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ABSTRACT 

Utilization of Asphaltenes as Inexpensive and Abundant Precursors of 

Novel Carbon-Based Nanomaterials 

by 

Shayan Enayat 

Asphaltene deposition causes many difficulties and imposes challenging flow 

assurance problems for the oil industry throughout the globe. Asphaltenes are the 

heaviest and most polarizable fraction of crude oil. They have a high tendency to 

destabilize and deposit in the wellbore, oil reservoir formations, transportation 

pipelines, surface facilities, and heat exchangers. The significant difficulties 

associated with asphaltene deposition can cost oil companies millions of dollars each 

year. This problem will almost certainly become worse as the oil industry is moving 

towards production from deep-water reservoirs and implementation of the enhanced 

oil recovery by miscible gas injections. Despite the tremendous efforts and studies 

undertaken over the past decades, a full understanding of asphaltene behavior and 

its inherent physical and chemical characteristics has not been achieved. More 

importantly, the successful utilization of this problematic but high potential material 

has not been extensively explored.  

In this dissertation, a series of comprehensive experimental methods were 

presented to better understand and predict the occurrence and the scale of 

asphaltene deposition.  As a part of these methods, a novel NIR spectroscopy 

technique was developed to accurately monitor the kinetics of asphaltene 



 
 

precipitation and aggregation in crude oil systems. The effects of different variables, 

such as temperature, the driving force towards precipitation, and the addition of 

commercial chemical dispersant were evaluated. Unlike currently available 

techniques, this new method is fast and simple: it requires less than 2 ml of sample 

for each measurement, with the capability of performing experiments at high 

temperatures. The amount of precipitated asphaltene can be easily estimated by 

using a newly developed method called “Absorbance Ratio”, in which the light 

transmittance values from the spectroscopy experiments are readily translated into 

precipitated asphaltene amounts. These simple and quick lab-scale experiments 

facilitate establishing modeling tools to scale the asphaltene precipitation and 

aggregation parameters to real-field, high-pressure, and high-temperature 

conditions.      

Furthermore, the potential production of carbon-based nanoparticles from 

asphaltenes was investigated in this work. To achieve this goal, first, a physical spray 

drying method was developed, in which fully dissolved asphaltene solutions were 

sprayed on a hot surface in order to evaporate the solvent quickly. Once the solvent 

evaporated, individual asphaltene nanoparticles with a high association tendency 

could be separated and deposited on the substrate. Scanning electron microscopy 

(SEM) results showed that asphaltene nanospheres as small as 20 nm in diameter 

were generated. The impact of different variables, such as temperature, type of the 

hot surface, and the asphaltene solution concentration on the size and morphology of 

the particles, were also discussed. Additionally, a new method of chemical oxidation 

by a concentrated nitric acid, followed by heat treatment was applied to asphaltenes. 



 
 

This oxidation reaction resulted in water-soluble and photoluminescent carbon-

based nanoparticles. In this new method, the nitric acid used for oxidation could be 

recycled and reused as well.     

Moreover, the utilization of asphaltenes in two different areas of 

electrocatalysis and energy storage was pursued. To achieve these ideas, asphaltene 

samples were converted into nitrogen-doped graphene-like nanosheets (N-GNS) and 

highly porous activated carbons. These novel nanomaterials with exceptional 

properties, such as high surface area, good conductivity, high porosity, and ion 

mobility, were tested as catalysts for hydrogen evolution reactions and as electrodes 

for supercapacitors. The N-GNS sample, due to its high electrochemical active surface 

area (ECSA), presence of a mixture of porous structures, uniform layers, and effective 

doping of nitrogen atoms within the carbon matrix, was considered as an excellent 

candidate for the hydrogen evolution reaction (HER). The results illustrated a 

significant catalytic performance from the N-GNS sample when used as a catalyst in 

hydrogen evolution reactions. In addition, a novel method was developed to 

chemically transform asphaltenes into highly porous activated carbon with an 

interconnected honeycomb-like structure. The obtained activated carbon illustrated 

an impressive, ultra-high surface area of 3868 m2/g. The results of the study indicate 

that this new technique not only allowed a greater yield of asphaltene-derived 

activated porous carbon output as compared to the conventional activation method, 

but also created a mixture of microporous and mesoporous networks, which 

demonstrated favorable properties for supercapacitor applications. 



 
 

Finally, the hydrophobicity of asphaltenes was utilized in modifying 

commercially available melamine sponges to transform them into hydrophobic and 

oleophilic absorbent materials. The asphaltene-coated sponges showed excellent 

selectivity towards organic solvents and repelled water as soon as they came into 

contact with the liquids. In addition, the robust and flexible physical structure of 

sponges would enable them to be used multiple times. Overall, it was shown that the 

asphaltene-coated sponges, due to their impressive selectivity, high absorption 

capacity and good recyclability, could be promising candidates for large scale removal 

of oil spills and other organic liquids from water. 

Ultimately, the findings presented in this dissertation suggest that what is 

currently considered an undesirable fraction of crude oil, which has a tendency to 

deposit in wellbores, pipelines, and downstream facilities, can be repurposed into a 

desirable material with remarkable properties for nanoparticles fabrication, 

electrocatalysis, energy storage, oil spill removal, and other applications.  
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Chapter 1 

Introduction 

1.1. Thesis Motivation 

With an ever-growing demand for energy through various means including 

the exploitation of fossil fuels, the question of sustainability has increasingly found a 

place in a world concerned with the depletion of virgin resources and the effects of 

climate change. Mitigating these negative effects has become an important area of 

research, with efforts to find multi-purpose uses for every resource extracted and 

produced. With respect to the oil industry, one such material that has the potential 

for a new purpose is asphaltene.  

Asphaltene is the heaviest and the most polarizable fraction of crude oil.1–3 

During oil production, the asphaltene fraction can get destabilized due to the changes 

in pressure, temperature, and composition, allowing its precipitation out of the crude 

oil. These precipitated asphaltene aggregates can cause surface deposition within 
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oilfield wellbores, leading to a significant reduction in the well productivity due to the 

blockage of oil flow and ultimately costing oil companies millions of dollars each 

year.4 For example, in the Gulf of Mexico, the downtime losses due to significant 

plugging of well are estimated around USD $600,000 per day, based on a 10,000 

barrels of oil per day (BOPD) production and an oil price of USD $60 per barrel. In 

extreme cases, the costs associated with replacing a lost well can reach up to USD 

$150 M.4 Although there have been many studies on asphaltene behavior in the 

oilfield and many attempts have been made to prevent its precipitation and 

deposition, there remain questions as to how to mitigate these problems.  

Therefore, developing a systematic approach which employs the separation 

and utilization of asphaltenes can be a vital and promising solution.5 Separated 

asphaltenes currently have little real market value, as they are often disposed. For 

instance, during the paraffinic solvent froth treatment process for bitumen 

extraction, the separated asphaltene waste stream (around 4-8 wt% of bitumen) is 

injected in the tailings pond that poses environmental concerns and challenges.6–8 

With the rising heavy crude and oil sand industry (2.7 million barrels per day in 

2017),9 the rate of unused asphaltene waste production can reach up to 200,000 

BOPD. Transformations of these waste to carbon-based materials can be used for 

various profitable applications from biological imaging,10 drug delivery,11 solar 

cells,12 photovoltaics,13 productions of light-emitting diodes (LEDs),14  and energy 

storage.15–18 Ultimately, this transformation can turn a material that has been causing 

damage to the economy of oil industries into something valuable and profitable. 
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1.2. Objectives 

The following main objectives have driven the work presented in this 

dissertation: 

• Development of a better understanding of the inherent physical and 

chemical properties of asphaltenes. 

• Development of improved experimental tools to investigate the kinetics of 

asphaltene precipitation, aggregation, and deposition.  

• Transformation of asphaltenes to carbon-based nanoparticles and highly 

porous, surface-active materials 

1.3. Thesis Structure 

In this dissertation, an overview of asphaltene behavior and the challenges 

associated with its deposition during oil production is provided. To tackle these 

challenges, novel experimental and modeling tools are introduced to better 

understand, anticipate, and mitigate the asphaltene deposition problem. In addition, 

asphaltenes physical and chemical properties are extensively studied to identify the 

potentials and new uses of this problematic fraction of crude oil. Finally, several case 

studies are presented to show the application of asphaltenes in the areas of 

fluorescent nanoparticles production, electrocatalysis, supercapacitors, and oil spill 

removal.   
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Chapter 2 provides an overview of asphaltene phase behavior during oil 

production and the current flow assurance challenges that asphaltene imposes to the 

oil industry. Moreover, a summary of different currently available tools to anticipate 

and predict the magnitude of asphaltene deposition tendency is provided. This 

chapter also discusses asphaltene polydispersity, its physical and chemical 

properties, as well as a few examples of different characterization techniques to study 

asphaltene properties. Furthermore, the idea of utilizing asphaltenes in the 

production of carbon-based nanomaterials with numerous applications in different 

areas of science such as photovoltaic applications,13 batteries, and energy storage,19 

catalysis, and etc. is introduced. Finally, an overview of the current status of 

asphaltene utilization in new and appealing applications is presented.  

In chapter 3, newly developed methods to study asphaltene precipitation, 

aggregation and deposition along with the available modeling tools to predict the 

asphaltene deposition issues during the oil production are introduced. A novel, fast, 

reliable, and easy-to-use near-infrared (NIR) spectroscopy technique is developed to 

study the kinetics of asphaltene precipitation and aggregation by analyzing the effect 

of different variables such as the driving force towards precipitation, temperature, 

the addition of chemical and its dosage.     

Chapter 4 presents two different methods of deriving carbon-based 

nanoparticles via a spraying and acidic oxidation techniques. Carbon nanospheres as 

small as 50 nm in diameter are achieved by spraying an asphaltene solution on a hot 

surface. Different variables such as temperature, asphaltene fraction, and the type of 
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hot surface on the average diameter and size distribution of particles are studied. 

Furthermore, the acidic oxidation of asphaltene followed by heat treatment results in 

the generation of fluorescent nanoparticles with similar characteristics as graphene 

quantum dots with several potential applications in light-emitting diodes (LEDs), 

photovoltaics, display technology, and etc. 

In chapter 5, the application of asphaltenes in two different areas of 

electrocatalysis and energy storage is pursued. To achieve these ideas, asphaltene 

samples were converted into nitrogen-doped graphene-like nanosheets and highly 

porous activated carbons. These novel nanomaterials with exceptional properties 

such as high surface area, good conductivity, high porosity, and ion mobility were 

tested as catalysts for hydrogen evolution reactions and as electrodes for 

supercapacitors. Moreover, Asphaltenes are used to turn oleophilic and hydrophilic 

melamine sponges into hydrophobic but oleophilic absorbent materials. The 

potential use of these modified sponges in oil and water separation applications is 

investigated.  

Finally, chapter 6 provides a summary of the thesis with an emphasis on the 

lessons learned and major delivered results from this research. In addition, 

recommendations and potential future works are included in this chapter.   
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Chapter 2 

Review of Asphaltene Deposition, 

Characterization, and Utilization1 

2.1. Asphaltene Deposition Problem 

Asphaltenes are the heaviest and most polarizable fraction of crude oil and can 

cause major flow assurance problems in the crude oil production industry. 

Polydisperse mixtures of asphaltenes exist in crude oil, Bitumen, tar-mat, and 

asphalts.20  Asphaltenes are prone to destabilization, can deposit during the oil 

production, and damage the formation, clog wellbores and production facilities.20  

According to the proposed mechanism by Vargas et al.,21 (see Figure 2-1) the 

 
 

1 Some parts of this chapter has been reproduced by permission of Taylor and Francis Group,LLC. 
Copyright ©2018 From Asphaltene Deposition: Fundamentals, Prediction, Prevention, and 
Remediation by Francisco Vargas, Mohammad Tavakkoli 
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variations and changes in temperature, pressure, and composition of the crude oil in 

the wellbore result in the precipitation of asphaltene and formation of primary 

nanoaggregates. The polarizability of the particles drives them to agglomerate to each 

other and form larger clusters. Meanwhile, the aggregates can deposit on the wellbore 

and eventually build up a blockage in the well (see Figure 2-2), which leads to a 

shrinkage of oil production or a complete shutdown of the production line.  

 

Figure 2-1 Mechanism for asphaltene transport in the wellbore. (Reprinted 

from Vargas, F. M., Creek, J. L. & Chapman, W. G. On the development of an 

asphaltene deposition simulator. Energy and Fuels 24, 2294–2299 (2010).21  

The asphaltene flow assurance issue continues as the oil is transported to 

surface facilities, pipelines, and the downstream sector. The heteroatoms and metals 

present in the asphaltene structure can be poisonous to catalysts used for 

hydrothermal cracking. Also, they can cause fouling in heat exchangers.22 Once the 

asphaltenes plug the oil well, the deposits have to be removed via mechanical or 
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chemical processes, for example, the addition of solvent to the wellbore. The 

reduction or loss of oil production during the shutdown, added to all the attempts to 

prevent or remove asphaltene deposits cost millions of dollars to the oil and gas 

industry.  For example, in the Gulf of Mexico, the downtime losses due to significant 

plugging of well are estimated around USD $600,000 per day, based on a 10,000 

barrels of oil per day (BOPD) production and an oil price of USD $60 per barrel. In 

extreme cases, the costs associated with replacing a lost well can reach up to USD 

$150 M.4 The addition of chemical inhibitors into crude oil can prevent asphaltene 

precipitation and aggregation. Inhibitors act as dispersants and can stabilize the oil. 

The presence of nanoaggregates or even precipitated asphaltene in crude oil does not 

necessarily lead to obstruction of the wellbore. Nevertheless, the deposition of the 

particles on the well, which is facilitated by the presence of smaller nanoaggregates, 

is a major concern. That is why the addition of conventional inhibitors has not been 

fully effective in preventing the asphaltene deposition. Yet, it has actually worsened 

the problem in many cases.23  
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Figure 2-2 Asphaltene deposition in production tubing in an oilfield in the Gulf 

of Mexico. (Reprinted from Borden, K. PROCESSING AND TRANSPORTING).24  

Although there have been many studies on asphaltene behavior in the oilfield 

and many attempts have been made to prevent its precipitation and deposition, there 

remain questions as to how to mitigate these problems. Thus, it is imperative to 

develop reliable, straightforward, and inexpensive tools to investigate the process of 

asphaltene precipitation, aggregation, and deposition. These experimental methods 

can lead to the development of techniques for the proper assessment of asphaltene 

inhibitors and also advanced modeling tools for the prediction of asphaltene 

precipitation, aggregation, and deposition under field conditions.5      

2.1.1. Kinetics of Asphaltene Precipitation and Aggregation   

The kinetics of asphaltene precipitation and aggregation is not well 

understood. Moreover, there is relatively less research carried out on this subject 

compared to the asphaltene deposition and asphaltene phase behavior 

thermodynamics. Having a complete and thorough understanding of the kinetics of 
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asphaltene precipitation and aggregation is essential for the development of 

improved modeling methods and contribute to a better assessment of the problem 

under real field conditions.  

Different techniques have been employed to study the kinetics of asphaltene 

precipitation and aggregation, such as dynamic surface tension measurement,25 

ultraviolet-visible (UV-vis) spectroscopy,26 dynamic light scattering (DLS),27–31 

gravimetric-centrifugation technique,32–35 and microscopy methods.32–34,36–38 

Östlund et al. employed UV-vis spectroscopy to study the flocculation of asphaltenes 

in model oil (asphaltene dissolved in toluene) and by using n-heptane as a 

precipitant.26 They monitored the change in apparent absorbance of model oil-

heptane mixtures over time. However, surprisingly, the time spans of the experiments 

are quite short (less than two minutes), which are not sufficient to ensure the samples 

reach equilibrium. In addition, due to the darkness of crude oil systems, analyzing 

these samples result in signal saturation in the UV-vis region of the spectrum. On the 

other hand, within the near-infrared (NIR) region, crude oil samples have much lower 

optical density values. Therefore, the NIR region would have been a better choice to 

study asphaltene precipitation and aggregation. Dynamic light scattering methods 

work best for transparent fluids in the visible range and are not ideal techniques for 

dark and high absorbing systems such as crude oils. For this reason, most of the 

studies are performed on model oils (with low asphaltene concentrations), rather 

than real crude oil systems.27–29,31 Since this method was not originally developed to 

study the particle size of dark solutions, most of the models that are used for the 

calculation of particle size of asphaltene aggregates may give inaccurate or unreliable 
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results. Furthermore, DLS techniques fail to quantify the amount of asphaltene 

precipitation, which is an important parameter for the development of the asphaltene 

simulator tools. The centrifugation technique is a multi-step and time-consuming 

process which requires a large amount of sample (eg. ~130 ml of the crude oil-

heptane mixture)33 and is also prone to human and experimental errors. Moreover, 

the microscopy method is unreliable, limited to the detection limit of the microscope, 

and again prone to human errors. Additionally, both methods lack the capability of 

conducting measurements at higher temperatures to mimic the conditions during oil 

production. 

2.1.2. Asphaltene Deposition in Packed Bed Column  

The application of a packed bed column to determine the asphaltene 

deposition tendency was introduced by Vilas Bôas Fávero et al.39 Their deposition 

apparatus consists of a glass column packed with stainless steel beads and an oil-

heptane mixture reservoir which continuously feeds the destabilized asphaltenes 

throughout the column. Vilas Bôas Fávero et al.39 showed that the deposition flux 

increases linearly with the content of unstable asphaltenes passing through the 

column. They also proposed that asphaltene deposition in the viscous flow regime 

follows a diffusion-limited mechanism.39 Later, a polytetrafluoroethylene (PTFE) 

multi-section packed bed column deposition setup was proposed by Kuang et al.23,40 

to evaluate the performance of asphaltene inhibitors. It was reported that the 

dispersive performance of the selected commercial inhibitors and alkylphenols is not 

directly related to their ability to prevent asphaltene deposition, highlighting the 
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importance of using representative deposition setups to assess the chemical 

additives.23,40 Inspired by the previous deposition studies using the packed bed 

column at ambient conditions, a stainless steel packed bed column deposition system 

was developed to investigate asphaltene deposition at high temperature and under 

dynamic conditions.40,41 The impacts of temperature, precipitant, degree of 

asphaltene stability, and chemical additives were systematically studied to determine 

the deposition tendency of asphaltenes. It was observed that the rate of deposition is 

influenced by the solubility of asphaltenes, the diffusion of the precipitated 

asphaltenes, and the formation of the aged asphaltene aggregates under different 

operating temperatures.41 It was also found that the rate of deposition increases 

linearly with the driving force towards asphaltene precipitation for the experiments 

conducted at 80 oC.41 Additionally, it was determined that an increased dosage of the 

selected asphaltene dispersant delays the detection of plugging but does not further 

reduce the deposition of asphaltenes in the packed bed column.41  

2.2. Asphaltene Properties and Applications 

Currently, the asphaltene fraction is largely being employed in road 

construction. Also, it can be used as an additive to make water-repellent 

(hydrophobic) surfaces. Despite the current applications, the problem of asphaltene 

outweighs its advantages and a negative view towards them still remains. In this view, 

asphaltene is considered as a major problem rather than a valuable material. 

Therefore, an extensive study on the asphaltene chemical and physical properties and 
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identifying its potential utilization and application in different areas, which is the goal 

of this research project, can ultimately change the current view.     

2.2.1. Solubility Behavior, Extraction, and Fractionation of Asphaltenes  

Because of the variations and uncertainty regarding the chemical structure 

and composition, asphaltenes are usually defined by their solubility behavior. They 

are soluble in light aromatic solvents such as toluene or benzene but insoluble in 

paraffinic solvents such as n-pentane or n-heptane.42 In fact, asphaltenes are 

commonly extracted and studied in laboratories using the same solubility concept. 

The very first step towards the asphaltene characterization and production of carbon-

based materials is the extraction of asphaltene from crude oil or bitumen. For 

example, in a typical asphaltene extraction, the viscous bitumen or crude oil is first 

dissolved in toluene or benzene. Then, the solution is centrifuged at 5,000 rpm for 

half an hour to remove and separate inorganic sands and water from the oil.43 

Afterwards, the asphaltene fraction is precipitated by using a certain ratio of an 

alkane. Depending on the paraffinic precipitant, the ratio and aging time, the amount 

and characteristic of the extracted asphaltene would be different.42 

Asphaltenes can be fractionated by the type of precipitant used. For example, 

in a usual fractionation process n-pentane is added to a fully dissolved solution of 

crude oil or bitumen with a volume ratio of 40:1. The solution is mixed and left in a 

dark place for 1 day. Depending on the type and the asphaltene content of the oil, a 

residue of asphaltene deposits will appear at the bottom of the container. There will 

be also some lighter precipitated asphaltene dispersed in the solution, which can be 
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collected by centrifugation. Next, all the residues are wrapped in a filter paper, placed 

in a Soxhlet extraction setup. In the Soxhlet apparatuses, the asphaltene deposit is 

washed with n-pentane for 24 hours to wash off all the impurities and any non-

asphaltene materials from the residue. The remaining solid material in the filter 

paper is tagged as n-C5 asphaltene fraction, as they are not soluble in pentane.  The 

theory or concept behind the fractionation procedure follows the “like dissolves like” 

principle. Since the electronegativity of carbon and hydrogen are very close to each 

other, alkanes are considered to be nonpolar. The dominant intramolecular forces 

between two nonpolar molecules are dispersion forces or induced dipole-induced 

dipole attractions.  As a general rule, the larger the molecule is the stronger dispersion 

forces. The electron cloud of larger molecules gets more easily distorted by the 

surrounding molecules; hence larger molecules are more polarizable. As the number 

of carbons increases in alkanes, the dispersion forces become stronger; hence they 

become a better solvent for asphaltenes. By switching pentane with hexane in the 

Soxhlet apparatus, some of the lighter, or more soluble, portions of asphaltenes get 

dissolved in the hexane. This fraction is called n-C5-6 which means they are soluble in 

hexane but not soluble in pentane. The heavier and insoluble part, remaining in the 

filter paper, is called n-C6 fraction. Further fractionation can be done by changing the 

solvents one by one in the order of increasing carbon number in the alkane. Different 

sub-fractions of asphaltene can appear differently and have different characteristics, 

such as molecular weight, solubility, thermal stability, and other properties.44  
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2.2.2. Molecular Structure and Elemental Composition of Asphaltenes 

The molecular structure of asphaltenes is still in debate among researchers in 

the oil and gas field. The most accepted and widely used model is the island molecular 

structure (see Figure 2-3) in which asphaltenes are composed of a core of seven fused 

aromatic rings with several aliphatic chains attached to the central core.45,46 The role 

of the alkyl side shell around the core is to bring stability to the structure.47 

Additionally, the aliphatic chains facilitate the solubility of the asphaltenes molecules 

in commonly used aromatic solvents, such as toluene or benzene. 

 

Figure 2-3 AFM images of asphaltene molecules. (Reprinted from Schuler, B., 

Meyer, G., Peña, D., Mullins, O. C. & Gross, L. Unraveling the Molecular 

Structures of Asphaltenes by Atomic Force Microscopy. J. Am. Chem. Soc. 137, 

9870–9876 (2015). 15  

To have a better understating of the chemical structure of crude oil and its 

fractions, elemental analysis experiments are usually performed. Asphaltenes mainly 

consist of hydrocarbons along with small amounts of heteroatoms such as oxygen, 

nitrogen, sulfur, and traces of metals including, nickel, vanadium, and iron. However, 
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crude oils from different origins have different asphaltene content and elemental 

compositions. Ancheyta et al.48 carried out the elemental compositions along with 

asphaltene content of two different crude oils Maya, and Isthmus, from Mexico. The 

results are tabulated in Table 2-1. As demonstrated, the content of heteroatoms in 

asphaltene fractions is higher than the crude oil itself which suggests that the 

heteroatoms are likely to concentrate in the asphaltene fraction of crude oil. 

Moreover, the n-C7 fractions have a lower H/C ratio and higher heteroatoms and 

metals content than the n-C5 fraction. This observation is in agreement with 

asphaltenes solubility behavior which indicates that heptane insoluble asphaltenes 

(n-C7 fraction) are less paraffinic, heavier and more polar than n-C5 asphaltenes. 
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Table 2-1 Elemental analysis of two crude oils and their asphaltene sub-

fractions. (Source: Data were taken from Ancheyta, J. et al. Extraction, and 

Characterization of Asphaltenes from Different Crude Oils and Solvents. 

Energy Fuels 16, 1121–1127 (2002).48 

 

 

In a similar study, Gaweł, Eftekhardadkhah, and Øye49 reported the 

compositional analysis of nine different crude oils alongside with their subsequent 

SARA fractions including, saturates, aromatics, resins, and asphaltenes. As expected, 

saturates have the highest H/C ratio followed by aromatic, resins and asphaltenes. As 

it will be discussed later in this chapter, the H/C ratio can be used as an indication of 

the extent of ring condensation and a correlation between this ratio and the 

aromaticity factor can be derived. In general, the overall heteroatoms content of 

asphaltenes is higher than other fractions of crude oil. The results show that the 

Origin  Maya   Isthmus  

Sample 
Crude 

Oil 
n-C5 

Asphaltene 
n-C7 

Asphaltene 
Crude 

Oil 
n-C5 

Asphaltene 
n-C7 

Asphaltene 
Asphaltene 

Content 
(wt%) 

 14.1 11.32  3.63 3.34 

Elemental 
Analysis 
(wt%) 

      

Carbon 83.96 81.23 81.62 85.4 83.9 83.99 
Hydrogen 11.8 8.11 7.26 12.68 8 7.3 

Oxygen 0.35 0.97 1.02 0.33 0.71 0.79 
Nitrogen 0.32 1.32 1.46 0.14 1.33 1.35 

Sulfur 3.57 8.25 8.46 1.45 6.06 6.48 
H/C Atomic 

Ratio 
1.687 1.198 1.067 1.782 1.144 1.043 

Metals 
(wppm) 

      

Nickel 53.4 269 320 10.2 155 180 
Vanadium 298.1 1217 1509 52.7 710 747 
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distribution of sulfur is approximately even among the aromatic, resin, and 

asphaltene fractions. There is no sign of sulfur in saturates, meaning most of the sulfur 

exists within the polycyclic aromatic compounds or in alkyl sulfoxide groups attached 

to a polycyclic aromatic core.50 Moreover, the oxygen and nitrogen contents of 

asphaltenes and resins are significantly higher than other fractions, which explain the 

higher polarity of asphaltenes and resins.  

Additionally, the metal content of asphaltenes is much greater than other 

fractions. Metals in asphaltenes are present in mainly two forms. First, metals can 

exist in the form of metalloporphyrins, heterocyclic macrocycle organic compounds 

in which metals can bind to interior ligands to form complexes. Chelation or 

complexing is the sort of bonding in which a metal as the electron acceptor 

component forms a complex coordinate with a polydentate (multiple bonded) ligand 

such as porphyrins.51 Porphyrins are macrocyclic organic compounds with the parent 

structure of four pyrrole units interconnected via four methine bridges. The 

porphyrin nucleus is aromatic as it obeys the Huckel’s law. In overall, 26 electrons are 

involved in the highly conjugated aromatic structure of porphyrins. Due to this 

displaced π electron system, porphyrins show intense absorption of UV-Vis light at 

around 400 nm, which makes these structures to be deeply colored. The porphyrin 

ring has a strong stability against concentrated acids such as sulfuric acid that cannot 

break apart the highly stable structure of porphyrins.52 The other form of bonding 

takes place when the metallic element is present in an imperfect aromatic structure 

as a heteroatom filling the gaps and holes that apparently were made during the 
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formation of crude oil in the reservoir in an extremely high-pressure and high-

temperature condition.51  

The metal content of asphaltenes is usually measured by atomic absorption or 

mass spectroscopy. To do so, the sample needs to be free of organic components. The 

organic part of the sample is removed by a heat treatment (calcination) method 

followed by acidic digestion using concentrated (70 wt%) nitric acid. The sample is 

diluted with DI water to reach a stock solution of approximately 2 wt% nitric acid. A 

blank sample is also prepared to account for all the impurities and trace amount of 

metal ions present or entered into the solution during the digestion and dilution 

processes. Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) is commonly 

used for detection and quantification of metals and other elements in solutions with 

a detection limit of as low as one part in 1015. During the analysis, the solutions are 

pumped to the nebulizer one by one. A spray of the sample enters the plasma torch 

section of the instrument. The highly energetic plasma, made of argon ions, is 

responsible for the ionization of the elements present in the sample. The generated 

ions are separated based on their mass to charge ratio by electric and magnetic fields. 

Finally, the separated ions are detected and converted into electrical signals which 

are processed by the software.53 

Furthermore, X-ray photoelectron spectroscopy (XPS) is a powerful surface 

characterization tool, mainly used in this study for identification and quantification 

of elemental composition and chemical state of the elements present at the surface of 

samples. It is relatively easy to use and requires minimal sample preparation. XPS is 
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able to detect and quantify the composition of elements from the 10-nm outer layer 

with an atomic number of greater than three.   

In XPS, the sample is subjected to irradiation by a focused beam of X-rays 

under high vacuum. The interaction between the X-rays with the molecules of the 

sample results in the ejection of electrons from the first layers (10 nm). The electrons 

are further detected by the detector and their kinetic energy is measured using an 

electron energy analyzer. Since the energy of the electrons that are bound to an atom 

is discrete and unique depending on the electron configuration of the atom, the 

binding energy of the ejected electron is a characteristic of the electron and its 

respective element. The number of ejected electrons and their binding energy values 

can be used for identification and quantification of the elements, respectively. The 

measured kinetic energy (𝐾. 𝐸.𝑥𝑝𝑠 ) of the emitted electron is directly related to the 

binding energy (𝐵. 𝐸.𝑥𝑝𝑠 ) and the energy of the incident x-ray (𝐸𝑝ℎ), which is known. 

This relation is expressed in Equation 2-1. ɸ𝑥𝑝𝑠 is the work function of the 

instrument. This is an adjustable constant term which accounts for the loss of the 

energy when an electron is absorbed by the detector.  

                                       𝐾. 𝐸.𝑥𝑝𝑠 = 𝐸𝑝ℎ − ɸ𝑥𝑝𝑠 − 𝐵. 𝐸.𝑥𝑝𝑠 Equation 2-1 

XPS analysis was performed on n-C5 asphaltenes from crude oil A, whose 

results are shown in Figure 2-4.  
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Figure 2-4 XPS analysis of n-C5 asphaltene from crude oil A. (a) Survey 

spectrum. High resolution and deconvoluted spectra of (b) C1s, (c) S2p, (d) 

N1s, and (e) O1s.44  
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This figure includes a survey spectrum along with high-resolution spectra of 

the detected elements in the sample. The chemical state of each atom present in the 

sample is investigated by deconvolution of peaks into sub-peaks using curve-fitting. 

All the curve fittings are performed by the PHI Multipack software using a Gaussian-

Lorentzian function. The atomic concentrations accompanied by relative binding 

energies of each peak, and chemical assignments are provided in Table 2-2.  

Table 2-2 Summary of XPS results, including atomic concentration and 

spectral features of elements in n-C5 asphaltene from crude oil A. 

 

In Figure 2-4b, the carbon 1s spectrum is composed of three sub-peaks 

assigned to aliphatic or aromatic carbon bonds (C-C/C-H), carbons single bonded to 

oxygen (C-O), and carbons in carbonyl functional groups (C=O) with the binding 

energies of 284.76, 285.68, and 286.93 (eV) respectively. The deconvolution of the 

sulfur 2p spectrum, Figure 2-4c, reveals two peaks positioned at 163.95 and 165.21 

(eV), which are attributed to thiophenic and sulfonyl groups, respectively. Similarly, 

two peaks are chosen to fit the nitrogen 1s spectrum (Figure 2-4d); the first peak at 

Element Atomic 
Concentration (%) 

Binding 
Energy (eV) 

FWHM 
(eV) 

Area 
% 

Functional 
group 

Carbon 93.18 
284.76 1.34 81.45 C-C/C-H 
285.68 1.34 17.41 C-O 
286.93 1.34 1.15 C=O 

Oxygen 2.98 
531.18 2.49 8.14 C=O 
532.56 2.49 91.86 C-O 

Nitrogen 0.97 
398.44 1.29 32.42 Pyridinic 
400.01 1.29 67.58 Pyrrolic 

Sulfur 2.86 
163.95 1.34 64.43 Thiophenic 
165.21 1.34 35.57 Sulfonyl 
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398.44 eV is assigned to pyridinic moieties while the second one (400.01 eV) 

corresponds to pyrrolic groups. Finally, the oxygen 1s peak (Figure 2-4e) is divided 

into two subpeaks, corresponding to carbonyl (531.18 eV) and ether/hydroxyl 

functional groups (532.56 eV).54 

2.2.3. Thermogravimetric Analysis of Asphaltene Fractions 

The shortage of light and easily accessible crude oil has led to an increase in 

the refining and conversion of bitumen or heavy crude oil, which is done by different 

processes such as coking, hydro-conversion and catalytic cracking. Asphaltene, as one 

of the main components of bitumen or heavy crude oil, has a high tendency to coke 

formation at high temperatures. If the coking process takes place without the 

presence of oxygen it is called pyrolysis.  The asphaltene sample goes into several 

changes during the coke formation. The results after carbonization indicate that 

hydrogen to carbon ratio as well as the ratio of aromatic to aliphatic carbons.55–57 

Based on the results, several reactions have been proposed for asphaltene pyrolysis. 

According to Savage et al., the high temperature causes some weaker bonds between 

aliphatic chains to break down. This leads to the formation of some relatively light 

hydrocarbons, along with H2S, leaving the reactor in the form of gas.57 Moreover, the 

generated radicals can attach to each other and create aromatic functional groups. 

Ultimately the naphthenic cycles lose their hydrogen and along with other aromatic 

rings form bigger aromatic cores in the molecular structure of asphaltenes.58    

Studying the thermal behavior of different asphaltene fractions in the 

presence of both oxygen and an inert gas such as argon or nitrogen is necessary in 
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order to have a better understanding of the thermal stability of asphaltenes.55 In a 

general thermogravimetric analysis, a known amount (2-5 mg) of a solid sample is 

placed in an alumina or platinum pan, depending on the maximum temperature. And 

then the pan is placed in a small cylinder which acts as a furnace. The weight of the 

sample is constantly measured as it gets heated with an average rate of 10-20 oC/min. 

Different carrier gasses can be employed. In the case of an inert gas like nitrogen or 

argon, the material undergoes thermal degradation or pyrolysis. However, in the 

presence of oxygen, oxidation cracking is the dominant phenomenon.55  

As shown in Figure 2-5 pyrolysis of asphaltene mainly consists of two periods: 

before 400oC, in which, only light and volatile components of asphaltene start to come 

out. This loss only accounts for less than 5% of the initial mass. At temperatures 

higher than 400oC, depending on the type of asphaltene and fraction, the sample 

undergoes thermal degradation and loses about 40-80% of its initial mass. Most of 

the mass loss happens between 400-500oC and once the temperature reaches 500oC, 

the weight loss curve becomes a plateau. In the case of having oxygen in the system, 

the same procedure happens until around 490-500oC, at which the combustion of 

organic matters (mostly char and coke) in the sample starts. In the end, only a very 

small fraction of the sample’s initial weight is left, which is mostly composed of ash 

and some inorganics such as metal oxides. This residue can be dissolved in an 

aqueous solution for metal content measurement of the initial sample using different 

methods such as ICP-MS or ICP-EOS.55 
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Figure 2-5 Thermogravimetric analysis of n-C7 asphaltene from Athabasca 

bitumen in the presence of argon (dash lines) and air (solid lines) with a 

heating rate of 20 oC/min. The grey lines show the weight loss derivative with 

respect to temperature of the samples. 

 Figure 2-6 shows a thermal behavior comparison between n-C7 and n-C5-7 

fractions of asphaltenes extracted from bitumen in the presence of argon as the 

carrier gas. There is no significant change in the weight of the n-C7 sample up to 

400C. However, above this temperature, the thermal degradation of asphaltene 

structure starts and the weight of the sample decreases dramatically which reaches 

its maximum rate at 456C. During the decomposition, most of the relatively weak 

bonded aliphatic chains are removed which result in a lower H/C atomic ratio 
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compared to the initial sample. The pyrolysis reaction finishes at 540C and the 

weight reduction curve reaches a plateau. The n-C5-7 fraction follows the same 

behavior until the temperature around 265oC at which the trend starts to deviate 

from the n-C7 thermal behavior. As it is demonstrated, the thermal degradation of the 

lighter n-C5-7 fraction starts at a lower temperature compared to the heavier n-C7 

fraction. Moreover, the amount of the carbonized char left from the n-C5-7 fraction is 

almost half of the n-C7 fraction (21.5% vs 42%).  Therefore, this TGA comparison 

between the two fractions can demonstrate that the lighter n-C5-7 fraction has more 

aliphatic chains compared to the heavier n-C7 fraction, which ultimately explains the 

higher solubility of the n-C5-7 fraction.55 
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Figure 2-6 Thermogravimetric analysis of two asphaltene sub-fractions from 

Athabasca bitumen, n-C7 (solid lines) and n-C5-7 (dash lines) with a heating 

rate of 20 oC/min. The grey lines show the weight loss derivative with respect 

to temperature of the samples. 

2.3. Applications of Carbon-Based Nanomaterials 

Carbon is the 4th most abundant element in the universe and the second (after 

Oxygen) most common element in the human body.59 Until about thirty years ago the 

only known allotropes of carbon were graphite, with sp2- carbon atoms, and diamond, 

a network of sp3- carbon-carbon bonds. Carbon also comes in hollow sphere and tube 

structures, like Buckyball and carbon nanotubes. Since the discovery of carbon 

nanotubes, there has been extensive research on the characteristics and applications 
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of carbon nanoparticles. Carbon-based nanoparticles have drawn much attention due 

to their interesting and unique properties, such as high mechanical strength, good 

electrical and thermal conductivity.60 These distinct physical properties have led the 

carbon nanoparticles to find their way in numerous applications such as electronics,61 

materials science,62 photovoltaic applications,13 batteries and energy storage,19 

energy harvesting,63 biology and bio-imaging,11 light-emitting diodes and quantum 

dots,64 and etc. Some of these applications are discussed in the following sections.   

2.3.1. Carbon Dots and Their Properties    

Carbon-based quantum dots with fluorescence property have drawn the 

attention of many researchers in the past decade due to their special and unique 

characteristics such as relatively high quantum yield, low toxicity, high 

photochemical stability and good solubility in water compared to the conventional 

heavy metal-based quantum dots.11,65 These unique properties make the carbon dots 

a potential candidate to be used in different areas of science, such as biological 

applications, photocatalysis, energy storage and production of sensors.11     

A new report on the global market of the quantum dots states that this market 

reached a revenue of $316 million in 2013 and it is expected to grow to $5,040 million 

by 2020 at a compound annual growth rate (CAGR) of 29.9% between 2014-2020. 66 

Moreover, it is anticipated that the volume consumption of quantum dots will reach 

72 ton in 2020 with a much faster growth rate of 116.5%, which is attributed to the 

utilization and practical use of quantum dots in different applications such as medical 

devices, solar energy conversion and display devices, which is expected to replace 
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biological imaging as the major player in the current quantum dots marketplace. The 

renewable energy application is the next fastest-growing application in the QD 

market. Ultimately, the production of new generation and cost-effective carbon 

quantum dots from abundant and inexpensive sources such as asphaltene, which 

possess different heteroatoms and functional groups and have great thermal and 

mechanical stability, will provide the QD market an additional upper hand over other 

competitive materials such as organic dyes.  

Production of carbon dots can be achieved in two different methods: top-down 

approach or bottom-up approach. The goal of the top-down approach is to start with 

a fairly complex and large molecule and then break the structure into carbon-based 

nanoparticles. There are different methods to achieve the carbon nanoparticles such 

as oxidative acid treatment. According to Liu et al.67 acid has three effects on the 

carbon nanoparticles, first to break down the large carbon-based material structure 

into nano-sized particles, second by introducing carboxylic and carbonyl functional 

groups which facilitate the dissolution of organic particles into the aqueous phase. 

Finally, acid can affect the photoluminescence (PL) properties of derived 

nanoparticles.     

There have been many attempts to produce carbon dots with the size range of 

3-20 nm from different sources such as fullerene, carbon nanotube, graphite and most 

recently from low-cost and more abundant sources such as coal,65,68 natural gas 

soot,69 candle soot,67 or even food and beverages.70,71 Nonetheless, the potential 
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production of carbon dots from asphaltene, as an abundant and rich source of carbon 

has not been fully explored.  

The currently available LEDs made from quantum dots have expensive rare 

earth heavy metals that are toxic and not environmentally friendly. On the other hand, 

carbon-based fluorescent nanoparticles can be made that are less expensive, less 

toxic and have better biocompatibility with respect to other conventional quantum 

dots such as cadmium selenide.55,64 Moreover, these materials can be potentially 

produced from very abundant and cheap resources such as asphaltenes. The potential 

market of quantum dots can significantly grow at a higher rate by substituting the 

currently commercialized heavy metal-based quantum dots with carbon dots while 

keeping the same quality and performance but lowering the overall cost. 

2.3.2. Energy Storage and Photovoltaics Applications  

Carbon-based nanoparticles have been used and studied as an additive to the 

lithium-sulfur batteries to enhance the conductivity of sulfur. Schuster et al.19 report 

that there have been efforts to produce carbon-sulfur composites using different 

kinds of carbon such as carbon nanotubes, carbon black and activated carbon. 

However, all of them lacked a homogenous contact between sulfur and the carbon 

conductive part. Schuster et al.19 have been able to generate 300 nm in diameter 

spherical ordered mesoporous carbon nanoparticles (OMC) with high surface area 

(2445 m2g-1) and high inner pore volume (2.32 cm3g-1) which have been employed as 

a cathode in Li-S batteries resulting in the enhancement of batteries performance.   
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Due to the limited conventional hydrocarbon energy resources and the 

concern regarding high amount of greenhouse gas emission to the environment 

which is the main cause of global climate change, a great deal of resources and 

research has been focused on the production of cost-effective and competitive solar 

cells and photovoltaic devices. Recently organic photovoltaics have attracted a lot of 

attention to potentially be considered as an alternative to conventional inorganic-

based photovoltaic devices in, specifically, large areas and lightweight applications, 

due to their, lightweight, low cost, and abundance, which can reduce the high 

manufacturing and material cost of these devices for large scale production. Since 

most of the organic materials, such as polymers, are in solution, they can be used in 

the flexible, thin-film and portable photovoltaic cells. According to Darling et al.,72 the 

most likely short term market (1-5 years) for organic photovoltaic cells (OPVs) is in 

the production of cheap, color-tunable and portable chargers that do not require high 

power input which with the current energy conversion efficiency of OPVs is 

achievable. Moreover, in the long-term outlook, OPVs are predicted to replace the 

conventional inorganic semiconductor solar cells, due to their abundance, ease in 

scalability and their short energy payback time (as low as one week), which 

potentially place them as one of the major competitors in the energy sector.     

Based on a new research report,73 the global organic solar cells market 

accrued a revenue of $25.5 million in 2013 and is predicted to grow to $97.4 million 

by 2020 with a compound annual growth rate (CAGR) of 21.20%. These numbers can 

potentially go higher if the manufacturing cost decreases while the conversion 

efficiency and the lifetime of the organic photovoltaic improve.    
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The simplest form of organic photovoltaic cells has a single layer of organic 

material between two electrodes. However, these types of organic cells have low 

quantum and power conversion efficiencies, since the electric potential difference 

between the two electrodes is not sufficient to split the excitons effectively. Therefore, 

the use of multilayer organic photovoltaics has been proposed as the layers can have 

different electron affinity. The material with higher electron affinity will act as an 

electron acceptor and the one with higher ionization potential acts as an electron 

donor. Having this combination can create an additional interfacial electric force 

between the two electrodes.74  In Figure 2-7 a simple schematic of two kinds of 

multilayer organic cells, bilayer and bulk heterojunction, along with the fundamentals 

of donor and acceptor working principles in solar cells has been illustrated. A 

common characteristic of organic solar cells is that the organic part usually consists 

of polymers with large conjugated systems. This conjugation system is made where 

carbon atoms form alternating single and double bonds, which allow the formation of 

delocalized bonding π orbital with a π* antibonding orbitals that are referred as the 

highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular 

orbital (LUMO), respectively. In organic photovoltaics, HOMO acts as the valence band 

while LUMO takes the role of the conduction band. The energy separation between 

these two states is known as the bandgap, which is usually in the order of 1-4 eV for 

organic materials. As it is shown in Figure 2-7c, first the donor absorbs the sunlight 

which leads to the formation of the exciton (a neutral bound pair of electron and 

hole), then the exciton diffuses to the donor and acceptor interface and moves from 

the LUMO of the donor to LUMO of the acceptor, which should have a lower energy 
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state. Finally, the free charge carriers, electrons, and holes are collected in cathode 

and anode respectively.       

According to Abunjah et al.,75 asphaltenes can be used as organic 

semiconductors, since asphaltenes can absorb light in a broad range of the visible and 

near-infrared spectrum, have a large conjugated system that is able to conduct 

charge, are inexpensive and naturally abundant, and have high thermal and 

mechanical stability.76 The potential absorption and bandgap difference between 

different fractions (from light to heavy) of asphaltenes can make them a good 

candidate to be used as donor and acceptor components of organic solar cells. 

Abunjah et al. report the first real data on using asphaltenes as the sensitizer in dye-

sensitized solar cells (DSSC) with the light to the energy conversion efficiency of 

1.8%.75 Further fractionation and functionalization of asphaltenes can improve their 

absorbance; hence, the efficiency of the solar cells, which can potentially lead to large 

scale utilization of the most problematic and undesirable fraction of crude oil in the 

photovoltaic industry. 
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Figure 2-7 Structure and working principle of organic photovoltaic cells 

(Reprinted from Kumaresan, P. et al. Fused-Thiophene Based Materials for 

Organic Photovoltaics and Dye-Sensitized Solar Cells. Polymers 6, 2645–2669 

(2014)).74 

2.3.3. Carbon-Based Nanoparticles in Catalysis  

       In different attempts, carbon nanospheres have been synthesized and 

further functionalized to be used as catalysts in several reactions. These nanocarbon 

spheres have a high surface area and large pore volume which make them a good 

candidate for catalytic reactions. For example, Yang et al.77 were able to synthesize n-

doped mesoporous carbon nanospheres with high electrocatalytic activity in an 

oxygen reduction reaction.  

In a similar study, nitrogen and sulfur were co-doped on 200 nm carbon 

nanospheres to be used as catalysts in oxygen reduction reactions, which currently 

requires a high amount of platinum to be used as a catalyst. Particularly, this amount 
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is significant at the cathode because of the sluggish kinetic characteristic of this 

reaction. Therefore, there have been attempts to replace the platinum with an 

alternative catalyst in order to reduce cost while keeping the same performance. 

According to You et al.,78 carbon-based nanoparticles have shown promising results 

due to their high catalytic performance and low cost of production. They also report 

the performance enhancement of these carbon materials by the addition of sulfur to 

the structure of nanoparticles. The presence of sulfur on the surface of the 

nanoparticles kept them apart from each other to prevent the aggregation. Moreover, 

the number of active sites and also the pores and surface area of the nanospheres 

were increased by the addition of sulfur. Asphaltenes, on the other hand, are already 

functionalized with heteroatoms such as nitrogen and sulfur with an average 

elemental composition of 1.5 and 7 weight percent respectively.79 Asphaltenes with 

their available functional groups, high reactivity,80 large conjugated system,75 and 

high thermal and mechanical stability76,81 are a great candidate to be used as catalysts 

in these types of reactions.       

In another study, carbon spheres have been synthesized and used as the base 

for the production of metal oxides hollow spheres. In this study by Titirici et al.,82 

different metal oxides were directly added to the carbohydrates, which act as the 

precursor for the production of carbon spheres, in a hydrothermal carbonization 

process. Finally, the calcination of the hydrothermal reaction products results in the 

formation of hollow metal oxides spheres, which can be used in catalytic reactions.   
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2.3.4. Carbon Nanoparticles in Water Treatment 

The utilization of carbon nanoparticles in water treatment has been 

investigated by Khaydarov et al.83 The nanoparticles with the size range of 1-100 nm 

were synthesized from graphite by using an electrochemical oxidation method. The 

functional groups, such as carboxyl, hydroxyl and keto groups, generated at the 

surface of the carbon nanoparticles, act as ion exchangers which result in the 

coagulation of heavy metals present in the colloidal solution.   

2.4. Current Status of Asphaltene Utilization  

The asphaltene deposition problem is not only limited to upstream operations, 

but it can also cause some operational difficulties in downstream and transportation 

specifically for heavy oils. Heavy oil is characterized by low American Petroleum 

Institute (API) gravity (API<20), high asphaltene content (>10 wt%), high carbon 

residue and high viscosity. Efforts have been made to upgrade heavy oils and bitumen 

to more utilizable hydrocarbons through hydroconversion and reduction in viscosity. 

However, asphaltenes adsorption on the catalyst surface during the hydroconversion 

process has limited the ability to upgrade heavy oil. 84 This initiated the need to study 

asphaltene separation through adsorption. The objective of this work focuses on the 

separation of asphaltenes through adsorption. Multiple materials may be studied for 

the adsorption unit, such as magnetite, and stainless steel. The high surface area 

associated with nano-sized adsorbents will be utilized. Finally, the magnetic 

properties of these adsorbents can be used to separate them from the deasphalted oil 
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(maltenes). If the well is problematic, then the maltenes can be reinjected into the 

wellbore to reduce the amount of asphaltene precipitated. If this is not the case, then 

it can be transported to refineries where it is processed more efficiently with the 

absence of asphaltenes.  

The separated asphaltenes with no real market value could be utilized as a 

resource for the synthesis of carbon-based materials which can potentially turn a 

problematic substance that has been causing damage to the economy of oil industries 

into valuable and profitable products. These products can ultimately be used in 

various applications such as biological imaging and drug delivery,11 display 

technology, photovoltaics and production of Light-Emitting Diodes (LEDs).13,64 

There have been many studies on the asphaltene behavior in the oilfield and 

many attempts have been made to prevent asphaltene precipitation and deposition. 

However, the knowledge about the asphaltene chemical structure is not sufficient. 

And more importantly, the potential commercial use of this fraction in the production 

of valued materials such as carbon-based nanoparticles has not been fully explored. 

Moreover, there are certain properties of asphaltenes that make them unique 

and exceptional with respect to other carbon-based nanoparticles. The nanoparticles 

derived from conventional carbon sources such as graphene, fullerene and carbon 

nanotubes are just pure carbon substrates. In contrast, the asphaltene aggregates are 

already functionalized thanks to the presence of heteroatoms such as nitrogen, 

oxygen, sulfur and some metals like nickel and vanadium in the asphaltene molecular 

structure. The existence of these functional groups can potentially facilitate the 
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functionalization step of the produced particles. This can be especially important 

when certain functionalization of the carbon-based particles is required depending 

on the desired application such as the production of photosensitive materials, energy 

storage, and photocatalysis reactions.  

Currently, the asphaltene fraction is largely being employed in road 

construction. Also, it can be used as an additive to make water-repellent 

(hydrophobic) surfaces. Despite the current applications, the problem of asphaltene 

outweighs its advantages and a negative view towards them still remains. In this view, 

asphaltene is considered as a major problem rather than a valuable material. 

Therefore, an extensive study on the asphaltene chemical and physical properties and 

identifying its potential utilization and application in different areas can ultimately 

change this situation.     

The possibility of deriving nanoscale carbon-based chemical structures out of 

asphaltene was first proposed by Camacho-Bragado et al.85 In their study, asphaltene 

samples from Maya crude oil were investigated under High-Resolution Transmission 

Electron Microscopy (HRTEM). As the samples were being observed under TEM, they 

came across fullerenic structures forming on the edge of the aggregates, due to the 

microscope electron irradiation during the analysis. However, once the fullerene 

onion structures are formed, they become unstable and ultimately disintegrate under 

further electron irradiation. Although this onion-shaped structure of asphaltene was 

induced by an electron beam, the authors claim that the beam current and irradiation 

conditions were much lower and milder than those typically used in the formation of 
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fullerene onions. They also treated graphite under the same condition used for 

asphaltene and no onion structure formation was found. The authors conclude that 

the formation of the fullerenic structures was due to the destruction of weak aliphatic 

chains during irradiation, which gives the rest of aromatic part of the asphaltene 

structure an opportunity to form a graphene-like structure.  

In another investigation, Wang et al.86 were able to synthesize carbon spheres 

from asphaltene with the size of 300-400 nm in diameter by a Chemical Vapor 

Deposition (CVD) technique. The carbon spheres have potential applications in 

materials reinforcement for polymers, developing catalysts, and lubricants.87 In this 

study, the reaction took place in a tube furnace as the argon gas carried the vaporized 

part of asphaltene into the hot zone of the furnace which was kept at 1237 K for 1 

hour. During the pyrolysis, solid deposits of carbon-based microspheres were formed 

on the inner side of the tube furnace. Although this simple method for production of 

uniform microsphere carbon-based particles looks promising, based on the 

Thermogravimetric Analysis (TGA) the vaporized part of the asphaltene only 

accounts for the 5% of the initial sample.54 Therefore, even if we assume that all the 

vaporized fraction of the initial sample will turn into microspheres and deposit inside 

the furnace, the yield of the production using CVD will be only 5 percent.   

Moreover, Danumah and Fenniri88 investigated the potential production of 

Carbon Nanoparticles (CNP) from asphaltene. They cast a thin layer film of asphaltene 

on a carbon-coated copper grid, used for TEM studies, and heated the sample up to 

473 K inside a TGA apparatus under nitrogen and oxygen atmosphere for 36 hours. 
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The authors report the successful synthesis of CNPs with an average diameter of 20 

nm. However, they use a very dilute solution (0.0001 mg/ml) as the starting material 

for the production of the CNPs. Additionally, only one drop (10-15 µl) of the starting 

solution is cast on the copper grid for each experiment. A simple calculation reveals 

that only 10-9 g of CNPs can be synthesized at the end of the experiment, which makes 

this method to be quite impractical for potential commercialization. 

Furthermore, the potential application of asphaltene aggregates as the 

precursor for the synthesis of graphene was investigated in two different studies. 

First, Cheng et al.89 proposed a new technique for the production of multilayered 

graphene sheets using a simple and inexpensive process similar to CVD. In this 

method, asphaltene samples are placed inside a covered ceramic crucible and heated 

by a natural gas burner. The thermal decomposition of the asphaltene generates 

fumes which are condensed on a secondary surface kept at 923 K. The synthesized 

graphene sheets are composed of mostly sp2 carbon with relatively small defects (low 

D band to G band ratio in Raman). Next, Xu et al.90 were able to produce multilayered 

graphene sheets by catalytic carbonization of asphalt using vermiculite. The 

adsorption of asphalt by the expanded vermiculite followed by heating it at 973 K for 

an hour in Argon flow resulted in the formation of 8-10 graphene layers and width of 

tens of microns. The synthesized asphaltene-derived graphene sheets were tested as 

an anode in Li-ion batteries and showed slightly higher capacity (699.4 mAh/g at 50 

mA/g) and much better cycling stability and conductivity (3327 ± 22 S/m) with 

respect to widely used reduced graphene oxide.      
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Most recently, water-soluble photoluminescent (PL) Carbon and Graphene 

Quantum Dots (CQDs, GQDs) have been synthesized from petroleum coke91 and 

asphaltene by M. Wu et al.91 and Zhao et al.92, respectively. The quantum dots were 

prepared by oxidation of starting materials using strong acids such as HNO3/H2SO4 

followed by neutralization by aqueous ammonia. The final nitrogen-doped GQDs 

show a relatively strong PL emission with a quantum yield of 16-18% within a broad 

excitation range and the PH of 2-12. The prepared GQDs were used on HeLa cells and 

demonstrated biocompatibility with the cell survival rate of more than 90% and 

effective fluorescent probe performance for cell imaging.92     

Other than the production of carbon-based nano to microparticles from 

asphaltene, Wu et al. have managed to take advantage of the asphaltenes’ inherent 

properties, such as high thermal and mechanical stability. In two different studies, 

asphaltenes were functionalized and added as low-cost fillers to poly(Styrene-

Butadiene-Styrene) copolymer (SBS)81 and epoxy pre-polymer (Bisphenol A 

diglycidyl ether).76 In both cases, the rigid structure of the asphaltene enhanced the 

thermal stability and mechanical strength of the composite.           

In another study, a sulfonated asphalt-based solid acid catalyst was 

synthesized by the carbonization of vegetable oil asphalt followed by the acidic 

digestion of the pyrolysis product by concentrated sulfuric acid under reflux. In a 

similar approach, Sulfonated Multi-Walled Carbon Nanotube (s-MWCNT) catalyst 

was prepared and along with the asphalt-based catalyst was used in a biodiesel 

production reaction. The results show that the much larger average pore diameter of 
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the asphalt-based catalyst makes it be more catalytic active which ultimately leads to 

a higher biodiesel conversion, compared to the s-MWCNT catalyst.93 

According to Abunjah et al.,94 asphaltenes can be used as organic 

semiconductors, since asphaltenes can absorb light in a broad range of the visible and 

near-infrared spectrum, have a large conjugated system that is able to conduct 

charge, are inexpensive and naturally abundant, and have high thermal and 

mechanical stability.76 The potential absorption and the bandgap difference between 

different fractions (from light to heavy) of asphaltenes can make them a good 

candidate to be used as donor and acceptor components of organic solar cells. 

Abunjah et al. reported the first real data on using asphaltenes as a sensitizer in Dye-

Sensitized Solar Cells (DSSC) with the light to the energy conversion efficiency of 

1.8%.94 Further fractionation and functionalization of asphaltenes can improve their 

absorbance; hence, the efficiency of the solar cells, which can potentially lead to large-

scale utilization of asphaltenes in the photovoltaic industry. 

2.5. Chapter Summary 

In spite of all the energy that people have devoted to the understanding, 

prediction, and mitigation of asphaltene deposition during oil production, to this date, 

this flow assurance problem still persists. The cost associated with asphaltene 

deposition is enormous and most of the solutions that are available in the market are 

usually implemented on a trial and error basis.  
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In this chapter, the inherent physical and chemical characteristics of 

asphaltenes which make them unique and special were presented. It was shown that 

asphaltenes are a polydisperse mixture of hydrocarbons with a broad range of sizes, 

physical and chemical characteristics. It has been widely accepted that asphaltenes 

molecular structure is similar to an island model, in which a model asphaltene 

molecule is consist of a core of several fused aromatic groups and a number of alkyl 

side chains. Additionally, asphaltene molecules are not just pure hydrocarbons as 

they also possess a variety of functional groups including heteroatoms such as 

oxygen, nitrogen, sulfur, and traces of metals like nickel and vanadium. Furthermore, 

the thermal stability of asphaltenes was studied by employing the thermogravimetric 

technique. The effect of asphaltene fraction and the carrier gas were investigated. 

Identifying the important properties of asphaltenes will open doors of 

opportunities for researchers to investigate applications of asphaltene or asphaltene 

derived materials in different areas of science and technology. Therefore, what is 

currently considered undesirable and problematic asphaltenes, can be converted into 

novel materials with highly specialized properties and new useful applications. A 

summary of some of these applications has been provided in this chapter.  

As it was shown in this chapter, recently, different researchers have started to 

notice the chemical and physical potential of the asphaltene fraction and have tried 

to employ and make use of this material in different areas of chemistry and materials 

science. However, this research is still in its early stages and more extensive studies 

on asphaltene utilization are still needed.
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Chapter 3 

Development of Improved 

Experimental Methods to Determine 

the Rates of Asphaltene Precipitation, 

Aggregation, and Deposition2 

Despite the efforts and studies throughout the last few decades, asphaltene 

deposition remains as one of the greatest challenges in the petroleum industry. In this 

work, we present a comprehensive series of experimental studies to better 

understand and evaluate the asphaltene precipitation, aggregation, and deposition 

mechanisms. Here, we introduce a simple and newly developed method called 

“Absorbance Ratio” to easily estimate the amount of precipitated asphaltene using 

 
 

2 This chapter is reproduced in part with permission from the submitted for publication manuscript 
titled, “On the Development of Experimental Methods to Determine the Rates of Asphaltene 
Precipitation, Aggregation, and Deposition”. 
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NIR spectroscopy measurements without the implementation of calibration curves. 

Moreover, the kinetics of asphaltene precipitation and aggregation was 

simultaneously investigated by a newly developed, fast, and reliable NIR 

spectroscopy technique. This technique has advantages compared to other methods, 

such as centrifugation techniques. In the new method, only less than 2 ml of sample 

is required for each experiment. In addition, unlike gravimetric techniques, less time 

consuming and labor-intensive measurements can be performed in an automated 

way, therefore the errors associated with these experiments are minimized. 

Moreover, in the new system, the temperature can be controlled; hence, experiments 

can be conducted to better evaluate the effect of temperature on the kinetics of 

asphaltene precipitation and aggregation. The results obtained from high-

temperature experiments show that, although the kinetics of asphaltene precipitation 

and aggregation is faster, asphaltenes are more stable in the crude oil system at 

higher temperatures. Furthermore, the effect of driving force on the precipitation and 

aggregation kinetics of asphaltenes is studied. A greater driving force produces faster 

precipitation and aggregation kinetics and also more precipitated asphaltene amount 

at the equilibrium. Finally, by using the “Absorbance Ratio” method, the amount of 

precipitated asphaltene over time can be readily quantified, which can be used to 

calibrate the precipitation and aggregation kinetic parameters of the asphaltene 

deposition model. The experiments performed at different temperatures and 

different driving forces towards precipitation facilitate in establishing a function to 

scale the precipitation kinetic parameter from laboratory-scale experiments to real 

field high-pressure high-temperature conditions. Additionally, a multi-section 
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stainless steel packed bed column is proposed to study asphaltene deposition at high 

temperature and under dynamic conditions. In these experiments, the amount of 

deposited asphaltene is directly quantified, which helps in further estimating the 

deposition flux. In addition, the effect of different variables, such as concentration and 

type of precipitant on the deposition flux is investigated. The results from the packed 

bed column deposition tests can be used to calibrate the deposition kinetic parameter 

of the asphaltene deposition model. Overall, with these newly developed techniques, 

we can conduct simpler, faster, more reliable and comprehensive experiments, which 

provide a better and broader understanding of asphaltene precipitation, aggregation, 

and deposition mechanisms.   

3.1. Methodology 

Experiments were performed on crude oil C2 from the Gulf of Mexico. Table 

3-1 shows the properties of the crude oil at ambient conditions. The water content 

was measured using a Metrohm Karl Fischer titration model 870 KF Titrano plus. The 

molecular weight was measured by a Cryoscope Cryette WR, which works based on 

the change in the freezing point of a crude oil-solvent solution compared to the pure 

solvent. All the reagents used were certified ACS grade procured from Fisher 

Scientific.    

3.1.1. Crude Oil Characterization 

Crude oil fractionation is done based on SARA analysis that divides the crude 

oil into saturates, aromatics, resins, and asphaltenes. SARA fractionation is a physical 
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separation based on solubility and polarity of crude oil fractions. In this study, SARA 

analysis was conducted based on the clay/alumina chromatography columns method 

(Figure 3-1).95 In this method, n-C5 asphaltene was quantified based on the modified 

IP-143 method 96 by using n-pentane as a precipitant, and each SAR fractions was 

quantified by adding oil directly to the two clay and alumina chromatography 

columns. Based on polarity, resin and asphaltene adsorbed to clay column while in 

alumina column aromatic, resin and asphaltene are adsorbed by column. The 

appropriate solvent, toluene, dichloromethane (DCM), and acetone, were used in 

order to separate all the adsorbed material from the adsorbent. Resin and asphaltene 

contents were quantified by washing the clay column with an appropriate solvent and 

evaporating the solvent. Resin content was calculated by subtracting the amount of 

resin and asphaltene from asphaltene content which was measured based on the 

modified IP-143 method.96 Aromatic, resin and asphaltene were recovered from the 

alumina column. The aromatic content was calculated by subtracting the amount of 

aromatic, resin and asphaltene from asphaltene and resin content obtained from clay 

column. Finally, saturate content was calculated by subtracting the initial mass of oil 

from the amount of aromatic, resin and asphaltene. The SARA analysis of crude oil C2 

is shown in Table 3-1. 
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Table 3-1 Properties of crude oil (C2) and (P3) at 1 atm and 20 oC. 

Property C2 P3 

Density (g/cm3) 0.910 0.876 

Water Content (wt%) 0.09 0.04 

Viscosity (cP) 136.0 17.0 

Molecular Weight (g/mol) 290 239 

Saturates (wt%) 49.9 59.0 

Aromatics (wt%) 19.8 17.7 

Resins (wt%) 19.2 19.4 

n-C5 Asphaltenes (wt%) 11.1 - 

n-C7 Asphaltenes (wt%) - 3.9 
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Figure 3-1 Crude oil fractionation and quantification process diagram. 

3.1.2. Asphaltene Fractionation 

Asphaltene is a polydisperse mixture can be fractionated based on its 

solubility in different alkanes (n-pentane, n-hexane, n-heptane, and n-octane). In this 

work, modified standard method IP-143 (ASTM D6560) was employed to separate 
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asphaltene into its sub-fractions.96 For instance, to quantify the amount of n-C7 

asphaltenes, heptane was added as the precipitant with a ratio of 40:1 volume to 

weight ratio (ml precipitant: g oil). The sample was aged for 1 day, and the 

precipitated asphaltene was filtered with a 0.2 μm Nylon filter paper. In the next step, 

the filter paper was washed in a Soxhlet apparatus by the precipitant to separate the 

non-asphaltenic compounds (resin and wax fractions). Then the filter paper was 

washed with toluene to separate all the asphaltene. Finally, the toluene was 

evaporated, and depending on the precipitant, the corresponding amount of n-C5, n-

C6, n-C7, and n-C8 asphaltenes were calculated.44 Moreover, by subtracting n-C6 

asphaltene content from n-C5 asphaltene content, the amount of n-C5-6 asphaltene 

(The lightest fraction of asphaltene precipitated by n-pentane but dissolve in n-

hexane) was quantified. With the same methodology, the amounts of n-C6-7 and n-

C7-8 asphaltenes were obtained. Therefore, the total n-C5 asphaltene was separated 

into its sub-fractions and hence its amount is equal to the sum of n-C5-6, n-C6-7, n-

C7-8 and n-C8 asphaltenes. The results of the asphaltene fractionation of crude oil C2 

is shown in Table 3-2. 
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Table 3-2 Asphaltene fractionation of crude oil C2. 

Asphaltene Fraction Amount (wt%) 

n-C5-6 1.8 

n-C6-7 6.3 

n-C7-8 11.7 

n-C8 80.2 

Total n-C5 100 

 

3.1.3. Determination of Asphaltene Precipitation 

The asphaltene precipitation experiments of crude oil C2 was conducted by 

the indirect method, developed by Tavakkoli et al.43 The analysis was performed by 

using n-pentane and n-heptane as asphaltene precipitants. This method uses a 

combined gravimetric and spectroscopic technique to quantify the remaining 

asphaltenes in the supernatant solution after precipitation and centrifugation. The 

centrifuge system settles down the submicron particles that are not detectable by NIR 

scattering techniques or optical microscopy. The removal of precipitated asphaltene 

particles by centrifugation changes the optical density of the supernatant fluid, which 

can be used to detect the onset of asphaltene precipitation at a specific aging time.  
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Figure 3-2 Schematic of indirect method sample preparation. 

In this work, blends of different ratios of crude oil and precipitant were 

prepared according to Figure 3-2. The samples were aged in a dark place for 1 day 

without disturbance. After aging, the samples were centrifuged (Thermo Scientific 

Fiberlite F13-14x50cy) at 8500 rpm, which is equal to 12,348 relative centrifuge force 

(RCF) for 30 min (The details of centrifugation calculations are discussed in the 

supporting information of the study by Tavakkoli et al.).43 In the case of high-

temperature experiments, both crude oil and precipitant samples were preheated in 

an oven at the desired temperature and the mixtures were then placed in a heated 

centrifuge which maintains a constant temperature throughout the process. A 

detailed procedure of the high-temperature experiments is presented by Tavakkoli et 

al.97 After centrifugation, an aliquot of the supernatant liquid was withdrawn and 

diluted with toluene, which stabilizes the asphaltenes that remained in solution to 

avoid further aggregation. Then the light absorbance was measured at wavelengths 

ranging from 700 nm to 1,300 nm with a Shimadzu UV-Vis-NIR spectrophotometer 

(model UV-3600), using air as the blank. The cuvettes used for the spectroscopic 

measurements were made of quartz with a path length of 10 mm. The measured 
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values were corrected to account for the effect of dilution. Finally, the values were 

plotted as a function of the volume fraction of precipitant in the mixture. The first 

deviation from the linear trend indicates the precipitation of asphaltenes. The 

indirect method experiments were repeated at least twice to ensure the 

reproducibility of the results. The average values of the results along with the 

corresponding average standard deviation (ASD) are reported. 

3.1.4. Kinetics of Asphaltene Precipitation and Aggregation 

The Kinetics of asphaltene precipitation and aggregation of crude oil C2 was 

investigated using a direct kinetics spectroscopy method. In this method, a Shimadzu 

UV-Vis-NIR spectrophotometer (model UV-3600) was employed to measure the light 

intensity of samples over time at different temperatures and driving forces. As 

illustrated in Figure 3-3, crude oil samples were mixed with a known precipitant to 

oil ratio in a quartz cuvette, which was then placed in the sample cell of the 

spectrophotometer. Stir bars made of PTFE were added to the cuvette. The cuvette 

was then capped and sealed with a PTFE stopper, which effectively prevents the 

mixture to evaporate, even at high temperature. Also, another quartz cuvette 

containing a mixture of the oil and toluene, with the exact same volume ratio as the 

sample cell, was used in the reference cell to account for the effect of dilution on the 

transmittance of light passing through the sample. Moreover, using the oil-toluene 

mixture in the reference cell ensured that any changes in the light transmittance of 

the sample cell were solely due to the precipitation and aggregation of asphaltenes 

over time, as a result of adding precipitant to the sample cell. Furthermore, both 
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sample and reference cells in the spectrophotometer are equipped with water-

jacketed cell holders to be able to control the temperature of the samples. The stirring 

rate and temperature of the cell were adjusted and controlled by the data acquisition 

system. For high-temperature experiments, both crude oil and precipitant (n-

heptane) samples were preheated inside a Jeio Tech oven (model OV-12) at 70 oC 

prior to the spectroscopic measurements. During each experiment, the light intensity 

was continuously recorded in the form of transmittance over time (every 30 seconds) 

at a wavelength of 1,600 nm using the kinetic mode of the spectrophotometer. It is 

worth mentioning that toluene, pentane, and heptane have the same optical density 

values at 1,600 nm. At this particular wavelength, the oil has the minimum optical 

density value in the entire UV-vis-NIR region.98 Therefore, to avoid signal saturation 

of samples, the wavelength of 1,600 nm was chosen for conducting the kinetics 

experiment.  Prior to the kinetics experiments, crude oil C2 samples were diluted with 

toluene (30 vol%) due to the high viscosity of the oil which can prevent having a well-

mixed sample if not diluted. The mixture of diluted oil with 30 vol% of toluene will be 

denoted as “modified oil” in this work. This modified oil was used to study the kinetics 

of asphaltene precipitation and aggregation upon the addition of precipitant. 

Nevertheless, in the presented results, reported in section 3.2.4, the effect of oil 

dilution on the measured spectroscopy data is removed. The effect of driving force 

(the concentration of the precipitant) and temperature were investigated on the 

precipitation and aggregation kinetics of the crude oil.  

Other than driving force and temperature, the effect of inhibitor dosage on the 

asphaltene precipitation and aggregation kinetics was studied as well. For this, 
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experiments were performed to evaluate the performance of a commercial chemical 

(I2) on crude oil P3 (the properties of the oil is reported in Table 3-1) and its effect 

on the kinetics of asphaltene precipitation and aggregation. Mixtures of crude oil and 

chemical with different concentrations of the chemical, with respect to the non-

volatile (active ingredients) component of the fresh inhibitor sample, were prepared. 

First, a concentrated 6000 ppm of inhibitor stock solution in crude oil was prepared. 

Then, different dosages of the inhibitor solution were made by further diluting the 

concentrated inhibitor solution in the crude oil. The prepared oil-chemical mixtures 

were mixed with 47.5 vol% of n-heptane (asphaltene precipitant) in a quartz cuvette 

and spectroscopy analysis was performed. In overall, four experiments including no 

chemical and with chemical injection at concentrations of 200, 400, and 1000 ppm in 

room temperature were conducted.41 
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Figure 3-3 NIR spectroscopy measurement diagram for the kinetics 

experiment. a) using a mixture of the oil and precipitant in the sample cell and 

another mixture of oil and toluene in the reference cell with the same 

concentration b) both sample and reference cells holder are water-jacketed to 

control the temperature and also the mixtures are stirred with a magnetic stir 

bar. 

a)

b)
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3.1.5. Asphaltene Deposition in the Packed Bed Column 

The asphaltene deposition tendency of crude oil C2 was experimentally 

investigated in the stainless-steel packed bed column deposition system presented in 

Figure 3-4. In this work, the crude oil and the precipitant were co-injected by two 

HPLC pumps. The flow rate of the pumps can be adjusted to control the precipitant to 

oil ratio which determines the driving force toward asphaltene precipitation. The oil 

and precipitant mixture was well-mixed through a T-junction immersed in the 

ultrasonic water bath, and it was then fed into a temperature-controlled oven to reach 

the desired temperature. The heated mixture was injected to the packed bed column 

through the bottom port, allowing the deposition of asphaltenes on the surface of the 

low-carbon steel spheres (3/32" in diameter) for a specified experimental duration. 

The effluent was then passed through a back-pressure regulator which controls the 

pressure of the system. The co-injection was stopped after reaching the desired 

number of pore volumes. In case of serious plugging, the pumps are turned off 

automatically when the inlet pressure reaches a maximum predefined safety 

pressure.  
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Figure 3-4 Schematic of the packed bed system to determine the asphaltene 

deposition tendency at high temperature and under dynamic conditions. 

After each deposition experiment, the system was cooled down to ambient 

temperature and the back-pressure was then released. The deposited materials were 

pre-rinsed with a neutral solvent, cyclohexane, to remove the occluded oil trapped in 

the deposits. A neutral solvent could neither re-dissolve the deposited asphaltenes 

nor precipitate additional asphaltenes from the occluded oil. For the crude oil used in 

this work, the performance of the occluded oil was validated by batch precipitation 

and re-dissolution experiments. The occluded oil in the neutral solvent was then 

removed by filtration. The deposited materials were purified in a Soxhlet extractor to 

remove any non-asphaltenic materials. A second wash in a Soxhlet extractor using 

toluene was conducted to collect the deposited asphaltenes. Finally, the amount of 

asphaltene deposition was quantified after toluene was evaporated at 120 oC. 
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3.2. Results and Discussion 

3.2.1. Detection of Asphaltene Precipitation 

Figure 3-5 presents the results of the indirect method for crude oil C2 diluted 

with n-pentane and n-heptane. Here, the onset of precipitation is defined as the 

minimum concentration of added precipitant at which the absorbance value starts to 

deviate from the horizontal trend. The asphaltene precipitation onset point can be 

obtained by finding the intersection of two trend lines before and after the onset point 

(Figure 7-1 and Figure 7-2, Appendix A). As can be seen, the linear trend of 

absorbance starts to deviate at around 31 and 34 vol% of added n-pentane and n-

heptane, respectively. It should be noted that these values are just rough estimates of 

the onset values. As it was shown by Tavakkoli et al. to get a more accurate estimation 

of the onset point a smaller step size is needed during the sample preparation.43    
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Figure 3-5 Results of the indirect method for the crude oil C2 diluted with n-C5 

and n-C7 and aged for one day at ambient conditions. The ASD values are 0.62 

and 1.48% for n-C5 and n-C7 as precipitants, respectively. 

3.2.2. Determination of Precipitated Asphaltene Amount 

Tavakkoli et al. showed that the drop in the absorbance is caused by the 

precipitation of asphaltenes that are removed by the centrifugation.43 Hence, the 

amount of precipitated asphaltene can be estimated by using an absorbance ratio 

method, which eliminates the use of a calibration curve. To build a typical calibration 

curve, asphaltenes have to be extracted from the crude oil followed by preparing 

multiple solutions with varying asphaltene concentrations and then performing 

spectroscopy measurements, which can be laborious and time-consuming. A detailed 
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procedure of acquiring a calibration curve for asphaltenes is presented in the work 

by Tavakkoli et al.43 In the absorbance ratio method, however, the indirect method 

results are sufficient to convert the absorbance data into the amount of precipitated 

asphaltene at a certain volume ratio of the added precipitant. As shown in Figure 3-6, 

the amount of precipitated asphaltene is estimated by the ratio of absorbance drop at 

a given point and the total absorbance by the following expression: 

                                               𝑃𝐴𝐴 =
𝛥𝐴

𝑇𝐴
× 100 Equation 3-1 

where 𝑃𝐴𝐴 refers to the precipitated asphaltene amount in the form of percentage 

and with respect to the total asphaltenes present in the crude oil, 𝛥𝐴 is the drop in the 

absorbance at a given precipitant to oil ratio, and 𝑇𝐴 is the average total absorbance 

of the oil before reaching the onset point. The contribution of maltenes 𝑀𝐴 in the total 

absorbance can be accounted if its value is significant. In the case of crude oil C2, the 

contribution of maltenes was about 3% of the total absorbance of the crude oil, which 

was quantified by measuring the absorbance value of the separated maltenes fraction 

from the crude oil. Since the impact of maltenes absorbance on the total absorbance 

is insignificant, this contribution has been neglected in our calculations of the amount 

of precipitated asphaltene. If this contribution is significant, the absorbance of the 

maltenes (𝑀𝐴) can be subtracted from the total absorbance.  
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Figure 3-6 Absorbance ratio method diagram, 𝑷𝑨𝑨 refers to the precipitated 

asphaltene amount,  𝜟𝑨 is the drop in the absorbance at a given precipitant to 

oil ratio, 𝑻𝑨 is the average total absorbance of the oil before reaching the onset 

point, 𝑴𝑨 is the contribution of maltenes in the total absorbance. 

Figure 3-7 demonstrates the amount of precipitated asphaltene of crude oil C2 

as a function of the added precipitant (n-pentane and n-heptane) using the proposed 

absorbance ratio method. The amount of asphaltene precipitation is greater in the 

case of using n-pentane as precipitant, at a given concentration. This behavior 

reasserts n-pentane as a stronger asphaltene precipitant compared to other n-

alkanes with a higher number of carbons in their chemical structure. A comparison 

between the calibration curve and the absorbance ratio method for calculation of the 

precipitated asphaltene amount is presented in Figure 7-3, Appendix A. This figure 
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illustrates the negligible difference, which falls within the experimental error of the 

indirect method, between the two techniques. To construct a single calibration curve 

(Figure 7-4, Appendix A), the corresponding asphaltene fraction has to be separated 

from the crude oil and then purified. Next, several dilutions of model oil samples with 

varying asphaltene concentrations have to be prepared and their absorbance has to 

be measured. This process could take several days. In comparison, the amount of 

precipitated asphaltene at a given precipitant to oil ratio can be quickly and easily 

calculated by using this simple absorbance ratio method, which consumes much less 

crude oil sample and time.   
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Figure 3-7 Results of the amount of precipitated asphaltene in crude oil C2 at 

various concentrations of the added n-C5 and n-C7, calculated by the 

absorbance ratio method at ambient conditions. The open marks indicate the 

asphaltene precipitation detection points which are 31 and 34 vol% of added 

n-C5 and n-C7, respectively. The ASD values are 0.62 and 1.48% for n-C5 and n-

C7 as precipitants, respectively. 

3.2.3. Asphaltene Polydispersity 

The polydispersity of asphaltenes can be characterized by fractionation of 

asphaltenes into subcomponents using different alkanes (e.g. pentane, hexane, 

heptane, and etc.). These asphaltene sub-fractions can show different phases and 

rheological behaviors.99 Therefore, in the development of modeling tools, it is 

important to account for the polydispersity of asphaltenes. Tavakkoli et al. proposed 

a three-parameter Γ distribution for asphaltene polydisperse mixture. In this 

0

10

20

30

40

50

60

70

80

90

100

0 10 20 30 40 50 60 70 80 90 100

P
re

c
ip

it
a

te
d

 a
s

p
h

a
lt

e
n

e
 a

m
o

u
n

t 
%

(w
t/

w
t)

Precipitant Vol%

n-C5

n-C7



 
65 

approach, the distribution parameters are tuned to the asphaltene precipitation 

amount for different fractions (i.e. n-C5, n-C6, n-C7, and n-C8) obtained by the “indirect 

method”.100 Furthermore, Tavakkoli et al. showed that the amount of asphaltene 

precipitation at 90 vol% of added precipitant is constant regardless of the aging 

time.100 As a result, this experimental data point, which does not depend on the 

kinetics of asphaltene precipitation, was used for tuning the Perturbed Chain version 

of the Statistical Associating Fluid Theory (PC-SAFT) Equation of State (EOS) 

parameters.100 In the study by Tavakkoli et al., four different calibration curves were 

built to obtain the amount of asphaltene precipitation at 90vol% of added precipitant 

for every four fractions (n-C5, n-C6, n-C7, and n-C8). As it was mentioned earlier, the 

process of building one single calibration curve could take 3-4 days. However, in this 

study, we showed that the calibration curve step could be eliminated by using the 

“Absorbance Ratio” method, which is fast and reliable. To show the versatility of this 

method in obtaining the crucial experimental data points to account for the 

polydispersity of asphaltenes in the thermodynamic modeling tools, additional 

indirect method experiments were conducted using different n-alkanes as 

precipitant. The “Absorbance Ratio” method (refer to section 3.2.2) was applied to 

translate the light intensity values from spectroscopy experiments to the amount of 

asphaltene precipitation. Figure 3-8 illustrates the amount of precipitated asphaltene 

in crude oil C2 at 90 vol% of the added n-alkanes (n-C5, n-C6, n-C7, and n-C8) at 20 and 

70 oC. As expected, at the same concentration of added precipitant, the n-alkane with 

a lower number of carbons generates a greater driving force of precipitation and 

therefore, more asphaltenes precipitate. Due to the high volatility of n-pentane, high-
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temperature experiments with n-C5 were not conducted. A comparison between 

before and after the inclusion of maltenes absorbance in the precipitated asphaltene 

amount calculation is provided in Figure 7-5 and Figure 7-6, Appendix A.  

 

Figure 3-8 Results of precipitated asphaltene amount of crude oil C2 at 90 

vol% of the added precipitant at two different temperatures (20 oC on the left 

and 70 oC on the right-hand side). The SD values are 1.5, 1.0, 1.3, 0.2% for n-C5, 

n-C6, n-C7, n-C8 at 20 oC respectively, and 3.1, 3.5, 3.2% for n-C6, n-C7, n-C8 at 70 
oC, respectively. 

Finally, the data obtained from the asphaltene precipitation experiments for 

each fraction were used in tuning the PC-SAFT parameters for the prediction of 

asphaltene phase behavior under field conditions, while accounting for the 

polydispersity of asphaltenes. A comparison between mono- or polydisperse 
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characterization of asphaltene fraction in predicting the amounts of precipitated 

asphaltenes revealed that these amounts were significantly overpredicted when 

asphaltenes were considered monodisperse.99 Therefore, it is important to consider 

the polydispersity of asphaltenes in the modeling tools to accurately predict 

asphaltene precipitation amounts.99 The details of the thermodynamic modeling 

results are available elsewhere.99 

3.2.4. Kinetics of Asphaltene Precipitation and Aggregation 

3.2.4.1. Effect of Driving Force 

Figure 3-9 presents the results obtained from the precipitation and 

aggregation kinetics experiments in the modified crude oil C2 (30 vol% toluene) 

diluted with three different concentrations (52, 54, and 56 vol%) of n-heptane as the 

precipitant at ambient conditions. The results are reported in the form of light 

transmittance, which represents the portion of initial light that is not scattered by the 

precipitating and aggregating asphaltene particles and therefore is detected by the 

spectrophotometer. Due to the scattering of asphaltene particles in the solution, the 

kinetics experiment results data are presented in the form of transmittance. In all 

three cases, the transmittance value of the crude oil samples gradually decreases until 

it reaches a plateau. This final value is smaller when more precipitant is added to the 

crude oil, which indicates a higher amount of asphaltene precipitation at equilibrium. 

Moreover, increasing the concentration of n-heptane induces a higher driving force 

towards precipitation, therefore the precipitation and aggregation kinetics is faster 

and the time that is needed to reach the plateau declines sharply. 
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Furthermore, by using the same absorbance ratio concept, discussed in section 

3.2.2, the experimental kinetics results in the form of transmittance can be converted 

into the amount of precipitated asphaltene as a function of time. Rajan Babu et al.101 

showed the application of the results from the precipitation and aggregation kinetic 

experiments to calibrate the kinetic parameters of their model, which could, in turn, 

be used in their deposition simulation tool to predict asphaltene precipitation and 

aggregation in a real crude oil system under the field conditions. On the addition of 

the precipitant to the oil sample, the asphaltenes soluble in the oil phase are 

destabilized and they phase separate from the oil phase. These are the asphaltene 

primary particles, which further undergo aggregation. In this model, the rate of 

asphaltene precipitation is assumed to be proportional to the supersaturation of 

asphaltenes, which is defined as the difference between the actual concentration of 

asphaltenes dissolved in the oil and the concentration of asphaltene at equilibrium. 

Aggregation is modeled as a second-order reaction.102,103 The model equations are 

given as; 

                                            
𝑑𝐶𝑓

𝑑𝑡
= −𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) Equation 3-2 

                                                  
𝑑𝐶𝑎𝑔

𝑑𝑡
= 𝐾𝑎𝑔𝐶2 Equation 3-3 

                                      
𝑑𝐶

𝑑𝑡
= 𝑘𝑝(𝐶𝑓 − 𝐶𝑒𝑞) − 𝐾𝑎𝑔𝐶2 Equation 3-4 

where 𝐶 is the concentration of the precipitated asphaltenes, 𝐶𝑎𝑔 is the concentration 

of aggregated asphaltenes, 𝐶𝑓 is the concentration of dissolved asphaltene in the 

oil−precipitant mixture, and 𝐶𝑒𝑞 is the thermodynamic equilibrium concentration of 
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asphaltene, which can be regarded as the solubility of asphaltene at the given 

pressure, temperature and composition, which is obtained using PC-SAFT. All 

concentrations are normalized with respect to the total concentration of asphaltenes 

in the given oil sample. 𝑘𝑝 and 𝐾𝑎𝑔 are the precipitation and aggregation kinetic 

parameters, respectively, which are obtained by tuning the model equations with 

respect to the results shown in Figure 3-9. The modeling results are shown in Figure 

3-10, and the corresponding precipitation kinetic parameter values are shown in 

Table 3-3. The value of 𝐾𝑎𝑔 was obtained equivalent to 5x10-6 s-1. In this work, the 

driving force for asphaltene precipitation is defined as the difference between the 

solubility parameters (𝛿) of asphaltenes and the solution mixture. It is calculated only 

after the onset of asphaltene precipitation. It does not relate to the total amount of 

asphaltenes that can be precipitated from an oil sample, on the addition of a 

precipitant. The driving force for each case is also indicated in Table 3-3. The 

solubility parameters of pure components can be calculated from their respective 

refractive index values 104. The solubility parameter of a mixture can be calculated 

according to the mixing rule proposed by Vargas et al.105 The equations used to 

perform these calculations are shown as follows, 

                                                      𝐹𝑅𝐼 =
(𝑛2−1)

(𝑛2+2)
  

                                            𝛿 = 52.042 𝐹𝑅𝐼 + 2.904 

                                                    𝛿𝑚𝑖𝑥
2 = ∑ 𝑣𝑖 𝛿𝑖

2 

Equation 3-5 
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where 𝑛 is the refractive index of a component, 𝑣𝑖  is the volume fraction and 𝛿𝑖 is the 

solubility parameter of component 𝑖. The measured value of the crude C2 refractive 

index at 68 °F is 1.51 and at 176 °F is 1.49. It can be clearly seen from the model results 

that higher the concentration of the precipitant, higher is the driving force for 

precipitation and hence, higher is the value of the precipitation kinetic parameter and 

the total amount of asphaltenes precipitated. 

  

Figure 3-9 Results of asphaltene precipitation and aggregation kinetics of 

modified crude oil C2 (30 vol% toluene) diluted with 52, 54, and 56 vol% n-C7 

at ambient conditions.  
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Figure 3-10 Modeling of asphaltene precipitation and aggregation kinetics at 

ambient temperature to determine the effect of driving force. 

 

Table 3-3 Precipitation Kinetic Parameters at different vol% of n-C7 for 

modified crude oil C2 (30 vol% toluene) at ambient conditions. 

Test n-heptane in modified 
C2 (Vol%) 

Precipitation Kinetic 
Parameter (𝒌𝒑) (s-1) 

∆𝜹 = (𝜹𝒂𝒔𝒑𝒉 − 𝜹𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏) 

(MPa0.5) 

1 52 1.8x10-2 4.9357 

2 54 4.0x10-1 5.0018 

3 56 9.2x10-1 5.0682 

 

3.2.4.2. Effect of Temperature 

The effect of higher temperature on the kinetics of asphaltene precipitation 

and aggregation in modified crude oil C2 (30 vol% toluene) was studied. As shown in 
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Figure 3-11, the sample kept at 70 oC reaches a higher final transmittance value at 

equilibrium, which translates into less amount of precipitated asphaltene, compared 

to the sample at room temperature. Therefore, at higher temperatures, the oil-

precipitant medium becomes a better solvent for asphaltenes and consequently, 

asphaltenes nano-aggregates are more stable and more soluble in the mixture.  

Similar to the precipitation and aggregation modeling shown in Section 

3.2.4.1, the modeling results to analyze the effect of temperature are shown in Figure 

3-12, and the corresponding precipitation kinetic parameter values are shown in 

Table 3-4. In this case, with an increase in temperature, asphaltenes are more soluble 

and stable in the oil phase, compared to ambient conditions. Hence, the amount of 

precipitated and aggregated asphaltenes is lower at equilibrium conditions. This can 

be seen from the final values of the weight fraction of the precipitated asphaltenes in 

Figure 3-12.  

It is seen from Table 3-4 that the value of the precipitation kinetic parameter 

is lower for a higher temperature. It must be emphasized at this point that, although 

𝑘𝑝, the precipitation kinetic parameter denotes the rate of asphaltene precipitation, 

it is not a reaction rate constant. The mathematical form of the precipitation rate 

provided here is an approximation. 𝑘𝑝 is not mechanistically derived, rather obtained 

after lumping multiple effects which are dependent not only on the temperature, but 

also the driving force towards precipitation (as seen in section 3.2.4.1), and hence 𝑘𝑝 

is not a constant value.  
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As temperature changes, the driving force towards precipitation and 

aggregation changes as well. When the temperature is increased in this case, the 

driving force towards asphaltene precipitation has decreased (increased solubility of 

asphaltenes), hence, the precipitation kinetic parameter has also decreased (as 

shown in Table 3-4). A higher driving force would be required to destabilize these 

soluble asphaltenes, which can be done by increasing the concentration of the 

injected precipitant. It should be noted that the driving force is also dependent on 

temperature. So, it is difficult to separate the temperature and the driving force effects 

and account for the temperature effect explicitly. Hence, it becomes important to 

analyze the variation of the precipitation kinetic parameter with respect to both, the 

temperature and the driving force towards precipitation. 
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Figure 3-11 Results of asphaltene precipitation and aggregation kinetics of 

modified crude oil C2 (30 vol% toluene) diluted with 56 vol% of n-C7 at 20 and 

70 oC. 

1.0E-16

1.0E-13

1.0E-10

1.0E-07

1.0E-04

1.0E-01

0 30 60 90 120 150 180

T
ra

n
s

m
it

ta
n

c
e

 @
 1

6
0

0
n

m
 (

%
)

Time (min) 

T = 70 C
T = 20 C



 
75 

 

Figure 3-12 Modeling of asphaltene precipitation and aggregation kinetics to 

determine the effect of temperature. Modified crude oil C2 (30 vol% toluene) 

diluted with 56 vol% of n-C7. 

 

Table 3-4 Precipitation Kinetic Parameters at different temperatures for 

modified crude oil C2 (30 vol% toluene) diluted with 56 vol% of n-C7. 

Test Temperature 
(oC) 

Precipitation Kinetic 
Parameter (𝒌𝒑) (s-1) 

∆𝜹 = (𝜹𝒂𝒔𝒑𝒉 − 𝜹𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏) 

(MPa0.5) 

1 20 9.2x10-1 5.0682 

2 70 6.1x10-1 4.8240 

 

The results have shown so far in sections 3.2.4.1, and 3.2.4.2 provide useful 

information to scale the precipitation kinetic parameter as a function of driving force 

for precipitation and temperature. In addition to the results shown in Figure 3-9 and 
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Figure 3-11, a total of thirteen experiments were performed using crude C2 to study 

the asphaltene precipitation and aggregation kinetics precipitation at various 

precipitation driving forces using n-heptane and n-pentane, and two temperatures 

(20 and 70 °C).   

First, a relationship between the precipitation kinetic parameter, 𝑘𝑝  and the 

driving force for precipitation, (𝛿𝑎𝑠𝑝ℎ − 𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛) was found, which is shown as, 

                               𝑘𝑝 = exp (𝑎 −  
𝑏

(𝛿𝑎𝑠𝑝ℎ−𝛿𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛)
2) Equation 3-6 

where a and b are constants for a particular temperature. Then, the constants  a and 

b at different temperatures were related using an Arrhenius type of equation as,101 

                                        𝑎 = 𝑎𝑜 𝑒𝑥𝑝(−𝑎1/𝑇)  

                                        𝑏 = 𝑏𝑜 𝑒𝑥𝑝(−𝑏1/𝑇) 

Equation 3-7 

where 𝑎𝑜, 𝑎1, 𝑏𝑜 and 𝑏1 are constants for a particular crude. This relationship provides 

to be useful, as it can be used to scale a and b to any higher temperature and 

accordingly calculate the value of 𝑘𝑝 at that particular high temperature conditions. 

Hence, with the help of equation (4) and (5), 𝑘𝑝 (precipitation kinetic parameter) 

value for the crude oil at reservoir and wellbore conditions can be estimated, 

provided, the values of the solubility parameters of the solution gas and pure 

asphaltene are known at those conditions. 

It was stated that, at a higher temperature, a higher driving force is required 

to destabilize the soluble asphaltenes from the oil phase. Hence, here a comparison 
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between the precipitation and aggregation kinetics of two cases are demonstrated. 

This includes the addition of 52 vol% of n-heptane to modified crude C2 at 20 °C and 

the addition of 56 vol% of n-heptane to modified crude C2 at 70 °C. The corresponding 

modeling results are shown in Figure 3-13. The kinetic parameter values and driving 

forces are shown in Table 3-5. Even though the asphaltenes are more stable at higher 

temperatures, the kinetics of asphaltene precipitation and aggregation seems to be 

faster, as the transmittance value reaches the equilibrium in a relatively shorter time. 

This faster kinetics is more clearly visible when comparing two oil mixtures having 

both different n-heptane concentration and different temperature, but comparable 

driving force towards precipitation. This can be attributed to the high number of 

collisions among the asphaltene aggregates since they have higher energy at a higher 

temperature.  
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Figure 3-13 Modeling of asphaltene precipitation and aggregation kinetics to 

determine the effect of temperature. 

 

Table 3-5 Precipitation Kinetic Parameters at different temperatures and 

vol% of n-C7 for modified crude oil C2 (30 vol% toluene).  

Test Temperature 
(oC) 

n-heptane in 
modified C2 

(Vol%) 

Precipitation 
Kinetic Parameter 

(𝒌𝒑) (s-1) 

∆𝜹 = (𝜹𝒂𝒔𝒑𝒉 − 𝜹𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏)  

(MPa0.5) 

1 20 52 1.8x10-2 4.9357 
2 70 56 6.1x10-1 4.8240 

 

3.2.4.3. Effect of Inhibitor 

Figure 3-14 shows the experimental results regarding the effect of commercial 

inhibitor (I-2) dosage on the asphaltene precipitation and aggregation rate. In all the 
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cases the transmittance value of the crude oil gradually decreases until it reaches a 

plateau. Additionally, the 200-ppm sample did not have much effect, while the 400 

and 1000 ppm solutions had an impact on slowing down the rate of asphaltene 

precipitation and aggregation. However, it seems that, after a certain period of time, 

the transmittance of all the samples reaches the same final value regardless of the 

addition of dispersants and its dosage. This behavior indicates that dispersants are 

successful in slowing down the aggregation rate of asphaltene particles, but do not 

have an effect on the thermodynamics of the system, and therefore do not change the 

total amount of asphaltene precipitation.106     
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Figure 3-14 Experimental results of asphaltene precipitation and aggregation 

kinetics for crude P3 (47.5 vol% n-heptane) with 0, 200 ppm, 400 ppm and 

1000 ppm of chemical I2 at ambient conditions. 

Furthermore, the corresponding absorbance values can be calculated and the 

amount of precipitated asphaltene, with respect to the total asphaltenes in the 

system, can be estimated as the ratio of absorbance drop at a given point and the total 

absorbance. These experimental results were used to calibrate the precipitation and 

aggregation kinetic parameters. The modeling results are shown in Figure 3-15 and 

the corresponding aggregation parameter values are shown in Table 3-6. The 

precipitation kinetic parameter value was estimated as 𝑘𝑝=4.7x10-3 s-1 for all the 

cases, as the driving force for precipitation (47.5 vol% n-heptane) and temperature 
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are the same. It can be seen that with an increase in the concentration of the chemical 

injected, the aggregation kinetic parameter decreases and hence, the aggregation rate 

continuously decreases. This indicates that the chemical is acting as a dispersant. It is 

important to note that the weight fraction of precipitated asphaltenes over time 

reported in Figure 3-15 represents the detected aggregated asphaltene particles with 

a certain size above the threshold (detection limit) of the NIR spectrophotometer. As 

it is illustrated, at the infinite time the total mass of precipitated asphaltenes remains 

unchanged regardless of the addition of chemical and its dosage. The aggregation rate 

of asphaltene particles is lowered, but the dispersant does not have an effect on the 

thermodynamics of the system, and therefore does not change the total amount of 

asphaltene precipitated. Lower the rate of aggregation, longer the time taken to form 

larger sized aggregates. So, smaller sized aggregates are present in the system for 

longer periods of time. But smaller sized aggregates do not necessarily mean that the 

amount of deposition is also reduced. 
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Figure 3-15 Modeling results of asphaltene precipitation and aggregation 

kinetics for crude P3 (47.5 vol% n-heptane) with 0, 200 ppm, 400 ppm and 

1000 ppm of chemical I2. 

 

Table 3-6 Aggregation kinetic parameter values for kinetics experiments 

performed to analyze the effect of chemical dosage on crude P3 with 47.5 

vol% n-heptane 

Test 
Dosage of Chemical 

(ppm) 
Aggregation Kinetic 

Parameter (𝑲𝒂𝒈) (s-1) 

1 0 8.463x10-5 

2 200 2.022x10-5 

3 400 5.362x10-6 

4 1000 1.634x10-7 

 



 
83 

3.2.5. Asphaltene Deposition in the Packed Bed Column 

In addition to the determination of asphaltene precipitation and aggregation, 

the deposition tendency of crude oil C2 was investigated in the stainless-steel packed 

bed column deposition system at 80 oC and 100 psi of backpressure. The deposition 

flux was quantified at different precipitant to oil ratios, types of precipitant, and oils. 

A summary of the experimental conditions and results for the deposition tests 

conducted in the packed bed column is presented in Table 3-7. 

Table 3-7 Experimental conditions and results for the asphaltene deposition 

tests conducted in the packed bed column with crude oil C2 at 80 oC and 100 

psi of backpressure. 

Test Oil Type of 
Precipitant 

Vol.% of  
Precipitant 

Experimental  
Duration (h) 

Deposition 
(mg) 

Deposition Flux  
(g/m2day) 

Asphaltenes to  
Deposits Ratio a 

1 C2 n-pentane 60 6.0 678.1 307 0.82 
2 C2 n-heptane 60 6.0 231.4 102 0.74 
3 C2 n-heptane 80 3.5 55.1 45 0.75 

4 Modified C2 n-pentane 80 10.1 777.1 212 0.94 
5 Modified C2 n-heptane 80 6.7 226.8 89 0.95 

a the mass of deposited materials does not include the fraction that was washed away by the neutral solvent. 

 

The effect of driving force towards asphaltene precipitation was investigated 

in Tests 2 and 3. According to the inlet pressure profiles of the HPLC pump (Figure 

7-7 and Figure 7-8, Appendix A), the experiment with 80 vol% of n-heptane stops 

after 210 min due to the serious plugging by asphaltenes, whereas the experiment 

with 60 vol% of n-heptane runs for 6 hours without plugging the system. The 

deposition lag time (onset of deposition) occurs approximately 98 min earlier in the 

experiment with a higher driving force. This indicates that the deposition induced by 

80 vol% of n-heptane is not uniform; causing localized plugging towards the inlet of 
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the column. The deposited asphaltenes are assumed to be evenly distributed over the 

surface area of the spheres in that particular section, which may not be true, hence 

given less deposition flux than expected. According to Table 3-7, the fraction of the 

deposited asphaltenes in the total deposited materials is estimated for each 

experiment. The average asphaltenes to deposits ratio is 0.77 ± 0.04 for the three 

deposition experiment conducted in the packed bed column at 80 oC.  

Rajan Babu et al.101 introduced a convection-diffusion-reaction type model to 

simulate asphaltene deposition in a packed bed column at laboratory-scale conditions 

and a wellbore under real field conditions. A surface deposition mechanism was used 

to capture the underlying physics of the asphaltene deposition mechanism. 

Computational fluid dynamics simulations based on the finite element method were 

performed to model the multi-step process of precipitation, aggregation, and 

deposition taking place in the packed bed column. Based on the packed bed column 

deposition tests, experimental results were used to calibrate the developed 

deposition model. The deposition kinetic parameter hence obtained, in addition to 

the precipitation and aggregation kinetic parameters found from techniques 

illustrated in sections 3.2.4.1, and 3.2.4.2 help us to predict the risk of asphaltene 

deposition. Further detailed information on the experimental methodology, 

modeling, simulation approach, and the solution technique can be found 

elsewhere.40,101 
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3.3. Chapter Summary 

In this study, different aspects of asphaltene flow assurance problem, 

including precipitation, aggregation, and deposition were covered. The indirect 

method was used to experimentally investigate the asphaltene precipitation. A new 

method called “Absorbance Ratio” was developed to easily translate the spectroscopy 

data into the amount of precipitated asphaltene, saving time and sample by 

eliminating the use of calibration curves. Moreover, a novel NIR spectroscopic 

approach was used to study the kinetics of asphaltene precipitation and aggregation. 

The effect of temperature, driving force, and addition of chemical was studied. It was 

found that higher temperatures increase the rate of asphaltene precipitation and 

aggregation, but on the other hand, asphaltenes become more soluble in the oil 

system. Furthermore, the kinetics results experiments showed that the addition of 

dispersant I-2 slowed down the kinetics of asphaltene precipitation and aggregation 

at certain dosages. However, it did not have an effect on the amount of precipitated 

asphaltene at equilibrium. The stainless-steel packed bed column deposition setup 

was used to determine the asphaltene deposition tendency in crude oil C2 under 

various experimental conditions. The obtained deposition fluxes, along with the 

asphaltene precipitation and aggregation experimental results can be used to 

calibrate the asphaltene deposition model for wellbore simulations. 

One way to reduce asphaltene deposition is to separate asphaltenes from the 

oil. Separating asphaltenes not only addresses the asphaltene issues faced in 

upstream operations but also lifts this heavy burden from the downstream 
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applications. The separated asphaltenes with no current market value but interesting 

properties can be repurposed into more useful and novel applications. 
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Chapter 4 

Production of Carbon-Based 

Nanoparticles from Asphaltenes 

In this chapter, the steps that are taken to produce and generate asphaltene 

nanoparticles will be explained. Two different methods have been employed in this 

work: 

• Spraying method 

• Acidic digestion 

Spraying method is just a simple physical alteration. A solution of fully 

dissolved asphaltene with a certain concentration is sprayed on a hot surface. The 

idea is to evaporate the solvent quickly so the nanoaggregates would not have the 

chance to aggregate to each other and form bigger particles. Using the spray helps to 

create fine droplets, hence, more rapid evaporation of the solvent can be achieved.    
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The interaction of asphaltenes with a strong acid brings oxygen-based 

functional groups, such as hydroxyl, carbonyl, and carboxylic acid to the structure of 

asphaltenes, which essentially cause the asphaltenes aggregates to become 

hydrophilic and able to dissolve in an aqueous solution.67 In this method, the sample 

is first sonicated for 2 hours to make the asphaltene particles dispersed in the 

strongly acidic solution and then the solution is heated under reflux for about 12-24 

hours depending on the sample and its amount.          

4.1. Extraction of Asphaltene Fraction 

Asphaltene from Athabasca bitumen is mostly used in this project because of 

its high asphaltene content. For extraction of the asphaltene fraction, the same 

procedure explained in section 2.2.1 is used. About 30 g of bitumen is dissolved in 

150 ml of toluene by the help of sonication, mechanical agitation, and heat. Then, the 

solution is transferred into four 50 ml PTFE centrifuge tubes and centrifuged at the 

speed of 5000 rpm for 15 minutes. After the centrifugation, the supernatant which is 

free from sediments and inorganic parts of bitumen is transferred in a one-liter 

beaker. While the solution is mixed, 750 ml of pentane is added to the solution 

(volume ratio of 5:1). Next, the beaker is covered with aluminum foil to prevent the 

evaporation of the solvents and then it is placed in a dark place at room temperature 

for three days. During this time, the asphaltene fraction starts to precipitate out of the 

solution. Since most of the aggregates are heavy; they tend to deposit and accumulate 

at the bottom of the beaker. After the third day, the solution is centrifuged to make 

sure there are no aggregates suspended in the solution. The deposits are transferred 
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on a 0.2 µm Nylon membrane filter paper and then placed in a Soxhlet extraction 

setup to wash off all the impurities and non-asphaltene components left in the sample 

using n-pentane. The solid residue that is left in the filter paper is called n-C5 

asphaltene fraction as it is not soluble in pentane. Further fractionation of the sample 

can be done according to section 2.2.1. 

4.2. Spraying-Based Generation of Nanoparticles 

4.2.1. Methodology 

Prior to spraying, a solution of asphaltene sample in either toluene or 

dichloromethane (DCM) with a certain concentration is prepared. Every time about 

30 ml of solution is sprayed on substrates. Two kinds of substrates have been 

employed up to now: micro cover microscope glass and PTFE sheet. In the case of 

glass, all the substrates are rinsed with water and acetone and then exposed to oxygen 

plasma in a Fischione 1020 plasma cleaner for 8 minutes under vacuum. PTFE sheets 

are also rinsed with toluene and acetone. Once the substrates are clean, they are 

placed on a heating pan which is used to make sure the uniformity of the surface 

temperature. The pan is placed on a hot plate inside a glovebox to run the experiment 

in an inert (oxygen-free) environment. Having an inert atmosphere helps us in two 

different ways. First, when DCM is used as the solvent, it can react with oxygen in the 

presence of an open flame and create a toxic gas called phosgene.107 Even though 

there is no open flame involved in our experiment, the spraying process is done inside 

the glove box to be safe. Secondly, further oxidation of produced nanoparticles at high 
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temperatures can be prevented by lowering the oxygen content of the environment. 

The glove box is connected to a nitrogen line at one end and to a vacuum line on the 

other side. The oxygen content of the glove box can be reduced from 21 % to less 0.1 

% by purging nitrogen in and out simultaneously. Once the oxygen concentration 

reaches 0.1 %, the airbrush (used for spraying), asphaltene solution, IR thermometer 

(to measure the actual surface temperature of substrates) and the pan with 

substrates taped on the surface are placed inside the glove box through the transfer 

chamber. The pan is placed on the hot plate to heat the substrates until it reaches the 

desired temperature, which is checked by using the IR thermometer. Once, the 

temperature becomes stable, the solution is transferred into a cup attached to the 

spray gun, which is connected to an air compressor. The spraying process takes about 

15 minutes until all 30 ml of the solution is sprayed. During the spraying, a low and 

constant flow of nitrogen, which acts as a carrier gas, is kept inside the glove box to 

remove the evaporated solvent from the system, which later is collected inside an ice 

trap before reaching the vacuum pump. 

4.2.2. Results and Discussion 

Different concentrations of n-C5-7 asphaltene fraction from Athabasca, due to 

its higher solubility, have been used to produce nano to micro asphaltene particles. 

As described in section 2.2.1, the n-C5-7 fraction is insoluble in n-pentane but soluble 

in n-heptane, which makes it lighter and more stable as opposed to heavier commonly 

used fractions like n-C5 or n-C7. The stability of the model oil made from different 

fractions is tested by centrifugation. According to Tavakkoli et al.,108 the sample is 
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centrifuged at 8500 rpm or 12348 relative centrifuge force (RCF) for 30 minutes in a 

Sovrall Legend X1 centrifuge to ensure that there are no particles larger than 100nm 

in the solution. In Figure 4-1, a comparison in the stability of model oil between n-C7 

(a) and n-C5-7 (b) asphaltene from Athabasca is demonstrated. In the case of the n-C7 

solution, which is even ten times more dilute than the n-C5-7 one, some larger particles 

have aggregated and deposited at the bottom of the vial during centrifugation. 

However, in the case of n-C5-7 no such deposits are present after centrifugation which 

tells us that the asphaltenes in the starting solution for producing nanoparticles are 

in the form of nanoaggregates with the size of less than 100 nm.     

 

Figure 4-1 The stability test of asphaltene model oil by centrifugation at 5000 

rpm for 15 min. (a) 0.05 wt% n-C7 Athabasca, the large aggregates which have 

deposited at the bottom of the vial can be seen vs (b) 0.5 wt% n-C5-7, no 

deposits are observed.  

Initially, a polytetrafluorethylene (PTFE) sheet was used as a substrate due to 

its inertness and non-stick surface properties. As mentioned in section 4.2.1, the 

substrate, which in this case is a PTFE sheet, is attached to a heating pan and placed 
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on a hot plate and then a solution of desired model oil is sprayed on the substrate 

inside a glove box under nitrogen atmosphere. Dichloromethane (DCM) was chosen 

as the solvent for model oil preparation as it has several advantages for our purpose. 

First, DCM is considered as one of the best solvents of asphaltene, since its dispersion 

component of the Hansen solubility parameter is relatively high (18.2 cm3 at 25oC) 

109. Moreover, the boiling point of DCM is only 39 degree Celsius, which means once 

the solution is sprayed on the hotplate it evaporates fast enough so nanoaggregates 

would not have time to attach to each other and therefore, smaller particles can be 

generated. Five different concentrations of the n-C5-7 fraction of asphaltene in 

dichloromethane were tested. The size and shape of the particles can be seen under 

scanning electron microscopy (SEM). The SEM images were taken using an FEI 

Quanta 400 ESEM FEG located at Rice University. Unless otherwise noted, all the 

samples were coated with 10 nm of gold using a sputtering system. 

Scanning electron microscopy (SEM) is a powerful tool to look at the 

topography and morphology of solid samples in nano to micro-scale. In this study, 

SEM is extensively used as the main microscopy tool to look at the nanoparticles 

synthesized from asphaltene in order to determine the size, shape, and topography of 

the particles. Apart from imaging, the elemental composition of the samples can be 

explored by the energy-dispersive x-ray spectroscopy. 

A scanning electron microscope mainly consists of an electron gun, a couple of 

magnetic lenses, scanning coils, stage, and different detectors. The electron gun 

essentially acts as the source of electrons. An electric potential difference between 
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the electron gun (cathode) and the anode generates the beam which is further 

accelerated down the column. Then the magnetic lenses are used to focus the beam 

over the specimen. The scanning coils are responsible for the rastering of the focused 

beam across the specimen surface. The magnification determines the size of the 

rastering pattern. Finally, the generated signals, as a result of the interaction between 

the original electron beam and specimen, are attracted by different detectors which 

convert the electric radiations into electric signals.110 

Different methods were tested in order to transfer the sprayed sample onto an 

SEM stub in order to look at it under the microscope. For example, to take advantage 

of the inertness of the non-stickiness surface of PTFE sheets, sprayed asphaltenes 

were scraped from the sheet and transferred on to a double-sided carbon tape, placed 

on SEM pin stub, by using a spatula. However, as it is demonstrated in Figure 4-2 

(three different magnifications), during scraping, the small particles aggregated to 

each other and formed larger clusters with no specific shape. Nevertheless, some 

spherical particles with the size of hundreds of nanometers can be still observed 

(Figure 4-2c).  
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Figure 4-2 The SEM images of sprayed 0.5 wt% n-C5-7 Athabasca asphaltene on 

PTFE sheet at 200oC, recovered by scraping, acquired at different 

magnifications (a) 626 × magnification (b) 1417 × magnification (c) 24008 × 

magnification.      

Another approach is to take the particles from the surface directly by tapping 

the SEM stub on the PTFE sheet, which already has the double-sided carbon tape on 

the top. This approach keeps the particles apart from each other and prevents them 
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from aggregation, and therefore the size of the particles does not change. However, 

the sphericity and smoothness of the particles were altered due to the impact of 

tapping, which caused the particles to deform into a disk shape, as shown in Figure 

4-3 (a) and (b).  An energy dispersive x-ray (EDX) spectrum from the point analysis 

of one of the particles is also provided in Figure 4-3 (c). The average elemental 

composition of the particles based on three different point analyses is shown in Table 

4-1.  

The last method that was tried is to cut and place a piece of the substrate and 

mount it on the SEM stub. This way no changes occur to the particles and they appear 

under the microscope just the way they are positioned on the substrate. The SEM 

images of n-C5-7 Athabasca asphaltene fraction sprayed at different concentration are 

presented in Figure 4-4. The size of the particles becomes smaller and more uniform 

as the concentration of the model oil decreases. This is expected since the less 

concentrated the solution is, the more dispersed the asphaltene nanoaggregates in 

the solution are. On the other hand, the number of particles per a specific area will be 

less by lowering the concertation. Moreover, the images in Figure 4-4 show that most 

of the particles are spherical.  
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Table 4-1 Relative elemental composition of the particles from sprayed 2 wt% 

n-C5-7 Athabasca asphaltene sample using EDX. 

Elements Wt% At% 

C 87.80 92.10 

O 7.90 6.22 

S 4.30 1.68 
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Figure 4-3 The SEM images of sprayed 2 wt% n-C5-7 Athabasca asphaltene on 

PTFE sheet at 200oC, recovered by tapping, acquired at different 

magnifications (a) 694 × magnification (b) 3298 ×  magnification (c) EDX 

spectrum of particles from point analysis.  
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Figure 4-4 The SEM images of sprayed n-C5-7 Athabasca asphaltene on PTFE 

sheet at 200oC using different concentrations of asphaltene in DCM, a part of 

the substrate is cut, (a) 0.5 wt% (b) 0.1 wt% (c) 0.01 wt% (d) 0.001 wt% (the 

size of scale bar is 2 µm), the size and the number of the particles become 

smaller and fewer respectively, as the concentration of the sprayed solution 

decreases.  

In Table 4-2, a summary of the spraying on the PTFE sheet result is provided. 

The average size of the particles is measured for each concentration based on three 

different images taken at different magnifications.  
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Table 4-2 A summary of sprayed n-C5-7 Athabasca asphaltene in DCM on PTFE 

sheet. 

Concentration 
(wt%) 

Average Temperature 
(oC) 

Particles’ size 
range 

Average 
size 

2 200 40 µm – 100 nm 7 µm 

0.5 200 5 µm – 64 nm 263 nm 

0.1 200 3 µm – 61 nm 213 nm 

0.01 200 1.4 µm – 59 nm 136 nm 

0.001 200 800 nm – 45 nm 128 nm 

 

Also, a solution of the same model oil with 0.01 wt% in concertation was 

sprayed at 100oC instead of 200oC.  As shown in Figure 4-5, lowering the temperature 

of the surface results in the aggregation of small particles to form larger clusters, and 

hence less spherical nanosized particles can be generated.  

 

Figure 4-5 The SEM image of sprayed 0.01 wt% n-C5-7 Athabasca asphaltene on 

PTFE sheet at 100oC (the size of scale bar is 50 µm), large amorphous clusters 

rather than individual particles are generated. 
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The PTFE sheet has some disadvantages, for example, the surface is not flat, 

smooth, and it does not conduct heat well. Hence, the PTFE substrates were 

substituted with micro cover glasses. Unlike PTFE, these glasses are very thin and 

smooth, have excellent flatness and also they are a much better heat conductor than 

PTFE. Prior to spraying, all the glasses were rinsed with DI water, acetone and cleaned 

using plasma cleaner. Refer to section 4.2.1 for the detailed experimental method. 

Similarly, glasses which had not been cleaned with plasma were used as substrates to 

make sure that the plasma cleaner did not have any effect on the formation of the 

particles on the surface. No particular difference between the glasses cleaned and not 

cleaned with plasma was seen. Due to the higher heat conductivity of the micro 

glasses, the temperature of the surface could be raised up to 320oC. Figure 4-6 shows 

the SEM image of sprayed 0.01 wt% n-C7 Athabasca asphaltene on a micro cover glass. 

The particles, with the size ranging between 20-30 nm, were much more uniform 

compared to the PTFE as the substrate. However, in a different experiment pure DCM 

was sprayed on the glass and it turns out that DCM itself decomposes and generates 

particles as well. The decomposition was confirmed because hydrochloric acid was 

generated as the solution was sprayed on the hot plate. This was tested by using 

several PH paper indicators, which their color changed from orange to red, an 

indication of the formation of acid.   
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Figure 4-6 The SEM images of sprayed (a) 0.01 wt% n-C7 Athabasca asphaltene 

and (b) pure DCM on micro cover glasses at 320oC (the size of scale bar is 2 

µm). 

Due to the decomposition of DCM, toluene was used instead of DCM as the 

solvent. Toluene is also considered a strong solvent of asphaltenes, because of its high 

solubility parameter (18.0 cm3 at 25 oC). However, compared to DCM, it has a much 

higher boiling point (110 oC) which is a disadvantage for spraying purposes.  Figure 

4-7 shows three SEM images of sprayed n-C5-7 Athabasca asphaltene on micro cover 

glasses using three different concentrations, 0.5 wt%, 0.1 wt%, and 0.01 wt%.  
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Figure 4-7 The SEM images of sprayed n-C5-7 Athabasca asphaltene on micro 

cover glasses at 320oC using different concentrations of asphaltene in toluene, 

(a) 0.5 wt% (b) 0.1 wt% (c) 0.01 wt% (the size of scale bars are 5, 5 and 2 µm 

respectively). 

Similar to what we saw before, as the solution gets more dilute the gap 

between the maximum and minimum particle’s size as well as the average diameter 

decreases. The average diameter and size range of nanoparticles generated from 

different concentrations is summarized in Table 4-3.  
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Interesting circular patterns can be observed in all the samples that toluene is 

used as the solvent. As an example, in Figure 4-8, the perfect ring patterns of sprayed 

asphaltene from a 0.1 wt% solution of n-C5-7 Athabasca fraction in toluene are 

demonstrated in two different magnifications. These patterns are due to the capillary 

flow caused by the different evaporation rates across a fine droplet generated by the 

spray gun. This physical phenomenon is known as “Coffee Ring effect”.111 Perhaps, 

the size of the droplets and the angle at which the spraying is done would affect the 

shape of the patterns. These arrangements of particles have not been observed when 

DCM is used as the solvent. Again, the much lower boiling of DCM, compared to 

toluene, is most likely the reason that the rings are not formed when DCM is sprayed. 

Because the temperature of the surface is quite high, liquid droplets of DCM solution 

would not form on the substrates and they evaporate as soon as they touch the 

surface. 

Table 4-3- A summary of sprayed n-C5-7 Athabasca asphaltene in toluene on 

the micro cover glass. 

Concentration 
(wt%) 

Average Temperature 
(oC) 

Particles’ size 
range 

Average 
size 

0.5 320 10 µm – 20 nm 300 nm 

0.1 320 3 µm – 20 nm 100 nm 

0.01 320 500 nm – 20 nm 30 nm 
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Figure 4-8 The SEM images of sprayed 0.1 wt% n-C5-7 Athabasca asphaltene in 

toluene on micro cover glasses at 320 oC, (a) 258 × magnification (b) 1400 × 

magnification (the size of scale bars are 200 and 50 µm respectively), 

interesting ring patterns can be seen which are due to coffee ring effect. 

4.3. Generation of Florescent Carbon-Based Particles by 

Chemical Oxidation 

4.3.1. Methodology 

As mentioned in the 2.3.1 section, chemical treatment of organic compounds 

with strong oxidative agents such as concentrated sulfuric acid (H2SO4), nitric acid 

(HNO3) and potassium permanganate (KMnO4) is one of the top-down approaches to 

produce carbon-based nanoparticles.68 A similar method to Ye et al.68 has been 

employed. As an example, in one of the experiments, about 50 ml of trace metal grade 

concentrated nitric acid is added to 500 mg of n-C7 asphaltene from Athabasca 
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bitumen. The solution is sonicated inside a water bath for 2 hours and then placed on 

a heating mantle under reflux for 12 hours.  

 

Figure 4-9 The changes in the color of the n-C7 Athabasca asphaltene during 

acidic treatment using 70 wt% nitric acid. 

After the sonication, asphaltene particles become dispersed in the acid and the 

solution becomes dark. As shown in Figure 4-9, during reflux the color of the solution 

changes and as time goes by it becomes more and more transparent and clear. Once 

the reaction is complete, heating is stopped, and the solution is left to get cooled down 

to ambient temperature. The current solution is highly acidic and needs to become 

neutralized. One way is to add sodium hydroxide (NaOH) until the PH is raised to 7. 

However, adding NaOH means there will be a lot of salts formed by the coupling of 

sodium ions with nitrate, coming from nitric acid. Therefore, the excess amount of 

salts and ions need to be removed from the solution to get pure carbon nanoparticles. 

This can be done by dialysis against distilled water.112  
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X-ray photoelectron spectroscopy technique can be used to determine the 

chemical changes that occur to the structure sample after the oxidation reaction. In 

one specific experiment, solid asphaltene flakes were ball-milled using a Retsch 

planetary ball mill pm 100 for 1 hour in order to increase the surface area of the 

asphaltene particles which ultimately can facilitate the oxidation reaction. Afterward, 

about 50 ml of concentrated (70 wt%) nitric acid was added to 292 mg of the milled 

n-C7 asphaltene sample and the solution was heated under reflux in an oil bath at the 

temperature of 140 oC for 12 hours. The final solution was further heated (without 

reflux) in order to evaporate the solvent. Additionally, the sample was fully dried 

inside a vacuum oven at the temperature of 100oC for 3 hours. The dried sample was 

then transferred into a desiccator until it got cooled down and reached the ambient 

temperature. Finally, the weight of the remaining residue was recorded. 

4.3.2. Results and Discussion 

XPS studies have been done on both milled n-C7 asphaltene (Figure A.2) and 

the final product of the reaction between asphaltene and concentrated nitric acid. 

Table 4-4 shows the changes in weight and relative elemental composition of the 

before and after oxidation samples. The acidic reaction has a yield of about 68%. The 

oxygen to carbon atomic ratio is increased by a factor of 13 which indicates the 

introduction of carboxylic functional groups to the asphaltene structure. This 

hypothesis is backed by the high-resolution XPS spectra of the C1s in the digested 

sample. As it is presented in Figure 4-10 a new peak is present in the spectra of after 

digestion sample, whereas there is no evidence of such a peak in the original sample. 
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This peak with the binding energy of 288.9 eV shows and confirms the presence of 

the carboxylic functional group in the oxidized sample.   

Table 4-4 XPS elemental analysis of before and after acidic oxidation samples. 

 
Before Acidic Oxidation  After Acidic Oxidation  

Total weight (mg) 292.4 200.2 
Wt%   

C 85.21 46.36 
N 1.09 3.77    
O 5.73 40.84 
S 7.97 9.03 

At ratios ×100   
N/C 1.10 6.96 
O/C 5.04 66.08 
S/C 3.51 7.30 

 

Figure 4-10 High-resolution XPS spectrum of C 1s in n-C7 Athabasca 

asphaltene before and after oxidation samples. 

0

1000

2000

3000

4000

5000

6000

7000

8000

282 284 286 288 290 292

In
te

n
si

ty
 (

C
P

S)

Binding Energy (eV)

C7+ before oxidation

C7+ after oxidation

O=C-O



 
108 

In another attempt, 1053mg of n-C7 Athabasca asphaltene was added to 50 ml 

of concentrated nitric acid. Due to the much higher amount of initial asphaltene, the 

sonication and heating under reflux time periods were raised to 5 and 44 hours 

respectively. At the end of the digestion process, the acidic solvent was distilled by 

heating the solution on a heating mantle. Once all the acid was recovered, the heating 

was let to continue for an additional 15 minutes. In the end, a black residue of 

functionalized asphaltene with a weight of 512 mg (49% of the initial sample) 

remained. This black color did not change even after the addition of water to the 

deposit. Surprisingly, the remaining residue is not fully dissolved in water and it 

shows strong fluorescence properties under UV light (Figure 4-11). The final solution 

was centrifuged at 13000 rpm (38454 rcf) for 13 hours in order to separate the 

water-soluble fraction (40 % in mass). Finally, a solution of fully dissolved carbon-

based nanoparticles with a concentration of 1.0 g/L or 0.10 wt% is made. This 

brownish solution shows blue fluorescent under UV light (Figure 4-12). This method 

eliminates the dialysis step, which is a time-consuming process, usually taken in 

conventional oxidation methods. Another advantage of this new technique is that the 

concentrated nitric acid is recovered and can be reused, which makes this technique 

cos-effective and environmentally friendly.  
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Figure 4-11 n-C7 Athabasca asphaltene digestion process by the addition of 

nitric acid under reflux. 

 

Figure 4-12 Qualitative photoluminescence properties of the water-soluble 

fraction of digested n-C7 asphaltene. 

As a control experiment, the digestion of asphaltene sample to produce water-

soluble particles was done using water instead of acid by following the same exact 

process. It turned out that water does not have any significant effect on asphaltene 
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particles and the solubility of the asphaltenes in the final solution of water is 

practically zero, which is in good agreement with a previous study by Tavakkoli et 

al.113 Moreover, the absorbance properties of the two samples are demonstrated in 

Figure 4-13. As it can be seen the light absorbance of the acidic digested sample starts 

to increase at the wavelength of around 800 nm until it becomes saturated at 350 nm 

and below. However, the same behavior cannot be seen from the water digested 

sample as it does not show any absorbance in the UV-VIS region. It is necessary to 

mention that the absorbance of DI water, as the background medium, is subtracted 

from the absorbance of both samples.    

       

Figure 4-13 Absorbance properties of the water-soluble fraction of acidic 

digestion vs water digestion of n-C7 Athabasca asphaltene. 
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Figure 4-14 PL spectrum of the water-soluble fraction of n-C7 asphaltene 

acidic digested sample. 

Moreover, the photoluminescence (PL) emission spectrum of the water-

soluble fraction of n-C7 Athabasca asphaltene acidic digested sample is provided in 

Figure 4-14. The first peak at 410 nm corresponds to the excitation photon and the 

other broader peak with the maximum intensity of 852250 cps at 507 nm 

corresponds to the fluorescence emission of the sample. Based on our qualitative 

analysis the location of this peak is dependent on the excitation wavelength since the 

sample shows different colors depending on the wavelength of the UV lamp used. 

Following on the progress of synthesized photoluminescent nanoparticles, the 

FTIR spectrum of nanoparticles was acquired and compared with the spectrum of 

original asphaltenes. The spectra confirm the oxidization of asphaltenes as they have 
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been reacted with nitric acid. In Figure 4-15, the presence of carboxylic, and 5-

membered ring anhydride functional groups in the spectrum of synthesized 

nanoparticles are shown.  

 

Figure 4-15 FTIR spectrum of carbon-based nanoparticles (red) compared to 

the original asphaltene solids, the elemental composition of the carbon 

nanoparticles are shown on the top right-hand side. 

Furthermore, the solubility of nanoparticles in four different organic solvents 

was determined qualitatively. As shown in Figure 4-16, the nanoparticles seem to be 

more soluble in polar solvents with stronger hydrogen bonding. Nevertheless, the 

solutions would still fluoresce under UV light. 
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Figure 4-16 The solubility of synthesized carbon nanoparticles in four 

different solvents, the right picture has been taken under UV light. 

Moreover, the PL spectrum of nanoparticles in water was acquired at different 

excitation wavelengths. As demonstrated in Figure 4-17 and Figure 4-18, the 

emission peak seems to go under a redshift as the excitation wavelength increases. 

This redshift is most likely due to having a range of particles with different sizes and 

surface characteristics which would have different responses to the excitation light. 

This excitation dependent PL behavior also validates that the synthesized particles 

are in fact carbon quantum dots.91,92  
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Figure 4-17 PL emission of carbon-based nanoparticles at different excitation 

wavelengths. 

 

Figure 4-18 Emission vs excitation wavelength of carbon-based nanoparticles. 
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Finally, the response of nanoparticles to the excitation energy in solutions with 

different PHs was investigated. Figure 4-19 shows that as the intensity of emitted 

light is sensitive to the PH of the solution and it decreases as the PH drops. This kind 

of behavior could be used in developing nanoparticles with PH sensing capabilities.   

 

Figure 4-19 PL emission of carbon-based nanoparticles excited at 410 nm 

from PH 2 to 12. 

4.4. Chapter Summary 

In this chapter, the idea of creating carbon-based nanoparticles from 

asphaltenes was investigated. To fulfill this objective, first, a physical method of spray 

drying was used, in which asphaltene solutions were sprayed on a hot surface to 

evaporate the solvent quickly so the individual asphaltene particles with a high 

aggregation tendency can be separated and deposited on the surface. Different 
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variables, such as temperature, the concentration of the sprayed asphaltene solution, 

type of solvent, and substrate, which affected the size and morphology of the particles 

were studied. The generated particles were analyzed mostly by SEM and EDX. 

Uniform asphaltene-based spheres as small as 20 nm in diameter were generated on 

glass substrates. Decreasing the concentration of the initial solution lead to more 

uniform particle sizes and narrower size distributions.  

In addition, chemical oxidation with a strong corrosive nitric acid followed by 

heat treatment was applied on asphaltene aggregates to break down their structures 

and add hydrophilic functional groups. The result was an aqueous medium 

possessing carbon nanoparticles with bright blue photoluminescence under UV light. 

Using this new technique would eliminate the time consuming and complicated 

dialysis step, which is typically used to remove salts as a result of neutralization. 

However, in the new technique that was presented in this chapter, once the reaction 

with the acid is complete, the excess remaining acid can be removed and recycled by 

distillation. The synthesized nanoparticles were analyzed by FTIR, elemental 

analyzer, XPS, and PL spectroscopy. The effect of excitation wavelength and the pH of 

the aqueous medium were also studied on the PL characteristics of the nanoparticles. 
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Chapter 5 

Asphaltene Derived Surface Active 

and Highly Porous Materials 

In this chapter, the transformation of asphaltenes into highly porous activated 

carbon and graphene-like nanosheets with nitrogen-doped atoms are introduced. 

Furthermore, the applications of these asphaltene-based materials are explored in 

the areas of electrocatalysis and energy storage as supercapacitors. Finally, the 

hydrophobic characteristic of asphaltenes was exploited in modifying porous 

melamine sponges for oil spill removal and separation of organic contaminants from 

water.  
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5.1. Asphaltene-Derived Carbons for Electrocatalytic Hydrogen 

Evolution3 

Few exciting studies have been reported previously explaining possible 

methods of synthesizing carbon-based products such as fullerene,27,28 carbon 

microspheres,29 carbon nanotubes,30 graphene sheets,21-23 by utilizing petroleum 

asphaltene. However, the asphaltene derived carbon materials were popularly 

studied for applications such as Li-ion batteries,26,30,31 supercapacitors,32,33 carbon-

di-oxide capture and reduction,34 and etc. Nevertheless, to mention there were no 

clear reports explaining methods of development of asphaltene derived catalyst for 

water splitting applications. The presence of graphene-like backbone via π−π and 

hydrogen bonding interactions will modify the local electron density of neighboring 

carbon atoms and facilitates enhanced hydrogen evolution. Inspired by this strategy, 

we designed an experiment to synthesize graphene-like nanosheets utilizing 

asphaltene as an ideal supramolecular carbon precursor. Similarly, the generation of 

green fuel ‘Hydrogen’ via electrochemical water splitting using low-cost industrial by-

products or wastes with higher efficiency would be considered as a value-added 

material following wealth from the waste approach. 

 
 

3 This subchapter is reproduced in part with permission from ACS Applied Materials & Interfaces, 
Copyright © 2019 Asphaltene Derived Metal Free Carbons for Electrocatalytic Hydrogen Evolution.  
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5.1.1. Methodology 

5.1.1.1. Extraction of Asphaltene From Crude Oil 

Crude oil 2 (Appendix A, Table 7-1) from the Gulf of Mexico was chosen 

because of its high asphaltene content for this study. 150 ml of crude oil was 

centrifuged (Thermo Scientific Fiberlite F15-6x100y) at 10000 rpm, which is equal to 

10,947 relative centrifuge force (RCF), for 30 min to remove water, sediments, and 

inorganic impurities. After centrifugation, the supernatant fluid and n-pentane were 

mixed with a ratio of 5:1, respectively, followed by stirring. The mixture was sealed 

and allowed to age for one day in a cold and dark area. After aging, the mixture was 

centrifuged (10,000 rpm for 30 min) to separate the precipitated asphaltenes. The 

separated deposits of asphaltenes were wrapped in a 0.2 μm Nylon filter paper and 

placed in a Soxhlet extraction apparatus and to be washed with n-pentane to remove 

all impurities and non-asphaltenic materials from the sample. After washing, the 

remaining, purified solid asphaltenes, denoted as ASP2, were dried in a vacuum oven 

at 110°C for 24h. The details of the extraction procedure are available elsewhere.114     

5.1.1.2.  Synthesis of Asphaltene-Derived Activated Porous Carbon (A-PAC) 

0.2 g of asphaltene was dissolved in 8.5 mL toluene, while 1g of potassium 

hydroxide (KOH) pellets were dissolved in 1.5 mL of deionized (DI) water. These two 

immiscible solutions were combined and sonicated in an ultrasonic bath for 10 min. 

To minimize the size of the water droplets, the water-in-oil dispersion was vigorously 

stirred with a SCILOGEX D-160 homogenizer at 20,000 rpm for 10 min. The prepared 
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emulsion was transferred to a porcelain crucible and heated to 110°C to evaporate 

the solvents. The dried samples were then transferred to a tube furnace and heated 

to 700, 800, and 900 °C and maintained for 30 minutes with a continuous flow of 

nitrogen gas at a rate of 500 sccm. After 30 minutes, the heating was stopped, and the 

sample was left inside the furnace until it reached the room temperature. Next, the 

product was washed with 10 ml of 1M hydrochloric acid (HCl) and an excess amount 

of DI water, followed by washing with ethanol and acetone until the filtrate reached 

a pH of 7. The collected powder was dried overnight at 110°C in an oven. The final 

asphaltene-derived porous activated carbons were denoted as A-PAC @ 700°C, A-PAC 

@ 800°C and A-PAC @ 900°C respectively.  

5.1.1.3. Synthesis of Nitrogen-Doped Graphene-Like Nanosheets from 

Asphaltene (N-GNS) 

A porcelain boat containing asphaltene powders was placed in the center of a 

quartz tube furnace followed by purging with Argon (Ar) gas for 30 minutes and then 

the reactor was heated to reach 900°C. After 20 minutes of heating, the Ar gas was 

switched off, and NH3 gas was purged into the quartz tube for nitrogen 

functionalization of the asphaltene. The doping time intervals varied between 1, 3, 

and 5 hours, and the samples are denoted as 1h-N-GNS, 3h-N-GNS, and 5h-N-GNS, 

respectively. After the reaction, the NH3 gas was switched off, and Ar flow was turned 

on, and finally, the reactor was cooled down to room temperature. The derived 

products were washed with 10 mL of 1M HCl and an excess quantity of DI water, 
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followed by washing with ethanol and acetone until the filtrate reached a pH of 7. The 

collected powders were dried overnight at 110°C. 

5.1.1.4. Characterization 

XRD analysis was carried out using a Rigaku D/Max Ultima II Powder XRD. 

Raman spectra of the samples were studied at room temperature using JY Horiba 

LabRAM HR. The excitation radiation was 514.5 nm was used with the Lexel SHG 95 

Argon ion laser. The laser power 28 µW was used at an excitation wavelength of 514 

nm. The average size of basal planes (La) of derived carbons is calculated using the 

equation La = 4.4 nm x IG/ID, where ID and IG are the intensity of D-band and G-band 

observed in its Raman spectrum. TEM images were collected on a JEOL 2100F TEM 

with 200 kV. XPS analysis was carried out using a PHI Quantera X-ray photoelectron 

spectrometer with a chamber pressure of 5x 10-9 Torr and an Al cathode as the X-ray 

source. The source power was set at 100W, and pass energies of 26.00 eV for the core-

level scans. The SEM analysis was taken using an FEI Quanta 400 microscope. The 

elemental analysis of asphaltene and nitrogen-doped carbon samples was carried out 

using the Costech elemental combustion system to study the mass percentage of 

nitrogen, carbon, and hydrogen. From each experiment, three samples were analyzed, 

and the average values were tabulated. Differential scanning calorimetric (DSC) 

analysis of asphaltene was carried out using TA Instruments (Q600 simultaneous 

TGA/DSC) under the nitrogen atmosphere at a flow rate of 50 mL/min. The heating 

was carried out from 25 to 1000°C at a rate of 15°C/min. Brunauer–Emmett–Teller 

(BET) was used to analyze the porosity and specific surface area of the formed 
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carbons. The device Quantachrome Autosorb-3b BET Surface Analyzer was used for 

the measurement. Before analysis, all the samples were evacuated and degassed for 

24 h at 200°C under vacuum to remove moisture.  

5.1.1.5. Electrochemical Measurements4 

Electrochemical measurements like Electrochemical Impedance (Nyquist plot, 

AC conductivity measurement, Mott- Schottky plot), Linear Sweep Voltammograms, 

Chronoamperometry (Cyclic and Static stability), porosity measurements were 

studied using a three-electrode system with Pt wire and Hg/ HgO (0.1 M NaOH) as the 

counter and reference electrodes, respectively. The working electrode was prepared 

by coating the prepared catalyst on a polished glassy carbon electrode by a drop-

casting method. The non-activated 3h-N-GNS was used as the catalyst and the results 

are compared with the pristine asphaltene. The catalyst and Polyvinylidene Fluoride 

(PVDF) are mixed in a 9:1 ratio, combined with NMP (N Methyl 2-pyrrolidone) and 

then ground to form a homogenous paste. The formed homogenous paste was coated 

on the polished GC and dried overnight in a vacuum desiccator. 

The reference electrode potential (EHg/HgO) is converted to a reversible 

hydrogen electrode (ERHE), using the following equation: 

                                ERHE = EHg HgO⁄ (0.165 V) + 0.059 pH Equation 5-1 

 
 

4 The electrochemical measurements were conducted by Jayashree Swaminathan from Professor 
Ajayan’s group at Rice University. 
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the 0.1 M NaOH aqueous electrolyte displayed a pH of 13. 

The AC conductivity (σ) is obtained from the impedance spectra using the 

relation: 54 

                                                          σ = 
Z′

Z′2+ Z′′2 Equation 5-2 

where Z’ and Z” represent the real and imaginary parts of Z, respectively. 

The carrier density (ND) and flat-band potential (EFB) are calculated by the 

potential dependent capacitance measurement using Mott–Schottky analysis:56  

                                          ND = 
2C2

eɛε0A2 [(E −  EFB) −
KBT

e
] Equation 5-3 

where e, ɛ0 and ɛ are the elementary electron charge (1.6 x 10-19 C), permittivity of 

vacuum (8.86x10-12 F m-1) and dielectric constant of sample (2.5), respectively; E, EFB 

are the applied bias potential and built-in voltage (flat band potential); KB, T and A 

are the Boltzmann constant (1.38 x 10-23 J. K-1), temperature (298 K) and surface area 

of the electrode, respectively. 

Electrochemical porosity (P) is determined by potentiodynamic polarization 

measurement. In a short, polarization resistance is measured around the free 

corrosion potential and P is obtained using the relation:58 

                                                     P =
RPs

Rp
 X 10

−
∆Ecorr

ba  Equation 5-4 
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where, RPs
 and Rp are the polarization resistance of the GC substrate and catalyst, 

respectively.  ∆Ecorr is the difference in free corrosion potential between the catalyst 

and the bare GC substrate, and ba is the Tafel slope (anodic) of the substrate.  

5.1.2. Results and Discussion 

5.1.2.1. Chemical and Surface Characterization 

In this work, we explored a simple method for the preparation of activated 

porous carbon (A-PAC) and nitrogen-doped graphene-like nanosheets (N-GNS) with 

an interconnected hierarchical porous structure using asphaltene extracted from 

crude oil as the precursor. The detailed method of formation of A-PAC, N-GNS and the 

effect of temperature and nitrogen doping at different time intervals were described 

in the experimental section. In brief, the nitrogen-doped carbon samples were 

prepared by heat treatment of asphaltene at varying temperatures (700, 800 and 

900°C) and intervals (1,3 and 5h) of ammonia (NH3) gas treatment. Importantly, we 

demonstrated methods to functionalize the graphene nanosheets (GNS) with 

nitrogen atoms and employed them as a potential candidate for water splitting 

applications. In comparison, the non-activated 3-hour nitrogen-doped GNS (3h-N-

GNS) displayed the best performance due to the presence of a higher proportion of 

nitrogen atoms, porosity, and conductivity.  The thermogravimetric analysis (TGA) of 

the pristine asphaltene was carried out under inert condition to understand their 

evolution process (Figure 7-9, Appendix A). A major weight loss was observed 

between 400-600°C which was primarily due to the disintegration of volatile organic 

molecules, aliphatic chains, and other residual matters beyond which the 
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graphitization process occurs leading to the formation of a porous carbon network. 

This observation was supported by SEM results (Figure 5-2a-d) showing the 

formation of porous carbons.  

The powder X-ray diffraction (PXRD) pattern of the derived 3h-N-GNS (Figure 

5-1a) displays two peaks around 2θ=24° and 43° which corresponds to the presence 

of (002) and (101) reflections.35,36 The observed plane resembles crystalline graphitic 

carbon, and this observation coincides with the HRTEM result (Figure 5-2f). 

Moreover, the presence of highly crystalline (002) peak suggests the formation of 

regularly ordered graphitic carbon in graphene sheets. The observed d-spacing 

(0.36/0.37 nm) with a significant degree of disorder is due to the distortion in the 

derived carbon material which arises due to the doping of nitrogen atoms. A similar 

observation was previously reported for nitrogen-doped nanocarbons.35,37 XRD 

studies of pristine asphaltene (ASP2) and asphaltene-derived porous activated 

carbons (A-PAC) are shown in Appendix A (See Figure 7-10a).  
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Figure 5-1 Characterization of 3h-N-GNS (a) XRD and (b) Raman spectrum (c) 

XPS survey spectrum with a high-resolution scan for (d) carbon C1s (e) 

nitrogen N1s and (f) oxygen O1s spectra. The peaks are deconvoluted into 

their components sub-peaks. 
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Raman analysis of the 3h-N-GNS sample indicates two intense bands around 

1380 and 1595 cm-1 as shown in Figure 5-1b. The peak observed at 

1380 cm−1 corresponds to the D band (A1g mode) which is ascribed to the disordered 

structure, or the edge defects associated with the breath mode of the graphitic lattice 

vibrations. The G band observed at ~1595 cm-1 corresponds to the active (E2g mode) 

of the crystalline graphitic carbon originating from sp2 bonded carbon atoms. The 

ID/IG intensity ratio of the D and G band is observed to be 0.93 representing a higher 

number of structural and ordering defects. The disordering between the graphene 

layers occurs primarily due to the presence of pyridinic-, pyrrolic-, and quaternary-

type nitrogen functionalities as well due to the existence of non-carbon species.35 The 

Raman analysis of asphaltene and A-PAC are discussed in Appendix A, Figure 7-10b 

and the N-GNS samples are shown in Figure 7-18b, Appendix A. 

X-ray photoelectron spectroscopy (XPS) was carried out on both pristine 

asphaltene and 3h-N-GNS to reveal the surface chemical state and coordination of 

carbon (C), Nitrogen (N) and Oxygen (O) atoms. The atomic percentage of 3h-N-GNS 

(Figure 5-1c, and Table 7-4, Appendix A) was found to consist of C (83.5%), N (6.2%) 

& O (5%), whereas, the pristine asphaltene (Figure 7-11 and Table 7-4, Appendix A) 

exhibited C (93.2%), N (1%), O (3%) and S (2.9%). The deconvoluted C1s spectra of 

3h-N-GNS (Figure 5-1d) shows two peaks at binding energies of 284.8 and 285.8 eV. 

The peak at 284.8eV can be assigned to the presence of non-oxygenated carbon atoms 

such as C-C/C=C bonds present in aromatic rings of sp2 graphitic carbon.37 Another 

peak at 285.8 eV corresponds to the presence of functional groups such as C-OH/C-

O-C or presence of sp2 hybridized carbon atoms bonded to nitrogen in the aromatic 



 
128 

ring. On the other hand, the deconvoluted N1s spectra show peaks at binding energies 

of ~397, 398 and 400 eV suggesting the presence of pyridinic, pyrrolic and 

quaternary nitrogen (Figure 5-1e, Figure 7-18a, and Table 7-6, Appendix A). The 

possible arrangement of the nitrogen atoms is shown in Figure 7-12, Appendix A. It is 

seen that the 3h-N-GNS exhibits a higher percentage of nitrogen atoms (Table 7-6, 

Appendix A), especially the proportion of pyridinic nitrogen was found to be higher 

when compared to 1 and 5h nitrogen functionalized carbon samples. Hence, we 

selected the 3h-N-GNS as the ideal catalyst and compared the catalytic performance 

with the pristine asphaltene. The treatment of asphaltene with NH3 gas leads to the 

impregnation of nitrogen atoms into the carbon framework and changes their 

electronic behavior. Furthermore, the NH3 treatment modifies amorphous asphaltene 

into uniformly layered carbons with approximately 6.2% of nitrogen doping (Figure 

5-1e, and Table 7-4, Appendix A). 

In general, the pyridinic nitrogen atoms present on the edges of graphitic 

planes bonded to two carbon atoms are considered to be active sites for the catalytic 

process.38-40 However, the exact catalytic role for each of the nitrogen forms in 

catalysts is still uncertain. The 3h-N-GNS sample exhibits oxygen (Figure 5-1f) peaks 

at 531 and 533 eV corresponding to the presence of C O and C–O functional groups. 

The presence of nitrogen and oxygen heteroatoms on the 3h-N-GNS carbon 

framework eventually leads to more structural and ordering defects, which in turn is 

expected to provide strong chemical reactivity for the redox chemistry and acid‐base 

reactions to occur. The insertion of heteroatoms such as nitrogen creates defect 

densities requiring rearrangement of neighboring carbon atoms and hence their 
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electronic behavior changes. Furthermore, the existence of defect chemistries on the 

surface of carbon helps in anchoring functional groups as active sites, while the 

graphitic arrangement holds active sites providing excellent thermal stability. 

The surface morphology and roughness of the formed porous carbons were 

examined using scanning electron microscopy (SEM) (Figure 5-2a-d), and detailed 

studies were carried out using high-resolution transmission electron microscopy 

(HRTEM) (Figure 5-2e-f, and Figure 7-14, Appendix A). The lower magnification SEM 

image (Figure 5-2a) of the derived 3h-N-GNS shows uniformly layered texture 

displaying an array of interconnected micron-sized layers (marked in red lines) and 

consequently the higher magnification SEM and TEM (Figure 5-2b and Figure 7-14, 

Appendix A) confirms the presence of well-aligned layers.  
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Figure 5-2 Structural characterization of derived carbons (a &b) SEM image of 

3h-N-GNS (c & d) SEM image of A-PAC (e) TEM image of 3h-N-GNS showing 

graphene-like sheets and (f) TEM image of 3h-N-GNS displaying an increase in 

interlayer distance due to doping of nitrogen atoms. 
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The autonomous formation of regularly arranged interconnected layers along 

with a combination of pores helps in enhancement of the catalytic activity of the 

material.41,42 Besides, combinatorial effect of microlayers, pores, and the nitrogen 

doping in N-GNS is found to increase the number of active sites and thereby provides 

easy migration of channels between active sites and the dissolved hydrogen 

molecules. Hence, we envisioned that this layered porous carbon can act as an ideal 

candidate for hydrogen evolution reaction (HER). 

On the other hand, the SEM image of the A-PAC (Figure 5-2c-d) shows highly 

arranged uniform 3D porous honeycomb network with a high density of fractures and 

structural defects. Whereas, the pristine asphaltene indicates dense, non-porous, 

micron-sized particles (Figure 7-13, Appendix A). Notably, the lower and higher 

magnification SEM images of the A-PAC (Figure 5-2c-d) clearly depicts the presence 

of long-range honeycomb structure (highlighted in red color) with macropore 

architecture and cracks. Nevertheless, the presence of a higher population of 

macropores and structural cracks in A-PAC is found to lead towards discontinuities 

in transport and chemical properties, and the possible deterioration of the overall 

properties thereby limiting their catalytic activity.43 The HRTEM studies (Figure 5-2e-

f, and Figure 7-14, Appendix A) shows the presence of significant crystallinity in the 

derived 3h-N-GNS as well as the occurrence of ultrathin graphene-like sheets (Figure 

5-2e). Well resolved lattice fringes with an interplanar spacing of ~0.37 nm match 

closely with the d-spacing for the (002) reflection planes of graphite indicating a 

higher degree of graphitization. The process of nitrogen functionalization transforms 

the morphology of amorphous asphaltene into crystalline, interconnected layered, 
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porous 2D graphene nanosheets. Similarly, the observed crystallinity coincides well 

with the PXRD results.  

It is well-known that the pore architecture in catalyst controls the transport 

phenomenon and governs the selectivity in reactions.44 Therefore properties, such as 

pore volume and pore-size distribution, are considered as an essential parameter for 

developing efficient catalysts. The presence of pores helps significantly in anchoring 

micro- and nanoparticles thus providing channels for facile migration of foreign 

matters and byproducts.45 Hence, we evaluated the derived carbon samples using N2 

adsorption-desorption isotherms to determine their surface area and pore size 

distribution (Figure 5-3a-d). 
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Figure 5-3 BET measurement of the porous carbons (a) N2 adsorption-

desorption isotherms of 3h-N-GNS (b) pore size distribution of 3h-N-GNS (c) N2 

adsorption-desorption isotherms of A-PAC (b) pore size distribution of A-PAC. 

The specific surface area of the A-PAC was found to be 2824 m2/g while, the 

3h-N-GNS shows significantly less surface area ~243 m2/g. Interestingly, both 

carbons are found to exhibit type IV isotherms (Figure 5-3a&c) which are typical for 

a mesoporous material with a multilayer adsorption capability.46 The key feature in 

both samples is the increase in volume adsorbed at a higher p/po which is caused due 

to the adsorption in the mesopores as well as the observation of the hysteresis 

category. Furthermore, a distinct increase in the adsorbate volume in the lower p/po 
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region indicates the presence of more micropores coupled with mesopores. 

Specifically, careful investigation of the 3h-N-GNS sample (Figure 5-3b) displayed the 

higher percent of adsorbate at relatively lower pressure p/po (0.02) displaying a 

greater proportion of micropore distribution.47 Both carbons displayed a significant 

adsorbate uptake starting around 0.4 p/po, and it further increases in the adsorbed 

volume reaching 0.95 p/po. This increase in the adsorbed volume at a higher p/po 

was also due to the capillary condensation which occurs below the condensation 

pressure of the adsorbates. Typically, the capillary condensation is considered as a 

secondary process that requires pre-formation of an adsorbed layer onto the walls of 

the pores which are formed due to the multilayer adsorption. The A-PAC and 3h-N-

GNS carbons displayed a pore size maximum of 1.9 and 1.6 nm respectively. However, 

the 3h-N-GNS sample exhibits a greater quantity of ultra-micropores (<7Å) in 

association with super-micropores (7-20Å).48 The pore size distribution of the A-PAC 

(Figure 5-3d) shows the presence of a higher number of mesopores (2-50 nm) with 

an average micropore width of 1.83 nm (Horvath-Kawazoe (HK) method) and an 

approximate pore width of 19.2 nm (BJH method). On the other hand, the 3h-N-GNS 

sample displayed the presence of a higher proportion of micro (<2 nm) and few 

mesoporous carbons with an average pore width of 0.4 nm. The BJH pore size 

distribution plot supports this observation displaying average pore width <5 nm. The 

hierarchical pores range from less than a nanometer to few nanometers with an inter 

and intra layers implying a dense packing of 3h-N-GNS layers. Correspondingly, the 

presence of a mixture of micro-meso sized pores helps in rapid N2 uptake at the high-

pressure range which makes 3h-N-GNS as an interesting candidate for catalytic 



 
135 

applications. We further used t-plot to evaluate the micro and mesopore volumes in 

the derived A-PAC and 3h-N-GNS and their results are shown in Table 5-1. For 

superior catalytic performance, nanoscale porosity is highly desirable, facilitating 

higher mass transfer fluxes and extraordinary active loading. Moreover, the surface 

of carbon is uniformly layered and rich in defects, which leads to outstanding catalytic 

performance.  

Table 5-1 BET Analysis results of A-PAC and 3h-N-GNS 

Samples SBET (m2g-1) Smic (m2g-1) Vt (cm3g-1) Vmic (cm3g-1) Dpore (nm) 

A-APC 2824 497 2.01 0.27 2.84 

3h-N-GNS 243 125 0.16 0.05 2.65 
Dpore is the average pore diameter. Vt is the total pore volume, calculated at P/Po = 0.99 

5.1.2.2. Electrochemical Catalytic Properties 

Apart from porosity measurement through physisorption studies, we 

evaluated the electrochemical porosity of the derived 3h-N-GNS sample using 

potentiodynamic polarization technique. Electrochemical porosity measurement 

evaluates the real active surface area of the electrode, and it calculates the molecular 

packing at both the inner and outer surfaces.49-51 Hence, we carried out 

potentiodynamic polarization measurements on both substrates i.e. glassy carbon 

(GC) and the 3h-N-GNS sample (See Figure 7-15, Appendix A). The electrochemical 

porosity of 3h-N-GNS is found to be 4.6 %. It demonstrates the influence of pyridinic, 

pyrrolic and quaternary nitrogen on the electrochemically active sites in 3h-N-GNS. 

Thus, from the geometrical and electrochemical porosity measurements, it is clear 
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that 3h-N-GNS has favorable electrochemically active microstructures, which 

facilitates a conductive pathway for efficient HER. To determine the electrical 

conductivity and charge transfer kinetics, electrochemical impedance spectroscopy 

was studied at AC amplitude of 10 mV and sweeping the frequency from 1 MHz to 1 

mHz. The obtained Nyquist plot is shown in Figure 5-4a, and it is interpreted as an 

equivalent circuit (inset Figure 5-4a) with compiled solution resistance (Rs), charge 

transfer resistance (Rct) and constant phase element (Q). The capacitance (C) at a 

space charge layer is estimated using a Brugg’s equation, and the values are displayed 

in Appendix A, Table 7-5.   
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Figure 5-4 Nyquist plot (a) AC conductivity of 3h-N-GNS (inset) AC conductivity 

of asphaltene (b) Mott-Schottky plot of asphaltene (ASP2) and 3h-N-GNS 

sample (c) Measured electrical characteristics of asphaltene (ASP2) and 3h-N-

GNS (d) Summary of Nyquist plot, DC conductivity, Mott Schott analysis. 

On fitting, the charge transfer resistance reduces noticeably by three orders of 

magnitude for 3h-N-GNS compared to asphaltene (ASP2) while the capacitance 

increases significantly. This observed higher capacitance and decreased Rct further 

supports the presence of an enormous number of electrocatalytic active sites in 3h-

N-GNS and their electrical conductivity.52 This observation demonstrates the 

importance of pyridinic and pyrrolic nitrogen atoms embedded in the crystalline 



 
138 

graphene nanosheets. We further calculated the electrochemical active surface area 

(ECSA) by impedance method.53 We observed higher ECSA CDL (0.88 µF) for 3h-N-GNS 

than A-PAC (0.08 µF), which might be due to the effect of doping of nitrogen atoms, 

which predominantly increased the active sites assisting electron transfers. 

Additionally, the presence of highly delocalized electron clouds on the conjugated 

carbon increases conductivity enhancing active sites facilitating superior 

electrochemical reactions. Thus, based on BET and ESCA measurements, nitrogen 

doping was found to notably influence both the geometric and electrochemically 

active surface area of the derived 3h-N-GNS. Consequently, the ultra and super-

microporous structure contributed towards the mass transfer of H+ ion and H2O. 

 Figure 5-4b shows AC conductivity vs. frequency of asphaltene (ASP2) and 3h-

N-GNS sample. The conductivity observed at lower frequency region is assigned as 

DC conductivity (σDC) since both samples follow the universal power law.54 Analysis 

of 3h-N-GNS shows a two-fold increase in σDC compared to asphaltene. Therefore, it 

is evident that crystallinity, mesoporosity and active electrochemical sites (nitrogen 

atoms) of 3h-N-GNS assist in easy electron transfer and transport. To calculate the 

charge carrier density and flat band potential of the prepared samples, Mott-Schottky 

analysis55 is carried out at a frequency of 1 Hz (see Figure 5-4c-d). The 3h-N-GNS is 

found to possess high electron density (1.31 x1025 cm-3) compared to asphaltene 

(2.01 x1019 cm-3), which shifts the flat band potential towards the conduction band in 

3h-N-GNS (-1.21 V) while asphaltene shows -1.52 V. Besides, asphaltene shows a 

stronger capacitance dependence, which is a typical behavior of a space charge layer-

controlled capacitance of a poor conductor exposed in an electrolyte.56  
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On the other hand, 3h-N-GNS exhibits weak capacitance dependence, which is 

a weak Helmholtz layer dominated capacitance and it signifies the characteristic of 

metals. This metallic transition might be possibly due to the presence of enhanced 

conductivity in the 3h-N-GNS. The results of the Nyquist plot, DC conductivity, Mott 

Schott analysis are summarized in Figure 5-4d which consolidates the fact of 

enhanced carrier concentration and conductivity observed in 3h-N-GNS in 

comparison to asphaltene. Comprehensively, the presence of layered channels and a 

combination of interconnected micro and mesopores in 3h-N-GNS sample is found to 

enhance the electrical conductivity and electrochemical reactions. To further 

evaluate the HER activity, linear sweep voltammograms (LSV) was conducted in a 

three-electrode system, and the potential sweep was carried out from 0 to -1 V vs. 

RHE in 0.1 M NaOH. The effect of temperature and duration of NH3 gas treatment on 

asphaltene is systematically studied (Figure 7-16, Appendix A) and essentially, 

functionalization with NH3 gas at 900 °C for 3h is found to significantly improve the 

HER activity. 

Figure 5-5a shows linear sweep voltammograms of asphaltene (ASP2), 3h-N-

GNS, glassy carbon (GC) and benchmark platinum at a scan rate of 1 mV. s-1 in alkaline 

medium.  
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Figure 5-5 Linear Sweep Voltammograms of GC, asphaltene, 3h-N-GNS and Pt 

in 0.1 M KOH (a) and the corresponding steady-state polarization curves (b) 

Cyclic stability and Static stability (c & d) of 3h-N-GNS towards HER. 

From Figure 5-5a, it is clear that asphaltene and GC display intrinsically poor 

HER performance and exhibit activity only at a higher onset potential ~737 and ~705 

mV, respectively. However, the 3h-N-GNS sample shows catalytic activity at a lower 

onset potential (~403 mV) and at a current density of 10 mA.cm-2. To further evaluate 

the HER mechanism of 3h-N-GNS sample, Tafel plot (Figure 5-5b, and Figure 7-17, 

Appendix A) are charted and the Tafel slope, exchange current density is determined 

using the linear region of LSV. Asphaltene (APS2) shows higher Tafel slope (231 mV. 
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dec-1) than the substrate GC (289 mV. dec-1). While the 3h-N-GNS sample exhibits a 

low Tafel slope (115 mV. dec-1) and a higher exchange current density (1.35 mA.cm-

2), which suggests that the rate-determining step is Volmer–Heyrovsky mechanism 

(electrochemical desorption).57 The above observations reveal the outstanding HER 

activity of the 3h-N-GNS sample. 

The extended catalytic activity of 3h-N-GNS sample was investigated using 

potential cycling technique which is conducted from -0.1 to -0.7 V vs. RHE in 0.1 M 

Hg/HgO at a scan rate of 10 mV.s-1 (See Figure 5-5c). The 3h-N-GNS retained its 

catalytic activity even after 1000 cycles, with a negligible decrease in current density, 

this discloses the extended cyclic stability of the prepared sample. Besides, we 

measured the potentiostatic stability of 3h-N-GNS using chronoamperometric 

electrolysis technique under a static potential of 650 mV as shown in Figure 5-5d. The 

measurement displayed a stable cathodic current density of 6.9 mA.cm-2 for 4 h 

duration, and this observed result is comparable to other non- noble catalysts (Table 

7-7, Appendix A). Overall, the electrochemical stability studies such as cyclic 

sweeping, static polarization, confirms the long-term sustainability of the developed 

electrodes. 
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5.2. Asphaltene-Derived Supercapacitors5 

What sets asphaltenes apart from other carbon-based precursors is that 

asphaltenes are not just pure carbon substrates. Actually, asphaltene aggregates are 

already functionalized in part due to the presence of heteroatoms such as nitrogen, 

oxygen, sulfur and some metals like nickel and vanadium.115 The preexistence of these 

functional groups can facilitate further functionalization of particles, which has been 

attempted in fullerene,85 micro-carbon spheres,86 carbon-nanoparticles,88 graphene 

sheets,89,90 and graphene quantum dots.92  

Such transformations require processes involving chemical activation of 

carbon-based materials. Formation of various carbon microstructures using 

asphaltenes as precursors has been investigated. For instance, a study by Jalilov et 

al.,116 in which a pretreatment of Gilsonite at 400 oC followed by activation with a 

KOH:asphalt weight ratio of 4:1 at 900 oC yielded porous carbon with high surface 

area116 and Qin et al.15 who used a complex and multistep process of acidic oxidation, 

and activation of asphaltene by urea and KOH, respectively, to synthesize porous 

carbon nanosheets.15 However, most of these chemical activations were carried out 

by physical mixing of the precursor with the activating agent (KOH, or NaOH) 

followed by heat treatment in often extremely lengthy and complicated procedures.  

 
 

5 This subchapter is reproduced in part with permission from the submitted for publication manuscript 
titled, “From Crude Oil Production Nuisance to Promising Energy Storage Material: Development of 
High Performance Asphaltene-Derived Supercapacitors”.  
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In this study, an efficient method to produce highly porous activated carbon 

from asphaltene with the assistance of a melamine sponge template is used to obtain 

activated carbon with substantially high surface area and, then tested for potential 

application in supercapacitors. Melamine sponge is a type of foam material consisting 

of formaldehyde-melamine-sodium bisulfite with a 3D network of porous and hard 

microstructure that is capable of loosening up dirt and grime and therefore are widely 

used as abrasive cleaners. The porous sponge template provides a high surface area 

medium for the activation process and therefore enhances the interaction between 

the asphaltene and the activating agent (KOH) during the reaction. To the best of our 

knowledge, the use of a highly porous melamine sponge as a template in the 

preparation of activated carbon has not been reported before. 

5.2.1. Methodology 

5.2.1.1. Materials 

Two different crude oils samples from the Gulf of Mexico were used in this 

study (physical properties can be found in Table 7-1, Appendix A). From these crude 

oils, asphaltenes were extracted, according to the procedure detailed in the following 

section, and will be denoted as ASP1 and ASP2. Commercial melamine sponges are 

readily available in the supermarkets. All other reagents used were certified ACS 

grade procured from Fisher Scientific unless otherwise stated. 
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5.2.1.2. Extraction of Asphaltene from Crude Oil  

150 mL of crude oil was centrifuged (Thermo Scientific Fiberlite F15-6x100y) 

at 10,000 rpm, which is equal to 10,947 relative centrifuge force (RCF) for 30 min to 

remove water, sediments, and inorganic impurities. After centrifugation, the 

supernatant fluid and n-pentane with a ratio of 5:1 were mixed with effective stirring. 

The mixture was sealed and allowed to age for 1 day in a cool and dark area. After 

aging, the mixture was centrifuged (10,000 rpm, 30 min) to separate the precipitated 

asphaltenes. The solid cake at the bottom of centrifuge tubes was removed and 

wrapped in a 0.2 μm Nylon membrane filter paper. The filter paper, placed in a 

thimble, was washed with n-pentane in a Soxhlet extraction setup to wash off all the 

impurities and non-asphaltenic materials from the cake. After washing, the solid 

asphaltene left on the filter paper was dried in a vacuum oven at 110 oC overnight. 

The details of the extraction procedure are available elsewhere.114     

5.2.1.3. Activation Process of Asphaltene  

1 g of KOH pellets were dissolved in 1.5 mL of deionized (DI) water while 0.2 

g of asphaltene powder was dissolved in 12.5 mL toluene. The two immiscible 

solutions were put in contact and sonicated in an ultrasound bath for 10 minutes. To 

minimize the size of the water droplets, the water-in-oil dispersion was vigorously 

stirred with a SCILOGEX D-160 homogenizer at 20,000 rpm for 10 min. The melamine 

sponges were cut into 1-inch cubes and were rinsed several times with DI water and 

acetone before being dried in an oven at 110 oC. Next, each sponge was immersed in 

the prepared emulsion until it was fully soaked. The KOH-asphaltene coated sponge 
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was transferred into a porcelain crucible and left inside a fume hood to air-dry 

overnight. The dried sample was then inserted into a tube furnace and heated up to 

900 oC and kept for 30 minutes while nitrogen gas was flown into the system at a rate 

of 500 sccm. After 30 minutes, the heating was stopped, and the sample was left inside 

the furnace until it cooled down to room temperature. Then, the product was washed 

with 10 mL of 1M HCl and an excess amount of DI water, followed by ethanol and 

acetone until the contents became neutral and showed a pH of 7. The final powder of 

this sponge-templated, asphaltene-derived, activated porous carbon, denoted as S-

AC, was dried in an oven at 110 oC overnight. The schematic of this activation process 

is shown in Figure 5-6. To show the versatility of this process, this activation was 

performed on asphaltene derived from a different crude oil source, denoted (S-AC2). 

S-AC2 and pristine asphaltene counterpart (ASP-2) and related results are depicted 

in Figure 7-20, Figure 7-21, and Table 7-2 in Appendix A. In addition, the effect of 

activation temperature on the surface area and porosity of the samples was studied. 

Three samples of S-AC2 were activated at temperatures of 700, 800, and 900 oC and 

then analyzed for surface properties. Table 7-3 in Appendix A summarizes the surface 

characteristics, with the isotherms also displayed in Figure 7-22. 

To understand the effectiveness of the sponge-templated activation process, 

we applied the conventional activation process on ASP1 and ASP2. In this physical 

mixing technique, 1 g of KOH pellets and 0.2 g of asphaltene powder were mixed and 

ground in an agate mortar. The solid mixture was transferred into a porcelain crucible 

and heated in a tube furnace using the same conditions described before. The final 

activated carbon sample prepared by this technique is denoted as AC1 and AC2.   
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Figure 5-6. Schematic of the activation process for the creation of sponge-

templated, asphaltene derived, activated porous carbon. Dispersed pristine 

asphaltene powder in toluene is mixed with a KOH and DI water solution, then 

sonicated. An emulsion is prepared and homogenized, then a melamine 

sponge is saturated with the emulsion. The sponge is heated to burn off the 

melamine, resulting in a porous activated asphaltene which can be used for 

fabrication of supercapacitors. 

5.2.1.4. Characterization 

X-ray diffraction (XRD) analysis was carried out using a Rigaku D/Max Ultima 

II Powder X-ray diffractometer with a radiation source of Cu Kα (λ=1.5418 Å). Powder 

samples were mounted on a grooved zero background holder. Raman spectra of the 

samples were studied at room temperature using a Renishaw inVia Raman 

microscope. The excitation radiation wavelength is 514.5 nm was used with the Lexel 

SHG 95 Argon ion laser. The laser power 28 µW was used at an excitation wavelength 

of 514 nm. The scanning electron microscopy (SEM) images were taken at 5 keV using 

an FEI Quanta 400 high-resolution field emission scanning electron microscope. 

Brunauer–Emmett–Teller (BET) was used to analyze the porosity and specific surface 

area of the formed carbons. The device Quantachrome Autosorb-3b BET Nitrogen 

Surface Analyzer was used for the measurement. Before analysis, all the samples were 

evacuated and degassed for 12 h at 300 °C under vacuum to remove moisture. The 
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XPS analysis was performed by a PHI Quantera SXM scanning X-ray microprobe 

system using a 100 μm X-ray beam at the take of angle of 45o and pass energy of 140 

eV for the survey and 26 eV for the high-resolution analysis.  

5.2.1.5. Supercapacitor Device Fabrication and Testing 

Supercapacitor devices were fabricated into coin cells using a ratio of 80% 

sponge-templated asphaltene-derived activated porous carbon powder, 10% 

conductive carbon, and 10% polyvinylidene fluoride binder (purchased from Sigma-

Aldrich). To make the electrode slurry, these powders were mixed with N-methyl-2-

pyrrolidone (NMP) and sonicated until the slurry consistency was thick yet still able 

to be drop-casted onto a current collector substrate. One drop of the slurry was 

pipetted onto the substrate, then heated in a vacuum oven overnight at 90˚C to 

evaporate the NMP solvent. The electrodes were matched according to weight, then 

paired for cell assembly, and sandwiched in a CR2032 coin cell with Whatman filter 

paper as a separator. Cells were made using stainless steel foil current collectors 

either in an aqueous (1M H2SO4) or a “water in salt” LiTFSI electrolyte. 

Cyclic voltammetry of the cells was done on a Metrohm Autolab Nova, in which 

cells were subjected to voltage rates of 5, 10, 25, 50, and 100 mV/s for at least 3 cycles 

each in a 2-electrode setup to test device capacitance; the H2SO4 aqueous electrolyte 

cells were also tested using a 3-electrode setup to understand the material 

capacitance. The full devices were then subjected to 10,000 cycles of galvanostatic 

charge/discharge on an Arbin instrument. 
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5.2.2. Results and Discussion 

5.2.2.1. Characterization of Sponge-Templated, Asphaltene-Derived, 

Activated Porous Carbon 

In Figure 5-7a, the XRD spectra of pristine asphaltene (ASP1) shows three 

broad peaks at 20o, 26o, and 43o, corresponding to the diffraction of γ, (002), and 

(100) planes, respectively.117,118 The γ peak is attributed to the presence of side 

aliphatic chains, indicating a disordered amorphous structure. 117,118 The 

characteristic graphite peak (002) shows the stacking of aromatic core layers and 

their interlayer spacing.117,118 Unlike pristine asphaltene, the sponge-templated, 

asphaltene derived, activated porous carbon sample (S-AC1), showed no sign of the γ 

peak, which indicates the removal of aliphatic side chains during the activation 

process. Although the (002) and (100) peaks look narrower, in the case of S-AC1, their 

relative intensities are still weak, indicating an amorphous and disordered structure. 

This is more apparent when looking at the corresponding Raman spectra for the S-

AC1 sample in Figure 5-7b. The ratio of the defect-band (D-band) and graphitic-band 

(G-band) intensities, denoted as ID/IG, is often used to estimate the amount of disorder 

or graphitization of carbon materials. S-AC1 and ASP1 showed an ID/IG value of 1.27 

and 0.83, respectively, suggesting a relatively high degree of defects in the lattice 

structure of the S-AC1, which is a result of the harsh conditions during the KOH 

activation process. In ASP1, the D-band at ~1340 cm-1 is caused by the in-plane 

defects in the graphene core and presence of heteroatoms at the edges of the 

microcrystalline structure of asphaltene molecules.115 On the other hand, in S-AC1, 
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this band corresponds with lattice defects originated during KOH activation which 

may lead to the formation of a porous network. The G-band at ~1590 cm-1 

corresponds to the E2g phonon scattering of the sp2 crystalline graphitic plane.15–

18,116,119 Furthermore, S-AC1 showed a prominent wide band centered at ~2800 cm-1, 

denoted as 2D, corresponding to two phonons second-order scattering which is a 

fingerprint of the sp2 graphene structure indicating some degree of 

graphitization.15,18  
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Figure 5-7. Structural characterization using (a) XRD and (b) Raman 

spectroscopy of sponge-templated, asphaltene derived activated porous 

carbon (S-AC1, red) versus pristine asphaltene (ASP1, blue). 

For further confirmation of the above results, XPS was used to identify the 

surface chemical composition of ASP1 and S-AC1, and the results are shown in Figure 

5-8. In the survey spectra, ASP1 revealed C1s, O1s, N1s, and S2p signals, while S-AC1 

only displayed C1s and O1s signals. The relative elemental composition of both 

samples is tabulated in Table 5-2. Similar to the XRD results, the XPS data indicates 

that all the unreacted and excess KOH was removed during the washing process, 
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shown by the absence of potassium signals. Moreover, unlike the pristine asphaltene 

sample, there were no signs of sulfur and nitrogen in S-AC1, indicating the high 

activity of these functional groups during the reaction with KOH, which resulted in 

their elimination from the final sample structure. This implies that this activation 

process is able to successfully remove unwanted elements from the samples. Figure 

5-8b shows the deconvoluted peaks of the C1s spectrum of the S-AC1. Similar to the 

observation by Jalilov et al.120, the oxygen functional groups were in the form of C-O 

(285.8 eV), C=O (287 eV), O=C-O (288.5 eV). Furthermore, the graphitic carbon (C-C, 

C=C) was centered at 284.8 eV. In addition to the elemental compositions, Table 5-2 

also summarizes the relative contribution of each deconvoluted carbon peak in the 

form of an integrated area under the peak. Compositional data, as well as XPS spectra 

for ASP2 and S-AC2 (pristine asphaltene and the sponge-templated activated porous 

carbon extracted from a different source of crude oil), can be found in Appendix A, 

Figure 7-21, and Table 7-2. 

Table 5-2 XPS elemental composition of pristine asphaltene (ASP1) and 

sponge-templated activated porous carbon (S-AC1). 

 

Samples 
C1s 
(%) 

O1s 
(%) 

N1s 
(%) 

S2p 
(%) 

C1s 

C-C/C=C 
(%) 

C-O 
(%) 

C=O 
(%) 

O=C-O 
(%) 

π-π* 
(%) 

ASP1 94.4 3.7 1.3 0.6 89.5 9.8 0.7 - - 

S-AC1 94.8 5.2 - - 68.6 15.3 8.1 5 3 
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Figure 5-8 XPS spectra comparing sponge-templated, asphaltene derived 

activated porous carbon (S-AC1, red) versus pristine asphaltene (ASP1, blue), 

(a) survey spectra and (b) high-resolution C1s peak and its deconvolution. 

To gauge just how much porosity the sponge-templated activation process 

provided, specific surface area, pore-volume, and average pore size properties were 

measured in the samples (Table 5-3). S-AC1 showed a significant specific surface area 

of 3868 m2/g, which exceeded the surface area of the control sample (AC1) by nearly 

a factor of 2.  
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Table 5-3 Physical properties of pristine asphaltene (ASP1), sponge-templated 

activated porous carbon (S-AC1), and control activated carbon sample (AC1) 

including Brunauer-Emmett-Teller (BET) specific surface area, total pore 

volume, and average pore size. 

 

Figure 5-9a shows the nitrogen adsorption-desorption isotherms of S-AC1 as 

compared to the conventional-method AC1 sample. According to IUPAC classification, 

AC1 exhibited a type I isotherm, indicating the presence of mostly micropores in the 

sample. On the other hand, S-AC1 showed a steep nitrogen uptake at low pressures 

(0-0.3 P/Po) and followed a type IV adsorption isotherm with a dominant hysteresis 

loop of type H4.17,121,122 The presence of this wide hysteresis loop can be explained by 

the capillary condensation of adsorbate, occurring at a relative pressure (P/Po) above 

0.4. This behavior suggests the existence of a large number of narrow slit-like 

mesopores, along with micropores in the S-AC1 sample.  

Moreover, the pore size distribution (PSD) of AC1 and S-AC1 were determined 

based on quenched solid-state density functional theory (QSDFT) model (Figure 

5-9b). Unlike previous models, the QSDFT method takes into account the geometrical 

inhomogeneity and surface roughness of the sample.123 As shown in Figure 5-9b, S-

AC1 had narrower PSDs mainly centered at ~1 nm (micropores) and ~3.5 nm 

(mesopores) pore size. Between the two samples, S-AC1 had a significantly greater 

Samples SBET (m2/g) Vtotal (cm3/g) Dpore (nm) 

ASP1 2 0.005 - 

AC1 2133 1.31 2.45 

S-AC1 3868 2.87 2.97 
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number of mesopores, which explains the larger average pore size (~3 nm) and the 

presence of the wider hysteresis loop in the isotherm. The formation of mesopores 

can be ascribed to the collapse of micropores, due to the greater activation energy 

likely assisted by the sponge template. This process was facilitated by the greater 

surface interaction between KOH and asphaltene when a porous melamine sponge 

was used as a template during the sample preparation process (refer to the 

experimental section).  

Furthermore, when the sponge was used, the yield of the final product 

(calculated based on the initial asphaltene mass) was much higher (43%), compared 

to the conventional method (10%). This significant increase in the yield of production 

is attributed to the use of the sponge as a template. It is important to note that during 

this sponge-templated activation process, any produced activated porous carbon 

comes from the asphaltene alone because the sponge itself gets vaporized in the 

process, and thus does not add to the carbon content and the mass of the final product. 

Finally, SEM was used to study the microscopic morphology of the S-AC1 

sample. As shown in Figure 5-9c and Figure 5-9d, S-AC1 is a highly porous material 

with a honeycomb-like structure consisting of well distributed and uniform 

macropores, in addition to the abundant micropores and mesopores revealed by the 

nitrogen absorption analysis. These interconnected networks of pores allow efficient 

electronic conductivity and further facilitate the percolation of electrolyte 

contributing to interfacing between the ions and electrode material. As a result, high 

rate performance can be achieved in supercapacitors.16,17,124 Furthermore, many 
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studies have shown that ion transport in supercapacitors prefers a mixture of 

mesoporous and microporous networks over strictly single-sized porous 

materials.125–127 This observation is consistent with the evidence that micro- and 

mesoporous S-AC1 performs better than the mainly microporous AC1 due to the 

multi-sized channels allowing a better balance of both ionic movement and 

electrolyte permeability. 
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Figure 5-9 (a) N2 adsorption and desorption isotherms and (b) pore size 

distribution of sponge-templated asphaltene derived activated porous carbon 

(S-AC1) and the activated carbon control sample (AC1) (c) and (d) SEM images 

of S-AC1 at different magnifications showing the honeycomb-like structure of 

S-AC1. 
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5.2.2.2. Electrochemical Properties6 

To test for potential applications in electrochemical supercapacitors, S-AC1 

was first tested in a three-electrode setup in which the electrode slurry coated onto a 

stainless-steel mesh as a working electrode, Ag/AgCl reference electrode, and a large, 

stainless steel counter electrode. The electrodes were immersed in 1M H2SO4 

electrolyte and cyclic voltammetry (CV) was performed at various scan rates from 5 

to 50 mV/s (Figure 7-23, Appendix A). A high specific capacitance of 197.3 F/g at 

5mV/s rate was achieved, and it retained 66% of its capacitance at a scan rate an 

order of magnitude higher (130.7 F/g at 50 mV/s). Figure 5-10 shows the CV curve 

and cycle life for the symmetrical two-electrode device using 1M H2SO4 aqueous 

electrolyte as well as the high voltage “water in salt” LiTFSI electrolyte. From the ideal 

rectangular area of the curves (Figure 5-10a), it can be seen that the capacitive 

characteristics are able to achieve consistent results, with a specific capacitance of 

about 120 F/g attainable at both 25 mV/s and 50 mV/s. This rectangular shape 

indicates overall lower resistance in the system which can be attributed to the 

mixture of the micro- and mesoporous structure of the material. Finally, the cycle life 

retention of 89.9% after 10,000 cycles (Figure 5-10b), suggests a suitable application 

of this activated asphaltene for supercapacitors.  

 
 

6 The electrochemical tests were conducted by Kimmai Tran from Professor Ajayan’s group at Rice 
University. 
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As a slight expansion in the voltage range can facilitate substantially higher 

energy densities for supercapacitors,128 an aqueous-based high voltage (“water in 

salt”) electrolyte was attempted in this material.129 A calculated specific capacitance 

of 60.68 F/g at 5 mV/s was achieved with a stable voltage window from 10 mV to of 

2.5 V (Figure 5-10c). Figure 5-10d shows the cycling stability of the S-AC1 with water 

in salt. With the initial capacitance of 36 F/g at about 0.4 A/g, the system was able to 

retain 76% of the capacitance after 10,000 cycles. The galvanostatic charge-discharge 

of the capacitor is shown in Appendix A, Figure 7-24 at 0.4 A/g current density and 

an IR drop of about 0.75V. The triangular shape of the curve suggests that the 

structure of the sponge produces low impedance, allowing relative fast charge 

transfer.   

The energy density of the cell was calculated using the equation 

                                                         𝐸 =
1

2
𝐶𝑉2 Equation 5-5 

where C is the capacitance in F/kg, V is the working voltage window in volts, and E is 

the energy density in Ws/kg of the supercapacitor. The obtained energy density is 

converted to Wh/kg by multiplying a factor of 1/3600. The S-AC1 tested with “water 

in salt” shows an energy density of 31.25 Wh/kg. Compared to the symmetrical cell 

in aqueous 1M H2SO4, with a calculated energy density of 9.34 Wh/kg, the “water-in-

salt” electrolyte enables nearly 3.5 times greater energy density despite having a 

lower specific capacitance. The advantage of this system is compounded by the fact 

that it is operable in a much wider voltage range than traditional aqueous electrolytes 

like H2SO4. 
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Figure 5-10 Electrochemical Performance of the sponge-templated activated 

porous carbon (S-AC1). (a) Cyclic voltammogram (CV) of the device in the 

H2SO4 electrolyte, (b) cycle life of the device in H2SO4 electrolyte, (c) CV 

curve of the device in a “water in salt” electrolyte, and (d) cycle life of the 

device “water in salt” electrolyte. 

5.3. Other Applications of Carbon-Based Porous Materials  

It has been known that asphaltene deposition is responsible for wettability 

alterations from water-wet to an oil-wet condition in crude oil reservoirs, which can 

cause a significant decline in reservoir productivity.130–132 This hydrophobic 

characteristic of asphaltenes, which has been causing problems in oil production,  can 
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be utilized in useful applications. One application is the oil-water separation which 

can potentially address the frequent oil spillages and organic contaminations in water 

that have caused severe environmental and ecological crises.133 

5.3.1. Methodology 

The hydrophobicity of asphaltenes was employed in the fabrication of 

hydrophobic but oleophilic highly porous melamine sponges with high liquid 

absorption capacity. As previously mentioned in section 5.2, melamine sponges are a 

type of highly porous and interconnected foam material, which are mostly being used 

as abrasive cleaners due to their high absorption capacity, elasticity, and robust 

physical structure. In this work, commercially available melamine sponges, which can 

absorb both water and oil initially, were dip-coated in asphaltene solutions and 

subsequently dried and heat treated. Figure 5-11 shows the process in detail. In 

summary, melamine sponges were cut into 1.5 cm (each side) cubes and then the 

cubes were rinsed several times with DI water and acetone and finally dried in a 

vacuum oven at 110 oC. Asphaltene solutions with different concentrations were 

prepared, the dried sponges were added to each solution, which was then sealed and 

kept overnight to reach absorption saturation. Next, the asphaltene coated sponges 

were removed from the solutions and dried in the vacuum oven at 110 oC. The weight 

of the sponges was recorded before and after dip coating and the loading, defined as 

weight ratio Wasphaltene/Wsponge ×100%, was determined. Because of strong Van der 

Waals interactions between the asphaltenes and the sponge the asphaltene 

aggregates were physically coated on the sponge skeletons. Furthermore, to ensure 
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that the adhesion of the asphaltene aggregates onto the sponge is strong enough that 

it can sustain the repeated usage through squeezing, the coated sponges were cooked 

under vacuum and 250 oC.  

 

Figure 5-11 Schematic fabrication of asphaltene based melamine sponges. 

5.3.2. Preliminary Results and Discussion 

The treated sponges are highly hydrophobic with a high tendency to absorb 

organic liquids (Figure 5-12 and Figure 5-13). As shown in Figure 5-12, the original 

sponge sank to the bottom of a beaker containing water. On the other hand, the 

asphaltene coated sponge did not sink and when external force was applied to 

immerse it into the water it floated back on top of the water as soon as the pressure 

was released. Figure 5-13 shows a water droplet attained its spherical shape when it 

was placed on top of the coated sponge. In contrast, when n-decane was dropped on 

the modified sponge it got absorbed immediately. The original sponge, however, 
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absorbed both the water and n-decane droplets as soon as they were placed on top of 

the sponge, leaving circular traces on the surface.  

 

Figure 5-12 Photograph of asphaltene based sponge (dark color) and original 

sponge (white color) after being placed on water. 

 

Figure 5-13 Photograph of a water droplet (blue) as quasi-sphere not getting 

absorbed by the asphaltene coated sponge (left-hand side) and n-decane trace 

on the surface of the sponge. The original sponge (on the right-hand side) 

absorbs both water (blue stain) and n-decane (red stain). 
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Therefore, the modified sponges could be used in separation of oil (or any 

other organic-based liquid) and water applications such as the oil spill removal oil. As 

an example, the asphaltene coated sponge was used to absorb and recycle spills of n-

decane (floating on top of the water) and underwater chloroform. As shown in Figure 

5-14a, when a piece of asphaltene coated sponge was held in contact with a layer of 

red-dyed n-decane on water, it entirely absorbed the n-decane in a few seconds, 

leaving behind a clear and transparent water after taking the sponge out, The 

separated n-decane can be recycled by simply squeezing the sponge, forcing the n-

decane to come out. This process could be repeated several times in case of a larger 

spill. Similarly, a spillage of dyed chloroform submerged under the water (Figure 

5-14b) was immediately sucked up by the sponge upon contact.        
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Figure 5-14 The absorption and recycling process of (a) n-decane on top of the 

water and (b) underwater chloroform by using the asphaltene coated sponge.  

Figure 5-15 compares SEM images of the modified and non-modified sponges. 

It can be seen that the smooth skeleton structure of the sponge has been covered with 

asphaltenes.  
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Figure 5-15 The SEM images of the original sponge (right) and asphaltene 

coated sponge (left). 

Moreover, XPS analysis was performed on the original sponge, asphaltene and 

asphaltene coated sponge (see Figure 5-16). The surface chemical composition of the 

asphaltene coated sponge is very similar to the pristine asphaltene sample, which 

again validates the full coverage of sponge skeleton with uniform layers of asphaltene. 

The atomic percent composition of each sample is tabulated in Table 5-4. 

Subsequently, high-resolution C1s spectra of the three samples were acquired. As 

presented in Figure 5-17,     
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Figure 5-16 XPS survey spectra comparing original melamine sponge (red), 

asphaltene (ASP, blue), and asphaltene coated sponge (green). 
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Table 5-4 The surface elemental composition (relative values in atomic 

percent) of original sponge, asphaltene coated sponge, and pristine 

asphaltenes measured by XPS. 

 

 

Figure 5-17 High-resolution C1s XPS spectra of original sponge (red), 

asphaltene (ASP, blue), and asphaltene coated sponge (green). 
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Different concentrations of asphaltenes in toluene were used for the dip-

coating process. As shown in Figure 5-18, the loading, defined as the 

Wasphaltenes/Wsponge×100, increases linearly with increasing solution 

concentration.    

 

Figure 5-18 Asphaltene loading in the sponge as a function asphaltene 

solution concentration. 

Water contact angle measurements were performed to evaluate the 

hydrophobicity of coated sponges and its changes as a function of loading. As 

illustrated in Figure 5-19, water contact angle increases with the loading with no 

significant changes at loadings higher than 5.4%. The sample with 5.4% loading was 

used for the aging (cooking) process to ensure that the asphaltenes would no detach 

away from the sponge as result of repeated use with good asphaltene solvents such 

as toluene.  Finally, the absorption capacity, defined as the  
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Wabsorbed-liquid/Wsponge was used to measure how much organic solvents were 

captured by the asphaltene-coated sponge.  

 

Figure 5-19 Water contact angle on the sponge as a function of asphaltene 

loading. 

In a typical absorption capacity measurement, the sponge was placed inside a 

beaker filled with an organic solvent and kept for 30 minutes to reach absorption 

saturation. Then, the weight of the sponge before and after soaking was measured 

immediate to avoid evaporation of the solvents. Figure 5-20 shows the absorption 

capacity of the sponge with 5.4% of asphaltene loading for ethanol, hexane, and 

toluene.  
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Figure 5-20 Absorption capacity of asphaltene-coated sponge for organic 

solvents. 

5.4. Chapter Summary  

In the first section of this study, layered, nitrogen-doped porous carbon was 

prepared by a simple method utilizing petroleum asphaltene as the precursor. The 

functionalization of asphaltene was carried out at different temperatures and by 

varying the duration of NH3 treatment. The most important feature of the derived N-

GNS is embedding them with a significant percentage of nitrogen and oxygen 

heteroatoms which are arranged in different positions on the carbon framework. XPS 

analysis of N-GNS confirms the existence of oxygen and nitrogen atoms with the 

possibility of the presence of a higher amount of pyridinic nitrogen sites. The 
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presence of pyridinic and graphitic nitrogen atoms, with surface defects, helps in 

charge delocalization and migration of electrons. Furthermore, the microscopic 

analysis of the surface of the activated carbons shows a significant amount of fracture, 

cracks and irregular distribution of pores while the N-GNS sample resulted in the 

formation of uniformly layered structures. The high-resolution TEM image of N-GNS 

displayed the presence of graphene nanosheets with significant edge planes. 

Importantly, BET analysis of the N-GNS sample reveals the presence of ultra and 

super micropore with an average pore width of ~0.4 nm. The presence of an even 

distribution of fine pores, microlayers, and heteroatoms on the surface of the 

functionalized carbon is found to significantly improve the electrical conductivity and 

catalytic activity of the material. On consideration of the sustainable nature of the 

derived carbon materials, growth is anticipated in the application of this material to 

design and develop various other functional catalysts for a wide range of applications.  

In the second part of this work, asphaltenes extracted from crude oil were 

used to successfully produce highly porous activated carbon by a novel method. In 

this improved process, the emulsion of KOH in water and asphaltene in toluene were 

enhanced by the added framework of commercial melamine sponges, allowing 

greater surface interaction during the activation process. The results produced a high 

surface area and porous carbon network that could be translated into an ideal 

electrode material for supercapacitors. In both standard aqueous electrolytes (H2SO4) 

as well as with high voltage “water-in-salt” electrolytes, greater stability and high 

energy density of 31 Wh/kg were achieved. The results of the study indicate that this 

technique involving the sponge template not only allowed a greater yield of 
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asphaltene-derived activated porous carbon output as compared to the conventional 

activation method but also created a mixture of a microporous and mesoporous 

network which demonstrated favorable properties for supercapacitor applications. 

Such a process can be scaled up for industrial application where two sides are served: 

an alleviation of asphaltene deposition in the crude oil pipelines as well as a new 

useful device for what would otherwise be a waste. 

In the last section of this chapter, asphaltenes were used to successfully 

modify commercially available melamine sponges with high absorption capacity. 

Through the modifying process, the surface of the sponges was coated by asphaltene, 

switching the sponge wettability from hydrophilic to superhydrophobic while 

maintaining its oleophilic property. making them hydrophobic but oleophilic. These 

asphaltene coated sponges showed excellent absorption selectivity towards organic 

liquids, while repelled water completely. XPS and SEM studies were carried out to 

confirm the presence of a uniform asphaltene layer on the sponge skeleton. The 

lightweight and environment-friendly asphaltene coated sponge can absorb a wide 

range of organic liquids with high selectivity, good recyclability making them a 

promising candidate for large scale removal of oil spills or organic contaminants from 

water. 
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Chapter 6 

Conclusions and Recommendations 

6.1. Conclusions and lessons learned 

This dissertation provided new insights regarding the asphaltene deposition 

problem and introduced new experimental tools for a better understanding, 

prediction, and evaluation of asphaltene issues in the field. Furthermore, in this work, 

a new vision towards asphaltene was stated in which asphaltene is considered a 

potentially valuable and profitable byproduct of crude oil, with multiple applications 

in different areas of science, rather than a nuisance in the petrochemical industry. In 

this view, the multiple characteristics and interesting properties of asphaltenes with 

a potential market would justify the efforts and expenses to separate asphaltenes 

from crude oil during the production. This added separation step not only does solve 

its deposition problem but also facilitates its introduction to the sales market. 
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In chapter 1, four main objectives that have motivated this research were 

identified. These objectives have been successfully accomplished and a summary of 

major findings fulfilling the objectives are provided below:  

1. Development of a better understanding of the inherent physical and chemical 

properties of asphaltenes. 

In chapter 2, the asphaltene deposition nuisance currently faced by different 

crude oil industry sectors including upstream, midstream and downstream 

operations was introduced. Wettability alteration, permeability reduction in rock 

reservoirs, deposition in the wellbores, storage tanks, transportation pipelines, and 

fouling in heat exchangers are examples of flow assurance issues that asphaltenes 

cause in the oil industry. To add to the complexity of this problem, asphaltenes do not 

have a well-defined molecular structure. Crude oils from different regions will 

produce different asphaltenes. Additionally, asphaltenes within the same region but 

taken from different wells or from the same well but sampled at different times will 

be dissimilar. Asphaltenes are a polydisperse mixture of the heaviest and most 

polarizable fraction of crude oil. Therefore, even within a fraction of asphaltenes, 

different subfractions are present that have unique properties. Clearly, this 

complication causes significant difficulties and challenges in the studies and 

investigations of this complex material. However, for simplicity, and within the 

scientific community, asphaltenes are defined in terms of their solubility; asphaltenes 

are soluble in aromatic solvents such as benzene or toluene, but insoluble in light 
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paraffinic solvents such as n-pentane or n-heptane.20 In chapter 2, a detailed 

discussion on the molecular structure, elemental composition, physical and chemical 

properties of asphaltenes was provided. We learned that asphaltenes, in general, are 

not just pure hydrocarbons, as they often possess different heteroatoms, such as 

oxygen, nitrogen, sulfur, and traces of metals like vanadium and nickel in their 

molecular structure. To study the elemental composition and investigate the different 

functional groups present within the asphaltene structure several methods such as 

combustion elemental analyzer, XPS, and ICP-MS were introduced. Elemental analysis 

showed that within the SARA fractions of crude oils the asphaltene fraction has the 

highest concentration of heteroatoms and metals in its structure. Moreover, the 

heavier asphaltenes sub-fractions have a larger core of aromatic rings, more 

heteroatoms, and less alkyl side chains, which makes them less soluble in typical 

aromatic solvents such as toluene. Furthermore, XPS results revealed that each 

heteroatom is associated with several functional groups such as ethers, carbonyls, 

sulfonyl, thiophenic, pyridinic, and pyrrolic in the asphaltene structure. Additionally, 

the thermostability of asphaltene sub-fractions was investigated using 

thermogravimetric analysis and under two different oxidative (air) and inert (argon) 

conditions. It was found that the heavier asphaltene fraction was more thermally 

stable as its thermal decomposition did not start at temperatures below 400 oC. It also 

left higher coke residue once the pyrolysis reaction was complete.  The TGA results 

validated that the heavier asphaltene sub-fraction contain less relatively weak 

bonded alky side chains in their molecular structure than the lighter sub-fractions. 
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Ultimately, these findings can help to have a better understanding of the asphaltene 

inherent properties. These unique and interesting physical and chemical 

characteristics can be exploited in the utilization of this problematic but high 

potential material in several useful applications. 

2. Development of improved experimental tools to investigate the kinetics of 

asphaltene precipitation, aggregation, and deposition.  

In chapter 3, a comprehensive series of experimental and modeling tools were 

presented to have a better understanding of the magnitude and scale of the 

asphaltene deposition problem. As a part of this comprehensive work, a novel NIR 

spectroscopy method was developed to investigate the rate of asphaltene 

precipitation and aggregation. The effect of different variables such as temperature, 

the driving force towards precipitation, and the addition of commercial chemical 

dispersant was evaluated. Unlike currently available techniques, this new method is 

fast and simple; it requires less than 2 ml of sample for each measurement, also high-

temperature experiments can be performed in this new system as well. The high-

temperature test showed that asphaltenes are more stable, due to their higher 

solubility, compared to ambient conditions, however, the rate of precipitation and 

aggregation is increased at higher temperatures. Furthermore, by varying the 

precipitant to oil ratio different experiments were conducted to investigate the effect 

of driving force towards precipitation. A greater driving force results in faster 

precipitation and aggregation kinetics, it also generates more precipitated asphaltene 



 
177 

 

amount at the equilibrium. The amount of precipitated asphaltene can be easily 

estimated by using a newly developed method called “Absorbance Ratio”, in which 

the light transmittance values from the spectroscopy experiments are readily 

translated into precipitated asphaltene amounts. These simple and quick lab-scale 

experiments facilitate in establishing modeling tools to scale the asphaltene 

precipitation and aggregation parameters to real filed high-pressure and high-

temperature conditions. Overall, these series of newly developed experimental tools 

not only enhance our understanding of asphaltene phase behavior but also provide a 

platform to forecast and anticipate the asphaltene deposition by incorporating and 

developing asphaltene deposition simulators. Ultimately, the development of 

advanced simulation tools enables the oil industry to predict asphaltene deposition 

under realistic production conditions; therefore, necessary design plans and 

considerations can be put in place to prevent, mitigate, and remediate asphaltene 

deposition.        

3. Transformation of asphaltenes to carbon-based nanoparticles and highly porous, 

surface-active materials 

One proposed solution to the asphaltene deposition faced both in upstream 

and downstream operations is to separate the asphaltenes from crude oil. 

Furthermore, the separated asphaltenes that have no current value can be used as 

they are or transformed into useful products with novel and beneficial applications.  

As a part of fulfilling the objectives of this work and identifying the potential benefits 
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and applications of asphaltenes, efforts were made to produce carbon-based 

nanoparticles from asphaltenes, furthermore, asphaltenes were transformed into 

highly porous and surface-active nanomaterials with applications in the area of 

catalysis and energy storage. In the following paragraphs, the major takeaways of 

each study are summarized. 

For the production of carbon-based nanoparticles from asphaltenes, two 

methods of spray drying, and chemical oxidation were employed. Asphaltene 

molecules are relatively large and heavy therefore, they have a high tendency to 

aggregate to each other due to their relatively strong intermolecular Van der Waals 

forces. Our approach was to dissolve asphaltene aggregates in good asphaltene 

solvents such as toluene or DCM and then spray this solution on a hot surface. As soon 

as the sprayed mist gets in contact with the hot substrate, the solvent evaporates 

quickly, leaving behind asphaltene-derived carbon nanoparticles. Moreover, the size 

and morphology of the particles were verified using the SEM.  This spray drying 

method is inexpensive, simple, more efficient and relatively less time consuming with 

respect to other methods such as chemical vapor deposition (CVD) and heat 

treatment method proposed by Wang et al.86 and Danumah et al.88 respectively. 

Different variables can affect the size and morphology of the produced particles. The 

effect of concentration of the sprayed solution, solvent, substrate and temperature of 

the substrates were studied. Finally, asphaltene nanoparticles as small as 20 nm in 

diameter have been achieved. 
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Furthermore, by using a combination of acidic and heat treatment on organic 

asphaltenes, an aqueous solution of asphaltene-derived nanoparticles, which were 

not soluble in water initially, were produced. The synthesized nanoparticles were 

analyzed using PL spectroscopy, XPS, FTIR, and elemental analyzer. The FTIR and XPS 

analysis validated the presence of carboxylic functional groups which had been 

formed due to chemical oxidation reaction with the strong nitric acid. These 

carboxylic acid functional groups located at the edge of the nanoparticles chemical 

structure are most likely responsible for their easy dispersion in solvents capable of 

forming hydrogen bonding such as water, alcohols, and even acetone to some extent.   

The nanoparticles possessed a bright blue fluorescence under UV light. Based on the 

PL spectroscopy results, the strongest fluorescence was observed when the particles 

were excited at 410 nm followed by emission with the maximum intensity at 507 nm. 

The PL characteristic of the nanoparticles showed to be dependent on the excitation 

wavelength, a characteristic feature of typical GQDs reported in the literature. The 

nanoparticles exhibited a wide range of PL peak from 460 nm to 530 nm when they 

were subject to excitations at wavelengths ranging from 300 nm to 450 nm. This 

behavior further validated the presence of carbon dots within the sample. Finally, the 

PL property of the particles was tested in an aqueous solution having a wide range of 

pHs from acidic to basic. The nanoparticles showed good stability and maintained 

their PL property in acidic, neutral and basic solutions. However, the fluorescence 

light intensity of particles dropped as the pH was increased. This type of behavior can 

be used in developing nanoparticles with pH sensing capabilities. Overall, in chapter 
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3 it was shown that cost-effective methods can be employed in the production of 

highly valuable carbon-based nanoparticles from a very low-cost and abundant 

source like asphaltenes. These applications can entirely transform a problematic 

material in the oil industry into a valuable product with a high market value.   

The design of new and improved catalysts is an exciting field and are being 

constantly improved for development of economical, highly efficient material and as 

well for possible replacement of platinum (Pt) based catalysts. In this, carbon-based 

materials play a pivotal role due to their easy availability and environmental 

friendliness. In chapter 5, we reported a simple technique to synthesize layered, 

nitrogen-doped, porous carbon, and activated carbons from an abundant petroleum 

asphaltene. The derived nitrogen-doped carbons were found to possess graphene-

like nanosheet (N-GNS) texture with a significant percentage of nitrogen embedded 

into the porous carbon skeleton. On the other hand, the activated porous carbon (A-

PAC) displayed surface area (SA) of 2824 m2/g, which is significantly higher when 

compared to the nitrogen-doped carbons (SA of ~243 m2/g). However, the non-

activated N-GNS were considered as an attractive candidate due to their high 

electrochemical active surface area (ECSA), presence of a mixture of porous 

structures, uniform layers and effective doping of nitrogen atoms within the carbon 

matrix. Importantly, the hydrogen evolution reaction (HER) activity of the derived N-

GNS sample illustrated significant catalytic performance when compared to other 

non-functionalized carbons. Our current findings demonstrate the possibility of 
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converting the asphaltene wastes into a high value functionalized porous carbons for 

catalytic applications. 

Supercapacitors require the use of electrode materials exhibiting high surface 

area, thermal and environmental stability, low cost and good conductivity. 

Asphaltene, an undesired and problematic fraction of crude oil production, is one 

such cost-effective material that when activated, can provide desirable properties 

which allow the transformation of waste into energy in the form of supercapacitors. 

In this work, a new and simple method to chemically activate asphaltene was 

designed using commercially available melamine sponges as a template to form an 

interconnected porous carbon network. A surface area as high as 3868 m2/g was 

achieved, with electrochemical performance in a standard aqueous electrolyte 

reaching specific capacitances as high as 197.3 F/g. After testing the device for 10,000 

cycles, 89.9% of its capacitance was retained, indicating good stability for a 

supercapacitor. Additionally, applications in a “water-in-salt” electrolyte showed 

functionality as higher voltage supercapacitors up to 2.5 V, with an energy density up 

to 31Wh/kg.  

Finally, the hydrophobicity of asphaltenes was utilized in modifying 

commercially available melamine sponges to transform them into hydrophobic and 

oleophilic absorbent materials. A simple method of dip coating into asphaltenes 

solution followed by heat treatment in a vacuum oven at 250 oC was used in this work. 

The asphaltene coated sponges showed excellent selectivity towards organic liquids 
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and repelled water when they came into contact with the liquids. XPS and SEM 

analysis were carried out to confirm the successful modification of sponge with a 

uniform layer of asphaltenes coated on its skeleton. These sponges showed high 

absorption capacity, for instances they can absorb ethanol up to 73 times of their own 

weight. Moreover, sponges’ robust and flexible structure would enable them to be 

used multiple times.  In conclusion, the asphaltene coated sponges due to their 

impressive selectivity, high absorption capacity and good recyclability can be 

promising candidates for large scale removal of oil spills and other organic liquids 

from water. 

Overall, the results presented in this dissertation suggest that what is 

currently considered an undesirable fraction of the crude oil, which has a tendency to 

deposit in wellbores, pipelines, and downstream facilities can be repurposed into a 

desirable material with remarkable properties for nanoparticles fabrication, 

electrocatalysis, energy storage, and oil spill removal.  

6.2. Recommendations 

There have been many studies on the development of asphaltene inhibitors in 

the form of chemical dispersants with the goal of dispersing asphaltenes, preventing 

them from forming larger aggregates. However, several deposition tests have shown 

that, in some cases, the addition of dispersant actually makes the deposition problem 

worse. Since the asphaltene aggregation and deposition are two competing 
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phenomena, by slowing down the rate of aggregation, the asphaltene nanoaggregates 

would have a higher chance to diffuse to the boundary layer and deposit on the 

surface, making the asphaltene deposition worse. Thus, more investments should be 

made on developing surface-active materials with the objective of adsorbing and 

flocculating asphaltenes. This new vision not only can target the asphaltene 

deposition problem in the upstream operations but also can address the separation 

and utilization of asphaltenes. One potential candidate of this surface-active material 

could be the asphaltene itself. Preliminary results from the packed-bed column 

asphaltene deposition experiments show that heat-treated (aged) asphaltenes can 

slightly reduce the asphaltene deposition. More investment and efforts are required 

to develop the perfect asphaltene inhibitor, one that can adsorb asphaltenes on its 

surface, and can be separated and recycled.  

Furthermore, the electrochemical performance of asphaltene-derived 

activated carbons (discussed in sections 5.1 and 5.2) can be improved by the addition 

of transition metals such as nickel and cobalt to the carbon structure. The same 

methodology, described in section 5.2.1.3, can be applied again. In this proposed 

method, the melamine sponge is used as the template to increase the interaction 

between asphaltenes, KOH, and nickel (II) nitrate during thermal treatment. This 

method was tested in the laboratory, which resulted in nickel doped porous carbon 

with around 6 percent of atomic nickel present in the sample in the form of nickel 

carbide and nickel oxide. XRD results (Figure 6-1) showed that the concentration of 
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nickel oxides increased when the final sample was heat-treated further in the furnace 

at 375 oC under airflow.  

 

Figure 6-1 XRD results of nickel doped porous carbon from asphaltenes before 

(blue) and after (red) additional heat treatment at 375 oC under airflow.  

The preliminary results showed that this nickel doped porous carbon achieved 

a pseudocapacitance of 239.66 F/g at 1mV/s scan rate when used in a three-electrode 

setup (Figure 6-2). These results look promising, but more tests will need to be done 

to fully investigate the potential use of transient metal-doped porous carbons from 

asphaltenes for energy storage applications.  
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Figure 6-2 Electrochemical Performance, cyclic voltammogram, of the heat-

treated nickel-doped porous carbon from asphaltenes when tested in a three-

electrode setup.7 

Moreover, the high interaction between carbon nanotubes (CNT) and their 

bundling makes the dispersion stability of CNTs a major challenge, especially in CNT 

fiber applications.  Asphaltene nanoaggregates have shown promising performance 

 
 

7 The electrochemical tests were conducted by Devashish Salpekar from Professor Ajayan’s group at 
Rice University. 
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in the stability of CNT dispersion in toluene. Different variables such as the type and 

concentration of asphaltene and sonication time have been investigated by using UV-

Vis spectroscopy. Preliminary kinetics experiments show that even after three days 

more than 75% of CNTs remain completely dispersed in the asphaltene solution. A 

more comprehensive investigation of the chemical interaction between asphaltenes 

and CNTs and their stability increase due to this interaction should be made. 

The potential application of using asphaltenes in fabricating mm-wave heat 

exchangers has been investigated. In this regard, asphaltene and CNT composites 

were made by spray coating a mixture that contains dispersed CNT and asphaltene 

particles in toluene on a quartz substrate. Then, the composites were subjected to 

dielectric measurements and radiation experiments. The preliminary results show 

that the inclusion of asphaltene fraction in the composite improves the performance 

of the device by three times. In other words, the composite fabricated by 

asphaltene/CNT mixture reached a much higher temperature (800 oC) in a shorter 

time (30 seconds). More experimental work on this study can be carried out to further 

improve and optimize the performance of the asphaltene/CNT composite as mm-

wave heat exchangers.  

As it was discussed in section 2.2.3, when asphaltenes go under 

decomposition, as a result of high temperatures, during the pyrolysis reactions, 

aliphatic side chains which have a weaker covalent bond compared to the core of 

aromatics rings are cut off. At the end of this process, a highly aromatic char residue 
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is left. Therefore, the weight fraction of this char residue of asphaltenes from the TGA 

experiments can be used to easily calculate the aromaticity factor, an important 

parameter for the development of asphaltene thermodynamic phase behavior 

models. Preliminary results show that there is, in fact, a trend between the factor 

calculated by the TGA and the number acquired from the CHNS elemental analyzer. 

More tests should be carried out to validate this hypothesis.  
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Chapter 7 

Appendix A 

Table 7-1 Crude oil 1 and crude oil 2 properties at 1 atm and 20 oC 

Property Crude oil 1 Crude oil 2 

Density (g/cm3) 0.885 0.884 

Water Content (wt%) 0.03 0.07 

Viscosity (cP) 22 56 

Molecular Weight (g/mol) 245 273 

Saturates (wt%) 57.4 57.2 

Aromatics (wt%) 23.6 19.2 

Resins (wt%) 14.1 9.5 

n-C5 Asphaltenes (wt%) 4.9 14.1 
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Table 7-2 XPS elemental composition of pristine asphaltene from a different 

source of crude oil (ASP2) and its sponge-templated activated porous carbon 

counterpart (S-AC2). 

 

Table 7-3 The effect of temperature on the physical properties of sponge-

templated activated porous carbon from a different source of crude oil (S-

AC2), and a comparison with the control activated carbon counterpart (AC2) 

including Brunauer-Emmett-Teller (BET) specific surface area, total pore 

volume, and average pore size. 

 

 

 

Samples 
C1s 
(%) 

O1s 
(%) 

N1s 
(%) 

S2p 
(%) 

C1s 

C-C/C=C 
(%) 

C-O 
(%) 

C=O 
(%) 

O=C-O 
(%) 

π-π* 
(%) 

ASP2 93.0 3.0 1.1 2.9 81.5 17.4 1.1 - - 

S-AC2 94.3 5.7 -  67.7 15.0 8.9 5.1 3.3 

Samples SBET (m2/g) Vtotal (cm3/g) Dpore (nm) 

S-AC2-700 718 0.47 2.62 

S-AC2-800 2119 1.18 2.23 

S-AC2-900 3940 2.38 2.41 

AC2-900 2466 1.65 2.67 
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Table 7-4 Elemental compositions of asphaltene (ASP2), activated porous 

carbon (A-PAC), and nitrogen-doped graphene-like nanosheets (3h-N-GNS) 

derived from asphaltene as analyzed by XPS and CHNS elemental analyzer. 

 

 

The percentage of nitrogen in the 3h N-GNS is significantly higher compared 

to the other materials. The presence of nitrogen and oxygen atoms acts as defects and 

dopant, and thereby help in significant improvement of the catalytic activity.   

Table 7-5 Calculated values of equivalent circuit elements for A-PAC and 3h-N-

GNS samples. 

Sample Rs  

[Ω] 
Rct 

[Ω] 
Q 

 [F.s (α-1).cm-2] 
α C  

[F] 
χ 2 

A-PAC 69.23 49,5138 7.37 e-6 0.779 3.77 x 10-9 0.039 
 

3h-N-GNS 67.46 10959 10.14 e-6 0.605 1.014 x 10-6 0.007 
 

 

Type of 
Material 

Analysis C % O % N % H % S % 

ASP2 
XPS (At.%) 93.2 3 1 - 2.9 

CHNS (wt.%) 78.83 - 0.87 7.83 7.28 

A-PAC 
XPS (At.%) 94.2 5.8 - - - 

CHNS (wt.%) 90.77 - 0.30 0.17 0.72 

3h-N-GNS 
XPS (At.%) 83.5 5.0 6.2 - 0.8 

CHNS (wt.%) 85.49 - 3.36 0.89 2.47 
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Table 7-6 Summary of XPS, Raman, and LSV results of N-GNS samples. 

Catalyst Pyridinic  
Nitrogen

(N1) 
% 

Pyrolytic 
Nitrogen

(N2) 
% 

Quaternary 
Nitrogen 

(N3) 
% 

N1+N2 
% 

IG/ID Overpotential @ 
10 mA.cm-2 

mV 

1h-N-GNS 45.68 43.9 14.6 89.58 1.00 -820  

3h-N-GNS 51.9 39.46 8.64 91.39 0.94 -745  

5h-N-GNS 44.2 37.6 18.2 81.8 1.02 -1190  

 

Table 7-7 HER activity of the 3h-N-GNS samples compared with reported 

carbon-based non-noble catalysts. 

S. No Catalyst Material Tafel Slope (mV.dec-1) pH Reference 

1 NiMo 122 14.8 [1] 

2 CoS2 148 1 [2] 

3 MoS2 94 1 [3] 

4 Cu95Ti5 110 13 [4] 

5 Mo2C 91 1 [5] 

6 CoOx–CNT-CC 120 14 [6] 

7 Ru–TA/ACC 33 14 [7] 

8 3h-N-GNS 115 13 Current work 
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Figure 7-1 Results of the indirect method for the C2 oil diluted with n-C5 and 

aged for one day at ambient conditions. The estimated asphaltene 

precipitation onset is 31 vol%. The ASD value is 0.62%.  
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Figure 7-2 Results of the indirect method for the C2 oil diluted with n-C7 and 

aged for one day at ambient conditions. The estimated asphaltene 

precipitation onset is 34 vol%. The ASD value is 1.48%.  
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Figure 7-3 Results of the precipitated asphaltene amount calculated by two 

methods; the absorbance ratio method compared to the calibration curve 

method for n-C5 and n-C7.  



 
212 

 

 

Figure 7-4 Calibration curve results of n-C5 and n-C7 asphaltenes of crude oil 

C2. 
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Figure 7-5 Results of the precipitated asphaltene amount of crude oil C2 at 90 

vol% of added precipitant at 20 oC, a comparison between before (left) and 

after (right) maltenes correction in the calculations based on the absorbance 

ratio method. 
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Figure 7-6 Results of the precipitated asphaltene amount of crude oil C2 at 90 

vol% of added precipitant at 70 oC, a comparison between before (left) and 

after (right) maltenes correction in the calculations based on the absorbance 

ratio method. 
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Figure 7-7 Inlet pressure profile of the HPLC pump for the deposition 

experiment #2. The deposition lag time (onset of deposition) occurs at 215 

min. 
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Figure 7-8 Inlet pressure profile of the HPLC pump for the deposition 

experiment #3. Pump reaches the maximum predefined safety pressure after 

210 min. The deposition lag time (onset of deposition) occurs at 117 min. 
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Figure 7-9 Thermogravimetric analysis of the pristine asphaltene (ASP2). 



 
218 

 

 

Figure 7-10 (a) XRD analysis of asphaltene (ASP2) and activated asphaltene 

(A-APC) and (b) Raman analysis of asphaltene (ASP2), activated asphaltene 

(A-APC) and 3h-N-GNS samples. 

XRD analysis of the pristine asphaltene (ASP2) shows highly amorphous 

characteristics whereas, the (A-PAC) samples show weak crystalline peaks around 

2θ=35° and a broader peak ~2θ=43°. The Raman peaks observed at 1380 and 1595 

cm-1 corresponding to (A-PAC) samples match with the 3h-N-GNS sample. However, 

the pristine asphaltene sample displayed a weaker D band at 1380 cm-1 showing 

absence of graphitic lattice in the sample. 
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Figure 7-11 XPS spectrum of pristine asphaltene with a high-resolution scan 

(a) carbon C(1s) (b) nitrogen N(1s) (c) oxygen O(1s) and (d) Sulphur S(1s) 

core level peaks. The peaks are deconvoluted into component curves. 

XPS analysis of pristine asphaltene is shown in Figure 7-11 which displays 

carbon (93.2%), nitrogen (1%), oxygen (3%) and sulfur (2.9%). The deconvoluted 

C1s spectra (Figure 7-11a) shows two peaks at a binding energy of 284.8 and 285.8 

eV which corresponds to C-C/C=C bonds present in aromatic rings of sp2 graphitic 



 
220 

 

carbon and presence of functional groups such as C=O/C-O-C/C-O. The N(1s) spectra 

(Figure 7-11b) shows the presence of insignificant percentage of nitrogen in the 

pristine asphaltene. 

 

Figure 7-12 Possible arrangement of nitrogen atoms in the derived N-GNS. 
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Figure 7-13 SEM images of pristine asphaltene (ASP2) at different 

magnifications. 

Figure 7-13 shows the SEM images of the pristine asphaltene. As seen through 

SEM, the ASP2 powders are found to be highly aggregated particles and amorphous. 

Also, the surface morphology observation of asphaltene shows a significant difference 

in morphology when compared to the A-PAC and 3h-NGNS samples. 
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Figure 7-14 Higher magnification TEM image of the 3h-N-GNS sample 

Figure 7-14 displays the higher magnification TEM observation of the 3h-N-

GNS samples. The sample show significant crystallinity and the presence of interlayer 

distance of ~0.37 nm matching with the XRD results. 
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Figure 7-15 Potentiodynamic polarization measurements of GC and 3h-N-GNS 

in 0.1 M NaOH (ʋ = 0.1 mV.s-1). 

Based on the assumption that the material is electrochemically inert at lower 

potentials, polarization measurements were performed between ± 20 𝑚𝑉 around 

the open circuit potential. The observed current density is due to the surface 

capacitance, and it is viewed as an indirect measurement of the electrochemical active 

surface area and their porosity. As seen in Figure 7-15, high current density (surface 

capacitance) is observed for 3h-N-GNS and it exhibits electrochemical porosity of 

about 4.5%. 
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Figure 7-16 (a) Linear Sweep Voltammogram (LSV) of A-PAC prepared at 

different temperatures, and (b) at different durations of NH3 gas treatment for 

N-GNS sample. 

From Figure 7-16a, it can be seen that activation of asphaltene at 900°C shows 

lower overpotential (~650 mV vs RHE) towards HER activity when compared to 

700°C (~1500 mV vs RHE) and 800°C (~1000 mV vs RHE). Hence, heating and doping 

of nitrogen are carried out at 900°C and by passing NH3 gas for 1, 3 and 5h. Their 

corresponding LSV is shown in Figure 7-16b and represented as 1h-N-GNS, 3h-N-

GNS, and 5h-N-GNS respectively. 3h-N-GNS shows better catalytic activity (Ƞ ~403 

mV) than 1h-N-GNS (Ƞ ~570 mV), and 5h-N-GNS (Ƞ ~970 mV) and also A-PAC. Hence, 

we optimized 900°C and 3h NH3 gas treatment as the optimal condition for the 

preparation of the efficient catalyst. 
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Figure 7-17 Steady-state polarization curve of platinum. 

Figure 7-17 shows the benchmark platinum which displays low Tafel slope of 

33 mV.dec-1 and a high exchange current density of 2.77 mA.cm-2. 



 
226 

 

 

Figure 7-18 (a) Deconvoluted N1s XPS and (b) Raman spectra of 1, 3, and 5h-N-

GNS. 

The ratio of different N species (Figure 7-18a), ID/IG intensity ratio (Figure 

7-18b) of N-GNS samples and their catalytic performance (Figure 7-16b) are 

tabulated in Table S4. As seen, the high content of extrinsic defects (pyridinic and 

pyrrolic nitrogen) is observed in 3h-N-GNS with high ID/ IG ratio, which favors the 

catalytic activity. 
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Figure 7-19 SEM image of untreated porous melamine sponge. 
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Figure 7-20 (a) X-ray diffraction spectra and (b) Raman spectra of the second 

batch of asphaltene (ASP2, blue curves) and the second batch of sponge-

templated asphaltene-derived activated porous carbon (S-AC2, red curves). 
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Figure 7-21 XPS description of ASP2 vs. S-AC2; (a) survey scan and (b) high-

resolution C1s peak and its deconvolution. 
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Figure 7-22 (a) N2 adsorption and desorption isotherms and (b) pore size 

distribution of S-AC2 and AC2 (c) the effect of activation temperature on the 

N2 adsorption and desorption isotherms and (d) pore size distribution of S-

AC2. 
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Figure 7-23 CV curve of the 3-electrode system using 1M H2SO4 electrolyte and 

subjected to the different voltage rates, with an Ag/AgCl reference electrode 

and large-area stainless steel mesh counter electrode. 

 

Figure 7-24 Galvanostatic charge-discharge of the “water in salt” electrolyte 

with sponge templated asphaltene derived activated porous carbon (S-AC1) at 

0.4 A/g 
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