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Abstract

Reactive bubbly flows are at the heart of multiphase flows which are a major topic in chemical
engineering since many bulk chemicals are produced in bubbly flows. However, the factors
determining product yield and selectivity are often subject of complicated mass transfer effects.
Herein, we describe the latest developments in the detection of mass transfer effects in bubbly
flows. Coordination chemistry has given new impulses to this topic due to the possibility to
synthesise tailored complex systems for the detection of O, and NO with various time- and
space-resolved techniques. For each chemical reaction system, a background section is

summarised to allow the reader to get an overview of the different systems.

1 Introduction

The chemical transformation of substances with high yield and high selectivity is one of the
most important tasks in chemical engineering. For the synthesis of many bulk chemicals,
gaseous starting compounds have to be brought in close contact with a continuous liquid
phase, e.g. in oxidation, hydrogenation and chlorination reactions. Oxygen is the cheapest and
most atom-economic oxidant and thus, a direct oxygenation using air is preferable to any other
method from a chemical point of view. In the 1960s, bubble column reactors have been
developed for this purpose which enable large volumes and long residence times with intensive
mixing. In the 1980s, bubble columns with zones of defined mixing and a guided liquid stream

(e.g. in loop reactors) have been applied.

Since then, it was shown that chemical reactions are influenced by mixing in different time and
space scales. Reactive bubbly flows show here a large potential for optimisation since
additional mass transfer limitations through phase interfaces and boundaries occur.

Unfortunately, scale overlapping transfer processes with coupled reaction cannot yet be
1
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sufficiently described such that the predictive power of yield and selectivity is extremely limited.
In the last years, some progress has been made in miniaturised reactors, new measurements
techniques with unprecedented resolution in space and time as well as numerical simulations.
These developments in chemical engineering, numerical mathematics, physics and chemistry
are often rather separated from each other. The DFG priority programme 1740 comprises
groups from all these fields to enable a transdisciplinary approach for the combination of new
chemical reaction networks for bubbly flows which are investigated by new physical techniques
and simulated by new theoretical methods as well. In this review, we summarise recent

developments in the field of reactive bubble flows with special focus on the reactive systems.

Final goal is the full understanding of the hydrodynamic behaviour of bubble swarms including
mass transfer of a selected gaseous component and concentration gradients in the swarm as
well as the competition between mass transfer and chemical reaction. The complexity of a
bubble swarm is enormous; hence, a reduction of dimensions is often used to simplify the
setup for reasonable measurement resolution in space and time as well as efficient numerical
simulation. Examples for such apparatus are small bubble columns with single bubbles but still
here, the bubble has the possibility to move in all directions. The next reduction is a 2D Hele-
Shaw cell in which the bubble is flat between two glass windows. Even more reduction is
possible in a so-called Taylor-flow where a single bubble streams in a capillary. These setups

are discussed in section 2.1.

Several studies reported in the last years that for large-scale bulk chemical production a
relationship between product quality and local mass transfer processes is present. However,
these relationships could not be sufficiently explained or described until today.*™ Examples
for such reactions are the cumene oxidation®?, toluene oxidation (Scheme 1)® and also

chlorination reactions.!”!
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Scheme 1: Reaction scheme of the oxidation of toluene.[®!



The actual models for the description of local mass transfer at phase boundaries are basically
based on the two-film theory of Lewis and Whitman!® and the penetration theory of Higbie®
(Figure 1). Following the two-film theory, a laminar film forms on both sides of the interface
which is regarded as main resistance for mass transfer. It is then postulated that in these
boundary layers no mixing occurs and that the mass transfer is accomplished purely by
diffusion. In the core of the gas and liquid phase, convective movements of the fluids lead to a
fast balancing of concentrations. At the interface reigns at every point in time an equilibrium
and Henry’s law is valid.l*®! During mass transfer from gas phase to liquid phase, a component
A diffuses through the boundary layer dq to the interface and from there through the second
boundary layer d. The driving force of the mass transfer corresponds to the concentration
gradient between the core of the phases and the interface. The molecular mass transfer within
the laminar boundary layer is given by the first Fick’s law whereas the liquid-phase mass
transfer coefficient is dictated by the diffusion coefficient D and the liquid boundary layer
thickness di. The assumption of a laminar boundary layer as film with a thickness d is compared
to real gas-liquid systems a rough simplification. Higbie has introduced the penetration model
for the non-steady state mass transfer where an exchange of fluid elements is taken into
account (Figure 1b). At the time t=t, a fluid element is transported from the core flow to the
interface and it remains there until t=t;. During the residence time tm, a diffusion of the gas
component into the fluid element takes place. At t=t; the fluid element is transported back into
the bulk flow.

a) two-film theory b) penetrationtheory
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Figure 1: Mass transfer following the a) two-film theory (pa,q: partial pressure in gas phase, pab: partial pressure in
gas boundary layer, ca,: concentration in liquid phase, cap: concentration in liquid boundary layer) and b) the
penetration theory.

In order to obtain space- and time-resolved data, multiple techniques such as fluorescence
spectroscopy, Raman spectroscopy and tomography have been applied. The central task is
focused on the visualisation of concentration profile in the liquid boundary layer, consumption

or formation of substances to allow the calculation of the reaction kinetics in competition with
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the mass transfer through the phase interface. The gaseous component has to cross the phase
boundary and then it is consumed in a chemical reaction (Figure 2). This behaviour shall be
monitored and simulated.

Figure 2: Mass transfer of a freely rising bubble; left: experimentally*], right: in simulation.[*? Reproduced with
permission. Copyright 2012 Elsevier.

To more complicate it, the consumption of the gaseous component is temperature dependent
(Figure 3).1¥1 It was found that different sectors of a rising bubble contribute differently to the
mass transfer. Moreover, the wake turned out to be not homogeneously mixed.
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Figure 3: Mass transfer of a linear rising Oz bubble for the consumption of the gaseous component by the sulfite
oxidation (experiment on left hand side: 1) without reaction, 2) 15 °C, 3) 26°C; simulation on right hand side: different
reaction rates).[*®l Reproduced with permission. Copyright 2011 Wiley-VCH Verlag.

In the best case, a detailed concentration and velocity field is obtained by combination of

measurements and simulations (Figure 4).
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Figure 4: left: Simultaneously captured velocity and concentration field of a freely rising bubble, ! right: Simulated
concentration field in 3D.'® Reproduced with permission. Copyright 2012 Chemical Society of Japan and 2009
Elsevier.

In catalysis, the knowledge of the intrinsic kinetics (kinetics without mass transfer limitation,
i.e. reaction between two liquid phases or an already dissolved gas in a liquid phase) is the
key for efficient operation of bubble columns. As important is the so-called enhancement factor.
In best case, a reaction which consumes the gas speeds up the mass transfer
(enhancement).l*® The enhancement factor E describes the mass transfer acceleration due to
a chemical reaction by the ratio of the mass streams in the reactive and non-reactive case.
Technically, the Hatta number "0 is also used which denotes the ratio of intrinsic reaction rate
and mass transfer rate. It is related to the enhancement factor whereas D is the diffusion
coefficient, k the reaction rate constant, k. the liquid-phase mass transfer coefficient and n the

reaction order:

0 —— with 06 — —1000) ¢

A long-term objective in this topic is the predictive description of sequential reactions. This
comprises purely consecutive reactions but more importantly, consecutive-competitive
reactions where the product can react again with the transferred gaseous compound (Scheme
2). Here, the yield and selectivity of the reaction products R and S depend highly on the mixing
efficiency and the mass transfer coefficients. An example is the toluene and cumene

oxidation. 2



Consecutive reaction:

A+ B — R —— S

Competitive consecutive reaction:

A+ B — R

R + B —— S

Scheme 2: General formalism of consecutive and competitive-consecutive reactions.

Historically, for the study of mass transfer reactions non-reactive systems have been used to
understand just the mass transfer without following reaction or enhancement. In the next step,
non-toxic aqueous systems with high environmental relevance such as CO; adsorption into
water haven been investigated (see Section 2). Further, the adsorption of O, has been studied
without and with chemical reaction as indicator (see Section 3.1 and 3.2). In the next
generation, the desire for real reaction networks grew which might be tailored to the detection
method T in best case combined with competitive-consecutive reaction patterns. Here,
coordination chemistry offers an ideal playground to use gas-consuming reactions with
colourful products with characteristic Raman and/or IR features or fluorescence behaviour
what enables these studies. Additionally, reaction kinetics for many reactions can be tuned for
the applications in Taylor flows and similar apparatus. Recent developments in Cu/O; and
Fe/O, chemistry (both section 3.3 and 3.4) and Fe/NO chemistry (see Section 4) are
summarised in the following since these three topics have gained considerable attention at the

interface between chemistry and chemical engineering.

2 Systems with CO2

To analyse the different properties of bubbles and bubble column reactors, an easy to handle
system is needed. For further progress in evaluating the chemical differences when varying
the solvent or the system, which is activated or changed by the gas, the basic environment of
the actual multiphase system should be investigated first. Interesting factors like the bubble

velocities, sizes and rising behaviour is usually measured in a water/CO, system.[1678]

Water/CO; is a very common system for such investigations in chemical engineering although
the reaction is rather simple. Water is a non-hazardous solvent which is cheap and available
in large amounts. The gas carbon dioxide is neither flammable, explosive nor toxic and
therefore also suitable for basic tests. When CO; gas flows through the liquid phase CO;
partially dissolves and changes the pH value. The change of the pH can be further enhanced
by a NaOH solution as liquid phase (Scheme 3). This effect is utilised by different spectroscopic
methods to analyse bubble dynamics.'°"?! Furthermore, different detection techniques apply

different setups with varying dimensionality. The following section introduces the reader



compactly into typical setups used in fluid mechanics, ranging from the single bubble over 2D

bubbles to small bubbles columns.

COyaq) + OH" == HCOj5

HCO; + OH =—— CO3* + H,0

Scheme 3: Reaction of CO2 in NaOH solution.

2.1 Taylor flow bubbles

The simplest setup to study the reaction between a bubble and a liquid phase is a so-called
Taylor flow, a captured bubble in a defined capillary.?? Usually the bubbles are either moving
through the capillary or the Taylor bubbles are fixed at a certain position through a counter-
current flow. In special kinds of Taylor flows, a series of defined bubbles flows through the
capillary. Mass transfer monitoring in Taylor flows can be accomplished by Raman
spectroscopy, fluorescence spectroscopy, diverse holographic techniques etc. depending on

the speed of the bubbles and the chemical system. Selected examples are discussed below.

Figure 5: Combined Raman spectroscopy and Mach-Zehnder holography: distance between the measuring points
(lowest point of bubble and laser spot) where the concentration was measured.?3] Reproduced with permission.
Copyright 2017 Wiley-VCH Verlag.

The combination of Raman and Mach-Zehnder holography led to images of CO, bubbles in a
millimetric channel setup (Figure 5).%%1 A rectangular channel with a cross-section of 2 x 2 mm
provided optical access to the Taylor flow. Two systems were measured: a non-reactive
system (cyclohexane and methanol and air) and a reactive system (NaOH solution and CO5,).
Through measurement at different optical axes and synchronisation with Raman spectroscopy,

visualisations of bubbles in a 3D space were achieved.

Kastens et al. produced reactive Taylor flow bubbles using CO: in a vertical glass channel with
a length of 300 mm (Figure 6).24
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Figure 6: Taylor flow experimental setup.?* Reproduced with permission. Copyright 2017 Wiley-VCH Verlag.

They tested CO; bubbles in deionised water rising in a constant velocity and in counter-current
flow. The counter-current flow holds the bubble at the point of the high-speed camera through
the volume flow of a downflowing liquid, which is adjusted to the velocity of the bubble. To
mark the CO; containing phase in the liquid for the measurements by laser-induced
fluorescence (LIF), fluorescein was used. In this method, a light-section by a strong laser
allows the space- and time-resolved detection of fluid elements. The fluorescence of
fluorescein depends on the pH value of the solution which is influenced by CO,.?% With the
LIF measurements, they were able to visualise and characterise the wake structures in terms
of physisorption, chemisorption and rise velocities (Figure 7). Moreover, measurement of the
local flow field and wake structure was performed by means of particle image velocimetry
(PIV).






