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Modular milli- and micro-structured systems represent a promising approach to exploit the
potential of micro-process technology, including precise reaction control and scale-up. A
major drawback of micro-structured devices is fouling and mixing mechanisms need to be
investigated phenomenologically to better understand the processes that lead to fouling.
Previous work was conducted to resolve 3D concentration ﬁelds by means of LaserInduced Fluorescence (LIF) using a Confocal Laser Scanning Microscope (CLSM) (Frey
et al., J Flow Chem, 2021, 11, 599–609). While the CLSM-LIF method yields detailed
insight into concentration ﬁelds down to a few micrometers, it is limited to stationary ﬂow
structures only. Aubin et al. (Chemical Engineering Science, 2010, 65, 2065–2093) give a
comprehensive review of methods to analyze mixing behavior. Most recent optical
measurement methods rely on the detection of a single compound in mixtures. In case
of reactive mixing, Tthe state of the art procedures to locally visualize micro mixing relies on
tracking a reaction product which forms on molecular scale. In literature, only small microstructures are manufactured from transparent materials, however larger milli-structures
often lack optical accesses with sufﬁcient quality. Selective laser-induced etching (SLE) is a
new technique which enables the fabrication of larger milli-structures in transparent
materials that are relevant for industry-scale applications. This work develops a
method based on a concept of Kexel et al. (Chemie Ingenieur Technik, 2021, 93,
830–837) visualizing the selectivity of a competitive-consecutive gas-liquid reaction in a
Taylor bubble ﬂow. The main goal of this work is the analysis of the absorbance spectra of
bromothymol blue (BTB) at different pH values in a miscible liquid-liquid system in a fused
silica split-and-recombine mixer. The milli-structure of the mixer is manufactured by means
of SLE. Backlight at different wavelengths is pulsed matching the recording frequency. In
contrast to conventional UV/Vis setups, the absorbance is recorded locally within the
mixer. The proposed method yields the 2D concentration distribution of multiple species
with high spatial resolution. The spatially resolved reactant and product distribution unveils
micro mixing and can yield important information about local root causes of fouling.
Keywords: micro mixing, selective laser-induced etching (SLE), imaging UV/Vis spectroscopy, reactive mixing,
process intensiﬁcation
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INTRODUCTION

mentioned methods rely on non-reactive characterization
methods and therefore have (depending on data resolution)
limited relevance concerning the quality of micro mixing,
i.e., the mixing at molecular level.
For this purpose, chemical reactions can be used to obtain
mixing information on smaller scales for their occurrence on
molecular level. The simplest method is a single reaction
system, where the product can be measured by, e.g., UV/Vis
spectrometry (Kockmann et al., 2006; Schurr et al., 2016;
Romano et al., 2021) or by calorimetry (Reichmann et al.,
2019). By changing the reaction timescale through the
concentration of the limiting species, the micro mixing
timescale can be estimated (Entesari et al., 2010; Mariotti
et al., 2021). A more complex reaction system, such as the
Villermaux-Dushman reaction (Gobert et al., 2017; Reckamp
et al., 2017) can be used to quantify the segregation of the
ﬂuids within the mixer. Two parallel reactions compete for a
limiting species at different rates, and the product of the slow
reaction is favored when micro mixing is slow. The
concentration of one of the products is measured by, e.g.,
UV/Vis or NIR spectroscopy. Kexel et al. (2021) extends the
principle of competing reactions with measuring the
concentration of two products simultaneously with
imaging UV/Vis spectroscopy. This allows high spatial and
temporal resolution of the selectivity in complex reaction
systems.

The joint research project KoPPonA 2.0 by the ENPRO (Energy
Efﬁciency and Process Intensiﬁcation for the Chemical Industry)
initiative develops continuous processes with demands especially
towards fouling. The capability of micro mixers to reduce fouling
was shown by Bayer et al. (2000) for a radical polymerization
process. While the industrial application of micro- and millimixers is already manifested, the underlying mixing phenomena
are still not understood. This ﬁeld of research is growing rapidly
due to new manufacturing procedures, high computational
resources and new analysis systems.
This work proposes a new analysis method which is capable
of tracking multiple species reaction systems in continuous
milli-mixers. The novel imaging UV/Vis spectroscopy requires
an optical access and therefore, a transparent mixer. Selective
laser-induced etching (SLE) conducted at the Institute of
Microsystems Technology enables the fabrication of
relatively large milli-structures in transparent materials. For
this purpose, an off-the-shelf split-and-recombine mixer
designed by Ehrfeld Mikrotechnik GmbH is manufactured
from fused silica glass. The mixer is shown in Figures 3B,
D. The novel method helps to understand the complex
interaction of residence time, micro mixing and chemical
reaction as well as fast design and optimization studies of
milli- and micro-systems with high importance for research
and industry.

Fluid Mechanics in a Split-and-Recombine
Mixer

Optical Measurement Techniques
Optical measurement techniques are among the most used
analysis methods for ﬂuid systems. Previous work was
conducted to resolve 3D concentration ﬁelds by means of
Laser-Induced Fluorescence (LIF) using a Confocal Laser
Scanning Microscope (CLSM) (Frey et al., 2021). While the
CLSM-LIF method yields detailed insight into concentration
ﬁelds down to a few micrometers, it is limited to stationary ﬂow
structures only. Aubin et al. (2010) give a comprehensive
review of methods to analyze mixing behavior. Aubin et al.
(2010) give an extensive overview on the conventional
methods in micro systems. Yue et al. (2012) consolidate
optical and other spectroscopic methods for micro-TAS
(Total Analysis Systems). The review discusses non-invasive
online methods for concentration and reaction monitoring.
Some of the common methods are introduced brieﬂy in the
following. Rapid technological advances in the past decades
have both enabled computational investigations and design
studies of micro mixers. The fabrication technology for micro
channels with optical access is available and well established in
the ﬁeld. Aided by CFD and dye shadowgraphs, the 2D (depth
averaged) concentration distribution within micro mixers can
be determined (Parsa and Hormozi, 2014; Bazaz et al., 2018;
Chen et al., 2018; Mariotti et al., 2018; Mariotti et al., 2019;
Huang et al., 2021). Confocal laser-induced ﬂuorescence (LIF)
allows even deeper insights into stationary ﬂow systems,
yielding 3D concentration ﬁelds of micro channels with
high spatial resolution (Hoffmann et al., 2006; Tsai and Wu,
2011; Hermann et al., 2018; Frey et al., 2021). The previously
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Split-and recombine mixers, also known as cascade mixers, are a
type of serial lamination mixers. The mixer used in this work is a
milli-structured split-and-recombine channel with characteristic
length d in the order of a millimeter. The mixing principle creates
laminae by splitting, rearranging and recombining the ﬂuid ﬂow.
The numbers of laminae created (2x+1) depends on the number of
split-and-recombine operations x. Typically, the ﬂuid ﬂow is
stationary and laminar for Re < 300. By creating a large
number of laminae, the diffusion area as well as the required
diffusion length is largely reduced and micro mixing is enhanced.
At low Reynolds numbers (i.e., Re < 100).
Re 

ud
]

(1)

which relates the speciﬁc convection of momentum to the
diffusion of momentum (i.e., viscosity ] of the reagents) with
characteristic velocity u and characteristic diameter d, creating
thin laminae is the dominating mechanism in a Stokes-like
regime. At higher Reynolds numbers secondary ﬂows (sf) come
into effect, such as stationary Dean vortices. The Reynold
number marking the transition from Stokes-like ﬂow to
secondary ﬂows is called Resf in this work. Rajabi et al.
(2012) report this transition to be in the range of Resf > 13
to Resf > 31 for a split-and-recombine mixer with sharp 90degree turns, in a ﬂat C-split-and-recombine geometry Chen
et al. (2018) show a similar ﬁgure with Resf > 20. A deep insight
into the mixing mechanism is given by Hermann et al. (2018)

2

June 2022 | Volume 4 | Article 874019

Frey et al.

Visualizing Mixing in Milli- and Micro-Channels

FIGURE 1 | (A) UV/Vis spectrum of bromothymol blue at different pH (T =22°C [BTB]=0.001%), recorded on a Cary Eclipse Fluorescence Spectrometer by Agilent;
(B) Temporal sequence of LED power supply, camera trigger signal and recording routine with frequency ω.

using CLSM-LIF on a helical split-and-recombine structure
similar to the one used in this work. Here, the transition to
the secondary ﬂow regime could be improved from Resf > 120 to
Resf > 50 by optimization of the split-and-recombine geometry.
The helicity of the channel can be regarded through the Dean
number

p
(2)
De  Re
2r

to visible (Vis) light. The attenuation at the measuring point is
recorded, yielding the absorption spectrum of the sample in
that point. Light of different wavelengths can be attenuated
differently by species and depends on, e.g., temperature or pH,
as shown for bromothymol blue (BTB) in Figure 1A. The
absorbance

with the helix pitch p and the helix radius r. In the split-andrecombine mixer used in this work, De = 1.48Re. At De < 50, no
secondary Dean ﬂows are expected. The mass transport property
of a system is described by the Schmidt number

is the sum of each attenuating species’ extinction coefﬁcient ε,
concentration c and absorption length l of the species i at a
wavelength λ. As the extinction coefﬁcient is a physical property,
conventional UV/Vis spectroscopy allows concentration
measurements in the measuring window of the probe. The
conventional
UV/Vis
spectroscopy
is
suitable
for
homogeneous samples and is often used inline as part of the
control system of continuous processes.
This work uses the novel method of imaging UV/Vis
spectroscopy described by Kexel et al. (2021). Imaging UV/
Vis spectroscopy utilizes the correlation Beer-Lambert law
from Eq. 5 to create a spatially resolved distribution of
species’ concentration or pH. Instead of creating a large
spectrum as shown in Figure 1A, the domain is illuminated
with only a discrete number of LEDs with a deﬁned dominant
wavelength. These LEDs illuminate the domain of interest
sequentially, and an image is taken at each instance in time
matching the LED frequencies. This procedure is visualized in
Figure 1B, where the recording frequency of the camera is ω
which lies in the range of milliseconds. The duration of the
LED illumination can be varied within the range of the camera
exposure time in order not to overexpose, and the camera delay
and write time need to be considered. As result, a series of
absorbances A (λj) for the wavelengths j are obtained for each
pixel of the recorded image. Since ω is very small, the
assumption of simultaneous recording holds not only for
steady ﬂows, but also for some transient ﬂows. From Eq. 5,
the concentration or the optical depth of multiple species
(depending on the number of LEDs) can be calculated as a

Sc 

]
D

Ai (λ)  ln

(3)

which is usually much larger than one in liquid ﬂows, meaning
that many fast reactions are limited by the small diffusion
coefﬁcient D. To determine whether the reaction is mass
transfer limited, the second Damkoehler number
DaII 

kL2
D

(4)

can be utilized. The DaII compares the reaction rate constant k
to the diffusion rate over characteristic length L.

MATERIALS AND METHODS
This work combines the selective laser-induced etching (SLE)
technology to manufacture milli-structures from fused silica glass
with the spatially resolved imaging UV/Vis spectroscopy to allow
detailed insights into micro mixing of reactive systems.

UV/Vis Spectroscopy
Conventional UV/Vis spectroscopy measures the attenuation
of light through a chemical species. A optical ﬁber probe emits
light of different wavelengths, ranging from ultra violet (UV)
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FIGURE 2 | SLE fabrication: (A) Laser-modiﬁcation of one half shell (fused silica glass), laser speciﬁcations: 1,030 nm, 765 kHz, 2 ps with 20 × 0.4 NA objective; (B)
wet chemical etching of half shell in a 8M KOH ultra sound bath, 24 h at 82°C; (C) laser welding of the two half shells, laser speciﬁcations: 1,030 nm, 2067 kHz, 0.4 ps
and 20 × 0.4 NA objective; (D) microscopic image of surface roughness of etched fused silica glass.

depth averaged variable for each pixel of the recorded image.
This concept allows new insights into micro- and milli-systems
compared to conventional optical measurement options. It is
important to note the limitation to 2D depth-averaged
information. It is currently not possible to extract 3D
information with a single camera setup.

both parameters are adjustable. The writing velocity is very fast
with 200 mm/s, due to the high dynamic 3D micro scanner, to
minimize the writing time and increase selectivity. The laser is
focused from the top of the sample using a 20 × 0.4 NA
objective. The pulse laser energy is 650 nJ at the bottom
surface and is decreasing linearly to the top surface with
300 nJ. Reused fused silica optical photo lithography masks
of 2.3 mm thickness are used (Virgin polished grade,
Toppan Photomask Inc, United States) as the basic material.
The 3D design of the split-and-recombine mixer is divided into
an upper and a lower half shell and were laser-written
separately (see Figure 2A). Due to the large channels and in
sum a quite big free volume to write and etch, a separated
fabrication of the two half shell is less challenging than the
fabrication of the whole mixer during a single laser writing and
etching step.
For etching, 8M KOH solution is used which provides good
selectivity and fast etching. A temperature of 82°C results in
faster etching rate, which is around 300 μm/h at surface and
slows for smaller structure due to diffusion and transport
limitations. In order to accelerate the transport of the
reaction products and to stabilize the etching speed during
the long etching time, an ultrasound is coupled in for 24 h (see
Figure 2B). The interaction of all parameters is crucial for
optimal results. Of course, this means that the laser paths for
generating the 3D structure must also be optimized. Due to the
subtractive nature of the SLE process a 3D CAD volume model
of the areas which should be removed is necessary. These
volume is replaced by the outer contours during the path data
generation and, if necessary, also by partial or full hatching of
the enclosed volume. This process of translating the 3D volume
model into laser path data is called slicing (contour) and
hatching. The distance between the individual slicing and

Selective Laser-Induced Etching
Selective laser-induced etching (SLE) is a two-step fabrication
process to produce 3D structures in transparent materials, also
known as in-volume selective laser induced etching (ISLE) or
femtosecond laser induced chemical etching (FLICE). Fused silica
is chosen due to the good optical quality of the optical access and
the well know fabrication parameters. The advantage of SLE
over conventional etching processes lies in the capability to
fabricate larger structures in the order millimeters instead of
micrometers.
The fabrication process is shown in Figures 2A–C. In a ﬁrst
step, the transparent fused silica glass is modiﬁed internally by
ultrashort pulsed laser radiation (i.e., fs or ps) to increase the
chemical etchability locally. The high resolution of up to 1 μm is
achieved through the multi-photo process and microscope
objectives. The focus is scanned inside (in volume and surface)
the glass to modify a 3D connected volume with contact to the
surface of the workpiece. In a second step, the modiﬁed material is
selectively removed by wet chemical etching resulting in the
development of the 3D product. The selectivity, the etching
rate ratio of the modiﬁed material vs non-modiﬁed material in
fused silica glass, can be up to 1,400 under optimal process
conditions (Gottmann et al., 2017).
In this experiment a Lightfab 3D Printer manufacturing
version is used for the fabrication. A 1030 nm fs laser with a
repetition rate of 765 kHz and a pulse duration of 2 ps is used,
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FIGURE 3 | (A) Schematic setup of the imaging UV/Vis spectroscopy with ﬂow controllers (FIC-01, FIC-02) and split-and-recombine mixer (X-01); (B) split-andrecombine mixer (X-01) fabricated via SLE (fused silica glass) in holding bracket; (C) setup with diffusor sheet, mixer in bracket and CCD-camera (Sensicam qe by PCO
Imaging) with the telemetric lens (Correctal T60/1.02D by Sill Optics); (D) 3D-model of the split-and-recombine mixer (X-01).

hatching tracks must match the laser parameters. Otherwise,
the written glass material is under-exposed and slow to etch or
overexposed, which causes cracks and ﬁssures. The slicing
distance used is 5 μm and the hatching distance 12 μm of
the complete written volume. Even with optimized laser
paths and highest writing velocity of 200 mm/s the overall
writing time of a half shell is approximately 4 h due to the large
internal structure of the milli-mixer.
After successful fabrication of the two half shells the union
of both parts was accomplished by laser welding with the same
machine using different laser parameters. The pulse laser
energy is 1,380 nJ, repetition rate of 2067 kHz, pulse
duration of 0.4 ps, writing velocity 15 mm/s and a
continuous writing mode instead of using the galvo scanner
(Gottmann et al., 2019). The laser welding is schematically
shown in Figure 2C. The surface roughness was determined
for similar process parameters on ﬂat etched fused silica
surface. The root mean square (EN ISO 4287:1998) of the
surface midplane was measured at Rq = 0.90 μm (see
Figure 2D). It is assumed that the split-and-recombine
mixer has similar surface parameters.

TABLE 1 | Light emmitting diodes (LEDs) used in the imaging UV/Vis
spectrometry setup.
Description

Red
Green
Blue
UVA
UVC

Wavelength

Fwd
Voltage

Max
Current

Manufacturer

λ/nm

Uf/V

Imax/mA

635
525
465
395
278

2.3
3.4
3.4
3.4
8.0

125
125
100
400
120

TOGIALED
TOGIALED
EKINGLUX
TuoZhan
TuoZhan

TABLE 2 | Operating conditions and system speciﬁcations.
Description
Reynolds number
Schmidt number
Damkoehler number
Flow rate
Recording frequency
CCD spectral range

Unit

Min

Re/Sc/DaII/Q/mL/h
f/Hz
λCCD/nm

5

Max
55
1,005
> 1e+16

18
15
290

199
60
1,000

Experimental Setup
For the reactive test system a simple single phase neutralization
reaction is used. A 1 M HCl solution (ChemSolute, 35–38% p. a.,
CAS: 7647-01-0) and a 1 M NaOH solution (Merck Millipore,
1 M, CAS: 1310-73-2) are prepared in aqueous solution. The
indicator bromothymol blue (Merck Millipore; CAS: 76-59-5)
in 70% ethanol (ChemSolute, purity: 99%, CAS: 64-17-5) is
added to both solutions prior to the experimental runs. The

Frontiers in Chemical Engineering | www.frontiersin.org

schematic setup is shown in Figure 3A. The base and acidic
solutions are conveyed through pressurized vessels (B-01, B-02)
from Thielmann UCON GmbH, the volume ﬂow rates are
controlled by two coriolis type ﬂow controllers (FIC-01, FIC02) by Bronkhorst Deutschland Nord GmbH. The split-andrecombine mixer (Kaskadenmischer 15 from Ehrfeld
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Mikrotechnik GmbH) is fabricated from fused silica glass via
SLE (see section 2.2). The split-and-recombine mixer is shown
in Figures 3B, D. The outlet ﬂow is collected in a waste tank
(B-03).
The LED panel is custom made by JLCPCB GmbH. The
different LED types used in this work (see Table 1) are
mounted on a LED panel via surface mount technology (SMT)
to achieve a high packing rate of the LEDs. An Arduino micro
controller is used to synchronize the LED panel and the CCD
camera according to Figure 1B. A Sensicam qe by PCO Imaging
AG is used with the telemetric lens Correctal T60/0.12D by Sill
Optics GmbH to only capture parallel light Figure 3C. To
account for the sensitivity offset of the CCD chip at the
different wavelengths, the LEDs power-on time is adjusted
within the exposure time to obtain equal intensities. The ﬁeld
of view extends over three split-and-recombine structures of the
mixer. The process and equipment parameters are summarized in
Table 2.

μ (λ1 ) μ (λ1 )
l1
⎢ μ1 (λ ) μ2 (λ )
⎡
⎜
⎞
⎛
⎢
⎟
⎜
l
⎢
⎟
2
2
⎜
2
1
2
⎢
⎟
⎜
⎜
⎢
⎟
⎜
⎢
⎢
⎟
.⎟
⎜
..
..
⎢
⎟
⎜
⎢
⎠ ⎢
⎝ .. ⎟
⎢ .
⎣
.
ln
μ1 (λm ) μ2 (λm )

To quantify the spatially resolved mixing quality and reaction
yield achieved with the split-and-recombine mixer, Reynolds
numbers in the range from 5 to 55 are investigated. The
NaOH-HCl system contains 0.001 g/g BTB and the volume
ﬂow is adjusted at the sub-stoichiometric inlet (in the range of
< 1 mL/h) until pH = 7 solution is obtained in the exit stream,
i.e., the stoichiometric ratio of one is achieved.

Calibration
The initial light intensity I0(λ) is recorded with DI-water in the
domain. In order to determine the extinction coefﬁcitent εi (λj)
for each species, the domain is ﬁlled with only one species at a
time to record the absorbance. As a consequence, Eq. 5
reduces to
I 0  λj 
Ii λj 

li .

(6)

The BTB concentration is constant throughout the domain
and the attenuation coefﬁcient μi (λ j ) = ε i (λ j)c i is obtained for
each pixel of the domain, for each species i and for each
wavelength j. With calibrating the absorption length in each
pixel, the imaging UV/Vis spectroscopy method reveals the
species’ normalized absorption length
l’i  li lnorm .

(7)

which is assumed to be equal to the species volume fraction in
that pixel. The calibration procedure is rather complex compared
to other optical analysis methods and needs to be performed for
each ﬁeld of view of the camera.

Visualizing Reactive Mixing
The set of equations Ai (λj) from (5) can be rewritten as
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1
/

(8)

and is solved for the optical depth of each species i with μi (λj)
= εi (λj)ci. The system has one unique solution, if the number of
recorded absorbances is equal to the number of attenuating
species (i.e., i = j) and the species have distinguishable
absorbance spectra (i.e., the system is linearly independent).
Figure 4 shows an exemplary raw image (i.e., intensity I 1 )
at the wavelength λ = 525 nm and the resulting normalized
absorption lengths of the reactants NaOH and HCl, and the
neutral solution as the product. The absorption lengths l i are
determined from a total of four raw images (I1 (λ i )) at the
wavelangths 395, 465, 525, and 635 nm as well as the
calibration images I 0 (λ i ) in a water/ethanol ﬁlled channel.
The extinction coefﬁcients and the normalized absorption
lengths are derived following Eqs 6, 7 from images taken with
NaOH, HCl and water (pH = 7) ﬁlled channels, respectively.
For the investigated range (5 < Re < 55), the ﬂuid dynamics
can be described as laminar and steady. The Stokes-like
lamination regime is expected for this Reynolds number
range, as the transition to the secondary ﬂow regime Re sf
occurs just at the upper part of the range. The ﬁeld of view of
the telemetric lens extends over four complete split-andrecombine structures and will theoretically form 2 4+1 = 32
laminae.
The normalized absorption lengths (i.e., the volume
fractions) l’i of the three species i from Eq. 8 are shown in
Figures 5, 6 for Re = 5 and Re = 50, respectively. The ﬂow
direction is from left to right, the position L = 0 mm marks the
entry of the ﬁrst split-and-recombine structure. The laminae
formation can be visualized clearly in the depth averaged
*
and lHCl
* , respectively. When
volume fractions lNaOH
comparing the normalized absorption of the reactants, it
should be noted that smaller gradients appear in Figure 6
for Re = 50 (De = 81) compared to the steeper gradients in
Figure 5 for Re = 5 (De = 7). This effect is caused by the 2D
averaging of the attenuation by each species in a 3D ﬂow ﬁeld,
it is not caused by an increased diffusion. Due to the helical
split-and-recombine geometry, the inertial forces induce a
small rotation of the ﬂuid structure even at De < 50. The
rotation of the ﬂuids within the channel leads to a radial
(i.e., in direction of mixer width w) superposition of the
laminae. All measurements for the range 5 < Re < 55 can be
found in the supplementary materials.
The normalized absorption length of the neutral solution lH*2 O
represents the yield of the reaction as a measure of micro mixing.
From mixing theory, it is expected that the volume fraction of the
product will develop in the contact region of the two reactants
where micro mixing on the molecular scale is complete. In the

RESULTS AND DISCUSSION

μi λj   ln

/
/

I0 (λ1 )
ln
⎜
⎞
⎛
⎟
⎜
I
⎜
⎟
1 ( λ1 ) ⎟
⎜
⎟
⎟
⎜
−1 ⎜
⎟
⎜
⎟
⎜
⎟
μn (λ1 ) ⎜
⎟
⎜
I
λ
⎟
(
)
⎜
0
2
⎟
⎜
⎥
⎟
⎤
⎜
⎥
⎟
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⎜
μn (λ2 ) ⎥⎥⎥ ⎜
⎟
⎟
⎟
⎜
λ
I
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)
⎟
⎜
2
2
⎥
⎟
⎟
⎜
.. ⎥⎥⎥ ⎜
⎟
⎜
⎟
⎜
⎥
⎟
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⎜
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⎜
.
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⎟
⎜
⎟
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μn (λm ) ⎜
⎟
⎟
⎜
⎟
⎜
⎜
⎟
⎜
⎠
⎝ I 0 ( λm ) ⎟
ln
In (λm )
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FIGURE 4 | Greyscale image recorded at λ =525 nm and segmented normalized absorption lengths l* of base (NaOH), acidic (HCl) and neutral (H2O) solutions at Re
=5 in the split-and-recombine mixer inlet section, 1 M NaOH and 1 M HCl solutions at the inlet with 0.001 g/g BTB.

FIGURE 5 | Normalized absorption length l* of base (NaOH), acidic (HCl) and neutral (H2O) solutions at Re =5 in the split-and-recombine mixer inlet section, 1 M
NaOH and 1 M HCl solutions at the inlet with 0.001 g/g BTB.

present system the dominating micro mixing mechanism is
diffusion. The diffusion length in Stokes-like ﬂows can be
approximated by

√
DL
(9)
ld  Dτ 
u

Frontiers in Chemical Engineering | www.frontiersin.org

with the diffusion coefﬁcient D and the mean residence time
τ = L/u. The diffusion length in the ﬁeld of view lies between ld
= 60 μm (Re = 50) and ld = 200 μm (Re = 5). Consequently, as
long as the ﬂuid dynamics follow the Stokes-like ﬂow pattern,
low Reynolds numbers will lead to a larger conversion due to
the larger residence time. The expected behavior can be
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FIGURE 6 | Normalized absorption length l* of base (NaOH), acidic (HCl) and neutral (H2O) solutions at Re =50 in the split-and-recombine mixer inlet section, 1 M
NaOH and 1 M HCl solutions at the inlet with 0.001 g/g BTB.

FIGURE 7 | Two-dimensional depth fractions lH*2 O at different Reynolds numbers Re in the split-and-recombine mixer inlet section, 1 M NaOH and 1 M HCl
solutions at the inlet with 0.001 g/g BTB.
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FIGURE 8 | (A) Mean error Δl all* in the ﬁeld of views versus Reynolds number Re; (B) Spatially resolved error Δl* for Re =55.

observed in Figure 7. The normalized absorption length of the
product is exemplarily shown for Re = 5, Re = 25 and Re = 50
within the ﬁeld of view. The post-processed data shows noise
especially in the ﬁrst half of the ﬁeld of view. However, in the
second half (L > 2.5 mm) the previously described trend can
be observed nicely. At the contact areas of the reactants, the
normalized absorption lengths of the neutral solution lH*2 O
increase over the mixer length. At low Reynolds numbers the
magnitude and the size of the concentration peaks are larger
compared to the larger Reynolds numbers. The issue
concerning the measurement noise is addressed in the
error discussion.
The imaging UV/Vis spectroscopy conﬁrms previous
investigations on the ﬂuid dynamics of a simple reactive
system in a split-and-recombine mixer at low Reynolds
numbers. The investigated mixer imposes a Stokes-like ﬂow
pattern at Reynolds numbers lower than Re < 55. The results
show the capability of the imaging UV/Vis spectroscopy to
visualize the concentration ﬁelds of reactive multi-component
systems. Furthermore, the results form a good basis for
measurements with more complex reaction systems especially
in transient regimes, where the CLSM-LIF method reaches its
limits.

where li,theor.
*
is the theoretical normalized absorption length
of each species i, l′i is the post-processed normalized absorption
length from the imaging UV/Vis spectroscopy, and Δl* is
resulting error from their difference. The local error
distribution is shown in Figure 8B. The majority of error
distribution occurs in the region where species with pH < 7
(yellow) and pH = 7 (green) are present. From Figure 1A, it can
be seen that the absorption spectra of these two solutions has
an superposed peak at λ = 425 nm, which causes the system of
Eq. 8 to be badly-conditioned for some absorption length
combinations. This leads to an averaged error in the range
* < 25 % for the measurements with Re < 50, as
of 15% < Δlall
shown in Figure 8A. With regard to the error magnitude, the
UV/Vis Spectrometry reliably visualizes micro mixing in the
split-and-recombine mixer with fair accuracy. In further
work, the procedure will be optimized regarding the
systematic error.

CONCLUSION
The imaging UV/Vis spectroscopy applied in this work reveals the
Stokes regime in a helical split-and-recombine mixer. The mixer was
fabricated via SLE, allowing large milli-structures with dimensions
up to 50 mm. By visualizing the spatially resolved two-dimensional
concentration ﬁeld of the multi-component system, it is shown that
increasing the Reynolds number in the Stokes regime and thus
reducing the residence time also reduces the product yield of the
continuous reactive milli-system. This method has high potential to
support design studies of industry relevant milli-structures, CFD
models with high Sc and DaII restrictions, and resolve mixing in
multi-component systems on a molecular scale in fundamental
research. The method can be used in the future to validate direct
CFD models with high DaII restrictions and micro mixing models in
stiff reactive systems, such as the lamellar model proposed by Fonte
et al. (2020), which signiﬁcantly reduce computational cost. The
authors suggest CFD studies to compare state-of-the-art models with
the novel analysis method. The method of imaging UV/Vis
spectroscopy needs to be improved in accuracy and sensitivity.
The ﬁndings of this work can be transferred to other reaction
systems which are relevant to the KoPPonA 2.0 research project.
With the locally resolved reaction process in the milli-mixer, micro
mixing can be analyzed and the geometry can be optimized. The SLE

Error Discussion
In stationary conditions, the standard deviation of images
recorded with the same wavelength is smaller than σ < 0.004
for every pixel with a sample size of 30 images. The statistical
error from the recording system is therefore negligibly small.
The images are recorded with a resolution of 320 × 1376
pixels. The systematic error is more difﬁcult to quantify.
Many effects contribute to the systematic error, e.g.,
reﬂection or refraction of light through the mixer caused
by non-orthogonal placement of the mixer relative to the
camera setup, inconsistent illumination by the LED panel,
LED intensity, BTB concentration or delays of the microcontroller. A ﬁrst estimation for the error can be derived from
the sum of the normalized absorption lengths
 lpi,theor.  1
Δlp  1 − lpNaOH + lpHCl + lpH2 O 
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fabrication enables design studies of different complex geometries
with good optical access. More complex reaction systems,
i.e., competitive and consecutive reaction schemes, are to be
investigated in order to correlate product selectivity to the mixing
performance. This is an important step towards making continuous
ﬂow equipment robust to fouling and consequently reducing waste,
cleaning time and resources, and energy consumption.
In future research work, the cascade mixer is further to be
characterized at larger Reynolds numbers. At high recording
frequencies, the imaging UV/Vis spectroscopy also is capable
of resolving unsteady problems and turbulent mixing. More
complex competitive reaction systems are to be investigated,
such as the Villermaux-Dushman reaction (Reckamp et al.,
2017), the methylene blue-ascorbic acid system (Mariotti et al.,
2020). Both systems can be investigated with conventional UV/
Vis and the kinetics are well known from literature. With the
imaging UV/Vis spectroscopy, the selectivity of these reaction
systems can be locally and temporally resolved, which is not
feasible with other conventional absorption imaging.
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