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h i g h l i g h t s

� Bio-inspired copper complexes are
tailored to explore reactive gas-liquid
mass transfer.

� Single pure oxygen bubbles are
generated in a thin-gap cell which
gap is 1 mm.

� Gap- and time-averaged oxygen
concentration fields are measured in
the far-field wake.

� A representation Sherwood-Peclet
enables to gather the results.

� Intrinsic Sherwood numbers can be
determined from the calculated
enhancement factor.
g r a p h i c a l a b s t r a c t
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a b s t r a c t

The present study describes an original colorimetric method to visualize and quantify the local oxygen
mass transfer around a rising bubble in reactive media. This method is based on the use of a colorless
bio-inspired copper complex, Cu(btmgp)I, specially tailored for the study, which, dissolved in acetonitrile,
oxidizes into an orange copper-complex [Cu2O2(btmgp)2]I2. The latter complex, unstable at ambient
temperature, decays quite fast into two Cu(II) complexes, leaving a permanent pale-green color as final
products. The flow investigated consists in a pure oxygen single bubble rising freely in a confined thin-
gap cell (400 � 200 � 1 mm). A wide range of motion regimes for the bubbles are observed as the
Archimedes number ranges from 860 < Ar < 18;800 and the Reynolds number from 580 < Re < 8200.
A high-resolution 16-bit sCMOS camera, combined with specific filters, is used to capture images from
a region-of-interest of the cell, illuminated by a white LED backlight panel. An ad hoc calibration protocol
is developed to correlate the grey-levels from the colored signal to the equivalent oxygen concentrations.
This procedure then allows to measure indirectly the amount of oxygen transferred to the liquid phase.
The series of images are also treated to identify the bubble motion and properties. Thanks to this method,
equivalent oxygen concentration fields, gap-averaged and time-averaged, can be reached with high pre-
cision in the far-field wake of the bubbles, enabling thus to deeply characterize the mass transfer mech-
anisms under reactive conditions in such confined configuration, and to establish a dimensionless
representation in terms of Sherwood number versus Peclet number. At last, thanks to the knowledge
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Nomenclature

A absorbance signal, dimensionless
C½ � initial concentration of Cu(I)-complex, kg m�3

C�
O2

concentration of dissolved oxygen at saturation, kg m�3

CO2 equivalent oxygen concentration in the liquid phase,
kg m�3

CCu initial concentration in Cu complex in the liquid phase,
kg m�3

d bubble diameter defined in Eq. (1), m
D diffusion coefficient, m2 s�1

g gravity constant, m s�2

I is the 16-bit pixel-by-pixel intensity, dimensionless
m mass of oxygen deposited, kg
M molar mass, g mol�1

S : bubble plane projected area, m2

ST total area of the bubble gas-liquid interface defined as
ST ¼ Sp þ Sf , m

2

Sp area of the peripheral interface in contact with the in-
plane flow (Eq. (3), Fig. 2b), m2

Sf areas of the liquid film (Eq. (3), Fig. 2b), m2

T transmittance signal, dimensionless
Vb mean bubble velocity defined in Eq. (2), m s�1

Greek letters
lL liquid dynamic viscosity, Pa s
u mass flux of oxygen transferred, kg s�1

/ mass flux density of oxygen transferred, kg m�2 s�1

qL liquid density, kg m�3

r surface tension, N m�1

Dimensionless numbers
Ar Archimedes number (Eq. (7))
Bo Bond number (Eq. (7))
Pe Peclet number (Eq. (15))
Re Reynolds number (Eq. (8))
Sh Sherwood number (Eq. (14))
We Weber number (Eq. (8))
v bubble aspect ratio

Subscript
b bubble
Cu Cu(I)-complex
O2 oxygen
x x-axis
w water
of the kinetic rate of the reaction and of the diffusion coefficients, the Hatta number and the enhance-
ment factor are estimated, and thus the intrinsic Sherwood numbers; these results demonstrate that
the enhancement of the mass transfer by the reactions involved with the copper-complexes is not neg-
ligible (almost 12–15%).
1. Introduction

Reactive bubbly flows are involved in a broad portfolio of indus-
trial processes such as petrochemical, cosmetics, mineral process-
ing, wastewater treatment, and many chemical and biochemical
processes. Consequently, the analysis of transport phenomena
between the participating phases is a crucial task of recent and
prospective research. Particularly, the understanding of mass
transfer mechanisms across gas-liquid interfaces is of high impor-
tance to optimize production processes, but also to find new ways
to increase their performances. During the last decades, cutting-
edge production technologies for process intensification, such as
heat-exchanger-reactor, monolith reactor, flat photo-(bio-)
reactor, have emerged as alternatives to conventional equipment
(such as bubble column). They are particularly interesting for car-
rying out gas-liquid reactions as they involve confined configura-
tions, thus offering enhanced heat and mass transfer, efficient
mixing, and high interfacial area (Anxionnaz et al., 2008;
Martinez et al., 2016; Pruvost et al., 2017).

In this study, special attention is paid to an in-plane confined
bubbly flow which covers an intermediate configuration between
large bubble column and Taylor flow. Here, bubbles are injected
in a vertical planar thin-gap cell filled with liquid at rest which
gap size is smaller than bubble diameters. The bubbles rise at high
Reynolds number and they are surrounded by thin lubrication
films between their interface and the walls of the cell. This partic-
ular confinement in a plane enables to enhance mass transfer as
compared to 3D bubble columns (Roudet et al., 2017) and also
enhances mixing as compared to Taylor flows. At high Schmidt
number, mixing in the liquid phase is favored by possible transport
of dissolved concentration by the in-plane bubble-induced agita-
tion. This specific agitation and the associated mixing mechanisms
have been described in a homogeneous bubbly flow by Bouche
et al. (2012, 2014) and Almeras et al. (2016, 2018). An additional
advantage of this confined configuration is to offer the possibility
to cover a wide range of motion regimes for the bubbles and of
subsequent mass transfer regimes. Such confined bubble reactors
also find promising applications, in particular towards light-
activated reactions, such as the synthesis of added-value molecules
by photochemical pathways (Oelgemöller, 2016), the cultivation of
microalgae (Pruvost et al., 2017; Thobie et al., 2017) or the
methane formation from carbon dioxide (Rao et al., 2017). Due to
the light attenuation and to the absorbing nature of the medium,
the latter applications need photoreactors with narrow geometry
to be designed, while offering efficient mixing and mass transfer.

Experimental investigation of interfacial mass transfer at the
local scale (around a bubble) is nowadays possible for pure (non-
reactive) mass transfer, and even in the presence of a chemical
reaction. However, the related works are still rare, mainly due to
technical difficulties.

Among the different techniques, the Planar Laser-Induced Fluo-
rescence with Inhibition (PLIFI) technique stands out as an efficient
method to access oxygen concentration fields and thus to quantify
mass transfer in bubbly flows. As its principle does not involve a
chemical reaction (but a photophysical process), PLIFI technique
can be used to characterize non-reactive mass transfer. This has
been done by Rüttinger et al. (2018), by Butler et al. (2016, 2018)
in Taylor flows and by Jimenez et al. (2013) in the wake of non-
spherical air bubbles. Roudet et al. (2017) have also used PLIFI to
study the influence of confinement on the mass transfer of freely



rising oxygen bubbles confined in a vertical thin-gap cell. Even if a
convincing scaling law relating the mass transfer rate to the
hydrodynamics, Sh Pe0:5, was provided (where Sh is the Sherwood
number and Pe the Peclet number), this investigation has to be
continued. Indeed, it gave access to time-averaged fluorescence
fields in the liquid phase far from the bubble that are not easy to
correlate to the oxygen concentration distribution without
strong assumptions. In addition, interfacial mass transfer under
reactive conditions is important to explore towards industrial
applications.

To provide an alternative to the PLIFI, colorimetric techniques
are available to investigate primarily the reactive mass transfer
but also to evaluate the non-reactive one. They involve at least
one given chemical reaction between the molecule transferring
at the gas-liquid interface and another molecule present in the liq-
uid phase (often a dye), which leads to the formation of a colored
product. Measurements are based on the establishment of a cali-
bration curve relating the color level to the concentration of the
product, and then, using the reaction stoichiometry, to the ‘‘equiv-
alent” concentration of the molecule of interest that has been
transferred to the liquid phase. Some caution should be taken
when using this technique. For instance, one has to ensure, by a
proper choice of operating conditions, that all the molecules of
interest (i.e. the transferred molecules) are consumed by the reac-
tion in the liquid phase so as to guarantee that the method pro-
vides a correct evaluation of mass transfer. The initial
concentration of the dye has thus to be large enough.

As these colorimetric methods involve chemical reactions, they
give access to the reactive mass transfer related to a bubble flow
and to a liquid phase (reactional mixture) of given physico-
chemical properties. Experimentally, it is not thus possible to per-
form a direct measurement of pure physical mass transfer - that is
without reaction - for this bubbly flow. However, for industrial
applications, one has to quantify the impact of the chemical reac-
tion on mass transfer as compared to pure physical absorption con-
figuration. For this purpose, the concept of enhancement factor E
has been introduced to estimate the mass transfer in the presence
of any reaction. This factor E is defined as the ratio between the
interfacial mass transfer rate and the one existing in the absence
of chemical reaction (Roizard et al., 1997; Levenspiel, 1999). It is
calculated by solving a set of equations (established from several
assumptions), involving various dimensionless numbers - depend-
ing on the chemical regime -, including the Hatta number. Such
accurate local experimental investigations of reactive mass trans-
fer are also necessary to go along with promising numerical simu-
lations that aim at tackling with complex coupling (see among
other researches for example: Khinast, 2001; Radl et al., 2008;
Falcone et al., 2018).

The first colorimetric technique used in our team was devel-
oped by Dietrich et al. (2013) to study the mass transfer around
Taylor bubbles flowing in a square millimetric channel. The tech-
nique is based on the use of a reversible oxido-reduction reaction:
a dye called resazurin, which is colorless in an oxygen-free med-
ium, consumes, in presence of glucose and sodium hydroxide, the
species of interest (i.e. oxygen), revealing a colored (pink) product
in the visible spectrum. The measurement is then performed by
tracking the reaction product (named resorufin) using a high-
speed camera set-up and a visible-light source (no laser is required
when compared to PLIFI). Moreover, Yang et al. (2017) determined
the associated kinetic constant and diffusion coefficients, making
possible the calculation of the enhancement factor (E) in this bub-
bly flow; for their specific conditions, they showed that E � 1,
meaning thus that this chemical reaction used for the colorimetric
measurements does not enhance the mass transfer rate of oxygen
at the interface (note that when E–1, one should correct the
7measured mass transfer rate by the factor of E). This technique
was later used by other authors, such as Kováts et al. (2018) in a
helically coiled pipe.

Recently, other colorimetric methods appeared. Paul et al.
(2018) summarized that coordination chemistry had given new
impulses to study the mass transfer in reactive bubbly flows, in
particular due to the possibility to synthesize tailored complex sys-
tems for the detection of O2 and NO with various time- and space-
resolved techniques. Especially the ligands were highlighted for
their ability to fine-tune the reactions and their kinetics. Many of
these systems are bioinspired since nature has evolved methods
over a long period of time to come along with difficult gases such
as O2 and NO (Kroneck and Sosa Torres, 2015): Copper metallopro-
teins activate dioxygen for oxygen transport (as found in hemo-
cyanin in arthropods and mollucs) and transfer to organic
substrates (as found in tyrosinase, used for browning processes
in fruits, hair and feathers) (Solomon et al., 2014). In the last dec-
ades, a plethora of synthetic model complexes for tyrosinase have
been reported which transfer the biological activity into a non-
protein context (Citek et al., 2015; Hamann et al., 2017;
Liebhäuser et al., 2016). In few cases, the hydroxylation activity
is enhanced compared to the biological system (Hoffmann et al.,
2013; Wilfer et al., 2015; Liebhäuser et al., 2017). In particular,
Kastens et al. (2017) investigated gas-liquid reactive mass transfer
around Taylor bubbles. Experiments were carried out using simple
Cu(I) ammonia complexes that reacted with oxygen and turned
from colorless to deep blue. Different wake structures behind the
bubbles were observed by PIV, and depending on them, various
colored concentration fields were obtained. The authors showed
how the wake structure could affect the yield and the selectivity
of chemical reactions. Nevertheless, these colored concentration
fields were not quantitatively correlated to the transferred oxygen
concentration, and therefore the calculation of Sherwood numbers
was not possible.

In keeping with this context, the present study aims to locally
visualize and quantify the oxygen mass transfer around a single
pure oxygen bubble freely rising at large Reynolds number in a ver-
tical thin-gap cell where the liquid phase is at rest, and under reac-
tive conditions. For this purpose, a colorimetric method is
implemented, based on the use of a colorless bio-inspired copper
complex, Cu(btmgp)I, specially-tailored for the study, which is dis-
solved in acetonitrile and produces an orange Cu(III) complex
when in contact with oxygen; the latter is then transformed into
a mixture of two Cu(II) complexes. The present investigation is
complementary with the work of Roudet et al. (2017) as the
physico-chemical properties of the liquid mixture are different in
both studies, thus changing bubble shapes and motion for a given
gas volume. Moreover, an original chemical reaction with known
kinetics is used for the first time for studying reactive mass transfer
in this particular confined thin-gap bubbly configuration. Then, the
objectives of this work are both to present an original method for
quantitative analysis of reactive mass transfer and to show the
relationship between reactive and non-reactive gas-liquid mass
transfer that this method makes possible to establish.

Section 2 will describe the materials and methods, in particular
the chemical system involved, the experimental set-up and the
image acquisition system. In Section 3, the implementation of
the colorimetric technique will be presented in detail: based
on the development of a custom image processing to be applied
to the raw images along with an ad-hoc calibration procedure, it
will allow to track the bubbles and their motion, as well as to
match the grey-levels of the acquired images with the equivalent
oxygen concentration. Section 4 will be devoted to the results
and discussion: the dynamics of the bubbles generated will be first
analyzed, the equivalent oxygen concentration fields determined



will be discussed under the light of bubble dynamics. At last, all the
results will be gathered on a representation plotting the Sherwood
number as a function of the Peclet number, and the enhancement
factor will be estimated so as to evaluate the non-reactive mass
transfer.

2. Materials and methods

2.1. Chemical system

The chemical system used herein involves the Cu(btmgp)I com-
plex from the original work of Herres-Pawlis et al. (2005a). It is ini-
tially dissolved in oxygen-free pure acetonitrile (ChromasolvTM

Gradient Grade, CAS 75-05-8, purity�99.9%) and is colorless. When
reacting with oxygen, the Cu(I) complex oxidizes into a Cu(III)
complex of orange color. However, the latter complex is not stable
at ambient temperature (Herres-Pawlis et al., 2005b) and decays
quite fast (in almost few seconds at ambient temperature, as
shown later in Fig. 5) into two Cu(II) complexes, leaving a perma-
nent pale-green color as final products. The reaction is not reversi-
ble, making the post-processing of the experiments more
challenging. This consecutive reaction scheme is described in
Fig. 1.

The Cu(I) complex is synthesized according to the reported pro-
cedure (Herres-Pawlis et al., 2005b).

The physical properties of this reaction medium are assumed
identical to the ones of the solvent (pure acetonitrile). At 20 �C,
the liquid density is thus taken equal to qL = 779.3 kg m�3, the liq-
uid dynamic viscosity to lL = 0.37 mPa s, and the surface tension to
rL = 28.6 mNm�1. The diffusion coefficient and solubility
of pure oxygen in acetonitrile are DO2 ¼9.2 � 10�9 m2 s�1 and
C�
O2

¼259 mg L�1 (Achord and Hussey, 1980; Li et al., 2013).
Fig. 1. Chemical system involving the Cu(btmgp)I copper-complex. (a) Colorless Cu(I) pre
Cu(III) reaction with air. (c) Final product of the reaction, green Cu(II). (For interpretatio
version of this article.)
2.2. Experimental set-up

A specific set-up has been built to experimentally investigate
the interfacial mass transfer of oxygen around a single bubble of
pure oxygen, freely rising at high Reynolds number in a planar ver-
tical thin-gap cell, which is previously filled with an oxygen-free
reactive liquid solution.

Schematic representations and pictures of the experimental set-
up are shown in Figs. 2 and 3a. The thin-gap cell is made of two
optical-grade glass plates having a height and width, H and W ,
equal to 400 and 200 mm respectively, and separated by a nominal
thin gap of width h equal to 1 mm. The latter was accurately
assessed using a Confocal Laser Scanning Microscope (CLSM) and
found equal to h ¼ 1:062	 0:005 mm. The glass plates are
mounted on a stainless-steel structure in order to be compatible
with the reaction medium, the sealing of the whole system being
guaranteed by custom made gaskets.

When the liquid phase is at rest, a single pure oxygen
bubble is released by means of a burst valve opening (manual
operation) from a small silica capillary tube (0.5 mm in diameter
20 mm in length) centered at the bottom of the planar vertical
thin-gap cell as Fig. 2 shows. The bubble size cannot be controlled
(it depends on how the valve is manually opened), thus
making necessary to determine it a posteriori by means of image
processing.

Various sets of stainless-steel tubes, valves, flowmeters and
pressure sensors, combined with two gastight vessels (also made
of stainless steel, see Fig. 3a), are placed upstream the cell and
enable to:

- inject either pure oxygen or nitrogen (the latter being used to
initially mix the solution in the cell);
pared in an oxygen-free argon glove-box. (b) Open bottle visualization of the orange
n of the references to color in this figure legend, the reader is referred to the web



Fig. 2. Schematic representations (not-to-scale) of the experimental set-up. Main fluid circuits and geometrical parameters of the Hele-Shaw cell and the measured bubbles
are shown.

Fig. 3. Pictures of the experimental set-up: (a) Panoramic view. (b) Gastight vessels made of stainless steel (one containing the cleaning solution and the other the initial Cu
(I)-complex solution).
- fill the cell with the oxygen-free reaction medium (namely ace-
tonitrile with a given concentration of Cu(I) complex);

- clean the cell with pure solvent. Note that this operation should
be done after each time that an oxygen bubble is injected and
transferred oxygen into the liquid phase, as the reaction with
the copper complexes is not reversible.

The solution containing Cu(I) complex in acetonitrile is pre-
pared under argon atmosphere in a glovebox and transferred into
the gastight vessel. This vessel can then be connected to the set-
up without any contact with oxygen thanks to the nitrogen purge
circuit (Fig. 3b).

2.3. Image acquisition system

The motion of the bubble, its shape oscillations and the oxygen
concentration are measured using an imaging system. The latter
consists of a collimated white LED backlight panel (PHLOX,
400 � 200 mm2) that illuminates the cell from behind. A 16-bit
sCMOS PCO Edge 2560 � 2160 px camera equipped with a
50 mm 1:12 Nikkor lens is placed in front of the cell. Time-series
of grey-level images at 100 Hz (exposure time 0.8–1 ms) are cap-
tured (almost 580–680 images), the scale ratio being of
14.627 px/mm. These acquisition parameters are set to generate
images with both wide response range in the 16-bit grey-levels
and sharp enough contours to accurately detect the bubbles bor-
ders and concentration field around and in the wake of the bubble.

The first implementedmethod provides a qualitative analysis on
the formation of the orange Cu(III) complex, right next to the oxygen
bubble interface and in the near-field wake. Using an analogy from
transmissive media, to increase the contrast ratio of the grey-
levels seen by the camerawhen anorange signal is present, a narrow
blue band-pass filter is added (TECHSPEC� by Edmund Optics, CWL
470 nm, OD � 3.0 @ 200–400 nm, OD � 4.0 @ 550–1200 nm) as this
color is complementary to the orange signal present in the experi-
ments. The second implementedmethod is devoted on the contrary
to quantify the actual amount of final green reactive Cu(II) com-
plexes in the far-field wake: a red band-pass filter is then used



(TECHSPEC� by Edmund Optics, CWL 660 nm, OD � 3.0 @ 200–
550 nm, OD � 4.0 @ 720–1120 nm). This last filter allows making
the green reactive Cu(II) complexes transported in the wake visible
even several seconds after its apparition.

A unique region-of-interest (ROI) window is used for all
the bubbles. The ROI’s dimensions are 175.02 � 61.53 mm
(2560 � 900 px) in x and y vertical and horizontal directions. It is
horizontally centered in the cell and located at 700 mm from the
top, enabling to follow the bubbles after reaching a stationary
motion, far from the transient effects due to bubble formation,
and also before getting disturbed by the vicinity of the free-
surface at the top.
3. Implementation of the colorimetric technique

A custom image processing on the raw images and an ad-hoc
calibration procedure have been developed. They allow to track
the bubbles and their motion, and to interpret the grey-levels
observed on the acquired images as equivalent oxygen concentra-
tion CO2 .
3.1. Image processing

The algorithm is built using MATLAB� along with the Image Pro-
cessing Toolbox package. An edge detection filter based on the
Otsu’s method (Otsu, 1979) and temporal tracking allow to obtain
several bubble properties: the in-plane projected area S, the
perimeter of this projected surface,P, the velocity, Vb, and the asso-
ciated x- and y-components, Vx and Vy, and the aspect ratio, v (see
Fig. 2). The bubble size is characterized by the in-plane equivalent
diameter, d, defined as:

d ¼
ffiffiffiffiffiffi
4S
p

r
ð1Þ

The aspect ratio of the bubble v, is calculated as the ratio of the
major and minor axis of the ellipse of identical moments of inertia
as the projected 2D bubble.

The mean bubble velocity Vb, is defined by averaging over time
the vertical velocity of the bubble (for a whole number of periods
when the motion is periodic). Denoting h
i the averaging operator
we write:

Vb ¼ hVxi ð2Þ
Mass transfer happens in regions of contrasted hydrodynamics:

in the liquid films in between the bubble and the walls which area
for one film is denoted Sf , and at the peripheral interface in contact
with the in-plane flow, of area Sp (see Fig. 2). Both areas have to be
evaluated, as the bubble does not touch the glass surface and is
completely surrounded by the reactive liquid media. Considering
lubrication films, their thickness hf is negligible as compared to h
(their ratio is around 1% as estimated from Bretherton’s theory
(Aussillous and Quéré, 2000)), therefore the measurements of the
in-plane projected area S and of the perimeter of this projected sur-
face P, provide the estimation of Sf and SP:

Sf ¼ 2S and SP ¼ hP ð3Þ
In addition to the calculation of bubble characteristics, the algo-

rithm can detect the field of grey-levels observed on the images, in
the vicinity and in the wake of the bubble, which is related to the
equivalent concentration of oxygen transferred from the bubble to
the liquid phase, CO2 . Fig. 4 shows a series of raw images captured
in the region-of-interest (see videos on supporting information).
Without any further analysis, one can visualize the type of wake
left by the reactive mass transfer behind the rising bubble, the
shape of the gas-liquid interface and from temporal records the
bubble motion for bubbles of various volumes.

From a qualitative point-of-view, to clearly visualize the reac-
tion from the orange Cu(III) to the green Cu(II), the actual temporal
and spatial evolutions of grey-levels (GV) are extracted along line A
(transversal) and line B (axial) in the wake of a bubble (see Fig. 4d).
The resulting transversal and axial GV profiles are plotted in Fig. 5.
Note that, using the blue-filter, the contrast ratio on Cu(III) concen-
tration is enhanced, so GV are here mainly related to the presence
of the Cu(III) species, and the Cu(II) is barely visible after the reac-
tion is complete. Fig. 5a shows transversal profiles in the labora-
tory frame (along line A), corresponding to various time instants.
Such characteristic bimodal shape was already observed by
Roudet et al. (2017) on time-averaged PLIF signals and in the
absence of any chemical reaction. However, their temporal evolu-
tion can be observed here, while the reaction is occurring, from
the bubble crossing instant, up to several seconds after. The pro-
files evolve during time due to either the motions in the liquid or
the chemical reaction (this is illustrated by the movies provided
as supporting information). The motions in the liquid are damped
due to the shear stress at the walls in a viscous characteristic time

scale sv ¼ h2
=4mL of about 0.6 s (where mL is the kinematic viscos-

ity) (Roig et al. 2012). The decrease of the GV is then strongly
linked to consumption of the orange Cu(III) complex. Once the lat-
ter is totally transformed into Cu(II) complexes, the profiles in
Fig. 5a stabilize. The convergence of this temporal evolution is then
emphasized in Fig. 5b where GV data are extracted at the intersec-
tion of lines A and B (y = 250 px), showing their evolution along
time in the laboratory frame (i.e. along the bubble wake). On the
basis of the calculated exponential decay rate of 2.5 s�1 (i.e. the
parameter b of the equation related to the identified curve fitting,
see Fig. 5b), a vanishing time of �2.5 s can be deduced, correspond-
ing to the moment where 99% of the asymptote value is reached.
This last piece of information assesses the later calibration proce-
dure, as it proves that, after �2.5 s, no Cu(III) complex is present,
and everything has been converted into the stable state Cu(II). This
characteristic time can be adopted for all experiments, as it was
processed in a case of elevated mass-transfer flux (bubble ‘‘d”
shown in Fig. 4). One should note that it is in agreement with
the characteristic times obtained by Schurr et al. (2016).

Also linked to the raw images, Fig. 5c shows the instantaneous
grey-level profile along line B from Fig. 4d after the background
image is removed. Three zones can be identified:

� first, the halo at the front of the bubble (blue curve) already
observed during non-reactive transfer (Roudet et al., 2017),

� then the mass transfer inside the liquid films that explains the
increase of GV observed through the bubble (orange curve),

� and finally, the wake behind the bubble (grey curve), which pre-
sents first an increase of GV due to collection of the Cu(III) com-
plex by the flow near the bubble and then a decrease due to the
conversion from Cu(III) into Cu(II) complexes along time.

Note that the two undefined sections between these zones cor-
respond to the area of the bubbles interface.
3.2. Calibration curve for oxygen measurements

As in the method proposed by Dietrich et al. (2013) with resa-
zurin dye, an indirect calibration is performed, where each grey-
level pixel is associated with a gap-averaged equivalent oxygen
concentration CO2 via an empirical relationship, named calibration
curve. It is important to keep in mind that the term ‘‘gap-averaged”
means that the concentration is averaged along the z-direction



Fig. 4. Raw images of the reactive visible color signal in the wake of bubbles of different sizes. A blue band-pass filter was used to increase the signal issued from the orange
Cu(III)-complex near the bubbles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
(that is to say along the gap thickness, h), and that the calibration is
valid only for a given geometry, imaging and lighting conditions.

The calibration procedure consists in completely saturating the
copper complex solution inside the cell by flushing it with pure
oxygen for a certain time, until all the copper complex has reacted.
This procedure is carried out at several initial concentrations of the
Cu(btmgp)I copper-complex to build a calibration relation with the
corresponding grey-levels recorded by the camera. The colored sig-
nal comes from the consecutive reaction shown in Fig. 1, where the
colorless initial Cu(I) complex is totally converted into the green Cu
(II) complexes after few seconds. Note that between these initial
and final states, one can observe the orange color from the Cu(III)
complex. Unfortunately, the decay from the orange Cu(III) complex
to the green Cu(II)-complexes is so fast at ambient temperature
(the rate of decay is about 1.3 s�1, Schurr et al., 2016) that this
orange signal can only be captured in the vicinity and in the
near-field wake of the bubble for a short period of time. The collec-
tion of raw images in Fig. 4 using the blue bandpass filter clearly
shows this effect, as enabling to increase the contrast ratio and
the signal-to-noise ratio (SNR) for the orange Cu(III) complex. In
such conditions, it is impossible to get an exploitable signal from
the grey-level values as the latter correspond to a mixture of
orange Cu(III) and green Cu(II) complexes (see Fig. 5). Therefore,
a calibration under the orange color signal is not possible.

However, given the kinetics of the reaction, after 2.5 s, it can be
assumed that the integrity of the colored signal comes from the
green Cu(II) complexes in the far-field wake of the bubble
(see Fig. 5b). For this reason, the calibration curve will consider
the green signal of the Cu(II) complex, and thus the red
band-pass filter will be used (instead of a blue one).

The experimental campaign has then been split into two parts;
the first one, by using the blue filter to visualize and to make a
qualitative analysis of the mass transfer in the near-field of the
bubble; and the second one, by using the red filter to quantify the
gap-averaged oxygen mass transfer in the far-field of the bubble.

This calibration procedure (namely the saturation of the cell in
oxygen) is carried out at different mass concentrations of the initial
Cu(I) complex, CCu, from 0 to CCu;max, to obtain the whole calibration
curve, relating the equivalent oxygen concentration that is con-
sumed by the reaction to a grey-level. As in Dietrich et al. (2013),
one should use the term ‘‘equivalent” for the oxygen concentration
as the latter is actually zero (consumed by the chemical reaction).
CCu;max is chosen to fit with the pure oxygen solubility in pure ace-
tonitrile, C�

O2
, equal to 259 mg 
 L�1. Considering the molar mass for

the Cu(I) complex MCu ¼ 460:88 g mol�1 and the molar mass for
the oxygen MO2 ¼ 32g mol�1, one can obtain CCu;max ¼ 7:37 g L�1,
knowing the stoichiometry of the reaction (see Fig. 1) by using
the following relation:

CO2 ¼
1
2
CCu

MO2

MCu
: ð4Þ

To account for each calibration point, Fig. 6 shows explicitly the
change of the saturated grey-level signal in the region-of-interest
window as a function of the initial concentration of Cu(I) complex;



Fig. 5. Profiles extracted from Fig. 4d (a) Temporal evolution of a transversal grey-level profile along line A across the far-field wake. (b) Temporal evolution of grey-level
value behind the bubble at the intersection of lines A and B (Point ‘‘P”). The initial time t0 is associated to the bubble centroid passage, and the parameter b to the exponential
decay rate. (c) Instantaneous grey-level profile along line B (including bubble passage).

Fig. 6. Variation of the observed grey-level signal in the visualization window of the thin-gap cell as a function of the molar concentrations of the Cu(btmgp)I copper-
complex.
for each case (i.e. on each image), the window-averaged transmit-
tance T ¼ I=I0 is reported, where I is the 16-bit pixel-by-pixel
intensity and I0 the intensity of the background previously
acquired. One can observe that the transmittance logically
decreases with increasing initial concentration of Cu(I) complex.
The effective normalized absorption signal A is extracted at each
concentration point, according to:

A ¼ I0 � I
I00

ð5Þ



Fig. 8. Example of the enhanced grey-level signal from the green Cu(II) complexes
after 4 s under a red band-pass filter. The result is a time-averaged value over
aDt = 1 s. The bubble rises from left to right.
where I00 is a normalisation parameter equal to the maximum 16-
bit pixel intensity (I00 ¼ 216 � 1). This arbitrary choice is motivated
to account for the dynamic range of the images; it acts only as a
scale parameter. This signal A is then associated to the equivalent
CO2 , which is calculated from the initial concentration of Cu(I) com-
plex CCu by using Eq. (4). The resulting calibration relation is shown
in Fig. 7, where all the experimental points obtained from the aver-
aged ROI windows in Fig. 6 are plotted against the equivalent oxy-
gen concentration CO2 . The calibration curve deduced from the
fitting within these points follows an exponential law (as classically
observed to describe light attenuation in an absorbing medium):
CO2 ¼ 707:826 
 e1:708
A � 1
� �

: ð6Þ
This calibration method allows to convert a grey-level signal (A)

into an equivalent gap-averaged oxygen concentration CO2 , in the
same way as applied in the original work by Dietrich et al.
(2013) for the resazurin-based reactive solution. Nevertheless, it
should be kept in mind that in the present case, the calibration is
only valid in regions of the cell where all orange Cu(III) complex
has been converted (i.e. where the consecutive reaction is com-
plete). As previously presented, this is the case only in the far-
field wake of the bubbles. No calibration can be here carried out
for the instantaneous near-field around the bubbles shown in
Fig. 4, contrary to the resazurin case studied by Dietrich et al.
(2013). In addition, as the measured grey-level signals are located
in the linear part of the calibration, it is possible to use it even with
an inhomogeneous distribution of chemical species across the gap,
and thus to convert a mean value of A into a gap-averaged equiv-
alent oxygen concentration.

The available data are then concentrated in the far-field wake.
Using the red band-pass filter, a significant increase in the contrast
ratio and SNR can be obtained for the green Cu(II)-complex signal.
Although no explicit calculation was provided, one observes that
for all the studied cases (i.e. the bubble sizes), when using this
red filter, the signal was always present even for the smallest bub-
bles, which was not the case with the blue filter. To ensure that
there is no orange Cu(III) complex left, the images are acquired
after 4 s from when the bubble reaches the ROI top boundary
(see Fig. 5); then, the resulting signal is an average over 1 s (100
frames) when the liquid is totally at rest. This time averaging
enables to reduce the random noise level of the imaging system,
and is representative of constant instantaneous distribution
because all motions have been killed by shear stress at the walls.

Fig. 8 thus shows the fixed signature of the mass transfer in the
wake of a bubble rising from left-to-right. As mentioned before, the
GV is here related to the Cu(II) species, which signal is increased by
the use of the red filter (when compared to the cases without filter
and with the previous blue filter), and averaged over 1 s, enhancing
the quality for image post-processing.
Fig. 7. Calibration fit of the observed grey-level signal to the equivalent
gap-averaged oxygen concentration (R2 = 0.999).
Finally, the effective absorption signal A is extracted from Fig. 8;
then, applying the calibration relationship (from Eq. (5)), the
equivalent oxygen concentration field in the far-field wake of the
bubble, which is gap-averaged and time-averaged, can be deduced.

All the experiments to investigate mass transfer are performed
with an initial concentration of Cu(I) complex equal to 7.53 g L�1,
which is close to CCu;max corresponding equivalent oxygen solubility
in pure acetonitrile using Eq. (4).
4. Results and discussion

4.1. Bubble dynamics

As reported in Table 1, the bubbles generated have diameters
ranging from 3 mm to 20 mm. They are thus larger than the gap-
width, h=d < 1, meaning that the bubbles are flattened in between
the walls and adopt in-plane motions while rising with a velocity
Vb. In the investigated conditions, the Archimedes number, Ar,
and the Bond number, Bo, defined by Eq. (7), range from 860 to
18,800, and, from 1.8 to 108, respectively.

Ar ¼ qL

ffiffiffiffiffiffi
gd

p
d

lL
and Bo ¼ qLgd

2

r
ð7Þ

Ar being always high and Bomoderate when varying the bubble
diameter, contrasted regimes of oscillatory motions are observed,
as in Filella et al. (2015) and in Roig et al. (2012). This is illustrated
on the images gathered in Fig. 4 (see also videos on supporting
information), where the transport of oxygen is an indirect mea-
surement of the fluctuating nature of the velocity induced in the
fluid around the bubble and in particular in its wake. For the small-
est bubble, the path is unsteady and oxygen is collected by the
released vortices, then, when the diameter increases, shape oscilla-
tions superpose to path ones and modulate the unsteady wake that
may eventually re-stabilize for the largest bubbles. A strong desta-
bilization of the preceding transverse vortices leading to the halo in
front of the bubble is also observed for the larger bubble in Fig. 4. It
is not clear if this happens only due to the high Reynolds number
associated to this bubble or if it could be coupled with shape
oscillations.

The variation of the bubble Reynolds number Re, as a function of
the Archimedes number Ar, and the variation of the bubble aspect
ratio, v, as a function of the Weber number We, are reported in
Fig. 9a and b respectively. The latter dimensionless numbers are
defined as:

Re ¼ qLVbd
lL

and We ¼ qLV
2
bd

r
ð8Þ

Fig. 9: (a) Variation of the bubble Reynolds number Re as a func-
tion of the Archimedes number Ar. (b) Variation of the aspect ratio
v as a function of the Weber number We. The values of Filella et al.
(2015) obtained in water with a gap of 3 mm are reported as well
as the ones of Roudet et al. (2017) also obtained in water but with a
gap of 1 mm.

In both figures, the dynamics of the bubble are compared to the
ones reported by Roudet et al. (2017) and Filella et al. (2015)
obtained in water with different gaps. A good agreement is



Table 1
Experimental results obtained, characterizing the bubble dynamics and the mass transfer.

Bubble # Vb(m.s�1) hdi(m) hSf i � 106 (m2) hSpi � 106 (m2) hui(mg.s�1) h/i(mg.m�2.s�1) v(-) Pe(�10�5) Sh(-)

1 0.157 0.0083 107.7 29.1 0.0112 81.9 2.92 1.42 284.8
2 0.124 0.0041 26.0 11.9 0.0030 77.3 1.64 0.55 132.0
3 0.190 0.0175 482.3 64.3 0.0778 142.2 2.98 3.61 1045.6
4 0.124 0.0040 25.1 11.7 0.0032 87.1 1.63 0.54 146.0
5 0.168 0.0132 274.4 49.3 0.0506 156.4 3.20 2.41 867.5
6 0.131 0.0045 32.0 13.4 0.0048 105.0 1.70 0.64 198.9
7 0.194 0.0201 634.0 75.3 0.0980 137.9 3.10 4.24 1162.5
8 0.107 0.0026 10.4 7.2 0.0005 29.3 1.27 0.30 31.6
9 0.153 0.0072 80.4 24.3 0.0141 134.5 2.71 1.19 403.8
10 0.158 0.0096 144.5 34.5 0.0236 131.3 2.76 1.65 528.5
11 0.154 0.0068 73.1 22.7 0.0123 127.4 2.56 1.14 364.8
12 0.172 0.0137 294.9 50.5 0.0522 150.9 3.05 2.56 867.5
13 0.180 0.0154 374.2 56.9 0.0629 145.7 2.98 3.02 943.7
14 0.118 0.0038 22.3 10.9 0.0032 95.3 1.53 0.48 150.7

Fig. 9. (a) Variation of the bubble Reynolds number Re as a function of the
Archimedes number Ar. (b) Variation of the aspect ratio v as a function of theWeber
number We. The values of Filella et al. (2015) obtained in water with a gap of 3 mm
are reported as well as the ones of Roudet et al (2017) also obtained in water but
with a gap of 1 mm.

Fig. 10. Equivalent gap-averaged and time-averaged oxygen concentration in the
wake of several oxygen bubbles (numbers # from Table 1). Bubble’s ghosts are
shown in blue contours and velocity vector in green arrows. For bubbles #1 and #2
Dt = 0.05 s and for bubble #3 Dt = 0.1 s. From left to right, the Archimedes number
Ar is equal to 1711 (bubble #2, d ¼4.1 mm), 4971 (bubble #1, d ¼8.3 mm) and
15,300 (bubble #3, d ¼17.5 mm). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
observed with the scaling law proposed by these authors for Re (Eq.
(9)), proving similar inertial regime in both studies:

Re ¼ 0:75
h
d

� �1=6

Ar ð9Þ

This relation connects the velocity of the bubble to its diameter
and to the gap thickness. It indicates that there is no drag forces
exerted by the liquid films (Roig et al., 2012) and that a slip
condition probably exists at the clean bubble interfaces. It is
interesting to notice that the smaller dimensions, H and W , of
the present cell as compared to that used by Roig et al. (2012) do
not change the mean velocity of the bubble.

The aspect ratio v reported on Fig. 9b is an important parameter
that may be useful for general scaling of mass transfer. For a given
diameter, bubbles were observed as more flattened in acetonitrile
than in water due to the strong difference of surface tension
between these two liquid phases (rCu

rw
¼ 0:78). In the present study,

the aspect ratio ranges between 1.2 and 3.2 (see Table 1 and
Fig. 9b), and varies with the Weber number similarly for water
and copper complex solution at moderate Weber number. How-
ever, asymptotic higher maximum values of the deformation are
obtained in the present case at large Weber numbers. Acetonitrile
having a lower surface tension, strong shape oscillations may also
be observed for the largest bubbles for which we could not observe
hemi-cylindrical stationary shapes as in water (see supporting
information for Fig. 4e). The decreased viscosity of acetonitrile, as
compared to water, also explains the appearance of original
strongly destabilized and multi-scale vorticity revealed by the oxy-
gen concentration fields for similar Archimedes numbers (Fig. 4e).

4.2. Concentration fields

Fig. 10 presents three examples of equivalent oxygen concentra-
tion fields in the far-field wake of oxygen bubbles. It is recalled that
these concentrations are gap-averaged and time-averaged in a tem-
poral sequencewhere nomotion subsists (Section 3.2). As expected,



the contrasted bubble diameters previously described have a strong
impact on the oxygen deposit, both in amount and in topology.
These measured concentration fields result from the interfacial
mass transfer taking place in two regions of contrasted flowdynam-
ics: in the thin liquid films and in the high-Reynolds number in-
plane flow in the vicinity of the bubble (Roudet et al., 2017). From
Fig. 5c, it can be observed that a layer of high grey-level values
(almost 3 mm in thickness in this case) exists in front of the bub-
bles, which grows with the characteristic bubble diameter (as men-
tioned, this signal cannot be quantitatively correlated to equivalent
oxygen concentration, due to the fast decay of the orange Cu(III)
complex, see Section 3.2). According to Roudet et al. (2017) who
also visualized such layer by PLIF-I investigations, these halos at
the front might be related to vortices produced by the confinement
of the bubble. Although the exact origin of this phenomenon is not
completely understood yet, the time-series of Fig. 4 (see videos on
supporting information) show that the oxygen transferred at this
peripheral interfacial region is transported by the flow all around
the bubble, to be then recombined by layers with the amount trans-
ferred at the liquid films inside the 1 mm gap, leading to the com-
plex deposit in the wake shown in Fig. 10. To identify the
contribution of each mechanism, information about the dynamics
of the films and the flow around and past the bubble is required.

It is interesting to note that, for the smaller bubble (#2 in Fig. 10),
the equivalent oxygen field presents a complex periodic pattern
combined with a nearly straight stripe, the amount of oxygen being
smaller inside the periodic structures than in the bulk of the stripe.
However, for larger bubbles (bubbles #1 and #3 in Fig. 10), only a
slightly oscillating stripe is observed relative to the bubble size,
characterized by high values of oxygen concentration (up to
20 mg L�1). This diversity of features is consistent with what is
known concerning the bubble dynamics, and in particular with the
evolution of its wake, which is steady for Ar < 100, unsteady and
periodic for Archimedes numbers in the range 100� 10;000, and
steady again and for Ar > 10,000 (Roig et al., 2012). The present results
are also in agreement with the averaged PLIF images of Roudet et al.
(2017) where there was no chemical reaction. This means that
despite thepresenceof a chemical reaction, once theoxygen is trans-
ferred at the interface, its transport in the velocity perturbation gen-
erated by the bubble is similar to the case without reaction. The
presence of the chemical reaction can nevertheless change the
amount of oxygen transferred at the interface. One should notice,
in particular from Fig. 10 that provides planar distributions of con-
centration, thatwhen thebubble diameter increases, higher concen-
tration values are more and more present. This indicates that the
mass transfer rate increases not only due to a larger area of the inter-
face but also due to an intensification of the mass flux.
Fig. 11. Estimated Sherwood number (Sh) as a function of the Peclet number (Pe).
The experimental data found by Roudet et al. (2017) obtained in water with a gap of
1 mm are reported as a reference.
4.3. Mass flux and Sherwood number

From these concentration fields, the equivalent oxygen mass-
flux can be determined using a similar procedure as in Roudet
et al. (2017). The total mass transfer rate h/i from the bubble is
the mass of oxygen mðtÞ deposited in a window of observation at a
given time t, divided by the time spent by the bubble to cross this
window. To achieve this, the equivalent gap- and time-averaged

concentration CO2

�
, fromFig. 10 is combinedwith the bubble position

and velocity to reconstruct a mðtÞ time-series. At a given time, the
measured total oxygenmass in any frame (like in Fig. 10) is the vol-
ume integral over the concentration field CO2 . However, because
these fields are fixed in time, an artificial time signal is used by inte-
grating only up from the previous position of the bubble. Then, a
variable integration window of constant horizontal extension
defined for the whole ROI and of variable vertical extension LðtÞ is
defined from the origin up to the centroid x-position; therefore,
LðtÞ grows as VbðtÞ and the integration is made over the resulting
image as follows:

m tð Þ ¼ h
ZZ L tð Þ

0
CO2 x; yð Þdxdy; ð10Þ

resulting in m tð Þ calculated with a temporal resolution equal to
image frame-rate of 0.01 s. Compared to the extreme case of
Roudet et al. (2017), this method is purely a refinement because
of the temporal resolution, as it allows to capture some of the fluc-
tuating part of the mass transfer. Then, the total average mass flux
h/i is obtained from the numerical time-derivative of these ever
growing m tð Þ, averaged over the time period signal:

h/i ¼
�

d
dt

m tð Þ
�
: ð11Þ

Although the fluctuating part is partially captured, this informa-
tion is killed by the time-average afterwards (i.e. when h/iis calcu-
lated). Nevertheless, this fluctuation is kept to represent an error
bar around the mean values. Using this, the mass flux density h/i
is obtained from simply dividing h/i by the estimated total gas-
liquid interface ST :

h/i ¼ h/i
ST

: ð12Þ

where ST is the total area of the bubble gas-liquid interface defined
as ST ¼ Sp þ Sf , with Sp and Sf the areas of the peripheral interface in
contact with the in-plane flow and on the liquid films respectively
(see Eq. (3) and Table 1). This definition of h/i represents the
global mass flux density, resulting from the oxygen transferred from
the thin liquid films and in the external region around the bubble.

To normalize this mass flux density, a Sherwood number, Sh,
can be introduced, its definition being based on the diameter of
the bubble d:

Sh ¼ huid
DO2C

�
O2

: ð13Þ

Fig. 11 reports the variation of the Sherwood number Sh as a
function of the Peclet number Pe, as defined as:

Pe ¼ Vbd
DO2

: ð14Þ

Mass flux, velocity and bubble sizes variations are gathered to
represent the error bars in Fig. 11, where the error is taken as
the root-main-squared value around the respective Sh and Pe cal-
culated numbers. In Table 1 are reported, for each bubble, the mass
flux h/i, the areas of the peripheral interface in contact with the in-
plane flow and on the liquid films, Sp and Sf , the mass flux den-
sityhui, the Sherwood and Peclet numbers, Sh and Pe.



Fig. 11 shows how strong mass transfer is favored by increasing
Peclet number. As a reference, the experimental data determined
by Roudet et al. (2017) in water are reported, which followed the

relation Sh ¼ 1:126 
 Pe0:5: This scaling law does not fully describe
the present experimental results obtained in an organic liquid
phase (copper complexes dissolved in acetonitrile). At large Peclet
numbers (greater than 2.105), the slope is similar but the Sherwood
numbers are greater. Then, when Pe decreases, a sharper decrease
of Sh is observed. Several reasons may be raised to explain the dif-
ference observed between the present results and those reported
for experiments performed in water (Roudet et al, 2017). First,
the physico-chemical properties of water are not similar to those
of copper-complex acetonitrile solutions, as reported below:

mCu
mw

¼ 0:43;
qCu

qw
¼ 0:78;

rCu

rw
¼ 0:78 ð15Þ

This leads to a change in the Schmidt number Sc ¼ t=D from
¼ 52 in the present case to 348 in water, which could significantly
impact the mass transfer.

In addition, as the kinetic rate of the formation of the Cu(III)
complex from the Cu(I) complex is fast, one should not exclude a
possible enhancement of the mass transfer by the reaction. If it
occurs, the measured Sherwood numbers would correspond to
enhanced Sherwood numbers, and not intrinsic Sherwood number
(namely corresponding to pure absorption). To quantify this, the
enhancement factor E needs to be evaluated.

4.4. Enhancement factor

To estimate the enhancement factor E, the Hatta number Ha has
to be first calculated as its value points out the reactional regime in
which the experiments take place. Each regime is characterized by
specific properties, indicating where the reaction occurs (in the liq-
uid film, in the liquid bulk or in both regions) and if the mass trans-
fer flux is enhanced by the reaction (Roizard et al., 1997;
Levenspiel, 1999). In that objective, the kinetic law of the reaction
between Cu(I) and Cu(III) complexes has to be known as well as the
diffusion coefficient of the copper complex in acetonitrile.

4.4.1. Kinetics for the Cu(III) complex formation
According to Strassl (2019), the kinetics of the formation of the

Cu(III) complex is of second order, and can be expressed as:

r ¼ k 
 CCu 
 CO2 : ð16Þ

where k is the second-order kinetic constant (L 
mol�1 
 s�1Þ, CCu is
the concentration of the Cu(I) complex and CO2 the oxygen
concentration.

Strassl (2019) determined the constant kinetic using a stopped-
flow set-up at ambient temperature (as in Schurr et al, 2016), and
under excess of oxygen. Under such conditions, he obtained an
apparent kinetics constant, kapp, equal to 30	 4 s�1, this constant
corresponding to

kapp ¼ k 
 C�
O2
: ð17Þ

Knowing that the solubility of oxygen in acetonitrile is
C�
O2

¼ 8:09� 10�3 mol 
 L�1, it becomes:

k ¼ 3707	 500 L 
mol�1 
 s�1: ð18Þ
4.4.2. Diffusion coefficient of Cu(I) complex
The diffusion coefficient of the Cu(I) complex is determined by

the 2D-NMR technique diffusion ordered spectroscopy (DOSY). A
DOSY measurement uses pulsed-field-gradient NMR to apply a
varying magnetic field. Then, the movement of molecules in
relation to the locally varying magnetic field is followed by a
spin-echo experiment. The varying magnetic field leads to different
intensities of the examined molecules. NMR intensities originating
from moving molecules, in relation to the local magnetic fields are
obtained which then provide information about the diffusion.

A solution of the Cu(I) complex in dried and deuterated acetoni-
trile under inert gas is prepared in a gas-tight Young NMR tube.
The NMR spectroscopy is performed at a temperature of 24 �C
(297 K). The diffusion coefficient of the copper complex is deter-
mined, by the Bruker program Dynamics Center (Bruker Biospin,
Dynamics Center 2.4.8, Billerica, Massachusetts, USA, 2016), as:

DCu ¼ 1:40	 0:05ð Þ � 10�9 m2 
 s�1: ð19Þ
In the same measurement, the diffusion coefficient of acetoni-

trile was determined by the residual solvent signal as
ð4:2	 0:3Þ � 10�9 m2 
 s�1. A diffusion coefficient for acetonitrile
of ð4:34	 0:3Þ � 10�9 m2 
 s�1 at a temperature of 298 K has been
determined by a diaphragm earlier (Easteal and Woolf, 1984).
The exactly matching diffusion coefficients of acetonitrile indicate
an accurate determination of the diffusion coefficient of the Cu(I)
complex.

4.4.3. Estimation of the Hatta number and enhancement factor
As already explained, the reaction system involves two consec-

utive reactions: in the first reaction, the Cu(I) complex oxidizes
into Cu(III) complex, and in the second reaction, the Cu(III) com-
plex decays into Cu(II) complexes. Nevertheless, the competition
between mass transfer and reaction exists only for the first reac-
tion, the oxygen being not involved in the second reaction. There-
fore, one should consider calculating the Hatta number only for the
first reaction which is of second order. In this case, the Hatta num-
ber can be expressed as (Roizard et al., 1997; Levenspiel, 1999):

Ha ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k 
 CCu;0 
DO2

p
kL

; ð20Þ

where DO2 is the diffusion coefficient of oxygen, CCu;0 is the initial
molar concentration of the Cu(I) complex used in the experiments
(namely 7:530 g
L�1 � 0:0163 mol
L�1Þ and kL is the liquid-side
mass transfer coefficient.

Then, the approximate solution (implicit form) proposed by Van
Krevelen and Hoftijzer (1948) is used to estimate the enhancement
factor:

E ¼
Ha

ffiffiffiffiffiffiffi
Ei�E
Ei�1

q

tanh Ha
ffiffiffiffiffiffiffi
Ei�E
Ei�1

q	 
 ; ð21Þ

where Ei is the limit enhancement factor defined by

Ei ¼ 1þ DCuCCu;0

2DO2C
�
O2

: ð22Þ

It comes Ei ¼ 1:15.
The liquid-side mass transfer coefficient can be evaluated from

the following equation:

kL ¼ Sh 
 d
E 
DO2

¼ hui
E 
 C�

O2

; ð23Þ

where Sh is the measured Sherwood number. As the latter can be
possibly enhanced by the reaction, the mass flux should be
divided by the enhancement factor in Eq. (23). As a consequence,
an iterative procedure is implemented to calculate the Hatta num-
ber and the enhancement factor.

The Hatta number is found to be of the order of 7.6 for the
smallest bubble (d ¼ 2:6 mm), implying that the reaction occurs
entirely in the film. For the other bubbles, the Hatta number is



ranged between 1.4 ðd � 13 mmÞ and 2.9 (d � 4 mm): in these
cases, one part of the reaction occurs in the film and the other part
in the liquid bulk. Whatever the bubble diameters, the enhance-
ment factor remains ranged between 1.12 and 1.15.

Knowing E, the enhanced Sherwood numbers (namely the ones
measured using the copper complex colorimetric method) can be
converted into intrinsic Sherwood numbers (associated to diffusive
mass transfer), such as:

Shintrinsic ¼ Shenhanced

E
: ð24Þ

They are also plotted in Fig. 11. From this, it can be deduced that
the reaction induces an over-estimation of about 12–15% of the
measured Sherwood numbers. The physical variation ranges of
the Sherwood and Peclet numbers are also reported in Fig. 11 for
each point: they are related to the unsteady properties of the phe-
nomena, and in particular to the oscillations of the bubble path. It
can be observed that they are of the same order of magnitude than
the decrease due to the reaction (12–15%.) This would suggest that
the enhancement of the mass transfer by the reaction has not a
major effect and is not the main mechanism responsible for the dif-
ference with the scaling law proposed by Roudet et al. (2017). As
mentioned, changes in Schmidt numbers and bubbles shape may
explain a part of the difference. However, this conclusion should
be taken with care. Indeed, the Hatta number and the enhance-
ment factor, previously determined, are averaged (global) values
as calculated from gap-averaged and time-averaged concentration
fields measured in the far-field wake of the bubbles, and thus from
averaged (global) Sherwood number. In fact, a spatio-temporal dis-
tribution of the Hatta number and of the enhancement factors
exists because the mass transfer mechanism, and the transferred
oxygen fluxes, are not the same in the liquid film close to the bub-
ble or in the near-wake or far-wake of the bubble. Unfortunately,
such information (i.e. the time-resolved oxygen concentration
field) is not experimentally accessible so far.
5. Conclusion

In this experimental study, the oxygen mass transfer around a
single bubble rising at large Reynolds number in a thin-gap cell
was investigated in the presence of consecutive chemical reactions.
A colorimetric method was used to track the products of the reac-
tions and thus to obtain, from stoichiometry arguments, the mass
of oxygen that was transferred at the gas-liquid interface. The
chemical system consisted in a bio-inspired copper complex, Cu
(btmgp)I, specially tailored, which, dissolved in acetonitrile, oxi-
dized into an orange copper-complex [Cu2O2(btmgp)2]I2, the latter
complex decaying quite fast into two Cu(II) complexes (pale-green
colour). An image acquisition system (based on the use of specific
optical filters) was used, combined with an ad hoc calibration pro-
tocol, to correlate the grey-levels from the coloured signal to the
equivalent oxygen concentrations, while tracking the bubble
motion and properties. At last, it was possible to measure the
equivalent gap-averaged and time-averaged oxygen concentration
fields in the far-field at rest in the wake of the bubble.

The contrasted hydrodynamic regimes observed had a strong
impact on the oxygen deposit, both in amount and in topology.
The bubbles motion is found to follow a specific scaling law of
the terminal velocity as a function of the characteristic size and
gap thickness (represented as Re ¼ F Arð Þ), in the same way like
in other studies using water with different geometries of the con-
fining cell, evincing the inertial regime and that no drag forces are
exerted by the liquid films. Combining the observed bubble
dynamics with the calculated mass transfer, the obtained Sher-
wood number varied with the Peclet number with a scaling law
that recovered the one reported by Roudet et al. (2017),
Sh � Pe0:5, (obtained by PLIFI investigations in water and without
chemical reaction) at least at large Peclet numbers. Measurements
were also obtained at smaller Peclet numbers and revealed that the
scaling law changes for such values. However, the Sherwood num-
bers were here slightly over-estimated due the occurrence of an
enhancement of the mass transfer by the reaction (the enhance-
ment factor E was estimated to 1.12–1.15). Even with this correc-
tion, the Sherwood numbers associated to purely physical
absorption do not perfectly collapse at high Peclet numbers. The
origin of the difference between both studies could come from sen-
sitivity of the problem to Schmidt numbers that were different.
Indeed, the relation Sh ¼ F Peð Þ does not include the variation of
the surface tension, which is found to shift the regime of the aver-
age aspect ratio as a function of the Weber number, an effect that
might add another dimension to this type of analysis.

In futurework, newexperimentsmustbe carriedout, inparticular
with other solvents, so as to enlarge the range of considered Peclet
numbers and also to reach different values of the Schmidt number.
In order to have a better description of the reactive mass transfer, it
will be important to follow the temporal evolution of Cu(III) and Cu
(II) complexes simultaneously.While one can think aboutmeasuring
both concentrations using two cameraswith different filters, the key
hard challenge will remain the calibration relation between the grey
level associated to the Cu(III) complex concentration as this product
decays quite quickly. Using other bio-inspired copper complexes,
offering different reaction schemes and kinetics, will be a promising
solution to deeply investigate the competition between interfacial
mass transfer and reaction selectivity.
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Burmazović, I., Wasinger, E.C., Stack, T.D.P., Herres-Pawlis, S., 2013. Catalytic
phenol hydroxylation with dioxygen: extension of the tyrosinase mechanism
beyond the protein matrix. Angew. Chem. Int. Ed. Engl. 52, 5398–5401. https://
doi.org/10.1002/anie.201301249.

Jimenez, M., Dietrich, N., Hébrard, G., 2013. Mass transfer in the wake of non-
spherical air bubbles quantified by quenching of fluorescence. Chem. Eng. Sci.
100, 160–171. https://doi.org/10.1016/j.ces.2013.01.036.

Kastens, S., Timmermann, J., Tampmaier, R.F., Hoffmann, A., Herres-Pawlis, S.,
Schlüter, M., 2017. Test system for the investigation of reactive Taylor bubbles.
Chem. Eng. Technol. 40 (8), 1–9. https://doi.org/10.1002/ceat.201700047.

Kroneck, P. M. H., and Sosa Torres, M. E. (Eds), 2015. Sustaining Life on Planet Earth:
Metalloenzymes Mastering Dioxygen and Other Chewy Gases, Metals Ions in
Life Sciences. Volume 15, Springer International Publishing, Switzerland. ISBN
978-3-319-12415-5.

Khinast, J.G., 2001. Impact of 2-D bubble dynamics on the selectivity of fast gas-
liquid reactions. AIChE J. 47 (10), 2304–2319.

Kováts, P., Pohl, D., Thévenin, D., Zähringer, K., 2018. Optical determination of
oxygen mass transfer in a helically-coiled pipe compared to a straight
horizontal tube. Chem. Eng. Sci. 190, 273–285. https://doi.org/10.1016/j.
ces.2018.06.029.

Levenspiel, O., 1999. Chemical Reaction Engineering. John Wiley & sons Inc.
Li, Q., Batchelor-McAuley, C., Lawrence, N.S., Hartshorne, R.S., Compton, R.G., 2013.

Anomalous solubility of oxygen in acetonitrile/water mixture containing tetra-
n-butylammonium perchlorate supporting electrolyte. The solubity and
diffusion coefficient in anhydrous acetonitrile and aqueous mixtures. J.
Electroanal. Chem. 688, 328–335. https://doi.org/10.1016/
j.jelechem.2012.07.039.

Liebhäuser, P., Hoffmann, A., Herres-Pawlis, S., 2016. In Reference Module in
chemistry, molecular sciences and engineering. Synthesis, Spectroscopy, Theory
and Catalysis, Tyrosinase Models. 10.1016/B978-0-12-409547-2.11554-9.
Doi:10.1002/chem.201785069.

Liebhäuser, P., Keisers, K., Hoffmann, A., Schnappinger, T., Sommer, I., Thoma, A.,
Wilfer, C., Schoch, R., Stührenberg, K., Bauer, M., Dürr, M., Ivanović-Burmazović,
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