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The Villermaux-Dushman protocol with UV-Vis analytics is an established tool to characterize the global micro
mixing performance in process equipment. The local mixing process is described by a micro mixing model
(incorporation model), originally designed for turbulent flows. The novel imaging UV-Vis spectroscopy used in
this work uncovers locally resolved micro mixing phenomena in a laminar split-and-recombine (SAR) mixer unit
manufactured from selective laser-induced etching (SLE). The local absorbance is recorded with a high spatial
resolution camera through a telecentric lens and post-processed into local concentration fields of components.
The method unveils discrepancies of the micro mixing time determined from the conventional incorporation
model in laminar flow and the locally recorded mixing process. The micro mixing time rather needs to be seen as
a mean micro mixing time instead. Furthermore, the spatial information obtained by the imaging UV-Vis
spectroscopy gives insight into local micro mixing and selectivity, yielding new approaches to equipment

optimization.

1. Introduction

The field of micro fluidics is rapidly expanding with the emergence of
new manufacturing techniques, high computational resources and new
analytical systems. The latter hold great importance when character-
izing mixing performance and the capability to reduce fouling in
competitive reaction systems. Static milli and micro mixers are an
effective tool in continuous polymerization processes to reduce and
prevent fouling due to fast micro mixing, as shown for example by Bayer
et al. (2000). The mixing performance directly influences efficiency,
conversion, and selectivity of a chemical reaction, as shown for example
in polymerization (Hungenberg and Wulkow, 2018) or gas-liquid re-
actions (Kexel et al. 2022). Chemical test reactions help estimate the
micro mixing time scale, derived from the known chemical time scale of
the limiting reagent (Rodermund et al. 2011; Hoffmann et al. 2006;
Reckamp et al. 2017; Guichardon et al. 2000; Falk and Commenge,
2009).

Optical analysis systems are a common way to quantify micro mixing
characteristics. UV-Vis spectroscopy is among the established tech-
niques to measure educt or product concentrations (Aubin et al. 2010).
The above mentioned methods require at least one optically detectable
species (i.e., absorbing or fluorescent properties), such as the
Villermaux-Dushman protocol developed by (Fournier et al. 1996). The
selectivity achieved by mixing equipment is related to micro mixing
times, based on specific micro mixing models. The models are originally
developed for turbulent mixing processes, however, due to the lack of
models for laminar flow (e.g., in micro mixing equipment) the models
are often applied to laminar (static) mixers as well (Liu and Lee, 1999;
Fang and Lee, 2001; Rahimi et al. 2017; Kashid et al. 2011; Su et al.
2011).

The novel imaging UV-Vis spectroscopy (Kexel et al. 2021; Frey et al.
2022) used in this work is able to simultaneously detect the local
absorbance of multiple species in a transparent flow domain and
consequently creates a selectivity or micro mixing map of the domain.

Abbreviations: FVT, Laboratory of fluid separations RUB; IMS, Institute of multiphase flows TUHH; ODE, Ordinary differential equation; RUB, Ruhr-University
Bochum; SAR, Split-and-recombine; SLE, Selective laser-induced etching; TRIS, Trishydroxymethylaminomethane; TUHH, Hamburg University of Technology; UV-

Vis, Ultra violet and visible light.
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The local analysis of micro mixing is used to assess the validity of micro
mixing models in laminar flow applications and the meaning of the
derived micro mixing time.

1.1. Villermaux-Dushman protocol

The Villermaux-Dushman protocol consists of two competitive-
parallel reactions with differing (by orders of magnitude, depending
on the acid concentration) reaction rates. When perfectly mixed, the fast
reaction is preferred. The selectivity shifts towards the slow reaction as
the reagents of the fast reaction are locally in sub-stoichiometric supply
if micro mixing is incomplete. The selectivity therefore yields a quan-
titative metric of the micro mixing efficiency.

Since the establishment of the protocol, different reaction systems
have been developed. This work utilizes the reaction system first
documented by Arian and Pauer (2022). The quasi-instantaneous
reaction

(€Y

converts fully dissociated perchloric acid (HCIO,) using TRIS buffer
solution ((CH,OH),;CNH,) in an acid-base neutralization reaction. The
second slower reaction, i.e., the Dushman reaction

H*+(CH,0H),CNH, = (CH,OH),CNH;

@

is known as the iodide-iodate reaction and occurs only if reaction (1)
is limited by slow micro mixing. It is, however, fast enough to occur
before full global mixing is achieved. Reaction (2) produces iodine (I,),
which in turn forms an equilibrium

6H"+5I" +10; —»3L+3H,0

L+1I =L 3
with triiodide (I3). Arian and Pauer (2021b) describe the detailed ki-
netics of the reaction system (1) to (3), which are consequently used for
the incorporation model in this work. Triiodide shows two characteristic
peaks in the UV spectrum, namely at the wavelengths 4; = 287 nm and
A2 =353 nm. The triiodide yield Yy, is typically determined from UV-Vis
spectroscopy and, together with the stoichiometric yield at completely
segregated conditions

675110’ 0
Yisr=—— 4
ST 67110; 0 + frris 0
give the segregation index
YI’
X, == )
Y]; ST

as a measure of the micro mixing efficiency of the respective
equipment and operating conditions. n;o denotes initial condition of the
molar flux of species i. X, = 0 indicates ideally mixed conditions, and X
=1 is defined as completely segregated conditions.

1.2. Micro mixing models

In literature, micro mixing is described as mass exchange between
fluid elements (Harada et al. 1962), the mixing below the
viscous-convective subrange (Baldyga and Bourne, 1984), or simply
diffusive mixing (Kockmann, 2008). The computational effort for
resolving the necessary length and time scales is enormous and is often
simplified into a set of ordinary differential equations (ODEs). The
general governing equation of the established micro mixing models

dc;
— =M —c)—R; (6)
v ( )

describes the change of the reagent’s concentration ¢; in the reacting

volume flow V, as a general mass transport equation with a modeling
parameter M and the consumption rate R;. The parameter M is modeled
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based on flow characteristics.

The lamellar model (Ottino et al. 1979) defines a surface area S be-
tween lamellae depending on molecular diffusion, local stretching, and
convection as shown in Fig. 1 (A), whereas the engulfment model
(Batdyga and Bourne, 1984) define the deformation and decay of
rotating lamellae dependent on the vorticity o of the flow field (Fig. 1
(B)).

The incorporation model (Fournier et al. 1996) gives a generalized
approach for the problem. As shown in Fig. 1 (C), the growth of the
reacting volume V, occurs governed by an incorporation function,
instead of a mechanistic model. Due to its simplicity yet good accuracy,
the incorporation model is often used for the characterization of mixing
equipment with the Villermaux-Dushman protocol. The incorporation
model, although assuming turbulent flow conditions, is often used in
laminar flows as well since it yields a comparable micro mixing time
based on the chemical reaction’s selectivity.

2. Material and methods

This work investigates the well-established incorporation model for
the micro mixing time determination of static milli mixer in laminar
flows. Therefore, the Villermaux-Dushman protocol (1) - (3) is utilized
together with an in-line UV-Vis measurement. Additionally, the imaging
UV-Vis spectroscopy is applied to determine the local selectivity of the
reaction system within the mixer unit.

2.1. Experimental setup

The experimental setup at the Hamburg University of Technology
(TUHH, IMS) is presented in Fig. 2. The acidic solution (conc. HCIO4,
Carl Roth, CAS 76-90-3) is diluted to obtain concentrations between
0.2 M < cy+ < 0.4 M. Full dissociation is assumed for perchloric acid as

Py
/,
I
\

Fig. 1. Common micro mixing models in turbulent flows. (A) Lamellar model
with lamella contact surface S, according to Ottino et al. (1979); (B) Engulfment
model using vortex rotation @ to describe interfacial areas, according to Bal-
dyga and Bourne (1984); (C) Incorporation model with generalized description
of reacting volume growth, according to Fournier et al. (1996).

A Lamellar model
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Fig. 2. PID schematic of experimental setup: Acidic and buffer solutions are conveyed pulsation-free by pressurized air to the mixer unit. Imaging UV-Vis spec-
troscopy records local transmission of LED light through fused-silica mixer to determine local triiodide formation. In-line UV-Vis probe records global triiodide

concentration after full equilibrium.

a strong acid. The buffer solution is prepared in a basic environment (pH
= 8.5) to avoid premature formation of triiodide: TRIS (> 99.9 %, Carl
Roth, CAS 77-86-1), potassium iodide (> 99 %, Carl Roth, CAS
7681-11-0), and potassium iodate (> 99.4%, Carl Roth, CAS
7758-05-6) are solved in aqueous solution. The specific operating
conditions are given in Table 1.

Both solutions are conveyed pulsation-free by means of pressurized
air in pressure vessels (Thielman UCON GmbH) and the mass flow is
controlled by Coriolis flow controllers (FIC, Bronkhorst Nord GmbH).
The mixer unit is manufactured by means of selective laser-induced
etching (SLE) from two fused silica half shells, representing the geom-
etry of the “Cascade mixer 15” by Ehrfeld Mikrotechnik GmbH. The
mixer unit has a hydraulic diameter of d, = 1.1 mm, a channel length of [
=26.4mm and acts as static mixer unit according to the split-and-
recombine (SAR) principle.

The imaging UV-Vis spectroscopy is an in-house developed analysis
system (Kexel et al. 2021; Frey et al. 2022) consisting of a LED panel (4;
=278 nm and 1 = 395 nm), a light diffusor sheet, and a CCD camera
(PCO Sensicam qe) with a telecentric lens (Sill Optics Correctal
T60/0.12D). The LED panel and the camera are controlled and syn-
chronized by an Arduino Uno micro controller. The camera records the
phase-shifted LEDs separately with a frequency of f = 60Hz to determine
the local transmission of triiodide in the solution.

An in-line UV-Vis probe (Agilent Technologies Cary 60 UV-Vis)
measures the global triiodide concentration after the full equilibrium

Table 1
Initial and operating conditions for experimental setup and incorporation model

for the fused silica mixer unit at the IMS! and the FVT2,

Set cncio, / mol/L V / mL/min Re/ —
1 0.020%2 4 77
2 0.020"2 8 154
3 0.025%2 4 77
4 0.025%2 8 154
5 0.025"2 16 309
6 0.030%,0.0352 4 77
7 0.030,0.035> 8 154
8 0.030,0.035> 16 309
9 0.040% 16 309
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of the iodine-triiodide reaction (3) is reached, i.e., after a residence time
section of approx. 1 m. Additionally, the in-line UV-Vis measurements
are duplicated in a similar setup with a stainless steel (off-the-shelf)
mixer unit at the Ruhr-University Bochum (FVT). The setup at the FVT
furthermore uses stainless steel piping and SyrDos syringe pumps to
provide pulsation free flow. Both data are used to determine the micro
mixing time with the incorporation model.

2.2. Calibration procedure

The in-line UV-Vis spectrophotometer is calibrated by means of a
dilution series of triiodide. The stock solution is prepared with an iodide-
iodate ratio of 345:1 in acidic environment to shift the selectivity to-
wards triiodide (Slg = 99.8 %). The calibration results are shown in
Fig. 3 and yield extinction coefficients well in line with literature
(Awtrey and Connick, 1951; Wei et al. 2005) at a wavelength of 1 =
353 nm with R> = 0.94. The much higher absorption at 1 = 287 nm is
likely attributed to the optical properties of the flow cuvette (PMMA,

LS This work, IMS ‘ P5 3 ‘
2 This work, FVT & m
Awtrey et al. (1951) ,/

: Wei et al. (2005) 7' n P
~ qr /5 e 1
< '/' ‘,v" _,—"
=] & R 3 PPlaae
2 ’ B2 S0E potiose
2 = s Sertoct
& L e .

92] - -

2051 s Pt 3
< // ',«::.—"‘ — = €yg; = 5.70 L mmol! cm™
a2 R*(287 nm) = 0.62
Rov o L === €355 = 2.87 L mmol™ cm™
0 il ‘ ‘ R*(353 nm) — 0.94
0 0.1 0.2 0.3 0.4

Triiodide concentration ¢;; / mmol L™

Fig. 3. Experimental calibration of in-line UV-Vis spectrophotometer for 4; =
287 nm and 1, = 353 nm with linear regression at the IMS and comparison to
FVT, literature values from Awtrey and Connick (1951) and Wei et al. (2005),
exemplarily shown for an optical depth of 10 mm.
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rated for 2 > 300 nm) and the increasing measurement uncertainty at
large absorbance A. Therefore, it is not used due to the unreliable R? =
0.62.

The calibration procedure of the imaging UV-Vis spectroscopy re-
quires locally resolved baseline images with light intensity I; o(x) and
maximum attenuation I, ., (x). The baseline images are recorded with
buffer solution only (no triiodide) and with maximum triiodide con-
centration (cy; ca = 0.748 mM), respectively. The local attenuation co-

)

Lio(x)
10g (1;.:,1 (x)

Cr3 cal

efficients

(%) = €22(x) = @

are determined, since the mixer unit depth z(x) varies for each po-
sition x. Based on the dilution series depicted in Fig. 3, a linear corre-
lation is assumed for the imaging UV-Vis spectroscopy for each position.

2.3. Incorporation model setup

The mathematical description of the exponential incorporation
model in continuous flows is derived from Arian and Pauer (2021a). The
model defines two volume flows for Vc(t) (educts) and Vr(t) (reaction).
The reaction only takes place in V,(t) which incorporates V,(t) over
time, according to

(€©))

with the incorporation function g(t). A schematic illustration of the
temporal evolution of the volume flows V,(t) and V.(t) as well as the
molar fluxes m;(t) of the reagents and products is given in Fig. 4. The
reacting volume flow V,(t) is considered fully mixed and the reactions
take place instantly.

The incorporation function used in this work corresponds to the
exponential incorporation function

Ve(t) = Vio + Veog(t)

g(t) = lfexp(fi) and (©)]
Tend

d

% = :-eXp( - td) 10$)

given by Arian and Pauer (2021a). According to the system of reactions
(1) to (3), the set of ODEs describing the change of molar fluxes n; in the
continuous flow mixer amounts to

dry+ an

= —ru —6r),

dr

I 10,
TRIS

§ 0L i

= H PHTRIST _ _mememem o
o ; | <
= ;
= 7, | |— Reagents ks
P =
~ 3 | |=—Products =
=]
S E| [ X, 5
e g
8 .
2 VP &
wn : e
0 ODE integration time b

Fig. 4. Incorporation Model: Temporal evolution of volume flows (top) and
molar fluxes of species ri; in the reacting volume flow V; on a log-log
scale (bottom).

825

Chemical Engineering Research and Design 205 (2024) 822-829

din- dg(7)
o ey, — Sr) — 1), 12)
dro; dg(r)
dt3 = moy 0= g T @) (13)
dn,
dtlz = 3"(2) — @3, and (14)
b _, as)
dr =13

As per definition, the micro mixing time of the incorporation model
iS ty = tena/5. The ODEs are solved with the Matas 2023a solver odel5s
for stiff systems with a relative tolerance of 1e-20.

2.4. Initial conditions

The split-and-recombine mixer unit is operated with symmetric flow
rate ratios. The initial conditions of the incorporation model correspond
to the experimental concentrations and flow rates. The buffer solution is
kept at pH = 8.5 which is set by adding small amounts of HClO4. The
concentrations of the buffer solutions are kept constant for the mea-
surement series at the IMS and the FVT. The buffer solution contains
cxr = 31.9 mM, ckio, = 6.35mM, and crris = 180 mM. The operating
conditions used in this work are shown in Table 1. The hydraulic
diameter is defined with the channel volume and wetted contact area,
and the Reynolds number is defined with the hydraulic diameter and the
mean flow velocity.

3. Determination of the micro mixing time

The incorporation model solves the ODEs (11) - (15) for a defined t.,q
as boundary condition. Since the time is not known, an iterative process
is used to determine t.,q and the micro mixing time t,, respectively.
Arian and Pauer (2021a) found two characteristic times, i.e., the reac-
tion time t, and the micro mixing time t,,. Both times are illustrated in
Fig. 4.

The reaction time ¢t denotes the point in time where the majority of
limiting educts (i.e., H") is consumed and the reaction is terminated. ¢, is
characterized by a sudden drop in acid concentration and the estab-
lishment of a constant segregation index plateau X, (the normalized
yield is independent of the further volume flow dilution by g(t)).
Therefore, by minimizing the squared difference of the globally
measured X; ., and X, nodel from the incorporation model, the reaction
time

Tend

5 (16)

=

min ((Xsesp—Xoamate ) )
is obtained.

The micro mixing time ¢, is reached when full equalization of gra-
dients is achieved. Since the triiodide concentration in V, decreases after

the reaction termination until V, is fully incorporated into V;, the micro
mixing time

2
min €I~ exp—CI= m
( 1 wexp ~CIT odel)

can be determined by minimizing the squared difference of the
triiodide concentration from the experiment and incorporation model.
For this purpose, the Matras 2023a fminsearch function is used with a
tolerance of 1e-20. The ODE solver and the associated functions used in
this work are published on Github (Frey, 2023).

Tend

5

Im = a7)
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4. Results

The results of the experimental measurements are divided into the
two analysis methods, i.e., the in-line UV-Vis probe and the imaging UV-
Vis spectroscopy. The data recorded by the UV-Vis probe is then used for
the determination of micro mixing times with the incorporation model.

4.1. UV-Vis probe measurements

The absorption of triiodide in the solution is consolidated in Table 2
both for the fused silica mixer at the IMS and the stainless-steel mixer at
the FVT. In both cases, a residence time section of 1 m length is set up
between the mixer and the probe to ensure full equilibrium of the iodine-
triiodide reaction (3). The triiodide concentration is determined from
the absorption with e353ms = 2.87 L mmol ‘em™! (see Fig. 3) and
€353 pyT = 2.45 L mmol 'ecm™!, respectively.

For the determination of the segregation index Xj, both the triiodide
and iodine concentrations need to be considered. The equilibrium con-
centrations are determined from the law of mass action. It is noted, that
recorded absorbance values A > 2 are discarded in this setup. An
absorbance of A = 2 corresponds to 99% absorption of the incident light
and measurement accuracy decreases significantly in this range due to
the log-law (7).

4.2. Micro mixing time & incorporation model

The micro mixing times are determined with the incorporation
model with exponential incorporation function (8), as defined by Arian
and Pauer (2021a). The data basis of the model are both the measure-
ments at the IMS and the FVT (see Table 2). The micro mixing times t;,
and the reactions times t, are depicted in Fig. 5 versus the Reynolds
number Re and the total volume flow rate V, respectively. The micro
mixing times at Re = 77 average at t,,(Re = 77) = 167 ms and show a
relative variance of 20%. With increasing Reynolds number, the micro
mixing times decrease to t,(Re = 154) = 102 ms with a relative vari-
ance of 27% and t,(Re = 309) = 58 ms with a relative variance 15%.
Note, that sets 2 and 5 are excluded from the IMS results, as they are
characterized as outliers. The reaction times behave in a similar manner,
and are discussed later.

The decrease of micro mixing time with increasing Reynolds number
is shown in both experiments. The consistency of the experiments in the
fused-silica mixer (Rg = 0.90 pm) and the stainless-steel mixer (Ra
0.8 pm) confirms the minor influence of surface roughness and material
properties on the flow regimes. However, the fused-silica mixer tends to
have slightly larger micro mixing times compared to the smoother sur-
face of the stainless-steel mixer.

The decrease in micro mixing time is expected due to the shift of the
flow regime from straight laminar flow (Re < 130) to engulfment flow
(130 < Re < 240) and to onset of vortex formation and break-down
(Re > 240), as shown by Kockmann (2008) for a T-shaped micro

Table 2

Triiodide concentrations determined at wavelength A = 353 nm by means of
global UV-Vis probe in HCIO4/TRIS system after the split-and-recombine mixer
unit at the IMS and the FVT.

Set cr; IMs Xsms €1y FVT Xopvr
mM % mM %
1 0.0140+0.0013 1.02+0.10 0.012+0.000 0.8740.00
2 0.0162+0.0001 1.18+0.01 0.0069+0.0001 0.5040.00
3 0.0306+0.0001 1.784+0.00 0.0357+0.0002 2.08+0.01
4 0.0278+0.0001 1.62+0.01 0.0201+0.0002 1.17+0.01
5 0.0285+0.0003 1.66+0.02 0.0167+0.0003 0.97+0.02
6 0.2154+0.0007 9.00+0.03 0.1578+0.0007 6.58+0.03
7 0.1654+0.0014 6.904+0.06 0.0923+0.0005 3.8540.02
8 0.0780+0.0006 3.25+0.02 0.0752+0.0004 3.13£0.02
9 n/a n/a 0.134+0.000 4.89+0.01
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Fig. 5. Micro mixing times and reaction times of the SAR mixer unit at different
Reynolds numbers determined from the in-line UV-Vis probe by means of the
incorporation model with exponential incorporation function (Arian and
Pauer, 2021a).

mixer. Similar secondary flow patterns are expected in the SAR mixer
unit additionally to the inherent mixing mechanism.

4.3. Imaging UV-Vis measurements

The imaging UV-Vis spectroscopy gives a local representation of the
triiodide concentration fields. The local attenuation coefficients y,(x)
are determined from calibration for each LED. Together with the
measured intensity I;(x), the local depth-averaged concentrations

Lo(x)
e (45

)
1y (x)

cr (x) = 18)

are returned from the Beer-Lambert law.

The post-processed local triiodide concentration is shown in Fig. 6
versus the mixer unit length [ and hydraulic residence time 7. The two
feed streams (i.e., acid and buffer solutions) enter the mixer unit from
the top and bottom, and are brought together at 7 = 0 ms. Triiodide is
formed at the contact area (w = 0 mm) and no secondary flow patterns
are observed before entering the first SAR mixing element (w =
1.8 mm). In the following SAR elements, the feed streams are sequen-
tially laminated to form 2"*! laminae, n being the number of SAR ele-
ments. At the laminae contact areas, the formation of more triiodide is
observed. The increase of triiodide concentration is shown in Fig. 6 both
in the contour plot and the SAR element mean concentration.

Due to the low Reynolds number at Re = 77, the laminae are largely
unaffected by secondary flow patterns resulting in delayed micro mixing
compared to larger Reynolds numbers. The micro mixing time t, =
196 ms at Re = 77 determined from the incorporation model (see Fig. 7)
suggests that the equalization of gradients is completed at a hydraulic
residence time 7 = 196 ms. As depicted in Fig. 6, there are still visible
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Fig. 6. Imaging UV-Vis: Locally resolved depth averaged triiodide concentration for set 6 (Re = 77, cyco, = 0.030 M) in the fused-silica split-and-recombine mixer
(bottom) and mean concentration over split-and-recombine elements (top) versus the mixer unit length / and respective hydraulic residence time 7 at Re = 77.
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Fig. 7. Spatial resolution of triiodide concentration within the mixer unit at an
acid concentration of cycio, = 0.030 M and different Reynolds numbers. Com-
parison of the imaging UV-Vis spectroscopy measurements and the incorpora-
tion model converted to mixer length units by means of hydraulic residence
time 7.

areas of segregation present at this residence time, showing incomplete
mixing.

5. Discussion

The results presented in Section 4 obtained by the global UV-Vis
probe and the imaging UV-Vis spectroscopy are compared and dis-
cussed concerning their plausibility, accuracy, and significancy for
micro mixing characterization.

5.1. Method consistency

Both methods applied in this work are based on transmission spec-
troscopy. Since both measurements at the IMS are conducted parallelly
in the same setup, the measured triiodide concentrations are expected to
be consistent. A minor deviation due to the slower equilibrium reaction
(3) is however sensible, i.e., the triiodide concentration may be lower at
small residence times in the imaging UV-Vis spectroscopy.

The resulting triiodide concentrations determined by means of the
UV-Vis probe C1; global and of the imaging UV-Vis spectroscopy €15 Jocal
(average of last 3 mixer unit elements) are compared in Table 3 for sets
6, 7, and 8. Concerning set 6 and 7, the imaging UV-Vis method shows
deviations of 13.4 and 33.4% below the global UV-Vis probe results,
respectively. The magnitude of triiodide concentration is smaller
directly within the mixer unit, as the full conversion to equilibrium of
iodine to triiodide is reached only later in the flow capillary which is
captured by the global UV-Vis probe, especially at smaller residence
times (i.e., the larger deviation at Re = 154). The data for Re = 77 and
Re = 154 is therefore consistent in both measurement methods.

The results recorded at Re = 309 however show larger magnitudes
than recorded by the UV-Vis probe. This is not expected and shows a
weakness of the imaging UV-Vis spectroscopy method. Assumably, the
lower detection limit of triiodide by the imaging UV-Vis spectroscopy

(with the camera and LED panel setup in this work) lies around cr
0.075 mmol/L, as is evident from Fig. 7. Therefore, the results need to be
used with caution when working with low triiodide concentrations. The
sensitivity may be improved in future work.

Table 3

Comparison of triiodide concentrations from the global UV-Vis probe and depth
averaged triiodide concentration from the imaging UV-Vis spectroscopy at the
end of the fused-silica mixer unit at the IMS.

Set CHCI0, Re C1; global €13 Jocal Acra
mol/L - mM mM %

6 0.030 77 0.2154 0.189 13.4

7 0.030 154 0.1654 0.124 33.4

8 0.030 309 0.0780 0.119 -34.5

827



T. Frey et al.
5.2. Incorporation model in laminar flow

The application of the incorporation model (for turbulent mixing) to
a continuously operated mixer unit in laminar flow conditions might
seem unsuitable. However, besides the established application in in-
dustry, there is a profound reason to do so. The usage of the selectivity to
determine the mixing performance of equipment directly links micro
mixing to a competitive chemical reaction. Other research groups show
meaningful results for the characterization and comparison of laminar
micro mixer (Liu and Lee, 1999; Fang and Lee, 2001; Rahimi et al. 2017;
Kashid et al. 2011; Su et al. 2011).

The applicability and meaning of the obtained micro mixing times
however require more context. The incorporation model yields micro
mixing times t, and respective micro mixing lengths l,,, when convert-
ing the timescale to a length scale using the hydraulic residence time of
the mixer unit. The thus obtained spatial progress of the triiodide con-
centration is plotted in Fig. 7 related to the entire volume flow together
with the globally measured concentration by the UV-Vis probe. Addi-
tionally, the mean of the depth averaged triiodide concentration over
the mixer SAR elements (as described by Fig. 6) determined by the
imaging UV-Vis spectroscopy is shown as a reference.

When interpreting the progress of the reaction, the incorporation
model clearly underestimates the local micro mixing time or the mixing
length, respectively. For example, at Re = 77 the reaction terminates at
a mixer unit length of [, = 6.6 mm and micro mixing is complete at [,
13.8 mm. In contrast, the typical flattening of the triiodide concentra-
tion (indicating reaction termination) measured with the local imaging
UV-Vis spectroscopy occurs at a significantly larger mixer length
[ > 15 mm. This trend is observed for Re = 154 as well. The local con-
centration distributions in Fig. 6 and Fig. 7 underline the observed
differences.

The root of the deviations lies in the incorporation model assump-
tions. Based on the experimentally determined selectivity, the incorpo-
ration model finds the closest fit of the boundary conditions of the
incorporation function g(t). The function itself assumes an exponential
growth of the reacting volume, in which the reaction can instanta-
neously take place. The slower reaction occurs only, if the educts of the
fast reaction are consumed faster than the micro mixing can supply new
educt. However, the model assumption also implies the complete pres-
ence of the educt of the slow reaction in V;. This assumption is valid for
continuously stirred tank vessels, the first application of the incorpora-
tion model.

In the SAR mixer unit at low Reynolds numbers, the apparent
incorporation of the reaction volume is driven by the sequential lami-
nation of the educt feed streams, and subsequently by diffusion. Here,
the reacting volume flow V, essentially is described by the lamellae
thickness which can be seen as lamellae of triiodide concentration in
Fig. 6. The educt of the slow reaction is not in fully contact with the
reacting volume flow, as assumed by the incorporation model. To reflect
these phenomena, other micro mixing models might be more suitable (e.
g., engulfment model, IEM model).

The micro mixing time determined from the incorporation model
thus does not represent the global micro mixing time as it does in a
turbulent stirred tank. Moreover, the micro mixing time varies locally
within the mixer, e.g., in the initial SAR elementn = 1, the micro mixing
time is larger, further downstream of the mixer (and the formation of
2m+1 lamellae) the local micro mixing is smaller. If applied to continuous
laminar flow applications, the incorporation model rather gives a mean
micro mixing time, instead of a uniform global micro mixing time. The
mean micro mixing time results in a comparable selectivity to the one of
stirred tanks with the same global micro mixing time.

6. Conclusion

This work presents a novel locally resolved transmission
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spectroscopy analysis method, namely the imaging UV-Vis spectroscopy.
The method is compared to a conventional approach of characterizing
micro mixing equipment with the incorporation model. Both methods
are applied to the Villermaux-Dushman protocol, yielding the tempo-
rally (and spatially) resolved reaction progress which allows insights
into the phenomenon of micro mixing.

While the incorporation model is originally developed as a descrip-
tion of micro mixing in turbulent stirred tanks, it is able to characterize
micro mixing in continuous laminar flow applications, and allows for
predictions of selective reaction performance as well. Combined with
the Villermaux-Dushman protocol (Perchloric acid, TRIS buffer), the
incorporation model gives robust and reproducible mean micro mixing
time in a passive split-and-recombine mixer (“Cascade mixer 15” by
Ehrfeld Mikrotechnik GmbH) in laminar flow conditions. The effect of
surface roughness due to the manufacturing process and material is
found to be negligible in the investigated flow conditions
(77 > Re > 309). The limits of possible operating conditions are
imposed by measurement range of the UV-Vis spectrophotometer, since
large absorbances A > 2 drastically decrease accuracy.

The imaging UV-Vis spectroscopy unveils the 2D-spatial distribution
of selectivity within the mixer unit. With the additional information, the
weaknesses of the incorporation model assumptions are displayed in
laminar flow conditions. While the selectivity is a global parameter that
enables comparability between laminar and turbulent flow applications,
the micro mixing time derived from the incorporation model gives a
mean value, which might locally deviate.

The method enables the geometric optimization of mixer units with
direct linkage to the selectivity of a fast competitive reaction. The cur-
rent setup shows limits at the lower end of absorbance, and will be
improved in future work. Furthermore, an organic test reaction system
with a competitive-consecutive reaction scheme will be tested in the
setup (i.e., the MNIC-DNIC reactions (Tsai et al. 2015; In-Iam et al. 2019;
Specht et al. 2020; Schliiter et al. 2021)) to further test the robustness of
the imaging UV-Vis setup and the incorporation model in a fluidic sys-
tem closer to industry applications.
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