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 A B S T R A C T

The present study investigates the application of a reaction mixing pump (RMP) as a reactor for mixing-
sensitive reactions. In a RMP, the effect of impeller speed and feed rate ratios on the selectivity of the 
Villermaux–Dushman (VD) reaction system was investigated through experimental means. The observations 
revealed three distinct mixing regimes, namely backmixing, micromixing and mesomixing, which were 
dependent on the feed ratio. Increasing impeller speed led to an increase in the selectivity of desired products 
in the micro- and mesomixing regimes, while it had the opposite effect in the backmixing regime. In the 
backmixing and mesomixing regimes, selectivity was sensitive to alterations in feed ratio; conversely, in 
the micromixing regime, changes in feed ratio did not affect the selectivity significantly. In addition, the 
engulfment micromixing model was utilized to predict selectivities in the micromixing regime, demonstrating 
a strong correlation with the experimental data. For the first time, the W–Z-transformation was applied to the 
VD reaction system within the context of the engulfment model. High energy dissipation rates resulted in a 
reduction of the mixing times to the order of magnitude of 10−3 s. This was accompanied by an increase in 
the selectivity of desired products in the micromixing regime. These observations emphasize the efficiency of 
RMPs as a promising class of reactors for reactions that are sensitive to mixing.
. Introduction

Many synthesis are often accompanied by side reactions in which 
nwanted side-products are formed. The formation of side-products 
s an inefficient use of raw materials and it reduces the yield of the 
arget product. Furthermore, in many cases it necessitates separation 
rocesses downstream of the reactor to obtain the target product with 
igh purity. Achieving higher selectivities to target products in such 
yntheses is an economically and environmentally important goal. This 
oal can be achieved not only by chemical means, such as the use 
f catalysis, but also by physical means, such as the manipulation of 
ixing intensity, reactor type, and the rate and location of the feed of 
eactants [1].
The present study focuses on the process of reactant mixing and 

ts influence on the rate of reaction and the product distribution. 
ccording to Bałdyga et al. [2], the mixing of chemicals in reactors 
an be categorized into three distinct scales: macromixing, mesomixing, 
nd micromixing. Macromixing is defined as the homogenization of 
oncentration gradients of the reacting species at the scale of the equip-
ent (the reactor) [3]. In contrast, micromixing can be regarded as the 
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process of mixing of different species at the molecular level [4–7]. The 
process of mesomixing occurs between these two scales in the region 
near the feed point of reactants where a plume of fresh feed can be 
formed [2,6]. Given that reactions between different species occur at 
the molecular level and that the reactants must be fed into the reactor, 
in principle, it is necessary to take micro- and mesomixing into consid-
eration in each study of reactions in a given reactor. Nevertheless, for 
a considerable number of syntheses, the time constant of the reaction 
rates is found to be higher than the time constant of the micromixing 
and mesomixing processes. Therefore, these syntheses are solely influ-
enced by macromixing. This means that the mixture is homogenized 
at the molecular level, and the macroscopic observable concentration 
profiles of the reacting species within the reactor influence the rates 
of reactions. This class of reaction systems is frequently designated 
as ‘‘kinetically controlled reactions’’ [1]. In this work, however, we 
address another class of reaction systems: the ‘‘mixing-sensitive’’ or 
‘‘mixing-controlled reactions’’ [1]. This class of reaction systems is 
found when the time constant of a reaction is in the same order of 
magnitude as or less than the time constant for mixing the reactants at 
the meso and micro scale. While the majority of syntheses are classified 
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as belonging to the first category, numerous industrially significant 
reaction systems exhibit a high degree of sensitivity to mixing [1,8,9]. If 
a given synthesis is sensitive to mixing, both the reactor design and the 
process conditions (e.g. feed rates) must be carefully chosen to ensure 
rapid mixing of the reactants after entering the reactor at the feed point 
and thus to achieve high selectivity to the target products.

In the past, many different reactor types have been proposed for 
mixing-sensitive reactions. A detailed review on reactors for mixing-
sensitive reactions can be found in [10]. In principle, two different 
categories of mixers (reactors) are used: static and active mixers. Ex-
amples, for static mixer designs that are suitable for mixing sensitive 
reactions are Kenics [11,12], SMV/SMX [12–14], and T- or V-shaped 
static mixers [15,16]. The stirred tank equipped with an impeller is 
an example of a reactor that applies active mixing [17,18]. Another 
example for an active mixer is the rotor–stator spinning disk reactor (rs-
SDR) presented by Manzano Martínez et al. [6]. This reactor features 
a rotating disk encased within a stationary cylindrical housing, creat-
ing a high-shear environment that generates intense turbulence and, 
consequently, effective mixing of the reactants. They observed short 
mixing times and high selectivities of desired products in this reactor. 
Following the conclusions of [6], we hypothesize that Reaction Mixing 
Pumps (RMPs) are also well suited for mixing-sensitive reaction systems 
due to their special design, which generates high turbulence within 
the pump. RMPs are a form of peripheral pumps that work similarly 
to side channel pumps. They feature an impeller with numerous small 
vanes machined into both sides of its outer edge. This impeller rotates 
adjacent to a concentric channel within the casing. The interaction 
of the liquid with the rotating blades of the impeller and the side 
channels forces the liquid elements into a spiral-shaped flow trajectory. 
Consequently, the fluid undergoes numerous circulations between the 
impeller and the side channel as it moves from the pump inlet to the 
outlet. Moreover, the unique configuration of the impeller leads to 
the circulation of fluid along its circumference, thereby inducing high 
internal recirculation flow rates [19]. Due to their reduced volume 
in comparison to conventional stirred tank reactors, it is anticipated 
that RMPs will achieve effective macroscopic mixing. Furthermore, the 
RMPs exhibit a low pump efficiency, leading to a high volumetric 
energy dissipation within the reaction mixing pump. This property 
is particularly advantageous for micromixing behavior. Additionally, 
RMPs combine mixing and transport of the reaction media and thereby 
leading to a process intensification. In summary, the reaction mixing 
pump is a potentially viable reactor type for fast mixing-sensitive 
reactions.

To demonstrate the applicability of the RMP as a reactor for mixing-
sensitive reactions, we investigated the product distribution of the 
Villermaux–Dushman (VD) reaction system under various conditions 
in a RMP. This reaction has been utilized in numerous studies in 
conjunction with a variety of reactors, such as stirred tank reactors [20,
21], milli- and microflow reactors [22,23], jet reactors [24,25], and 
rotor–stator spinning disk reactors [6,26]. Consequently, it serves as 
a valuable tool for assessing the mixing performance of the RMP 
in comparison to other reactors. Moreover, a comprehensive kinetic 
model for this reaction system has been documented in the litera-
ture [27], thereby enabling modeling and simulation studies. This 
reaction is also a suitable test reaction due to its straightforward UV 
spectrophotometric analysis and cost-effectiveness [28].

In this study, the impeller speed of the RMP and feed rate ratios 
were systematically varied. In addition to the experimental investi-
gations, the well-established engulfment model proposed by Bałdyga 
and Bourne [29] was employed to model the micromixing behavior 
within the reactor. This model was chosen for its simplicity and its 
widespread recognition in the field, making it particularly suitable 
for the present application. In this work, the engulfment model was 
utilized for two primary purposes: first, to predict the influence of 
process parameters on the product distribution within the micromixing 
regime, and second, to calculate theoretical mixing times based on 
2 
the experimental results. The W–Z-transformation was applied to the 
Villermaux–Dushman reaction system within the framework of the 
engulfment model for the first time. A comparison of the simulated 
values with the experimental results indicates that the selectivities in 
the reaction system are determined exclusively by the micromixing 
process over a wide range of operating conditions.

2. Theory

2.1. Villermaux–Dushman reaction

The Villermaux–Dushman (VD) reaction is a system of competi-
tive parallel reactions that includes an instantaneous neutralization 
reaction (Reaction (I)), a fast iodide-iodate reaction (Reaction (II)), 
and an equilibrium iodine-iodide reaction (Reaction (III)). The third 
reaction produces triiodide ions, which can be detected using a UV–vis 
spectrometer at a wavelength of 353 nm [20,21,28,30–33]. 
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Under ideal mixing conditions, the neutralization reaction immediately 
consumes all available acid, thereby minimizing the occurrence of 
iodine-iodide reaction and resulting in negligible levels of triiodide 
ions. However, in cases of poor mixing, localized concentrations of 
acid form, allowing the neutralization reaction to partially consume the 
acid and enabling iodide-iodate reaction to proceed, yielding iodine. 
Subsequent detection of the iodine is accomplished via UV–vis spec-
troscopy as triiodide ions, which are formed in Reaction (III). Thus, 
the concentration of the triiodide ions is a measure of the mixing 
performance [28]. The kinetic model of the VD reaction system is 
available in Supplementary Material S.1.

2.2. Engulfment model

The engulfment model proposed by Bałdyga and Bourne [29] is 
a theoretical micromixing model that describes the influence of the 
local energy dissipation rate and the kinetic viscosity on micromixing 
behavior [34]. It operates under the assumption that for Schmidt 
numbers below 4000, micromixing behavior is primarily governed by 
the entrainment of fluid into turbulent vortices, a process known as 
engulfment. This assumption is applicable to the present investigations, 
which involve aqueous solutions with estimated Schmidt numbers in 
the range of approximately 100 to 1000.

Based on the underlying assumption that engulfment is the con-
trolling mechanism, the engulfment model describes the growth of a 
reaction zone as bulk fluid is engulfed into the fresh feed. The growth 
of this volume is ruled by the engulfment rate 𝐸, which is given by Eq. 
(1) [29]. The concept of the engulfment model is sketched in Fig.  1. 
𝐸 = 0.05776

√

𝜖∕𝜈 (1)

In Eq.  (1), 𝜈 is the kinematic viscosity of the fluid and 𝜖 is the local 
energy dissipation rate [29]. Considering the effect of self engulfment, 
the volume fraction 𝑋(1) of the reaction zone increases over the life 
time 𝛼 and can be calculated by Eq.  (2) [35]. 
d𝑋(1)

= 𝐸𝑋(1) (1 −𝑋(1)) (2)

d𝛼
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Fig. 1. Concept of the engulfment model. The reactor is divided into a growing reaction zone and a surrounding bulk phase.
The volume fraction of the reaction zone is defined by Eq.  (3). Here 𝑉 (1)

represents the increasing volume of the reaction zone and 𝑉 (0) denotes 
the total reactor volume. 

𝑋(1) = 𝑉 (1)

𝑉 (0)
(3)

Based on Eq.  (2), the change of concentration of a substance 𝑖 in the 
reaction zone is described by Eq.  (4) [35]. 
d𝑐(1)𝑖
d𝛼

= 𝐸
(

1 −𝑋(1))
(

𝑐(2)𝑖 − 𝑐(1)𝑖

)

+ 𝑅𝑖 (4)

Here, 𝑐(1)𝑖  is the concentration of substance 𝑖 in the growing reaction 
zone and 𝑐(2)𝑖  is the concentration of substance 𝑖 in the surrounding bulk 
phase which is engulfed into the reaction zone. 𝑅𝑖 is the reaction term 
of species 𝑖 inside the reaction zone [29]. Eq.  (4) describes the dilution 
and subsequent reaction of a single fluid element of the acid feed within 
a surrounding bulk phase.

In this work, the RMP is modeled as an ideal continuous stirred 
tank reactor (CSTR) based on the assumptions that micromixing is 
rate-limiting and that macroscopic flow behavior, i.e., large internal 
circulation flows, causes negligible macroscopic concentration gradi-
ents within the RMP. This assumption was confirmed by comparing 
the residence time behavior of the RMP in tracer experiments with the 
predictions of the CSTR model in our previous work [36]. To account 
for micromixing, the dynamic simulation approach proposed by Bourne 
and Rohani [37] and [35] is adapted, which enables the application of 
the engulfment model within a CSTR framework. In this approach, the 
continuous feeds (in this work, acid and buffer flows in the Villermaux–
Dushman reaction system) are discretized into finite fluid elements. 
The volumes of the acid and buffer elements, 𝛥𝑉 (1) and 𝛥𝑉 (2), are 
determined by a macroscopic time step 𝛥𝑡, as described in Eqs.  (5) and 
(6). 
𝛥𝑉 (1) = 𝛥𝑡𝑉̇ (1) (5)

𝛥𝑉 (2) = 𝛥𝑡𝑉̇ (2) (6)

Here, 𝑉̇ (1) and 𝑉̇ (2) denote the flow rates of the acid and buffer streams, 
respectively, as illustrated in Fig.  2. The fluid elements are introduced 
sequentially into the reactor, or more precisely, into the bulk phase. 
First, an acid element 𝑘 is introduced into the system. For this element, 
the ODE system resulting from Eqs. (4) and (2) is solved over the 
interval 𝛼𝑘 = 0 to 𝛼𝑘,end = 𝛥𝑡. This approach assumes that all relevant 
reactions are completed within the duration of the time step, which 
3 
Fig. 2. Flow rates and concentrations in the reaction mixing pump.

imposes a lower limit on the value of 𝛥𝑡. In this case, suitable values 
for 𝛥𝑡 for the combination of the VD system with the RMP range 
between approximately 0.01 s and 0.1 s. Throughout this calculation, the 
concentrations of the different species 𝑖 in the bulk phase are considered 
constant.

After this, the corresponding buffer fluid element is introduced into 
the reactor. The concentrations of the fully reacted acid zone, the 
freshly added buffer, and the remaining bulk phase are then averaged 
to determine the updated bulk concentrations for the subsequent feed 
element 𝑘 + 1, as described by Eq.  (7).

𝑐(2)𝑖,𝑘+1 = 𝑐(2)𝑖,𝑘

(

1 −𝑋(1)
𝑘 (𝛼𝑘,end) −

𝛥𝑉 (2)

𝑉 (0)

)

+ 𝑐(2)in𝑖
𝛥𝑉 (2)

𝑉 (0)

+ 𝑐(1)𝑖,𝑘 (𝛼𝑘,end)𝑋
(1)
𝑘 (𝛼𝑘,end) (7)

This procedure is repeated iteratively until steady-state concentrations 
are reached at the reactor outlet. The chemical components of the acid 
and buffer flows in the VD reaction system are provided in Section 3.

It should be noted that the dynamic simulation approach used in 
this work is identical to the one proposed by Bourne and Rohani [37]. 
However, the main difference lies in the formulation of the governing 
equation: while Bourne and Rohani [37] applied a dimensionless form, 
this study employs the dimensional form of Eq.  (7). The derivation of 
this equation is provided in Supplementary Material S.8.
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The described approach is also applied to estimate micromixing 
times based on the experimental data. By correlating the engulfment 
rate 𝐸 in Eq.  (4) with the micromixing time 𝑡mix via Eq.  (8), an inverse 
function can be obtained that relates the micromixing time to the 
experimentally measured selectivities. 

𝐸 = 1
𝑡mix

(8)

It is worth mentioning that the reliability of the calculated micromixing 
times critically depends on the validity of the underlying modeling 
assumptions [38].

3. Materials and methods

3.1. Experimental setup

Fig.  3 shows the experimental setup, which comprises the reaction 
mixing pump (P1). The investigated RMP was a type of peripheral 
pump comprising a teflon impeller (with a diameter of 0.03m and a 
maximum impeller speed of 61 rps), surrounded on both sides by side 
channels. The RMP is cooled by the transported fluid. Since the pump 
operates in continuous mode, its temperature is inherently regulated. 
To provide visual access to the interior of the pump, the original 
pump head was replaced with a pump head made of poly(methyl 
methacrylate) (PMMA). The reactor volume, defined as the free space 
between the inlet and outlet of the pump that can be filled with 
fluid, was measured to be 1.76mL. The pump had two inlets for the 
reactants (buffer flow and acid flow) and one outlet for the products. 
The buffer solution (an aqueous solution of sodium hydroxide, boric 
acid, potassium iodate, and potassium iodide) was stored in tank B1. 
The acid solution (an aqueous solution of perchloric acid) was stored 
in tank B2. The feed line of the buffer solution was equipped with a 
valve (V1), a flowmeter (Fl1), and a pressure sensor (PR1). To feed the 
acid solution into the RMP, a high performance liquid chromatography 
(HPLC) pump (P2) was employed. The product line was equipped with 
a thermocouple (TI1) and a pressure sensor (PR2). Both pressure sen-
sors measured the absolute pressure. A needle valve (V2) was installed 
to regulate the pressure drop in the product line. The product was 
collected either in a waste tank (B3) or in sample vials, which were 
used for measuring the concentration of triiodide. The data obtained 
from the sensors PR1, PR2, and TI1 were recorded by a data logger. A 
high-speed camera (HSC) and a LED light source was positioned in front 
of the RMP to record videos. These videos were used to calculate the 
actual rotational speed of the impeller. The details of the components 
of the experimental setup are available in Supplementary Material S.2. 
A figure showing the main dimensions of the RMP is available in 
Supplementary Material S.3.

3.2. Solution preparation

For each experimental set (group of experiments conducted using 
the same batch of chemical stock solutions), a 25L bulk solution was 
prepared with concentrations as outlined in Table  1. All solutions were 
prepared using deionized water sparged with nitrogen to remove its 
dissolved oxygen. This precaution was taken because dissolved oxy-
gen can convert iodide ions to iodine [21]. Additionally, a specific 
protocol [26,39] was employed to suppress iodine formation during 
solution preparation. The process began with adding 5L of boric acid 
to 5L of sodium hydroxide solution, resulting in the formation of 
an equimolar mixture of H2BO3 –  and B(OH)3 with a pH of 9.14. 
At this moderately alkaline pH, iodine formation is inhibited [21]. 
Subsequently, 5L solutions of potassium iodide and potassium iodate 
were added to the buffer solution. The total volume was then adjusted 
to 25L by adding a 5L of water. To ensure homogeneity, the buffer 
solution was mixed thoroughly using a stirrer during preparation. The 
viscosity and density of the buffer solution at various temperatures, as 
4 
Table 1
Concentrations of bulk and acid solutions.
 Compound Formula Concentration (mol L−1) 
 Buffer solution Sodium hydroxide NaOH 0.0060  
 Boric acid B(OH)3 0.0120  
 Potassium iodate KIO3 0.0024  
 Potassium iodide KI 0.0120  
 Acid solution Perchloric acid HClO4 0.0500  

measured by a Stabinger viscometer, are provided in Supplementary 
Material S.5. Perchloric acid was diluted with water to achieve the 
desired concentration, as illustrated in Table  1. In assessing micromix-
ing performance using the VD reaction, sulfuric acid is conventionally 
utilized. However, this approach has a systematic problem. The second 
proton available for dissociation of sulfuric acid exhibits lower acidity 
than the first one, as exemplified by its p𝐾a values (p𝐾a1 = −3.00, 
p𝐾a2 = 1.99) [40–42]. As such, results obtained using sulfuric acid 
may not be reliable for short micromixing times. To overcome this 
limitation, perchloric acid was chosen due to its high strength as a 
monoprotic acid (p𝐾a = −9.24) [26,27]. p𝐾a is the negative log of the 
acid dissociation constant.

Considering the potential for oxidation and sensitivity to light, 
the buffer and perchloric acid solutions were prepared immediately 
prior to the experiments and used on the same day to prevent degra-
dation. Their exposure to direct light was also avoided [21,26,39]. 
Details of the suppliers and purities of the chemicals used are listed 
in Supplementary Material S.4. 

3.3. Experimental procedure

3.3.1. Pump characteristic curve
In this work, the flow rate of the RMP (buffer solution) ranged from 

4 to 26L h−1. Initially, the float-type flow meter (FI1) was calibrated 
using the buffer solution within this range to find a correlation be-
tween the float level and the buffer flow rates. Subsequently, the flow 
rates of 4, 11, 18, and 26L h−1 were selected to determine the pump 
characteristic curve. For each buffer flow rate, the desired impeller 
speed of the pump was first selected, and then the needle valve was 
adjusted to set the flow meter to the desired flow rate based on the 
calibration curve. After adjusting the buffer flow rate and reaching the 
steady state (approximately after two minutes), the flow rate was also 
measured by weighing the vessel of buffer solution before and after a 
specified period of time. Simultaneously, a video was recorded using 
the high-speed camera. Finally, the pressures at the inlet and outlet 
of the RMP, the temperature at the outlet, and the room temperature 
were recorded at the end of the experiment. The same procedure was 
applied for all buffer flow rates and impeller speeds to obtain the 
pump characteristic curve. Each experiment was repeated at least two 
times, so each data point shown in the subsequent figures represents 
the mean value of these measurements. These experimental data, along 
with the uncertainties of our measuring instruments and calculations, 
are available in Supplementary Material S.13 and S.6.

3.3.2. Reaction experiments
For each experiment involving the reaction, the desired impeller 

speed of the RMP was first selected, and then the needle valve was 
adjusted to set the desired buffer flow rate. Next, the acid flow rate was 
adjusted using the HPLC pump. After adjusting the buffer and acid flow 
rates and reaching steady state, the vessels containing buffer and acid 
solutions were weighed before and after a specified period of 2–3min
to determine mass flow rates. Simultaneously, a video was recorded 
using the high-speed camera. 5min after the start of the experiment, the 
inlet pressure, outlet pressure and temperature of the RMP, and room 
temperature were recorded, and a sample was collected at the outlet 
of the setup. The sample was analyzed by a UV–vis spectrophotometry 
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Fig. 3. Experimental setup and reaction mixing pump used in this study.
immediately after collection to measure the concentration of triiodide. 
The same procedure was used for all flow rates of acid and buffer 
solutions. More details on UV calibration and sample preparations 
for UV calibration are available in Supplementary Material S.7. Each 
experiment was repeated at least twice, so each data point shown in the 
subsequent figures represents the mean value of these measurements. 
For experiments with higher flow rates of acid solution (>10mLmin−1), 
a second HPLC pump (similar to the first one) was connected in parallel 
to the first HPLC pump to increase the acid flow rate up to 20mLmin−1. 
All the experimental data, and uncertainties of the measuring instru-
ments and calculations are included in Supplementary Material S.14 
and S.6.

3.4. Modeling and calculations

3.4.1. Balance equations
To describe the product distribution of the VD reaction system in 

the RMP using the engulfment model, Eq.  (4) must be solved simulta-
neously for all species involved in the reaction network. An exception is 
water, which is produced in the iodine–iodate reaction (Reaction (II)). 
For water, Eq.  (4) does not need to be solved, as its concentration can 
be assumed constant due to the use of aqueous solutions.

In the kinetic system of the VD reaction proposed by Manzano 
Martínez et al. [27], the iodine-iodide reaction was characterized by the 
chemical equilibrium constant 𝐾eq, allowing the concentration of triio-
dide (denoted as Q) to be calculated using an algebraic equation. This 
approach led to a differential–algebraic equation (DAE) system, where 
the concentration of triiodide was implicitly tied to the equilibrium 
condition.

In this work, the modeling approach from Fonte et al. [43] was 
applied, where the iodine-iodide reaction was modeled as a set of 
two separate reactions. This modification enabled the entire reaction 
system to be described by an ordinary differential equation (ODE) 
system, rather than a DAE system. The reaction rates for the forward 
reaction (𝑘3 = 5.9 × 109 Lmol−1 s−1) and for the backward reaction (𝑘4
= 7.5 × 106 s−1) are consistent with the equilibrium constant 𝐾eq at 
20 °C [44].
5 
In this work, the W–Z-transformation proposed by Bałdyga and 
Bourne [45] was applied to simplify the solution of the ODE system. 
Due to the quasi-instantaneous nature of the neutralization reaction, 
the system is highly stiff, requiring very small time steps and resulting 
in long computation times. The W–Z-transformation offers an effective 
way to overcome this issue.

Liu [46] has previously demonstrated the application of the W–
Z-transformation to the VD reaction system within the framework of 
the interaction-by-exchange-with-the-mean (IEM) micromixing model. 
However, to the best of the authors’ knowledge, this transformation 
has not yet been applied to the VD reaction system in the context of the 
engulfment model. This work therefore presents such an application for 
the first time.

The core of the W–Z-transformation is that the first reaction is 
treated as instantaneous. As a consequence, species A and B cannot 
coexist in the system at the same time. Consequently, it is necessary 
to only consider the concentration difference between A and B, as 
proposed by Burke and Schumann [47]. This approach combines the 
balance equations in a way that eliminates the reaction term of the first 
reaction. By doing so, new composition variables, denoted as 𝑤 and 𝑧, 
are introduced, as defined by Eqs.  (9) and (10). This transformation is 
known as the W–Z-transformation [45]. 
𝑤 = 𝑐A − 𝑐B (9)

𝑧 = 𝑐B − 𝑐R (10)

Since the reaction rates of the first and second reaction depend on 
the concentration 𝑐A of hydrogen ions and the concentrations 𝑐B of 
dihydrogen borate, 𝑐A and 𝑐B must be expressed in terms of the new 
variable 𝑤. Since A and B cannot coexist, the positive part of 𝑤
corresponds to the concentration 𝑐A (Eq.  (11)) whereas the negative 
part of 𝑤 corresponds to the concentrations 𝑐B (Eq.  (12)). 

𝑐A =
|𝑤| +𝑤

2
(11)

𝑐 =
|𝑤| −𝑤 (12)
B 2
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The concentration of boric acid (R) can be calculated according to Eq. 
(13). 

𝑐R = 𝑧 −
|𝑤| −𝑤

2
(13)

A full description of this procedure is provided in Supplementary 
Material S.9. For further details, refer to [45]. The resulting balance 
equations for the reaction zone according to Eq.  (4) are given by 
Eqs. (14) to (19). 
d𝑤(1)

d𝛼
= 𝐸

(

𝑤(2) −𝑤(1)) − 6𝑘2

(

|𝑤(1)
| +𝑤(1)

2

)2

𝑐(1)C 𝑐(1)D
2

(14)

d𝑐(1)C
d𝛼

= 𝐸
(

𝑐(2)C − 𝑐(1)C

)

− 𝑘2

(

|𝑤(1)
| +𝑤(1)

2

)2

𝑐(1)C 𝑐(1)D
2

(15)

d𝑐(1)D
d𝛼

= 𝐸
(

𝑐(2)D − 𝑐(1)D

)

− 5𝑘2

(

|𝑤(1)
| +𝑤(1)

2

)2

𝑐(1)C 𝑐(1)D
2
− 𝑘3𝑐

(1)
D 𝑐(1)P + 𝑘4𝑐

(1)
Q

(16)

d𝑐(1)P
d𝛼

= 𝐸
(

𝑐(2)P − 𝑐(1)P

)

+ 3𝑘2

(

|𝑤(1)
| +𝑤(1)

2

)2

𝑐(1)C 𝑐(1)D
2
− 𝑘3𝑐

(1)
D 𝑐(1)P + 𝑘4𝑐

(1)
Q

(17)

d𝑐(1)Q

d𝛼
= 𝐸

(

𝑐(2)Q − 𝑐(1)Q

)

+ 𝑘3𝑐
(1)
D 𝑐(1)P − 𝑘4𝑐

(1)
Q (18)

d𝑧(1)
d𝛼

= 𝐸
(

𝑧(2) − 𝑧(1)
)

(19)

3.4.2. Estimation of the energy dissipation rate
According to the model, the engulfment rate is directly correlated 

with the local energy dissipation rate. In order to compare the ex-
perimental observations with the model predictions, the local energy 
dissipation rate present in the RMP near the acid inlet must therefore be 
estimated for the chosen operation condition (e.g. the impeller speed). 
Given the unavailability of simple direct measurements of the local 
energy dissipation rate, this study employed an estimation approach 
by calculating the integral energy dissipation rate.

In pump systems, only a portion of the electrical power input is 
converted into hydraulic power, as a certain amount of the input 
energy is inevitably dissipated due to mechanical and viscous friction. 
In the RMP, due to the high Reynolds numbers and the associated high 
turbulence levels, it is reasonable to assume that the majority of the 
dissipated power is utilized to generate and sustain turbulence and 
mixing within the fluid, rather than to overcome mechanical friction. 
In our experiments, the Reynolds numbers were calculated using Eq. 
(20) and ranged between 19 800 and 55 350. 

𝑅𝑒 = 𝑁𝐷2

𝜈
(20)

Here, 𝑁 and 𝐷 represent impeller speed and impeller diameter, re-
spectively. According to Kolmogorov’s turbulence theory [48], energy 
cascades from large eddies to smaller ones until it is finally dissipated 
as heat at the smallest scales. This dissipation occurs at the microscale 
within the fluid, resulting in localized heating that is negligible in terms 
of its effect on the bulk fluid temperature. Based on this assumption, the 
energy dissipation rate in the RMP can be estimated using the hydraulic 
power output and the hydraulic efficiency of the pump, as described in 
Eq.  (21). The derivation of Eq.  (21) can be found in Supplementary 
Material S.10. 

𝜖 =
(

1
𝜂
− 1

)

𝛥𝑝𝑉̇ (2)

𝜌𝑉 (0)
(21)

Here, 𝜂, 𝛥𝑝, and 𝜌 are the hydraulic efficiency of the RMP, the static 
pressure difference between the outlet and inlet of the RMP, and the 
density of the fluid, respectively. The hydraulic efficiency of the pump 
describes the ratio of the hydraulic power output of the pump to the 
mechanical power supplied by the impeller. Based on our previous 
calculations [36,49], a hydraulic efficiency of 10% was considered.
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3.4.3. The segregation index
The segregation index, often denoted as 𝑋S, is a dimensionless pa-

rameter widely used to assess the quality of mixing in fast competitive 
reaction systems. It quantifies the extent to which an undesired side 
reaction occurs and serves as a measure of the deviation of a real 
system from the ideal case of perfect micromixing. The segregation 
index is defined by Eq.  (22), where 𝑆II is the selectivity of reactant 
A toward product Q formed in the side reaction (Reaction (II)), and 
𝑆ST
II  represents the corresponding selectivity under the assumption of 
infinitely slow micromixing [39,50]. 

𝑋S =
𝑆II

𝑆ST
II

(22)

The selectivity 𝑆II of the side reaction is determined using Eq.  (23), 
where 𝑉̇ (1) represents the acid volumetric flow rate and 𝑉̇ out denotes 
the total outlet volumetric flow rate (𝑉̇ out = 𝑉̇ (1) + 𝑉̇ (2)). Additionally, 
𝑐(1)inA  is the inlet concentration of the acid flow, while 𝑐outP  and 𝑐outP
represent the outlet concentrations of iodine (P) and triiodide (Q). 

𝑆II = 2
𝑉̇ out

(

𝑐outP + 𝑐outQ

)

𝑉̇ (1)𝑐(1)inA

(23)

The reference value 𝑆ST
II  corresponds to the theoretical selectivity of 

the side reaction under the condition of infinitely slow mixing. In such 
cases, the selectivity depends solely on the inlet concentrations 𝑐(2)inB
and 𝑐(2)inC  of borate (B) and iodate (C) ions as well as the stoichiom-
etry of the reaction. This reference value can be calculated using Eq. 
(24) [50]. The derivation of Eq.  (24) is provided in Supplementary 
Material S.11. 

𝑆ST
II =

6𝑐(2)inC

6𝑐(2)inC + 𝑐(2)inB

(24)

Since the neutralization reaction occurs almost instantaneously, the 
selectivity of the side reaction approaches zero under conditions of 
instantaneous mixing. In contrast, for extremely slow mixing, the selec-
tivity approaches the limiting selectivity. Consequently, the segregation 
index in this case ranges from 0 to 1, where 0 corresponds to instan-
taneous mixing and 1 represents infinitely slow mixing. Intermediate 
values of the segregation index indicate partial mixing, reflecting a state 
between these two extremes.

In Eqs.  (23) and (24), to calculate the segregation index, all the pa-
rameters except the concentrations of iodine and triiodide are known. 
The concentration of triiodide is measured using UV–vis measurements 
(Supplementary Material S.7), while the concentration of iodine cannot 
be directly determined. Since iodine participates in an equilibrium 
reaction forming triiodide, its concentration is linked to the triiodide 
concentration through a mass balance equation (Eq.  (25)): 

𝑉̇ out𝑐outD = 𝑉̇ (2)𝑐(2)inD − 𝑉̇ out ( 5
3
(𝑐outP + 𝑐outQ ) + 𝑐outQ ) (25)

Using this relation and the equilibrium constant 𝐾eq (see Supplemen-
tary Material S.1), a second-order polynomial can be derived, where 
the iodine concentration is the only unknown variable (Eq.  (26)). 

5
3
𝑉̇ out𝑐outP

2 +
( 8
3
𝑉̇ out𝑐outQ − 𝑉̇ (2)𝑐(2)inD

)

𝑐outP +
𝑉̇ out𝑐outQ

𝐾eq
= 0 (26)

By solving this polynomial equation, the iodine concentration can be 
determined.

4. Results and discussion

4.1. Pump characteristic curve

Fig.  4 shows the characteristic curve of the reaction mixing pump, 
which was obtained based on the experimental procedure described in 
Section 3.3.1. This figure illustrates the pressure difference between the 
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Fig. 4. The characteristic curve of the RMP as a function of the buffer flow rate at different impeller speeds 𝑁 . The numbers in parentheses are percentages of 
the maximum impeller speed. Dashed lines were obtained through linear regression and are included as a guide to the eye to illustrate the overall trend.
inlet and outlet of the RMP at different flow rates of the buffer solution 
and various impeller speeds. As anticipated, an increase in impeller 
speed results in an increase in pressure difference, under constant 
volumetric flow rate conditions of the buffer solution. Conversely, at 
a constant impeller speed, an increase in the buffer flow rate results 
in a decrease in the pressure difference. As seen in this figure, the 
changes from 80% to 100% of the maximum impeller speed do not 
have a significant effect on the pump characteristic curve.

In all figures of the results and discussion section, the experimental 
data represent the mean values of the measurements, and the error bars 
indicate the mean absolute errors.

4.2. Reaction experiments

4.2.1. Effect of acid flow rate
Fig.  5 shows the effect of acid feed rate on the segregation index 

at different impeller speeds. The abscissa represents the acid-to-buffer 
flow ratio, while the flow rate of the buffer solution is constant (4L h−1), 
and only the acid flow rate was varied.

Three regimes can be distinguished in Fig.  5. In the regime of a 
high acid-to-buffer flow ratio (0.10–0.15, indicated by a light blue back-
ground color), a decrease in the acid feed rate leads to a decrease in the 
segregation index. This decrease is observed at all impeller speeds. We 
hypothesize that the product distribution in this regime is determined 
by mesomixing, since a decreasing acid flow rate leads to a lower 
local acid concentration that disperses more quickly. This reasoning is 
consistent with the conclusions of other researchers [2,6,51–55]. We 
refer to this regime as the ‘mesomixing regime’ in the following.

When the acid feed rate decreases further, the segregation index 
reaches a minimum. This behavior is observed for all impeller speeds, 
as indicated by the light green background color in Fig.  5. We hy-
pothesize that micromixing determines the product distribution in this 
regime. To support this, we compared our experimental segregation 
index results with predictions from micromixing models. A detailed 
discussion of this issue can be found in Section 4.2.3. Interestingly, 
decreasing the acid feed rate further increases the segregation index. 
However, it is generally expected that the feed rate would have no 
effect in the ‘micromixing regime’. This regime is highlighted in light 
red in Fig.  5. This phenomenon is somewhat similar to the effects 
observed by Assirelli et al. [56]. They increased the diameter of the feed 
tube and observed an increase in the segregation index in a semi-batch 
reactor agitated by a Rushton turbine. Although a different parameter 
was altered, both a larger capillary diameter and a lower volumetric 
flow rate result in reduced flow velocity within the feed tube. Under 
these conditions, it is possible that some of the buffer fluid is pushed 
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back into the acid feed capillary due to centrifugal forces in the RMP. 
This phenomenon is known as ‘backmixing’, whereby fluid recirculates 
into the acid feed capillary. In the backmixing regime, increasing the 
impeller speed results in a higher segregation index. This observation 
supports our hypothesis that strong centrifugal forces cause the buffer 
solution to mix back into the acid feed tube. In contrast, as expected, 
increasing the impeller speed in the micromixing and mesomixing 
regimes decreases the segregation index. The segregation index is more 
sensitive to changes in impeller speed in the mesomixing regime than 
in the micromixing regime. Fig.  5 also shows that, as the impeller speed 
increases, the minimum segregation index shifts from left to right.

4.2.2. Backmixing regime
In order to examine the hypothesis that the steep increase of the 

segregation index for low acid flow rates is indeed caused by backmix-
ing into the feed pipe, additional experiments were conducted at higher 
acid and buffer flow rates. Fig.  6 shows these experimental data. This 
figure displays the segregation index as a function of the impeller speed 
at different volumetric flow rates of acid and buffer solution, while 
maintaining a constant acid-to-buffer flow rate ratio of 0.014. Based on 
the observation presented in Fig.  5, this ratio falls within the possible 
regime of backmixing.

As demonstrated in Fig.  6, an increase in impeller speed is observed 
to correspond with an increase in the segregation index for all acid 
and buffer flow rates. As shown in Fig.  6, an increase in impeller 
speed always results in an increase in the segregation index for all 
acid and buffer flow rates. This observation supports our hypothesis 
of backmixing into the feed pipe. Increased impeller speed also leads 
to greater centrifugal forces being exerted on the fluid in the pump. 
Centrifugal forces push some fluid element containing the buffer so-
lution into the acid feed pipe, where they react under locally very 
poor mixing conditions. Consequently, the second and third reactions 
are more pronounced in this regime, resulting in a higher segregation 
index on a global scale. It is important to note that the negative 
impact of higher stirrer speeds on the selectivity is most pronounced at 
low volumetric flow rates. This phenomenon can be attributed to the 
observation that a reduced acid volumetric flow rate leads to a decrease 
in flow velocity within the acid feed pipe. Consequently, there appears 
to be an increased likelihood of backflow into the feed tube, thereby 
further substantiating the hypothesis that backflow occurs under these 
specific conditions. In order to design and scale up RMPs for mixing-
sensitive reactions, it is essential to identify and predict the backmixing 
regime. This will prevent the negative effects of backmixing into the 
feed pipe on the selectivity.
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Fig. 5. The effect of acid feed rate on the segregation index at different impeller speeds, and at a constant buffer flow rate of 4L h−1. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. The segregation index as function of the impeller speed in the backmixing regime at different volumetric flow rates of acid and buffer solutions, while 
maintaining a constant acid-to-buffer flow rate ratio of 0.014.
4.2.3. Micromixing regime
In order to test the hypothesis that the product distribution is 

determined by micromixing at medium flow rates of acid feed, addi-
tional experiments were performed at a constant acid-to-buffer flow 
rate ratio of 0.10 (see Fig.  5). In this study, the overall feed rate 
and impeller speed were both varied. Fig.  7 shows the results of this 
study. It is evident that increasing impeller speeds, which correspond 
to higher energy input, results in a decrease of the segregation index 
to an order of magnitude of 10−3. The segregation index measurements 
for different overall volumetric flow rates are almost identical within 
the experimental error. This observation supports the hypothesis of 
micromixing in this regime, as the reaction selectivity in the case of 
a micromixing limited process is primarily influenced by the ratio of 
volumetric flow rates and the local energy dissipation rates. For the 
lowest feed rate of 7.1 ml∕min, a slight increase of the segregation 
index is observed at the two highest impeller speeds. This finding 
indicates that the product distribution under these operating conditions 
is influenced by backmixing due to the relatively low outlet velocity 
from the feed pipe and the high impeller speed. The segregation index 
was predicted for the operation conditions of the experiments shown 
in Fig.  7 using the engulfment model described in Section 2.2. In the 
figure, model predictions are depicted using hollow markers, while the 
lines are included solely as guide to the eye. It is important to note that 
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the engulfment model is used to predict the segregation index only at 
the experimental data points and does not generate a continuous curve. 
This is because the model relies on the corresponding pressure increase 
and flow rate values to estimate the energy dissipation rates, which are 
not available between the measured points. As demonstrated in this 
figure, there is a strong correlation between the experimental data and 
the model, thereby validating the hypothesis concerning the presence 
of a micromixing regime at moderate acid-to-buffer flow rate ratios.

The segregation index, like all selectivities, depends on the specific 
reaction system. To quantify the mixing behavior purely within the 
micromixing regime, theoretical mixing times are computed from the 
experimental data. The necessary correlation between the segregation 
index and the mixing time is determined using the engulfment model. 
This correlation is provided in Supplementary Material S.12. Using this 
correlation, the corresponding mixing time can be determined for each 
experimental data point. The results are depicted in Fig.  8. The line 
represents the micromixing time according to Bałdyga and Bourne [29], 
while the symbols denote our experimental data in the micromixing 
regime. For comparison, also the experimental data from Manzano 
Martínez et al. [27] are presented in this figure. They conducted mixing 
experiments using the VD reaction system in a rotor–stator spinning 
disk reactor.

As demonstrated in this figure, our experimental findings closely 
align with the theoretical correlation of the mixing time with the energy 
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Fig. 7. The segregation index as a function of impeller speed in the micromixing regime at different flow rates of acid and buffer solutions, while maintaining 
a constant acid-to-buffer flow rate ratio of 0.10.
Fig. 8. Mixing times as a function energy dissipation rates. Lines: calculated micromixing time according to Bałdyga and Bourne [29]. Symbols: ◦ — our 
experimental data obtained in micromixing regime, □ — experimental data from Manzano Martínez et al. [27] (The data including the error bars were extracted 
by a web-based software [57]).
dissipation rate. This finding confirms our hypothesis, as outlined in 
Section 4.2.1, that the mixing process in this regime is limited by 
micromixing. Furthermore, the ranges of energy dissipation rates and 
mixing times reported in the present work are comparable to the results 
reported by Manzano Martínez et al. [27]. The discrepancies observed 
between our findings and those reported by Manzano Martínez et al. 
[27] can be attributed to the utilization of varying acid concentrations 
in the respective experiments. In our work, the inlet concentration of 
acid was 0.05mol L−1, whereas in [27] it was 0.1mol L−1.

In addition to Fig.  8, Table  2 also shows a comparison of the 
performance of different reactors for the VD reaction system. The table 
shows the order of magnitude of the energy dissipation rate and the 
order of magnitude of the calculated mixing time based on different 
micromixing models. Although different acids, acid concentrations, and 
micromixing models have been used in these studies, the table can 
provide a rough estimation for comparing different reactors. Although 
the maximum flow rate of buffer solution in our RMP can be 50L h−1, 
the current results are for lower flow rates to reduce the consumption 
of buffer solution. Consequently, in our RMP, it is anticipated that 
reduced mixing times can be attained by increasing the flow rate and, 
consequently, the energy dissipation rates.
9 
5. Conclusion and outlook

In this research, the behavior of a RMP as a reactor for mixing-
sensitive reactions was investigated. It was experimentally examined 
how impeller speed (22–61.5 rps) and feed rate ratios (0.007–0.15) 
influence the selectivity of the Villermaux–Dushman reaction system 
in a RMP. At constant impeller speed, three distinct mixing regimes 
— backmixing, micromixing and mesomixing regime — were observed 
at low, medium, and high feed rate ratios, respectively. At a constant 
feed rate ratio, an increase in impeller speed was found to increase 
selectivity for desired products in the micro- and mesomixing regimes, 
while it increased selectivity in the backmixing regime. In both the 
backmixing and mesomixing conditions, selectivity was notably af-
fected by variations in the feed ratio. In contrast, in the micromixing 
regime, these changes had an insignificant impact on the selectivity.

Furthermore, the engulfment micromixing model was utilized to 
predict selectivities in the micromixing regime, showing good agree-
ment with our experimental results. In order to enhance the numerical 
stability of the solver, the W–Z-transformation was utilized. To the best 
of our knowledge, this is the first application of the W–Z-transformation 
for the Villermaux–Dushman reaction system within the context of the 
engulfment model.
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Table 2
Comparison of different reactors.
 Research Reactor type Energy dissipation rate (W/kg) Mixing time (s) Micromixing model  
 Guichardon and Falk [21] Stirred vessel 10−2-1 10−2-10−1 Incorporation model 
 Fang and Lee [11] Kenics static mixer 10−2-1 10−3-10−1 Incorporation model 
 Manzano Martínez et al. [27] Rotor–stator spinning-disk reactor 102-104 10−4-10−3 Engulfment model  
 Falk and Commenge [58] Micromixers 101-105 10−5-10−3 IEM model  
 This work Reaction mixing pump 101-103 10−2-10−3 Engulfment model  
High energy dissipation rates (on the order of magnitude of
103 W∕kg) led to short mixing times (on the order of magnitude of 
10−3 s) and high selectivity for desired products (segregation indices 
on the order of magnitude of 10−3) within the micromixing regime. 
Given the prevalence of side channel machines in the industry and their 
demonstrated reliability, it can be assumed that RMPs are generally 
well accepted in the industry. This innovation could enable process 
intensification by employing RMPs for both the transport of reaction 
media and the role of reactors. To extensively utilize this type of 
reactor, further studies are required to better identify the mixing 
regimes and their boundaries, so as to control the process conditions 
to prevent backmixing and increase the potential to work within the 
micromixing regime.
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