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Abstract

Segmented flow, one of the most important flow patterns in microchannels, has been
widely employed in gas—liquid microreactor systems because it enhances mass transfer
through the biphasic interface. The segment length is determined by the channel
parameters (e.g., size, material type), fluid flow rate (F), and fluid properties. Thus, it is
difficult to manipulate the gas—liquid segment length without affecting the residence time
of the fluid.

Previous studies evaluating an increased F have reported an increased volumetric
mass transfer coefficient (kza) and reduced segment length (L). However, the relationship
between kra and L has not been systemically investigated under the same F.

Magnetic Fe3;Os4 nanoparticles boast wide-ranging applications from magnetic
separation to imaging, labeling, and remote control of targeted drug delivery. However,
the conventional Fe3O4 nanoparticles synthesis in a batch reactor is time- and energy-
intensive. In the currently developed continuous synthesis strategies, the complexity of
the rotating packed bed reactor and the low capacity of the microfluidic chip impedes the
application of these devices for the fabrication of Fe;Os nanoparticles. Hence, for the
continuous synthesis of Fe3O4 nanoparticles, a simple and convenient device with high
throughput is urgently required.

In this work we successfully achieved regularly segment length control by
introducing a high-speed valve into a gas—liquid microchannel system. Varying the
frequency of the valve (f) installed in the gas-phase tube to allow gas and liquid segment
lengths to be controlled within a large range. Furthermore, a gas/liquid flow rate ratio in
the range of 0.7-1.2 was deemed necessary for steady segmented flow. Finally, a
correlation was proposed to predict L using parameters such as f and F, and it matched

the experimental data well.



Subsequently, the influence of L on kra is investigated by altering the valve
frequency f. The results indicate that kza in the segmented flow is negatively correlated
with L at constant F and reaches 0.149 s™!' (332.6 times larger than that in the bubble),
whereas the specific area (a) of the segmented flow increases with increasing f'before the
liquid phase is saturated. Moreover, a and instinct kza can be predicted using f, F, and the
microchannel diameter.

By leveraging the benefits of segmented flow, continuous synthesis of Fe3Os
nanoparticles was achieved in microchannel, utilizing the coprecipitation method. The
influence of iron concentration, reaction temperature, and the Fe?":Fe** ratio on the
synthesis of Fe3Os nanoparticles were investigated thoroughly. This segmented flow
synthesis strategy was proved to be capable of fabricating Fe3;Os4 nanoparticles of
approximately 6 nm. Moreover, by increasing f, thus reducing L, the size distribution
range of nanoparticles was reduced and uniform nanoparticles were synthesized.

The continuous synthesis of Fe3O4 nanoparticles was extended through a process of
partial oxidation coprecipitation of Fe?" within the gas-liquid segmented flow. The
optimum conditions for nucleating agent addition, oxidation time, acid additive source,
and H":Fe* and OH":Fe** ratios were determined through different experiments. The
results indicate that adding a nucleating agent to the NaOH solution and HCI to the FeCl»
solution, with an oxidation time of 19.2 s and a H":OH":Fe?" ratio of 0.67:8.5:1, yields
Fe;O4 nanoparticles with diameters of approximately 8 nm and a narrow size distribution
range of 5-13 nm.

The results of this research will not only enhance the efficiency of gas-liquid
reactions within microreactors, but also deepen our grasp of mass transfer phenomena in
gas-liquid segmented flows. Moreover, our developed continuous synthesis method for
Fe3O4 nanoparticles presents substantial advantages in terms of both productivity and
manufacturing cost compared to existing technologies. This positions it as a promising
avenue for large-scale, continuous production in industrial settings. These advancements

also make notable contributions to the broader understanding of microreactor systems and



propel advancements in microreactor system design.
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Nomenclature

a specific surface area, m?/m?

C* equilibrium concentration of oxygen in water, mol/m?
C concentration of oxygen measured by the DO meter, mol/m?®
Co concentration of oxygen in water at time 0, mol/m3

d diameter, m

f high-speed valve frequency, s

F flow rate, m%/s

K Scherrer constant, equals 0.89

kra liquid side volumetric mass transfer coefficient, s

ki liquid side mass transfer coefficient, m-s*

L length, m

N the rate of gas absorption per unit volume, mol/m?-s
p pressure, kPa

t time, s

v volume, m®

v velocity, m/s

/] the full width at half maximum of the peak

T contact time, s

A X-ray wavelength, equals 1.5406, A

0 the Bragg diffraction angle
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Subscripts

Q

O T

min

max

sq

static condition
bubble in the flask
continuous
calculated
dynamic condition
fundamental
filling

gas

interruption

inner

liquid

minimum
maximum

particle

reaction

segment in the microchannel
squeezing

total
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Introduction

1.1 Microreactor

1.1.1 Development of microreactor

In 1981, to solve the requirement for effective and compact heat removal of very-
large-integrated circuits, Tuckerman and Pease [1] introduced the concept of ‘micro heat
exchanger’ and designed a compact heat sink, as shown in Fig. 1.1. After that,
microchannel begun to draw increasing attention of chemical engineers for its excellent
heat and mass transfer performance. DuPont developed [2,3] the first ‘minichemical
reactor’ (shown in Fig. 1.2) in the world for processing toxic chemicals in 1990s, and
continued the research in this area by collaborating with the Massachusettes Institute of
Technology. Chemical companies like UOP, BASF, Bayer, Corning, and Shell also added
related researches in their plans; the Japanese government listed microreactor as a new
chemical technology in the ‘National industrial technology strategy’ in 2000.

In Academia, the International Microreaction Technology Conference (IMRET) has
been held for 16 times from 1997. On April 2004, the first ‘International Conference on
Microchannels and Minichannels’ defined the critical dimension of the microchannel to

be 10pm-3mm. During the last several decades, microreactors had been widely studied
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all over the world from different aspects, including shape design and optimization,

hydraulics, heat and mass transfer, and application in various of chemical reactions [4,5].
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Fig. 1.1 Schematic of the compact heat sink incorporated into

an integrated circuit chip [1]

Inlet/Outlet Wafer

Reactants Heat Exchanger

Products Heat Exchanger
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Fig. 1.2 The first microfabricated reactor by DuPont [2]
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In recent years, some leading companies have already provided microreactor
products to the market. For example, Corning [6] developed a chip G1 reactor (Fig. 1.3)
made of glass (or SiC), which can meet the requirements of caustic or photo reactions,
offering a productivity of 80 t/y for single chip; Ehrfeld provides microreactor solutions
for both laboratory and production scale, represented by modular microreaction system

[7] (Fig. 1.4) and Miprowa, respectively.

Heat Exchange Heat Exchang
Qil (in) lReactants (in) Product (out) J Oil (out)

Reactive layer ---------- 1- [ |

Fig. 1.4 Ehrfeld’s modular microreaction system [7]
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1.1.2 Advantages of microreactor

The primary advantage of microreactor lies in the extremely large surface-to-volume
ratio, which can reach as high as 100,000 m?*/m? [8]. Due to this feature, the heat and mass
transfer can be improved significantly in the microchannel, enabling microreactor to be a
promising way for process intensification. It is well known that the mass and heat transfer
rates achieved using traditional reactors are restricted, resulting in relatively low reaction
efficiencies [9]. However, owing to the scaling effects of microchannels, mass and heat
transfer processes in microreactors can be significantly enhanced, thus enabling
improvements in reaction efficiency [10—12]. Consequently, microreactors are considered
suitable for overcoming the transport limitations of reactions with a large heat of reaction
and those requiring fast mixing.

For example, compared to conventional reactors, microreactors have significantly
improved the efficiency of reforming reactions, allowing for CH4 conversion to nearly
reach equilibrium at 500—800 °C [13,14]. Wang et al. [15] developed a microreactor for
methanol steam reforming, which achieved a maximum energy efficiency of 67.85% and
a maximum methanol conversion of 98.7%. The streamlined feature and precise control
of microreactors allow continuous or even selective synthesis of various materials such
as quantum dots, star polymers, nanoparticles, and catalysts [16-21], and also continuous
crystallization with controllable crystal size and shape [22]. Furthermore, microreactors
have been successfully used by biochemists to separate products and obtain the highest
reported yield for a specific product [10,23,24].

Compared to conventional reactors, the reaction time can be reduced to seconds order
in microreactors for the same reaction, and this makes it possible to carry out some batch
reactions continuously in a microreactor.

Table 1.1 shows a comparation of the parameters of a low temperature organolithium
reaction using conventional batch reactor and Bayer’s microreactor [25]. It can be seen

clearly that even the volume of the microreactor is 133 times smaller than batch reactor,
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the productivity becomes 1.8 times larger. That is to say, for the same footprint, the
production capacity of microreactor is more than 200 times higher than batch reactor.
Moreover, the enhanced mass transfer improves the selectivity of the product. To prevent
the decomposition of the intermediate product, the reaction is conducted at -70 °C in batch
operation; after using microreactor, the reaction residence time is reduced to 3-4 min,
which makes it possible to operate the reaction near the decomposition temperature (-
40 °C) of the intermediate product, and reduces the energy consumption and operation
complexity effectively. Meanwhile, the small volume of the microreactor lowered the

material holdup, thus reduces the risk level of the process.

Table 1.1 Parameters of organolithium reaction in batch and micro-reactor [25]

Parameter Batch reactor Microreactor

Volume (L) 400 3
Productivity (kg/h) 0.83 1.5
Residence time (min) -- 34
Selectivity (%) 89 94
Temperature (°C) -70 -40
Operation complexity Complex Easy
Risk level High Low

Therefore, microreactor is regarded as an alternative technology of traditional batch
reactor to address the bottleneck problems such as large energy consumption, high
wastages, low safety, and extensive reaction control. Furthermore, the dimension of a
microreactor allows compact design of the whole process, and decreases the labor
requirement and cost of the operation.

In recent years, microfluidic technology has attracted increasing attention in many

fields, owing to its precise control and high efficiency in various processes. The enhanced
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mass transfer in the microchannel makes it possible to carry out some synthetic processes
continuously and improve the productivities of many products that are inefficient in

complex batch operations [26-33].

1.1.3 Flow types in microreactor

A better understanding of the flow behaviors in the microchannel is the fundamental
of applying microreactor. Essentially, the flow behaviors are mainly determined by the
fluid properties. Based on the phases (liquid, gas, solid) of the fluids, the flow in
microchannel exhibits different types. Owing to the tiny flow pass, it is difficult to involve
solid particles in the microchannel, because it is easy to clog the channel. Thus, the
discussion about flow type in microchannel commonly focus on gas and liquid phases.
Consequently, the flow in the microchannel can be distinguished as homogeneous and

heterogeneous flow according to the intermiscibility of the fluids.

1.1.3.1 Homogeneous flow

When two (or more) miscible liquids or gases encounter in a microchannel, they will
mix with each other, the microchannel works more like a mixer. At the macroscale, the
mixing process in traditional vessels rely on natural convection and diffusion to promote
mixing over time. Due to reduced dimensions of microchannel, diffusion becomes a
slower process, and the flow becomes more laminar (known as the ‘laminar flow regime”).
As a result, the mixing is slower and less efficient in microchannels compared to
macroscopic vessels. Therefore, homogenous flow might not be the primary focus in

microchannel.
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1.1.3.2 Heterogeneous flow

Heterogeneous flow occurs in microchannels when two or more immiscible fluid
encountered in the microchannel, this typically involves the presence of at least one liquid
phase, and another liquid or gas phase. The flow patterns of immiscible fluids in
multiphase microchannels, which include segmented flow, parallel flow, and droplet flow,
are significantly influenced by the inertia and viscous forces of the fluid. The flow rate
also affects the flow pattern, and the mass transfer behavior is closely associated with the
flow pattern [24,34-36]. Among flow patterns, segmented flow has drawn the most
attention because strong internal circulation in each segment results in a high interfacial
mass transfer rate [37,38]. The most commonly observed manifestations of heterogeneous
flow in microchannels are liquid-liquid flow, which involves the interaction of immiscible

liquid phases, and gas-liquid flow, where a gaseous phase coexists with a liquid phase.
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(2)
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Fig. 1.6. Typical flow patterns observed in the microchannel with 1.2 mm inner

diameter and at 0.5 °C [41]

(a)-(g) for toluene-water system and (h)-(j) for ethyl acetate-water system. (a) droplet
flow; (b) segmented flow; (c) irregular segmented flow, (d) segment-annular flow, (e)
slug-dispersed flow, (f) annular flow, (g) annular-dispersed flow, (h) droplet-dispersed

flow, (1) segment-dispersed flow, (j) annular-dispersed.

The most reported liquid-liquid flow patterns in microchannels are segmented flow
(Taylor flow, or segmented flow), annular flow, and droplet flow, as shown in Fig. 1.5
[39,40]. When the flow rates of the two phases are altered, the flow pattern undergoes a
transformation once the velocity surpasses a threshold. Beside the typical flow patterns,
with smaller interfacial tension and property difference between the two phases, there will
be some more complex flow patterns as a result of the changing of inertia and viscous

force, as shown in Fig. 1.6 [41].
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However, complex flow pattern, such as slug-dispersed flow, droplet dispersed flow
and annular-dispersed flow are difficult to control in the microchannel, the inner behavior
occurs occasionally. In contrast, segmented flow exhibits a consistent distribution of
segments throughout the microchannel, simplifying the control of flow characteristics. As
a result, segmented flow has been extensively studied and applied across diverse fields.

Moreover, it's possible to introduce a solid phase into segmented flow, resulting in a
triphasic flow within the microchannel. Nano- or mesoporous particles can be suspended
in the liquid phase, forming a liquid slurry within the microchannel.

This configuration allows segmented flow to facilitate catalytic reactions within the
microchannel (Fig. 1.7) [37]. Nevertheless, the presence of a solid phase can lead to
potential blockages in the microchannel and may present a challenge when it comes to
separating the final product. As a result, a significant portion of research focuses on

biphasic segmented flow.

@® RAFT agent
@ Monomer
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Fig. 1.7. Continuous Gas—Liquid—Solid segmented flow for PET-RAFT

polymerization [37]
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1.2 Segmented flow

1.2.1 Formation mechanism

T-junction is usually used to generate segmented flow, it has been widely
acknowledged that the formation of segment in T-junciton consists two periods—the
filling period and the squeezing period [42,43].

Fig. 1.8 [43] shows the formation mechanism of gas-liquid segmented flow at a
planar T-junction. During the filling period, the gas phase entered the main channel from
the side channel and forms a gas bubble; the bubble keeps growing up, when the bubble
fill-up the junction, the fill period ended, and the volume of the bubble is defined as V.

In the following squeezing period, the forming bubble is squeezed by the liquid phase
and continue to grow up, the squeezing period will finish when the bubble pinches-off,
the increment of the bubble volume during this period is defined as Vigueeze.

In the existing model of segment size estimation, Vz; is mainly determined by the
volumetric liquid flow rate and the channel shape, while Vijueeze 1s depend on the

velocities of both the gas and liquid phases.

erupting from side channel

penetrating liquid stream

blocking liquid stream

getting squeezed by liquid

filling

squeezing

Fig. 1.8. Formation of segment at a planar T-junction [43]

- 10 -



1. Introduction

1.2.2 Characteristics

When a biphasic segmented flow occurs in a microchannel, the liquid phase that
exhibits superior wetting properties to the channel wall will act as the continuous phase,
while the other phase act as dispersed phase [44]. There is a wall film formed by the
continuous phase, and the dispersed phase will flow alongside the film, taking on an
elliptical head segment shape. The flow direction of the segmented flow flows the
velocity of the continuous phase, and the absolute velocity of the segmented flow is

determined by the total flow rates of the two phases and the channel geometric size.

Flow direction

C )
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Fig. 1.9. Velocity field of the G—L—S segmented flow in capillary tube [37]

(@) absolute velocity; (b) relative velocity.
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When the segment moves in the microchannel, the shear force between the tube wall
and the segment axis arises internal circulation simultaneously with in each segment
[37,44,45]. The internal circulation serves to diminish the thickness of the boundary layer
at the phase interface, consequently augmenting the diffusive penetration. The absolute
value of swirling strength accurately reflects the level of internal circulation intensity, and
these two factors share a positive correlation. Fig. 1.9 [37] depicts the velocity distribution
within the segmented flow in a capillary tube. It reveals that while there is pronounced
recirculation within the segment, there exists a stagnant zone characterized by very low

liquid velocity.

1.2.3 Mass transfer in segmented flow

The immiscibility of fluids in heterogeneous systems renders mass transfer
substantially more difficult than in homogeneous systems. However, the small size of the
microchannel enables the generation of a stable bubble or segmented flow, which
provides a sufficiently large interface area to improve the mass transfer performance
[41,46].

Based on the flow characteristic of segmented flow, the mass transfer in segmented
flow is distinguished as several sub-processes [47]. Fig. 1.10 illustrates the sub-processes
in gas-liquid segmented flow, involving mass transfer:

(@) from gas segment to wall through liquid film

O from gas segment to liquid film
O from liquid film to wall

(b) from gas segment to liquid segment

(c) from liquid segment to wall

In cases where the wall is coated with a catalyst, all the aforementioned mass transfer

processes take place within the segmented flow. However, in the absence of catalyst

12 -
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coating, only the first two steps occur. It's worth noting that the majority of research on

mass transfer in segmented flow focuses on the latter scenario.

Fig. 1.10. Mass transfer in Gas—Liquid segmented flow

The mass transfer phenomenon in segmented flow have been extensively studied for
both physical and chemical adsorption processes on a global scale, examining aspects
such as mass transfer coefficients and interfacial area [48—55]. In general, mass transfer
coefficient is primarily influenced by the physical properties of the fluids involved,
including properties like viscosity, density, diffusivity, and solubility.

Indeed, the internal circulation within the segment plays a crucial role in enabling
rapid renewal of material near the interface. This dynamic leads to a significantly
enhanced mass transfer coefficient in segmented flow, often ranging from one to two
orders of magnitude larger compared to conventional processes. Most researchers believe
that the volumetric mass transfer coefficient increases with the segment velocity owing
to the enhanced internal circulation flow rate in each segment [56—59]. Reportedly, an
increased fluid velocity also shortens the segment length [4,52,60,61].

Furthermore, segmented flow systems present a substantial increase in interfacial
area between the phases, the interfacial area between the segments exhibits linear growth
against the fluid velocity [57]. This extended interfacial area is a pivotal factor in

augmenting the efficiency of mass transfer.

- 13 -
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1.2.4 Application of segmented flow

The enhanced mass transfer in segmented flow makes it capable to serve as a way of
process intensification. Because of this feature, segmented flow has not only been applied
to perform chemical reactions but also for extraction and crystallization [10,62—70]. The
strong recirculation motion of fluids in segmented flow enables each segment to behave
as a separate microreactor [4,56,57].

Segmented flow has demonstrated its capabilities in continuously synthesizing Au or
Ag nanoparticles [71-73]. Segmented flow provides a simple way to produce Au
nanoparticle at room temperature, and the narrow residence time distribution enables the
formation of more monodisperse Au nanoparticles. Moreover, it allows for control over
the nanoparticle size by adjusting the residence time (or flow rate) of the reactant within

the microchannel.

Mixing - d
a) & CQ% m ) Pd precursor + N, gas slugs
o0
Stabilizer e %y @
Pd precursor + 0, gas slugs
Metal ?i £
Precursor Q E
- Pd precursor + CO gas slugs
Gas
Gas Slu
9 Pt precursor + CO gas slugs
Liquid Slug ”
Pt precursor + N, gas slugs
Internal S
circulation & " )
¢ @

Fig. 1.11. Gas-liquid segmented flow for synthesizing shape-

controlled Pt nanocrystals [74]
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Furthermore, the enhanced heat and mass transfer in gas-liquid segmented flow also
enable fine control of nanoparticle shape and size (Fig. 1.11) [74]. By changing the gas
phase in the segmented flow, faceted nanocrystals with different morphologies were
synthesized. When the gas phase is nitrogen, the obtained Pd nanoparticles are formless.
After substituting the gas to oxygen, the exposure of metal precursor to oxygen facilitates
the anisotropic growth of Pd nanorod, and the aspect ratio can be adjusted by controlling
the oxygen to liquid ratio. While CO gas can promote the formation of Pd nanosheet. As
the case of Pt nanoparticle, the application of CO and N2 result in cubic and spherical
nanoparticles, respectively.

The large specific interfacial area and the intensified mass transfer through also
makes liquid-liquid segmented flow a promising way for extraction. The extraction in
segmented flow is considerably faster than that in batch reactors, the time necessary to
reach equilibrium reduced from 1 h to 90 s in a reactive extraction case [69]. By
introducing gas agitation in liquid-liquid system, the flow rate will increase and forms
stable gas-liquid-liquid segmented flow in wider flow rate range. What is more, the shear
force produced by the gas injection accelerates the breakup of the liquid, providing larger

interface for the extraction process and result in higher efficiency [65].

1.3 Segment length control

Segment length is expected to influence mass transfer, and studies on the formation
mechanism of segmented flow in millimeter-scale devices have demonstrated that
segment size is determined by the channel geometry and material, liquid-to-gas flow ratio,
fluid velocity, and gas pressure stability [10,38,42,75-77]. For a specific microreactor
system, the channel size and the material properties are seldom changed. Thus, the control

of segment length is always achieved by the other methods.

- 15 -



1. Introduction

1.3.1 By changing flow rate

In conventional segmented flow generation system, the fluids are pumped or injected
to the junction directly to form the segments in the outlet channel. In order to change the
segment length in the same channel, the most employed way is to change the flow rate of
the fluids.

As shown in Fig. 1.12 [38], when the flow rate increase, the average segment length
become shorter. This result can be explained by the formation mechanism discussed in
section 1.2.1. With the increase of the flow rate, the squeeze time during the segment
formation becomes shorter, resulting in a reduced Vigueeze. Therefore, the segment length

will decrease consequently.

System
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Fig. 1.12. Average segmented length at different flow rate [38]
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Table 1.2 Typical correlations for predicting segment length

Correlation Parameters Reference
L/w = 1+ aQin/Qout Q -- Flow rates -
w -- channel width
L= (QstQu) tc/A Q -- Flow rates
t -- flow period [78]

L=(Qs+tQu) t/A _
A -- tube cross section area

Liw = -0.78 + 3.55 Cac0% q°3* (Ca. <0.0058) Q -- Flow rates

w -- channel width 34
L/w=-1+1.65 Ca:"® q*3! (0.0058<Ca. <0.012) [34]

Ca -- capillary number

Furthermore, most of the proposed correlations for predicting the segment length in
different research are functions of the flow rates [34,77,78], indicating that segment

length can only be changed by adjusting the flow rate in a specific microchannel.

1.3.2 By using valve

To change the segment length in the microchannel, several attempts have been made
in liquid-liquid systems using valves. Kawakami et al. [79] developed a sliding valve
with electromagnetic drive, and proposed a new chemical reaction process, namely
“micro beaker process”. Controllable slug length was achieved by changing the driving
frequency of the sliding valve, and this system can achieve even mixing of the solution
and increased reaction efficiency.

Kadowaki et al. [80] substituted the valve to a three-port valve (Fig. 1.13) and
obtained similar conclusion. Furthermore, the three-port valve was used to generate
controllable segmented flow that did not depend on the characteristics and flow rates of
the liquids, and developed separation and extraction process successfully [81-83]. The
three-port valve system realized high efficiency in water/oil separation process, the

separation rate reached 95.3% and 97.3 for the two phases, respectively.
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Fig. 1.13. The application of three-port valve for segmented flow generation [80]
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Fig. 1.14. Bubble and liquid segment lengths with different pulsating

frequencies [84]
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Compared to liquid-liquid systems, segment length control in gas—liquid systems is
more difficult owing to the compressibility of the gas. Few studies have investigated the
use of valves to control the segment length in gas—liquid microsystems. Zhang et al. [84]
attempted to regulate the gas—liquid slug length using a solenoid valve in a microchannel.
Although the pulsating gas intake successfully changed the slug length, large deviations
in the slug length occurred at low pulsating frequencies, as shown in Fig. 1.14. Thus, it is
difficult to confirm that the slug length was precisely controlled, which adds to the

growing evidence that gas—liquid segment length control is significantly challenging.

1.3.3 By other methods

Alternative techniques have also been developed to manipulate the multiphase
segment length in a series of creative works by researchers from Technical University
Dortmund. By employing an adjustable coaxial mixer geometry (Fig. 1.15) [60], the
alteration of the mixing point geometry enables controlled generation of liquid-liquid
segmented flow, consequently allowing for the adjustment of segment length in a

continuous manner.
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Fig. 1.15. Image and schematic of the generator and geometric parameters [60]
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In their another work [44], a solenoid valve was used to conduct immediate gas
supply to liquid-liquid segmented flow, by managing the power source, it becomes
possible to regulate the volume of feeding gas, effectively addressing any inaccuracies
resulting from fluctuations in valve frequency. Consistent control of the gas feeding

volume guarantees the production of uniform gas segments in terms of length.

1.3.4 Research gaps

Modulating fluid flow rates allows for precise control of segment length in both
liquid-liquid and gas-liquid systems. When flow rates remain constant, it is possible to
adjust segment length in liquid-liquid segmented flow. However, due to the
compressibility of gas, achieving consistent control of gas-liquid segment length proves
to be challenging. Present approaches do not effectively achieve this control without
altering fluid flow rates, and the associated mass transfer phenomena in such systems
have not been extensively studied. To tackle this challenge, it is imperative to dedicate
focused efforts towards devising a novel strategy for generating gas-liquid segments

without the need to alter fluid flow rates.

1.4 Fe3O4 nanoparticle

1.4.1 Background

Fe3O4nanoparticles have been of great interest to scientists and engineers for several
decades because of their unique magnetic properties. As a versatile and important material,
they have been studied extensively for application in batteries, catalytic reactions,
biomedicine, magnetic separation, and environmental remediation [8§5-94]. In particular,

Fe3O4nanoparticles exhibit superparamagnetic properties at particle sizes of < 30 nm but
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are ferrimagnetic at sizes = 30 nm at room temperature [95]. Superparamagnetic Fe3O4

nanoparticles have proved to be suitable for biomedical imaging and labeling, inducing

heating treatments and drug delivery systems.

1.4.2 Conventional synthesis methods

Traditional Fe3O4 nanoparticle synthesis technologies mainly use batch operation

methods, among which chemical coprecipitation is mostly employed for sample
procedures; however, this process is limited by its long operation time (= 2 h) [91,95,96].

The coprecipitation reaction for Fe3O4 nanoparticle formation is described by Eq.
(1.1), and the nanoparticle size is determined by the combined effects of the nucleation
and growth phases [97,98]. Nucleation occurs instantaneously to form nuclei, and crystals
grow when the solute diffuses from the solution to their surface. Only when the mixing is
sufficiently strong are the nuclei able to form simultaneously to consume most of the

reactant and prevent crystal growth.

Fe?* + 2 Fe** + 8OH = Fe;04 | + 4H:20 (1.1)

Base solution
_.» pH=9-14

U Adding
m After0.5-3 h Puruf:cat:on stablhzer
_—

Hydrophilic SPION
in aqueous solution

Fe?* solution Fe3* solution

Fig. 1.16. Conventional batch process for Fe3;O4 nanoparticle synthesis [99]
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However, in the conventional batch strategy, the coprecipitation reaction is
implemented by dropping the base solution into a large amount of solution containing
Fe?" and Fe*" ions, as shown in Fig. 1.16 [99], whereby insufficient mixing of a large
volume of solution results in a wide size distribution of the Fe3O4 nanoparticles [96,100].
Meanwhile, to provide an oxygen-free atmosphere for the oxidation of Fe** to Fe**, a
nitrogen gas flow must be supplied to the batch reactor during the coprecipitation process.
Thus, a method to enhance the mixing efficiency of the process to improve product quality

is urgently required.

1.4.3 Continuous synthesis methods

> Fe® - |L
5 | B3 "@ Y
Fe*
e 4
Q Fe,O, 4
4
3 3
3
NaOH
R I 2 s e el e s 6
B o B soahieoian | B . g B
3 Xl Ha

Fig. 1.17. Continuous synthesis of Fe3O4 nanoparticle in packed-bed reactor [102]

1: stirred tank A; 2: stirred tank B; 3: valve; 4: rotameter;

5: IS-RPB; 6: reservoir; 7: N cylinder; 8: piezometer

In recent years, there have been several endeavors to advance the continuous
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synthesis of Fe3O4 nanoparticles through a variety of methods. Lin et al. [101] employed
a rotating packed bed reactor to synthesize Fe;O4 nanoparticles, yielding particle sizes of
approximately 7 nm at 60 °C. Fan et al. [102—104] used a comparable device with a shell
diameter of 200 mm (Fig. 1.17) and obtained nanoparticles of 10 nm at 80 °C.

Despite achieving relatively small particles, these methods have their shortcomings.
For instance, the devices used are inherently complex, considering their limited
throughput (approximately 20 mL/min). Moreover, these devices occupy a significant
amount of space and require substantial investment for operation and maintenance,

inevitably inflating production costs.

MAAWEE
e COF

DG Fusion Mixing

Fig. 1.18. Continuous synthesis of Fe3O4 nanoparticle in microfluidic chip [105]

(a): microfluidic chip; (b): Y-junction for droplet generation
(c): droplet fusion at different flow rates
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In recent times, microfluidic technology has attracted increasing attention across
various fields due to its precise control and high operational efficiency. Enhanced mass
transfer within the microchannel enables the continuous execution of certain synthetic
processes, thus ameliorating the productivity of products traditionally inefficient in
complex batch operations [26-33].

Zou et al. [105] produced a microfluidic chip (Fig. 1.18) for synthesizing Fe3;Oa4

nanoparticles in droplet flow, manipulating the flow rate ratio and reaction temperature.
The resultant Fe3O4 nanoparticles ranged in size from 1745 to 29+4 nm. However, their

method demonstrated relatively low productivity due to the maximum flow rate of only

0.5 mL/h.

1.4.4 Research gaps

Among the continuous synthesis methods of Fe3O4 nanoparticles, the success of the
rotating packed bed reactor may derive from the intensive mixing of reactants at a packing
surface facilitated by liquid film formation driven by centrifugal acceleration. Conversely,
the advantage of the microfluidic chip lies in the microscale size of the droplet. Reactions
in microfluidic systems occur at the nanoliter volume scale of the droplet, allowing rapid
and efficient reagent mixing.

However, the complexity of the rotating packed bed reactor and the low capacity of
the microfluidic chip hinder their application for Fe3Os4 nanoparticles fabrication.
Therefore, a simple, convenient, and high throughput device is urgently required for

synthesizing size-controlled Fe;O4 nanoparticles.
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1.5 Research plan

1.5.1 Objectives

In order to fill the aforementioned research gaps, the objectives of this study are to:

1. Achieve regularly control of the gas—liquid segment length without changing the
residence time of fluids, followed by an evaluation of the associated mass transfer
processes.

2. Leverage the benefits of segmented flow for continuous synthesis of Fe3Os
nanoparticles in a gas-liquid segmented flow, and achieve nanoparticle size
regulation by altering segment length using a high-speed valve without changing

the residence time of fluids.

1.5.2 Strategies and outlines of the thesis

In pursuit of these objectives, the thesis outlines the following strategies:

Chapter 2: This chapter thoroughly outlines the methodology employed,
encompassing the selection of instruments and chemicals, establishment of fundamental
correlations, design of the segmented flow generation system, as well as the approach for

measuring segment length and nanoparticle size.

Chapter 3: A pneumatically actuated high-speed valve is introduced into the
segmented flow generation system. By installing the high-speed valve at the gas inlet tube
and regulating its action frequency, the gas injection frequency can be varied,
consequently adjust the segment length without changing the residence time of the fluids.
Additionally, the influence of the fluid flow rate on the segment length is investigated.
Finally, a correlation is proposed to predict the segment length based on relevant

parameters.

Chapter 4: In this chapter, a set of experiments is carried out to uncover the impact
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of segment length on mass transfer performance. Through adjustments to the apparatus,
the instinct mass transfer rate within the segmented flow is determined. Subsequently,
correlations were proposed based on the experiment results to predict both the specific
area and volumetric mass transfer coefficient within the segmented flow, which reveals
that the mass transfer rate in valve-controlled segmented flow can be manipulate by

varying the valve frequency.

Chapter 5: Expanding upon the prior findings, this chapter refines the apparatus to
enable the continuous synthesis of Fe3Os nanoparticles by coprecipitation of Fe** and
Fe’" ions. Optimization is carried out for parameters including feed concentration,
Fe?":Fe*" ratio, and reaction temperature. Additionally, employing a high-speed valve
rather than adjusting the flow rate results in achieving a more consistent size for the Fe3O4

nanoparticles size as the segment length decreases.

Chapter 6: In this chapter, the gas—liquid segment flow system is further fine-tuned
to enable the continuous preparation of Fe3Os nanoparticles by partial oxidation
precipitation of Fe?'. This system is divided into an oxidation section and a
coprecipitation section. Utilizing X-ray diffraction (XRD) and transmission electron
microscopy (TEM), the optimal oxidation time is determined by adjusting the tube length
(residence time). The precipitation reaction method is adapted to this continuous strategy
bases on parameters derived from batch operation. Subsequently, through the
optimization of the addition sequence of the nucleating agent, the choice of acid additive,
and the H":Fe’* and OH:Fe?' ratios, optimal conditions for synthesizing Fe;Os

nanoparticles with a narrow size distribution are confirmed.

Chapter 7: In this chapter, the study reaches its culmination by summarizing the
research findings and highlighting their significance. It also underscores the impact of

this research and outlines potential avenues for future studies in this field.
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2

Methodology

2.1 Experimental set-up

2.1.1 Apparatus and instruments

To build up the experimental systems for this study, plenty of apparatus and

instruments were employed. The major information of them are listed in Table 2.1 as

follow:
Table 2.1 Apparatus and instruments used in this study

Directories Brand Model Description
Raspberry Pi 4 OKdo technology Ltd. B 4GB RAM
Diaphragm pump Tacmina QI-100-VF-P-S 0.01-100 mL/min
Mass flow controller  Fujikin FCST1005LC-4F2 0.01-10 sccm
High-speed valve Swagelok 6LVV-ALD3FR4-P-CV  See 2.1.2
Compressor Ryobi ACP-50 Max. 0.78 MPa
Microscope SHIMAZU STZ-161-TLED --
Lens Kowa LMe6JC 6mm/F1.4
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Directories Brand Model Description
Water bath THOMAS T-22LA 0-50 °C
DO meter lijima B-506S 0.00-20.0 mg/L
Analytical balance Sartorius CP324S d=0.lmg
Drying oven Sansyo SDN/W-70P 1200 W
T-junction ISIS T-410-6005 d;=1.5 mm
Magnetic stirrer Asone CS-4 --

2.1.2 High-speed valve

The high-speed valve employed in this research is a product of Swagelok (model:

6LVV-ALD3FR4-P-CV), its full name is Atomic Layer Deposition (ALD) Valve [106].

The body of the ALD valve is made of 316L stainless steel, the temperature capability is

up to 200 °C. And the cobalt-based superalloy material improves the strength and

corrosion resistance of the valve significantly.

Fig. 2.1 Image and structure of the ALD valve [106]
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The main features of the ALD valve are as follows:

1) Capable to open or close the valve within 5 ms

2) High-speed and repeatable actuation

3) Pneumatic actuator

4) Solenoid pilot valve for electronic control of high-speed actuation

These features enable the ALD valve action as much as 100 times per second,
providing a wide range of f (operation frequency of the ALD valve) that can be
manipulated. The intricate operational logic of the ALD valve is elucidated in
supplementary materials A.

To verify the efficacy of the high-speed valve, it was employed at both the liquid and
the gas tubes. However, it only produced a uniform segmented flow in the latter case.
This phenomenon may be attributed to the relatively high fluids flow rate, larger tube
diameter, and the incompressibility of the liquid phase. consequently, for this research,

the high-speed valve is specifically installed at the gas tube.

2.1.3 Segmented flow generation system

A schematic of the segmented flow generating system is shown in Fig. 2.2(a). Water
and nitrogen intersected in a T-junction (OD [outer diameter]: 1.60 mm, ID [inner
diameter]: 1.10 mm, Fig. 2.3) to produce segmented flow in the PFA outlet channel (OD:
3.17 mm, ID: 1.59 mm), as shown in Fig. 2.2(b). The liquid flow rate was controlled using
a diaphragm pump (QI-100-VF-P-S, Tacmina), and a mass flow controller
(FCST1005LC-4F2-F10, Fujikin) was used to regulate the gas flow rate.

The high-speed valve was positioned at the outlet of the mass flow controller. The
valve was driven by compressed air supplied by a compressor and connected to a
Raspberry Pi micro single-board computer, which sent signals to open or close the valve.

The high-speed valve could be opened (or closed) within 5 ms, allowing the flow to be
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switched at a high rate. After the output channel is full of segments and the segmented
flow became stable, images of the segments formed in the tube were captured using a
high-speed camera (BU602MCF, Toshiba) and a microscope (STZ-161-TLED-HZ,

Shimadzu) installed on the outlet of the segment generation device.
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Fig. 2.2 (a) Schematic of segmented flow generating system;

(b) Configuration of T-junction and PFA tube

Fig. 2.3 Image of the T-junction
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2.2 Methods

2.2.1 Chemicals

The chemical agents utilized in this study are outlined in Table 2.2 below:

Table 2.2 Chemicals used in this study

Directories Formula Brand Description

Ferrous chloride tetrahydrate ~ FeCl,*4H,O  Sigma-Aldrich Co., Ltd --
Ferric chloride hexahydrate FeCl;*6H,O  Fujifilm Wako Pure Chemical Co. 99.0 %
Sodium hydroxide NaOH Fujifilm Wako Pure Chemical Co. 98.0 %
Ethylene glycol (CH20H)- Fujifilm Wako Pure Chemical Co. 99.5 %
Ethanol C,HsOH Fujifilm Wako Pure Chemical Co. 99.5%
Hydrochloric acid HCl Nacalai Tesque 35 wt%
Ammonium chloride NH4CI Fujifilm Wako Pure Chemical Co. 99.5 wt%

2.2.2 Measurement of segment length

The experimental segment length was determined from segment images using the
outer diameter of the microchannel for calibration. Given the large tube diameter, the
liquid film between the tube wall and the gas segment is neglected. A dynamic image of

the segmented flow with liquid and gas flow rates of 2.0 mL/min and 2.0 mL/min,

respectively, at a valve frequency of 7.0 s™! is shown in Fig. 2.4 (a).

However, as shown in Table 2.3, the obtained segment length is unreasonable when
compared to the theorical mass balance calculation, with errors as large as 21.34%. This
discrepancy was due to an overestimation of the gas segment volume resulting from

taking consideration of the volume of water that filled the space between the non-
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cylindrical head of the gas segment and the tube wall.

Fig. 2.4 Measurement methods for segmented flow

Table 2.3 Segment lengths obtained using different measurement methods

. Dynamic image Static image Modified dynamic
Theoretically .
measurement measurement image measurement
No. calculated
Length  G/L Length G/L Length G/L
length (mm) . Error . Error . Error
(mm) ratio™ (mm) ratio (mm) ratio
1 2.39 2.18 8.79% 228 -4.60% 226 -5.44%
1.19 1.11 1.12
2 2.39 2.60 8.79%  2.55 6.69%  2.54 6.28%
3 2.39 1.88 2134% 2.6 5.44% 225 -5.86%
1.38 1.00 1.00
4 2.39 2.66 11.30%  2.26 -5.44% 226 -5.44%
5 2.39 1.89 20.92% 2.4 6.28%  2.18 -8.79%
1.46 1.08 1.12
6 2.39 2.75 15.06%  2.43 1.67%  2.44 2.09%

Note 1: G/L ratio represents the ratio between gas and liquid segment length.
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To eliminate this error, a static image of the same segmented flow was obtained by
disconnecting the microchannel from the T-junction outlet. After the pressure in the
microchannel reached equilibrium with atmospheric pressure, the segment length
measured in the captured image (Fig. 2.4[b]) was close to the theoretical value, with an
error of less than 6.7%.

Because of the difficulties involved in static image measurement during a continuous
segmented flow generation process, a modified dynamic image measurement method was
developed, as shown in Fig. 2.4 (c). In this modified method, the liquid—gas boundary
was expanded to the gas segment, with half of the volume of the gas segment elliptical
head on one side considered to be occupied by the liquid. The obtained segment lengths
for both phases agreed with those determined using static image measurements.

Therefore, in this study, the segment lengths were measured using the modified
dynamic image measurement method, and the final segment lengths represented in the

flowing tables and figures are the average data obtained from 10 segments.

2.2.3 Evaluation of mass transfer

The experimental device consists of two parts, namely, a segmented flow generation
system and mass transfer measurement system, as shown in Fig. 2.5. The segmented flow
generation system mirrors the configuration illustrated in Figure 2.2, with the only
alteration being the substitution of the gas phase with air. The mass transfer measurement
system has two configurations.

Configuration (a) was used to measure the overall mass transfer in the system. The
oxygen concentration measurement was conducted in a three-necked flask; each neck of
the flask was filled with a plug to isolate the air. A dissolved oxygen (DO) meter (B-506S,
IIJIMA) was inserted into the flask from the left neck through a hole in the plug, and the

water in the flask was pumped out (to generate a segmented flow) and recycled (as
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segmented flow) through two tubes from the right plug. Nitrogen gas was blown into the
flask through a tube in the middle plug to exhaust the dissolved oxygen in the water before
the experiment started; there was another tube in the middle plug as the gas vent.
Furthermore, the flask was settled in water bath to maintain the temperature at 30 °C
during the experiment, and a magnetic rotor was settled in the flask to stir the water at
high speed to ensure the homogeneity of water in the flask. Using this setup, the measured
oxygen concentration in the flask was reflected by the mass transfer between the

segmented flow in the microchannel and bubble surface in the flask.
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Fig. 2.5 Schematic of experimental setup for mass transfer measurement

In configuration (b), an extra flask was installed in front of the three-necked flask to
modify the measurement method. In this further fine-tuned setup, water recycling and
segmented flow separation occurred in the first flask, and the separated air from the
segmented flow was then injected into the three-necked flask.

The DO meter was placed in the three-necked flask to measure the oxygen
concentration in the water. Using the same volume of water (350 mL) and assuming that

the air in the upper volume of the first flask had no mass transfer with the water below,
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the mass transfer in the three-necked flask could be considered as contributed by the

bubbles only.

2.2.4 Fundamental correlations

(1) Segment length measurement

The segment length in the microchannel was primarily determined by the fluid flow
rate and the channel geometry. Based on a mass balance calculation inside the
microchannel, the multiphase segment velocity can be expressed as follows:

(Fg+F)
oY

Vs 2.1)

where v is the total biphasic velocity (m/s), Fg is the gas flow rate (m?/s), F; is the
liquid flow rate (m%/s), and d; is the inner diameter of the microchannel (m). Taking into
consideration the high-speed valve frequency f, with s units, the theoretical segment

length can be obtained using Eq. 2.2-2.4.

Loc— ~ Ts 22
8¢ f (7[/4)d12 ( * )
_ 1K
Lie= 2 G & @3)
L=~y (2.4)
tc f t .

where Lgc is the calculated gas segment length (m), L is the calculated liquid
segment length (m), and Ls is the total gas and liquid segment length during each

operation of the high-speed valve (m).
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(2) Mass transfer measurement

The rate of gas absorption per unit volume (V, mol/m?-s™) was expressed as follows.
N=k; (C*- C) (2.5)

where ki is the mass transfer coefficient; and C and C* are the solute and saturation
concentrations, respectively, for a given gas composition. In the current experimental
setup with configuration (a) in Fig. 2.5, gas absorption occurred in two different sections:
the flask and the microchannels. Assuming a uniform solute concentration and neglecting
mass transfer between the liquid film and the gas segment, the variation in the species

absorbed in water can be described by the following equation.
dc
Vs + Vo) 5 = Vilkeal, (C* - O) + Vilkpal; (C* - C) (2.6)

where, subscripts b and s denote flask and microchannel, respectively. As the
microchannel volume is much smaller than that of the flask, Vs on the left-hand side can

be neglected. This leads to the following expression for the concentration change due to

absorption:
= = [k2]oyerar (C* - ©) 2.7)
where
(el peraa = [kpaly + 5 [yl (2.8)

Integration of Eq. 2.7 yields the following expression, which can be used to determine
[kLa]overan from the experimental data. Here, [kra]overan is considered to be constant over

time.
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C*-C
In C*_Co = [kLa]overall t (29)

[kra]s can be directly measured in an absorption experiment using configuration (b)
in Fig. 2.5, wherein the measured increase in the solute concentration is solely due to the

absorption in the flask by bubbles.

2.3 Preparation and characterization

(1) X-ray diffraction (XRD)

Powder X-ray diffraction (XRD) is widely used to examine the crystal structure of
nanoparticles. In this study, the crystal structure of the particles was studied at room
temperature using Cu Ka radiation, which is a common choice for XRD experiments. The

X-ray diffractometer is from Rigaku (RINT2500).

(2) Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is a powerful imaging technique used to observe the
surface morphology of various materials at high resolution. SEM can reveal valuable
information on shape, size, surface texture and particle distribution, which can provide a
comprehensive understanding of material properties. In this study, the morphology of the
nanoparticle was firstly examined using a SEM instrument, specifically the JEOL JSM-
6700F.

(3) Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a more powerful microscopy technique that
allows for the observation of thin samples at extremely high resolution. A beam of
electrons is accelerated and directed through the thin sample, and the transmitted electrons

are then collected and used to form an image on a fluorescent screen or a digital detector.
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2. Methodology

TEM is particularly useful for studying nanoscale materials and characterizing various
types of particles, such as nanoparticles, nanowires, and nanocomposites. It provides
valuable information about the internal structure and crystallinity of the particles,
complementing the surface information obtained through SEM. In this study, the TEM
instrument employed is from JEOL (JEM-1010).

(4) Nanoparticle Size Measurement

The nanoparticle size was measured from TEM images using the Nano Measure
software (version 1.2.5), developed by Jie Xu from Fudan University, China [107]. For
each sample, measurements were taken from over 60 nanoparticles, with the gathered
data statistically analyzed using OriginPro 2023 (10.0.0.154 (Academic), OriginLab

Corporation).
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3

Segment Length Control by Using a High-
speed Valve

3.1 Segment lengths at low frequencies

3.1.1 Influence of valve frequency on segment length

The investigation was first conducted without the high-speed valve, and this was
done as contrastive experiment, the liquid and gas flow rates were set to 2.0 mL/min each.
The segment lengths were obtained using the modified dynamic image measurement
method, and an average value from ten segments from different images was used to
represent the segment length, as shown in Table 3.1. Both the gas and liquid segment

lengths trended to be constant, in agreement with other works in the literature.

Table 3.1 Segment lengths obtained without the high-speed valve

Average Standard Measured Length (mm)
Phase Length .

(mm) Deviation No1 NO.2 NO.3 NO4 NOS5 NO6 NO.7 NO.8 NO.9 NO.10
Gas 127 28% 126 127 130 127 129 123 125 124 123 131
Liquid ~ 1.23 39% 124 119 119 121 119 129 124 126 128 119
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3. Segment Length Control by Using a High-speed Valve

After installing the high-speed valve on the gas tube, the operation of the high-speed
valve at specific frequencies caused the segment lengths to change, as shown in Fig. 3.1.
The segment lengths decreased gradually with an increase in valve frequency from 6 to
12 s'. However, segment generation became unstable at frequencies of 15 s'. The

segment lengths at different frequencies are detailed in Fig. 3.2.

(a) £=6.0 5! (b) £=9.0 s

Fig. 3.1 Segment images obtained at various high-speed valve frequencies

As shown in Fig. 3.2, the segment lengths of both the liquid and gas phases were
effectively changed by increasing the valve frequency from 6 to 14 s!. At a frequency of
15 57!, the segment length of both phases was nearly identical as that at 14 s”. Both the
liquid and gas segment lengths were significantly different compared with the average
value at the frequency range of 6-10 s!, and the difference became smaller when the

frequency was higher than 10 s'. Further, the gas-to-liquid segment length ratio was
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3. Segment Length Control by Using a High-speed Valve

maintained at approximately 1.10 rather than 1.00, as predicted by the mass balance. This
difference might be due to the compressibility of the gas because the segment length
measurement method was developed based on static images, in which the pressure of the
system at equilibrium with the atmosphere and this could have allowed for expansion of
the gas volume to some extent. The segment length obtained without the high-speed valve
is shown on the right-hand side of Fig. 3.2, it can be seen that the operation of the high-

speed valve achieved stable control of the segment length within a wide range.

5.0 Gas 5.0
a —— Liquid [~
—+— Total Length
--+-- (G/L Ratio
£ 4.0+ - 4.0
£
< =
) =
S 30 - Without 30 o~
= =
g )
)
220- - 2.0
1.0 A - 1.0
I I 1 I I 1 | I 1 |

Frequency (s™)

Fig. 3.2 Influence of valve frequency on segment length

3.1.2 Reproducibility

To validate the function of the high-speed valve, two reproducibility experiments
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3. Segment Length Control by Using a High-speed Valve

were conducted at the same fluid flow rate and valve frequencies of 6-15 s! (Fig. 3.3).
The results clearly indicate that the liquid segment generation was successfully

reproduced at all frequencies. Thus, the high-speed valve is effective at manipulating the

segment length at lower frequencies (f < 15.0 s™).
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Fig. 3.3 Reproducibility of segment length control at various

high-speed valve frequencies

This system shows a significant advantage over that developed by Zhang et al. [84],
whom observed random segment lengths from approximately 5 to 13 mm at valve
frequencies lower than 8 s'. In contrast, in the current system, the segment lengths can
be regulated from 2.6 to 1.2 mm by increasing the high-speed valve frequency from 6 to
14 s, This control over segment generation may be attributable to the high accuracy of
the actuator, which enables the valve to complete 100 or more open—close cycles every

second, as well as the low flow rates of the gas and liquid phases. Furthermore, the small
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3. Segment Length Control by Using a High-speed Valve

inner diameter (1.1 mm) of the T-junction also facilitates the formation of fine segments.

3.2 Segment lengths at higher frequencies

3.2.1 Experimental results

To investigate the influence of higher valve frequencies on segment length, the upper
limit of the valve frequency in the reproducibility experiment was extended to 40 s™'. The
segment lengths observed at various valve frequencies are detailed in Fig. 3.4 and a
representative segment image is shown in Fig. 3.5. As seen in Fig. 3.4, an evident
fluctuation occurred at frequencies of 15-22 s™!, and then, the segment length tended to
become stable at higher frequencies. Furthermore, the liquid segment length showed a

larger deviation compared to the gas segment length.
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-~ Gas
- Total
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E 3.0 - ~ Val\?e - 3.0 E
5
2.0 - 2.0
PR i
I -— U
1.0 - e e - 1.0

Frequency (s™)

Fig. 3.4 Influence of higher valve frequencies on segment length
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3. Segment Length Control by Using a High-speed Valve

(a) /=16 s1 (b) =18 51
D O00000CO G3'MDe oo —3

"\/W

(c) /=20 s71 (d) /=20 s
m 000000G

) »y W W

(e) =23 5! (f) /=30 s!

PCOOO0OO(™MO000000d

(g) [~40 57! (h) Without Valve

U\,VOQOOa '“““QOOOa

Fig. 3.5 Segment images at higher valve frequencies

The segment images in Fig. 3.5 can provide insights into the segment length
fluctuation observed at frequencies of 1522 s’'. Fig. 3.5(a) shows that segments at
frequency of 16 s™! were still relatively short, but the small segments tend to merge and
form longer segments. This behavior may be attributable to the surface tension of the
segments and the vibration caused by the operation of the high-speed valve. When the
valve frequency continued to increase, as shown in Fig. 3.5 (b) and (c), the segment
generated in the T-junction was too small to maintain its initial shape in the microchannel
and coalesced with the development of the segment flow. Interestingly, uniform segments
were also observed at frequency of 20 s (Fig. 3.5 ([e]), which indicates that the

segmented flow was unstable in the microchannel. Upon increasing the operating
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3. Segment Length Control by Using a High-speed Valve

frequency further, the segment length remained nearly unchanged, as shown in Fig. 3.5
(d)(g), and the obtained segment lengths were nearly identical to the segments obtained
without the high-speed valve, as seen in Fig. 3.5(h), but these segment images reveal no

behavior that can explain the observed phenomenon.

3.2.2 Explanation based on segment formation mechanism

The formation of gas—liquid segments in T-junctions has been frequently discussed,
and in the typical mechanism of segment generation, the process is divided into two
periods: The gas filling period and the squeezing period [42,43]. According to this
mechanism, the formation time of the gas segment () is the sum of the filling time (#)

and the squeezing time (&), as expressed in Eq. 3.1.

le=1tT 1y (3.1)

.= 21.88
S 54370 (vg/dy) ™!

(3.2)

Ahn et al. [42] revealed that # is a function of both the liquid and gas velocities
calibrated by the width of the rectangular channel. By substituting the width of the
rectangular channel with the diameter of the tube used in this study, Eq. 3.2 was used to
calculate #,. As a note of caution, the gas velocity was constant in the conventional
segment generating system, whereas the utilization of the high-speed valve introduced
periodic pressure fluctuations in the gas inlet of the T-junction, resulting in corresponding
variations in the gas velocity.

The following qualitative analysis may provide an intuitive understanding of the
influence of the high-speed valve frequency on segment length. Fig. 3.6(a) shows the
voltage input of the high-speed valve at a specific frequency and the corresponding

variation in gas velocity at the T-junction gas inlet. When the high-speed valve is supplied
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Velocity (mm/s)

3. Segment Length Control by Using a High-speed Valve

with a voltage, it opens and allows the gas to flow into the volume existing between the

valve and the T-junction; consequently, the gas velocity in this volume increases from a

minimum value (vmin) until the voltage is removed at a maximum value (Vmax).

Subsequently, the voltage becomes zero and the valve closes, resulting in the gas velocity

to decrease from Vmax t0 vmin at the end of the cycle. The next cycle continues as the

supplied voltage changes from vwin. When the gas velocity begins to increase, the

squeezing period ends and the filling period begins. Hence, the gas velocities in both the

filling and squeezing periods change continuously.
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Fig. 3.6 Qualitative analysis of gas velocity variation at different valve frequencies

- 48 -

Velocity (mm/s)

(mm)

s

L



3. Segment Length Control by Using a High-speed Valve

This discussion is simplified by introducing the average gas velocities during the
filling period (vy) and squeezing period (vs¢), which must satisfy Eq. 3.3, where v, is the
gas velocity calculated using only the gas flow rate from Eq. 2.1. As the filling period
covers most of the gas segment generation time, vris larger than vy and the following
correlation is obeyed:  vsg < vy < vz

When the frequency of the high-speed valve increases, the gas feed period becomes

shorter and the minimum gas velocity (v’min) and average gas velocity in the squeezing

period (v’s) increase, whereas the maximum gas velocity (v’max) and average gas velocity
in the filling period (v’) decrease, as indicated in Fig. 3.6 (b). Based on the above

discussion, Fig. 3.6(c) shows the influence of the valve frequency on vrand vy, both of

which approach the constant v, value. Furthermore, both #, and the segment length

formed during the squeezing period (L), as determined by substituting vg with vy, in Eq.

3.2 and using Eq. 3.4, are nearly constant at high valve frequencies (Fig. 3.6[d]).

According to this analysis, vralso approaches vg at high frequencies and the segment

length formed during the filling period (Ly) can also be assumed to be approximately
constant. Therefore, as the sum of Ly and Ly, the total gas segment length becomes nearly

constant at high valve frequencies.

_ YrltVsqlsg
v - (3.3)
qu = i;sq tsq (3’4)
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3. Segment Length Control by Using a High-speed Valve

3.3 Influence of flow rate on segment length

3.3.1 By changing flow rate ratio

The influence of the flow rate ratio on segment length was investigated at a high-
speed valve frequency of 8 s™! (Fig. 3.7). When the gas flow rate was constant (2.0 mL/min)
and the liquid flow rate was varied (1.00, 1.33, 1.67, 2.00, 2.33, and 2.67 mL/min) (Fig.
3.7[a]), the liquid segment length increased proportionately with liquid flow rate. The gas
segment length did not change significant at liquid flow rates below 2.67 mL/min, but at

higher liquid flow rates, the segment lengths of both phases deviated from the theoretical
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values.
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’ I Gas
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Fig. 3.7 Influence of flow rate on segment length at a high-speed

valve frequency of 8 s~/

When the liquid flow rate was constant and the gas flow rate was varied (Fig. 3.7[b]),
the gas flow rate range that generated uniform segmented flow was much narrower. When

the gas flow rate was under 1.33 mL/min or above 2.33 mL/min, the segment length could
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3. Segment Length Control by Using a High-speed Valve

not be measured because of its random distribution caused by coalescence of tiny
segments. Meanwhile, the coalescence of tiny segments also occurred when the liquid
flow rate range was further extended. Therefore, the gas-to-liquid flow rate ratio should

be in the range of 0.7—1.2 to generate a steady segmented flow.

3.3.2 By changing total flow rate

In the preceding sections, the flow rates of the liquid and gas phases were 2.0 mL/min
when realizing the control of segment length with the high-speed valve. In this section,
the flow rate of the two phases was increased to 4.0 mL/min, and the images of the
segmented flow at different valve frequencies are shown in Fig. 3.8. The influence of

valve frequency on the segment length is shown in Fig. 3.9.

(a) f=8s1 (b) f=115s1
G O U4 O O 0d

(¢)f=145" (d) f=17s1

L:QQOEDOQQO‘S

(e) f=20s1 () f=23¢1
o000 dETOC00 00X

Fig. 3.8 Images of the segmented flow at different valve frequencies
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3. Segment Length Control by Using a High-speed Valve

As shown in Figs. 3.8 and 3.9, the segment length decreased with increasing the valve

frequency from 8 to 23 s~!, when the flow rates of both phases were 4.0 mL/min. The
segment length showed a higher deviation when f < 11 s!, which is in accordance with

the trend at a flow rate of 2.0 mL/min.
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Fig. 3.9 Influence of valve frequency on the segment length

Essentially, the segment length was not uniform at lower frequencies, as shown in
Figs. 3.8 (a) and (b). Meanwhile, when the flow rates of both phases doubled, the
necessary valve frequency corresponding to the same liquid segment length also doubled,
which is reasonable according to the mass balance. Compared with the liquid segment

length, the gas segment length curve has a larger residual.
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3. Segment Length Control by Using a High-speed Valve

3.4 Correlation for predicting segment length

The above findings indicate that the segment length controlled by the high-speed
valve can be predicted using the biphasic flow rate, channel geometry, and operation
parameters. As mentioned previously, the compressibility of the gas caused the segment
length to vary with pressure. Therefore, the gas segment length (Lg) calculation should
take the system pressure into consideration, as shown in Eq. 3.5.

_ Pyl Fg

& p,fmd)d (3-5)

where py is the system pressure during dynamic operation (kPa) and p, is the system
pressure under static measurement conditions (kPa). However, despite the fact that the
input pressure was released and the pressure of the system was allowed to balance with
the atmosphere during static measurement conditions, the force between the segments
and the channel caused p. to be slightly higher than atmospheric pressure, making it
difficult to determine an accurate value. Consequently, ps/p. in Eq. 3.5 was replaced with
an empirical factor to give Eq. 3.6.

1_Fe
f(@w4) &

L, =1.04 (3.6)

In contrast, as the liquid volume was not affected by pressure, the liquid segment
length (L) can be calculated using Eq. 2.3, and the biphasic segment length (L) during
operation of the high-speed valve can be expressed by Eq. 3.7.

Li=Li+Lg (3.7)

As shown in Fig. 3.10, when Fg= F; =2.0 mL/min, the experimentally measured

segment lengths of both phases were in accordance with the predicted values at low

frequencies (f < 14 s7), whereas substantial deviations were observed at higher
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3. Segment Length Control by Using a High-speed Valve

frequencies. Therefore, the developed correlation is applicable in the frequency range of

8-14 s when F,= F;= 2.0 mL/min
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Fig. 3.10 Performance of the correlation for predicting segment

length at low flow rate

Fig. 3.11 shows the comparison of the measured and predicted segment lengths using
Eq. 2.3 and 3.6 when Fg= F;=4.0 mL/min. Evidently, the liquid segment length fit better
with the correlation, whereas the gas segment length had a slightly larger error.

Overall, both the liquid and gas segment lengths agreed well with the correlation for
14s' < f < 23 s, This suggests that a valve frequency within 23 s™! is capable of

regulating the segment length at a flow rate of 4.0 mL/min for each fluid.
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Fig. 3.11 Performance of the correlation for predicting the

segment length at higher flow rate

3.5 Conclusions

The regularly control of the segment length in a gas—liquid microchannel system was
achieved by employing a high-speed valve in a segmented flow generating device. The
segment length generated in the microchannel without the high-speed valve was
determined by the flow rate and channel size, which remained constant once flow began.
Notably, by adjusting the operating frequency of the high-speed value, the segment length

was successfully manipulated within a wide frequency range. The high-speed valve was
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3. Segment Length Control by Using a High-speed Valve

able to reproducibly control the segment length at frequencies below 15 s

However, the tiny generated segments could not be maintained in the microchannel
when the frequency exceeded 15 s™!, and segment length was not evidently influenced by
value frequencies exceeding 22 s!. This behavior was explained by a qualitative analysis
from the perspective of the segment formation mechanism.

In addition, a gas-to-liquid flow rate ratio in the range of 0.7—1.2 is deemed necessary
for regular segmented flow. Based on a mass balance, a correlation between valve
frequency, biphasic flow rate, and channel diameter was proposed to predict the segment
length controlled by the high-speed valve, which agreed with the experimental results.

In summary, the results of this study offer a novel strategy for controlling segment
length in microchannels, which will improve the performance of gas—liquid reactions in

microreactors and aid in the design of microreactor systems.
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4

Mass Transfer Measurement in Length-
controlled Segmented Flow

The detailed exploration of manipulating segment length through adjustments in
valve frequency has been extensively covered in Chapter 3. In this chapter, a set of
experiments is carried out to elucidate how the length of segments affects mass transfer
performance. Furthermore, correlations are put forward to forecast both the specific area
and the rate of mass transfer in segmented flows. The findings of this research endeavor
will contribute to an enhanced comprehension of mass transfer within segmented flows

and foster the utilization of segmented flows in microreactors.

4.1 Influence of valve frequency on volumetric mass transfer

coefficient

Mass transfer measurements were performed with a flow rate of 4.0 mL/min for both
phases, and the microchannel length was 2,650 mm. [kra]overan and [kra]s at different
valve frequencies were determined using configurations (a) and (b) in Fig. 2.5,
respectively, and the coefficients were plotted against the valve frequency in Fig. 4.1.
Next, (Vi/Vp) [kra]s could be obtained by simple subtraction according to Eq. 2.8. Fig.

4.1 clearly shows the growth of [kra]everan at the valve frequencies of 8 s™'to 14 s~!, which
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4. Mass Transfer Measurement in Length-controlled Segmented Flow

tends to be steady when the valve frequency is higher than 14 s™!. By contrast, the value

of [kra]» exhibited no significant deviation over the entire valve frequency range.
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Fig. 4.1 Mass transfer performance at different valve frequencies

The majority of the increase in [kra]overan stemmed from the increase in the specific

area at different valve frequencies, as indicated in Fig. 3.9. However, when f = 14 s

the specific area became sufficiently large such that the liquid segment was (or nearly)
saturated with oxygen before leaving the tube. Thus, the contribution of the segmented

flow to the increased oxygen concentration in the flask remained almost the same when f
=14 s7'. Meanwhile, oxygen occupied approximately 21% of the volume fraction in air

for an equivalent volume of air and water; even when the water phase was saturated with
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4. Mass Transfer Measurement in Length-controlled Segmented Flow

oxygen, less than 6% of the oxygen in the air was consumed, and the concentration of
oxygen in the air separated from the segmented flow was still approximately 20%. Hence,
the mass transfer process in the second flask of configuration (b) showed no significant
differences at various valve frequencies, and the measured [kra]s differed slightly, as
shown in Fig. 4.1. Essentially, the contribution of the air bubbles to the increase in oxygen

concentration in the flask always remained the same, despite the increase in the valve

frequency. Therefore, [kra]overan is nearly constant when f = 145!

4.2 Influence of tube length on volumetric mass transfer coefficient

To reveal the contribution of mass transfer in the segmented flow to [kra]overan, a

series of experiments was performed by changing the tube length when f = 17 s”!. Fig.

4.2 shows the influence of tube length on [kra]overan. Evidently, when the tube length
ranged from 1,400 to 2,650 mm at a valve frequency of 17 s™!, [kra]overan exhibited a

remarkable linear correlation (R? = 0.9999) with the tube length and increased from 0.84

x 102 to 1.56 x 1073 s7!; when the tube length exceeded 2,400 mm, [kra]overan did not

increase any further.

The change in the [kra]overan Within different microchannel lengths indicates that
when the tube length exceeded 2,100 mm, the oxygen concentration in the liquid segment
approached the equilibrium value in the microchannel. The increase in the oxygen
concentration in the flask can be calculated using Eq. 2.7, where [kra]s is the mass transfer
coefficient in the segmented flow.

Herein, the valve frequency was fixed at 17 s7!, thus resulting in a constant specific
area of the segmented flow and maintaining [kra]s. Nevertheless, the residence time (or
Af) of the segmented flow increased with the tube length. Therefore, if the tube is

sufficiently long, the liquid segment is (or is nearly) saturated with oxygen before leaving
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the tube. Thus, the obtained [kra]overan had no distinct alteration when the tube length

exceeded 2,100 mm.
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Fig. 4.2 Influence of tube length on [kra]overan

Based on the data in Fig. 4.1, the (V¢/V}) [kLa]s determined using Eq. 2.8 is equivalent
to the order of [kra]s. However, the actual increase in oxygen concentration in the
microchannel is larger than that in the flask, and [kza]s can be calculated using Eq. 4.1.
Accordingly, after conducting mass transfer experiments with configuration (a) in Fig.
2.4, [kra]s can be determined from the recorded DO data, and the average [kra]s is

determined in Section 4.1.

[kpaly = 32 (U@l overas — Uiz al) (@1
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Fig. 4.3. Influence of the tube length on [k.a]s

Fig. 4.3 shows the [kra]s calculated using Eq. 4.1 with the same experimental
parameters as those used in the experiments shown in Fig. 4.2. Evidently, the calculated
[kra]s exhibited an abnormal trend: [kra]s should be constant when simply changing the
tube length; however, it first increased and then decreased. This decrease can be explained
by the saturation of water by oxygen when Liwbe > 2,000 mm, and the mass transfer rate
will be (or close to) zero after saturation. However, note that [kza]s is determined by the
oxygen concentration difference between the inlet and outlet. Consequently, [kra]s
decreased when the tube length continued to increase. This demonstrates that some
deviation occurs when calculating [kra]s with Eq. 4.1. [kra]s can also be determined from

Fig. 4.2. By substituting V5 into the expressions for d; and L in Eq. 2.8, Eq. 4.2 can be

- 61 -



4. Mass Transfer Measurement in Length-controlled Segmented Flow

used to express the relationship between [kra]overan and L.

(W4) &}
Vb

[kLa]overall = [kLa]b+ [kLa]s L 4.2)

As discussed in Section 4.1, [kra]s can be regarded as a constant (4.48 x 107 s™)

in this study; thus, the gradient of the increase of [kra]overan in Fig. 4.2 equals % [k al.
The determined [kra]s was 0.149 s7!, which is 332.6 times larger than [kra]s and
approximately twice as large as the data in Fig 4.3; nonetheless, [kza]s in Fig. 4.3 and
determined by Eq. 4.2 in Fig. 4.2 are both of the order of 10! s”!. This calculation
indicates that the mass-transfer rate in a segmented flow is over two orders of magnitude
higher than that in a conventional bubble flow. Hence, to avoid underestimation of [ka]s

when the tube was too long, the tube length was fixed at 1,400 mm in the following

experiments.

4.3 Influence of segment length on instinct volumetric mass transfer

coefficient

As discussed in Sections 4.1 and 4.2, [kra]overan increases with the valve frequency
when f < 14 s7!, and this increase is attributed to the increase in [kra]s. To reveal the
influence of f on [k.a]s, a series of measurement experiments was conducted with Lupe =

1,400 mm, and the results are shown in Fig. 4.4, which highlights the gradual growth of

[kra)s against the increase in f from 11 to 17 s™'. Evidently, after linear fitting, the
correlation coefficient was as high as 0.9978. However, when f = 20 s/, [kra]s became

steady, thus indicating that the water segments in the microchannels were saturated with
oxygen. This trend further supports the enhanced mass transfer within the segmented flow,
and the high mass transfer coefficient between the gas and liquid segments enables the

rapid mass transfer of the two phases.
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Meanwhile, [kza]s has a negative linear relationship with the segment length (Fig.
4.5), which is opposite to that of the valve frequency. This can be explained easily by the

inverse proportion between fand the segment length.

4.4 Influence of valve frequency on the specific area

The specific surface area a can be calculated through the segment length using the
equation proposed by Sobieszuk et al. [47]. Fig. 4.6 reveals a marked linear correlation
(R? = 0.9999) between the specific surface area a, determined by the measured segment
length, and the valve frequency.

As the segment length can be predicted using Eq. 2.5; by substituting Eq. 2.5 into the
equation for calculating a, Eq. 4.3 is obtained to predict a with f, Fg, Fy, and d;. Fig. 4.7
shows that the value predicted by Eq. 4.3 is in good agreement with the value calculated

using the measured segment length, and the error between them is within 10%.

&
= f = (4.3)
Fg+Fl
Define:
_ nd
ap, = ok (4.4)
Thus, Eq. 4.3 can be expressed as
a=fag, (4.5)

where afr, is the fundamental specific surface area between two adjacent segments,
and it is determined by the total flow rate of the fluid and the microchannel diameter. The
number of segments is proportional to the valve frequency, a, is therefore the product of

fand aru.

- 64 -



4. Mass Transfer Measurement in Length-controlled Segmented Flow

1600
1400 ~ ;."'
/l’
/.I
1200 . ’
P a=62.85 x f n "
E
B R*=0.9999 -
= 1000 - Ll
Q N
..
800 -
.
600 +
L, =1400 mm
I T I T T T T T I
9 12 15 18 21 24
-1
f(s7)
Fig. 4.6 Influence of valve frequency on a
-1
f(s7)
11 14 15 16 17 18 19 20 21 22 23
T T T T T T T T T T T
1400 4 +10%,-~
&
//// e /’,
o~~~ //‘/ 0 ’/l’
g 1200 s 7
) e -7
= L ¢ -7 -10%
— L7 e
= o
2 1000 - &7
O ’/ ’/
2 s .
= . s .
. . P
. s
800 - R
4 e/”,’
600 /' I 1 I 1
600 800 1000 1200 1400

Calculated @ (m*/m?)

Fig. 4.7 Performance of the correlation for predicting a

- 65 -




4. Mass Transfer Measurement in Length-controlled Segmented Flow

After determining [krza]s and a at each valve frequency, the corresponding instinct
liquid side mass transfer coefficient [kz]s can be obtained. Fig. 4.8 depicts that [kL]s can
be viewed as a constant despite the increase in f. Therefore, a is the most significant

contributing factor to the growth of [kra]s.

[k,], x10* (m/s)

L

1 =1,400 mm
00 I ' I T I ! I T I ’ I I T I
10 12 14 16 18 20 22 24

VACH

tube

Fig. 4.8 Influence of valve frequency on [k.]s

Finally, [kLa]s can be expressed by Eq. 4.6, the only variable in this equation is f for
a specific system with a constant flow rate. Essentially, the volumetric mass transfer
coefficient can be controlled intentionally by altering the valve frequency without
changing the other parameters. By contrast, previous studies had to change the flow rate,

pressure, or channel diameter to alter the mass transfer coefficient.

laal, = £ 7% [k, (4.6)
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Table 4.1 presents a comparison of the kza and ki values in this study with data

reported in the literature. Apparently, the kza in microchannels is hundreds of times than

that in batch operation; the kza of this study is in the same order but smaller than that in

some reports, which should be attributed to the scale effect of the channel geometry.

Simultaneously, &z in this study is in good agreement with the literature that uses the same

fluids.
Table 4.1 Comparation of k.a and &, with literature
Phases Channel size Flow rate kra ki Reference
(mm) (mL/min) s (x10*4 m-s™)

Air—Water di=1.59 F,=F=20 0.07-0.15 0.86-1.1 This study

Air—Water Batch Reactor — (0.56-1.67) x 10 — [108]

Air—Glucose/KOH  0.50 x 0.50 Fy=0.6-12, 3.58-17.1 3.87-40.4 [109]
F1=24-40

O3/0O—Water 0.40 x 0.50 Fe=0.1-2.1, 0.5-7.5 0.5-7.5 [57]
Fi=0.02-0.1

CO»NaOH 0.60 x 0.30 Fy=02-32, 0.06-0.2 0.2-0.8 [55]
F1=0.1-1.2

CO>—Water 0.60 x 0.30 Fy=2545, 1.0-2.0 2.0-3.0 [110]
Fi=1.0-1.25

CO2/N>,-NaOH 0.50 x 0.40 Fy=0.05-0.2, — 1.0-6.0 [111]
F;=0.04-0.06

CO»-MEA/DEEA  0.40 x 0.40 Fy=0.16-10.83, 2.0-11.0 4.0-17.0 [112]

Fr=0.33-1.67
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4.5 Conclusion

This chapter investigated the influence of segment length on mass transfer
performance in gas—liquid segmented flows. By installing a high-speed valve in the gas
tube, the air—water segment length was successfully manipulated by altering the valve
frequency without changing the fluid flow rate. Mass transfer measurements were
performed in a flask with a valve frequency of 8 to 23 s™!, when the flow rate of both
phases was 4.0 mL/min. [kra]overan and [kralp was determined for the different
configurations to calculate the [kra]sin segmented flow. These results revealed that [kra]s
is proportional to f before the liquid phase becomes saturated with oxygen. Meanwhile,
the specific areas a and [kra]s can be predicted accurately by using the correlations

derived from the valve frequency, fluid flow rate, and microchannel diameter.
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Continuous Synthesis of Size-controlled
NanoFe304 by Coprecipitation

This chapter endeavors to offer a practical solution to address the mentioned
challenges in nanoFe3O4 synthesis by capitalizing on the benefits of segmented flow. We
centered our research on the continuous synthesis of nanoFe;O4 in a gas-liquid segmented
flow, focusing on nanoparticle size regulation by altering segment length using a high-
speed valve without the need to change the residence time of fluids. It is expected to offer
a high throughput approach for the continuous synthesis of nanoFe3O4 and serve as a

noteworthy application of segmented flow for precise synthesis in microreactors.

5.1 Experimental

5.1.1 Experimental setup

The experimental setup is illustrated in Fig. 5.1(a). The experimental apparatus is
divided into two primary sections: the segmented flow generation section before the
polypropylene (PP) T-junction 2 (OD 1.6 mm, ID 1.1 mm) and the synthesis section
downstream.

In the segmented flow generation section, ferro ion solvent and nitrogen intersect at

T-junction 1 (OD 1.6 mm, ID 1.1 mm), forming a segmented flow in the outlet PFA
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channel (OD 3.17 mm, ID 1.59 mm). The liquid flow rate was regulated by a diaphragm
pump (QI-100-VF-P-S, Tacmina), while the gas flow rate was managed with a mass flow
controller (FCST1005LC-4F2-F10, Fujikin). A high-speed valve (ALD3, Swagelok) was
installed at the outlet of the mass flow controller, driven by compressed air supplied by a
compressor. The valve, linked to a single-board computer (Raspberry Pi 4), received
signals to open or close. With an open/close time of 5 ms, this valve enabled rapid

switching of gas flow, consequently altering the segment length.

(a) x e Stml _m
| 'S
i . E
i Raspberry Pi
[
i

ALDS ! D
2
T-junction 1 1 80 mmHigh_speed Mass Flow R?ducér
l 300 mm Valve Controller

3 Tube 1
l—‘E I T-junction 2
- Pumpl1 300 mm
\ Tube 2

4 |

' _sEEEE R 7
> -m—— — — B 2
) Pump 2 | J
On Nano-Fe;0,

Water Bath Cylinder Compressor

(b)
Fe*?* RG OH

1.1 mm

Tubel 50mm Tube 2 2650 mm %

|
L

Gas Segment iquid Segment

Nano-Fe;0, 1.59 mm

Fig. 5.1 Schematic of the experimental setup

At T-junction 2, the liquid segment generated at T-junction 1 is combined with an
aqueous alkali and injected by another diaphragm pump (QI-100-VF-P-S, Tacmina). The
target reaction occurs immediately within the extended liquid segment, as depicted in Fig.

5.1(b). The outlet PFA tube (2650 mm) ensures adequate residence time for the
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coprecipitation process. Images of the final segments containing reaction products were
captured using a high-speed camera (BU602MCF, Toshiba) and a microscope (STZ-161-
TLED-HZ, Shimadzu) positioned at the outlet of the PFA tube. Moreover, a water bath
(T-22LA, Thomas) was used to maintain the necessary reaction temperature. Placing the
two T-junctions and their inlet tubes within the bath prevents temperature reduction in T-

junction 2 when the two solvents mix.

5.1.2 Chemicals

Ferrous chloride tetrahydrate (FeCl2*4H20) was purchased from Sigma-Aldrich Co.,
Ltd, ferric chloride hexahydrate (FeClz-6H20, 99.0 %), sodium hydroxide (NaOH,
98.0 %), ethylene glycol (EG, 99.5 %), and ethanol (99.5 %) were purchased from
Fujifilm Wako Pure Chemical Corporation. The solutions used in this study were prepared

with the corresponding components and distilled water.

5.1.3 Strategy for continuous operation

Two solutions are required to implement the continuous synthesis of nanoFe;O4 using
the microfluidic system shown in Fig. 5.1(a). The first solution contains Fe?", Fe**, and
the nucleating agent ethylene glycol, which is in an equal volume of the solvent water,
and the second solution contains OH".

In an experiment in this study, the first solution is prepared by dissolving 0.49 g
FeCl2*4H20 and 1.0 g FeCl3:6H20 into 30 mL of distilled water and 30 mL of ethylene
glycol, forming a mixture with a Fe**/ Fe** molar ratio of 1:1.5; the second solution is
prepared by dissolving 0.836 g NaOH into 60 mL of distilled water. Afterward, the first
solution is pumped into one of the inlets of T-junction 1; it encounters nitrogen in the

center of T-junction 1 and forms a gas—liquid segmented flow in the outlet channel of T-
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junction 1. When the segmented flow enters T-junction 2, the liquid segments will mix
with a drop of NaOH solution, which is pumped in from another inlet of T-junction 2. The
reaction of two solutions (Eq. 5.1) takes place in the lengthened liquid segment, as
illustrated in Fig. 5.1(b). The two solutions are pumped into T-junctions with the same
flow rate to ensure that the molar ratio of Fe?", Fe**, and OH" is 1:1.5:8.5. By optimizing
the reaction parameters (temperature, Fe>"/ Fe*" ratio, valve frequency, etc.), magnetic
nanoFe3O4 particles will be released in the liquid segments and can be separated easily
from the reacted solution collected in the outlet of the microchannel. The obtained
particles are washed and ultrasonically dispersed (15 min) with ethanol 3 times and then

dried in an oven at 90 °C for 12 h.

Fe?* +2 Fe** + 8 OH = Fe304 1+ 4 H20 (5.1

5.2 Continuous synthesis of nanoFe3 Q4

In the standard batch synthesis of nanoFes;Os, the reaction temperature was 50 °C
[91,113]. While the Fe**:Fe*" ratio in Eq. (5.1) is 1:2, considering the partial oxidation of
Fe?* to Fe** due to the solution's exposure to air during the batch method, the Fe*":Fe*"
ratio was generally below 1:2 in batch methods. The coprecipitation synthesis parameters
for nanoFe;04 were confirmed with a batch reaction at 50 °C in a flask. This was achieved
by adding a NaOH solution (0.1 mol/L) at a flow rate of 2.0 mL/min into 100.0 mL of an
iron solution (0.05 mol/L, Fe*":Fe’" = 1:1.5) in a flask, stirring vigorously until the pH
reached 11.0. This process, which lasted 2 h, resulted in the solution changing to a black
color. As displayed in Fig. 5.2(a), the product showcased a distinct magnetic response.
Fig. 5.2(b) (Batch) exhibits the XRD pattern of the powder. This pattern demonstrates

that the product crystallized in a single phase, with noticeable peaks identified at 26

values of 30.2°, 35.6°, 43.3°, 53.7°, 57.3°, and 62.9°. These findings align with the
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standard card for Fe3Oa.

Cjron = 0.205 mol/L 5
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Nano-Fe;0, = C,,n =0.103 mol/L
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Fig. 5.2 (a) Image of nanoFe304; (b) XRD patterns of nanoFe30O4 synthesized by the

batch method and segmented flow with conditions (1)-(3) in Table 5.1

To facilitate this coprecipitation reaction continuously in the microchannel utilizing
the set-up illustrated in Fig. 5.1 (a), an iron solution (0.05 mol/L, Fe**:Fe** = 1:1.5) was
propelled by pump 1 at a flow rate of 3.0 mL/min. Concurrently, a NaOH solution was
circulated by pump 2 at an equivalent flow rate. The NaOH concentration was maintained
at 0.081 mol/L to ensure that the final pH of the mixed solution approached 11.0. The
nitrogen was introduced at the inlet of T-junction 1 at a flow rate of 5.0 mL/min to ensure
a similar segment length in the outlet channel of T-junction 2.

Based on the equations (Eq. 3.6 and Eq. 2.3) formulated (predicated on mass balance)
in chapter 2 and 3 for predicting segment length, the nitrogen segment length
approximated 3.22 mm, while the liquid segment lengths at the outlets of T-junction 1
and 2 were 1.89 mm and 3.78 mm, respectively. The product procured at the outlet of the

microchannel resembled the product generated through the batch method. The XRD
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pattern (Fig. 5.2(b), 1) showcased the same principal peaks as those observed in the batch

product.
Table 5.1 Parameters of different experiments
Concentration, mol/L Flow rate, mL/min Velocity, mm/s
NO. Fe*:Fe*:OH
Fe**  Fe** Total OH- Iron NaOH N, Tube 1  Tube 2

1 0.020  0.030 0.050 0.017 3.0 3.0 5.0 1:1.5:8.5 67.2 92.4
2 0.041 0.062 0.103 0.349 3.0 3.0 5.0 1:1.5:8.5 67.2 92.4
3 0082 0.123 0.205 0.697 3.0 3.0 5.0 1:1.5:8.5 67.2 92.4
4 0.041 0.045 0.086 0.33 3.0 3.17 5.0 1:1.1:8.5 67.2 93.8
5 0.041 0.053 0.094 0.33 3.0 317 5.0 1:1.3:8.5 67.2 93.8
6 0.041 0.062 0.103 0.33 3.0 3.17 5.0 1:1.5:8.5 67.2 93.8
7 0.041 0.070 0.111 0.33 3.0 317 5.0 1:1.7:8.5 67.2 93.8
8 0.041 0.078 0.119 0.33 3.0 3.17 5.0 1:1.9:8.5 67.2 93.8
9 0.082 0.139 0.221 0.697 3.0 3.0 5.0 1:1.7:8.5 67.2 92.4

Throughout the continuous synthesis process, we observed immediate particle

generation within the liquid segments, starting from the outlet of T-junction 2. This

suggests that the coprecipitation reaction commences instantly once the two solutions

intersect in T-junction 2. Given the total flow rate and the segment length, the reaction

time was less than 0.1 s. For 100 mL of iron solution, the overall operation duration

amounted to 25 min. This is merely 20.8 % of the reaction time required by the batch

method. However, the iron concentration was relatively low. The reaction efficiency

could potentially be improved by increasing this concentration.
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5.3 Influence of iron concentration on nanoFe;O4 synthesis

The experiments were conducted under conditions (1), (2), and (3), as outlined in
Table 5.1, at 50 °C, to examine the effects of iron (Fe?" and Fe*") concentration on the
continuous nanoFe3O4 synthesis. Fig. 5.3 illustrates the segmented flow state in the outlet
microchannel at varying iron concentrations. Fig. 5.3 reveals that the formed
nanoparticles remain suspended within the liquid segments, aided by the inner circulation
of these segments. At an iron concentration of 0.050 mol/L, the nanoparticles occupied a
fraction of the liquid segment. However, as the concentration doubled, nearly half of the
liquid segment became populated with nanoparticles. Moreover, when the iron
concentration escalated to 0.205 mol/L, the liquid segment was nearly saturated with
nanoparticles. Given that the flow rate of the iron solution remains constant at 3.0 mL/min,
a fourfold increase in the iron concentration results in an approximately fourfold
productivity increase.

Figures 5.2(b), (1), (2), and (3) display the XRD patterns of the particles produced at
varying iron concentrations. The diffraction patterns across all three products display
peaks at 20 = 30.2°, 35.6°, 43.3°, 53.7°, 57.3°, and 62.9°, indicating that the products are
all Fe;O4. Furthermore, the negligible differences in peak intensity substantiate that the

products remain identical. Eq.5.2 presents the well-knownthe famous Scherrer equation:
d=K A/ (f cosO) (5.2)

where the Scherrer constant K=0.89, the X-ray wavelength A=1.5406 A, B represents
the full width at half maximum of the peak, and @ indicates the Bragg diffraction angle
[114].

After applying the Scherrer equation to calculate the crystal diameter, as Table 5.2
illustrates, the average diameter of the crystals increases by approximately 1 nm while
the iron concentration quadruples. Moreover, the diameter of the crystals synthesized in
segmented flow is less than 50 % of those obtained via the batch method. Therefore, these

findings suggest that increasing the iron concentration can enhance productivity without
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compromising product quality.

Table 5.2 Crystal size of samples in Fig. 5.2(b) determined using the

Scherrer equation

BATCH 1 2 3

20 ()
p dp (nm) p dp (nm) p dp (nm) p dy (nm)

30.2 0.57 14.55 1.24 6.62 1.09 7.56 1.09 7.58

35.6 0.59 14.20 1.45 5.77 1.32 6.31 1.25 6.69

43.3 0.59 14.39 1.70 5.04 1.32 6.49 1.21 7.05

53.7 0.60 14.83 1.33 6.69 1.30 6.82 1.15 7.74

57.3 0.65 13.97 151 6.00 1.43 6.35 1.34 6.77

62.9 0.68 13.66 1.46 6.36 1.36 6.83 1.32 7.05

Average 14.27 6.08 6.73 7.15

Ciorn = 0.050 mol/L

CIorn =(0.205 mol/L o

Fig. 5.3 NanoFe3O4 products in the microchannel at

different iron concentrations
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Nevertheless, over extended operational times, particles tend to accumulate on the
tube wall, as depicted in the second image of Fig. 5.3 above the elliptical gas segments.
This deposited sediment can be effectively eliminated by increasing the gas flow rate.
However, the particles redeposit if their concentration remains substantially high, as
demonstrated in the third image of Fig. 5.3. Possible strategies to mitigate this
phenomenon involve increasing the segmented flow rate or employing a tube with a

smoother surface.

5.4 Influence of temperature on nanoFe3O4 synthesis

The batch method of synthesizing nanoFe3O4 by coprecipitation typically employs
temperatures within the range of 30—80 °C. As highlighted in Sections 5.2 and 5.3, this
facilitates the continuous synthesis of nanoFe3Os in the microchannel at 50 °C.

To examine the feasibility of producing nanoFe;O4 at lower temperatures, the
continuous synthesis procedure was conducted at 20, 30, 40, and 50 °C, adhering to
condition (4) in Table 5.1. At 20 °C, the procured product demonstrated no magnetic
properties and took the form of hydroxide flocculents. In contrast, at temperatures of 30,
40, and 50 °C, the magnetic particles could be magnetically separated from the product.
However, hydroxide flocculents remained in the solution for the products obtained at 30
and 40 °C. Moreover, the product derived at 50 °C showed no visible presence of

hydroxide flocculents, and all the particles displayed magnetic characteristics.
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Fig. 5.4 SEM micrographs of Fe3O4

Figures 5.4(b)-(d) present the SEM images of the separated products obtained at
temperatures of 30, 40, and 50 °C. In comparison to the commercial product (Fig. 5.4(a)),
which is of microscale order, all three products exist on a nanoscale. The boundary of the
product obtained at 30 °C appeared indistinct, suggesting an amorphous state. However,

the products procured at 40 and 50 °C exhibit a uniformly spherical crystalline structure.
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While the product generated at 50 °C showed a slight agglomeration, no byproducts were
observed in the initially collected material. Therefore, 50 °C is deemed the optimal
temperature for the continuous synthesis of nanoFe3;Os4 via coprecipitation in

microchannels.

5.5 Influence of Fe?":Fe** ratio on nanoFe3O4 synthesis

During the batch synthesis of nanoFe3O4, the solution was stirred for approximately
2 h, which caused a portion of Fe?* to oxidize to Fe*". However, in the continuous strategy,
the coprecipitation reaction occurred in the liquid segment, with each liquid separated by
a nitrogen segment. This creates a microreactor in the liquid segment, with both sides of
nitrogen gas providing an inert environment. Therefore, after the segmentation flow was
formed in the microchannel, no oxygen could transfer into the liquid segment. In this
research, the Fe?":Fe’" ratio in the initial reactant should differ from that in the batch
method, with it being closer to 1:2.

We conducted experiments altering the concentration of Fe*" using the parameters
outlined in conditions (4)-(8) in Table 5.1 to investigate the influence of Fe*":Fe*" ratio
on nanoFe304 synthesis. The SEM images of the corresponding products are shown in
Figs. 5.4(d)-(h). The results indicate that the particle boundaries first became distinct with
an increase in the Fe?":Fe*" ratio from 1:1.1 to 1:1.7 and became indistinct as the ratio
increased to 1:1.9. At a Fe*":Fe’* ratio of 1:1.7, the particles demonstrated high
crystallinity and distinct spherical shape. Therefore, the optimal Fe?*:Fe*" ratio for this
continuous method was approximately 1:1.7. Additionally, approximately 10 % of Fe*"
oxidized to Fe*" in the reactant solution. Given that no oxygen was introduced in the
microchannel, this oxidation was primarily attributed to the air exposure of the reactant
during the solution preparation process. This was further facilitated by the dissolved

oxygen in the water used as a solvent. Solution preparation was performed at room
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temperature (25 °C), where the saturated oxygen concentration in water was
approximately 8.25 mg/L. According to Eq. (5.3), assuming a complete reaction of
dissolved oxygen with Fe?*, this could reduce the concentration by 0.001031 mol/L,
approximately 2.5 % of the initial Fe?>" concentration. This brief calculation supports our

hypothesis.

12 Fe** +3 02 +6 H20 = 8 Fe’* +4 Fe(OH)s | (5.3)

5.6 Influence of valve frequency on nanoFe;O; size

In chapter 3, we successfully manipulated the segment length by altering the
frequency of the high-speed valve installed at the outlet tube of the gas phase. We
observed that the segment length of the liquid and gas phases was inversely proportional
to the valve frequency, modifying the volume of each segment. For this continuous
synthesis reaction using segmented flow, a decrease in segment length results in fewer
reactants in each liquid segment, promoting a more thorough mixture within the segment.
This facilitates the mass transfer process of the coprecipitation reaction, potentially
influencing the final nanoparticle size.

To validate this theory, we synthesized nanoFe3O4 using the parameters listed in
condition 9 of Table 5.1, with valve frequencies of 8, 11, 14 and 17 s! (corresponding to
liquid segment lengths of 6.3 mm, 4.6 mm, 3.6 mm, and 3.0 mm, respectively, post-T-
junction 2), while maintaining constant fluid flow rates. The operation of the high-speed
valve facilitated the distribution of a volume of reactant (equivalent to the total flow rate
of the liquid phases per second) into several microreactors, the number of which was
determined by valve frequency. The TEM images and the corresponding average particle

diameter of nanoFe304, obtained at different valve frequencies, are presented in Fig. 5.5.
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d=591%1.23 nm

d=5.76+1.34 nm

50 nm

50 na

Fig. 5.5 TEM images and average diameters of nanoFe3QOas synthesis at

different valve frequencies

Overall, the results showed that the average diameters of all the products were less
than 10 nm. Moreover, the particles depicted in the TEM images were nearly identical.
Statistical analysis indicated that the particle diameters are <7 nm, which aligned well
with the crystal diameter calculated using the Scherrer equation and confirms that the
nanoparticles obtained are predominantly primary particles.

When the valve frequency was relatively low, specifically 8 s!, the average diameter

and deviation (6.26 + 1.83 nm) were the highest. Conversely, the smallest average

diameter of nanoFe3;04 (5.76+1.34 nm) was achieved when the valve frequency was 17

s, As the valve frequency increased from 8 to 17 s”!, the maximum particle size recorded
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decreased from 13.5 to 7.5 nm, leading to a narrower particle size distribution.

Additionally, a few nanoparticles of approximately 2 nm in size were produced.

10

Diameter (nm)

0 I * I A I > I . | J
8 10 12 14 16 18

Frequency (s™)

Fig. 5.6 Influence of valve frequency on nanoFe3Os size

Upon plotting the average particle size and corresponding deviation against the valve
frequency in Fig. 5.6, we observed that the smallest particle size was achieved at a valve
frequency of 17 s!, but the length of the error bar increased with higher frequencies.
These results suggested that a higher valve frequency or shorter segment length facilitated
the consistent and precise synthesis of nanoFe;O4 particles, resulting in small and uniform
sizes. To achieve a small nanoparticle size with a narrow distribution, a valve frequency

higher than 11 s’ is required.
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5.7 Principle of coprecipitation in segmented flow

To better understand the advantages of this segmented flow synthesis strategy, Fig.
5.7 illustrates the principles of the coprecipitation reaction in the batch reactor and the

segmented flow system.

A N

® Fet ™ Fe3* ™ OH-

‘ Fe;0,

Fig. 5.7. Principles of coprecipitation in a batch reactor and segmented flow

In the batch reactor, the NaOH solution is gradually added to the iron solution
(containing Fe** and Fe*"). The reaction is not complete until the pH of the mixture
reaches 11.0. The mixture is stirred to promote ion dispersion. However, achieving perfect
uniformity in such a large volume is challenging. When OH- ions mix with Fe?" and Fe*”,
the reaction in Eq. 5.1 immediately commences, forming nanoFe3O4 crystal nuclei.

Following this nucleation stage, further nanoFe;O4 growth occurs in the presence of
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additional OH" ions in proximity. Consequently, nanoparticles obtained in the batch
reactor are relatively larger and exhibit a broad size distribution unless the NaOH feed
amount is minimal.

When utilizing the segmented flow strategy, each liquid segment functions as a small
reactor with a volume of approximately 0.01 mL. Before reaching T-junction 2, robust
internal circulation within the liquid segment leads to the homogeneous dispersion of Fe?",
Fe’”, and EG. Once the liquid segment reaches the NaOH solution inlet at T-junction 2,
the nucleation reaction occurs at the interface of the two solutions. Simultaneously, the
internal circulation within the iron solution drives the newly-formed nanoFe;O4 away
from the NaOH solution inlet. This countermovement reduces the likelihood of the
nanoFe3O4 contacting additional NaOH solution, preventing the growth of nanoFe3;Os.
Meanwhile, this internal circulation delivers fresh Fe?" and Fe*" to the NaOH solution
inlet, continually consuming the OH" ions. Consequently, the produced nanoFe3O4 rarely
grows beyond the nucleation stage. This aligns with the observation that the nanoparticle

sizes calculated by the Scherrer equation are similar to those measured in TEM images.

5.8 Comparation with other synthesis methods

Various continuous strategies have been developed for fabricating nanoFes;Og in the
aforementioned studies [101-105]. Fig. 5.8 compares their key characteristics alongside
the batch method and the segmented flow synthesis process examined in this research.

Figures. 5.8 (a)-(c) compare the parameters associated with different methods.
Among the four methods, our approach employs the lowest reaction temperature (50 °C),

which is 10 °C lower than the microdroplet method. Moreover, the feed flow rate of this

segmented flow technique is 4615 times larger than that of the microdroplet method (=

0.0013 mL/min). The packed bed reactor boasts the largest feed flow rate due to its greater

diameter and operates at the highest reaction temperature (80 °C).
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Fig. 5.8 Comparation of segmented flow synthesis with batch and other

continuous methods

Figures. 5.8 (d)-(f) compare the performance of the four methods. As demonstrated
in Fig. 5.8(d), the segmented flow method produces the smallest nanoparticle size,

slightly smaller than that of the packed bed reactor, while the microdroplet method yields
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the largest. The packed bed reactor purports to complete the reaction within 0.01 s. The
reaction time (zg) of the segmented flow method is not straightforward to determine
directly due to the minuscule channel size and the high fluid velocity. However, it can be
approximated with a simple calculation. The inner diameter of the T-junction is 1.1 mm,
and the segment velocity at the inlet of T-junction 2 is 67.2 mm/s (Table 1), meaning it
takes 0.016 s for the liquid segment to traverse the inlet of the NaOH solution. As explored
in Section 3.6, the coprecipitation occurs instantly when the two solutions mix. The
deposition of nanoparticles at the outlet and on the outlet tube of T-junction 2 indicates a
significant presence of nanoparticles in the liquid segment. Thus, we conservatively
estimated that the #z in the segmented flow method was less than 0.1 s. Given the varying
reactor diameters in each method, we calculated their productivity based on the unit
reactor diameter, as outlined in Table 5.3. As evident in the last column of Table 5.3, the
productivity of continuous processes significantly surpasses that of the batch method.
Particularly, the productivity of the segmented flow and packed bed reactor is over 10°
times greater than that of the batch method.

In summary, the segmented flow synthesis strategy produces the smallest nanoFe3O4
particles with the highest unit productivity and the lowest temperature compared to other
continuous strategies. Although the feed flow rate (based on iron solution) of the packed
bed reactor is considerably higher than that of our study, its reactor diameter is a hundred
times larger than the tube used in our system. Consequently, its unit productivity does not
surpass ours. Moreover, the advantages of our system can be amplified by increasing the
concentration of the reactants. A significant drawback of conventional systems is that the
packed bed reactor needs to be rotated during the reaction to enhance the mass transfer
process, an energy-consuming step. Conversely, our strategy effortlessly enhances the
mass transfer process in the gas-liquid segmented flow formed by nitrogen and the
reactant solution, using a simple assembly of tubes and T-junctions. The synthesis of
nanoFe;O4 by the microdroplet mechanism occurs on a precisely fabricated microchip,

and it can produce nanoFe3O4 of 17 nm at 60 °C. However, the microscale of the channel
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constrains the device’s throughput and results in relatively low productivity. Additionally,
the cost will linearly increase for scale-up. The segmented flow device in this research
employs just two PP T-junctions and less than 5 m of PFA tube, resulting in a minimal
cost and straightforward operation. Therefore, the segmented flow synthesis strategy
emerges as the most competitive technology for continuously synthesizing nanoFe3O4

and is easily scalable for industrial production.

Table 5.3 Calculation of productivity in different processes

Flow rate, Ciron, Riron, Diameter, Unit volume Productivity,
Process
mL/min mol/L 10° mol/min  mm (mm>/mm) 10% mol/(min"'mm)
Segmented flow 3.0 0.205 0.615 1.59 1.985 31.0
Packed bed reactor [101] 1000 0.321 321 160 20096 1.60
Microdroplet [105] 0.0013 0.09 0.000117 0.17 0.0227 0.52
Batch reactor - - 0.012495 100 7850 0.00016

5.9 Conclusions

In this chapter, uniform nanoFe;O4 particles were synthesized continuously using the
coprecipitation method in a microchannel with Fe?*, Fe*", and OH". The process leveraged
the enhanced mass transfer in segmented flow. By optimizing the iron concentration,
reaction temperature, and Fe?":Fe’" ratio, this in situ strategy achieved the precise
synthesis of nanoFe;O4 within 0.1 s at 50 °C, a process that requires hours in batch
reactions. Moreover, the operation of the ALD valve can regulate the segment length, thus
adjusting the mass transfer rate within the liquid segment. Consequently, the nanoparticle
size can be controlled at approximately 6 nm, ensuring a narrow size distribution. The
simple and practicable construction of the system presents an advantage over other

continuous methods for nanoFe3O4 synthesis. Therefore, this segmented flow synthesis
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strategy could offer an innovative solution for the continuous industrial production of
nano-Fe3O4. After appropriate scale-up and risk reduction of blockage, this method could

revolutionize the nanoFe3O4 synthesis process on a large scale.
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Continuous Synthesis of NanoFe;O4 by
Partial Oxidation Coprecipitation

In chapter 5, we successfully achieved the continuous synthesis of Fes3Os
nanoparticles within a gas-liquid segmented flow system. However, it's important to note
that the reaction primarily takes place in the liquid phase, and the nitrogen gas does not
directly contribute to the reaction. In contrast, in the batch method, the function of the
nitrogen gas is to prevent the oxidation of Fe*" by the oxygen in the air, as depicted in
Equation 6.1. Given that the oxidation product also serves as a reactant in the
coprecipitation reaction (as indicated in Equation 6.2), we are left to contemplate the
feasibility of synthesizing Fe;O4 nanoparticles from Fe?" through a partially oxidation

coprecipitation process.

4 Fe* + 02 + 4 H' = 4 Fe** + 2H20 (6.1)

Fe?* + 2 Fe** + 8OH = Fe;04 | + 4H:20 (6.2)

In this chapter, we implemented a partial oxidation strategy utilizing air as the gas
phase and Fe** as the source of iron. Through the meticulous optimization of reaction
parameters, we successfully attained the continuous synthesis of Fe3Os4 nanoparticles
within an air-liquid segmented system. The liquid segment behaves as a small reactor

where coprecipitation occurs, and strong recirculation inside the segment was expected

- 91 -



6. Continuous Synthesis of NanoFe3O4 by Partial Oxidation Coprecipitation

to facilitate the formation of smaller nanoparticles and reduce the risk of clogging in the
microchannel. Moreover, the Fe*" necessary for the coprecipitation reaction was derived
from the partial oxidation of Fe*" with oxygen provided by air, which was used to generate
the gas segment. Notably, in this continuous strategy, oxygen is no longer a limitation that

should be avoided as it participates in the process as a reactant.

6.1 Experimental

6.1.1 Experimental setup

Figure 6.1(a) shows a schematic of the experimental setup, which includes two
sections: a segmented flow generation and partial oxidation section before T-junction 2
(OD = 1.6 mm, ID = 1.1 mm) and a reaction section after this junction.

In the first section, the ferrous ion (Fe?") solution and air intersect in T-junction 1
(OD 1.6 mm, ID 1.1 mm) and form the segmented flow in the outlet perfluoroalkoxy
alkane (PFA) tube (OD 3.17 mm, ID 1.59 mm). A diaphragm pump (QI-100-VF-P-S,
Tacmina) and mass flow controller (FCST1005LC-4F2-F10, Fujikin) control the liquid
and gas flow rates, respectively.

In T-junction 2, the liquid segment generated at the outlet of T-junction 1 is mixed
with aqueous alkali injected by another diaphragm pump (QI-100-VF-P-S, Tacmina).
Notably, the Fe** ions in the initial liquid feed are partially oxidized into Fe*" ions by the
oxygen in the segmented flow between the two junctions. Thus, the liquid segment
contains both Fe?* and Fe** ions before entering T-junction 2, where the coprecipitation
reaction of Fe?", Fe**, and OH" takes place in the lengthened liquid segment to form Fe;O4
(Fig. 6.1(b)). Meanwhile, the outlet PFA (210 cm) tube provides sufficient residence time

for the coprecipitation process.
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Fig. 6.1 Schematic of (a) the experimental setup. (b) partially oxidation

coprecipitation of Fe?* and OH- to form nano-Fe3O4 in liquid segment

Images of the final segments containing the reaction product were captured using a
high-speed camera (BU602MCF, Toshiba) and a microscope (STZ-161-TLED-HZ,
Shimadzu) installed at the outlet of the PFA tube. A water bath was used to provide the
temperature required for the reaction. It is recommended that the two T-junctions as well
as their inlet tubes are immersed in the water bath to ensure that the temperature in T-

junction 2 does not decrease when the two solvents are mixed.

6.1.2 Chemicals

Ferrous chloride tetrahydrate (FeClo*4H2O) was purchased from Sigma-Aldrich.

Hydrochloric acid (HCI, 35 wt%) was purchased from Nacalai Tesque and sodium
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hydroxide (NaOH, 98.0 wt%), ethylene glycol (EG, 99.5 wt%), ethanol (99.5 wt%), and
ammonium chloride (NH4CIl, 99.5 wt%) were purchased from Fujifilm Wako Pure
Chemical Corporation. The solutions used in this study were prepared from the

corresponding components and distilled water.

6.1.3 Strategy of partial oxidation and continuous coprecipitation in

the microchannel

To prepare FesO4 nanoparticles using an Fe?" solution, it is necessary to partially
oxidize Fe*" to Fe**, to convert the solution to a mixture comprising an Fe**:Fe** ratio of
1:2. In the microfluidic system (Fig. 6.1(a)), both the Fe** solution and air are flowed into
T-junction 1, forming a segmented flow in the outlet tube. Fe** can be oxidized to Fe**
by the dissolved oxygen inside the liquid segment, and the mass transfer at the air—liquid
interface can quickly replenish the dissolved oxygen concentration in the liquid segment.
The oxidation time can be changed by adjusting the tube length between the two T-
junctions, thereby influencing the Fe?":Fe*" ratio. When the liquid segment containing
Fe?" and Fe’* passes T-junction 2, it mixes with a drop of NaOH solution and the two
solutions react (Eq. (1)) to form Fe3O4 in the lengthened liquid segment (Fig. 6.1(b)).

In this chapter, a typical synthetic method for the first solution was as follows: 2.6136
£ (0.01313 mol) FeCl»*4H>0 was first dissolved in 50 mL of distilled water after which
20 mL of EG (nucleating agent) was added to the solution. Finally, distilled water was
added to form a total volume of 160 mL (0.082 mol/L). The second solution (also 160
mL) was prepared using 1.4885 g (0.03721 mol) NaOH and distilled water. To ensure
solution uniformity, both solutions undergo comprehensive mixing followed by a 10 min
ultrasonic treatment. The bath temperature was set to 50 °C, according to the typical
reaction temperature used in the batch synthesis of Fe3O4 nanoparticles [91,113]. The two

solutions were pumped into the T-junctions at the same flow rate (3.0 mL/min) to ensure
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an Fe?":OH molar ratio of 3.0:8.5, while the air flow rate was set to 6.0 mL/min to ensure
steady segmented flow. By optimizing the reaction parameters, magnetic Fe3;Os
nanoparticles were released into the liquid segments and could be separated easily from
the reacted solution collected at the outlet of the tube using a magnet. The obtained
particles were washed and ultrasonically dispersed (15 min) with ethanol thrice and

subsequently dried in an oven at 90 °C for 12 h.

6.2 Influence of the nucleating agent addition method on Fe;O4

nanoparticle formation

The first step in the synthesis of Fe3O4 nanoparticles from Fe** ions is to oxidize some
of the Fe?" ions to achieve an Fe?*:Fe ratio of 1:2 in the solution. As discussed in Section
6.1.3, the oxidation reaction takes place in the segmented flow between the two T-
junctions, and the final Fe?":Fe*" ratio is determined by the oxidation time. According to
Eq. (6.1) and (6.2), to reach an Fe?*:Fe®" ratio of 1:2, two thirds of the Fe*" ions must be
oxidized by oxygen. Thus, for the 160 mL Fe** solution used in this study, 0.0022 mol of
02 was necessary to complete the oxidation reaction. When the air flow rate was twice
that of the Fe?" solution, the amount of oxygen in 320 mL of air was approximately 0.003
mol, which was sufficient for the oxidation of Fe?*. Therefore, the determination of the
oxidation time at which the Fe?":Fe** ratio reaches 1:2 was key to our investigation.

In the initial step, the continuous synthesis of Fe3O4 nanoparticles was carried out
through the partial oxidation and coprecipitation of Fe**, with the incorporation of EG
into the iron solution, as described in Section 6.1.3, wherein the tube length (Lp,) between
the two T-junctions was varied to change the oxidation time. Table 6.1 (entries a—c) shows
images of the collected products at different oxidation times. To obtain a direct-view
impression of the product properties, a magnet was placed on one side of the sample bottle.

As shown in Table 6.1 (entry c), the particles obtained at Ly, = 130 cm gathered toward
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the magnet, indicating that the product was magnetic. In contrast, the products obtained
at Ly, = 50 and 90 cm were barely influenced by the magnet, and the solution was not

limpid, indicating that the main products were non-magnetic.

Table 6.1 Reaction products obtained under the different experimental conditions

Lpo
Method
50 cm 90 cm 130 cm
a b C —
EG in Fe?* aq.
B 3 >
=, e == f =
/f‘ s “\ f. -“_!' g #‘q
EG in NaOH ' '
aq. ——— !

Figure 6.2(a) shows the XRD patterns of the particles obtained at Ly, = 130 cm,
diffraction patterns were observed at 20 = 30.2°, 35.5°, 43.3°, 53.7°, 57.2°, and 63.1°,
indicating that the product was Fe;O4. After calculating the crystal diameter using the
Scherrer equation (Table 6.2, entry a), the average crystal diameter was determined to be
10.28 nm. Considering the flowrate of the segmented flow, the oxidation times were
approximately 6.6, 11.9, and 17.2 s for Ly, = 50, 90, and 130 cm, respectively. These

results indicated that under these conditions, oxidation was not sufficiently fast in the
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microchannel. Because the segment length was determined by the fluid flow rate and tube
diameter, which were constant in this set of experiments, the mixing efficiency was near-
identical. Therefore, we supposed that the oxidation efficiency was mainly influenced by

the mass transfer of oxygen from the air segment to the liquid segment.

HCI d
£} NH,Cl ¢
L)
2
'z EG in OH' b
2]
E
> = 2 Q= 2
o~ — ] ol — <t
g ¢ I T 2 I
20 30 40 50 60 70 80

20 (°)

Fig. 6.2 XRD patterns of the Fe3O4 nanoparticles obtained in the

different experiments

Considering that the inclusion of EG in the iron solution may affect the absorption of
oxygen, leading to a subsequent decrease in oxidation efficiency during the partial
oxidation process, the reaction strategy was adjusted. This was achieved by altering the
addition of EG to the NaOH solution, resulting in the iron solution no longer containing
EG. The EG did not influence the liquid phase in the partial oxidation section, but only
participated in the coprecipitation process in the second section. Experiments were also
conducted at Ly, = 50, 90, and 130 cm, and the images of the products are shown in Table

6.1 (entries d—f). After removing the EG from the Fe* solution, the following results were
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observed: At Ly, = 50 cm, the solution above the product was clear enough to see the
boundary of the solid phase. At Ly, = 90 cm, the particles gathered toward the magnet,
indicating that there was sufficient Fe** generated in the partial oxidation section, and the

coprecipitation reaction in Eq. (6.2) could occur easily in the second section.

Table 6.2 Crystal sizes calculated by the Scherrer equation in

the different experiments

. (@) EG in Fe?* (b) EG in OH- (c) NH4CI (d) HCI
20 FWHM  d,(nm) FWHM dp (nm) FWHM dp (nm)  FWHM d, (nm)
30.2 0.71 11.65 0.75 11.03 0.87 9.42 0.83 9.97
35.5 0.75 11.14 0.74 11.23 0.85 9.79 0.93 9.01
43.3 0.75 11.40 0.56 15.22 0.69 12.44 0.72 11.91
53.7 1.23 7.22 1.15 7.74 1.31 6.78 0.97 9.19
57.2 0.78 11.57 0.83 10.86 0.93 9.74 1.09 8.27
63.1 1.07 8.70 0.97 9.61 1.24 7.54 1.23 7.56

Average 10.28 10.95 9.29 9.32

The XRD pattern of the product displayed in Table 6.1, entry fis shown in Fig. 6.2(b),
and is the same as that of the standard card of Fe3O4. The calculated crystal size was 10.95
nm (Table 6.2, entry b), and there was no significant difference between the crystal sizes
of the products obtained by this method and the non-modified method discussed above.
Figure 6.3 (a) and (d) shows images of the corresponding products obtained by adding
EG to the FeCl, and NaOH solutions, respectively. The two images clearly reveal that
when pristine EG was added to the FeCl, solution, the particle sizes ranged from 6 to 30
nm and the average particle size was 13.90 nm, which is larger than the value calculated
from the XRD pattern. When EG was added to the NaOH solution, the particle size ranged

from 5 to 25 nm, and the average particle size was in good agreement with the calculated
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value.

These results indicate that the addition of EG into the FeCl> solution not only
suppresses the transfer of oxygen into the liquid phase, but also reduces the mixing
performance of the liquid segment, thereby resulting in a wider particle size distribution
and larger particle size. Accordingly, we deduced that the incorporation of EG into the
NaOH solution yields superior results. This strategy has been employed in the subsequent

experiments.

6.3 Influence of oxidation time on Fe3;O4 nanoparticle formation

Fe304 nanoparticles were formed according to Eq. (6.2), wherein the appropriate
Fe?":Fe*" ratio is 1:2. In this partial oxidation strategy, if the oxidation depth is too low or
high, the Fe?":Fe’" ratio significantly deviates from the expected value, resulting in the
formation of hydroxides (Fe(OH): or Fe(OH)3) in an alkaline environment. Side reactions
waste raw materials and may influence the flow characteristics of the liquid segments,
which will further impact the formation of Fe3sO4 nanoparticles. Thus, using EG in NaOH
solution as the nucleating agent, the synthesis process was next carried out at 50 °C with
varied Ly, values of 50, 90, 130, 150, 170, 190, and 210 cm.

The TEM images of the corresponding products are shown in Fig. 6.3 (b)—(h). At Ly,
= 50 cm, significant variations in particle size were observed, with the smallest particle
size being <5 nm and the largest >30 nm. With the subsequent increase in Lp,, the
Fe?*:Fe’" ratio gradually approached 1:2, and the nanoparticle size became more uniform:;

however, when Ly, exceeded 150 cm, the variation in particle size increased again.
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Fig. 6.3 TEM images of Fe3O4 nanoparticles obtained with (a) EG in FeCl: aq. and
(b)-(h) EG in NaOH aq. at different oxidation times

NN
- B
1 N 1

—
o [\ n o
1 N 1 M 1 M 1 N

Diameter (nm)

0 T T T T T T v T v T v T
60 920 120 150 180 210
L,, (cm)

Fig. 6.4 Influence of oxidation time on the Fe3O4 nanoparticle size

A plot of the average particle size against Ly, 1s shown in Fig. 6.4. The plot reveals

that the average particle size varies around 12 nm as the Ly, value ranges from 90 cm to
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210 cm. Notably, the smallest particle size is observed at Ly, = 150 cm, suggesting that
the Fe*":Fe’" ratio is closest to the optimal 1:2 ratio at this specific length. Here, the
coprecipitation reaction was dominant, and was negligibly influenced by the side products.
The particle sizes obtained at Ly, = 130 and 170 cm were also quite uniform, whereas the
particle size at Lyo = 170 cm was 19% larger than that attained at Ly, = 130 cm. These
results indicate that the existence of excess Fe’" ions adversely affected the formation of
smaller Fe;O4 nanoparticles. At Ly, = 150 cm, the corresponding oxidation time was
approximately 19.2 s. Therefore, we supposed that the most suitable partial oxidation time

should be approximately 19.2 s and is attained when Ly, is fixed at 150 cm.

6.4 Influence of acid additives on Fe;O4 nanoparticle formation

We expected the partial oxidation of Fe*" to Fe** to proceed according to Eq. (6.1)
and that at the appropriate oxidation time, the final product of the coprecipitation reaction
in the second section would be Fe3;O4. However, even at Ly, = 150 cm, the initial collected
products still contained some floccules suspended in the top solution during the magnetic
separation process. Moreover, in the TEM images of the products after washing and
ultrasonic dispersion, some Fe3;O4 nanoparticles were surrounded by floccules. We
supposed that the flocculant is a hydroxide formed by excess Fe** or Fe**. The floccules
observed in the TEM images were attributed to two possible reactions: formation during

the partial oxidation period or as a side product in the coprecipitation section.

12 Fe** +3 02 +6 H20 = 8 Fe** +4 Fe(OH)3 | (6.3)
NHs* + H20 2 NH; + H:O* (6.4)
4 Fe’* + 02+ 4 NH4" = 4 Fe*t + 4NH3 +2H20 (6.5)
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Equation (6.1) represents the ideal reaction necessary for partial oxidation. However,
there are no free H ions in the neutral solution, the H ions in the neutral solution stem
from the ionization of H>O, whereby the consumption of H" ions is accompanied by the
release of an equal amount of OH™ ions into the solution. This results in the partial
oxidation of Fe?" in the neutral solution occurs as Eq. (6.3) essentially. Specifically, one-

third of the reacted Fe?" is transformed into Fe(OH); in the partial oxidation section.

160
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Fig. 6.5 Correlation between the Fe?":Fe** ratio and conversion at

pH =7 and pH<7

Fig. 6.5 shows the correlation between the Fe?":Fe*" ratio and Fe*" conversion,
corresponding to Eq. (6.1) and (6.3), respectively. At pH <7, 66.7% of the Fe** ions must
be oxidized to reach an Fe*":Fe*" ratio of 1:2, whereas at pH 7, for the same Fe?*":Fe*"

ratio, 75.0% of the Fe?" ions must be oxidized. Thus, in neutral solution, 8.3% of the raw
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material is wasted, and the formation of Fe(OH)3; may subsequently affect the downstream

coprecipitation reaction.

& NH,CI

(S [ —
o = =
" 1 " 1 " 1

(nm)

Diameter

80 100 120 140 160 180 200 220
L,, (cm)

1641 @ HCI
14

(nm)
s B

Diameter (nm

0 T T T T T T T T
80 100 120 140 160 180 200 220
Lpo (cm)

Fig. 6.6 Influence of the acid additive on the Fe3O4 nanoparticle

size under different oxidation times.
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To evaluate the influence of acid additives on the formation of Fe3O4 nanoparticles,
NH4Cl or HCI was added to the FeCl, solution at a molar ratio of 2:3 to create an acidic
environment. The nanoparticle sizes obtained using the two additives at different
oxidation times are shown in Fig. 6.6. With the addition of NH4Cl to the FeCl, solution,
a noticeable decrease in nanoparticle sizes to approximately 10 nm is observed.

The replacement of HC1 with NH4Cl led to an additional reduction in size, averaging
around 8 nm. Interestingly, under these conditions, the particle sizes consistently

remained smaller than those observed under previously mentioned conditions. In
particular, at Ly, = 130 cm, the particle size obtained without acid additives was 10.88+

3.19 nm, whereas in the presence of NH4Cl and HCl additives, the particle size decreased

t0 9.94+2.34 and 8.22+2.33 nm, respectively.

It is thus clear that an acidic environment facilitates the formation of Fe3;O4
nanoparticles, the nanoparticle size decreasing with increasing acid strength. When
NH4Cl is used as an additive, the H" ions originate from the ionization of NH4", and the
ionization balance described by Eq. (6.4) slows the release of H into the solution [115]—
the final expression for the oxidation reaction is given by Eq. (6.5). Consequently, the
particle size falls between those obtained in the neutral and HCI solutions. Meanwhile,
the nanoparticle sizes obtained with NH4Cl and HCI additives were in good agreement
with the crystal diameters calculated using the Scherrer equation (Table 6.2, entries ¢ and
d), indicating that the nanoparticles were mainly primary particles and seldom grew in
the growth section. These findings suggest that the addition of HCI to the FeCl, solution
can suppress the formation of hydroxides in the partial oxidation section and subsequently

improve the performance of the precipitation section to form smaller Fe;O4 nanoparticles.

6.5 Influence of H":Fe** ratio on the Fe;O4 nanoparticle size

As described in Section 6.4, the amount of HCI added to the FeCl, solution was
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sufficient for the oxidation reaction and significantly improved the product quality. We
next investigated the influence of the H":Fe?" ratio on the nanoparticle size by increasing
the amount of HCI added to the FeCl, solution. Based on the stoichiometric values in Eq.
(6.1), the amount of HCI was increased by 1.33 and 1.67 times the amount used in the
previous experiment (Section 6.4), thereby changing the H":Fe?" ratios to 0.67:1, 0.89:1,

and 1.12:1 with respect to the initial mole amount of Fe?*.
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Fig. 6.7 Fe3O4 nanoparticle size obtained with different H*:Fe?* ratios

Figure 6.7 shows that there was a decrease in the nanoparticle size with an increase
in the H":Fe*" ratio at Ly, = 130 cm. However, there was no significant difference between
the particle size ranges, and the average particle sizes were all <10 nm. Although there
was a slight decrease in particle size, the superfluous amount of HCI neutralized part of
the NaOH solution, which was necessary for coprecipitation, thereby causing an increase

in the consumption of NaOH. This additional material consumption is detrimental to the
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productivity and poses an extra burden on waste treatment. Hence, a H":Fe?* ratio of

0.67:1 was established as the adequate ratio for the partial oxidation process.

6.6 Influence of OH:Fe** ratio on the Fe;Os nanoparticle size

As discussed in Section 6.5, the floccules present in both the initially collected and

washed products were formed from the reaction of the metal cations with OH™ anions. An

excess amount of NaOH was added to ensure that the coprecipitation reaction proceeded

completely. The designed OH:Fe?* ratio at the inlet of the coprecipitation section was

8.5:1, which is slightly larger than the stoichiometric number ratio in Eq. (6.1). To explore

the possibility of reducing the amount of NaOH, the influence of the OH":Fe®" ratio on

the nanoparticle size was estimated at Ly, = 130 cm.
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Fig. 6.8 Fe3O4 nanoparticle sizes obtained with different OH-:Fe?" ratios
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Figure 6.8 presents an overview of the TEM images of the nanoparticles synthesized

with different OH:Fe?" ratios. At an OH:Fe?" ratio of 8.5:1, the nanoparticle size was in
the range of 7.92+1.88 nm, and more than half of the nanoparticle sizes were concentrated
in this range. However, at OH:Fe?" ratios of 7.5:1 and 8.0:1, the particle size distribution

became wider and the particle size range larger. When the OH:Fe?" ratio was increased

t0 9.0:1, the same trend was observed.
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Fig. 6.9 Fe3O4 nanoparticle sizes obtained with different OH :Fe?" ratios

As illustrated in Fig. 6.9, when the OH":Fe*" ratio increased from 7.5:1 to 9.0:1, the
average particle sizes stabilized at approximately 9 nm. The smallest recorded value was
achieved at an OH":Fe?" ratio of 8.5:1. Thus, we concluded that 8.5:1 is a reasonable

OH":Fe?" ratio under which small uniform Fe;O4 nanoparticles can be generated.
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6.7 Comparation with directly coprecipitation strategy

In contrast to the coprecipitation method utilized in Chapter 5, this in situ oxidation
approach offers several advantages. First, it employs Fe?" as the initial reactant,
eliminating concerns about Fe** oxidation, as oxidation is inherently part of the overall
reaction. Second, the gas used to create the gas segment is ambient air, which serves as
the oxidizing agent due to its oxygen content. This methodology is both economically
efficient and readily available. Lastly, the average size of the resulting nanoparticles is
approximately 9 nm, which closely aligns with the size of nanoparticles obtained through
the direct use of a Fe?" and Fe** mixture, which produces nanoparticles of approximately
6 nm.

One limitation of this approach is the necessity for an extra acid additive to ensure
optimal oxidation efficiency. Moreover, the length of the oxidation section's tube must be

adjusted in accordance with the flow rate and concentration of the feed.

6.8 Conclusions

Fe304 nanoparticles were continuously synthesized in a segmented flow via partial
oxidation coprecipitation. The partial oxidation section generated Fe*" ions by oxidizing
Fe?" with oxygen, obviating the need for nitrogen to establish an anoxic environment. The
liquid segment serves as a microreactor, featuring strong internal mixing that ensures
rapid nuclei generation in the coprecipitation section, resulting in smaller-sized particles.
The methods for adding the nucleating agent, partial oxidation time, acid additive source,
and H":Fe* and OH":Fe*" ratios were scrutinized to ascertain the optimum operating
conditions, and XRD and TEM techniques were employed to evaluate product quality.
The results indicate that it is advantageous to introduce a nucleating agent into the NaOH

solution, the incorporation of HCI into the FeCl; solution enhances oxidation efficiency,

- 108 -



6. Continuous Synthesis of NanoFe3O4 by Partial Oxidation Coprecipitation

the ideal oxidation time is 19.2 s, and at an H":OH":Fe?" ratio of 0.67:8.5:1, the prepared
Fe3O4 nanoparticles exhibit the smallest diameter (approximately 8 nm). The size
distribution is confined between 5 and 13 nm, which is more restricted than previously

reported data.
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Conclusions

This study achieves the regularly control of the segment length in a gas—liquid
microchannel system by employing a high-speed valve in a segmented flow generating
device. The segment length generated in the microchannel without the high-speed valve
was determined by the flow rate and channel size, which remained constant once flow
began. Notably, by adjusting the operating frequency of the high-speed value, the segment
length was successfully manipulated within a wide frequency range, at a flow rate of 2
mL/min for both phases. The high-speed valve was able to reproducibly control the
segment length at frequencies below 15 s!. However, the tiny generated segments could
not be maintained in the microchannel when the frequency exceeded 15 s™!, and segment
length was not evidently influenced by value frequencies exceeding 22 s’'. This
phenomenon occurs because the duration of squeezing remains relatively constant during
the segment generation process as the valve frequency increases. In addition, a gas-to-
liquid flow rate ratio in the range of 0.7-1.2 is deemed necessary for regular segmented
flow. Based on a mass balance, a correlation between valve frequency, biphasic flow rate,
and channel diameter was proposed to predict the segment length controlled by the high-
speed valve, which agreed with the experimental results.

Following this, the influence of segment length on mass transfer performance in
valve-controlled gas—liquid segmented flows was investigated. Mass transfer

measurements were performed in a flask with a valve frequency of 8 to 23 s™!, when the
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flow rate of both phases was 4.0 mL/min. [kra]overan and [kra]s were determined for the
different configurations to calculate the [kra]s in segmented flow. These results revealed
that [kza]s is proportional to f before the liquid phase becomes saturated with oxygen.
Meanwhile, the specific areas a and [kra]s can be predicted accurately by using the
correlations derived from the valve frequency, fluid flow rate, and microchannel diameter.

Subsequently, uniform Fe3O4 nanoparticles were synthesized continuously using the
coprecipitation method in gas-liquid segmented flow with Fe?", Fe**, and OH". The
process leveraged the enhanced mass transfer in segmented flow. By optimizing the iron
concentration, reaction temperature, and Fe?*:Fe** ratio, this in situ strategy achieved the
precise synthesis of Fe3O4 nanoparticles within 0.1 s at 50 °C, a process that requires
hours in batch reactions. Moreover, the operation of the ALD valve can regulate the
segment length, thus adjusting the mass transfer rate within the liquid segment.
Consequently, the nanoparticle size can be controlled at approximately 6 nm, ensuring a
narrow size distribution. The simple and practicable construction of the system presents
an advantage over other continuous methods for Fe3O4 nanoparticle synthesis.

The experimental setup was further fine-tuned to facilitate the synthesis of Fe3O4
nanoparticles through a process involving partial oxidation coprecipitation. The partial
oxidation section generated Fe*" ions by oxidizing Fe*" with oxygen, obviating the need
for nitrogen to establish an anoxic environment. The liquid segment serves as a
microreactor, featuring strong internal mixing that ensures rapid nuclei generation in the
coprecipitation section, resulting in smaller-sized particles. The methods for adding the
nucleating agent, partial oxidation time, acid additive source, and H":Fe** and OH":Fe**
ratios were scrutinized to ascertain the optimum operating conditions, and XRD and TEM
techniques were employed to evaluate product quality. The results indicate that it is
advantageous to introduce a nucleating agent into the NaOH solution, the incorporation
of HCl into the FeCl, solution enhances oxidation efficiency, the ideal oxidation time is
19.2 s, and at an H":OH :Fe?" ratio of 0.67:8.5:1, the prepared Fe;O4 nanoparticles exhibit

the smallest diameter (approximately 8 nm). The size distribution is confined between 5
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and 13 nm, which is more restricted than previously reported data.

In conclusion, this study presents a groundbreaking method for maintaining stable
control over gas-liquid segment length in microchannels. It signifies the primary and
thorough exploration of the impact of segment length on mass transfer performance in
segmented flow, all without modifying fluid flow rates. Moreover, this segmented flow
synthesis technique holds promise for revolutionizing the continuous industrial
production of Fe3Os nanoparticles. With proper scale-up and mitigation of potential
blockage issues, this method has the potential to transform the synthesis process of Fe3O4
nanoparticles on a large scale. These findings not only enhance the efficacy of gas-liquid
reactions in microreactors but also advance our understanding of mass transfer processes
in segmented flows, setting the stage for future exploration of segmented flows in

multiphase microreactor systems.

Recommendations for future studies

In the future, there are several potential extensions for the current study to facilitate
the widespread application of this gas-liquid segmented flow-based microreactor.

The initial extension involves replacing the transparent tube and T-junction with
metal counterparts, thereby enabling the expansion of the system to diverse conditions.
While the current transparent system facilitates the visibility of segmented flow inside the
tube and is easy to assemble, it is limited by its inability to withstand high temperature
and pressure. Introducing a metal system would address this drawback, allowing for
processes with more stringent parameters.

The second extension involves investigating strategies for segment length control in
multiple channels. This exploration serves as the foundation for scaling up the system, a
crucial step for its application in industrial-scale processes. Additionally, the long-term
stability of the high-speed valve requires special attention, as it is essential for ensuring

continuous operation.
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The third extension involves attempting the nanoFe3;O4 synthesis process at higher
temperatures within a metal tube. Research suggests that temperature can impact the
morphology and magnetic properties of nanoFe3O4, which holds significance for its
application across various fields. Furthermore, establishing a continuous separation
process for nanoFe3O4 will enhance the overall integrity of the process.

Lastly, exploring the in-situ synthesis of a nanoFe3O4-based catalyst emerges as an
intriguing avenue. The nanoscale dimensions of the catalyst offer a substantial interface
for reactions, mitigating mass transfer challenges within the catalyst and thereby
enhancing reaction efficiency. Furthermore, the magnetic properties of the catalyst enable
easy separation, opening up possibilities for developing a continuous process with

catalyst recycling.
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Supplementary Materials

A: Control logic of high-speed valve

To realize the function of the control valve, the control scheme in Fig. A-1 is designed.

There are two loops in the scheme:
1. The Raspberry Pi provide a 5 V power supply to an optical coupler (7 # p 7377
7).
2. The optical coupler and the transistor became conductive successively, then the

control valve gets a 24 V power supply and opens.

— |
1]
Resistor 1 24V DC
5vDC :""‘"'"““"[""h_
Optical coupler : 5
=i \J‘tc‘ .
E— o~
Resistor 2 High-speed Valve
Transistor
Resistor 3

Fig. A-1 Control logic of the ALD valve

Since that the frequency and the duration time of the 5 V power supply to the optical
coupler can be controlled by a program (Fig. A-2) on the Raspberry Pi, so the voltage

across the control valve can vary like the waveform in Fig. A-3. Both the period T and
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the power supply duration time in each period can be regulated in the Raspberry Pi

program.
led1.py*x|
% @lport RPi.GPIO as GPIO
g import time
4
3 GPIO.setmode(GPIO.BCM)
7
8 led pin = 4
9 GPIO.setup(led pin, GPIO.OUT)

10

11 ledl = GPIO.PWM(led pin,27.5)
12 ledl.start(60)

13

14 time.sleep(100000)

15

16

17 ledl.stop()

18 GPIO.cleanup()

19

Fig. A-2 Python code for controlling the ALD valve

24V

0.5T T 2T aT 4T

Fig. A-3 Voltage variation across the control valve

Therefore, once the program is executed on the Raspberry Pi, the control valve will
cyclically open and close. This action directly impacts the volume of air entering the

junction, consequently affecting the eventual length of the segment.
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B: Strategy for stable segmented flow generation

In most of the conditions, the formation of segmented flow was continuous, as is
shown in Fig.B-1 (a). Whereas, it was observed that sometimes the formation of
segmented flow was not continuous during the experiment. In some conditions, the
segmented flow in the output channel suddenly stop to move on, and the liquid phase
begun to flow into the tube of the gas phase, as is shown in Fig.B-1 (b). After a period,
the liquid phase in the gas tube was exhausted out and the segmented flow in the output
channel continued to form and moved on.

Hence there should be some parameters that can influence the continuous formation

of segmented flow, it is of paramount importance to find them out.

, Liquid | Liquid
Segment flow Gas Gas
(a) (b)

Fig. B-1 Flow status near T-junction under different conditions
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B-1 Influence of gas pressure on segmented flow formation under low

liquid flowrate

The first time the unstable phenomenon occurs when the liquid flowrate was reduced
to 1.5 mL/min, it was obviously observed that the liquid phase flow into the gas phase
feed tube. It indicated that the gas pressure pg was less than the liquid pressure pi, so the
gas pressure was adjusted to different values to investigate the influence of gas pressure

on the formation of segmented flow, the results was shown in Table B-1.

Table B-1 Influence of gas pressure on segmented flow formation under low liquid

flow rate
Liguid Gas Duration Time
Pressure Flow rate Pressure Flow rate Tct T
(MPa) (mL/min) (MPa) (mL/min) (s) (s)
0.5 1.5 0.17 2.0 50 35
0.5 1.5 0.34 2.0 64 30
0.5 1.5 0.51 2.0 63 30

*1. Tc — the duration time of continuous segmented flow formation in the outlet microchannel.
*2. Ty -- the duration time from the liquid flow into the gas tube till being exhausted from the gas

tube.

As is shown in Table B-1, three different gas pressure was investigated, there was no
obvious difference between the 7T¢ and 77 at 0.34 MPa and 0.51 MPa; whereas the Tc
decreased while the Ty increased at 0.17 MPa. So it seemed that gas pressure was not the

key parameter for the occurrence of the interruption.
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B-2 Influence of liquid flowrate on segmented flow formation

As the interruption occurred when liquid flowrate decreased to 1.5 mL/min, so the
liquid flowrate was increased to 1.6 mL/min and 1.7 mL/min to investigate the influence
of liquid flowrate on the formation of segmented flow, the results was shown in Table B-

2.

Table B-2 Influence of liquid flow rate on segmented flow formation

Liguid Gas Duration Time
Pressure Flow rate Pressure Flow rate Tc T
(MPa) (mL/min) (MPa) (mL/min) (s) (s)
0.5 15 0.51 2.0 63 30
0.5 1.6 0.51 2.0 ++73 0
0.5 1.7 0.51 2.0 ++ 0

*3. “++ means the formation of segmented flow continues without interruption.

It can be seen that, when the liquid flowrate is higher than 1.6 mL/min, the formation

of segmented flow became continuous. Therefore, the liquid flowrate is one of the key

parameters impact the formation of continuous segmented flow.
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B-3 Influence of gas pressure on segmented flow formation under

higher liquid flowrate

Table B-3 Influence of gas pressure on segmented flow formation under higher

liquid flow rate

Liguid Gas Duration Time
Pressure Flow rate Pressure Flow rate Tc Ti
(MPa) (mL/min) (MPa) (mL/min) (s) (s)
0.5 1.6 0.51 2.0 ++ 0
0.5 1.6 0.34 2.0 ++ 0
0.5 1.6 0.17 2.0 ++ 0

Table B-3 shows the influence of gas pressure on segmented flow formation at liquid
flowrate of 1.6 mL/min, and the results manifested that continuous segmented flow can
be obtained with the variation of gas pressure from 0.17 MPa to 0.51 MPa, which
enhanced the conclusion that gas pressure was not the key parameter for the occurrence

of the interruption.

- 134 -



B-4 Influence of gas flow rate on segmented flow formation under

higher liquid flow rate

Table B-4 Influence of gas flow rate on segmented flow formation under higher

liquid flow rate

Liguid Gas Duration Time

Pressure Flow rate Pressure Flow rate Tc T
(MPa) (mL/min) (MPa) (mL/min) ) (s)
0.5 1.6 0.17 2.0 ++ 0
0.5 1.6 0.17 15 ++ 0
0.5 1.6 0.17 1.0 88 36

Furthermore, the influence of gas flowrate on segmented flow formation was studied
under liquid flowrate was 1.6 mL/min and the results are listed in Table 4. Even under
low gas pressure (0.17 MPa), sustained segmented flow generation could be acquired
when gas flowrate not lower than 1.5 mL/min; but when the gas flowrate was too low,
maybe due to it was not able to maintain the gas pressure near the T-junction while the
consumption of gas for the formation of the segmented flow, so the interruption appeared

until the gas pressure built up.
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B-5 Repetitive experiments

The experiments above were carried out on the same day, and lowest liquid flowrate
was 1.5 mL/min under which the interruption just occurred. To get sufficient evidence for
indicating the interruption was not casually phenomenon, expanding experiment B-2 to
lower liquid flowrate is necessary.

Whereas, when experiment B-2 was repeated under liquid flowrate of 1.5 mL/min, it
was curious to observe continuous segmented flow in the outlet channel, without any
interruption definitely, even after the liquid flowrate was reduced to 1.4 or 1.3 mL/min, it
had no influence on the flow status in the outlet channel.

After checking the whole outlet channel, something unnormal was found in the
midpiece, the uniformed segmented flow formed in the T-junction merged with each other
and formed new segmented flow with random slug length (see Fig. B-2). This
phenomenon might attribute to the impurity components in the feed flow, which adhere
to the inner wall of the channel and accumulated. As a consequence, the interforce
between the tube wall and fluid changed, and the short-segmented flow could not be

maintained while passing by this region.

| Liquid

4——
Random segment flow Segment flow

Fig. B-2 Unnormal flow status in midpiece of outlet channel

In order to confirm the assumption about the impurity components, the outlet channel

was washed by alcohol, then experiment B-2 was repeated again under liquid flowrate of
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1.5 mL/min, and the flow status of segmented flow in outlet channel recovered, the slug
length kept the same in the whole flow path, meanwhile the interruption also occurred
again. Subsequently, experiment B-2 was repeated under different liquid flowrate, the

results were shown in Table B-5.

Table B-5 Influence of liquid flow rate on segmented flow formation (Repetitive

experiments)

Liquid Gas Duration Time
Pressure Flow rate Pressure Flow rate Tc Ti
(MPa) (mL/min) (MPa) (mL/min) (s) (s)
0.5 1.2 0.51 2.0 55 26
0.5 1.3 0.51 2.0 47 30
0.5 14 0.51 2.0 45 31
0.5 15 0.51 2.0 40 34

0.5 1.6 0.51 2.0 ++ 0

0.5 1.7 0.51 2.0 ++ 0

The results of the repetitive experiments indicated that liquid flowrate was a
significant parameter for continuous segmented flow formation, to obtain persistent
segmented flow formation, the liquid flowrate was recommended to higher than 1.6

mL/min in the condition of experiment B-2.
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