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Abstract 

Fouling problem has been one of the most challenging problems in oil industries. 

Asphaltenes, fine solids, and water-oil emulsions have been regarded as the major 

components in the fouling phenomena during oil production. Investigating the 

interactions between foulants (e.g., asphaltenes, fine solids, and water-oil emulsions) 

and substrate surfaces is of both fundamental and practical importance in understanding 

the fouling mechanisms and developing efficient antifouling strategies. In this thesis, 

the atomic force microscope (AFM) colloidal and drop probe techniques have been 

employed to directly quantify the surface interactions among asphaltenes, silica 

particles, water-oil emulsions and selected substrates. The commonly used iron 

substrate and remarkable electroless nickel-phosphorus (EN) coating have been 

included. 

The interaction forces between silica or asphaltene-coated silica particles and iron or 

EN substrate in aqueous solutions were measured using the AFM colloidal probe 

technique. The effects of salinity, pH and divalent ions (i.e. Ca2+) were investigated. 

The obtained force profiles were analyzed using the classic Derjaguin-Landau-Verwey-

Overbeek (DLVO) theory. It was noticed that the attractive van der Waals (VDW) force 

between the particle and the substrate contributed to the attachment of particles, which 

finally led to the fouling phenomena, whereas the repulsive electric double layer (EDL) 

force played the important role in the antifouling property. The high salinity in the 

solutions could significantly compress the electric double layer and minimize the 
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strength of the EDL repulsion. Basic pH could deprotonate the surface chemical groups 

and result in more negative surface potentials, thus strengthening the repulsive EDL 

force. The presence of Ca2+ ions could weaken the EDL repulsion because of the high 

positive charge density of divalent ions and the strong electric screening effect. 

Meanwhile, the asphaltene-coated silica particle was detected to have stronger adhesion 

with iron and EN substrates than silica particle due to the functional groups of 

asphaltenes. The adhesion between silica or asphaltene-coated silica particle and EN 

coating was much weaker than that with iron substrate, which suggested the easier 

removal of asphaltenes from EN surface. Moreover, the conducted bulk fouling tests in 

silica and asphaltene-coated silica particle suspensions showed less fouling of silica and 

asphaltenes on EN coating, which were consistent with force measurement results. 

The interaction forces between water-oil emulsions and iron or EN substrates were 

investigated using the AFM drop probe technique. In oil-in-water emulsion case, the 

interaction forces between toluene drops with asphaltenes adsorbed at the interface and 

iron or EN substrate in aqueous solutions were investigated under effects of asphaltene 

concentration, salinity, pH and divalent ions. The measured force profiles were 

theoretically analyzed using the model combining Reynolds lubrication theory and 

augmented Young-Laplace equation. The results showed that the attractive VDW force 

played an important role in the fouling phenomena, while the repulsive EDL force 

prevented the contact between toluene drop and substrate surface, hence contributing 

to the antifouling property. Besides, the high salinity, acidic pH and presence of Ca2+ 

ions in aqueous solutions were demonstrated to weaken the EDL repulsion and promote 
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the contact of oil drops on substrate surface. Compared with iron substrate, the surface 

potential of EN coating in aqueous solution was more negative and thus led to stronger 

EDL repulsion with oil drops, indicating the difficult contact of oil drops on EN coating 

surface. 

In water-in-oil emulsion case, the interaction forces between water drops with 

interfacial asphaltenes and iron or EN substrates in organic media were investigated, 

and the effects of asphaltenes, aging time, solvent type, loading force and contact time 

were explored. The measured results showed that more interfacially adsorbed 

asphaltenes, better solvent type, longer aging time, increased loading force and 

prolonged contact time could result in a stronger adhesion, which was due to the 

aggregation and the conformational change of interfacial asphaltenes. Moreover, it was 

noticed that the adhesion between water drops and EN substrate was much weaker than 

that with iron substrate, suggesting the easier removal of asphaltenes from EN coating 

surface. Furthermore, the bulk fouling tests of iron and EN substrates in both oil-in-

water and water-in-oil emulsions were conducted and the results showed that there was 

much less asphaltenes on EN coating surface than that on iron substrate, which agreed 

well with the force measurement results. 

This work sheds useful insights into the interaction mechanisms between various 

foulants (e.g., asphaltenes, fine solids, and water-oil emulsions) and different substrates 

as well as the fundamental understandings of fouling problems, with the implications 

for the development of novel efficient antifouling coatings in oil industries.  
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Chapter 1 Introduction 

1.1 Fouling problems in oil industries 

1.1.1 Fouling problems 

As the demand of the energy increases and the conventional oil reservoir reduces,1-2 more 

and more attention of oil industries has been paid to non-conventional sources, such as oil sands 

and crude oil.3-7 Every year, the oil industries in Alberta of Canada provide billions of barrels 

of crude oil to the world, and it is also estimated that trillions of barrels of crude oil can be 

economically recovered.8-11 In Canada, there are various in-situ techniques applied in the 

extraction of crude oil, and the steam assisted gravity drainage (SAGD) operation has been 

regarded as the most promising method due to its less environmental damages than 

conventional surface mining operations.12-13 Nowadays, more than 80% of the oil sands in 

Alberta are extracted using the SAGD operation.14-15  

In the typical SAGD operation, two horizontal paralleled wells are drilled into the crude oil 

formation of the deep ground, and the pipes with sand control devices (i.e., slots) are put in the 

wells. The steam with high temperature and high pressure is continuously pumped through the 

upper slotted pipes to heat the crude oil and reduce its viscosity. The fluidized oil is drained 

using the lower pipes and then pumped out to the ground.12-13, 15-18 It is noted that the 

performance and reliability of the slotted liners determine the extraction efficiency of crude oil. 

However, during the oil production, many detrimental problems, especially the fouling 

phenomena, could happen to plug and damage the slotted liners.19-24 The undesired depositions 
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of foulants on liner surfaces could significantly increase the heat resistance and pressure drop, 

thus leading to the great waste of energy.25-27 The inorganic and organic foulants could also be 

one of the reasons for the erosion and corrosion of the liner surface, which cause serious 

damages to the liners.28-30 The growing foulants would finally cause the total plugging of the 

liners and the failure of the related facilities.31-33  

In industries, there are many strategies or methods being developed to control or reduce these 

serious fouling problems. For example, adding chemical inhibitors in the flowing system could 

effectively prevent the contact of foulants on pipe surfaces.34-37 Those inhibitors are commonly 

expensive and some of them could cause serious environment issues. Ion exchange technology 

is also an effective method to control fouling problems by preventing foulants entering the 

systems, which, however, can only solve the problems only due to inorganic materials (e.g., 

calcium carbonate).38-39 Physical treatment methods including magnetic conditioners, 

electronic conditioners and ultrasonic treatment technologies have been applied to deal with 

fouling problems in water treatments and membrane industries.40-45 The mechanisms of these 

methods are to either change the potential of the facility surface for foulant depositions or 

inhibit the growth processes of fouling phenomena. It is found that the deposition or fouling of 

inorganic materials (e.g., calcium carbonate and silica) have been effectively reduced. As to the 

organic materials (e.g., bitumen or asphaltenes) or in soft systems (e.g., emulsions), the 

performances are not satisfactory.46-47 Surface modification technologies, such as coating 

methods, have also been widely used to produce surfaces with low fouling phenomena.48-50 

Because of the low expense, convenient processes, and the excellent physical or chemical 

properties of the coatings, surface modification technologies are becoming more and more 
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popular in industries. 

1.1.2 Foulant compositions 

Fouling phenomena in oil production are usually attributed by the deposition of organic and 

inorganic materials and the corrosion products on liner surfaces.51-55 Because of the complex 

flowing system in liners, bitumen (or asphaltenes), fine solids, and emulsions have been 

identified to contact the liner surfaces and contribute to the fouling problems.56-58  

Bitumen contains large quantities of asphaltenes, resins, fatty acids, and wax crystals.59-62 

Generally, asphaltenes are often believed to account for the deposition phenomena and fouling 

problems in oil production.63-66 Asphaltenes, as the largest, densest, and surface-active fraction 

of bitumen, are defined by its solubility that is soluble in aromatic solvents such as toluene or 

benzene, but insoluble in alkanes such as pentane (C5) or heptane (C7).67-70 This definition 

based on the solubility suggest that asphaltenes are not a well-defined chemical material but a 

complicated mixture of various molecules within the same solubility regime.71-73 The accurate 

composition of asphaltenes changes with the source, the processing conditions and extraction 

method.73-75 Nevertheless, large amount of researches have been conducted to study asphaltenes 

from different oil samples, and theoretical models, such as Yen-Mullins model,72-73, 76 have been 

proposed to describe the molecular compositions of asphaltenes, understand the molecular and 

interfacial interactions. In the Yen-Mullins model, the typical asphaltenes molecules consists of 

a polyaromatic core decorated with alkyl linkages, aliphatic side chains and different functional 

groups, including thiophene, sulfidic, sulfoxide, pyrrolic, pyridine, quinolone, hydroxyl, 

carboxyl and carbonyl.71, 73 These molecules tend to interact with each other and form 
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nanoaggregates, and these nanoaggregates can further associate into clusters.77-78 Experiment 

results show that the size of nanoaggregates is about 2 nm, and the size of clusters is ranging 

between 3 and 10 nm.79 It has been reported that the clusters are the precursors for the 

precipitation and deposition, which finally develop into serious fouling problems.71 With so 

many functional groups and diverse molecular assemblies, the asphaltenes-related interactions 

are the complicated combination of acid-base interactions, hydrogen bonding, van der Waals 

force, π-π interaction and cation/anion-π interactions,80-82 all of which play the important role 

in the asphaltenes-asphaltenes interactions and asphaltenes-surface interactions. The former 

interactions lead to the formation of large asphaltene particles, whilst the later interactions can 

facilitate the adsorption of asphaltenes onto a substrate surface. During oil extraction, 

transportation, and refinery, asphaltene molecules and aggregates often cause the great 

adsorption on equipment surfaces, formation of stable water-oil emulsions, sedimentation 

phenomena, and final fouling problems. 

Fine solids, such as silica and clay, are also present in the extracted crude oil, which originate 

from the reservoir.83-86 It is reported that these solids could be treated as the active surfaces for 

asphaltenes adsorption.87-88 Therefore, after the presence in crude oil for some time, the 

naturally hydrophilic particles could become oleophilic, which has a tremendous influence in 

the stability of water-oil emulsions and the existence of fine solids in produced crude oil.62 To 

protect the facilities, the limitation on the weight percentages of fine solids was set to be 0.5 

wt% for pipeline specification and 0.3 wt% for refinery feed.89-90 Silica, as the commonest 

model of fine solids, has been widely studied in the previous researches.71 Many effects of 

temperature, surface chemical groups, water chemistry and organic solvents were investigated 
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in the adsorption of asphaltenes on silica surface.91-98 It is discovered that the asphaltenes 

adsorption on silica surface was largely determined by the surface silica hydroxyl groups.99-100 

The silica surface with higher hydroxyl group density adsorbs more asphaltenes.101-102 In 

fouling problems, the silica particles, which have asphaltenes adsorbed on them, are found to 

be almost impossible to be separated and could be the main materials to plug the pipelines.62, 64 

However, the interaction and adsorption mechanisms between silica particle with the presence 

of asphaltenes and substrate surfaces (i.e., liner surface) have been seldom reported. 

Emulsions are the liquid dispersion of water and oil. It can be the water drops dispersed in 

oil media or the oil drops dispersed in water, with the drop size usually ranging in several micro 

meters.103-104 Typically, emulsion are stabilized by the surfactants or the surface-active materials, 

which adsorb at the oil-water interface to prevent drops coalesce and stabilize the emulsions. 

In the emulsions of oil industries, asphaltenes and asphaltenes-coated particles often play the 

role of surfactants to stabilize water-in-oil and oil-in-water emulsions.105-107 It has been reported 

that the adsorptions of asphaltenes at water-oil interfaces are very stable and irreversible, 

indicating the difficulty to remove asphaltenes from the interfaces.108-110 The stable water-in-oil 

and oil-in-water emulsions can cause many challenging problems during the oil production, 

such as fouling and plugging in pipelines, upgrading equipment and heat exchangers.73, 111-113 

Many researches have been conducted to investigate the stability mechanisms of asphaltene-

stabilized emulsions under the effects including water chemistry (i.e., salinity, pH and divalent 

ions), organic media (i.e., good solvent and bad solvent), and adsorption behaviors of 

asphaltenes.114-117 The results indicated that interfacially adsorbed asphaltenes in oil-in-water 

emulsions could strengthen the electric double layer repulsion, whereas the in water-in-oil 
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emulsions, asphaltenes could generate strong steric repulsion between drops.114-115 Such 

repulsive interactions contribute significantly to the stability of emulsions. Moreover, the 

interfacially adsorbed asphaltenes can form strong bonding with the other asphaltenes and 

substrate surfaces via mentioned asphaltene-asphaltene interactions and asphaltene-surface 

interactions, thus leading to fouling problems.  

In practical oil sands production, the foulants are much more complex. Other organic 

components in crude oil, such as the wax crystals, are also discovered in the recovered foulants 

from oil wells.118-120 The depositions of carbonate or bicarbonate salts on pipe surfaces (also 

known as scaling) are regarded as the major materials to plug the pipes for water stream in 

SAGD operations.121-123 Due to the changing flowing conditions and parameters (e.g., flow rate, 

temperature, and pressure) along the pipelines, the stability of the water-oil emulsions could be 

altered.124-126 Besides, all of these organic and inorganic materials are mixed in the pipelines 

during oil production. Hence, the synergic effects of different foulants should also be taken into 

consideration. To study the complex fouling problems, the model systems should be firstly 

investigated to have fundamental understandings on fouling mechanisms in oil sands 

production. Thus, the fouling phenomena of asphaltenes, silica particles, and water-oil 

emulsions stabilized by asphaltenes on pipeline surfaces will be included. Since in natural water, 

sodium chloride (NaCl) is the most common salt and calcium (Ca2+) ion usually has highest 

concentration among divalent ions,127-130 the effects of NaCl concentration and the addition of 

CaCl2 will be explored. 
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1.1.3 Interaction and adsorption mechanisms of asphaltenes on substrate surfaces 

The interaction and adsorption mechanisms between asphaltenes and substrate surface are 

important in this work, which have the direct relevance to the fouling problems in oil production. 

However, there are only several studies on the asphaltenes-surface interactions and adsorptions, 

such as gold, steel, iron and alumina.131-134 The adsorption isotherm for asphaltenes on gold 

surface, even though the system is not practical, still provided the valuable and fundamental 

information on the adsorption behaviors and mechanisms including the influences of conditions 

(e.g., temperature and surface hydrophilicity) and deposition dynamics.135-137 The adsorption 

capacity can be as large as 7.1 mg/m2.135 As to the cases of steel, iron and alumina, the 

adsorptions of asphaltenes in toluene have been investigated and the highest capacity of 

asphaltenes reached 2.7 mg/m2 for steel, 1.35 mg/m2 for iron and 0.25 mg/m2 for alumina, 

respectively.131, 138-139 Using the scanning electron microscopy (SEM), it has been concluded 

that the different adsorption capacities on the substrate with the same materials are largely 

attributed to the surface morphologies.133 

 

Figure 1.1 Schematic illustration of the asphaltenes fouling process on metal substrate. 
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Recently, a model on the asphaltenes deposition behavior has been proposed by Karan et al. 

as shown in Figure 1.1.140-143 Firstly, the precipitation of asphaltenes, due to the intrinsic 

aggregation behavior of asphaltenes and the changes of the environmental conditions, could 

form bigger particles via the intermolecular interactions. Then, some particles could diffuse to 

the vicinity of a metal surface and adhere to the surface via asphaltene-surface interactions. 

Besides, the asphaltenes-asphaltenes interactions could result in the continuous deposition of 

other asphaltenes particles on the deposited asphaltenes layer, forming multilayer structure. In 

reality, the deposition behaviors and mechanisms should be much more complicated, as more 

materials as well as their various states (e.g., asphaltene aggregates) would be included in the 

adsorption and many effects are not well understood. Investigating the interaction mechanisms 

between asphaltene-stabilized emulsion drops and substrate surfaces could help to 

fundamentally understand the interaction and adsorption mechanisms in fouling phenomena 

and develop efficient antifouling strategies. 

1.2 Protective methods to pipelines 

Iron material is one of the most common constructive materials used in various industries. 

For example, the carbon steel is the most widely used material in oil wells.144-145 However, 

because of the weak resistances to the fouling, corrosion, and erosion, millions of tons of carbon 

steel materials would be damaged and wasted.146-148 This damage would be aggravated when 

the working conditions become extremely harsh, such as in SAGD.149-150 Nowadays, a variety 

of surface treatments to the steel materials have been developed and exploited to improve the 

resistances of corrosion and erosion, such as plasma enhanced chemical vapor deposition 
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(PECVD) technique, polymeric coatings, ion implantation and electroless plating.50, 151-153 The 

PECVD techniques can generate a thick and passivating layer on substrate surfaces at a very 

high deposition rate.154-156 However, the extreme operation conditions and harsh requirements 

to facilities limit the application of this technique in industries. Polymeric coatings have become 

more and more attractive in the past decades due to their uncountable species and versatile 

properties. Their instability and poor performances of polymer materials in extreme conditions 

(e.g., high temperature and high pressure in SAGD operations) are still the major problems for 

academies and industries.157-159 Ion implantation technique can introduce inert atoms onto the 

substrate surfaces, thus lowering the surface potentials for chemical and/or electrochemical 

corrosion reactions.160-163 This technique is quite expensive and the corrosion protective 

performances are found to be limited under high temperature. Electroless plating became more 

and more popular in the past decades, due to the low cost and convenient operation 

conditions.153, 164-165 In the commercial and industrial aspects, the electroless nickel-phosphorus 

(EN) coating is outstanding due to its unique properties, low cost, and ease of control.166-168 

The EN coating was first noted by Wurtz in 1844.169 In 1946, Brenner and Riddell 

accidentally re-discovered this plating process and improved the bathing processes.170-171 Since 

then, the EN coating and its derivatives are gradually catching increasing attention from the 

academic researchers and industries. Another advantage of EN coating technique is that this 

coating can be achieved on interior surfaces of pipes, valves and other hard-to-reach 

surfaces.172-173 According to the typical weight percentage of phosphorus content, the EN 

coatings can be classified as the low (≤ 5%), medium (5-8%), and high (≥ 9%).174-175 It has been 

noticed that the state of the deposition and surface micro-structure changed with the phosphorus 
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content, which ware related to the properties. Low phosphorus EN coating has the micro-

crystalline nickel, which was believed to be nickel phosphide (Ni3P), with very limited 

composition of amorphous nickel.176 Medium phosphorus EN coating has the mixture of micro-

crystalline and amorphous structure.177 High phosphorus EN coating is almost amorphous and 

consisting of multiple compound phases.178 Therefore, the low phosphorus coating has high 

mechanical strength, while high phosphorus EN coating shows better corrosion resistance.167, 

179 It has also been noted that the increasing percentage of phosphorus content could reduce the 

hardness of the coating. Though diverse EN coatings have been developed and applied, the 

high-phosphorus EN coatings are preferred because of the fast deposition rates, better stability, 

and improved properties.180 

Recently, the original EN coatings show more and more weakness especially when they are 

used in complex conditions. To fulfill different requests and improve some special property, 

one or more metallic elements, metal oxides, and carbon derivatives have been added in the 

bath during the coating process, such as Cu, Mo, W, Sn, TiO2, Al2O3, ZrO2, SiC, carbon nano-

tubes, and graphite.181-188 For instance, the addition of W in the EN coating was found to have 

better corrosion resistance.189 The Al2O3 particles could prevent the occurrence of delamination 

during plating and improve the stability and abrasion resistance.190 The coating with ZrO2 has 

been proved to have hydrophobic wettability, as well as better corrosion resistance.191 The EN 

coatings prepared with SiC, WC and B4C nano-composites exhibited significantly improved 

micro-hardness and excellent corrosion resistance.183, 188 

As there is the urgency and necessity to protect the equipment from corrosion, erosion, 

abrasion and clay plugging in oil processing, EN coating has been considered as an effective 
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method to protect carbon steel substrate in oil production.192 The field testing results showed 

that the EN coating significantly reduced the corrosion occurrence and scaling deposition.22, 192 

However, the antifouling property of the EN coating has been scarcely investigated. Therefore, 

it is of practical importance to study the antifouling property of EN coatings in oil industries, 

which could help to facilitate the new EN coatings with efficient antifouling performances.  

1.3 Techniques to investigate the interaction and adsorption of asphaltenes 

on substrate surfaces 

Various techniques have been applied to investigate the adsorption of crude oil (e.g., bitumen 

or asphaltenes) on a surface, such as contact angle measurement, quartz crystal micro-balance 

with dissipation (QCM-D), surface forces apparatus (SFA), and atomic force microscope 

(AFM). 

1.3.1 Contact angle measurement 

The contact angle of a liquid drop on a substrate surface in air or liquid provides the 

information in the affinity of the liquid to the substrate. The contact angle measurement has 

been used by Buckley et al. to study the interactions between crude oil drops and a steel surface 

in aqueous solutions to reveal the adsorption behaviors.193-195 The measured contact angles 

showed that asphaltenes were easy to adsorb on the steel surface. It also indicated that the direct 

contact of crude oil drops and pipeline surface allowed the adsorption of asphaltenes on 

substrate surface and resulted in the reversed wettability of the metallic surfaces. The presence 

of a stable thin aqueous film between crude oil and pipeline surface could prevent the direct 

contact and stop the adsorption of asphaltenes. Besides, the salinity, such as NaCl, in aqueous 
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solutions had significant influence in the film stability.194 However, the contact angle 

measurement only provides the information in macro-scale and the interactions between silica 

particles and steel surface cannot be directly measured. 

1.3.2 Quartz crystal micro-balance with dissipation (QCM-D) 

The quartz crystal micro-balance with dissipation (QCM-D) monitoring technique has been 

popularly used in to study the adsorption behaviors and mechanisms between asphaltenes and 

steel surfaces in organic solvents.137, 196-197 The obtained results showed that the adsorption 

behaviors of asphaltenes on steel surface started at a rapid rate and could reached a plateau due 

to the limited surface area. The continuous adsorption behavior of asphaltenes after the 

saturation was also observed. It was also demonstrated that the asphaltenes-surface interactions 

and asphaltenes-asphaltenes interactions attribute to the adsorption behaviors.134 The more 

asphaltenes were present in the bulk solutions, the more asphaltenes were adsorbed on steel 

surface. The asphaltenes dissolved in good solvents, such as toluene, would have a less 

adsorption amount, while the asphaltenes in bad solvents, such as toluene, would have a greater 

adsorption amount.197-198 This result proved that the precipitated asphaltene aggregates were 

the major reason for the asphaltenes adsorption on a surface, which finally could lead to the 

fouling and plugging problems. However, the QCM-D monitoring technique also cannot 

directly and quantitatively measure the interactions between asphaltenes and steel surface. 

1.3.3 Surface forces apparatus (SFA) 

The surface forces apparatus (SFA) has been applied to directly measure the interaction 

forces between asphaltene surfaces in both aqueous solutions and organic media.113, 115, 117, 199-
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201 With the analysis of fringes of equal chromatic order (FECO), SFA can provide the accurate 

information on the absolute separation between two surfaces with a high resolution. The 

reported studies showed that the interactions between two asphaltene surfaces in aqueous 

solutions were affected by the solution pH, salinity and addition of divalent ions (i.e., Ca2+).200 

Basic pH of the solution led to the deprotonation of the functional groups of asphaltenes and 

thus rendered the surface with a more negative surface potential. High salinity in the solution 

resulted in the more compressed electric double layer (EDL) on the surface. Divalent ions had 

a higher charge density, which suggested a stronger electric shielding effect and lowered surface 

potential. As the consequence, acidic pH, high salinity and presence of divalent ions could result 

in the weakened EDL repulsion between asphaltene surfaces. Also, it has been found that the 

presence of Ca2+ ions in the solution could change the morphology of adsorbed asphaltenes and 

influence the stability of asphaltenes film. In the case of organic solvents, the obtained forces 

showed that the strong repulsive steric interactions between asphaltene surfaces in good solvent 

(i.e., toluene) dominated the interfacial interactions and prevented the contact of asphaltenes. 

However, the interaction forces became attractive when the solvent was bad solvent (i.e., 

heptane), which was due to the attractive VDW force between asphaltenes and the significantly 

weakened steric repulsion.113, 115, 117 These results were in consistence with the fact that the 

adsorption of asphaltenes in good solvents was much lower than that in bad solvents. SFA can 

provide the fundamental understandings on the intermolecular and surface interactions between 

asphaltenes under different conditions. However, using SFAs to measure the interfacial 

interactions with the involvement of emulsion drops is almost impossible. Due to the limitation 

of FECO system and the opaque property of some materials (e.g., iron), it is difficult to exploit 
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SFAs in the investigation of fouling problems in oil production. 

1.3.4 Atomic force microscope (AFM) 

Atomic force microscope (AFM) has been widely used to detect the surface morphology of 

a substrate and measure the interaction forces of two objects in the nano-scale. In reported 

literatures, various AFM based techniques have been applied to directly and quantitatively 

measure the interaction forces between two surfaces in both aqueous solutions and organic 

solvents, including asphaltenes, silica particles, water drops, oil drops, and silica substrates.114-

116, 201-204 For example, the interaction forces between silica substrate and asphaltene surface in 

aqueous solutions and organic solvents have been investigated using AFM colloidal probe 

technique.92, 205-206 The measured force profiles showed that the effects of electrolyte salinity, 

solution pH, divalent ions, loading force and surface morphologies are significant. The VDW 

force, EDL force, steric force, and hydrophobic force contributed to the measured force profiles. 

The interaction forces in AFM experiments are obtained from the deflection of a cantilever 

using the Hooke’s spring.207-209 When the interacting objects are rigid enough that the surface 

deformation can be ignored, the separation distance between two surfaces can be calculated 

straightforward from the cantilever deflection and piezo deformation, which suggest that this 

separation is not absolute or directly obtained. Except for the solid surfaces, the interaction 

forces between emulsion drops with the presence of asphaltenes have also been investigated 

using the AFM drop probe technique, including the interactions between two toluene drops in 

aqueous solutions, and the interactions between two water drops in organic media.114, 116, 202, 204 

The theoretical model combining the augmented Young-Laplace equation and Reynolds 
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lubrication theory has been developed to interpret the measured force profiles.210-212 Because 

of the deformation of the drops and bubbles, the separation distance between two surfaces was 

difficult to be directly measured. Recently, the reflection interference contrast microscopy 

(RICM) coupled with AFM bubble probe technique was used to simultaneously probe the 

interactions and the spatiotemporal evolution of the confined thin film between a bubble and 

mica surface in aqueous solutions.213 This work showed that the measured thickness of the 

confined thin film and the calculated results of the separation distance agreed with each other, 

which demonstrated the validity of AFM bubble probe technique. Therefore, it is feasible and 

reliable to use the AFM colloidal and drop probe techniques to investigate the interactions 

among asphaltenes, silica particles, water-oil emulsions and pipeline surfaces and understand 

the fouling mechanisms and antifouling properties. 

1.4 Objectives 

As discussed above, although the fouling problems have caused serious damages to the oil 

industries, the fundamental understandings on the interaction mechanisms of fouling 

phenomena and antifouling properties are still limited. Therefore, the main objectives of this 

thesis are to directly and quantitatively investigate the interaction mechanisms among 

asphaltenes, silica particles, water drops, oil drops and substrate surfaces in both aqueous 

solutions and organic media, and to evaluate the performance of industrial coating with 

implications to develop efficient antifouling coatings and strategies in oil production. The 

detailed objectives are as follows. 

(1) Investigate the interaction mechanisms of fine solids and asphaltenes on carbon steel 



16 
 

surface with electroless nickel-phosphorus (EN) coating in aqueous solutions using the AFM 

colloidal probe technique under effects of asphaltenes, salinity, pH and presence of Ca2+, which 

will provide the fundamental information on the fouling mechanisms of silica and asphaltenes 

on substrate surfaces, and evaluate the antifouling performances of EN coating. 

(2) Probe the interaction mechanisms of oil drops on iron surface with or without EN coating 

in NaCl solutions using the AFM oil drop probe technique and study the effects of asphaltenes, 

salinity, pH and presence of Ca2+. The theoretical model combining augmented Young-Laplace 

equation and Reynolds lubrication equation will be applied to analyze the measured force 

profiles. Besides, the bulk fouling tests of iron substrate and EN coating in water-oil emulsions 

will be conducted. 

(3) Measure the interaction mechanisms of water drops on iron substrate with or without EN 

coating in organic media using the AFM water drop probe technique. The influences of 

interfacial asphaltenes, aging time, asphaltenes concentration, solvent type, aging time, loading 

force and contact time will be studied. 

1.5 Structure of the thesis 

Chapter 1 overviews the fouling issues in oil industries, discusses the current methods used 

to study related problems and introduces the objectives of this thesis. 

  Chapter 2 presents the preparation of experimental materials, techniques used in this project, 

and theoretical models for the data analysis. 

  Chapter 3 describes the interaction forces between silica particles and carbon steel substrates 

in aqueous solutions using AFM colloidal probe technique. The classic DLVO theory is validate 
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to analyze the measured force profiles. The major driving forces accounting for the fouling 

phenomena and antifouling properties will be determined. 

  Chapter 4 presents the results of the interaction forces between oil-in-water emulsions and 

iron surface or EN coating with the presence of asphaltenes using AFM drop probe technique. 

The water chemistries including salinity, pH and Ca2+ ions are studied, and the corresponding 

bulk fouling tests are conducted. 

  Chapter 5 compares the measured adhesions between water drops with the presence of 

asphaltenes and iron/EN surface in organic solvents. The effects of asphaltenes density, 

molecular conformation, solvent quality, loading force and contact time have been investigated. 

The results provide the fundamental information of asphaltenes-metal interactions. 

  The overall conclusions of this project and future works are outlined in Chapter 6. 
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molecular interactions of an asphaltene model compound in organic solvents using a surface 

forces apparatus (SFA). Energy & Fuels 2011, 26 (5), 2591-2599. 

200. Zhang, L.; Xie, L.; Shi, C.; Huang, J.; Liu, Q.; Zeng, H., Mechanistic Understanding 

of Asphaltene Surface Interactions in Aqueous Media. Energy & Fuels 2016, 31 (4), 3348-3357. 

201. Wang, S.; Liu, J.; Zhang, L.; Xu, Z.; Masliyah, J., Colloidal interactions between 

asphaltene surfaces in toluene. Energy & Fuels 2008, 23 (2), 862-869. 

202. Xie, L.; Shi, C.; Cui, X.; Huang, J.; Wang, J.; Liu, Q.; Zeng, H., Probing the interaction 

mechanism between air bubbles and bitumen surfaces in aqueous media using bubble probe 

atomic force microscopy. Langmuir 2017, 34 (3), 729-738. 

203. Liu, J.; Wang, J.; Huang, J.; Cui, X.; Tan, X.; Liu, Q.; Zeng, H., Heterogeneous 

Distribution of Adsorbed Bitumen on Fine Solids from Solvent-Based Extraction of Oil Sands 

Probed by AFM. Energy & Fuels 2017, 31 (9), 8833-8842. 

204. Mao, X.; Gong, L.; Xie, L.; Qian, H.; Wang, X.; Zeng, H., Novel Fe3O4 based 

superhydrophilic core-shell microspheres for breaking asphaltenes-stabilized water-in-oil 

emulsion. Chemical Engineering Journal 2019, 358, 869-877. 

205. Gong, L.; Wang, J.; Zhang, L.; Fattahpour, V.; Mamoudi, M.; Roostaei, M.; Fermaniuk, 

B.; Luo, J.-L.; Zeng, H., Fouling mechanisms of asphaltenes and fine solids on bare and 

electroless nickel-phosphorus coated carbon steel. Fuel 2019, 252, 188-199. 

206. Liu, J.; Xu, Z.; Masliyah, J., Studies on bitumen− silica interaction in aqueous 



41 
 

solutions by atomic force microscopy. Langmuir 2003, 19 (9), 3911-3920. 

207. Hutter, J. L.; Bechhoefer, J., Calibration of atomic‐force microscope tips. Review of 

Scientific Instruments 1993, 64 (7), 1868-1873. 

208. Meyer, G.; Amer, N. M., Novel optical approach to atomic force microscopy. Applied 

physics letters 1988, 53 (12), 1045-1047. 

209. Giessibl, F. J., Advances in atomic force microscopy. Reviews of modern physics 2003, 

75 (3), 949. 

210. Chan, D. Y.; Klaseboer, E.; Manica, R., Dynamic deformations and forces in soft 

matter. Soft Matter 2009, 5 (15), 2858-2861. 

211. Chan, D. Y.; Klaseboer, E.; Manica, R., Film drainage and coalescence between deformable 

drops and bubbles. Soft Matter 2011, 7 (6), 2235-2264. 

212. Chan, D. Y.; Klaseboer, E.; Manica, R., Theory of non-equilibrium force 

measurements involving deformable drops and bubbles. Advances in colloid and interface 

science 2011, 165 (2), 70-90. 

213. Shi, C.; Cui, X.; Xie, L.; Liu, Q.; Chan, D. Y.; Israelachvili, J. N.; Zeng, H., Measuring 

forces and spatiotemporal evolution of thin water films between an air bubble and solid surfaces 

of different hydrophobicity. ACS nano 2014, 9 (1), 95-104. 

 



42 
 

Chapter 2 Materials and Experimental Techniques 

2.1 Electroless nickel-phosphorus (EN) coating 

The electroless nickel-phosphorus coating was conducted on the iron surfaces or the 

carbon steel L80 substrates, which were provided by the RGL Reservoir Management 

Inc. (RGL, Canada), using the reported EN coating bath.1 In details, the carbon steel 

L80 substrates were cut from a pipeline into smaller pieces with the size around 8 mm×8 

mm×3 mm. These substrates were firstly polished by sand papers to minimize the effect 

of surface roughness. Then, cleaning procedure was conducted to remove the inorganic 

and organic contaminations from the surfaces. The substrates were clean and sonicated 

for 10 min in DI water, ethanol, acetone and toluene. The substrates were dried using 

pure nitrogen. Following the washing, the substrates were immersed in NaOH solution 

(20 wt%) and heated to 70 °C for 15 min to remove all cutting fluids, grease and oil 

from the surface. The DI water was used to wash the substrate and nitrogen was used 

to dry them. Finally, the substrates were immersed in hydrochloride acid solution (10 

wt%) for 1 min to activate for EN plating process. 

The EN coating bath solution was firstly prepared before the cleaning of carbon steel 

substrates. The bath compositions were listed in the Table 2.1. During EN coating 

process, the bath solution was heated to 80 °C for 5 min and the agitation using a 

magnetic stir was set to 200 rpm. Then, a cleaned and activated substrate was put and 

hanged in the bath solution. The plating was kept for 30 min. If a greater thickness of 
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EN coating was needed, the plating time could be more than 1 hour. After the plating, 

the substrates were washed using DI water and ethanol, and dried using pure nitrogen. 

The atomic force microscope (AFM) surface imaging, scanning electron microscopy 

(SEM), and energy dispersive X-ray spectroscopy (EDS) were used to confirm the 

successful deposition of EN coating on carbon steel surface. 

 

Table 2.1 Bath compositions and environmental conditions for deposition of EN 

coating. 

Composition Concentration 

NiSO4∙6H2O 25 g/L 

NaH2PO2∙H2O 16 g/L 

NH4Cl 40 g/L 

CH3COONa 10 g/L 

Citric acid 15 g/L 

Plating conditions: 

Temperature: 80~85 ºC 

pH: 8~9 

Agitation: 200 rpm 

Time: 30 min 

 

2.2 Atomic force microscope colloidal probe technique 

2.2.1 Experimental setup 

In this project, the atomic force microscope (AFM) colloidal probe technique has 

been used to directly and quantitatively probe the interactions between silica particles 
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or asphaltenes-coated silica particles and pipeline substrates in both aqueous solutions 

and organic media. All the force measurements in this study were conducted using an 

MFP-3D AFM system (Asylum Research, Santa Barbara, CA). The experimental 

setups and details are followed.2-4 

Prior to force measurements, the silica probe was firstly prepared. The silica 

microspheres (radius around 2.5 μm) were suspended in DI water by sonication for 15 

min to make a concentration less than 0.1 wt%. The drop of silica suspension with 10 

μL was spread on a clean glass substrate and left to dry in ambient condition. With the 

assistance of AFM, a tipless AFM cantilever (NP-O10, Bruker, Santa Barbara, CA) was 

driven by the piezo to firstly pick up some two-component epoxy glue (EP2LV, 

MasterBond, USA) at the top of the probe, and then stick one silica microsphere spread 

on glass substrate. Finally, the silica probe was prepared and left in room temperature 

for 24 hours to dry. These silica probes were cleaned using DI water and ethanol before 

used in the experiments. The asphaltenes-coated silica probe was prepared by 

immersing silica probe in 20 mg/L asphaltenes in toluene solution for 2 days. This probe 

was then carefully washed using ethanol and dried in pure nitrogen. 

During force measurements, the prepared and cleaned silica probe was stalled in the 

probe holder, and the pipeline substrate was immersed in the fluid cell filled with 

aqueous solution or organic solvent. Then, this silica probe was carefully immersed in 

the fluid cell. The laser was adjusted to point at the tip of the probe and reflected to a 

photo screen, which could monitor the deflection of the cantilever. The spring constant 

of the silica probe was calibrated using the thermal tune method. Afterwards, the silica 
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probe was moved to place above the substrate with a proper distance. The force 

measurement began when the silica probe was driven by the piezo at a velocity of 1 

μm/s to approach the substrate till a maximum loading force of 10 nN was reached. 

Then, the probe was withdrawn to the original position. During this approach and 

withdraw process, the deflection of the cantilever was monitored by the photo screen 

and the force data was obtained with the calibrated spring constant. After each force 

measurement, the profiles containing the force and separation could be exported from 

the AFM software, and used in the following theoretical analysis. 

 

Figure 2.1 Schematic illustration of the atomic force microscope (AFM) colloidal 

probe technique. 

2.2.2 Theoretical analysis 

  The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory was used to analyze the 

measured force profiles using the AFM colloidal probe technique.5-7 This DLVO theory 

describes the interfacial and intermolecular interactions between charged surfaces in 

liquid medium using the van der Waals (VDW) force and electric double layer (EDL) 

force. In this project, the classic DLVO theory was used in the case of aqueous solutions 
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and the extended DLVO theory coupled with steric force was used in the case of organic 

media. 

The VDW force is originated from the electromagnetic interactions among atoms 

and molecules, and physically exists between two objects. In this project, the VDW 

force FVDW between a silica particle and pipeline substrate in liquid can be calculated 

using the following equation.8-9 

26
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A R
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                                (2.1) 

Here AH is the Hamaker constant, R is the radius of silica microsphere, D is the 

separation distance between the microsphere and flat substrate. The Hamaker constant 

was calculated using the Lifshitz theory from the dielectric permittivity ε and reflex 

index n of the materials. The Hamaker constant between object 1 & 2 across medium 3 

could be calculated using the following equation.8 
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Here kB is the Boltzmann constant, T is the temperature, h is the Planck constant, and 

ve is the resonance frequency with a typical value of 4×1015 s-1. The first term in the 

Equation 2.2 includes the Keesom and Debye dipolar contributions of the VDW 

interaction, and the second term describes the dispersion energy contributed by the 

London energy. 

  The EDL force occurs between two charged surfaces in electrolyte solution (typically 

water). In this project, the EDL force FEDL between the silica probe and pipeline 
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substrate in aqueous solution could be calculated using the following equation.6, 8-9 
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Here ε is the relative permittivity of medium, ε0 is the vacuum permittivity, κ is the 

Debye length, σp is the surface charge density of probe, σS is the substrate surface charge 

density, C is the bulk concentration of ions, NA is the Avogadro’s number, e is the 

elementary charge, and Ψ is the surface potential.  

In organic medium (e.g. toluene), the asphaltenes adsorbed at the interface could 

stretched out into the bulk and behave like the polymer brush. Therefore, the steric force 

could occur when the asphaltenes-coated silica probe was brought to contact pipeline 

substrate in organic solvent. In this project, the steric force FSTE can be calculated using 

the following equation.10-12 

0
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Here 𝐿0 is the characteristic thickness of coating layer on the surface, 𝑠 is the mean 

distance between two grafting points of polymer on the surface. 

2.3 Atomic force microscope drop probe technique 

2.3.1 Experimental setup 

  In this project, the AFM drop probe technique has been used to probe the interactions 

between oil droplet and pipeline substrate in aqueous solutions and the interactions 
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between water droplet and pipeline substrate in organic solvent. The force 

measurements in this study were conducted using an MFP-3D AFM system (Asylum 

Research, Santa Barbara, CA). The experimental setups and details are followed.13-15 

  To pick up the oil droplet in aqueous solution, the custom-made rectangular tipless 

AFM cantilevers (size of 400×70×2 μm) with a thin circular gold patch (diameter ~ 65 

μm, thickness ~ 10 nm) at one end was firstly hydrophobized using hydrophobic thiol 

(e.g. 1-decanethiol) to facilitate the stability of oil droplet on the cantilever. In the case 

of picking up water droplet, the AFM cantilevers was treated in UV ozone for 5 min to 

get a slight hydrophilicity. Before the force measurement, the oil (or water) drops were 

generated in the aqueous solution (or organic solvent) using a custom-made ultra-sharp 

glass pipette. The modified AFM cantilever was then driven to carefully pick up one 

drop with a proper size, thus creating the oil or water drop probe. 

  During each force measurement, both the prepared drop probe and the substrate were 

immersed in the AFM fluid cell filled with aqueous solutions and organic solvent. The 

drop probe was moved above the substrate with a proper distance. A laser reflection 

system was applied to monitor the deflection of the cantilever. The spring constant of 

the cantilever was calibrated using the thermal tune method. The drop anchored 

cantilever was driven by a piezo to move at a velocity of 1 μm/s approach to substrate 

till a certain deflection of 1 μm was reached. Then, the cantilever was withdrawn to 

move back to the original place. The maximum loading force, the contact time, and 

moving velocity could be changed as needed. During the movement of the cantilever, 

the force data could be recorded according to the deflection and the spring constant of 
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the cantilever. After each force measurement, the profiles containing the force, piezo 

movement and time were exported from the AFM software, and used in the further data 

analysis. 

 

Figure 2.2 Schematic illustration of the AFM drop probe technique. 

2.3.2 Theoretical analysis 

Since the drop is deformable, the theoretical model combining the augmented Young-

Laplace equation and the Reynolds lubrication theory was applied to analyze the 

measured force profiles measured using the AFM drop probe technique.16-18 With 

response to the external pressure including the hydrodynamic pressure and disjoining 

pressure, the water or oil drop would deform. The augmented Young-Laplace equation 

describes the deformation of a drop under the effect of external pressures within the 

force area, as following:16-17 
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Here, 𝜎 is the interfacial tension of the oil/water interface, 𝑟 is the radial coordinate, 

ℎ is the thickness of the water film confined between the drop and the substrate, 𝑅 is 

the radius of the drop, П is the disjoining pressure and 𝑝 is the excess hydrodynamic 

pressure. The disjoining pressure could arise from van der Waals (VDW) interaction, 

electric double layer (EDL) interaction and other surface interactions in this project. 

The VDW force can be calculated using the following equation.8, 13 

36
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Here, 𝐴𝐻  is the Hamaker constant between the drop and the substrate in aqueous 

solutions or organic solvent. The EDL force can be calculated using the following 

equation.8-9 
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Where, 𝜅 is the inverse of Debye length, 𝛹 is the surface potential of the drop or 

substrates, 𝜀0 is the vacuum permittivity and 𝜀 is the dielectric constant of the liquid 

medium. The inverse of Debye length 𝜅 was calculated as: 
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Where, 𝜌0 is the number density of ions in aqueous solutions, 𝑒 is the elementary 

charge, 𝑧 is the valence of the ions, and 𝑘𝐵 is the Boltzmann constant. When the drop 

was drought to the substrate in a liquid, the confined liquid film could be described 

using the Reynolds lubrication theory under the assumption of immobile boundary 

condition.16-17 
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Where, t  is time and 𝜇  is the viscosity of the aqueous solutions. The overall 

interaction 𝐹(𝑡) can be calculated from the integration of the hydrodynamic pressure 

and the disjoining pressure based on Derjaguin approximation. 
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2.4 Quartz crystal micro-balance with dissipation monitoring 

technique 

The quartz crystal micro-balance with dissipation (QCM-D) has been used in this 

project to study the dynamic adsorption of asphaltenes on iron surface and EN coating 

in organic solvent.19-20 The QCM-D E1 system (Q-sense, Sweden) was used. The iron 

sensor was prepared by depositing a layer of iron (thickness about 90 nm) on the gold 

sensor surface using the electron beam evaporation (EBE) technique. A layer of 

chromium (thickness about 10 nm) was firstly deposited between the iron and gold 

surface to enhance the adhesive stability of iron. The EN sensor was prepared via 

electroless nickel-phosphorus (EN) coating on the iron sensor surface. The iron and EN 

sensors were calibrated before the adsorption experiments to make sure the feasibility 

of the sensors. 

The sensor used in this study is AT-cut silica crystals coated with gold with the 

resonance frequency of 5 MHz. The electrodes connected on each side of the sensor 

could monitor the resonance frequency of the sensor when an AC voltage is applied. 

The material adsorbed onto the surface of the sensor would result in the changes of the 
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resonance frequency of the sensor. 

 

Figure 2.3 Schematic illustration of quartz crystal microbalance with dissipation 

monitoring technique. 

 

  During the QCM-D adsorption experiment, the sensors were thoroughly cleaned 

following a standard procedure using the DI water, ethanol, acetone and toluene. The 

asphaltenes solution in toluene and pure toluene were prepared and sonicated for at 

least 15 min. After the careful cleaning, the sensor was placed in the flow module of 

the QCM-D system and the testing system was applied to check the resonance 

frequencies of the sensor. The background solution (i.e. toluene) was then introduced 

using a peristaltic pump. The flow rate was set to be 350 μL/min, unless other specific 

effect was considered. The frequency change of the sensor will be monitored by the 

controller and defined to be zero as the baseline after the curve becomes stable and 

constant. The experiment started then. After about 3 min of the baseline, the as-prepared 

asphaltenes solution was pumped in at the same flow rate. The adsorption process was 

last for ~ 90 min and the pure toluene was applied to replace the asphaltenes solution 

to wash the unstably adsorbed asphaltenes from the sensor surface. The experiment 



53 
 

stooped when the adsorption curve became straight and unchanged. The frequency 

change Δf and dissipation energy change ΔD were recorded as a function of time. 

  There are two models used to calculate the mass Δm of adsorbed material on the 

sensor surface from the measured frequency change and dissipation energy change. The 

first model is the Sauerbrey equation.20-21 

 
C

m f
n

                               (2.12) 

where, C equals 17.1 ng/(Hz•cm2) for a 5 MHz quartz crystal sensor, n is the overtone 

number (n=1,3,5,7…). However, the Sauerbrey equation is only valid when the 

adsorbed layer of the material is evenly distributed, relatively thin and quite rigid. When 

the amount of adsorbed asphaltenes are large, asphaltenes layer is soft and not uniform. 

The conditions are not satisfied. Then, the Voigt viscoelastic model was used to describe 

the relationship between the mass of the adsorbed asphaltenes and both changes of 

frequency and dissipation as following.20, 22 
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Where, h is the adsorbed layer, ρ is the desity, η is the viscosity, μ is the shear modulus, 

and ω is the circular frequency for the adsorbed layer (index 1), quartz crystal (index 0) 

and fluid phase (index 2). 
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2.5 Three probe liquid technique 

  The three probe liquid technique was applied in this study to study the surface 

energies of metal substrates. According to the van der Waals and acid-base theory, the 

surface energy of a substrate can be regarded as three components.23 

+ 2d p d                              (2.16) 

Where,   is the total surface energy, 
d  and 

p  are the apolar and polar 

components,  
 is the electron-acceptor parameter, and  

 is the electron-donor 

parameter. These parameters can be obtained from the contact angles of three probe 

liquids with different polarities. The contact angle of a liquid on a substrate was 

measured by a standard goniometer (Model 250, Ramé-hart, USA). A drop of ~3 μL 

probe liquid was gently and carefully placed on the substrate, and shape of the drop was 

imaged by the software. The contact angle was then obtained from fitting the outline of 

the drop shape. Using the Lifshitz-van der Waals/acid-base approach,24 the surface 

energy of the substrate could be calculated. 
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where, d

S , S
  and S

  are the surface energy components of the substrate, d

L , L
  

and L
  are the surface energy components of the probe liquid, L  is the contact 

angle of probe liquid on the substrate. 

  



55 
 

Reference 

1. Luo, H.; Leitch, M.; Behnamian, Y.; Ma, Y.; Zeng, H.; Luo, J.-L., Development of 

electroless Ni–P/nano-WC composite coatings and investigation on its properties. 

Surface and Coatings Technology 2015, 277, 99-106. 

2. Wang, S.; Liu, J.; Zhang, L.; Masliyah, J.; Xu, Z., Interaction forces between 

asphaltene surfaces in organic solvents. Langmuir 2009, 26 (1), 183-190. 

3. Wang, S.; Liu, J.; Zhang, L.; Xu, Z.; Masliyah, J., Colloidal interactions between 

asphaltene surfaces in toluene. Energy & Fuels 2008, 23 (2), 862-869. 

4. Zhang, L.; Xie, L.; Shi, C.; Huang, J.; Liu, Q.; Zeng, H., Mechanistic 

Understanding of Asphaltene Surface Interactions in Aqueous Media. Energy & Fuels 

2016, 31 (4), 3348-3357. 

5. Brant, J. A.; Childress, A. E., Membrane–colloid interactions: comparison of 

extended DLVO predictions with AFM force measurements. Environmental 

Engineering Science 2002, 19 (6), 413-427. 

6. Dorobantu, L. S.; Bhattacharjee, S.; Foght, J. M.; Gray, M. R., Analysis of force 

interactions between AFM tips and hydrophobic bacteria using DLVO theory. 

Langmuir 2009, 25 (12), 6968-6976. 

7. Freitas, A. M.; Sharma, M. M., Detachment of particles from surfaces: an AFM 

study. Journal of colloid and interface science 2001, 233 (1), 73-82. 

8. Israelachvili, J. N., Intermolecular and surface forces. Academic press: 2011. 

9. Cappella, B.; Dietler, G., Force-distance curves by atomic force microscopy. 

Surface science reports 1999, 34 (1-3), 1-104. 



56 
 

10. Butt, H.-J.; Kappl, M.; Mueller, H.; Raiteri, R.; Meyer, W.; Rühe, J., Steric forces 

measured with the atomic force microscope at various temperatures. Langmuir 1999, 

15 (7), 2559-2565. 

11. Biggs, S., Steric and bridging forces between surfaces bearing adsorbed polymer: 

an atomic force microscopy study. Langmuir 1995, 11 (1), 156-162. 

12. Liu, J.; Cui, X.; Huang, J.; Xie, L.; Tan, X.; Liu, Q.; Zeng, H., Understanding the 

stabilization mechanism of bitumen-coated fine solids in organic media from non-

aqueous extraction of oil sands. Fuel 2019, 242, 255-264. 

13. Shi, C.; Zhang, L.; Xie, L.; Lu, X.; Liu, Q.; Mantilla, C. A.; van den Berg, F. G.; 

Zeng, H., Interaction mechanism of oil-in-water emulsions with asphaltenes determined 

using droplet probe AFM. Langmuir 2016, 32 (10), 2302-2310. 

14. Shi, C.; Zhang, L.; Xie, L.; Lu, X.; Liu, Q.; He, J.; Mantilla, C. A.; Van den Berg, 

F. G.; Zeng, H., Surface interaction of water-in-oil emulsion droplets with interfacially 

active asphaltenes. Langmuir 2017, 33 (5), 1265-1274. 

15. Xie, L.; Shi, C.; Cui, X.; Huang, J.; Wang, J.; Liu, Q.; Zeng, H., Probing the 

interaction mechanism between air bubbles and bitumen surfaces in aqueous media 

using bubble probe atomic force microscopy. Langmuir 2017, 34 (3), 729-738. 

16. Chan, D. Y.; Klaseboer, E.; Manica, R., Theory of non-equilibrium force 

measurements involving deformable drops and bubbles. Advances in colloid and 

interface science 2011, 165 (2), 70-90. 

17. Chan, D. Y.; Klaseboer, E.; Manica, R., Film drainage and coalescence between 

deformable drops and bubbles. Soft Matter 2011, 7 (6), 2235-2264. 



57 
 

18. Shi, C.; Cui, X.; Xie, L.; Liu, Q.; Chan, D. Y.; Israelachvili, J. N.; Zeng, H., 

Measuring forces and spatiotemporal evolution of thin water films between an air 

bubble and solid surfaces of different hydrophobicity. ACS nano 2014, 9 (1), 95-104. 

19. Rudrake, A.; Karan, K.; Horton, J. H., A combined QCM and XPS investigation of 

asphaltene adsorption on metal surfaces. Journal of colloid and interface science 2009, 

332 (1), 22-31. 

20. Tamiz Bakhtiari, M.; Harbottle, D.; Curran, M.; Ng, S.; Spence, J.; Siy, R.; Liu, Q.; 

Masliyah, J.; Xu, Z., Role of caustic addition in bitumen–clay interactions. Energy & 

Fuels 2015, 29 (1), 58-69. 

21. Vogt, B. D.; Lin, E. K.; Wu, W.-l.; White, C. C., Effect of film thickness on the 

validity of the Sauerbrey equation for hydrated polyelectrolyte films. The Journal of 

Physical Chemistry B 2004, 108 (34), 12685-12690. 

22. Malmström, J.; Agheli, H.; Kingshott, P.; Sutherland, D. S., Viscoelastic Modeling 

of Highly Hydrated Laminin Layers at Homogeneous and Nanostructured Surfaces:  

Quantification of Protein Layer Properties Using QCM-D and SPR. Langmuir 2007, 23 

(19), 9760-9768. 

23. Wu, W.; Giese, R. F., Jr.; van Oss, C. J., Evaluation of the Lifshitz-van der 

Waals/Acid-Base Approach To Determine Surface Tension Components. Langmuir 

1995, 11 (1), 379-382. 

24. Park, S.; Jang, E.; An, H.; Choi, W.; Kim, J.-H.; Lee, J.-H.; Choi, J.; Lee, J. S., The 

Lifshitz-van der Waals acid-base theory assisted fabrication of MFI-containing mixed 

matrix membranes for gas separations. Microporous and Mesoporous Materials 2018, 



58 
 

264, 60-69. 

 



59 
 

Chapter 3 Fouling Mechanisms of Asphaltenes and Fine 

Solids on Bare and Coated Carbon Steel in Oil Production 

3.1 Introduction 

Fouling, defined as the adsorption and build-up of undesired materials on the surfaces 

of related substrates or equipment through physical or/and chemical interactions,1-3 has 

caused significantly challenging problems to the chemical engineering and oil 

industries. The unexpected depositions of various materials on substrate surfaces in 

industrial operations result in negative impacts on the operational efficiency and 

generate significant economic losses.  

Steam-Assisted Gravity Drainage (SAGD) technique is the most widely used in-situ 

recovery method to extract bitumen from the Canadian oil sands.4 In the SAGD 

operations, fouling on facilities such as pipelines and heat exchangers can lead to 

plugged liners, increased pressure drop, enlarged heat resistance and reduced bitumen 

extraction efficiency.5-7 Meanwhile, it costs billions of dollars for industries in the world 

to shut down and clean or replace related facilities.8 Disposal of the fouled devices and 

the related foulants could also lead to potential negative impacts on the environment. 

Therefore, it is important to characterize the foulant components and understand the 

fouling mechanisms in related industrial processes. 

In previous studies, it has been reported that the major components of plugging 

foulants identified in SAGD operations include corrosion products (e.g., iron oxide), 
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clay particles (e.g., kaolinite), fine solids (e.g., silica) and organics (e.g., bitumen, 

asphaltenes).1, 9-11 Among these foulants, asphaltenes are the heaviest molecular 

fractions of crude oil with complex ring structures, which are insoluble in alkane 

solvents (e.g., heptane), but soluble in aromatic solvents (e.g., toluene).12-15 Asphaltenes 

are considered to be one of the major causes for the fouling issues in oil production.16-

20 It was well known that asphaltenes can easily deposit on various surfaces, such as 

silica and iron surfaces, via the van der Waals force, hydrogen bonds, cation/anion-π 

interactions and so on.21-22 Additionally, the aggregations of asphaltenes could act as 

the precursor for the coke formation, and the coke can lead to stronger fouling problems 

in oil production.23-27 Fine solids, originated from the reservoir ground or oil sands,28-

29 were often presented with asphaltenes in bitumen extraction.30-31 Thus, the adsorption 

of fine solids (i.e., silica) and organics (e.g., asphaltenes) contributes significantly to 

the fouling in oil production processes.  

L80 carbon steel is one of the commonly used materials in pipe and joints for oil and 

gas industry.32-34 However, the limited corrosion and fouling resistance of L80 carbon 

steel makes antifouling treatments requisite for its service under harsh environment in 

industrial operations.34-36 Over past decades, various protective coating techniques on 

steels have been developed to extend their applications in different industrial 

processes,37-42 such as plasma enhanced chemical vapor deposition, polymer coatings 

and electroless deposition.43-48 Among them, the electroless nickel-phosphorus (EN) 

coating shows great potential applications for its remarkable properties, such as high 

corrosion resistance, high wear resistance, great hardness, uniform thickness, and good 
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lubricity.49-51 The EN coating on steel substrates could protect the steel during service 

under harsh operation environment.49 Meanwhile, other materials, such as TiO2, Al2O3, 

SiC, and ZrO2, have been added in the EN coating to improve its performances (e.g., 

corrosion resistance).52-56 However, the evaluation and understanding of the antifouling 

property of EN coating in chemical and oil industries still remains very limited, which 

is one of the major focuses of this work.  

In this study, for the first time, the fouling and antifouling behaviors and the 

interaction mechanisms of silica and asphaltenes on L80 carbon steel and L80 with EN 

coating in aqueous solutions have been investigated via quantitative force 

measurements using the atomic force microscope (AFM) colloidal probe technique and 

bulk fouling tests. The effects of salinity, pH and divalent ions (i.e., Ca2+) were also 

investigated. Our work studies the fundamental fouling and antifouling mechanisms of 

fine solids and organics on selected metal surfaces in chemical and oil industries, with 

implications for the development of effective antifouling strategies. 

3.2 Materials and Methodology 

3.2.1 Materials.  

L80 carbon steel (L80) substrates were supplied by RGL Reservoir Management Inc. 

(RGL, Alberta, Canada). Silica microsphere particles (diameter 5 μm, Sigma-Aldrich, 

Canada) were used as fine solids in the force measurements. Asphaltenes were extracted 

from Athabasca bitumen by following a procedure reported previously.57 Toluene (C7H8, 

99.9%, HPLC grade, Sigma-Aldrich, Canada) was used as the solvent to dissolve 
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asphaltenes. Silica wafers with 0.5 μm thermal oxide layer purchased from NanoFAB, 

University of Alberta, were used in force measurements for the force calibration of 

AFM probes. Sodium chloride (NaCl, ≥99.5%, Sigma-Aldrich, Canada) was used to 

prepare the aqueous solutions. Calcium chloride dihydrate (CaCl2•2H2O, ACS reagent, 

≥99%, Sigma-Aldrich, Canada) was used as the source of Calcium ions to investigate 

the effect of divalent cations on fouling. Sodium hydroxide (NaOH, ACS reagent, 

≥97%, Sigma-Aldrich, Canada) and hydrochloric acid (HCl, certified ACS Plus, Fisher 

Scientific, Canada) were used as pH modifiers. Aqueous solutions were prepared using 

Milli-Q water with a resistivity of 18.2 MΩ•cm (BARNSTEAD Smart2Pure, Thermo 

Scientific, Canada). Silica particles (size 0.5-10 μm, Sigma-Aldrich, Canada) were used 

to prepare the silica suspensions for fouling tests. Ethanol (99.5%, anhydrous, ACROS 

Organics, Canada) was used for washing and cleaning of the substrates. 

3.2.2 Preparation of Electroless Nickel-phosphorus (EN) Coating.  

The nickel-phosphorus (EN) coating used in this study was prepared by electroless 

deposition onto L80 carbon steel substrates from a piece of slotted liner using reported 

EN coating plating process.58-59 First, the bare L80 steel was soaked in NaOH solution 

(20 wt%) at 70 ℃ for 15 min to remove all cutting fluids, grease and oil from the surface. 

Then, it was washed by DI water and ethanol, and dried using pure nitrogen. A solution 

of 10 wt% hydrochloric acid was used to activate the L80 surface for the plating process. 

The details of bath compositions and reaction conditions are listed in Table 3.1.The 

activated L80 substrates were placed in the electroless plating solution for EN coating. 
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After the coating process was completed, the substrates were rinsed with DI water and 

ethanol, and dried using pure nitrogen. 

Table 3.1 Bath compositions and reaction conditions for EN coating deposition 

Composition Concentration 

NiSO4∙6H2O 25 g L-1 

NaH2PO2∙H2O 30 g L-1 

Citric acid 20 g L-1 

Lactic acid 20 ml L-1 

Reaction Conditions: 

pH: 6.0 

Temperature: 85 °C 

Agitation: 250 rpm 

Time: 30 min 

 

3.2.3 Preparation of silica and asphaltenes probes.  

The silica probe was prepared using two-component epoxy glue (EP2LV, 

MasterBond, USA) to attach a silica microsphere (radius ~2.5 μm) to the end of a tipless 

AFM cantilever (NP-O10, Bruker, Santa Barbara, CA). This glued silica probe was 

placed at room temperature (23 °C) for at least 24 h for epoxy curing. Before force 

measurements, the silica probe was treated in a UV-Ozone cleaner for 15 min to remove 

the possible organic contaminants, and then rinsed with DI water and ethanol, followed 
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by drying with pure nitrogen. Asphaltenes probe was prepared by immersing the 

cleaned silica probe in 20 ppm asphaltenes-in-toluene solution for 2 days. Figure 3.S1 

shows the scanning electron microscopy (SEM) images of silica probe and asphaltenes-

coated silica probe, demonstrating the successful deposition and full coverage of 

asphaltenes on the probe. Prior to force measurements, the asphaltenes probe was 

washed using toluene and dried with pure nitrogen.  

3.2.4 Force measurements using colloidal probe technique.  

The force measurements between silica or asphaltenes-coated silica probe and 

different substrates (i.e., L80, L80 with EN coating) in NaCl solutions were conducted 

with a Dimension Icon AFM (Bruker, Santa Barbara, CA, USA) using the colloidal 

probe technique, as illustrated in Figure 3.1. The details of experimental setup were 

reported elsewhere.7, 60-66 

 

Figure 3.1 Schematic of AFM colloidal probe technique in aqueous solution. The inset 



65 
 

shows the SEM image of a typical silica probe (Scale bar: 5 μm). 

 

During the force measurements, the substrate was firstly immersed in the aqueous 

solution. A silica or asphaltenes probe was installed in the tip holder of the AFM and 

then placed in the aqueous solution. The piezo sensitivity was calibrated from the linear 

regime of the force curves between the probe and a clean silica surface, and the spring 

constant of this probe was calibrated using the thermal tune method.67 During each 

force measurement, the silica or asphaltenes probe was driven by a piezo to approach 

the substrate at a velocity of 1 μm s-1 until a loading force of 10 nN was reached, and 

then it was retracted from the substrate. The deflection of the probe was detected by an 

optical laser beam detection system, and the interaction forces were calculated using 

the Hooke's law. The corresponding force profiles between the probe and the substrate 

were recorded by the AFM software. To obtain reproducible results, multiple force 

measurements were conducted with the probe on different positions (more than 50) of 

the same substrate, and two independently prepared substrates were tested. The 

measured force curves were analyzed and the average adhesion between the probe and 

the substrate was determined. 

The force-separation profiles between the probe and substrate in NaCl solutions were 

measured and recorded by the AFM software. To theoretically analyze the measured 

interactions, the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) model coupled 

with hydrodynamic interaction has been applied to fit the measured force data. The 

included van der Waals force (Fvdw) and electric double layer force (Fedl) are given by 



66 
 

Equations 1 and 2, respectively.68-69 
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where AH is the Hamaker constant, R is the radius of silica microsphere, D is the 

separation distance between the microsphere and flat substrate, ε is the relative 

permittivity of medium, ε0 is the vacuum permittivity, κ is the Debye length, σp is the 

surface charge density of colloidal probe, σS is the charge density of the flat substrate, 

kB is the Boltzmann constant, T is the temperature, C is the bulk concentration of ions, 

NA is the Avogadro’s number, e is the elementary charge, and Ψ is the surface potential. 

In addition to the DLVO interactions, the hydrodynamic force (Fhd) was also included 

to analyze the measured force profile as given by Equation 4.70 
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where η is the fluid viscosity (0.001 N m-2, 20 °C), and u is the approaching velocity of 

microsphere (u=1 μm s-1=1.0×10-6 m s-1). Therefore, the total forces (F) can be given 

by Equation 5. 

 vdw edl hdF F F F                            (5) 
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3.2.5 Bulk fouling tests.  

The bulk fouling tests of L80 and EN coating in silica and asphaltenes-coated silica 

suspensions were conducted to evaluate their fouling and antifouling performances. 

Asphaltenes-coated silica particles were prepared by soaking silica particles (0.5~10 

μm) in 20 ppm asphaltenes in toluene for 2 days. Then the liquid was removed after 

centrifugation. The solids were thoroughly washed by pure toluene and dried at room 

temperature (23 °C). Silica or asphaltenes-coated silica suspensions were prepared by 

dispersing 0.1 g particles in 100 mL NaCl solutions with different water chemistries 

(e.g., salinity, pH and Ca2+ ions) using an ultrasonic bath for 1 hour. L80 and EN 

substrates were separately immersed in the silica or asphaltenes-coated silica 

suspensions with a stirring speed of 300 rpm for 24 h at room temperature (23 °C). 

Then the treated substrates were washed with DI water and dried with pure nitrogen, 

and characterized using optical imaging, Scanning Electron Microscopy (SEM) and 

Energy Dispersive X-Ray Spectroscopy (EDS). The intensity signal of silicon element 

in the EDS spectra was determined to show the fouling of silica particles, and that of 

carbon element was examined for the fouling of asphaltenes-coated silica particles. It 

is noted that although EDS characterizations could not quantify the total amount of 

foulants adsorbed on substrates, they provide useful data for direct comparison of 

antifouling performance of different substrates under same experimental condition. 
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3.3 Results and Discussion 

3.3.1 Characterization of EN coating.  

Figure 3.2 shows the SEM and EDS results of EN coating on L80 substrate. The 

typical nodular structure of electroless nickel phosphorus 58 was detected on the flat 

substrate. The EDS element results of the EN coating show the presence of nickel and 

phosphorus elements, demonstrating the successful deposition of EN coating on L80 

substrate. Figure 3.2C shows the SEM image of the cross section of EN coating, and 

Figure 3.2C, E and F show the EDS element mapping of iron, phosphate and nickel at 

the cross section. The thickness of the EN coating layer was determined to be ~15 µm. 

Figure 3.3 shows the topographic AFM images of the EN and L80 substrates, which 

have root-mean-square (rms) roughness of 21.9 nm and 12.5 nm, respectively. 
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Figure 3.2 (A) SEM image of EN coating deposited on L80. (B) EDS spectrum of EN 

coating. (C) SEM image of the cross section of the EN coating. (D, E, F) EDS elemental 

mapping of the cross section of EN coating for elements Fe, P and Ni. 

   

  

Figure 3.3 Topographic AFM image of (A) EN coating and (B) L80 substrate. The 

root-mean-square (rms) roughness is 21.9 nm for EN and 12.5 nm for L80. 

 

3.3.2 Effect of electrolyte (NaCl) concentration.  

The effects of electrolyte concentration on the surface interactions were investigated. 

The interaction forces between silica or asphaltenes-coated silica probe and L80 or EN 

substrates were measured in NaCl solutions of varying concentration: 1, 10, and 100 

mM at natural pH of 5.8. The force results are shown in Figure 3.4. 
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Figure 3.4 Normalized surface interaction forces during approaching in 1, 10 and 100 

mM NaCl solutions for (A) silica probe vs. L80 substrate, (B) silica probe vs. EN 

substrate, (C) asphaltenes-coated silica probe vs. L80 substrate, and (D) asphaltenes-

coated probe vs. EN substrate. 

 

Figure 3.4A shows the normalized force profiles between silica probe and L80 

substrate in 1, 10 and 100 mM NaCl solutions. Pure repulsive forces were measured 

between silica probe and L80 substrate in 1 mM NaCl. At low salinity (i.e., 1 mM), the 

Debye length is about 9.6 nm, and the electrical double layer (EDL) interaction 

contributes significantly to the long-range repulsion. In 10 mM NaCl solution, the long-

range repulsion disappeared and repulsion was detected only at very short distances of 

D < 2 nm. At high salinity condition (i.e., 100 mM NaCl), no noticeable repulsion was 

A B
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detected during approaching, while attraction was measured and an obvious “jump-in” 

behavior was observed at distance less than 10 nm. According to the classical DLVO 

theory, both the van der Waals (VDW) and electric double layer (EDL) interactions 

contribute to the surface interaction between the silica probe and L80 surface in NaCl 

solutions. Under high salinity (i.e., 100 mM) condition, the electric double layer was 

significantly compressed with a Debye length less than 1 nm, thus the VDW attraction 

dominates the interaction and leads to the “jump-in” behavior during approaching.68 

The inset in Figure 3.4A shows the normalized adhesion Fad/R measured during the 

separation between the silica probe and L80 substrate under different NaCl 

concentration conditions, which were all around 0.8 mN m-1 and did not change 

significantly with salt concentration. 

To better understand the interactions between silica probe and L80 substrate in NaCl 

solutions, the experimental data was theoretically analyzed based on the DLVO theory, 

as shown in the solid red curves of Figure 3.4A. For calibrating the surface property 

(i.e., surface potential) of silica, firstly, the interaction forces between silica probe and 

flat silica substrate were measured in 1, 10 and 100 mM NaCl solutions, as shown in 

Figure 3.S2A, which were fitted with the DLVO theory. The Hamaker constant between 

silica surfaces in NaCl solution was calculated as 6.28×10-21 J using the Lifshitz theory 

and assuming the dielectric constant and reflective index of silica and water.68, 71-72 It is 

found that the experimental data in 100 mM NaCl reasonably agrees with theoretical 

calculations based on the dominating VDW interactions, which validates the calculated 

Hamaker constant. Fitting the measured force curves between silica surfaces in 1 and 
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10 mM NaCl solutions using the DLVO theory gives the surface potentials of silica 

surface in 1 and 10 mM NaCl as -28.0 and -22.0 mV, respectively. The obtained surface 

potentials of silica fall within the value range reported previously,61, 73-74 as in Table 

3.S1. The Hamaker constant and fitted surface potential values of silica were further 

applied to fit the measured force curves between silica probe and L80 surface in 1, 10 

and 100 mM NaCl solutions. The fitted Hamaker constant between the silica probe and 

the L80 substrate in the 100 mM NaCl solution was 2.13×10-20 J based on the measured 

force curves. The reported Hamaker constants of silica, steel and water are 6.3×10-20 J, 

3.0×10-19 J, and 3.7×10-20 J, respectively.68, 75 The Hamaker constant between silica and 

steel in aqueous solution was calculated as 2.08×10-20 J based on the combination 

relation which is very close to the fitted value. The surface potentials of L80 in 1 and 

10 mM NaCl solutions were further fitted and calculated as -5.5 and -3.0 mV, 

respectively, as shown in Table 3.2, also close to the reported values.76-77 It is noted that 

the surface potentials of silica and L80 surfaces in NaCl solutions become less negative 

when the solution salinity increases.68 

Figure 3.4B shows the measured force curves between silica probe and EN substrate 

in 1, 10 and 100 mM NaCl solutions. Similar trend was observed as that in Figure 3.4A 

that the measured forces changed from the repulsion to attraction when the salinity 

increased from 1 mM to 100 mM. This tendency was also due to the compressed electric 

double layer interaction under high salinity condition. The inset in Figure 3.4B shows 

the normalized adhesion between silica probe and EN coating surface measured during 

separation, which was all around 0.2 mN m-1. Comparing the force curves in Figure 
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3.4A and B, the interaction forces during approaching between silica probe and EN 

substrate are less attractive in 100 mM NaCl and more repulsive in 1 mM NaCl 

compared to those of the L80 substrate. Meanwhile the adhesion forces measured 

during separation are also much weaker. These results indicate that silica particles are 

more difficult to attach on EN coating than on L80 in NaCl solutions. 

The measured force curves between silica probe and EN substrate in 1, 10 and 100 

mM NaCl solutions were also theoretically analyzed using a similar approach used to 

obtain Figure 3.4A, and are shown by the solid curves in Figure 3.4B. The Hamaker 

constant between silica and EN substrate was determined to be 3.3×10-21 J from the 

force results under high salinity condition (i.e., 100 mM). This value was much smaller 

than the Hamaker constant between silica and L80 substrate, indicating that the VDW 

attraction between silica and EN substrate in NaCl solutions was weaker than that 

between silica and L80 substrate. The surface potentials of EN coating in 1 and 10 mM 

NaCl solutions were fitted to be -9.5 mV and -6.0 mV, respectively. These surface 

potentials were more negative than those of L80 substrate in NaCl solutions, 

demonstrating that the EDL repulsion between silica and EN substrate was stronger 

than that between silica and L80 substrate. The EN coating has nickel atoms and 

phosphorus atoms on its surface, which could attract more hydroxyl groups in aqueous 

solutions. Therefore, the more negative surface potentials, as well as the stronger EDL 

repulsions between EN substrate and silica probe, could be obtained. 

Figure 3.4C and D show the measured force curves and theoretical fittings for 

interactions of asphaltenes probe with L80 and EN substrate in 1, 10 and 100 mM NaCl 
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solutions, respectively. Under low salinity (i.e., 1 mM NaCl), the force curves were 

repulsive due to the strong EDL repulsion. Under high salinity (i.e., 100 mM NaCl), the 

force curves became attractive because of the dominant role of VDW attraction. The 

measured adhesion between asphaltenes and L80 (around 2.7 mN m-1) was much 

stronger than that between asphaltenes and EN coating (around 0.25 mN m-1), 

suggesting that the asphaltenes was more difficult to attach to EN coating surface. 

 

Table 3.2 The Hamaker constants and surface potentials of silica, asphaltenes, L80 and 

EN in 1, 10 and 100 mM NaCl solutions. 

Hamaker constant AH 

Silica probe-water-L80 substrate 2.13×10-20 J 

Silica probe-water-EN substrate 3.3×10-21 J 

Asphaltenes probe-water-L80 substrate 2.31×10-20 J 

Asphaltenes probe-water-EN substrate 3.5×10-21 J 

Surface potentials Ψ 

 1 mM 10 mM 100 mM 

Silica -28.0 mV -22.0 mV - 

Asphaltenes -55.0 mV -18.0 mV - 

L80 -5.5 mV -3.0 mV - 

EN -9.5 mV -6.0 mV - 
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The measured force profiles were also theoretically analyzed based on the classic 

DLVO theory which is shown in the solid red curves of Figures 3.4C and D. For 

calibrating the surface property (i.e., surface potential) of asphaltenes-coated silica 

probe, the interaction forces between asphaltenes-coated silica probe and silica 

substrate were measured in 1, 10 and 100 mM NaCl solutions, as shown in Figure 3.S2B. 

The Hamaker constant between asphaltenes and silica in NaCl solution was found 

through fitting to be 6.55×10-21 J from the force curve at high salinity (i.e., 100 mM), 

which is close to the reported values.78-79 Then, fitting the force curves at 1 and 10 mM 

NaCl solutions gives the surface potentials of asphaltenes surface as -55.0 mV and -

18.0 mV, respectively, as in Table 3.S1. The obtained surface potentials of asphaltenes 

were within the reported value range.73, 80 The Hamaker constant and fitted surface 

potentials were further used in the theoretical analysis of measured force curves 

between asphaltenes-coated silica probe and L80 or EN substrate. The Hamaker 

constants between asphaltenes-coated silica probe and L80 or EN substrates in NaCl 

solution were also found through fitting to be 2.31×10-20 J and 3.5×10-21 J, respectively. 

Based on the measured interaction forces at high salinity (i.e., 100 mM). The smaller 

Hamaker constant between asphaltenes-coated silica and EN substrate indicated a 

weaker VDW attraction than that between asphaltenes-coated silica and L80 substrate. 

With the fitted surface potentials of asphaltenes, L80 and EN substrates, it is noted that 

the experimental force curves between asphaltenes-coated silica and L80 or EN 

substrate in 1 and 10 mM NaCl solutions agree well with theoretical calculations based 

on the classical DLVO theory. These results further validate the fitted Hamaker 
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constants and surface potentials. 

3.3.3 Effect of pH.  

The effect of solution pH on the surface interactions was also investigated. The 

interaction forces between silica probe or asphaltenes-coated silica probe and L80 or 

EN substrate were measured in 1 mM NaCl solution at pH of 5.5, 8.0 and 10.5. The 

force results are shown in Figure 3.5. 

  

Figure 3.5 Normalized surface interaction forces during approaching in 1 mM NaCl 

solution at pH of 5.5, 8.0 and 10.5 for (A) silica probe vs. L80 substrate, (B) silica probe 

vs. EN substrate, (C) asphaltenes-coated silica probe and L80 substrate, and (D) 

asphaltenes-coated silica probe and EN substrate. 

 

A B

C D
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Figure 3.5A shows the normalized interaction forces between a silica probe and L80 

substrate in 1 mM NaCl solutions at different pH of 5.5, 8.0 and 10.5. The long-range 

repulsive forces were detected at pH of 8.0 and 10.5. At pH of 5.5, the “jump-in” 

behavior was observed at distance less than 10 nm and attraction was measured. At 

alkaline pH (i.e., pH 10.5), more OH- ions in the bulk solution could induce more 

adsorption of OH- ions on the surface or promote the deprotonation of related surface 

chemical groups, which makes the substrate surface more negatively charged.68 

Therefore, alkaline pH of the NaCl solution induced stronger EDL repulsion between 

silica probe and L80 substrate. The inset in Figure 3.5A shows the normalized adhesions 

Fad/R between silica probe and L80 substrate in 1 mM NaCl solutions at pH of 5.5, 8.0 

and 10.5. The normalized adhesion Fad/R decreases from 0.78 mN m-1 at pH 5.5 to 0.60 

mN m-1 at pH 8.0 and finally to 0.58 mN m-1 at pH 10.5, indicating that the alkaline pH 

leads to weaker adhesion between silica and L80 substrate. Thus, the solution pH has 

an influence on the adhesion between two surfaces. Figure 3.5B shows the normalized 

interaction forces between silica probe and EN substrate in 1 mM NaCl solutions at pH 

of 5.5, 8.0 and 10.5. A similar trend as in Figure 3.5A was observed. The measured 

normalized adhesions decreased from 0.17 mN m-1 at pH 5.5 to 0.11 mN m-1 at pH 10.5, 

which was also due to the alkaline pH. It was noticed that the adhesion forces between 

silica probe and EN substrate were weaker than those between silica and L80 substrate 

in NaCl solutions, indicating that it would be more difficult for silica particles to attach 

to EN surface. 

Figures 3.5C and D show the normalized interaction forces between asphaltenes-
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coated silica probe and L80 or EN substrate in 1 mM NaCl solutions at pH 5.5, 8.0 and 

10.5. The obtained force curves are repulsive, except for the case of asphaltenes-coated 

silica probe and L80 substrate in 1 mM NaCl solution at pH 5.5, which showed a “jump-

in” behavior at distances less than 4 nm. It was observed that the interaction forces 

between asphaltenes-coated silica probe and EN substrate were more repulsive than 

those between asphaltenes-coated silica probe and L80 substrate. This result was also 

due to the more negatively charged asphaltene surface at alkaline pH. Moreover, the 

normalized adhesion between asphaltenes and L80 or EN substrates became weaker at 

alkaline solution (i.e. pH 10.5), as shown in the insets of Figures 3.5C and D. 

Additionally, the adhesion between asphaltenes and EN coating was much weaker than 

that between asphaltenes and L80, suggesting the higher possibility for asphaltenes to 

adsorb on L80 surface. 

 

Table 3.3 The surface potentials of silica, asphaltenes, L80 and EN in 1 mM NaCl 

solutions at pH of 5.5, 8.0 and 10.5. 

 pH=5.5 pH=8.0 pH=10.5 

Silica -25.0 mV -32.0 mV -39.5 mV 

Asphaltenes -52.0 mV -63.0 mV -68.5 mV 

L80 -3.0 mV -6.0 mV -6.5 mV 

EN -7.0 mV -18.0 mV -19.0 mV 

 

The measured force profiles were also theoretically analyzed using the similar 
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approach, as shown by the solid red curves in Figure 3.5. For calibrating the surface 

property (i.e. surface potential) of silica and asphaltenes-coated silica, the interaction 

forces between silica probe or asphaltenes-coated silica probe and silica substrate in 1 

mM NaCl solution at pH of 5.5, 8.0 and 10.5 were measured, as shown in Figure 3.S3. 

Since the Hamaker constants between silica probe or asphaltenes-coated silica probe 

and silica substrate in NaCl solution were known, the surface potentials of silica and 

asphaltenes were fitted and the results were listed in Table 3.S2. These values were 

within the value ranges reported previously.68, 73, 78, 80 Afterwards, the surface potentials 

of silica and asphaltenes were applied in the theoretical analysis of the measured 

interaction forces between silica probe or asphaltenes-coated silica probe and L80 or 

EN substrate. Thus, the surface potentials of L80 and EN substrates were fitted, as 

shown in Table 3.3. It was noted that the surface potentials of L80 and EN substrates 

became more negative when the solution pH turned to be alkaline, and the surface 

potentials of EN substrate were more negative than those of L80 substrate, suggesting 

a stronger EDL repulsion between silica or asphaltenes and EN substrate in NaCl 

solutions. 

3.3.4 Effect of calcium ion.  

Previous studies show that the presence of divalent ions could influence the 

aggregation behaviors and conformations of asphaltenes adsorbed at the oil-water 

interfaces, which would further impact the emulsion stability.81-83 The effect of divalent 

ions (i.e., calcium ions) was also investigated. The interaction forces between silica 
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probe or asphaltenes-coated silica probe and L80 or EN substrate in 1mM NaCl at 

pH=8.0 with the addition of 0, 1 and 10 mM Ca2+ were measured, and the force results 

are shown in Figure 3.6.  

 

Figure 3.6 Normalized surface interaction forces during approaching in 1 mM NaCl 

solutions at pH 8.0 with the addition of 0, 1 and 10 mM Ca2+ for (A) silica probe vs. 

L80 substrate, (B) silica probe and EN substrate, (C) asphaltenes-coated silica probe 

and L80 substrate, and (D) asphaltenes-coated silica probe and EN substrate. 

 

Figure 3.6A and B show the normalized interaction forces between the silica probe 

and L80 or EN substrate in 1 mM NaCl solution with the addition of 0, 1, and 10 mM 

Ca2+ ions.  The measured force profiles exhibited a tremendously weakened repulsion 

with the addition of Ca2+ ions, which could be due to the significantly compressed 

A B

C D
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electrical double layer force. Divalent calcium ion has the stronger charge-shielding 

effect than monovalent sodium ions, which results in the more neutralized surface 

potentials and the weaker EDL repulsion.84 It was also noted that the force profiles 

between the silica probe and L80 substrate in 1 and 10 mM Ca2+ ions were more 

attractive than those between silica probe and EN substrate, which was due to the 

stronger VDW attraction between silica and L80. Figure 3.6C and D show the 

normalized interaction forces between asphaltenes-coated silica probe and L80 or EN 

substrate in 1 mM NaCl solutions with the addition of 0, 1, and 10 mM Ca2+ ions. 

Similar trend of the force profiles with silica probe cases could be observed. The insets 

in Figure 3.6 show the normalized adhesions Fad/R between silica probe or asphaltenes-

coated silica probe and L80 or EN substrate in the presence of 0, 1 and 10 mM Ca2+ 

ions. The increased adhesion with the addition of Ca2+ ions demonstrates the significant 

influence of divalent ions (i.e., Ca2+ ions) in the surface interactions. The increased 

adhesion with the addition of Ca2+ ions demonstrates the significant influence of 

divalent ions (i.e., Ca2+ ions) in the surface interactions as the result of the strong 

shielding effect to weaken electric double layer interaction and bridging effect of Ca2+ 

ions between two negatively charged surfaces.83 The relatively smaller adhesion 

between silica or asphaltenes and EN substrate than those between silica or asphaltenes 

and L80 substrate suggests the greater possibility to lower the fouling of silica and 

asphaltenes on EN coating surface. 

 

Table 3.4 The surface potentials of silica, asphaltenes, L80 and EN in 1 mM NaCl 
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solutions at pH 8.0 with the addition of 0, 1 and 10 mM Ca2+. 

 0 1 mM 10 mM 

Silica -32.0 mV -15.0 mV -5.0 mV 

Asphaltenes -63.0 mV -28.0 mV -16.0 mV 

L80 -6.0 mV -4.0 mV -2.0 mV 

EN -18.0 mV -6.0 mV -3.0 mV 

 

The measured force profiles were also analyzed by the theoretical approach discussed 

above, as shown by the solid red curves in Figure 3.6. The surface potentials of silica 

probe and asphaltenes-coated silica probe in 1 mM NaCl solutions with 0, 1 and 10 mM 

Ca2+ ions were firstly calibrated via force measurements with the silica substrate, as 

shown in Figure 3.S4. Based on the classical DLVO theory, the surface potentials of 

silica and asphaltenes were fitted and listed in Table 3.S3 and Table 3.4. Then, the 

surface potentials of L80 and EN were fitted from the measured force profiles and the 

results are also listed in Table 3.4. It is noted that the surface potentials became less 

negative when Ca2+ ions were added to the NaCl solution. The surface potentials of EN 

substrate was more negative than L80 substrate, suggesting a stronger EDL repulsion 

between EN coating and silica probe or asphaltenes-coated silica probe in NaCl 

solutions. 

3.3.5 Bulk fouling tests in silica and asphaltenes-coated silica suspensions.  

To examine the fouling and antifouling performance of L80 and EN substrates in 
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NaCl solutions, bulk fouling tests in silica and asphaltenes-coated silica suspensions 

were conducted under the effects of salinity, pH and Ca2+ ions. The optical images of 

L80 and EN substrates before the bulk fouling tests are shown in Figure 3.S5.  

 

Figure 3.7 Optical images of L80 and EN substrates after bulk fouling tests in silica 

and asphaltenes suspensions with 1, 10 and 100 mM NaCl. (A) L80 substrates in silica 

suspensions. (B) EN substrates in silica suspensions. (C) L80 substrates in asphaltenes-

coated silica suspensions. (D) EN substrates in asphaltenes-coated silica suspensions. 

(The size of substrates 8×8×3 mm.) 

 

Figure 3.7A and C show the bulk fouling test results of L80 substrates in silica and 

asphaltenes-coated silica suspensions with 1, 10 and 100 mM NaCl, respectively. After 

performing the fouling tests, the L80 substrates showed increased corrosion and fouling 

products (yellow and black domains) on the surface with increasing solution salinity, 

indicating that the fouling of L80 substrate by silica particles and asphaltenes 

aggravated under higher salinity conditions. Therefore, high salinity (i.e., 100 mM 

A [NaCl] 1 mM 10 mM 100 mM

C [NaCl] 1 mM 10 mM 100 mM

B [NaCl] 1 mM 10 mM 100 mM

D [NaCl] 1 mM 10 mM 100 mM
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NaCl) promoted the fouling of silica and asphaltenes-coated silica particles on L80 

surface. Figure 3.7B and D show the optical images of EN substrates after the bulk 

fouling tests in silica and asphaltenes-coated silica suspensions with 1, 10 and 100 mM 

NaCl. Unlike L80 substrates, there was no obvious fouling on EN substrates, suggesting 

that EN coating may possess an excellent antifouling property compared to L80. 

   

A B

C D
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Figure 3.8 SEM and EDS results of L80 and EN substrates after bulk fouling tests in 

silica and asphaltenes suspensions with 100 mM NaCl. (A, B) L80 substrate in silica 

suspensions. (C, D) EN substrate in silica suspensions. (E, F) L80 substrate in 

asphaltenes suspensions. (G, H) EN substrate in asphaltenes suspensions. (Scale bar: 

25 μm) 

 

To evaluate the fouling phenomena, SEM and EDS were conducted to characterize 

L80 and EN substrates after the bulk fouling tests in silica and asphaltenes suspensions 

with 100 mM NaCl, and the results are shown in Figure 3.8. The SEM images of L80 

substrates (Figure 3.8A and E) showed that there were particles adsorbed on the 

E F

G H
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substrate surfaces, and the EDS results (Figure 3.8B and F) confirmed the presence of 

silicon element. It is noted that no silicon signal was detected from the EDS result of 

L80 substrate before fouling tests (Figure 3.S4C). Thus, the fouling of silica and 

asphaltenes-coated silica occurred on L80 surfaces. Figure 3.8C and G show the SEM 

images of EN substrates after bulk fouling tests. The EDS results (Figure 3.8D and H) 

show that only a very limited amount of silicon could be detected on the EN surfaces. 

The SEM and EDS results were consistent with the optical images in Figure 3.7. 

Therefore, these results demonstrate that the EN coating possesses a much better 

antifouling performance than L80 in silica and asphaltenes suspensions with different 

salinities. It is noted that EN coating (RMS roughness 21.9 nm) has the rougher surface 

morphology and lower surface energy than L80 substrate (RMS roughness 12.5 nm).77 

Previous reports demonstrated that large surface roughness and high surface energy 

could aggravate fouling phenomena.85-86 With high surface roughness and low surface 

energy, EN coating shows good antifouling property. 

   

 

Figure 3.9 Optical images of L80 and EN substrates after bulk fouling tests in silica 

A pH 5.5 8.0 10.5

C pH 5.5 8.0 10.5

B pH 5.5 8.0 10.5

D pH 5.5 8.0 10.5
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and asphaltenes suspensions with 1mM NaCl solution and pH of 5.5, 8.0 and 10.5. (A) 

L80 substrates in silica suspensions. (B) EN substrates in silica suspensions. (C) L80 

substrates in asphaltenes-coated silica suspensions. (D) EN substrates in asphaltenes-

coated silica suspensions. (The dimensions of substrates are: 8×8×3 mm.) 

 

Figure 3.9A and C show the optical images of L80 substrates after the bulk fouling 

tests in silica and asphaltenes suspensions with 1 mM NaCl and pH of 5.5, 8.0 and 10.5. 

It was observed that all the L80 substrates displayed yellow and black domains on the 

surfaces, indicating fouling occurrence. The fouling aggravated when the solution pH 

decreased to 5.5, suggesting that low acidic pH promoted the fouling of silica and 

asphaltenes-coated silica particles on L80 surface. Figure 3.9B and D show the optical 

images of EN substrates after the bulk fouling tests in silica and asphaltenes suspensions 

with 1 mM NaCl and pH of 5.5, 8.0 and 10.5. No obvious change was observed on EN 

surfaces. Therefore, EN coating possesses a better antifouling performance than L80 in 

silica and asphaltenes suspensions at different pH. 
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Figure 3.10 Images of L80 and EN substrates after bulk fouling tests in silica and 

asphaltenes suspensions in 1mM NaCl solution with 0, 1 mM and 10 mM Ca2+ ions. (A) 

L80 substrates in silica suspensions. (B) EN substrates in silica suspensions. (C) L80 

substrates in asphaltenes-coated silica suspensions. (D) EN substrates in asphaltenes-

coated silica suspensions. (The dimensions of substrates are: 8×8×3 mm.) 

 

Figure 3.10A and C show the optical images of L80 substrates after the bulk fouling 

tests in silica and asphaltenes suspensions in 1 mM NaCl solutions with 0, 1 and 10 

mM Ca2+ ions. Fouling was visually detected on L80 surfaces and aggravated fouling 

could be detected when more Ca2+ ions was added in the NaCl solutions. Thus, the 

presence of Ca2+ ions promoted the fouling of silica and asphaltenes particles on the 

L80 surfaces. Figure 3.10B and D show the optical images of EN surfaces after the bulk 

fouling tests. Similarly, no obvious fouling was observed on the EN surfaces. Thus, EN 

coating shows a better antifouling performance than L80 in silica and asphaltenes 

suspensions in the presence of Ca2+ ions. 

A [Ca2+] 0 1 mM 10 mM B [Ca2+] 0 1 mM 10 mM

D [Ca2+] 0 1 mM 10 mMC [Ca2+] 0 1 mM 10 mM
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3.4 Conclusions 

In this work, the fouling mechanisms and antifouling property of silica and 

asphaltenes-coated silica on L80 and EN substrates in NaCl solutions were directly 

quantified using the AFM colloidal probe technique. The effects of solution salinity, pH 

and presence of Ca2+ ions were investigated. The measured force curves were 

theoretically analyzed using the classic DLVO theory. The force results indicate that 

the attractive VDW interactions between silica probe or asphaltenes-coated silica probe 

and L80 or EN substrate in NaCl solutions contribute to the fouling phenomena, and 

the repulsive EDL interactions play an important role in their antifouling property. The 

surface force measurements also demonstrated that the EDL repulsion became 

weakened under high salinity condition, at low acidic pH and with the presence of 

divalent ions (i.e., Ca2+). Compared with the L80 substrate, EN coating surface showed 

weaker VDW attraction and stronger EDL repulsion with silica and asphaltenes-coated 

silica in NaCl solutions. EN coating has nickel atoms and non-metal phosphorus atoms 

on its surface, which could adsorb more hydroxyl ions to carry more negative surface 

potential. Therefore, the stronger EDL repulsion, as well as the weaker VDW attraction, 

led to the excellent antifouling properties of EN in oil-in-water emulsions. Furthermore, 

bulk fouling tests of L80 and EN substrates in silica and asphaltenes suspensions were 

also conducted to evaluate their fouling and antifouling performances. The bulk fouling 

results agreed well with the surface force measurement results, which demonstrated that 

EN coating possessed excellent antifouling property. Our work has improved the 

fundamental understandings of the fouling mechanisms of silica particles and 
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asphaltenes on bare and EN-coated L80 surfaces in NaCl solutions, which provides 

useful insights on the antifouling behaviors of the EN coatings and the development of 

antifouling strategies for chemical and petroleum industries. 

3.5 Supporting information 

 

Figure 3.S1 Typical scanning electron microscopy (SEM) images of silica probe (A) 

and asphaltenes probe (B). 

(a) (b)

silica probe
asphaltenes probeBA
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Figure 3.S2 Normalized surface interaction forces during approaching in 1, 10 and 100 

mM NaCl solutions for (A) silica probe and silica wafer, and (B) asphaltenes-coated 

silica probe and silica wafer. 

 

Table 3.S1 The Hamaker constants and surface potentials of silica and asphaltenes in 

1, 10 and 100 mM NaCl solutions. 

Hamaker constant AH 

Silica probe-water-silica substrate 6.28×10-21 J 

Asphaltenes probe-water-silica 

substrate 

6.55×10-21 J 

Surface potentials Ψ 

 1 mM 10 mM 100 mM 

Silica -28.0 mV -22.0 mV - 

Asphaltenes -55.0 mV -18.0 mV - 

 

A B
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Figure 3.S3 Normalized surface interaction forces during approaching in NaCl 

solutions at pH of 5.5, 8.0 and 10.5 for (A) silica probe and silica wafer, and (B) 

asphaltenes-coated silica probe and silica wafer. 

 

Table 3.S2 The surface potentials of silica and asphaltenes in 1 mM NaCl solutions at 

pH of 5.5, 8.0 and 10.5. 

 pH=5.5 pH=8.0 pH=10.5 

Silica -25.0 mV -32.0 mV -39.5 mV 

Asphaltenes -52.0 mV -63.0 mV -68.5 mV 

 

A B
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Figure 3.S4 Normalized surface interaction forces during approaching in 1 mM NaCl 

solutions at pH 8.0 with 0, 1 and 10 mM Ca2+ for (A) silica probe and silica wafer, and 

(B) asphaltenes-coated silica probe and silica wafer. 

 

Table 3.S3 The surface potentials of silica and asphaltene surfaces in 1 mM NaCl 

solutions with 0, 1 mM and 10 mM Ca2+ (pH=8.0). 

 0 Ca2+ 1 mM Ca2+ 10 mM Ca2+ 

Silica -32.0 mM -15.0 mM -5.0 mM 

Asphaltenes -63.0 mM -28.0 mM -16.0 mM 

 

 

A B

A
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Figure 3.S5 (A) Optical images of original L80 substrate (left) and EN coating substrate 

(right). (B) SEM image of L80 substrate. (C) EDS results of L80 substrate. 

 

  

25μm

B C
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42. Mérian, T.; Goddard, J. M., Advances in nonfouling materials: perspectives for the 

food industry. J. Agric. Food. Chem. 2012, 60 (12), 2943-2957. 

43. Beuf, M.; Rizzo, G.; Leuliet, J.; Müller-Steinhagen, H.; Yiantsios, S.; Karabelas, 

A.; Benezech, T., Fouling and cleaning of modified stainless steel plate heat exchangers 

processing milk products. 2003. 

44. Rosmaninho, R.; Melo, L. F., Calcium phosphate deposition from simulated milk 

ultrafiltrate on different stainless steel-based surfaces. International Dairy Journal 

2006, 16 (1), 81-87. 

45. Premathilaka, S.; Hyland, M.; Chen, X.; Bansal, B., A study of the effects of surface 

chemistry on the initial deposition mechanisms of dairy fouling. Food and bioproducts 

processing 2006, 84 (4), 265-273. 

46. Rosmaninho, R.; Santos, O.; Nylander, T.; Paulsson, M.; Beuf, M.; Benezech, T.; 

Yiantsios, S.; Andritsos, N.; Karabelas, A.; Rizzo, G., Modified stainless steel surfaces 

targeted to reduce fouling–evaluation of fouling by milk components. J. Food Eng. 

2007, 80 (4), 1176-1187. 



111 
 

47. Balasubramanian, S.; Puri, V., Thermal energy savings in pilot-scale plate heat 

exchanger system during product processing using modified surfaces. J. Food Eng. 

2009, 91 (4), 608-611. 

48. Lin, J.; Wang, C.; Wang, S.; Chen, Y.; He, W.; Xiao, D., Initiation electroless nickel 

plating by atomic hydrogen for PCB final finishing. Chemical Engineering Journal 

2016, 306, 117-123. 

49. Gu, C.; Lian, J.; Li, G.; Niu, L.; Jiang, Z., High corrosion-resistant Ni–P/Ni/Ni–P 

multilayer coatings on steel. Surf. Coat. Technol. 2005, 197 (1), 61-67. 

50. Cheng, Y.; Zou, Y.; Cheng, L.; Liu, W., Effect of the microstructure on the anti-

fouling property of the electroless Ni–P coating. Materials letters 2008, 62 (27), 4283-

4285. 

51. Wu, Y.; Liu, T.; Luo, S., Corrosion characteristics of electroless Ni–P coating in 

sulfur‐bearing solution. Mater. Corros. 2009, 60 (12), 987-990. 

52. Karthikeyan, S.; Ramamoorthy, B., Effect of reducing agent and nano Al 2 O 3 

particles on the properties of electroless Ni–P coating. Appl. Surf. Sci. 2014, 307, 654-

660. 

53. Bigdeli, F.; Allahkaram, S. R., An investigation on corrosion resistance of as-

applied and heat treated Ni–P/nanoSiC coatings. Materials & Design 2009, 30 (10), 

4450-4453. 

54. Xu, H.; Yang, Z.; Li, M.-K.; Shi, Y.-L.; Huang, Y.; Li, H.-L., Synthesis and 

properties of electroless Ni–P–Nanometer Diamond composite coatings. Surface and 

coatings technology 2005, 191 (2-3), 161-165. 



112 
 

55. Ranganatha, S.; Venkatesha, T.; Vathsala, K., Process and properties of electroless 

Ni–Cu–P–ZrO 2 nanocomposite coatings. Mater. Res. Bull. 2012, 47 (3), 635-645. 

56. Sadreddini, S.; Afshar, A., Corrosion resistance enhancement of Ni-P-nano SiO 2 

composite coatings on aluminum. Appl. Surf. Sci. 2014, 303, 125-130. 

57. Zhang, L. Y.; Lawrence, S.; Xu, Z.; Masliyah, J. H., Studies of Athabasca 

asphaltene Langmuir films at air–water interface. Journal of colloid and interface 

science 2003, 264 (1), 128-140. 

58. Luo, H.; Leitch, M.; Behnamian, Y.; Ma, Y.; Zeng, H.; Luo, J.-L., Development of 

electroless Ni–P/nano-WC composite coatings and investigation on its properties. 

Surface and Coatings Technology 2015, 277, 99-106. 

59. Kar, K. K.; Sathiyamoorthy, D., Influence of process parameters for coating of 

nickel–phosphorous on carbon fibers. journal of materials processing technology 2009, 

209 (6), 3022-3029. 

60. Xie, L.; Wang, J.; Shi, C.; Huang, J.; Zhang, H.; Liu, Q.; Liu, Q.; Zeng, H., Probing 

surface interactions of electrochemically active galena mineral surface using atomic 

force microscopy. The Journal of Physical Chemistry C 2016, 120 (39), 22433-22442. 

61. Wang, J.; Li, J.; Xie, L.; Shi, C.; Liu, Q.; Zeng, H., Interactions between elemental 

selenium and hydrophilic/hydrophobic surfaces: Direct force measurements using 

AFM. Chemical Engineering Journal 2016, 303, 646-654. 

62. Xie, L.; Wang, J.; Shi, C.; Cui, X.; Huang, J.; Zhang, H.; Liu, Q.; Liu, Q.; Zeng, 

H., Mapping the nanoscale heterogeneity of surface hydrophobicity on the sphalerite 

mineral. The Journal of Physical Chemistry C 2017, 121 (10), 5620-5628. 



113 
 

63. Liu, J.; Wang, J.; Huang, J.; Cui, X.; Tan, X.; Liu, Q.; Zeng, H., Heterogeneous 

Distribution of Adsorbed Bitumen on Fine Solids from Solvent-Based Extraction of Oil 

Sands Probed by AFM. Energy & Fuels 2017, 31 (9), 8833-8842. 

64. Wang, J.; Xie, L.; Zhang, H.; Liu, Q.; Liu, Q.; Zeng, H., Probing interactions 

between sphalerite and hydrophobic/hydrophilic surfaces: Effect of water chemistry. 

Powder Technology 2017, 320, 511-518. 

65. Yang, D.; Xie, L.; Bobicki, E.; Xu, Z.; Liu, Q.; Zeng, H., Probing anisotropic 

surface properties and interaction forces of chrysotile rods by atomic force microscopy 

and rheology. Langmuir 2014, 30 (36), 10809-10817. 

66. Gao, Z.; Xie, L.; Cui, X.; Hu, Y.; Sun, W.; Zeng, H., Probing Anisotropic Surface 

Properties and Surface Forces of Fluorite Crystals. Langmuir 2018, 34 (7), 2511-2521. 

67. Hutter, J. L.; Bechhoefer, J., Calibration of atomic‐force microscope tips. Review 

of Scientific Instruments 1993, 64 (7), 1868-1873. 

68. Israelachvili, J. N., Intermolecular and surface forces. Academic press: 2011. 

69. Cappella, B.; Dietler, G., Force-distance curves by atomic force microscopy. 

Surface science reports 1999, 34 (1-3), 1-104. 

70. Tulpar, A.; Walz, J., Simultaneous measurement of structural and hydrodynamic 

forces between colloidal surfaces in complex fluids. Colloids Surf., A 2007, 300 (3), 

268-280. 

71. Prieve, D. C.; Russel, W. B., Simplified predictions of Hamaker constants from 

Lifshitz theory. Journal of Colloid and Interface Science 1988, 125 (1), 1-13. 

72. Bergstrom, L.; Meurk, A.; Arwin, H.; Rowcliffe, D. J., Estimation of Hamaker 



114 
 

constants of ceramic materials from optical data using Lifshitz theory. Journal of the 

American Ceramic Society 1996, 79 (2), 339-348. 

73. Wang, M.; Revil, A., Electrochemical charge of silica surfaces at high ionic 

strength in narrow channels. Journal of colloid and interface science 2010, 343 (1), 

381-386. 

74. Wang, S.; Liu, J.; Zhang, L.; Xu, Z.; Masliyah, J., Colloidal interactions between 

asphaltene surfaces in toluene. Energy & Fuels 2008, 23 (2), 862-869. 

75. Chen, G.; Warmack, R.; Huang, A.; Thundat, T., Harmonic response of near‐

contact scanning force microscopy. Journal of Applied Physics 1995, 78 (3), 1465-1469. 

76. Boulangé-Petermann, L.; Doren, A.; Baroux, B.; Bellon-Fontaine, M.-N., Zeta 

potential measurements on passive metals. Journal of colloid and interface science 

1995, 171 (1), 179-186. 

77. Gong, L.; Qiu, X.; Zhang, L.; Huang, J.; Hu, W.; Xiang, L.; Zhu, D.; Sabbagh, R.; 

Mahmoudi, M.; Fattahpour, V., Probing the Interaction Mechanism between Oil-in-

Water Emulsions and Electroless Nickel–Phosphorus Coating with Implications for 

Antifouling in Oil Production. Energy & Fuels 2018. 

78. Liu, J.; Xu, Z.; Masliyah, J., Studies on bitumen− silica interaction in aqueous 

solutions by atomic force microscopy. Langmuir 2003, 19 (9), 3911-3920. 

79. Wu, J.; Prausnitz, J. M.; Firoozabadi, A., Molecular thermodynamics of asphaltene 

precipitation in reservoir fluids. AIChE journal 2000, 46 (1), 197-209. 

80. Das, S.; Thundat, T.; Mitra, S. K., Analytical model for zeta potential of asphaltene. 

Fuel 2013, 108, 543-549. 



115 
 

81. Wang, J.; Lu, Q.; Harbottle, D.; Sjöblom, J.; Xu, Z.; Zeng, H., Molecular 
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Chapter 4 Probing the Interaction Mechanism Between Oil-

in-Water Emulsions and Electroless Nickel-phosphorus (EN) 

Coating with Implications for Antifouling in Oil Production 

4.1 Introduction 

Fouling problems are highly undesirable in oil production, which can significantly 

impact the related production processes in negative ways: lowering the production 

efficiency and drastically increasing the cost of production and maintenance.1-5 Fouling 

phenomena can occur at the various stages of oil production from extraction, 

transportation to storage processes,6-7 and the foulants are generally composed of both 

inorganic and organic materials such as sands, clays, asphaltenes, bitumen and products 

due to the corrosive reactions between the foulants and substrate materials.8-9. Fouling 

is believed to be initiated and driven by the attractive interactions between the substrate 

materials and the inorganic and organic components in the surrounding fluid media.10-

12 Surface mining and in situ extraction techniques such as steam assisted gravity 

drainage (SAGD) have been widely used by the Canadian oil sands industry for bitumen 

extraction.13-14 Warm water and high pressure steam are used in surface mining and 

SAGD operations, respectively, to extract the bitumen from the oil sands deposits. 

Water-in-oil (W/O), oil-in-water (O/W) and even more complex emulsions are 

commonly formed in these water/steam-assisted operations.15-16 The interactions 

between these emulsion drops and various substrate surfaces (e.g. pipeline surfaces) 
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can contribute to the fouling phenomena. 

Understanding the fouling mechanisms and developing antifouling coating or 

strategies are of both fundamental and practical importance. Recently, fabricating 

protection and inert coatings on pipeline and reactor surfaces has attracted consideration 

attention in gas and oil industries, to achieve the anticorrosion, antifouling or anti-

abrasion performances.17-19 For example, depositing electroless nickel-phosphorus 

alloy coating on steel surfaces has been widely used in various industries, due to its 

outstanding properties of high hardness and resistance to corrosion and abrasion.20-22 

The deposition of electroless nickel-phosphorus coating was first developed by 

Wurtz in 1844.23 In 1946, Brenner and Riddell accidentally re-discovered this technique 

and improved the bath coating process so that this deposition could be utilized in 

practical processes.24-25 Since then, EN coating has attracted much attention, which has 

been applied in different engineering areas.26-32 Despite the much work reported on the 

preparation and characterization of EN coatings and related composite coatings, there 

is no work available on the fouling behaviors of emulsion drops on EN coatings as well 

as the fundamental interaction mechanisms involved. Understanding the 

fouling/antifouling performance and the interaction mechanism of EN coating in 

emulsion suspensions is of significant importance, which will facilitate the 

development of antifouling coatings for practical applications in oil production. 

In this work, for the first time, the antifouling properties and interaction mechanisms 

of electron-beam deposited iron substrates with and without EN coatings have been 
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investigated in oil-in-water emulsion suspensions, with varying water chemistries such 

as salinity, pH and the presence of divalent ions, and with different asphaltenes 

concentrations. The interaction forces between oil drops (toluene used here as a model 

oil) and Fe or Fe/EN substrates have been directly measured using a drop probe atomic 

force microscope (AFM) technique in aqueous solutions. The classical Derjaguin-

Landau-Verway-Overbeek (DLVO) theory has been incorporated into a theoretical 

model based on the Reynolds lubrication equation and augmented Young-Laplace 

equation to analyze the measured surface force profiles, including van der Waals force 

and electric double layer interaction.33-37 Bulk fouling tests have also been conducted 

to evaluate the performance of EN coating in toluene-in-water emulsions in the 

presence of asphaltenes. Our results demonstrate that the EN coatings show excellent 

antifouling performance to the emulsions, with useful insights into the fundamental 

interaction forces and fouling/antifouling mechanisms involved. 

4.2 Experimental Section 

4.2.1 Materials. 

Asphaltenes were extracted from Athabasca bitumen by following a procedure 

reported elsewhere.38 Toluene (HPLC grade, Fisher Scientific, Canada) and ethanol 

(HPLC grade, Fisher Scientific, Canada) was used as received. Sodium chloride, 

calcium chloride, nickel sulphate, sodium hypophosphite, ammonium chloride, sodium 

acetate, citric acid, and ammonium hydroxide were purchased from Sigma-Aldrich and 

used as received. Milli-Q water with a resistivity of 18.2 MΩ•cm (BARNSTEAD 
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Smart2Pure, Thermo Scientific) was used to prepare aqueous solutions. Sodium 

hydroxide (ACS reagent, Sigma-Aldrich, Canada) and hydrochloric acid (certified ACS 

Plus, Fisher Scientific, Canada) were used to adjust the pH of aqueous solutions. 

4.2.2 Preparation of iron and EN substrates. 

The iron and EN substrates were prepared on silicon wafers. Firstly, layers of 

chromium (thickness 10 nm) and iron (thickness 90 nm) were deposited on a silicon 

wafer surface using electron beam evaporation (EBE) technique. The chromium layer 

was applied to strengthen the adhesion and stability of the iron layer on the wafer. 

Electroless nickel-phosphorus coating was deposited by following a reported bath 

process.39-40 The compositions of the reaction solution and deposition conditions are 

listed in Table 4.1. 

 

Table 4.1 Bath compositions and environmental conditions for deposition of EN 

coating. 

Composition Concentration 

NiSO4∙6H2O 25 g/L 

NaH2PO2∙H2O 16 g/L 

NH4Cl 40 g/L 

CH3COONa 10 g/L 

Citric acid 15 g/L 

Plating conditions: 

Temperature: 80~85 ºC 

pH: 8~9 
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Agitation: 200 rpm 

Time: 30 min 

4.2.3 Surface energies of Fe/EN substrates using Lifshitz-van der Waals Acid/Base 

approach. 

The surface energies of deposited Fe and EN substrates were investigated using 

Lifshitz-van der Waals Acid/Base approach, which describes the surface energy with 

the polar and apolar components.41 The apolar component also contains the electron-

donor and electron-acceptor parts. The total surface energy is given in Equation 1. 

γ = 𝛾𝑑 + 𝛾𝑝 = 𝛾𝑑 + 2√𝛾+ ∙ 𝛾−                    (1) 

where, γ is the total surface energy, 𝛾𝑑 and 𝛾𝑝 are apolar and polar components, 

𝛾+ is the electron-acceptor part, and 𝛾− is the electron-donor part. The surface 

energy of a substrate can be obtained using the Equation 2. 

[
 
 
 2√𝛾𝐿1

𝑑 2√𝛾𝐿1
+ 2√𝛾𝐿1

−

2√𝛾𝐿2
𝑑 2√𝛾𝐿2

+ 2√𝛾𝐿2
−

2√𝛾𝐿3
𝑑 2√𝛾𝐿3

+ 2√𝛾𝐿3
−]
 
 
 
∙ [

√𝛾𝑠
𝑑

√𝛾𝑠
−

√𝛾𝑠
+

] = [

𝛾𝐿1(1 + 𝑐𝑜𝑠𝜃𝐿1)
𝛾𝐿2(1 + 𝑐𝑜𝑠𝜃𝐿2)
𝛾𝐿3(1 + 𝑐𝑜𝑠𝜃𝐿3)

]       (2) 

where, 𝛾𝑠
𝑑 , 𝛾𝑠

+ and 𝛾𝑠
− are the surface energy components of the substrate, 𝛾𝐿

𝑑 , 

𝛾𝐿
+ and 𝛾𝐿

− are the surface energy components of the probe liquid, 𝜃𝐿 is the contact 

angle of probe liquid on the substrate in air. Thus, the surface energies of Fe and EN 

could be calculated from contact angles of the probe liquids. Here, three probe liquids 

with different polarities were chosen, including water (polar liquid), diiodomethane 

(DIM, nonpolar liquid), and dimethyl sulfoxide (DMSO, partially polar liquid). The 

surface energy components of water, DIM and DMSO are in Table 4.2.42 
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Table 4.2 Surface energy components of water, DIM and DMSO. 

 
γ (mN/m) 

γ
d

 (mN/m) γ
p

 (mN/m) γ
+

 (mN/m) γ
-

 (mN/m) 

water 72.90 21.90 51.00 25.50 25.50 

DIM 50.80 50.80 0 0 0 

DMSO 44.00 36.00 8.00 0.50 32.00 

 

4.2.4 Force measurements using drop probe AFM technique. 

The interaction forces between an oil drop and Fe/EN substrates in aqueous solutions 

were measured using a MPF-3D AFM (Asylum Research, Santa Barbara, CA) with a 

custom-made rectangular silicon AFM cantilever as reported previously.33 The 

cantilever had a circular gold patch on its one end, which was firstly hydrophobized in 

50 mM 1-dodecanethiol in ethanol solution, and then calibrated using thermal tuning 

method to obtain its spring constant. During experiments, oil droplets were generated 

in a fluid cell filled with aqueous solutions and hydrophobized cantilever was moved 

to carefully pick up an oil droplet with a proper size, generating an oil drop probe. This 

cantilever-anchored oil droplet was then moved and placed above the substrate in 

aqueous solution.  
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Figure 4.1 Schematic of experimental setup for surface force measurements between 

an oil drop and a substrate using the drop probe AFM technique. The inset (up) shows 

the central interaction region between an oil drop and a flat substrate, and the inset (left) 

shows a microscopic image of a typical drop probe prepared (Scale bar 100 μm). 

 

In force measurements, the cantilever-anchored oil droplet was driven by a piezo to 

move towards the substrate at a velocity of 1 μm/s till a certain deflection of the 

cantilever was achieved. Then, the cantilever was lifted up, as shown in Figure 4.1. The 

deflection of drop probe was detected by the reflected laser and recorded by the AFM 

software. Meanwhile, the piezo displacement was recorded with time to generate the 

force profiles. 

4.2.5 Theoretical analysis of force profiles. 

The measured force profiles were analyzed using a theoretical model based on the 
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Reynolds lubrication equation and augmented Young-Laplace equation.33-35 Emulsion 

drops could deform to respond to external pressures, such as hydrodynamic pressure 

and disjoining pressure. To describe the surface deformation of emulsion drops during 

force measurements, the augmented Young-Laplace equation was used.43 

𝜎

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕ℎ

𝜕𝑟
) =

2𝜎

𝑅
− П − 𝑝                    (3) 

Here, 𝜎 is the interfacial tension of the oil/water interface, 𝑟 is the radial coordinate, 

ℎ is the thickness of the water film confined between the drop and the substrate as 

shown in Figure 4.1, 𝑅 is the radius of the drop, П is the disjoining pressure and 𝑝 

is the excess hydrodynamic pressure. The overall disjoining pressure can generally arise 

from van der Waals (VDW) interaction, electric double layer (EDL) interaction and 

other surface interactions. Here, the VDW interaction П𝑉𝐷𝑊 is given by Equation 4.44 

П𝑉𝐷𝑊 = −
𝐴𝐻

6𝜋ℎ3                       (4) 

where 𝐴𝐻 is the Hamaker constant between oil drop and Fe/EN substrate in aqueous 

solutions, and ℎ is the liquid film thickness between the oil drop and the substrate as 

shown in Figure 4.1. The EDL interaction П𝐸𝐷𝐿 between two asymmetric surfaces is 

given by Equation 5.45-46 

П𝐸𝐷𝐿 =
2𝜀𝜀0𝜅2[(𝑒𝜅𝐷+𝑒−𝜅𝐷)𝛹1𝛹2−(𝛹1

2+𝛹2
2)]

(𝑒𝜅𝐷−𝑒−𝜅𝐷)2
               (5) 

where 𝜅 is the inverse of Debye length, 𝛹 is the surface potential of oil drop or 

substrates, 𝜀0 is the vacuum permittivity and 𝜀 is the dielectric constant of the liquid 

medium. The inverse of Debye length 𝜅 was calculated as: 



124 
 

𝜅 = √
∑𝜌0𝑒2𝑧2

𝜀𝜀0𝑘𝐵𝑇
                           (6) 

where 𝜌0  is the number density of ions in aqueous solutions, 𝑒 is the elementary 

charge, 𝑧 is the valence of the ions, and 𝑘𝐵 is the Boltzmann constant. During the 

approaching and withdrawing processes of the oil drop, the drainage of confined water 

film between the drop and flat substrate can be described by the Reynolds lubrication 

equation:43 

𝜕ℎ

𝜕𝑡
=

1

12𝜇𝑟

𝜕

𝜕𝑟
(𝑟ℎ3 𝜕𝑝

𝜕𝑟
)                       (7) 

where t is time and 𝜇 is the viscosity of the aqueous solutions. The overall interaction 

𝐹(𝑡) can be calculated from the integration of the hydrodynamic pressure and the 

disjoining pressure based on Derjaguin approximation. 

𝐹(𝑡) = 2𝜋 ∫ [𝑝(𝑟, 𝑡) + П(𝑟, 𝑡)]𝑟 𝑑𝑟
∞

0
               (8) 

4.2.6 Bulk fouling tests in oil-in-water emulsions with asphaltenes. 

The oil-in-water emulsions with asphaltenes were prepared using a homogenizer to 

mix toluene, containing 100 ppm asphaltenes, and 100 mM NaCl aqueous solutions 

with a volume ratio of 3:2. The Fe and EN substrates were separately placed in 20 mL 

vials, which were then filled with the prepared oil-in-water emulsions. These vials were 

kept at room temperature (22 ºC) for 24 hours. Then, the substrates were taken out, 

washed using DI water and ethanol, and dried using pure nitrogen. Images of the Fe/EN 

substrates were taken to show the fouling and antifouling performance on the substrates. 
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4.3 Results and Discussion 

4.3.1 Surface properties of Fe/EN substrates. 

The iron substrates were prepared using electron beam evaporation technique on 

silicon wafer, and electroless nickel-phosphorus coating was then conducted on this 

iron surface. This electron beam evaporation technique has been used to prepare iron 

substrate in reported works.47-50 The successful deposition of iron and EN coatings was 

characterized using AFM imaging, Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-Ray Spectroscopy (EDX), as shown in Figure 4.2. 

Figure 4.2A shows that the bare silicon wafer surface was very sooth with a root-

mean-square (RMS) roughness less than 0.3 nm). The substrate became rougher after 

the deposition of thin iron layer, and turned even rougher after depositing the EN 

coating. Figure 4.2B and C show the RMS roughness of the deposited Fe and EN 

surfaces is 1.33 nm and 4.64 nm, respectively. This distinct change in surface 

morphology indicates the successful deposition of iron layer and EN coating on the 

substrate surfaces. The thickness of EN coating was measured through the SEM section 

image to be about 1.6 μm (Figure 4.2D). Figure 4.2E and F show the elemental EDX 

mapping images for the as-prepared Fe surface and EN coating, respectively, which 

confirmed that the silicon substrates have been uniformly covered with a thin layer of 

Fe or the EN coating.  
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Figure 4.2 AFM topographic images of silicon wafer (A), iron substrate (B), and EN 

coating (C). (D) SEM section image of EN coating. The thickness of the EN coating is 

measured to be about 1.6 μm. (E) Elemental EDX mapping images of iron and silicon 

for deposited Fe substrate. (F) Elemental EDX mapping images of nickel, phosphate, 

and iron for the as-prepared EN substrate. 
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Figure 4.3 Contact angles of water, DIM, and DMSO on Fe substrate (A) and EN 

substrate (B) in air. 

 

The surface energies of deposited Fe and EN substrates were investigated using 

Lifshitz-van der Waals Acid/Base approach, which describes the surface energy with 

the polar and apolar components.41 Figure 4.3 shows the contact angles of these three 

probe liquids on Fe and EN substrates in air. The surface energies of deposited Fe and 

EN substrates calculated from the contact angles are listed in Table 4.3. The overall 

surface energies of Fe and EN substrates are calculated to be 110.25 mN/m and 42.27 

mN/m, respectively. The surface energies are a little low, which is due to the surface 

roughness, defects and potential contaminations. EN coating has a smaller surface 

energy than Fe surface. 

Table 4.3 Calculated surface energies of Fe and EN substrates. 

Substrate γ (mN/m) 
γ

d

 (mN/m) γ
p

 (mN/m) γ
+

 (mN/m) γ
-

 (mN/m) 

Fe 110.25 45.45 64.80 8.92 117.69 

EN 42.27 41.56 0.71 0.0038 33.08 

 

4.3.2 Effects of salinity on surface forces. 

The interaction forces between toluene drops and Fe or EN substrate in 1 mM and 

100 mM NaCl solutions (pH 5.8, natural pH of the aqueous solutions due to the CO2 

dissolving from the atmosphere51) were measured using a drop probe AFM technique, 

as shown in Figure 4.4. 
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Figure 4.4 Interaction force profiles of a toluene drop and Fe substrate (A, B) and EN 

substrate (C, D) in 1 mM and 100 mM NaCl solutions (pH=5.8). The hollow black 

symbles were experiment data, and solid red lines were theoretical calculation results. 

 

Figure 4.4A shows the approaching-separation force profile of a toluene drop and Fe 

substrate in 1 mM NaCl solution. No attachment behavior was observed, which was 

mainly due to the electric double layer repulsion of the toluene drop and Fe substrate in 

1 mM NaCl, with a Debye length of 9.6 nm. Figure 4.4B shows that with increasing the 

solution salinity to 100 mM NaCl, attachment behavior was observed during the 

approaching process as the electric double layer was significantly suppressed with a 

Debye length < 1 nm. The attachment in Figure 4.4B was mainly driven by the attractive 

van der Waals interaction between the toluene drop and the Fe substrate in the aqueous 
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solution. For comparison, the force profiles between the toluene drop and EN coatings 

in 1 mM and 100 mM NaCl solutions are shown in Figure 4.4C and D, respectively. 

Similar interaction behavior were observed between toluene drop and EN coating, that 

pure repulsion was measured under low salinity condition (i.e. 1 mM NaCl) and 

attachment was observed under high salinity condition (i.e. 100 mM NaCl). 

The theoretical model based on the Reynolds lubrication equation and augmented 

Young-Laplace equation has been used to analyze the measured force profiles, and the 

theoretical calculation results are shown as red lines in Figure 4.4. As discussed above, 

in high salinity solution (100 mM NaCl), the EDL force is significantly suppressed 

(with a Debye length < 1 nm) and the VDW force dominates the interactions. Therefore, 

for the 100 mM NaCl case, the disjoining pressure was mainly contributed by the van 

der Waals interactions. Fitting the experimental force profile using the theoretical 

model (Figure 4.4B) gives a Hamaker constant of 6.8 × 10
-21

 J for the interactions 

between toluene and Fe in 100 mM NaCl. Similarly, the theoretical fitting of the surface 

force profile between toluene drop and EN coating in 100 mM NaCl solution (Figure 

4.4D) gives a Hamaker constant of 3.9 × 10
-21

 J. The Hamaker constant results are 

listed in Table 4.4. The theoretical Hamaker constant was calculated using the 

combining relations of the Hamaker constants of the different materials involved.44 It 

is found that the fitted Hamaker constant values reasonably agree with the theoretical 

values. 

In low salinity of 1 mM NaCl solution, both electric double layer repulsion and 

attractive van der Waals force would contribute to the surface interactions and 
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disjoining pressure. The surface potential of toluene in 1 mM NaCl solution (
drop = -

35 mV) was determined by fitting the force profile measured between two toluene drops 

in 1 mM NaCl solution as we reported previously.33 Then, the force profile for the 

interaction between a toluene drop and Fe substrate in 1 mM NaCl solution is fitted 

using the theoretical model and the surface potential of the deposited Fe substrate is 

fitted to be Fe = -5 mV (Figure 4.4A). Figure 4.5A shows the calculated disjoining 

pressure profiles contributed by the VDW, EDL and hydrodynamic interactions 

between a toluene drop and Fe substrate in 1 mM NaCl solution. Figure 4.5A clearly 

demonstrates that in 1 mM NaCl solution, the repulsive electric double layer interaction 

dominates the over surface interactions, which is much stronger than the VDW 

interactions; while the hydrodynamic force is very weak and also negligible due to the 

low driving velocity applied in this work. The force profile for the interactions between 

a toluene drop and EN coating in 1 mM NaCl solution has also been fitted using the 

theoretical model, which gives the surface potential of EN coating in the solution to be 

EN = -10 mV. The more negatively charged surface potential of EN coating indicates 

stronger electric double layer repulsion with toluene drops than that of the Fe substrate. 

Figure 4.5B shows the calculated emulsion drop profiles and water film thickness 

confined between the toluene droplet and solid substrates (i.e., Fe, EN) in 1 mM NaCl 

solution under the maximum load conditions. The minimum separation distance 

between the toluene droplet and Fe and EN substrate is ~17.4 μm and ~21.6 μm, 

respectively, indicating stronger repulsion between the toluene droplet and EN substrate 

which is consistent with the stronger EDL repulsion due to the more negative surface 
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potential. The confined water films prevent the attachment between the oil drop and 

solid substrates. Figure 4.5C, D, E and F show the interaction force-separation curves 

of a toluene drop and Fe substrate and EN substrate in 1 mM and 100 mM NaCl 

solutions  (pH=5.8). 

 

Table 4.4 Theoretical fitted Hamaker constant (based on the surface force profiles 

measured in 100 mM NaCl) and theoretical Hamaker constant of a toluene drop and 

Fe/EN substrate in aqueous solutions. 

Substrate Fitted Hamaker 

constant A
132

 

Theoretical Hamaker 

constant A
132

 

Fe 
6.8 × 10

-21

 J 7.2 × 10
-21

 J 

EN 
3.9 × 10

-21

 J 3.1 × 10
-21

 J 

 

 

A B



132 
 

 

Figure 4.5 (A) Calculated profiles of VDW, EDL, hydrodynamic and disjoining 

pressures between a toluene drop and Fe substrate in 1 mM aqueous NaCl solution. (B) 

Calculated emulsion drop profile and confined water film thickness under maximum 

loading condition during force measurements between a toluene drop and solid 

substrates (i.e., Fe, EN) in 1 mM NaCl solution. (C, D, E, F) Interaction force-

separation profiles of a toluene drop and Fe substrate (C, D) and EN substrate (E, F) in 

1 mM and 100 mM NaCl solutions (pH=5.8). 

4.3.3 Effects of asphaltenes. 

 The interaction forces between toluene drops with asphaltenes and Fe substrate or 

C D

E F
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EN coating were measured in 1 mM and 100 mM NaCl solutions (pH=5.8). The 

measured force profiles (black open symbols) and theoretical calculations (red solid 

lines) are shown in Figure 4.6.  
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Figure 4.6 Interaction force profiles of a toluene drop and Fe substrate (A, B, E, F) and 

EN substrate (C, D, G, H) in the presence of 10 ppm and 100 ppm asphaltenes in 1 mM 

and 100 mM NaCl solutions. 

 

Figure 4.6A shows the approaching-separation force profile of a toluene drop with 

10 ppm asphaltenes and Fe substrate in 1 mM NaCl solution. With the effect of the 

strong electric double layer repulsion, no attachment was observed. Figure 4.6B shows 

that with increasing the salinity to 100 mM NaCl, strong adhesion was detected during 

separation, which was mainly due to the highly compressed electric double layer under 

such high salinity condition and the VDW attraction. However, unlike the force profile 

in Figure 4.4B, no attachment behavior was observed, which suggests that the toluene-

water interface with the adsorption of asphaltenes becomes more rigid.52 The adsorbed 

asphaltenes could stack with each other to generate a relatively rigid and protective film 

due to intermolecular interactions of asphaltenes, such as van der Waals force, 

hydrophobic force, π-π interactions, and hydrogen bonding.53-56 The measured adhesion 

in Figure 4.6B originates from the attractive VDW force between the toluene drop with 
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asphaltenes and the Fe substrate. Figure 4.6C and D show the force profiles between 

asphaltenes-dissolved toluene drops and EN coating in 1 mM and 100 mM NaCl 

solutions, respectively. The general trends of the force profiles for the EN coating case 

(Figure 4.6C and D) are similar to those of the Fe substrate (Figure 4.6A and B), but 

with a much reduced adhesion measured for the EN coating case. Figure 4.6E and F 

show the measured force profiles between toluene drops dissolved with 100 ppm 

asphaltenes and Fe substrate in 1 mM and 100 mM NaCl solutions, respectively. 

Similarly, pure repulsion was measured under low salinity with no obvious attachment 

or adhesion detected. In 100 mM NaCl, much stronger adhesion was measured, as 

compared with the 10 ppm asphaltenes case (Figure 4.6B). Higher asphaltene 

concentration would lead to a more compact interfacial film at the toluene/water 

interface and much stronger adhesion with Fe substrate.  

Figure 4.6G and H show similar force profiles of pure repulsion under low salinity 

(i.e. 1 mM NaCl) and adhesion behavior under high salinity (i.e. 100 mM NaCl) 

between the toluene drop with 100 ppm asphaltenes and the EN coating. The measured 

adhesion becomes stronger for the 100 ppm asphaltenes case (Figure 4.6H), which was 

increased by ~ 80% as compared with 10 ppm asphaltenes (Figure 4.6D). However, it 

is noted that the measured adhesions with EN coating for both 10 ppm and 100 ppm 

asphaltenes cases are much weaker than the adhesion with Fe substrate, demonstrate 

that the EN coating could significantly reduce the surface adhesion with oil-in-water 

emulsion drops with asphaltenes. Compared with Fe substrate, EN coating has metal 

nickel and nonmetal phosphorus elements on its surface. It has been reported that the 
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presence of phosphorus atoms in the coating structure causes the lattice disorder and 

the deposited EN coating would be amorphous.57 Therefore, the surface energy of EN 

coating is much lower and the attractive VDW force with asphaltenes are also weaker 

than the Fe substrate. 

The surface potentials of toluene drops dissolved with 10 ppm and 100 ppm 

asphaltenes in 1 mM NaCl solution were theoretically fitted to be 
drop = – 55 mV and 

-90 mV, respectively, agreeing with the previous studies.33 The results indicate that 

oil/water interface becomes more negatively charged with more asphaltenes dissolved 

in the toluene phase, leading to a stronger electric double layer repulsion. 

4.3.4 Effects of pHs. 

 Figure 4.7 shows the effects of pH on the interaction forces of toluene drops with 10 

ppm asphaltenes with Fe (Figure 4.7A and B) and EN (Figure 4.7C and D) substrate in 

1 mM NaCl solutions of pH 3 (Figure 4.7A and C) and pH 10 (Figure 4.7B and D). 
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Figure 4.7 Interaction force profiles of a toluene drop (10 ppm asphaltenes) and Fe 

substrate (A, B) and EN substrate (C, D) in 1 mM NaCl solutions of pH of 3 (A, C) and 

pH 10 (B, D).  

 

Figure 4.7A and B show the approaching-separating force profiles between toluene 

drops with 10 ppm asphaltenes and Fe substrate in 1 mM NaCl solutions of pH 3 and 

pH 10, respectively. Strong adhesion was detected at in acidic pH 3 while pure repulsion 

was detected in alkaline pH 10, which was due to the strengthened repulsive electric 

double layer force in alkaline solution. The functional groups on asphaltenes molecules 

can be deprotonated in alkaline solutions to carry more negative charges and therefore 

generate a more negative charged surface. The surface potential of toluene drop with 

10 ppm asphaltenes 
drop = -63 mV  was determined from the theoretical modelling 

of the force profiles between two toluene drops with 10 ppm asphaltenes in 1 mM NaCl 

solutions of pH 10.33 The surface potential of the Fe substrate in 1 mM NaCl solution 

of pH 10 was determined to be -7 mV. 

For comparison, Figure 4.7C and D show the force profiles between toluene drops 
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with 10 ppm asphaltenes and EN coating in 1  mM NaCl solution of pH 3 and pH 10, 

respectively. Similarly, adhesion was measured under acidic pH (i.e. pH 3) and pure 

repulsion was detected in alkaline solution (pH 10). Compared with the adhesions for 

the Fe cases under acidic pH condition, the EN coating shows much weaker adhesion 

with toluene drop with 10 ppm asphaltenes. The surface potential of EN substrate in 1 

mM NaCl solution of pH 10 was determined to be –19 mV, which is more negatively 

charged than the Fe substrate, contributing to a stronger electric double layer repulsion 

with the toluene drop. 

4.3.5 Effects of Ca2+ ions. 

 Interaction forces of toluene drops with 10 ppm asphaltenes with Fe substrates and 

EN coating in 100 mM NaCl with the addition of 1 mM and 10 mM CaCl2 have also 

been investigated, and the results are shown in Figure 4.8. 
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Figure 4.8 Interaction force profiles of a toluene drop (10 ppm asphaltenes) and Fe 

substrate (A, B) and EN substrate (C, D) in 1 mM NaCl solutions with the addition of 

1 mM and 10 mM CaCl2. 

 

Both force profiles show that the toluene drops attached onto the Fe substrates during 

approaching, as shown in Figure 4.8A and B. With increasing the Ca2+ concentration 

from 1 mM to 10 mM, the repulsion before surface attachment was greatly reduced, 

indicating that the presence of divalent Ca2+ ions in the aqueous solutions could 

promote the attachment behavior. Ca2+ ions in the NaCl solutions could react with the 

carboxylic groups of the asphaltenes,57-58 and therefore, induce the conformation 

changes of the asphaltenes and asphaltene nanoaggregates adsorbed at toluene/water 

interface,59-61 which could facilitate the droplet and substrate attachment. 

Figure 4.8C and D show the force profiles between toluene drops with 10 ppm 

asphaltenes and EN coating in 100 mM NaCl solutions with the addition of 1 mM and 

10 mM Ca2+ ions, respectively. The force profile in NaCl solution with 1 mM Ca2+ ions 

was measured to have a weak adhesion with EN coating (Figure 4.8C) but without 
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strong attachment, while the strong attachment behavior was observed in NaCl solution 

with 10 mM Ca2+ ions. 

4.3.6 Fouling tests in toluene-in-water emulsions. 

 Fouling tests of Fe and EN substrates in toluene-in-water emulsions were conducted 

to evaluate their fouling and antifouling performances. The toluene-in-water emulsions 

were prepared using toluene dissolved with 100 ppm asphaltenes and 100 mM NaCl 

solution (pH 5.8). Figure 4.9A shows the schematic fouling test process. Figure 4.9B 

and C show the images of Fe and EN substrates before and after the fouling test. Figure 

4.9 clearly shows that the Fe substrate could be fouled in the toluene-in-water emulsion 

with asphaltenes; while the EN coating remained clean after the tests, which 

demonstrates that the EN coating possesses excellent antifouling property to the oil-in-

water emulsions. These fouling test results are consistent with the AFM force 

measurements. It is noted that the EN coating shows higher surface roughness (RMS 

roughness 4.64 nm) than the Fe substrate (RMS roughness 1.33 nm). Previous study 

reported that larger surface roughness generally enhances the fouling process by 

providing larger surface area and higher contact possibilities between the foulants and 

the substrate.62 Despite its higher surface roughness in this work, the EN coating till 

shows better antifouling performance than Fe substrate, suggesting its good antifouling 

properties to emulsions. 
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Figure 4.9 (A) Schematic process of fouling tests of selected substrates in oil-in-water 

emulsions based on toluene dissolved with 100 ppm asphaltenes and 100 mM NaCl 

solution (pH 5.8) at room temperature (22 ºC) for 24 hours. Images of Fe and EN 

substrates before (B) and after (C) fouling test in the emulsions. (Scale bar 1 μm) 

4.4 Conclusions 

In this work, the drop probe AFM technique was applied for the first time to directly 

probe the interaction mechanisms of electron-beam deposited iron substrates with and 

without EN coating and the toluene-in-water emulsion drops in aqueous solutions of 

different water chemistries (e.g. salinity, pH, divalent ions). A theoretical model based 

on the Reynolds lubrication equation and augmented Young-Laplace equation has been 

applied to analyze the measured force profiles. Our results indicate that the attractive 

van der Waals force plays an important role in the fouling phenomena, particularly 
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under high salinity condition. The repulsive electric double layer interaction contributes 

to the antifouling properties. The presence of asphaltenes at the toluene-water interfaces 

could significantly increase the adhesion between the emulsion drops and substrates. 

Acidic pH condition leads to less negatively changed surfaces; while the alkaline pH 

promotes the deprotonation and strengthens the repulsive EDL forces. The addition of 

divalent Ca2+ ions in the solutions could promote the attachment behavior of emulsion 

drops on the substrates in aqueous solution, due to their influence on the conformation 

changes of asphaltene molecules and asphaltenes nanoaggregates adsorbed at the 

oil/water interfaces. EN coating owns metal nickel and nonmetal phosphorous elements 

and has a much weaker surface energy, thus showing weaker adhesion with asphaltenes 

and emulsion droplets than Fe substrate. Additionally, the fouling tests of Fe and EN 

substrates in toluene-in-water emulsions in the presence of asphaltenes have been 

conducted to evaluate the antifouling performance. The fouling tests clearly 

demonstrate that the EN coating possesses excellent antifouling performance to oil-in-

water emulsions, even with the addition of asphaltenes. Our results also provide useful 

insights into the fundamental understanding of fouling and antifouling mechanisms of 

oil-in-water emulsions with asphaltenes in oil production processes, with implications 

to the development new antifouling coatings and strategies.  
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Chapter 5 Surface Interactions between Water-in-Oil Emulsions 

with Asphaltenes and Electroless Nickel-phosphorus Coating 

5.1 Introduction 

Surface interactions between emulsion drops and substrate surfaces are involved in many 

processes and issues in various industries, such as the water or oil drop collection in chemical 

engineering and fouling problems in oil and gas industries. The interactions between water-in-

oil emulsion drop and a substrate surface would induce the drop attachment on the substrate 

and potentially cause the fouling problems during oil production.1-6 The crude oil components 

(e.g., bitumen or asphaltenes), mineral particles (e.g., silica and clay), and corrosive products 

(e.g., iron oxide) have been found to be the main compositions in the foulants.7-11 The undesired 

deposition of these foulants on the facility surfaces can further lead to the plugging and 

breaking-down issues in oil transportation, storage and refinery processes,7, 12-16 which will 

eventually result in the damages of pipelines, malfunction of production facilities, reduction of 

the efficiency in oil production, and thereby, increase the oil production cost.10, 17 Thus, it is 

critical and urgent to find a solution to mitigate or even solve the fouling problems. 

In the past decades, much attention has been focused on the investigation of surface fouling 

mechanisms along oil production. It is commonly believed that the interface-active asphaltenes, 

as the heaviest component in crude oil, have played an important role in the initiation and 

growing processes of the fouling.18-22 Asphaltenes are defined as solubility class, which is 

soluble in aromatic solvents (e.g., toluene) and insoluble in alkane solvents (e.g., heptane).19, 23-
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24 Hence, toluene is commonly regarded as the good solvent to asphaltenes, and heptane is 

treated as the poor solvent. In the Yen-Mullins model, a typical asphaltene molecule consists 

of polyaromatic core with peripheral alkyl chains and functional polar groups containing 

nitrogen, oxygen and sulphur atoms.25-26 The strong intra- and isnter- molecular interactions 

between the aromatic rings, alkyl chains and functional groups including π-π stacking, van der 

Waals (VDW), acid-base, and hydrogen bond interactions, could induce the instinctive 

aggregation behavior of asphaltenes.24, 27-29 Therefore, it is generally inaccurate to use one 

specific molecular structure to describe asphaltenes and analyze their physical and/or chemical 

properties. Instead, the bulk properties of asphaltene solution, such as the solubility and the 

distribution of asphaltene aggregation sizes, are usually used.19 Experiments have been 

designed and conducted to study the adsorption behaviors of asphaltenes onto various surfaces, 

including both solid surfaces (e.g., silica, steel and gold) and water/oil interfaces (e.g., 

water/toluene interface).30-35 It was found that the asphaltenes could irreversibly adsorb to the 

water/oil interface and form a protective layer to enhance the stability of the emulsion drops.29, 

36-39 Meanwhile, the strong intermolecular interactions between asphaltenes could induce the 

agglomeration and flocculation of the water-in-oil emulsions,40-43 which would form complex 

mixture and finally lead to fouling problems. So far, the fouling mechanisms of water-in-oil 

emulsions with interfacially adsorbed asphaltenes on iron-based surfaces, as one of the most 

commonly used materials for pipelines and reactors in chemical engineering and oil industries, 

have not been thoroughly studied. Electroless nickel-phosphorus (EN) coating has been used to 

protect the facility surfaces (e.g., iron surfaces) from abrasion in different industries because of 

its excellent properties of uniform hardness and great resistance to corrosion,44-46 since the re-
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discovery of this coating technique by Brenner and Riddell in 1946.47 Meanwhile, growing 

studies have been conducted in order to improve the anti-corrosion and anti-abrasion 

performances of EN coating.48-52 However, limited studies are available on the fouling 

phenomena of water-in-oil emulsions with asphaltenes on EN coating as well as the interaction 

mechanisms involved. 

Over the past few years, the surface interactions between deformable bubbles or drops and 

various substrate surfaces in aqueous solutions or organic media have been quantitatively 

measured using the bubble/drop probe atomic force microscope (AFM) technique.18, 40, 53-56 The 

obtained results described the surface deformation of the bubbles or drops, deciphered the drop 

attachment process on hydrophilic or hydrophobic substrates, and revealed the stability 

mechanisms of emulsion drops and the contributions of various interactions (e.g., VDW, 

electric double layer, hydrophobic and steric interactions). It has been demonstrated that the 

asphaltenes at the water/oil interface could induce strong steric repulsion between water drops 

during surface approaching and interfacial adhesion during their separation, responsible for the 

stability and flocculation behavior of water-in-oil emulsions.18 It is expected that the 

interactions between asphaltenes at the water/oil interface and substrate surface could affect the 

stability and attachment behavior of water-in-oil emulsions on the substrates. To the best of our 

knowledge, the direct quantification of interaction forces between water-in-oil emulsion drops 

with asphaltenes and substrate surfaces has not been reported. 

In this work, the surface interactions between water drops with interfacially adsorbed 

asphaltenes and Fe substrate with or without EN coating were directly measured in organic 

media (i.e., toluene, heptols and heptane) using the drop probe AFM technique. The effects of 
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asphaltene concentration, solvent type, aging time, contact time and loading force were 

investigated. Bulk fouling tests of Fe and EN substrates in water-in-oil emulsion stabilized with 

asphaltenes were also conducted to evaluate their fouling and antifouling performances. Our 

work quantifies the interaction forces between water-in-oil emulsion drops with interfacial 

asphaltenes and selected substrates (i.e., Fe and EN substrates) in organic media, which helps 

to elucidate the fundamental mechanisms in the fouling phenomena and facilitate the 

development of efficient antifouling strategies in related industrial applications. 

5.2 Materials and Experimental Methods 

5.2.1 Materials. 

Asphaltenes were extracted from Athabasca bitumen by following the procedure reported 

elsewhere.57 10,000 mg/L asphaltene stock solution was prepared by dissolving asphaltenes in 

pure toluene (HPLC, Fisher Scientific, Canada) and sonicated for 30 min to ensure the complete 

dissolution. Prior to the experiments, the asphaltene solutions with different concentrations 

were prepared by diluting the stock solution with pure toluene, and sonicated for 15 min. Milli-

Q water with a resistivity of 18.2 MΩ•cm (BARNSTEAD Smart2Pure, Thermo Scientific, 

Canada) was used throughout the experiment. To explore the effect of organic solvent to 

asphaltene stability and solubility, the heptols prepared by mixing toluene and heptane (HPLC 

grade, Fisher Scientific, Canada) with desired volume ratios have been used as the organic 

media in following experiments. Octadecyltrichlorosilane (OTS) was purchased from Sigma-

Aldrich and used as received. 
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5.2.2 Preparation of Fe and EN coating substrates.  

The Fe substrate was prepared by depositing a layer of iron with the thickness of 90 nm on a 

pre-treated silica wafer using the electron beam evaporation (EBE) technique, which has been 

reported previously.58 A layer of chromium with the thickness of 10 nm was deposited between 

iron and silica to enhance the adhesion and stability, as shown in Figure 5.1A. The EN coating 

substrate was prepared on Fe substrate using the electroless bathing method as reported 

previously.52, 59 The electroless bath solution was prepared following the compositions shown 

in Table 1 and the pH of the solution was adjusted to around 8.5. Then, the solution was heated 

to 85 °C with the agitation of 250 rpm. The EN coating process started when the cleaned Fe 

substrate was immersed in the prepared bath solution. After 30 min, the prepared substrate was 

washed with DI water and ethanol, and dried using pure nitrogen. The successful deposition of 

EN coating on the Fe substrate was confirmed using the AFM surface image, Scanning Electron 

Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS). 

 

Table 5.1 The compositions of the bath solution for EN coating. 

Composition NiSO4∙ 

6H2O 

NaH2PO2∙

H2O 

NH4Cl CH3COONa Citric 

acid 

Concentration 25 g/L 16 g/L 40 g/L 10 g/L 15 g/L 

 

5.2.3 AFM force measurements.  

The surface interaction between a water drop with asphaltenes adsorbed at water/oil interface 
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and Fe or EN substrate in various organic media were quantitatively measured to investigate 

the fouling and antifouling mechanisms using the drop probe AFM technique based on a MFP-

3D-Bio AFM system (Asylum Research, Santa Barbara, CA). The detailed experimental 

procedure was reported in previous studies.18, 40, 60 

 

Figure 5.1 (A) The preparation of Fe and EN substrates. (B) The schematic of drop probe 

atomic force microscope (AFM) technique. The ΔX shows the piezo displacement. (C) A 

microscope image showing a water drop was anchored on the tipless AFM cantilever in toluene 

for the force measurements. 

 

For each force measurement, the AFM fluid cell was firstly filled with asphaltene solution, 

and water drops were generated in the cell using a custom-made ultrasharp glass pipet. These 

water drops spontaneously settled down to the glass substrate of the fluid cell due to the 

relatively higher density of the water. The glass substrate was slightly hydrophobized in 5 mM 

A B

100 μmC
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OTS solution to obtain a water contact angle in air of ~ 90° prior to the experiments, which 

facilitates the immobilization of the water drops on the glass substrate as well as the pick-up of 

water drops later. The water drops were aged in the asphaltenes solution for 5 min unless 

specified elsewhere. Afterwards, the asphaltenes solution was replaced by a large amount of 

organic solvent (e.g., toluene, heptane or heptol in this work) several times to wash off all the 

free asphaltenes in the surrounding solution and the pure solvent was used for force 

measurement. Thus, only the asphaltenes adsorbed at the water/oil interface were left and 

contributed to the measured interfacial interactions. A custom-made rectangular tipless silicon 

AFM cantilever (400×70×2 μm) was used to pick up a water drop with asphaltenes in the pure 

solvent to create the water drop probe, as shown in Figure 5.1C. Then, this drop probe was 

moved and placed above the Fe or EN substrate for the force measurements. A schematic 

illustration of the experimental setup was shown in Figure 5.1B. During the force measurement, 

the water drop anchored cantilever was driven by a piezo actuator to approach the substrate at 

a velocity of 1 μm/s till a certain maximum loading force was obtained. This loading force was 

kept at 4 nN unless specified elsewhere. Then, this probe was driven to retract. The spring 

constant of the AFM cantilever was calibrated using the thermal tune method in the solvent 

before picking up the water drop, and an optical laser beam system was used to monitor the 

deflection of the cantilever. Thus, the force was determined through the Hooke's law. For each 

experimental condition, at least 10 force measurements were conducted at different positions 

of each independently prepared substrate. To investigate the effect of contact time, the water 

drop probe was kept in contact with the substrate for a certain time after the maximum loading 

force of 4 nN was reached. The force profiles with respect to the piezo displacement ΔX were 
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obtained from the AFM software. The adhesion force data was collected and normalized by the 

radius of the water drop. In this work, the adhesion between the water drops with interfacial 

asphaltenes and Fe or EN substrate describes the difficulty for water drops and asphaltenes to 

be removed from the substrate surface. When the adhesion is strong, the removal process is 

difficult, which indicates the fouling phenomena. When the adhesion is weak, the removal 

process will be easy, which suggests the antifouling property. Thus, the antifouling property can 

be evaluated via the measured adhesion. 

5.2.4 Bulk fouling tests.  

The experimental setup for bulk fouling tests is shown in Figure 5.2. The emulsion solution 

was prepared by mixing 100 mg/L asphaltene-toluene solution and DI water with the volume 

fraction of 7:3 using a homogenizer. The as-prepared emulsion was settled for 1 hour. After the 

settlement, two phases were observed and the water-in-oil emulsion on the upper phase was 

transferred to 20 mL vials. Then, Fe and EN substrates were separately placed in the emulsions 

for 24 hours in room temperature. The Fe and EN substrates after the bulk fouling tests were 

cleaned using DI water and ethanol, dried with pure nitrogen and characterized with the optical 

microscope, AFM surface imaging and SEM-EDS characterization. 
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Figure 5.2 Schematic of bulk fouling tests for Fe and EN substrates in water-in-oil emulsions 

with asphaltenes. 

5.3 Results and Discussion 

5.3.1 Characterization of Fe and EN substrates.  

The AFM topographic images of silica substrate, Fe substrate and EN substrate are shown in 

the supporting information in Figures 5.S1A-S1C, respectively, which exhibit that the silica 

surface is featureless and flat, while both Fe and EN substrates are much rougher with aggregate 

particles. The root-mean-square (rms) roughness for the silica surface, Fe substrate and EN 

substrate were 0.45 nm, 1.33 nm and 4.22 nm, respectively. Moreover, Figures 5.S1D-S1G 

show the SEM images and EDS element mapping results, demonstrating the presence of iron 

element on Fe substrate and nickel and phosphorus elements on EN substrate. These results 

prove the successful deposition of EN coating on Fe substrate. The thickness of the EN coating 

was measured to be about 1.6 μm from the SEM image from the cross section view (in Figure 

5.S1H).61 As shown in Figure 5.3, the oil (i.e., toluene) contact angles (OCAs) in DI water for 

silica, Fe and EN substrates were measured to be 130.3°±1.3°, 121.1°±0.9°, and 146.3°±1.5°, 

respectively. The water contact angles (WCAs) in oil (i.e., toluene) for silica, Fe and EN 

substrates were also measured to be 64.0°±0.7°, 55.6°±1.1°, and 108.6°±1.0°, respectively. The 

OCA and WCA for EN substrate are bigger than those of Fe substrate, which suggests the 

possible antifouling property of EN coating. 
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Figure 5.3 Oil contact angles (OCAs) in water for (A) silica substrate, (B) Fe substrate, (C) EN 

substrate. Water contact angles (WCAs) in oil for (D) silica substrate, (E) Fe substrate, (F) EN 

substrate. 

 

5.3.2 Effect of asphaltene concentrations.  

Figure 5.4 shows the measured force profiles between the water drops and Fe substrate in 

pure toluene, after the water drops were aged in asphaltene solutions with different 

concentrations for 5 min. It should be noted that the piezo displacement ΔX here is the relative 

movement of the AFM cantilever, not the true surface separation between the water drop and 

the Fe substrate. 

silica

Fe
EN

130.3º±1.3º 121.1º±0.9º 146.3º±1.5ºA B C

silica Fe EN

64.0º±0.7º 55.6º±1.1º

108.6º±1.0ºD E F
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Figure 5.4 Measured force profiles between a water drop and Fe substrate in toluene after aged 

in (A) 0 and (B) 10 mg/L asphaltene solutions for 5 min. The open dots are experimental data. 

The arrows show the movements of water drops 

 

Figure 5.4A shows the measured interaction between a water drop without asphaltenes and 

the Fe substrate in pure toluene. The obtained force curve was attractive as the water drop 

approached the substrate. When the water drop moved closer to the substrate, this attractive 

force became stronger till a sudden “jump-in” behavior was observed, indicating that the water 

drop jumped into contact with the Fe substrate. From the optical microscope, it was directly 

observed that the water drop detached from the AFM cantilever and attached onto the Fe 

substrate. This behavior was attributed to the strong VDW attraction between water drop and 

Fe substrate in toluene.61-62 

Figure 5.4B and Figure 5.S2 show the measured force results between water drops and Fe 

substrate in toluene after the water drops were aged in asphaltenes solutions with different 

concentrations of 10, 20, 50, 100, 200, and 500 mg/L. For all the cases, attraction was detected 

during approaching of the water to the Fe substrate and water drop jumped into contact with 

A B



162 
 

the Fe substrate due to the VDW attraction, but no drop detachment from the cantilever was 

observed. Meanwhile, strong adhesion was measured when the water drop was retracted. 

Previous work showed that asphaltenes could irreversibly adsorb at water/oil interface and form 

a protect layer to enhance the stability of water drops in organic medium.38, 63 The measured 

adhesion was due to the attractive interactions between the interfacially adsorbed asphaltenes 

and iron surface, which was in consistence with the reported results that asphaltenes could 

interact with various metal surfaces, such as gold and stainless steel, via hydrogen bonding, 

VDW force, coordinate interaction and so on.64-66 

Comparing the adhesion measured at different asphaltene concentrations (Figure 5.5), it 

could be noted that with increasing the asphaltene concentration, the adhesion between the 

water drop and Fe substrate became stronger. However, the measured adhesion was almost the 

same at the asphaltene concentrations of 200 mg/L and 500 mg/L. The adhesion change should 

be caused by the different amount of the asphaltenes adsorbed at the water/toluene interface. At 

relatively lower asphaltene concentration (<200 mg/L), increasing asphaltene concentration in 

the solution induced more asphaltenes adsorbed at the water/toluene interface. The increased 

amount of asphaltenes at the interface created more active sites to interact with the opposing Fe 

surface during force measurements, resulting in the stronger adhesion. However, as the 

asphaltene concentration kept increasing (>200 mg/L), the water/toluene interface could be 

fully covered by asphaltenes during the aging time, forming a protective layer. Thus, active 

sites on the interfacial asphaltene layer did not obviously increase with further increasing the 

asphaltene concentration, so the adhesion showed relatively weak dependence on the 

concentration (>200 mg/L). 
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Figure 5.5 The normalized adhesion of a water drop on Fe substrate and EN coating substrate 

in toluene after aged in asphaltene solutions with different concentrations. 

 

Figure 5.S3 show the measured force profiles between the water drops and EN substrate in 

toluene after being aged in asphaltene solutions with different concentrations. Figure 5.S3A 

shows that the interaction force between pure water drop and EN substrate had no obvious 

change when the water drop approached the substrate in toluene, till a sudden “jump-in” 

behavior was also observed, indicating the contact of water drop and EN substrate. From the 

optical microscope, the detachment of the water drop from the AFM cantilever and the 

following attachment on EN substrate were also directly observed, which was similar with the 

force measurement between pure water drop and Fe substrate in Figure 5.4A. This behavior 

could also be contributed by the VDW attraction between the water drop and EN substrate in 

toluene. However, the force profile for EN substrate didn’t show obvious attraction before the 

“jump-in” behavior occurred, suggesting that the VDW attraction between the water drop and 

EN substrate was relatively weaker than that between the water drop and Fe substrate. 

Figure 5.S3B-G show the measured force profiles between the water drops with asphaltenes 
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and EN substrate in toluene after aged in asphaltene solutions at concentrations of 10, 20, 50, 

100, 200 and 500 mg/L, respectively. For all the curves, attractive interaction force during 

approaching was observed. The tendency that the adhesion measured during retraction 

increased along with the increasing asphaltene concentration was also noticed. Similarly, the 

adhesion did not change significantly when the concentration was greater than 200 mg/L. The 

adhesion between the water drops with asphaltenes and Fe or EN substrates are compared as 

shown in Figure 5.5. It is obvious that the normalized adhesion between the water drop and EN 

substrate was much weaker than that with Fe surface, suggesting that asphaltenes on the EN 

substrate could be more easily removed than that on Fe surface. It is noted that EN substrate 

has a higher surface roughness (rms roughness 4.22 nm) than Fe substrate (rms roughness 1.33 

nm). In reported literatures, the increased surface roughness could enhance the adhesion 

between two rough soft surfaces due to the large contact area, which thus led to the aggravated 

fouling phenomena.67-70 However, despite the relatively higher surface roughness of EN 

substrates, the weaker adhesion has been measured between the water drops with interfacial 

asphaltenes and EN substrate than that with Fe substrate, which further suggests the better 

antifouling property of EN coating. 

5.3.3 Effect of solvent type.  

The interactions between the water drop with asphaltenes and Fe or EN substrate were also 

investigated in heptols (i.e., mixtures of toluene and heptane) and heptane. Here, heptols with 

different volume fractions of toluene, i.e., 75%, 50% and 25% (denoted as 75% heptol, 50% 

heptol and 25% heptol) were used. In the experiments, after aged in the 100 mg/L asphaltene-



165 
 

in-toluene solution for 5 min, a large amount of heptol or heptane was used to replace the 

asphaltene-in-toluene solution and wash off the free asphaltenes before the Fe or EN substrate 

was placed in the organic solvent. Due to the irreversible adsorption of asphaltenes,36, 38, 71 it 

was expected that the amount of asphaltenes at the water/oil interface for each water drop was 

almost the same, and the influences of asphaltenes dissolved in the solution or adsorbed on the 

substrate surface during the force measurements could be negligible. 

Figure 5.S4 show the force results between the water drops with asphaltenes and Fe substrate 

in heptols (with toluene volume fraction of 75%, 50%, and 25%) and heptane. Similar to the 

force curve in pure toluene (Figure 5.S2C), attraction was observed during approach and strong 

adhesion was measured during retraction. It was evident that the adhesion was weakened by 

decreasing the volume fraction of toluene in heptol. Since heptane is a poor solvent to 

asphaltenes, 36, 72-73 36, 72-73 36, 72-73 36, 72-73 36, 72-7336, 72-73 the addition of heptane could enhance the 

solvophobic interaction and induce the strong aggregation between asphaltene molecules at the 

interface. The self-association of the active functional groups of aggregated asphaltenes could 

lead to less molecular mobility and lower amount of exposed active functional groups for 

surface adhesion. Therefore, the adhesion between water drop with interfacial asphaltenes and 

substrate became weakened. In pure heptane (Figure 5.S4D), the measured interaction force 

between water drop and Fe substrate was attractive and growing stronger during approaching. 

Finally, the “jump-in” behavior was observed, suggesting the contact of water drop on the Fe 

substrate. This distinctive “jump-in” behavior could be possibly due to the significantly 

enhanced aggregation of asphaltenes and their reduced molecular mobility in pure heptane than 

in heptols, which led to disruption of the protective asphaltene layer at oil/water interface.74   
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Figure 5.6 The normalized adhesion of a water drop on Fe substrate and EN coating substrate 

in toluene and heptol. 

 

Figure 5.S5 show the measured force curves between the water drops with asphaltenes and 

EN substrate in heptols (with toluene volume fraction of 75%, 50%, and 25%) and heptane. 

Similar force results with Fe substrates in Figure 5.S4 were observed. In heptols, the measured 

adhesion also became weakened with the decreasing volume fraction of toluene, which was due 

to the molecular mobility of interfacial asphaltenes and their exposed active functional groups. 

In pure heptane, the “jump-in” behavior was also observed. The normalized adhesion between 

the water drop and Fe or EN substrate was summarized in Figure 5.6. It was noticed that the 

adhesion between water drop with interfacial asphaltenes and EN substrate was weaker than 

that for Fe substrate, suggesting that the asphaltenes on EN substrate could be more easily 

removed than that on Fe substrate in different organic solvents. 

5.3.4 Effect of aging time.  

The effect of aging time was also investigated here. Before force measurements, water drops 
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were aged in 100 mg/L asphaltene solution for 1, 2, 5, 10, 20 and 30 min, respectively, and 50% 

heptol was used to replace the solution. The obtained force profiles are shown in Figure 5.S6. 

All the measured force profiles exhibited adhesion during retraction, which was normalized and 

summarized in Figure 5.7A. 

 

Figure 5.7 (A) The normalized adhesion of a water drop on Fe and EN substrate in 50% heptol 

after being aged in 100 mg/L asphaltene solution for 1, 2, 5, 10, 20 and 30 min, respectively. 

(B) Measured dynamic interfacial tension curve of water and 50% heptol with 100 mg/L 

asphaltenes dissolved. 

 

It was noticed that longer aging time resulted in the stronger adhesion between water drop 

with interfacial asphaltenes and the Fe or EN substrate, which was caused by more asphaltenes 

adsorbed at water/oil interface during aging time. However, the adhesion didn’t obviously 

change when the aging time was longer than 20 min for both Fe and EN substrates, which could 

be the consequence of the saturated adsorption of asphaltenes at water/oil interface. To 

demonstrate this statement, the adsorption behavior of asphaltenes (100 mg/L) at water/50% 

heptol interface was investigated by measuring the dynamic interfacial tension using a pendant 

A B
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drop shape method and the result is shown in Figure 5.7B.75 The obtained result showed that 

the interfacial tension of water/50% heptol interface decreased sharply within 15 min, 

indicating the rapid adsorption of asphaltenes at the interface. Then, to the decrease of the 

interfacial tension gradually slows down at 18 ~ 22 min, suggesting the lowered adsorption rate 

due to the limited interfacial area and steric hindrance of adsorbed asphaltenes.75 After ~22 min, 

the interfacial tension reached a plateau, suggesting the saturated adsorption of asphaltenes at 

the water/50% heptol interface. Furthermore, Figure 5.7A also shows that the adhesion between 

water drops with interfacial asphaltenes and EN substrate is much weaker than that for Fe 

substrate. 

5.3.5 Effect of contact time.  

The contact time effect was investigated by measuring the force profiles between water drops 

with interfacial asphaltenes and Fe or EN substrate in 50% heptol, after aged in 100 mg/L 

asphaltenes solution for 5 min. The water drop probe was driven to approach the substrate till 

the maximum loading force of 4 nN was reached. Then, this cantilever was held for the contact 

time of 1, 2, 5 and 10 s, respectively, followed by the retraction from the substrate. The obtained 

force profiles are shown in Figure 5.S7. The normalized adhesion for both Fe substrate and EN 

coating substrate is shown in Figure 5.8A. Obviously, much weaker adhesion between water 

drop and EN substrate in the presence of interfacial asphaltenes was detected than that for Fe 

substrate under varying contact time. The results also showed that the adhesion was 

strengthened with longer contact time, which was most likely due to the conformational changes 

of confined asphaltenes thus leading to stronger contact with the substrate, as illustrated in 
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Figure 5.8B. 

 

 

Figure 5.8 (A) The normalized adhesion between a water drop and Fe or EN substrate in 50% 

heptol after aged in 100 mg/L asphaltenes solutions for 5 min with the contact time of 0, 1, 2, 

5 and 10 s, respectively. (B) Schematic of conformational change of confined asphaltenes 

during contact with the substrate.  

 

5.3.6 Effect of loading force.  

The effect of loading force was investigated between the water drop and Fe or EN substrate 

in 50% heptol after aged in 100 mg/L asphaltene solutions for 5 min with the loading force of 

A
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1, 2, 4, 10, 20 and 40 nN, respectively. The measured force profiles are shown in Figure 5.S8. 

Figure 5.9 shows the normalized adhesion between water drops and Fe or EN substrate, which 

becomes stronger as the loading force increases. The strengthened adhesion is due to the 

enlarged the contact area under higher loading force which facilitates stronger interactions 

between more confined asphaltenes and substrates. Figure 5.9 also demonstrates that the EN 

coating showed a weaker adhesion with water drop in the presence of asphaltenes than Fe 

substrate under different loading conditions. 

 

Figure 5.9 The normalized adhesion between the water drop and Fe or EN substrate in 50% 

heptol after aged in 100 mg/L asphaltenes solutions for 5 min under the loading force of 1, 2, 

4, 10, 20 and 40 nN, respectively. 

 

5.3.7 Bulk fouling tests.  

To further evaluate the antifouling performances, the bulk fouling tests were conducted with 

both Fe and EN substrates. The obtained results are shown in Figure 5.10. 
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Figure 5.10 (A) Optical images of Fe and EN substrates before and after bulk fouling tests. 

AFM surface image of Fe (B) and EN (C) substrate after bulk fouling tests.  

 

Figure 5.10A shows the optical images of Fe and EN substrates before and after the bulk 

fouling tests. Before bulk fouling tests, both Fe and EN substrates were flat and clean. After 

bulk fouling tests, obvious aggregates were found on the Fe substrate, indicating that Fe 

substrate could be easily fouled in the water-in-oil emulsion with asphaltenes. However, EN 
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substrate remained relatively clean with only some grey remnants on the surface. The AFM 

surface images in Figures 5.10B and C further show that there are a large number of aggregates 

deposited on the Fe substrate, suggesting the severe fouling phenomenon in the emulsions; 

whereas the EN substrate showed much less deposits. The rms roughness of the Fe and EN 

substrates after bulk fouling tests was found to increase to 23.7 nm and 6.4 nm, respectively. 

Furthermore, the SEM-EDS characterizations have been conducted and the obtained results 

show that much higher weight percentage for carbon element on Fe substrate has been detected 

than that on EN substrate (as shown in Figure 5.S9). The above bulk fouling tests demonstrate 

that EN coating possesses a good antifouling performance in water-in-oil emulsions, agreeing 

well with the adhesion results from the force measurements. 

5.4 Conclusions 

In this work, the drop probe AFM technique was used to directly measure the surface 

interaction forces between water drops with asphaltenes adsorbed at the water/oil interface and 

Fe or EN substrate in organic media. The effects of asphaltene concentration, solvent type, 

aging time, contact time and loading force were investigated. For bare water drops, the force 

results revealed that the drops could easily jump into contact with Fe or EN substrate during 

approaching in oil media because of the strong VDW attraction. For water drops in the presence 

of asphaltenes, the asphaltenes could form a protective layer at the water/oil interface. The 

functional groups of the interfacial asphaltenes could interact with the substrate, contributing 

to the measured adhesion during retraction. It was also noted that the higher asphaltene 

concentration and longer aging time during the aging process could result in more asphaltenes 
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adsorbed at the water/oil interface, which then lead to the stronger adhesion between water drop 

and the substrate. The addition of poor solvent (i.e., heptane) in the organic medium could cause 

the strong aggregation of asphaltenes, thus lowering the molecular mobility of interfacial 

asphaltenes and preventing the interactions between the functional groups of asphaltenes and 

the substrate. Consequently, the weaker adhesion was measured. In pure heptane, the 

aggregation of interfacial asphaltenes was so strong that the protective layer of interfacial 

asphaltenes would be disturbed and direct water-substrate contact could occur. Hence, “jump-

in” behavior of the water drop on the substrate was observed. The longer contact time during 

the force measurements could allow interfacial asphaltenes to change their conformation and 

have stronger interaction with the substrate. The stronger loading force could enlarge the 

contact area of the water drop on the substrate and include more interfacial asphaltenes within 

the contact area, which thereby strengthened the adhesion between water drop and substrate. 

Meanwhile, much weaker adhesion was measured between water drop with interfacial 

asphaltenes and EN substrate than that for Fe substrate, suggesting that asphaltenes on EN 

substrate could be more easily removed than that on Fe substrate. Furthermore, the bulk fouling 

tests in water-in-oil emulsions also demonstrated that more significant fouling phenomenon 

was detected on Fe substrate than that on EN substrate, which agreed well with the force 

measurement results. This work improves the fundamental understanding of the surface 

interactions between water-in-oil emulsions with asphaltenes and iron substrate or EN coating, 

demonstrates the antifouling properties of EN coating, and provides useful information on the 

intermolecular and surface interactions contributing to the fouling phenomena in oil production. 

Such information helps the design and selection of coating materials and facilitates the 
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development of new efficient coatings with antifouling performances in related industrial 

applications. 

 

5.5 Support information 
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Figure 5.S1 AFM images of (A) silica substrate, (B) Fe substrate and (C) EN substrate. The 

SEM images (D, F) and EDS results (E, G) of Fe and EN substrate. (H) The SEM image of the 

cross section of EN substrate. 
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Figure 5.S2 Measured force profiles between a water drop and Fe substrate in toluene after 

aged in (A) 20, (B) 50, (C) 100, (D) 200, and (E) 500 mg/L asphaltene solutions for 5 min. The 

open dots are experimental data. The arrows show the movements of water drops. 
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Figure 5.S3 Measured force profiles between a water drop and EN substrate in toluene after 

aged in (A) 0, (B) 10, (C) 20, (D) 50, (E) 100, (F) 200, and (G) 500 mg/L asphaltene solutions 

for 5 min. 
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Figure 5.S4 Measured force profiles between a water drop and Fe substrate in (A) heptol with 

75% volume fraction of toluene (denoted as 75% heptol), (B) 50% heptol, (C) 25% heptol and 

(D) heptane, after aged in 100 mg/L asphaltene solutions for 5 min. The percentage is the 

volume ratio of toluene. 
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Figure 5.S5 Measured force profiles between the water drop and EN substrate in (A) heptol 

with 75% volume fraction of toluene (denoted as 75% heptol), (B) 50% heptol, (C) 25% heptol 

and (D) heptane, after aged in 100 mg/L asphaltene solutions for 5 min. The percentages in the 

figures are the volume ratios of toluene. 
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Figure 5.S6 Measured force profiles of a water drop with Fe substrate (A-F) and EN substrate 

(G-L) in 50% heptol, after aged in 100 mg/L asphaltenes solutions for 1, 2, 5, 10, 20 and 30 

min. 
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Figure 5.S7 Measured force profiles of a water drop with Fe substrate (A-E) and EN substrate 

(F-J) in 50% heptol, after aged in 100 mg/L asphaltenes solutions for 5 min, with the contact 

time of 0, 1, 2, 5 and 10 s. 
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Figure 5.S8 Measured force profiles of a water drop with Fe substrate (A-F) and EN substrate 

(G-L) in 50% heptol, after aged in 100 mg/L asphaltenes solutions for 5 min, with the loading 

force of 1, 2, 4, 10, 20 and 40 nN. 

 

 

Figure 5.S9 SEM images, EDS element analysis and obtained elemental weight percentages 

for Fe (A, B and C) and EN (D, E and F) substrates after the bulk fouling tests. 
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in stabilizing thin liquid emulsion films. Langmuir 2014, 30 (11), 3024-3033. 

39. Yarranton, H. W.; Hussein, H.; Masliyah, J. H., Water-in-hydrocarbon emulsions stabilized 

by asphaltenes at low concentrations. J. Colloid Interface Sci. 2000, 228 (1), 52-63. 

40. Shi, C.; Zhang, L.; Xie, L.; Lu, X.; Liu, Q.; Mantilla, C. A.; van den Berg, F. G.; Zeng, H., 

Interaction mechanism of oil-in-water emulsions with asphaltenes determined using droplet 

probe AFM. Langmuir 2016, 32 (10), 2302-2310. 

41. Rocha, J.; Baydak, E.; Yarranton, H.; Sztukowski, D.; Ali-Marcano, V.; Gong, L.; Shi, C.; 

Zeng, H., Role of aqueous phase chemistry, interfacial film properties, and surface coverage in 

stabilizing water-in-bitumen emulsions. Energy & Fuels 2016, 30 (7), 5240-5252. 

42. Zhang, L.; Shi, C.; Lu, Q.; Liu, Q.; Zeng, H., Probing molecular interactions of asphaltenes 

in heptol using a surface forces apparatus: Implications on stability of water-in-oil emulsions. 

Langmuir 2016, 32 (19), 4886-4895. 

43. Zhang, L.; Xie, L.; Shi, C.; Huang, J.; Liu, Q.; Zeng, H., Mechanistic Understanding of 

Asphaltene Surface Interactions in Aqueous Media. Energy & Fuels 2016, 31 (4), 3348-3357. 

44. Huang, Y.; Zeng, X.; Hu, X.; Liu, F., Corrosion resistance properties of electroless nickel 

composite coatings. Electrochim. Acta 2004, 49 (25), 4313-4319. 

45. Rabizadeh, T.; Allahkaram, S. R.; Zarebidaki, A., An investigation on effects of heat 

treatment on corrosion properties of Ni–P electroless nano-coatings. Materials & Design 2010, 

31 (7), 3174-3179. 



191 
 

46. Sahoo, P.; Das, S. K., Tribology of electroless nickel coatings–a review. Materials & 

Design 2011, 32 (4), 1760-1775. 

47. Brenner, A.; Riddell, G. E., Deposition of nickel and cobalt by chemical reduction. J. Res. 

Nat. Bur. Stand 1947, 39, 385-395. 

48. Grosjean, A.; Rezrazi, M.; Takadoum, J.; Bercot, P., Hardness, friction and wear 

characteristics of nickel-SiC electroless composite deposits. Surf. Coat. Technol. 2001, 137 (1), 

92-96. 

49. Chen, C.; Feng, H.; Lin, H.; Hon, M.-H., The effect of heat treatment on the microstructure 

of electroless Ni–P coatings containing SiC particles. Thin Solid Films 2002, 416 (1-2), 31-37. 

50. Sudagar, J.; Lian, J.; Sha, W., Electroless nickel, alloy, composite and nano coatings–A 

critical review. J. Alloys Compd. 2013, 571, 183-204. 

51. Chen, X.; Chen, C.; Xiao, H.; Liu, H.; Zhou, L.; Li, S.; Zhang, G., Dry friction and wear 

characteristics of nickel/carbon nanotube electroless composite deposits. Tribology 

international 2006, 39 (1), 22-28. 

52. Luo, H.; Leitch, M.; Behnamian, Y.; Ma, Y.; Zeng, H.; Luo, J.-L., Development of 

electroless Ni–P/nano-WC composite coatings and investigation on its properties. Surface and 

Coatings Technology 2015, 277, 99-106. 

53. Shi, C.; Chan, D. Y.; Liu, Q.; Zeng, H., Probing the hydrophobic interaction between air 

bubbles and partially hydrophobic surfaces using atomic force microscopy. The Journal of 

Physical Chemistry C 2014, 118 (43), 25000-25008. 

54. Shi, C.; Cui, X.; Xie, L.; Liu, Q.; Chan, D. Y.; Israelachvili, J. N.; Zeng, H., Measuring 

forces and spatiotemporal evolution of thin water films between an air bubble and solid surfaces 



192 
 

of different hydrophobicity. ACS nano 2014, 9 (1), 95-104. 

55. Khodakarami, M.; Alagha, L.; Burnett, D. J., Probing Surface Characteristics of Rare Earth 

Minerals Using Contact Angle Measurements, Atomic Force Microscopy, and Inverse Gas 

Chromatography. ACS omega 2019, 4 (8), 13319-13329. 

56. Gao, Z.; Xie, L.; Cui, X.; Hu, Y.; Sun, W.; Zeng, H., Probing Anisotropic Surface Properties 

and Surface Forces of Fluorite Crystals. Langmuir 2018, 34 (7), 2511-2521. 

57. Zhang, L. Y.; Lawrence, S.; Xu, Z.; Masliyah, J. H., Studies of Athabasca asphaltene 

Langmuir films at air–water interface. Journal of colloid and interface science 2003, 264 (1), 

128-140. 

58. Hayashi, T.; Ohno, T.; Yatsuya, S.; Uyeda, R., Formation of ultrafine metal particles by 

gas-evaporation technique. IV. Crystal habits of iron and Fcc metals, Al, Co, Ni, Cu, Pd, Ag, In, 

Au and Pb. Japanese Journal of Applied Physics 1977, 16 (5), 705. 

59. Kar, K. K.; Sathiyamoorthy, D., Influence of process parameters for coating of nickel–

phosphorous on carbon fibers. journal of materials processing technology 2009, 209 (6), 3022-

3029. 

60. Shi, C.; Yan, B.; Xie, L.; Zhang, L.; Wang, J.; Takahara, A.; Zeng, H., Long‐Range 

Hydrophilic Attraction between Water and Polyelectrolyte Surfaces in Oil. Angewandte Chemie 

International Edition 2016, 55 (48), 15017-15021. 

61. Gong, L.; Qiu, X.; Zhang, L.; Huang, J.; Hu, W.; Xiang, L.; Zhu, D.; Sabbagh, R.; 

Mahmoudi, M.; Fattahpour, V., Probing the Interaction Mechanism between Oil-in-Water 

Emulsions and Electroless Nickel–Phosphorus Coating with Implications for Antifouling in Oil 

Production. Energy & Fuels 2018. 



193 
 

62. Israelachvili, J. N., Intermolecular and surface forces. Academic press: 2011. 

63. Wu, X., Investigating the stability mechanism of water-in-diluted bitumen emulsions 

through isolation and characterization of the stabilizing materials at the interface. Energy & 

fuels 2003, 17 (1), 179-190. 

64. Rudrake, A.; Karan, K.; Horton, J. H., A combined QCM and XPS investigation of 

asphaltene adsorption on metal surfaces. Journal of colloid and interface science 2009, 332 (1), 

22-31. 

65. Abdallah, W.; Taylor, S., Surface characterization of adsorbed asphaltene on a stainless 

steel surface. Nuclear Instruments and Methods in Physics Research Section B: Beam 

Interactions with Materials and Atoms 2007, 258 (1), 213-217. 

66. Wang, J.; Buckley, J. S.; Creek, J. L., Asphaltene deposition on metallic surfaces. Journal 

of dispersion science and technology 2004, 25 (3), 287-298. 

67. Zhong, Z.; Li, D.; Zhang, B.; Xing, W., Membrane surface roughness characterization and 

its influence on ultrafine particle adhesion. Separation and purification technology 2012, 90, 

140-146. 

68. Hoek, E. M.; Bhattacharjee, S.; Elimelech, M., Effect of membrane surface roughness on 

colloid− membrane DLVO interactions. Langmuir 2003, 19 (11), 4836-4847. 

69. Bowen, W. R.; Doneva, T. A., Atomic force microscopy studies of membranes: Effect of 

surface roughness on double-layer interactions and particle adhesion. Journal of colloid and 

interface science 2000, 229 (2), 544-549. 

70. Crittenden, B.; Alderman, N., Negative fouling resistances: the effect of surface roughness. 

Chemical engineering science 1988, 43 (4), 829-838. 



194 
 

71. Eyssautier, J.; Levitz, P.; Espinat, D.; Jestin, J.; Gummel, J.; Grillo, I.; Barré, L., Insight 

into asphaltene nanoaggregate structure inferred by small angle neutron and X-ray scattering. 

The Journal of Physical Chemistry B 2011, 115 (21), 6827-6837. 

72. McLean, J. D.; Kilpatrick, P. K., Effects of asphaltene solvency on stability of water-in-

crude-oil emulsions. J. Colloid Interface Sci. 1997, 189 (2), 242-253. 

73. McLean, J. D.; Kilpatrick, P. K., Effects of asphaltene aggregation in model heptane–

toluene mixtures on stability of water-in-oil emulsions. J. Colloid Interface Sci. 1997, 196 (1), 

23-34. 

74. Destribats, M.; Lapeyre, V.; Wolfs, M.; Sellier, E.; Leal-Calderon, F.; Ravaine, V.; Schmitt, 

V., Soft microgels as Pickering emulsion stabilisers: role of particle deformability. Soft Matter 

2011, 7 (17), 7689-7698. 

75. Zhang, S.; Zhang, L.; Lu, X.; Shi, C.; Tang, T.; Wang, X.; Huang, Q.; Zeng, H., Adsorption 

kinetics of asphaltenes at oil/water interface: Effects of concentration and temperature. Fuel 

2018, 212, 387-394. 

 



195 
 

Chapter 6 Conclusions and Future Works 

6.1 Major conclusions 

  In this study, the interaction mechanisms among asphaltenes, fine solids, water-oil 

emulsions and substrate surfaces have been directly quantified using the atomic force 

microscope (AFM) colloidal and drop probe technique to understand the fouling 

mechanisms and the antifouling properties in oil production. The typical constructive 

material of pipeline (i.e., iron substrate) and the popular industrial coating (i.e., EN 

coating) have been used in this project. The corresponding bulk fouling tests have also 

conducted to confirm the fouling and antifouling performances. The major conclusions 

from this study are summarized below. 

  (1) The interaction forces between the silica particles or asphaltenes-coated silica 

particles and L80 or EN substrates in NaCl solutions were investigated using the AFM 

colloidal probe technique under the effects of salinity, pH and Ca2+ ions. According to 

the classic DLVO theory, the attractive VDW force led to the attachment of particles on 

the substrates, and the repulsive EDL force contributed to the antifouling properties. 

High salinity in the solution could lead to the compressed electric double layer. Acidic 

pH resulted to the less negative surface potentials of silica and metal surfaces. The 

presence of Ca2+ ions caused the neutralization of the negative surface charges due to 

greater charge density of divalent ions. Therefore, high salinity, acidic pH and Ca2+ ions 

weakened EDL repulsion and aggravated the fouling processes. The obtained adhesions 
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from the force profiles also demonstrated that the adhesion did not change obviously 

with the varying salinity, but became stronger in acidic pH and Ca2+ ions, which was 

due to the neutralized surface charges and bridging effect. The asphaltenes adsorbed on 

the silica surface could have a more negatively charged surface and stronger adhesion 

with metal substrates due to the functional groups of asphaltenes. Besides, compared 

with L80 substrate, the EN coating showed weaker attraction with asphaltenes and silica 

particles. The bulk fouling tests in silica and asphaltenes-coated silica suspensions were 

conducted and the results were in consistence with force results. 

  (2) The interaction forces between oil drops with the presence of asphaltenes and 

iron or EN substrate in NaCl solutions have been investigated using the AFM drop 

probe technique under the effects of salinity, pH and Ca2+ ions. Measured force profiles 

were analyzed using the theoretical model incorporated with augmented Young-

Laplace equation and Reynolds lubrication theory. The results indicated that the high 

salinity, acidic pH and Ca2+ ions could weaken the EDL repulsion and cause the contact 

of oil drops on substrate surfaces. The presence of asphaltenes at water-oil interface 

could render more negative surface potential and enhance the adhesions between oil 

drops and iron or EN surfaces because of the functional groups of asphaltenes. It was 

also noticed that the surface potential of EN coating in NaCl solutions was more 

negative than that of iron surface, which would arise stronger EDL repulsion with oil 

drops and lead to better antifouling property. The fouling tests in water-oil emulsions 

with asphaltenes were also conducted to confirm the better antifouling performances of 

EN coating. 
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  (3) The interaction forces between water drops and iron or EN coating in organic 

media (i.e. toluene, heptane and heptol) with interfacially adsorbed asphaltenes were 

investigated using the AFM drop probe technique under the effect of asphaltenes 

concentration, aging time, solvent type, loading force and contact time. The adhesion 

between the water drops with interfacial asphaltenes and iron or EN coating surface 

were analyzed and the results showed that the before the saturation of asphaltenes 

adsorbed at the water-oil interfaces, the adhesion became stronger with the higher 

asphaltenes concentration and longer aging time due more interfacial asphaltenes. After 

the saturation, the asphaltenes concentration and aging time had almost no influence in 

the measured adhesion. When the organic solvent became bad to asphaltenes by 

increasing heptane ratio, the adhesion was weakened because of the aggregation and 

the conformational change of asphaltenes. Longer contact time during force 

measurements could allow asphaltenes to have better conformation to form stronger 

interactions with opposite substrate. The adhesion became stronger with greater loading 

force due to larger contact area. Besides, the adhesion measured between water drops 

and EN coating surface was much weaker than that with iron surface, indicating the 

relatively easy removal of asphaltenes from EN coating. The conducted bulk fouling 

tests in water-in-oil emulsions exhibited less asphaltenes on EN coating, which agreed 

well with force measurement results. 

6.2 Original contributions 

  It was the first time to directly and quantitatively investigate the interaction 
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mechanisms among asphaltenes, fine solids, emulsion drops and pipeline surfaces, 

which provided the fundamental information on the fouling phenomena in oil 

production. Comparing the force measurement results of iron substrate and EN coating 

could provide the fundamental understandings on the antifouling properties and help in 

the development of new efficient antifouling coatings and strategies. Furthermore, the 

theoretical models were applied to analyze the force results to determine the major 

driving forces in fouling and antifouling processes. 

  In the case of interactions between silica particles and L80/EN substrates in aqueous 

solutions, the attractive VDW force contributed to the fouling problems. The repulsive 

EDL force in the aqueous solutions prevented the attachment of silica particles on metal 

surfaces, which was also regarded as the antifouling property. Therefore, strengthening 

the EDL repulsion could improve the antifouling performances of the industrial 

coatings. For example, diluting the concentration of the electrolytes, increasing the pH 

to alkaline, and decreasing the ions with multiple charges could result in the strong EDL 

repulsion. Besides, measured adhesion, which described the difficulty of removing 

attached particles from the substrate surfaces, indicated the significant importance of 

asphaltenes-substrate interactions and asphaltenes-asphaltenes interactions. 

  In the case of interactions between stabilized emulsions (oil-in-water emulsions and 

water-in-oil emulsions) and iron or EN surface with the presence of interfacially 

adsorbed asphaltenes, the deformation of water or oil drops generated larger contact 

area when the drops approached substrate surface under the loading force. The 

functional groups of interfacial asphaltenes could create a more negatively charged 
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surface potential of oil drops in aqueous solutions and form strong interaction with the 

opposite substrate, such as hydrogen bonds and acid-base interactions. The combination 

of all these interactions accounted for the fouling phenomena or the antifouling 

properties of emulsions on iron or EN surfaces. It was also interesting to discover that 

the interactions between asphaltenes and iron or EN surface became more attractive in 

bad solvent (i.e., heptane), which was due to the aggregation and conformational 

change of asphaltenes. 

  Furthermore, the application of AFM force measurement techniques, including the 

colloidal and drop probe techniques, provided the direct and quantitative results to 

investigate the practical and complex fouling problems in oil production. The surface 

interactions among asphaltenes, silica particles, water drops, oil drops and substrate 

surfaces revealed the fundamental mechanisms of fouling phenomena and antifouling 

properties in nano-scale. Instead of testing the fouling and antifouling performances in 

a practical facility, AFM force measurement techniques were direct, underspent, fast, 

and easy to conduct to evaluate and predict the fouling and antifouling performances. 

  This work directly and quantitatively investigates the surface interactions among 

asphaltenes, silica particles, water drops, oil drops and pipeline surfaces to shed the 

fundamental insights in the fouling mechanisms and antifouling properties in oil sands 

production, which could provide the valuable guidance to the material selection in 

industries and further facilitate the development efficient antifouling coatings. 
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6.3 Suggestions for future work 

  (1) The fouling problems in practical industries are extremely complex, and the 

foulants contain various components in different industries and processes. In this work, 

only asphaltenes, silica and water-oil emulsions have been investigated. In other 

specific process, the foulants, such as calcium carbonate particles (inorganic material) 

and resins (organic materials), are important. It is significant to identify the components 

of foulants in the specific process and investigate the interaction and fouing 

mechanisms. 

  (2) In this work, the metal surfaces of carbon steel L80, iron and EN coating have 

been investigated due to the common usage of these materials. It is obvious that a plenty 

of metal and alloy materials are used in our life and industries, such as the copper and 

aluminum alloy. Besides, a variety of coatings have been applied to protect the metal 

materials from abrasion, erosion, corrosion and fouling. Probing the interactions 

between the fouling materials and these metal substrates is of practical and fundamental 

importance to design antifouling strategies accordingly and improve antifouling 

performances. 

  (3) The conditions used in this work are the room temperature, normal pressure, 

commonly used solvent (i.e. water, toluene and heptane) and electrolytes (i.e. NaCl and 

CaCl2), which is almost impossible in practical industries. The high temperature, high 

pressure, multiple electrolytes and complicated solvent mixtures provide a much more 

complex system for the fouling problems, which might also lead to other synergic 

mechanisms. Studying the interactions in practical or near-real conditions provides the 
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comprehensive understandings to the fouling issues. 

  (4) It has been discovered that the fouling and corrosion are synergic. It is believed 

that the corrosion on metal surface caused by the chemical and electrochemical 

reactions provide the interaction sites for the foulants to firmly attach. Investigating the 

fouling mechanisms under the influence of corrosion is also a good topic. 

  (5) The surface microstructure of metal surface has not been investigated in this work, 

which is demonstrated to have significant effect on the interactions between two 

surfaces. Creating the surface pattern is also a useful method to protect the metal surface. 

It is useful and important to study the interfacial interactions under the effect of surface 

microstructure. 

 (6) Nowadays, other force fields, including electric field and magnetic field, have been 

applied and discovered in some industries to reduce the fouling phenomena, even 

though the intrinsic mechanisms have not been clearly understood. Investigating the 

interaction and adsorption mechanisms of foulants on substrate surface with the 

application of electric field or magnetic field is an interesting and promising project. 
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