
Diffusive Transport of Micelles and Monomeric
Solutes in Supercritical CO2

Dongil Lee, John C. Hutchison, Joseph M. DeSimone,* and
Royce W. Murray*

Kenan Laboratories of Chemistry and NSF Center for
EnVironmentally Responsible SolVents and Processes

UniVersity of North Carolina
Chapel Hill, North Carolina 27599

ReceiVed May 25, 2001
ReVised Manuscript ReceiVed July 9, 2001

A wide variety of applications, including separations, enzymatic
reactions, and catalytic reactions utilize water-in-CO2 microemul-
sions.1 Over the past several years, much progress has been made
toward understanding these media in terms of their phase
equilibria, structure, and micellar interactions.2 The general picture
is a surfactant micelle with an internal water pool (of radius 2
nm for example2a), floating in the supercritical CO2 medium.
There is less understanding of the diffusive mobilities of such
micellar structures and of small molecules not sequestered by the
micelles but diffusing solely in the CO2 phase. This report
describes quantitative microelectrode-based voltammetry3 that
delineates these widely differing mobilities.

The strategy is to select (a) an ionic surfactant whose water-
in-CO2 microemulsion exhibits ionic conductivity sufficient to
support voltammetric measurements and (b) electroactive solutes
that partition either into the micellar water pool or remain in the
CO2 phase. Niehaus et al.4 and Ohde et al.5 have shown that (a)
is possible, although we introduce here a voltammetrically better
behaved system, namely6 H2O/PFPECO2-NH4

+/CO2. The elec-
troactive probes chosen are ferrocene (Fc), which is very soluble
in CO2 but not in water,7 and the water-soluble salts trimethyl
(ferrocenylmethyl)ammonium trifluoromethanesulfonate and po-
tassium iodide, whose electroactive components Fc-N+ and I-

should prefer the micellar water pool, as cartooned in Figure 1.
The Fc diffusion coefficient should (ideally) represent transport
in the CO2 phase whereas those of Fc-N+ and I- should measure

the diffusivity of the micelle itself. This strategy represents a
limiting case of the micellar-partition tactics used8 by McIntire,
Rusling, and others to measure micellar binding and diffusion
coefficients in more conventional media. For completeness, Figure
1 also indicates other possible transport mechanisms, namely
association of a neutral probe with the surfactant phase and
partitioning of an ionic probe as an ion-pair into the CO2 phase.
These and an additional transport mode, probe hopping between
micelles, will be discussed, and dismissed, below.

Microdisk electrode voltammetry of the probes9 Fc, Fc-N+, and
I- in H2O/PFPECO2-NH4

+/CO2 microemulsions6 is shown in
Figure 2. The electrode reactions are well behaved and show no
signs of previously observed problems of adsorption,5 product
precipitation,4 and limiting currents not proportional to concentra-
tion.5 Figure 2 yields experimental diffusion coefficients (DAPP)10

equal to 4.8× 10-5, 1.1 × 10-6, and 1.0× 10-6 cm2/s, for Fc,
Fc-N+, and I-, respectively. TheDAPP for Fc-N+ and I- are
essentially identical even though the former is a counterion, and
the latter, a co-ion of the anionic surfactant. This result argues
that both Fc-N+ and I- (and their respective salt counterions)
reside predominantly within the micellar water pool and that
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Figure 1. Cartoon showing possible partitioning and diffusion behavior
of Fc and Fc-N+ in water-in-CO2 microemulsions.

Figure 2. Cyclic voltammograms of 150µM Fc, 110µM Fc-N+, and
90 µM I - in water-in-CO2 microemulsions (32°C, 4080 psi, andφ )
0.29) at a 12.5µm radius Pt electrode and a scan rate of 5 mV s-1.
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escape of Fc-N+ either singly or as an ion-pair with monomeric
surfactant (Figure 1) is negligible. The diffusion coefficient of
micelles in this particular water-in-CO2 microemulsion is therefore
1 × 10-6 cm2/s at 32°C and 4080 psi.

The DAPP of Fc (4.8× 10-5 cm2/s) is 50-fold larger than that
of the micelles, from which we infer that Fc resides exclusively
in the supercritical CO2 phase.4b The results in Figure 3 verify
this inference by showing thatDAPP of Fc is independentof the
volume fraction (φ)11 of the micelle. Application of the Stokes-
Einstein equation12 to thisDAPPvalue gives a microscopic viscosity
for the CO2 phase of 0.13 cP, which is similar to literature value
of pure CO2.13 Partitioning in supercritical CO2 microemulsions
may vary with the surfactant; a previous study5 with a different
surfactant claimed strong association of Fc with the micellar
fraction.

Figure 3 shows that (unlike Fc) theDAPP values for Fc-N+ and
I-, while remaining identical, decrease with increasing micelle
volume fraction. This behavior is consistent with these probes
being entirely associated with the micelles, so that theDAPP values
measure the micelle’s diffusion. The hydrodynamic radius of Fc
(0.36 nm)12b is ca. 6-fold smaller than the micellar water pool
radius (2.0 nm)2a determined by small-angle neutron scattering
(SANS), so thatDAPP is expected to be smaller for a micelle-
sequestered probe (e.g., Fc-N+). The observed 20∼50-fold DAPP

difference (Figure 3) is much larger than the ratio of the
hydrodynamic radii, and the volume fraction dependence of the
micelle diffusion coefficient is not easily rationalized solely on
the basis of size. Decreases inDAPP with increasing micelle
volume fraction in nonsupercritical microemulsion systems have

been attributed to intermicellar interactions.14 The changes in
micellarDAPP values in Figure 3 suggest some kind of attractive
interactions between micelles that increase withφ, as has been
observed in conductivity measurements with H2O/PFPECO2--
NH4

+/CO2 microemulsion systems.11b Furthermore, recent SANS
experiments15 showed the invariance of micelle size withφ. Thus,
micellization of the ionic redox probes may combine with
attractive intermicellar interactions to decreaseDAPP values with
increasingφ.

The possibility of attractive micellar interactions raises the
possibility of yet another transport mode in water-in-CO2 micro-
emulsions, namely intermicellar hopping of redox probes. The
coupling of micelle physical diffusion with the hopping of probes
between micelles can be described by theory16 applied to the
analogous situation of electron hopping in redox polymers. The
theory predicts an increase inDAPP with concentration of the
putative hopping entity; experimentally, however, theDAPP of
Fc-N+ is essentially concentration-independent over a 50-fold
change.17 On the basis of a 2.0 nm water pool size,2a at the highest
concentration of Fc-N+ (5.4 mM) andφ ) 0.29, each micelle
contains on average one Fc-N+ molecule. Since at lower probe
and micelle concentrationsDAPP is invariant, we conclude that
intermicellar hopping of redox probes is not an important transport
mode (in this system) and, again, that the measuredDAPP is
effectively that of the micelle.

These results show that diffusion of small molecules and
micelles in a supercritical fluid microemulsion can be quantified
by a judicious choice of the microemulsion surfactant and the
partitioning characteristics of redox probe. Furthermore, the
detection of intermicellar interactions may permit an improved
understanding of distinction between microscopic and macro-
scopic mobility and viscosity in microemulsions. The use of
voltammetric methods in measuring diffusion coefficients and
viscosity may furthermore prove useful in designing and monitor-
ing reactions in microemulsion media and in designing real-time
sensors for emerging CO2 process technologies in microelectronics
and precision cleaning operations.
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Figure 3. Dependence ofDAPP on φ for Fc (filled circles), Fc-N+ (open
circles), and I- (triangles) in water-in-CO2 microemulsions (32°C, 4080
psi).
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