Screening of Inhibition of Calcium Naphthenate Deposition in Crude Oil

Sébastien SIMON®, Kim EHRET, Pauline DARCEL, Johan SIOBLOM

Ugelstad Laboratory, Department of Chemical Engineering, the Norwegian University of Science
and Technology (NTNU), N-7491 Trondheim, Norway

Nicolas PASSADE-BOUPAT
TOTAL S.A., PERL - P6le D’Etudes et de Recherche de Lacq, 64170 Lacq, France

Thierry PALERMO
TOTAL S.A., CSTJF - Centre Scientifique et Technique Jean Féger, 64018 Pau, France

Abstract

One of the initial steps in calcium naphthenate deposition is the reaction between ARN and Ca%*
leading to the formation of an interfacial gel. After growing, this gel will form calcium naphthenate
deposits that are a treat for irregularities in crude oil production and processing. It has previously been
shown that crude oil components such as asphaltenes and naphthenic acids can weaken and inhibit the
formation of the interfacial gel. Based on this observation, the inhibition efficiency of 4 crude oils are
compared. The variations of interfacial tension and interfacial dilational modulus E’ of ARN solution
(concentration=10 pM) in contact with Ca?* containing aqueous solution (pH=8) with varying crude oil
concentration allows to define a parameter characterizing the interfacial gel inhibition efficiency of crude
oils to compare systems with each other. The determined inhibition efficiency order of crude oils is not
directly related to the total asphaltene and naphthenic acid contents in the crude oils and therefore
cannot be directly predicted by performing simple chemical analysis of the oils. By selectively removing
asphaltenes and/or naphthenic acids, it was found that naphthenic acids are the most prevalent inhibitors
followed by asphaltenes in the tested crude oils. Other compounds present on crude oil have also a weak
inhibition activity on the ARN/Ca?" interfacial gel.

Finally, bottle tests were performed to try to upscale results obtained at interfacial scale. Bottle
tests were performed at an ARN concentration 10 times higher than for IFT and interfacial rheology
measurements. The tests indicate the presence of soft solid material formed by reaction between ARN
and Ca% even in the presence of the crude oil that was found to have the highest interfacial gel inhibition
efficiency. This apparent contradiction is for moment not understood and means that a better
understanding of the ARN/Ca?* system is required to be able to extrapolate the results obtained at the
interface to bigger scales.
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1 Introduction

ARN tetrameric acid?®is responsible for the formation of calcium naphthenate deposit® 2

, @ major
treat in crude oil processing. ARN is a family of cycloaliphatic compounds composed of 80 carbon atoms
organized as 4 side-chains with carboxylic acid functions at each of their 4 tips>* > ®. Their structure is very
different from other naphthenic acids present in crude oils which are predominantly monoacids’-#°. Since

its discovery in 2004% 10

and the recognition that its presence is a prerequisite for calcium naphthenate
deposition, ARN tetrameric acid has been the subject of various research works which can roughly be
classified into 2 categories:

-First, several methods have been developed to determine the presence and the concentration
of ARN tetrameric acid in petroleum crude oil. The knowledge of the concentration is the first assessment
of potential calcium naphthenate deposition risk. As ARN concentration, if even present, is low i.e. in the
ppm level't 12, this has been challenging. Most of the developed methods used mass spectrometry
techniques®* 1516 byt a few rely on HPLC with UV detection'*?’.

-Other studies have focused on the determination of the bulk and interfacial properties of ARN
tetrameric acid and their interactions with other crude oil components in order to elucidate the calcium
naphthenate deposition mechanism. The knowledge of the mechanism should hopefully allow to be able
to predict deposition in newly developed fields® 1% 2°,

Recently, based on previous works and analysis by Vindstad et al.?%, Broccard et al.?> %, and
Sjoblom et al.?*2> 2% Simon et al.?” have proposed the following calcium deposition mechanism. Initially,
due to the depressurization of crude oil during oil production, carbon dioxide is released and, as a
consequence, the pH of the produced water is increased. If this increase is high enough, carboxylic acid
groups from ARN are ionized and they adsorb at the oil-water interface and reacts with Ca?* to form an
interfacial gel. This gel grows with time and allows accumulation of material at the interface due to the
constant flow of oil bringing new ARN molecules and/or coalescence of droplets that would reduce the
interface area without desorption of ARN molecules already present at interface. This gel will eventually
form a deposit due to its growth and entrapment of other materials such as particles.

This mechanism is particularly consistent with the interfacial shear?® 2> 3 and dilational®’- 3% 32
rheology measurements performed on model systems i.e. ARN (or its model compound named BP-10)
dissolved in organic solvent in presence of an aqueous phase containing Ca®* at basic pH. The proposed
mechanism is far from being complete. In particular, it does not explain the effect of other crude oil
components on the deposition mechanism, especially the interactions between ARN and other crude oil
components. Such interactions should have an important role. Indeed, it has been shown that asphaltenes
and naphthenic acids are able to inhibit the formation of the interfacial gel. Asphaltenes also seem to be
able to desorb and/or disperse already formed ARN/Ca?* interfacial gel.

27,32

In previous studies?’”” 32, we have studied the formation mechanism and the growth of ARN/Ca?*

interfacial gel as well as the influence of asphaltenes. This new study aims to go further by considering

a.

The name ARN was given to this family of molecules by its discoverer Baugh et al.. It is not an
abbreviation and it means “eagle” in old Norwegian.
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the influence of whole crude oils on this interfacial gel. This influence will mainly be studied by interfacial
dilational rheology, but some attempts will be done to determine how conclusions drawn at the interface
could be upscaled using bottle testing.

2 Experimental Section
2.1 Chemicals

As in our previous studies?” 32, ARN samples have been extracted from a calcium naphthenate
deposit using the acid-IER (ion exchange resin) method>:. The obtained sample has been characterized by
H NMRY,

The crude oils were provided by Total. They are named B, D, E, and U. The results of their
characterization are presented in the result section.

Selective removal of asphaltenes and/or naphthenic acids from crude oils allowed to test the
influence of these compounds on ARN/Ca?" gel formation. The following procedures to remove these
compounds were implemented:

-Asphaltenes: 320 mL of n-hexane are added to 8 g of crude oil and the solution is stirred overnight
at room temperature. The solution is then filtered on a 0.45 um HVLP filter (Millipore) and washed with
warm n-hexane. This procedure is repeated several times to produce enough materials and the recovered
maltene solutions are concentrated with a rotary evaporator before being dried on a block heater at 40°C
under a nitrogen flow until the mass is approximately constant and the recovered mass is lower than the
initial crude oil mass.

-Naphthenic acids?’”: A glass column was filled with 10.13 g of an anion exchange resin (Biotage

Isolute SAX, exchange capacity: 0.75 meq/g) used as the sorbent and conditioned with 250 mL of a 0.1M
NaHCOs + 0.1M Na,COs solution. Afterwards, the column was washed with 200 ml of deionized water to
eliminate the excess of counterions, followed by 100 ml of methanol and 400 mL of CH,Cl,. The amount
of crude oil corresponding to 1520 umol of acid functions diluted with 290mL of CH,Cl, was loaded into
the column and then eluted followed by 300 mL of CH,Cl,. The deacified oil fraction was recovered by
evaporating the solvent, first with at a rotary evaporator then in a block heater under nitrogen flow and
at temperatures up to 47.5°C until the recovered mass is lower than the initial crude oil mass.
The prepared samples are characterized and presented in section 3.1.3.

The other chemicals used in the study are the followings: toluene (99.8 %), benzoic acid (> 99.5
%), sodium tetraborate decahydrate-borax (299.5%) and sodium bicarbonate (99.5-100.5 %) were
obtained from Sigma-Aldrich, tetra-n-butylammonium hydroxide solution 0.1 M, and sodium chloride (for
analysis) were from Merck, isopropanol (98 %) and calcium chloride dihydrate (299%) were from Sigma,
Xylene (mixture of isomers, =2 98.5%), n-hexane (for HPLC quality analysis), methanol (100 %),



dichloromethane (99.8 %), and sodium carbonate (99.9 %) were obtained from VWR. Water was from a
Milli-Q system from Millipore.

2.2 Solution Preparations

The aqueous solutions used in the interfacial study were composed of 20 mM NaCl, 10 mM
borax, and 10 mM CaCl, and their pH was adjusted to 8 by adding 1 M HCI before introduction of CaCl,.
Similar agueous solutions, except the borax content that was increased to 20 mM, were used for the
bottle tests.

500 uM ARN stock solutions were prepared by dissolving solid ARN in xylene. Solutions were
then filtered with 0.2 uM PTFE filter.

The solutions for interfacial measurements were prepared by mixing the 500 uM filtered ARN
solution, pure xylene and pure crude oil (or 1 wt. % crude oil solution in xylene to prepare solution
containing less than 0.1 wt. %) to obtain solutions containing 10 uM of ARN and variables concentrations
of crude oils.

The oil solutions for bottle tests were prepared by mixing the 500 uM filtered ARN solution, pure
xylene, and pure crude oil to obtain solutions containing 100 uM of ARN and volume fractions of crude oil
of 0,0.05, 0.1, 0.15, 0.2, 0.3, 0.4, and 0.5.

For both interfacial measurements and bottle tests, oil solutions that did not contain ARN were
prepared to be used as references.

2.3 Interfacial Tension and Interfacial Dilational Rheology Measurements.

Interfacial tension and interfacial rheology measurements were carried out following previously
published procedures®.. These experiments were performed with a sessile/pendant drop tensiometer
(PAT 1 m) from SINTERFACE Technologies (Berlin, Germany). A 15 puL oil drop was created at the tip of a
hook in a cuvette filled with 20 mL of aqueous phase. Then IFT was determined for 1 hour to follow up
adsorption kinetic. Finally, the volume of the drop was oscillated to determine the E’ and E”” moduli
(interfacial dilational rheology). The procedure consists of applying five cycles of five different periods
(100, 80, 60, 40, and 20 s) at a volume amplitude of 3.5% (for systems containing ARN), and 3.5 or 7 % for
other systems. Only the results obtained at a period of 20 s were reported.

Densities of solutions required to calculate IFT values were measured with an Anton Paar DMA
5000M. It was checked that the pH values of the aqueous phases have not changed significantly during
measurements. Two parallels were performed for every system studied. The error bars represent the
range of obtained experimental values.

2.4 Bottle Tests

Bottle tests were performed by introducing 10 mL of the aqueous phase and 10 mL of the xylene
solution into glass tubes. Then the tubes were shaken overnight. The following day, the mixtures were
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transferred into plastic centrifuge tubes and centrifuged at 7500 rpm for 5 minutes. Aliquots from the
interfaces or from “pellets” visible on the centrifuge tube wall were recovered with a pipette or a spatula
and transferred on a microscope slide. After taking pictures of the recovered samples with a camera,
samples were observed with a Nikon Eclipse ME600 microscope fitted with a CoolSNAP-Pro camera by
Media Cybernetics. The pH of the aqueous phases measured after centrifugation shows a slight decrease
when the crude oil volume fraction increases, the minimum measured pH being 7.85.

3 Results

The result section is divided into two parts. The first one presents the study performed at the
oil/water interface from interfacial tension and interfacial dilational rheology measurements. Then, bottle
testings are performed in an attempt to upscale results and conclusions obtained at the interface scale.

Four crude oils were used in the study. Their densities, asphaltene contents and total acid
numbers (TAN) have been determined and are summarized in table 1. It must be noticed that these crude
oils present a large range of properties and chemical compositions with densities varying from 0.873 to
0.950 g/cm?3, TAN going from 0.32 to 2.85 mg/g, and asphaltene contents ranging from 0.08 to 5.5 wt. %

Crude oil Density at 25°C (g/cm?®) | Asphaltenes iCs (Wt. %) TAN (mgxkoH/Ecrudeoil)
B 0.9504 £ 0.0003 55+0.2 2.85+0.02
D 0.9193 £ 0.0001 1.57+£0.08 1.96+0.01
E 0.9050 £ 0.0001 0.33+0.01 0.32+0.01
u 0.8727 £ 0.0001 0.08 £ 0.06 1.41+0.01

Table 1: Characteristics of the crude oils considered in the article. Densities have been measured with an
Anton Paar DMA 5000M. Asphaltenes have been precipitated in n-hexane according to the procedure by
Hannisdal et al.34. The TAN values were determined according to the D664-95 ASTM method. The densities
and TAN values are the average of 2 measurements and the error bars represent the range of obtained
experimental values. The asphaltene contents are the average of 3 to 5 measurements and the error bars
are the standard deviations of the measurements.

3.1 Interfacial Properties

3.1.1 Adsorption kinetics. Influence of Presence of ARN

Figure 1.a presents the variation of the interfacial tension with time for systems composed of
crude oil D dissolved at various concentrations in xylene in presence of aqueous phase containing Ca®*
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and at basic pH. These variations allow to obtain information on the kinetic of adsorption of surface-active
components at liquid/liquid interface. In the case of crude oil, these surface-active components are
typically asphaltenes, resins, and naphthenic acids®> 3® 37, The IFT variations with time are typical of
adsorption of surface-active components with a decrease of IFT followed by a plateau®® 3°. The time to
reach the plateau also decreases with crude oil concentration. Finally, IFT classically decreases when the
crude oil concentration increases.
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Figure 1: Variations of the IFT with time for crude oil D at various concentrations in xylene in absence (a)
or in presence (b) of 10 uM of ARN. The crude oil concentrations are in weight wt %. The legends in the
plots follow the order of the IFT values



The IFT variations with time are completely modified when 10 uM of ARN are added to the oil
phase (figure 1.b). In these systems, several behaviors can be identified as a function of the crude oil
concentration.

When no crude oil is present and only ARN adsorbs at interface, the IFT sharply decreases first at
short times (a few tens of seconds) before decreasing more steadily and reaches a minimum. Then IFT
steadily increases reaching a value around 13-14 mN/m after 1 hour. These atypical variations have
already been observed on the same system3! and are attributed to the adsorption of ARN at the oil/water
interface, the ionization of the ARN’s carboxylic acid functions into carboxylate and their interactions with
Ca?* resulting in the formation of an interfacial gel. This mechanism is consistent with the E’ values
presented in section 3.1.2. Concerning specifically the minimum in IFT variations with time, it is generally
attributed for “non-gelling” surfactants to their partition between the oil and water phases that would
modify the bulk concentration*®. However, in the case of figure 1.b, the minimum would rather be more
consistent with some reorganization of the ARN/Ca?" at the interface with time.

At low crude oil concentrations (up to 0.21 wt. %), the IFT variations have a similar shape.
However, the position of the minimum is moved towards longer times. This behavior is attributed to the
adsorption of crude oil components in the interfacial layer but still in minor amount compared to systems
without crude oil.

From crude oil concentration of 0.5 wt. % up to 2.5 wt. %, the IFT variations with time are more
and more reminiscent of systems containing only crude oil components and presented in figure 1.a.
Moreover, The IFT measured after 1 hour of adsorption increases with the crude oil concentration. This
means that the interfacial energy increases when more crude oil is present. This situation has already
been observed and commented in the case of the competitive adsorption between ARN and
asphaltenes®?. Crude oil surface active components become more and more preponderant at interface in
detriment to ARN.

Finally, for highest crude oil concentrations, the IFT of systems containing only crude oil or crude
oil + ARN becomes similar (figure 2 in the following section). Crude oil surface actives are preponderant
at the interface and prevent most of the adsorption of ARN% 31,

The behavior observed in figures 1.a and 1.b are qualitatively similar for the three other crude oils
(B, E, and U) but not quantitatively as it will be shown in the next section.

3.1.2 Influence of Crude Qil Concentration and Crude Oil Origin

The same type of study as presented in section 3.1.1 has been performed with the 3 other crude
oils considered in this study. In order to summarize all the behaviour observed, only the IFT measured
after 1 hour of adsorption are reported for all the investigated systems in figure 2. The behaviours
observed for the 4 crude oil systems are qualitatively similar.

Indeed, in absence of ARN the IFT gradually decreases when the crude oil concentration
increases. It must be noticed that crude oil D, E, and U displays similar IFT values while B crude oil is
significantly more surface active. This higher surface activity could be related to the highest contents in
surface active components (asphaltenes and naphthenic acids, see table 1) in this crude oil. In presence
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of ARN, the IFT is constant at around 13-14 mN/m at low crude oil concentration then increases before
approximately levelling off and having variations parallel to the systems without ARN.

In order to explain the IFT variations, interfacial dilational rheology measurements have been
performed on all the systems. Figures 3 presents the variations of E’ measured at a period of 20 s. The E”
values are systematically lower than E’ and are not presented. In absence of any crude oil, the E’ value is
really high at level around 130 mN/m. This value, consistent with the literature3?, has been attributed to
the formation of an interfacial gel between ionized ARN molecules and Ca%. This value decreases when
crude oil is present in the oil phase until reaching low levels (less than 20 mN/m) and still remains higher
than E”. This is characteristic of systems which do not contain ARN and therefore cannot form ARN/Ca**
interfacial gel. However, it must be pointed out that these values do not preclude the existence of other
types of interfacial structures. For instance, Bouriat et al.** *? have shown the formation of gel-like
structure due to the presence of asphaltenes at interface for similar values of E’ (20 mN/m) by measuring
moduli as a function of frequency.

By combining IFT values presented in figure 2 and E’ values from figure 3, a picture of the
influence of crude oil on the ARN/Ca?" interfacial gel can be drawn. In absence of crude oil an interfacial
gel is created as revealed by the high E’ value. Then indigenous crude oil surfactants adsorb at interface
weakening the ARN/Ca?" interfacial gel (E’ value decreases and IFT increases). Finally, at higher crude oil
concentration, the crude oil dominates the composition and prevent the formation of an interfacial gel
due to the tetrameric acid (low E’ value, IFT close to the values obtained in absence of ARN).

Even if the 4 crude oils have similar qualitative behaviour in presence of ARN, quantitatively there
are significant differences especially at low crude oil concentrations as shown in figure 4 which specifically
compares E’ moduli for all the crude oil+ARN systems up to 1 % crude oil concentration. This figure shows
that the amount of crude oil necessary to reduce E’ value, and therefore inhibit the formation of ARN/Ca?*
gel depends on the crude oil. The order is the following: very small amounts of crude oils U and B are
required to inhibit the formation of the ARN/Ca?* interfacial gel (less than ca. 0.03 wt. % to reach E’ below
40 mN/m), more for D and even more for E.

The data allow to conclude that there is no correlation between the interfacial activity of crude
oils and their interfacial gel inhibition activity. Indeed, as mentioned above from the results presented in
figures 2, the IFT of crude oils D, E, and U in solution in xylene are relatively similar while B is significantly
more surface active. Consequently, there is no link between this order and the inhibition efficiency (figure
4).

It was previously shown that asphaltenes and naphthenic acids could inhibit the formation of
ARN/Ca?" interfacial gel*> 3. The crude oil E has the lowest TAN value (indicative of the concentration of
naphthenic acid in crude oil) and the second lowest asphaltene content and has the lowest inhibition
efficiency among the 4 crude oils considered in this article which is consistent. However, there is no
correlation between the TAN and the asphaltene content on one side and the inhibition efficiency on the
other side for the three other crude oils (B, D, and U). However, this point will be better highlighted by
selectively removing asphaltenes and/or naphthenic acids from crude oil and subsequently studying the
properties of the prepared samples (section 3.1.3).
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3.1.3 Influence of Crude Oil Composition. Selective Crude Oil Component Removal

In order to better elucidate the effect of crude oil composition on the ARN/Ca?* interfacial gel
inhibition efficiency, selective removal of asphaltenes and/or NA on crude oil D and U were performed. 4
samples were prepared: A deasphaltened crude oil was prepared from crude oil D (codename: D-Asp).
Naphthenic acids were removed from crude oils D and U (D-NA and U-NA). Finally, both asphaltenes and
naphthenic acids were removed from crude oil D (D-Asp-NA); asphaltenes being removed first. Table 2
presents the characteristics of the prepared samples. The yield compares the mass recovered after drying
and the initial mass of crude oil. TAN is measured after drying for the samples whose the NA have been
removed. Finally, the asphaltene contents recovered on the filters were determined for all the
deasphaltened samples.



Samples Density at 25°C Yield (wt. %) TAN Asphaltenes iCs (Wt. %)
(g/cm3)b (mgKOH/gcrudeoil)
e —

D-Asp 0.9209 93.1 n.d.c 1.42 £ 0.06
D-NA 0.9463 99.9 b.d.l. (<0.1)¢ n.d.

D-Asp-NA 0.9465 98.9 (99.1 after b.d.l. (<0.1) 1.47 £ 0.02 (measured

deasphalting)® after deasphalting)

U-NA 0.9552 97.1 b.d.l. (<0.1) n.d.

Table 2: Characteristics of the samples prepared by removing asphaltenes and/or naphthenic acids. The
asphaltene content values are the average of 4 to 7 measurements and the error bars are the standard
deviations of the measurements.

As indicated in Table 2, the content of asphaltene removed in D-Asp and D-Asp-Na is similar to
the independently determined content of asphaltenes in this crude oil (table 1) which means that the
asphaltenes were successfully removed in these samples. The TAN in samples D-NA, D-Asp-NA, and U-NA
are low (lower than the detection limit of the determination method), here also indicating that (most of)
NA have been removed in these samples. Finally, it is worth mentioning that the density of U-NA is
significantly higher than the value determined for the actual crude oil (0.9552 vs. 0.8772 g/cm? at 25°C)
which is attributed to the presence of residual solvent (dichloromethane) and/or evaporation of the most
volatile components of crude oil U.

Figure 5 presents the variations of IFT with crude oil concentration with and without 10 uM ARN
for crude oil D and its derivatives (D-Asp, D-NA, D-Asp-NA) while E’ moduli for the same systems, but only
in presence of ARN, are shown in figure 6. The E’ moduli in absence of ARN are not indicated since they
are low (less than 12 mN/m) and do not provide extra-information. It can be seen that the IFT for samples
D and D-Asp are significantly lower than for samples containing no NA i.e. D-NA and D-Asp-NA. It can
therefore be concluded that NA controls the interfacial properties of crude oil at the tested conditions i.e.
at pH=8. This statement must depend on conditions, primarily on pH. Indeed, in basic medium, NA are
ionized (carboxylate), the ionization rate depending on the pH value, and their surface activity is
significantly higher than when they are under acid form** 44,

The shape of the variations of IFT and E’ with concentration for samples whose asphaltenes
and/or NA have been removed are qualitatively similar to the “unmodified” crude oils. IFT of systems
containing 10 uM of ARN are constant at around 13-14 mN/m then increases when modified crude oils
are present reaching values similar to systems which do not contain ARN. The only exception concerns D-
Asp-NA whose the IFT values with and without ARN are still significantly different at 10 wt. %. E" moduli

b Due to low sample amount, the densities were only measured one time.

“n.d.: non determined.

4b.d.l.: below detection limit.

€ Concerning D-Asp-NA, the yield of the deasphalting was 99.1 %. Then NA was removed from this sample
and the yield of this step was 99.8 %. The total yield of both steps was therefore 98.9 %.



are constant at low crude oil concentrations (ca. 130 mN/m) and then decreases at higher concentrations.
Consequently, the behaviors identified in section 3.1.2 are valid for asphaltenes and/or NA-removed
samples.

This similarity in behavior allows to determine the contribution of the respective fractions on the
ARN/Ca?* inhibition efficiency. The inhibition efficiency order of the samples considered in figures 5 and
6, assessed from the onset of IFT increases and E’ decrease, is D (highest inhibition) > D-Asp > D-NA > D-
Asp-NA (lowest inhibition). It can therefore be concluded that NA has a more important contribution in
the inhibition than asphaltenes, at least for crude oil D. It is also worth noticing that even if D-Asp-NA has
a very reduced potential to inhibit the formation of interfacial gel, i.e. high sample concentration is
necessary to significantly reduce E’, it is non-null. That means crude oil D have other components than
asphaltenes and NA that are able to inhibit the interfacial gel formation, albeit at a lower level. This
conclusion is valid for the experimental definition of asphaltenes used in this article (insoluble in n-
hexane). Owing to the asphaltene polydispersity*®, other procedures to remove asphaltenes could have
perhaps led to different results.

Naphthenic acids were also removed from the crude oil U to prepare U-NA. U was selected
because it has the highest inhibition efficiency among the 4 crude oils (figure 4) and has a very low
asphaltene content (0.08 wt. %). The IFT and E’ variations with crude oil concentration are shown in figures
7 and 8 respectively. These two figures allow to draw conclusions similar to those obtained with D-NA
sample. Indeed, NA also controls the surface activity of crude oil U at pH=8 as shown by the highest surface
activity for U compared with U-NA. In addition, NA has an active role in the inhibition of ARN/Ca%
interfacial gel (figure 8, onset of E’ decrease is shifted to higher concentrations in the case of U-NA) but
other components present in U also participate to the inhibition since E’ would finally be strongly reduced
if enough U-NA is present.
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absence (empty symbols, dotted lines) or in presence (filled symbols, solid lines) of 10 uM of ARN for
crude oil D and its derivatives (D-Asp, D-NA, and D-Asp-NA). Lines are guides for eyes.
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Figure 8: Comparisons of variations of E’ measured at a period of 20 seconds with crude oil concentrations
in presence of 10 uM of ARN for crude oil U and its derivative U-NA.

3.1.4 Definition of an Inhibition Parameter

After presenting the qualitative effect of asphaltene and NA fractions on the interfacial gel
inhibition, this section aims to quantify their respective effects. First, a parameter representing the
interfacial gel inhibition efficiency is introduced. This is defined as the crude oil concentration required to
significantly reduce the gel strength characterized by E’. Based on the figures 6 and 8, it was conveniently
chosen a value of 40 mN/m since below this value, the variations of E’ with concentrations steeply level
off. As the exact concentrations where E'’=40 mN/m were not directly measured, assessments of the Cinp
values were calculated from data presented in figures 4, 6, and 8 by performing a linear regression
between the two points framing 40 mN/m (table 3). The asphaltenes and NA concentrations at Cj., are
also shown in table 3.



Crude oil Cinh Wt. % Casp at Cinh UM Cna at Cinp uM
B 0.29 184 128
D 0.77 138 231
E 21 81 105
u 0.14 1.3 30
D-Asp 0.89 - -
D-NA 1.6 - -
D-Asp-NA 5.5 - -
U-NA 0.93 - -

Table 3: Values of the inhibition parameter, i.e. concentration of crude oil at which E’r=30s=40 mN/m. The
concentrations of asphaltenes Cas, and naphthenic acids Cya at this concentration are also indicated. A
molecular weight of 750 g/mol was assumed*® %’ to calculate Casp.

Table 2 indicates that the concentrations of asphaltenes and naphthenic acids for crude oils B,
D, and E at inhibition point are all relatively similar, in the order of 100 uM, which could indicate that
asphaltenes and naphthenic acids have similar effects in these crude oils. On the contrary, the
concentrations of these two classes of components at inhibition point for crude oil U are significantly
lower especially for asphaltenes. This could perhaps indicate that some specific components present in
crude oil U have a significant impact on the inhibition of ARN/Ca?" interfacial gel.

A simplistic model was then developed to quantitatively calculate the contribution of every class
of components on the inhibition efficiency using data on asphaltenes and/or NA-removed samples
presented on table 3. As mentioned above, the ARN/Ca?* gel is inhibited due to the presence of crude oil
components that adsorb at the interface in sufficiency high concentration to prevent the connection and
cross-linking between ARN molecules at the interface. Naphthenic acids probably act as termination agent
of the cross-linked network formed between ARN and Ca?*2. Asphaltenes could act similarly, indeed a
fraction of asphaltene molecules bears COOH function, or by just adsorbing which would increase the
average distance between ARN molecules at the interface. In addition, asphaltenes can interact with ARN
in the bulk preventing the latter to access the interface®.

The adsorbed amount at interface (I'7) is the sum of ARN reacting with Ca?* (I'arn) and all the
crude oil components that have the ability to inhibit the gel formation gathered together in the same term

(rco)l

Ir =Tarn + Tco (1)
Assuming for simplicity sake that the adsorption can be described by Langmuir isotherms, then®’:
Ki,4rRN CARN KicoCco
Iy = - + T - 2
T ™ 14K, arN'CaRN+KLcO"Co ™ 14K, arN'CaARN+KL,c0*Cco ()

With I',: maximum adsorbed amount at the interface, K. arv and Ky co: the equilibrium adsorption
constants for ARN and the crude oil components, and Carn and Cco: the bulk concentration of ARN and



crude oil components that can inhibit the gel formation. It must be mentioned that the adsorption of ARN
when gel is formed cannot most likely be modelled by the Langmuir equation since there is cross-linking,
but around the inhibition point, the connection between ARN molecules would be limited and the validity
of this equation to model ARN adsorption would be more plausible. It must be noticed that the Langmuir
isotherm has been found to correctly fit IFT data for several crude oil components such as asphaltenes®®
9 and for model naphthenic acid (stearic acids)*.

In order to inhibit the gel formation, the adsorption of crude oil components and therefore the
right terms in equations (1) and (2) must be high enough. As, in the interfacial tests presented in this
article, the ARN concentration is constant (10 uM), it is the term K| .o - C¢o that dictates if the gel is
inhibited. Consequently, this term and therefore Cco must reach a minimum value to inhibit the gel
formation. This minimum concentration will be called Ccritical.

Itis then assumed that the contributions of the respective crude oil components on the inhibition
are additive (no interaction/synergy):

Ceff_Asp + Ceff_NA + Ceff_matrix = CCO (3)

With Cett_asp, Cefr na, and Cesr matrix: €ffective concentrations of asphaltenes, NA, and the matrix, i.e.
all the other components, on the inhibition. The “effective” term encompasses the bulk concentration of
the considered compound but also its adsorption constant (K. in equation (2)), and its ability to inhibit the
gel formation once adsorbed.

By introducing the effective mass fractions of the components present in the crude oil:

(¢NA tdy, T ¢matriX) “Cerude oit = Ceppasp T Cefrna + Copfmatrix @

At inhibition, we have:

C(Irude oil = Clnh (5)
Hence:
(d)NA + ¢Asp + ¢matrix) _ 1

CCritical Clnh (6)

By introducing Cinh_ b, Cinh_p-asp, Cinh_p-na, @Nd Cinn_p-asp-na the inhibition concentration for systems

D, D-Asp, D-NA, and D-Asp-NA and considering the fact that the term quA is not present for D-NA and D-
Asp-NA and d)ASp is not present for D-Asp and D-Asp-NA, the respective contributions of the fractions can
be calculated:
(Pua+ Puaris)  __ Conno
(¢NA tdy, T ¢matn’x) Cinn.p—ssp

(¢Asp + ¢matrix) _ CInh_D

" Crunp-
(d)NA + ¢Asp + d)matrix) Inh D=NA

(8)



(d)matrix) — CInh_D
(¢NA + ¢Asp + d)matrix) CInh_D—Asp—NA

(9)

The results are presented in table 4. Values show that NA have the most important contribution
to the inhibition, around twice as much as the asphaltenes. The other components have a relative minor
influence on inhibition of crude oil D (14 %). It must be noticed that the sum of individual contributions is
higher than 100 % which could be attributed to the uncertainties associated to the determination of Ci,
especially its extrapolation, or to the limitation of the model.

The same model (equation (8)) was applied to crude oil U. As shown in table 4, NA represents 85
% of the inhibition potential in this oil. Asphaltene contribution should be minor which is consistent with
the very low concentration of this class of compounds in U (table 1).

Crude oil Components Contribution to inhibition
P ——€—€m—m—————ut
NA + Matrix 86 %
D Asp + Matrix 48 %
Matrix 14 %
U Asp + Matrix 15%

Table 4: Contribution of the asphaltenes, naphthenic acids, and the “matrix” i.e. other components in the
inhibition of ARN/Ca?" interfacial gel.

3.2 Bottle Testing

The interfacial tension and interfacial dilational rheology experiments have allowed to put into
evidence differences of inhibition efficiency between the different studied crude oils. However, it is
important to study how these differences correlate with calcium naphthenate deposition issues in crude
oil production and processing. It was therefore attempted to upscale the results presented in section 3.1
by performing bottle test. However, experimental conditions for bottle tests had to be adjusted and
consequently there are significant differences between the two techniques. The most significant is the
fact the ARN concentration was increased 10 folds to 100 uM in bottle tests, a decision based on previous
bottle test experiments?’ to make the detection of deposit easier. Another difference is the absence of
shaking in experiments performed with the SINTERFACE apparatus.

In absence of crude oil (only 100 uM ARN in the xylene phase), some turbid material was visible
indicating the presence of a precipitate formed by reaction between ARN and Ca?* (figure S1 in supporting
material) which is consistent with literature?” 2. The turbid material is not present in absence of ARN. It
was found difficult to transfer these mixtures to centrifugation tubes since many “microgels” were stuck



to the glass wall and consequently were not included in later analysis. This problem was not found when
crude oil is also present.

When crude oil and ARN are both present, the aqueous phase was found non-turbid after
centrifugation. In addition, it was noticed, for most of the samples, the presence of a brownish material
on the wall of the centrifugation tubes. In the case of crude oil U + ARN systems, this brownish material
can be pushed with a spatula or a pipette and recovered. Part of this material was transferred to
microscope slide (figure 9.a). This material seems to be a soft solid and seems to be formed by reaction
between ARN and Ca?* since it is not present in absence of ARN (see below). This specific material was
observed by microscopy (figure 9.b). The microscopic pictures indicate that this object is 3-dimensional
but it seems to be “multi-layered”. It confirms the compact nature of the material with the presence of
only one phase and also that no droplet for instance is trapped. This fact and the absence of droplet in
the system U+ARN after centrifugation, which is different from the equivalent systems in absence of ARN
(see below), confirms that the ARN/Ca?* gel has destabilizing effect on crude oil emulsion. The soft solid
material is present for all the crude oil U volume fraction tested and have the same aspect under
microscope (from 0.05 to 0.5, see figures S2 and S3).






Figure 9: Material recovered from the wall of the centrifugation tube for crude oil U (volume fraction=0.1)
in presence of 100 uM of ARN and transferred on a microscope slide (a). The brownish material was then
observed under microscopy. Note absence of droplets compared with systems in absence of ARN
presented in figure S9 (b). Dimension of the picture: 647x479 um.

The same soft materials were observed for the crude oils D and E in presence of ARN (the crude
oil B was not tested) at low crude oil volume fractions. For crude oil D, at a volume fraction higher than
0.2, the material present in the centrifugation tube wall “disintegrates” when it is pushed with a spatula
or a pipette. Consequently, it was difficult to recover the material on microscope slides. However, the
same material was easily visible by microscopy (figures S4 and S5). Finally, concerning crude oil E in
presence of ARN, the material that is present on centrifugation tube wall at volume fractions of 0.4 and
0.5 seems to be more fluffy than for lower crude oil component and the material that can be recovered
from the microscope slides form smaller objects (small brownish particles) than at lower volume fraction
(figures S6 and S7).

When recovering the material, it was felt that their amount was disproportionate compared with
the low amount of ARN present in every tube (1.2 mg). Consequently, it was decided to recover as much
material as possible from the centrifugation tube wall and determine the content of volatile compounds
in the soft solid material by evaporating them at 60°C for 1 day. The recovered masses are a strong
underestimation of the real masses of the material visible on the tube wall, but it is a simple test to
determine if other compounds than ARN is present. The results are in summarized in table 5. The
recovered objects are systematically heavier than the total ARN mass present in every sample, 60-70 times
heavier for U, even if all the objects have not been recovered. That means that the network formed by
ARN and Ca?* has incorporated other component(s) in these soft solid materials. These other components
are volatile since they represent around 98 wt. % of the materials. Consequently, the soft solid materials
formed by ARN and Ca?* in presence of crude oil are ARN-Ca?* gel swollen by solvent.



Crude oil Mass material Mass dried recovered % non-volatile
recovered mg material mg
P —§—€—€—S—$§$—_——_.
D,run1 8.0 0.2 2.(5)
D, run 2 10.7 0.3 2.(8)
E,runl 374 0.5 1.(3)
E, run 2 30.2 0.5 1.(7)
U,runil 83.2 1.6 1.(9)
U, run 2 87.8 1.8 2.(1)

Table 5: Masses of material recovered from the centrifugation tube walls for crude oil at a volume fraction
of 0.1 + 100 uM ARN systems and then put in an oven for 1 day at 60°C. Due to the low dried mass, the
calculated % non-volatile only provides an order of magnitude.

Finally, bottle tests were performed in absence of ARN to be used as references. Brownish
material is also visible on the walls of the centrifugation tubes, but they do not seem to be as solid as
proved by the fact as they are not visible when transferred on a microscope slide (figures S8). Microscope
observations (figure S9) indicate the presence of droplets in these samples, which were absent in the
presence of ARN. No solid material as those present in ARN systems (figure 9.b) are visible albeit some
“wrinkles “-like structures are visible around droplets for crude oils E and U. These “wrinkles cannot be
confounded with the solids formed by ARN and are perhaps viscoelastic materials present at the oil/water
interface that can be formed by, for instance, asphaltenes®.

4 Discussion and Conclusion

One of the initial steps in calcium naphthenate deposition is the reaction between ARN and Ca?*
resulting in the formation of an interfacial gel. This gel will then grow to ultimately result in the formation
of solid deposit. It was previously shown that crude oil components, namely asphaltenes and naphthenic
acids, can inhibit the formation of the interfacial gel. This inhibition by crude oil components could explain
why calcium naphthenate deposition is not observed in some oil fields despite the presence of ARN in
these systems?2. Consequently, the interfacial gel inhibition by 4 real crude oils spanning a large range of
properties (TAN, density, asphaltene content) was studied.

The inhibition ability of crude oils was determined as the crude oil amount necessary to
significantly reduced the E’ modulus of interfacial gel formed by the reaction between ARN and Ca?*. It
was found that the 4 tested crude oils display different inhibition abilities and they could be ranked as a
function of their inhibition ability: U ~ B > D > E. This order is not directly related to the total asphaltene
and naphthenic acid contents of the crude oils and therefore cannot be directly predicted by performing



simple chemical analysis of the oils. The selective extraction of asphaltenes and/or naphthenic acids from
crude oils have allowed to determine that naphthenic acids are the most prevalent inhibitors in the tested
crude oils followed by asphaltenes. Other crude oil components which are still unidentified are also
involved in the inhibition by crude oils but their effects are relatively minor but non-null.

All these observations make us think that the procedure presented in the article and involving
interfacial tension and interfacial rheology measurements (figure 4 and table 3) could be used as a simple
screening method to compare the inhibition potentials of crude oil. This could be used, for instance, in a
larger flow assurance strategy aiming to determine the risk of calcium naphthenate deposition in new
fields to be developed®?.

An important point in the prediction of calcium naphthenate deposition is to determine how the
results obtained at the interface scale control the full-scale process. This is why some bottle tests were
performed. In these tests, the ARN concentration was increased tenfold compared with interfacial
experiments to be able to visually detect the presence of precipitate. It was found that some soft solid
material was formed even in presence of crude oil U at a volume fraction of 0.5 (figures S2 and S3). This
soft solid material formed by ARN and Ca? in presence of crude oil are ARN-Ca?* gel swollen by solvent.
The same material is formed in presence of crude oil D and E, but their formation seems to be inhibited if
enough of these crude oils are present (figures S4 to S7). It would be important to quantify the amount of
ARN and Ca?* in these materials to better understand their properties.

Interfacial measurement indicates that a crude oil U concentration of 0.14 wt. %, equivalent to
a volume fraction of 1.4-1073, is able to inhibit the formation of ARN/Ca?* interfacial gel (table 3). Bottle
tests, on the contrary, indicate the presence of solid material formed by reaction between ARN and Ca?*
for crude oil U volume fraction of 0.5. Even if the ARN concentration is tenfold higher in bottle test
experiments, these results are not consistent with each other. One method would indicate that crude oil
U strongly inhibit the formation of ARN/Ca?* interfacial gel, while the second would indicate that U would
not have the same impact on the formation of solid deposit. This means a better understanding of the
ARN/Ca?* system is required to be able to extrapolate the results obtained at the interface to bigger scales.
In addition, the bottle tests performed in this work only provide qualitative measurements. More
developments are required to make the method quantitative
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tubes after shaking overnight aqueous and xylene solutions. The xylene solutions contained crude oil at
various concentrations and 100 uM of ARN.
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