
Introduction

Interest in the chemical properties of naphthenic acid
derivatives originates from an ever-accelerating co-
production with crude oils as acidic crudes. It is well
known that these naphthenic acids show polydispersity
in size and structure [1]. The smallest molecules readily
dissolve in the aqueous phase at pH�5, while the
larger molecules are preferably oil-soluble. These
homologues dissolve in an aqueous phase at
pH�10–11 [2, 3, 4].

There are some immense crude oil production
problems related to the occurrence of naphthenic acids.
They cause corrosion problems at the refineries when
being processed. The mechanism of this process has not
been clarified in detail, since it takes place in an oil
environment [5]. Since the naphthenic acids and their

soaps are surface-\interfacial-active they will accumu-
late at water/oil interfaces and stabilise colloidal
structures [1, 2, 6, 7]. The worst scenario from an op-
erational point of view is the stabilisation of water-in-
oil emulsions which will cause problems in topside and
subside separators [8]. If calcium or magnesium soaps
are formed, the precipitation of the corresponding
particulate soaps with low water solubility will be a
consequence. The metal soaps tend to accumulate as
nuclei at water/oil interfaces, where they undergo both
nucleation and growth to form large particles. The
agglomeration of these particles to voluminous pre-
cipitates will cause operational problems in the sepa-
ration process with shutdown periods, during which
thorough cleaning must take place. The formation of
naphthenate mixed-scale particles in deep offshore
fields has recently been studied by Rousseau et al [9].
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In contrast, the low-molecular-weight and water-
soluble derivatives will cause quality problems for the
wastewater. The total amount of organic compounds in
the wastewater must be adjusted to a tolerable level
before the discharge takes place.

With this background, it is evident that there is a need
to gain better understanding of the chemistry of naph-
thenic acids and their derivatives. Although the corre-
sponding paraffinic fatty acids are very well
characterized with regard to association and micellisa-
tion in water, phase equilibria, formation of lyotropic
liquid crystals and microemulsions, monomolecular film
properties, etc. [10, 11, 12, 13, 14, 15, 16, 17, 18], very
little information is available for naphthenic acids.

In this first article we report Langmuir film properties
of commercially available polydisperse naphthenic acids
together with two synthesized well-defined homologues.
The micellisation at high pH is also described.

Experimental

Chemicals

All the chemicals were used as supplied. Naphthenic acid (Fluka),
5b(H )-cholanoic acid and 1-naphthalenepentanoic acid, decahy-
dro- (9CI) (Chiron AS) were used as film materials (Scheme 1).

CaCl2Æ2H2O (above 99.5%, Fluka) and NaCl (p.a. Merck) were
used as addtitives to the aqueous subphase. Na2HPO4, NaH2PO4,
(p.a. Merck), NaOH (99%, Riedel-de Haën) and HCl (Baker
Chemicals) were used to adjust the pH of the bulk phase. Toluene
(p.a., Merck, Darmstadt, Germany) was used as a spreading sol-
vent for the naphthenic acids. For the critical micelle concentration
(cmc) study Merck Titrisol buffer solution, pH 11.00±0.05, boric
acid/potassium chloride/sodium hydroxide, traceable to SRM of
NIST and PTB, was also used.

Methods

Surface pressure–area isotherms and monolayer stability isotherms
were recorded with a KSV 5000 Langmuir through double-barrier
system (KSV Instruments, Helsinki, Finland). The temperature was
kept at 294±0.5 K. The trough was made of Teflon and the bar-
riers of Delrin.

The purity of the surface was monitored before each run by
moving the barriers across the pure liquid subphase. The mea-
surement was continued if the surface pressure was less than
0.25 mN/m. The experiments were performed with a subphase
consisting of pure water or solutions of Na2HPO4, NaH2PO4,

CaCl2, NaCl, NaOH or HCl. The naphthenic acid/toluene solution
had a concentration of 2.0 g/l for Fluka naphthenic acid and 1.0 g/l
for 5b(H )-cholanoic acid. The isotherms were measured on freshly
spread monolayers, 50 ll per film, after allowing the spreading
solvent (toluene) to evaporate for 15 min.

Compression of the monolayers was carried out with a barrier
speed of 5 mm/min (1.9 Å2/molecule/min) for 5b(H)-cholanoic
acid and 10 mm/min (1.3 Å2/molecule/min) for Fluka naphthenic
acid. If the increase in the surface pressure exceeded 1 mN/m/min,
the computer automatically adjusted the barrier speed to 1 mN/m/
min.

Surface tension measurements were performed by the ring
method using a Du Noüy ring connected to a KSV Sigma 701
computer-controlled tensiometer. The surface tension could be
determined to within 1 mN/m. The pH for the water solutions in
the cmc study was controlled by addition of NaOH, Na2HPO4,
NaH2PO4 and Merck Titrisol buffer solution pH 11.

Results and discussion

Barrier speed

The comparison of the isotherms obtained with high
barrier speed (10 mm/min) with the ones obtained with
slow compression (1 mm/min), shows that reduced
barrier speed gives rise to increased pressure at large
areas and to reduced pressure at small areas. The re-
duced final pressure is a consequence of the dissolution
of the film material into the bulk. While the increased
pressure at larger areas may be explained as a result of
formation of calcium naphthenate, which gives rise to
increased pressure compared to the pure naphthenic acid
film. The film is in contact with the Ca2+ ions long en-
ough to form the naphthenate at larger areas than would
be possible with an increased compression rate. For
5b(H)-cholanoic acid monolayers the barrier speed was
kept at 5 mm/min (1.9 Å2/molecule/min). This barrier
speed is used earlier in Langmuir film studies by Ese and
Sjöblom [19]. For the polydisperse Fluka naphthenic
acid a barrier speed of 10 mm/min (1.3 Å2/molecule/
min) was found to give the best results. The reason for
the higher speed in the latter is that the smallest of the
acid molecules in the Fluka naphthenic acid mixture is
more water-soluble than 5b(H)-cholanoic acid.

Influence of pH

1-Naphthalenepentanoic acid, decahydro

The stability isotherms for 1-naphthalenepentanoic acid,
decahydro- (9CI) are given in Fig. 1. The results are
expressed as A/A0 versus time, t, where A0 is the area of
the monolayer after compression to constant surface
pressure (10 mN/m) and A is the area of the monolayer
at time t. This naphthenic acid rapidly dissolves into the
bulk phase and, hence, no stable films are formed.
Acidifying the subphase or addition of cations does not
influence this situation.

Scheme 1. Structures of 5b(H )-cholanoic acid (1) and 1-naphtha-
lenepentanoic acid, decahydro- (9CI) (2)
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5b(H)-Cholanoic acid

Pressure–area isotherms for different pH values, at a
fixed sodium ion concentration of 0.1 M, are given in
Fig. 2. As the pH increases, the film tends to tolerate a
higher pressure before collapse. This is an indication of
stabler films owing to naphthenate formation. The figure
shows that the pressure increase sets in at different areas
per molecule at the different pH values. At pH 3.0 the
film properties are dominated by the fact that this film
has a low long-term stability (Fig. 6, curve c). The rea-
son for this is that the molecules are in an undissociated
form and will not be stabilized by Na+ ions. Figure 2
shows that the pH effects are rather small with regard to
changes in area/molecule when the pressure starts to
increase.

Joos [20, 21] has suggested that the collapse pressure,
pc,m, of a mixed miscible monolayer may be evaluated
from the collapse pressures, pc,1 and pc,2, of the separate
components according to Eq. (1):

X1 exp
pc;m � pc;1

� �
x1

kT

� �
þ X2 exp

pc;m � pc;2

� �
x2

kT

� �
¼ 1;

ð1Þ

where X1 and X2 are the mole fractions in the monolayer
of components 1 and 2, respectively, and x1 and x2 are
their partial molecular areas. The activity coefficients are
neglected, and it is assumed that equilibrium exist be-
tween the molecules in the monolayer and in the col-
lapsed phase.

The acidity constant, Ka
s, in the monolayer can be

defined according to Eq. (2):

Ks
a ¼

XZH

XZNa H
þ½ � : ð2Þ

Here XZH and XZNa represent the mole fractions in the
monolayer of naphthenic acid and sodium naphthenate,
respectively. [H+] refers to the bulk concentration of
H+ ions.

If it is assumed that the partial molecular area
of the undissociated and the soap form of the acid is
the same (xZH=xZNa=x), Eqs. (1) and (2) can be
rewritten as

pc;m ¼ � kT
x
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Hþ½ �

Ks
a þ Hþ½ �

� �
exp

�pc;ZHx
kT

� �
þ Ks

a

Ks
a þ Hþ½ �

	 exp
�pc;ZNax

kT

� �h i
: ð3Þ

This equation relates the collapse pressure of the
monolayer as a function of the H+ concentration or
the pH of the bulk phase, provided the collapse
pressures of the acid form and the soap form are
known. It is seen that the surface dissociation con-
stant, Ka

s, can be evaluated from such experiments.
A plot of a curve according to Eq. (3) and the ex-

perimental points from Fig. 2 are shown in 3. The fit-
ting of the theoretical curve to the experimental values
gives a pKa

s of 5.65 for 5b(H)-cholanoic acid. Joos ob-
tained pKa

s=7.5 for cholic acid. The barrier speed and
the composition of the subphase will probably influence
the determination of pKa

s.

Fig. 1. Stability isotherms (surface pressure of 10 mN/m) for 1-
naphthalenepentanoic acid, decahydro- at a pH 3.0, [Na+]=0.1 M
and b pH 5.6, pure water

Fig. 2. Pressure–area isotherms for 5b(H )-cholanoic acid at
[Na+]=0.1 and pH 11.1, 7.0, 5.6 and 3.0

Fig. 3. Collapse pressure of a 5b(H )-cholanoic acid monolayer as
a function of pH. Points: experiment; full line: calculated according
to Eq. (3). x=46 Å2, T=293 K, pKa

s=5.65, pc,ZH=15,
pc,ZNa=32.5
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Fluka naphthenic acid

The pH of the bulk phase is of major importance for the
properties of the surface film formed. The isotherms in
Fig. 4 show the changes in film behaviour when the pH
is varied from 3 to 11. The isotherm at pH 3 deviates
distinctly from pH 7 and 11. The film on a bulk phase at
pH 3 consists basically of a nonprotolysed naphthenic
acid and, hence, not of calcium naphthenate that is
formed when the pH is higher.

The stability isotherms in Fig. 5 show that the film is
most stable during the first 200 min when the pH of the
bulk is high. At high pH, the film is highly protolysed,
which gives rise to strong interactions between the film
material and the Ca2+ ions in the bulk, resulting in
formation of a relatively stable calcium naphthenate
film. When the bulk is acidic (pH 3), the area of the film
is reduced quite quickly during the first 100 min until an
increase in area is observed. In addition to lack of
formation of the quite stable film consisting of the
calcium naphthenate complex, other effects may explain
the trends found in Fig. 5. There will most likely be

hydrogen bonds between the nonprotolysed carboxyl
groups, which might pull the molecules in the film closer
together. The Ca2+ ions might orient towards the acid
film and disturb the hydrogen-bond-based network in
the film. Hence, the film requires a larger surface and the
A/A0 value increases.

Influence of sodium and multivalent ions

5b(H)-Cholanoic acid

Figure 6 shows that a film of 5b(H)-cholanoic acid is
stabilised by addition of cations to the bulk solution.
The reason for this is most likely the formation of metal
naphthenates. At lower pH, the addition of metal ions
will have less effect since the naphthenic acid is not
protolysed and naphthenates will not be formed. The
divalent calcium ions have a more stabilising effect on
the film than the sodium ions.

Pressure–area isotherms for different ion concentra-
tions at pH 5.6 are given in Fig. 7. As the concentration
of calcium is increased from 0.01 to 0.10 M, each mol-
ecule occupies a larger area when the pressure increase
sets in. An explanation for this is that with an excess of
Ca2+ at the interface, each Ca2+ ion can attach to one
acid molecule, instead of two molecules, at a pH close to
pKa

s and thus creates electrostatic repulsion between the
headgroups. The decreased slope of the curve at higher
calcium concentration indicates increased compressibil-
ity of the monolayer, which means that the film mole-
cules are further apart when the ionic strength in the
bulk is high. Hence, the electrostatic repulsion created in
the film pulls the molecules apart.

The isotherms for 0 and 0.01 M Ca2+ only differ
by the value of the collapse pressure. The presence
of calcium tends to stabilise the film by naphthenate
formation at this pH, but this low bulk concentration of
Ca2+ does not give a large enough surface concentration
to produce the same kind of film interactions as

Fig. 4. Pressure–area isotherms for Fluka naphthenic acid at
[Ca2+]=0.2 M and pH 3, 7 and 11

Fig. 5. Stability isotherms (surface pressure of 10 mN/m) for
Fluka naphthenic acid at [Ca2+]=0.2 M and pH 3, 7 and 11

Fig. 6. Stability isotherms (surface pressure of 10 mN/m) for
5b(H )-cholanoic acid at a pH 5.6, [Ca2+]=0.01 M, b pH 7.0,
[Na+]=0.1 M, c pH 3.1, [Na+]=0.1 M and d pH 5.6, pure water
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observed for the larger Ca2+ concentration. Hence, at
relatively low surface concentrations of Ca2+, there will
be a surplus of anionic moieties in the film, thus allowing
for one Ca2+ to connect with two naphthenates to make
a tightly packed film. Owing to this packing structure,
the increase in surface area per moiety as a function of
the increased surface pressure will be relatively low.
The isotherm for 0.1 M Na+ is given in Fig. 7, curve b.
The set-in of the pressure increase is at a higher area per
molecule than for pure water, though distinctly lower
than for the same concentration of the divalent Ca2+.

Fluka naphthenic acid

The isotherms of naphthenic acid on an aqueous sub-
phase with and without CaCl2 are shown in Fig. 8.
When Ca2+ ions are present in the system, the forma-
tion of calcium naphthenate on the surface will give rise
to a higher surface pressure at the same surface film
concentration. Hence, the film of calcium naphthenate
has different film properties than pure naphthenic acid.
The monolayer stability measurements at constant sur-
face pressure (10 mN/m) shown in Fig. 9, illustrates that
Ca2+ ions stabilise the film and prevent the dissolution
of the film material into the bulk phase.

Micellisation at high pH

Normally the determination of the cmc is the starting
point in understanding the inter- and intramolecular
interactions in aqueous solutions of surfactants. For
paraffinic fatty acid salts with sufficiently long alkyl
chains a distinct cmc is normally observed. The driving
force is normally considered to be a strong attractive
hydrophobic interaction between the hydrocarbon
chains. At the same time, the paraffinic alkyl chains do
not have any severe packing constraint. On the other
hand pharmaceutical surfactants with condensed ring
structures are known to have a stepwise association in
water and a low cmc results. Obviously these molecules
have restrictions in their packing, and ordinary spherical
micellar structures do not emerge. The difference in the
molecular packing is also reflected in the aggregation
numbers. For the paraffinic fatty acid salts, the micelles
can contain up to 100 monomers, which is considerably
more than for monomers with large condensed ring
structures. The interesting thing with naphthenates is to
compare the structures and see to what extent they
follow an association tendency as ordinary paraffinic
homologues, or when a stacking of monomers will
set in.

The cmc was determined for the naphthenic acids
used in this study. The area per molecule was determined
from the Gibbs adsorption equation. The results are
given in Table 1. The cmc curve for Fluka naphthenic
acid is shown in Fig. 10.

The cmc for the polydisperse Fluka naphthenic acid
is rather distinct. The plot of the surface tension versus
the logarithm of the concentration for 1-naphthalene-
pentanoic acid, decahydro- indicates possible contami-
nation. The reason may be due to the presence of
aromatic forms of naphthenic acid, i.e. incomplete
hydrogenation in the synthesis.

5b(H)-Cholanoic acid does not have a distinct cmc.
The time necessary for achieving an equilibrium value
increases for decreasing acid concentration. For a

Fig. 7. Pressure–area isotherms for 5b(H)-cholanoic acid at
pH 5.6 and a [Ca2+]=0.1 M, b [Na+]=0.1 M, c [Ca2+]=0.01 M
and d pure water

Fig. 8. Pressure–area isotherms for Fluka naphthenic acid on
aqueous subphases at pH 5.6 and [Ca2+]=0.03 and 0.2 M

Fig. 9. Stability isotherms (surface pressure of 10 mN/m) for
Fluka naphthenic acid on a subphase at pH 5.6 and different CaCl2
concentrations
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concentration of 0.01 g/dm3, 3 h is required to reach
equilibrium. It is uncertain whether this is due to
contamination by other surfactants in the chemicals.

The area per molecule for 1-naphthalenepentanoic
acid, decahydro- and Fluka naphthenic acid is 52 and
61 Å2/molecule, respectively. Ovalles et al. [22] have
reported values for the area per molecule for naturally
occurring naphthenic acids at an interface between water
and toluene. They found 113–152 Å2/molecule for dif-
ferent fractions.

Conclusions

1-Naphthalenepentanoic acid, decahydro- is too water-
soluble to form stable monolayers. 5b(H)-Cholanoic
acid and Fluka naphthenic acid form stable films when
cations are present in the aqueous subphase. At lower
pH, the cations will be less influential since the naph-
thenic acids are not protolysed and metal naphthenates
cannot be formed. The pKa

s for 5b(H)-cholanoic acid is
determined to be 5.65.
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Fig. 10. Critical micelle concentration curve for Fluka naphthenic
acid at pH 11.3. Surface tension versus the logarithm of the
concentration (mol/dm3)
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pH cmc
(mol/dm3)

Area per
molecule (Å2)

1-Naphthalenepentanoic
acid, decahydro (9CI)

11.0 2·10–4 52

Fluka naphthenic acid 11.3 8·10–4 61
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