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Abstract

When a nitrobenzene (NB) phase came in quiescent contact with a water phase,
water-droplets were formed spontaneously near the oillwater interfaces (Electrochem.
Commn. 11 (2009) 239). We reported here quantitative data of the NB-droplets by use
of UV-absorbance, dynamic light scattering (DLS) and voltammetry with a help of
ferrocene. The supernatant separated spontaneously from the oil-water mixture
contained 15.5 mmol dm™ evaluated by UV spectra, whereas the centrifuged
supernatant did 9.3 mM. The difference suggested the presence of NB-droplets, the
diameter of which ranged 0.15-0.5 pm obtained by DLS. Ferrocene was dissolved
deliberately in the aqueous solution and the NB solution up to saturation. The
voltammograms in the ultrasonicated supernatant exhibited diffusion-controlled redox
peaks of ferrocene, which should be supplied from both dissolved ferrocene and
ferrocene-dissolved NB droplets. The former was 1/3.6 times of the latter by the
comparison with the current of ferrocene-saturated aqueous solution. Applying the
expression for the diffusion-controlled peak current of a big particle, we estimated the
number concentration of NB droplet to be 1.1x10* dm™. This value is equivalent to the
average distance, L = 2.1 um, between neighboring two droplets, corresponding to the
diffusional traveling time, LD = 1.3 s, which would be long enough for collision of

droplets to stabilize the emulsions.

key words: spontaneous emulsification; oil|water interface; size of droplets;
voltammetry of big particles
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1. Introduction

A mixture of water and hydrophobic oil takes either a phase-separated state or an
emulsion [1]. The former is thermodynamically stable [2], whereas the latter is formed
dynamically [3-5]. Emulsions are necessarily generated when phase-separated states are
mixed vigorously. They sometimes are formed spontaneously even at quiescent contact,
depending on conditions [6-9]. Emulsions have been found to coexist with
phase-separated states for a long time [10] even without including surfactant at a
quiescent contact [11]. This fact indicates that a stable mixture should take either a
phase-separation or an emulsion, but does both of them. The coexistence has been
theoretically supported by distributions of any size of droplets evaluated from statistical
mechanics [12], as being in agreement with experimental results [10,11].

A model of ion transfer through oiljwater interfaces is idealized to form a
well-defined, flat, phase boundary [13-15]. Real voltammograms deviate from ideal
ones [16] at the following points; reactions of adsorbed species at the interface [17-19],
electron transfer reactions at the interface [20-22], ion transfer in micro-volumes like
droplets [23], and mixed potentials due to simultaneous transfer of cations and anions
[24]. If droplets are involved in the other phase, they may alter properties of the bulk or
the interface, exemplified by induction of convection [25] or fluctuations of currents
[26,27] due to local difference in surface tension of adsorbed droplets, and by variations
of drop size [3,4] due to compensation of the difference in pressure through
Young-Laplace equation [28]. Revisit of the model of oillwater interfaces may be
required not only for microscopically flatness of the interface of the molecular dynamics
[29,30] but also for ion-penetration [31- 37].

Before investigating effects of droplets formation on ion transfer voltammograms,
we should know size distribution of droplets and their number concentrations, which
may depend on solution conditions. Qualitative detection of droplets has been
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challenged by voltammetry when redox species was added to emulsions [38-42]. In
order to determine concentrations of droplets, voltammetric currents should be related
quantitatively with concentrations of droplets, droplet size and redox concentrations.
From the electrochemical viewpoint, oil droplets containing redox species resemble
suspended redox latex particles such as hydrogen ion in polystyrene latex [43],
polyaniline-coated polystyrene [44-46], ferrocenyl derivatives on polystyrene [47,48],
and polyacrylic acid-polystyrene latex [49]. Redox latex particles react at electrodes by
releasing redox moieties [43,47], propagating redox reactions in the latex particles
[44-46], letting redox moieties diffuse in the latex particles [48] or contacting the
spherical surface with electrodes [49,50]. In contrast, droplets including redox species
cannot react at an electrode until they are adsorbed. They often change their geometry
and sometimes coalesce [40]. A common feature is diffusion of latex particles and
droplets caused by electrode reactions. This report is devoted to measurements of size
distribution and the amount of nitrobenzene droplets in aqueous solution by use of DLS
and UV-spectroscopy. Voltammetry is made in droplet-dispersed aqueous solutions
including ferrocene as a redox marker. Combination of the DLS data with the

voltammetric data evaluates the number concentration of the droplets.

2. Experimental

Nitrobenzene (Wako) was refined by adsorbing impurities with active alumina of
300 mesh, and filtering them. Ferrocene (Wako) was used after sublimation. Sodium
perchlorate and tetrabutylammonium perchlorate (TBAP) (Nakalai Tesque. Inc) were
used as received for supporting electrolyte in water and NB solution, respectively,

A potentiostat, HECS-1112 (Fuso, Kawasaki) was used for cyclic voltammetry.

Glassy carbon electrode 3 mm in diameter was purchased (BAS, Tokyo). The reference



and the counter electrodes were Ag/AgCl (3 M KCI, M = mol dm™) and platinum wire,
respectively.

The size distribution was determined by a dynamic light scattering (DLS)
instrument (Malvern Zetasizer Nano-ZS, UK). The UV-spectrometer was V-570
(JASCO, Tokyo). A centrifuge was SRX-201 (Tomy, Tokyo), which kept temperature

of samples at 4 °C.

3. Results and Discussion

3. 1. Spontaneously formed nitrobenzene-in-water emulsions

It is not clear whether aliquots by addition of NB to the aqueous solution at
concentrations less than the saturated concentration (14-17 mM [51]) might include NB
droplets or not. A visual evidence of inclusion of droplets is generally turbidity of a
solution, which is ascribed to light scattering by large droplets. The upper aqueous
phase of the NB-water mixture was transparent by our eyes after vigorous mixing. A
simple, quantitative measure of turbidity is a loss of transmittance of light by use of the
UV-absorbance of NB. The absorbance may be expressed by A = &¢s + &Cq4, Where Cs, Cq
and c are, respectively, number concentration of dissolved NB, that of droplets, and that
of the added NB (c = cstcq). Here, ¢ is the absorption coefficient of the added NB, & is
that of dissolved NB, and & is that of NB droplets depending on the turbidity. If ¢4 and
cs were to be proportional to c, the absorbance should be also proportional to c. The
ratio cy/c is much smaller than c¢/c for low concentrations because of few possibilities of
coalescence. Then we predict that A = &Cs + gCq = &Cs — &C for ¢ — 0. The relation of
the absorbance with ¢ varies from non-proportionality to proportionality as ¢ tends to
zero. In this prediction, we obtained the absorbance at 268 nm at various concentrations
of NB-included water, and plotted it in Fig. 1. The concentration domain at which the
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absorbance was less than 2 was ¢ < 0.3 mM, which is much lower than the saturated
concentration. Proportionality was found for ¢ < 0.06 mM, the slope of which gave the
molar absorption coefficient, 1.0x10* M™. Deviation from the proportionality for ¢ >
0.08 mM may be ascribed to light scattering by NB droplets. Since the errors of the
absorbance for 0.7 < A < 2 were less than 0.02, the deviation was obvious. Consequently,
0.08 mM is a threshold concentration of formation of droplets from the optical
viewpoint.

The presence of NB droplets was examined with size distributions of droplets by
DLS. The scattering light relative intensity vs. the diameter, 2r, showed a peak, like in
Fig. 2. The appearance of one peak suggests narrow size distribution of droplets. The
diameters of the droplets were plotted on the right axis against NB concentrations in Fig.
1. The diameter ranged from 0.2 to 0.6 um, regardless of the concentrations, implying
that droplets are formed under quasi-equilibrium conditions. The formation of the
droplets is supported by the theory of the size distribution of droplets in emulsions by
use of statistical mechanics [12]. The presence of droplets at concentrations less than
0.08 mM seems inconsistent with the result of UV absorbance. However, the DLS result
demonstrates only the presence of the droplets but does not provide any information on
amounts of droplets. The concentration of droplets may be much smaller than ¢ for ¢ <
0.08 mM.

Nitrobenzene was mixed with water at the volume ratio of 1:1 in an ultrasonicated
bath. The mixture, which was retained quiescent for a few hours, showed clear
two-phase separation. The upper aqueous phase was sampled for determining
concentration of NB by UV. Since the absorbance was over 3, the supernatant was
dissolved by 200 times with water. The concentration of NB was 15.5 mM by use of the
absorption coefficient obtained in Fig. 1, independent of the mixing procedures or
volume ratios of water and NB. When the supernatant was centrifuged at 4.7x10% g in 5
minutes, the concentration of NB was decreased to 9.3 mM, which did not decrease
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with further centrifugation periods. Since centrifugation generally removes dispersed
particles or droplets, the difference in the concentrations, 6.2 mM, should correspond to
the NB droplets. Both the quiescently formed supernatant and the centrifuged
supernatant exhibited size distributions of droplets in Fig. 2a and 2b, respectively, the
diameters of which were ca. 0.5 um and 0.15um. The centrifugation spun down large
droplets. The centrifugal force at the acceleration, a, acting on an oil droplet with radius,
r, in water is given by (4n/3)r’(d.-dw)a, where d, and dy, are densities of NB and water,
respectively. When the droplet moves at a constant velocity, u, by the centrifugal force,
the frictional force, 6mzru, acts on the droplet. Balance of both the forces yields u =
2r’(do-dw)a/97. Values of u at 2r = 0.5 and 0.15 um are 0.14 and 0.013 cm s™ for a =
4.7x10* g, respectively. The 5 min's centrifugation should move droplets by 42 and 3.8
cm, respectively. The latter value is large enough for separating oil droplets in 10 cm
cell height. The inseparability of 0.15 um droplets may be ascribed to the Brownian
dispersion.

In contrast to the NB droplets, the oil phase in contact with water contained
visible water droplets. The diameters ranged from 1 to 5 um, as were consistent with
values in the previous report [11]. The DLS data (Fig. 2c) showed diameters close to
those by the optical microscope. The diameter of water droplets larger than that of NB
droplets may be related with much larger solubility of water in NB (3 M [52]) than the
solubility of NB in water (0.015 M).

3. 2. Voltammograms of emulsions

Ferrocene was dissolved deliberately into 0.4 M NaClO,4 aqueous solution and 0.4
M tetrabutylammonium perchlorate NB solution with ultrasonication until solid of
ferrocene was left in each solution. Each solution was centrifuged at 4.7x10* g to
remove the solid ferrocene. The NB solution of 5 cm® was mixed with the 95 cm?
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aqueous solution in the ultrasonic bath to form a turbid emulsion. Voltammograms of
the emulsion were obtained at the glassy carbon electrode 3 mm in diameter (Fig. 3).
Anodic and cathodic peaks were observed in the domains 0.45-0.50 and 0.25-0.30 V,
respectively. The effect of scan rates on the peak potentials is ascribed to the addition of
NB droplets. This may be caused by an increase in solution resistance of NB droplets or
NB film on the electrode. Plot of the anodic and the cathodic peak currents against their
peak potentials fell on each line, as shown in Fig. 3, according to the technique of
evaluating accurately a peak potential without IR-drop [53]. The slopes were
approximately common, indicating that the potential shift with the scan rates should be
caused by solution resistance. The difference between the cathodic and the anodic peak
potentials extrapolated to | = 0 was 80 mV, close to the diffusion-controlled reversible
reaction. The cathodic peak potential may depend on solubility of ferricenium salt and
ferrocene, and thus detailed discussion is meaningless. The peak potentials (0.42, 0.34
V) extrapolated to | = O are closer to those of ferrocene in NB (0.47, 0.55 V [54]) than
those in water (0.15, 0.23 V).

The anodic peak current, I, at the first scan was plotted against the square root of
the potential sweep rate, v in Fig. 4(a). The proportionality for v < 0.1 V s suggests the
diffusion controlled process of the peak current. In contrast, the plot deviated to low
values from the proportionality for v > 0.3 V s. The diffusion-controlled current for v >
0.3 V s might be larger than 50 pA, according the proportional line in Fig. 4. Then the
IR-drop would be over 0.2 V from the extrapolated line to 1, > 50 pA in Fig. 3. Such a
large potential shift corresponds to net slower scan rate, and hence the peak currents for
v> 0.3V s™in Fig. 4 are deviated from the proportional line.

The centrifuged supernatant, being the transparent aqueous phase, showed the
voltammogram in Fig. 5a, which was similar to the voltammograms in Fig. 3 except for
the potential shift. The anodic peak current was proportional to v (Fig. 4(b)),
indicating the diffusion control. The oxidation current should be provided by both
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ferrocene dissolved in water and ferrocene dissolved in NB droplets. In order to
estimate an amount ratio of the two components, we carried out voltammetry of
ferrocene-saturated aqueous solution including 0.4 M NaClO, (Fig. 5(b)). The peak
potentials of ferrocene in the centrifuged supernatant of the emulsion were the same as
those in ferrocene-saturated aqueous solution. The peak current was diffusion-controlled
from the proportionality of I, vs. V2 (Fig. 4(c)). The value of the slope of the
proportionality was by 1/3.6 times of that for centrifuged supernatant. Therefore, the
voltammetric current ratio of ferrocene dissolved in water to ferrocene in NB droplets is
1 : 2.6. This is not equivalent to the concentration ratio (cs: ¢q) because voltammetric
currents depend not only on the concentration but also on the diffusion coefficients of
ferrocene and the droplets. The peak potentials of ferrocene in the centrifuged

supernatant of the emulsion were the same as those in ferrocene-saturated agqueous

solution. Thus the standard potential of the former, FE°(centrifuge)

1°(Fc*(centrifuge)) - 1 (Fc(centrifuge)), is close to that of the latter, E°(H,0)
1°(FC*(H20)) - 1°(Fc(H20)), where 1° means the standard chemical potential in the
state designated by the parentheses. The equality, E°(centrifuge) = E°(H,0), does not
mean °(Fc*( centrifuge)) = °(Fc*(H20)), but NB contributes equally to the chemical
potentials of Fc* and Fc. In contrast, the standard potential in NB is given by FE°(NB) =
°(FC'(NB) - 1°(Fc(NB)). The experimental result was approximately E°(NB) =
E°(H,0) + 0.20 V. Since Fc is hydrophobic, #°(Fc(H.0)) may be higher than
1°(Fc'(H20)), 1°(Fc'(NB) and £°(Fc(NB)). This is an explanation of the potential shift

of the midpeak value by 0.2 V.

3.3. Evaluation of number concentration of NB droplets

Although the DLS measurement of the centrifuged supernatant showed uniform

diameter 0.15 um of NB droplets (Fig, 2(b)), it did not provide the number
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concentration of droplets. We shall estimate the concentration by use of the
voltammetric currents, combining them with the diameter of the droplets. When a
particle contains m molecules of a redox species with one-electron transfer, the

expression for the diffusion-controlled peak current is given by [55]

|, =0.446FAmc,+/DvF /RT

1)
where cq4 is the bulk concentration of the particle (droplet) and D is the diffusion
coefficient of the particle. Variable m corresponds to the number of ferrocene molecules
per NB droplet.

The concentration of ferrocene in the droplet may be close to the saturated one,
because the emulsion was generated under the ferrocene-saturated condition. From the
UV-absorbance, the saturated concentration was 0.67 M. Consequently we estimate m to
be 0.67 Mx(41/3)r*Na = 7.1x10° for 2r = 0.15 pum, where N, is the Avogadro constant.
The diffusion coefficient of the droplet was estimated from the Stokes-Einstein equation
(D = kg T/6mnr) for the viscosity of water, 7 = 0.89 mPas. It was 3.3x10® cm? s™. Since
I, in Eq.(1) is equal to 2.6 times the peak current in the supernatant, we evaluated the
number concentration of the droplets (cq) from Eq. (1) to be 1.1x10" dm™, which is

equivalent to the average distance, L = (CaNa) ™

= 2.1 um, between closest neighboring
droplets. If a droplet moves in the distance by diffusion to coalesce, it takes t; = L%/D =
1.3 s for the travelling. This period is too long for droplets to collide with each other,
resulting in the stable emulsion. We estimate a time of coalescing droplets by
one-dimensional motion in a macroscopic cell, as an example. As a result of the
coalescence of two droplets, the distance between neighboring closest two-coalescing

212 times.

droplets is 4.2 um. Then the droplet volume doubles or the radius increases
The diffusion coefficient decreases 2*° times. It takes t, = (2L)%/( 2°**D) to make two
duplicate droplets coalesce. In general, the coalescence at n-times requires the moving
distance, 2L with the diffusion coefficient, 2™™"D. It takes t, = (2"*L)%/(2"Y"D) for
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the n-multiplying droplet to diffuse. Coalescence periods at cells 1 mm and 1 cm long
become 40 days and 14 years, respectively.

If ferrocene in the centrifuged supernatant were not to be localized to NB droplets
but were to be distributed uniformly at a molecular level, the average concentration
might be m/NaL® = 0.13 mM. This value is by 40 times larger than the saturated
concentration of ferrocene in water (0.003 mM evaluated from the slope of line (c) in

Fig. 4).

4. Conclusions

Transparent, NB-mixed water contains dissolved NB and NB droplets 0.15-0.5
um in diameter for any concentration, according to DLS. The UV-absorbance of
NB-mixed water deviates lower from the proportionality to the concentration because of
light scattering by formation of droplets. It shows proportionality for concentrations less
than 0.08 mM. The concentration of the droplets is proportional to the concentration of

added NB.

\Voltammetric peak currents in the aliquots by addition of NB to the aqueous
solution were controlled by diffusion of dissolved ferrocene molecules and
ferrocene-included NB droplets. They depend on not only their concentrations but also
their diffusion coefficients. Separation of the current into the two with the help of
diameter of droplets allowed us to estimate the number concentration of droplets. The
average distance between neighboring droplets was large enough for coalescence

through diffusion of droplets.
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Figure Captions

Fig. 1 Concentration variation of UV-absorbance on the left axis and diameters of

droplets of NB-included aqueous solutions on the right axis.

Fig. 2. Size distributions of NB droplets in the upper water phase of the emulsion (v/v
of water to NB is 20/1) (a), centrifuged supernatant (b) and water droplets in NB phase
(c), obtained by DLS.

Fig. 3. Voltammograms of the O/W emulsion (volume fraction of the NB was 0.05)
including saturated ferrocene and 0.4 M NaClOy in both phases at the glassy carbon

electrode 3 mm in diameter at scan rate v = (a) 80, (b) 50 and (c) 30 mV s,

Fig. 4. Variations of anodic peak current of saturated ferrocene (a) in the emulsion, (b)

in the supernatant, and (c) in water phase against square-roots of the scan rate.

Fig. 5. Woltammograms of ferrocene in the centrifuged supernatant of the emulsion
including 0.4 M NaClQy in the aqueous phase + 0.4 M TBAP in the NB phase(a) and in
ferrocene-saturated water including 0.4 M NaClO, (b) at the glassy carbon electrode 3

mm in diameter for v =30 mV s™.
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