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Abstract The self-aggregation of
sodium perfluorooctanoate (SPFO)
has been studied by pH, ion-selective
electrodes, changes in Rhodamine
6G colour and fluorescence, con-
ductivity, surface tension and vis-
cosity measurements. It has been
determined that the aggregation of
SPFO is gradual. It starts to aggre-
gate at 0.01 mol dm™ with the
formation of pre-micelles of perflu-
orooctanoate ions, which capture
counterions at C=0.02 mol dm™>
and form micelles at a critical micelle
concentration (CMC) of

0.03 mol dm™. Micelles at the CMC
are highly ionised and strongly

hydrated. At C*=0.06 mol dm™>,

a low ionisation degree was found,
indicating the formation of a more
compact micellar structure. Micelles
at the CMC show energetic advan-
tage in comparison with the
adsorbed state at the air/solution
interface, and this advantage
increases at C* originating
desorption.

Introduction

Substituting the hydrogen atoms with fluorine produces
dramatic changes on surfactant properties [1, 2]. Among
them, very low surface tensions, high fluidity, low
dielectric constant, high vapour pressure, high com-
pressibility and high gas solubility can be mentioned [1,
3, 4]. Fluorinated surfactants are much more surface
active than their hydrocarbon counterpart. As a conse-
quence, they have lower critical micelle concentrations
than the hydrogenated analogous of the same chain
length. The hydrophobic part of the fluorinated surfac-
tant not only repels water but also repels hydrocarbon
oil and fat. Because of their unique properties, fluori-
nated surfactants are irreplaceable in many applications,
and their study appears to be of high scientific interest.

Sodium perfluorooctanoate (SPFO) is a good model
to study the properties of fluorinated surfactants. It has

a fluorocarbon tail, which can be compared with that of
sodium undecanoate (it has been estimated that the ef-
fect of each CF, group on micelle formation is roughly
equivalent to approximately 1.5 CH, group) [5]. Some
studies on the SPFO micellisation process exist in the
literature [5—12]. Despite the significance of these works,
a complete understanding of the mechanism of self
aggregation of this compound requires more studies. In
this line is our more recent investigation on the depen-
dence of the SPFO partial molar volume and com-
pressibility on temperature [13] since hydration effects in
solutions are known to be strongly sensitive to temper-
ature.

In this work, pH, ion-selective electrodes, conduc-
tivity, surface tension and viscosity measurements have
been used to study the aggregation of SPFO. Results
enabled us to postulate a gradual self-aggregation
mechanism for SPFO in aqueous solutions.
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Experimental section
Materials

Sodium perfluorooctanoate (SPFO, CAS 1984-06-1) was
obtained from Lancaster Synthesis Ltd. (No. 16988). A
stock solution of concentration 0.1 mol dm™ was pre-
pared in distilled water and then different solutions in
the range 0.001-0.1 mol dm™> were obtained by dilu-
tion. The confidence intervals were calculated with a
level of 0.9 using the Student’s ¢ distribution.

Apparatuses and procedures

The pH determinations were made at 25.0+0.1 °C with
a millivoltmeter and pH-meter CRIBABB and a Broade
and James glass electrode.

Conductivity measurements were made with an
immersion cell and an automatic conductimeter Antares
II of Instrumentalia. Measurements were made at
20.0+0.1 °C.

The ion-selective measurements were made with a
CRIBABB millivoltmeter with an Orion 8411 Ross Na ™
ion-selective electrode and a perfluorooctanoate (PFO™)
ion-selective electrode. Both electrodes were used against
a saturated calomel electrode. The PFO™ -ion selective
electrode was prepared by gluing a PFO™-ion exchange
membrane at one end of a PVC tube. This membrane was
prepared with 300 mg of PVC dissolved in 50 ml of
tetrahydrofuran (THF) + 0.2 ml dibutyl phtalate (plasti-
ciser) and 0.100 g of Ba(PFO),. Ba(PFO), was prepared
by mixing the appropriate amounts of BaCl, and NaPFO
aqueous solutions. The insoluble Ba(PFO), salt was cen-
trifuged and washed several times with double-distilled
water and then left to dry. The Ba(PFO), crystals were
powdered and suspended in the above solution. Then, the
PVC mixture was left in a Petri dish to let the THF to
evaporate, and the resulting membrane was cut and glued
to the tube. The tube was filled with an aqueous solution
of 0.01 mol dm™ in NaPFO+0.1 mol dm™ in KClI
having a small amount of solid AgCl. An Ag/AgCl elec-
trode made with a silver wire was placed into the tube,
which was sealed with a rubber plug.

Surface tension was measured by the Wilhelmy plate
method using a Kriiss K12 surface tension apparatus,
equipped with a processor to acquire data automatically,
once adsorption equilibrium was reached. The repro-
ducibility of surface tension measurements was
+0.0l mN m™'. The temperature was maintained at
25.00+£0.01 °C by re-circulation of water from a bath.
Surfactant solutions were prepared by dilution, deter-
mining the concentration by mass with a precision of
+0.00001 g.

To carry out Rhodamine 6G colour and fluorescence
experiments, a series of test tubes containing the same

volume of solutions with different concentration was
prepared. A drop of aqueous solution of Rhodamine 6G
was added to each tube, and the colour and fluorescence
of the dye was observed by eye.

Viscosity measurements were made with a capillary
viscometer through titration of a concentrated solution
of sodium perfluorooctanoate with water. Experiments
were carried out at 25.0, 30.0 and 35.0 (£0.1) °C by
water re-circulation. A Chainomatic density balance was
used to determine the density of solutions.

Results and discussion
pH measurements

From pH measurements the hydrolysis constant can be
calculated. Since sodium perfluorooctanoate is a salt of a
weak fatty acid and a strong base, it undergoes hydro-
lysis. So there is some fatty acid AH in solution, in
equilibrium with anions A~ and OH™ ions. If only these
components are present and the HA formed is soluble in
water, the pH versus log C, (C=total surfactant con-
centration) must be a straight line with a slope of +0.5
[14]:

pH =0.5logC — 0.5log K,K,, (1)

where K, and K, are the acidity (ionisation) constant of
the fatty acid and the self-ionisation constant of water.
Thus, from the intercept of this line the ionisation con-
stant of the acid may be obtained.

A theory on surfactant hydrolysis on micellisation
was developed by Stainsby and Alexander [15]. They
explain the characteristic shape of the hydrolysis degree,
p=[OH7]/C dependence on C of soap solutions by the
solubilisation of the strongly hydrophobic fatty acid
molecules by micelles. If no micelles are present, f de-
creases with increasing concentration, as in common
(non-self-aggregating) hydrolysable salt solutions. The
solubilisation of the fatty acid by micelles shifts the
hydrolysis equilibrium to the formation of more HA and
OH™, giving a sudden increase in /5. Since micelles have a
limited capacity of solubilisation, when that capacity is
saturated, the hydrolysis becomes proportional to the
concentration of micelles and a maximum of f is ob-
tained, followed by a diminution at a higher concen-
tration. The involved equilibriums are:

A” +H,O =HA; + OH

HA; + Micelle = HA ), @)
in which HA , is the fatty acid dissolved in micelles and
HAg is that dissolved in monomeric solution. Thus, a
distribution constant of HA between micelles and
aqueous solution Kr=[HA,/]/[HAg] is involved. Here,
[HA /] is the concentration of acid in micelles per unit
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volume of micelles and [HA ] that of acid per unit vol-
ume of aqueous solution. Stainsby and Alexander
computed curves 5 versus C equal to the experimental
curves and found that the concentration C,,,, where f§
has its maximum is related to the CMC value by

Ciax = 2CMC 3)

The distribution constant of HA between micelles
and water, K, is computed with the density of micelles,
p, the hydrolysis constant, K,=K,, /K,, and the value of
the hydrolysis degree at the maximum, f .x, by

_ KiKr

2
ﬁmax - 4p (4)
The micelle density p can be computed as
M
= - 5
P UMmoleculeNA ( )

where M is the molar surfactant weight, vamolecule the
micellised molecule volume and N, the Avogadro’s
number. Finally, they found that the hydrolysis degree
at the minimum, f ., is related to the concentration at
which the first aggregates form, Cr, by

Ky = CFﬁmin (6)

These first aggregates may be oligomers (dimers, trimers,
etc.), solid HA or acid soap HNaA,.

The pH versus log C graph (not shown) was similar
to those of other common soaps [14], showing a straight
line with a slope of about +0.5 below the CMC, whose
least-squares fitting equation was

pH = (0.643 £ 0.021) log C + (7.653 + 0.037) (7)

having a regression coefficient of 0.9928. From Eq. 7 we
can obtain K,=0.049+£0.008, (pK,=1.31+£0.07) and
K;,=(2.02+0.32)x107"3. Moroi et al. [16] reported K,
values of several perfluorinated acids: perfluoroundeca-
noic (K,=2.48x 10~ * at 25 °C), perfluorododecanoic
(K,=7.48% 10~ 3 at 25 °C), perfluoropropionic (K,=
0.36531£0.00007 at 25 °C), perfluorobutanoic (K,=
0.4263 +0.0002 at 25 °C), perfluoropentanoic
(K,=0.2873+£0.0002 at 25 °C) and perfluorohexanoic
(K,=0.13152+£0.00005 at 25°C). From the almost
linear relationship between log K, and the number of
carbon atoms in the hydrophobic chain, the value
obtained for perfluorooctanoic is K,=0.050. The
agreement is then excellent.

The pH suddenly increases at the CMC. This agrees
with the limited tendency to hydrolysis, due to the high
value of K,. The abrupt change indicates that micelles
solubilise the acid shifting the hydrolysis equilibrium to
more acid formation. However, at a concentration of
0.06 mol dm™, the capacity to solubilise micelles de-
creases, which can be related with a change in the

micellar structure. Cylindrical and discoid micelles have
been reported for perfluorinated surfactants of six to
eight carbon atoms [17]. The most probable shape of
micelles at CMC is spherical, so the change at 0.06 M
should be related with a modification from spherical to
anisometric micelles. Ouriques et al. [18] found cylin-
drical micelles of NH4 PFO in D,O below
0.537 mol dm™ and discoid above 0.578 mol dm™. The
reported aggregation number of sodium perfluorooct-
anoate micelles, 20 [19] or 15 [6, 20], is coherent with the
presence of spherical micelles, whose maximum aggre-
gation number, obtained by geometric considerations
for this ion is 18 [18].

Figure 1 shows the degree of hydrolysis as a function
of concentration. From this curve, the following values
were obtained: Ciyip,=0.03 mol dm™, Pmin=0.0215,
Cinax=0.06 mol dm™ and fax=0.0473. From the
partial molar volume of micellised sodium perflu-
orooctanoate, V,,, 1 =213+0.02 cm? mol™! (25 °C)
[21], the micelle density was p =M/V,,, ,,=2.2635
+0.0002 g cm™>. From Eq. 3, CMC=0.03 mol dm™>.
From Eq.6, Cr=(4.6+1.4) x107'? mol dm™>; for
commercial soap, Cp=3.44x 107'% mol dm™ [22]. Fre-
quently, the solubility of the acid, Sya, is equal to Crin
pure soaps systems. The distribution constant of HA
between micelles and intermicellar solution, computed
with equation (4) is Ky=(1.00+0.16)x10"". For com-
parison, the Ky value for pure sodium dodecanoate at
40 °C was 4.5x 10°, and 1x 10° for sodium tatradecan-
oate [15]. This indicates that practically all molecules of
the acid formed by hydrolysis are captured by micelles,
producing an increased hydrolysis, which is detectable in
spite of the low value of the hydrolysis constant. This is
caused by the high hydrophobicity of the acid.
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Fig. 1 Hydrolysis degree, f, of sodium perfluorooctanoate in
aqueous solutions versus molar concentration
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Conductivity measurements

The specific conductivity as a function of molar con-
centration plot (not shown) shows two straight lines.
The pre-CMC straight line least-squares fitting equation
was

K(Scm™') = (0.065 £ 0.001)C(mol dm )

+(17£1.1)x107° ®)
and that of the post-CMC line
K(Scm™') = (0.036 £ 0.001)C (mol dm ) o)
+(8.840.6) x 107*
The intersection between both lines gives

CMC =0.0304+0.0051 mol dm™".

The micelle ionisation degree o= 1—m/n, in which m is
the number of counterions in the micelle Stern layer and
n the aggregation number, may be computed from spe-
cific conductivity measurements by the equation of
Evans [23]

dk drx
,000( C>2 n o [ 7000( C)l m(} + ody (10)

where (dx/dC), and (dk/dC), are the slopes of x versus C
straight lines prior and after the CMC, and Ay is the
equivalent conductivity of the counterion. This equation
is a function of n. However, this dependence is very
weak, and any reasonable n value may be used without
any significant error [23].

Assuming the aggregation number n=17.5, which is
the average reported in the literature [6, 19, 20], a value
of «=0.409£0.011 is obtained, in good agreement with
o=0.455 reported in the literature from conductivity
measurements [6] and o=0.464 obtained from depen-
dence of the CMC on the concentration of electrolyte
added [6].

The equivalent conductivity at infinite dilution ob-
tained from the equivalent conductivity plot (not shown)
was A°=68.2+0.6 S cm” eq”'. There is a maximum at
the CMC zone that suggests that at the beginning in the
aggregation, highly charged aggregates are produced.

From A°, the average equivalent conductivity of
the fluorinated soap anion can be estimated, obtaining
Janion =A°=2°Na+ =68.240.6-50.9=18.34+0.6 S cm’ eq .
For comparison, in the literature A,non=18.1 for per-
fluorodecanoate [24], Aanion=16.2 for perfluorohexano-
ate [25] and Aunion=16.9 for perfluoropentanoate [25].
Interpolation  from these data gives Aunion=
17 S cm? eq™!' for perfluorooctanoate, approximately
the value we found.

The differential conductivity, A“=1,000 (dx/dC)
=1,000(x-x,)/(C;—C,), plotted as a function of the
average concentration, Cyyerage = (C1 +C5)/2, [26-28], or

the square root of the average concentration, \/Caverage
[29, 30], can be used to obtain information about the
CMC, micelles and the pre-CMC behaviour of the sys-
tem. Here, x; is the specific conductivity associated with
the concentration C; of the surfactant, and the indices 1
and 2, two successive points in the specific conductivity
plot. The classical differential conductivity plots show
two straight, almost horizontal lines, one of them at
C<CMC and the other at C>CMC, connected by a
sigmoid curve. The inflection point is taken as the CMC.
If the pre-CMC line is not horizontal, this may be an
indication of pre-micellar association. The larger the
CMC interval, the larger the concentration interval
containing the sigmoid curve is. A square, abrupt step
must replace the sigmoid curve if the aggregation num-
ber of micelles is infinite; thus, small micelles must give
an elongated sigmoid [27]. Some differential conductivity
curves have a maximum at the CMC. This indicates the
formation of highly charged micelles [28]. The A value
at the minimum of the post-CMC curve is taken as A,
the molar conductivity of micelles

M __ mic
- X
A a(Fu™ + Ax) (10)

where ¥™€ is the micelle electrical mobility, F the Far-
aday constant and Ay the equivalent conductivity of the
counterion.

Figure 2 shows the differential conductivity as a
function of average concentration. The slope below the
CMC indicates that there is pre-micellar association; the
maximum occurring immediately below the CMC indi-
cates the formation of highly charged aggregates. The
inflexion point, approximately at 0.03 mol dm™ is
commonly taken as the CMC. However, the amplitude
of the sigmoid region indicates that the aggregation is
not abrupt but gradual, and micelles are small. Above
0.055 mol dm™, the differential conductivity is practi-
cally constant with concentration. The micellar con-
ductivity, A,.°, for these stabilized micelles can be
estimated by extrapolation at zero concentration,
obtaining A,,°=35 S cm? eq”".

The micellar conductivity at the CMC is conven-
tionally assumed as the differential conductivity at the
minimum, Ay cmc®=31S em? eq”!. From Eq. 10, the
micelle electrical mobility may be computed, obtaining
UM =3.6x10"* em® V! s at C* and u™Ccme=
2.6x107* cm? V7! s7! at the CMC. These values may be
compared with that reported in the literature for sodium
perfluorooctanoate  [19],  ucmc™=3.9x10"* (cm?
V~'s™"), and are close to the values found for other
surfactants; ucpc™~ 3.7x 107 (em? V7' s7") for so-
dium dodecyl sulphate micelles [31] and ucpc™ ¢ = 3.94x
107 em? V' s for dodecyltrimethylammonium
hydroxide micelles [32]. However, because of the limited
points used to compute our values, they must be con-
sidered only as estimations.
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Fig. 2 Differential conductivity, 1,000 dx/dC, of sodium perflu-
orooctanoate in aqueous solutions as a function of the average
molar concentration at 20 °C

Ton-selective electrodes measurements

The responses of the Na ™ and PFO™ ion-selective elec-
trodes (not shown) were similar to those reported in the
literature for other ions. The aggregation of PFO™ starts
at C~ 0.0l mol dm™, and Na™ is incorporated by
aggregates at C~ 0.02 mol dm™>, i. e. both ions aggre-
gate at concentrations below the CMC value found by
other methods. The concentrations of the non-micellised
Na™ and PFO™, [Na ]gee and [PFO ], the concen-
tration of the aggregated perfluorooctanoate,
[M]=Ciota1-[PFO Jree,» and the ionisation degree,
= 1_(Ctotal_[Na+]free)/Ctotal_[PFO_]freea were calcu-
lated following the usual methods [33]. All concentra-
tions are shown in Fig. 3 and « in Fig. 4. As stated
above, from C~ 0.01 mol dm™ pre-micellar aggregates
are formed and at C~0.02 mol dm™>, these aggregates
begin to capture counterions. At this last concentration,
the aggregates have an average ionisation degree of 0.88
that decreases to 0.30 at the CMC and to 0.05-0.07 at
higher concentrations. This is reflected in the maximum
just below the CMC in Fig. 2. The « value at the CMC
agrees reasonably well with that obtained from con-
ductivity measurements of 0.409 +0.011. Assuming that
CMC=0.028 mol dm™>, which is probably inside the
CMC uncertainty, a value of «=0.4 is obtained. The
presence of highly charged pre-micellar aggregates and
the increased hydrolysis at the CMC producing highly
conductive OH™ ions can increase the o value obtained
by conductivity measurements. Moreover, this latter
value is a unique value that averages the effects of
structural changes before and after CMC.

With the « value obtained from Fig. 4, the micellar
electrophoretic mobility at CMC can be recalculated,
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Fig. 3 Concentration of unmicellised sodium [Na*] and perflu-
orooctanoate [PFO™] ions and micellised sodium perfluorooctano-
ate as a function of the total concentration of an aqueous solution
of sodium perfluorooctanoate at 20 °C
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Fig. 4 Micellar ionisation degree of sodium perfluoorooctanoate in
aqueous solution versus the molar concentration. The arrow
indicates the critical micelle concentration

obtaining u™° cpe=5.4x10"* cm? V™! 57!, a value that
seems reasonable because of the small size of micelles
and their high charge.

Surface tension measurements

Figure 5 shows the surface tension as a function of the
concentration. The CMC obtained is 0.03 mol dm™>. A
slight maximum can be seen at C* =0.059 mol dm™. By
a combination of ion-selective electrode and surface
tension results, the Gibbs equation could be applied in
all the range of concentrations, including those above
CMC,

1 do
M=—-——— 11
RT 01n afreesalt ( )
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Fig. 5 Surface tension, g, of sodium perfluorooctanoate in aqueous
solution as a function of the molar concentration at 20 °C. The
arrows indicate the critical micelle concentration (CMC) and the
concentration at which micelle structure changes (C*)

where T, is the surface concentration excess of the solute
molecules, ¢ is the interfacial tension, R the ideal gas
constant, T the absolute temperature and dpee sarc the
activity of the unmicellised salt, since micelles are not
surface active. This activity was calculated as dgee sart =
[Na " Jpee[PFO Jiree. The area per adsorbed molecule at
the air-solution interface was computed by d@molecule =
(T;NA)~ ', where N is the Avogadro’s number. Figure 6
plots the surface tension versus 10g dfee sal, including
the best fitting curve to obtain 9g/d1In agee sare at dif-
ferent free salt activities. The resulting area per molecule
is shown in Fig. 7 as a function of total concentration. A
decrease of apmorecule With increasing concentration below
the CMC up to approximately 0.01 mol dm™> is ob-
served. Above this concentration, a competition between
aggregates and the surface monolayer exists. Since
desorption is produced, pre-micellar aggregates and
micelles are energetically more favourable alternatives
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Fig. 6 Surface tension, o, of sodium perfluorooctanoate in aqueous
solution as a function of the logarithm of the activity of free
(unmicellised) salt
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Fig. 7 Area per adsorbed molecule at the air/solution interface,
Amolecules Of sodium perfluorooctanoate in aqueous solution as a
function of the molar concentration. The arrow indicates the CMC

for the surfactant molecules than the adsorbed state at
the air-water interface. At 0.06 mol dm™>, there is a
structural change that apparently increases the energetic
advantage of the micelles giving rise to a new desorption.
The surface was never saturated, and the adsorbed layer
acts as a strongly non-ideal gaseous monolayer. This can
be seen in Fig. 8 where manoecule Versus @ has been
plotted, == 0¢—0 being the surface pressure, oo the sur-
face tension of water and ¢ that of the solution. In all
cases, the value of 7aolecule 1S above the ideal value of
kg T=4 mN nm? m™" at 25 °C, kp being the Boltzmann
constant.

In soluble monolayers, there is some immersion of the
hydrophobic chains into the water phase [34-39] pro-
ducing high fluorocarbon-water contact of the adsorbed
surfactant molecules. The increasing compactness of the
structure of aggregates produces a decrease of the fluo-
rocarbon-water contact by each surfactant molecule,
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Fig. 8 The product of surface pressure times area per molecule,
Tlmolecules Of sodium perfluorooctanoate in aqueous solution as a
function of the surface pressure, ©
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while that in the air—solution interface is constant. Then,
this must produce an increased energetic advantage of
aggregates compared with the adsorbed monolayer.

By inspection of Fig. 7, it can be concluded that at
0.01 mol dm™>, where pre-micellar aggregates appear,
the free energy change to take the chain from the bulk
solutions to the air—water interface is approximately
equal to that produced in forming the pre-micellar
aggregates and then stabilising the adsorption at the
interface. When counterions are captured by aggregates,
at 0.02 mol dm™, the aggregates probably become more
compact, perhaps by increasing the aggregation number
and producing an additional reduction of the water/
perfluorocarbon interface area which generates
the desorption. This desorption increases at the CMC.
Micelles must be relatively compact, and the exposition
of perfluorinated chains to water must be lesser than at
the air/solution interface. Results of ion-selective elec-
trodes show a quick fall of micellar ionisation degree
above the CMC. This strong capture of counterions
indicates a strong increase of surface potential of
“naked” micelles that suggests the presence of micelles
of small radius with a surface covered by a layer of polar
groups close to each other. This is coherent with a strong
reduction of the contact between perfluorinated chains
and water in micelles, which means a free-energy
advantage of the micelles when compared with the
adsorbed layer and explains the initial desorption at the
CMC. If, moreover, a structural change is produced at
0.06 mol dm™>, possibly with the formation of discoid
micelles [17, 18], the additional reduction of the micellar
perfluorocarbon/water interface explains the strong
subsequent desorption.

Rhodamine 6G experiments

The experiment with Rhodamine 6G colour and fluo-
rescence was employed to confirm that the CMC is
0.03 mol dm™>. Rhodamine 6G was studied by Lews-
chin [40]. Their spectrum varies with concentration in
water with the appearance of a new band when con-
centration increases. Colour change comes with fluo-
resce variations. With anionic surfactants and constant
concentration of Rhodamine 6G, the solution above the
CMC is orange and highly fluorescent, whereas below
the CMC it is red and without fluorescence. This is not a
very precise method to determine the CMC, but it is a
good tool to choose among various alternatives for the
CMC, because it detects the presence of micelles.

The colour of the solutions below 0.03 mol dm™ was
the typical light red of Rhodamine 6G solutions when no
micelles are present, whereas at concentration
>0.03 mol dm™, it was orange with changes in the
fluorescence, indicating the existence of micelles.
This result confirms that between 0.01 and 0.03 the

aggregates are not true micelles. There were neither
changes in colour nor fluorescence at C*=
0.06 mol dm™, as expected, because this method is not
sensitive to structural micelle changes.

Viscosity measurements

The reduced specific viscosity of micelles is defined as
[41]:

_ ’/Isp _ (’7/’70 B 1)
" Cu Cu

where 1 and 15, are the respective viscosities of the
micellar solution and solvent, and Cj, the concentration
of the micellised surfactant in g cm ™.

By extrapolation to C,;=0, the intrinsic viscosity
may be obtained [42]

(12)

[n] = vE(va + woy) (13)

where v is the shape factor, v; and v, are the specific
volumes of the solvent (water) and the dry surfactant
and w is the grams of water per gram of surfactant ratio
in micelles. E is the electroviscous effect correction,
which may be computed by Booth theory [43]:

(X eiz2uy ) (X eizu) (e /xm) (ka) (1
(S eiz?) pto

T — ka)’Z
E=1+

(14)

where ¢; and z; are the concentration and the charge (in e
units) of the ion i, whose electrophoretic mobility is u;; €,
Ksp, and 5o are the dielectric constants of the solvent, the
specific conductivity and the viscosity of the solution at
the CMC; ( is the zeta potential of micelles, whose ra-
dius is a; and ™! is the Debye distance. Z is a function
of xa, which may be obtained from the literature [44].

To compute the electroviscous effect correction, the
micelle radius ¢ must be known. The zeta potential of
micelles was estimated by the equation [45]

Y

- = 1
4negoa(l + xa) (15)

where g is the vacuum permittivity, Q = nea, n being the
aggregation number, e the elementary charge and o the
ionisation degree of micelles.

Figure 9 shows the relative viscosity at 30 °C, 5,, as a
function of concentration, those at 25 and 35 °C being
similar. Below the CMC, #,<1, i. e. the viscosity of the
solution is lower than that of pure water. Consequently,
the effect of the unmicellised monomer is to break the
structure of water. A minimum exists below the CMC at
approximately 0.015-0.02 mol dm™ and then the vis-
cosity increases the CMC is close to the concentration at
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which 7~ 1. At C~ 0.06 mol dm™>, there is a slope
change.

The rupture of the 3-dimensional structure of water
by several substances is named the “‘structure braking”
effect [46] or negative hydration [47]. It was suggested
that water molecules in structure breaking aqueous
solutions are more mobile than in pure water [48, 49].
These terms are widely used for describing the effect of
large ions on the water structure. In particular, it is
evidenced by a decrease in viscosity. From neutron dif-
fraction studies [49], it is inferred that the water structure
is weakened around some ions having low surface po-
tential, causing a serious disruption of the H-bond
structure.

There is evidence of the fact that the hydrogen bonds
of the water molecules become weaker around the hal-
ogenated groups of organic compounds [50, 51]. Since
the CF, groups have a dipole moment of 1.8 D, it is
polar enough to retain some hydration water [52]. Then,
it may act as a large, low-charged ion and produce dis-
ruption of water, which may explain the low viscosity
below the CMC.

When aggregates are formed, the contact between
water and perfluorinated chains decreases and a per-
turbation of flow lines is produced due to the presence of
aggregates. This originates an increase of viscosity. The
slope change in C~ 0.06 mol dm™> corresponds to a
change in micelle shape.

Plots of reduced viscosity, #,,/Cs, versus concentra-
tion of the micellised surfactant, (C,;,= C—CMC), were
made and one of them is shown in Fig. 10. In all cases,
two straight lines (I and II) are observed. In order to
analyse these lines, the Na' ion conductivity at
infinite dilution, (ina+°=250.9 S cm?eq™'), and the
Na™ ion electrophoretic mobility, (unai =5.275 X
107 em? s™' V1), were taken from the literature [53].
Using the value of /°%po.=183£0.6S cm? eq_l,
upro. = 1.89x107* cm? s™! V™! was computed. The ionic
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0.0600 0.0800 0.1000

C / mol dm™

0.0000 0.0200 0.0400 0.1200

Fig. 9 Relative viscosity, #,, of sodium perfluorooctanoate in
aqueous solution as a function of the molar concentration at
30 °C. The arrow indicates the critical micelle concentration

strength at the CMC was computed as Icyc=
0.03 mol dm™ giving the inverse of the Debye length
k=1.802 nm™".

The micellar volume used to compute the micellar
radius  was  Viicele =1 Vp 1/ Na=6.215 nm®  with
n=17.5 and V,,,»=213.87£0.02 cm® mol™" (25 °C)
[21]. Assuming a spherical micelle, a=1.14 nm and x
a=2.054, giving values of Z=0.0003576 and
(=529 mV. If the relative viscosity at the CMC and
25 °C is 1.01816 (the water viscosity is 0.8904 cp), then
the viscosity of the solution at the CMC and 25 °C is
neme =0.9066 cp and consequently E=1.11. The cal-
culations at 30 and 35 °C did not give significant chan-

ges in E.
From the V,,, »s value of NaPFO partial molar vol-
ume, its specific volume was computed as

v>=0.4904713 +0.000046 cm® g~'. The specific volume
of water was v; =0.81659 cm® g~' computed from data
in the literature [54]. We took the Einstein shape factor
v=2.5 for spherical micelles.

The analysis of the viscosity data at the employed
temperatures gave the values of w, the weight of water
per gram of surfactant and the number of water mole-
cules per micellised surfactant molecule ny/ng, at the
CMC and at the intersection between lines I and II,
which occurs at C*~0.06 mol dm™>. These results are
shown in Table 1.

In comparison with these findings, dodecyltrimetyl-
ammonim hydroxide micelles have ny/ng=39.2+0.7
[55], alkyltrimethylammonium bromides have 60-70
[56], sodium soaps have about 10 [57, 58], the non-ionic
surfactant triton X-100 has 43 [59] and sodium dodecyl
sulphate has 6 [60]. All these data were obtained at the
CMC and at room temperature.

Micelles at the CMC are strongly hydrated. This can
be due to strong repulsion among the polar head groups
originated by the high degree of micellar ionisation at
the CMC. This produces a scarcely compact micellar

0.015 0.02 0.025 0.03 0.035 0.04

C-CMC/gcm™

0 L L
0 0.005 0.01

Fig. 10 Intrinsic viscosity, [#], of sodium perfluorooctanoate in
aqueous solution as a function of the concentration of micellised
surfactant, Cy = C—CMC, at 25 °C
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Table 1 Hydration of Temperature At the CMC At the I-II lines intersection
micellised sodium °C)
perfluorooctanoate in water at ] (em® g™") y nwins (em® g7 [n] w nw/ns
different temperatures
25 10.9+0.5 42+0.2 101 +4 7.840.2  1.96+.05 47+1
30 7.5+£04 2.7£0.2 66+4 49+02 1.56+0.05 38+1
35 8.5+£0.1 3.15+0.04 77.2+0.9 5£2 1.5+0.7 36+16

surface, with pockets of water among polar groups and
probably between the CF, groups adjacent to the polar
groups. Some authors, as Clifford [61, 62] and others
[63-66], suggest the existence of water in the closeness of
the first methylene group. Muller et al. [63, 65], by NMR
measurements of fluorinated amphyphilics, concluded
that there is water inside the lipophilic body. The
number of wet perfluoromethylene groups varies be-
tween four [61, 62] and two or three [56, 61, 67-71].

The inspection of Table 1 leads to the assertion that
when the concentration increases and the repulsion
among the polar head groups decreases, a reduction in
hydration is produced because of the increased com-
pactness of micelles. A temperature increment also
produces a partial dehydration.

Conclusions

This work throws some light on many important details
of SPFO aggregation. Results show that SPFO aggre-
gates gradually. Monomers exhibit a character of water
structure breakers. The aggregation starts at Cw=
0.01 mol dm™ with the formation of pre-micelles of
PFO™ ions. This concentration was detected with ion-
PFO™ selective electrode and pH. At Cx
0.02 mol dm™, the pre-micellar aggregates capture
counterions Na ™, with a very high ionisation degree
(2~0.88) that quickly decreases when the concentration
increases. This concentration was confirmed by Na™
ion-selective electrode, surface tension and viscosity
measurements.

The CMC value, determined by pH, conductivity,
Rhodamine 6G colour and fluorescence changes and
surface tension experiments, was C~ 0.03 mol dm™.
Micelles at the CMC are small and highly ionised
(x=0.409+0.011 by conductivity, 0.30 by ion-selective
electrodes). This suggests that the polar groups in the
Stern layer are away enough from one another causing
the formation of pockets of water trapped inside the
spaces. Consequently, the micelles at the CMC are
strongly hydrated. This hydration decreases when the
temperature increases. Solubilisation capacity of perflu-
orooctanoic acid by micelles is extremely high,
Kr=(1.00+0.16)x 10'!, which explains that the in-
creased hydrolysis on micellisation can be detected de-
spite the high value of K,(pK,=1.306+0.074).

At the concentration of C*~ 0.06 mol dm ™ (detected
by measurements of pH, surface tension and viscosity
measurements), where the capacity of acid solubility
decreases, the ionisation degree is low (0.04-0.07), and
the hydration is reduced indicating a more compact
micellar structure, probably discoid micelles, as has been
reported in the literature.

Micelles at the CMC show energetic advantage
compared with the adsorbed state at the air/solution
interface, and this advantage increases at C*, originating
desorption. This fact is an additional argument favour-
able to a larger compactness of micelles at C* compared
with that of spherical micelles at the CMC.
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