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Abstract: On the basis of dynamic interfacial tension measurements, Ca2+ has been shown specifically
to interact with naphthenic acid (NA) at the n-heptane/water interface, consistent with NA adsorption
followed by interfacial complexation and formation of a more ordered interfacial film. Optimum
concentrations of Ca2+ and NA have been found to yield lower, time-dependent interfacial tensions,
not evident for Mg2+ and Sr2+ or for several alkali metal ions studied. The results reflect the specific
hydration and coordination chemistry of Ca2+ seen in biology. Owing to the ubiquitous presence of
Ca2+ in oilfield waters, this finding has potential relevance to the surface chemistry underlying crude
oil recovery. For example, “locking” acidic components at water/oil interfaces may be important for
crude oil emulsion stability, or in bonding bulk oil to mineral surfaces through an aqueous phase,
potentially relevant for carbonate reservoirs. The relevance of the present results to low salinity
waterflooding as an enhanced crude oil recovery technique is also discussed.

Keywords: dynamic interfacial tension; interfacial complexation; low salinity waterflooding;
metal ion interactions; naphthenic acid; oil recovery

1. Introduction

Carboxylic acids are fundamental to the chemistry of all crude oils [1]. These are oil-soluble
compounds with the general formula CnH2n+zO2 containing acyclic (z = 0) and alicyclic (z > 0)
hydrocarbyl groups; in crude oils, they are collectively referred to as ‘naphthenic acid’ (NA), since the
earliest examples identified contained saturated cyclopentyl and cyclohexyl groups [2,3].

As is the case for other polar species present in petroleum, organic acids are often implicated
in various upstream and downstream operational problems. Thus, during crude oil production,
the surface activity of NA can lead to alterations in reservoir wettability [4,5] and increased stability of
water-in-oil (w/o) emulsions [6]. Additionally, under high pH conditions, ionized acid groups stabilize
oil-in-water (o/w) emulsions [7] when dissociation of oil-soluble acids produces anionic surface-active
species which strongly affect properties, such as interfacial tension and interfacial rheology [8].

During crude oil refining, the acidity of NA (pKa ~5 [9]) is responsible for corrosion in distillation
units under the high temperature process conditions. The total acidity of the crude oil depends on its
source, and oil-specific measures are often required to reduce potential damage when processing the
highest acidity crudes (typically total acid number [TAN] values in excess of approximately 0.8 mg
KOH/g) [10]. Naphthenic acids also exhibit specific interactions with calcium in certain oilfields,
where Ca2+ coordination leads to precipitation and deposition of naphthenate-rich scale [11]. In this
case, the naphthenates are tetrameric species, the original C80-tetra-acid member being identified
as C80H142O8, molecular weight 1230 g/mol [12]. Following this discovery, other similar members

Colloids Interfaces 2018, 2, 40; doi:10.3390/colloids2030040 www.mdpi.com/journal/colloids

http://www.mdpi.com/journal/colloids
http://www.mdpi.com
https://orcid.org/0000-0001-5528-2103
http://www.mdpi.com/2504-5377/2/3/40?type=check_update&version=1
http://dx.doi.org/10.3390/colloids2030040
http://www.mdpi.com/journal/colloids


Colloids Interfaces 2018, 2, 40 2 of 21

were identified as being responsible for naphthenate deposits in diverse locations [13,14]. Regarding
the formation of these species, two points are noteworthy. First, if the tetra-acids are uncharged, it is
likely that interactions must occur at an aqueous/oil interface. Second, from the composition of the
deposits, there should be a specific affinity between the organic acid and aqueous Ca2+ ions, given the
mixed cation composition of oilfield waters. This is also confirmed using a range of techniques and a
synthetic tetra-acid, for which the strongest affinity was found for Ca2+ [15,16].

There is evidence in the literature to show that acidic species contribute to the structure and
properties of crude oil–water interfaces [17]. Dissociation of carboxylic acids, for example, explains
the pH-dependent behavior of crude oil/water interfaces [18,19] leading to increased o/w emulsion
stability at high pH. It is also evident that crude oil/water interfacial properties can be significantly
influenced by the presence of divalent metal ions. Thus, Alvarado et al. [20] reported the increased
stabilization of water-in-crude oil emulsions in the presence of Ca2+ ions compared with Na+ ions of
the same ionic strength, suggesting that stronger interactions occur with Ca2+, although the authors
suggested that further investigation is necessary [21].

Carboxylic acid groups at crude oil interfaces have also been implicated in improved recovery
mechanisms during low salinity waterflooding (involving the so-called “low salinity effect”, LSE).
One popular suggested LSE mechanism starts with the premise that oil is naturally bound to
specific reservoir mineral surfaces via divalent metal ion bridging involving oil-based carboxylate
groups [22–30]. It is considered that reducing the water salinity disrupts the bridges through ion
exchange, resulting in reduced oil adhesion, thereby improving oil displacement and recovery.

Other studies into the LSE have suggested that interfacial properties should be sensitive to
complexation across oil/water interfaces [31,32]. Indeed, the specificity of interfacial complexation
between metal ions and oil-soluble components is important elsewhere in liquid–liquid extraction
processes [33]. Early work [34–36] identified that interfacial reactions involving metal ions and spread
carboxylic acid monolayers at the air-water interface are relatively slow, with half-lives of several
minutes. More recently, de Ruiter et al. studied the evolution of the interfacial tension upon placing
aqueous solutions of metal ions in contact with a decane solution of stearic acid (HSt) [31]. When the
solution pH > pKa, the acidity constant of stearic acid, distinct stages in the formation of metal stearate
layers were noted, and interpreted as [31]: (i) deprotonation of adsorbed stearic acid (HSt), forming
MSt2 complexes at the interface; (ii) nucleation of the MSt2 complexes, allowing further acid adsorption
and complexation; (iii) partitioning of the three-dimensional MSt2 structures into the oil phase.

The present study is concerned with the influence of alkali and alkaline earth metal ions (as the
respective chloride salts) on oil/water interfaces containing a commercial (technical-grade) sample of NA.
Previous work by Brandal et al. investigated the effects of divalent metal ions (Mg2+, Ca2+, Sr2+ and Ba2+)
on the interfacial tension behavior of different carboxylic acids under pH conditions where the acids were
completely ionized [32]. However, we were keen to explore interactions between aqueous metal ions and
the oil-soluble NA, initially in its unionized form as would be present in a native crude oil.

2. Experimental

2.1. Materials

Organic solvents (ethanol and n-heptane, both >98% purity) and the reagents naphthenic
acid (technical grade), calcium chloride dihydrate (CaCl2·2H2O), strontium chloride hexahydrate
(SrCl2·6H2O), magnesium chloride hexahydrate (MgCl2·6H2O), sodium chloride (NaCl), potassium
chloride (KCl), lithium chloride (LiCl), cesium chloride (CsCl), potassium hydroxide (KOH), calcium
acetate (Ca(OAc)2·xH2O) were purchased from Sigma-Aldrich Co. Ltd. (Gillingham, Dorset, UK)
and apart from n-heptane were used without further purification. The latter was passed through an
alumina column to remove any surface-active impurities before use.

According to the supplier, the commercial naphthenic acid is a technical mixture of alkylated
cyclopentane carboxylic acids, with a total acid number (TAN) value of 230.5 mg KOH/g,
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which equates to an average molecular mass of 56/0.2305 = 243 g/mol with the reasonable assumption
that the mixture only contains monoprotic acids. However, consistent with our own analysis,
Hindle et al. reported that this product contains a high proportion of saturated fatty acids, with
relatively low levels of true naphthenic components [37]. Notwithstanding the relatively low content
of authentic naphthenic structures, its composition does provide a representative range of carbon chain
lengths to investigate interactions which mainly involve the carboxylic acid function of crude oils.

Deionized water (resistivity = 18.2 MΩ·cm) was from a Millipore Direct-Q system, with a pH of
~5.6 at room temperature (21 ◦C).

2.2. Methods

2.2.1. Synthesis of Calcium Naphthenate

Calcium naphthenate was synthesized based on a method used by Pereira et al. to prepare
calcium salts of long-chain carboxylates [38]. Thus, KOH (0.752 g, 13.0 mmol) was dissolved in ethanol
(20 mL) and heated gently on a hot-plate until boiling. NA (3.270 g, ~3.3 mmol based on the above TAN
value) was then added and boiling maintained. Separately, Ca(OAc)2·xH2O (1.062 g, ~6.5 mmol) was
dissolved in the minimum quantity of water with sonication, after which this solution was carefully
added dropwise to the boiling ethanolic KOH/NA. The resultant mixture was then allowed to cool and
evaporate, whereupon an amber-colored gel separated, together with residual water (~2 mL). The water
was decanted, and the gel product was washed with an approximately equal volume of deionized
water, heated to 80 ◦C, and then allowed to cool. Again, the residual water was decanted. This washing
process was repeated one further time. The drained product was then stirred with petroleum ether
(40–60 ◦C boiling range) until dissolved (~40 mL required). This solution was filtered (Whatman
#1 filter paper), which also served to remove residual water from the resultant clear amber filtrate.
Solvent evaporation yielded viscous product (3.079 g, 87%). The stoichiometry of the product was
determined by thermogravimetric analysis (TA Instruments TGA Q500 thermogravimetric analyzer,
Elstree, Hertfordshire, UK). The sample was heated from ambient temperature to 900 ◦C at 10 ◦C/min
in air to yield a residue (calcium oxide) corresponding to 7.14% Ca. Using the average NA molecular
mass of 243 calculated above, the product has a composition consistent with the expected 1:2 Ca:NA
stoichiometry. Figure 1 shows a comparison of the infrared spectra (Bruker Alpha spectrometer with
Diamond ATR (Bruker UK Ltd., Coventry, UK), each sample applied in neat form) for the original
naphthenic acid and its calcium salt, from which the shift of the carbonyl band from 1700 to 1543 cm−1

is characteristic of neutralized carboxylic acids [39,40]. The small band at 1709 cm−1 in the calcium
naphthenate spectrum indicates a trace amount of unreacted naphthenic acid remains in the product.
Loss of bands at 1265 and 943 cm−1 are also consistent with calcium salt formation [40].Colloids Interfaces 2018, 2, x 4 of 21 
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2.2.2. Dynamic Interfacial Tension Measurements

The dynamic tension of water/n-heptane interfaces was determined using an in-house dynamic
drop volume (DDV) method. The general basis of this approach has been detailed by van Hunsel and
Joos [41] and is similar to the method used by Deshiikan et al. [42]. Briefly, aqueous drops are formed
at the tip of a capillary using different (known) flow rates, f, and the corresponding drop formation
times, td, measured. By knowing f and td allows corresponding drop volumes to be determined
under dynamic conditions. From a comparison with the Ward-Tordai equation, the adsorption time
is ~3/7td [43]. Strictly, drop volume (or weight) methods are used to determine equilibrium surface
or interfacial tension for drops formed infinitely slowly, because at finite rates of drop formation
hydrodynamic effects cause excess liquid to be incorporated into the detaching drop [41]. However,
under dynamic conditions, the drop volume, V(td), is related to the drop formation time by the
empirical relationship attributed to McGee (see ref. [41]):

V(td) = V0 + St−0.75
d (1)

in which V0 is the drop volume at an infinitely slow formation time and S is the so-called McGee
slope [41]. The latter is determined by measuring drop volumes at different flow rates for a series of
pure liquids, under conditions of constant interfacial tension. Surface or interfacial tensions are then
obtained using the established static pendant drop volume relationship:

γ =
V0∆ρg
2πrF

(2)

in which r is the external tip radius, ∆ρ the density difference between the two phases, and F is a
correction factor accounting for drop shape which was determined and tabulated as a function of
r/V0

1/3 by Harkins and Brown [44] and extended by Wilkinson [45]. The more recent polynomial
developed by Lee et al. [46] shown in Equation (3), which correlates F with r/V0

1/3 within the range
0 ≥ r/V0

1/3 ≥ 1.2, was used in the present analysis.

F = 1 − 0.9121(r/V0
1/3) − 2.109(r/V0

1/3)2 + 13.38(r/V0
1/3)3 − 27.29(r/V0

1/3)4 +
27.53(r/V0

1/3)5 − 13.58(r/V0
1/3)6 + 2.593(r/V0

1/3)7 (3)

By using pure low viscosity liquids of constant surface tension over the range of drop formation
times, hydrodynamic contributions to drop formation are effectively eliminated, which allows the
relationship between the McGee slope and V0 to be defined. For our system, we found that the McGee
slope is described well by

S = 0.22V0 (4)

such that for a given drop time, Equation (2) becomes:

γ(td) =
V(td)∆ρg

2πrF
(

1 + 0.22t−0.75
d

) (5)

In the present method, water or aqueous salt solution drops were formed below the surface of
the n-heptane phase from the tip of a stainless steel syringe needle, the end of which was cleaned
and roughened with a fine grade sand paper before each measurement to ensure effective contact
of the aqueous phase is made with the outer diameter (3.413 mm). Drop volumes were in the range
~30–120 mm3. The pH of the unadjusted aqueous phases was in the range 5.4–5.7 consistent with
Robertson et al. [47]. Drops are then produced at up to ten known rates using a pre-calibrated syringe
pump (B. Braun, Melsungen, Germany) at 21 ± 1 ◦C, and the drop times calculated by averaging
the time taken for several drops to be produced. Drop counting was performed visually with an
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estimated mechanical (stopwatch) response time of ±0.02 s for a single drop; this limits the realistic
rate of formation typically to ~1 drop per second.

The procedure also requires the density difference between the liquid phases to be known under
the same temperature conditions, and these were determined by pycnometry from the mass of a known
volume of the respective liquids. Thus, by measuring td at different flow rates allows the determination
of γ(td) as a function of drop time using Equation (5). The combination of interfacial tension, drop
volume, needle diameter and density difference translates for most of the measurements into values of
the newly proposed Worthington number (Wo = ∆ρgVd/2πrγ) in the range ~0.7–0.9, for which a value
of unity would be the ideal situation [48]. Additionally, replicate measurements using pure liquids
with time-invariant interfacial tension, indicate a standard error of <3% of the quoted values, which is
often better than ± 1 mN/m.

3. Results and Discussion

In advance of discussing the results of this study, it is pertinent to consider the ionization behavior
of carboxylic acids at oil/water interfaces. Thus, on electrostatic grounds it would be expected that
ionization equilibria will be affected by the presence of an interface, which would then be reflected in
the relevant dissociation constants. To illustrate this, if the acid dissociation constant of a carboxylic
acid in bulk (aqueous) solution is pKa(∞), then the electrostatic image potential Ψ experienced by the
acid group at a distance x from the interface is given by [49]:

Ψ(x) = − Ce
2Dwx

(6)

where C = 1/4πε0, e is the electronic charge (1.602 × 10−19 C), ε0 is the permittivity of a vacuum
(8.854 × 10−12 F/m), and Dw is the dielectric constant of water (~80).

By further considering the acid-base equilibrium as a function of distance from the interface, Dill
and Bromberg [49] showed that the apparent pKa at a distance x from the interface is related to the
bulk value by

pKa(x) = pKa(∞)− 0.4343eΨ(x)
kBT

= pKa(∞) +
0.4343Ce2

2xDwkBT
(7)

in which kB is Boltzmann’s constant (1.381 × 10−23 J/K) and T is the absolute temperature. This simple
model suggests that adsorbed acid groups within, say, 0.2–0.5 nm of an oil/water interface, would
experience an increase in pKa of 0.3–0.8 units, purely on electrostatic grounds, without introducing
specific ionic refinements.

However, by using more sophisticated computational approaches, Andersson et al. found that the
pKa of isolated acid molecules at an oil/water interface increased by an average of ~1 unit compared
with the aqueous bulk solution value [50]. This reflects the greater affinity of the neutral molecule
for the interface. The consequences of molecular confinement, at an interface, for example, were also
probed using the same computational methods. In this situation, the possibility of deprotonated
carboxylate groups stabilizing neighboring undissociated (neutral) carboxylic acid molecules arises
through hydrogen bonding. Thus, the same workers also showed how the pKa shift produced in the
first molecule, as described above, is almost exactly compensated by the stabilizing effect induced on
the second molecule [50].

Several experimental studies have identified increased pKa values for acid groups present at
surfaces and interfaces, including self-assembled monolayers [51], fatty acid micelles [52,53] and, more
recently, at the air/water interface for fatty acid monolayers [54], the latter study also identifying the
effect of chain length on the magnitude of the pKa change. In the context of the present paper, this will
mean that adsorbed NA molecules will remain largely undissociated as the effective (interfacial) pKa is
higher than the pH of the aqueous solutions.
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3.1. NA Adsorption at the n-Heptane/Water Interface

Dynamic drop volume measurements between n-heptane containing NA and deionized water
produce constant interfacial tensions over drop formation times in the approximate range ~0.3–500 s
as shown in Figure 2a. The time-invariant values seen for different bulk NA concentrations (CNA) are
due to the changes in the composition of the n-heptane phase, reducing slightly from the value for
the n-heptane/water interface. The results also indicate that adsorption is rapid compared with the
experimental timescale, being complete in <0.3 s. Using a microfluidic technique, adsorption at the
hydrocarbon/water interface has recently been shown [55] to occur on the millisecond timescale, more
rapidly than previously thought.
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Figure 2. (a) Examples of the dynamic interfacial tension of naphthenic acid solutions in n-heptane
against deionized water. (b) Corresponding results against water containing 0.3 mol/L Ca2+.
(c) Interfacial tension-log (naphthenic acid concentration) profiles for deionized water and the
individual γi and γ∞ contributions for 0.3 mol/L Ca2+ (see Equation (8)). The inset shows the
corresponding plot for n-heptane solutions of Ca(NA)2 against deionized water. All curves are fits to
the Szyszkowski equation (Equation (9)). (d) The effect of Ca2+ concentration on the interfacial tension
of the n-heptane/water interface. The line is based on the empirical equation γ = γ0 − Aγ0.5 + Bγ as
described in the text.

Compared with the time-invariant interfacial tension behavior seen at the deionized water
interface, the presence of 0.3 mol/L Ca2+ is accompanied by the appearance of time-dependent
behavior, as shown in Figure 2b for equivalent naphthenic acid concentrations.

These latter profiles suggest that the approach to equilibrium of a growing drop in the presence
of Ca2+ occurs in (at least) two stages. The first stage involves a rapid γ decrease, as described above,
as the interface re-equilibrates from γ0 ~48 mN/m to an “instantaneous” value (within the timescale
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of the present technique), γi, which, for 5 mg/L ≤ CNA ≤ 200 mg/L and 0.3 mol/L Ca2+, is lower than
the corresponding values obtained for the deionized water interface.

However, it is also evident in Figure 2b that within approximately the same CNA range given
above, the interfacial tension behavior exhibits a slower second process which finally results in an
equilibrium value, γ∞, i.e., γ0→ γi, followed by γi→ γ∞. The interfacial tension curves for the slower
process, as shown in Figure 2b, are satisfactorily represented by first-order kinetic curves constructed
according to Equation (8), each of which being characterized by a first-order rate constant, k.

γ = γ∞ + (γi − γ∞) exp(−kt) (8)

Since γ0 for each Ca2+ solution in the presence of NA is inaccessible using the present technique,
we felt that it is reasonable to assume that it will be the same as the time-invariant value for the
corresponding n-heptane/0.3 mol/L Ca2+ interface in the absence of NA.

Thus, in Figure 2c are shown plots of γi and γ∞ for a Ca2+ concentration, CCa of 0.3 mol/L as
a function of CNA, together with the corresponding γ∞ behavior at the deionized water interface,
the latter being in good agreement with data published by Havre et al. [9] for a similar commercial NA
sample. It is immediately apparent that the interfacial tension decreases in the presence of 0.3 mol/L
Ca2+ in the aqueous phase for ~5 mg/L ≤ CNA ≤ 200 mg/L, and increases once again above this
concentration, towards the deionized water isotherm.

In Figure 2c (inset), we also show interfacial tension data for the synthesized calcium salt, Ca(NA)2.
In this case, only very small time-dependent effects were observed, the error bars reflecting the spread
of results over the timescale of the measurements. However, it is evident that the calcium salt follows
the same general behavior as NA, inasmuch as the interfacial tension is largely unaffected up to
~100 mg/L, but thereafter the data diverge.

Within the NA concentration range considered, we find that the interfacial tension-log profiles in
Figure 2c are satisfactorily represented by the Szyszkowski equation [56]:

γ = γ0 − RTΓm ln
(

CNA

a
+ 1

)
(9)

where CNA is the bulk NA concentration in the organic phase, Γm is the interfacial concentration of
NA at monolayer adsorption (mol/m2) and a is a molecule-dependent constant (expressed as mol/L)
related to the Gibbs energy of adsorption (∆G0) at infinite dilution by [57]:

a = 55.3 exp
(

∆G0

RT

)
(10)

From Table 1 it is apparent that the “instantaneous” interfacial concentration of NA in the presence
of Ca2+ is some ten times greater than in its equilibrium concentration. This translates into a much
smaller apparent molecular area. The latter dimension is unreasonable, however, and most probably
relates to a disordered interfacial accumulation of NA molecules in the initial stages, which would be
consistent with the initial rapid response of the interfacial tension. The situation then transforms into
a more structured interfacial film characterized by a more realistic molecular area, which is almost
identical to the value at the deionized water interface. Moreover, the Gibbs energy of adsorption of NA
is ~20 kJ/mol more favorable (i.e., lower) in the presence of Ca2+ ions, which presents an intriguing
insight into the role played by Ca2+ ions in facilitating NA adsorption. Interestingly, this value is
very close to the Gibbs energy for Ca2+ binding to hydrated carboxylate side chains of the protein
β-lactoglobulin (−18 ± 1 kJ/mol) [58]. Whilst the interfacial packing of NA molecules appears to
remain the same, the adsorption process itself is significantly more favorable, which suggests some
degree of interaction occurs between NA and Ca2+ ions across the interface.
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Table 1. Summary of the adsorption parameters for NA in the presence and absence of Ca2+ ions based
on the Szyszkowski equation.

Interface Species Γm (mol/m2) Molecular Area (nm2) ∆G0 (kJ/mol)

NA 1.58 × 10−6 1.05 −27.9
NA + Ca2+ (i) 1.66 × 10−5 0.10 −27.5

NA + Ca2+ (∞) 1.60 × 10−6 1.04 −48.7
Ca(NA)2 3.34 × 10−6 0.50 −29.1

Finally, as a relevant aside, in Figure 2d are shown the effects of CCa on the n-heptane/water
interfacial tension in the absence of NA. It is well-known that high electrolyte concentrations generally
show an increase in surface and interfacial tension as a consequence of “negative adsorption”.
However, relatively low electrolyte concentrations cause a small decrease in tension, a phenomenon
known as the Jones-Ray effect, after the first researchers to report it, in 1937 [59]. While the original
work focused on electrolyte effects on surface tension, some recent studies have considered the behavior
at hydrocarbon/water interfaces [60], including the crude oil/water interface [61], because of their
relevance to some of the applications mentioned earlier in the present paper.

In each of these earlier studies, interfacial tension minima have been seen at low CCa, which is
also evident in the present results. Thus, Figure 2d shows that the interfacial tension reduction for
<0.1 mol/L Ca2+ is ~1.4 mN/m, similar to values obtained elsewhere [60]. Suggested reasons for this
effect have been debated, and have included cation [60], anion [62–64] or impurity [65] adsorption,
or electrostatic effects influencing water structure at the interface [66,67]. The curve fitted through the
experimental data in Figure 2d is of the form γ = γ0 −Aγ0.5 + Bγ, where A and B are empirical constants
(0.158 (mN/m)0.5 and 0.217, respectively) and γ0 is the interfacial tension of the n-heptane/water
interface (48.4 mN/m).

3.2. NA Adsorption at the n-Heptane/Water Interface in the Presence of Metal Ions

With the exception of Ca2+, none of the other metal ions studied has been found to exhibit
time-dependent interfacial tensions using the present experimental method. Thus, in Figure 3a,
NA adsorption at the n-heptane/metal chloride solution (1.0 mol/L) interface is indistinguishable
from the deionized water curve shown in Figure 2c. These data include the two other divalent metal ions
studied, Mg2+ and Sr2+, which do not show the same interfacial tension behavior as a function of CNA

as seen for Ca2+, i.e., interfacial tension minima that are dependent on CCa as highlighted in Figure 3b.
As observed above, for NA concentrations beyond the minimum interfacial tension, the behavior
returns to the curve defined by the other metal ion solutions and deionized water. This suggests a
reduced influence of Ca2+ ions in lowering the Gibbs energy of adsorption of NA molecules (Table 1)
as the interface becomes more saturated with NA. Crucially, however, it also suggests that the presence
of specific calcium naphthenate species with higher surface activity may not be directly responsible
for the increased interfacial activity of NA, but rather the Ca2+ ions promote NA adsorption, through
specific interactions as will be discussed subsequently.
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interface in the presence of the indicated cations (all chloride salts at 1 mol/L). (b) Corresponding
profiles for different aqueous Ca2+ concentrations. The blue and red curves represent the respective
limiting conditions for deionized water and a “Ca2+-saturated” interface, and the gray curves are
derived from Equation (13).

3.3. Dependence of Interfacial Tension on CNA and CCa

The theoretical curves drawn through the data in Figure 3b were derived on the assumption
that the interface can be described as a combination of two limiting situations, one based on pure
water and the other containing a certain interfacial excess of Ca2+ (possibly representing a “saturated”
interfacial film). The former condition is simply represented by deionized water data in Figure 2c,
whilst the latter has to be obtained from the limiting interfacial tension data determined in the presence
of different Ca2+ concentrations shown in Figure 3b (red line). As discussed above, both limiting
conditions have been shown to be adequately described by the Szyszkowski equation (see Figure 2c).
In the subsequent analysis, therefore, we have assumed that the overall adsorption conditions will be
a combination of these two limiting cases, the extent to which each contributes being dependent on
the (bulk) concentration ratio between NA and Ca2+. Thus, the interfacial tensions produced by NA
adsorption at a water interface and at a saturated Ca2+-containing interface are given by Equations
(9) and (11), respectively; it is unnecessary to define the bulk Ca2+ concentration responsible for the
latter condition at this stage of the analysis. In Equation (11), Γm’ and a’ are the respective surface
concentration and molecular constant of NA in the presence of the saturation concentration of Ca2+.
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γ = γ0 − RTΓm′ ln
(

CNA

a′ + 1
)

(11)

In the case of aqueous phases containing Ca2+ ions, and n-heptane phases containing NA,
we assume that the extent of interaction at the water/n-heptane interface is a function of the
concentration ratio CCa/CNA, such that the contributions arising from pure water and aqueous Ca2+

solution interfaces are [1− exp(φCCa/CNA] and exp(φCCa/CNA), respectively, where the factor ϕ

takes into account differences between concentration units as well as the relative effectiveness of Ca2+

and NA interactions at the interface. Thus, the general interfacial tension expression for different Ca2+

and NA concentrations is given by combining Equations (9) and (11), to give

γ = γ0 − RT
(

Γm

(
1− exp

(
φCCa

CNA

))
ln
(

CNA

a
+ 1

)
+ Γm′ exp

(
φCCa

CNA

)
ln
(

CNA

b
+ 1

))
(12)

Initial attempts at fitting the data shown in Figure 3b to Equation (12) indicated that, perhaps
unsurprisingly, Γm ~Γm’, allowing the simplified Equation (13) to be used to generate the fitted curves
shown in Figure 3b. For the purpose of this demonstration, the following values were used for all Ca2+

concentrations: γ0 (47.0 mN/m); Γm (1.60 × 10−6 mol/m2), a (0.03 mol/L) and b (145 mol/L), leaving
the interaction term ϕ (mg/mol) as the only adjustable parameter.

γ = γ0 − RTΓm

(
1− exp

(
φCCa

CNA

))
ln
(

CNA

a
+ 1

)
+ exp

(
φCCa

CNA

)
ln
(

CNA

b
+ 1

)
(13)

It is evident from Figure 3b that this simplistic analysis produces reasonable fits to the experimental
data and produces a sigmoidal variation of ϕ with the bulk Ca2+ concentration as shown in Figure 4.
The behavior seen in Figure 3b reflects the increasing concentration of Ca2+-NA interactions in the
interface as the bulk Ca2+ concentration is raised. The appearance of a plateau region in Figure 4 at CNA

~0.4 mol/L suggests that this bulk concentration corresponds to the interfacial “saturation” condition for
Ca2+ ions, as alluded to earlier, and for which the maximum influence on NA adsorption is seen.

3.4. NA-Ca2+ Interfacial Tension Kinetics

The additional decrease in interfacial tension of NA at the n-heptane/water interface in the
presence of Ca2+ ions shown in Figure 2b occurs at rates that are measurable using the present technique.
Kinetic data associated with these changes are given in Figure 5 in the form of two plots. The first
shows the effects of CNA on the first-order rate constant k at constant CCa (0.3 mol/L; Figure 5a), and the
second shows the variation in the second-order rate constant (=k/CNA; for CNA = 5 and 10 mg/L;
Figure 5b) as a function of CCa.
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Figure 5a illustrates the NA concentration range over which dynamic interfacial tension effects are
observed for a Ca2+ concentration of 0.3 mol/L. This indicates that there is a CNA “window”, spanning
almost three orders of magnitude, in which time-dependent interfacial processes are occurring.
Moreover, for CNA < 50 mg/L at this particular Ca2+ concentration, k is proportional to the NA
concentration, the slope of the plot shown in the inset to Figure 5a representing the second-order rate
constant for the process. As CNA increases, however, not only is a maximum rate constant apparent at
~100 mg/L, but the uncertainties in the data are also seen to increase, as a result of the changes in the
interfacial tension becoming smaller in this region. A comparison with the data in Figure 3b shows
that the maximum k corresponds to the minimum interfacial tension of ~15 mN/m.

Also for the low CNA region, the behavior of the second-order rate constant is shown as a function
of CCa in Figure 5b. Here, it is seen that a minimum rate region is apparent at CCa ~0.5–1.0 mol/L,
consistent with the onset of the plateau region in Figure 4.

We speculate that the cause of the slower reduction of interfacial tension shown in Figure 2b
is due to complex formation involving Ca2+ and NA, and reorientation at the interface. This is
evident only in the case of Ca2+, but not for any of the other studied cations. With reference to the
adsorption parameters in Table 1, it appears probable that the hydrophobic side of the interfacial
region rapidly becomes saturated with randomly-distributed NA molecules upon contacting water
containing Ca2+ ions. The increased local NA concentration then reconfigures into a more ordered
adsorbed layer with the same adsorbed area/molecule as for NA at the n-heptane/deionized water
interface. With respect to the adsorption data for pre-formed Ca(NA)2 in Table 1, this finding suggests
that complete complexation between NA and Ca2+ is unlikely to have taken place. The question then
remains as to the role of Ca2+ ions in the adsorption process. To try to answer this, consideration needs
to be given to the behavior of metal ions in aqueous solution, and especially with regard to interactions
with carboxylates.
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Figure 5. (a) The effect of NA concentration on the first-order kinetic rate constant for equilibration
of the n-heptane/water interfacial tension in the presence of 0.3 mol/L Ca2+ ions. The inset
shows the second-order plot for low NA concentrations. (b) The effect of Ca2+ concentration on
the second-order rate constant in the low NA concentration range (red and blue symbols are for
CNA = 5 and 10 mg/L, respectively).
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3.5. Interfacial Behavior of Ions and Metal Ion–Carboxylate Bonding

In order to provide a plausible explanation for the observed behavior described above, three
particular factors need to be considered: (i) the behavior of hydrated cations at interfaces; (ii) exchange
of ligated water in the inner coordination sphere; and (iii) specific interactions between cations and
carboxylate groups.

It has long been known that aqueous ions influence interfacial behavior [68]. Typically, aqueous
salts are considered to “negatively adsorb” at air/water or oil/water interfaces, producing an
increase in the respective surface or interfacial tensions in accord with the Gibbs adsorption theory,
and to an extent that is specific to each ion [69]. Ion theories have been developed over the years,
with increasingly sophisticated models proposed to predict their behavior at interfaces [70,71].

Herein, we have considered several different monovalent and divalent cations and found that,
of these, only Ca2+ affects the n-heptane/water interfacial tension in the presence of NA. All cations
have a tendency to be hydrated, owing to their ionic charge [72], and as a consequence will be excluded
from the interfacial region [73,74]. Therefore, we have to examine why Ca2+ behaves differently from
the rest of the studied cations.

Ikeda et al. compared Ca2+ and Mg2+ ions in solution using constrained molecular dynamics,
and found that the hydrated structure of Ca2+ is highly variable compared with that of Mg2+ [75].
Using density functional theory, Pavlov et al. identified that Ca2+ has a lower water binding energy
compared with Mg2+ (as well as Be2+ and Zn2+), notwithstanding the different water structures around
the respective ions [76]. This implies that Ca2+ will show potentially greater lability of its inner-shell
coordinated water molecules, which is of importance for adsorption as well as coordination to ligands.

Specific ion effects were originally classified based on the different abilities of salts to precipitate
proteins from aqueous solution, a phenomenon which is accredited to Hofmeister in 1888 [77,78].
The “Hofmeister effect”, as it came to be known, now refers more generally to the relative effects
of either cations or anions on colloidal, surface or biological processes. The commonly-held view
that has been developed, discussed and reviewed by many authors over the years is that ion
hydration is fundamental to the Hofmeister effect [73,74,79]; this includes the behavior of ions at
liquid interfaces [70]. The size of the ion and its nuclear charge control its hydration properties
in aqueous solution and serve to define kosmotropic (strongly hydrated) and chaotropic (weakly
hydrated) ions. Thus, kosmotropes are likely to possess high charge densities and their consequent
strong hydration contributes to repulsion from an interface [73,74]. Adsorption of these ions would be
accompanied by liberation of the strongly-bound hydration water, requiring large positive enthalpic
contributions to the Gibbs energy which would not necessarily be outweighed by the corresponding
entropy changes, i.e., ∆Hads − T∆Sads > 0. On the other hand, water molecules bound to chaotropic
ions are more easily lost on approaching an interface [73,74], making adsorption more favorable,
i.e., ∆Hads − T∆Sads < 0.

Considering the second factor mentioned above, that of the lability of the coordinated inner-shell
water molecules, consistent with the theoretical investigations [75,76], it was found that water exchange
rates from the innermost hydration shells are almost four orders of magnitude faster for Ca2+ than
for Mg2+ ions [80]. This trend reflects the relative sizes of the anhydrous cations, and the greater
charge density of Mg2+. Using the same arguments, this would suggest that Sr2+ should behave in
a similar fashion to Ca2+, but we have not found this to be the case. We therefore turn to the third
factor mentioned above, that of specific effects involving the coordination chemistry of Ca2+ and the
carboxylate group.

In a recent example, Kherb et al. studied the strength of association of monovalent and
divalent cations with carboxylate sites on a polypeptide biopolymer, and identified the divalent ion
sequence Zn2+ > Ca2+ > Ba2+ > Sr2+ > Mg2+, whilst monovalent cations showed weaker binding [81].
The inference made from this was that the most hydrated cations bind more strongly to carboxylate [81].
The structures of metal carboxylate complexes have been extensively studied over the years and
have allowed the detailed examination of X-ray crystallographic data by Einspahr and Bugg [82]
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and Carrell et al. [83], which, together with other investigations [47,84–86] has culminated in the
principal binding modes shown in Figure 6 being identified. Thus, specifically for Ca2+, monodentate
coordination with one carboxylate O atom and hydrogen bonded water, bidentate coordination,
with both carboxylate O atoms, or bridging (see Figure 6a–c) are notable [82]. On the other hand,
a major difference in bonding mode with carboxylic acids in the case of magnesium is the formation of
uncoordinated ionic species of the form shown in Figure 6d [87]. The crystal structure of the magnesium
complex of p-anisic acid (4-methoxybenzoic acid) contains a layer structure of alternating [Mg(H2O)6]2+

cations and p-anisate anions with the lattice water functioning as a link between the layers. On the
other hand, the monohydrated Ca(II) salt is a two-dimensional coordination polymer [87].
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ionic bonding.

The comparative behavior between Ca2+ and Mg2+ interactions at carboxylate monolayers has
also been studied by Tang et al. using vibrational sum frequency generation spectroscopy [88,89].
Thus, binding of these ions to palmitic acid monolayers indicated different concentration-dependent
metal ion binding modes [88], concluding that as the Ca2+ concentration increases (to 0.3 mol/L),
complexation favors the 2:1 bridging configuration shown in Figure 6c, whereas Mg2+ adopts the ionic
complex in Figure 6d consistent with solution and crystallographic results. Moreover, the stronger
Ca2+ binding was shown to have a much greater impact on the underlying hydrogen bonding below
the carboxylic acid monolayer [89], which is arguably consistent with the differences seen between
Ca2+ and Mg2+ ions in the present study at the oil/water interface.

We have also looked to biological systems to provide an understanding of the differences between
divalent ion coordination modes, especially with respect to carboxylate ligands found in a wide range
of protein environments [90–94]. Williams provides a clear indication that the most significant factors
responsible for ion binding in biological systems are, inter alia, ion charge, ion size, ligand donor atom,
and preferred coordination geometry [95]. Thus, in connection with biological systems, binding of
ions such as those considered in the present study is restricted to oxygen donor ligands, and specificity
of Ca2+ binding (e.g., relative to Mg2+) is due to its size and less-restricted steric preferences compared
with other ions. Ca2+ shows a greater tendency for bidentate binding to carboxylate, compared with
Mg2+ [91], and a lower affinity for water [92,94].

Ca2+ binding to carboxylate is also considered to be advantageous based on Collins’ “matching
water affinity” approach, according to which specific pairing interactions between ions, resulting in
the formation of ion pairs, is most favorable for ions of comparable hydration energy [96]. The latter is
quantified [97] by the apparent dynamic hydration number (ADHN) which, for Ca2+ and carboxylate
are 2.1 and 2.0, respectively, which therefore match up surprisingly well (cf. 5.7 for Mg2+). Kiriukhin
and Collins consider that interaction between these two species will result in dissipation of the
hydration shell, thereby benefitting coordination [97], which we suggest may also feature in specific
Ca2+-naphthenic acid interactions across an interface. Such interactions would be likely to require
water to be displaced from the first coordination shell.
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In summary, there is compelling evidence for specific Ca2+ interactions with carboxylic acids from
biology. Therefore, a combination of evidence from biological and coordination chemistry appears to
offer an interpretation of the present surface chemical findings, which may be of relevance in other
practical and technological areas, such as our current interest in crude oil surface chemistry.

3.6. Implications for Crude Oil Surface Chemistry

Over the past two decades in particular, the importance of injection water composition on crude
oil reservoir chemistry has been established through various laboratory coreflood investigations and
field evaluations. Studies have shown that low salinity conditions contribute to improvements in
oil recovery, but although various mechanisms have been proposed, a full understanding of the low
salinity effect is still lacking. However, a common factor throughout some proposed mechanisms
is the role of the ionic composition of the injection and formation waters [98] and especially their
effects on reservoir wettability and the corresponding affinity of the oil for the rock surface [99].
Based on our present findings the specific role of Ca2+ is considered to be significant. From the data
given in Figure 3b, for example, it is evident that the minimum interfacial tension of the present NA
system is dependent on the Ca2+ concentration, as shown in Figure 7a. This representation of the data
assumes that there is an excess of NA in the oil phase and that the bulk Ca2+ concentration governs
the interfacial tension.
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Figure 7. (a) The effect of Ca2+ ion concentration (expressed here in mg/L) on the minimum interfacial
tension of the n-heptane/water interface when NA is in excess. (b) Schematic of an oil drop adhering to a
rock surface in water showing the three-phase contact point defining the contact angle. (c) Demonstrating
the effect of a decrease in Ca2+ concentration from 20,000 mg/L to 5000 mg/L on the final contact angle
for different initial contact angles, and a simulated visual result on a sand surface to illustrate.
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With reference to Figure 7b, showing a schematic of oil coating a solid (rock) surface,
two equilibrium conditions can be envisaged during oil recovery. The first is the original condition
within the reservoir, in which the crude oil and rock are in equilibrium with the formation brine,
and the second is during waterflooding conditions where sea water, softened water or low salinity
water will change the aqueous phase composition [100].

Young’s equation is derived from the balance of forces acting on the contact line of a drop on a
surface (Figure 7b), i.e.,

γWS=γOS + γWO cos θ (14)

where the γ terms are the respective Gibbs energies of the water/solid (WS), oil/solid (OS) and
oil/water (OW) interfaces and θ is the contact angle made by oil on the solid surface. We can therefore
consider two hypothetical situations by way of illustrating the potential role of Ca2+ ions in oil recovery,
based on an initial oil/rock system in equilibrium with formation water, and a final waterflooded
system with reduced salinity, and a concomitant lower Ca2+ concentration.

We assume that Equation (14) can be applied to each situation, such that the change in Ca2+

concentration causes a resultant change in the water/oil interfacial tension, γWO. For this elementary
analysis, we also assume that γWS and γOS remain relatively unaffected by the change in Ca2+

concentration. However, although we recognize that, in practice it is likely that wetting films
comprising, for example, hydrophobic species [101] or hydration layers [102], can modify water/solid
and oil/solid interfaces and their respective interfacial energies, predicting the effects on the contact
angle, for example, is not easy. Therefore, we consider, as an example, the simple analysis involving
the initial and final conditions as introduced above, for which it is apparent that

γi
OW cos θi = γ

f
OW cos θ f (15)

where i and f refer to initial and final states, respectively. As shown in Table 2, formation waters are
generally more saline than sea water, the ionic composition being source-dependent but also dependent
on the geologic period [103]. Thus, it is possible that during geologic time the oil/rock system will
have been “conditioned” with a relatively highly saline brine containing a high Ca2+ concentration,
say ~20,000 mg/L as an illustrative value (Table 2). Therefore, with reference to Figure 7a, dilution of
the formation brine to ~5000 mg/L Ca2+ would approximately double the interfacial tension, such that

cos θ f = (γi
OW/γ

f
OW) cos θi ≈ 0.5 cos θi (16)

Table 2. Na+ and Ca2+ compositions of formation waters from different geologic periods. For comparison,
sea water contains ~10,500 mg/L Na+ and ~400 mg/L Ca2+. Data compiled from Collins [103].

Geologic Period
Average (Maximum) Metal Ion Concentration (mg/L)

Na+ Ca2+

Oligocene/Paleogene 39,000 (103,000) 2530 (38,800)
Cretaceous 31,000 (88,600) 7000 (37,400)

Jurassic 57,300 (120,000) 25,800 (56,300)
Permian 47,000 (109,000) 8600 (22,800)

Carboniferous (Pennsylvanian) 43,000 (101,000) 9100 (205,000)
Carboniferous (Mississippian) 41,500 (115,800) 8900 (37,800)

Devonian 48,000 (101,000) 18,000 (129,000)

Thus, Equation (16) enables the plot shown in Figure 7c to be constructed, illustrating how the
contact angle between the oil and rock surface is affected by the Ca2+ concentration change in the
example given, from 20,000 mg/L to 5000 mg/L during waterflooding. Here, it is evident that the
lowest initial contact angles, indicating high oil affinity with the surface, are influenced most by the
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change in interfacial tension. In this region, contact angles increase by as much as 50◦, potentially
improving oil recovery. Such a scenario is depicted in the inset images in Figure 7c, added for
illustrative purposes only, but is consistent with the results of the study by Shehata and Nasr-El-Din
regarding the dominant role of formation water salinity and composition in improving oil recovery
during low salinity waterflooding [98].

Thus, the findings presented herein may provide further insight into potential mechanisms for the
low salinity effect. In addition, it is apparent that the ability to predict the effect of water chemistry on
oil recovery reservoir requires not only knowledge of the interfacial chemistry of inorganic ions, but also
the range of surface-active species present in the crude oil; here, we have only examined the effects of
naphthenic acids. For real crude oils, however, the increased complexity and competition resulting
from the presence of other interfacially active species, such as asphaltenes and resin components,
would be expected to produce a different interfacial behavior [104]. This has been borne out in studies
on crude oil fractions to be reported elsewhere.

4. Conclusions

It seems to be a recurring theme that Ca2+ plays significant roles in the aqueous colloid and
interfacial chemistry of crude oil and, in this respect, is more important than other metal ions.
As discussed in the present paper, the characteristics of this ion make it favorable to undergo specific
interactions with carboxylic components found in crude oil, to some extent mimicking its unique
position in biology [95]. Of the metal ions studied herein, both monovalent and divalent, only Ca2+ has
been shown to exhibit interfacial coordination with carboxylate groups of a commercial naphthenic
acid sample.

The present findings have indicated that, on their own, naphthenic acids (NAs) are only weakly
active at the n-heptane/water interface at concentrations below ~200 mg/L as determined using the
dynamic drop volume technique. However, this behavior is modified in the specific presence of Ca2+,
whereas Mg2+ and Sr2+, as well as several alkali metal cations, exhibit no comparable effect. We have
found that, for a given aqueous Ca2+ concentration, there exists an “optimum” NA concentration
in the n-heptane phase at which a minimum interfacial tension is attained. As shown in Figure 7,
the lowest interfacial tension is ~10–15 mN/m, to be compared with a value of ~45 mN/m for the other
cations and deionized water. The interaction is not stoichiometric with respect to the respective bulk
concentrations, in that the minimum interfacial tension occurs at a bulk Ca2+:NA molar concentration
ratio of ~1000:1. The interfacial stoichiometry is unclear at present, but probably relates to the
bidentate preference of Ca2+, but further interfacial studies will be necessary in order to provide more
definitive evidence.

In fact, there may be no single factor responsible for the results presented in this study. Rather,
for Ca2+, the combination of its ionic hydration structure and its thermodynamic and kinetic properties
as well as its coordination preferences, particularly relating to carboxylate, may contribute to its
behavior at the oil/water interface. Conclusions from studies undertaken some 80 years ago by
Alexander et al. also highlighted the specific relevance of Ca2+ ions (compared with Na+, K+ and Mg2+)
to the chemistry of biological films, such as cephalin (kephalin) at the benzene/water interface [105].
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