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ABSTRACT 

Experimental study of the effect of commercial dispersants on the 

precipitation, aggregation and deposition of asphaltenes 

by 

Ariana A. Melendez Alvarez 

Asphaltene precipitation and subsequent deposition is a potential flow 

assurance problem for the oil industry nowadays. Moreover, because oil production 

is moving to more difficult production environments – e.g. deeper waters – or is 

focusing on extracting residual oil using enhanced oil recovery techniques, the 

significant changes of pressure, temperature and/or composition can aggravate 

asphaltene deposition problems. One of the most common strategies to prevent or 

at least reduce asphaltene deposition is the utilization of chemical additives. 

However, there are still several unresolved challenges associated with the 

utilization of these chemicals: First, the experimental conditions and results 

obtained in the lab are not always consistent with field observations. Also, in some 

cases these chemical additives seem to worsen the deposition problem in the field. 

Therefore, there is a clear need to revisit the commercial techniques used to test the 

performance of asphaltene inhibitors and to provide a better interpretation of the 

results obtained.  

 In this work, a technique based on NIR spectroscopy is presented to evaluate 

the performance of three commercial asphaltene dispersants. The results are also 



 
 

validated using a digital optical microscope. This technique is faster and more 

reproducible compared to available methods such as Asphaltene Dispersion Test 

(ADT) and Solid Detection System (SDS). Also, unlike the ADT test, the proposed 

method can evaluate the performance of the dispersants in a wide range of 

temperatures and compositions. The chemical additive dosage, aging time and 

temperature effect on asphaltene aggregation process are also discussed in this 

manuscript.  

A new system to study asphaltene deposition on metal surfaces that offers 

advantages over capillary systems was developed. This new apparatus is based on a 

column packed with carbon steel spheres. The current version of this device 

operates at ambient pressure and has potential for the fabrication of a high-

pressure system in the near future. 

The work presented in this dissertation will contribute to a better 

understanding of the variables that affect the performance of asphaltene 

dispersants, and the true effect these chemicals have on the complex multi-step 

mechanism of asphaltene precipitation, aggregation and deposition. 
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Chapter 1 

Introduction 

1.1. Thesis motivation 

One of the most common strategies to prevent or at least reduce asphaltene 

deposition is the utilization of chemical additives. However, there are still several 

unresolved challenges associated with the utilization of these chemicals: First, the 

experimental conditions and results obtained in the lab are not always consistent 

with field observations. Also, in some cases these chemical additives seem to worsen 

the deposition problem in the field. Therefore, there is a clear need to revisit the 

commercial techniques used to test the performance of asphaltene inhibitors and to 

provide a better interpretation of the results obtained. 

The aim of this study is to contribute to the understanding of the effect of 

commercial inhibitors on the precipitation, aggregation and deposition of 

asphaltenes. Also, since the ultimate goal of using these chemicals is to reduce the 
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amount of asphaltene deposit obtained in production tubing, it is greatly desirable 

to study the performance of these chemicals to reduce actual deposition. 

The screening of inhibitors using ADT is not a good tool to select asphaltene 

deposition inhibitors. The so-called “good inhibitors-dispersants” have the potential 

to increase asphaltene deposition rate. Thus, one of the motivations of this work is 

the development of a new system to study asphaltene deposition. 

The ability to identify appropriate chemical inhibitors to prevent asphaltene 

deposition is crucial in the flow assurance effort. The cost associated with 

asphaltene deposition prevention and remediation is in the order of millions of 

dollars per year. Thus, the adequate selection of chemical treatments designed to 

prevent asphaltene deposition can save the expense of injecting chemical inhibitors 

or dispersants when not required or when they do not represent the best option for 

a particular well.   

1.2. Objectives 

Three main objectives have driven the work presented in this dissertation: 

1. Revisit the commercial techniques used to test the performance of asphaltene 

inhibitors.  

2. Study the effect of commercial asphaltene inhibitors on asphaltene 

precipitation, aggregation and deposition phenomena.  
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3. Develop a new methodology to study asphaltene deposition and test the 

performance of commercial asphaltene inhibitors.  

1.3. Thesis structure 

In this work, an overview of the effect of asphaltene commercial inhibitors on 

asphaltene precipitation, aggregation and deposition is provided. A brief 

background on asphaltenes and its impact in oil production is presented.  

Chapter 2 presents a review of asphaltenes. The definition of asphaltenes, 

characterization, and their impact in oil production, asphaltene deposition 

mechanism and types of asphaltene deposition control are discussed. 

Chapter 3 presents an overview of asphaltene commercial inhibitors 

techniques of evaluation and asphaltene deposition experimental determination 

techniques that are available. 

Chapter 4 presents two techniques based on NIR spectroscopy to evaluate 

the performance of three commercial chemical inhibitors and their effect on 

asphaltene precipitation and aggregation. Commercial chemical inhibitors dosage, 

aging time and temperature effect on asphaltene aggregation process are presented.  

In addition, a new system to evaluate asphaltene deposition on metallic surfaces and 

the effect of commercial chemical inhibitors on asphaltene deposition are presented.  

In Chapter 5 conclusions and recommendations for future work are 

presented.  
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Chapter 2 

Asphaltenes in crude oil systems 

2.1. Oil Characterization  

Crude oil is a very complex system that contains more than 100.000 different 

molecules.1, 2 Therefore, these components are classified in terms of their solubility. 

The SARA analysis first developed by Jewell et al.3 classify the oil components in 

four groups (Saturates, Aromatics, Resins and Asphaltenes). Asphaltenes are the 

least soluble component in the crude oil system. Once they are removed from oil, the 

remaining part, which is composed of saturates, aromatics, and resins, is called 

maltene. Figure 2-1 presents the classification of crude oil based on the SARA 

analysis.  
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Figure 2-1. Characterization for SARA analysis. Reproduced from Wang4 

2.2. Asphaltene Properties and Economic Impact in Oil Production 

Asphaltenes are defined as a poly-disperse distribution of the heaviest and 

most polarizable fraction of crude oil.2 They are defined in terms of their solubility, 

being completely miscible in aromatic solvents, such as benzene, toluene or xylenes, 

but insoluble in light paraffinic solvents, such as n-pentane or n-heptane.4 Other 

strong asphaltenes precipitants are alcohols, water, and gases such as methane, 

nitrogen and CO2. The latter can prevent asphaltene precipitation depending on the 

operating conditions.2 

Asphaltene characterization,5–8 chemical structure and physicochemical 

properties are still under investigation.9 Precipitation and deposition of asphaltenes 

are phenomena induced by changes in pressure, temperature and composition.10–12 

During pressure depletion at low enough pressures, asphaltene precipitation onset 

is reached and asphaltenes begin to precipitate.10 At these conditions, oil expands 

and becomes a poor asphaltene solvent. Once asphaltenes precipitate, a multistep 
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process that involves aggregation, diffusion, advection and deposition of asphaltene 

aggregates begins.10 The mechanism for asphaltene formation will be discussed in 

section 2.3. Oil production from deeper waters2 and enhanced oil recovery 

operations such as carbon dioxide injection,13 tend to worsen asphaltene deposition. 

Potential solutions for asphaltene deposition include physical deposits removal,11,14 

solvent washes11,14,15 and chemical treatment with appropriate additives. 14, 16–18  

Asphaltene deposition in reservoirs, wells, and facilities severely impacts oil 

production economics.19 It can cause formation damage and wellbore plugging that 

can require expensive treatment and clean-up procedures,16 and in extreme cases, it 

can cause a wellbore to be completely plugged.10,20 For Gulf of Mexico oil fields the 

economic impact associated with this problematic has been estimated in USD $70 M 

per well (wet tree) when well shut-in for ring interventions is required. 21 If the 

deposition occurs in the surface controlled subsurface safety valve (SCSSV), the cost 

increases to USD $100 M per well.  Downtime losses based on 10,000 BBL per day 

production and oil price of USD $60 per barrel, can reach up to USD $600 k a day.  

Replacing a lost well with a side track raises the cost to around USD $150 M. 21 

Chemical additive injection for typical Gulf of Mexico production of 10,000 BBL/day 

represents costs estimated between USD $330 k and USD $390 k per year. 21 For 

Middle Eastern fields, chemical additive injection represents costs ranging from USD 

$31 k to USD $46 k per well per year. 22  

The cost of installing and maintaining asphaltene mitigation equipment and 

chemicals is in the millions of dollars per year. Differentiation between cases that 

requiring well intervention from those with minimal or no wellbore deposition 
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could prevent the installation of unnecessary equipment and the injection of 

chemical inhibitors when they are not needed,2,23 as well as aiding in the 

development of improved chemicals for prevention of wellbore deposition 

problems.2  

 

During design of oil production and transportation facilities the possibility 

for asphaltene deposition in wellbores and flow lines is a major concern, especially 

in deep-water environments.2,24Asphaltene deposits can cause formation damage 

and wellbore plugging that require expensive treatment and clean-up procedures.16 

In some extreme cases a wellbore can be completely plugged.10 Asphaltene deposits 

can be removed by the addition of large and costly amounts of aromatic solvents.25 

2.3. Mechanism for Asphaltene Deposition 

Asphaltene aggregates morphology was studied by Vargas et al.26 using 

Scanning Electron Microscopy (SEM). Based on experimental observations and 

previous work reported by Mullins,27,28 Vargas et al.26 proposed a conceptual 

multistep mechanism to describe asphaltene precipitation, aggregation and 

deposition phenomena. Figure 2-2 presents the conceptual mechanism. According 

to this process, asphaltene precipitation generates small particles called “primary 

particles” that are on the order of a few hundred nanometers – about 100 to 400 nm 

in size. 29 Once the primary particles are formed, they aggregate and form micro-

aggregates. As micro-aggregates age their structure rearranges and becomes more 

compact and solid-like. The first two steps of this process are below the detection 
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limit of commercial instruments to measure asphaltene onset pressure (AOP) as  

will be discussed in section 3.1. 

 

Figure 2-2. Proposed mechanism for asphaltene precipitation, aggregation 

and aging. The double green arrow represents reversibility.26 

2.4. Asphaltene Deposition Control  

As was mentioned in section 2.2, potential solutions for asphaltene 

deposition include physical deposits removal,11,14 solvent washes11,14,15 and 

chemical treatment with appropriate additives. 14, 16–18  

2.4.1. Physical Deposits Removal 

Some of the remedial methodologies recommended to remove asphaltene 

deposits are:14,30,31 

 Wireline cutting: This method can be time consuming and impractical30,31 
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 Pigging: This can cause some tube pipe material loss and scrapes tubes and 

piping surfaces 

 Hydroblasting: Cleaning technique that uses high-pressure water stream to 

remove deposits is abrasive/erosive 

 Drilling 

2.4.2. Solvent Washes 

Asphaltene deposits can be removed using solvents. Light aromatic 

compounds such as benzene, xylene and toluene are used. This type of treatment is 

effective in removing asphaltene deposits, but it is expensive30 and has risks 

associated. These compounds are volatile and have a low flash point; thus, at low 

temperatures under normal conditions they can form an ignitable vapor. In 

addition, there are environmental restrictions associated with the use of these types 

of solvents. This method requires the use of large amounts of solvents, as well as 

high frequency of treatment.14, 31, 32  

2.4.3. Chemical Treatment 

 One of the most common strategies to mitigate asphaltene deposition 

consists of using chemical additives.33 They are designed to reduce asphaltene 

aggregation and to keep asphaltene particles dispersed in the liquid phase.34–36 

Chemical additives that are injected directly into the reservoir fluid as it travels 

through the wellbore to prevent asphaltene deposition are called asphaltene 

deposition inhibitors.  
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Extensive research has been conducted to elucidate the variables that affect 

additives performance.17,19,37–40 It has been reported that asphaltene 

characteristics,38,41,42 solvent condition,17,40,43,44 additive structure,37,38,44 and 

additive amount adsorbed on asphaltenes 6,40,43 influence additive performance.  

These chemical additives can perform as asphaltene dispersants or 

asphaltene inhibitors. In the case of dispersant additives, it is accepted that 

dispersant interaction with asphaltenes decreases the aggregates size of 

precipitated asphaltene and/or hinders possible subsequent aggregation.45,14  

However, in other cases the dispersants seem to promote the aggregation.40 The 

study of asphaltene dispersant additives has shown that additives can have different 

performance, acting as stabilizers, enhance aggregation or have no effect.16 Thus, 

the use of asphaltene dispersants would not necessarily improve the asphaltene 

stability in oil.46  

A large variety of asphaltene dispersants has been studied for the purpose of 

finding cost efficient, safer and more environmentally friendly alternatives. Some of 

the different classes of low molecular weight, nonpolymeric asphaltene dispersants 

are the following:47 very low polarity alkyl aromatics, alkylaryl sulphonic acids, 

phosphoric esters and phosphonocarboxylic acids, sarcosinates, ethercarboxylic 

acids, aminoalkylenecarboxylic acids, imidazolines and alkylamide-imidazolines, 

alkylsuccinimides, alkylpyrrolidones, fattyacid amides and their ethoxylates, fatty 

esters of polyhydric alcohols, ion-pair salts of imines and organic salts and ionic 

liquids. The most studied inhibitors that efficiently disperse asphaltenes include; n-
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alkyl-aromatic sulfonic acids, 47 chemical structures based on N-aryl amino alcohols 

and boronic acids43 and polyisobutylene succinimides48, which are standard 

dispersants for motor oils. There are many commercial inhibitors available, but 

their compositional information is usually unavailable. 

Asphaltene dispersants in general contain a polar group that attaches to the 

asphaltene surface and an alkyl group that blocks other asphaltene molecules. The 

polar group generally contains etheroatoms such as oxygen, nitrogen or 

phosphorous.14 The nonpolymeric asphaltene dispersants polar and/or aromatic 

head groups with long alkyl tails interact with aggregated asphaltene molecules. The 

polarity of the outside of the aggregate changes with the help of the long alkyl 

chains, and the aggregate is more similar to crude oil, and thus, it is dispersible in 

crude oil.47 The types of interactions between asphaltene dispersants and 

asphaltenes are:47 

 π – π interaction between unsaturated or aromatic groups and asphaltene 

molecules.  

 Acid – base interactions 

 Hydrogen bonding 

 Dipole – dipole interactions 

 Complexing of metal ions 
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Chemical additives efficiency is typically measured in terms of delay in the 

detection of asphaltene precipitation.17,49,50 Some methodologies such as 

microscopy,11,51 polarized light microscopy,52 solid detection system,17 filtration,,39 

filter drop spreading method49,53 and spectroscopy54 have been used to evaluate the 

performance of chemicals that reduce or prevent asphaltene deposition problems. 

One of the most common and widely used commercial techniques is the asphaltene 

dispersion test (ADT).13 Details of this technique will be discussed in section 3.1.1. 

Despite the widespread availability of these chemicals, several unresolved 

challenges associated to their utilization remain.40 These include the disagreement 

between results obtained in the laboratory and in the field. Additionally, in some 

cases, the inhibitors were found to increase deposition and in other cases they had 

no effect.16 This urges the need to investigate the commercial techniques used to 

test the performance of asphaltene inhibitors. 
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Chapter 3 

Asphaltene Inhibitors and Asphaltene 

Deposition Evaluation Techniques 

3.1.  Asphaltene Commercial Inhibitors Evaluation  

 

Tests used to evaluate chemical additives-asphaltene inhibitors  mentioned in 

section 2.4.3 such as microscopy11,51 and spectroscopy54 are designed for laboratory 

environments.46 In the case of solid detection systems, the system is bulky and 

fragile and therefore, unsuitable for field use.17 As such most of the tests performed 

in the field are based on precipitation tests.46 

3.1.1. Asphaltene Dispersion Test - ADT 

To evaluate the tendency of asphaltenes to precipitate and the efficiency of 

chemical additives, ADT uses normal gravimetric sedimentation measured over a 

period of time after diluting the oil with an asphaltene precipitant.13
 Figure 3-1 
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presents typical results for ADT for untreated and treated crude oil S whose 

properties are reported in Table 3-1 with a chemical additive at two different 

dosages after 24 hours. According to this technique, the sample that shows the least 

amount of sediment represents where asphaltenes are most stable. In other words, 

ADT ranks the efficiency of the chemical additives based on their ability to disperse 

the asphaltene aggregates, which in turn reduces the terminal velocity of these 

particles and, consequently, the amount of sediment obtained.13 However, the 

amount of sediment is not necessarily a good indicator of the ability of these 

chemicals to prevent asphaltene precipitation or deposition. There is experimental 

evidence suggesting that when asphaltenes precipitate they form very small 

particles – about 100 to 400 nm in size29 and, although precipitation has already 

occurred, the amount of sediment obtained even after 24 hours is very small 

because of the small particle size. In addition, visual observation is more prone to 

uncertainties due to the variability in perception of different people who perform 

the experiment. This technique also requires the addition of n-heptane to the oil 

sample, at a ratio of 40 parts of n-heptane per part of oil (97% heptane or more). 

Aside from the significant amount of solvent required, this high dilution may not be 

representative of the conditions in which asphaltenes precipitate and aggregate in 

real systems. 
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Figure 3-1. ADT for Crude Oil S treated with 70 and 500 ppm of dispersant 9 at 

0 and 24 hours 

 

Table 3-1 Crude oil S properties at 20ºC and 1 atm 

Property Value 

Density (g/cm3) 0.843 
Molecular weight (g/mol) 193 

Viscosity (cP) 9.5 
Saturate (wt %) 66.26 
Aromatic (wt %) 25.59 

Resin (wt %) 5.35 
n-C5 Asphaltene (wt %) 2.8 
n-C7 Asphaltene (wt %) 1.1 

 

3.1.2. Solid Detection Systems - SDS  

The solid detection system (SDS) is another technique used by service 

laboratories to evaluate the stability of asphaltenes. Unlike the ADT test, SDS can 

analyze live oil samples at high pressure and high temperature (HPHT) to determine 

asphaltene onset pressure (AOP) with and without the addition of asphaltene 
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dispersants. This instrument measures the transmittance of light at a fixed 

wavelength in the near infrared (NIR) region and provides high pressure-

microscopy (HPM) images to detect and quantify asphaltene onset pressure (AOP) 

at a particular temperature and composition. The crude oil sample is loaded into the 

SDS cell and is stabilized at the temperature and pressure of interest. The fluid is 

then depressurized step-wise. During depressurization, the light transmittance that 

passes through the sample is measured and images using the HPM are recorded. 

Figure 3-2 (a) presents the SDS results obtained for crude oil A whose properties 

are reported in Table 3-2. According to this figure, the light transmittance increases 

as the pressure decreases from 8,000 to 3,500 psi. At a pressure below 3,500 psi the 

light transmittance starts to decrease. 3,500 psi is considered the AOP. HPM images 

show some particles even at high pressures but particles are more prominent and 

start to readily grow below the recorded AOP. The reported uncertainty for this 

measurement is about 200 psi. Figure 3-2 (b) shows the result for crude oil A 

treated with 100 ppm of commercial dispersant 9. In this case the AOP drops to 

2,500 psi ± 200 psi. The AOP decrease can be clearly observed in Figure 3-2 (c) 

where transmittance curves for treated and untreated samples are compared.  At 

this point, it is important to alert the reader that the shift in recorded AOP upon 

addition of the dispersant does not mean the thermodynamic stability of asphaltene 

was affected. This point will be further discussed in Section 4.1. 
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Figure 3-2. Results for AOP measurement using NIR and HPM at 93°C for (a) 

Crude Oil A (b) Crude Oil A treated with 100 ppm dispersant 9 (c) Crude Oil A 

vs. Crude Oil A treated with 100 ppm dispersant 9. 

(a) 

(b) 

(c) 
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Table 3-2. Crude oil A properties at 15ºC and 1 atm 

Property Value 

Density (g/cm3) 0.763 
Molecular weight (g/mol) 177 

Viscosity (cP) 1.057 
Saturate (wt %) 68.9 
Aromatic (wt %) 21.8 

Resin (wt %) 7.1 
n-C5 Asphaltene (wt %) 0.5 

 

3.1.3. Direct Method  

This method is a combination of gravimetric and spectroscopy techniques, 

which allows for the evaluation of treated and untreated crude oil samples at 

ambient conditions in order to study asphaltene aggregation phenomena. Similar to 

most techniques used for the detection of asphaltene precipitation, the “direct 

method” determines the onset of asphaltene precipitation by directly detecting the 

presence of asphaltene particles. The experimental procedure details will be 

presented in section 4.2.2. 

3.1.4. Indirect Method 

Due to the size detection limitation of direct techniques, the observed onsets 

of precipitation are in reality “onsets of asphaltene aggregation”. Tavakkoli et al. and 

Vargas et al. 26,55 proposed a novel method referred to as the “indirect method” to 

measure the onset of asphaltene precipitation. This method is considered “indirect” 

because it is not based on the detection of asphaltene aggregates and therefore does 

not have the size limitations that direct techniques have. The indirect method shows 
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three main advantages over commercial methods that “directly” measure 

asphaltene precipitation. First, it measures asphaltene precipitation independently 

of aggregation and also quantifies the amount of precipitated asphaltenes −the 

absorbance of the supernatant fluid after centrifugation can be related to the 

amount of precipitated asphaltene using a proper calibration curve−. Second, it can 

be used with crude oils with asphaltene contents ranging from low (0.2 wt. %) to 

high (greater than 10%). Finally, the indirect method is more sensitive than 

commercial direct methods, since it can detect asphaltene particles as small as 100 

nm.29 Detection of yet smaller particles can occur if the centrifugation speed and/or 

centrifugation time are adjusted accordingly. 

Because precipitation is measured independently of aggregation using the 

indirect method,29 the chemical additive effect on asphaltene precipitation and 

aggregation phenomena can be independently studied. The indirect method is a 

combination of gravimetric and spectroscopic techniques. Details of this technique 

are presented in section 4.3.1 and can also be found in the work of Tavakkoli et al.29  

The term “indirect” refers to the quantification of asphaltenes that remain in 

solution, after precipitation and centrifugation of the samples. The underlining 

principle of this method is that submicron particles that are not detected by NIR 

light-scattering techniques and optical microscopy can be settled down by high 

speed centrifugation. The removal of these particles affects the transmittance of the 

supernatant liquid, this in turn, can be used to detect the point of asphaltene 

precipitation. 
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3.2. Asphaltene Deposition Experimental Determination - Testing 

Procedures 

The ability to predict the incidence and magnitude of asphaltene deposition 

in wellbores and flow lines is a key factor in the flow assurance effort.
2 When efforts 

to anticipate asphaltene deposition fail they represent significant costs in terms of 

remediation and production loss as mentioned in section 2.2.  On the contrary, 

accurate prediction of deposition can enable differentiation of cases with 

substantially impaired production requiring well intervention from those with 

minimal or no wellbore deposition. This can save the expense of installing 

unnecessary equipment and injecting chemical additives when not needed as well as 

helping the development of improved chemicals for prevention of wellbore 

deposition problems. Asphaltene deposition is a complex process that depends on 

flow shear rate, surface type and characteristics, particle size, and particle surface 

interactions.56  

Whereas asphaltene precipitation is a necessary condition for deposition, the 

real threat is the accumulation of asphaltene deposits on the production tubing, 

near the wellbore region, and on the surface and subsurface equipment. Due to 

technical difficulties and the high cost associated with the collection and analysis of 

reservoir fluids, most of the work reported in the literature for asphaltene 

deposition has been conducted at ambient pressure using dead oil samples.  At 

ambient conditions, the precipitation and subsequent deposition of asphaltenes is 

achieved by the addition of a normal alkane, usually n-pentane or n-heptane.  
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Different configurations and geometries have been used to study asphaltene 

deposition; examples of these are described in the following section.  

3.2.1. Microfluidic Capillary Systems 

Boek et al. 57 studied asphaltene precipitation and deposition in microfluidic 

glass capillaries using optical microscopy under flow conditions in combination with 

measurement of the pressure drop in very low-Reynolds number flows.57 This study 

allows direct visual observation of the deposition as a function of the distance from 

the capillary entrance, as well as the measurement of the pressure drop as a 

function of time.57 From light microscopy it was observed that the amount of 

asphaltene deposited decreased with distance from the capillary inlet as shown in 

Figure 3-3.   

Also, according to these studies the aggregation/deposition rates increase 

when increasing flow rate;57 this is in agreement with the work on asphaltene 

aggregation in shear flow from Rahmani et al.58 who observed that for early times, 

the largest aggregates are observed for the highest imposed shear rate.  

Using a metal capillary, Broseta et al59 calculated the effective hydrodynamic 

thickness of a deposited asphaltene layer in flow experiments, assuming a uniform 

thickness of the layer deposited. Wang et al. 24 studied the deposition of asphaltene 

on metallic surfaces using the homogeneous deposition hypothesis as well. 

However, the axial deposition profile is not necessarily uniform.60 The series of 

experiments conducted by Wang et al
24

 used a capillary flow loop to quantify the 
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deposition rate of asphaltenes upon addition of different precipitants. The accumulation 

of asphaltene deposits inside the capillary tube was confirmed and quantified by 

measuring the pressure difference between inlet and outlet. 

 

Figure 3-3. Deposition decrease as a function of the distance from the capillary 

entracnce at the end of the experiment with a flow rate of 10 µL min-1 . Taken 

from Boek et al.57 

While Wang et al. 24 used a stainless steel coiled capillary tube, studies with 

straight metal capillary 60,61 have also been used to estimate the deposit formation 

amount and distribution as a function of the pressure drop across the capillary tube. 

Flow loop apparatus have also been used to study asphaltene precipitation62,63 and 

deposition based on the pressure drop measurement across an in-line filter. 

Some studies present evidence that the precipitant amount increases 

asphaltene deposition.60 Using a fixed flow rate and changing the heptane ratios up 

to 50 vol. % for two petroleum fluids very little deposition took place when small 

precipitant amounts were used, but when the precipitant amount was increased 
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more deposition occurred.60 For larger metal pipes (24 mm diameter) both 

decreasing flow rate and increasing asphaltene content increased deposition.64 

Some studies suggest that low flow rates and high asphaltene content enhance 

deposition.25 Efforts to rescale raw pressure drop data failed to fully collapse the 

data.60 Moreover, there is disagreement regarding the uniformity of deposition 

along the axial direction in a pipe. Evidence has been presented to suggest that 

deposition is uniform throughout a given length of pipe24 and that it occurs mainly 

near the pipe inlet.60 

More recently, Lawal et al.65 reported experimental results obtained by examining 

asphaltene deposition in a glass microcapillary pipet, in an attempt to represent 

asphaltene deposition in reservoir pores. Also, Lin et al. 
66

 have shown significant 

progress in the development of micro-fluidic devices to probe asphaltene deposition in a 

porous medium. Their current work includes the fabrication of a high pressure and high 

temperature cell, to extend the investigation to more realistic conditions commonly found 

in oil reservoirs. 

3.2.2. Organic solid deposition cell (OSDC)  

Currently, the only commercial technology available to determine asphaltene 

deposition at high pressure, high temperature and under a turbulent flow regime 

was described in its initial stage by Zougari et al.67 Further improvements were 

presented by Akbarzadeh et al.68 In this device the live oil sample is held in the 

annulus formed between two concentric cylinders. Turbulence of the fluid is 

induced by rotating the inner cylinder while the outer cylinder remains static. This 
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configuration is known as a Taylor-Couette flow device. The pressure inside the 

device is maintained below the asphaltene onset pressure (AOP) and above the 

bubble pressure of the mixture. This allows asphaltene to precipitate and deposit on 

the surface of the cylinders. At the end of the experiment the liquid is evacuated and 

the deposited material is quantified and analyzed. The main improvement achieved 

with the recent version of this technique over its previous one is that it allows a 

continuous input of fresh oil sample, which is particularly necessary for crude oils 

with very low asphaltene content. This is because during pressure depletion, only a 

fraction of the asphaltenes in solution precipitate and only a small fraction of the 

amount that precipitates deposits on the surface.  Thus, experiments that were 

previously operated in batch mode limit the volume of crude oil, which in turn, 

reduces the amount of asphaltene deposited. The low asphaltene content present in 

some reservoir fluids would not be sufficient to provide enough deposit for analysis 

within a reasonable experimental error.  

3.2.3. Limitations of the Asphaltene Deposition Existing Techniques 

Some of the limitations associated with existing testing techniques for 

asphaltene deposition evaluation are: 12 

 Amount of sample required for the test 

 Adequate temperature control to ensure well defined thermal conditions  

 High pressure and high temperature adaptability to mimic reservoir 

conditions 
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 Accuracy and precision of detection technique to generate reproducible and 

reliable data 

 Ability to test different surface types and roughness to test actual pipeline 

materials and new surface materials and coatings  
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Chapter 4 

Asphaltene Inhibitors Evaluation 

4.1. Materials 

Experiments were conducted with crude oil S from the Middle East that was 

decanted and centrifuged to remove aqueous phase and suspended particles. The 

properties for this crude oil have been reported elsewhere,69 and are listed in Table 

3-1. The commercial asphaltene dispersants 8, 9 and 15 were used to treat the crude 

oil samples. All reagents used for the experiments were a high performance liquid 

chromatography (HPLC) grade and were procured from Sigma Aldrich. 

Asphaltene deposition studies experiments with model oil were conducted to 

establish the new system operation conditions. Model oil A was prepared by 

dissolving asphaltenes in toluene.  

Crude oil A from the Gulf of Mexico (GOM) with an asphaltene concentration 

of 14 wt. % was used for the asphaltene extraction procedure. In order to extract 
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asphaltenes, crude oil was first dissolved in toluene with the ratio of 5 g of crude oil 

per 100 mL of toluene. A hot plate at 90 °C and ultrasonic bath at 40 kHz were 

repeatedly used to make sure all crude oil was dissolved in toluene. Then, the 

solution was centrifuged at 5000 rpm for 15 min to remove undissolved crude oil 

from it. The supernatant fluid was then mixed with n-pentane at the ratio of 1:5 in 

volume (1 mL of supernatant fluid to 5 mL of n-pentane). The mixture was allowed 

to rest for 1 hour and then centrifuged for 15 min at 5000 rpm to separate the 

precipitated asphaltene fraction. Then, the supernatant fluid was withdrawn, and 

the sediment was washed using pure n-pentane to remove non-asphaltenic 

materials from the deposited asphaltenes. The addition of n-pentane to the 

sediment and subsequent centrifugation and removal of supernatant fluid were 

repeated 3 times until no color was observed in the supernatant liquid. The 

deposited asphaltenes in the centrifuge tubes were dissolved in toluene, and the 

solution was heated in a beaker to remove all liquid from the solid asphaltenes. It 

should be noted that this procedure is a quick method for extracting asphaltenes 

from crude oil but it is not a technique for quantifying the asphaltene content of the 

oil. Also, n-pentane was used here because higher amounts of asphaltenes can be 

extracted using n-pentane compared to other n-alkanes.29  

4.1.1. Model Oil Preparation  

Model oil A with asphaltene concentration of 1 wt. % was prepared by 

adding the proper amount of toluene to the asphaltenes to reach the desired 

asphaltene concentration. The asphaltenes re-dissolution was performed at 90 °C 
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and using ultrasonication at 40 kHz for 30 min. To ensure there were no 

undissolved asphaltene particles in the mixture, the solution was centrifuged at 

85000 rpm for 20 min. No sediment was observed after centrifugation.  

The selection of 1 wt. % for the concentration of asphaltenes in the model oil 

A was somewhat arbitrary but represents a low asphaltene concentration, which is 

typical in light crude oils with propensity to show asphaltene deposition problems 

in the field. 

4.2. Commercial Asphaltene Dispersants Effect on Asphaltene 

Aggregation  

Figure 4-1 (a) portrays the HPHT test results for crude oil A and Figure 4-1 

(b) shows direct spectroscopy results for crude oil S at ambient conditions. Crude 

oils S and A were obtained from two different wells from the same oil field. To 

induce the precipitation of asphaltenes at ambient conditions, n-heptane was added 

to crude oil S, which provides the driving force for asphaltene precipitation, instead 

of the pressure depletion used in the HPHT experiments. Figure 4-1 (b) shows  light 

intensity vs. crude oil and heptane vol. %. According to this Figure the light intensity 

increases as the crude oil is diluted by the addition of the precipitant; this is the 

same trend observed in the case of HPHT experiments. In the latter case the dilution 

of the sample is caused by the expansion of the fluid. In either case, when the driving 

force for precipitation is high enough, the formation of asphaltene aggregates causes 

a drop on transmittance of light. In the case of the experiment performed at ambient 
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pressure, according to Figure 4-1 (b), the addition of n-heptane first dilutes the 

asphaltenes in solution (0 – 40% n-heptane), then causing their precipitation (40-

60% n-heptane) and finally, as more n-heptane is added, both the asphaltene 

aggregates and the components from the oil remaining in solution are diluted, 

increasing the transmittance of the light (> 60% n-heptane). From Figure 4-1 (a) 

and (b) it is clear that results from direct spectroscopy performed at ambient 

conditions and results obtained at high pressure and temperature show similar 

trends before and at the onset of asphaltene precipitation. However, unlike the 

experiments conducted at ambient pressure in which the effect of dilution is 

observed after the onset of precipitation, in the case of high pressure and 

temperature experiments, the bubble point is attained and the composition of the 

remaining liquid is no longer constant at low enough pressure. In fact, as the 

pressure decreases below the bubble point the concentration of asphaltene 

increases in the liquid phase, which in turn reduces the transmittance of light. 

Moreover, due to the formation of gas bubbles the transmittance recorded below 

the bubble point pressure does not correspond to that of the liquid phase. 

 



 30 

    

 

Figure 4-1. Results for crude oil A and crude oil S (a) Results for AOP 

measurement using NIR and HPM for Crude Oil A at 93°C (b) Direct 

spectroscopy results for Crude Oil S diluted with n-heptane and aged for 1 h at 

25°C  

The results of experiments at ambient pressure can be presented in a 

different way, by: (1) removing the effect of dilution, (2) normalizing the light 

intensity data and (3) plotting the results in a logarithmic scale. Figure 4-2 displays 

the same experimental results as Figure 4-1 (b), after the implementation of the 

three transformation steps. The logarithmic scale is needed to enhance the changes 
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of the light intensity for high concentrations of n-heptane.  Also, with this post-

processing technique, the onset of asphaltene precipitation can be readily obtained 

as the point where the first deviation from the horizontal line is observed. 

Therefore, this technique to process and report the experimental data will be used 

throughout the rest of the document for direct spectroscopy results and 

interpretation, which will be discussed in detail in Section 4.2.3.  

 

Figure 4-2. Direct spectroscopy results for crude oil S diluted with n-heptane 

and aged for 1 h at 25°C. Normalized light intensity and corrected to remove 

the effect of dilution. 

4.2.1. Asphaltene Dispersion Test - ADT Experimental Procedure and Results  

Crude oil S was treated with dispersants 8, 9 and 15. Different chemical 

dosages were tested. For dispersant 8, 9 and 15, 70 ppm and 500 ppm were 

prepared and analyzed.  All solutions were prepared by diluting a concentrated 

solution, e.g. 3,000 ppm, of the corresponding dispersant in crude oil. The 
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homogenization of the sample was achieved in a close beaker for a period of one 

hour using a magnetic stirrer. A crude oil S sample without dispersant was used as 

control. 250 L of the different treated and untreated crude oil were placed in 

graduated centrifuge tubes and mixed with 9.75 mL of n-heptane.  

Finally, the samples were left undisturbed for a specific period of time (also 

known as aging time) and the amount of sediment obtained was recorded in mL at 

the end of the experiment. The experiments were repeated for aging times of 1 hour, 

24 hours and 1 week 

When no sediments were observed the data entry was recorded as “clear” 

and when precipitation was observed but was not measurable the data entry was 

recorded as “trace”.13 The criterion for evaluation of the performance of dispersants 

using the Asphaltene Dispersion Test (ADT) consists of comparing the amount of 

sediment obtained in mL for the different chemicals and dosages with respect to the 

blank or untreated oil, which was the mixture of crude oil and n-heptane without 

the addition of the dispersant.  

The results are shown in Figure 4-3 and the volume of sediment obtained in 

the different cases is presented in Table 4-1. Since the criterion for evaluating the 

performance of the chemical based on the ADT test consisted on comparing the 

volumes of sediment obtained with the presence of the inhibitor at the different 

dosages against the control. The lower the amount of sediment collected the more 

efficient the dispersion of asphaltenes. 
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Figure 4-3. ADT Test results for Crude oil S treated with dispersants 8, 9 and 

15 at 70 ppm and 500 ppm for aging times of 0 hours, 1 hour, 24 hours and 1 

week. 

 

After 24 hours, only the samples treated with dispersant 8 and 15 at 500 

ppm did not show any sediment. After 1 hour the untreated crude oil presented 

sediments and at longer times the sediment levels decreased as reported in Table 

4-1. According to the results presented in Section 4.2, the amount of precipitated 

asphaltene actually increases with longer aging times. Therefore the reduction of 
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the level of sediment could be the result of sediment compaction over time. The 

same observation is applicable to dispersant 9 and 15 at 70 ppm.  

In addition, based on direct spectroscopy results from section 4.2 for a 

treated system when the heptane concentration approaches 100%, the result 

approached that of a stable solution. Since the ADT test requires large amounts of 

heptane, the result obtained from ADT could be misleading because the dispersant 

cannot be tested at the heptane concentration that causes the highest precipitation 

of asphaltene and/or the largest asphaltene aggregates.  

 

Table 4-1. ADT for Crude Oil S treated with dispersants 8, 9 and 15 at 70 and 

500 ppm. 

           

Sample  
Dosage 
(ppm)  

0 hour 
(ml)  

1 hour 
(ml)  

24 
hour 
(ml)  

6 
days 

(ml) 

Crude Oil S  NA Clear 0.7 0.4 0.3 
Disp 8  70 Clear Clear Trace 0.5 

 
500 Clear Clear Clear Clear 

Disp 9  70 Clear 0.5 0.4 0.3 

 
500 Clear Clear 0.2 0.5 

Disp 15  70 Clear 0.7 0.4 0.3 

  500  Clear  Clear Clear  0.7  

  

4.2.2. Direct method Experimental Procedure 

Blends of crude oil S with and without dispersants were prepared following 

the same procedure explained in section 4.2.1. Blends of different ratios of crude oil 
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(with and without dispersant) and n˗heptane were prepared ranging from 0 to 90 

volume% of n˗heptane. The test tubes were shaken by hand and the blends were 

transferred to 10-mm path length quartz cuvettes that were then tightly closed. To 

maintain a homogeneous temperature the samples were kept inside a Jeio Tech 

oven model OV-11/12 at a specific temperature; 25°C and 70°C were used in this 

work. The samples were allowed to rest undisturbed for the specified aging time.  In 

this case, the aging time is the period of time allotted between sample preparation 

and the measurement of NIR transmittance. The masses of added oil and precipitant 

were measured and the actual volumes were back calculated assuming an ideal 

solution. Then, the NIR transmittance was measured using a Shimadzu UV-Vis-NIR 

spectrophotometer Model UV-3600 equipped with a “TC1 Temperature Controller” 

and a “t2×2 Dual Temperature-Controlled Cuvette Holder” provided by Quantum 

Northwest. Inside this chamber the samples were mixed at 1,000 rpm with a 

magnetic stirrer that was placed inside the cuvette. During the measurement the 

samples were stirred to prevent the sedimentation of any asphaltene aggregates 

that could be present in the system. This technique provided a more reproducible 

result, compared to static unstirred systems in which the sedimentation of the 

asphaltene aggregates can affect the results. 

The transmittance values were measured for wavelengths ranging between 

1,000 and 1,300 nm. It was found that different wavelengths in this rage can be used 

to detect the onset of precipitation as long as the signal is not saturated. At 

wavelengths below 1,000 nm, it was not possible to obtain a measurement due to 

the signal saturation. The relative masses of oil and precipitant present in each 
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blend were measured and the corresponding volumes were back-calculated using 

the density of the components, assuming an ideal mixing. The transmittance values 

of the different samples were corrected by subtracting the transmittance of n-

heptane and then the effect of dilution was mathematically removed. Details for the 

correction of the dilution effect have been explained by Tavakkoli et al.29  The 

corrected transmittance values were then normalized using the transmittance of the 

crude oil as the reference. The normalized values are usually plotted as a function of 

the volume fraction of n-heptane or crude oil. However, the same results can also be 

presented in terms of light intensity (i.e. light transmittance) instead of 

transmittance, which is how the results are usually reported by direct spectroscopy. 

In the latter case, asphaltene precipitation was determined by the decrease in the 

normalized light intensity caused by asphaltene aggregates that block the path of 

light. The first deviation from the linear trend indicated the precipitation of 

asphaltenes. The normalized light intensity as a function of the volume fraction of 

crude oil and n-heptane can be plotted. 

After NIR transmittance values were recorded, the samples were observed 

under a microscope AmScope model B340, coupled with a MU300 microscope 

digital camera operating at a combined magnification of 400x to confirm the 

existence of asphaltene aggregates.   

4.2.3. Direct Method Results 

Direct spectroscopy was also used as an alternative approach to the ADT to 

assess the performance of asphaltene dispersants.  Figure 4-4 shows the average for 
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three different data sets obtained for crude oil S at 25°C for an aging time of 1 hour.  

Error bars are included for each point as evidence that the data trend was very 

similar in repeated experiments. The experiments’ average was plotted in each 

figure and the Average Standard Deviation (ASD) was reported in the figure caption 

indicating the data repeatability.  

   

Figure 4-4. Direct method results for the crude oil S diluted with n-heptane 

and aged for 1 h at 25°C. The ASD is 6.03% 

 

4.2.3.1. Effectiveness of Commercial Asphaltene Dispersants 

In order to identify the most effective dispersant for crude oil S, different 

aliquots of this crude were treated with a dosage of 70 ppm of dispersants 8, 9 and 

15 and aged for 1 hour at 25°C. Lower dosages of inhibitors are desirable for field 

applications in an attempt to minimize the treatment cost. The results are presented 
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in Figure 4-5. This Figure has two sections: the first section Figure 4-5 (a) is a nearly 

horizontal line at low precipitant amounts and high crude oil vol. %. Then, there is a 

second section in Figure 4-5 (b) at high precipitant amounts and low crude oil vol. % 

where the light intensity values deviate from the horizontal trend. The point at 

which this deviation occurs represents the volume fraction of precipitant required 

for the detection of asphaltene precipitation. Once the detection of asphaltene 

precipitation is reached, the light intensity decreases as more precipitant is added to 

the system. The continuous drop of the light intensity at higher amounts of 

precipitant is an indication of the increase in the number and size of asphaltene 

aggregates. 

Figure 4-5 (b) shows a progressive light intensity reduction for the blank 

after the detection of asphaltene precipitation. When the system was treated with 

dispersant 8 the response was similar with respect to the blank until the detection 

of asphaltene precipitation. Once this point was reached the light intensity dropped 

at a slower rate than the blank as observed in Figure 4-5 (b) indicating a slower 

precipitation and aggregation rates under the effect of dispersant 8. Then, when the 

heptane concentration approached 100 vol. % the treated system showed a second 

inflection point at 70 vol. % where the light intensity increased again approaching 

the horizontal base line that represents a stable solution indicating the presence of 

less and/or smaller aggregates. Addition of n-heptane has two effects on the 

precipitation of asphaltenes: on one hand it dilutes the asphaltene content and 

therefore its light intensity decreases, even when there is no precipitation (at 

volume fractions below 50 vol. %); on the other hand, it slows down the 
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precipitation and aggregation kinetics. The first effect can be accounted for by 

multiplying the measured transmittance by the dilution factor. In the presence of a 

dispersant the kinetics of asphaltene precipitation and aggregation is further 

reduced and, therefore, the light intensity is greater than the blank, for a given aging 

time. As the aging time increases the light intensity usually drops and the difference 

between treated and untreated samples is reduced. This will be discussed in detail 

in section 4.2.3.3. 

Figure 4-5 (c) shows the results for the three dispersants and the control (i.e. 

blank). As expected, the light intensity after the detection of asphaltene 

precipitation was higher for the treated systems than the blank. The bigger the 

difference among the treated and untreated system after the detection of asphaltene 

precipitation, the better the dispersant performance since less and/or smaller 

particles are being formed.  Under these conditions dispersant 8 was the most 

effective chemical according to Figure 4-5 (c). Dispersant 15 exhibited the weakest 

dispersive effect among the three samples.  
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Figure 4-5. Direct method results for the crude oil S with a 70-ppm dosage of 

different commercial dispersants, after mixing with heptane and aging for 1 h 

at 25°C. (a) Dispersant 8 vs. Blank, 50-100 vol.% n-heptane,  (b) Dispersant 8 

vs Blank, 0-50 vol.% n-heptane. (c) Dispersants 8, 9 and 15 vs. Blank. The ASD 

are 6.03%, 5.31%, 6.82% and 3.21% for the blank, dispersant 8, 9 and 15, 

respectively.  

 

To enhance the accuracy in the determination of the volume percent of n-

heptane at the detection of asphaltene precipitation, more samples were prepared 

near this point. Then, for the first section and the beginning of the second section 

regression curves were fitted. The detection of asphaltene precipitation is calculated 

as the intersection between these two lines. Figure 4-6 shows an example for one 

test of dispersant 9 at 70 ppm after 1-hour aging time. The detection of asphaltene 

precipitation was calculated for repeated experiments and the average is reported 

in terms of the precipitant vol. %. 
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Figure 4-6. Results of the direct method for the crude oil S, mixed with a 70-

ppm dosage of dispersant 9, diluted with n-heptane and aged for 1 h at 25°C. 

 

Table 4-2 shows the treated and untreated crude oil S detection of 

asphaltene precipitation after 1-hour aging time. At these conditions, according to 

the results obtained using the direct method, there is a slight change in the onset of 

asphaltene precipitation caused by the addition of the dispersant. 

Table 4-2. Detection of asphaltene precipitation of crude oil S with a 70-ppm 

dosage of different commercial dispersants, after mixing with heptane and 

aging for 1 h at 25°C  

    

Sample 

Detection of 
asphaltene 

precipitation 
(n – heptane vol. %) 

Blank 48.8 ± 2.6 
Dispersant 8   46.2 ± 3.0 
Dispersant 9  45.5 ± 1.9 

Dispersant 15   47.6 ± 1.3 

y = -5E-05x + 1.021 

y = 0.0001e0.1645x 
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In order to understand the asphaltene-dispersant interactions, additional 

effects have been studied.  

4.2.3.2. Effect of Dosage 

To understand the effect of the dosage on dispersants 8, 9 and 15, studies 

with different concentrations of each dispersant at 70 ppm and 500 ppm were 

performed, at 25°C and 1 hour of aging time. The results are shown in Figure 4-7.  
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Figure 4-7. Direct method results for crude oil S with (a) Dispersant 8 (b) 

Dispersant 9 (c) Dispersant 15 at different dosages, after mixing with n-

heptane and aging for 1 h at 25°C. The ASD are 6.03%, 5.31%, 6.82%, 3.21%, 

for the blank, dispersant 8, 9 and 15 at 70 ppm and 2.43%, 0.502%, 0.017% 

for dispersant 8, 9 and 15 at 500 ppm, respectively.  
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As observed in Figure 4-7 (a), dispersant 8 had similar results at the two 

different dosages. The benefit was marginally better for the higher dispersant 

dosage and only for heptane concentrations of 70 vol. % and 80 vol. %. This is in 

agreement with the idea that there is an optimal concentration of asphaltene 

dispersant and, depending on the system characteristics, the size of the asphaltene 

aggregates remains nearly constant even if more dispersant is added.16. As 

discussed in section 4.2.1 the ADT results after 1 hour for dispersant 8 at 500 ppm 

did not show significant sedimentation.  However, from direct spectroscopy results 

it was observed that there was asphaltene precipitation and aggregation in the 

presence of dispersant 8 at 500 ppm after one hour, but it was slower compared to 

the aggregation observed in the blank.  

On the other hand, Figure 4-7 (b) and (c) showed for dispersants 9 and 15 

that increasing the dispersant dosage causes a reduction in asphaltene aggregation 

and consequently, an increase on light transmittance. At 500 ppm both dispersants 

9 and 15 significantly reduced asphaltene aggregation. 

 



 46 

  

 

Figure 4-8. Results of the direct method for the crude oil S with (a) Dispersant 

8, 9 and 15 at 70 ppm (b) Dispersant 8,9, and 15  at 500 ppm, after mixing with 

heptane and aging for 1 h at 25°C. The ASD are 6.03%, 5.31 %, 6.82%, 3.21%, 

for the blank, dispersant 8, 9 and 15 at 70 ppm, and 2.43%, 2.62%, 0.46%, for 

dispersant 8, 9 and 15 at 500 ppm, respectively.  
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According to Figure 4-8 (b), when Crude oil S was treated with dispersants 8, 

9 and 15 at 500 ppm all samples showed almost the same level of performance. 

However, at the lower dosage of 70 ppm, inhibitor 8 outranked inhibitors 9 and 15. 

Therefore, according to this technique inhibitor 8 at 70 ppm seems a reasonable 

choice. Treating a well at high dosages is not economically viable as was previously 

discussed in Section 2.2.  

Table 4-3. Detection of asphaltene precipitation of crude oil S with 500 ppm 

dosage of different commercial dispersants, after mixing with heptane and 

aging for 1 h at 25°C . 

 

Sample 
Detection of asphaltene 

precipitation 
 (n – heptane vol. %) 

Blank  48.8 ± 2.6 

Dispersant 8  49.5 ± 1.9 

Dispersant 9  50.1 ± 1.8 

Dispersant 15 49.8 ± 2.1 
 

Table 4-3  shows the onset of asphaltene precipitation for treated crude oil S 

with 500 ppm of dispersant after 1 hour aging time. The blank used for comparison 

is crude oil with no inhibitor. The onset of asphaltene precipitation shows a slight 

change upon addition of the asphaltene dispersant. 

4.2.3.3. Effect of Aging Time  

As it was previously defined in section 4.2.2., the aging time corresponds to 

the time elapsed between sample preparation and the measurement of light 
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intensity. The effect of aging time on the detection of asphaltene precipitation and 

aggregation phenomena, as well as on the performance of different dispersants, is 

considered in this section. Figure 4-9 shows direct method results for the blank and 

crude oil S treated with dispersants 8 and 9 at 70 ppm for different aging times, 

namely 1 hour, 24 hours and 2 weeks.  Dispersant 15 was not evaluated because it 

did not show a significant effect after 1 hour at 70 ppm as discussed in section 

4.2.3.2. Figure 4-9 shows that for all aging times dispersant 8 at 70 ppm performed 

better than dispersant 9. In addition, for all the treated and untreated systems the 

asphaltene aggregation was a function of time and increased as time passed. Thus, 

with time asphaltenes that precipitated and were detected after one hour continue 

to aggregate even in the presence of asphaltene dispersants.  This suggests that 

dispersants slow the aggregation process down, but they cannot prevent the 

occurrence of asphaltene precipitation or aggregation. 
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Figure 4-9. Results of the direct method for the crude oil S with (a) Blank (b) 

Dispersant 8 at 70 ppm (c) Dispersant 9 at 70 ppm, after mixing with heptane 

and aging for 1 h, 24 h and 2 weeks at 25°C.  The ASD are 6.03%, 5.57% and 

2.55% for the blank at 1 h, 24 h and 2 weeks, respectively. 5.31 %, 2.18%, 

1.79%  for dispersant 8 at 1 h, 24 h and 2 weeks, respectively.  6.82%, 3.20%, 

4.27% for dispersant 9 at 1 h, 24 h and 2 weeks respectively 
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The detection of asphaltene precipitation was determined in the manner 

explained in section 4.2.3.1 and results are reported in Table 4-4. The volume of n-

heptane needed to induce the precipitation of asphaltene significantly decreased 

when the aging time increased from one hour to two weeks. According to Table 4-4, 

the effect of aging time is much more prominent than the effect of asphaltene 

dispersant. For both untreated and treated systems the longer the aging time the 

less precipitant is needed to induce the asphaltene precipitation.  

Table 4-4. Detection of asphaltene precipitation of crude oil S threated with 

different commercial dispersants at 70 ppm, after mixing with heptane and 

aging for 1 h, 24 h and 2 weeks at 25°C  

         

Sample 

Asphaltene Onset Concentration (AOC) 
(n – heptane vol. %) 

1 h  24 h  2 weeks ∆ AOCmax 

Blank  48.8 ± 2.6 42.4 ± 1.6 28.3 ± 0.6 20.5 

Disp 8   46.2 ± 3.0 41.3 ± 1.3 29.7 ± 0.1 16.5 

Disp 9  45.5 ± 1.9 39.5 ± 0.9 32.4 ± 1.7 13.1 

    

 

 

Some studies have reported that a logarithmic relation between aging time 

and detection of asphaltene precipitation exists.70 A similar trend was found in this 

work. Figure 4-10 shows the onset of asphaltene precipitation for different 

asphaltene dispersants as a function of time.  
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Figure 4-10. Detection of asphaltene precipitation after 1 hour, 24 hours and 2 

weeks aging time for crude oil S without adding dispersants, and with 

dispersants 8 and 9 at 70 ppm dosage. Time axis in log scale. 

 

4.2.3.4. Effect of Temperature  

In order to study the temperature effect on the performance of different 

dispersants, experiments at 25°C and 70°C were conducted for 24 hours. The same 

dosages used to evaluate the dispersant effect on section 4.2.3.1 were evaluated. 

It is important to consider the effect of temperature on the thermodynamic 

properties of the system. Temperature variations induce changes in asphaltene 

solubility, crude oil density and viscosity, since all these properties are temperature 

dependent. The solubility of asphaltenes in oil usually increases with increasing 

temperature, because at this phase boundary temperature, the entropy gain from 
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mixing just overcomes the enthalpically-favored phase splitting.71 Moreover, due to 

the polydisperse nature of the asphaltenes, the asphaltene fraction that precipitates 

at high temperature may differ from that which precipitates at lower temperature. 

Different asphaltene fractions have different properties such as density and 

diffusion rate. Only the more unstable asphaltenes precipitate at a higher 

temperature. At the same time, at higher temperature the crude oil density and 

viscosity decrease and less dense and less viscous blends can accelerate the 

aggregation process. Thus, the effect of temperature on the performance of a given 

dispersant can be very significant.  

Figure 4-11 shows the effect of temperature on blends of oil and n-heptane 

with and without dispersants. The system appeared to be more stable at 70°C than 

at 25°C without the presence of the dispersant. Figure 4-11 (a) shows the crude oil 

or blank results and it can be observed that the aggregation and precipitation rates 

were lower when increasing temperature. At higher temperature, the crude oil was 

a better solvent for the asphaltenes and more precipitant was needed to induce 

precipitation. Figure 4-11 (b) and Figure 4-11 (c) show the results for dispersant 8 

at 70 ppm and 500 ppm at 25°C and 70°C after 24 hour aging time, respectively. It 

can be observed for dispersant 8 at 70 ppm that the difference with respect to the 

blank was higher at 25°C than at 70°C. In other words, at 25°C dispersant 8 reduced 

the aggregation more effectively than at 70°C. Therefore, when the temperature 

increased the dispersant performance decreased.  
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Figure 4-11. Results of the direct method for the crude oil S for (a) Blank (b) 

Dispersant 8 at 70 and 500 ppm (c) Dispersant 8 at 70 and 500 ppm, after 

mixing with heptane for 24 hours at 25°C and 70°C. The ASD are 2.44%, 3.34%, 

4.68%, 6.20%, 5.98%, 1.89% for blank 25°C, blank 70°C, dispersant 8 at 70 

ppm and 500 ppm at 25°C, dispersant 8 at 70 ppm and 500 ppm at 70°C, 

respectively.  

 

Analogous experiments were conducted with dispersant 9 at 70 ppm, 25°C 

and 70°C for 24 hours. Figure 4-12 (a) shows the effect of dispersant 9 at 25°C.  As 

previously discussed in sections 4.2.3.1 and 4.2.3.2, dispersant 9 did not disperse 

asphaltene aggregates as efficiently as dispersant 8 under the same conditions, but 

it had still some effect over this system. Figure 4-12 (b) shows results for dispersant 

9 when temperature changes from 25°C to 70°C. Similarly to the previous 

observation, dispersant 9 performance decreased with increasing temperature.     

020406080100

1.E-10

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

0 20 40 60 80 100

Heptane Concentration / (vol. %) 

N
o

rm
a

li
z
e

d
 L

ig
h

t 
in

te
n

s
it

y
 

Crude Oil Concentration / (vol. %) 

Blank 70°C 24h
Disp 8  70ppm 70°C 24h
Disp 8 500ppm 70°C 24h

(c) 



 55 

     

 

Figure 4-12.  Results of the direct method for the crude oil S for (a) Dispersant 

9 at 25°C (b) Dispersant 9 at 70°C, after mixing with heptane for 24 hours. The 

ASD are 5.57%, 3.20% for the blank and Dispersant 9 at 25°C and 3.34%, 

2.11% for the blank and Dispersant 9 at 70°C, respectively. 
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Dispersant 15 was also studied at 70 ppm and 70°C and the results showed 

poor performance. As previously discussed in sections 4.2.3.1 and 4.2.3.2, 

dispersant 15 did not disperse asphaltenes even at room temperature condition. 

4.2.3.5. Definition of Dispersive Performance  

To facilitate the ranking of different asphaltene dispersants, dispersive 

performance efficiency is introduced. The efficiency is calculated as follows:  

P ∶  Dispersive Performance Efficiency 

𝐃𝐏𝐄 = 𝟏𝟎𝟎 ∗ (𝟏 −
 𝐀𝐃𝐢𝐬𝐩.𝐅𝐨𝐫𝐦𝐮𝐥𝐚𝐭𝐢𝐨𝐧

 𝐀𝐁𝐥𝐚𝐧𝐤
) 

Equation 4-1. Dispersive Performance Efficiency 

 

𝐀 = ∫ −𝐋𝐨𝐠𝟏𝟎(𝐋𝐢𝐠𝐡𝐭 𝐢𝐧𝐭𝐞𝐧𝐬𝐢𝐭𝐲)𝐝𝐂𝐜𝐫𝐮𝐝𝐞 𝐨𝐢𝐥

𝟏𝟎𝟎

𝟏𝟎

 

Equation 4-2. Area under the curve calculation for DPE  

 

Where  𝐴𝐵𝑙𝑎𝑛𝑘  represents the area between the curve for the blank and the 

base horizontal line and 𝐴𝐷𝑖𝑠𝑝.𝐹𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 represents the area between the curve for 

the treated system and the horizontal base line. The areas can be estimated using a 

numerical recipe, such as the trapezoidal rule.  Table 4-5 presents the results for 

dispersants 8, 9 and 15 at different concentrations, temperatures and aging time 
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conditions. Since dispersive performance for crude oil S without dispersant is zero 

for all temperatures and aging time conditions, this is not presented in Table 4-5.   

Table 4-5. Dispersive performance efficiencies for Dispersants 8, 9 and 15 at 

different dosages, temperatures and aging time conditions. Efficiency and 

Maximum efficiency* reported. 

            

Dispersive Performance - Efficiency (%) – Max. Efficiency (%)* 

  
1 hour 24 hours 2 weeks  

Sample  
Dosage 
(ppm)  

25 °C  25 °C  70 °C 25 °C  

Disp 8  70 46.9 - 58.3*  28.8 - 66.0* 42.2 - 43.0* 15.8 - 50.0* 

 
500 51.5 - 61.1* 58.0 - 77.6* 62.1 - 65.3* NA 

Disp 9  70 22.7 - 41.9* 14.3 - 49.3* 8.9 - 10.4* 7.1 - 30.8* 

 
500 54.1 - 72.9* -- --- --- 

Disp 15  70 7.3 - 15.4* --- --- --- 

  500 40.3 - 68.8* --- --- --- 

 

Table 4-5 summarizes the dispersant efficiencies and restates the trends that 

have been already discussed in this document. As previously discussed in section 

4.2.3.1, for experiments performed at 70 ppm, 25°C and 1 hour aging time 

dispersant 8 was the most effective dispersant (DPE = 46.9%), followed by 

dispersant 9 (DPE = 22.7%) and dispersant 15 (DPE = 7.3%). These results indicate 

that under these conditions dispersant 8 reduced the aggregation rate more 

effectively than the other two dispersants.  

At all aging times evaluated, i.e. 1 hour, 24 hour and 2 weeks, at 70 ppm and 

25°C, dispersant 8 performed better than dispersant 9. After 24 hours, dispersant 8 

(DPE = 28.8%) is more effective than dispersant 9 (DPE = 14.3%). Then, after two 
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weeks dispersants 8 (DPE = 15.8%) has better efficiency than dispersant 9 (DPE = 

7.1%) as well.    

When dispersants concentration increased to 500 ppm, at 25°C and after 1 

hour aging time, dispersant 9 had the best dispersive performance (DPE = 54.1%), 

followed by dispersant 8 (DPE = 51.5%) and dispersant 15 (DPE = 40.3%). In 

addition, as discussed in section 4.2.3.2, dispersant 8 at 70 ppm, 25°C and after 1 

hour aging time had dispersive performance (DPE = 46.9%) very close to the 

dispersants at high concentration.  

According to the previous discussion in section 4.2.3.4 when the temperature 

is kept constant and the dispersant dosage was increased, a higher dispersive effect 

was observed. For dispersant 8 after 24 hours aging time, the efficiency rose from 

28.8 % to 58% at 25°C and from 42.2% to 62.1% at 70°C when the dosage was 

increased from 70 ppm to 500 ppm, respectively.  At 70°C, 70 ppm and 24 hours 

aging time dispersant 8 (42.2%) once again was more effective than dispersant 9 

(8.9%).   

High reservoir temperatures can severely impact the dispersant performance 

efficiency. Chemical additives need to be designed to work at a wide range of 

temperature conditions. The dispersive performance efficiency should be calculated 

against a blank that is held at the same temperature and aging time conditions.   

Dispersant 8 showed the best performance at almost all conditions, followed 

by dispersant 9 and dispersant 15. This trend only changed at 500 ppm dosage, 
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25°C, 1 hour aging time where dispersant 9 was slightly more efficient than 

dispersant 8. 

In the case of chemical additives that perform as asphaltene dispersants, it is 

important to take into consideration - as Vargas has reported10 - that reducing the 

particle size or in other words, enhancing the dispersion effect, might not 

necessarily help in preventing deposition.  

4.3. Effect of Commercial Asphaltene Dispersants on the 

Precipitation of Asphaltene 

Commercial chemical additives have been tested to study their effect on 

asphaltene precipitation and aggregation phenomena using two different 

techniques: “Indirect method” and “Direct spectroscopy”.  

4.3.1. Experimental Procedure for the Indirect Method  

Crude oil S was treated with dispersants 8 and 9. Different chemical dosages 

were tested. For dispersant 8, dosages of 70 and 500 ppm were used, whereas for 

dispersant 9, samples containing 70, 500 and 2,000 ppm were prepared and 

analyzed.  Crude oil and all solutions were prepared as explained in section 4.2.1.  

Blends of different ratios of crude oil (with and without dispersant) and 

n˗heptane were prepared as explained in section 4.2.2 In this case the aging time is 

the period of time allotted between sample preparation and centrifugation. 

Afterwards, the samples were centrifuged at a g-force of 12,000 for 15 min to 
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remove particles of 100 nm and above. An aliquot of the supernatant liquid was 

withdrawn and diluted with toluene, which stabilizes the asphaltenes that remained 

in solution avoiding further aggregation. Dilution with toluene reduces the absorbance 

and prevents any saturation, so Beer-Lambert’s law is applicable. Then, 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 are made of quartz with a 

path length of 10 mm. The measured values were corrected to account for the effect 

of dilution and then normalized using the absorbance of the crude oil sample, in the 

same way as was explained in section 4.2.2.   

The normalized values are finally plotted as a function of volume fraction of 

n-heptane or crude oil.  The first deviation from linear trend indicates the 

precipitation of asphaltenes. The same results can also be presented in terms of light 

intensity (i.e. light transmittance) instead of absorbance, which is how the results 

are usually reported by indirect method. In the latter case, asphaltene precipitation 

is determined by the decrease in the absorbance caused by asphaltene aggregates 

that block the path of light. The normalized light intensity as a function of the 

volume fraction of crude oil and n-heptane can be plotted. 

4.3.2. Indirect Method Results 

In Section 4.2.3 it was noted that the addition of dispersants caused a slight 

shift in the onset of precipitation. To further investigate the underlying cause for 

this shift, the indirect method was employed to detect the onset of asphaltene 
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precipitation. In Section 3.1.4, the features of the Indirect Method were briefly 

described. This method is much more sensitive for detection of the onset of 

asphaltene precipitation. The indirect method was used to study the effect of 

dispersants 8 and 9 on asphaltene precipitation from crude oil S diluted with n-

heptane and aged for 24 hours at 25°C. The results are usually reported as 

absorbance vs. precipitant vol. % as observed in Figure 4-13 (a), (b) and (c) where 

the decrease in the absorbance value with respect to the horizontal line is an 

indication of the precipitation of asphaltenes.29 The drop in absorbance is 

proportional to the amount of asphaltene precipitated from the oil. Figure 4-13 (a) 

and (b) show the absorbance values for dispersant 8 and 9 respectively at 70 ppm, 

25°C and 24 hours aging time. In both cases with and without the addition of a 

dispersant the results are almost identical at the different concentrations of added 

n-heptane. For dispersant 8, according to Figure 4-13 (c), even when the dosage is 

increased to 500 ppm the results do not change significantly. Therefore, the 

presence of an asphaltene dispersant did neither affect the onset of precipitation 

nor the amount of precipitated asphaltenes. 
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Figure 4-13. Indirect method results for crude oil S with (a) Dispersant 8 and 

(b) Dispersant 9 at 70 ppm dosage (c) Dispersant 8 at 70 ppm and 500 ppm, 

after mixing with heptane and aging for 24 h at 25°C. The ASD are 2.15%  for 

the blank, 1.51%, 1.4% and 1.0%, for dispersant 8 and dispersant 9 at 70 ppm, 

and dispersant 8 at 500 ppm respectively.  

 

For consistency, results of the indirect method were also plotted as a 

function of the normalized light intensity vs. crude oil vol. % and heptane vol. %.  

Figure 4-14 (a), (b) and (c) presents the same results as Figure 4-14. In this case the 

light intensity increase with respect to the horizontal line is the indication of the 

asphaltene precipitation. The more asphaltenes are removed upon precipitation the 

higher the intensity of the light.   
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Figure 4-14. Indirect method results reported as normalized light intensity vs. 

crude oil vol. % and heptane vol. % for crude oil S with (a) Dispersant 8 at 70 

ppm (b) Dispersant 9 at 70 ppm dosage (c) Dispersant 8 at 70 ppm and 500 

ppm, after mixing with heptane and aging for 24 h at 25°C. The ASD are 2.15% 

for the blank,  1.51%, 1.4% and 1.0% for dispersant 8 and dispersant 9 at 70 

ppm and dispersant 8 at 500 ppm respectively.  

After 24 hours of aging time Figure 4-14 shows a lower detection of 

asphaltene precipitation compared to the direct method results presented in Table 

4-4 in section 4.2.3.3. This is an indication of the superior sensitivity of the indirect 

method 29 which allows for the detection of smaller particles. 

Crude oil S was treated with 2000 ppm of dispersant 9, at 25°C for 24 hours 

and was evaluated using direct and indirect methods. Similarly to the observation 

from the HPHT test, Figure 4-15 (a) shows the results for direct method and a shift 

in the detection of asphaltene precipitation for the treated system at ambient 

pressure. The detection of asphaltene precipitation increased from 22.4 to 28.8 n-
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heptane vol. % when the concentration of inhibitor increased from 0 to 2,000 ppm. 

This could be misinterpreted to mean such as in the HPHT test that the dispersant 

seems to stabilize the crude oil, because there is a shift on the detection of 

asphaltene precipitation towards a larger precipitant amount. However, Figure 4-15 

(b) shows the indirect method results, in which there was neither a change on the 

detection of asphaltene precipitation nor the amount of asphaltene precipitate 

observed.  

To reconcile these results, one should look at the limitation of the techniques 

used. Once the asphaltenes start precipitating, the process leads to the formation of 

small particles in the order of 100 to 400 nm 29,72 that can further aggregate at later 

stages. The detection limit of the direct method is about 0.5 to 1 μm. 29 Thus, 

although the precipitated particles may already be present in the solution the onset 

of precipitation via direct method can only be detected when the asphaltene 

aggregates have grown to exceed the minimum detection limit. Since the 

aggregation rate is slowed down by the action of the dispersant, the particle size 

remains undetectable for a longer time or while larger amounts of asphaltene 

precipitant are added, which can give a false impression of increased stability. 

Because the indirect method is much more sensitive and particles as small as 100 

nm can be detected, it is possible to differentiate the precipitation and aggregation 

steps. Consequently, the dispersants do not seem to affect the onset of asphaltene 

precipitation, only the rate of subsequent aggregation. 
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Figure 4-15. Results for crude oil S with a 2000-ppm dosage of dispersant 9, 

after mixing with heptane and aging for 24 h at 25°C. (a) Direct method. The 

ASD are 3.17% and 3.27% for the blank and dispersant 9 respectively. (b) 

Indirect method. The ASD are 1.73% and 2.32% for the blank and dispersant 9 

respectively. 
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4.4. Effect of Commercial Asphaltene Dispersants on the 

Deposition of Asphaltenes 

4.4.1. Development of a New System for the Asphaltene Deposition Evaluation  

A new system to study asphaltene deposition on metallic surfaces was 

developed. This new apparatus based on a column packed with carbon steel spheres 

and first depicted by Favero et al.,73 offers advantages over the capillary systems. 

Unlike the system used by Favero et al73
 the version of the device developed in this 

work has the capability of assembling several column sections that can be analyzed 

independently.  Currently, the device operates at ambient temperature and pressure 

and there is potential for the fabrication of a high- pressure system in the near 

future. 

The system consists of a PTFE multi-section column system packed with 

carbon steel spheres to provide the surface area onto which asphaltenes can 

deposit. A schematic of the system is shown in Figure 4-20. The flow was driven 

through the column through PFA tubing, DuPont®-PFA Tubing Natural 1/16" OD x 

.020" ID, at a constant volume flow rate, using syringe pumps Harvard Apparatus 

Pump 11 Elite and Chemyx Fusion 100 and Hamilton Gastight Syringes (100 mL, 50 

mL and 25 mL). The PFA tubing used to transport the oil and precipitant to the 

column inlet and from the outlet to the effluent collector was replaced with new 

tubing for each different experiment condition.  
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The experiments were performed at Reynolds number Re < 10 that for a 

packed bed corresponds to laminar flow regime.74 The flow rate was established 

accordingly. The regime for flow through a packed bed is identified by the packed 

bed Reynolds number and was calculated using Equation 4-3. 74  

𝑅𝑒 =
𝑥 𝑈𝑠 𝜌𝑓

µ (1 − 𝜀)
 

Equation 4-3. Reynolds number for a packed bed 

In Equation 4-3, x corresponds to the spherical equivalent particle diameter 

(m). The spherical equivalent particle diameter in this case is the diameter of the 

carbon steel spheres.  Us represents the superficial fluid velocity (m/s), ρf is the 

density of the fluid flowing through the packed bed (kg/m3), µ is the viscosity of the 

fluid flowing through packed bed (Pa.s) and ε is the bed void fraction defined 

according to Equation 4-4. 74 

𝜀 =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑜𝑖𝑑𝑠 𝑖𝑛 𝑏𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑏𝑒𝑑 (𝑣𝑜𝑖𝑑𝑠 𝑝𝑙𝑢𝑠 𝑠𝑜𝑙𝑖𝑑𝑠)
 

Equation 4-4. Void fraction definition 

The superficial velocity is the velocity of the fluid moving through the packed 

bed as if it was the only phase.  The superficial velocity is calculated as the 

volumetric flow rate of the fluid moving through the packed bed (m3/s) divided by 

the cross sectional area of the packed bed (m2) as presented in Equation 4-5.  
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𝑈𝑠 =
𝑄

𝐴
 

Equation 4-5. Superficial velocity definition 

For the study of transitional or turbulent flow regimes very large flow rates 

are required to increase the superficial velocity Us. Due to the limitations of the 

system (i.e., pump total volume capacity, maximum flow rates and large amounts of 

oil and precipitant needed to reach large flow rates) it is not possible to achieve 

these conditions with the current system.  

The experiments were conducted by charging one of the syringes with model 

oil A or crude oil S. Then, a second syringe was charged with the precipitant n-

heptane. To prevent the pumps from damaging and guarantee enough sample in 

every syringe, the amount of precipitant and crude oil or model oil charged was 

greater than the total amount strictly required for the test. Before starting the test 

the air bubbles present in the samples charged in the syringes were removed by 

infusing liquid through the PFA tubing to a glass vial. The previous operation also 

worked to purge the flow lines from the syringe connection to the T-junction. 

Afterwards, the PEEK valves 2−Way 0.16 inch located between the syringe and the 

T-junction were closed and the PFA tubing was connected to the T-junction.  

During some preliminary tests the presence of small bubbles was observed in 

the PFA tubing connecting from the mixing point to the column inlet. In an attempt 

to degas the liquids prior the beginning of the experiment the already charged 

syringes were immerse in the ultrasonic bath and the bubbles generated were 



 71 

removed displacing the liquid contained in the syringe until no air bubbles were 

observed. However, this process was problematic for the oil samples due to foam 

formation that presented difficulties to completely remove the air present in the oil. 

This alternative did not significantly improve the reproducibility of the final results.  

Thus, it was not implemented as a standard procedure.  

The next step consisted of programing the syringe pumps, according to the 

test conditions, opening the valves and starting the pumps simultaneously. At this 

point it was necessary to verify that all connections were properly adjusted and that 

no leaks on the T-Junction inside the ultrasonic bath were observed. In cases were 

leaks were observed, the test was stopped and restarted once the fitting connections 

were readjusted.  

Both fluids were mixed in a T-junction, Tee Assembly Tefzel®-ETFE, for 

1/16" OD, .020 thru hole, that was immerse in a Branson 1800 ultrasonic bath at 40 

kHz, kept at constant temperature to promote well mixing. Then, the fluid flow from 

the bottom of the column (inlet) to the top (outlet) and the effluent was collected. 

The path between the T-junction (mixing point) and the column inlet was kept as 

short as possible (< 10 cm) to prevent asphaltene precipitation and / or asphaltene 

deposition to occur before the fluid entered the column, while still allowing 

maneuvering to assemble the system. And, the column was placed on top of the 

ultrasonic bath as shown in Figure 4-16. 
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Figure 4-16. Connection from Tee junction inmerse in the ultrasonic water 

bath to the inlet of the column. (a) Cooper cooling coil. (b) Water recirculation 

system.  

As discussed in section 3.2.3, one of the limitations of  techniques to evaluate 

asphaltene deposition is the lack of adequate temperature control to ensure well-

defined thermal conditions. This difficulty was also faced in development of the 

system presented in this work. During the proof-of-concept tests it was observed 

that the ultrasonic bath temperature did not remain constant throughout all 

experiments due to the heating induced by the sonication. Thus, the temperature in 

the bath needed to be kept constant, which required the water inside the bath to be 

cooled down. A cooper cooling coil of 1/8 inch OD was fit into the tank between the 

basket and tank wall. The cooling coil was connected to an external water bath kept 

at lower temperature (15°C ± 2°C). The implementation of this device provided 

better temperature control. However, the temperature still needed to be monitored, 

since the external water bath was not automatic or self-regulated. The external 

water bath temperature required to be adjusted every hour to an hour and a half to 

keep the ultrasonic bath temperature in the range of 23°C ± 2°C.  In Figure 4-16 (a) 

the cooling coil can be observed.  

(a) (b) 
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Another alternative was studied to maintain the ultrasonic bath temperature 

constant. A pump was used to infuse fresh water from an external water bath into 

the tank through PVC hoses 5/16 inch ID, 7/16 inch OD. The second pump 

transported water from the tank to the external water bath. The water recirculation 

was helpful, but could only regulate temperature for short periods of time of 20 to 

30 minutes.  Figure 4-16 (b) shows the pump placed inside the ultrasonic bath and 

the hoses.  

Two sections of PTFE column of 3/8 inch ID and 3 inches length were 

established for this study. Every section was packed with Low-Carbon Steel Balls, of 

3/32 inch Diameter from McMaster-Carr. New spheres were used for every 

experiment. Table 4-6 presents the spheres material composition.  

Table 4-6. Material composition of the carbon steel spheres 

Material Composition 

Carbon 0.13-0.20% 
Manganese 0.30-0.90% 

Silicon 0.15-0.30% 
Phosphorus 0.04% Max. 

Sulfur 0.50% Max. 
Iron 98.06-99.42% 

 

Every column section was connected using straight connectors Durable 

Nylon Tube Fitting, Straight Connector for 1/2" Tube OD nut, a sleeve (ferrule), and 

a Buna-N O-ring from Mc-Master Carr. The O-rings function to provide sealing 

between sections. The Buna-N material has some chemical resistance limitations 

when exposed to toluene and/or heptane, for this reason new Buna-N O-rings were 
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used for each experiment. The use of FEP with Viton® Extreme-Chemical O-ring, 

from Mc-Master Carr was also validated. This type of O-ring is an alternative and can 

be used multiple times.  Chemical-Resistant PFA straight connectors, including a nut, 

an ETFE gripping ring, and a PTFE sleeve (ferrule), were also evaluated, in an 

attempt to build a system in which all components had strong chemical resistant to 

the substances they were exposed to. However, the sealing offered by the PFA 

connectors was not very effective and the system presented leaks while in operation 

especially at precipitant to model oil ratio i.e. 90-10 as can be observed in Figure 

4-17.  

 

Figure 4-17. System leaks while in operation using Chemical resistant PFA 

straight connectors.  90-10 n-heptane to model oil A ratio, 12 ml/hr 

To separate the spheres packed in each section a molded PTFE Mesh 0.045" x 

0.025" Opening Size was used as a support. The mesh was located in the nut from 

the straight connector at the bottom part of each section. At the end of each 

experiment the column was drained by gravity and disassembled beginning from 

the top section to the bottom. In some cases, which will be discussed in section 4.4.2, 
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when the column could not be drained by gravity, compressed air was injected from 

the top section to induce the liquid inside the column to flow downstream.  

After the device was disassembled, the column components were washed 

with toluene and /or dichloromethane – DCM and the liquid were collected on 

separate containers. Subsequently, the solvent was evaporated at 110°C placing the 

corresponding beaker or glass dishes on a heating plate. The previous process 

allowed quantifying the mass of asphaltene accumulated in the system components. 

The spheres were recovered separately per section on glass dishes and the solvent 

was evaporated at 110°C on a heating plate until constant weight was achieved. The 

weight gain by the spheres corresponded to the asphaltenes that precipitated and 

deposited on the metallic surface. Figure 4-18 (a) shows the PTFE column, Figure 

4-18 (b) shows the detailed Nylon straight connector parts and Figure 4-18 (c) 

shows the PTFE mesh location.  

 

Figure 4-18. Column Detail. (a) PTFE Column (b) Detailed Nylon straight 

connector (c) PTFE mesh location 

(a) (b) (c) 
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This novel apparatus offers an alternative option to traditional 

methodologies for evaluating actual asphaltene deposition on metallic surfaces. 

Evaluation with the new system is performed under more realistic conditions. 

Unlike current commercially available methods used to evaluate the effectiveness of 

asphaltene inhibitors, the proposed method allows for quantifying of actual 

deposition under dynamic conditions. Figure 4-19 shows a schematic on asphaltene 

deposition occurring inside the column sections. Figure 4-20 presents a schematic of 

the novel system to probe asphaltene deposition and Figure 4-21 shows the actual 

system.  

 

Figure 4-19. Novel system to probe asphaltene deposition at ambient 

conditions and under dynamic conditions. (a) The system is composed by 

multiple sections. Here the empty middle section is highlighted. (b) Each 

section was filled with carbon steel spheres, to increase the surface area and 

the amount of asphaltene that can potentially deposit. (c) A blend of crude oil 

and n-heptane flown through and the asphaltene deposited was collected and 

quantified. 

(a) (b) (c) 
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Figure 4-20. Schematic of the novel system to probe asphaltene deposition at 

ambient conditions and under dynamic conditions.  

 

 

Figure 4-21. Novel system to probe asphaltene deposition at ambient 

conditions and under dynamics conditions.   
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4.4.2. Experimental procedure and results 

In order to establish the best condition to operate the system model, oil A 

with 1 wt. % C5+ asphaltene content was used. The model oil preparation was done 

following the procedure described in section 4.1. Experiments at different 

precipitant to model oil ratio (70-30 and 90-10), time (6 hours and 12 hours) and 

flow rate (6 ml/h and 12 ml/h) were conducted at ambient pressure and 

temperature to establish reproducible operating conditions that enabled the 

quantification of the asphaltene deposit formed.  

From Table 4-7 it can observed that for experiments at 90-10 precipitant to 

model oil ratio, 12 ml/h and 6 hours, the mass of asphaltene deposit obtained on the 

bottom section spheres was 16.1 ± 10.3 mg and 10.3 ± 8.2 mg on the spheres placed 

on the top section. When experiments were performed for 12 hours the mass of 

asphaltene deposit obtained in the bottom section spheres was 23.7 ± 1.2 mg. 

However, data for the amount of asphaltene deposited on the spheres of the top 

section 13.8 mg was reliable only for one experiment. Therefore, it was observed 

that tests performed at 90-10 precipitant to model oil A ratio did not have good 

repeatability at 6 hours nor 12 hours of total experiment time.   

Subsequently, the precipitant to model oil ratio was reduced to 70-30 and the 

data obtained showed better repeatability. For 12 hours and 6 ml/h flow rate 

experiments the mass of asphaltene deposit on the carbon steel spheres was 20.8 ± 

6.2 mg and 10.3 ± 4.2 mg for the bottom and top section respectively. Hence, 

keeping the precipitant to model oil ratio constant the flow rate was increased to 12 
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ml/h, reducing the experimental time to 6 hours. The amount of asphaltene deposit 

on the carbon steel spheres was 20.6 ± 1.4 mg and 8.0 ± 1.6 mg for the bottom and 

top section spheres.  

According to these results, the more repeatable conditions were 70-30 model 

oil A to precipitant ratio, with a flow rate of 12 ml/h and total time of 6 hours. This 

suggests that at higher flow rates and shorter experimental times the results are 

more reliable and experiment conditions can be better controlled. Thus, these 

conditions were selected to test the effect of commercial asphaltene dispersants 

studied in sections 4.2 and 4.3 on the deposition of asphaltenes. 

The pore volume is also reported in Table 4-7 and corresponds to the ratio 

between the total volume that flew through the system over the available volume (V 

total / V available) and represents the number of times the column was filled. From 

Table 4-7 it is observed that when the pore volume was duplicated the amount of 

asphaltene deposit obtained was not very reproducible.  

Table 4-7. Evaluation of the operation conditions with model oil A with an 

asphaltene content of 1 wt. % *Result for a single experiment 

Operation                                                       
conditions  

Asphaltene Deposit on Spheres 
Surface  (mg) 

Model Oil A - 
Precipitant ratio 

Flow Rate 
(ml/h) 

t (h) 
Pore 

Volume 
Bottom 
Section 

Top  
Section 

70-30 12 6 15 20.6 ± 1.4 8.0 ± 1.6 

 
6 12 15 20.8 ± 6.2 10.3 ± 4.2 

90-10 12 6 15 16.1 ± 10.3 10.3 ± 8.2 

 
12 12 30 23.7 ± 1.2 13.8* 
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Table 4-8 shows the amount of asphaltenes accumulated in each component 

of the column for the model oil A evaluated at the established operation conditions 

of 70-30 model oil to precipitant ratio, 12 ml/h for a total time of 6 hours. The 

system components with the most asphaltene accumulation were the two PTFE 

sections of column and the PTFE mesh that is placed at the bottom section to 

support the spheres.  

Table 4-8. Asphaltene accumulation on the system components for the model 

oil A evaluated at 70-30 model oil to precipitant ratio, 12 ml/h and 6h 

System Component 
Asphaltene 
Deposit (%) 

Column Bottom Section  3.7 ± 0.5 
Column Top Section  2.6 ± 0.8 

Mesh Bottom Section  1.4 ± 1.0 
Mesh Top Section  0.1 ± 0.1 

Adapters (Bottom and Top)  0.1 ± 0.1 
 

In order to study the effect of the asphaltene commercial dispersants 8, 9 and 

15 on asphaltene deposition, blends of crude oil S with and without dispersants 8, 9 

and 15 were prepared following the same procedure that was explained in section 

4.2.1. The experiments were performed at operation established conditions of 

precipitant to treated or untreated crude oil S ratio of 70:30 vol. % with a constant 

flow rate of 12 ml/h for 6 hours, at ambient conditions of temperature and pressure. 

Due to sample availability limitations, each test was performed once. Table 4-9 

presents the results for dispersants 8, 9 and 15 at 100 ppm. The dosage of 100 ppm 

was chosen to compare the results with HPHT experiments for dispersant 9 

discussed in section 3.1.2. 
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Table 4-9. Dispersant effect on asphaltene deposition for  Crude Oil S 

evaluated at 70-30 crude oil to precipitant ratio, 12 ml/h and 6h 

 Asphaltene deposit (mg) 

 
Blank 

Disp. 8 
100 ppm 

Disp. 9 
100 ppm 

Disp. 15 
100 ppm 

Bottom Section Spheres 60.9 95.5 59.0  26.0  
Top Section Spheres 31.0 25.5 28.6  23.0  

Total 91.9  121 87.6 49  
 

When asphaltene deposition is evaluated using the new system, it can be 

observed from Table 4-9 that when crude oil S is treated with dispersant 15 at 100 

ppm the amount of asphaltene deposit that is generated (49 mg) is smaller than the 

amount generated by the blank (91.9 mg). From the results obtained in section 4.2, 

dispersant 15 was ranked as the weakest dispersant. Thus, traditionally it would be 

dismissed as a good candidate to prevent asphaltene deposition. However, the 

results obtained using the new asphaltene deposition evaluation system proposed 

in this work suggest the opposite. In this case, a weak asphaltene dispersant 

performs as a good asphaltene deposition inhibitor.  

Dispersant 8 was ranked in section 4.2 as the best dispersant. However, 

according to the results presented in Table 4-9 when the crude oil was treated with 

dispersant 8 at 100 ppm and tested on the PTFE column system, the amount of 

asphaltene deposit accumulated on the spheres surface was the maximum obtained 

in all cases (121 mg). Thus, this presents evidence that a good dispersant does not 

necessarily perform as a good asphaltene deposition inhibitor. On the contrary, as in 

the case of dispersant 8, a good dispersant can make the asphaltene deposition 
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worse. After the test was completed, the column was disassembled and the visual 

inspection of the column components provided additional evidence of the 

asphaltene deposit formation.  Figure 4-22 (a) shows the bottom PTFE adapter that 

corresponds to the reducer connector that attaches the column inlet to the PFA 

tubing that carries the precipitant oil blend. Figure 4-23 (a) shows the PTFE bottom 

section mesh visual observation. The presence of a black solid layer accumulated on 

the top surface of the pieces evidences the asphaltene deposit formation. 

 

Figure 4-22. Bottom adapter – Reducer connector. Visual inspection after test 

completion. Crude oil S evaluated at 70-30 precipitant to oil ratio, 12 ml/h and 

6h treated with (a) 100 ppm of dispersant 8 (b) 500 ppm of dispersant 9   

 

         

Figure 4-23. Bottom section PTFE Mesh visual observation after test 

completion. Crude oil S evaluated at 70-30 precipitant to oil ratio, 12 ml/h and 

6h treated with (a) 100 ppm of dispersant 8 (b) 500 ppm of dispersant 9  

(a) (b) 

(a) (b) 
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SDS results presented in section 3.1.2 considered dispersant 9 at 100 ppm a 

good asphaltene deposition inhibitor for crude oil A, which comes from the same 

field as crude oil S.  For the same dispersant dosage Table 4-9 shows that when 

crude oil S is treated with dispersant 9 the amount of asphaltene deposit (87.6 mg) 

is slightly lower than that generated by the blank (91.9 mg). In other words, 

dispersant 9 dos not seem to significantly reduce the asphaltene deposition for the 

crude oil S under these conditions. 

Table 4-10. Dispersant dosage effect on asphaltene deposition for  Crude Oil S 

evaluated at 70-30 crude oil to precipitant ratio, 12 ml/h and 6h  

 Asphaltene deposit (mg) 

 
Blank 

Disp. 9 
100 ppm 

Disp. 9 
500 ppm 

Bottom Section Spheres 60.9 59.0 68.5  

Top Section Spheres 31.0 28.6 32.6* 

Total 91.9 87.6 101.1 
 

In section 4.2 it was found that increasing the dispersant 9 dosage improved 

its efficiency. As has been previously discussed, the effect of a good dispersant on 

the asphaltene aggregation consists on slowing down the aggregation rate. 

According to the mechanism for asphaltene deposition presented in section 2.3, 

asphaltene aggregation and deposition of asphaltenes seem to be competing 

phenomena, meaning the higher the aggregation the lower the deposition. Table 4-9 

shows that treating the crude oil S with 500 ppm of dispersant 9 produced an 

amount of formed deposit (101.1 mg) greater than the one generated by the 

untreated crude oil S (91.6 mg).  However, when the crude oil was treated with a 
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lower dosage of 100 ppm of dispersant 9 the amount of deposit was slightly lower 

(87.6 mg) than the one obtained from untreated crude oil (91.6 mg). Therefore, in 

the case of dispersant 9, the dosage effect on asphaltene deposition does not seem to 

be conclusive.  Figure 4-22 (b) shows the visual observation for the bottom PTFE 

adapter at the conclusion of the experiment when the column was disassembled.  

Figure 4-23 (b) shows the PTFE bottom section mesh visual observation. The 

presence of the black solid layer accumulated on the top surface of the pieces 

evidences asphaltene deposit formation. 

Table 4-11. Asphaltene accumulation (%) on the system components for 

treated and untreated crude oil S evaluated at 70-30 crude oill to precipitant 

ratio, 12 ml/h and 6h 

 
Asphaltene deposit by Components (mg) 

System Components  Blank  
Disp. 8 

100 ppm  
Disp. 9 

100 ppm  
Disp. 15 
100 ppm  

Disp. 9 
500 ppm  

Bottom Section Spheres 60.9 95.5 59.0 26.0 68.5 
Top Section Spheres  31.0 25.5 28.6 23.0 32.6 

Column Bottom Section  20.6 70.6 8.7 25.2 41.1 
Column Top Section  21.1 55.3 26.6 20.8 43.4 

Mesh Bottom Section  7.9 27 1.9 7.3 2.5 
Mesh Top Section  0.7 3.3 2.3 4.2 1.5 

Adapters (Bottom + Top)  3.9 23.4 0.6 2.8 1.7 
Total (mg)  146.1 300.6 127.7 109.3 191.3 

 

Table 4-11 shows the amount of asphaltenes accumulated in each component 

of the column for the crude oil S and crude oil S treated with dispersants 8, 9 and 15. 

After every experiment was completed, it was observed that, in addition to the 

carbon steel spheres, the components that accumulate the majority of asphaltenes 
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deposit formation are the PTFE column sections followed by the bottom mesh and 

the adapters.  

The amount of deposit formation quantified on the spheres and the column 

components ranged between 109.3 mg for the system treated with 100 ppm of 

dispersant 15, to 146.1 mg for the untreated system from the total 200 mg of C7+ 

asphaltenes injected initially to the system. The remaining asphaltenes exit the 

system and are collected on the effluent. The previous results show that not all the 

asphaltenes that precipitate further deposit. There is a fraction of asphaltenes 

available that precipitate but do not form asphaltene deposits and are transported 

throughout the column by the flow to the effluent.  

From Table 4-11 it is observed that the total amount of asphaltenes 

accumulated in system components and the spheres surface for the system treated 

with 100 ppm of dispersant 8 300.6 mg, constitute more than the initial 200 mg 

from the C7+ asphaltenes which were destabilized by the n-heptane addition. Unlike 

model oil systems where the only components are the solvent and the asphaltenes, 

crude oil systems are much more complex.  The crude oil sample becomes more 

unstable at ambient conditions with time. The test with dispersant 8 at 100 ppm 

was the last test performed. The crude oil aging-time effect that destabilizes the 

sample could be reflected on the total mass of deposit formation. Another 

consideration to take into account is that the draining process of the column was 

different when the crude oil was treated with dispersants 8 and 9. Compressed air 
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injection was required to drain the column, since the process could not be driven 

only by gravity.  

For all the systems evaluated, Table 4-11 shows that asphaltene deposit 

formation on the carbon steel spheres - which provide the metallic surface for 

asphaltene deposition -, occur primarily in spheres located in the bottom section of 

the column. Therefore, the deposit formation is not homogenous as had been 

assumed in previous works.  

In section 4.2.1 dispersants 8, 9 and 15 were ranked according to their 

dispersive efficiency. Dispersant 8 was ranked as the best, followed by dispersant 9 

and dispersant 15. Based on results obtained with the PTFE column for evaluating 

asphaltene deposition formation, the trend is the opposite; dispersant 15 appears to 

be the best asphaltene deposition inhibitor followed by dispersant 9 and dispersant 

8. As previously mentioned, previous asphaltene deposition experiments were 

performed once due to sample limitations. Hence, it is important to highlight that 

these results need further validation.  

While the system developed in this work constitutes an initial prototype and 

still has some limitations, it was especially useful for determining the performance 

of commercial asphaltene dispersants studied in section 4.2 and 4.3.  It also made 

possible quantifying the amount of asphaltene deposited on the spheres surface. 

The comparison of these results to observations discussed in previous sections 

offers valuable and promising information on the study of asphaltene – inhibitor 

interactions.   
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Chapter 5 

Conclusions and Recommendations 

5.1. Conclusions 

Asphaltene precipitation, aggregation and deposition are part of a complex 

multi-step mechanism that it is still under active investigation. In this work, 

precipitation of asphaltene is defined as the separation of a distinct asphaltene rich-

phase from an asphaltene lean-phase. Asphaltene particles, as small as a few 

hundred nanometers, begin to form at the onset of asphaltene precipitation. These 

small particles can either further aggregate or get dispersed and eventually deposit 

on an available surface. According to the results presented in this work, commercial 

asphaltene dispersants interact with the asphaltenes in the oil to slow down the 

asphaltene aggregation rate. Conventional techniques, based on NIR transmittance 

or optical microscopy, are unable to detect the onset of asphaltene precipitation, 

due to their insufficient sensitivity and, consequently, they may provide misleading 
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results that suggest the addition of the inhibitor causes a shift in the thermodynamic 

stability of asphaltenes. Actually, the precipitation of asphaltenes occurs at the same 

ratio of oil/n-heptane for treated and untreated systems, according to the results 

obtained with the indirect method, which is approximately one order of magnitude 

more sensitive than conventional techniques used to determine the onset of 

asphaltene precipitation. The experimental evidence shows that asphaltene 

dispersants neither shift the actual onset of asphaltene precipitation nor reduce the 

amount of asphaltene precipitated. Because the precipitation of asphaltenes is not 

affected by the dispersant, dispersion efficiency should not be evaluated considering 

the shift in the detection of asphaltene precipitation as the evaluation parameter.  

Also, analysis of the performance of chemicals used to disperse asphaltenes 

is usually done through the asphaltene dispersion test (ADT), which analyzes dead 

oil samples at ambient conditions. Also, ADT requires a high dilution with n-

heptane. The results presented in this work provide experimental evidence against 

the reliability of ADT. For example, experiments performed at 25 and 70°C reveal 

that the maximum efficiency of dispersants is reduced for increasing temperatures. 

This can be due to the effect of temperature on the ability of the chemical to 

disperse asphaltenes, or simply because, in general, the solubility of asphaltenes 

increases with temperature and therefore the addition of a dispersant provides a 

reduced benefit for more stables systems. In either case the ranking of chemicals 

based on their performance can be greatly affected by the temperature at which the 

experiments are conducted. The same is true for the effect of the concentration of 
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blends analyzed. In ADT, oil, with or without dispersant, is mixed with n-heptane to 

produce blends than contain up to 97% of n-heptane. The performance of the 

chemical was also found to be highly dependent on the ratio of n-heptane to oil. 

Thus, a successful method to analyze and rank the performance of asphaltene 

dispersants at ambient pressure should take, as a minimum, the effect of 

temperature and composition into consideration.  

The dispersive performance was introduced as a new index to evaluate the 

dispersants formulations efficiency. It allows ranking and comparing different 

dispersant formulations under the same conditions. The results collected through 

this index agree with observations from the graphical analysis. As expected, the 

dispersive performance of all the chemicals increased with increasing concentration 

of dispersant. At 500 ppm the three commercial inhibitors that were tested behaved 

similarly, and only one held this performance at concentrations as low as 70 ppm. 

Thus, it is recommended to investigate the performance of chemicals at the lower 

concentrations, such as 50 to 100 ppm, which is a more desirable formulation from 

an economic perspective. 

A new system to evaluate asphaltene deposition was developed in this work. 

The system constitutes a promising alternative to study asphaltene deposition 

under more realistic conditions. The system allows evaluation of asphaltene 

deposition under dynamic conditions at ambient conditions. The small amount of 

samples required for testing represents an advantage. Also, based on the design 

developed in this work there is promising adaptability to work at high pressure and 
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high temperature in order to mimic reservoir conditions. The current system offers 

the flexibility to study different asphaltene deposition inhibitor formulations, as 

well as asphaltene deposition on different type of materials to test various surface 

types, and roughness to investigate actual pipeline materials and coatings. These 

results notwithstanding, there is space for improvement on the repeatability and 

accuracy of the results. These types of studies would help validate the fact that 

experiments at ambient conditions could be extended to more realistic conditions of 

composition, temperature and pressure.  

There is not a direct correlation between “good dispersant” and its capability 

to prevent asphaltene deposition. A weak dispersant can perform as a good 

asphaltene deposition inhibitor and vice versa.  

The results presented in this dissertation offer promising new alternatives 

for screening and selecting asphaltene deposition inhibitors. Several lessons have 

been learned and the experimental data provide insight into the effect of asphaltene 

dispersants on the asphaltene precipitation, aggregation and deposition 

phenomena. This knowledge would contribute to the development of experimental 

procedures and simulation schemes that could predict the likelihood of asphaltene 

deposition. 
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5.2. Recommendations 

The new system developed to evaluate asphaltene deposition can be used in 

the near future to provide additional insight into the effects of different flow rates, 

precipitant to oil ratio, aging time, water and temperature on asphaltene deposition. 

In order to study these effects, there are still system limitations that need to be 

address.  

To ensure well defined thermal conditions in the ultrasonic water bath and 

improve temperature control, an ultrasonic water bath with automate cooling 

system should be implemented. This would also eliminate the need of permanent 

supervision.   

The amount of asphaltene deposit accumulated in the PTFE mesh can be 

minimized, reducing the mesh surface area. In order to do so, an alternative mesh 

with a larger opening size (0.045 inch < Mesh opening size < 3/32 inch) should be 

implemented. 

The carbon steel spheres recovery and drying process is susceptible to 

further improvement as well. An alternative methodology to minimize risk of losing 

spheres when they are recovered should be incorporated. In addition, the draining 

process of the column at the end of the experiment requires additional work. 

Alternative ways of draining the column such as the use of nitrogen instead of 

compressed air, or only gravity should be explored.  
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Due to the fact that the ultimate objective is to predict the effectiveness of 

asphaltene deposition inhibitors on preventing actual asphaltene deposition, the 

effect of asphaltene deposition inhibitors needs to be tested at reservoir conditions 

of high temperature and high pressure. A system consisting of a stainless steel 

column of 1 inch ID and 1 ft. height, currently used to study asphaltene deposition in 

porous media, can be adapted and used to study asphaltene deposition on metallic 

surfaces by replacing the sand for carbon steel spheres. In the current design the 

precipitant and oil blend are injected through the column using a couple of ISCO 

pumps that allow reaching pressure up to 5000 psi. To achieve high temperatures 

the column can be located inside a Blue M Electric oven to reach temperatures up to 

250°F equivalent to 12°C. The system operates very similarly to the design 

presented in this work. Precipitation is induced by the addition of n-heptane and the 

oil and precipitant are mixed in a T-Junction immersed in an ultrasonic water bath 

to promote good mixing.  
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Figure 5-1. HPHT Stainless steel column for the study of asphaltene 

deposition.  

The implementation of the recommendations will contribute to the 

improvement of the accuracy and precision of the system to generate reproducible 

and reliable results.  
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Appendix A. Direct Method Correction of 
the Dilution Effect 

In this section the procedure to correct the dilution effect is explained for the 

direct method. The details for the correction of the dilution effect for indirect 

method are reported by Tavakkoli et al. 29 Figure A-1 shows the raw data collected 

from the UV-Vis NIR spectrophotometer for the direct method before correction of 

the dilution effect, for a crude oil S with an asphaltene concentration of 2.8 w.t% C5+ 

asphaltenes and blends with different amounts of n-heptane, at room temperature 

and aged for 1 hour. It can be observed that all the spectra are noise-free in the 

whole wavelength range and no signal saturation can be observed. Therefore, all 

wavelengths in Figure A-1 can be used for post-processing of the raw data.  

 

Figure A-1. Raw spectroscopy data for the direct method applied to a crude oil 

with asphaltene concentration of 2.8 wt. % diluted with n-heptane (C7) and 

aged for 1 hour 
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To process the raw data shown in Figure A-1, a wavelength of 1100 nm was 

chosen. The wavelengths of 1100 nm to 1300 nm in the NIR region are good options 

for performing absorbance measurements, because pure heptane shows very small 

absorbance values in these two wavelengths and post-processing of the data is a 

straight forward procedure.  

There is a step in the direct method dilution of the oil occurs: by addition of 

the precipitant, e.g. n-heptane. To properly correct the overall dilution effect the 

exact volumes of oil and added precipitant were required. For this purpose, the 

mass of each liquid was measured to back-calculate the corresponding volumes 

after each step in the sample preparation procedure. Ideal solution is assumed in 

these calculations. The values of 0.681 g/cm3 and 0.843 g/cm3 were used for the 

density of n-heptane and crude oil S at ambient temperature. Table A-1 presents the 

step by step calculation of the dilution of crude oil and n-heptane used to study 

asphaltene aggregation from the crude oil S with asphaltene concentration of 2.8 wt. 

% diluted with n-heptane and aged for 1 hour. The total volume of each sample is 3 

ml. ideal mixing is assumed for the calculation of the dilution effect.  

The dilution ratio caused by the addition of n-heptane to the crude oil sample 

represents the overall dilution ratio for this method.  

Table A-2 shows the procedure to calculate the corrected absorbance values 

considering the overall dilution.  
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Table A-1. Calculation of the dilution effect caused by the addition of n-

heptane (C7) to the Crude Oil S 

 

Expected 
vol. % of C7 

Crude oil 
mass (g) 

C7  
mass (g) 

Crude oil 
vol. (cm3) 

Heptane 
vol. 

(cm3) 

Heptane 
vol. % * 

Dilution 
Ratio for C7 

addition ** 

0 4.2668 0.0000 5.0614 0.0000 0.0000 1.0000 

10 3.7769 0.3585 4.4803 0.5264 10.5145 1.1175 

20 3.3449 0.6789 3.9679 0.9969 20.0798 1.2512 

30 2.9383 1.0322 3.4855 1.5157 30.3067 1.4349 

40 2.4965 1.3686 2.9614 2.0097 40.4272 1.6786 

50 2.1152 1.7236 2.5091 2.5310 50.2168 2.0087 

60 1.6890 2.0602 2.0036 3.0253 60.1584 2.5099 

70 1.2583 2.4171 1.4926 3.5493 70.3957 3.3779 

80 0.8619 2.7602 1.0224 4.0532 79.8561 4.9643 

90 0.4261 3.1216 0.5055 4.5838 90.0683 10.0687 

 

 

∗: 𝐶7 𝑣𝑜𝑙. % =
𝐶7 𝑣𝑜𝑙𝑢𝑚𝑒

( 𝐶7 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝐶𝑟𝑢𝑑𝑒 𝑂𝑖𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 )
∗  100 

 

 

∗∗ : 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 𝑓𝑜𝑟 𝑛𝐶7 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛 =
( 𝐶7 𝑣𝑜𝑙𝑢𝑚𝑒 + 𝐶𝑟𝑢𝑑𝑒 𝑂𝑖𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 ) 

𝐶𝑟𝑢𝑑𝑒 𝑂𝑖𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
∗  100 
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Table A-2. Calculation of the corrected absorbance values after 

removing the effect of dilution at 1100 nm 

 

Expecte
d vol. % 

of C7 

Heptane 
vol. % * 

A1 = 
Absorbance 

value using air 
as the blank ** 

A2 = Absorbance 
value after 

correction for n-
heptane 

absorbance+ 

Dilution 
Ratio * 

A3 = Absorbance 
value after 

correction for 
dilution effect++ 

0 0.0000 1.862 1.862 1.0000 1.862 

10 10.5145 1.669 1.634 1.1175 1.826 

20 20.0798 1.497 1.462 1.2512 1.829 

30 30.3067 1.311 1.276 1.4349 1.831 

40 40.4272 1.138 1.103 1.6786 1.852 

50 50.2168 1.263 1.228 2.0087 2.467 

60 60.1584 2.135 2.100 2.5099 5.271 

70 70.3957 2.214 2.179 3.3779 7.360 

80 79.8561 1.560 1.525 4.9643 7.571 

90 90.0683 0.775 0.740 10.0687 7.451 

 

*: Taken from Table A1 

**: Taken from Figure A1 

+: A2 = A1 – heptane abs. at 1100 nm 

++: A3 = A2  x  Dilution ratio  

Once the effect of n-heptane and dilution effect are corrected the absorbance 

data are converted into light intensity. Table A-3 presents the calculation of the light 

intensity as a function of the concentration of n-heptane and crude oil before and 

after the dilution effect correction used to study asphaltene aggregation from the 
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crude oil S with asphaltene concentration of 2.8 wt. % diluted with n-heptane and 

aged for 1 hour  

Table A-3. Data processing of the light intensity before and after the 

removal of the dilution effect for Crude Oil S at 25°C and 1 hour aging time 

Crude Oil 
vol. %  

Heptane 
vol. % * 

LI1 = Light 
intensity before 
correction for n-
heptane addition  

LI2 = Light 
intensity after 
correction for 
dilution effect 

LI3 = Normalized 
Light intensity after 

correction for 
dilution effect 

100.00 0.00 1.37 1.37E+00 1.00E+00 

89.49 10.51 2.32 1.49E+00 1.09E+00 

79.92 20.08 3.45 1.48E+00 1.08E+00 

69.69 30.31 5.30 1.48E+00 1.07E+00 

59.57 40.43 7.89 1.41E+00 1.02E+00 

49.78 50.22 5.92 3.41E-01 2.48E-01 

39.84 60.16 0.79 5.36E-04 3.90E-04 

29.60 70.40 0.66 4.36E-06 3.17E-06 

20.14 79.86 2.99 2.69E-06 1.96E-06 

9.93 90.07 18.20 3.54E-06 2.58E-06 

 

LI1 = 100 * 10 ^ (-A2) 

LI2 = 100 * 10 ^ (-A3) 

LI3 = LI2 / LI2 100 crude oil vol.% 

The previous calculations are an example for a single experiment. The results 

for repeated experiments are grouped and presented in the manuscript. Figure A-2 

(Figure 4-1 (b)) presents the results for the light intensity LI1 vs. crude oil vol. % 

and n-heptane vol. % for repeated experiments for the crude oil S aged for 1 hour 

and Table A-4 presents the corresponding data.   
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In addition Table A-5 presents the data of the results for the light intensity 

after the correction for the dilution effect vs. crude oil vol. % and n-heptane vol. % 

and Figure A-3 (Figure 4-2) presents the plot for the corresponding information. 

The logarithmic scale is needed to enhance the changes of the light intensity for high 

concentrations of n-heptane.  

 Table A-4. Direct spectroscopy results for Crude Oil S diluted with n-

heptane and aged for 1 h at 25 °C 

Crude Oil 
vol. %  

Heptane, 
vol. % 

LI1 = Light 
Intensity  

100.00 0 1.15 

89.71 10.29 1.93 

79.80 20.20 3.20 

69.64 30.36 4.86 

59.61 40.39 7.38 

49.63 50.37 6.96 

39.66 60.34 0.69 

31.28 68.72 0.48 

20.04 79.96 2.81 

10.03 89.97 15.51 
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Figure A-2. (Figure 4-1 (b)) Direct spectroscopy results for Crude Oil S 

diluted with n-heptane and aged for 1 h at 25°C  

Table A-5. Direct spectroscopy results for Crude Oil S diluted with n-

heptane and aged for 1 h at 25°C. Normalized light intensity and corrected to 

remove the effect of dilution.  

Crude Oil vol. %  
Heptane, vol. 

% 

LI2 = Light 
Intensify after 
correction for 
dilution effect  

LI3 = Normalized 
Light intensity after 

correction for 
dilution effect 

100.00 0 1.15E+00 1.00E+00 

89.71 10.29 1.34E+00 1.19E+00 

79.80 20.20 1.48E+00 1.34E+00 

69.64 30.36 1.46E+00 1.32E+00 

59.61 40.39 1.45E+00 1.32E+00 

49.63 50.37 5.73E-01 5.61E-01 

39.66 60.34 4.46E-04 3.88E-04 

31.28 68.72 6.84E-06 6.89E-06 

20.04 79.96 2.74E-06 2.49E-06 

10.03 89.97 2.28E-06 1.84E-06 
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Figure A-3. (Figure 4-2 ) Direct spectroscopy results for Crude Oil S 

diluted with n-heptane and aged for 1 h at 25°C. Normalized light intensity and 

corrected to remove the effect of dilution 
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