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Preface

This thesis, submitted in partial fulfilment of the requirements for the degree of dr.ing at
the Norwegian University of Science and Technology, consists of five papers which are all
based on experimental work carried out at Ugelstad Laboratory from July 2002 to
February 2005. In addition, the thesis also includes some unpublished results which are

presented in the introductory part.

I was introduced to the world of surface and colloid chemistry by Johan Sjéblom as an
undergraduate student at the Norwegian University of Science and Technology,
Department of Chemical Engineering, in 2001. In the spring of 2002, I received my
sivilingenigr degree with a main project in the field of characterization of water-in-crude
oil emulsions by means of video enhanced microscopy. About one month later, I was
accepted for a PhD grant in the subject of naphthenic acids through the VISTA program,
financially supported by Statoil and The Norwegian Academy of Science and Letters, and

under the guidance of Johan Sjoblom.

During the three years of work, I have also been involved in a joint industrial program
financed by petroleum companies (Statoil, Total, ChevronTexaco) and chemical vendors
(ChampionTechnologies, AkzoNobel, BakerPetrolite). Results from this work have been

followed up and presented on meetings twice a year, both domestic and abroad.
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Abstract

Deposition of metal naphthenates in process facilities is becoming a huge problem for
petroleum companies producing highly acidic crudes. In this thesis, the main focus has
been towards the oil-water (o/w) interfacial properties of naphthenic acids and their
ability to react with different divalent cations across the interface to form metal

naphthenates.

The pendant drop technique was utilized to determine dynamic interfacial tensions (IFT)
between model oil containing naphthenic acid, synthetic as well as indigenous acid
mixtures, and pH adjusted water upon addition of different divalent cations. Changes in
IFT caused by the divalent cations were correlated to reaction mechanisms by
considering two reaction steps with subsequent binding of acid monomers to the divalent
cation. The results were discussed in light of degree of cation hydration and naphthenic
acid conformation, which affect the interfacial conditions and thus the rate of formation
of 2:1 complexes of acid and cations. Moreover, addition of non-ionic oil-soluble
surfactants used as basis compounds in naphthenate inhibitors was found to hinder a

completion of the reaction through interfacial dilution of the acid monomers.

Formation and stability of metal naphthenate films at o/w interfaces were studied by
means of Langmuir technique with a trough designed for liquid-liquid systems. The
effects of different naphthenic acids, divalent cations, and pH of the subphase were
investigated. The results were correlated to acid structure, cation hydration, and degree

of dissociation, which all affect the film stability against compression.

Naphthenic acids acquired from a metal naphthenate deposit were characterized by
different spectroscopic techniques. The sample was found to consist of a narrow family of
4-protic naphthenic acids with molecular weights around 1230 g/mol. These acids were
found to be very o/w interfacially active compared to normal crude acids, and to form
Langmuir monolayers with stability depending on the aqueous pH. At high pH, addition of

Ca’* increased the film stability due to formation of calcium naphthenate at the surface.

A new experimental setup based on near infrared spectroscopy was used to monitor the
formation, growth, and inhibition of calcium naphthenate particles in o/w systems. This
method was found to be suitable for studies of particle formation rate and growth

qualitatively under different experimental conditions.
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1 Introduction

1 Introduction

The production of acidic crudes with high total acid number (TAN) is steadily increasing
as more of the recently discovered fields involve heavy crudes [1]. The acidity is
predominantly caused by indigenous organic acids, which in the petroleum industry

generally are termed naphthenic acids.

The naphthenic acids are causing several problems. Their detrimental effect in the
environment has been known for a long time, and low molecular weight compounds
present in the waste water have shown to be toxic to a variety of aquatic organisms [2-
4]. From an operational point of view, producing and processing highly acidic crudes
involve a number of challenges. Naphthenic acid corrosion, especially in the high
temperature parts of the distillation units, is a major concern to the refining industry [5-
7]. During production, the amphiphilic naphthenic acids may also accumulate at
interfaces and stabilize water-in-oil emulsions [8-11], causing enhanced separation
problems. Pressure drop during fluid transportation from the reservoir to the topside
leads to release of carbon dioxide and to a subsequent increase in the pH of the co-
produced water, which brings about a higher degree of dissociation of naphthenic acids at
the o/w interface. The dissociated moieties may thus react with metal cations in the
water to form metal naphthenates. Due to low interfacial affinity and low solubility in
water, especially when multivalent cations are involved, the naphthenates will precipitate
and start to agglomerate in the oil phase. As the density of the precipitate lies between
that of oil and water, it will gradually settle and accumulate at the o/w interface and
further adhere to process unit surfaces. Deposition of metal naphthenates is a problem
predominantly in topside facilities like o/w separators and de-salters, and may lead to

worst-case scenarios in cleaning processes and regular, costly production shutdowns.

With this background, it is clear that an improved understanding of how the naphthenic
acids behave physico-chemically in o/w systems is crucial for future elimination of related
problems. Although naphthenate deposition today is one of the most challenging
separation issues, rather little attention has so far been directed towards a complete
understanding of how the naphthenic acids and the cations react to form naphthenates.
In this thesis, the main focus has been towards interfacial reactions between naphthenic
acids and divalent cations for systems involving synthetic acids as well as indigenous acid

mixtures.




2 Naphthenic Acid Chemistry

2 Naphthenic Acid Chemistry

2.1 Occurrence and Structure

Naphthenic acids are mixtures of alkyl-substituted acyclic and cyclic structures with the
general chemical formula C,H;n+20,, where m indicates the carbon number and Z is zero,
in the case of fatty acids, or negative, depending on the number of condensed and/or
aromatic rings. Although the term “naphthenic” traditionally was used to classify only
acids with cycloaliphatic derivatives, in the petroleum industry it refers normally to all the
organic acids present in crude oil [12, 13]. Figure 2.1 displays some examples of possible

monoprotic naphthenic acid structures for different Z values.

CH3{CHz), COzH R@f (CHz), ClH R @ (CHz) COzH

(CHz), COzH
Rj(\;@» (CHz), COzH
(Z=-4) (2=-6)

G (CHz), COzH @@L (CH2), COH “(CHZ) COH

(Z=-8) (Z=-10) (Z=-14)

Figure 2.1: Naphthenic acid structures where Z describes the hydrogen deficiency, R is an alkyl

chain, and n the number of CH, units.

Naphthenic acids are normal constituents in nearly all crude oils, typically ranging from
0-4 %wt. The acids are predominantly found in immature heavy crudes, whereas
paraffinic crudes normally have low acid contents [12, 13]. Methods based on
potentiometric titration are frequently used in order to measure total acid number (TAN)
[14, 15]. The naphthenic acids are assumed to generate from in-reservoir biodegradation
of petroleum hydrocarbons [16-18]. This suggestion has been supported by discovery of

naphthenic acids in deposits in naturally biodegraded crude oils [18, 19], and in crude
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oils that have been biodegraded under laboratory conditions [20, 21]. Hence, they can be

considered as biological markers and provide information on past reservoir history [19].

The naphthenic acids are complex mixtures, showing variations in structure and
molecular weight. Several analytical techniques have been utilized to characterize the
acids qualitatively. This includes various mass spectrometry (MS) methods [22-26], gas
chromatography-mass spectrometry (GC-MS) methods [27-29], and these methods in
combination with Fourier transform infrared (FT-IR) and/or nuclear magnetic resonance
(NMR) spectrometry [30-32]. In addition, negative-ion electrospray ionization (ESI)
coupled to high-field Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) has recently shown to be a powerful tool to determine detailed elemental
composition of acidic crude oil compounds [33, 34]. Figure 2.2 shows an ESI FT-ICR MS
spectrum of a crude oil from a field located on the Norwegian continental shelf. Around
85% of the peaks represent carboxylic groups. The spectrum illustrates very well the

broad distribution of different naphthenic acid structures.

300 400 500 600 700 800
miz

Figure 2.2: ESI FT-ICR MS spectrum of a North Sea crude oil.
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2.2 Naphthenic Acids in Oil-Water Bulk Systems

When naphthenic acids are introduced to systems containing oil and water, several
equilibria will be involved. The following parts summarize some of the fundamental

processes taking place in bulk solution.

2.2.1 Oil-Water Partitioning

Naphthenic acids are amphiphilic molecules where the carboxylic group represents the
polar part and the hydrocarbon skeleton the oil-soluble hydrophobic part. In oil-water
systems, the acids may thus be distributed between the different phases. The distribution
will depend strongly upon conditions like the pH and the salinity of the aqueous phase.

Partitioning of naphthenic acid monomers between oil (o) and water (w) may be

described by the equilibrium in equation 2.1:

[RCOOH| [RCOOH |, (2.1)

where the corresponding partitioning coefficient K,,, is given by

[RCOOH |
wo = Tperom] (2.2)
[RCOOH],

The degree of partitioning will accordingly depend on the solubility of the molecules in
the two phases. Hence, naphthenic acids with a large hydrocarbon moiety will exhibit
lower partition coefficients than compounds with smaller hydrophobic parts. The
distribution of acid between the phases will also be affected by the pH: by increasing the
pH, the monomers dissociate and become more water-soluble. Reinsel and co-workers
[35] investigated the effects of pH, temperature, and organic acid concentration on the
partition coefficients for short-chain organic acids in a crude oil-water system. At pH 5-7,
more than 85% of the acids were dissolved in the aqueous phase. Moreover, they found
an approximately linear descending relation between the partition coefficient and the
number of carbon atoms in the hydrocarbon moiety. A similar relation was also reported
by Havre and co-workers [36] from a partitioning study of a series of synthetic
naphthenic acids in oil-water systems under different experimental conditions.

Kocherginsky and Grishchenko [37] measured the transfer rate of long chain fatty acids
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from octane into aqueous solution through a flat porous membrane. At pH 4, they found
that the transfer rate was proportional to X,,. By increasing the pH to 12, a 20-fold
increase of the rate was observed in the case of octanoic acid, and a 1000 fold in the

case of oleic acid.

2.2.2 Self-Association in Oil

The naphthenic acids will, like other surfactants, tend to self-associate in bulk solution at
certain concentrations. Carboxylic acids are known to form dimers in the oil phase

through hydrogen bonding, as illustrated in figure 2.3.

Figure 2.3: Carboxylic acid dimerization.

Dimerization of carboxylic acids in oil has been a subject of large amounts of studies.
Generally, it is found to be highly dependent on concentration, solvent polarity, and the
length of the carbon chain as well as the carboxylic acid conformation. Pohl and co-
workers [38] measured differences in dielectric constants between non-polar solvents
and dilute solutions of benzoic acid and various short-chain carboxylic acids. Generally,
they found that the molar polarization of the solute decreased exponentially with
increasing concentration. This effect was assumed to be a result of formation of less
polar dimers. However, due to errors caused by inaccurate measurements of the most
dilute solutions, the dimerization constants in n-heptane were only estimated. Later,
Goodman [39] achieved more precise results by using *C-labelled acids. He found that
fatty acids of chain length C;4 and below had monomer-dimer equilibrium in n-heptane,
where the dimerization constant increased with increasing chain length. Takeda and co-
workers [40] investigated the dimerization of benzoic acid and several short-chain
carboxylic acids in solvents of different polarity by means of standard potential strength
measurements. Benzoic acid was found to almost exclusively exist as dimers in n-hexane
at concentrations higher than 15 mM. Moreover, the degree of self-association was found

to decrease with decreasing concentration of acid. Similar observations have also been
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reported by Fujii and co-workers [41], who measured the dimerization of acetic acid in
several non-polar solvents using infrared spectroscopy. Kimtys and Balevicius [42]
correlated changes in chemical shifts in 'H NMR spectra to self-association for a family of
short-chain aliphatic carboxylic acids in cyclohexane at various concentrations and
temperatures. The degree of dimerization was found to decrease with increasing
temperature for all acids and increase by increasing the concentration up to 0.1 mole
fraction of acid. A further increase in concentration resulted however in a monotonous
decline in the chemical shift. This effect was discussed in terms of dimer interactions and

polymerization, which decrease with acid dilution.

The fact that multimers may involve strong hydrogen bonding is well illustrated by the
ESI ICR-MS spectra in figure 2.4. The analyses have been carried out on naphthenic
acids extracted from a North Sea crude. As shown in the spectrum to the left, the peaks
are distributed in three humps, which indicate presence of multimers. To confirm this
assumption, the sample was exposed to infrared multiphoton dissociation (IRMPD) [43].
The obtained spectrum after such treatment (to the right) clearly shows enhanced
formation of monomers, i.e. IR radiation breaks up intermolecular H-bonds bridging the

monomers.

) Monomers
dimers

IRMED dimers
T —
trifmets trimers
MONOMErS ! —
—
]l Ll r r -m; i "
200 300 400 500 600 700 800 200 200 3Joo 400 500 600 700 800 00
miz miz

Figure 2.4: Naphthenic acids exposed to IR radiation.

Naphthenic acids in systems with oil and alkaline water may above certain concentrations
also form larger aggregates in the hydrocarbon phase, such as inverted micelles (see

chapter 2.2.3). This observation is reported by Horvath-Szabd and co-workers [44] from
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a phase behaviour study of a sodium naphthenate/toluene/water system. Although the
detailed composition range was not determined, the inverted micelles were found to

coexist with the normal micellar phase almost all over its phase range.

2.2.3 Self-Association in Water

Like in the oil phase, carboxylic acids are also found to dimerize in highly diluted aqueous
solutions. By analyzing the set of data obtained by Goodman [39], Mukerjee [45]
calculated that the self-association of fatty acids in water only involves two anions at a
pH of 7.45. The dimerization constant was found to increase continuously with increasing
hydrocarbon tail up to palmitic acid. A further increase of the chain length up to Cyg
(stearic, oleic, and linoleic) gave however dimerization constants in the same order as
palmitic acid. Although no definite explanation was ascribed to this striking phenomenon,
Mukerjee speculates about the possibility of having a chain-coiling at sufficiently long
chains, putting some of the methylene groups in an organic environment inside the
curled-up structures. Suzuki and co-workers [46] investigated the effect of pressure on
the dimerization of C;-C; aliphatic acids by means of electrical conductivity
measurements. They considered two kinds of interactions to be of relevance; hydrogen
bonding between carboxylic groups and hydrophobic interactions between alkyl chains. In
the lower pressure region, H-bonds were found to dominate, and the dimerization
increased with increasing pressure. At higher pressures, however, the contribution from
alkyl chain interactions becomes more significant, and a minimum in the dimer
dissociation constant was observed. The pressure at which this minimum appeared was
found to decrease with increasing alkyl chain length due to stronger hydrophobic
interactions. In a series of publications, Stenius [47-49] has studied the association of
various fatty acid sodium salts in aqueous solutions at high ionic strength (3M NaCl). He
found that small aggregates are formed by sodium alkanoates with more than 3 carbon
atoms in the hydrocarbon chain. The aggregates consisted of 4 anions, irrespective of the
hydrocarbon chain length. By increasing the temperature, the aggregates were found to
increase slightly in size. Hydrophobic bonding was in all cases suggested to be the reason
for the association. By excess Gibbs’ energies calculations, Friman and Stenius [50] also
found that the tendency of association decreases with increasing branching of the

hydrocarbon moiety.

At higher concentrations of acid, larger aggregates, such as micelles, may also form. The

concentration at which surfactants start to form micelles is known as the critical micelle
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concentration (CMC). CMC is dependent on factors like molecular structure, e.g. the
length of the hydrocarbon chain, electrolyte concentration as well as on physical
conditions such as temperature and pH [51]. As for pre-micellar association, the micelle
formation is favoured by an increase in the entropy [52]: water molecules near the
hydrocarbon chain are more ordered than bulk water, causing a loss of entropy. By
forming aggregates, the hydrophobic chains become less in contact with water and the

entropy increases.

The shape of the formed aggregates can be predicted by the critical packing parameter

(CPP), given by the following relation:

cpp— (2.3)
l-a

where v is the volume and / the length of the hydrocarbon chain, respectively, while a is
the cross-section area of the polar headgroup. The parameters used to calculate the CPP

are illustrated in figure 2.5.

Interfacial
(hydrophobic)

attraction \

Head-group (hydrophilic) interaction

Figure 2.5: Illustration of the different parameters used to calculate the critical packing parameter
(CPP) of surfactants in micelles [53].

Depending on the topology of the polar headgroup and the volume of the hydrocarbon
moiety, different aggregate shapes will thus form, including micelles (CPP<1/3), rod-
shaped aggregates (CPP~1/3-1/2), lamellar structures (1/2<CPP<=1), and inverted

structures (CPP>1). The number of monomers in each micelle will also be lower for
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branched surfactants than for more aliphatic ones. Micelles of naphthenic acids with
cyclic units will thus contain less monomer than in the case of straight-chain fatty acids.

For charged surfactants, like naphthenic acids under alkaline conditions, electrostatic
repulsion between negatively charged carboxylic groups will favour the formation of
spherical micelles. This tendency may however be altered by adding counterions to the
solution, which brings about a compression of the electric double-layer and thus a

reduction of the repulsion between equally charged molecules.

A common way to determine the CMC is to measure the change in surface tension (ST)
as a function of surfactant concentration. Upon addition of surfactants to the aqueous
phase, the surface tension decreases continuously until a constant value, reflecting the
CMC, is reached. Above this concentration, any further added surfactants will take part in
micelle formation, and hence the concentration of monomers remains constant. A
relation between ST and the surfactant concentration is given by the Gibbs’ adsorption

equation [54]:

dy
d(Inc)

= nk,TT (2.4)

where vy is the ST, c is the bulk concentration of surfactant, 7T is the temperature, I' is the
surface excess, kpis the Boltzmann constant, and n is 1 for non-ionic surfactants and 2
for surfactants completely ionized at the surface. Hence, by plotting ST as a function of
the logarithm of the concentration, this gives two linear curves, one for the descending
ST in the pre-micellar region, according to equation 2.4, and one horizontal curve after
the CMC is reached. The CMC of the given surfactant is found as the intersection point
between these two linear relations. Figure 2.6 (a) displays some examples of CMC
measurements carried out in alkaline solution (pH>11.5) on benzoic acid homologues
with C4-Cg alkyl chain length. As illustrated in figure 2.6 (b), the logarithm of the CMC
decreases almost linear with increasing length of the hydrophobic tail, which is in

accordance to findings also reported by other authors [55-57].
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Figure 2.6: CMC of benzoic acid homologues with C,-Cg aliphatic chain (a), and log CMC vs. carbon

number for the series (b) (unpublished results).

At sufficiently high concentrations of fatty acid, other aggregates may also form, like
liquid crystalline (LC) phases [58]. Under certain conditions, LC structures may
accumulate at interfaces and stabilize emulsions [59-61], also in interplay with other
polar crude oil fractions [62]. The correlation between LC phases and emulsion stability

has been extensively reported by Friberg and co-workers [63-66].

2.2.4 Interactions with other Fractions

Crude oil consists of a complex mixture of gaseous, liquid, and solid hydrocarbons with
different degrees of polarity, in addition to small amounts of inorganic compounds [67].
Among the polar fractions one finds the asphaltenes and the resins, which are essential
compounds for the stabilization of water-in-crude emulsions [68-74]. The stability
depends on the size of the asphaltene aggregates, and it is believed that the resins act
as asphaltene dispergants through a electron donor-acceptor mechanism or by
interactions between polar sites on the molecules [75-78]. Since other amphiphilic
compounds also have shown to be capable to disintegrate the asphaltenes through polar
interactions [79-82], it is likely that also the naphthenic acids will take part in such a
mechanism. Investigations of asphaltene-naphthenic acid interactions were carried out
by Ostlund and co-workers [83]. Using NMR and Near-IR spectroscopy, they found that
the tendency of synthetic naphthenic acids to interact with asphaltenes from different
North Sea crudes depended on the asphaltene type. Near-IR spectroscopy was also
utilized by Auflem and co-workers [84] to follow the disintegration of asphaltene

aggregates upon addition of different kinds of synthetic as well as indigenous naphthenic

10
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acids/acid mixtures. The dispersion efficiency was found to depend on the naphthenic

acid structure and concentrations.

The naphthenic acids may also interact with inorganic material existing in the crude, like
different minerals arising from reservoir rocks. Depending on the system, the compounds
may interact through different mechanisms, including polar, acid/base, and ion-binding
interactions [85]. At certain conditions, adsorption of organic acids may alter the
wettability of minerals completely from water to oil-soluble [86-88], and such particles
and particle clusters may cause significant process problems, e.g. when the crude is
being refined. The adsorption strength of carboxylic acids onto inorganic surfaces has
been shown to depend on the chain length of the acids, according to a study of Zulling
and Morse [89]. By measuring the adsorption of C,; to C;s straight chain fatty acid anion
homologous from seawater (adjusted to pH 8) onto several carbonates such as calcite,
argonite, dolomite, and magnesite, they found that C4-C;, did not adsorb, while Cy4 - Cig
adsorbed onto all surfaces. Within the latter range, the affinity to the surface increased
with increasing alkyl chain length. Similar observations are also reported by Spildo and
co-workers [90] who studied adsorption of benzoic acid and 4-heptyl benzoic acid on
different silica substrates. In hydrocarbon solution, the 4-heptyl benzoic acid gave higher
maximum adsorption than benzoic acid. Variations in the surface properties of the silica
had no significant effect on the adsorption. Moreover, introduction of water (pH 7)
resulted in enhanced adsorption. This effect was explained by adsorption of water
molecules on the silica surface, which bridge the acid monomers and the surface together

by hydrogen bonds.

2.3 Interfacial Behaviour of Naphthenic Acids

A fundamental feature of amphiphilic molecules is their ability to adsorb onto interfaces
and stabilize colloidal structures. For two immiscible liquids in contact, the molecules in
the bulk phases are symmetrically surrounded by other molecules so that the molecular
interactions in all directions are identical and the sum of all interacting forces is zero. At
the interface, however, the molecules are affected by interactions from the two liquid
sides, causing a net force towards the respective bulk phases. The molecules at the
interface are thus forced towards the bulk phases, which in turn cause a minimizing of
interfacial area. The interfacial tension (IFT) is probably the most commonly used

parameter to measure the cohesive energy existing at a given interface. It may be
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correlated to interfacial energy and the corresponding interfacial area by the following

equation:

dG
_ 46 2.
! [dA]P,T 25

where y is the IFT, G is the interfacial Gibbs free energy, and A4 is the interfacial area at
constant pressure P and temperature 7. Hence, any factor which lowers G, like

introducing interfacially active compounds, will also cause a lowering of the IFT.

When an interface between acidic oil and water is freshly formed, the IFT is very close to
that of the pure liquids. Immediately after this, the interfacially active acid monomers will
start to diffuse from the oil bulk towards the interface [91]. When reaching the interface,
the IFT will decay until the equilibrium tension value is reached. After that point, since
the adsorption of surfactants is a dynamic phenomenon, the flux of adsorption will be

equal to the flux of desorption, according to equation 2.6:

dFeq . .
dt :-]ads_-]deszo (26)

where T'¢q is the interfacial concentration of surfactants at equilibrium, ¢ is the time and
Jaas @nd jgs are the fluxes of adsorption and desorption, respectively. The period of time dt
during which the equilibrium is obtained may range from milliseconds to hours depending

on the surfactant type and concentration [92].

Equilibration of acid monomers at the interface involves relaxation processes where the

IFT normally decays exponentially with time, according to the following equation [93]:
—kt
Y=Y (Vo= V) (2.7)

The term y4 represents the interfacial tension at equilibrium, y is the interfacial tension
extrapolated to t—0, t is the time, and k! = 1 is the relaxation time of the process. The
relaxation period is assumed to include processes like reorientation of the molecules in

the adsorption layer and solvation/desolvation of the adsorbed species.
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At equilibrium, the interfacial concentration of monomers is also linked to the

concentrations in the bulk media as illustrated by the following relations:

Aw- 5 Aint- (28)
HA, 5 HA;,, 5 HA,

where HA and A" represent naphthenic acids in undissociated and dissociated states, and
the subscripts o, int, and w indicate oil bulk, o/w interface, and water bulk, respectively.
In order to describe the distribution of surfactants between the different phases
mathematically, an appropriate adsorption isotherm is required. Adsorption models
suiting different surfactant systems have been extensively reported by Fainerman and
Miller [94-96].

Due to their tendency to accumulate at w/o interfaces, the naphthenic acids may
contribute to stabilization of crude oil emulsions [8, 9, 11, 97]. The interfacial affinity is
dependent on conditions like molecular structure, hydrophile-lipophile balance,
concentrations, and the pH and the salinity of the aqueous phase. The w/o emulsions are
formed during the transportation path from the reservoir to the topside processing
facilities due to pressure gradients which cause sufficient mechanical energy to disperse
co-produced water as droplets into the crude. Due to the continuous drop in pressure,
gases like carbon dioxide are released from the mixture, causing an increase in pH and
hence a higher degree of dissociation of the naphthenic acids at the interface. As the
dissociated acids possess higher affinity towards the interface than the corresponding

undissociated ones, the emulsion stability may increase.

The fact that the IFT decreases with increasing pH may however also be benefited from,
like in enhanced oil recovery, where alkaline solutions are injected into reservoirs in
order to lower capillary forces and hence mobilize residual oil [98-102]. For very low
tensions, several authors [103-107] have reported that the IFT goes through an ultralow
minimum at a specific pH value before a steep increase is observed. For acidic model and
crude oil-water systems, Rudin and Wasan [106, 107] ascribed this effect to a
simultaneous adsorption of ionized and unionized acids, causing an optimum packing of
surfactants at the interface. Similar explanations were also given by Touhami and co-
workers [108].
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3 Formation and Inhibition of Metal Naphthenates

3.1 Background

Deposition of metal naphthenates in process facilities is from an operational point of view
one of the most serious issues related to the production of acidic crudes. The problem
arises from pressure drop and degassing of carbon dioxide during the transport of the
fluids from the reservoir to the topside, leading to dissociation of naphthenic acids at the
interface between the crude and the co-produced water. Consequently, the naphthenic
acids may react with metal cations in the water to form naphthenates. These
electrochemically neutral compounds might then start to agglomerate in the oil phase,
normally in combination with inorganic materials, and further adhere and accumulate to
process unit surfaces. This may lead to costly shutdown periods during which the
deposits have to be removed. Metal naphthenate deposition in topside facilities is
becoming a common problem in a number of fields where acidic crudes are being
processed, including fields in West Africa [1, 109] and on the Norwegian continental shelf
[1, 110]. Naphthenate deposits in a separator vessel (West African oil field) during clean

out are illustrated in figure 3.1.

Figure 3.1: Naphthenate deposits in a separator vessel during clean out (left picture). Naphthenate

collected from the separator (right picture). Reproduced with permission from OilPlus, UK.

This chapter deals with the mechanisms which are suggested to be of relevance for metal
naphthenate formation and inhibition. In addition, some recent findings on naphthenate

composition are reported.
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3.2 Reaction Mechanisms

Basically, there are two main approaches to how the naphthenic acids may react with
cations to form metal naphthenates. The first and more traditional one is a reaction
between water-soluble acids and cations in the aqueous bulk. This was e.g. considered
by Havre [111], who studied the reaction between different synthetic naphthenic acids
and calcium ions in alkaline aqueous solution using near infrared spectroscopy, and by
correlating changes in optical density to the formation and growth of naphthenate
particles. However, at normal operational conditions, the fraction of acids showing
significant solubility in water only accounts for a limited part of the total amount of
naphthenic acids: the major part, consisting of larger molecules, is preferably oil-soluble
and will rather tend to accumulate at the o/w interface. According to this, and by taking
into account the tremendously large interfaces created when co-produced water is
emulsified with the crude oil during the transport from the reservoir to the topside, it is
obvious that the contact and the interactions between the compounds across the

interface may lead to a second approach, i.e. based on interfacial reactions.

Interfacial interactions between fatty acids and metal cations have been a subject of
several studies, both for air-water [112-117] and for oil-water systems [118-122].
Wolstenholme [112] postulated the following four types of interactions depending on the
pH of the aqueous phase; i) induced dipole-ion interactions between undissociated acids
and cations, ii) induced dipole-basic ion aggregate interactions between undissociated
acids and metal-hydroxide complexes, iii) ion-basic ion aggregate interactions between
dissociated acid molecules and metal-hydroxide complexes, and iv) ion-ion interactions
between dissociated acids and free cations. The coulombic forces which induce
interactions between dissociated acid monomers and metal cations may either establish
an electric double layer or a chemical reaction between the compounds, depending on
concentrations, the pH of the aqueous phase, and the valency and the degree of
hydration of the metal cations. For systems consisting of water, stearic acid, and calcium
ions, Pilpel and Enever [115-117] measured the changes in viscosity of the water surface
with time over a range of pH values, temperatures, areas per molecule, and

concentrations. They concluded that the interfacial reaction involves the following stages:
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- Diffusion of Ca®* into the interface;

- Reaction between Ca?* and ionized carboxyl groups;

- Subsequent structural reorientation in the mixed calcium stearate and fatty acid
film, leading possibly to:

- Further reaction between Ca®?" and stearate ions due to the removal of steric

hindrance.

However, as a result of having two liquid phases, the o/w interfacial affinity will be
defined by the hydrophilic-lipophilic balance of the formed product, and not only the
water solubility as in the case of air-water surface measurements. Hence, the more
hydrophobic compounds will tend to migrate into oil bulk solution rather than remain at

the interface.

When naphthenic acids and divalent cations react at the o/w interface, it is reasonable to
suppose that the process involves two reaction steps where the acid monomers

sequentially bind to one cation, according to the reactions in scheme 3.1:

ks
M2® +2.RCO0® — [RCOO-M]®+ RCOO® -5 (RCOO)2-M

K.z

Scheme 3.1: Reaction between naphthenic acids (RCOO") and divalent cation (M?*), where {k;, k»}

and {k_;} represent the reaction rate constants of the forward and the reverse steps, respectively.

The rate of naphthenate formation will thus depend on the stability of the positive
monovalent complex. For fast reactions, the occurrence of the intermediate complex
might be neglected as the two monomers will bind almost simultaneously. This is likely
the normal case for bulk reactions due to high chain-flexibility and free diffusion.
However, when the monomers are distributed at an interface, their location is much more
fixed, and effects like steric hindrance might thus have a reducing impact on the reaction

rate or even counteract a completion of the reaction to 2:1 complexes.

Formation of 1:1 positively charged complexes of carboxylic acids and divalent cations
has been considered in several previous studies. By performing electrokinetic potential

measurements, Albers and Overbeek [123] observed that water droplets in benzene
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stabilized by oleates of various multivalent metal ions were positively charged. Later
McLaughlin and co-workers [124] found that divalent cations adsorbed on
phosphatidylserin gave rise to positively charged surfaces. Berg and Claesson [125]
measured the forces between a mica surface covered by 1:1 eicosylamine and
docosanedioic acid and divalent salt solutions of calcium and cadmium. They assumed
that a model in which one calcium ion binds one acid monomer is reasonable since the
hydrocarbon tail of the amine in between the carboxylic groups brings about a large
average distance between the negatively charged species. A more definite conclusion was
given by Bloch and Yun [126]. They argued that only 1:1 complexes should be taken into
account because the conformation of one divalent cation with two fatty acid chains
cannot exist in the surface layer. Kovalchuk and co-workers [127], on the other hand,
considered both 1:1 and 1:2 complexes of divalent cations and fatty acids by treating the

possibilities theoretically on the basis of the Poisson-Boltzmann equation.

A 1:1 binding of cation and acid may lower the IFT as the surfactants penetrate deeper
into the interfacial layer, forming a complex that is neither soluble in the water nor in the
oil phase. The electrostatic repulsion between the positively charged species may also be
lowered by the co-addition of a considerable amount of anions. On the other hand, if the
reaction in scheme 3.1 is fully switched to the right, more hydrophobic compounds are
formed which most likely will tend to migrate away from the interface and towards the oil
bulk, as also argued by Jennings [128]. Formation of positively charged mono-acid
complexes was suggested to be the reason for the permanent reduction of the IFT

observed in papers I and III.

The rate of naphthenate formation will, in addition to steric conditions between acid
monomers at the interface, also depend on the interfacial affinity of the cations. It is well
established that small cations are more strongly hydrated than larger ones. Hence, the
hydration water surrounding the cation may create an energy barrier against adsorption
towards the interface [129-131] and thus lower the reaction rate, as discussed in papers
I-II1.
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3.3 Naphthenate Inhibition

In order to reduce the extent of naphthenate formation, chemical mixtures of various
compositions are nowadays commonly injected into the well stream. Naphthenate
deposition is a problem only if the agueous pH exceeds the pKa of the naphthenic acids.
Anything which keeps the pH low, like injecting short-chain organic acids, may thus
hinder formation of naphthenates [132]. In addition, acid demulsifiers consisting of acetic
acid in an aromatic solvent mixture, and non-acid demulsifiers consisting of ethoxylates
and alcohol, have shown to reduce deposition significantly [133]. The main mechanism
behind naphthenate inhibition by using non-ionic surfactants is likely a competitive
process which takes place at the interface. Ethoxylates are highly interfacially active and
have normally a much higher affinity towards the o/w interface than naphthenic acids.
Consequently, they may occupy the interface and thus hinder the naphthenic acids to
reach it and to further react with the cations. In addition, it is reasonable to assume a
dilution mechanism to take place. As pointed out earlier, the lifetime of positively
charged 1:1 complexes of naphthenic acid and divalent cations is among other factors
that depend on the interfacial conditions. Due to lateral steric hindrance, 2:1 complexes
of branched structures will be less favoured than more aliphatic ones. A similar effect is
also achieved by introducing surfactants with large polar headgroups, as illustrated in
figure 3.2. First, this will cause an increased average intermolecular distance between the
naphthenic acid monomers. Second, due to inhibitors located in between the acid
monomers, the naphthenic acids also have to restructure in the interfacial layer in order
to complete the reaction. Consequently, this will slow down the rate of step 2 of the

reaction given in scheme 3.1.

oil

UJ UJ UJ t
M2+ M2+ M2+ water

M2+ M2+ M2+

Figure 3.2: Surfactants distributed between the naphthenic acid monomers may hinder/inhibit
metal naphthenate to form.
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The effect on the reaction between naphthenic acids and divalent cations upon addition of
different surfactants used as basis compounds for naphthenate inhibitors was

investigated in paper III and paper V.

3.4 Naphthenate Composition - Recent Discoveries

The composition of naphthenic acids found in naphthenate deposits from different
sources may differ, as pointed out by Gallup and co-workers [133, 134]. From a
characterization study of a soap-sludge from an Indonesian field, they found naphthenate
consisting of long-chain fatty acid and sodium. According to the authors, this is contrary
to studies from other fields, where naphthenate has shown to comprise predominantly
cyclic naphthenic acid structures in combination with calcium. More recently, Baugh and
co-workers [135, 136] also demonstrated that naphthenic acids causing naphthenate
deposits do not necessarily resemble the majority of the naphthenic acids existing in the
crude. By characterizing a deposit sample acquired from an offshore installation located
on the Norwegian continental shelf, they found exciting results, indicating that a narrow
family of 4-protic acids in the molecular weight range 1227-1235 g/mol is the main
contributor to naphthenate deposition. Allegedly, similar observations have also been

found by analyzing deposits from other fields, including UK sector and West Africa.

The discovery of the 4-protic naphthenic acids was the motivation behind the work
reported in paper IV. In that study, naphthenic acids were isolated from a deposit
collected from a West African offshore installation and further characterized by means of
FT-IR, NMR, and ESI FT-ICR Mass spectroscopy. The main advantage in the study was
the very high mass accuracy (<1 ppm) and the resolving power of the mass
spectrometer, allowing for the unambiguous assignment of elemental formulas of singly
charged ions (see chapter 4.4.3). Hence, no further analyses were required to prove the
elemental formula of the compound. As shown in paper IV, the same narrow acid family
discovered previously was also found in the West African sample. Hence, the finding
further supports the assumption that the 4-protic acid family is indeed a universal

characteristic of oilfield naphthenate deposits.

By taking into account all the different naphthenic acid structures existing in crude oil, it
is evident that the 4-protic acids have to possess quite unique physico-chemical
properties in order to form naphthenate deposits so selectively. One of these properties,

as further disclosed in paper 1V, is their very high affinity towards the o/w interface;

19



3 Formation and Inhibition of Metal Naphthenates

concentrations of only 10°-10" M acid lower the IFT between hexadecane-toluene (9-
1vol) and water (pH 9) from 52 mN/m (pure interface) down to 12 mN/m. Compared
with findings in paper III, naphthenic acids extracted from crude oil cause, under the
same experimental conditions, a lowering of the IFT of less than 30 units at 2000 times
as high concentration. Another interesting aspect regarding the 4-protic acids is their
potential ability to form polymer-like structures in contact with multivalent cations. As a
result of having four carboxylic groups, the acid monomers may be bridged together by
the cations to form extended networks. This is in deep contrast to normal monoprotic

acids, which are only able to form distinct particles.

Formation of networks, in addition to the large molecular structure, are likely reasons
why the calcium product of the Cgy naphthenic acids tends to stick onto solid surfaces.
The sticky behaviour of calcium naphthenate of the Cgy acids compared to calcium
naphthenate of a monoprotic acid is well illustrated in figure 3.3. The naphthenates were
formed at the oil (toluene) - water (pH 9 and CaCl,) interface and dispersed into the oil
phase upon stirring. The sample to the left contains calcium naphthenate of the Cgy acids.
As indicated, the product tends to adhere as a film at the surface of the glass bottle. This
behaviour is very different compared to the calcium naphthenate formed by a monoprotic

synthetic naphthenic acid, as illustrated by the sample to the right.

Figure 3.3: Picture of oil-water systems with calcium naphthenate of the Cgy naphthenic acids
(sample to the left) and of p-(n-dodecyl) benzoic acid (sample to the right). The picture clearly

illustrates the different consistency of the formed products.
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4 Experimental Techniques

The following chapter gives a brief summary of the theory behind the most essential
techniques that have been utilized in the experimental work, including physico-chemical

techniques (4.1-4.3) and analytical characterization techniques (4.4).

4.1 Pendant Drop Technique

Through the past, several experimental techniques have been developed with the
purpose to measure surface and interfacial tensions. This includes the Wilhelmy’s plate
method, different kinds of ring and rotating drop tensiometry, techniques based on
capillary rise, method of drop counting etc. The technique mostly used for dynamic IFT
measurements nowadays is probably the pendant drop technique, where liquid boundary

tension is determined from the shape of drops without any direct contact.

Figure 4.1 displays a sketch of the CAM 200 pendant drop equipment (KSV Instruments)
which has been used in the thesis. The instrument includes a CCD video camera with
telecentric optics, a frame grabber, and a LED based background light source. The
resolution is 512 x 512 pixels and the frame interval is between 40 ms and 1000 s. The
LEDs are housed in a reflective sphere which integrates their light and directs it towards
the sample. The light is also strobed and monochromatic, and all these features help to

assure sharp images.

The pendant drop technique has a number of advantages compared to other techniques
developed to determine surface and interfacial tensions. First, very accurate (£ 0.15%
or less) boundary tension measurements can be made [137]. Second, the
measurements might be made rapidly and, since no direct contact exists, successive

measurements may be carried out without disturbing the interface.
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Figure 4.1: A sketch of the CAM 200 equipment. The instrument and the setup include (1) camera
lens zoom, (2) lens aperture adjustment, (3) a CCD camera, (4) light synchronizing cable, (5)
video out cable, (6) light source and interface unit, (7) stage for sample, (8) syringe with a
pendant drop, and (9) transparent liquid chamber.

The first studies involving the pendant drop technique were performed by measuring
characteristic drop diameters and interpreting them according to various tables [138].
Later, computer technology has made it possible to obtain direct measurements through
drop-shape analysis by co-ordinating the data to suitable mathematical equations. The

theory behind the method has frequently been given in the literature [137, 139-141].

A relation between drop shape and interfacial tension may be given by introducing the

classical Young-Laplace equation:

AP=~ (4.1)

1 1
_+_
R R

1 2

where AP is the pressure difference across the drop interface, y is the interfacial tension,
and R; and R, are the radii of curvature. In the absence of external forces other than

gravity, the difference in pressure is linear to the ascending forces:

AP:APO—i-(Ap)gZ (4.2)
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where AP, is the pressure difference at a selected datum plane, Ap is the difference in
the densities of the two bulk phases, g is the gravity, and z is the vertical distance
between the datum plane and a given point. A sketch of a pendant drop including

symbols and dimensions is shown in figure 4.2.

Geometrical correlations:

Rzz—_x R E:cosﬁl, E:sinﬂ
sin a8 ds
.. 1 do
By definition: E*@

Figure 4.2: A pendant drop including geometrical correlations.

By combining equation 4.1 and 4.2, and by introducing the geometrical correlations

given in figure 4.2, the following relation appears:

do 2
—==

_2  (Br)g  sind (4.3)
dS R, ¥ X

In most cases it is appropriate to transform x, z, and S into the dimensionless
coordinates x’, z’, and S’ by dividing by R,. This results in the following three

dimensionless first-order differential equations:

dx' dz' . i
E:cosﬁ — =sind 49 _ 5 g S0

= 4.4
das' ds' x' (4.4)

where the term a =(Ap)g-R; -y constitutes the shape factor of the pendant drop. Thus,

for any pendant drop where the densities of the two liquids in contact are known, the

interfacial tension y can be calculated by iterating the above equations simultaneously.
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4.2 Langmuir Technique

The Langmuir equipment is one of the most commonly used methods to measure
physico-chemical properties of monolayers of water insoluble amphiphiles adsorbed onto
air-water surfaces under different experimental conditions. This includes information
about molecular area, intermolecular interactions, and film resistance against mechanical
rupture, e.g. in the case of fatty acid model systems [142-146] or systems involving

indigenous film forming compounds [147-149], as also reported in paper IV.

The amphiphilic molecules are normally spread onto the water surface using an
appropriate spreading solvent. The solvent has to possess several properties. First, in
order to spread spontaneously, the spreading coefficient of the solvent onto the
subphase has to be positive. The solvent must also disperse the film forming molecules
well to ensure that the amphiphiles are in a monomeric state at the surface. Moreover, it
is essential that the solvent is chemically inert with respect to the film forming material
and the subphase, and it has to be adequately volatile so as to evaporate completely

within a reasonable short time (minutes).

The Langmuir equipment consists of a shallow rectangular trough in which the liquid
subphase is added, and two moving barriers for adjusting the area. The surface pressure
is normally measured by means of the Wilhelmy method [150]. A typical experimental

setup is illustrated schematically in figure 4.3.

Balance with

Barrier Wilhelmy plate Barrier
A -

il

Monolayer covered surface

Trough with subphase

Figure 4.3: A sketch of the Langmuir technique and its main components.
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A normal measurement is carried out by placing the barriers out at the edges of the
trough (max. area) and by pouring the liquid phase up to the rim. The Wilhelmy plate is
hanged on the balance at a distance above the surface so that the plate becomes
partially immersed by the liquid. The amphiphiles are then spread onto the surface. After
solvent evaporation, the barriers are set to move with a given speed creating
continuously smaller area. By sufficient compression, the amphiphiles will start to

interact, causing an increase in the surface pressure II according to equation 4.5:

M=~,—7 (4.5)

where vy, and y is the surface tension in absence and in presence of a monolayer,
respectively. Hence, by plotting II versus molecular area, the properties of and the

interactions in the film as the area gradually becomes smaller can be followed.

At the beginning of the compression, the area per molecule is large and molecular-
molecular interactions are only weak. This state is normally referred to as gaseous (G).
By a further compression, the film goes then through some kind of liquid state,
expanded (LE) or condensed (LC), depending on the compressibility of the monolayer
[151]. The liquid condensed state is characterized by relatively low compressibility and
area per molecule at a value just moderately higher than the molecular cross section. On
the other hand, if the film is highly compressible, e.g. due to irregularities in the
hydrophobic moiety causing difficulty in close packing, the state is termed as liquid
expanded. If the molecules are able to adhere very strongly to each other through van
der Waals forces, the liquid state may be followed by a solid state (S) by compressing
the molecules even closer. This state gives rise to a steep linear region in the II-A
isotherm. To attain a solid state, the film forming material has to comprise molecules

with very regular structure.

At a specific point, the resistance of the monolayer will reach its maximum and film
collapse occurs. This point is observed as a sharp break in the isotherm. In general, the
collapse pressure is the highest surface pressure to which a monolayer can be

compressed before rupture and fragmentation of the film forming material sets in.

As already noted, the presence of the different phases is strongly dependent on the
molecular structure of the amphiphiles. Normally, the transition between a liquid and

solid state is detectible only for model systems. A good example of such a system is
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stearic acid spread onto acidic water. A plot of Il versus molecular area is displayed in

figure 4.4, together with illustrations of the different phases.

o
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Figure 4.4: Surface pressure-area isotherm for stearic acid onto acidic aqueous surface, illustrating

the different film phases.

Recently, instrumental modifications have also made it possible to utilize the Langmuir
technique to study properties of surfactant films at liquid-liquid interfaces [152]. By
introducing a second liquid phase, the interfacial properties of the film will be a function
of the hydrophilic-lipophilic balance of the amphiphiles. In contrast to air-water systems,
very hydrophobic compounds will thus be forced into oil bulk solution rather than
squeezed together at the interface and, as a consequence, the density of amphiphiles
will be lower than at an air-water surface. According to emulsion stability, this will give a

more realistic approach.

The liquid-liquid Langmuir system has been used e.g. by Ese and co-workers in their
investigations of the film forming properties of interfacially active crude oil fractions
[153]. In paper II, the technique was also used to measure the stability of metal

naphthenate films formed at the o/w interface.
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The main difference between the air-liquid and the liquid-liquid system is the design of
the trough. A drawing of the liquid-liquid trough is given in figure 4.5. As illustrated, the
barriers have to contain holes to allow the flow of the light phase as the compression of
the interface proceeds. The experiments are performed by first pouring the heavy phase
into the trough up to level 1. The Wilhelmy plate is then placed onto the liquid as to
measure the surface tension before the subphase is covered by the light phase till the

plate is totally immersed.

Wllhelmy- Eartier
plate

Trough

/

O ——— LewelZ

Lewel 1

_______

Figure 4.5: Cross sectional drawing of the Langmuir trough for liquid-liquid measurements.
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4.3 Near Infrared Spectroscopy

The application of near infrared (NIR) spectroscopy as an analytical as well as a physico-
chemical characterization tool has during the last decades increased progressively. The
increasing popularity is due to several advantages such as speed, simplicity,
multiciplicity of analysis from a single spectrum, and low sample volumes. In that
regard, the use of methods based on fibre optics has extended the area of NIR

application.

The NIR spectroscopic region extends from 780 to 2500 nm. When the light is exposed
to a liquid sample, the light is transmitted through the liquid, absorbed by the different
molecules, and/or scattered by particles or aggregates existing in the solution. One of
the main advantages using NIR spectroscopy in colloidal systems is the ability to gain
information about the physical state of particles in the solution. Due to scattering, the
NIR spectra will display baseline elevation depending on the size and the number of
particles. This phenomenon has frequently been benefited from to qualitatively study
aggregation or disintegration of crude oil fractions [84, 154], or to estimate the sizes of
different kinds of particles [155-158]. In paper V, NIR spectroscopy was used to monitor
the formation, growth, and inhibition of calcium naphthenate particles in o/w systems

under different experimental conditions.

In the following section, a brief description of the theory behind light scattering in the
near infrared region is given. For a more detailed theoretical background, the work of

Kerker [159] and Mullins [160] are recommended.

Light scattering may be divided into wavelength dependent and wavelength
independent. The first model cover systems where the size of the particles is large
compared to the wavelength of the incident light, while the latter may be used if the
particles are of comparable sizes to or smaller than the wavelength of the light. If the
particle size fits the criteria r/A < 0.05, where r is the particle radius and A is the
wavelength of the incident light, the particles are so small that the electromagnetic field
it experiences is uniform over the particle (according to Rayleigh). By also assuming
slightly lossy and dielectric particles, the following relation for the scattering cross

section may be introduced:
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7.5 6(.2 1V
_2'n r[n 1] (4.6)

T T T3 n+2
where r is the particle radius, A the wavelength of the incident light, n = 3.14..., and n is
the ratio of the dispersed phase to the continuous phase index of refraction. Hence, in
the Rayleigh limit, since the scattering is proportional to the 6th power of the radius,
fewer but larger particles will contribute more to the scattering than the same mass of
smaller ones. The premise for the above expression is that the sample is sufficiently

diluted so that no multiple scattering occurs.

Within the Rayleigh limit the light extinction can be considered as a sum of the scattering
and the absorbance:
O-tot = o-sc + o-a/;s (47)
where 0Oy, Os, and 0. are the total, scattering and absorption cross-sections,
respectively. The scattering and the absorption cross-sections result in an exponential

extinction of the transmitted light:

ILZ exp(—No,, ) (4.8)

0

where [, and [ are the intensities of the incident and the transmitted light, respectively,
and N is the number of particles. The light intensities and the number of particles in a

given total cross-section may be related to optical density OD by the following equation:
IO
OD = log il 0.434No,, (4.9)

As already noted, the effect of multiple scattering is not accounted for in the above
equations. In case of multiple scattering, the scattering and absorption cannot be treated

separately.
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4.4 Analytical Characterization Tools

The following section presents briefly the theoretical basis behind the spectroscopic
methods used to characterize naphthenic acids acquired from a metal naphthenate

deposit in paper IV.

4.4.1 FT-IR Spectroscopy

Infrared (IR) radiation refers broadly to that part of the electromagnetic spectrum
between the visible and microwave regions. The fraction of the infrared region of most
use for structure determination lies between the wavelengths 2.5 and 25 um, which in
terms of wavenumber corresponds to 4000 and 400 cm™. Electromagnetic radiation in
this region corresponds to the separation between adjacent vibrational energy states in
organic molecules. Absorption of a photon of infrared radiation excites a molecule from
its lowest, or ground, vibrational state to a higher one. There are two primary types of
molecular vibrations: stretching and bending. A stretching vibration is a rhythmical
movement along the bond axis such that the interatomic distance is increasing or
decreasing. A bending vibration may consist of a change in bond angle between bonds
with a common atom or the movements of a group of atoms with respect to the
remainder of the molecule without movement of the atoms in the group with respect to
one another. For example, twisting, rocking, and torsional vibrations involve a change in

bond angles with reference to a set of coordinates arbitrarily set up within the molecule.

Only those vibrations that results in a rhythmical net change in the dipole moment of the
molecule are observed in the IR spectrum. The alternating electric field, produced by the
changing charge distribution accompanying a vibration, couples the molecule vibration
with the oscillating electric field of the electromagnetic radiation. For polyatomic
molecules, the vibrations involve complex movement of their constituent atoms. Hence,
such molecular vibrations tend to be anharmonic, i.e. non-symmetric vibrations about

the equilibrium position. The energy E,; of the i*" vibrational mode is given by:

1 1Y
E, :[Vi+5]hcv()i— V,.—I—E] hev,,x, (4.10)
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where v; is the fundamental vibration frequency of the i" mode, v; is the vibrational
quantum number, % is the Planck’s constant, ¢ is the velocity of light, and x; is the
anharmonic constant. For diatomic molecules, x; is zero and the molecule may be treated

as a simple harmonic oscillator.

Because of the non-symmetric vibrations of polyatomic molecules the theoretical number
of fundamental vibrations (absorption frequencies) will seldom be observed. Overtones,
i.e. multiples of a given frequency, and combination tones, i.e. sum of two other
vibrations, increase the number of bands, whereas other phenomena reduce the number
of bands. The latter includes fundamental frequencies that fall outside the 4000 and 400
cm™ region, bands that are to weak to be observed, fundamental vibrations that are so

close that they coalesce etc.

4.4.2 NMR Spectroscopy

The phenomenon of nuclear magnetic resonance (NMR) was first observed in 1946 [161,
162]. Since then, it has grown enormously in power and versatility, conspicuously after
the late 1970s with the introduction of Fourier transform (FT) NMR spectroscopy on a

routine basis.

The basis for NMR spectroscopy is that some atomic nuclei have a nuclear spin (I), and
the presence of a spin makes these nuclei behave rather like bar magnets. By immersing
the atoms in a static magnetic field (By) the nuclear magnets can orient themselves in
2I+1 ways. Examples of nuclei possessing non-zero spin are 'H, 3C, >N, °F, and 3!P.
The most important in the application of NMR spectroscopy are H and !3C, both having
spins of %2. These nuclei can thus take up one of only two orientations, a low energy
orientation aligned with the applied field and a high energy orientation opposed to the
applied field. If then an oscillating magnetic field in form of a radio frequency (r.f.) pulse
is applied for a short time orthogonal to By, some of the nuclei in the low energy state
are tipped into the transverse plane, i.e. to the high energy state. The absorption or
emission of electromagnetic radiation by the nuclear spins cause transitions between the
two energy states, spin-up and spin down, and the specific frequency at which a given

type of nuclei absorbs is given by the Larmor equation:

(DO:'Y.BO (4.11)
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where w, is the Larmor angular frequency, y the gyromagnetic ratio of the nuclei, and B,
the strength of the magnetic field. Since the application of a resonant r.f. pulse affects
the spin system, there must subsequently be a process of returning to equilibrium. This
involves exchange of energy between the spin system and its surroundings. Such a
process is called spin-lattice relaxation, and the rate at which equilibrium is restored is
characterized by the spin-lattice or longitudinal relaxation time, T1. The spins do not
only exchange energy with the surrounding lattice, but also among themselves. This is
generally a faster process than spin-lattice relaxation, and is characterized by the spin-
spin relaxation time, T2. The relaxation processes induce a voltage that can be detected
by a suitably tuned coil of wire, amplified, and the signal displayed as the free induction
decay (FID). This gives rise to characteristic spectra, which are functions of several
factors, like the type of nucleus, the chemical environment of the nucleus, and on the

spatial location in the magnetic field if that field is not uniform everywhere.

4.4.3 ESI FT-ICR Mass Spectroscopy

The introduction of electrospray ionization (ESI) in the late 1980s presented a new
opportunity for polar molecules in petroleum streams [163]. ESI coupled to high-field
Fourier transform ion cyclotron resonance mass spectroscopy (FT-ICR MS) offers a
powerful tool for detailed chemical characterization of heteroatomic species in crude oils
[164] and crude oil distillates [163] as well as humic materials [165-167].

In ESI, a large positive or negative potential (1000-5000 V) is applied to generate ions,
negative or positive. The generated ions are transferred to the ICR cell for excitation and
detection of the sample compounds. Positive-ion electrospray (i.e., protonation) ionizes
basic nitrogen compounds whereas negative-ion electrospray (i.e., deprotonation)
ionizes petroleum acids and weakly acidic, neutral nitrogen compounds but hydrocarbons
are not ionized. Hence, polar heteroatomic compounds are detected selectively despite
the predominately nonpolar hydrocarbon matrix of petroleum samples, eliminating the

need for pre-chromatographic isolation.

In the ICR cell, a high magnetic field is required to resolve and identify the exited sample
molecules. The cell has also to be evacuated, typically down to 10° to 107'° torr, to
present the absence of collision. An ion of mass m and charge ¢ in a spatially uniform

magnetic field B, experiences a Lorentz force which causes the ion trajectory to bend
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such that it rotates in a plane perpendicular to the magnetic field axis. This unperturbed

cyclotron frequency, o, is expressed as:

w—12% (4.12)

The ions adopting a circular path are then trapped on a detector plate, with a radius of
which depends on their mass-to-charge ratio. Hence, a group of ions of a given mass-to-
charge ratio will always orbit at the same frequency, regardless of velocity or kinetic

energy. From equation 4.12, taking the first derivative with respect to m, yields:

dw —¢gB,

- _1T70 4.13

dm m’ ( )
or

‘i = q_BO (4.14)

Am| |mAw

where Am stands for the peak width at some fixed fraction of the peak height (usually
50%). Therefore, mass resolving power (m/Am) increases in proportion with magnetic
field (Bg). Hence, increase of high magnetic field increases mass resolving power (and
thus mass accuracy) resulting in the improved separation and decrease of peak
coalescence. Moreover, the maximum number of trapped ions increases with the square
of the magnetic field. Thus, the higher the magnetic field, the more ions can be trapped

in the cell.

Initially ion cyclotron rotation is incoherent and any charge induced on one trapping
plate will be balanced by a charge on the other plate, resulting on average in a
cancellation of signals. Because of this, ion detection is preceded by excitation by means
of an applied electric field, which brings the ion packet to coherence. As the ions are
excited the radius of orbit increases and the ions eventually generate an ion current on
the detector plate. The ion current is then subjected to fast Fourier transform (FT) for
extraction of the detected frequencies which are then directly converted to mass-to-

charge by calibration.

33



5 Main Results

5 Main Results

The following section summarizes the main results from the five papers presented in this
thesis. In paper I the pendant drop equipment was utilized to study the effect on the
dynamic interfacial tension (IFT) of an oil droplet containing a synthetic naphthenic acid
in an aqueous solution (pH 9.0) upon addition of different divalent cations. It was found
that the dynamic IFT responded very differently depending on the type of added cation.
The effect is due to different cation sizes and thus different degree of cation hydration,
which affects the interfacial affinity of the cations and thus their reactivity with the
dissociated acid monomers. Paper II reports stability measurements of naphthenate
films formed at the o/w interface using the Langmuir technique. Measurements were
carried out on three different synthetic naphthenic acids and the same divalent cations
as in paper I. The film stability was found to depend on the type of cation, naphthenic
acid structure, and the pH of the aqueous phase. In paper III, several more naphthenic
acids, model as well as indigenous acids, were introduced to the system reported in
paper I. The reactivity across the o/w interface was found to depend on the naphthenic
acid structure, type of divalent cation (as discussed in paper I and II), and the pH of the
aqueous phase. In addition, an example of how introduction of oil-soluble non-ionic
surfactants affects the interfacial reaction is given. Paper IV consists of two parts. The
first part covers a characterization study of naphthenic acids isolated from a metal
napthenate deposit, while the second part reports some investigations of interfacial
properties of the isolated acids using the pendant drop and the Langmuir technique. The
deposit was found to consist of a narrow family of 4-protic naphthenic acids with
molecular weights around 1230 g/mol where the determined mass of 1231.0707 g/mol
fits the elemental formula of CggH14,05. The acids are highly interfacially active and form
Langmuir monolayers at the air-water surface with a stability which increases with
increasing concentration of calcium ions in the aqueous subphase at high pH. In paper V,
near infrared (NIR) spectroscopy was used to monitor the formation and growth of
calcium naphthenate particles in o/w systems. The naphthenate particles were formed at
the o/w interface and dispersed into the oil phase upon stirring. It was shown that the
particle formation and growth depended on the naphthenic acid structure, concentrations
of reactants, and the pH of the aqueous phase. Moreover, the effect of adding different
oil-soluble surfactants used as basis compounds in naphthenate inhibitors was

investigated.
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Paper 1

Deposition of metal naphthenates in process facilities is today one of the most
challenging separation issues. It is thus of great interest to increase the knowledge of
the mechanisms behind naphthenate formation in order to reduce future problems. Since
production of crude oil normally also involves co-production and further emulsification of
water, it is assumed that the large interfaces created between the two liquids may lead
to interfacial reactions between oil-soluble naphthenic acids and multivalent cations in

the brine.

In the first paper the pendant drop technique was used to investigate interactions
between a synthetic naphthenic acid (p-(n-dodecyl) benzoic acid) and four different
divalent cations (Ba%*, Sr**, Mg?*, Ca®*) across a model o/w interface. The theory behind
the technique is described in chapter 4.1. The model oil consisted of 1-9 volume ratio of
toluene-hexadecane while a buffer solution of pH 9.0 was used as water phase. The
experiments were conducted by forming an oil droplet containing dissolved naphthenic
acid in the aqueous solution and by capturing the drop profile (with a camera speed of 1
pic/sec) continuously upon addition of the divalent cations. The changes in IFT were then

correlated to plausible reaction mechanisms.

Plots of IFT versus time are given in figures 5.1 for 0.1mM naphthenic acid and (a) 1:1
and (b) 1:3 concentration ratios of acid and cations. The cations were added after 180
seconds. As indicated, this caused a sudden decline in the IFT for Mg?*, Ca®*, and Sr**.
At the lowest concentration ratio, the drop in IFT was then followed by an almost equal
increase with an ascending rate in the order Sr**>Ca?*>Mg?*. At higher concentration of
cations, the initial drop in the IFT is deeper in all three cases. The curves of Ca®* and
Sr?* then elevate to a level some units above the starting IFT. The curve of Mg?*, on the
other hand, deviates from the others by showing a permanent decline in the IFT. For
both concentration ratios, addition of Ba*" does not cause any preliminary drop in the
IFT. The curve rises spontaneously and equilibrates at a tension value around 35-40

mN/m, which is about 10-15 units below the value of the pure o/w interface.
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Figure 5.1: Dynamic IFT upon addition of divalent cations for (a) 1:1 concentration ratio of cation

and acid, and (b) 3:1 concentration ratio of cation and acid.

In order to explain the observed effects of adding various cations it is necessary to
consider the interfacial conditions for the different systems. As discussed in chapter 3.2,
it is reasonable to suppose that interfacial reactions between naphthenic acids and
divalent cations involve two reaction steps with sequential binding of two acid monomers
to the cation. The steep decline in the IFT as observed in all cases except of Ba* reflects
an increasing density of naphthenic acids at the interface, which is caused by
electrostatic attraction forces exerted by the cations upon the dissociated acid

monomers. The compounds may then react, according to the equation in scheme 3.1 in
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chapter 3.2, to form either 1:1 or 2:1 complexes of acid and cation. The 2:1 complexes
are likely less interfacially active. Hence, the monotonous increase in the IFT probably
reflects a completion of the reaction, where the complexes migrate away from the
interface and into oil bulk solution. As pointed out in section 3.2, the affinity of the
cations toward the interface is dependent on the degree of hydration. For the divalent
cations under study, the degree of hydration increases in the order
Ba’*<Sr**<Ca’*<<Mg?*, according to decrease in ionic size. Consequently, Ba®* will
likely adsorb more densely at the interface than the other cations, causing a higher
converting rate to 2:1 complexes. The reaction is too quick to give any initial drop in the
IFT under the present experimental conditions. Mg®*, on the other hand, is strongly
hydrated which brings about a barrier against adsorption and thus a much lower reaction
rate. The permanent decline in the IFT is thus probably due to interfacial coverage of the
intermediate in scheme 3.1, i.e. magnesium-monoacid complexes, which possess higher
interfacial activity than the corresponding 2:1 complexes. Since Ca?* and Sr®* are less
hydrated than Mg?*, the monovalent complexes will be converted to 2:1 complexes at a

higher rate and, as observed, the curves of IFT versus time ascend steeper.

Paper 11

In this paper, the stability of o/w interfacial films of metal naphthenate against
compression was investigated using the Langmuir technique with a trough designed for
liquid-liquid interfaces. Formation of interfacial films that are resistant against
mechanical rupture is an essential property when it comes to the stability of w/o
emulsions. Under certain conditions, the naphthenic acids and their salts may contribute

to film stabilization.

Three synthetic naphthenic acids with different structure were used in the study. The
acids were dissolved in pure n-decane to a concentration of 0.5mM. The water phase
consisted of ultrapure water (pH 5.6) or ultrapure water buffered to pH 8.0 by using
sodium tetraborate and hydrochloric acid. Chloride salts of Mg?*, Ca®*, Sr**, and Ba®*

were dissolved into the water to a concentration of 10mM.

Figures 5.2-5.4 display some examples of interfacial pressure (IP) - area isotherms
obtained from different systems; figures 5.2 (a) and (b) p-(n-dodecyl) benzoic acid at pH
5.6 and 8.0, respectively, figures 5.3 and 5.4 4-n-dodecylcyclohexane carboxylic acid

and 5B(H)-cholanic acid at pH 5.6, respectively. The interface was compressed at a
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constant barrier-speed of 5 mm/min. Generally, in the beginning of the compression, the
IP increases slightly as the barriers move towards smaller area. Gradually, the curves
become steeper and the IP increases as the acid monomers in the interfacial layer start
to interact. At a given point, however, the curves bend off, which indicates collapse of
the film as it is reaching its maximum IP. After this the monolayer is broken and the film
forming material is fragmented into bulk solution. A further compression has thus only a

small influence on the IP.

20
(a) | /@JCU:H —o— Nl M2+
Cro —x—Cal+
157 pH 5.6 —+— hig2+
. 4 —x—BaZ+
g 10 4 —O— &2+
E
= ]
= .
ey \x\x
' R i
I:l T T T T T :\:_-FD%D
a a0 100 130 200
Area [cmZ]
20
(b) /@—’ED:H —o— Mo M2+
cr —x—Cal+
(e N pH 8.0 — +— g2+
= ] —__Xh_x“—_xh—x___ —x—BaZ+
E x‘_""\-\_hx
= 10 - . —O0— S+
£
o ]
5 -
|:| T T T T T T
0 a0 100 150 200
Area [cm?2)

Figure 5.2: Interfacial pressure vs. area for p-(n-dodecyl) benzoic acid in presence of different
divalent cations in the subphase at (a) pH 5.6, and (b) pH 8.0.

As indicated by comparing figures 5.2 (a) and (b), elevating the pH from 5.6 to 8.0
brings about quite different isotherms. First, the increase in pressure sets in at an earlier

stage at the higher pH and the curves ascend steeper. Second, higher IP is generally
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reached at pH 5.6 than at pH 8.0. All these effects are ascribed to the increase in
naphthenic acid dissociation. Dissociated moieties have a larger molecular area than
undissociated ones, and repulsion between charged molecules cause a less compressible
film. Furthermore, higher degree of dissociation increase the solubility in water, and

more of the film forming material is dissolved into the aqueous phase by compression.

Introducing different naphthenic acid structures also affects the shape of the pressure-
area isotherms, as demonstrated by comparing figure 5.2 (a) with figures 5.3-5.4.
Because of the condensed versus the aromatic ring, 4-n-dodecylcyclohexane carboxylic
acid will be less soluble in water than the p-(n-dodecyl) benzoic acid. Hence, less of the
film material is squeezed into the subphase and higher IP is reached. 5B(H)-cholanic
acid, on the other hand, has a quite bulky structure due the four fused rings.
Consequently, the monomers become less compressible than the two other acids and
less stable films are formed. Complementary, the bulky structure may also counteract

2:1 interactions of acids and cations due to large lateral distance between the carboxylic

groups.
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Figure 5.3: Compression isotherms of films of 4-n-dodecylcyclohexane carboxylic acid and various

divalent cations at pH 5.6.
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Figure 5.4: Compression isotherms of films of 58(H)-cholanic acid and various divalent cations at
pH 5.6.

As observed in all figures, the films of Mg?* are generally much less stable than the films
of the other divalent cations. As also discussed in paper I, Mg?* is the smallest and thus
the most hydrated cation and the hydration water causes a barrier against interfacial
adsorption. Hence, the magnesium ions will only interact slightly with the naphthenic
acids, either through formation of 1:1 complexes or by establishing an electrostatic
double layer. Accordingly, the film becomes more soluble and less stable against

compression.

Paper 111

The third paper is a direct continuation of the work reported in paper I. A total of eight
synthetic naphthenic acids and four indigenous acid mixtures were introduced and their
interactions with the divalent cations were measured by the same experimental
technique. In addition, blends of non-ionic oil-soluble surfactants were added in order to
investigate how they affected the local interactions. These molecules are also potential

candidates for naphthenate inhibitors.

Figures 5.5-5.7 display examples of dynamic IFT upon addition of divalent cations for

two different synthetic naphthenic acids (4-n-dodecylcyclohexane carboxylic acid, fig.
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5.5, and 6-heptylnaphthalene-2-carboxylic acid, fig. 5.6), and one indigenous acid

mixture acquired from a North Sea crude (fig. 5.7).
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Figure 5.5: Dynamic IFT upon addition of divalent cations for 4-n-dodecylcyclohexane carboxylic

acid.

As shown in figure 5.5, the naphthenic acid with a single condensed ring is less
interfacially active than the corresponding structure with aromatic ring (reported in
paper I) as it equilibrates at a higher tension value even though the concentration is ten
times as high. Contrary to the system involving the aromatic acid, addition of all the
cations resulted in a permanent decline in the IFT. This indicates coverage of highly
interfacially active complexes in all cases. The explanation for this is twofold. First, due
to the condensed ring, the acid will penetrate less into the interfacial layer than the acid
with aromatic ring, causing a longer interfacial distance between the cations and the
carboxylic groups and more well-defined interfaces. Second, due to the conformation of
the ring, the lateral distance between acid monomers will also be longer, which may
hinder 2:1 complexes of acids and cations to form. The reason for the permanent
lowering of the IFT is thus a higher coverage of acid monomers at the interface, which
likely are bond in a 1:1 ratio to the divalent cations. Since this effect is caused by the

acid structure, all the added cations will influence in a similar way.
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Figure 5.6: Dynamic IFT upon addition of divalent cations for 6-heptylnaphthalene-2-carboxylic

acid at (a) pH 9.0 and (b) pH 8.0.

Figure 5.6 shows plots of dynamic IFT upon addition of the divalent cations for an oil-
water system of heptylnaphthalene-2-carboxylic acid. Due to high water solubility at pH
9.0 (a), experiments were also performed at pH 8.0 (b) to lower the degree of
dissociation. Consequently, higher concentrations of acid and cations were required to
obtain the desired starting IFT level of 25-30 mN/m. As in the case of the single
aromatic ring structure in paper I, addition of Ba®* caused the highest IFT level, followed
by Sr’*/Ca®* and Mg®*. However, because of a lower degree of dissociation and hence

longer lateral distance between charged carboxylic groups, the rate of formation of 2:1
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complexes becomes lower. This is the reason why an initial decline in the IFT now is

observed also in the case of Ba?*.
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Figure 5.7: Dynamic IFT upon addition of divalent cations for naphthenic acids extracted from a
North Sea crude.

Results from measurements performed on one of the acid fractions extracted from a
North Sea crude are given in figure 5.7. After addition of cations, the IFT shows a step-
wise progress until it equilibrates 10-15 units below the starting value. The step-wise
curve is likely a result of a combination of two processes. First, since the mixture is
polydisperse, small molecules will be the first ones to reach the interface due to higher
diffusion rate. Gradually, however, the smallest molecules will be replaced by larger
molecules. Due to their higher water solubility, the low-molecular weight species will
cross the o/w interface and dissolve into the aqueous phase. A stepwise adsorption of
monomers to the interface might thus occur. Second, for polydisperse acid mixtures,
more dynamic processes are taking place at the interface than for monodisperse acids
and a longer time is normally needed for the system to equilibrate. The sequential steps
in IFT might thus refer to temporary states of equilibrium before the final equilibrium is
reached as the curves flatten out. At this state, the interface is covered by a film

comprising more interfacially active molecules in combination with the divalent cations.
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Paper 1V

Deposition and accumulation of metal naphthenates in process facilities is a huge
problem for many companies producing highly acidic crudes. Recent discoveries from
analyses of deposits from various fields have indicated that the deposition mainly is
caused by a narrow family of 4-protic naphthenic acids with high molecular weights. The
motivation behind the work reported in the fourth paper has been to check this finding
by analyzing a deposit sample acquired from a West African field. In addition, the
extracted acids were introduced to systems with oil and water in order to investigate
how they behave interfacially under different conditions. The interfacial properties are of

essential importance when it comes to the formation of metal naphthenates.

Characterization study

The naphthenic acids bound as naphthenates were isolated and then characterized by
means of IR, NMR, and high resolution ESI ICR mass spectroscopy. The techniques are
described in chapter 4.4. Figure 5.8 displays NMR spectra of the sample. Typically, NMR
spectra of petroleum and petroleum fractions contain broad overlapping peaks due to the
complexity and high number of isomers in the samples [168-170]. However, for the
fraction isolated from the deposit, the 3C-NMR spectra show a single peak in the
carboxylic acid region and well resolved peaks in the aliphatic region. The 'H-NMR
spectra show four distinct regions, indicating the type of hydrogen. Neither spectra show

any sign of aromatic carbon.
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Figure 5.8: H (left) and *3C (right) NMR spectra of the naphthenic acid sample.
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The indication from the NMR study that the sample comprises well-defined structures
was further supported by the obtained ESI FT-ICR MS spectrum given in figure 5.9. As
indicated, the sample is totally dominated by molecules with molecular weights around
1230 g/mol. Because of the ultrahigh resolution of the mass spectrometer, the elemental
formula of the molecule given by the main peak in the spectrum could be found directly
without any further verification. The molecular weight of 1230.0627 amu is consistent
with the ion CgoH1410g", which refers to a compound with the elemental formula of
CgoH1420s.
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Figure 5.9: ESI FT-ICR MS spectrum of the naphthenic acid sample.

A common way to calculate average molecular weight based on NMR data is to integrate
the peaks in the spectra to find the molar ratios between the different elements. For the
NMR spectra in figure 5.8, this gives C/O = 10.2 and C/H = 0.58. Moreover, for fatty
acids, it is normal to assume one carboxylic group per molecule since monoprotic acids
generally are predominating. For the naphthenic acid sample, this gives an average
molecular weight of 313 g/mol, which is far below the weight determined in the MS
spectrum. However, assuming four carboxylic groups per molecule, the molecular weight
is 1252 g/mol, which is close to the MS results. Hence, this indicates that the CggH14,0s
compound is an acid comprising four carboxylic groups. The peak appearing at 614.5277
amu in figure 5.9 represents double-charged molecules, i.e. deprotonation of two

carboxylic groups (z=2). The results are in good agreement to the findings recently

45



5 Main Results

reported by Baugh and co-workers [135, 136]. Hence, their suggestion that the 4-protic
naphthenic acids are a general characteristic of naphthenate deposits is further

supported.

Interfacial properties

The second part of the study focused on the interfacial behaviour of the isolated Cgg
naphthenic acids. Measurements of o/w interfacial activity were carried out using the
CAM200 pendant drop equipment while monolayer properties at different conditions were

investigated by means of the Langmuir technique.

Interfacial (o/w) activity

The naphthenic acid was dissolved in toluene and diluted by n-hexadecane to a 1-9
volume ratio. The naphthenic acid concentration was calculated using the molecular
weight of 1230 g/mol. The aqueous phase consisted of ultra-pure water (pH 5.6),
phosphate buffer of pH 7.0, or borate buffer of pH 9.0. In figure 5.10, dynamic IFT is
plotted for systems of (a) 0.010mM naphthenic acid and different pH levels, and (b) pH
9.0 and different naphthenic acid concentrations. As indicated in figure (a), the IFT
becomes lower the higher the pH as more carboxylic groups dissociate at the interface.
The rate of the IFT decrease is also clearly concentration dependent, as observed from
the plots in figure (b); by lowering the concentration of naphthenic acid from 0.010 mM
to 0.0075 mM and further to 0.005 mM, the slope of the descending curve (-dy/dt)
gradually becomes smaller although the IFT in all cases is lowered about 40 units
compared to the pure o/w interface. At the lowest concentration level, on the other

hand, the IFT decreases only a few units during the time under consideration.

As the coverage of the interface is more complete by naphthenic acids, the curves
slightly bend off. This is likely due to intermolecular interactions and reorientation of the
molecules in the interfacial layer, which affect the rate of equilibration. For longer
observation times, the curves representing the three highest concentrations suddenly
flatten out and show further an almost constant IFT. This appears at a well-defined
equilibrium IFT value (~12 mN/m), as illustrated by the overlapping curves. Well-defined
equilibrium tensions are rarely found for naphthenic acids, but have frequently been

observed for larger molecules, such as peptides [171, 172]. The anomalous behaviour is
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likely a result of the high molecular weight and the four carboxylic groups, making the

Cgo acid structure much more extensive than for normal monoprotic naphthenic acids.
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Figure 5.10: Dynamic IFT for an o/w interface of the Cgy naphthenic acids as a function of (a) pH
(0.010mM acid), and (b) concentration (pH 9.0).
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Langmuir monolayer properties

Toluene was used as spreading solvent for the naphthenic acid. The naphthenic acid
concentration was calculated using the molecular weight of 1230 g/mol. The subphase
consisted of ultrapure water (pH 5.6), pH adjusted water using hydrochloric acid (pH
2.3) and sodium hydroxide (pH 11.6), or buffered water using sodium borate and
hydrochloric acid (pH 9.2). Calcium chloride was dissolved at different concentrations.

The experimental procedure is described in chapter 4.2.

Surface pressure-area isotherms at different pH levels of the aqueous subphase are
given in figure 5.11 (a). As observed, the surface pressure (SP) is reaching a higher
value by elevating the pH. This is a result of electrostatic repulsion between dissociated
carboxylic groups. At pH 2.3, 5.6, and 11.6, the pH effect is rather small with regard to
changes in area/molecule when the pressure starts to increase. In the case of pH 9.2, on
the other hand, the rise in pressure sets in at an earlier stage. This is due to the ionized
carboxylic groups, which, due to electrostatic repulsion, require larger area than the
corresponding molecules in an undissociated state. The reason why this effect is missing
at pH 11.6 is most likely because of dissolution into water; at such high pH, the
naphthenic acid monomers become completely dissociated, resulting in an enhanced
water solubility and hence loss of initial film material. The surface concentration of
naphthenic acids will thus be lower than at the beginning of the experiment and,
accordingly, the obtained molecular area will be lower. The considerable solubility in
water at high pH is also well illustrated in figure 5.11 (b), where relative area loss (A/A,)
is plotted versus time at a constant surface pressure of 10 mN/m. As indicated, the
lower the pH the more stable is the film. Even at slightly alkaline solution, the film
becomes very unstable and approximately 60% of the initial area is lost within 10

minutes.

The film stability at high pH is increased by adding calcium ions to the subphase, as
demonstrated by the stability isotherms at pH 11.6 in figure 5.12 (b). The dissociated
molecules may thus react with Ca?* at the surface to form less soluble calcium
naphthenate. Hence, as illustrated by the pressure-area isotherms in figure 5.12 (a),
less of the film material is lost due to dissolution and the onset area increases. A notable
observation in figure 5.12 (b) is the uneven shapes of the curves, especially in the case
of 102 M CaCl,. As noted in chapter 3.4, because of having four reactive carboxylic

groups, the monomers may be cross-linked together by the divalent cations to make The
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Figure 5.11: Langmuir monolayers of the Cgy naphthenic acids at different pH levels, (a)

compression isotherms, and (b) stability isotherms at constant surface pressure of 10 mN/m.
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some kind of polymeric structure. A likely reason for the uneven shape is thus a
subsequent fragmentation of the network of acid monomers and calcium ions forming

the naphthenate network layer.
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Figure 5.12: Langmuir monolayers of the Cgy naphthenic acids and Ca?* at pH 11.6, (a)
compression isotherms, and (b) stability isotherms at constant surface pressure of 10 mN/m.

Considering the undissociated state of the naphthenic acids, the surface pressure starts
to increase at a molecular area of about 160 ﬂ\z/molecule. The high area reflects the
extensive molecular structure of the Cgy acids, comprising four surface-active

headgroups. The carboxylic groups alone do however not cover the entire area, as the
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molecular area of saturated monomeric long-chain fatty acids is around 20 A?/molecule

[150]. Hence, it is likely that the carboxylic groups are separated by hydrocarbon units.

Paper V

In paper V, a new experimental setup based on near infrared (NIR) spectroscopy for
online studies of formation, growth, and inhibition of calcium naphthenate particles in
o/w systems was reported. The aim of the work was to investigate how particle
formation and growth depended on different conditions such as the naphthenic acid
structure, the concentrations of reactants, and the pH of the aqueous phase. Moreover,
different oil-soluble surfactants, which are basis compounds for metal naphthenate
inhibitors, were added in order to study their effect on the particle formation. In paper I-
ITII, these effects were investigated by means of interfacial tension measurements

correlated to interfacial reactions.

The naphthenic acids and the oil-soluble surfactants were dissolved in toluene at
different concentrations. The water phase consisted of ultra-pure water or borate buffer
solutions of pH 8.0 and 9.0. A 1:1 volume ratio of water and toluene containing
naphthenic acid was then poured into a glass bottle to a total volume of 80 ml. The oil
and the water phase were continuously stirred according to the experimental setup
illustrated in figure 5.13. By injecting a solution of dissolved CaCl, into the aqueous
phase, the reaction between dissociated naphthenic acids and Ca®* at the interface was
initiated. The naphthenate particles formed at the o/w interface were then dispersed into
the oil bulk solution upon stirring and the changes in optical density (OD) caused by
light-scattering by particles were continuously monitored using a fibre optic NIR
sampling probe. Since only the scattering contribution was of interest, the reference

spectrum of pure toluene was subtracted from all the naphthenate solution spectra.

To follow the formation and growth of particles as a function of time, the change in OD
at one specific wavenumber (9500 cm™) was considered. The square root of the OD was
then plotted versus time. The reason for plotting the square root of OD is that the OD,
within the Rayleigh regime (r/A < 0.05), depends on the sixth power of the particle
radius and thus the square of the particle volume. Hence, change in the square root of

OD can serve as a measurement of change in the particle volume.
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Figure 5.13: A sketch of the experimental setup used in the NIR spectroscopic study.

Figures 5.14-5.15 show plots of square root of OD vs. time for naphthenate solutions
consisting of particles of a single naphthenic acid obtained at different acid
concentrations (fig. 5.14) and particles of different naphthenic acid structures obtained
at pH 9.0 (fig. 5.15). As clearly indicated in figure 5.14, the OD increases more rapidly
the higher the concentration of naphthenic acid since more particles are formed at the
interface. As shown in figure 5.15, the naphthenic acids with aromatic rings are also
forming particles at a higher rate and with a larger volume than the acid with condensed
ring. The reason for this is the higher interfacial affinity which causes a higher density of
acid monomers at the o/w interface. Due to the aromatic rings and the n-bonds between
them, the acid monomers will pack more densely at the interface than the acid with
condensed ring, favouring interfacial formation of 2:1 complexes of acid and Ca’*.
Monomers with two aromatic rings will pack even denser than monomers with only one
ring, causing a higher reaction rate as demonstrated by comparing the slopes of the
ascending curves at the beginning of the experiments. These findings are in good

agreement to what observed and discussed in paper III.
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Figure 5.14: Square root of OD vs. time for naphthenate solutions containing particles of the
aromatic single-ring naphthenic acid, obtained at different acid concentrations. The concentration
of Ca** is twice the concentration of acid.
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Figure 5.15: Square root of OD vs. time for naphthenate solutions containing particles of different

naphthenic acid structures. The concentrations of acid and Ca’* are 2mM and 4mM, respectively.
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Figure 5.16 shows plots of square root of OD vs. time for naphthenate solutions
containing particles of the aromatic single-ring naphthenic acid (2mM) in addition of
50ppm of three different oil-soluble surfactants (A-C). As indicated, addition of all the
surfactants causes a lowering of the OD as compared to the system without additives.
Surfactant A, which, according to figure 5.17 is more interfacially active than C, also
causes a lower particle volume. However, the most interesting observation is that
surfactant B, which is highly water soluble compared to A and C, causes a lower OD than
the more interfacially active A. Due to the low o/w interfacial affinity, it is unlikely that
the mechanism is interfacial dilution of the acid monomers. To verify the partitioning of B
into water, the surface tension (ST) of bulk water was measured for two different
systems at different times; (1) water pH 9.0 in contact with oil (1:1 vol.) containing
50ppm of B, and (2) water pH 9.0 in contact with oil (1:1 vol.) containing 2mM of
naphthenic acid and 50ppm of B upon addition of Ca?*. The ST of the aqueous phase of
system (1) was found to descend with time, indicating dissolution of B into water. For
system (2), on the other hand, the ST of the water phase remained constant at the
value of pure water (~72mN/m). Hence, surfactant B do not partition into the aqueous
solution when naphthenate particles are present in the oil phase. Possible reasons for the
lower OD in presence of B are interactions between the particles and the reactants, i.e.
between B and the naphthenic acid and/or Ca®*, or interactions between B and the
particles, causing disintegrating into smaller aggregates. The assumption about smaller
particles was further supported by measuring the particle size of systems both in

presence and in absence of B.
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Figure 5.16: Square root of OD vs. time for naphthenate solutions in addition of different

surfactants.
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Figure 5.17: Dynamic interfacial tensions for toluene-water (pH 9.0) in presence of 50ppm of the

different surfactants in the toluene phase.
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6 Summary and Conclusions

The main focus in this thesis has been towards interfacial properties of naphthenic acids
and metal naphthenates in oil-water systems. The reaction between naphthenic acids,
synthetic as well as indigenous, and various divalent cations (Ba®*, Sr**, Ca’*, Mg®"),
which occur naturally in the co-produced water, has been followed using the pendant
drop technique and by correlating changes in dynamic interfacial tension to plausible
reaction mechanisms. The results have been interpreted by considering the interfacial
reaction to proceed through two steps with subsequent binding of acid monomers to the
divalent cation. This model is reasonable due to the limited flexibility of the naphthenic
acids at the interface compared to the behaviour in bulk solution. Hence, steric hindrance
among acid monomers, as caused by bulky structures, may affect the rate of
naphthenate formation as the lifetime of the intermediate of the reaction, i.e. the 1:1
complex of acid and cation, will increase. A similar effect is also achieved by adding oil-
soluble non-ionic surfactant mixtures to the systems. These compounds will, due to high
interfacial affinity, dilute the acids at the interface and cause longer lateral distance
between the reactive carboxylic groups. Interfacial coverage of 1:1 complexes of acid
and cation is believed to be the reason behind the permanent reduction in the IFT
observed for certain systems. A completion of the reaction to 2:1 stoichiometric
complexes will, on the other hand, lead to an increase in the IFT due to migration of less
interfacially active product away from the interface and into the oil bulk solution. It has
also been clearly demonstrated that the divalent cations may react differently depending
on degree of hydration. Strongly hydrated cations, like Mg®*, will be less preferable
towards the o/w interface than less hydrated cations, like Ba**. Consequently, an energy
barrier against adsorption is created, which may hinder a completion of the reaction to

2:1 complexes.

The stability of films of different naphthenic acids and divalent cations (Ba®*, Sr**, Ca?",
Mg?*) at o/w interfaces has been investigated using the Langmuir technique with a
trough designed for liquid-liquid systems. The film stability against compression was
shown to depend on naphthenic acid structure, type of divalent cation, and the pH of the
aqueous phase. In all cases, Mg?* caused the less stable films. This is due to the high
degree of hydration of the magnesium ions, which, as discussed in paper I and III, hinder
them to adsorb at the o/w interface and further react with the naphthenic acids. Hence,
the charged complexes will be forced into the aqueous solution upon film compression.

Furthermore, naphthenic acids with branched structures have generally shown to form
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less stable films in combination with the divalent cations than acids comprising aliphatic
structures. This is due to steric reasons, as highly branched molecules will not pack in so

defined and dense layers than more aliphatic ones.

By analyzing naphthenic acids isolated from a naphthenate deposit, a narrow family of 4-
protic naphthenic acids with molecular weights around 1230 g/mol has been detected.
The finding is similar to what recently discovered from other fields. These acids were
found to be very interfacially active compared to the majority of naphthenic acids
existing in the crude. This property is believed to be one of the main reasons why the 4-
protic acids are found to dominate in naphthenate deposits, and is a further indication of
that the naphthenic acids react at the o/w interface. The ability of 4-protic acids to form
Langmuir monolayers at different subphase compositions was also investigated. The
acids were found to have a large molecular area compared to normal fatty acids. This
reflects the extensive molecular structure consisting of four carboxylic groups which likely
are bridged together by hydrocarbon chains. Under alkaline conditions, the film stability
increased by adding calcium ions to the aqueous phase due to the formation of less water
soluble calcium naphthenate at the surface. Because of having four carboxylic groups,
the acid monomers may be cross-linked together by Ca®* to form extensive networks,
which is very different compared to normal monoprotic acids. In addition to the high
interfacial activity, this is likely a further reason for the predominant occurrence of the 4-

protic acids in the deposits.

A new experimental setup based on near infrared (NIR) spectroscopy has been utilized to
online follow the formation and growth of naphthenate particles in o/w systems. The
particles were formed at the interface and dispersed into the oil phase upon stirring. The
method has shown to be suitable to follow the particle formation and growth qualitatively

under different experimental conditions.
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Interactions between synthetic

and indigenous naphthenic acids

and divalent cations across oil-water
interfaces: effects of addition of oil-soluble

non-ionic surfactants

Abstract Interactions between
naphthenic acids and divalent metal
cations across model oil-alkaline
water interfaces were investigated by
correlating changes in dynamic
interfacial tension (IFT), to plausible
reaction mechanisms. The measure-
ments were carried out by using a
CAM 200 optical instrument, which
is based on the pendant drop tech-
nique. The naphthenic acids used
were synthesised model compounds
as well as commercial acid mixtures
from crude distillation and extracted
acid fractions from a North Sea
crude oil. The divalent cations
involved Ca?™, Mg®>", Sr*", and
Ba®™", which are all common in
co-produced formation water and
naphthenate deposits. The results
show that the dynamic IFT strongly
depends on naphthenic acid struc-
ture, type of divalent cation, and the
concentration of the compounds as
well as the pH of the aqueous phase.
Introducing divalent cations to sys-
tems involving saturated naphthenic
acids caused mostly a permanent
lowering of the IFT. The decline in
IFT is due to electrostatic attraction

Introduction

The naturally occurring naphthenic acids in crude oil are
complex mixtures consisting of saturated and aromatic
rings connected by aliphatic chains [1, 2]. The acids show
polydispersity in stoichiometry and molecular weight

forces across the interface between
the cations in the aqueous phase and
the carboxylic-groups at the o/w
interface, which cause a higher
interfacial density of naphthenic acid
monomers. The permanent lowering
in IFT is likely due to formation of
positively charged monoacid com-
plexes, which possess high interfacial
activity. On the other hand, in the
case of the aromatic model com-
pounds, the cations affected the IFT
differently. This is mainly discussed
in light of degree of cation hydration
and steric conditions. Various
oil-soluble non-ionic surfactant
mixtures were also introduced to
systems involving a model naph-
thenic acid and Ca®" in order to
investigate how the interfacial com-
petition affected the local interac-
tions. Based on the behaviour of
dynamic IFT, probable inhibition
mechanisms are discussed.

Keywords Naphthenic acid -
Metal naphthenate - Non-ionic
surfactant - Pendant drop -
Dynamic interfacial tension -
Interfacial reaction

[2-5] and due to the complex distribution of different
structures, the physico—chemical behaviour of naph-

thenic acids is quite different from normal fatty acids.
From an operational point of view in crude produc-

tion, the naphthenic acids are causing several problems.

Since they are amphiphilic molecules,

they may



accumulate at water—oil interfaces and stabilize emul-
sions [6-9], which in turn cause enhanced separation
problems. When the pH of the co-produced water in-
creases due to release of CO, during fluid transportation
from the reservoir to the topside, the acid monomers
dissociate at the water—oil interface, making them even
more interfacially active. In combination with the co-
produced formation brine, the dissociated carboxylic
groups may also react with cations in the brine to form
metal soaps/naphthenates. At certain conditions, these
metal soaps can stabilize foams and emulsions [10, 11].
In addition, naphthenates may precipitate during the
processing [12—14], mainly in topside facilities like heat
exchangers and separators, which may lead to the worst
scenarios in cleaning processes and regular production
shutdowns.

Reaction mechanisms

Basically, there are two main approaches, how the
naphthenic acids may react with cations to form metal
naphthenates. The first and more traditionally one is a
reaction between water-soluble acids and cations in
the water bulk. The fraction of the acids with the
lowest molecular weight is soluble in the aqueous
phase, even at pH values near the pKa. However,
normally this accounts only for a limited part of the
total amount of naphthenic acids: the major part,
consisting of larger molecules, is preferably oil-soluble
at normal operational conditions and will rather be
accumulated at the oil-water interface. According to
this, and by taking into account the tremendously
large interfaces created when the formation water is
emulsified with the crude oil during the transport from
the reservoir to the topside, it is obvious that the
contact and the interactions between the compounds
across the interface may lead to the second approach,
i.e. interfacial reactions.

When naphthenic acids and divalent cations react at
oil-water interfaces, it is reasonable to suppose that the
process involve two reaction stages where the acid
monomers sequentially bind to one cation, according to
Eq. 1

M?2® 4+ RCOO®=[RCOO — M]¥ + RCOO®
— (RCOO),—M (1)

The rate of formation of naphthenate will thus depend
on the stability of the positive monovalent complex. For
fast reactions, the occurrence of the intermediate might
be neglected as the two monomers will bind almost
simultaneously. This is likely the normal case for bulk
reactions due to high chain-flexibility and free diffusion.
However, when the monomers are distributed at an
interface, their location is much more fixed, and effects

like steric hindrance might thus have a reducing impact
on the reaction rate or even counteract 2:1 structures to
form. Consequently, this would increase the lifetime of
the intermediate complex.

Formation of positively charged metal-mono-acid
complexes has also been discussed in earlier studies,
e.g., by Albers and Overbeek [15] in their investigations
in correlating emulsion stability to electrokinetic po-
tential. Later McLaughlin et al. [16] found that divalent
cations adsorbed on phosphatidylserin gave rise to
positively charged surfaces. A 1:1 binding of cation and
acid would probably lower the IFT as the surfactants
penetrate deeper into the interfacial layer. On the other
hand, if Eq. 1 is fully switched to the right, more
hydrophobic structures are formed, which most likely
will tend to migrate away from the interface and to-
wards the oil bulk [17]. This is especially the case if
multiacidic naphthenates are formed. These electro-
chemically neutral structures might then accumulate
and start to agglomerate in the oil phase, normally in
combination with inorganic materials like clay and
scale, and further adhese to surfaces of the process
units. Naphthenate deposits are becoming a common
problem in a number of fields where highly acidic crude
oils are processed, like in West Africa [12, 18] and in
the North Sea [18, 19]. An improved basic under-
standing of how the naphthenic acids react to form
naphthenates is thus of essential importance for future
elimination of related problems.

Naphthenate inhibition

In order to reduce the extent of naphthenate formation,
chemical mixtures of various compositions are nowa-
days commonly injected into the well stream. Naph-
thenate deposition is a problem only if the aqueous pH
exceeds the pKa of the naphthenic acids. Anything
which keeps the pH low, like injecting short-chain or-
ganic acids, may thus avoid naphthenate to form [20].
In addition, acid demulsifiers, consisting of acetic acid
in an aromatic solvent mixture, and non-acid demul-
sifiers, consisting of ethoxylates and alcohol, have
shown to reduce deposition significantly [21]. The main
mechanism behind naphthenate inhibition by using
non-ionic surfactants is likely a competitive process,
which takes place at the interface. Etoxylates are highly
interfacially active and have normally a much higher
affinity towards water—oil interfaces than naphthenic
acids. Consequently, they may occupy the interface and
thus hinder the naphthenic acids to reach it and to
further react with the cations. In addition, it is
reasonable to assume a diluting mechanism to take
place. As pointed out earlier, the lifetime of positively
charged 1:1 complexes of naphthenic acid and divalent
cations is among other factors that depend on the



interfacial conditions. Due to lateral steric hindrance,
2:1 complexes of branched structures will be less
favoured than more aliphatic ones. A similar effect is
also achieved by introducing surfactants with large
polar headgroups. First, these will cause an increased
average intermolecular distance between the naphthenic
acid monomers. Second, due to inhibitors located in
between the acid monomers, the naphthenic acids also
have to restructure in the interfacial layer in order to
complete the reaction. Obviously, this will slow down
the rate of reaction step 2 in Eq. 1.

During the last decades, interfacial behaviour of
organic acids in combination with metal cations in
oil-water systems has been an object of several studies
[22-27]. A lot of work has also been carried out on
systems involving crude oil and caustic water [17, 28-31].
However, a trend in most of the previous work has been
to characterize systems after the reaction between the
compounds has taken place. As a consequence, and
particular for fast reactions, the detection of the initial
stages of diffusion and electrostatic interaction across
the interface might be lost. In this study, on the other
hand, the dynamic IFT is continuously measured during
in situ addition of metal cations to the aqueous phase. In
this way, we can follow the entire process during one
single experiment.

The study is a direct continuation of a recent work in
which interfacial interactions between a model naph-
thenic acid (p-n-dodecyl benzoic acid) and various
divalent cations were investigated by the same experi-
mental technique [32]. Now, several more naphthenic
acids, model- as well as indigenous compounds, are in-
volved. Changes in IFT are discussed and correlated to
plausible reaction mechanisms. In addition, mixtures of
oil-soluble non-ionic surfactants have been introduced

in order to investigate their influence on the interfacial
interaction between a synthetic naphthenic acid and
calcium ions.

Experimental
Chemicals

The chemicals were all of high purity delivered from
various suppliers. The oil phase employed was a 1-9
volume mixture of toluene and n-hexadecane (99%,
Acros Organics). The water phase consisted of ultra-
pure water buffered to pH 8.0 or pH 9.0 by using a
mixture of sodium tetraborate and hydrochloric acid
(>99.5%, Acros Organics). The divalent cations were
Ca’", Mg®", Sr*", and Ba?", all in form of chloride
salt with hydration water (>99%, Chiron).

Totally, eight different naphthenic acids/acid frac-
tions were involved, of those four were model com-
pounds (>99%, Chiron), one commercial acid mixture
(Fluka), and three were extracted acid fractions from
different distillation cuts of a North Sea crude. The
extraction procedure has been described in the literature
[33].

Table 1 summarizes all the naphthenic acids used in
the experiments, comprising both model compounds and
indigenous acid mixtures. Concentrations are given in
Table 2.

For the experiments, where surfactant mixtures were
introduced to the system, pure n-decane (99%, Acros
Organics) was used as solvent. Buffer of pH 9.0 was
used as water phase. The surfactant mixtures (products
1-5) consisted of different oil-soluble non-ionic com-
pounds.

Table 1 An overview of the naphthenic acids utilized in the experiments

Name M (g/mol) Naphthenic acid structure Source
COH

p-(n-dodecyl) benzoic acid 290.4 \/\/\/Wv©/ Chiron AS

O,H
6-dodecylnaphthalene- 2-carboxylic acid 340.6 Chiron AS
COH

6-heptylnaphthalene- 2-carboxylic acid 270.4 Chiron AS
COH

4-n-dodecyl-cyclohexane carboxylic acid 296.5 \/\/\/\NVO/ Chiron AS

Fluka naphthenic acid 250: Mixture Fluka

Naphthenic acids from North Sea crude; cut 1 200 Mixture Statoil ASA

Naphthenic acids from North Sea crude; cut 2 290 Mixture Statoil ASA

Naphthenic acids from North Sea crude; cut 3 310 Mixture Statoil ASA

*Average values calculated from total acid number (TAN) by assuming only monoprotic acids



Table 2 Naphthenic acid (NA)

concentrations and divalent Figure NA Conc. NA Cozrlc.
cation—naphthenic acid (mM) M~"/Conc. NA
concentration ratios selected for
the experiments, correlated to 1 p-(n-dodecyl) benzoic acid 0.1 3/1
figure numbers 2 4-n-dodecyl-cyclohexane carboxylic acid 1.0 3/1
3 6-dodecylnaphthalene- 2-carboxylic acid 0.1 3/1
4 a) 6-heptylnaphthalene- 2-carboxylic acid 0.1 3/1
b) 6-heptylnaphthalene- 2-carboxylic acid 1.0 10/1
5 Fluka naphthenic acid 100 3/1
6 a) Naphthenic acids from North Sea crude, cut 1 10 1/1
b) Naphthenic acids from North Sea crude, cut 2 20 1/1
¢) Naphthenic acids from North Sea crude, cut 3 20 1/1

Equipment

All measurements were carried out by using a CAM 200
equipment from KSV Instruments, which is based on the
pendant drop technique. Reviews of the theory behind
the technique have frequently been presented [34-38]. The
instrument consists of a CCD video camera with tele-
centric optics, a frame grabber, and a LED based back-
ground light source. The resolution is 512x512 pixels and
the frame interval is between 40 ms and 1,000 s. The
LEDs are housed in a reflective sphere, which integrates
their light and directs it towards the sample. The light is
also strobed and monochromatic, and all these features
help to assure sharp images and high accuracy.

Method

To ensure a high degree of dissociation of the naphthenic
acids, it is crucial to operate at an elevated pH when
compared to pKa. In this work, buffer solutions of
pH 9.0 were employed for all systems. At the selected
concentration levels, pH 9 is also the upper limit to avoid
precipitation of magnesium hydroxide. For the naph-
thenic acids/acid, mixtures showing high water solubility
at pH 9.0, measurements were also carried out at pH 8.0.

All experiments were conducted by forming an oil
droplet containing dissolved naphthenic acid upward in
the aqueous solution. The concentration of acid was
adjusted so that the initial IFT was in the range of
25-30 mN/m. The system was then equilibrated before
dissolved metal salts were added to the water phase. The
IFT was continuously captured during the entire process
with a constant frame interval of one second. The
measurements continued for 30 min.

In order to measure interfacial activity, dynamic IFT
measurements were also carried out for oil-droplets
containing 100 ppm of the oil-soluble non-ionic surfac-
tants. The surfactants showing highest interfacial activ-
ity were further combined with one of the model
naphthenic acid (p-(n-dodecyl) benzoic acid). The con-
centrations of acid and non-ionic surfactants were
0.25 mM and 50 ppm, respectively. Dissolved CaCl,
was added to a concentration of 0.75 mM after 500 s.
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Fig. 1 Effects of addition of divalent cations on dynamic IFT for
o/w systems with p-(n-dodecyl) benzoic acid

Results and discussion

All results are plotted as IFT versus time. The first
period of time is ascribed to the initial diffusion stage,
where the naphthenic acid monomers diffuse towards
the o/w interface and, after reaching it, undergo disso-
ciation when brought in contact with the alkaline
aqueous phase. For most of the experiments, the initial
equilibrium was reached within 3 min. Before divalent
cations were added, the systems with the same pH and
naphthenic acid structure were identical and showed
very similar dynamic IFT. Thus, for reasons of clarity,
this period is given by one single curve only, although it
represents four individual experiments.

Model compounds

Naphthenic acids comprising one ring

Result from measurements on the p-(n-dodecyl) benzoic
acid, also presented in a previous work [32], is given in
Fig. 1 for the sake of comparison. As the plots show, the
acid monomers equilibrate quite fast at the interface and
the divalent cations were thus added after 3 min. This



caused either a sudden decrease or an increase in the
IFT, depending on type of added cation. In the case of
Ba’", a steep increase in the IFT is observed before the
curve gradually flattens out and reaches an almost
constant tension value. Introducing the other cations,
however, results in a sudden drop in the IFT. For Ca*"
and Sr* ", the drop is followed by a steep increase where
the curves elevate to a level slightly above the starting
IFT. The curve of Mg> ", on the other hand, differs from
the others by showing a permanent decrease in the IFT.
In this case, the curve monotonously rises only a few
units above the lowest value as a function of time. The
effect of adding different cations is also concentration
dependent, and lower concentrations of counterions
cause more similar trends in the cases of Ca®", Sr**,
and Mg”> " (see Fig. 1.2 in the electronic supplement).

The fact that various cations affect the stability of
interfacial films in different ways is well established.
During the past, a lot of work has been done in order
to investigate these effects. One hypothesis is that the
interfacial activity of a cation and thus its reactivity
with interfacial negative charges is affected by the
amount of water of hydration that surrounds the ion
[39-41]. Since the degree of hydration decreases with
increasing ionic size, Ba® " will bind less water than the
other cations in this study, and should hence show a
higher affinity towards the interface. The interfacial
distance between acid monomers and approaching ca-
tions (especially for Ba?") might thus be sufficiently
short for most of the acid monomers to convert to
stoichiometric 2:1 structures. The suggestion that the
reaction involving Ba®" is fast is further supported by
the observation that the IFT increases immediately
after addition of divalent cations, i.e. no preliminary
drop is observed under the current experimental con-
ditions with a camera-speed of one picture a second.
According to Eq. 1, this indicates that the lifetime of
any monovalent complex is much shorter for Ba’"
than for the other cations under study.

Formation of naphthenate structures increases the
hydrophobicity and decreases the interfacial activity,
especially in the case of multivalent cations. The ob-
served increase in IFT is thus a consequence of migra-
tion of the formed complexes from the interface and into
the oil bulk phase. It is however noteworthy that, after
30 min of time when the curves have flattened out, the
IFT is still 1015 units below the value of the pure o/w
interface. This indicates that some interfacially active
material still has to be present at the interface. This was
also demonstrated in a previous study where mechanical
properties of interfacial Langmuir films were investi-
gated [42]. However, since the interface is being com-
pressed in a Langmuir film, the result is a much higher
density of interfacial species than in the case of a
pendant drop study. Hence, it is not fair to directly
compare the results from these two techniques.

For Mg?", the situation is somewhat different than
for Ba®". This cation binds six molecules of hydration
water, giving it a higher affinity towards water than
Ba’*. Hence, a steric energy barrier against adsorption
is created, which in turn may hinder the interfacially
bound Mg®* to react further with the second acid
monomer. The observed decline in IFT most likely
reflects an interfacial coverage of positively charged
mono-acid complexes, where the concomitant small
monotonous increase in IFT is a result of a gradual
diffusion of some magnesium-diacid formed structures
into bulk solution.

As indicated by the plots in Fig. 1, addition of Ca®*
or Sr** gave curves with slopes somewhere in between
the cases discussed above. This is in accordance with the
correlation between ionic size and amount of hydration
water. The monovalent complexes of Sr’" and Ca®*
will be converted into 2:1 structures at a higher rate than
in the case of Mg®* and, accordingly, the curves of IFT
versus time will ascend steeper.

Figure 2 shows the results from the measurements
carried out on 4-n-dodecylcyclohexane carboxylic acid.
The hydrogenated ring gives a more hydrophobic and
less interfacially active substance than the corresponding
unsaturated structure. This is clearly demonstrated by
comparing the levels of the IFT at the beginning of the
experiments; the IFT has a higher value than for p-(n-
dodecyl) benzoic acid, even though the concentration of
acid is ten times higher. The larger decline in the IFT
observed after introducing cations is thus a result of
more acid monomers entering the interface. Contrary to
the systems with the aromatic C12 naphthenic acid, all
the plots of the saturated acid show a permanent low-
ering of IFT after addition of cations. The decline is
even more drastic at increased concentration. Also this
effect can be attributed to the hydrophobic structure of
the naphthenic acid. A saturated ring will not penetrate
so deeply into the interfacial layer as an aromatic one
and this will cause longer interfacial distances between
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Fig. 2 Effects of addition of divalent cations on dynamic IFT for
o/w systems with 4-n-dodecylcyclohexane carboxylic acid



the acid monomers and the divalent cations as an
average. Consequently, the interfacial conditions will
not promote a completion of the reaction into a final 2:1
ratio between acid and cation. Since the effect is caused
by the nature of the acid, an introduction of all cations
will influence the IFT in a similar way.

Complementary to the discussion above, the steric
hindrance between acid monomers would also affect the
rate of reaction. Due to different conformations, the
intermolecular distance between molecules containing
aromatic rings will be shorter than between corre-
sponding saturated ones. This difference in packing is
enhanced by the m-bonds between the aromatic entities
which keep the monomers at a closer distance. As a
consequence, a formation of 2:1 stoichiometric com-
plexes will be more favourable in the case of aromatic
rings.

It is worthwhile noticing that in the case of the con-
densed structure introduction of Ca®* brings about the
lowest IFT. This has also been observed at lower con-
centrations of cations (see figure 2.2 in electronic sup-
plement). The reason for this is, however, not clear and
no further explanations are given in order to explain this
effect.

Naphthenic acids comprising two rings

The results from the measurements performed on
6-dodecylnaphthalene-2-carboxlic acid are given in
Fig. 3. As in the case of the aromatic single-ring struc-
ture, addition of Mg”> " causes a permanent reduction in
the IFT, which is more pronounced for 3:1 ratio than for
1:1 ratio of cation and acid (as compared with figure 3.2
in the electronic supplement). The reaction between acid
and Ba?", Ca®", and Sr*" gives a rise in the IFT and
the final levels in all three cases are in the range of
40-50 mN/m. The structure comprising two aromatic
rings seems thus to form 2:1 stoichiometries (with the
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Fig. 3 Effects of addition of divalent cations on dynamic IFT for
o/w systems with 6-dodecylnaphthalene-2-carboxylic acid

exception of Mg>") at a higher rate than the corre-
sponding single-ring structure. This may be attributed to
the m-bonds; since two aromatic rings now are involved,
the acid monomers will pack even denser at the interface
than in the case of a single ring.

Figure 4 displays the results from the measurements
carried out on 6-heptyl-naphthalene-2-carboxylic acid.
Shortly, after initiating the experiments at pH 9
(Fig. 4a) and without any addition of divalent cations,
the IFT gradually increases towards the tension value of
the pure interface between oil and water. This indicates a
migration of the ionized acid from the interface into the
aqueous phase, i.e. high water-solubility. This interfacial
adsorption and desorption of monomers results in a
highly dynamic interface which in turn makes it difficult
to identify any effect of added counterions.

At pH 8, given by the plots in Fig. 4b, the situation is
very different as a more stable interface is formed. When
the divalent cations are added at this pH, a steep decline
in IFT is observed. This is in contrast to the curves of
Ba’" combined with the CI2 aromatic single-ring
structure, where the initial drop was lacking. In spite of
this, the dynamic IFT proceeds in a quite similar way as
for the aromatic single-ring acid.

The different behaviour of the curves for Ba>" might
be attributed to the aqueous pH; a lowering of the pH
causes a lower degree of dissociation of naphthenic acid
monomers and the interface will be covered by more
undissociated molecules. This increases the lateral dis-
tances between the charged carboxylic groups at the
interface, which in turn lower the reactivity with divalent
cations. The lower degree of dissociation is also the
reason why much higher concentrations of acid and
counterions are required to reach the desired initial IFT.

Indigenous compounds

Fluka naphthenic acid

The Fluka naphthenic acid, obtained from crude oil
distillation, consists of a number of different acid
structures. Analysis by FT-IR and NMR (‘H and *C)
has shown that the mixture mainly consists of saturated
naphthenic acids with cyclic- as well as acyclic hydro-
carbon moieties.

The results from the pendant drop study are given by
Fig. 5. As for the aromatic two-ring structure with C7
aliphatic chain, the water-solubility is high at pH 9 (see
figure 5.2 in electronic supplement). By decreasing the
pH to 8, a fairly stable IFT is obtained, disregarding
the slight monotonous decrease of about 3 units during
the first 500 s of time. Due to lower degree of dissocia-
tion, however, higher concentrations of acid and cations
had to be added than in the case of pH 9. The acid
monomers equilibrate quite fast at the interface, as
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Fig. 4 Effects of addition of divalent cations on dynamic IFT
for o/w systems with 6-heptylnaphthalene-2-carboxylic acid at
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Fig. 5 Effects of addition of divalent cations on dynamic IFT for
o/w systems with Fluka naphthenic acid at pH 8.0

shown by the almost linear curve from the origin of the
experiment. This indicates a presence of fast diffusing
monomers with high interfacial activity, causing an al-
most immediate drop in IFT from 51 mN/m, repre-
senting a pure o/w interface, to 28 mN/m. The following
small decrease in IFT is probably due to a slow process

where the polydisperse monomers are reorientated at the
interface.

The divalent cations were added after 500 s. This
caused a sudden and permanent decline in the IFT for
all systems. After addition of counterions, the com-
pounds also equilibrate quite fast at the interface since
no points were captured during the drop. The permanent
lowering of the IFT is similar to what observed for the
saturated model acid, although addition of Mg>" now
brings about the lowest tension value. Hence, the
behaviour is likely a result of the same mechanism as
discussed before, i.e. formation of mono-acid complexes,
which remain at the interface. The lower pH will also
favour the formation of such complexes as more
undissociated molecules are occupying the interface.

Naphthenic acids from a North Sea crude

The naphthenic acids from a North Sea crude oil were
selected from three different distillation cuts at temper-
atures 230-250, 330-350, and 350-370°C. NMR-studies
have shown that all acid fractions mainly consist of
saturated structures with primary and secondary car-
boxylic groups, where the molecular weight increases
with boiling point of the fraction.

The results from the measurements performed on the
distillation cut at 230-250°C are given in Fig. 6a. After
addition of cations, the IFT shows a step-wise progress
until it equilibrates 10—15 units below the starting value.
The step-wise curve is most likely a result of a combi-
nation of two processes. First, since the mixture is
polydisperse, small molecules will be the first ones to
reach the interface due to higher diffusion rates than
larger ones. Gradually, however, the smallest molecules
will be replaced by larger molecules. Due to their higher
water solubility, the low-molecular weight species will
cross the o/w interface and dissolve into the aqueous
phase. A stepwise adsorption of monomers, to the
interface might thus occur depending on the level of
interfacial activity. Second, for polydisperse mixtures,
more dynamic processes are taking place at the interface
than for monodisperse surfactants and, normally, longer
times are required for the system to reach equilibrium.
This was also the case for the commercially available
Fluka naphthenic acid before addition of cations. The
sequential steps in IFT might thus refer to temporary
states of equilibrium before the real equilibrium is
reached as the curves flatten out. At this final state, the
interface is covered by a film comprising more interfa-
cially active molecules in combination with divalent ca-
tions.

Figure 6b gives the result from the measurements
carried out on the 330-350°C fraction. With the
addition of divalent cations to systems containing this
acid mixture, a decline—followed by a small increase



in IFT occurs, before all curves reach a steady state.
The small increase might be due to film restructuring
or that a minority of the monomers react to form 2:1
complexes.

The curves of the fraction at 350-370°C, given in
Fig. 6¢, have very similar shapes at equilibrium as of
those at 330-350°C. This indicates the presence of sim-
ilar structures, which is also in accordance with the
overlapping intervals in temperature.
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Fig. 6 Effects of addition of divalent cations on dynamic IFT for
o/w systems with North Sea naphthenic acid of a distillation cut 1,
b distillation cut 2, and ¢ distillation cut 3

Introduction of oil-soluble non-ionic surfactants

Oil-soluble non-ionic surfactants have been introduced
together with the ionized naphthenic acids in order to
create a competitive situation at the o/w interface and to
undertake a dilution of the reactive species when mul-
tivalent ions are present in the aqueous phase.

Interfacial activity of additives

Figure 7 shows the results from the measurements of
dynamic IFT of the added non-ionic surfactants. In the
case of product 1, 2, and 3, the IFT decreases continu-
ously towards a stable value, while product 4 and 5
cause a monotonous increase in the IFT, most pro-
nounced for product 5. This increase reflects a consid-
erable solubility in water. In the case of product 5, an
almost pure oil-water interface is obtained within a
period of about 20 min.

Surfactants in combination with naphthenic acid
and Ca’™

In the upper part of Fig. 8, dynamic IFT is plotted for a
system consisting of an oil droplet of n-decane and
0.25 mM p-(n-dodecyl) benzoic acid in aqueous borate
buffer at pH 9.0. As the oil phase now is changed
compared to the former studies, the reaction kinetic is a
bit different as observed by comparing the result with
that in Fig. 1. However, the trends are very much alike
as addition of Ca”>" causes a sudden decrease followed
by a steep increase in the IFT. The main difference is the
part of the curve during the increase, which ascends
steeper in the case of n-decane.

The lower part of Fig. 8 shows a typical result from
an inhibition experiment based on the surfactants in
Fig. 7. As an example, we have chosen product 2. The
equilibrium IFT is now lowered several units and con-
seqzuently, the decline in IFT caused by the reaction with
Ca”" becomes less prominent, since the interface now is
mainly covered by non-ionic surfactant molecules in-
stead of reactive acid monomers. Another conspicuous
observation is that, after addition of Ca®", the curve
ascends slower than in the case when no non-ionic sur-
factant is present. This is a consequence of the interfacial
dilution and steric effects, causing a lower rate of com-
pleting the reaction to stoichiometric 2:1 compounds.

Conclusions

The pendant drop technique has proved to be a suitable
tool to investigate interfacial reactions between naph-
thenic acids and divalent cations across oil-water
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naphthenic acid and in the case of naphthenic acid combined with
non-ionic surfactants of product 2

interfaces. The results show that the dynamic IFT
strongly depends on the naphthenic acid structure and
type and concentration of divalent cation. Before
introducing divalent cations, the naphthenic acids con-
taining aromatic rings seem to be more interfacially
active than the corresponding saturated structures. This
is due to a twofold effect caused by the n-bonds, which
to start with enable the monomers to penetrate deeper

into the interfacial layer and, moreover, bring along a
higher monomer density at the interface. In combination
with divalent cations, the solubility behaviour is chan-
ged, either due to reaction to form 2:1 stoichiometric
complexes or by forming 1:1 positively charged mono-
acid complexes residing mainly at the o/w interface. The
mechanism which dominates is depending on degree of
cation hydration, which affects the cation affinity to-
wards the interface and thus the distance between the
interacting compounds.

Saturated naphthenic acid structures, including
model as well as indigenous compounds, seem mainly to
cause a permanent lowering of IFT in interaction with
all the divalent cations. This condition is probably a
result of the hydrophobic acid structures, which pene-
trate less into the interfacial layer when compared to the
unsaturated model acids and hence form more well-de-
fined o/w interfaces. Consequently, this causes longer
interfacial distances between the acid and the divalent
cation which hinder 2:1 stoichiometric complexes to
form. In addition, steric hindrance caused by bulky
monomers might also counteract a 2:1 binding of
monomers as the lateral distance between the acid
headgroups increases.

When oil-soluble non-ionic surfactants are intro-
duced to systems containing the aromatic C12 acid and
Ca’", two main effects are generally observed; the initial
decline in TFT can be substantially reduced and the rate
of the following increase in IFT is lowered. The first is a
result interfacial coverage of highly active and non-
reactive surfactant molecules, which hinder the less ac-
tive naphthenic acid monomers to react at the interface
with the divalent cations. The second observation likely
reflects interfacial dilution of the acid monomers, caus-
ing a lower converting into 2:1 complexes.
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ABSTRACT

Naphthenic acids from a West African metal naphthenate deposit have been isolated and
characterized by means of infrared (IR), nuclear magnetic resonance (NMR), and Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS). The sample has
shown to comprise a narrow group of 4-protic naphthenic acids of molecular weight
around 1230 g/mol. The determined mass of 1230.0627 amu suggests a compound with
the elemental formula of CggH14,0g, having 6 sites of unsaturation in the hydrocarbon
moiety. The NMR data show no sign of carbon-carbon multiple bonds. Hence, the sites of
unsaturation are assumed to arise from condensed rings.

The naphthenic acids have proved to be highly oil-water (o/w) interfacially active. By
elevating the pH from 5.6 to 9.0, the interfacial activity increases gradually due to a
higher degree of dissociation of the carboxylic groups. At pH 9.0, the interfacial tension
(IFT) between water and toluene-hexadecane (1-9 vol.) is lowered about 40 units at
concentrations of only 0.0050-0.010 mM naphthenic acid. The decrease-rate of the IFT
(dy/dt) is also concentration dependent, and a well-defined IFT is attained at long
observation times.

The Cgo naphthenic acids have shown to form relatively unstable Langmuir monolayers.
The stability decreases further with increasing pH as more monomers become dissociated
and dissolve into the aqueous phase. The stability is altered upon addition of calcium ions
into the subphase due to formation of calcium naphthenate at the surface. In the
undissociated state, the naphthenic acid has a molecular area of about 160 A2/molecule
in the non-interacting region. The high area reflects an extensive molecular structure
comprising four carboxylic headgroups, which are likely to be separated by hydrocarbon

chains.

Key words: metal naphthenate, naphthenic acid characterization, interfacial activity,

Langmuir monolayer properties.



INTRODUCTION

During the last decade, there has been an ever increasing recovery of acidic crude oils
[1]. The acidity is predominantly caused by organic acids, which in the petroleum
industry generally are termed as naphthenic acids. Producing and processing highly
acidic crudes involve several challenges. Naphthenic acid corrosion, especially in the high
temperature parts of the distillation units, is a major concern to the refining industry [2-
4]. During production, the amphiphilic naphthenic acids may also accumulate at
interfaces and stabilize emulsions [5-8], causing enhanced separation problems.
However, the most serious production issue related to naphthenic acids is probably
deposition of metal naphthenate. The release in pressure during the fluid transportation
from the reservoir to the topside leads to an increase in the pH of the co-produced water,
causing a higher degree of dissociation of naphthenic acids at the oil-water (o/w)
interface. As a consequence, the moieties become reactive towards metal cations in the
co-produced formation brine. The product from this reaction, metal naphthenate, might
then accumulate and start to agglomerate in the oil phase, normally in combination with
inorganic materials like clay and scale, and further adhere to process unit surfaces.
Deposition of naphthenate is a problem predominantly in topside facilities like separators
and de-salters, and may from an operational point of view lead to the worst case
scenarios in cleaning processes and regular production shutdowns. Naphthenate
deposition is becoming a common problem in a number of fields in where acidic crudes
are being processed, including fields in West Africa [9, 10] and on the Norwegian
continental shelf [10, 11].

Naphthenic acids are predominantly found in immature heavy crude [12, 13]. Hence,
they are assumed to generate from in-reservoir biodegradation of petroleum
hydrocarbons [14-16]. Several analytical techniques have been utilized to qualitatively
characterize naphthenic acids extracted from crude oils. This includes various mass
spectrometry (MS) methods [17-21], gas chromatography-mass spectrometry (GC-MS)
methods [22-24], and these methods in combination with Fourier transform infrared (FT-
IR) and/or nuclear magnetic resonance (NMR) spectrometry [25-27]. Generally, the acids
have shown to comprise complex mixtures of alkyl-substituted acyclic and cycloaliphatic

carboxylic acids, showing variations in structure and molecular weight.

The composition of naphthenic acids found in metal naphthenates from different sources
may also differ, as pointed out by Gallup and co-workers [28, 29]. From a
characterization study of a soap-sludge from an Indonesian field, they found naphthenate

consisting of long-chain fatty acids and sodium. According to the authors, this is contrary



to studies from other fields, where naphthenate has shown to comprise predominantly
cyclic naphthenic acid structures in combination with calcium. More recently, Baugh and
co-workers [30] also demonstrated that naphthenic acids forming naphthenate do not
necessarily resemble the majority of the naphthenic acids existing in the crude. By
characterizing a deposit from the North Sea, they found exciting results, indicating that a
narrow family of 4-protic acids in the molecular weight range 1227-1235 g/mol is the
main contributor to naphthenate deposition. Allegedly, similar observations have also

been found by analysing deposits from other fields, including UK sector and West Africa.

In this paper, naphthenic acids acquired from a West African naphthenate deposit are
examined by means of infrared (FT-IR) spectrometry, nuclear magnetic resonance (NMR)
spectrometry, and electrospray ionization (ESI) coupled to high-field (9.4 T) Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS). The latter technique
has previously shown to offer a very promising and powerful tool for detailed chemical
characterization of heteroatomic species in crude oils [31], in crude oil distillates [32] as

well as in humic materials [33-35].

In addition to the characterization study, this paper also presents some results from
measurements of interfacial properties of the isolated naphthenic acids, including
interfacial activity at o/w interfaces and compressibility of monolayers of naphthenic
acids and naphthenates at air-water surfaces. The aim of this work has been to get a
basic understanding of how the compounds behave and interact at interfaces, which is of
major interest in order to explain the mechanisms behind naphthenate formation. The
measurements have been carried out under different experimental conditions using
pendant drop and Langmuir technique. The first technique is useful to measure dynamic
interfacial tensions [36, 37], whereas the latter yield crucial information about molecular-

molecular interactions, molecular areas, and film resistance against compression [38-42].



EXPERIMENTAL

I) Chemicals

All chemicals were used as supplied: toluene and n-hexadecane (p.a., Acros Organics),
hydrochloric acid (p.a., Fisher), sodium tetraborate decahydrate and potassium
phosphate trihydrate (>99%, Acros Organics), and calcium chloride dihydrate (>99.5%,
Roth).

IT) Isolation and characterization of naphthenic acids from deposit

Isolation procedure

The deposit sample was collected from an oil-producing installation in West Africa. In
brief, the naphthenic acids were isolated from the deposit by first washing the sample
thoroughly in toluene to remove crude oil and oil-soluble fractions. This process
continued till an almost clear toluene phase was obtained. The remaining solid was then
exposed to a 2:1 volume mixture of toluene and 1M HCI solution to dissolve the metal
naphthenate. The naphthenic acids chemically bound as naphthenate were thus
converted to free acid monomers which dissolve into the toluene phase, leaving the
counterions in the aqueous phase. The naphthenic acids were then selectively isolated
from other potentially occurring polar compounds by ion-exchange. Finally, the solvent
was removed from the naphthenic acids by evaporation on a rotary evaporator at 60 °C

and further by drying in an oven at the same temperature.

Characterization methods

Mass analysis: Details of the procedures used for sample preparation and the conditions
of the ESI FT-ICR MS analysis have been published previously [43, 44]. In brief, sample
solutions were prepared by dissolving oil samples at a concentration of ~ 1mg/ml to
50:50 a toluene:methanol solution prior to introduction to a microelectrospray source
[45] at a flow rate of 400 nl/min. One ml of sample solution was spiked with 4 pl of
NH4OH to ensure efficient ionization (deprotonation) for negative-ion ESI analysis: 50 um
i.d. fused silica needle, 2 kV needle voltage, 300 V tube lens, 4 A heated capillary
current. A homebuilt FT-ICR mass spectrometer equipped with a 22 cm horizontal room

temperature bore 9.4 T magnet [46] was used. Ions generated in ESI source region are



first accumulated in an external linear octopole ion trap for 20-60 s and transferred
through rf-only multipoles to a 10 cm diameter, 30 cm long open cylindrical Penning ion
trap [47]. Multipoles [48] were typically operated at 1.7 MHz at a peak-to-peak rf
amplitude of 170 V. After ions were excited in the trap by broadband frequency-sweep
(chirp) dipolar excitation (70 - 641 kHz at a sweep rate of 150 Hz/us and peak-to-peak
amplitude of 190 V), direct mode image current detection was performed to yield 4
Mword time-domain data. Time-domain data sets were co-added (200 acquisitions) and
then Hanning apodized, followed by one zero-fill before fast Fourier transformation and
magnitude calculation. Frequency was converted to mass-to-charge ratio by the
quadrupolar electric trapping potential approximation [49, 50]. Data acquisition and
processing are conducted with the MIDAS system [51, 52]. Mass spectra were externally
calibrated with respect to a G241A Agilent (Palo Alto, CA) electrospray "tuning mix."
Masses obtained from the calibrated spectra were then converted to Kendrick mass and
sorted according to their Kendrick mass defects [53]. Peaks were assigned by Kendrick
mass defect analysis as previously reported [44]. Briefly, an elemental formula was
assigned to the peak with lowest m/z value at each Kendrick mass defect. Only C, H, O,
N, S, 13C and 3*S atoms were considered in assigning elemental formulas. The remaining
peaks were assigned by adding a series of CH, groups to each assigned elemental

formula.

Nuclear Magnetic Resonance (NMR) Spectrometry: All NMR experiments were
performed on a Bruker DMX 400 NMR spectrometer. H- and '3C-NMR spectra were
recorded at 400 MHz and 100 MHz, respectively, using deuterated methanol (CDs;0D) as
solvent, and dioxane as internal standard (~1 vol%). 90° pulses were used to suppress
any nuclear Overhauser effect. In the 'H-NMR experiments a pulse delay of 20 seconds
was used to cancel out any relaxation effects. The quantitative *C-NMR experiments
were performed upon addition of a relaxation agent, chromium trisacetylacetonate (0.1-
0.2 M) in an inverse gated decoupling system with a pulse delay of 5 seconds. The NMR

measurements were undertaken using 5-10 wt% solutions.

Infrared Spectrometry: IR spectrum was recorded in the range between 1000 and
4000 cm™ using a Tensor 27 FT-IR spectrometer (Bruker Optics) and a MKII Golden Gate
ATR unit (Specac) in single reflection configuration. The instrument is fitted with a
Michelson interferometer and a N,-cooled MCT detector (Mercury Cadmium Telluride).
One drop of the naphthenic acid sample was placed onto the diamond ATR crystal (4
mm?) and analyzed. To improve the signal-to-noise ratio, 64 scans were recorded at a
resolution of 1 cm™ and averaged. The resulting IR spectrum was Fourier transformed

with a Blackman-Harris 3-Term apodization function and a zerofilling factor of 2.



III) Surface and interfacial properties of naphthenic acids

Interfacial (o/w) activity

Naphthenic acids isolated from the naphthenate deposit were dissolved in toluene (10
vol%) and diluted by n-hexadecane at different concentrations. The concentration was
calculated using the molecular weight determined in the MS study (1230 g/mol). The
water phase consisted of ultra-pure water of pH 5.6, ultra-pure water buffered to pH 7.0
using potassium dihydrogen phosphate and hydrochloric acid, or ultra-pure water

buffered to pH 9.0 using sodium tetraborate and hydrochloric acid.

The CAM 200 pendant drop equipment (KSV Instruments) was used to measure dynamic
interfacial tensions. The theory behind the technique has frequently been presented in
previous studies [54-58]. The instrument includes a CCD video camera with telecentric
optics, a frame grabber, and a LED based background light source. The resolution is 512
x 512 pixels and the frame interval is between 40 ms and 1000 s. The LEDs are housed
in a reflective sphere which integrates their light and directs it towards the sample. The
light is also strobed and monochromatic, and all these features help to assure sharp
images.

All experiments were conducted forming an oil droplet (~5 pl) containing dissolved
naphthenic acid upward in an aqueous solution (3.5 ml). The IFT was continuously

determined for totally 30 minutes with a constant frame interval of one second.

Langmuir monolayer properties

Surface pressure-area isotherms were recorded using a KSV Langmuir minitrough
double-barrier system. The trough was made of Teflon and the barriers of Derlin. Water
phases of four different pH levels were selected. For the most acidic (pH 2.3) and alkaline
(pH 11.6) solutions, the pH was adjusted using hydrochloric acid and sodium hydroxide,
respectively. Measurements were also performed on ultra-pure water (pH 5.6) and ultra-
pure water buffered to pH 9.2 using sodium tetraborate and hydrochloric acid. For the
aqueous solutions of pH 5.6, 9.2, and 11.6, the effect on film compressibility upon
addition of calcium chloride at different concentrations was investigated. Stability
isotherms at different pH levels and Ca?* concentrations were also recorded by
measuring the relative area loss (A/Ag) after compressing the monolayer to a constant

surface pressure of 10 mN/m.



Toluene was used as spreading solvent for the naphthenic acid. Volumes of 50 pul solution
at a concentration of 0.2 mM showed to be adequate for the measurements. The
concentration was calculated using the molecular weight determined in the MS study
(1230 g/mol). The solvent was allowed to evaporate for 20 minutes before compression
was initialized. Film compression was carried out with a constant barrier speed of 5
mm/min. The temperature of the aqueous subphase was kept constant at 20 °C using a
Huber ministat125 temperature controller.



RESULTS AND DISCUSSION

I) Characterization study

Figure 1 shows a FT-IR spectrum of the naphthenic acid sample. The data exhibits a
strong peak at 1705 cm™ which can be attributed to a C=0 stretch. The broad band
displayed in the region 3300-2500 cm™ reflects O-H stretching of existing carboxylic acid
dimers (due to high concentration) whereas the moderately intense bands near 1400 and
1300 cm™ correspond to C-O-H in-plane bend and C-O stretch, respectively, and

interactions between them.
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Figure 1: FT-IR spectrum of the naphthenic acid sample.

Figure 2 displays the resulting broadband mass spectrum from the ESI FT-ICR MS
analysis. As observed, the spectrum is dominated by a narrow distribution of peaks
located around 1230 amu. The main peak in the spectrum, exactly located at 1230.0627
amu, is consistent with the ion [CgoH14108]", i.e. it refers to a compound with the

elemental formula of CgoH14,0g having a molecular weight of 1231.0707 g/mol.

The number of rings plus double bonds for a given elemental formula can be calculated

as the so-called double bond equivalence (DBE) from the following equation:



DBE:1+%(Zni(vi—2)) (1)

in which nrepresents the number of atoms for element /, and v, is the formal valence for

that element. For an elemental formula of CgyH14-0g, this gives a DBE of 10.
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Figure 2: FT-ICR mass spectrum of the naphthenic acid sample.

Figures 3-4 show !3C and 'H NMR spectra of the naphthenic acid sample, respectively.
Typically, NMR spectra of petroleum and petroleum fractions contain broad overlapping
peaks [59-61] due to the complexity and the high number of isomers in the sample.
However, for the fraction isolated from the naphthenate deposit, the 3C-NMR spectrum
shows a single peak in the carboxylic acid region and well resolved peaks in the aliphatic
region. The 'H-NMR spectrum shows four distinct regions, indicating the type of
hydrogen. Neither spectra show any sign of aromatics or other carbon-carbon multiple
bonds.
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Figure 3: *C-NMR spectrum of the naphthenic acid sample.
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Figure 4: *H-NMR spectrum of the naphthenic acid sample.
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From the '3C-NMR spectrum, the C/O molar ratio can be computed from the following

equation:
A

C/O ="l (2)
24

C=0

where 4.,,, is the total integrated area of the carbon signals, and 4._is the integrated

area of the carboxylic acid peak. Using the same sample in both the 'H-NMR and 3C-
NMR experiments, only adding relaxation agent in the !*C-NMR experiment, one can

calculate the C/H ratio by:

C H
AC,total Eqstd Astd

C/H= (3)
H C
AH Jtotal Eqstd Astd

where 4., and 4, are respectively the integrated areas of the sample peaks in the

13C-NMR and in the 'H-NMR spectrum, EqS, and Egq!, are respectively the numbers of

equivalent carbons and protons in the internal standard, and 45, and 4. are the

integrated areas of the internal standard signal in the !3C-NMR and in the 'H-NMR

spectrum. However, it might be difficult to include the carboxylic protons in AH, from

Total

the 'H-NMR spectrum. The protons on a heteroatom differ from other protons because
they are exchangeable and subject to hydrogen bonding. Carboxylic acids exist as stable
hydrogen-bonded dimers in non-polar solutions, even at high dilution. In polar solvents,
like methanol, the exchange rate is slow and the corresponding peak will be broad.
Further, dissolved water, alcohol or acidic protons will interfere, causing a large shift and
the main carboxyl peak will decrease. Since CDs;0D was used as solvent, the carboxylic
protons will interchange with the alcoholic deuterium. However, the information from the
13C-NMR spectrum can be utilized since there is one proton per carboxylic carbon. It can

be shown that this gives the following expression for the C/H ratio:

1
C/H= @
1 N 1
Ctutal / HtotalfCOOH 2C / O
where C, .,/H, ., coon IS obtained from Eq. (3) not including carboxylic protons

and C/ Qs given by Eq. (2). The analysis of the NMR spectra gives C/O = 10.2 and

11



C/H = 0.58. Assuming one carboxylic group per molecule, this gives an average
molecular weight of 313 g/mol, which is far below the determined weight in the MS
study. However, assuming four carboxylic groups per molecule, the molecular weight is
1252 g/mol, which is close to the MS results. Hence, this indicates that the determined
compound with the elemental formula of CgyHi14,0g and the molecular weight of
1231.0707 g/mol is a 4-protic acid. The peak appearing at 614.5277 amu in figure 2 is
also consistent with doubly charged CgyH14,0g molecules, i.e. deprotonation of two
carboxylic groups (CgoH1400s%). Considering a 4-protic acid, the four carboxylic groups
will cover a DBE of 4. Since the total DBE of CggH14,035 is 10, the remaining DBE of 6 has
to be due to unsaturation in the hydrocarbon moiety. As already noted, the NMR spectra
show no sign of carbon-carbon multiple bonds, which indicate that the degree of

unsaturation arises from six hydrogenated rings.

Overall, the obtained results are in good agreement with the findings of Baugh and co-
workers [30] from analyses of metal naphthenates from other sources. Hence, their
assumption that the 4-protic naphthenic acids are a general characteristic of metal

naphthenate deposits is further supported.
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IT) Surface and interfacial properties of naphthenic acids

i) Interfacial (o/w) activity

In figure 5, dynamic interfacial tension (IFT) is plotted for o/w systems involving 0.010
mM Cgo naphthenic acid at three different pH levels of the aqueous phase. As indicated,
the interfacial activity increases with increasing pH as more carboxylic groups become

dissociated. The interface seems to be more stable at increasing pH, as shown by the

more even curves. This is due to formation of an electric double-layer of carboxylate
anions and sodium ions from the borate buffer.
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Figure 5: Dynamic IFT at different pH levels and 0.010 mM naphthenic acid.

The isotherm in the case of pH 9.0 has a quite different shape to what is normally
observed for monomeric fatty acids adsorbing onto o/w interfaces. As to start with, the

descending curve, reflecting diffusion and adsorption of monomers to the interface,
shows an almost linear shape over a considerably long time. The adsorption process

seems also to be quite slow, since it can be followed from the IFT value representing the

pure o/w interface. Moreover, the decrease of the rate of IFT is clearly concentration
dependent, as observed from the plots in figure 6. By lowering the concentration of
naphthenic acid from 0.010 mM to 0.0075 mM and further to 0.0050 mM, the slope of

the descending curve (-dy/dt) gradually becomes smaller although the IFT in all cases is
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lowered about 40 units compared to the pure o/w interface. At the lowest concentration,

on the other hand, the IFT decreases only a few units during the time under
consideration.
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Figure 6: Dynamic IFT at different naphthenic acid concentrations and pH 9.0.

As the coverage of the interface is more complete by naphthenic acids, the curves
slightly bend off. This is likely due to intermolecular interactions and reorientation of the
molecules in the interfacial layer, which affect the rate of equilibration [62, 63]. For a
naphthenic acid having four carboxylic groups, the groups have to orientate in the same
direction to adsorb onto the o/w interface. This may be attained having a conformation
where the carboxylic groups are chemically located in the same part of the structure, or
otherwise, by a folding of flexible chains, directing the groups toward the interface. For
both cases, and particular for the latter, the equilibration will be affected by dynamic

processes taking place as the carboxylic groups are occupying the interface.

For longer observation times, the curves representing the three highest concentrations
suddenly flatten out and show further an almost constant IFT. This appears at a well-
defined equilibrium IFT value (~12 mN/m) as illustrated by the overlapping curves. Well-
defined equilibrium tensions are rarely found for naphthenic acids, but have frequently
been observed for larger molecules, such as peptides [64, 65]. The anomalous behaviour

is likely a result of the high molecular weight (1230 g/mol) and the four carboxylic
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groups, making the Cgy acid structure much more extensive than for normal monoprotic

naphthenic acids.

As demonstrated from the characterization study, the 4-protic Cgy naphthenic acids seem
to act very selectively in formation of naphthenate deposits. By taking into account all
the different naphthenic acid structures existing in crude oil, it is clear that the Cgq acids
have to possess quite unique physical-chemical properties. One of these, as already
disclosed, is the extremely high affinity towards the o/w interface. Considering interfacial
reactions to be one of the mechanisms behind naphthenate formation [66, 67], the
interfacial activity will be of major concern. The observed decline of the IFT of about 40
mN/m is quite drastic for a concentration of only 0.0050 mM naphthenic acid. As to
compare with, naphthenic acids extracted from crude oil, have, under the same
experimental conditions, shown to cause a lowering of the IFT of less than 30 units at

2000 times as high concentration [67].

ii) Langmuir monolayer properties

Surface pressure-area isotherms at different pH levels are given in figure 7. At the
beginning of the compression, the surface pressure remains almost constant since the
area per molecule is large compared to the real molecular area (gasous-like film). As the
barriers move further towards smaller area, the rise in pressure sets in as the naphthenic
acid monomers start to interact. Early in this stage, the position of the hydrophobic tails
of the molecules will change from horisontal to vertical to the surface. The film goes then
through a liquid kind of state as the slope of the isotherms increases. At a specific point,
however, the resistance of the film is reaching its maximum and film collapse occurs. The
initial monolayer is then broken into multilayers and/or forced into the aqueous solution,

and a further compression has just a small influence on the surface pressure.
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Figure 7: Surface pressure (SP) vs. molecular area (/g\z/molec) at different pH levels.

As observed from figure 7, the surface pressure is reaching a higher value at elevated
pH. This is a result of electrostatic repulsion between dissociated carboxylic groups. At pH
2.3, 5.6, and 11.6, the plots show further that the pH effect is rather small with regard to
changes in area/molecule when the pressure starts to increase. In the case of pH 9.2, on
the other hand, the rise in pressure sets in at an earlier stage. This is due to the ionized
carboxylic groups, which, due to electrostatic repulsion, require larger area than the
corresponding molecules in an undissociated state. The reason why this effect is missing
at pH 11.6 is most likely because of dissolution into water; at such high pH, the
naphthenic acid monomers become completely dissociated, resulting in an enhanced
water solubility and hence loss of initial film material. The surface concentration will thus
be lower than at the beginning of the experiment, and, accordingly, the obtained
molecular area will be lower. The considerable solubility in water due to dissociation is
also well illustrated in figure 8, where relative area loss (A/A,) versus time at a constant
surface pressure of 10 mN/m is plotted. As observed, the film stability increases by
lowering the subphase pH. The film at pH 2.3 is much more stable than that at pH 5.6,
which demonstrates that the film resistance decreases dramatically when the acids
become slightly dissociated. Under alkaline conditions, the films become very unstable,

and 60% of the initial area is lost within 10 minutes.
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Figure 8: Stability isotherms (surface pressure of 10 mN/m) at different pH levels.

As figure 7 shows, the pressure-area isotherms at pH 2.3 and 5.6 have quite similar
shapes. This indicates that the degree of dissociation is low, probably also at pH 5.6. At
these pH levels, however, no distinct break in the curve reflecting film collapse is
observed. The isotherms gradually flatten out, forming a plateau, before the pressure
again increases. This effect is likely a result of phase transitions and structural
rearrangement in the film where the molecules are pushed even closer due to the lack of
repulsive charges pulling the molecules apart. The process may also involve
intramolecular compression of the monomers, which is more favourable at low pH
because of lower degree of repulsion between negatively charged acidic groups. In
addition, aggregates may form as a result of hydrogen bond interactions, which in turn

make the film more compressible.

Considering the undissociated state of the naphthenic acids, the surface pressure starts
to increase at a molecular area of about 160 ,&z/molecule. The high area reflects the
extensive molecular structure of the Cgg acids, comprising four surface active
headgroups. The carboxylic groups alone do however not cover the entire area. As to
compare with, saturated monomeric long-chain fatty acids have a molecular area around
20 A%/molecule [68], and four tight-packed groups will thus give an area about the half
of what observed for the Cgy compound. The functional groups are thus likely to be

separated from each other by hydrocarbon chains.
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The effect on the surface pressure-area isotherms upon addition of calcium ions to the
subphase at different pH levels is shown in figures 9-11. At pH 5.6 (fig. 9), the effect is
rather small since the carboxylic headgroups are less ionized. Slight interactions seem
however to occur, as the monolayer tend to tolerate some higher pressure upon addition
of Ca*. On the other hand, as indicated by the plots of relative area loss versus time in
figure 12, a concentration of 0.010 M Ca?* has only a negligable effect on the film

stability at a surface pressure of 10 mN/m.
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Figure 9: Surface pressure (SP) vs. molecular area (A%/molec) at pH 5.6 and different

concentrations of Ca?*.

At higher pH;s, the effect on onset area upon addition of Ca?* is more striking, as
observed by the isotherms in figures 10-11. In the case of pH 9.2 (fig. 10), the onset
area decreases in presence of calcium ions. This is due to the electrostatic attraction
forces acting between the dissociated carboxylic groups and the Ca®* ions, eliminating
repulsive forces between negatively charged moieties. The curves also ascend steeper in
presence of Ca’*, and the point reflecting monolayer collapse is more marked.
Furthermore, as observed by the plots in figure 12, a presence of 0.010 M calcium ions in
the subphase increases the film stability significantly at 10 mN/m. All these effects may
be attributed to the formation of calcium naphthenate at the surface, which reduces the
film compressibility and causes a more distinctive monolayer break-up. As a result of
having four carboxylic groups, the monomers may be cross-linked by the calcium ions to
form some kind of polymeric structure. This potential behaviour is in deep contrast to

that of normal monoprotic acids, which are only able to form distinct particles.
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Figure 10: Surface pressure (SP) vs. molecular area (A%/molec) at pH 9.2 and different

concentrations of Ca’*.
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Figure 11: Surface pressure (SP) vs. molecular area (/S\Z/molec) at pH 11.6 and different

concentrations of Ca?*.

At pH 11.6 (fig. 11), the isotherms are a bit different from those obtained at pH 9.2 and
the rise in pressure occurs at an earlier stage in the case of the highest concentration of

calcium ions. As already mentioned, this is likely because of a considerable solubility of
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the dissociated molecules in water in absence of calcium ions. By adding Ca®* to the
subphase, less film material is lost due to the electrostatic forces exerted by the
counterions upon the de-protolysed monolayer, leading to formation of calcium
naphthenate at the surface. The increase of the film stability by increasing the

concentration of Ca?* in the subphase at pH 11.6 is clearly demonstrated in figure 13.
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Figure 12: The effect on monolayer stability (surface pressure of 10 mN/m) upon addition of Ca?*

at different concentrations at pH 5.6 and 9.2.
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Figure 13: The effect on monolayer stability (surface pressure of 10 mN/m) upon addition of Ca?*

at different concentrations at pH 11.6.
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In contrast to the curves of area loss versus time at lower pH levels, which tend to
descend evenly, the curves at pH 11.6, and particular in presence of 0.010 M Ca?*, have
quite uneven shapes. As mentioned earlier, due to the four reactive carboxylic groups,
the monomers may be cross-linked by Ca?* to form a network of calcium naphthenate at
the surface. A possible reason for the uneven curve-shapes is thus a subsequent
fragmentation of the network layer. However, as the molecular structure is unknown, this

approach is only speculative.

Although the relative film stability has shown to be altered by adjusting the pH and by
adding calcium ions into the subphase, the overall stability is rather low compared to
what normally is referred to as stable films. In all cases, a monotonous decrease in the
relative area is observed. In general, the Cgy acids seem thus to form quite unstable
Langmuir monolayers, due to dissolution of film forming material into the aqueous phase,
which is significant considering the huge volume difference between the surface active

material and the subphase.
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CONCLUSIONS

A narrow group of 4-protic naphthenic acids with molecular weight around 1230 g/mol
has shown to be dominating in a naphthenate deposit collected from an offshore
installation in West Africa. The determined mass of 1230.0627 amu suggests a
compound with the elemental formula of CgyH14,0s. The compound has six sites of
unsaturation in the hydrocarbon moiety, arising from condensed rings. The result is
consistent with recent findings from other fields [30].

The Cgo naphthenic acids become highly o/w interfacially active by increasing the pH of
the aqueous phase from 5.6 to 9.0. The increasing interfacial activity is due to a higher
degree of dissociation at the interface. At pH 9.0 and at concentrations of only 0.0050-
0.010 mM of acid, the interfacial tension (IFT) is found to be about 40 mN/m lower than
the value of the pure toluene/hexadecane (1:9 vol.) — water interface. The rate of IFT
decrease is also concentration dependent within this concentration range, and a well-
defined IFT value is attained at long observation times. The naphthenic acids acquired
from the deposit sample are much more interfacially active than naphthenic acids
extracted from crude oil. This property is likely one of the reasons why the Cgy acids are
found to dominate in naphthenate deposits.

In general, the Cgy naphthenic acids form relatively unstable Langmuir monolayers. The
stability decreases further with increasing pH as more monomers become dissociated and
dissolve into the aqueous phase. By adding calcium ions into the subphase at high pH,
the films become less soluble due to formation of calcium naphthenate at the surface. In
the non-interacting region, the undissociated naphthenic acids have a molecular area of
about 160 ,&Z/molecule. The high area reflects an extensive molecular structure
comprising four carboxylic headgroups, which are likely to be separated by hydrocarbon

chains.
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Abstract

A new experimental setup based on near infrared (NIR) spectroscopy has been utilized to
monitor the formation, growth and inhibition of calcium naphthenate particles in oil-water
(o/w) systems under different experimental conditions. The naphthenic acids were
dissolved in toluene and brought in contact with an aqueous solution. The reaction
between the dissociated acid monomers and Ca®* at the o/w interface was initiated by
adding dissolved CaCl, to the water phase. By using stirrers in both bulk phases, the
formed particles were dispersed into the oil phase and the changes in optical density
(OD) of the naphthenate solution were continuously monitored using a fiber optic NIR
probe. Due to the particles present in the solution, the baseline of the NIR spectra was
shifted upwards compared to the pure toluene phase, depending on the size and the
number of particles detected by the probe. The formation and growth of naphthenate
particles have shown to depend on the naphthenic acid structure, concentrations, and pH
of the aqueous phase. In addition, the presence of oil-soluble surfactants has shown to
cause a lowering of the particle volume. Possible mechanisms behind this effect are

briefly discussed.

Keywords: near infrared (NIR) spectroscopy, naphthenic acid, naphthenate particle

formation, particle growth.



Introduction

Deposition of metal naphthenates in process facilities is from an operational point of view
one of the most challenging separation issues. The problem arises from drop in pressure
and release of CO, from the co-produced formation water during fluid transport from the
reservoir to the topside, which in turn causes an increase in pH and a higher degree of
dissociation of the naphthenic acids at the oil-water (o/w) interface. As a consequence,
the dissociated moieties react with the counterions in the brine and precipitation of metal
naphthenates may occur [1-3]. The product may then start to agglomerate in the oil
phase, normally in combination with inorganic materials, and further adhere and
accumulate to process unit surfaces. Naphthenate deposition is becoming a serious
problem in a number of fields where acidic crudes are being processed, including fields in
West Africa [4, 5], on the Norwegian continental shelf [5, 6], and in Southeast Asia [7,
8].

In order to reduce naphthenate deposition, chemical mixtures of various compositions
are injected into the well stream. This includes surfactant mixtures consisting of
ethoxylates and alcohol, which have shown to reduce deposition significantly [8].
Although the mechanism behind naphthenate inhibition using surfactants is not clarified
in detail, it is likely due to a competitive process which takes place at the interface. Some
alkyloxylates are highly interfacially active and may have a much higher affinity towards
the o/w interface than the naphthenic acids. Consequently, they may dilute the interface
and bring about longer lateral distances between the dissociated acid monomers [9].
Hence, the naphthenic acids have to restructure in the interfacial layer in order to

complete the reaction, which in turn will slow down the reaction rate.

In this paper, we report a new experimental setup based on near infrared (NIR)
spectroscopy to monitor the formation and growth of calcium naphthenate particles in
o/w systems under different experimental conditions. The particles were formed at the
o/w interface and dispersed into the oil phase upon stirring. Changes in optical density
(OD) due to light scattering by particles were then correlated to the rate of particle

formation and growth by plotting the square root of OD versus time.



Experimental

Chemicals

All chemicals were used as supplied; toluene (p.a., Acros Organics), calcium chloride
dihydrate (>99.5%, Roth), pH 8.0 and 9.0 borate buffer solutions (Merck), three
synthetic naphthenic acids (>99%, Chiron), and three different oil-soluble surfactants.

Information about the synthetic naphthenic acids is given in table 1.

Table 1: The synthetic naphthenic acids used in the study.

Name MW [g/mol] Chemical structure

[1A-C12] COH
290.4 \/\/\/\/\/\/©/
p-(n-dodecyl) benzoic acid

[1C-C12]

CO,H
4-n-dodecyl-cyclohexane 296.5 \/\/W\/\/O/

carboxylic acid

[2A-C12]

COH
6-dodecylnaphthalene-2- 340.6

carboxylic acid

Methods

The naphthenic acids and the oil-soluble surfactants were dissolved in toluene at different
concentrations. The water phase consisted of either ultrapure water (purified with a
Millipore Simplicity system) or borate buffer solutions of pH 8.0 and 9.0. A 1:1 volume
ratio of water and toluene containing naphthenic acid was then poured into a glass bottle
to a total volume of 80 ml. The oil and the water phase were continuously stirred
according to the experimental setup illustrated in figure 1. The position of all the setup
units and the level of the stirrers were fixed to get the experimental conditions as
constant as possible for the different systems. The experiments were initiated by
injecting a solution of dissolved CaCl, at a given concentration into the aqueous phase to
start the reaction between dissociated naphthenic acids and Ca®*. The concentration of
Ca’* was always twice the concentration of naphthenic acid. The naphthenate particles

formed at the o/w interface were then dispersed into the oil bulk solution and the



changes in optical density (OD) caused by light-scattering by particles were monitored

using a fiber optic NIR sampling probe.

All near infrared measurements were performed with a Multi-Purpose Analyzer (Bruker
Optics), equipped with a fibre optic sampling probe for transflectance measurements. The
total path length of the probe was 2 mm. NIR spectra were recorded with a time interval
of five minutes. The wavenumber region was set to 10000-6000 cm™ and the total scans
per spectrum to 32. In order to follow the formation and growth of particles as a function

of time, the results from a single wavenumber (9500 cm™) were utilized.

Dynamic interfacial tensions (IFT) for o/w systems containing naphthenic acids (2mM)
and the different surfactants (50ppm) were measured using the CAM 200 pendant drop
technique (KSV Instruments). In some cases, this technique was also utilized to

determine surface tensions (ST) of bulk water.

Particle sizes for some solutions were measured by using a Malvern Zetasizer 3000HS
(Malvern Instruments). Totally 20 single measurements were undertaken for each series
after which a mean particle size was calculated. The measurements of each series took

about 10 minutes.

All the different experiments were performed at room temperature (22 °C).

Fiber optic
probe

NIR [ 5

Spectrometer (Y

GRITIE

Figure 1: A sketch of the experimental setup used in the NIR spectroscopic study.



Theory

Light scattering by particles in the near infrared (NIR) region

One of the main advantages of using NIR spectroscopy in colloidal systems is the ability
to gain information about the physical state of particles in the solution. Due to scattering,
the NIR spectra will display a baseline elevation depending on the size and the number of
particles. This phenomenon has frequently been benefited from to qualitatively study
aggregation or disintegration of crude oil fractions [10, 11], or to estimate the sizes of
different kinds of particles [12-15]. Light scattering in the NIR region is described in
detail by Mullins [16] and Kerker [17]. A brief description is given below.

For slightly lossy dielectric particles in the Rayleigh limit »/A < 0.05, where r is the
particle radius and 1 is the wavelength of the incident light, the light extinction can be

considered as a sum of the scattering and the absorbance:
Gtot = Osc + Oubs (1)
where o, o, and o,, are the total, scattering, and absorption cross-sections,

respectively. The absorption cross-section scales with the third power of the radius ().

The scattering cross-section, on the other hand, scales with »°, according to equation 2:

P [n2_1]2 )

o —_— —_

3 A 42
where # is the ratio of the discrete phase to the continuous phase index of refraction, and
n = 3.14... Hence, the particle size is very important for determining the magnitude of the
particle scattering. The light intensities and the number of particles N in a given total

cross-section may be related to optical density OD by the following equation:
IO
OD = log 7 =0.434No,, (3)

where [ and [, are the intensities of the transmitted and the incident light, respectively.
The effect of multiple scattering is not accounted for in this equation. In the case of

multiple scattering, the scattering and the absorption cannot be treated separately.



Results and Discussion

Figure 2 shows NIR spectra of toluene and dispersed calcium naphthenate particles of p-
(n-dodecyl) benzoic acid. The lowest spectrum is that of pure toluene. By adding Ca®*,
the baseline is shifted upwards due to scattering by the formed aggregates. Since the OD
is a function of both particle number and size, the longer the observation time, the more
and the larger particles are formed, and the higher is the baseline elevation. Since only
the scattering contribution is of interest, the reference spectrum of pure toluene was
subtracted from all the naphthenate solution spectra. The time between each recorded

spectrum is five minutes.

Absorbance

10000 9500 goon 2500 000 7500 Foon G500 &ooo0

Wavenumber [cm]

Figure 2: Spectra of toluene and calcium naphthenate-toluene solutions illustrating the baseline

elevation due to formation and growth of particles. The time interval between each recorded

spectrum is 5 minutes.

In order to follow the formation and growth of particles as a function of time, the OD at
the wavenumber 9500 cm™ was considered where the hydrocarbon absorption is low.
The square root of OD was then plotted versus time. The reason for calculating the
square root of OD is that OD is proportional to the sixth power of the radii and thus to
the square of the volume within the Rayleigh regime. Hence, any change in the square

root of OD will reflect change in the volume of particles.



o Effect of naphthenic acid structure

The square root of OD versus time for toluene-naphthenate solutions of the different
naphthenic acids is plotted in figure 3. As indicated, the naphthenic acids with aromatic
rings are forming particles at a higher rate and with a larger volume than the acid with
condensed ring. The reason for this is the higher interfacial affinity, as shown by the
dynamic IFT plots in figure 4, which causes a higher density of acid monomers at the o/w
interface. Due to the aromatic rings and the n-bonds between them, the acid monomers
will pack more densely at the interface than the acid with condensed ring, favouring
interfacial formation of 2:1 complexes of acid and Ca®*. Monomers with two aromatic
rings will pack even denser than monomers with only one ring, causing a higher reaction
rate as demonstrated by comparing the slopes of the ascending curves at the beginning
of the experiments. These findings are in good agreement to earlier studies in which
dynamic IFT between an oil droplet containing naphthenic acid and alkaline aqueous

solution were measured upon addition of different divalent cations [1, 9].
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Figure 3: Square root of OD vs. time for naphthenate solutions of different naphthenic acid

structures. The naphthenic acids are termed by short-names according to table 1. The

concentrations of acid and Ca®* are 2mM and 4mM, respectively.
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Figure 4: Dynamic interfacial tension of the toluene-water pH9 interface in presence of 2mM of the
naphthenic acids in the toluene phase, clearly showing their different affinities towards the o/w

interface. The naphthenic acids are termed by short-names according to table 1.

After some time, most pronounced in the case of the aromatic two-ring structure, a
steady state is reached as the curves flatten out and show an almost constant OD value.
The explanation for this behaviour is likely twofold. First, the maximum number of single
particles formed will depend on the concentration of the naphthenic acid as Ca?* is in
excess. The steady state may thus reflect that all the naphthenic acid monomers have
reacted to form particles. Second, the almost constant OD also indicates that the
contribution from particle growth is minimal in this region. This could indicate that
particles with a similar size gradually are formed. However, the ability of the particles to
scatter light will increase with their size only up to a certain size. Within the Rayleigh
regime, as noted in the theory part, the intensity of the scattered light increases in
proportion to the sixth power of the radius. Far beyond the Rayleigh criteria, on the other
hand, the OD will relate to the particle radius with a power less than six. Consequently,
the particles will not contribute so much to an increase in OD when the particles become
sufficiently large and a further particle growth may not be detected by monitoring the
OD.



o Effect of concentration and pH

Figure 5 shows plots of OD®> versus time of naphthenate solutions for systems consisting
of different concentrations of p-(n-dodecyl) benzoic acid and Ca®*. As clearly indicated,
the OD increases more rapidly the higher the concentration of reactants as more particles
are formed at the interface. The rate of particle formation and growth is also highly
dependent on the pH of the aqueous phase, as illustrated by the plots in figure 6. At pH
5.6 and pH 8.0, the OD increases only slightly compared to the pure toluene phase. This
is due to low degree of dissociation of the naphthenic acid monomers, causing formation
of less particles than at pH 9.0. In that respect, it is interesting to observe the large shift
in OD by shifting the pH only one unit from 8.0 to 9.0, which indicates that the pH has to
be elevated up to 9.0 to get the naphthenic acid sufficiently dissociated to form particles,

i.e. the dissociation of the p-(n-dodecyl) benzoic acid seems to be low, even at pH 8.0.
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Figure 5: Plots of the square root of OD vs. time for naphthenate solutions of different

concentrations of the p-(n-dodecyl) benzoic acid (1A-C12). The concentration of Ca?* is in all cases

twice the concentration of acid.
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Figure 6: Plots of the square root of OD vs. time for naphthenate solutions of the p-(n-dodecyl)
benzoic acid (1A-C12) at different pH levels of the aqueous phase. The concentrations of acid Ca®*

are 2mM and 4mM, respectively.

o Effect of addition of surfactants

Different oil-soluble surfactants were added in order to study their effect on the
naphthenate particle formation. Surfactants are used to reduce the amount of
naphthenate deposition during crude oil production. Dynamic interfacial tension (IFT)
between water of pH 9.0 and toluene containing 50ppm of three different surfactants,
named A, B, and C, is plotted in figure 7. As observed, the surfactant A is the most
interfacially active, whereas C lowers the toluene-water IFT only slightly. The surfactant
B, on the other hand, seems to be quite water soluble as indicated by the monotonous

increase in the IFT towards the tension value of the pure interface (~36 mN/m).
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Figure 7: Plots of dynamic IFT of water pH 9.0 and toluene containing 50 ppm of the different

surfactants (A, B, and C). The shortname “Tol” stands for toluene.

The p-(n-dodecyl) benzoic acid was chosen for the inhibition measurements. Figure 8
shows plots of the square root of OD versus time for naphthenate solutions both in
absence and in presence of surfactants. As observed, all the additives cause a lowering of
the OD. The surfactant C, which is the less interfacially active, seems to be less efficient
than those of A and B. An interesting observation from figure 8 is that addition of
surfactant B, which is water-soluble, results in a lower particle volume than addition of
surfactant A. Due to the low o/w interfacial affinity it is unlikely that the mechanism is
interfacial dilution of acid monomers. The partitioning of B into water was further
investigated for two different systems by measuring the surface tension (ST) of bulk
water (pH 9.0) in contact with; 1) toluene (1:1 vol) containing B (50ppm), and 2)
toluene containing naphthenic acid (2mM) and B (50ppm) upon addition of Ca®* to the
water. The results (table 2) show that the surfactant B does not partition into the water
when naphthenate particles are formed in the system. Possible reasons for this are
interactions between the surfactant and the reactants, i.e. Ca®* and/or the naphthenic
acid, or interactions between the surfactant and the particles, causing disintegration into
smaller aggregates. To check the assumption about smaller particles, the particle size
was measured at different times for naphthenate solutions both in presence and in
absence of B by using the Malvern instrumentation. The results are given in table 3. As
indicated, for the solution without surfactant, the average particle diameter increases
slightly with time from about 0.9um up to 1.4um. For the system upon addition of B, on

the other hand, particles could not be detected up to 110 minutes. This is because of

11



limitations in the Malvern instrument, which only makes it possible to measure on
particle solutions above a lower dilution level. At 110 minutes, however, this limit was
exceeded and, as suggested, the particles were found to be smaller as an average than

the particles in the solution without additives.
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Figure 8: Square root of OD vs. time for naphthenate solutions in addition of the different

surfactants compared to the system without additives.

For the selected wavenumber of 9500 cm™, the Rayleigh condition is only valid for
particles with radii up to about 55 nm. However, investigations by Heller [18] have
shown the uncertainty to be low at considerable larger particles and less than 5% for »/A
< 0.25. At 9500 cm'?, this corresponds to a particle radius of 265 nm, which is still lower
than the mean sizes determined using the Malvern equipment. Strictly spoken, the
square root of OD is also directly proportional to the particle volume in systems
consisting of a constant humber of monodisperse particles. Nevertheless, the curves have
shown to give a good qualitative description of the calcium naphthenate formation under

different experimental conditions.
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Table 2: Surface tensions (ST) of different water phases (bulk water) in contact with: toluene
containing 50 ppm of B (water 1), and toluene containing 50 ppm of B and 2mM 1A-C12 upon
addition of 4mM Ca?* (water 2).

Time [min] ST [mN/m] of water 1 ST [mN/m] of water 2

72.5 72.4
60.6 72.5
10 57.2 72.4
15 53.0 72.5
20 51.7 72.6
90 50.5 72.5

Table 3: Particle sizes measured by using the Malvern. Solution 1: naphthenate particles of

1A-C12, Solution 2: naphthenate particles of 1A-C12 in presence of 50ppm of B.

Average particle diameter [um] Average particle diameter

Time [min]
in solution 1 [pm] in solution 2
20 0.9 -
40 1.3 -
60 1.3 -
80 1.4 -
110 0.7
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Conclusions

A new experimental setup based on near infrared spectroscopy has been used to study
the formation and growth of metal naphthenate particles in oil-water systems. The
particle formation and growth have shown to depend on the naphthenic acid structure,
concentration of reactants, and the pH of the aqueous phase. Moreover, addition of
various oil-soluble surfactants has shown to cause a reduction of the particle volume.
Likely mechanisms behind this effect are interfacial dilution of naphthenic acid
monomers, interactions between the surfactants and the reactants, i.e. that the
surfactants bind Ca®* or the naphthenic acid, or interactions between the surfactants and
the particles, causing smaller aggregates. Although the method involves some limitations
and uncertainties, it has shown to be a promising tool to qualitatively follow the particle

formation and growth under different experimental conditions.
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