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ABSTRACT 

This article aims to determine the applicability of interfacial dilational rheology to study the formation of viscoelastic film at the oil/water interface by reaction between tetrameric acids ARN and calcium ions, and to determine the influence of asphaltenes and naphthenic acids (NA) on this film. It was first found that the formation of viscoelastic film by reaction between ARN and calcium ions is easily observed by dilational rheology: Significantly high values of E’ (130 mN/m) were measured for this system at low ARN concentration (10 µM). These values are at least 5 to 10 times higher than values obtained for ARN without Ca2+ or other crude oil components such as asphaltenes and naphthenic acids.

The influence of asphaltenes and NA on the viscoelastic film formation has been studied. When asphaltenes or NA are present, the interfacial viscoelastic film is weakened: there is a gradual decrease of E’ and E’’ when the asphaltenes or NA concentration increases. These two components can therefore inhibit the ARN/Ca2+ film formation. This decrease is similar to the one previously observed by shear rheology. Several explanations are proposed. 
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1 INTRODUCTION
The family of molecules named ARN was discovered in large amounts in calcium naphthenate deposits in 2004 in a joint study by Statoil and ConocoPhillips1, 2
. These deposits can cause production irregularities by plugging different sections of crude oil production facilities in fields in the North Sea, China, West Africa, and Brazil43

. For instance at the Heidrun field production facility in North Sea, calcium naphthenate deposits were found in the closed drain / LP flare KO drum, the main separator train, the produced water treatment system and in the sand cleaning system , 5
  

ARN
 ADDIN EN.CITE 
6, 7, 8
, also known as tetrameric acids or C80-TA, are organic aliphatic molecules schematically composed of a core on which 4 “arms” are linked; these arms contain a carboxylic function at their tip. Their molecular weights are close to 1230 g.mol-1 (Figure 1). The presence of ARN is the prerequisite for the formation of calcium naphthenate deposits, but its existence does not necessary imply deposition
 ADDIN EN.CITE 
5, 9, 10
. A recent review has been published describing ARN structure and properties11

.
ARN is present in low concentration in petroleum crude oil (most likely in the ppm level
12

. Table 1 shows that ARN can be present in field with very different characteristics (API and TAN values). Several aspects of the formation mechanism of calcium naphthenate deposits are known: During oil production, the pressure drops and CO2 are released which induce a raise of the pH of the produced water phase. If the pH reaches high enough values (depending on ARN and Ca2+ concentration)12

). Table 1 presents a review of the characteristics of fields containing ARN reported in the open literature. This list is complementary to the table summarizing the results of analyses carried out by Total given by Passade-Boupat et al.
13, 14, 15
, ARN’s carboxylic acid functions are ionized and react with Ca2+ present in aqueous phase to form a crosslinked film at interface that will ultimately deposit. Concentration of ARN as high as 40 %wt in deposit has been reported
16

. It is thought that the gel is formed at the oil/water interface because of the initial partition of ARN and Ca2+ in respectively oil and aqueous phases and it can explain how enough ARN accumulates to ultimately form a deposit even if the ARN concentration in oil is low. Several experimental results corroborate this assumption: 1) ARN are very surface active, significantly more than other naphthenic acids as reported by Brandal et al.
17, 18
. 2) ARN and Ca2+ form a viscoelastic film at the oil/water interface as shown by interfacial shear rheology experiments by Sjöblom et al.20

 
19

, and Bertelli et al.
Interfacial rheology seems to be a technique of choice to study the viscoelastic film formed at oil/water interface between ARN and Ca2+. Interfacial rheology can be sub-divided as a function of the deformation applied to the interface: either shear or dilational. While in shear rheology, the shape of the interface is changed while the area is kept constant, dilatational rheology involves variation of interfacial area by expansion and compression while keeping the interface shape nearly intact.21
 As a result desorption of compounds present at interface and adsorption of compounds from the bulk can happen. Consequently, the signal measured by interfacial dilational rheology is a combination of movements of compounds from and to the interface on one hand and elasticity and viscosity of the interface on the other hand.
The present article is a direct extension of the work by Simon et al.23

).   22

 on the formation of gel at interface by reaction between tetrameric acids and Ca2+ followed by interfacial shear rheology. That work is now continued by considering the applicability of interfacial dilational rheology to the study of the ARN/Ca2+ viscoelastic interfacial films. The influence of co-solute present in crude oil namely asphaltenes and blend of naphthenic acids (NA) on the interfacial film properties is also studied by interfacial dilational rheology. To the best of our knowledge, this is the first published article that uses interfacial dilational rheology to study ARN/Ca2+ interfacial film (except one figure by Magnusson et al.
	Field
	Location
	TAN (mgKOH/g)
	(API
	Fields deposit?
	Ref

	Tchibelli
	West Africa
	0.66
	36.5
	No
	Brocart et al., 20079


	Acacia 
	West Africa
	0.36
	36
	?
	Brocart et al., 2007

	Usan 3
	West Africa
	0.58
	35
	?
	Brocart et al., 2007

	Offshore Nigerian field B
	West Africa
	0.2
	34
	Yes
	Oduola et al., 201324


	Ofon
	West Africa
	0.4
	34
	No
	Brocart et al., 2007

	Girassol
	West Africa
	0.38
	30.5
	No
	Brocart et al., 2007

	Blake
	North Sea
	0.11
	30
	Yes
	Melvin et al., 200825


	Offshore Nigerian field A
	West Africa
	0.5-0.8
	29
	Yes
	Oduola et al., 2013

	Heidrun
	North Sea
	2.7
	26
	Yes
	Vindstad et al., 20034


	Gimboa
	West Africa
	0.65
	25.3
	Yes
	Junior et al., 201326


	Afia
	West Africa
	1
	25
	Yes
	Brocart et al., 2007

	Kuito
	West Africa
	2.15
	20
	Yes
	Brocart et al., 2007

	Fields from the Campos Basin
	Brazil
	0.8 to 2.2
	?
	Yes
	Nichols et al., 201427




Table 1: Characteristics of fields where ARN compound has been detected. 
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Figure 1: Formula of the most abundant C80 6-ring tetraacid after Lutnaes et al. 6
. Redrawn from Lutnaes et al.
2 EXPERIMENTAL SECTION
2.1 Chemicals
The ARN sample has been prepared from a calcium naphthenate deposit recovered from a North Sea field by the Acid-IER (Ion Exchange Resin) method developed by Statoil28
. The first step in that process is to wash the sample thoroughly in toluene to remove crude oil and oil-soluble fractions. The remaining solid was then exposed to a 2:1 volume mixture of toluene and 1M HCl solution to protonate and dissolve the naphthenate. The naphthenic acids were then selectively isolated from other potentially occurring polar compounds by means of the ion-exchange resin QAE Sephadex A-25. The solvent was removed from the naphthenic acids by using a rotary evaporator at 60 (C and further by drying in an oven at the same temperature. The purity of the samples used was determined to be 82 % w/w by a NMR method previously developed by Simon et al.16
. A typical elemental composition of a batch is presented in Table 1 of Simon et al.29
. 
ARN stock solutions were prepared at a concentration of 500 µM in xylene and shaken overnight. The stock solutions were then filtered through 0.45 and 0.2 µM PTFE filter and diluted with asphaltenes or naphthenic acids solution or pure xylene (as required) to the required concentrations and used immediately after.

Asphalenes were obtained from a heavy crude oil. First the oil was conditioned by placing in an oven at 60°C for 2 hours. The crude was then sampled and diluted with n-pentane (1g oil/40 ml pentane). The mixture was stirred for 24 hours at room temperature. The precipitated asphaltenes were obtained by vacuum filtration using S&S Black Ribbon filter paper. The filtrate was then filtered a second time through a Millipore 0.45 μm filter. Both the coarse and fine asphaltenes collected was dried under nitrogen atmosphere and mixed together. The elemental composition of the extracted asphaltenes is given in Simon et al.22

.
Asphaltene stock solutions were prepared by dissolving asphaltenes in xylene using a sonication bath for 30 minutes, and then shaken overnight.

NA was purchased from Fluka (Fluka, Sigma-Aldrich Co., Germany). Their average molecular weight is 240 g.mol-1 as determined by potentiometric titration assuming only monoprotonic acids.

NA stock solutions were prepared in xylene.


The other chemicals used were of analytical grade and were used with no further purification. Water was from a Milli-Q system (Millipore).
Aqueous solutions containing 20 mM NaCl, 10 mM Borax and with or without 10 mM CaCl2 were prepared and their pH adjusted by adding either 1 M HCl or 1 M NaOH to the target pH (8 if not otherwise stated). 
2.2 Interfacial Dilational Rheology
Interfacial tension and dilatational rheology were measured using a profile analysis tensiometer (PAT-1M) from Sinterface, Germany. The instrument was calibrated with a sphere of known diameter and the surface tension of water was measured to check the calibration as well as to ensure that there is no contamination in the system before analyzing system of interest.
The cuvette was filled with the borax buffer solution. A drop of oil phase was then introduced into the cuvette at the tip of a hook using a dosing pump. The experiments were carried out at 25(C otherwise stated. The volume of the oil droplets was monitored and adjusted continuously by the software to ensure that it is maintained at 15 μl. The interfacial tension was constantly recorded as a function of time for 1 hour before starting oscillations of the volume of the drops. The periods chosen for the oscillations were 100s, 80s, 60s, 40s and 20s with a total of 5 periods for each sequence while the amplitude of oscillation was set to either 3.5 or 7%. In this article only E’ and E’’ measured at a period of 40 s are reported. All the experiments were performed at least twice to ensure reproducibility of results. 

In oscillation measurements, area (A) of a droplet is changed in an oscillatory manner at a given frequency (ω) from an initial ([image: image3.png]


) to a value ([image: image5.png]


) following 30

: 
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The complex dynamic apparent dilatational modulus ([image: image8.png]


) is then typically defined as the Fourier transform ([image: image10.png]


) of the change in interfacial tension (γ) relative to the change in interfacial area via equation (5)[image: image12.png]E’'
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. The complex modulus can also be interpreted by a real and an imaginary part. The real part characterizes the elastic properties of the interfacial layer and the imaginary part characterizes the viscous properties. These parts are referred as to the apparent elastic dilatational modulus  and the apparent viscous dilatational modulus [image: image14.png]E'
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3 RESULTS AND DISCUSSION
3.1 Viscoelastic film formation at water/oil interface by reaction between ARN and Ca2+
Figure 2 presents the variations of interfacial tension with time at xylene/water interface for systems containing various concentrations of ARN in the oil phase and no Ca2+ in the aqueous phase. These variations are typical for surfactants which a fast decrease of IFT at short adsorption times followed by a plateau32

. The interfacial tension decreases when the ARN concentration increases. Figure 2 must be compared with figure 3 that shows the same variations of interfacial tension at the same xylene/water interface but in presence of 10 mM of Ca2+. In presence of Calcium ions, the IFT variations with time are sharper at short time than without Ca2+. In addition, two IFT plateaus are visible for 10 µM ARN concentration. The presence of two plateaus could be an indication of multi-layer adsorption of ARN at the xylene/water interface. Apart from these differences, the IFT curves in presence of Ca2+ are typical of adsorption of surfactant and the IFT plateau values of systems with and without Ca2+ are very similar (figure 4). 
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Figure 2: IFT variations at xylene/water interface for systems containing various concentrations of ARN and no Ca2+ in the aqueous phase.   
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Figure 3: IFT variations at xylene/water interface for systems containing various concentrations of ARN and 10 mM Ca2+ in the aqueous phase.   

The comparison between the systems with and without Ca2+ is more interesting and informative if the interfacial dilational rheology data are taken into account. Figure 4 compares the interfacial dilational moduli E’ and E’’ measured after 1 hour of adsorption for systems with and without Ca2+ as a function of ARN concentration. E’ values obtained in absence of Ca2+ are relatively low (11 mN/m at 5 µM) and decreases with concentration. This trend is typical of surfactant
33

: At low surfactant concentration, E’ increases with the concentration because of the higher interfacial coverage. E’ then reaches a maximum and decreases at higher surfactant concentration due to the diffusion of surfactants molecules from the bulk to the interface and vice versa. In the case of ARN without Ca2+, the maximum of E’ with concentration is most likely reached at a concentration lower than 5 µM. The situation is completely different in presence of Ca2+: Indeed, E’ strongly increases with ARN concentration going from 30 at 2.5 µM to 130 mN/m at 10 µM. This indicates that E’ increases by a factor of 18 times by adding 10 mM Ca2+ in the aqueous phase for a 10 µM ARN concentration. These values are very high, much more than for other crude oil components like asphaltenes32

 and is quantitatively explained by the Lucassen and van den Tempel model
34, 35
 or diluted crude oils
 ADDIN EN.CITE 
36, 37
 but can nonetheless be found for some systems such as proteins
39

. This shows that ARN and Ca2+ form a viscoelastic cross-linked film at the oil-water interface. This confirms the experimental results obtained by interfacial shear rheology38

 and mixture of nanoparticles and surfactants
19, 20, 22
 and by simply looking at the aspect of the interface (crumpling40

). In principle, interfacial dilational rheology could be a means to detect the presence of a ARN/Ca2+ film at interface just by determining the E’ and E’’ moduli.  
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Figure 4: Comparisons of IFT, E’ and E’’ (period=40 s) measured after 1 hour of adsorption as a function of ARN concentrations for systems with and without Ca2+.
3.2 Influence of other parameters

3.2.1 Temperature

Figure 5 presents the variations of IFT, E’ and E’’ measured 1 hour after adsorption for systems containing 10 µM ARN in the oil phase and 10 mM Ca2+ in the aqueous phase. The figure shows that IFT values increases when the temperature increases from 25 to 50(C. This means that an increase of temperature is not favourable for the formation of a ARN/Ca2+ viscoelastic film at the xylene/water interface. Similar variations can be found at a lower ARN concentration (5 µM, results not shown).
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Figure 5: Influence of temperature of IFT, E’ and E’’ (period=40 s) measured after 1 hour of adsorption at 10 µM ARN concentration in presence of 10 mM Ca2+ in aqueous phase. 
3.2.2 Presence of co-solute

Crude oil contains numerous molecules varying in molecular weight, polarity and functionality. These molecules can interact with each other. Consequently, it is important to determine the effects of components present in crude oil to be more representative of real crude oil systems. 
3.2.2.1 Asphaltenes

Asphaltenes are the most polar components in crude oil. They are defined as the oil fraction insoluble in n-alkane such as n-pentane or n-heptane and soluble in aromatic solvent
 ADDIN EN.CITE 
41, 42, 43
. It is a mixture of molecules differing in molecular weight (average 750 g/mol with a factor of 2 in the width of the molecular weight distribution44, 45
) and functionalities. Asphaltenes form nanoaggregates in bulk
 ADDIN EN.CITE 
46, 47
 and adsorb onto solid surfaces
 ADDIN EN.CITE 
48, 49
 and at the oil/water interface50

. 

Figure 6 presents the variations of IFT and interfacial moduli E’ and E’’ as a function of asphaltene concentration for a fixed ARN concentration (5 µM) and in presence of 10 mM of Ca2+ in the aqueous phase. The figure shows that while IFT slightly increases, there is a gradual decrease of E’ and E’’ when the asphaltene concentration increases from 0 to 1 g/L reaching values typical for xylene/water interface containing only asphaltenes (ca. 10 mN/m22

.35

). This means that the ARN/Ca2+ interfacial viscolelastic film is weakened by the presence of asphaltenes and this film is progressively replaced at interface by asphaltenes. This trend is fully consistent with the interfacial shear rheology obtained in a previous study

As mentioned in Simon et al.5122

, two different explanations can be proposed to explain the effect of asphaltenes on the ARN/Ca2+ interfacial film. The first possibility is there is a competition between ARN and asphaltenes to adsorb at interface since it is known that asphaltenes are interfacially actives and can adsorb at the oil/water interface, 52
. The second possibility implies that asphaltenes could complex ARN in the oil phase bulk. This will reduce the availability for ARN to adsorb at interface and react with Ca2+. The complexation assumption is consistent with isothermal titration calorimetry data obtained by Wei et al.53

.
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Figure 6: Influence of asphaltene concentration on IFT, E’ and E’’ (period=40 s) measured after 1 hour of adsorption for systems containing 5 µM ARN in oil phase and 10 mM Ca2+ in aqueous phase. 
3.2.2.2 Naphthenic acids

As mentioned in the introduction section, ARN is present in crude oil at very low concentrations, typically a few ppm when detected12

, this means at much lower concentrations than the other (mono)naphthenic acid. For instance, if a crude oil with a TAN=1 mg/g is considered (which is typical by considering table 1), it contains 0.53 wt % or 5300 ppm of naphthenic acids (assuming a molar mass of 300 g/mol). This implies that the influence of NA on the ARN/Ca2+ interfacial viscoelastic film must be studied to better understand the behaviour of real crude oil systems. 

Figure 7 presents IFT variations with time at xylene/water interface at various NA concentrations at pH=8 and 10 without and with 10mM Ca2+ in the aqueous phase. No ARN is present in these systems. This figure shows that the interfacial tension decreases when NA concentration increases indicating that Fluka NA blend adsorb at the xylene/water interface. This adsorption increases when the pH is raised from 8 to 10 (lower IFT). This increase adsorption is attributed to the higher ionization degree of NA at pH=10. Finally, the IFT is lowered if Ca2+ is present in the aqueous phase which indicates there is reaction or interaction between Fluka NA and Ca2+.  


Dilational measurements for systems presented in figure 7 were performed after 1 hour of adsorption but E’ and E’’ values were too low to be measured (below the detection limit, estimated to be around 2-3 mN/m). 
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Figure 7: IFT variations at xylene/water interface at various NA concentrations at pH=8 and 10 without and with 10mM Ca2+ in the aqueous phase.   


Figure 8 displays the variations of IFT and interfacial moduli E’ and E’’ as a function of NA concentration for a fixed ARN concentration (5 µM) and in presence of 10 mM of Ca2+ in the aqueous phase for pH=8 and 10. The curves present several similarities with the figure 6 presenting influence of asphaltenes: First IFT variations with NA concentrations are limited except at pH=10 for NA concentrations of 0.4 and 0.5 g/L. Secondly E’ decreases steadily with NA concentration. This decrease is limited at pH=8 but much steeper at pH=10. This indicates that the interfacial viscoelastic film formed by reaction between ARN and Ca2+ is weakened by NA progressively replacing ARN at interface. This result is consistent with the interfacial shear rheology studies by Nordgård et al.19
 Simon et al.22

). We do not have explanation for this difference.
22

. The most likely mechanism assumes that monoacid acts as a termination agent of the crosslinked network formed between ARN and Ca2+. The fact that E’ decreases more steeply at pH=10 than pH=8 is consistent with the higher interfacial activity of NA due to their higher ionization degree. However, it can be noticed that the decreases of E’/G’ (storage modulus for interfacial shear measurements) as a function of NA concentration is more gradual when studied by dilational rheology compared with shear rheology (figure 8 in Simon et al.
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Figure 8: Influence of asphaltene concentration on IFT, E’ and E’’ (period=40 s) measured after 1 hour of adsorption at pH=8 (left) and 10 (right) for systems containing 5 µM ARN in oil phase and 10 mM Ca2+ in aqueous phase. 

4 CONCLUSION


This article has shown that interfacial dilational rheology is a technique of choice to study interfacial viscoelastic film formed by reaction between ARN and Ca2+. The high values of E’ found for these films is a mean to detect their presence at the oil/water interface. 


The influence of three parameters (temperature, presence of asphaltenes and NA) on the ARN/Ca2+ interfacial viscoelastic film has been studied. It was found that E’ decreases when temperature increases and that asphaltenes and NA can prevent the formation of ARN/Ca2+ interfacial film if they are present in sufficient amount. These results are in good agreement with interfacial shear rheology data previously reported. 
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