
Mass Transfer in Reactive Bubbly Flows –
A Single-Bubble Study

The design of reactors with a dispersed gas in a liquid phase, e.g., bubble columns,
is often based on rather roughly estimated parameters. To obtain a better under-
standing of the influence and interaction of the fluid dynamics and the mass
transfer in the presence of a chemical reaction of NO and Fe(EDTA) in the liquid
phase, the complex system of a bubbly flow is here reduced to single-bubble inves-
tigations. For this purpose, mass transfer is investigated with and without chemi-
cal reaction to be able to differentiate between various influencing factors and
determined enhancement caused by the chemical reaction. Two experimental set-
ups are applied, namely, the first one with two moving cameras where the velocity
is adapted to the rising velocity of the bubble, and the second one is a countercur-
rent-flow cell.
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1 Introduction

Single-particle approaches are extensively investigated as they
are utilized as a basis for complex multiple-particle systems.
Particle swarms are widely found in process engineering appli-
cations such as bubble columns, moving-bed reactors or
extraction columns. These are mentioned here as three exem-
plary unit operations with gaseous, solid, and liquid particulate
phases. This work focuses on gas-liquid systems with gas as the
particulate and liquid as the continuous phase and especially
the mass transfer from the bubble to the liquid.

The common approach to this topic is to analyze the mass
transfer coefficient on the liquid side kA,L

1). In the dimension-
less way it is represented for the given case as Sherwood num-
ber:

Sh ¼ kA;Ld

DA;L
(1)

with the equivalent bubble diameter d and the diffusion coeffi-
cient in the liquid DA,L. This allows a calculation of the actual
mass transfer of the absorption process:

_NA ¼ kA;LAint cA;L;int � cA;L;bulk
� �

¼ DA;LAint
¶cA

¶r

� �
L;int

(2)

with Aint as the interfacial area, cA,L,int as the concentration on
the liquid side on the interface, cA,L,bulk as the concentration in
the liquid bulk, and r as the radial component. The concentra-

tion on the interface on the liquid side provides the link to the
conditions on the gas side as the interfacial concentrations on
both sides are connected with a solubility constant, e.g.,
described by Henry’s law:

HA RT
cA;L;int

ctot;L
¼ p

cA;G;int

ctot;G
(3)

with HA as the Henry’s law solubility constants, ctot,L as the
total concentration of all components of the liquid phase, cA,-

G,int as the concentration of component A on the interface of
the gas side, ctot,G as the total concentration of all components
of the gas phase, and p as the pressure. It can be assumed that
in most cases the diffusion coefficient in the gas phase is larger
than in the liquid phase by at least three orders of magnitude.
Hence, the discussion of the mass transfer coefficient on the
liquid side is often of main interest as the largest resistance for
the total mass transfer lies on the liquid side. Assuming, the
bubble shape and the velocity field around the bubble is
known, analytically or numerically a concentration field can be
calculated which can be used to determine a local and averaged
mass transfer coefficient and, therefore, a local and an averaged
Sherwood number can be calculated [1, 2]. This leads, e.g., to
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the widely known case for a resting system without flows,
described by a Reynolds number:

Re ¼ vd
mL
¼ 0 (4)

with v as the bubble rise velocity and mL as the dynamic viscosi-
ty of the liquid which leads to Sh = 2. Once the bubble is
deformed in an unknown way and/or the velocity field is
unknown, only empirical equations mostly of the type

Sh ¼ 2þ f Re; Scð Þ (5)

with the Schmidt number

ScA ¼
nL

DA;L
¼ PeA

Re
(6)

where PeA is the Péclet number, can be found. These equations
sometimes also depend on the ratio of the viscosities in the dis-
persed and the continuous phase, marking the fact that these
equations are usually generally valid for systems with fluid par-
ticles, including drops or bubbles, and the excentricity.

Mersmann [2] found the empirical equation for spherical
particles:

Sh ¼ f
2ffiffiffi
p
p Pe1=2 (7)

with f as dimensionless factor depending on the Reynolds
number. Brauer [3] developed another equation for oscillating
particles:

Sh ¼ 2þ 0:015Re0:89Sc0:7
A (8)

All equations are valid for bubbles rising in unconfined
geometries. Concerning the influence of confining walls on the
mass transfer, see, e.g., Hosoda et al. [4]. As an alternative, rela-
tions of the Sherwood number and the oscillation frequency
can be found [5], such as:

Sh ¼ 1:2 PeA Srð Þ1=2 (9)

with the Strouhal number Sr defined as:

Sr ¼ fBd
v

(10)

with fB as the rising path oscillation frequency.
Up to here, fairly simple cases were discussed. A steady state

was assumed which neglects, e.g., that due to the mass transfer
from the bubble to the liquid phase the bubble size and, there-
fore, the rise velocity, shape, and rise behavior changes during
its ascent. This obviously has an influence on Re and Sh. For
simplified cases with constant spherical bubble sizes but
unsteady mass transfer, being valid for many liquid-liquid
cases, due to a developing flow field results can be found for Sh
numbers over the Fourier number:

FoA ¼
4tDA;L

d2 (11)

with t as the time [6]. The results lie between the well-known
behavior described by Higbie’s penetration theory [7] with:

Sh ¼ 4ffiffiffiffiffiffiffiffiffi
p Fo
p (12)

for small Fourier numbers and the exemplary result shown ear-
lier for steady state for larger Fourier numbers.

The mass transfer process, which is of interest in this study,
exhibits particular complexity. It combines a transient bubble
ascent, including acceleration, oscillation in shape and rising
path, size change, an overlaying countercurrent mass transfer
due to unavoidable desorption (as discussed later) and addi-
tionally a homogeneous reaction in the liquid with the trans-
ferred component as one reactant. In cases with reaction,
enhancement factors

E ¼ kA;L; rea

kA;L
(13)

with kA,L,rea as the mass transfer coefficient with homogeneous
reaction are defined.

In theory, the change of the concentration of component A
would be described with the balance equation:

Case 1: Mass transfer gas (G) to liquid (L) of a pure gas

¶NA;G

¶t
¼

¶ VcA;G
� �

¶t
¼ cA;G

¶V
¶t
¼ � _NA;L ¼

� kA;LAint cA;L;int � cA;L;bulk
� �

¼ �kA;LAint
p

HA
ctot;L

(14)

with the assumption: the bubble only consists of component A,
only absorption of A in liquid occurring, no A in liquid bulk.
The amount of component A dissolved in the continuous phase
during the single-bubble experiments changes the concentra-
tion in the bulk only very slightly. The mass transfer coefficient
can be calculated as:

kA;L ¼
cA;G

ctot;L

HA

p

� ¶V

¶t

� �
Aint

(15)

However, a countercurrent mass transfer from gas to liquid
(component A) and liquid to gas (component B) takes place,
resulting for the individual components in the following bal-
ance equations.

Case 2: Mass transfer gas to liquid (A) and liquid to gas (B)
due to the low concentration of B, no interaction of the two
countercurrent mass transfers is taken into account.

¶NA;G

¶t
¼

¶ VcA;G
� �

¶t
¼ _NA;G ¼ �kA;LAint cA;L;int � cA;L;bulk

� �
¼

� kA;LAint
p

HA

cA;G;int

ctot;G
ctot;L;bulk

(16)

and

¶NB;G

¶t
¼

¶ VcB;G
� �

¶t
¼ _NB;L ¼ �kB;LAint cB;L;int � cB;L;bulk

� �
¼

� kB;LAint
p

HB

cB;G;int

ctot;G
ctot;L � cB;L;bulk

� �

(17)
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results in:

¶ V cA;G þ cB;G
	 
� �

¶t
¼

� kLAint p
ctot;L

ctot;G

cB;G;int

HB
� cA;G;int

HA

� �
� cB;L;bulk

� � (18)

Since fluid dynamics, mass transfer, and chemical reaction
influence each other, it is necessary to measure the individual
effects and to describe their interactions. To achieve that goal,
several values in high precision have to be measured during the
ascent of a bubble. In literature, measurements are often miss-
ing the accuracy which is needed to derive the mass transfer of
single bubbles in reactive systems. Furthermore, the influence
of dissolved gases in the liquid phase has to be considered.

2 Materials and Methods

Experiments are performed in two setups to carry out mass
transfer measurements with single bubbles. For short contact
times, a setup can be used in which a bubble rises through a
stagnant liquid. In this case, the observation time is limited by
the height of the column in combination with the rising veloci-
ty of the bubble. By using a countercurrent-flow cell, a bubble
can be examined as long as desired. Due to the used chemical
systems, it was necessary to build both test cells in such a way
that the liquid phase is only in contact with glass, polytetra-
fluoroethylene, and stainless steel.

2.1 Rising-Bubble Test Cell

To investigate the influence of fluid dynamics and chemical
reactions on the mass transfer in bubbly flows more closely, a
rising-bubble test cell was constructed. The setup is schemati-
cally presented in Fig. 1. It consists of a glass tube with a height

of 2 m and an internal diameter of 75 mm. To provide better
optical access to the column, a rectangular acrylic glass jacket is
built around the glass tube (Fig. 1, No. 3). To control the tem-
perature of the continuous liquid phase, a thermostat pumps
water at T = 25 �C through the jacket (Fig. 1, No. 8). At the bot-
tom of the column, single gas bubbles are generated at a glass
capillary by using a syringe pump (Hamilton� PSD/2) (Fig. 1,
No. 1). The size of the bubble can be varied by changing the
capillary to one with another inner diameter (Fig. 1, No. 2).

Two high-speed cameras (Vieworks VC-4MC-M180E0-CM)
with a resolution of 1200 ·2048 px2 at 250 fps and telecentric
lenses (Sill TZM 2298) are attached on a vertical traverse sys-
tem and rectangular to each other (Fig. 1, Nos. 4 and 5). The
visible area of each camera is approximately 24 ·40 mm2.
Opposite to each camera, light-emitting diode (LED) panels
are used as backlight illumination for the shadowgraphy (Fig. 1,
No. 7). The velocity of the traverse system is controlled with a
National Instruments LabVIEW in real time by the relative
bubble position in the current image of one of the cameras
(Fig. 1, No. 6). Thus, the bubble can be kept over time steadily
on any vertical position in the image.

Due to the two cameras moving on the traverse system, the
bubble volume, shape, velocity, and trajectory can be measured
in three dimensions during the whole ascent. The column is
closed at the top and it is possible to work under a protective
atmosphere (Fig. 1, No. 10). Hence, it is possible to measure
systems which have to be free of, e.g., oxygen. One advantage
of this design is having a stagnant fluid, whereby the bubble
does not experience a superimposed velocity profile due to a
movement of the continuous phase.

2.2 Countercurrent-Flow Cell

To make slow mass transfer effects ascertainable, longer mea-
suring times are necessary. The countercurrent-flow cell can be
applied to achieve long contact times with a small quantity of
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Figure 1. Experimental setup rising bubble test cell; (a) schematic sketch; (b) detail of the construction drawing; (1) syringe
pump with gas source, (2) capillary, (3) column with jacket, (4) traverse system, (5) two cameras, (6) computer, (7) LED panel,
(8) thermostat, (9) vacuum pump, (10) protective gas, (11) outlet.
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liquid. Less than 200 mL of continuous phase is required. The
schematic setup is shown in Fig. 2 a. A bubble is produced at
the bottom of the glass cone (Fig. 2, No. 2) by a syringe pump.
The bubble size and position is captured by a camera (The Im-
aging Source DMK 31BU03.H) with a resolution of
300 ·1024 px2 at 30 fps and telecentric lenses (Sill S5LPJ0202)
(Fig. 2, No. 5). In this case, the camera is fixed and the bubble
is held in the glass cone by a countercurrent-flow of the liquid.
It is possible to fix a large spectrum of bubble sizes in the glass
cone. An image analysis was implemented in National Instru-
ments LabVIEW which determines the vertical position in the
image in real time and controls the volumetric liquid flow
accordingly through the gear pump (Fig. 2, No. 4) to keep the
bubble at a fixed position in the image. Exemplary CO2 bubbles
with different shapes and volumes are displayed in Fig. 2 b. The
volume of the bubble is approximated by the shape of a rota-
tionally symmetrical ellipsoid.

2.3 Investigated Liquids and Gases

For the measurements, different chemical systems have been
applied to measure and validate different effects. The fluid
dynamics of air bubbles in water was investigated numerous
times making this a feasible reference system. To be able to
evaluate the mass transfer of gas bubbles, the volume reduction
of CO2 and NO bubbles in water was measured. The pure gas-
eous phases CO2 and NO were studied as well as air. The liquid
phase in all cases was ultrapure water with a conductivity of
0.055 mS cm–1 at a constant temperature of 25 �C. In a following
step, a chemical reaction system was used which consumed a
gas component dissolved in the liquid as an educt.

Reactive system FeII(NO): NO is well-known for its toxic
properties but it has also important functions in the human
body, like influencing the regulation of blood pressure [8]. In
1998, the Nobel Prize for Medicine or Physiology was awarded
to Ignarro [9] who investigated the influence of FeII(NO) com-

pounds on the opening of the blood vessels. As a result, more
studies on the Fe(NO) compounds and their activity and prop-
erties have been carried out, e.g., by Franke and van Eldik [10].

However, the formation of gaseous NO exhibits a major
challenge in the combustion of fossil fuels. There exist different
possibilities to clean the exhaust gases. One approach is known
as the BioDeNOx technology where NO binds to an aqueous
FeII(EDTA) compound. The absorbed NO is subsequently
reduced in a bioreactor by bacteria. This cost-effective and
‘‘green’’ NO removal technology has claimed several current
publications [11–20].

The fundamental reaction of the absorption of NO by fer-
rous solutions follows the scheme:

Fe2þ
aq þ NOgÐ Fe NOð Þ½ �2þaq (19)

In more detail, realizing water as a ligand, NO replaces one
water molecule:

Fe H2Oð Þ6
	 
2þ þ NOÐ Fe H2Oð Þ5 NOð Þ

	 
2þ þH2O (20)

The selection of chelate ligands of the aminecarboxylato
group has a strong influence on the reaction rate and the equi-
librium constant as shown by Schneppensieper et al. [21]. Add-
ing the well-known ligand EDTA with its potential six metal
binding sites to the aqueous ferrous solution subsequently ini-
tiating NO to the solution results in a very stable complex of
[Fe(EDTA)(NO)]2–:

Fe H2Oð Þ6
	 
2þ þ EDTA4�Ð Fe H2Oð Þ EDTAð Þ½ �2� þ 5 H2O

(21)

Fe H2Oð Þ EDTAð Þ½ �2� þ NOÐ Fe EDTAð Þ NOð Þ½ �2� þ H2O

(22)

Comparing the stability constant of [Fe(EDTA)(NO)]2–

(KNO = (2.1 ± 0.2) ·106 M–1) with that of [Fe(H2O)5(NO)]2+

(KNO = (1.2 ± 0.2) ·103 M–1) [22, 23], the stability effect of the
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Figure 2. Experimental setup countercurrent-flow test cell; (a) schematic sketch; (b) differently sized bubbles kept on the
same height in the glass cone by adjusted liquid volume flow; (1) syringe pump with gas source, (2) capillary, (3) glass cone
with jacket, (4) pump, (5) camera, (6) computer, (7) light source, (8) glass funnel and syringe pump, (9) liquid phase.
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chelate ligand is obvious. However, the stability of the
FeII(Ligand)-NO system is not fully understood since the exact
mechanism of the product formation and the rules of the rela-
tionship of structure and feature are, to our knowledge, still
unknown. With two publications, the research group of Klüfers
tries to fill this gap [24, 25].

In this work, all experiments were performed with EDTA
and with degassed water to minimize the mass transfer from
the liquid to the gas phase. Thus, water was boiled under an
argon atmosphere because the solubility of gases decreases with
increasing temperature. The boiled water was rapidly cooled to
25 �C with the aid of a cooling coil. For the preparation of the
test system FeII(EDTA), powdery iron(II)sulfate heptahydrate
(Sigma-Aldrich, CAS: 7782-63-0) and 1.1 equimolar ethylene-
diaminetetraacetic acid tetra-sodium salt hydrate (Sigma-
Aldrich, CAS: 194491-31-1) were dissolved in water. The start-
ing solution is colorless to slightly yellowish whereas the product
FeII(Ligand)–NO is orange-brown. This colored product can be
detected around the bubble and in the wake. The material prop-
erties used for the calculation are summarized in Tab. 1.

3 Results

To evaluate the effects of fluid dynamics, mass transfer, and the
influence of a chemical reaction, the effects were analyzed indi-
vidually.

3.1 Fluid Dynamics of the Reference System Air/
Water

In the area of fluid dynamics of freely ascending bubbles with-
out material transport and chemical reaction in water, many
investigations have already been carried out, e.g., assembled in
the overview of Clift et al. [1]. Such experiments can be used to
proof the functionality of the developed measurement tech-
nique. The test system air/water was chosen as it does not show
any mass transfer effects assuming that the water was in con-
tact with air for a sufficient time before. The vertical rise veloci-
ty is sensitive to impurities since small amounts of impurities
can have a significant influence on the behavior of the inter-
face. The rising bubble test cell was used to record the bubble
shape, volume, surface area, and the position in the 3D space.
Fig. 3 a shows the helical rising trajectory of a bubble with an
equivalent diameter of 2 mm, i.e., the diameter of a spherical
bubble with the according measured bubble volume. By evalu-
ating the displacement of the bubble between two pictures tak-
en during the ascent, it is possible to determine the rise velocity
at every point of the helical rising path.

The terminal rise velocities in ultrapure water for different
bubble diameters without mass transfer are illustrated in
Fig. 3 b. The results are reproducible and the standard deviation
for a measurement was less than 3 %. The velocities are in good
agreement with values found in literature [1] for pure water
and, thus, a free-moving interface. Therefore, it can be stated
that working in an impurity-free environment is possible in the
rig, and the measurement technique with the controlled tra-
verse system allows a precise measurement. If components of
the reactive system FeII(EDTA)-NO mentioned in Sect. 2.3 are
added, the terminal velocities change significantly.

The velocities were measured with bubbles without mass
transfer. The measurements of mass transfer will be discussed
in Sect. 3.3. The lower velocity limit is the case of a fully con-
taminated system in which interfacial active substances (surfac-
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Table 1. Properties of the used systems.

Water as solvent Henry’s law solubility constants Diffusivity

Combined with H [mol m–3Pa–1] D [m2s–1]

CO2 3.3 ·10–4 [26] 1.92 ·10–9 [27]

NO 1.9 ·10–5 [26] 2.21 ·10–9 [28]

Figure 3. (a) Helical trajectory of an air bubble with d = 2 mm in water reconstructed from the images of two cam-
eras positioned at right angles to each other. (b) Terminal rise velocity of bubbles in pure water and water containing
cFeII(EDTA) = 75 mmol L–1 compared with equations published by Clift [1].
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tants) adsorb on the interface and thus, the rate of ascent of the
bubble is reduced due to a hardened interface as shown by the
gray dashed line. The terminal rise velocities of bubbles in a
solution of FeII(EDTA)aq with a concentration of 75 mmol L–1

are close to those achieved in totally contaminated systems.
The interface is not freely movable due to contamination with
the components of the reactive system, which are acting as sur-
factants.

3.2 Reference Measurements for Mass Transfer

To measure the mass transfer between a gas bubble and a liquid
continuous phase accurately, the pretreatment of the water
phase is of crucial importance. Fig. 4 a presents results from the
countercurrent-flow cell for measurements with similar initial
bubble volumes and differently prepared aqueous phases. Pure
CO2 bubbles were generated and within a few seconds a large
part of the gas phase was transferred into the liquid phase. The
flow rate was adjusted to the changing fluid dynamics of the
shrinking bubble. In the case of untreated pure water, approxi-
mately 50 % of the gas volume remained in steady state. Ultra-
pure water stripped with nitrogen (N2) and degassed ultrapure
water (reached by cooking the water for 60 min), respectively,
showed smaller remaining volumes. Degassed water reaches
bubble volume values close to zero. After approximately 2 min
only less than 1 % of the initial volume was present in the resid-
ual bubble. The transient volume development of a NO bubble
in degassed water is given in Fig. 4 a as well. As expected, the
mass transfer of NO into the gas phase is slower compared to
CO2. This is due to the lower solubility in water.

From the measurements with differently prepared water it is
obvious that not only the transport of mass from the bubble
into the liquid has to be taken into account. The influence of
the countercurrent mass transfer from the liquid phase into the
gas phase has to be considered since that transfer can change
the evaluation of the occurring mass transfer coefficients for
the gas phase drastically. In the case of measurements with

shorter ascent paths or contact times, this effect will not be visi-
ble as much and is, presumably, mostly neglected in other
work. Thus, the occurring mass transfer from the bubble into
the liquid may be significantly underestimated. The extent to
which the two opposing transport directions influence each
other as well as the experimental evaluation must be clarified
in more detail in further experiments.

In the rising-bubble test cell the same test systems have been
applied to investigate the initial stages of the rapidly occurring
volume change. The bubble rises through a static liquid. The
contact time is shorter but the temporal resolution is higher
because of the used cameras. This is particularly relevant for
rapidly changing bubble sizes. Fig. 4 b displays measurements
of initially pure CO2 bubbles in degassed water. The initial vol-
umes vary between 4 and 12 mm3.

From the measured volume using the ideal gas equation

pV ¼ NRT (23)

with R as the universal gas constant and T as the temperature,
the molar mass can be determined as a function of time. The
influence of the hydrostatic pressure is corrected for every time
step and according vertical position. In addition to the actual
amount of substance, the surface area of the bubble is also
known and the mass transfer coefficient can be determined by
applying Eq. (15). The assumption is made that the surface
concentration can be calculated by Henry’s law, the bubble is
ideally mixed, and the main mass transfer resistance is on the
liquid side. The resulting mass transfer coefficients are pre-
sented in Fig. 5.

To compare the determined values with the literature, the
values are represented in dimensionless quantities like the
Reynolds and Sherwood number. In Fig. 6 a, the Sherwood
number is given as a function of the Reynolds number. During
the ascent, the rising velocity is changing as well as the bubble
size. Since both of these values decline over time, the Reynolds
number is decreasing as well. The results for three different ini-
tial diameters of CO2 bubbles in water, as shown in Fig. 6 a, are
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Figure 4. Bubble volume as a function of time (a) for three differently prepared continuous phases in the countercurrent-flow
cell; (b) for three different initial bubble sizes of CO2 in degassed water in the rising-bubble test cell.
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lying between the correlations given by Mersmann [2] and
Brauer [3]. Despite the fact that an initially pure CO2 bubble
was inserted, a steady bubble size significantly larger than zero
was observed after around 3 s. This indicates the existence of a
different component which is initially transported into the bub-
ble. This effect occurs despite prior degassing of the water.

To calculate the Sherwood numbers, the gas phase composi-
tion was adjusted over time. As a first assumption, the amount
of the second component B inside the bubble was described
with a constant molar flow:

NB;G ¼ t _NB (24)

until the experimentally determined constant bubble size is
reached.

The same test systems applied in the countercurrent-flow
cell. As an additional system NO/water is shown in Fig. 6 b.
Although the volume decrease is significantly slower, the Sher-
wood numbers are comparable to that found for a CO2 bubble
due to the lower Henry’s law solubility constant and smaller
diffusivity in water shown in Sect. 2.3.

The values indicated in Fig. 6 b have been taken from the
first few results of each measurement since the assumption of a
pure gas bubble is most suitable during the initial stages of the
experiment. As the amount of substance in the bubble dimin-
ishes, the composition changes because of the unavoidable
mass transfer into the gas phase. Thus, the driving concentra-
tion difference at the interface is changing. The resulting Sher-
wood numbers in both experimental test rigs for small contact
times are in good agreement, as can be seen in Fig. 6. There is a
deviation for longer contact times. Until now, there is a lack of
knowledge about the exact concentration development, which
increases the difficulty to determine the Sherwood numbers for
longer contact times. Hosoda et al. [4] attempted to describe
the gas-phase composition for larger bubbles over time. How-
ever, there was not an almost degassed continuous phase but
the concentrations of the dissolved components were known.

3.3 Mass Transfer in a System with Chemical
Reaction

The results for the reactive system containing FeII(EDTA) with
a concentration of cFeII(EDTA) = 75 mmol L–1 in degassed water
and NO as the gas phase are illustrated in Fig. 6 as well. The
resulting Sherwood numbers are obviously higher than those of
CO2/water due to the mass transfer enhancement by the homo-
geneous chemical reaction. The dissolving NO is consumed by
the reaction and thus, the driving concentration gradient is
kept at a high level. It would be possible to influence the reac-
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Figure 5. Mass transfer coefficient as function of time for CO2

bubbles in degassed water with different initial diameter.

Figure 6. Sherwood number as function of Reynolds number for bubbles in degassed water and degassed water with
cFeII(EDTA) = 75 mmol L–1 (a) in the rising-bubble test cell; (b) at the beginning of the measurement in the countercurrent-flow test
cell.
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tion rate or the solubility of the NO by varying the temperature
or the pressure. Another parameter that can be varied is the
concentration of the educts in the liquid phase. In Fig. 7, differ-
ent concentrations of FeII(EDTA) in degassed water are indi-
cated. The lowest Sherwood numbers were found for the case
of pure degassed water (cFeII(EDTA) = 0 mmol L–1). In this case,
the Sherwood number describes only the purely physical trans-
port without reaction. As soon as a chemical reaction occurs in
the liquid phase with the dissolving NO, the mass transfer is
intensified and it can be described with the enhancement factor
E, given in Eq. (13).

The factor depends on concentration and increases with ris-
ing educt concentration cFeII(EDTA). For the highest concentra-
tion of cFeII(EDTA) = 75 mmol L–1, the enhancement factor E
increases about 23-fold. An increase in the mass transfer and
thus the enhancement factor E with increasing concentration
meets the expectations and can be accurately measured with
the system.

4 Conclusions

The aim of the study was the measurement of the mass transfer
coefficient for systems where a homogeneous reaction in the
liquid with a dissolving gas component occurs. Fluid dynamic
investigations built a basis as these can be used to test the
facility for its applicability. The terminal velocity of bubbles is a
sensitive quantity for contamination. With the measurements
of air bubbles in ultrapure water it was shown that the expected
values can be measured with a high accuracy. Furthermore, the
mass transfer experiments were carried out in different systems
and experimental setups.

The results obtained for mass transfer of CO2 and NO
behave according to literature values. Particular attention must
be paid, however, to the pretreatment of the continuously liq-
uid phase. Depending on the amount of dissolved gases, differ-
ently strong volume reductions can be observed. Therefore, not

only the mass transfer from the gas bubble into the liquid has
to be taken into account but also transport from the continu-
ous into the disperse phase. If this is not done, the occurring
mass transfer of the dissolving component is significantly
underestimated. To improve knowledge about the gas-phase
composition, further investigations are necessary.

With the use of a chemical reaction to FeII(NO) in the liquid
phase the enhancement of the mass transfer from single bub-
bles could be demonstrated. This effect which can be described
by the enhancement factor, depends on the concentration
cFeII(EDTA) which is consistent with the measurements. In addi-
tion to varying the concentration or other properties, the chos-
en reaction system offers the potential to directly influence the
reaction rate by the choice of the ligands. It was proven that
mass transfer coefficients and, therefore, Sherwood numbers
can be determined under a controlled variation of chemical
system, educt concentration, and bubble diameter.
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Symbols used

A [m2] surface area
c [mol m–3] molar concentration
d [m] diameter
D [m2s–1] diffusion coefficient
E [–] enhancement factor
f [–] dimensionless factor (Mersmann)
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Figure 7. Countercurrent-flow test cell. (a) Sherwood number as function of the Reynolds number for different concentra-
tions cFeII(EDTA) in degassed water; (b) enhancement factors as function of the educt concentration.
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fB [s–1] bubble frequency
H [mol m–3Pa–1] Henry’s law solubility constants
k [m s–1] mass transfer coefficient
KNO [M–1] stability constants
_ni [mol s–1m–2] molar flux
p [Pa] pressure
Pe [–] Péclet number, g d2/D
N [mol] amount of substance
R [J mol–1K–1] universal gas constant
Re [–] Reynolds number, vdr/m
Sc [–] Schmidt number, m/(rD)
Sh [–] Sherwood number, kLd/D
Sr [–] Strouhal number, fBd/v
t [s] time
T [K] temperature
v [m s–1] velocity
V [m3] volume
x [m] x-coordinate, main flow direction
y [m] y-coordinate, normal to the probe

surface
z [m] z-coordinate, perpendicular to the

main flow direction

Greek letters

b [–] relative wall shear rate fluctuation
amplitude

z [–] variable for the edge effect
correction function

m [Pa s] dynamic viscosity
r [kg m–3] density

Sub- and superscipts

A component A
B component B
bulk bulk
int interfacial
G gas
L liquid
NO reaction with NO
rea reaction
tot total

Abbreviation

px pixel
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