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ABSTRACT: Diftusion is a fundamental process in various domains, such as pollution control, drug
delivery, and isotope separation. Accurately measuring the diffusion coefficients (D) of one liquid into
another often encounters challenges stemming from intermolecular interactions, precise observations at
the liquid interface, convection, etc. Here, we present an innovative electrochemical methodology for
determining the diffusion coeflicient of a liquid into another liquid. The method involves precisely
tracking the lifetime of a nonaqueous droplet. An organic droplet is placed on an ultramicroelectrode
surrounded by an aqueous solution of potassium hexacyanoferrate(II/III). The droplet initially blocks
the reduction or oxidation of the redox species. As the droplet dissolves, giving access to the conductive
microelectrode surface, a continuously increasing current is observed in voltammetry and the
amperometric i—t response. The electrochemical response thus directly reports on the flux of redox
species on the electrode surface, allowing us to precisely determine the lifetime of the droplet. D values
are directly determined through a combination of electrochemical analysis and the principles of droplet
dissolution. We demonstrate the quantification of 1,2-dichloroethane and nitrobenzene into water,
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yielding diffusion coefficients of (11.3 + 1.2) X 107% cm?/s and (5.2 + 1.1) X 107® cm?/s, respectively. This work establishes a

reliable electrochemical approach for quantifying diffusion coeflicients based on droplet lifetime analysis.

B INTRODUCTION

Diffusion refers to the random motion of molecules by which
there is a net flow of matter from a region of high
concentration to a region of low concentration.””> The
phenomenon of diffusion can be observed in solid, liquid, or
gaseous materials.” It enables process optimization in industrial
settings by guiding the design of efficient chemical reactions
and separation techniques and modeling the transport and fate
of pollutants. The study of diffusion is crucial for applications
like liquid—liquid extraction, isotope separation, pollution
control, design of chemical reactors, etc.* Moreover, precise
values of diffusion coefficients (D) are needed for the study of
droplet dissolution, fluid mechanics, mass transport, etc.””’
The value of D for a liquid dissolving into another liquid can
be obtained either by empirical correlations or experimentally.
Unfortunately, empirical correlations fail at higher concen-
trations and call for experimental methods to accurately
determine D values.*” Various techniques are available for
measuring D values for liquid-into-liquid diffusion such as
holographic interferometry, Taylor dispersion, nuclear mag-
netic resonance (NMR), and diaphragm cells.'"~"* Holo-
graphic interferometry is based on recording and reconstruct-
ing interference patterns to determine the concentration profile
and hence the diffusion coefficients of the diffusive solvents.
Analyzing interferometry data can be complex and often
requires sophisticated mathematical tools and algorithms.
Moreover, the experimental condition needs to be precisely
controlled as external disturbances, such as vibrations or
temperature fluctuations, can introduce noise and affect the
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accuracy of measurements.'* Taylor dispersion is based on the
analysis of solute dispersion in a laminar flow. The method
uses a refractive index detector to obtain a concentration
profile similar to the Gaussian distribution curve.'> However,
the implementation of Taylor dispersion experiments requires
precise flow control and sophisticated data analysis methods.
Also, the Taylor dispersion method uses a spiral capillary with
length up to several meters and the mobile phase is required to
flow through the round cross section at a constant flowing rate,
which is difficult to achieve and leads to poor accuracy.'® NMR
spectroscopy provides precise measurements of diffusion
coeflicients. It allows for nondestructive analysis and can
provide insights into molecular dynamics. However, NMR
techniques require specialized equipment and expertise in data
acquisition and analysis and may have limitations related to
sample concentration and viscosity.” Diaphragm cells consist
of two compartments separated by a permeable diaphragm,
allowing the solute to diffuse from one compartment to the
other. This technique requires monitoring the change in the
initial and final concentration in the compartments. However,
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this technique can be time-consuming and requires precise
calibration of the cell.'”"®

The diffusion coefficient of a liquid in another liquid can also
be determined by studying the dissolution kinetics of
microdroplets and accurately monitoring droplet lifetimes.””"”
This is usually done using optical microscopy, dynamic light
scattering (DLS), and scanning probe techniques such as
atomic force microscopy (AFM). However, these techniques
involve tradeoffs between resolution, cost, versatility, and
temporal capabilities to accurately quantify the dissolution rate
and lifetime of the droplets.”® For instance, AEM offers
nanometer resolution but suffers from poor temporal
resolution and optical microscopy suffers from poor spatial
resolution close to the diffraction limit of light.”"**

This study introduces an electrochemical methodology for
determining the diffusion coefficients of one liquid in another
liquid based on the analysis of droplet lifetimes by physical
blocking of the electrode surface. The obtained droplet lifetime
data enable the calculation of diffusion coefficients using the
dissolution laws. We demonstrate the effectiveness of this
approach by accurately tracking the lifetime of 1,2-dichloro-
ethane (DCE) droplet on a gold ultramicroelectrode (UME)
immersed in an aqueous phase containing potassium
ferricyanide (K;[(Fe(CN)4)]), potassium ferrocyanide
K,[(Fe(CN)()].3H,0, and 1 M potassium chloride (KCI) in
deionized (DI) water. Blocking of the electrode enables us to
accurately determine the lifetime of droplets by using
voltammetry and chronoamperometry. Notably, this method
of determining the lifetime of the droplet surpasses the other
existing techniques in terms of temporal resolution and
convenience. Additionally, we extend the application of this
methodology to determine the diffusion coefficient of
nitrobenzene (NB) in water, highlighting its broad utility for
studying different liquid—liquid systems. Overall, this work
establishes an innovative and reliable electrochemical approach
for quantifying diffusion coeflicients based on droplet lifetime
analysis.

B EXPERIMENTAL SECTION

Figure 1 describes the setup used to simultaneously monitor
the optical and electrochemical responses of oil microdroplets
on a gold UME submerged in the bulk aqueous phase. The
aqueous bulk phase consists of a mixture of 10 mM
K;[(Fe(CN)g)], S mM K,[(Fe(CN)4)], and 1 M KCI in DI
water. A 6.3 ym radius disk gold electrode (see Figure S3a)
was held vertically inside a Teflon-made cell filled with the
aqueous bulk phase. A microinjection system equipped with a
XYZ micropositioner, a compressor, and a microcapillary was
used to dispense DCE droplets above the surface of the Au
disk. The described setup was equipped with a high-resolution
optical camera, which enabled the positioning of the
microcapillary as well as tracking the size of the dispensed
DCE droplet. All of the electrochemical measurements were
performed in a two-electrode setup where the Au UME served
as the working electrode and Ag/AgCl in 1 M KCl served as
the counter/reference electrode, which was present in a
separate reservoir, as shown in Figure 1. The electrical
connection was established by using an agarose salt bridge
(3% agarose in 1 M KCl). The detailed experimental section
can be found in the Supporting Information (SI).
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Figure 1. Experimental setup used to visualize droplet dissolution
with in situ monitoring of the droplet size and simultaneous recording
of their electrochemical response. A 6.3 ym radius Au UME is held
vertically in a Teflon cell (gray) containing the aqueous bulk phase
(light green). The camera allows precise monitoring of the position of
the microcapillary and Au disk. The microinjection system allows us
to deliver a small volume of oil droplets on the Au disk. The oil
droplet is shown in light gray on the surface of the electrode.

B RESULTS AND DISCUSSION

A typical experiment consists of microinjecting an oil droplet
on the Au disk with time-synchronized electrochemical
measurement and in situ monitoring of the droplet size using
a high-resolution camera. A series of optical micrographs
recorded during a typical experiment is shown in Figure 2a.
Time t is referenced at 0 s, which marks the time at which we
start recording the micrographs. On each micrograph, the
bright spot at the center is the Au disk and the red circle marks
the perimeter of the electrode, which is surrounded by a glass
sheath. Prior to the injection at t = 4 s, the position of the
microcapillary used to dispense an oil microdroplet is marked
on the right. The initial apparent radius of the droplet is
measured to be 45 + 3 um. The contact angle was measured
independently for DCE droplets on glass and was found to be
149° (see Figure S4). It is evident from the micrographs that
the droplet maintains its spherical curvature and dissolves into
the aqueous phase, centered around the gold UME, within
~223 + 4 s. During the course of dissolution, the three-phase
boundary gets pinned at the Au/glass interface, forcing the
droplet to stay centered on the UME. This error originates
from the time required for the injection of the DCE droplet
and determination of the final time when V; is zero.

Prior to the injection of the DCE droplet, the electro-
chemical signals arise solely due to the electron transfer
associated with Fe(CN)s*" and Fe(CN)¢’~ present in the
aqueous bulk phase. The cyclic voltammogram for the bulk
aqueous phase in the absence of a droplet is shown in Figure
S3b. K;[(Fe(CN)4)] and K,[(Fe(CN)s)] were chosen for
these experiments because they are particularly insoluble in oil
and will remain in the aqueous phase in the presence of an oil
droplet allowing the oil droplet to block the electrochemical
response of the Fe(CN)¢*™ and Fe(CN)¢>~ present in the
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Figure 2. (a) Optical micrographs recorded during the dissolution of a 45 + 3 ym radius DCE droplet in the aqueous bulk phase. The solid red line
on the micrograms indicated the position of the Au disk. The scale bar is 10 ym. (b) and (c) Cyclic voltammograms recorded at a scan rate of 0.2
V/s, simultaneously with the optical micrographs during the dissolution of the DCE droplet. The voltammograms are color-coded and match the
color code in (a), and the colored points on the voltammogram denote the time at which the micrographs in (a) were recorded. The raw data for
the voltammograms had to be smoothed to filter out the noise (because a Faraday cage was not used) using adjacent weighted averaging and a
Savitzky—Golay filter. (d) and (e) Mechanism of blocking of flux of redox analyte as a function of droplet size.
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Figure 3. (a) Optical micrographs recorded during the dissolution of a 49 + 3 yum radius DCE droplet in the aqueous bulk phase. The solid red line
in the micrographs indicate the position of the Au disk. The scale bar is 10 ym. (b) i—t response to an applied potential of 0 V, simultaneously with
the optical micrographs during the dissolution of the DCE droplet. The i—t response is color-coded and matches the color code in (a), and the
colored points on the i—t response denote the time at which the micrographs in (a) were recorded. (c) Similar to (a) showing the dissolution of a
36 + 3 um radius nitrobenzene droplet. (d) Generated i—t response. The contact angle was measured independently for NB droplets on glass and
was found to be 155° (see Figure SS). Again, the colored points of the i—t response in (d) denote the exact time at which micrographs in (d) were
recorded for a nitrobenzene droplet.

aqueous bulk phase until the final moments of dissolution of
the droplet. This phenomenon was examined using cyclic
voltammetry and chronoamperometry and is discussed in
detail in the following paragraphs.

Along with monitoring the geometry of the droplet, the
electrochemical response was recorded as a function of time.
The potential of the UME is constantly scanned at a rate of 0.2
V/s, between 0 and 0.5 V (5 s per voltammogram). The
potential window is centered around the apparent standard
potential of the redox couple Fe(CN)*~/Fe(CN)¢*", E” = 0.2
V, which is evident from the voltammetry of the bulk phase
shown in Figure S3b. The optical micrographs and voltammo-

18750

grams are color-coded such that colored points and segments
(Figure 2b,c) correspond to the time at which micrographs
(Figure 2a) were recorded. In the absence of any droplet at t =
4 s, a sigmoidal voltammogram is obtained, which is typical of
voltammetry at a UME in a bulk phase containing redox active
species.” The anodic and cathodic current plateaus prior to the
injection of the droplet are observed at 10 and —23 nA,
respectively (denoted by the dark blue curve in Figure 3b).
The injection appears as a sudden decrease in current (red
curve in Figure 2b) to a few nanoamperes due to the physical
blocking of the electrode by the DCE droplet, following which
no redox activity is observed around the apparent standard
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potential of the Fe(CN)¢>"/Fe(CN)4*" redox couple (pink
curve in Figure 2b). As the droplet continues to dissolve, no
redox activity is observed until an apparent radius of the
droplet is ~15 um (orange frame in Figure 2a), which
corresponds to a contact radius of ~8 pm, after which the
magnitude of current gradually increases (orange and purple
curves in Figure 2c) as the droplet further shinks. The
mechanism of electrode blocking due to the presence of the
droplet is illustrated in Figure 2d,e, which shows when the
droplet size is large, hence it’s contact area is large compared to
the Au disk, the redox species in the bulk phase has no access
to the electrode. When the contact area is comparable to the
size of the Au disk, the redox species in the bulk gain partial
access to the electrode, giving rise to an increase in the
magnitude of current, as shown in Figure 2c. Therefore, as the
droplet shrinks beyond a critical size, the electrode gains access
to the redox species present in the bulk phase due to partial
exposure of the Au disk. For example, notice the micrographs
recorded at 226 s (orange frame) in Figure 2a: the droplet is
physically present, but the magnitude to current on the
corresponding voltammogram is not the same as when the
droplet is large, submerging the entire Au disk. This critical
size is achieved when the contact lines approach the Au disk
and the mode of dissolution switches from the constant
contact angle mode to the constant contact radius mode. The
details of the dissolution kinetics of sessile droplets and
droplets dissolving on the surface of a Au disk UME are shown
in the SI. Notice that after the complete dissolution of the
droplet, the anodic and cathodic current plateaus do not
converge to the same values noted prior to the droplet
injection. The dashed cyan curve overlaid on the violet curve in
Figure 2¢ is the voltammogram recorded minutes after the
complete evaporation of the droplet, and the anodic and
cathodic steady-state current still does not converge to the
initial values. This strongly indicates the presence of water-
phase inclusions in the DCE droplet, which (salt) precipitates
over time, leading to partial coverage of the electrode surface
with salt precipitate and hence the reduced magnitude of
anodic and cathodic current plateaus.””** The exact reason for
the discrepancy in initial and final steady-state currents is
unknown and represents a future avenue of our work.

The voltammetry experiments provide valuable insights into
the process of physical blocking of the electrode by a DCE
droplet. However, to determine the diffusion coefficient of
DCE in water, the lifetime of the droplet needs to be precisely
determined, which is not possible using voltammetry due to
the poor temporal resolution that is dictated by the scan rate.
To accurately determine the lifetime of the oil droplets,
chronoamperometry was performed at the mass transport
conditions observed from Figure 2b,c, which are the potentials
at which steady-state currents are observed (i.e., 0 V vs Ag/
AgCl in 1 M KClI for reduction of Fe(CN)¢>~ to Fe(CN)4*~
and 0.5 V vs A§/AgCl in 1 M KCl for oxidation of Fe(CN)4*~
to Fe(CN)¢*".” Figure 3a is similar to Figure 2a, which shows
the dissolution of a DCE droplet on the Au disk, but here, the
potential of the electrode is held at at a constant value of 0 V vs
Ag/AgCl during the entire dissolution process. Again, time ¢ is
referenced at 0 s, which marks the time at which we start
recording the micrographs. Droplet injection occurs at 1S5 s,
with an apparent droplet radius of 49 + 3 ym (red frame in
Figure 3a). As shown in Figure 3b, the initial current is —23
nA, which is equal to the cathodic current plateau observed
from the dark blue curve in Figure 2b. After the injection of the

droplet, the current abruptly decreases to a few nanoamperes
due to the blocking of the electrode surface by the DCE. After
the droplet shrinks to an apparent radius of 16 + 3 um (yellow
frame in Figure 3a), the current steadily increases (see Figure
3b). This increase in current after 150 s in Figure 3b can be
attributed to partial exposure of the Au disk, which allows the
reduction of Fe(CN)¢*~ to Fe(CN)4*™ at these exposed sites
(similar to voltammetry results). The extent of the exposure
increases as the droplet further shrinks with time. After the
complete evaporation of the droplet, the current magnitude
returns to a new value of steady-state current of ~13 vs 23 nA
before droplet injection (similar to the reduced value of
cathodic current plateau observed after complete dissolution of
the droplet in cyclic voltammetry). While the exact nature of
this new steady-state current is not yet fully understood, the
experiment still allows us to quantify droplet lifetimes with
high precision. It is essential to note that in the i—t response,
there is a characteristic change that marks the complete
dissolution of the droplet that was absent in cyclic
voltammetry. Movie S1 shows the side-by-side evolution of
the i—t response and droplet size for the data shown in Figure
3a,b. Moreover, chronoamperometry allows us to record data
at a much higher temporal resolution than voltammetry,
enabling us to precisely determine the lifetime of the DCE
droplets in the aqueous bulk phase. We now define 7y, as
the lifetime of the DCE droplet (time duration between the
initial abrupt decrease in current to the time taken for
attainment of a new steady-state current) using chronoamper-
ometry, which equals 195 s based on Figure 3b. Note that this
method to determine the droplet lifetime using the i—t
responses could be done for either oxidation or reduction of
redox species in the bulk. We also note that the accuracy by
which we can measure 7.4, is based only on the temporal
resolution of our measurement and the signal-to-noise ratio
and not a fundamental limitation, such as the diffraction limit
of light. Figure 3b shows the i—t response for the reduction of
Fe(CN)4*~ to Fe(CN)¢*, but a similar response would be
observed for the oxidation of Fe(CN)s*™ to Fe(CN)s™ too.
Figure S6a shows the i—t response where electrode potential
was held at 0.5 V vs Ag/AgCl for a DCE droplet with an initial
apparent radius of 57 #+ 3 um (Figure S6b). This also explains
the choice of the composition of analytes in the aqueous
continuous phase, where both Fe(CN)s*~ and Fe(CN)¢*~
species were present, to demonstrate that the methodology
for determining the droplet lifetime is independent of the
redox probe present.

From the data given in Figure 3, we can determine the value
of Dpcgsyaterr The methodology for determining Dpcg_yater
based on the initial droplet size and 7,4, using eqs S7—S11 is
detailed in the SL

Table 1 shows the calculated Dpcg_,yater Values based on the
initial droplet radius and 7. It is evident from Table 1 that
Techem 18 longer for droplets with a larger initial radius. This is
because of a strong dependence of eqs S3 and S4 on the initial
radius of the droplet. Based on the results stated in Table 1,
Dpcioswarer Was found to be (11.3 + 1.2) X 107° cm?/s. This
value of Dpcpyarer 1S in close agreement with the values
reported in the literature.”>*° The same methodology was used
to determine the diffusion coefficient of nitrobenzene (NB) in
an aqueous bulk phase. Figure 3c,d shows the dissolution of a
36 + 3 um NB droplet in the same bulk phase as before with
the simultaneous recording of the i—t response at a potential of
0 V vs Ag/AgCl in 1 M KCl. The behavior is again similar to
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Table 1. Calculated Diffusion Coeflicient for DCE in Water
as a Function of the Initial Radius of the Droplet (R;) and
Lifetime of the Droplet (7. em) Determined Using
Chronoamperometry

R; (pm) Techem () D(cm*/s)
43 201 9.9 X 107°
44 190 11.1 x 107¢
49 195 133 x 107¢
54 258 12 X 1076
57 334 10.4 x 107¢

the case of the DCE droplet with an initial steady-state current
of ~23 nA with an abrupt decrease in current to a few
nanoamperes after the injection of the droplet, followed by a
steady increase in current when the droplet’s apparent radius is
13 + 3 um (blue frame in Figure 3c), followed by complete
dissolution and a new steady-state current (—16 nA). The
lifetime of the NB droplet based on Figure 3d for an initial
radius of 36 + 3 ym was found to be 1135 s. Table S1 shows
the Dyp_yater Values based on the initial droplet radius and
Tochem for NB in water, which yields a value of (5.2 + 1.1) X
107¢ cm?/s (see Table S1). This value is lower than the values
(typically 8.6 X 107° cm?/s to 10.4 X 107° cm*/s at 26 °C)
reported in the literature.””>’ We anticipated the diffusion
coefficient of NB to be lower than that of DCE molecules due
to the larger size of NB than that of DCE. The discrepancy in
the diffusion coefficient for NB compared to literature values
can perhaps be explained by differences in measurement
techniques. Previous measurements have employed techniques
like Taylor dispersion; however, our electrochemical techni-
que, measured at the steady state, is perhaps more
representative of the true diffusion coefficient.

Despite very comparable initial sizes of DCE and NB
droplets, 49 and 36 pum, respectively, the time taken for
complete dissolution of the DCE and NB droplets is
significantly different (195 s for DCE and 1135 s for NB),
but the value of the diffusion coeflicient is comparable for both
of them. This arises due to striking differences in the saturation
concentration, i.e., 0.0023 g/ cm? for NB and 0.0087 g/ cm?® for
DCE.”® Therefore, the methodology detailed in the work can
be used for any other oil droplet dissolving in the bulk aqueous
phase.

B CONCLUSIONS

In conclusion, this study introduces an electrochemical
methodology utilizing chronoamperometry to determine the
diffusion coefficients of a liquid in liquid. The work is based on
a comprehensive analysis of the lifetime of oil droplets using
chronoamperometry, where the current starts off at a steady
state, experiences an abrupt decrease due to the physical
blocking of the electrode caused by the oil droplet, and
subsequently increases steadily as the droplet shrinks over
time. The complete dissolution of the droplet is marked by the
attainment of a new steady-state current. The determined
lifetime, in conjunction with equations describing droplet
dissolution on a UME submerged in an aqueous bulk phase,
enables the calculation of the diffusion coefficient of oil in
water. This work not only presents a valuable approach for
determining diffusion coefficients but also offers a reliable
means of assessing droplet lifetimes in various applications.
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