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ABSTRACT

Fast mixing is an essential feature of a microreactor. This study reveals the critical role of microscopic fluid
incorporation on fast chemical reactions in a microreactor. The vortices in a microreactor produce tiny fluid
segments, and the incorporation of these segments into the surrounding fluid triggers chemical reactions. The
selectivity of chemical reactions highly depends on the type of the fluid segment incorporated into the fluid.
Microreactor operations that consider incorporative mixing can achieve better reaction results, even with slow
mixing. For example, a tee mixer showed better reaction performance with the vertical confluence configuration
than with the symmetric configuration, although the symmetric 180-degree confluence provides more intense
mixing. Computational fluid dynamics (CFD) simulations showed that vertical confluence enabled the division
and incorporation of a stream from the horizontal inlet into another stream. The appropriate inlet designation is
vital when two inlets of a microreactor differ in dimensions, directions, or positions because the different inlets
provide different mixing profiles. The two inlets of the microreactor were distinguishable even though the
fabrication error was insignificant. For instance, feed orientations changed the side-product yield seven times in a
3D-printed microreactor. Moreover, the impact of incorporative mixing on particle synthesis was confirmed.
Switching the two inlets significantly influenced the morphology and size of the synthesized particles by
changing the initial nucleation environment. In conclusion, considering incorporative mixing and optimal inlet
orientation will enhance the performance and flexibility of microreaction technology.

1. Introduction

chemical test reactions, an instantaneous main reaction is coupled with
a relatively slow side reaction such that better mixing produces fewer

Microreactors with small internal structures have been studied and
applied in several fields of organic chemistry and material synthesis
[1-3]. Fast mixing is an essential feature of microreactors [4,5]. Efficient
synthetic pathways for fine chemicals [6,7], protecting-group-free
halogen-lithium exchange reactions [8,9], and size-controlled nano-
particle synthesis [10-15] have been achieved using microreactors. A
smaller reactor has a better mixing performance but causes a larger
pressure loss and has higher clogging risks. Therefore, the design and
optimization of microreactors is crucial for industrial applications
[1,16]. An operation with a higher Reynolds number (>10?) is the
standard for fast mixing with increased throughput in industrial
applications.

Competing chemical test reactions are common techniques used to
evaluate the physical mixing quality in microreactors [17-19]. In
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side products. Examples of test reactions include the diazo coupling
between 1-naphthol and diazotized sulfanilic acid [20], bromination of
1,3,5-trimethoxybenzene [21], and Villermaux-Dushman reaction. The
Villermaux-Dushman reaction has been the most commonly used test
reaction owing to its safety, ease of measurement, and adjustable
sensitivity. Another method for mixing characterization has been pro-
posed [22] but has not replaced the Villermaux-Dushman reaction yet
[23,24]. The Villermaux-Dushman reaction couples the neutralization
and comproportionation of iodide and iodate ions to form iodine [25].
The formation of triiodide enables the easy quantification of the side
product using UV-Visible spectroscopy. The schemes are as follows:

H,BO3 + H" 2 H3BO; (main reaction).
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5T + 103 + 6H" 2 31, + 3H,0 (side reaction).

I, + I' 2 Iz (equilibrium).

For a mixing evaluation using the Villermaux-Dushmn reaction, an
acid solution and basic buffer solution containing iodide and iodate ions
are mixed. If the mixing is fast enough, all protons in the acid solution
react with the base because neutralization has extremely fast kinetics.
However, if the mixing proceeds slowly, several protons react with io-
dide and iodate ions to form iodine because mass transfer limits the
neutralization rate. Most previous studies have assumed that the mixing
time in microreactors solely determines the side product yield [26-28].
With this assumption, the optimal structure and operating conditions
have been discussed in terms of the trade-off between the pressure loss
requirement and the mixing time [17,18].

However, Kolbl and Kraut demonstrated that another factor in-
fluences the reaction when the mixing time was maintained constant
using an asymmetric tee mixer (Fig. 1(a)) [29]. When the acid solution
was fed from a narrower inlet, the iodine yield decreased by 15-35 %
compared to another orientation in which the acid solution was supplied
from a wider inlet. In both orientations, the solutions had the same flow
rate; therefore, the mixing times were constant. Our previous study
evaluated the microjet mixers illustrated in Fig. 1(b) and observed that
the feed orientation influenced the test reaction results [30]. The
Villermaux-Dushman reaction and bromination of 1,3,5-trimethoxyben-
zene were conducted. Feeding an acid solution from the inner inlet
resulted in a much smaller iodine yield in the Villermaux-Dushman re-
action. For the bromination reaction, providing the bromine solution
from the inner inlet suppressed the side product formation to less than
one-tenth of the other orientation. These previous studies indicate that a
more detailed understanding of the mixing profile is necessary for the
design and operation of microreactors.

This study was conducted based on the assumption that a model
considering the incorporation of one fluid into another fluid generally
explains the above examples. Fig. 2 illustrates the concept of incorpo-
rative mixing focused in this study. Fig. 2(a) shows the typical mixing
profile of fluids A and B in a microreactor reproduced by a computa-
tional fluid dynamics (CFD) simulation. The confluence of fluids pro-
duces vortices of various scales, from the reactor diameter length to the
Kolmogorov scale. Smaller vortices disappear faster owing to diffusion
into the surrounding fluid. Fig. 2(b) illustrates fluid division and
incorporation in a simplified scheme. The vortices divide and rearrange
the fluid. In some regions, small fluid segments are present inside the
other fluid. They are rapidly incorporated into their surroundings. The
remaining larger pieces then merge by exchanging components with
each other. The convective fluid division followed by the incorporation

Inner
~» Qutlet inet =2
4| Widerinlet
(d)
Vertical inlet A
Horizontal Inlet-1 Inlet-2
inlet ;
— —
——

Fig. 1. Examples of microreactors with distinguishable inlet ports: (a) tee mixer
with one narrowed inlet, (b) microjet mixer with concentric structure, (c) tee
mixer with vertical confluence orientation, and (d) symmetric mixer with a
fabrication error.
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into another fluid is termed as an incorporative mixing in the present
study. The incorporation of fluid during the mixing was studied decades
ago as a tool for simplifying the mixing process [31,32]. However, these
studies focused on the mathematical treatment of the mixing and the
estimation of a mixing time. In the present study the influence of the
incorporative mixing on the reaction selectivity is considered in depth.

When the two inlets of a microreactor are identical, as shown in
Fig. 2(a), the portion of both fluids (A and B) incorporated into each
other is the same. However, when a microreactor has unique inlets
(Fig. 1), these portions can be specific to each inlet (Fig. 2(c)). Therefore,
inlet orientation can change the reaction selectivity. In the Villermaux-
Dushman reaction, side products produced after incorporating the acid
solution into the buffer solution were negligible. In contrast, combining
the buffer solution with the acid solution resulted in side reactions by
iodide and iodate in an acidic environment. This scheme explains the
previous reports on asymmetric tee and microjet mixers. Fluids fed from
the narrower inlet and the inner inlet undergo incorporative mixing with
the other fluid in a significant portion.

This study aimed to validate the generality and importance of the
concept of incorporative mixing and its influence on chemical reactions.
First, we explored the influence of inlet orientation on chemical re-
actions in practical situations. As an example, a vertically configured tee
mixer was investigated (Fig. 2(c)). Owing to space limitations, vertical
confluence often appears in microchips [33,34] and in sequential mixing
processes [35,36]. A 3D-printed microreactor was also examined as an
example of a structure with a fabrication error (Fig. 1(d)). Moreover,
various particle syntheses in a microjet mixer were investigated to
determine the possibility of controlling the particle morphology and size
by designing detailed mixing profiles. Traditional particle synthesis
often employs the dropwise addition of one solution to the stirred so-
lution. Addition methods (A-to-B or B-to-A) are considerably more
influential than the stirring and dropping rates [37-39]. It was expected
that incorporating mixing in a microreactor would play a significant role
in particle formation, similar to the addition methods used in traditional
procedures.

2. Methodology
2.1. Materials

Potassium iodide, potassium iodate, boric acid, chloroplatinic acid
hexahydrate, sodium tetrahydroborate, polyvinylpyrrolidone (PVP, M.
W. 1,300,000), 5 M hydrochloric acid solution, 5 M sodium hydroxide
solution, ethanol, copper (II) trifluoromethanesulfonate, and 4,4'-
bipyridine were purchased and used without further purification. Ultra-
purified water was prepared using a Milli-Q water purification system
and was used throughout the experiment.

2.2. Microreactors

The microreactors consisted of micromixers and tubes. Outlet tubes
with a length of 0.30 m and an inner diameter of 0.5 mm were connected
to the micromixers. These outlet tubes were placed straight to minimize
external disturbances during the mixing process.

2.2.1. Tee mixer

A tee mixer with an internal diameter of 0.33 mm (Swagelok, Solon,
USA) was used. A tee mixer was configured symmetrically with 180-de-
gree confluence or asymmetrically with 90-degree confluence, as shown
in Fig. 1(c).

2.2.2. KM-SUS mixer

A KM mixer features instant and uniform mixing enabled by the
central collision of substreams [40]. The original KM mixer (KM-SUS,
Fig. 3(a)) was mechanically fabricated using stainless-steel plates. Sub-
streams of dimensions 0.1 mm (width) x 0.1 mm (height) were etched



S. Asano et al. Chemical Engineering Journal 451 (2023) 138942

(a) (b)
Feed A Small Incorporated
iy vortices region = o
§ NIHEE s
i s
4 eo0oceo e H .: = .o:
o.o...o‘o .".g [
/ '/T tet Fluid division Incorporation Interexchange
o outle and of small and
ﬁ rearrangement segments merging
Feed B
(c)
Feed A Inlet1 Outlet Feed B
Inlet =) J =) o ™ 2
orientation - o N switc '"ga\y -._J
Feed B ;
Inlet 2 Microreactor Feed A
Incorporation of Interexchange
Mixing AintoB and merging \ Incorporation of
profile Binto A
. A + B, — R (main reaction) A+B; >R ZrQCﬁed in
Reaction A+B, — S (side reaction) A+B, s~/ Afichregion
performance
Better selectivity Poor selectivity

Fig. 2. Concept of the incorporative mixing: (a) typical mixing profile in a microreactor reproduced in the CFD simulation showing the small fluid segments
incorporated into the surrounding fluid, (b) simplified illustration of the mixing process in a microreactor, and (c) influence of inlet orientation on the mixing profile.
CFD simulation was performed for mixing water in a tee with 0.1 x 0.1 mm inlet channels and a 0.1 x 0.2 mm outlet channel. Total flow rate was 2.4 mL/min.

(@)

Inlet-1

(
< | )Outlet

Central collision of 10 substreams

b)

o

Fig. 3. KM mixer with 5 x 2 substreams: (a) Schematics of the original product consisting of mechanically fabricated stainless-steel plates (KM-SUS), and (b)

photograph of the imitation product printed with an acrylate resin (KM-3Dprint).

on the second plate. The center of the substreams had a diameter of 0.32
mm. The outlet hole had a diameter of 0.36 mm and length of 1 mm. The
two inlets were named inlet-1 and inlet-2, but these inlets were identical
in terms of the mixing profile. The internal structure around the mixing
point is shown in Figure S1 as a computer aided design drawing.

2.2.3. KM-3Dprint mixer

The imitation KM mixer (KM-3Dprint, Fig. 3(b)) was directly printed
from a computer design using an inkjet 3D printer (Agilista, Keyence,
Osaka, Japan) and UV-curable acrylate polymer (Keyence). The printer
had a resolution of 40, 64, and 15 pym in the x-, y-, and z-directions,
respectively. The measured errors were 150 pm in the x-, y-directions
and 20 pm in the z-direction at the maximum [41]. Due to the much

larger errors of the 3D printing than the mechanical fabrication used for
the KM-SUS, the dimensions of the substreams of KM-3Dprint were
designed to be 0.5 mm width x 0.2 mm height. The diameter of the
center hole was set to be 1.5 mm.

2.2.4. Microjet mixer

Based on a previous report [30], three microjet mixers were assem-
bled using commercial tees and tubes as in Fig. 1(b). Table 1 lists the
dimensions. The outer tubes of the microjet mixers were extended 0.3 m
as the outlet tubes.
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Table 1
Dimensions of microjet mixers in mm.

Name  Inner diameter of the Outer diameter of the Inner diameter of the

inner tube inner tube outer tube
Jet S 0.10 0.36 0.50
JetM  0.18 0.79 1.00
Jet L 0.50 0.79 2.40

2.3. The Villermaux-Dushman reaction

The Villermaux-Dushman reaction was conducted according to the
method described by Commenge and Falk [26]. Hydrochloric acid so-
lution and alkaline buffer solution containing potassium iodide, potas-
sium iodate, and boric acid were mixed at the same flow rate. Aqueous
solutions of the acid and buffer were prepared at the following
concentrations:

e acid solution: [HCl] = 60 mM
e buffer solution: [KI] = 32 mM, [KIO3] = 6 mM, [NaOH] = 90 mM,
and [H3BO3] = 90 mM.

The solutions were fed into the device using 260D syringe pumps
(Teledyne Isco, Lincoln, USA) at room temperature of 20 + 5 °C. The
samples were collected from the outlet tubes into optical cells with an
observation length of 1 cm. The absorbance (ABS) at 353 nm specific to
triiodide ions was measured after the sample collection phase using a
UV-Mini 1240 spectrometer (Shimadzu, Kyoto, Japan). The error bars in
the figures for the Villermaux-Dushman reaction results indicate the
standard deviation of at least three analyses.

2.4. CaCOj precipitation

CaCOj3 was precipitated by mixing 50 mM aqueous solutions of CaCl,
and NayCOs at the same flow rate at room temperature of 20 + 5 °C. The
outlet suspension was filtered through a 0.1 pm pore membrane filter
(Advantec, Tokyo, Japan) and dried at 60 C under vacuum. Powder
samples were identified using powder X-ray diffraction (XRD, Multiflex,
Rigaku, Tokyo, Japan) patterns at room temperature and were observed
using scanning electron microscopy (SEM, JSM-6700F, Jeol, Tokyo,
Japan). Precipitation of CaCOs in a batch reactor was conducted for
comparison. 10 mL of 50 mM aqueous solution of Nay;COs3 (or CaCly)
solution was stirred at 1000 rpm in a beaker. The same amount of 50 mM
aqueous solution of CaCl, (or NapCO3) was then poured into the beaker.
The suspension was kept under stirring for 10 min. Then, the suspension
was filtered through a 0.1 pm pore membrane filter and dried at 60 C
under vacuum.

2.5. ELM-12 synthesis

An elastic-layered metal-organic framework (MOF)-12, {ELM-12:
[Cu(CF3S03), (4,4'-bipyridine),]} [42,43] was synthesized in a microjet
mixer by employing a procedure based on a previous report using a
vigorously stirred batch reactor [44]. A 30 mM solution of Cu(OTf), in
water and a 60 mM solution of 4,4'-bipyridine in ethanol were mixed at
the same flow rate. Owing to the temperature sensitivity of the MOF
synthesis process, mixers and tubes were placed in a water bath at 20.0
‘C. The outlet suspension was maintained at 20.0 C for 15 min and then
filtered with a 0.1 pm pore membrane filter and dried at room temper-
ature in a vacuum. Powder XRD patterns were used to identify the
powder sample. The powder was observed using SEM, and the edge
lengths were measured. The particle size distribution was obtained by
measuring the diameter of approximately 200 particles in the SEM im-
ages. The error bars on the figure for the ELM-12 synthesis indicate the
standard deviation in the edge lengths of the measured particles.
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2.6. Pt nanoparticle synthesis

Pt nanoparticles were prepared by mixing an aqueous solution of
HyPtClg and PVP with another aqueous solution of NaBH4 at the same
flow rate at room temperature of 20 + 5 °C. The concentration of
H5PtClg in the stock solution, [Pt4+], was 2 mM. The concentrations of
the PVP monomer, [PVP], and NaBH4 in the other stock solution,
[NaBH4], were 20 and 8 mM, respectively, under standard conditions.
After mixing, one drop of the suspension was placed onto a carbon-
coated copper grid (NP-C15, Okenshoji, Japan) and dried at 60 C
under vacuum. The particles were observed using transmission electron
microscope (TEM, JEM-1010, JEOL, Japan) at 100 kV. The particle size
distribution was obtained by measuring the diameter of approximately
200 particles in the TEM images. The error bars on the figures illus-
trating the Pt nanoparticle diameter indicate the standard deviation of
the measured diameter.

2.7. CFD simulation

The commercial finite-volume code FLUENT (version 14.5 and 2021
R2) was employed for the CFD simulation. We simulated the mixing of
fluids A and B in tee and KM mixers. Both fluids have the same physical
properties and flow rates. The density and viscosity of the fluids were
1000 kg m~3 and 0.001 Pa s, respectively. The diffusivity of all the
species was 10" m? s ™! as the usual value for small molecules in a liquid
at ambient temperatures [45]. A 3D laminar flow model was employed.
The simulations were performed in a steady state.

The channel shape was modified to minimize numerical diffusion
[46] by avoiding circular shapes. The tee mixer was recomposed of
square channels with a 0.33 mm edge length. The outlet channel of the
KM mixer was a regular decahedron channel with a 0.10 mm edge
length. The outlet channel length was 35 mm for both the mixers.

Mixing without chemical reactions was simulated in a KM mixer and
a symmetrically configured tee mixer. The tracer species were added to
each inlet stream, and their properties were identical to those of the
solvent. Mixing with the following parallel-competing reaction system
was simulated in a tee mixer.

A +B; = R, 11 =k;[A][B1],-k; = 50000 M5!

A + By = S,y = ky[A][Ba],.ko = 1000M 151

k1 was set to simulate a very fast reaction which takes place in the
mixing zone [47]. ky was set to simulate a side reaction which proceeds
with poor mixing [21,48]. Fluid A contained species A at a concentration
of 1.0 M. Fluid B contained species B; and B, at each concentration of
1.0 M. The selectivity of the side product Ss was defined as follows and
calculated at the outlet cross section:

Ss = molar flow rate of S/(molar flow rate of R + molar flow rate of S)

The mixing quality a,, at each cross section was defined as the
standardized variance of the concentration field [49]:

&)

o,
2
0

a, =1—

[

y/0% is the standard deviation of the mass fraction of the tracer
species. /0% is the initial standard deviation calculated from inlet

concentrations and flow rate.

The iterations were conducted at least 2500 times. The residual was
smaller than 10 within 400 iterations. Mesh size dependency was
tested by repeating the mesh refinement. Figure S2 shows the test
results.
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3. Results and discussion
3.1. Significance of incorporative mixing and inlet orientation

Fig. 4(a) shows the results of the Villermaux-Dushman reaction
conducted using the tee mixer. The tee mixer with the vertical-
confluence configuration showed a high dependency on the inlet
orientation, especially at a low total flow rate. When the acid solution
was fed from the horizontal inlet and the base solution from the vertical
inlet (vertical-1), the ABS values corresponding to the side product yield
were less than half of those obtained with the opposite inlet orientation
(vertical-2). The tee mixer with the vertical confluence configuration
had identical inlet dimensions. Therefore, Fig. 4(a) shows that the two
feed streams act differently only with differences in direction. Signifi-
cantly, both the acid and base solutions used for the Villermaux-
Dushman reaction were dilute so that inlet switching did not alter the
physical mixing behavior.

Considerably, the side product yield in the vertical-1 configuration
was significantly lower than that in the 180-degree confluence config-
uration (symmetric). Better reaction selectivity of vertical-1 than sym-
metric is surprising because it is common sense that the 180-degree
confluence configuration has higher mixing performance than the 90-
degree. Many studies have confirmed more intense vortices and better
mixing performance in the 180-degree confluence than in the 90-degree
[50-52]. Investigating the optimal inlet orientation might be more
important than examining the intensity of the vortices at the mixing
point for improving the selectivity of fast chemical reactions.

Fig. 4(b) shows the results obtained using the KM-3Dprint. The flow
rate of less than 200 mL/min resulted in the saturation of absorbance.

Chemical Engineering Journal 451 (2023) 138942

The structure of the KM-3Dprint designed in the computer is identical
for the two feed streams. If the fabrication error is negligible, switching
the two inlets should not affect the Villermaux-Dushman reaction. The
poor fabrication precision should have distinguished the two inlets.
Three-dimensional printing (or additive manufacturing) technology has
been extensively employed for manufacturing microreactors [53]
despite fabrication errors [54]. Therefore, a careful investigation of inlet
orientation for 3D-printed microreactors is recommended from the
current results.

The CFD simulations were conducted for the tee mixer to discuss the
origin of the selectivity difference in detail. The simulations included a
simplified parallel competing reaction system. The Villermaux-
Dushman reaction was not considered because its kinetics are too
complicated [55] for a generalized discussion. In the simulated scheme,
B; and B compete for the consumption of A. The inherent kinetic
constant of A + B; — R was 50 times higher than that of A + By — S.
Therefore, the role of A was analogous to that of an acid in the
Vilermaux-Dushman reaction.

Fig. 5 shows the results of the CFD simulation. Fig. 5(a) shows a
mixing profile in the vertical-1 configuration. As shown in the enlarged
contour, a portion of the fluid from the horizontal inlet moved to the
upper side. The secondary flow, termed the Dean flow [56,57], was
responsible for the movement and division of the stream. Consequently,
the fluid from the vertical inlet rolled the divided parts into the central
part. Both the main reaction and side reaction proceeded at the interface
of the streams (Fig. 5(b) and (c)). The vertical-2 configuration showed
almost the same profiles in terms of the mixing and the main reaction
(Fig. 5(d) and (e)). However, as shown in Fig. 5(f), the B, taken into the
A-rich region caused a side reaction exclusively. The resulting Sg values

(a) 0.9 - - Vertical-1 Buffer
é OVertical-1 salifof
2 _
— >Vertical-2 Acid —
g 0.6 4 OSymmetric solution m——
3 I Vertical-2 ¢ Acid
- I solution
©
€N 03 @ Buffer e
?E SOIUtION E—
]
Symmetric ‘
O T T 1 ’
0 20 40 60 Acid. — Buffer
Total flow rate [mL/min] SOIULION p— sOUtiON
(b) 3.0 -
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o Buffer-1 Acid-2 Buffer-1 eriiricn
25 H : Acid-2 o)
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5 ‘/iAcid
€20 - 1 / \ solution
8
™ 1 5 T
© .
® 1.0 A Buffer-2 s
. solution
< Acid-1 \
0.5 - N Buffer
’—‘I—| /T\ solution
0.0

KM-3Dprint, 200 mL/min

Fig. 4. Results of the Villermaux-Dushman reaction with various inlet configurations: (a) Tee mixer with the vertical confluence configuration and (b) KM-3Dprint.
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Fig. 5. Profiles of mixing and reaction in the tee mixer with a total flow rate of 13.1 mL/min: (a) tracer concentration, (b) main reaction rate, and (c) side reaction
rate in the vertical-1 configuration; (d) tracer concentration with mixing degree a.,, (e) main reaction rate, and (f) side reaction rate profile in the vertical-2
configuration; (g) tracer concentration profile with selected reaction rate contours in the symmetric configuration. a,, in vertical-1 was identical to that in verti-

cal-2.

of 11.6 % and 16.7 % for each orientation were aligned with the
experimental results, as shown in Fig. 4(a). The revealed mixing and
reaction profiles corroborate the understanding based on the incorpo-
rative mixing. Many portions of the stream from the horizontal inlet
undergo incorporative mixing with the other stream. Fig. 5(g) shows the
mixing and reaction profiles in the symmetric configuration. The mixing
was more intense than that at the 90-degree confluence owing to the
engulfment flow [58]. The mixing quality an at cross sections were
higher than that of corresponding positions in the vertical configurations
(Fig. 5(d) and (g)). However, the output of S was 16.9 %, which is
higher than both vertical configurations. The engulfment flow effec-
tively facilitated mixing but allowed the side reaction to proceed in the
A-rich region (inset of Fig. 5(g)).

The distinction of inlets was possible even when the two inlet streams
were identical in flow rate and dimension, as confirmed through the CFD
simulations. The difference in direction resulted in a significant differ-
ence in selectivity. A careful assessment of the inlet orientation is vital if
a microreactor has different inlets. Consequently, a limitation of the
applicable domain of chemical test reactions for mixing evaluation

arises. As confirmed by the tee mixer configurations, intensified mixing
does not always result in better reaction selectivity. Therefore,
comparing test reaction scores derived from reaction selectivity may not
be useful for comparing physical mixing behaviors. In the last part of this
paper, the possibility of using a new mixing evaluation scheme to
accurately assess physical mixing behaviors has been discussed.

3.2. Influence of incorporative mixing on particle synthesis

The influence of incorporative mixing on particle synthesis processes
was examined. Microjet mixers were used for this purpose because they
can clearly distinguish the two feed streams and are resistant to clogging
[59].

3.2.1. CaCOs precipitation

Fig. 6 shows SEM images of the CaCOs3 particles obtained using the
microjet mixer (JetS). Switching the inlet orientation significantly
changed the particle morphology. When the NayCOg solution was fed
from the inner inlet and the CaCly solution from the outer inlet, spherical
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(b)

CaCl,
solution
—>

11.6 mL/min

Na,CO; solution
11.6 mL/min

Fig. 6. SEM images of CaCOj; particles synthesized in a microjet mixer (Jet_S) with a total flow rate of 23.2 mL/min: (a) Na,COj3 solution was fed from the inner inlet,

and (b) CaCl, solution was fed from the inner inlet.

particles with a diameter of 5-10 pm were obtained. The XRD pattern
(Figure S3) confirmed that the crystals were vaterite [60]. The other
orientation results in rhombohedral crystals with vaterite agglomerates.
The XRD patterns confirmed that they were a mixture of calcite and
vaterite. The most plausible explanation is the effect of pH on the
crystallization. Kogo et al. investigated the CaCO3 formation process by
adjusting the initial pH using HCl and NH;3 [61]. A lower pH favored
single-phase vaterite formation, and a higher pH favored calcite

formation. Incorporating the Na,CO3 solution into the CaCl; solution is
favorable for synthesizing vaterite because of the lower pH of the CaCly
solution.

To clarify the role of fast mixing in a microreactor, CaCO3 precipi-
tation in a batch reactor was conducted by adding one solution to the
other solution stirred in a beaker. Pure calcite particles without vaterite
were formed regardless of the addition methods (NayCOs-to-CaCly or
CaCly-to-NayCO3) (Figure S4). The thermodynamic stability of these

(a) .
25 Cu(OTf), inner
= B Cu(OTf), inner i bipyridine
= 20 A Obipyridine inner solution
2 solution
& 15 | =
S
el
@
2 10 + bipyridine inner
& Cu(OTf),
o 5 1 bipyridine solution
. solution
3 .‘j —
- 04 ' ' &
Jet S Jet S Jet M Jet L
12.7 mL/min  23.6 mL/min 25,5 mL/min  60.2 mL/min
b
(b) 5 H,PtClg inner
. NaBH
] 4
4 HZPtCIB-lnner H,PIC- PVJ solution
E ONaBH, inner solutlon I—
o}
T 3
IS
8
E 2 1 NaBH, inner
ﬁé H,PtCls-PVP
g ' NaBH, J I solution
e solutlon
0 - T T T T )
Jet S Jet S Jet M Jet M Jet L

11.8 mL/min 23.6 mL/min 23.6 mL/min 47.1 mL/min 20.0 mL/min

Fig. 7. Size distribution of particles synthesized with microjet mixers: (a) ELM-12 platelets and (b) Pt nanoparticles.
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polymorphs can explain the reason. Calcite is the most stable poly-
morph. Vaterite is the least stable modification of anhydrous CaCO3
[62]. In general, thermodynamically stable polymorph is favored under
a nucleation process with small supersaturation. The addition of Na;CO3
solution into CaCly solution using the batch reactor did not achieve
enough supersaturation to form vaterite crystals. Both controlled
incorporative mixing profile and the high supersaturation in a micro-
reactor are important for obtaining unstable vaterite crystals selectively.

3.2.2. ELM-12 synthesis

ELM-12 was synthesized using microjet mixers. Diamond-shaped
platelets were obtained. Typical SEM images and XRD patterns are
provided in Supporting Information. All samples showed peaks at 20 =
10.0°, 14.0°, 16.5°, 18.0°, 18.5°, and 21.5°, which are consistent with
the reported patterns [42,43]. Fig. 7(a) summarizes the size distribu-
tions of ELM-12 platelets. The relationship between the particle size and
operating conditions with microjet mixers is complicated. The inlet
orientation influenced the particle size and its distribution significantly
and unpredictably. In the case of Jet_S with a total flow rate of 12.7 mL/
min, feeding 4,4’-bipyridine from the inner inlet resulted in more than
twice as large particles as those in the other inlet orientations. At a
higher flow rate, Jet_S produced larger particles of approximately 16 pm
in size, regardless of the inlet orientation. With Jet M and Jet_L, feeding
4,4'-bipyridine from the inner inlet resulted in smaller particles than
with the other orientations.

Unfortunately, it is challenging to give a mechanistic explanation of
the relationship between the mixing process and particle sizes in this
study. The formation of MOFs is very complex, and their characteristics,
like gas adsorption isotherms, can significantly differ by uncertain fac-
tors in the synthesis [63]. Incorporative mixing profile and local su-
persaturation would interact and influence the resulting particle size
non-linearly. Although providing a mechanistic explanation is diffi-
cult, examination including inlet orientations could achieve the syn-
thesis of monodispersed small particles (1.6 + 0.35 pm).

3.2.3. Pt nanoparticle synthesis

Fig. 7(b) shows the size distributions of the Pt nanoparticles syn-
thesized in the microjet mixers. In contrast to ELM-12, the inlet orien-
tation had negligible effects on the particle size. Jet_ M and Jet_L resulted
in larger particle sizes of approximately 3 nm compared with smaller
sizes of approximately 2 nm in the Jet_S mixer. The increase in the flow
rate with Jet M also decreased the particle size. Therefore, it can be
concluded that faster mixing results in smaller Pt nanoparticles.
Notably, only the Pt nanoparticle synthesis was independent of the inlet
selection, which had significant influence on the other systems of the
Villermaux-Dushman reaction, CaCOs precipitation, and ELM-12
synthesis.
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3.3. Mechanistic insights into the Pt nanoparticle formation

In principle, the effect of mixing originates from the microscopic
concentration profile of a microreactor. Therefore, the concentration of
the feed solution influences the mixing-sensitivity process. For example,
if the acid concentration in the Villermaux-Dushman reaction is
doubled, ABS of the outlet solution increases by more than 10 times
[26]. Fig. 8 summarizes the sensitivity of the Pt size distribution to the
reactant concentrations investigated using the KM-SUS mixer. The var-
iations in the concentration of the reducing agent, [NaBH4], resulted in
particle size differences as small as + 0.09 nm (Fig. 8(a)). In contrast, the
concentration of the capping agent, [PVP], was crucial for the particle
size (Fig. 8(b)). The decrease in the [PVP]/ [Pt**] ratio from 10 to 5
increased the particle size by 0.27 nm. Further reduction of [PVP]/
[Pt*] to 0.5 obtained large particles with a size of 3.21 nm. Therefore,
[PVP], rather than [NaBH4], is crucial for determining the particle size.

Regarding the microscopic mechanism of metal-nanoparticle for-
mation, Polte et al. proposed a model based on the agglomeration of
clusters. They reduced HAuCl4 by NaBH4 in a microreactor and char-
acterized the process using an in-line small-angle X-ray scattering setup
[64]. They found that the reduction of the precursor was completed
within 200 ms, and primary nuclei smaller than 1 nm were formed.
Thereafter, the coalescence of the nuclei occurred to form gold nano-
particles with sizes of approximately 2 nm. Yuk et al. confirmed the
coalescence of Pt nuclei using in situ TEM analysis [65]. Capping agents,
such as PVP, stabilize the facets of the resulting nanoparticles to prevent
further agglomeration [66]. Fig. 9 illustrates a plausible model for Pt
nanoparticle formation based on that proposed by Polte et al. [64], by
modifying it to include the role of PVP. In the 1st stage, the Pt precursor
is converted to small nuclei on a sub-nanometer scale through reduction
by NaBHj4. Although the reduction has very fast kinetics, its reaction rate
does not influence the final particle size. The 2nd stage is the coales-
cence of nuclei to form nanoparticles with diameters of several nano-
meters. PVP is adsorbed on the facets of the nanoparticles and prevents
further attachment of the nuclei. The 2nd step proceeds relatively slowly
in the timescale of milliseconds to seconds, but it influences the resulting
size of the nanoparticles.

When a local region in a microreactor lacks PVP or is rich in nuclei,
the protection of the nanoparticle facets is not sufficient. Therefore,
rapid mixing is necessary to produce smaller nanoparticles by uniformly
spreading both PVP and nuclei into the entire reactor space. Although
the timescale for coalescence is longer than the usual mixing time for
microreactors [9,67], the low diffusivity of PVP and nanoclusters ren-
ders the mixing time comparable to the coalescence timescale. The
diffusion coefficient of Pt nanoparticles is of the order of 10! m? 57!
[68]. The diffusion coefficient of PVP is of the same order, considering
its molecular weight [69]. They are approximately-one hundredth of the
diffusion coefficient of small molecules, including the Pt precursor [68].
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Fig. 8. Effect of the feed concentration on the Pt particle size distribution: (a) reductant concentration and (b, ¢) capping agent concentration. KM-SUS was employed

in all conditions with a total flow rate of 10 mL/min.
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relatively slow, important for particle size

Fig. 9. Supposed mechanism of Pt nanoparticle formation.

Therefore, rapid mixing is important to prevent the agglomeration of Pt
nanoclusters but not to promote reactions of the two components.
Because the 2nd stage in Fig. 8 consists of physical processes without
chemical reactions, the incorporative mixing may not affect the Pt size
distribution.

3.4. Evaluation of mixing profiles based on the size distribution of Pt
nanoparticles

The above findings on Pt nanoparticle synthesis open the possibility
of evaluating the physical mixing profile in a microreactor based on the
size distribution of the Pt nanoparticles. Fig. 10 presents the size dis-
tribution of the Pt nanoparticles obtained using the KM-SUS and tee
mixers in a symmetric configuration. The KM-SUS mixer achieved
smaller particle sizes than the tee mixer. This is in good agreement with
a previous study that demonstrated the better mixing performance of the
KM-SUS mixer than tee mixers [40]. In both mixers, a higher flow rate
reduced the particle size. This tendency is common to all chemical test
reactions [18,19]. We have conducted another set of experiments with
changing the outlet tubing length while keeping the flow rate to inves-
tigate the effect of residence time. Particle sizes were constant against
the tubing length (Figure S8). Thus, the influence of the flow rate on the
Pt nanoparticle size is attributed to the mixing effect, not the residence
time effect.

Notably, the dispersity of the resulting particle size differed between
the KM-SUS and tee mixers. The KM-SUS mixer produced mono-
dispersed nanoparticles, even at a low flow rate of 0.1 mL/min (Fig. 10
(b)). The tee mixer produced small particles similar to the KM-SUS mixer
with the highest flow rate of 10 mL/min. However, the standard devi-
ation was 0.21 nm, which is much larger than the value of 0.13 nm
obtained with the KM-SUS mixer. According to Fig. 9, the local profile of
the PVP concentration and the population density of the clusters would
have determined the size distribution of the nanoparticles. The dis-
persity difference may reflect the uniformity during the mixing process,
whereas the average size represents the mixing time.

Fig. 11 shows the tracer concentration profiles of the reactor cross-
sections after the confluence, examined using the CFD simulations.

—
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Fig. 11. Contours of the tracer concentration at cross-sections after confluence,
obtained through CFD simulations: total flow rate of (a) 0.1 mL/min, and (b) 10
mL/min.

The tee mixier exhibited poor mixing quality at a lower flow rate owing
to straight laminar flow [49]. Although laminar flow also formed in the
KM mixer at the same flow rate, the pre-divided substreams enabled
mixing to proceed via diffusion. At a higher flow rate of 10 mL/min, the
vortices in the confluence section promoted mixing through convection.
The ap was slightly higher in the tee mixer. However, the KM mixer
exhibited smaller residual segments, whereas the tee mixer had a couple
of larger components. These CFD simulations are consistent with the
average size and dispersity of the Pt nanoparticles, as shown in Fig. 10
(b). The large dispersity of Pt nanoparticles synthesized in the microjet
mixers shown in Fig. 7(b) reflects the nature of unsteady mixing by
jetting, wherein a vigorous turbulent stream appears [30].
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Fig. 10. Pt particle size variation with varying flow rate: (a) entire datasets for the total flow rates of 0.1, 0.3, 0.5, 1.0, 2.0, and 10 mL/min, and (b) selected datasets

for mixer comparison.
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Based on the above investigation, the use of Pt nanoparticle synthesis
as a mixing-evaluation protocol has been proposed. Size distributions of
Pt nanoparticles reflect the intensity and uniformity of the mixing pro-
cess and is independent of the incorporative mixing effect. Unfortu-
nately, size distribution analysis by TEM imaging requires much time
and human intervention compared to other chemical test reaction sys-
tems. The rapid development of automation technologies in TEM
observation and image analysis [70,71] may mitigate these issues in a
few years.

4. Conclusions

Experiments and simulations were conducted to confirm the validity
of the incorporative mixing model described in Fig. 2, and the following
conclusions were drawn:

(1) The incorporative mixing is important not only for competing
chemical reactions but also for particle synthesis because the
nucleation environment can change by the fluid incorporation.
The inlet orientation of a microreactor is crucial if its two inlets
differ in direction, dimension, or position. Two feed streams will
undergo different mixing profiles in terms of incorporative mix-
ing. Errors in fabrication can be an unintended source of the
difference in the inlet characteristics, resulting in a vast differ-
ence in the reaction outcome. Special care regarding the inlet
orientation is necessary, except when a microreactor is certified
to have identical inlets without fabrication errors.

The incorporative mixing significantly influences the outcome of
the chemical test reactions. Therefore, the applicable domain of
the test reactions for mixer comparison is much narrower than
what is widely assumed. Alternatively, the size distribution of the
Pt nanoparticles synthesized by mixing the precursor and
reducing agent solutions indicates the physical mixing rate and
uniformity.

The consideration of incorporative mixing and optimal inlet
orientation will enhance the performance and flexibility of the
microreaction technology. It also helps build a model to describe
the mixing and reaction mechanisms in microreactors.
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