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Abstract

This study investigates reactive mass transfer around isolated bubbles of pure oxygen rising in a thin-gap
cell filled with acetonitrile at rest. A colorimetric technique based on the bio-inspired copper(l) complex
[Cu(TMG,tol)]OTf is used. The gap- and time-averaged dissolved oxygen concentration fields can be
measured in the far-wake of the bubbles with 3 < d < 47 mm. The variations of the Sherwood numbers
with the Peclet numbers show that the mass transfer results obtained are identical with the ones
measured earlier with the copper(l) complex [Cu(btmgp)l]. This demonstrates the independency of mass
transfer from the properties of the chemical system used. The results significantly enlarge the existing
database, which is of great importance to establish robust scaling laws.
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1 Introduction

Many industrial syntheses of bulk chemicals involve reactive bubbly flows in which a gaseous reactant is
transferred through a fluidic interface. After mixing with the continuous phase, the gas bubbles are
reacting with the dissolved species [1]. Classical examples are hydrogenation, (photo)oxidation,
alkylation, polymerization or chlorination [2]. Yield and selectivity of such multiphasic reactions are
strongly dependent on the phases’ transport phenomena: in fast and competitive reactions the fluid
dynamic in the vicinity of the bubbles plays a determining role [3-5]. By understanding the reactive
mass transfer mechanisms, the formation of undesired byproducts can be reduced circumventing
downstream separation processes and achieving a sustainable upscaling process.

During the last decades, special attention has been paid to the development of cutting-edge
technologies for process intensification involving confined geometries such as microreactors, heat-
exchanger reactors or monolith reactors [6]. Their characteristic dimensions of micro- or millimetric
scale allow efficient mixing, high interfacial areas as well as enhanced heat and mass transfer, making
them particularly suitable for improving yield and selectivity of multiphase reactions [7]. In this context,
thin-gap flat bubble columns represent an alternative confined geometry, less explored in literature.
Therein the bubbles, surrounded by thin lubrication films, rise in a liquid at rest located between two
vertical planar plates. With a gap size smaller than the bubble’s diameter, the plane geometry enhances
mass transfer compared to 3D bubble columns [8]. The in-plane bubble-induced agitation results in an
efficient mixing within the liquid phase highly favoring the oxygen transport [9-12]. In addition, the
small thickness of the reaction medium faces light attenuation issues, thus making them a promising
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application for solar photochemical as well [13—15]. Lastly, thin-gap cells are of great interest for
fundamental mass transfer studies as they (i) enable to explore intermediary configurations between
fully three-dimensional bubbles and Taylor bubbles and (ii) cover a wide range of motion as well as mass
transfer regimes at high Reynolds numbers. While isolated bubbles rising in non-confined liquids have
been extensively investigated since 1960 [3,16], the number of works with 2D thin-gap cells remains
limited: most of them focuses on hydrodynamics [17-23] and only a few have sudied mass transfer
[8,24].

Nowadays, different experimental methods are available to investigate (reactive) interfacial mass
transfer at local scale by giving access to the dissolved gas concentration fields. The most frequently
used one is Planar Laser-Induced Fluorescence with Inhibition (PLIF-1) [8,25—29] which is applied in
various gas-liquid systems including confined interfaces [8, 31]. In PLIF-I, a fluorescent dye is excited
with a specific wavelength. Due to different inhibiting factors, like dissolved molecular oxygen, the light
emitted undergoes a wavelength shift which can be detected [25,30].

Colorimetric techniques constitute relevant alternatives to PLIF-I as they do not require the use of
lasers. Difficulties like matching the excitation wavelength or reflection of fluorescent light from the
walls and the bubbles interfaces are thus avoided [31]. Colorimetric techniques involve a reaction
between a colorless, diluted molecule and a gaseous species forming a colored product. From the color
signal observed in the bubble’s wake and vicinity, equivalent dissolved gas concentration fields can be
deduced by implementing ad hoc image processing. This was firstly demonstrated by Dietrich et al. [32]
with the resazurin dye for Taylor bubbles flowing in a millimetric channel. Later extensions to other
confined geometries [33—37] or dyes such as the leuco-indigo carmine followed [38]. The conversion of
dyes like leuco-indigo carmine, resazurin or methylene blue with molecular oxygen results in a specific
color change with literature-known absorption maxima [39]. However, the use of these dyes for mass
transfer investigations is limited since their substrate-specific properties cannot be changed. To create
tunable colorimetric reaction systems, coordination chemistry has opened new opportunities in the
recent years. Functional groups like amines or aromatic units are combined with transition metals like
copper or iron to create molecules which show a strong color change during the conversion with
molecular oxygen. Hereby, oxygen functions as an oxidant increasing the oxidation state of the metal
atom and thereby changing the electronical structure of the molecule. As a result, the absorption
wavelength is being shifted, leading to a strong color change [3,40].

Industrial oxidation processes are using transition metal catalysts with oxygen as oxidant for over 50
years now, but most of them containing harmful and environmentally hazardous elements like
chromium, cobalt or nickel [41]. In nature, processes like activation, transfer or reversible binding of
oxygen are catalyzed by enzymes [42]. A popular example is the copper enzyme tyrosinase which
catalyzes crucial oxidation steps in the formation of the skin and cell pigment melanin [43]. The chemical
structure of those enzymes consists of an iron or copper metal center stabilized by amino acids with N-
donor ligands like histidine [44—46]. In contrast to complexes with chromium, nickel or cobalt, enzymes
are meeting many goals of “green” chemistry: they are not harmful, bio-based and operate under
ambient reaction conditions mostly in water [47]. Nevertheless, their industrial field of application is
limited since most enzymes’ activity is substrate specific, generating only a specific product molecule
[48]. An exception displays the enzyme tyrosinase, which is capable to transform either phenols or
catechols to quinone products [49]. Hence, coordination chemistry methods are required to mimic this
unusual natural substrate diversity and broad the product spectrum while using environmentally-
friendly and bio-based elements.

The first catalytically active tyrosinase model system was published only in the last decade. The so called
peroxido complex is mimicking the catalytically active Cu,0, center of tyrosinase [49]. Since then several
peroxido and oxido catalysts complexes were published converting various simple phenolic substrates
[50-54]. Those two Cu,0, species are structural isomers existing in an equilibrium. They can be
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transferred into each other by the choice of the ligand system, solvents or coordinating anions [55,56].
Consequently, molecule-specific properties like solubility, physical properties and molecule structure as
well as the diffusion coefficient of the reaction system, absorption wavelength or the reaction velocity
can be modified. As an example, the copper(l) complexes [Cu(TMGbenza)l] and [Cu(TMGbenza)]OTf,
formed by the TMGbenza system, seem to be identical except for the corresponding anion.
Nevertheless, their reaction velocity and reaction properties are totally different. The oxido complex
generated by [Cu(TMGbenza)l] is stable at room temperature but the formation takes very long (2 h),
whereas the one of [Cu(TMGbenza)]OTf is only formed at low temperatures but within 3 minutes
[53,54]. As a result, even small modifications on the molecule structure, as the exchange of the
corresponding anion, can cause completely different reaction velocities.

In our previous work [24], the bio-inspired copper(l) complex [Cu(btmgp)l] was successfully
implemented to unravel the mass transfer around single bubbles freely rising in a thin-gap cell. The
chemical reaction used was irreversible and highly sensitive towards oxygen. Hence, a specific
experimental set-up was built to operate under oxygen-free conditions with acetonitrile as solvent.

In the present study, two major objectives will be tackled:

e Colorimetric techniques based on bio-inspired copper complexes shall be proven as a generic
tool for reactive mass transfer investigations at a local scale.

e The experimental database of mass transfer around single bubbles rising in a thin-gap cell will
be enlarged to establish consistent scaling laws.

For this purpose, an optimized copper complex structurally inspired by the last one will be used
possessing a different molecule structure, molecular properties and reaction kinetics. [Cu(TMG,tol)]OTf
firstly synthesized by Herres-Pawlis et al. [57] shall prove the independency of the mass transfer from
the chemical reaction system. The experiments will be performed in the set-up built in our previous
study to enhance comparability [24]. Acetonitrile, a solvent close to industrial conditions, will be used to
generate experimental data complementary to the ones of Roig et al. in water [8,19]. The protocol
correlating the grey-levels from the colored signal to the equivalent oxygen concentrations will be
adapted to account for the features of the new copper complex.

2 Materials and experimental methods

The chemical system, [Cu(TMG,tol)]OTf, used in this work is highly sensitive towards oxygen, thus
working in an inert gas atmosphere was mandatory. Detailed information about the complex
preparation, the calibration measurements as well as physical constants and estimations made
regarding to the calculation of parameters are given in section S1 in the supporting information.

The molecule structure of the copper(l) complex, [Cu(TMG,tol)]OTf, used in this study is inspired by the
structure of the [Cu(btmgp)l] system determined in 2019 [24]. Both systems consist of two guanidine
units bridged by a hydrocarbon backbone. While the btmgp system has a simple propylene backbone, in
the TMG;,tol system the two guanidine units are connected by a bulky toluenyl unit (Fig. 1, marked in
red). Additionally, the btmgp system contains an iodide anion coordinated to the copper center whereas
the triflate anion in the TMG,tol system is only weakly coordinating and a solvent molecule is connected
to the metal center instead (Fig. 1, marked in blue) [24,58]. Due to the high electron density in the
aromatic toluene backbone, the TMG;tol system is strongly fluorescent. Hence, it is not limited to
investigations in the UV/Vis area with colorimetric methods; unlike the btmgp system, the TMG,tol
system could be suitable for fluorescence studies as well [3].
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Figure 1. Comparison of the molecule structures of [Cu(btmgp)l] studied in 2019 [24] and
[Cu(TMG,tol)]OTf investigated in this study (MeCN = CH;CN = acetonitrile).

As with the btmgp system used in 2019 [24], the colorless copper (I) complex [Cu(TMG,tol)]OTf is
oxidized to an orange Cu(lll) oxido complex when converted with molecular oxygen. As the orange
copper(lll) complex is not stable at ambient temperatures, a consecutive decay reaction to a stable
green copper(ll) complex takes place. In contrast to the btmgp system, which generates a mixture of
two green permanent reaction products, only one green copper (ll) product is obtained in this case (Fig.
2). A detailed description of the kinetics can be found in section 3.2.
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Figure 2. Oxidation of the colorless copper(l) complex [Cu(TMG,tol)]OTf to the unstable, orange colored
copper(lll) complex and consecutive decay reaction to the stable, green colored copper(ll)
complex. (OTf = CF3SO3; MeCN = CH5CN).

The experimental set-up, the imaging system and the image processing were almost identical to the one
used in 2019 [24]. They are depicted in detail in section S1 in the supporting information.

3 Results and discussion
3.1 Bubble kinematics

In this work, 38 isolated oxygen bubbles were generated in the thin-gap cell (see Table S2 in the
supporting information). Their in-plane equivalent diameters d (defined in Eq. S1 in the supporting
information) are larger than the gap width (h=1.062 + 0.005 mm) ranging from 3 mm to 47 mm. Their in-
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plane motion was characterized by mean bubble velocities, V,, varied between 0.12 and 0.21 m st (V,
was defined as the time-averaged vertical component of the bubble velocity, <V,>). The bubble

Vyd
Reynolds numbers, Re = me
L

, ranged from 1200 to 15000, the Archimedes numbers, Ar = pL#—‘/g_dd,
L

2
from 2100 to 34000 and the Bond numbers, Bo = %, from 6 to 240. It can be noticed that these
L

dimensionless numbers cover a wider range than in our previous work [24].

Figure 3: Raw images of the visible reactive color signal in the bubble’s wake of different sizes obtained
in the present study with the [Cu(TMG,tol)]OTf complex. No red band-pass filter was used here.

The flattened bubbles are followed by contrasted regimes of oscillatory motions as illustrated in Fig. 3
(five examples of raw data are given in the supporting information as download). Thereby, the colored
temporal signals visualize the oxygen transport from the gas bubble into the liquid phase and work as an
indirect measure for the fluctuation of the velocity field in the bubbles wake and vicinity. As observed
with the btmgp copper complex [24], for small bubbles, the path is unsteady and oxygen is collected by
the released vortices. With increasing bubble size, shape oscillations start to appear superposing the
path oscillation and tuning the unsteady wake. Reaching large bubble sizes, the previously unsteady
wake stabilizes completely by taking a large strip shape while a halo can be observed in front of the
bubble.

Fig. 4 and Fig.5 display the variation of the bubble Reynolds number, Re, as a function of the Archimedes

number, Ar, and the variation of the bubble aspect ratio, X, as a function of the Weber number,
2

We :pL:—”d. As the bubble’s diameter, shape and velocity change with the rising bubble, these
L

dimensionless numbers are actually time-dependent. Thus, mean values were used for plotting these

figures. The data obtained are compared with the btmgp complex used under the same reaction

conditions (h= 1 mm) and the ones of Roig et al. (2015) (h= 3 mm) [19] as well as Roig et al. (2017) (h=

1 mm) [8] measured in water.
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Figure 4: Variation of the bubble Reynolds number as a function of the modified Archimedes number.
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Figure 5 : Variation of the aspect ratio as a function of the Weber number.

The scaling law (1) proposed by Roig et al. in 2015 can predict all experimental Reynolds numbers
proving the presence of similar inertial regimes independent from the gap width h and the liquid phase

(see Fig. 4). Hence, any drag force is exerted by the liquid films.

Re = 0.75Ar (2)1/6

In accordance to our previous work [24], bubbles with identical diameters are more flattened than in
water due to the lower surface tension (o, =28.7mNm™ ) and viscosity (u, =0.369 mPas) of

acetonitrile. The aspect ratio ranges from 1.6 to 3.1 showing a significant dispersion around asymptotic
maximum values (> 2.5). It varies with the Weber number analogous to the other studies. However, with
the present TMG,tol complex higher Weber numbers (We = 45) are achieved than with the previous
btmgp complex (We = 20). These deviations could be originated from the strong shape oscillations of
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the bubbles occurring in acetonitrile. In contrast, in water bubbles with stationary, hemi cylindrical
shapes were observed. [8,19].

3.2 Decay of the intermediary orange Cu(lll) complex and calibration procedure

As with the btmgp system used in 2019 [24], the colorless TMG,tol complex reacts with molecular
oxygen to form an orange Cu(lll) oxido complex that is not stable at ambient temperature and thus
decays into a stable green copper(ll) complex (see Fig. 2). The pictures reported in Fig. 3, acquired
without red band-pass filter, are an easy way to visualize this decay. The colored signal is clearly
distinguishable in the near-field wake of the bubble. But, after a certain axial distance after the bubble,
this signal is increasingly attenuating until it becomes entirely invisible when the conversion of the
Cu(lll) complex into the Cu(ll) complex is complete. By implementing a specific algorithm on Matlab®
software, it was possible to extract the variations of the grey-level (GV) value intensity along a line in the
wake of the bubble, as detailed in section S2.2 in the supporting information. By processing the decay
curves behind almost 30 bubbles, a mean value of the decay factor 8 equal to 4.5 s was obtained. In
comparison with the btmgp complex for which  =2.5 s, the vanishing rate of the TMG,tol complex is
almost two times faster [24]. This result is in good agreement with data from stopped-flow
measurements indicating a 1.5 times faster decay for [Cu(TMG,tol)]OTf (1.8 +0.3s) [57] than for
[Cu(btmgp)Il] (1.27 £0.03 s™) [59]. Due to the fast decay, the formation rate for the orange copper(lll)
complex could only be quantified at temperatures below —50°C by stopped-flow measurements (as
explained in section 3.3). Therefore, the orange copper(lll) complex was considered not to be stable at
room temperature [57]. Nevertheless — and rather unexpected-, the orange color was visible for a short
amount of time during bubble acquisition at room temperature (videos can be found and downloaded
under: https://doi.org/10.5446/60173 (in real speed) and https://doi.org/10.5446/60174 (in slow
motion)).

Such fast decay has a direct consequence for implementing the calibration procedure linking the GV
intensity to the “equivalent” dissolved oxygen concentration, as done in the resazurin-based
colorimetric methods [32,34,35]. As the orange signal can only be captured in the vicinity and in the
near-field wake of the bubble (see Fig. 3), the calibration under this color signal is not possible.
However, as the kinetics of the decay reaction is very fast (4.5 s™'), one can assume that in the far-field
wake of the bubble, the wholeness of the colored signal is originated from the final green product. For
this reason, as in our previous work [24], the calibration curve will consider the green signal of the Cu(ll)
complex. In contrast to the former study, a red band-pass filter (see section S1.5 in the supporting
information) has been used to increase the contrast ratio of the grey-levels seen by the camera when
the final pale-green signal was present in the far-field wake. The experimental protocol for establishing
the calibration curve was identical to the one used in 2019 [24] (see sections S1.2 and S2.3 in the
supporting information).

3.3 Mass flux and Sherwood number

Fig. 3 illustrates the strong dependency of the oxygen deposit on the bubble size. As first described by
Roig et al. [8], the amount as well as the complicated topology of the oxygen deposit result from the
interfacial mass transfer taking place in the thin liquid films and the high Reynolds number in-plane flow
of the bubble’s vicinity. For larger diameters, a layer of high GV values increasing with the bubble size
can be observed in front of the bubbles. These halos might originate from vortices produced by the
bubbles’ confinement [8]. Subsequently, the oxygen transferred at this peripheral interfacial region is
transported by the flow all around and past the bubble. It is later recombined with the amount
transferred at the liquid films between the bubble and the walls of the cell [24]. The related oxygen
concentration cannot be quantified due to the fast decay of the orange complex. Furthermore,
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identifying the contribution of each mass transfer mechanism is not possible without any information
about the flow dynamics.

By applying the calibration relationship (Eq. S4 in the supporting information) to the effective absorption
signal extracted from the images acquired with the red band-width filter, the equivalent gap- and time-
averaged oxygen concentration fields can be deduced in the far-field wake of the bubble. Then, the
same procedure as used before was applied to calculate the Sherwood number from these
concentration fields [24]. Note that in the supporting information, the main steps of this procedure are
reminded (section S2.4) and Table S.2 lists the in-plane diameter, the aspect ratio, the velocity, the areas
of the peripheral interface in contact with the in-plane flow and on the liquid films, in addition to the
Reynolds, Weber, Bond, Sherwood as well as Peclet numbers for each bubble.

Fig. 6 reports the variation of the Sherwood number, Sh = % , as a function of the Peclet number,
02 02
Pe = ;bd . Experimental data from the present study with the TMG,tol complex (h= 1 mm) and the
02

previous one with the btmgp complex (h= 1 mm) [24] in acetonitrile as well as experimental data from
Roig et al. [8] obtained in water (h= 1 mm) are compared. Additionally, the values given by the scaling
law model (Equation 2) of Roig et al. [8] are displayed.

Sh = 1.126 Pe%> (2)

As expected, Peclet number and mass transfer increase in parallel. For a given Peclet number, identical
Sherwood numbers are obtained, no matter if the TMG,tol or the btmgp copper complex is used. Thus,
the mass transfer of oxygen from the bubble into the liquid phase is independent from the chemical
system used.

103 -
Sh

102 % A Present work
© Previous work (2019)
O Previous work (2019) - intrinsic

8 —Mod. Roig et al (2017)

X Exp. Roig et al (2017)

10! T T

104 10° 106

Pe

Figure 6: Variation of the Sherwood number as a function of the Peclet number. In comparison, the
experimental data of our previous study (2019) (h= 1 mm) [24]obtained with the btmgp complex in
acetonitrile and the ones of Roig et al. (2017) (h= 1 mm) [8] obtained in water are reported. Empty
circles correspond to Sherwood numbers corrected by enhancement factors.

In our previous paper [24], the Hatta number, Ha, and the enhancement factor, E, were calculated to
evaluate a possible enhancement of the mass transfer by the reaction. With the present TMG,tol
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complex such calculation could not be performed. It was not possible to measure the kinetic constant of
the formation of the orange copper(lll) complex, k, in the stopped-flow set-up, as done by [24] with the
btmgp copper complex. Indeed, at room temperature, formation and decay of the orange species are
competing with one another while they can be decorrelated at low temperatures [57]. In the stopped-
flow set-up, the procedure used to study the oxygenation kinetics involves an oxygen saturated solution,
inducing high oxygen concentration in the entire measuring volume. Consequently, formation and decay
taking place at the same time and a complete formation before the complex already starts to decay
cannot be observed. In the Hele-Shaw cell, the situation is different as the single bubbles of pure oxygen
are rising in an oxygen-free reaction solution: strong gradients of oxygen concentration are existing in
the vicinity of the bubble. Those are due to three-dimensional flows resulting from the vortices
produced by the confinement of the bubble [24]. These gradients locally slow down the oxygenation
reaction and thus enable the detection of the orange species before its decay, which was not expected
initially.

Despite the fact that the kinetic constant of the formation of the orange complex, k, is unknown, one
can assume that k is a priori higher than the one in the btmgp complex (k =3707+500 L mol™ s, see
[24]). Knowing that the diffusion coefficient of the present copper complex is slightly higher (+10%) than
the one of the btmgp complex (see section S1.1 in the supporting information), for the same measured
Sherwood number, a faster formation of the orange complex would induce a higher Hatta number,
which definition for a second-order reaction is recalled below [60] by

Ha _ /kCCuDOZ (3)

=
Where k; is the liquid-side mass transfer coefficient.

By this way, the enhancement factor with the present TMG,tol complex can be estimated to be higher
or at least equal to the one with the btmgp complex (i.e. £ < 1.12-1.15).

Another interesting fact is that the Sherwood numbers measured with both copper complexes in
acetonitrile cannot be predicted by the scaling law (Eq. 2) proposed by [8] in water, in particular when
the Peclet numbers fall down below 10°. This expected result can be explained by several reasons: (i) the
effect of surface tension is not considered in this law (o, =28.4mNm™ in acetonitrile and o, =
72.0 mN m™ in water (25°C) [61]), and (ii) the Schmidt number, Sc, varies from 51 in acetonitrile to 348
in water. In addition, this scaling law was established considering only large bubbles. The case of small
bubbles could not be investigated by [8] using the PLIF-I technique. However, as shown in Fig. 3, bubble
dynamics and mass transfer are highly depending on the bubble’s diameter. Especially the vortices
periodically released in the wake playing a significant role. Thus, contributions to the overall mass
transfer occurring in the peripheral interfacial region of the bubble as well as in the thin films at the
walls are strongly influenced by the bubble diameter. This could lead to Peclet numbers with an
exponent different of 0.5.

The present study enlarges the database of mass transfer investigations in thin-gap cells using an
optimized copper complex in acetonitrile. A wide range of dimensionless numbers (Re, We and Ar) twice
as large as with the former btmgp complex is covered. Some of the scaling laws proposed by Roig et al.
[8] cannot be transferred to the present data as these laws are based on water only considering large
bubble diameters. To adapt the existing scaling laws as well as propose new ones, further data with a
variation of surface tension, gap-wide and bubble diameter are needed. Thereby, colorimetric
techniques and a chemical system operating in other solvents than water or acetonitrile should be used
focusing on smaller bubble diameters as those cannot be cover with PLIF-I technique.

4 Conclusion
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This study demonstrated the independence of the mass transfer of oxygen between a gas bubble and a
liquid phase from the structure, properties and reaction kinetics of the copper complex molecules used.
Hence, bio-inspired copper(l) complexes are proven as a powerful tool to investigate reactive mass
transfer in bubbly flows at the local using organic solvents close to the industrial conditions. In addition,
this work contributes to enlarge the existing experimental database related to the dynamics and mass
transfer of single bubbles rising in a thin-gap cell. However, new experiments with copper complexes
using colorimetric techniques with other solvents than acetonitrile and water are required focusing on
small bubble diameters to revise the existing scaling laws. In particular, by introducing the Schmidt

_gu

numbers (Pe = Re X Sc) and/or the Morton number (Mo s
Lo}

), Sherwood numbers for Peclet

numbers varying from 10" to 10’ could be predicted.

Supporting Information

Supporting Information for this article can be found under [Link provided by Wiley].
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Symbols

A [

C [mol L'Y]
d [m]

D [m’sT]
g [ms’]
h [m]

he  [m]

/ -]

k [L mol™s™]
ki [ms?]
m  [kg]

M [g mol™]
P [m]

S [m?]

Sy [m?]

Sf [m?]

t [s]

v [L]

Vy [ms?]
Ve [ms?]

Greek letters

B

Uy
147
PL
oy,

)

[s”]

[Pas]
[m?s™]
[kg m~]
[N m™]
[kg s™]

[kg m™?s™]

[-]

window-averaged absorption signal, dimensionless (defined in Eq. S3 in the
supporting information)

concentration

in-plane equivalent bubble diameter (defined in Eq. S1 in the supporting information)
diffusion coefficient

gravity constant

gap width

lubrification film thickness (section S2.4 in the supporting information)

grey-level volume intensity, dimensionless (section S2.3 in the supporting
information)

kinetic formation constant of the copper complex

liquid-side mass transfer coefficient

mass of oxygen deposited (defined in Eq. S5 in the supporting information)
molar mass (section S1.2 in the supporting information)

perimeter of projected surface (section S1.5 in the supporting information)
bubble in-plane projected area

area of the peripheral interface in contact with the in-plane flow (Fig. S2 in the
supporting information)

areas of the liquid film (Fig. S2 in the supporting information)

time

volume (section S1.2 in the supporting information)

mean bubble velocity (defined in section S1.5 in the supporting information)

bubble velocity

decay factor

liquid dynamic viscosity

liquid kinematic viscosity (section S2.3 in the supporting information)

liquid density

surface tension

mass flux of oxygen transferred (defined in Eq. S6 in the supporting information)

mass flux density of oxygen transferred (defined in Eg. S7 in the supporting
information)

bubble aspect ratio, dimensionless
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Dimensionless numbers

Ar
Bo
E
Ha
Mo
Pe
Re
Sc
Sh
We

Subscripts
b

Cu
0,
W

Abbreviations
GV

MeCN

OoD

oTf

PLIF-I

ROI

Archimedes number
Bond number
Enhancement factor
Hatta number
Morton number
Peclet number
Reynolds number
Schmidt number
Sherwood number

Weber number

bubble
copper complex
oxygen

water

grey-level

acetonitrile (CH3;CN)

optical density

triflate (CF5S0;)

Planar Laser-Induced Fluorescence with Inhibition

region-of-interest
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Table and Figure captions

Figure 1. Comparison of the molecule structures of [Cu(btmgp)l] studied in 2019 [24] and
[Cu(TMG,tol)]OTf investigated in this study (MeCN = CH3CN = acetonitrile).

Figure 2. Oxidation of the colorless copper(l) complex [Cu(TMG,tol)]OTf to the unstable, orange colored
copper(lll) complex and consecutive decay reaction to the stable, green colored copper(ll) complex. (OTf
= CF3503; MeCN = CH;CN).

Figure 3: Raw images of the visible reactive color signal in the bubble’s wake of different sizes obtained
in the present study with the [Cu(TMG,tol)]OTf complex. No red band-pass filter was used here.

Figure 4: Variation of the bubble Reynolds number as a function of the modified Archimedes number.
Figure 5: Variation of the aspect ratio as a function of the Weber number.

Figure 6: Variation of the Sherwood number as a function of the Peclet humber. In comparison, the
experimental data of our previous study (2019) (h= 1 mm) [24]obtained with the btmgp complex in
acetonitrile and the ones of Roig et al. (2017) (h= 1 mm) [8] obtained in water are reported. Empty
circles correspond to Sherwood numbers corrected by enhancement factors.
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