoscale 

injector were obtained from IDEX Health & Science (Oak Harbor, WA, USA). Pressure 

transducers, UV-Vis spectroscopy, and model DDR6009REE portable dehumidifier were 

obtained from Honeywell Sensing & Control (Golden Valley, MN, USA), Ocean Optics 

(Dunedin, FL, USA), and Dandy Products Inc. (Findlay, Ohio, USA), respectively. 

5.2.2. Reagent preparation  

Molecular sieves with pore size of 4 Å were used to prepare dry toluene with the water 

content of approximately 0.001 wt%
48
. Before use, molecular sieves were heated to 250℃ for 3 

hours and cooled in a desiccator to activate them. Water-saturated toluene (0.047 wt% water
48
) 

file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_46
file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_47
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was prepared by mixing toluene with excess deionized (DI) water, agitating the mixture by 

ultrasonic bath for 15 min, and allowing it to stand for at least 72 hours to achieve equilibrium. 

Unsaturated toluene (0.024 wt% water saturation) was obtained by mixing water-saturated 

toluene and dry toluene with volume ratio of 1:1. The same procedure was followed to prepare 

dry n-heptane, n-heptane-water mixtures (0.008 wt% water
49
), and 0.0151 wt% water saturated 

n-heptane.   portable dehumidifier ensured constant humidity.   

5.2.3. Estimation of the solubility of the asphaltenes 

Mixtures of 2.4 mL dry n-heptane (or n-heptane-water mixtures of 0.008 wt% and 0.0151 wt% 

water) and 1.6 mL dry toluene (or toluene-water mixtures of 0.024 wt% and 0.047 wt% water) 

with asphaltenes concentrations of 4 g/L were maintained in an oil bath for 24 hrs at 25.0 and 

70.0 
o
C.  Each mixture was then filtered using Whatman Grade 5 filter paper with pore size of 

2.5 µm (see Table S5.2). Absorbances of the asphaltenes in the filtrates were measured using 

UV-Vis spectroscopy. A flow cell (Figure S5.1) integrated with a 400 µm I.D. quartz capillary 

was designed and the resolution tested as 0.01 in absorbance by 5 mg/L asphaltenes in toluene 

(Figure S5.2). The precipitated asphaltenes were dried and the masses measured via analytical 

balance. The influence of excess water (with water mass fractions of 1.62, 3.18, 6.17, 11.6, 20.8, 

and 34.5 wt%) on solubility was investigated using the analogous approach. The asphaltenes 

were first combined with toluene and the mixtures next combined with water.  The resultant 

mixtures were then combined with n-heptane. 

5.2.4. Asphaltene deposition apparatus 

The 45 µL µPBR was designed and fabricated with dimensions of 5.0x1.8x0.21 cm
3
 (see 

Figure 5.1a).  Deep reactive ion etching of silicon and its anodic bonding with Pyrex® made 

possible a microchannel of 300 µm in depth and 9 mm in width with 30 rows of pillars (each 20 
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µm in diameter) spaced 20 µm apart near the device exit, as shown in Figure 5.1b.  Figure 5.1c 

illustrates the packaged system loaded with 29 µm quartz particles. Quartz particles were 

prepared from 30-40 mesh sand by mortar and pestle, and the target particle sizes were collected 

using 500 and 635 mesh sieves
46, 47

. Ultrafine particles were removed using an ultrasonic bath.  

Microscope photographs of the recovered particles and of the loaded particles in the µPBR are 

shown in Figures 5.1d and e, respectively. The µPBR was loaded by injecting 29 µm quartz 

particles dispersed in anhydrous ethanol into the device using a 5 mL glass syringe. Stable 

packings with porosities of 39.1~41.3% and permeabilities of 501~575 mD were obtained and 

proven to be highly reproducible
46, 47

.  Pore throat size distributions, as given in Figure 5.1f, were 

estimated from the particle size distributions using theory
46, 47

. 

In the present work, three high-pressure pumps were used to inject DI water, 4 g/L 

asphaltenes in toluene, and n-heptane with different concentrations of water at constant flow 

rates (Figure 5.1g). Check valves avoided back flows of the liquids, and pressure-relief valves 

were installed as a safety precaution. Asphaltenes in toluene, n-heptane, and water were mixed in 

a stainless steel T-union placed in an ultrasonic bath to prevent plugging. Mixtures were then 

injected into the µPBR. Two 500 psi pressure transducers were connected to the entrance and 

exit of the reactor in order to monitor pressure drops during precipitations and depositions. The 

packaged system was connected to a water bath at 70.0 
o
C in order to maintain constant 

temperature. A 5 psi back pressure regulator was installed at the µPBR outlet in order to 

maintain constant pressure within the reactor and to reduce the possibility of fluid channeling. 

 

 

file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_46
file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_47
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Figure 5.1. (a) Photograph of the PBR (45 L) with dimensions of 5.0x1.8x0.21 cm
3
. (b) A 

scanning electron micrograph of the 20 m diameter pillars shown in (a). (c) Photograph of the 

packaged system with coolant connections. (d) Microscope photographs of the quartz particles 

and (e) the particles packed into the PBR. The 20 m pillars near the exit retained the 

unconsolidated quartz particles. (f) Estimated pore throat size distribution within the porous 

media. (g) Schematic process flow diagram of the apparatus. 

 

5.3. Theoretical section 

5.3.1. Permeability-porosity relationships 

Two parameters characteristic of porous media are porosity (∅) and permeability (𝜅)
50

.  

Porosity is the ratio of the volume of the void space to the total volume. Permeability can 

be thought of as the ability of porous media to allow fluid to pass through, and it is 
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controlled by the pore throat sizes (dH) and their interconnectivity. The mean pore throat 

size of sand grains, as an example, has been estimated by
51

, 

   
∅

   ∅ 

  

 
          (5.1) 

where dp is the mean particle size of the sand grains.  Rearranging Darcy’s law for 

unconsolidated granules enables estimation of 𝜅 (   or mD, and 1 mD = 9.869x10
-16

   )
52, 

53
, 

𝜅  
  

 

 

  
          (5.2) 

where µ is the dynamic viscosity of the fluid in      (or Cp), Q is the flow rate in        (or 

barrels per day, bpd),   is the cross-sectional area normal to the direction of flow in m
2
,    is the 

pressure drop across the porous media in    (or Psi), and   is the axial length in m. 

It is well understood that no specific correlation between permeability change and porosity 

change describes all porous media.  For laminar flow, rearranging the Ergun equation yields
54-58

,  

 

  
 (

∅

∅ 
)
 
 
  ∅ 

  ∅
           (5.3) 

which can  also be derived from Kozeny-Carman equation. Equation (5.3) describes the 

permeability-porosity relationship of a porous medium of same-sized sand grains.  In Equation 

(5.3), 𝜅  and ∅  are the initial permeability and porosity, respectively.  Geometric changes of the 

particle size result in changes of the porosity, the pore throat size, and hence the permeability 

also. Equation (5.3), in general, accounts for the geometric influence of pore throat constriction 

(Figure S5.3a) on the permeability.  
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On the other hand, particle bridging induces characteristic changes in the permeability and 

the porosity.  Civan’s power-law flow unit equation, expressed as
54, 56, 59

,  

√
 

∅
   

∅

  ∅
           (5.4) 

describes the relationship of permeability to porosity when ultrafine particles result in pore throat 

plugging (Figure S5.3b) of sand grains under laminar flow conditions. Here,   (   ),   (∅  

   ), and   (    ∞ ) are the interconnectivity parameter, exclusion factor, and the 

exponent parameter, respectively. Values of   can be determined by the relationship       , 

where    is the volume fraction of the cementation (or grain consolidation) in the porous media. 

The non-linear least squares match of experimental permeability and porosity data enables 

estimation of values of the parameters   and  . Rearranging Equation (5.4) in a dimensionless 

form gives
54, 55, 59

,  

         (
(
  
∅ 

)(
 

  
)

   
∅

∅ 
 
)       

(
∅

∅ 
)

(
 

∅ 
) (

∅

∅ 
)
       (5.5) 

provided that   and   vary while   remains approximately constant. Either Equation, (5.3) or 

(5.5), as will soon be apparent, yields insight on asphaltene deposition mechanisms in the 

presence of water within µPBR. 

When deposition of asphaltenes occurs in production scenarios, the extent of wellbore 

damage is commonly quantified by the van Everdingen-Hurst Skin Factor, defined as
54

,  

    
     

  
          (5.6) 

where h is the characteristic thickness of the production zone. 



 

119 

 

5.3.2. Collision kernel 

Elegant theory that describes the aggregation of asphaltenes nanoaggregates has recently 

been published
10

. The collision kernel between two aggregates i and j,    , can be expressed as 

the product of the collision frequency,    , and the collision efficiency, 𝛾 (i.e.,        𝛾 )
10

. As 

the flocculation of asphaltenes starts from nanoaggregate particles, the collision frequency for 

Brownian flocculation is given by
10

,  

     
 𝑅 𝑇

  

       
 

    
         (5.7) 

where  𝑔 is the universal gas constant in J K
-1 

kmol
-1

, T the absolute temperature in K, and    

and    are the diameters of aggregates i and j in m. Considering the fact that not every collision 

results in aggregation, 𝛾  should be taken into account. In porous media, the nanoaggregate 

collision efficiency is commonly estimated using colloid filtration theory
60-62

,  

 𝛾   
   

    ∅    
    

 

  
          (5.8)  

where    is the influent concentration of the injecting particles, and   is the effluent particle 

concentration.  The single collector contact efficiency,   , has been analytically expressed as
60-62

,  

          
   

                  (5.9) 

Here,    is a porosity-dependent parameter (   ~38 for porosity of 0.4)
61

. For very small 

nanoaggregates ( 10 nm) or low velocities ( 10
-6

 m s
-1

), Equation (5.9) can yield    >1, which 

is theoretically impossible.  Here, the upper limit of    is set to 1
62

.  Equations (5.8) and (5.9) 

can be applied to yield insight on the influence of water on aggregation of asphaltene 

nanoaggregates in packed-bed µPBR. 
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5.4. Results and discussion 

5.4.1. Influence of water on asphaltene precipitation and PBR impairment 

Our understanding of asphaltene precipitation in the presence of water molecules and its 

influence on PBR impairments commenced with solubility studies. In the first series of 

experiments, the solubility of asphaltenes in mixtures of n-heptane-toluene (60:40 vol%) at water 

mass fractions of  0.001, 0.015, 0.030, 1.62, 3.18, 6.17, 11.6, 20.8, and 34.5 wt% were 

investigated.  Mixtures of 2.4 mL n-heptane and 1.6 mL toluene with asphaltene concentrations 

of 4 g/L (at different water mass fractions) were agitated and maintained at 25.0 and 70.0 
o
C in 

an oil bath for 24 h.  The insoluble fractions were then separated using Whatman Grade 5 filter 

paper.  As shown in Figure 1f, the pore throat size within the PBR, calculated using Equation 

(5.1), was anticipated to range from 3-9 m.  Whatman Grade 5 filter paper (pore size of 2.5 m) 

enabled the collection of larger asphaltene particles in order to minimize hydrodynamic bridging 

at the inlet conditions.  The absorbance of asphaltenes in the filtrates were then measured using 

UV-Vis spectroscopy, as shown in Figures S4a and S4b, for each water mass fraction.  As can be 

seen, water influenced the absorbance spectra in the range of 287-297 nm for all mass fractions.  

Figures 5.2a and 5.2b illustrate that the average maximum absorbance in the range of 287-297 

nm increased with increasing water mass fractions from <0.001 to 3.18 wt%, while it decreased 

from 3.18 to 20.8 wt% water. The filter papers contaminated with residual asphaltenes were also 

dried and the masses measured using an analytical balance. At 70.0 
o
C, 93.1 wt% of asphaltenes 

precipitated (i.e., the mass difference before and after filtration) for dry solvent conditions, and 

the value decreased to 87.8 wt% at 3.18 wt% water (see Figure 5.2a).  After the minima, the 

value gradually increased to 91.5 wt% at 34.5 wt% water, as shown in Figure 5.2b. These results 

elucidate that i) water molecules indeed influence thermodynamic stability of asphaltenes in n-
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heptane-toluene mixtures, and ii) there potentially exists a switch in the stability mechanism near 

3.18 wt% water. The solubility of asphaltenes in n-heptane-toluene mixtures at different water 

mass fractions, as tested by UV-Vis spectroscopy, enabled subsequent designs of precipitation 

experiments in the PBR. 

(a) (b)  

Figure 5.2. Average UV-Vis absorbance between 287-297 nm as a function of the solvent 

water mass fraction in the ranges of (a) dry to 0.030 wt% and (b) 0.030 to 20.8 wt%.  

Solid data refer to soluble asphaltenes whereas open data points correspond to 

precipitated asphaltenes recovered in the filtrates.  

 

The injection of asphaltene-laden n-heptane-toluene mixtures, both dry and wet, were 

next explored in order to ascertain the influence of water on PBR impairments. Using 

the results of Figure 5.2, asphaltenes were precipitated within the PBR for water mass 

fractions from <0.001 to 0.030 wt%. Mixtures of 4 g/L asphaltenes in toluene and n-

heptane with different water saturation degree (i.e., dry, 50%, and 100% water saturation) 

were injected at constant flow rates of 16.00 and 24.00 L/min into the PBR at 5 Psi 

back-pressure. Accumulations of asphaltenes that impair the permeability are expected to 
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increase fluidic resistances, and hence increase the dimensionless pressure-drop according 

to Equation (5.2).  As shown in Figures S5.5a and 5.3, asphaltenes clearly induce changes 

in the dimensionless pressure drop (
  

   
) as a function of the pore volumes (t/P) injected 

for different solvent conditions. Gradual increases in 
  

   
 values were observed with 

increasing t/P for values < 40 and for all water mass fractions. 

   

(a) (b)  

Figure 5.3. Influence of water on the dimensionless pressure drop (
  

   
) as a function of 

the pore volumes of 4 g/L asphaltenes in toluene injected at 70.0 
o
C. Pressure drop 

experiments performed by injecting solvents of total water mass fractions from (a) dry to 

3.18 wt% and (b) 3.18 to 34.5 wt%. 

 

Gradual increases in 
  

   
 values up to 40 pore volumes were in some instances 

oscillatory, resulting from the adsorption and desorption of asphaltenes onto and from the 

quartz particles’ surfaces (see Figure S5.5b). The adsorption of asphaltenes in porous 

media constricts pore throats, while at the same time continuously increasing interstitial 
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velocities of the bulk fluid. Once the critical interstitial velocity was obtained, deposited 

asphaltenes on quartz surfaces desorbed by inertial forces, decreasing 
  

   
 values, and 

migrations of the ultrafine precipitated asphaltenes in the direction of flow occurred.  

Onsets of pressure drop build-ups (shown in Figure 5.3) occurred when constrictions 

reduced pore throats enough that critical pore throat-to-particle aspect ratios were 

achieved for hydrodynamic bridging to occur.
63

 

Even trace amounts of water (from <0.001 to 0.030 wt%) significantly influenced 

asphaltene accumulations in the PBR, as shown in Figure 3a. For increasing water mass 

fractions up to 0.030 wt%, the number of injected pore volumes necessary to obtain the 

same 
  

   
 of 225 increased. Dimensionless pressure-drop values of 225 were reached after 

65 pore volumes injected for water mass fraction of <0.001 wt%, whereas 79 pore 

volumes injected for water mass fractions of 0.030 wt% obtained the same 
  

   
 value.  

Tables 5.1 and S5.3 summarize the influence of trace water (from <0.001 to 0.030 wt%) 

on PBR impairments. These observations support the results of Figure 5.2 that the 

apparent solubility increased as the water mass fraction increased from <0.001 to 0.030 

wt%, and consequently less asphaltenes particles were available to impair the 

permeability of the porous media.  

Interestingly, the opposite trend was observed for water mass fractions in the range of 

3.18 to 34.5 wt%. Figure 5.3b and Table 5.1 illustrate that increasing the water mass 

fraction injected from 3.18 wt% decreased the number of pore volumes injected to 

achieve 
  

   
 values of 225. Our solubility studies reported in Figure 5.2b provide some 

explanation for the apparent switch. Emulsion blocking, as will later be discussed, also 

file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_63
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provides an explanation for the results of Figure 5.3b. Principle understanding was gained 

by further evaluation of theoretical permeability-porosity relationships
46, 47

 and the state-

of-the-art of asphaltene aggregation mechanisms
10, 11, 15, 64, 65

. 

Table 5.1. The influence of water on PBR impairment. 

Test t/P Water 

(wt%) 
∅initial 
(%) 

κ
initial

 

(mD) 

mtotal 

(mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅damage

∅initial
 
κ

damage

κ
initial

 

s 

(x103) 

 P

 P 
 

1 64.5 <0.001 40.6±0.6 557±4 4.8 3.8±0.2 1.0 0.954 0.005 3.35 225 

2 64.5 0.015 39.5±0.7 560±9 4.8 3.9±0.2 0.9 0.958 0.010 1.49 99 

3 64.5 0.030 40.9±0.9 529±4 4.8 4.0±0.2 0.8 0.964 0.019 0.73 51 

4 64.5 1.62 39.3±0.4 530±1 4.8 4.2±0.3 0.6 0.976 0.060 0.24 17 

5 64.5 3.18 41.0±0.3 557±6 4.8 4.3±0.1 0.5 0.977 0.065 0.23 16 

6 64.5 6.17 40.3±0.9 540±2 4.8 4.3±0.2 0.5 0.977 0.064 0.24 18 

7 64.5 11.6 39.6±0.3 525±6 4.8 4.1±0.3 0.7 0.967 0.020 0.69 56 

8 64.5 20.8 40.7±0.7 549±5 4.8 4.0±0.2 0.8 0.964 0.006 2.61 225 

 

5.4.2. Influence of water on the asphaltene deposition mechanism 

Deeper understanding of why water switches PBR impairments was obtained by next 

evaluating the permeability-porosity relationship. Figure 5.4 shows the permeability 

impairment  
       

        
  and the porosity loss  

∅      

∅       
  as a function of the dimensionless 

water fraction (mwater/msaturated water). Here, msaturated water is the solubility of water in the 

mixture of n-heptane-toluene (60:40vol%), i.e., 0.03 wt% at 25°C. As can be seen, 
       

        
 

values increased from 0.005 to 0.065 and 
∅      

∅       
 values from 0.954 to 0.977 as 

mwater/msaturated water values increased from 0 to 106. Thereafter, the permeability 

impairment and the porosity loss both decreased with increasing mwater/msaturated water values.  

The maximum, in agreement with the results of Figures 5.2 and 5.3, confirmed the switch 

in the deposition mechanism. For trace amounts (mwater/msaturated water values from 0 to 1) 

where no stable emulsions existed, water molecules likely interfered with the asphaltene 
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collisions that drive aggregation. Larger water fractions (mwater/msaturated water values greater 

than 106) likely established conditions favourable for stabilized water-in-organic 

emulsions
30, 31

, and hence the possibility of emulsion water blocking of quartz pore 

throats, precipitation by heterogeneous nucleation at asphaltene-water interfaces, and/or 

catalysed aggregation at interfaces existed. A transition region (mwater/msaturated water values 

from 1 to 106) was observed from the onset of emulsion formation. All data are reported 

in Tables 5.1, S5.3, and S5.4.  Porosity loss values reported in Tables 5.1, S5.3 and S5.4 

were calculated from the measured masses of deposited asphaltenes, which were obtained 

by closing the mass balances. 

 

 

Figure 5.4. Permeability impairment (kdamage/kinitial) and porosity loss (damage/initial) as a 

function of the dimensionless water fraction (mwater/msaturated water). All values reported for 

the same number of pore volumes of 64.5 injected. 

 

To further examine our observations, the permeability-porosity relationship for the 

same number of pore volumes injected (e.g., t/P = 64.5) was estimated for different 

mwater/msaturated water values (from 0 to 693) as shown in Figure 5.5. Clearly, the permeability  
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Figure 5.5. Permeability-porosity relationship for different dimensionless water mass 

fractions (mwater/msaturated water). All values reported for the same number of pore volumes of 

64.5 injected. 

 

 

Figure 5.6. The van Everdingen-Hurst Skin Factor (Equation 5.6) as a function of the 

dimensionless water fraction (mwater/msaturated water). All values reported for the same 

number of pore volumes of 64.5 injected. 
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impairment increased and cycled down after exceeding a mwater/msaturated water threshold of 

106. Plotting the van Everdingen-Hurst Skin Factor (Equation 5.6) also confirmed the 

trend, as shown by the minimum of Figure 5.6. Here, the viscosity of the mixture at 70.0 

o
C used to calculate the van Everdingen-Hurst Skin Factor was obtained from the work of 

others
66, 67

. The general trends observed in all Figures 5.4, 5.5, and 5.6 are consistent with 

the switch in the mechanism from inhibition of aggregation to another with emulsion 

water blocking being one explanation. 

The existence of trace water molecules decreased the number of collisions of 

asphaltenes that lead to aggregation. One should anticipate from Equation (5.7) increases 

in the average solvent viscosity from soluble water molecules to decrease the collision 

frequency (ij), where Brownian motion drives asphaltene-water molecular interactions.  

One should also expect the same trend for the collision efficiency () during flow through 

porous media, based on colloidal filtration theory. The collision efficiency of asphaltene 

nanoaggregates was calculated from experimental data using Equation (5.8). As shown in 

Figure 5.7,  values decreased from 4.43x10
-4

 to 2.08 x10
-4 

as mwater/msaturated water values 

increased from 0 to 106. 

 It is important to note that in real crude oils asphaltene nanoaggregates are typically 

smaller in size and the collision efficiencies are lower than those reported in the present 

work, simply due to the facts that i) crude oils are much more viscous than n-heptane-

toluene mixtures and ii) resins can act as natural dispersants
10, 68

. Nevertheless, our results 

support that soluble water molecules inhibit aggregation of asphaltene nanoaggregates.  

Exactly how soluble water molecules inhibit aggregation is moot. Hydrogen-bonding 

file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_66
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within and the stability of liquid structures of complex fluids could someday reveal even 

further molecular understanding where water molecules are soluble in organic solvents. 

 

 

Figure 5.7. The collision efficiency (, estimated from Equation 5.8) as a function of the 

dimensionless water fraction (mwater/msaturated water). 

 

Exceeding the water solubility, as we have suggested, discovered different impairment 

mechanisms in addition to inhibition. Asphaltene solubility decreased and PBR 

impairment occurred in less pore volumes injected for dimensionless water mass fraction 

values beyond the maximum (i.e., from 106 to 693). The injection of water beyond the 

solubility limit increased flow rates, and hence Reynolds number, ReP. As we recently 

reported
46

, ReP plays an important role on the deposition, and less pore volumes are 

needed at larger ReP due to mechanical entrapment. Furthermore, higher water mass 

fractions created the possibility of water-in-organic emulsions stabilized by asphaltenes
69

, 

which can block interstitial spaces within the PBR (Figure S5.5a) and exacerbate fluidic 

resistance. Finally, the results of Figure 5.2b imply that asphaltene solubility is reduced 

file:///C:/Documents%20and%20Settings/Administrator/桌面/Hartman_manuscript_revised.docx%23_ENREF_46
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for higher water mass fractions (20.8 wt% for example), and hence more asphaltene 

particles (relatively speaking compared to cases of trace amounts of water) would have 

deposited on pore throat surfaces, precipitated by heterogeneous nucleation at asphaltene-

water interfaces, and/or undergone catalyzed aggregation at interfaces. 

The mechanisms of permeability impairment in all scenarios were tested for evidence 

of constriction and mechanical entrapment. The porosity loss and permeability 

impairment data for all water mass fractions were evaluated using Equation (5.3) and 

Civan’s power-law flow unit Equation (5.5), as shown in Figures 5.8a and 5.8b. 

 

(a) (b)  

Figure 5.8. Experimentally measured dimensionless permeability-porosity relationship (a) 

compared to Equation (5.3), and (b) fitted to Civan’s power-law (i.e., Equation (5.5)). 

 

 Figure 5.8a reveals that adsorption and constriction did not govern impairment, as 

Equation (5.3) does not accurately describe the data.  Figure 5.8b, however, confirms that 

the Civan’s power-law flow unit Equation (5.5) accurately describes values of  
       

        
 , 

and thus mechanical entrapment of asphaltenes likely dominated impairment. The 

exclusion factor    , varying from 0.96-0.99 (see Table S5.5), was calculated from the 
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deposited asphaltenes reported in Tables S5.3 and S5.4. Parameters   and   were 

estimated by non-linear regression of the experimental permeability and porosity data 

according to Equation (5.5). Values of   and   are summarized in Table S5.5 and the 

corresponding plots for each set of conditions are reported in Figure S5.6. 

Analyses of the interconnectivity ( ) and the exponent ( ) parameters of Equation 

(5.5) provide additional evidence that support mechanical entrapment to be the governing 

impairment mechanism. Figure 5.9 shows   and   of damaged PBRs as functions of the 

dimensionless water fraction in the range of 0 to 693. 

 

 

Figure 5.9. The interconnectivity ( ) and exponent parameters () as a function of the 

dimensionless water fraction (mwater/msaturated water). 

 

 As can be seen, both   and   decrease incrementally as the dimensionless water 

fraction increased from 0 to 106, and the parameters increased thereafter for 

mwater/msaturated water values >106.  The interconnectivity parameter,  , describes the ―valve‖ 

effect of the pore throats that control the connectivity of interstitial pore spaces within 

porous media, and the parameter approaches zero when the pore throats close
55

. Figure 
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5.9 reveals that the maximum number of pore throats closed for a dimensionless water 

fraction of 106 (or 3.18 wt% water), as   approached its minimum value of 4.0 x10
-5

 m 

(see also Table S5.5).  Independent measurement of the maximum deposited asphaltenes 

of 2.1 mg (reported in Table S5.4) also confirmed the maximum number of pore throats to 

have been closed. It is reasonable to conclude that i) pore throat constriction by 

adsorption initiated the deposition process and co-existed throughout impairment of the 

quartz porous media, ii) pore throat plugging by mechanical entrapment (e.g., 

hydrodynamic bridging, emulsion water blocking, catalyzed aggregation at liquid-liquid 

interfaces, etc.) dominated permeability impairment, and iii) the water fraction controlled 

the number of pore throats effectively ―switched off‖. 

Asphaltene depositions cause near-wellbore formation damage in hydrocarbon 

reservoirs, and as a result reservoir productions decrease. Discovering why asphaltenes 

damage reservoir formations has immense societal impact. The influence of water should 

not be overlooked. Our discovery that water switches the asphaltenes deposition 

mechanism on quartz surfaces is potentially helpful to design remediations that minimize 

production losses of considerable economic magnitude, as virtually every area of 

commerce builds on fossil fuel production. 

5.5. Conclusions 

The existence of water in petroleum reservoirs increases complexity of the 

precipitation and the deposition of asphaltenes in the porous media. Significant libraries 

of chemical and physical information are needed to accurately characterize asphaltene-

laden porous media. High-throughput, packed-bed microreactors with inline analyses 

were successfully innovated with the aim of understanding a complex and arduous 
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scientific problem: asphaltene deposition mechanisms on quartz particles in the presence 

of water. Experimental results revealed that even trace amounts of water  (<0.001 to 0.030 

wt%) influences the precipitation of asphaltenes. The solubility of asphaltenes in n-

heptane-toluene mixtures (60.0:40.0 vol%) was found to increase as the water mass 

fraction increased from <0.001 to 0.030 wt%, yet the solubility decreased for water mass 

fractions >3.18 wt%. Pressure drop experiments using PBRs yielded similar trends, 

which undergirds that water also influences the deposition of asphaltenes on quartz 

particles. Virtually all hydrocarbon reservoirs worldwide produce some fraction of water. 

Experimentally determined porosity loss and permeability impairment for all water 

mass fractions, evaluated using published theory, elucidated the molecular role of water 

on asphaltene depositions on quartz particles. Competition between asphaltene adsorption 

and desorption followed by pore throat plugging via mechanical entrapment, as proven by 

the Civan power-law model, was observed for all the water mass fractions investigated.  

Soluble water molecules were found to decrease the asphaltene nanoparticle collision 

efficiency within quartz porous media where trace amounts existed (i.e., in the range of 

<0.001 to 0.030 wt% water) whereas higher mass fractions (>0.030 wt%) created the 

possibility of emulsion water blocking with more particles (relatively speaking) 

depositing on pore throat surfaces, precipitating by heterogeneous nucleation at 

asphaltene-water interfaces, and/or experiencing catalyzed aggregation at interfaces.  

Finally, the water fraction was found to control the number of closed pore throats that 

interconnect the quartz porous media. 

Our discoveries lay the groundwork for computational efforts that explore Brownian 

water-to-asphaltene molecular and surface interactions. The design of transparent packed-
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bed microreactors that bridge molecular-to-microscale understanding of asphaltene-water 

interactions are promising as tools for the advancement of asphaltene science and their 

risk management during hydrocarbon productions. The complexity of crude oils and the 

need for novel techniques to study them should not go unnoticed, as the science described 

here not only influences hydrocarbon productions but also biology and fine chemicals and 

pharmaceuticals discovery and manufacture, among many other societal problems. 
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Supporting information 

 

 
 

Figure S5.1. Photograph of designed flow cell with integrated 400μm I.D. quartz capillary. 

 

 

(a) (b)  

 

 

 

Figure S5.2. UV-visible absorbance of asphaltenes in toluene at concentrations ranging from (a) 

0.1 to 4.0 g/L, and (b) 5 to 50 mg/L. 

 

 

 
 

Figure S5.3. Schematic drawing of (a) pore throat constriction and (b) pore throat plugging. 
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(a) (b)  

 

 

Figure S5.4. UV-Vis absorbance of asphaltenes in 40 vol% toluene-60 vol% n-heptane filtrates 

at water fractions from (a) dry to 3.18 wt%, and (b) 3.18 to 34.5 wt%.  

 

 

 

(a) (b)  

 

Figure S5.5. A comparison of dimensionless peressure drop values each for (a) water (34.5 

wt%)-toluene-n-heptane, deionized water, and toluene-n-heptane injections. (b) A comparison 

between n-heptane-asphaltene in water saturated toluene and n-heptane-water saturated toluene 

injections. 

 

 

 

 



 

143 

 

(a)  (b)  

(c)  (d)  

 

(e)  (f)  
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(g)  (h)  

(i)  (j)  

(k)  (l)  

(m)  (n)  
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(o)  (p)  

 

 

Figure S5.6. Nonlinear and linearized correlations of the permeability and porosity data with 

Equation (5.5) for water fractions of (a, b) <0.001 wt%, (c, d) 0.015 wt%, (e, f) 0.030 wt%, (g, h) 

1.62 wt%, (i, j) 3.18 wt%, (k, l) 6.17 wt%, (m, n) 11.6 wt%, and (o, p) 20.8 wt%. 

 

 

 

Table S5.1. Elemental analysis of Wyoming crude oil deposit. 

Element Wyoming deposit (%) 

C 86.0 

H 7.6 

N 0.5 

other 5.9 

    

 

Table S5.2. Pore sizes of filter papers and syringe filters. 

 

 
Filter paper/syringe filter Pore size (μm) 

Grade 1 11 

Grade 3 6 

Grade 4 20-25 

Grade 5 2.5 
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Table S5.3. The influence of trace water on μPBR impairment. 

 
Test t/P Water 

(wt%) 
∅initial 
(%) 

κinitial 
(mD) 

mtotal 

(mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅damage

∅initial
 

κdamage

κinitial
 

s 

(x103) 

 P

 P 
 

1 40.0 <0.001 40.2±0.3 530±7 2.9 2.6±0.1 0.3 0.986 0.091 0.16 11 

2 50.0 <0.001 40.6±0.3 555±5 3.6 3.1±0.1 0.5 0.977 0.034 0.43 29 

3 50.0 0.015 39.7±0.5 527±8 3.6 3.1±0.2 0.5 0.977 0.063 0.22 16 

4 50.0 0.030 40.1±0.3 550±9 3.6 3.2±0.3 0.4 0.982 0.091 0.16 11 

5 64.5 <0.001 40.6±0.6 557±4 4.8 3.8±0.2 1.0 0.954 0.005 3.35 225 

6 64.5 0.015 39.5±0.7 560±9 4.8 3.9±0.2 0.9 0.958 0.010 1.49 99 

7 64.5 0.030 40.9±0.9 529±4 4.8 4.0±0.2 0.8 0.964 0.019 0.73 51 

8 72.0 0.015 40.3±0.3 540±2 5.2 4.0±0.3 1.2 0.945 0.005 3.24 225 

9 72.0 0.030 40.4±0.6 524±3 5.2 4.2±0.2 1.0 0.954 0.009 1.53 109 

10 79.0 0.030 39.7±0.1 551±4 5.6 4.3±0.4 1.3 0.939 0.005 3.32 225 

 

Table S5.4. The influence of excess water on μPBR impairment. 

Test t/P Water 

(wt%) 
∅initial 
(%) 

κinitial 
(mD) 

mtotal 

(mg) 

mwaste 

 (mg) 

mdeposited 

(mg) 

∅damage

∅initial
 

κdamage

κinitial
 

s 

(x103) 

 P

 P 
 

1 40.0 20.8 40.4±0.6 535±5 2.9 2.6±0.1 0.3 0.986 0.04 0.36 30 

2 57.0 20.8 40.9±0.7 574±3 4.1 3.6±0.2 0.5 0.977 0.015 1.03 85 

3 57.0 11.6 40.4±0.3 546±2 4.1 3.6±0.3 0.5 0.977 0.035 0.42 32 

4 57.0 6.17 39.8±0.1 537±9 4.1 3.7±0.1 0.4 0.981 0.078 0.19 14 

5 57.0 3.18 40.5±0.6 540±2 4.1 3.7±0.2 0.4 0.981 0.113 0.12 9.1 

6 57.0 1.62 39.8±0.6 556±5 4.1 3.7±0.2 0.4 0.981 0.107 0.14 9.5 

7 64.5 20.8 40.7±0.7 549±5 4.8 4.0±0.2 0.8 0.964 0.006 2.61 225 

8 64.5 11.6 39.6±0.3 525±6 4.8 4.1±0.3 0.7 0.967 0.020 0.69 56 

9 64.5 6.17 40.3±0.9 540±2 4.8 4.2±0.2 0.6 0.977 0.064 0.24 18 

10 64.5 3.18 41.0±0.3 557±6 4.8 4.3±0.1 0.5 0.977 0.065 0.23 16 

11 64.5 1.62 39.3±0.4 530±1 4.8 4.3±0.3 0.5 0.976 0.060 0.24 17 

12 84.0 11.6 40.7±0.6 556±9 6.0 4.6±0.2 1.4 0.936 0.005 2.95 225 

13 84.0 6.17 39.1±0.3 529±3 6.0 5.1±0.2 0.9 0.957 0.016 0.87 66 

14 84.0 3.18 39.9±0.8 537±4 6.0 5.1±0.3 0.9 0.958 0.033 0.43 32 

15 84.0 1.62 40.0±0.5 539±3 6.0 4.9±0.2 1.1 0.949 0.009 1.61 113 

16 90.0 6.17 41.2±0.3 581±6 6.5 5.4±0.2 1.1 0.951 0.014 1.13 78 

17 90.0 3.18 39.4±0.2 560±2 6.5 5.5±0.2 1.0 0.953 0.027 0.55 38 

18 90.0 1.62 39.9±0.5 554±4 6.5 5.0±0.3 1.5 0.930 0.005 3.28 225 

19 100 6.17 40.3±0.6 523±5 7.3 5.7±0.4 1.6 0.926 0.005 2.94 225 

20 100 3.18 40.7±0.4 560±7 7.3 6.0±0.5 1.3 0.941 0.017 0.88 60 

21 119 3.18 39.3±0.7 557±3 8.4 6.3±0.4 2.1 0.901 0.005 3.27 225 

 

Table S5.5. Parameters of Equation (5.5) determined by experiments ( ) and non-linear 

regression (  and  ). 

 
Test Water (wt%)     (m)   R2 

1 <0.001 0.981-0.994 2.4 x10-2 26.2 0.991 

2 0.015 0.978-0.991 9.6x10-3 23.5 0.955 

3 0.030 0.976-0.993 1.9x10-3 19.9 0.950 

4 1.62 0.972-0.993 7.1x10-4 17.6 0.949 

5 3.18 0.961-0.993 4.0x10-5 10.9 0.961 

6 6.17 0.970-0.993 2.0x10-4 14.8 0.962 

7 11.6 0.974-0.991 8.7x10-4 15.3 0.995 

8 20.8 0.985-0.994 9.9x10-3 25.0 0.970 
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CHAPTER 6 

 INTERFACIAL PROPERTIES OF ASPHALTENES AT  

THE HEPTOL-BRINE INTERFACE 

(To be submitted to Langmuir) 

 

Abstract 

Water-oil emulsion is inevitable in the production of crude oil. Understanding the role of 

asphaltenes at the heptol (mixture of n-heptane and toluene)-brine interface is of significant 

importance to deal with oil lost and the waste disposal. A Tracker tensiometer was used to test 

the influence of asphaltenes concentration, time, temperature (25.0-85.0  ) and large inorganic 

particles on the interfacial tension of  heptol-brine interface. A transparent quartz packed-bed 

microreactor with in-line analytics was designed to test the emulsion block in porous media. 

Experimental results show that the presence of asphaltenes and large hydrophobic inorganic 

particles in heptol could stabilize the water in oil emulsions. The results could aid in the design 

of remediation to improve water displacement of crude oil in sandstone reservoirs and enhance 

the crude oil recovery.  

6.1. Introduction 

Asphaltenes, operationally defined as n-alkane insoluble but toluene soluble component of a 

crude oil, broadly impact energy production, transportation, chemicals manufacturing, and 

roofing, etc. Because of these deleterious effects, researchers from both industry and academia 
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have heavily invested in asphaltene research. Essential topics of asphaltenes include asphaltenes 

structures
1-3

, asphaltenes behaviors at interfaces
4-8

, the characterization of asphaltenes bearing 

media
9
, precipitation, deposition, and dissolution

10-18
.  

Water (or brine) is inevitable in the production of crude oil. Produced water comes from 

either formation water or injected water during secondary and tertiary recovery. Emulsions 

appear as a result of the presence of water when high shear stresses were applied at the wellhead 

and choke valves
19

. Stabilization of water-in-crude oil emulsions can be influenced by the 

irreversible adsorption of asphaltenes, resins and clays at the crude oil-water interface
20

. The 

asphaltenes are reported to rearrange at the interface into a rigid mechanical film with thickness 

ranging from 2 to 9 nm
21

. This mechanically strong and rigid film resists droplet coalescence, 

and the emulsified water will corrode refinery equipment and poison catalysts when passing 

through the refinery operation units. Therefore, emulsions become a major problem for the crude 

oil industry due to the oil lost and the waste disposal. Despite years of hard work by many 

researchers, gigantic effort is still required to elucidate the role of asphaltenes at the oil-water 

interface.  

Microchemical systems are widely used in micromixing
22, 23

, multi-step chemical synthesis
22, 

24
, continuous flow separations

25, 26
, and integration of analytics and automation

27, 28
 over the past 

decade. Many advantages, such as reduced heat and mass transfer limitations, improved surface 

area-to-volume ratios, safer tools for high pressure and temperature chemical reactions
22, 23, 29-34

, 

that make microreactors continue their increasing contributions to chemical research and 

development. A variety of materials
23, 35-39

, such as metals, polymers and ceramics, can be used 

to fabricate microreactors. The choice of materials mainly depends on experimental conditions 

and ease of fabrication techniques. Silicon
30, 40

 and glass
39, 41-43

 are the two most common 
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materials due to their capability of withstanding high temperature and pressure. Transparent 

packed-bed microreactors (μPBRs) with in-line analytics introduce versatility and advantages 

for understanding multiphase systems in porous media.  

In the present study, Tracker tensiometer was used to develop understanding of the role of 

asphaltenes at heptol-brine interfaces. Influences of asphaltenes concentration, time, temperature 

and inorganic particles on the interfacial tension were investigated. Emulsion flow tests in porous 

media were performed in a transparent packed-bed microreactor with inline analysis to determine 

the extent to which asphaltenes could stabilize the emulsions.  

6.2. Experimental section 

6.2.1. Materials and instruments.  

Toluene (high purity), n-heptane (high purity), 2-propanol (high purity), acetone (high 

purity), and Wyoming crude oil deposits were provided by Nalco Champion, An Ecolab 

Company. Whatman grade 1 filter papers were obtained from GE Healthcare Life 

Science. NaCl (certified ACS) and NaHCO3 (certified ACS) were purchased from Fisher 

Scientific. The brine sample used in the present study was prepared by dissolving 0.93 g 

NaCl and 0.67 g NaHCO3 into 98.4 g DI water
20

. Inorganic solid particles were 

commercially available, as reported in Table 6.1.  

Table 6.1. Inorganic solid particles used in the present study 

 
Particle  verage 

size(μm) 

Material Wettability 

Sipernat D10 6.5 SiO2 hydrophobic 

Sipernat 35 9.0 SiO2 hydrophilic 

 

High pressure syringe pumps (65 DM) were manufactured by Teledyne ISCO (Lincoln, NE). 

Check valves, back pressure regulators and pressure reducing valves were purchased from IDEX 

Health & Science (Oak Harbor, W ). Pressure transducers and Tracker tensiometer were 



 

150 

 

obtained from Honeywell Sensing & Control (Golden Valey, MN) and Teclis (Parc Chancolan, 

Longessaigne, France), respectively.  

6.2.2. Preparation of asphaltenes.  

 sphaltenes used in this study were the n-heptane insoluble fraction of Wyoming crude oil 

deposits. The deposits were dissolved in toluene, and Whatman grade 1 filter papers were used to 

remove the insoluble organic and inorganic material. Then, n-heptane was added into the filtrate, 

and the precipitated asphaltenes were collected and dried at 60.0   under vacuum for 24 hrs. 

The dried asphaltenes (dark-colored, friable solids) were stored in a desiccator before using in 

the present work. 

6.2.3. Measurements of density.  

Densities of brine and heptol (e.g., heptol 25/75 represents 25 vol% n-heptane and 75 vol% 

toluene) samples at different temperature with asphaltenes and inorganic particles were measured 

using an  nton Paar DM  4500 density meter. The density meter was calibrated by DI water in 

the range of experimental temperatures. The results are reported in Table 6.2, 6.3, and 6.4. 

Density of n-heptane was determined to be 0.6796 g/cm
3
 at 25.0  .  

Table 6.2. Density of heptols at different asphaltenes concentrations 

 
wt% of  

asphaltene 

Toluene  

(g/cm
3
) 

Heptol  

25/75 

(g/cm
3
) 

Heptol  

50/50 

(g/cm
3
) 

Heptol  

75/25 

(g/cm
3
) 

0 0.8622 0.8179 0.7740 0.7300 

0.001 0.8622 0.8179 0.7740 0.7300 

0.005 0.8622 0.8179 0.7740 0.7300 

0.010 0.8622 0.8179 0.7740 0.7300 

0.10 0.8625 0.8181 0.7743 0.7304 

1.00 0.8645 0.8199 0.7765 0.7332 
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Table 6.3. Density of water, brine and asphaltenes in heptol 

at temperature from 25.0 to 85.0   

 
T 

( ) 

H2O 

(g/cm
3
) 

Brine 

(g/cm
3
)  

0.01 wt% 

asphaltenes in 

heptol 25/75 

 (g/cm
3
) 

25.0 0.9970 1.0082 0.8179 

45.0 0.9902 0.9988 0.7992 

65.0 0.9806 0.9884 0.7805 

85.0 0.9686 0.9750 0.7612 

 

Table 6.4. Density of solvents with inorganic particles  

 
Mass Fraction 

of particles 

 (wt%) 

Sipernat D10  

in heptol 25/75 

(g/cm
3
) 

Sipernat 35 

 in Brine 

(g/cm
3
)  

0 0.8179 1.0082 

0.25 0.8191 1.0096 

0.50 0.8203 1.0108 

0.75 0.8214 1.0120 

1.00 0.8225 1.0134 

 

6.2.4. Measurements of IFT.  

The measurements were performed on Tracker tensiometer. The instrument is composed of 

seven parts, as shown in Figure 6.1. The optical bench, part 1, was used to avoid vibration during 

the measurements.   500 μL glass syringe (part 2) was fitted with a straight needle (#20) and 

loaded with brine or DI water. The glass syringe was placed in a syringe piston actuator 

(part 3) and the tip of the straight needle was positioned in an optically clear quartz cuvette 

(part 4) and immersed in the organic phase. The aqueous droplet was formed at the tip of the 

needle. The light source (part 5) uniformly illuminated the aqueous droplet and the CCD 

camera (part 6) grabbed the drop images, which were then analyzed using Tracker software 

(part 7) to determine the IFT.  
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Figure 6.1. Schematic flow diagram of the experimental setup used to study the interfacial 

tensions at heptol-brine interface: 1. optical bench; 2. glass syringe (500 μL); 3. syringe 

piston actuator; 4. quartz cuvette with sample (aqueous pendant drop immersed in heptol 

phase); 5. light source; 6. CCD camera; 7. computer and monitor including Tracker 

software. 

The high precise mode was used to measure the IFT. The volume of the aqueous droplet 

was selected to be large enough (10 μL in the present work) to provide an accurate value of 

IFT. The syringe, needle and cuvette were cleaned repeatedly and sequentially with hot 

water, 2-propanol, acetone and toluene to obtain accurate and reproducible results. The 

cuvette top was sealed with glass templates to prevent the evaporation of solvents.  

6.2.5. Emulsion block test in packed-bed microreactors.  

The 45 μL packed-bed microreactor (μPBR) used in the present work has a dimension of 

5.0x1.8x0.21 cm, and the fabrication process was described in our previous work
44, 45

. The 

microchannel is 300 μm in depth and 0.9 cm in width. Micro-pillars are placed near the exit 

to avoid ~29 μm quartz particles to flow out. Stable packing with porosity of ~40% and 

permeability of ~500 mD were obtained, and pore throat size of the porous media was 

estimated to be ~6.5 μm
44, 45

. The process flow diagram engineered to study the role of 

asphaltenes on emulsion block in the μPBR is shown schematically in Figure 6.2. Two high 
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pressure syringe pumps were used to deliver asphaltene in heptols and brine into the μPBR 

at constant flow rates. Check valves were connected to prevent back flow of the liquids, and 

pressure reducing valves (set to 100 psi) were integrated inline as relief devices. The 

reagents in two laminar flow streams mixed in a stainless steel Tee union placed in an 

ultrasonic bath to form and disperse emulsions. Inline pressure transducers were used to 

monitor the pressure drop inside the μPBR. The packaged μPBR system was connected to a 

water bath to control the temperature ranging from 25.0 to 85.0  . A 5 psi back-pressure 

regulator maintained constant pressure at the outlet to minimize the possibility of 

microchanneling within the μPBR.  

 

Figure 6.2. Schematic flow diagram of the experimental setup used to test the emulsion 

block in μPBR. 

6.3. Theory Section 

6.3.1. Principle of drop shape analysis.  

The interfacial tension was usually measured by analyzing the shape of the droplet 

which is governed by the balance between interfacial and gravity forces. The droplet 

tends to form a spherical shape due to interfacial tension, whereas gravity force elongates 

it depending on density differences between bulk and droplet phases. To illustrate the 
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calculation process, the profile of an axisymmetric pendant droplet formed at the tip of a 

needle is considered (Figure 6.3). M is a random point on the interface of the droplet with 

coordinates xP and zP, and   is the angle of the tangent at M to the contour of the droplet image. 

According to the Laplace-Young equation, when the curvature radii are sufficiently large 

compared to the thickness of the interfacial film, the pressure difference on a curved fluid 

interface,   , is given by
46

, 

   𝛾 
 

𝑅 
 

 

𝑅 
          (6.1) 

where 𝛾 is the IFT, and  R1 and R2 are the main curvature radii of the interface. IFT is determined 

from the force balance to any point on the interface, and the equilibrium equation is expressed 

as
47

,  

   𝛾        𝜌               (6.2) 

Where r is the abscissa of the meridian point having z as its ordinate,    is the volume of the 

fluid under the plane of altitude zP,  𝜌 is density difference of the two fluids, and g is the 

gravitational acceleration.  

 

Figure 6.3. Schematic of an axisymmetric pendant droplet and its coordinates for drop shape 

analysis. 
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6.3.2. Application of Vogel-Tammann-Fulcher equation to correlate IFT.  

The vogel-Tammann-Fulcher (VTF) equation can be expressed as
45, 48

, 

           
 

𝑅 𝑇 𝑇  
          (6.3) 

where   is a temperature dependent parameter, such as viscosity, diffusivity, and emulsion 

stability.     is the pre-exponential coefficient, E is the activation energy of the investigated 

process, and R is the universal gas constant. T and Tc are defined as the actual and critical-limit 

absolute temperatures of the system, separately. As (T-Tc)   ,   approaches    . 

In the present study, IFT will be correlated using VTF equation to elucidate the temperature 

dependence, as shown in equation (6.4). 

                   
 

𝑅 𝑇 𝑇  
        (6.4) 

 

Here,    can be defined as the critical limit absolute temperature at which point IFT could 

approach its maximum value. As (T-Tc)   boiling point, IFT approaches its minimum value 

(IFT)c.  

6.4. Results and discussion 

6.4.1. Baseline calibration.  

The Tracker tensiometer was calibrated before performing the experiments, and the measured 

values were compared to the literature to ensure the validity of the experimental data. The IFTs 

of heptols (i.e., toluene, heptol 25/75, heptol 50/50, heptol 75/25 and n-heptane)-DI water system 

were measured. The densities of DI water and heptols at 25.0  , as reported in Table 6.2 and 

6.3, were required to calculate the IFTs from drop shape. The equilibrium IFTs of heptols-water 

system were reached within 1 min. Figure 6.4 gives the dynamic IFTs and equilibrium IFTs of 

heptols-DI water system at 25.0  . The IFTs increase with increasing n-heptane volume fraction. 

The IFTs of toluene and n-heptane against DI water were measured to be 35.8 and 51.1 mN/m, 
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respectively, which are very close to the literature value of 36.1 mN/m for toluene-DI water 

system
49

 and 50.7 mN/m for n-heptane-DI water system
50

.  

(a)  (b)  

Figure 6.4. (a) Dynamic IFTs and (b) equilibrium IFTs of heptols-DI water system at 25.0  . 

6.4.2. Influence of asphaltenes concentration.  

According to the work of others, IFT of water-hydrocarbon system will increase when 

inorganic salts are added to the aqueous phase
46

. Here, we choose the fixed salinity of the 

aqueous phase at 16 g/kg, and change the concentration of asphaltenes to investigate their effect 

on the heptol 25/75-brine interface. Three sets of samples were prepared at 0.001, 0.005 and 0.01 

wt% asphaltenes in heptol 25/75. The color of heptol 25/75 with higher asphaltenes 

concentration was too dark to analyze the drop shape. Asphaltenes were first dissolved in toluene 

at a concentration of 0.1 wt%, and then proper amount of toluene and n-heptane were added to 

obtain the required asphaltenes concentration. The densities of brine and asphaltenes in heptol 

25/75 at 25.0   were reported in Table 2 and 3. Figure 6.5 shows the dynamic IFTs of brine - 

heptol 25/75 with different asphaltenes concentrations at 25.0  . The top line is heptol 25/75 

without asphaltenes, presented as the baseline for comparison. For heptol 25/75 with asphaltenes, 

the IFTs decreased over time. At a time of 60 min, the IFTs decreased from 33.6 to 29.1 mN/m, 
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as asphaltenes concentration in heptol 25/75 increased from 0.001 to 0.01 wt%. Clearly, 

asphaltenes molecules are interfacially active, and the increasingly accumulation of asphaltenes 

at the heptol 25/75-brine interface reduced the IFT continuously.  

 

Figure 6.5. Dynamic IFTs of brine-asphaltenes in heptol 25/75 (with asphaltene concentrations 

of 0, 0.001, 0.005 and 0.01 wt% ) at 25.0  .   

6.4.3. Influence of time.  

In this section, the IFTs of 4 sets of heptols (i.e., toluene, heptol 25/75, heptol 50/50, and 

heptol 75/25) with asphaltenes concentration of 0.01 wt% against brine were investigated. The 

densities of the samples were reported in Table 6.2. Figure 6.6 shows the dynamic IFTs of brine-

0.01 wt% asphaltenes in heptols at 25.0   with a time range of 15 hrs. For 0.01 wt% asphaltenes 

in toluene and heptol 25/75, IFTs decreased to 21.7 and 20.8 mN/m, respectively, in 15 hrs. 

Figure 6.7 shows the images of pendant brine drop in heptols with asphaltenes concentration of 

0.01 wt%. No asphaltenes particles were absorbed on the pendant drop surface at 15 hrs for 0.01 

wt% asphaltenes in toluene and heptol 25/75 (Figure 6.7a and 6.7b). It is interesting to note that 

IFT of 0.01 wt% asphaltenes in heptol 75/25-brine system decreased quickly in the first hour, 
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and then increased due to the fact that asphaltenes started to precipitated (Figure 6.7d). The 

reduction of the effective asphaltenes concentration in solvents resulted in the increase of its IFT. 

For 0.01 wt% asphaltenes in heptol 50/50, IFT had an obvious increase at ~7 hrs. The 

observation here is consistent with our previous work: asphaltenes have lower solubility and 

shorter precipitation onset time at higher n-heptane volume fraction
44, 45

. For 0.01 wt% 

asphaltenes in both heptol 50/50 and heptol 75/25, asphaltenes particles were observed at the 

pendant drop surface at 15 hrs, as shown in Figure 6.7c and 6.7e.  

 

Figure 6.6. Dynamic IFTs of brine-0.01 wt% asphaltenes in heptols at 25.0  . 

 

Figure 6.7. Images of pendant brine drop in heptols with asphaltenes concentration of 0.01 wt%.  

 

 



 

159 

 

6.4.4. Influence of temperature. 

Influence of temperature on IFTs of brine-0.01 wt% asphaltenes in heptol 25/75 was 

investigated for the range of 25.0-85.0  . It is important to point out that the cuvette top should 

be sealed with glass templates to prevent the evaporation of solvents. Densities of brine and 0.01 

wt% asphaltenes in heptol 25/75 were given in Table 6.3. Figure 6.8a shows the dynamic IFTs of 

brine-0.01 wt% asphaltenes in heptol 25/75 at temperatures from 25.0 to 85.0  . The IFT 

between brine and 0.01 wt% asphaltenes in heptol 25/75 is decreasing with increasing 

temperature. One reason is that the solubility of heptols in water increases at higher temperature, 

which decreases the interfacial energy, and subsequently leads to a lower value of IFT
46

.  

Another reason may be that the surface mobility increases at higher temperature, and in turn the 

total entropy of the interface increases and thereby its free energy reduces
51

.  

 

(a) (b)  

Figure 6.8. (a) Dynamic IFTs of brine-0.01 wt% asphaltenes in heptol 25/75 at temperatures 

from 25.0 to 85.0  . (b) Semilog linear plot of the IFT as a function of reciprocal of temperature 

deviation from the critical-limit temperature value. 
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As temperature increases from 25.0 to 85.0  , IFTs decrease from 38.6 to 35.3 mN/m at t=0, 

and from 29.1 to 22.4 mN/m at t=1hr, respectively. The experimental results were correlated 

using the VTF equation (Equation 6.4), as introduced in the theory section. Figure 6.8b is the 

semilog linear plot of the IFT as a function of reciprocal of temperature deviation from the 

critical-limit temperature value. The pre-exponential coefficient (IFT)c, E/R, and Tc were 

determined to be 20.57 mN/m, - 92.03 K, and 92.21 K for t=0, and 10.36 mN/m, -228.94 K, and 

84.11 K for t= 1hr, respectively.   

6.4.5. Influence of inorganic particles.  

The work of others
19

 shows that small inorganic particles (< 1 μm) could enhance water-

crude oil emulsion stability. In this section, we tried two larger inorganic particles with diameter 

of 6.5 (hydrophobic) and 9.0 μm (hydrophilic), separately, as shown in Table 6.1. The 

densities of samples with inorganic particles were reported in Table 6.4. Two sets of 

experiments were designed to investigate the role of larger inorganic particles on the brine-

heptol 25/75 interface. In the first experiment, the hydrophobic particles (6.5 μm) were 

dispersed in heptol 25/75 with asphaltenes concentration of 0.01 wt%, while no particles 

were in the brine. The presence of asphaltenes facilitated the dispersion of the hydrophobic 

particles in the organic phase. Without asphaltenes, these silica particles would deposit on 

the bottom of the cuvette in ~3 minutes. Figure 6.9a shows the dynamic IFTs of brine-0.01 wt% 

asphaltenes in heptol 25/75 (with particles concentration from 0 to 1.00 wt%) at 25.0  . As 

hydrophobic particles concentration increases from 0 to 1.00 wt%, the IFTs between brine and 

0.01 wt% asphaltenes in heptol 25/75 increased from 29.1 to ~115 mN/m at 1 hr. Figure 6.10 

gives the images of pendant brine drop in 0.01 wt% asphaltenes in heptol 25/75 with the 6.5 μm 

hydrophobic particles concentration from 0 to 1.00 wt% at 1 hr. As can be seen, more and more 
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particles were absorbed on the surface of the pendant drop and in turn stabilize the water-in-oil 

emulsions.  

 

 (a) (b)  

Figure 6.9.  Influence of inorganic particles on IFTs. (a) Dynamic IFTs of brine-0.01 wt% 

asphaltenes in heptol 25/75 (with Sipernat D10 particles concentrations from 0 to 1.00 wt% ) at 

25.0  . (b) Comparison of the influence of hydrophobic particles in heptol 25/75 and 

hydrophilic particles in brine on the IFTs.  

 

Figure 6.10. Images of pendant brine drop in 0.01 wt% asphaltenes in heptol 25/75 with Sipernat 

D10 particles concentration from 0 to 1.00 wt% at 1h.  

In the second experiment, the hydrophilic particles (9.0 μm) were dispersed in brine, 

while no particles were in the heptol 25/75 with asphaltenes concentration of 0.01 wt%. 

Figure 6.9b gives a comparison of the influence of hydrophobic particles in heptol 25/75 and 
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hydrophilic particles in brine on the IFTs. The presence of hydrophilic particles in brine has no 

obvious influence on the IFTs between brine and 0.01 wt% asphaltenes in heptol 25/75.  

6.4.6. Emulsion block in porous media.  

In this section, the role of asphaltenes on the emulsion block in μPBR was investigated with 

a total flow rate of 100 μL/min. Two high pressure syringe pumps were used to inject the 

organic phase and aqueous phase into the μPBR. Figure 6.11a shows the dimensionless 

pressure drop as a function of brine volume fraction from 0 to 100 vol% at 25.0  . The 

dimensionless pressure drop is 1.0 for heptol 25/75 (baseline) and 3.5 for pure brine. When both 

heptol 25/75 and brine were injected into the μPBR, the dimensionless pressure drop would 

increase from 3.6 to 6.5 as the brine volume fraction increased from 10 to 90 vol%. 

 ccording to Darcy’s law, the increase in the dimensionless pressure drop is due to the 

increase of the emulsion viscosity
52

.  

In the next experiment set, the brine volume fraction was chosen to be 20 vol%, and 

asphaltenes concentration in heptol 25/75 increased from 0.001 wt% to 0.5 wt%. Figure 

6.11b shows the dimensionless pressure drop as a function of asphaltenes concentration at 

25   for brine volume fraction of 20 vol%. Compared with the dimensionless pressure drop for 

asphaltenes concentration of 0 wt% (4.8±0.3), the presence of asphaltenes increase the 

dimensionless pressure drop even at asphaltenes concentration of 0.001 wt% (Figure 6.11b). At 

asphaltenes concentration of 0.5 wt%, the dimensionless pressure drop increases to 16.1. The 

accumulation of asphaltenes on the brine and heptol 25/75 interface stabilizes the emulsions, and 

in turn makes the emulsions provide more resistance to their flow in the μPBR.  

The influence of temperature on the emulsion block in porous media was also 

investigated. The brine volume fraction was 20 vol%, and the asphaltenes concentration in 
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heptol 25/75 was fixed to 0.5 wt%. Figure 11c gives the dimensionless pressure drop as a 

function of temperature ranging from 25.0 to 85.0  . As can be seen, the dimensionless 

pressure drop decreases from 16.1 to 2.5, as temperature increases from 25.0 to 85.0  . The 

observation here is consistent with the experimental results that IFTs decrease as temperature 

increases. The decrease in IFTs allows the emulsions to flow through the porous media with 

lower resistance.  

(a)  (b)  

(c)  

Figure 6.11. Emulsion block test in μPBRs for total flow rate of  100 μL/min. Dimensionless 

pressure drop as a function of (a) brine volume fraction at 25.0  , (b) asphaltenes 

concentration at 25.0   for brine volume fraction of 20 vol%, and (c) temperature for 0.5 wt% 

asphaltenes in heptol 25/75 and brine volume fraction of 20 vol%.  
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Crude oil-water emulsion injection in reservoirs has been used to enhance crude oil recovery. 

The laboratory investigations of emulsions flowing through the porous media are helpful to 

improve water displacement of crude oil in sandstone reservoirs, and in turn enhance the crude 

oil recovery.  

6.5. Conclusions 

 The presence of asphaltenes in crude oil adds complexity to the production of 

petroleum especially when water is injected into the reservoir. Understanding the 

interfacial properties of asphaltenes at the crude oil-water interface is important in oil 

production process. Several parameters including asphaltenes concentration, time, 

temperature and inorganic particles were investigated using a Tracker tensiometer. 

Experimental results show that asphaltenes molecules are interfacially active, and the 

increase in asphaltenes concentration decreases the IFT between brine and heptol 25/75. 

For 0.01 wt% asphaltenes in heptol 75/25 and heptol 50/50, IFT decreased first but 

increased obviously due to the precipitation of asphaltenes, and at 15 hours, asphaltenes 

particles were observed at the interface. As temperature increases, IFTs between brine 

and 0.01 wt% asphaltenes in heptol 25/75 decrease. Large hydrophobic inorganic 

particles dispersed in heptol 25/75 could be absorbed at the surface of pendant brine drop, 

and stabilized the water in oil emulsion.  

 Crude oil recovery can be enhanced by injecting crude oil-water emulsions into 

reservoirs. Emulsion block test was conducted in a transparent packed-bed microreactor. 

In the absence of asphaltenes, the dimensionless pressure drop of emulsion flow is higher 

than the flows of heptol 25/75 or brine under the same flow rate. The presence of 

asphaltenes increases the dimensionless pressure drop even at very low concentration of 
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0.001 wt%. Experimental results also showed that the increase in temperature facilitates 

the flow of emulsions through the porous media due to the lower resistance. These results 

are helpful to design remediation to enhance the crude oil recovery.  
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CHAPTER 7 

MICROCHEMICAL SYSTEMS FOR UNDERSTANDING THE DISSOLUTION KINETICS 

AND MECHANISMS OF ASPHALTENES IN POROUS MEDIA 

(To be submitted to Chem. Eng. Sci.) 

 

Abstract 

Insightful information concerning the dissolution of asphaltenes in quartz porous media was 

acquired through the use of transparent packed-bed microreactors (μPBRs), inline UV-Vis 

spectroscopy and pressure transducers. Shut-in time (0-16 h), Reynolds number (0.69- 5.52x10
-2

), 

n-heptane composition (50-80 vol%), and temperature (25-90 C) were all observed to influence 

the dissolution of asphaltenes in the μPBRs. The experimental results show that ReP from 0.69 to 

5.52x10
-2

 has a lower influence in comparison to other factors. Even when ~70-90 wt% 

asphaltenes were removed from the damaged packed-bed microreactors (DμPBRs), the 

permeability impairments were still much lower than expected. The remaining asphaltenes in the 

DμPBRs plugged the pore throat of porous media, and as a result resisted the flow of fluids. 

Understanding the dissolution kinetics and mechanisms of asphaltenes in porous media can be 

useful in designing remediation treatments that minimize energy production losses and the 

resultant economic losses. 

 

 



 

171 

 

7.1. Introduction 

Asphaltenes science broadly impacts our everyday lives in such varied ways as 

manufacturing, transportation, roofing, and especially conventional and unconventional energy 

productions. Asphaltenes are macromolecular aromatics, and similar to some lower molecular 

weight pharmaceuticals and fine chemicals. Merit exists for the green hydrothermal cracking of 

asphaltenes molecules into pharmaceuticals and fine chemicals precursors. The advancements of 

knowledge in this field facilitate the development of pharmaceuticals and fine chemicals, and 

understanding asphaltenes science is of significant importance to green chemistry, sustainability, 

and economics. 

Asphaltens are typically defined as light n-alkanes-insoluble (e.g., n-heptane and n-pentane), 

toluene-soluble component of a given crude oil
1
. The fraction consists primarily of aromatic 

polycyclic clusters and heteroatoms (e.g., O, S, and N), as well as trace amount of metals (e.g., 

Fe, Ni, and V). The chemical composition, molecular structure, color, and other intrinsic 

properties vary with reservoir geography, pressure, temperature, precipitant type
2
, and other 

factors. For example, asphaltenes obtained from a given crude oil using n-heptane as a 

precipitant are usually dark-colored solids with C:H ratios of ~1:1.2, specific gravity of ~1.2, and 

molecular weight range of 500-1000 Daltons
1
. Even after decades of academic and industrial 

investigation, asphaltene-related research is still an important and difficult challenge due to their 

thermodynamic and functional complexities. Currently, understanding asphaltenes structures
3-7

, 

aggregation and solubility behaviors
5, 8-13

, precipitation (or flocculation)
14-17

, deposition
2, 17-21

, 

and dissolution
22-24

, all remain essential research topics in this certain area.  

Asphaltenes precipitation and deposition can occur during the production, transportation and 

refinery process of a given crude oil. Crude oil is a very complex chemical soup that containing 
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thousands of different kinds of ingredients, and asphaltenes are the heaviest and most 

problematic fractions. Many factors, such as changes in pressure, temperature and bulk fluid 

composition, can cause asphaltenes to precipitate, and deposit onto a solid surface, thus plug the 

reservoir porous media, transportation pipelines, and refinery equipments
3, 8, 16, 20-22, 25-28

. This 

decreases the oil production and increases the operation cost. In porous media, two recognized 

models describe asphaltenes deposition: surface adsorption and mechanical entrapment (e.g., 

hydrodynamic bridging/pore throat plugging)
29

. Surface adsorption is reversible with asphaltenes 

desorbing from solid surfaces as the bulk concentration decreases. Mechanical entrapment is a 

physical blocking process of pore throats by precipitated asphaltenes particles. Research results 

show that both of these two mechanisms exist and mechanical entrapment dominates the 

deposition process
17-19

.  

Asphaltenes removal has attracted more attention from scientists and engineers
22-24, 30

, both 

from industry and academia,  with the increasing trend towards the exploitation of heavier crude 

oil and the application of secondary and tertiary methods in oil recovery
24

. Various operational 

techniques (e.g., squeeze injection treatments and mechanical pigging) have been used to 

remediate such near-wellbore damage. Squeeze injection treatments usually involve the use of 

aromatic-based solvents, such as toluene and xylenes, to dissolve asphaltenes precipitates and 

deposits. Successfully orchestrating a squeeze treatment to remove asphaltenes requires a 

detailed understanding of fluid placement and the dissolution mechanisms, which ultimately 

depend on the formation damage mechanism
17, 19

. Mechanical pigging becomes necessary when 

the deposits are tightly condensed and difficult to remove by squeeze injection treatments.  

Microchemical systems (e.g., lab-on-a-chip devices), taking advantages of reduced heat and 

mass transfer limitations, enhanced mixing, and high surface-area-to-volume ratios
17-19, 31-46

, 
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serve as ideal tools to investigate multiphase flows and reactions in porous media. Low Reynolds 

number laminar flows are generally obtained in the microchemical systems due to their reduced 

length scales
32

, and mixing of multiphase flows have been  shown to achieve in microseconds
43, 

47-49
.  Lab-on-chip designs are capable of operating at high pressures (e.g., > 2,500 psi) and 

temperatures (e.g., > 350 C). Silicon
32

 and glasses
50-51

 are two widely used materials that were 

chosen depending on the availability of fabrication techniques and experimental conditions. The 

design of microchemical systems with online analytics creates the potential to advance the 

understanding of asphaltenes science at characteristic length scales.  

In the present work, two fields of science, oilfield chemistry and microchemical systems, 

were merged to investigate the dissolution of asphaltenes in porous media. Our transparent 

packed-bed microreactors (μPBRs) provide an excellent platform to study the dissolution of 

asphaltenes at the micro-scale, which bridges the knowledge gap between molecular level events 

and macro-scale reservoir production. Four factors, shut-in time (0-16 h), Reynolds number (0.69 

-5.52x10
-2

), n-heptane composition (50-80 vol%), and temperature (25-90 C), were investigated, 

and the dissolution kinetics and mechanisms were discussed. Our experimental results could be 

helpful in designing remediation treatments that minimize energy production losses and the 

resultant economic losses. 

7.2. Experimental section  

7.2.1. Chemicals and instruments  

Toluene (HPLC grade), n-heptane (HPLC grade), ethanol (absolute), and xylenes (mixed, > 

97%) were obtained from Alfa Aesar (Ward Hill, MA). Quartz sand (30-40 mesh) was acquired 

from VWR International (West Chester, PA). The asphaltenes used in the present work were 
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obtained from a Wyoming field deposit, and the preparation process was discussed in the 

previous works
17-19

. All liquids were used without further purification.  

UV-Vis spectroscopy and high pressure syringe pumps (65 DM) were manufactured by 

Ocean Optics (Dunedin, FL) and Teledyne ISCO (Lincoln, NE), respectively. Check valves, 

pressure reducing valves, and back pressure regulators were obtained from IDEX Health & 

Science (Oak Harbor, WA). Pressure transducers were purchased from Honeywell Sensing & 

Control (Golden Valley, MN). Ultrasonic bath and heated circulating water bath were acquired 

from VWR International (West Chester, PA). 

7.2.2. Fabrication of μPBRs 

The transparent μPBRs were fabricated from a 1.1mm Pyrex wafer and a 1mm polished 

single crystal silicon wafer. The fabrication process employed to create the microsystems 

primarily included (I) photolithography (spin-coating, exposure, and development), (II) deep 

reactive ion etching (DRIE), (III) cleaning, (IV) anodic bonding of the silicon wafer to the Pyrex 

wafer, and (V) dicing into chips
18-19

. A photograph of the 45 μL μPBR with dimensions of 

5.0x1.8x0.21cm
3
 is shown in Figure 7.1a. The microchannel is 300 μm in depth and 9 mm in 

width. Near the outlet of the microchannel, 30 rows of pillars of 20 μm in diameter are spaced 20 

μm apart, as shown in Figure 7.1b.  Figure 7.1c illustrates the packaged μPBR system loaded 

with 17-38 μm quartz particles
18-19

. 

The desired quartz particles (17-38 μm) were prepared from 30–40 mesh quartz sands by 

mortar and pestle in the presence of water. The smallest quartz particle fractions were collected 

using 500 mesh and 635 mesh sieves, and the ultrafine quartz particles were removed by an 

ultrasonic bath. Microscope photographs of the recovered particles were obtained, and the size 

distributions were estimated by measuring the samples of 100 particles per micrograph image
18-
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19
. The μPBR was loaded by injecting the 17-38 μm quartz particles dispersed in absolute ethanol 

into the system using a 5 mL glass syringe. Stable μPBRs with porosities of 39.1-41.3% and 

permeabilities of 501-575 mD (1 mD=9.869x10
-16

 m
2
) were obtained and proven to be highly 

reproducible
17-19

. Pore throat size distributions were estimated to be 3.5-8.5 μm from the particle 

size distributions using theory
17-19

.  

7.2.3. Asphaltenes deposition and dissolution apparatus 

As a next step in understanding asphaltenes dissolution, their deposition in the μPBRs were 

investigated using inline analytics, as seen in Figure 7.1d. Two high pressure pumps were used to 

inject 4 g/L asphaltenes in toluene and n-heptane into the μPBRs at constant flow rates. Inline 

check valves prevented back flows of the liquids. Pressure reducing valves were installed inline 

as relief devices. Asphaltenes in toluene and n-heptane were mixed in a stainless steel T-union 

immersed in an ultrasonic bath to prevent plugging. Mixtures were then delivered into the μPBR. 

Two 500 psi pressure transducers were connected to the entrance and exit of the μPBR to 

monitor the pressure drops inside the device during the precipitations and depositions. The 

packaged compression chuck system was connected to a water bath to control the temperature 

ranging from 25.0 to 90.0 C. At the outlet of the μPBR, a 5 psi back-pressure regulator was used 

to maintain constant pressure within the reactor and to reduce the possibility of fluid channeling.  

The μPBRs shown in Figure 7.1d were totally damaged at pore volumes ranging from 50 to 

150, depending on the experimental conditions (flow rates
18

, temperatures
19

, n-heptane 

compositions
19

, n-alkane carbon numbers
19

, and water fractions
17

, etc.). The damaged μPBRs 

(DμPBRs) were then connected to a setup as given in Figure 7.1e to study the dissolution of 

asphaltenes in the μPBRs. A high pressure pump was used to inject xylenes into the DμPBRs at 

constant flow rates ranging from 20 to 80 μL/min. A check valve and pressure reducing valve 
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were used to prevent the back flow of solvents and as a relief device, respectively. Two 500 psi 

pressure transducers were connected to monitor the pressure drops inside the DμPBRs during the 

dissolution processes. A water bath was connected to control the temperature constantly, and at 

the outlet, inline UV-Vis spectroscopy was used to measure the asphaltenes concentration in the 

solvents. A 5 psi back-pressure regulator was connected to maintain constant pressure within the 

DμPBRs.  

 

 

Figure 7.1. (a) Photograph of the 45 μL μPBR with dimensions of 5.0x1.8x0.21 cm
3
. (b) A 

scanning electron microscope (SEM) micrograph of the 20 μm pillars located near the outlet of 

the μPBR. (c) Photograph of the packaged system with heating connections.  Schematic process 

flow diagram of the experimental setup used to study the (d) deposition and (e) dissolution of 

asphaltenes in the μPBR.  
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7.2.4. Estimation of asphaltenes concentration in xylenes 

The concentration of asphaltenes in xylenes was estimated using a continuous inline UV-Vis 

spectroscopy. A flow cell (Figure 7.2a) integrated with a 400 μm I.D. quartz capillary was 

designed and the resolution was tested as 0.01 in UV-Vis absorbance by 5 mg/L asphaltenes in 

solvents
17

. The critical nano-aggregation concentration (CNAC) of asphaltenes in xylenes was 

estimated to be ~ 150 mg/L (see Figure S7.1 in the supporting information). The peak 

absorbance wavelength range of 300-400 nm (Figure 7.2b) was chosen to maximize the signal-

to-noise ratio, which improved the resolution of dilute asphaltenes concentration measurements. 

The light source was allowed to warm-up for at least 20 min before performing the experiments.  

 

 

 

Figure 7.2. (a) Photograph of the self-designed flow cell with integrated 400 μm I.D. quartz 

capillary. (b) Measurements of the UV-Vis absorbance of asphaltenes in xylenes at 

concentrations ranging from 0 to 2.00 g/L (wavelength range from 300 to 400 nm was chosen to 

estimate asphaltenes concentration in xylenes).  
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7.3. Theoretical section 

7.3.1. Vogel-Tammann-Fulcher (VTF) equation 

The VTF equation has been used extensively in the analysis of temperature dependent 

parameters
19, 52-53

. The general VTF equation is expressed as
19, 52-53

 

           
 

𝑅 𝑇 𝑇  
         (7.1) 

where   is the temperature dependent parameter, such as diffusivity, viscosity, emulsion 

stability, and wettability related properties of porous media, among others. The pre-exponential 

coefficient,    , is the high temperature value of the parameter   in the limit as (T-TC)    (T 

and TC are the actual and critical-limit absolute temperatures of the system, separately). Here, E 

is the activation energy and R is the universal gas constant. The experimental data of porosity 

change and permeability change will be correlated using VTF equation to elucidate the 

temperature dependence, as will be seen in the next section.  

7.3.2. Permeability-porosity relationships 

Porosity (∅) is the amount of void space in a given porous media, whereas permeability (𝜅) 

describes how well a given liquid or gas flows through the porous media. Permeability is 

commonly defined by Darcy’s Law
17-19

,  

𝜅  
  

 

 

  
         (7.2) 

which describes the relationship between the permeability 𝜅 (m
2
), the dynamic viscosity of the 

fluid µ (P   ), the flow rate in porous media Q (m
3
/s), the length of the packed-bed L (m),  the 

cross-sectional area A (m
2
), and the pressure drop across the packed bed    (Pa).  

It is worth  noting that no specific permeability-porosity relationship describes all porous 

media. For laminar flow, combining the Ergun equation with Darcy’s Law yields
17, 19, 54-55

,  
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            (7.3) 

where 𝜅  and ∅  are the initial permeability and porosity, respectively. Equation (7.3) describes 

the permeability-porosity relationship of a porous medium with same-sized sand grains. The 

changes of the particle size result in changes of the porosity, the pore throat size, the 

interconnectivity, and hence the permeability also.  

The dimensionless van Everdingen-Hurst skin factor, s, is defined as
56

,  

     
     

  
          (7.4) 

where h (m) is the thickness of production zone. Equation (7.4) is commonly used to quantify the 

extent of subterranean well-bore damage. 

7.3.3. Kinetics analysis. To analyze the kinetics of asphaltenes dissolution in porous media, a 

first-order model has been used to quantify the dissolution rate, rd, 
24, 57

 

    
  

  
            (7.5) 

Integrating equation (7.5) yields,  

  
 

  
             (7.6) 

where m and m0 (g) are the mass of asphaltenes remaining undissolved at time t (min), and that 

initially deposited in the μPBR, respectively. Parameter k (min
-1)

 is the apparent specific rate 

constant for asphaltenes dissolution.   
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7.4. Results and discussion 

7.4.1. Influence of shut-in time on asphaltenes dissolution 

Asphaltenes in toluene (4 g/L) and n-heptane were injected into the μPBRs at constant flow 

rates of 16.00 and 24.00 μL/min at 25.0 C, as described in Figure 7.1d. The previous work
19

 

showed that the μPBRs were totally damaged (dimensionless pressure drop reached 225) at ~139 

pore volumes of asphaltenes in toluene, and 3.0 ± 0.15 mg asphaltenes were accumulated in the 

DμPBRs. These DμPBRs were then connected into the dissolution setup (Figure 7.1e), and 

temperature was set at 25.0 C. UV-Vis spectroscopy was connected inline to measure the 

concentration change of asphaltenes in xylenes during the dissolution tests. Xylenes were 

injected into the DμPBRs at constant flow rates of 80 μL/min (ReP=5.52x10
-2

). Figure 7.3a 

depicts the dimensionless pressure drop and UV-Vis absorbance as a function of pore volumes of 

injected xylenes for the shut-in time of 2 h. The dimensionless pressure drop continuously built 

up and reached its vertex at ~80 pore volumes of injected xylenes, and then decreased as more 

asphaltenes dissolved and flowed out of the DμPBRs. Similarly, the absorbance increased 

dramatically at ~80 pore volumes of xylenes and reached its vertex at ~95 pore volumes of 

injected xylenes, and then decreased. At 200 pore volumes of injected xylenes, the pump was 

turned off. After the shut-in time of 2 h, the dimensionless pressure drop decreased from 33.5 to 

26.3, and UV-Vis absorbance increased and a small peak appeared at ~ 230 pore volumes of 

xylenes. The possibility of a by-pass model could be excluded here due to the fact that no small 

peak appeared when the shut-in time was 0. The only reason for the existence of this small peak 

is that more asphaltenes were dissolved during the shut-in period. 
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(a)   (b)  

(c) (d)  

Figure 7.3. (a) Dimensionless pressure drop (top curve) and UV-Vis absorbance (bottom curve) 

as a function of pore volumes of xylenes. (b) Permeability and porosity change, and (c) Van 

Everdingen-Hurst skin factor (equation 7.4) as a function of shut-in time. (d) Kinetic analysis of 

asphaltenes dissolution at different shut-in time period.  

 

To investigate the influence of shut-in time on the dissolution of asphaltenes, the high 

pressure pump was also turned off for 0.5, 1.0, 4.0, 8.0 and 16.0 h at 200 pore volumes of 

injected xylenes, besides 2 h. As can be seen in Figure S7.2, the dimensionless pressure drop 

decreased to 11.1 as the shut-in time increased to 16 h. Compared to the dimensionless pressure 

drop of the original μPBR (1.75), the value of 11.1 is much higher, meaning some asphaltenes 

remained in the DμPBR. This can be confirmed by the collected asphaltenes fraction, as 

provided in Figure S7.3. The mass of collected asphaltenes was determined by measuring the 
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concentration of asphaltenes in xylenes using UV-Vis spectroscopy. The permeability 

impairment and the porosity loss (see figure 3b) were calculated from the dimensionless pressure 

drop, and the collected asphaltenes fractions, separately. Both permeability change and porosity 

change increased with increasing shut-in times. At 16 h, permeability impairment was 0.15 and 

porosity loss was 0.977. The values of van Everdingen-Hurst skin factor (equation 7.4) were 

plotted, as shown in Figure 7.3c. Here, the viscosity of xylenes at 25 C used to calculate van 

Everdingen-Hurst skin factor was obtained from the work of others
58

.  

The first-order model was used to analyze the dissolution rate of asphaltenes at different 

shut-in time periods, and the mean dissolution rate constants were calculated (see Figure 7.3d). 

At the first 0.5 h, the mean dissolution rate constant was 0.32 h
-1

, and it decreased gradually to 

0.02 h
-1

 for shut-in time from 8.0 to 16.0 h. The reason for the decrease of rate constants is that 

as more asphaltenes were dissolved from the porous media to the bulk xylenes, the driving force 

(concentration difference between the solubility and the real concentration of asphaltenes in 

xylenes) decreased. 

7.4.2. Influence of Reynolds number 

Two high pressure pumps were used to deliver 4 g/L asphaltenes in toluene and n-heptane 

into the μPBRs at constant flow rates of 16.00 and 24.00 μL/min at 70.0 C. At ~68 pore 

volumes of asphaltenes in toluene, the μPBRs were totally damaged and 1.1± 0.19 mg 

asphaltenes were deposited in the DμPBRs
19

. The DμPBRs were then flushed by xylenes and 

temperature was controlled constantly at 70.0 C. The flow rates of injected xylenes ranged from 

10.00 to 80.00 μL/min, and ReP varied from 0.69 to 5.52x10
-2

. Figure 7.4a gives the 

dimensionless pressure drop as a function of pore volumes of injected xylenes for different ReP. 

At each ReP, dimensionless pressure drop built up gradually and a vertex was obtained before its 
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decrease. At a low ReP of 0.69 x10
-2

, the dimensionless pressure drop at its vertex was much 

lower than at other ReP. A possible reason is that more time was allowed to dissolve the 

asphaltenes in the pore throat before reaching its vertex (Figure S7.4), and this dramatically 

decreased the highest pressure drop inside the DμPBR.  

 

 (a) (b)  

(c)  

Figure 7.4. (a) Dimensionless pressure drop as a function of pore volumes of xylenes at different 

Reynolds numbers. (b) Permeability and porosity change, and (c) Van Everdingen-Hurst skin 

factor (equation 7.4) as a function of Reynolds number at 120 pore volumes of xylenes.  

 

Xylenes pore volume of 120 was chosen to investigate the influence of ReP on the dissolution 

of asphaltenes. As ReP increased from 0.69 to 5.52x10
-2

, the dimensionless pressure drop 

increased from 2.50 to 24.20. The reasons for the increase of the dimensionless pressure drop 
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include: (i) higher flow rates could generate higher pressure drop due to Darcy’s Law; (ii) micro-

channelling may happen at higher flow rates and less asphaltenes were removed in the DμPBR. 

This was confirmed by the collected asphaltenes fraction (Figure S7.5). The permeability change 

and porosity change were also calculated, as shown in Figure 7.4b. As ReP increased from 0.69 

to 5.52x10
-2

, permeability impairment decreased from 0.090 to 0.083, and porosity loss from 

0.991 to 0.986. The van Everdingen-Hurst skin factor increased from 128.5 to 138.8, as reported 

in Figure 7.4c. 

7.4.3. Influence of n-heptane composition 

The role of n-heptane composition on the deposition of asphaltenes in porous media was 

examined in the previous work
19

. Asphaltenes were first precipitated and deposited within μPBR 

at 70.0 C for each n-heptane composition, ranging from 50.0 to 80.0 vol%. A flow rate of 4 g/L 

asphaltenes in toluene was controlled at 16 μL/min. Increasing the n-heptane vol% incrementally 

from 50.0, 60.0, 70.0, to 80.0 vol% reduced the pore volumes of asphaltenes in toluene that 

damaged the μPBRs from 99, 68, 58, to 50, and the deposited asphaltenes from 1.6± 0.25, 1.1± 

0.16, 0.7± 0.16, to 0.6± 0.04 mg
19

.  

Xylenes were then injected into the DμPBRs at ReP of 2.76 x10
-2

, and temperature was 

controlled constantly at 70.0 C. As can be seen in Figure 7.5a, the vertex value of the higher n-

heptane composition (i.e., 80 vol%) was lower than other n-heptane compositions. At 120 pore 

volumes of injected xylenes, the dimensionless pressure drops for F50 (i.e., 50 vol% n-heptane in 

the deposition experiment), F60, F70, and F80 were 35.4, 10.5, 5.0, and 2.4, respectively. The 

reason F50 has a higher dimensionless pressure drop is that more asphaltenes were deposited 

within the DμPBR
19

 and were difficult to remove compared to others because at lower n-heptane 

composition, only the largest asphaltenes molecules could precipitate and deposit. As illustrated 
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in Figure 7.5b, the permeability impairment and porosity loss were calculated. As n-heptane 

composition increased from 50.0 to 80.0 vol%, permeability impairment increased from 0.0282 

to 0.429, and porosity loss from 0.976 to 0.998. The van Everdingen-Hurst skin factor decreased 

from 406.1 to 26.7, as reported in Figure 7.5c. 

 

 (a) (b)  

(c)  

Figure 7.5. (a) Dimensionless pressure drop as a function of pore volumes of xylenes for 

different Asphaltenes fractions. (b) Permeability and porosity change, and (c) Van Everdingen-

Hurst skin factor (equation 7.4) as a function of n-heptane volume fraction at 120 pore volumes 

of xylenes.  
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7.4.4. Influence of temperature 

Asphaltenes in toluene (4 g/L) and n-heptane were injected into the μPBRs at constant flow 

rates of 16.00 and 24.00 μL/min at 70.0 C. These DμPBRs were then connected to the 

dissolution setup, and the temperature varied from 25.0 to 90.0 C. Xylenes were injected into 

the system at ReP of 2.76x10
-2

. Figure 7.6a shows the dimensionless pressure drop as a function 

of pore volumes of xylenes at different temperatures. At 120 pore volumes of injected xylenes, 

the dimensionless pressure drops for 25.0, 50.0, 70.0, and 90.0 C were 31.0, 21.1, 10.5, and 6.5, 

respectively.  

 

(a) (b)  

(c)  

Figure 7.6. (a) Dimensionless pressure drop as a function of pore volumes of xylenes at different 

temperatures. (b) Permeability and porosity change, and (c) Van Everdingen-Hurst skin factor 

(equation 7.4) as a function of temperature at 120 pore volumes of xylenes.  
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At 25.0 C, a higher dimensionless pressure drop was obtained, and the reasons are as 

follows: (i) the viscosity of xylenes at 25.0 C is much higher than at higher temperatures
58

, 

which could generate higher pressure drops due to the Darcy’s Law; (ii) more asphaltenes 

remained within the DμPBRs after 120 pore volumes of xylenes washing, which could be 

confirmed by the collected asphaltenes fraction (Figure S7.7). The permeability impairment and 

porosity loss were calculated, as can be seen in Figure 7.6b. As temperature increased from 25.0 

to 90.0 C, permeability impairment increased from 0.033 to 0.139, and porosity loss from 0.982 

to 0.990. The van Everdingen-Hurst skin factor decreased from 350.4 to 70.7, as shown in Figure 

7.6c. 

In addition, the experimental data of permeability impairment and porosity loss at 

temperatures of 25.0, 50.0, 70.0, and 90.0 C were correlated using the VTF equation, as 

provided in Figure 7.7. Pre-exponential coefficient    , E/R, and TC for permeability impairment 

and porosity loss were determined to be 1.06, 638 K, 120 K, and 1.02, 99.5 K, 48 K, 

respectively. 

 

 

Figure 7.7. Semilog linear plot of the permeability impairment and porosity change in porous 

media as a function of reciprocal of temperature deviation from the critical-limit temperature 

value. 
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7.4.5. Permeability-porosity relationships 

The mechanisms of permeability impairment were tested for evidence of pore throat plugging. 

The porosity loss and permeability impairment data were evaluated using equation (7.3), as 

shown in Figure 7.8. The permeability impairments are much lower than the dotted line 

correlated using equation (7.3), although ~70-90 wt% asphaltenes were already removed from 

the DμPBRs (Figure S7.3, S7.5, S7.6 and S7.7). This means the remaining asphaltenes in the 

DμPBRs plugged the pore throat of porous media, and as a result resisted the flow of xylenes. 

ReP from 0.69 to 5.52x10
-2

 has a lower influence in comparison to shut-in time (0-16 h), n-

heptane composition (50-80 vol%) and temperature (25-90 C). 

 

 

Figure 7.8. Experimentally measured dimensionless permeability-porosity relationship 

compared to Equation (7.3). 

 

7.5. Conclusions  

The dissolution mechanisms of asphaltenes in porous media were studied using a transparent 

μPBR, which could bridge the knowledge gap between molecule level events and oilfield 

chemistry. Shut-in time (0-16 h), Reynolds number (0.69-5.52x10
-2

), n-heptane composition (50-
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80 vol%), and temperature (25-90 C), were investigated in the present study. Experimental 

results show that: (i) At a longer shut-in time of 16 h, more asphaltenes were collected at 25 C 

for ReP of 2.76x10
-2

; (ii) Micro-channelling may happen at larger ReP values of 5.52x10
-2

 and 

less asphaltenes were removed from the DμPBR; (iii) At a higher n-heptane composition of 80 

vol%, more low molecular weight asphaltenes were deposited on the μPBRs, and the asphaltenes 

in these DμPBRs were easier to dissolve; (iv) At a higher temperature of 90 C, the asphaltenes 

were easier to remove, in comparison to lower temperatures ranging from 25-70 C.  

The permeability-porosity relationships were discussed and the experimental data were 

evaluated using equation (7.3). The remaining asphaltenes in the DμPBRs plugged the pore 

throat of porous media, and as a result resisted the flow of xylenes, even when ~70-90 wt% 

asphaltenes were already removed. Also, ReP from 0.69 to 5.52x10
-2

 has a lower influence in 

comparison to shut-in time (0-16 h), n-heptane composition (50-80 vol%) and temperature (25-

90 C). The experimental results undergird that our transparent μPBRs are promising as tools to 

generate insightful information for asphaltenes dissolution in the porous media. These results 

could aid in the design of remediation that minimizes production losses and the resultant 

economic losses.  
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Supporting information: 

 

(a)  (b)  

 

Figure S7.1. Absorbance as a function of asphaltenes concentration range (a) from 0 to 4.0 g/L, 

and (b) from 0 to 0.5 g/L (wavelength range from 300 to 400 nm was chosen to estimate the 

mean absorbance).  
 

 

 

 

 

 
 

Figure S7.2. Dimensionless pressure drop as a function of shut-in time  
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Figure S7.3. Collected asphaltenes fraction as a function of shut-in time. 

 

 
 

 

 
 

 

 

Figure S7.4. Dimensionless pressure drop as a function of time at different Reynolds numbers. 
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Figure S7.5. Collected asphaltenes fraction as a function of Reynolds number at 120 pore 

volumes of xylenes. 

 

 
 

 
Figure S7.6. Collected asphaltenes fraction as a function of n-heptane volume fraction at 120 

pore volumes of xylenes. 
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Figure S7.7. Collected asphaltenes fraction as a function of temperature at 120 pore volumes of 

xylenes. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

 

8.1. Conclusions 

8.1.1. Dispersion of mineral oil-sea water multiphase flows 

Chemical dispersants reduce the mass of crude oil that contaminates coastal shorelines during 

oil spill catastrophe, which protects the wetlands and the beaches from the spreading oil. 

Quantifying the mass of dispersants needed is crucial to minimizing the mass released into the 

environment. Microfluidic analysis of mineral oil-seawater multiphase flows elucidates that a 

critical concentration of dispersant exists to transform stable slug flows into the bubbly flow 

regime. Our analysis of the mean slug size for different dimensionless model dispersant injection 

rates yields the mass ratio of dispersant to mineral oil that generates emulsions. The 

dimensionless mass ratio values are key to scaling up from the laboratory to full-scale systems 

that operate in calm seas (i.e., We < 1).  dditional knowledge on the dimensionless mass ratios 

for real crude oil systems could potentially identify the critical mass of dispersant needed during 

emergency oil spill remediation. 

Measurements of the residence time distributions of seawater single- and mineral oil-

seawater multi-phase flows, laden with dispersants, also provide insight on the influence of 

model dispersants. Increasing the dimensionless dispersant injection rate was observed to 

increase convective dispersion, which was confirmed by estimations of the vessel dispersion 
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number, the molecular diffusivity, and the Bodenstein number. The observations undergird that 

microfluidics are useful laboratory techniques to identify the transition to bubbly flow where 

bacteria consumption rates could potentially be enhanced while minimizing the dispersant mass 

introduced into calm-sea marine environments. Classical reactor design analogies are 

omnipresent towards the discovery of global knowledge that mitigates the severity of 

environmental disasters. 

8.1.2. Investigation of the deposition of asphaltenes in porous media 

The deposition of asphaltenes in porous media, an important problem in science and 

macromolecular engineering, was for the first time investigated in transparent packed-bed 

microreactors with online analytics to generate high-throughput information. Highly 

reproducible, stable packings of quartz particles with porosity of ~40% and permeability of ~500 

mD were designed. The presence of the quartz particles reduced axial dispersion under the same 

velocity via estimations of the dispersion coefficients and the Bodenstein number. The 

deposition of asphaltenes decreased axial dispersion. 

The high-throughput chemical and microfluidic information revealed the influence of 

Reynolds number on asphaltene deposition within packed-bed microreactors. For low Reynolds 

numbers, evidence of asphaltene adsorption onto quartz particle surfaces was revealed. For larger 

Reynolds numbers, mechanical entrapment likely resulted in significant pressure drops for less 

pore volumes injected and less mass of asphaltenes being retained under the same maximum 

dimensionless pressure drop. In general, the mass of asphaltenes deposited increased as Reynolds 

number decreased for the same pore volumes injected. As a consequence, the corresponding 

porosity loss increased and the permeability decreased. No significant channelling was evident in 

any scenario. The innovation of packed-bed microfluidics for investigations on asphaltene 
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deposition mechanisms promises to contribute to society by bridging macromolecular science 

with microsystems. 

8.1.3. The discovery of asphaltenes deposition mechanisms 

Conventional and unconventional subterranean reservoirs that are known to produce 

asphaltenes create the potential for near wellbore skin damage, which results in production losses 

of considerable economic magnitude. High-throughput packed-bed microreactors were 

successfully innovated to understand asphaltene accumulation mechanisms. Residence time 

distributions of the packed bed microreactors before and after loading with quartz particles were 

measured using inline UV-Vis spectroscopy. Highly producible, stable packings of quartz 

particles with porosity of ~40% and permeability of ~5.5x10
-13

 m
2
 were obtained. Asphaltenes 

solubility was made readily available via inline microfluidic analyses for different temperatures, 

n-heptane compositions, and n-alkanes. All these three scenarios were observed to influence 

asphaltenes deposition in the porous media, and reduced dispersion was obtained in the damaged 

packed-bed. The experimentally determined permeability-porosity relationships for all 

conditions were compared to the simplified Kozeny-Carman and Civan’s permeability-porosity 

relationships, which revealed mechanical entrapment of asphaltene particles dominated the 

impairment mechanism. The chemical engineering of such continuous flow, lab-on-chip systems 

have tremendous merit in oilfield chemistry science where chemical and physical properties are 

vast and dynamic, unsteady-state conditions routinely exist. 

Dimensionless pressure drop analyses and measurements of residence time distributions of 

packed-bed microreactors elucidated molecular-to-pore scale mechanistic insights.  Asphaltene 

adsorptions were observed to contribute to pore scale impairments in pure quartz-grain packed-

bed microreactors. Theoretical predictions of experimentally measured permeability-porosity 



 

203 

 

relationships proved that mechanical entrapment dominated the asphaltene deposition 

mechanism for all experimental conditions investigated. No channeling was evident in any 

experiment, and estimations of the Bodenstein number confirmed that convective forces 

governed relative to diffusive forces within the interstitial pore spaces. The experimental results 

undergird that packed-bed microreactors are potentially ubiquitous tools that could bridge the 

scientific gap between molecular-level events and upstream conventional and unconventional 

energy productions.  

8.1.4. Role of water on the precipitation and deposition of asphaltenes  

The existence of water in petroleum reservoirs increases complexity of the 

precipitation and the deposition of asphaltenes in the porous media. Significant libraries 

of chemical and physical information are needed to accurately characterize asphaltene-

laden porous media. High-throughput, packed-bed microreactors with inline analyses 

were successfully innovated with the aim of understanding a complex and arduous 

scientific problem: asphaltene deposition mechanisms on quartz particles in the presence 

of water. Experimental results revealed that even trace amounts of water (<0.001 to 0.030 

wt%) influences the precipitation of asphaltenes. The solubility of asphaltenes in n-

heptane-toluene mixtures (60.0:40.0 vol%) was found to increase as the water mass 

fraction increased from <0.001 to 0.030 wt%, yet the solubility decreased for water mass 

fractions >3.18 wt%. Pressure drop experiments using PBRs yielded similar trends, 

which undergirds that water also influences the deposition of asphaltenes on quartz 

particles. Virtually all hydrocarbon reservoirs worldwide produce some fraction of water. 

Experimentally determined porosity loss and permeability impairment for all water 

mass fractions, evaluated using published theory, elucidated the molecular role of water 
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on asphaltene depositions on quartz particles. Competition between asphaltene adsorption 

and desorption followed by pore throat plugging via mechanical entrapment, as proven by 

the Civan power-law model, was observed for all the water mass fractions investigated.  

Soluble water molecules were found to decrease the asphaltene nanoparticle collision 

efficiency within quartz porous media where trace amounts existed (i.e., in the range of 

<0.001 to 0.030 wt% water) whereas higher mass fractions (>0.030 wt%) created the 

possibility of emulsion water blocking with more particles (relatively speaking) 

depositing on pore throat surfaces, precipitating by heterogeneous nucleation at 

asphaltene-water interfaces, and/or experiencing catalyzed aggregation at interfaces.  

Finally, the water fraction was found to control the number of closed pore throats that 

interconnect the quartz porous media. 

Our discoveries lay the groundwork for computational efforts that explore Brownian 

water-to-asphaltene molecular and surface interactions. The design of transparent packed-

bed microreactors that bridge molecular-to-microscale understanding of asphaltene-water 

interactions are promising as tools for the advancement of asphaltene science and their 

risk management during hydrocarbon productions. The complexity of crude oils and the 

need for novel techniques to study them should not go unnoticed, as the science described 

here not only influences hydrocarbon productions but also biology and fine chemicals and 

pharmaceuticals discovery and manufacture, among many other societal problems. 

8.1.5. Interfacial properties of asphaltenes at the heptol-brine interface 

The presence of asphaltenes in crude oil adds complexity to the production of 

petroleum especially when water is injected into the reservoir. Understanding the 

interfacial properties of asphaltenes at the crude oil-water interface is important in oil 
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production process. Several parameters including asphaltenes concentration, time, 

temperature and inorganic particles were investigated using a Tracker tensiometer. 

Experimental results show that asphaltenes molecules are interfacially active, and the 

increase in asphaltenes concentration decreases the IFT between brine and heptol 25/75. 

For 0.01 wt% asphaltenes in heptol 75/25 and heptol 50/50, IFT decreased first but 

increased obviously due to the precipitation of asphaltenes, and at 15 hours, asphaltenes 

particles were observed at the interface. As temperature increases, IFTs between brine 

and 0.01 wt% asphaltenes in heptol 25/75 decrease. Large hydrophobic inorganic 

particles dispersed in heptol 25/75 could be absorbed at the surface of pendant brine drop, 

and stabilized the water in oil emulsion.  

Crude oil recovery can be enhanced by injecting crude oil-water emulsions into reservoirs. 

Emulsion block test was conducted in a transparent packed-bed microreactor. In the absence of 

asphaltenes, the dimensionless pressure drop of emulsion flow is higher than the flows of heptol 

25/75 or brine under the same flow rate. The presence of asphaltenes increases the dimensionless 

pressure drop even at very low concentration of 0.001 wt%. Experimental results also showed 

that the increase in temperature facilitates the flow of emulsions through the porous media due to 

the lower resistance. These results are helpful to design remediation to enhance the crude oil 

recovery. 

8.1.6. Investigation of the dissolution of asphaltenes in porous media 

The dissolution mechanisms of asphaltenes in porous media were studied using a transparent 

μPBR, which could bridge the knowledge gap between molecule level events and oilfield 

chemistry. Shut-in time (0-16 h), Reynolds number (0.69-5.52x10
-2

), n-heptane composition (50-

80 vol%), and temperature (25-90 C), were investigated in the present study. Experimental 
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results show that: (i) At a longer shut-in time of 16 h, more asphaltenes were collected at 25 C 

for ReP of 2.76x10
-2

; (ii) Micro-channelling may happen at larger ReP values of 5.52x10
-2

 and 

less asphaltenes were removed from the DμPBR; (iii) At a higher n-heptane composition of 80 

vol%, more low molecular weight asphaltenes were deposited on the μPBRs, and the asphaltenes 

in these DμPBRs were easier to dissolve; (iv) At a higher temperature of 90 C, the asphaltenes 

were easier to remove, in comparison to lower temperatures ranging from 25-70 C.  

The permeability-porosity relationships were discussed and the experimental data were 

evaluated using equation (7.3). The remaining asphaltenes in the DμPBRs plugged the pore 

throat of porous media, and as a result resisted the flow of xylenes, even when ~70-90 wt% 

asphaltenes were already removed. Also, ReP from 0.69 to 5.52x10
-2

 has a lower influence in 

comparison to shut-in time (0-16 h), n-heptane composition (50-80 vol%) and temperature (25-

90 C). The experimental results undergird that our transparent μPBRs are promising as tools to 

generate insightful information for asphaltenes dissolution in the porous media. These results 

could aid in the design of remediation that minimizes production losses and the resultant 

economic losses.  

8.2. Future work 

8.2.1. Role of natural gas on deposition and dissolution of asphaltenes 

Natural gas and crude oil are usually produced by the same geological process. As a 

consequence, crude oil and natural gas are often produced together. In the production of crude 

oil, the role of natural gas on asphaltenes deposition remains to be understood. Investigating the 

interaction of asphaltenes and natural gas at the micro-scale level could help to enhance the 

design of reservoir stimulation treatments. Two hypotheses of role of natural gas on asphaltene 

accumulation could be tested: (1) Natural gas-saturated particles surfaces inhibit asphaltene 
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accumulation on quartz particle surfaces; (2) Natural gas inhibits nanoaggregate growth that in 

turn generates hydrodynamic bridging. The main objectives of discovering the role of natural gas 

on asphatlene accumulation and dissolution would be threefold: (1) Residence time distribution 

de-convolutions from pure and natural gas-saturated toluene/n-heptane asphaltens accumulations 

in packed-bed microeactors; (2) Dissolution kinetics of natural gas mediated accumulations in 

xylene and organic solvents of interest to the stimulation community using μPBRs; (3) Study of 

the accumulation and the dissolution of natural gas-mediated accumulations using Raman 

spectroscopy.  

8.2.2. Role of ions on deposition and dissolution of asphaltenes 

The existence of water increases the difficulty of understanding asphaltenes precipitation and 

deposition mechanisms
1
. Ions (Na

+
, Al

3+
, Fe

3+
, etc.) usually co-exist with water in the 

reservoirs
2
. However, the role of ions on the deposition and dissolution of asphaltenes in porous 

media has been less clear. Investigating the interaction of asphaltenes and ions in water at micro-

scale level could help to enhance the design of reservoir stimulation treatments. The overall 

hypotheses of the role of ions (Na
+
, Al

3+
, Fe

3+
, etc.) on asphaltene accumulations could be the 

following: (1) The presence of ions contributes to the deposition of asphaltenes on quartz particle 

surfaces; (2) Ions facilitate the nanoaggregate growth that generates hydrodynamic bridging. The 

main objectives of discovering the role of ions on asphaltenes accumulation and dissolution 

would include: (1) Dissolution kinetics of ions-contributed accumulations in xylene and organic 

solvents of interest to the stimulation community using μPBRs; (2) Study of the deposition and 

dissolution of ion-contributed accumulations using Raman spectroscopy. 

Here, the preliminary data of solubility test is provided as Figure 8.1. Mixtures of 6 mL 

toluene with asphaltenes concentration of 4 g/L, 9 mL n-heptane and 0.75 mL water solutions 
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with ions (Na
+
, Al

3+
, Fe

3+
) concentrations of 0, 10, 100, 1000, and 10000 ppm were maintained 

in an oil bath for 24 h at 70.0  . Each mixture was then filtered using 0.45 μm membrane filters 

(polyamide). The precipited asphaltenes were dried, and the masses were measured via analytical 

balance.  

 

Figure 8.1. Solubility as a function of ions concentration. 

 

Figure 8.1 gives the solubility of asphaltenes in mixtures of 6 mL toluene, 9 mL n-heptane 

and 0.75 mL water solutions. As shown in the figure, Fe
3+

 ions have the strongest influence on 

the asphaltenes solubility, by the comparison of the other two ions. At 10000 ppm, asphaltenes 

solubility decreased to ~ 0 g/L in the presence of Fe
3+

 ions. The estimation of asphaltenes 

solubility in the presence of ions could help to understand the role of ions on the deposition and 

dissolution of asphaltenes in porous media.  

8.2.3. Role of alkane isomer branches on deposition and dissolution of asphaltenes 

Crude oil is a very complex chemical mixture that contains thousands of different kinds of 

components. Alkanes also have isomers, the branches of which may impact the deposition and 

dissolutioin of asphaltenes in the porous media. The overall hypothesis of the role of alkane 

isomer branches on asphaltene accumulation could be tested: The symmetry of isomers plays an 
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important role on the deposition of asphaltenes on quartz particle surfaces.The main objectives of 

discovering the role of isomer branches on asphatlene accumulation and dissolution would 

include: (1) Dissolution kinetics of isomer branch-impacted accumulations in xylenes and 

organic solvents of interest to the stimulation community using μPBRs; (2) Study of the 

deposition and the dissolution of isomer branch-impacted accumulations using Raman 

spectroscopy.Here, some preliminary data is provided as Table 8.1 and Figure 8.2. Table 8.1 

reports physical properties of hexane isomers. Mixtures of 6 mL toluene with asphaltenes 

concentration of 4 g/L and 9 mL hexane isomers were maintained in an oil bath for 24 h at 50.0 

 . Each mixture was then filtered using 0.45 μm membrane filters (polyamide). The precipited 

asphaltenes were dried, and the masses were measured via analytical balance. Figure 8.2 gives 

the solubility of asphaltenes in mixtures of 6 mL toluene and 9 mL hexane isomers. As shown in 

the figure, 2-methylpentane has the highest influence on the asphaltenes solubility, compared 

with the other isomers. The estimation of asphaltenes solubility in the mixture of toluene and 

hexane isomers is helpful to understand the role of isomer branches on the deposition and 

dissolution of asphaltenes in porous media.  

 

Table 8.1. Physical properties of hexane isomers.  
 

 n-hexane 3-methylpentane 2-methylpentane 2,3-dimethylbutane 

Molecular weight MW (g/mol) 86.18 86.18 86.18 86.18 

Melting point MP ( ) -95 -118 -154~-153 -129 

Boiling point BP ( ) 69 63~65 61~62 57~59 

Flash point FP ( ) -23 -32 -40 -29 

Density 𝜌 (g/mL) 0.659 0.663 0.653 0.662 

Viscosity μ (@50 ) (m Pa s) 0.2585    

Vapor pressure VP (@20 ) (kPa) 17.60    

Surface tension 𝛾 (@20 ) (mN/m) 18.4    

Refractive Index RI 1.375 1.376 1.371 1.375 

 

 



 

210 

 

 

Figure 8.2. Impact of isomer branches on asphaltenes solubility in the mixture of 40:60 vol% 

toluene and n-heptane. 

 

8.2.4. The formation and dissociation of propane hydrates in porous media 

Clathrate hydrates attract attention to a great number of researchers, both from academia and 

industry, due to their potential impact on the global energy production and supply
3-5

, 

geohazards
5
, and global climate change

5-7
. The hydrate formation mechanisms mainly include: 

(I) Hydrate floating in the fore fluid, (II) Hydrate as part of the load-bearing granular frame, (III) 

Hydrate surrounding and cementing grains, and (IV) Hydrate cementing grain contacts
8
. The 

overall hypothesis of propane hydrates in porous media could be tested: the permeability is 

influenced by the porosity which changes for each formation mechanism. The main objective of 

the formation and dissociation of propane hydrates in porous media would be the following: 

Discovering the formation and dissociation mechanism of propane hydrates using μPBRs and 

Raman spectroscopy. 

The process flow diagram engineered to study the formation and dissociation of propane 

hydrates is schematically illustrated in Figure 8.3. Two high pressure pumps were used to 

inject DI water and propane gas into the μPBR at constant flow rates. Two check valves 
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were followed to prevent the possibility of fluid back flow while pressure relief valves were 

used to avoid the worst-case scenario of pumping into a closed system. Water and propane 

gas combined in a Tee-union and then flowed into the μPBR, where inline pressure 

transducers (100psi) enabled the monitoring of the pressure drop inside. The packaged 

compression chuck system was connected to a heat exchanger to control the temperature. At 

the outlet of the μPBR, a 75 psi backpressure regulator was used to maintain the outlet 

pressure of the μPBR at constant pressure. Raman Spectroscopy was used to monitor the 

formation and dissociation of propane hydrates inside the porous media. 

 

 
 

Figure 8.3. (a) Photograph of the μPBR with a dimension of 5.0x1.8x0.21cm. (b) SEM 

micrographs of pillars with a diameter of 20μm. (c) Photograph of the packaged system with 

water circulation connections. (d) Schematic flow diagram of the experimental setup used to 

study the formation and dissociation of propane hydrates in the μPBR. 
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APPENDIX 

 

The design of the packed-bed microreactor 

 

(a)  

(b)  

Figure A1. (a) Bottom (silicon wafer) and (b) top (Pyrex) mask design  uto C D profiles of the 

Packed-bed microreactors. 
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The design of flow cell 

 

(a)  

(b)  

 

Figure A2. (a) 3-D and (b) 2-D  uto C D design profiles of the flow cell. 
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