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Abstrak

The article addresses an interesting yet unexplored issue in the development of surfactants for microemulsion
stabilisation: the role of surfactant headgroup modification to tune the surfactant performances in CO,water, and
cyclohexane. The aqueous properties, and phase behaviour of novel tetrapropylammonum (TPA) surfactants is
described. For comparison purposes, the related sodium surfactant (Na-AOT, Na-AOT4, and Na-TC14) are also
used to form microemulsions. Observation on the surfactant aqueous properties revealed that the swapping into
TPA does not significantly increases the effectiveness of the surfactant in lowering the surface air-water (a/w)
tension. The introduction of bulky TPA counterions to normal sulfosuccinate surfactant generally leads to a
transition from spherical micellar to extended sheet-like micellar aggregates in water. All in all, the results point
minor effect on the headgroup structure modification towards the compatibility of surfactant with CO..
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PRELIMINARY

In colloidal chemistry, it is a common lore
that ionic surfactants will aggregate forming
micelles in solution to accommodate their dual
nature. Typically, the headgroup resided at the
surface where the bound counterions and solvent
media are contained in the interfacial region.
Moreover, the micellar properties also highly
linked with the charge and type of the counterion
in the surfactant molecule. In the last few years,
the direction of surfactant synthesis has been
focused into surfactants having hydrophobic
counterions. One of the most widely studied
counterion types in anionic surfactant systems are
quaternaryalkylammonium cations [1-5]. Studies
on the effect of exchanging the standard Na*
cation for quaternary alkyl ammoniums on
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Aerosol-OT (AOT) surfactants have been
previously reported [6-7].

The work reported here is based on varying
the identity of the quaternaryalkylammonium
(TAA) counterions on the sulfosuccinate
surfactant structure and water-in-oil (w/0)
microemulsions. Na-AOT is well known for its
ability to stabilise w/o microemulsions to form
spherical reversed micelles in organic solvents
[8]. Interestingly, the introduction of
tetrapropylammonium (TPA) counter ions has an
important effect on surfactant aggregation in
organic solvents by inducing a sphere-to-rod like
micellar transition at low volume fractions. The
results represent the first example of the effect of
hydrophobic on sulfosuccinate
surfactants in stabilising w/o microemulsions in
organic solvent media [7].

counterions
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Due to lack of CO: solubility, works
encompassing the effect of varying surfactant
counterion towards the formation of stable water-
in-CO2 (w/c) microemulsions remain scarce.
Literatures suggested CO--philicity could be
achieved by fluorination [9-11], introduction of a
third alkyl chain [12-13], and addition of terminal
methyl groups on surfactant chains [14]. Thus, it
is crucial to investigate how the counterions affect
the CO,-philicity of surfactants. Recently, the self
assembly of counterion exchange surfactants that
promote sphere-to-rod like micelles has been
tested in CO; [15-16]. One commercial example
of CO; application is in enhanced oil recovery.
However, due to the low viscosity of COs, its full
potential is yet to be met. Interestingly, result
shows that relative viscosity enhancement of CO;
up to 90% was observed by exchanging Na* to
Ni?* or Co?* cations of the fluorinated surfactant
di-HCF4 [15]. This is the first example of
counterion exchanged surfactants used as a
micellar modifier in CO,. However, due to
environmental disadvantages associated with
fluorine and transition metal salt compounds,
there is an obvious need to change direction away
from fluorine and metal free hydrocarbon
surfactants for CO5.

In order to improve understanding of
structure performance relationships with CO»-
philicty, surface tension measurements were
carried out. In addition, to overcome the weak
properties of CO,, the introduction of low levels
of added cosolvent was necessary to increase
solvent quality. The use of co-solvents has
recently been used to enhance the solubility of
micellar systems [17-18].

Table 1. Tetrapropylammonium (TPA)
surfactants used in this work.
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METHOD

Na-TC14

Tetrapropylammonium  (TPA)  based
surfactants TPA-AOT, TPA-AOT4 and TPA-
TC14 were synthesised according to methods
described in literature [6-7]. The chemical
structure of synthesised surfactants described in
this study is given in Table 1. Water with
resistivity of 18.2 MQ c¢m was obtained from an
Elga water system; deuterium oxide (D.O) and
deuterated cyclohexane (CsD12) were from Goss
Scientific. CO, CP grade was supplied by BOC.
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All  chemical used without further

purification.

were

Surface tension measurements

Solution of 50% nitric acid was used for
glassware cleaning which was then followed by
repeated rinsing with distilled water. The
glassware was then dried in compressed air. The
platinum (Pt) plate was flame-cleaned in between
measurements. Tensiometric measurements were
performed at 25°C on either a Kriiss K11 or K100
instrument following the Wilhelmy plate method.

Small-Angle Neutron Scattering (SANS)

Scattering analysis was measured at
ambient pressure on the time-of-flight LOQ
instrument at ISIS, UK. The neutron wavelength
of A =2.2 — 10 A was employed to give Q range
between 0.007 — 0.23 AL, The absolute intensities
of 1(Q) (cm™) were determined from the scattering
of deuterated standard to within 5%. For the TPA
— surfactant studies, deuterated water (D,O) and
cyclohexane (CsD12) were used as a solvent with
hydrogenated surfactants providing the necessary
contrast. The samples were placed in Hellma
guartz cells with a 2 mm path-length and held on
automatic sample changer equipped with
thermostat at 25°C. For high pressure experiments
in liqguid CO, the SANS2d instrument was
combined with a high pressure cell. The path
length was 10 mm, the neutron beam width was
10 mm, pressure = 380 bar and T = 25°C. The data
were normalised for solvent background, empty
cell, pressure induced changes in cell volume, and
transmission following previous measurement [9,
19]. For liquid COy, peoz ~ 2.50 x mass density x
10'° ¢cm [20]. At the experimental pressure of
380 bar the CO; density ~ 1.0 gcm=so that pcoz ~
2.50 x10% cm2, The contrast was provided using
hydrogen containing surfactants. For SANS
experiments using mixtures of d-cyclohexane and

CO; the SLD of the mixed solvent (pcozicepiz) Was
calculated as a first order summation weighted by
the different volume fractions.

RESULTS AND DISCUSSIONS

Aggregation Structure in Water — A Small
Angle Neutron Scattering Study

SANS provides key evidence for the
presence of surfactant microstructures: it is well
suited to micellar dimensions and is a non-
destructive technique. The particle form factor
P(Q) of the scattering profiles give information on
the shapes of aggregate formed in the system.
Figure 1 shows log-log SANS profiles and model
fits for TPA-AOT, TPA-AOT4 and TPA-TC14
micelles at 0.08 mol dm in D,O and 25°C.

For Na-TC14 the scattering shown in
Figure 1, is consistent with charged ellipsoidal
micelles with a polar radius R, aspect ratio X and
modelled by Hayter-Penfold electrostatic
interparticle factor S(Q) [21]. The fitted micellar
dimensions for Na-TC14 R; = 11 A and X = 2.3
are consistent with those in the literature [17].
Moving to other chemical structures, most
scattering profiles show obvious Q- regimes with
undulations at lower Q regions indicative of
lamellar or long range sheet-like structures. These
profiles were fitted using a multilamellar stack
model with the local extent of planarity R, a mean
thickness of M bilayers L and superimposed
Gaussian distribution of L and D described as o
and op respectively. The parameters obtained
from fitting the SANS data are given in Table 2.

The bilayer thickness L is in concordant
with the total molecular sizes of both cation and
anion [22]. The introduction of the bulky
counterion, increases the interlamellar distance of
~ 370 A for Na-surfactants to ~ 700A for the
TPA-surfactants. The results indicate that the
bulky counterion and its position strongly impact
the shape of the aggregates.
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Table 2. Parameters obtained from fitting the SANS data [Surfactant] = 0.08 mol dm= T = 25°C.

+ * oD I
Surfactant L +0.5 oL T R*+10 M=z*05 D +10

0.05 0.05

TPA-AOT4 26 0.4 985 14.3 702 0.1
Na-AOT4 16 0.3 768 3.2 692 0.2
TPA-AOT 26 0.4 502 15.3 533 0.2

Na-AOT 13 0.2 230 4.9 369 0.2

TPA-TC14 25 0.4 964 15.6 720 0.2

1900 Figure 1. SANS profiles for TPA — Surfactant in
A NokOT D.0. [Surfactant] = 0.08 mol dm

Aggregation structure in cyclohexane

Studying self-assembly in high pressure
environments is experimentally challenging
therefore ambient pressure solvents which have a

‘ ‘ similar range of dielectric constants to CO., (e.g.
o a /At o cyclohexane) can provide useful information
1000 about the behaviour of these surfactants. SANS
3 Nanor measurements are helpful for indicating the shape
and size of surfactant self-assembled structure. At
low Q values (< 0.10 A1) the scattering profile
may scale as | (Q) ~ Q°, whereby the exponent
power law decay, D, is indicative of fractal
dimension. Non-interacting spheres, rods and
discs have power law decays (gradient of log-log
plot) of 0, -1 and -2 respectively. For water-in-oil
(w/0) microemulsion systems stabilised by Na-
» TPATGH AOT4 and Na-TC14 (Figure 2 d) the absence of
i any decay in the low Q region confer the
formation of small spherical droplets [17].
However, with the introduction of bulky TPA
organic counter-ions, the scattering profiles for
surfactants are distinctly different to those of the
Na* analogue, with a gradient of approximately -
| . 1, consistent with rod-like micelles. Figure 2 (a —
oot Q /A" o c) shows the log-log SANS profiles for the TPA-
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TC14, TPA-AOT and TPA-AOT4 surfactants at a
concentration of 0.075 mol dm- over a range of w
values. The data were guantitatively fitted using a
form factor for non-interacting rods. Table 3 lists
the fitted parameters for rod radius, R and length,
L. The results show an agreement and are
consistent with the introduction of water,
inducing transition from spherical to rod-like
micelle [6,7]. The behaviour of the TPA
sulfosuccinate surfactants is remarkably similar to
that of divalent transition metal (Ni?* and Co?*)
sulfosuccinate surfactants [23,24], presenting
themselves as promising candidates for viscosity
enhancement of CO..
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Figure 2. SANS profiles for (TPA — Surfactant) /
H.O/ Ce¢Di12 systems, at different (water /
surfactant) ratios, w, [Surfactant] =0.075 mol dm"
3 (a) TC14 (b) AOT (c) AOT4 (d) data for Na*
analogues added for comparison.

Aggregation structures in CO;

As shown in Table 4 exchanging the
counterion from Na* to TPA significantly affects
the phase stability. The Pyas for TPA-TC14
increased, with a translucent appearance still
evident at 380 bar. Meanwhile a lump of TPA-
AOT4 surfactant in a background of CO. was
observed. The formation of a lump on the pressure
cell window was attributed to the low solubility of
TPA-AOT4.

High Pressure Small-Angle
Scattering  (HP-SANS)  experiments
performed in order to study the surfactant
aggregates in CO,. Experiments were performed
at 380 bar. Figure 3 shows that the SANS profiles
of Na-TC14 and TPA-TC14 are broadly the same,
suggesting the formation of dry spherical reversed
micelles of the surfactant. The scattering data

Neutron
were

were fitted following a Schultz distribution of
polydisperse spheres and the fitted radii are given
in Table 4. The results also show that the spherical
radius increases with the introduction of TPA
counterions.
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Table 3. Fitted parameters to SANS data in CgD1».

Volume ~ Guinier Model Fit
Surfactant w ratio Fraction P.IOt -
@ ' Radius R/ Radius, R/ Length,L
A+2A A+2A A £5A

Na-TC14 5 0.032 13 15 -
2 0.035 13 13 87
5 0.038 16 15 101
TPA-TC14 8 0.042 18 18 102
10 0.045 19 18 104
0.032 22 23 263
5 0.036 23 23 278
TPA-AOCT 8 0.039 24 24 271
10 0.042 24 25 280

Na-AOT4 5 0.031 19 21 -
2 0.034 20 21 371
5 0.037 21 22 145
TPA-AQT4 8 0.041 21 21 92
10 0.044 22 22 91

Table 4. Fitted parameters for SANS data in liquid CO; and a liquid CO- / C¢D1> mixture.

Phase behavior

Sample (25°C) Radius / A + 2A
Na'TC14 W = 0 Ptrans = 160 bal’ 11
TPA-TC14w=0 translucent 13
TPA-TC14 w = 0 30 wt% CsD12 translucent 11
TPA-AOT4w=0 lump -

An alternative approach to improving the  a cosolvent. Preliminary research has shown that
solubility of surfactants in liquid CO. is by adding  loading compressed CO, into water-in-alkane
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(w/o) microemulsions results in enhanced phase
stability [25]. This is a significant approach to
improve  solvent  quality to  stabilise
microemulsions. More recently, mixed CO, —
alkane solvent systems have been studied using
commercial ionic surfactants. It was shown that
AOT surfactant (insoluble in CO.) aggregates in
heptane — CO, mixtures above 30 wt% of heptane
[18]. This suggests that mixed alkane - CO.
solvents interact more favourably with the
surfactant tails. For this work, d-cyclohexane
(CsD12), which is fully miscible with CO, [16],
was introduced as a cosolvent to enhance
solubility of TPA-TC14. solvent mixture, shown
in Figure 3. The data were then fitted to a model
of Schultz polydisperse spheres and the radii were
comparable to spherical droplets formed with
However, prior to addition of 30 wt% of CsDa,
the phase of TPA-TC14 remained translucent at
380 bar. Again HP-SANS was employed to
examine the aggregate structures in this solvent
mixture, as shown in Figure 3. The scattering data
were fitted to a model of Schultz polydisperse
spheres and the radii were comparable to spherical
droplets formed with Na-TC14 in pure CO;
[12,17]. Although pure TPA-AOT4 has poor
solubility in CO,, an attempt to introduce CgD12 to
enhance the solubility was not successful.

TPA-TC14 w =0 30wt% C,D,,
Na-TC14w=0
TPA-TC14w=10
TPA-AQT4w=0

RO <O

voor | A L st [ gy

0.0001

o.lm 0?1 1
Q /A"

Figure 3. SANS profiles for TPA-surfactants in

COg, [Surfactant] = 0.04 mol dm, P = 380 bar

and T = 25°C.
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Figure 4. Effect of EDTA on surface tensions of
TPA-surfactants.

Surface tension measurements

For the surfactants studied in this work,
polyvalent (in particular divalent) cations are the
most important cause of surface impurities. These
are introduced to the surfactant during the
sulfonation stage by impurities present in the raw
materials. Studies have shown that M?
concentrations as low as 10* mol dm= may be
sufficient to affect the measured surface tension,
particularly at low concentrations. This in turn
effects the determination of Acmc via the Gibbs
isotherm. To alleviate this, these divalent ions can
be sequestered by EDTA [26-27].

As the surfactant is the source of
contamination, to ensure that correction is
effective for the entire isotherm, a constant ratio
of EDTA to surfactant is used. The amount of
EDTA required to sequester any divalent cations
present in the sample differs for Na-surfactants
and TPA-surfactants due to variability in the
purity of inorganic reagents. It is therefore
important to determine the appropriate ratio to be
used for each batch of surfactant prepared (Figure
4). Surface tension curves and values obtained
from these data, including cmc’s and limiting
surface tensions, Yeme, are given in Figure 5 and
Table 5. The main surfactants of interest are
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hydrophobic TPA compounds. The other Na-
surfactant compounds were studied to provide
comparison. The clean break and the absence of
any dip in the surface tension around the cmc are
consistent with pure surfactants. Experiments
were performed using the appropriate level of
EDTA of 10* mol dm® and 10 mol dm™ for
TPA-AOT, TPA-AOT4 and TPA-TC14.

The surface excesses which are plotted as a
function of surfactant / cmc (reduced
concentration) in Figure 6, can be used to compare
the adsorption isotherm behaviour of surfactants.
Table 5 give values for the adsorption parameter
for Acmc at cmc obtained from the plots in Figure
5, using the Gibbs isotherm. Comparisons of the
cmc values between Na vs. TPA revealed an
increase in the total hydrophobicity on counterion
exchange of the surfactant. A similar trend was
reported for ionic liquids [22]. Rosen and
Kunjappu reported that the introduction of this
hydrophobic counterion possessing three or more
CH, groups interacts strongly with the
hydrophobic component of the ionic micelles and
shift to
concentration depending on the counterion
hydrophocity [28].

Limiting surface tension yemc Values are in
a similar range (Table 5). It is believed that these
values begin to approach the limit of reducing
surface tension ability of a hydrocarbon surfactant
with surfactant efficiency on
introducing terminal methyls on surfactant chains.

consequently the cmc’s lower

increase in

The results clearly illustrate the minor influence
of counterion on surfactant efficiencies. If viewed
from molecular packing consideration, the TPA-
surfactant occupies larger area at the interface, as
one would expect, resulted from having larger
head group. It should be noted that the
introduction of a bulky counterion has little
impact on the tail volume or the packing

parameter. This may be due to alkyl chains on the
counterion penetrating into the hydrophobic
micellar core [22].
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Figure 5. Air — water surface tension yeme VS. In
(concentration) for TPA vs. Na-surfactants at
25°C. Quadratic lines are fitted to pre-cmc data,
with linear fits to post-cmc.

Table 5. Parameters derived from surface tension measurements.
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cmce/ .
3 Yeme / Acme / Packing
surfactant (mmol dm”) (MN m™) 1 A2+2 parameter P
+0.03
Na-AOT 2.49 31.8 75 0.49
TPA-AOT 1.20 26.2 97 0.38
Na-AOT4 1.10 28.0 70 0.54
TPA-AQOT4 0.86 27.4 104 0.36
Na-TC14 21.63 27.0 80 0.74
TPA-TC14 10.26 26.5 133 0.45

18

16+

144

124

104

0.8 4

I'x 10° / (mol m?)

06 4

0.4

0.2 4 A TPA-AOT
® TPA-AQT4
0o m TPA-TC14

0.0 02 0.4 06 0.8 1.0
[surfactant] / cmc

Figure. 6. Reduced adsorption isotherms for
surfactants derived from data shown in Figure 5

Critical Packing Parameter

In general, molecular geometry plays an
important role in the micellisation process. In
these studies, changes in counterion have been
shown to have quite dramatic effects on
aggregation properties. For example, in water-in-
oil (w/0) microemulsions, it has been shown that
Na-AOT surfactants form spherical reversed
micelles. Counterion exchange to
tetrapropylammonium (TPA) produces lamellar
sheet-like structure in water and rod-like micelles
in  cyclohexane. For the corresponding
surfactants, cmc’s and parameters derived from
surface tension measurement also change
remarkably. This observed change in aggregation

can be accounted for in terms of counterion size,

i.e. increasing electrostatic head-group repulsion
and interfacial curvature [7].

Since all surfactants are generally used
above their surfactant aggregation
structure may be a key to understanding the
interfacial behaviour. The relationship between
aggregation structure and surface tension was
investigated by calculating the critical packing
parameter of the surfactant [29]. The packing
parameter P. can be calculated by using
oo

Aome )
where V is the volume of hydrophobic tail, t is the
surfactant chain length, and Acmc is the effective
headgroup area. Calculation and approximation of
the surfactant chain volumes and length were
performed by SPARTAN (Wavefunction Inc.,
Irvine, CA) molecular modelling. The molecules
bonds in the trans

cme’s,

were created with all
configuration,  with

calculations using a Merck molecular force field
(MMFF). Table 5 lists the packing parameters of
surfactants. The packing parameters of sodium
type surfactants show a dramatic increase with
increasing terminal methyls added to the
surfactant chain. However, introduction of TPA
counterions shows the opposite tendency, hence
the inability to predict structural changes seen
with Na- surfactant. This points at some
limitations of the P model in regard to large bulky

energy  minimization
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organic cations and specific anion — cation
interactions at the micellar interface [22].

CONCLUSIONS

The results presented in this work
demonstrate important insight into the behaviour
of hydrophobic tetrapropylammonium (TPA)
counterion hydrocarbon sulfosuccinate
surfactants in three solvents media: CO,, water,
and cyclohexane. The introduction of TPA
counterions to a sulfosuccinate surfactant
generally induces a transition from spherical
micellar structures to extended sheet-like micellar
aggregates in water. Air/water (a/w) tensiometric
studies suggest a weak dependence of surfactant
effectiveness, on the presence of TPA
counterions. This indicates that the interfacial
properties are highly controlled by the nature of
the surfactant anion. The area occupied by
surfactant molecule at the cmc, Acme, significantly
increases depending on how the TPA counterions
partition at the micellar surface. However, the
structural changes that take place upon inclusion
of a TPA counterion are not possible to predict
using the packing parameter model due to specific
interactions  between the surfactants and
counterions at the micellar surface [22]. In an
organic solvent, namely cyclohexane, the
behaviour of custom-made TPA counterion
surfactants TC14 and AOT4 are still reminiscent
of the direct analogue commercial AOT surfactant
in w/o microemulsions [6,7]. The addition of
water can induce the transition of sphere-to-rod
like micelles stabilised by the TPA-surfactants.
This transition is driven by the inability of larger
counterions such as TPA to approach the
sulfonate headgroup as closely as a small ion like
Na* [6,7]. However, there are still remaining
challenges in extending the work from simple
hydrocarbon oils to unusual solvents such as CO5.
Previously, the introduction of a third branch as
well as terminal methyl groups on TC14 has been

shown to enhance the solubility of hydrocarbon
surfactants in CO2[12,17]. In addition, the quality
of the CO; solvent is also improved by the
introduction of an alkane cosolvent [16,18]. The
addition of a cosolvent has a direct impact on the
phase stability of hydrocarbon surfactants by
lowering Puans. Interestingly, the surfactant
presented in this study, TPA-TC14, aggregates in
CO,. However, the solubility conditions remain
extreme and a major limitation is its ability to
disperse water. TPA-AOT and TPA-AOT4 do not
dissolve in CO,. It also appears that the
introduction of a cosolvent has less effect on
TPA-surfactant solubility in CO,. Therefore,
bulky counterions can not be considered to
enhance CO-philicity.
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