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Abstract: Lithium extraction remains a challenge in the hydrometallurgy process due to its eco-
nomic value and maldistribution sources. Employing calix[4]arene derivatives in solvent extraction
techniques results in high selectivity and extraction capability, but a slow extraction rate. The slow
kinetics of batch-wise extraction can be drastically accelerated by using a T-type microreactor system.
Therefore, a combination of calix[4]arene and a microreactor system serves as an ideal platform for
efficient lithium extraction. In this work, the fluid dynamics of lithium extraction using a monoacetic
acid calix[4]arene derivative in a T-type microreactor system were studied. Increasing the O/ A ratio
increases the average length, surface area, and volume of the organic droplets, but decreases the
specific surface area. In contrast, increasing the Reynolds number decreases the average length,
surface area, and volume of the organic droplets, but increases the specific surface area. It was found
that shorter diffusion distance, larger specific surface area, and faster vortex velocity were the factors
that play the most pivotal roles in achieving great extraction rate enhancement in T-type microreactor
systems compared to batch-wise systems. These findings represent an important new concept in the
study of the fluid dynamics of lithium extraction using monoacetic acid calix[4]arene derivatives in
T-type microreactor systems.

Keywords: fluid dynamic; lithium; extraction; calix[4]arene; T-type microreactor; extraction rate;
Reynolds number

1. Introduction

Metal elements are pivotal components in electronics, catalysts, and advanced materi-
als that are used in day-to-day life [1]. Lithium is the lightest metal element, and possesses
excellent suitability for energy storage applications [2]. Recently, the demand for lithium-
ion batteries has increased exponentially due to its irreplaceable role as a carbon-free power
energy source in gadgets and appliances [3]. In contrast, the source of lithium is unevenly
distributed across the globe thus the recovery of lithium from secondary resources should
be considered [4]. Efforts towards lithium recovery have been the focus of researchers
around the world for some time, but the recovery process is not easy, because secondary
resources are usually composed of various metals that possess similar physicochemical
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properties [5,6]. Therefore, the designing a selective and efficient recovery processes is
crucial for obtaining promising supplies of lithium in the near future.

The separation of lithium ions (Li(I)) by means of solvent extraction, adsorption, ion-
exchange, and membrane filtration has been reported and evaluated [4]. Among these
separation techniques, solvent extraction exhibits the simplest method and the highest
selectivity for Li(I) extraction [7]. Solvent extraction, also known as liquid-liquid extraction,
is a separation technique based on the distribution factor of chemical species in two
immiscible solvents. The efficiency of the solvent extraction process strongly depends on
the extraction reagent, solvent selection, pH, and other operation conditions [8].

Calixarene is a supramolecular host compound that exhibits remarkable ion discrim-
ination ability in the solvent extraction process [9]. Calixarene has several advantages,
such as large-scale synthesis, rigid conformation and structure, and thermal stability [10].
Furthermore, calixarene can be modified at either the upper or lower rim to give it ad-
ditional functional groups for metal complexation [11-13]. Because of this, calixarene
derivatives have been widely applied for metal complexation and metal recovery in
recent years [14-16].

Professor Ohto’s research group at Saga University, Japan has been focusing on the
application of calix[4]arene derivatives for Li(I) extraction [8]. A tert-octyl group ((H3C)3C-
CH,-C(CHy),-) was introduced at the upper rim of calix[4]arene to increase the solubility of
calix[4]arene in non-polar solvent. Meanwhile, the lower rim of calix[4]arene was modified
with ethyl bromoacetate to yield an acetic acid functional group for ion-exchange interaction
with Li(I). A series of tetraacetic acid-, triacetic acid-, diacetic acid-, and monoacetic acid-
calix[4]arene was synthesized [17], and found that monoacetic acid-calix[4]arene exhibited
the highest Li(I) selectivity compared to other alkali and alkaline earth metal ions. The
main drawback of solvent extraction using calix[4]arene derivatives is the time-consuming
process required as a result of the mass transfer of metal ions being limited by the narrow
contact area and thick boundary phase. Table 1 summarizes the extraction of Li(I), sodium
(Na(l)), silver (Ag(I)), palladium (Pd(Il)), and platinum (Pt(IV)) ions took 1-3 days to reach
the equilibrium state [7,18].

Microreactors offer a great enhancement in extraction rate in metal ion extraction
processes [19-21]. Therefore, a lot of attention has been devoted to the use of microreactor
systems to achieve rapid and efficient chemical processes [22-26]. In previous studies, a
T-type microreactor system was employed for metal ions extraction using calix[4]arene
derivatives. Ag(I), Pd(II), Pt(IV), Li(I), and Na(I) extractions were performed using MKTOC,
2QuTOC, 2F’yTOC, 1Ac, and 3Ac extraction reagents, respectively [7,18]. The chemical
structures of these calix[4]arene derivatives are shown in Figure 1. By using a T-type
microreactor, the extraction kinetics were accelerated from an order of days to an order of
seconds, with a kinetic enhancement factor of 4.3 x 10*~1.3 x 10°, which is remarkable.
However, to the best of the authors” knowledge, the study of the fluid dynamics of metal
ion extraction using calix[4]arene derivatives has not been reported, although the fluid
dynamics data of metal ion extraction using calix[4]arene derivatives in microreactor
systems are critical for understanding why such a great enhancement of extraction rate
occurs.

Table 1. Comparison of batch and microreactor system for metal ion extraction.

Time to Reach Equilibrium Extraction Rate
Metal Ion Host Compound * in a Batch S(;stem Enhancement Factor ? Reference
Li(I) 1Ac 1d 43 % 104 Kurniawan et al. (2019) [7]
Na(l) 3Ac 1d 43 x 10* Kurniawan et al. (2019) [7]
Ag(I) MKTOC 3d 1.3 x 10° Sathuluri et al. (2018) [18]
PA(IT) 2QuTOC 1d 43 x 10* Sathuluri et al. (2018) [18]
Pt(IV) 2PyTOC 1d 4.3 % 104 Sathuluri et al. (2018) [18]

2 The chemical structures of the host compounds are shown in Figure 1. ® Calculated from the ratio between time to reach equilibrium in a
batch system compared to a microreactor system (2 s for all metal ions).
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Figure 1. Chemical structures of calix[4]arene derivative as extraction reagent.

In the present work, a study of the fluid dynamics of metal ion extraction using a
monoacetic acid calix[4]arene derivative (1Ac) in a T-type microreactor system is reported.
Li(I) extraction using 1Ac extraction reagent in chloroform was selected as a representative
metal ion extraction process in the microreactor system. At first, the fluid flow pattern
between the aqueous and organic phases in the T-type microreactor was investigated.
Then, the time required to produce one organic droplet was calculated by varying the
organic/aqueous phase (O/A) ratio. The effect of O/ A ratio on the length, surface area,
volume, and specific surface area of the organic droplet was also studied. Furthermore, the
effect of Reynolds number on the length, surface area, volume, and specific surface area
of the organic droplet, as well as the vortex velocity inside the organic droplet, was also
discussed.

2. Materials and Methods
2.1. Materials

Lithium chloride, ammonia, and chloroform were purchased from Wako Pure Chemi-
cals (Osaka, Japan), while 2-[4-(2-hydroxyethyl)-1-piperazinylethanesulfonic acid] (abbre-
viated as HEPES), sulfuric acid (98%), and hydrogen peroxide (30%) were purchased from
Sigma-Aldrich. The reagents used in this work were of pro-analytical grade and they were
employed without any further purification.

2.2. Design of the Microreactor System

The T-type microreactor was fabricated by means of a micro-milling process. The
T-shaped microchannel with 200 um width was drawn using CAD software and the file was
transferred to the micro-milling apparatus (MC-ATC-M01; PMT Corp., Fukuoka, Japan).
The microchannel, with dimensions of 200 x 200 um?, was fabricated from Tempax glass
using a diamond-coated needle (0.2 mm diameter). The length of the microchannel was
73 mm. The upper half of the Tempax glass, which serves as a lid for the microchannel, was
drilled to form two holes corresponding to the inlets for both the aqueous and the organic
phases, and one outlet hole for the collection of both phases after the extraction process.
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The 200 x 200 um? dimensions of the microchannel were confirmed by a laser reflection
microscope (Keyence VK-8500). Both halves of the microchannel were cleaned with a
piranha solution (a mixture of sulfuric acid and hydrogen peroxide in a ratio of 3:1 v/v)
for 1 h, followed by cleaning three times with distilled water. Afterwards, both halves
of the microchannel were permanently bonded through a thermal fusion process. The
microreactor device was assembled in a holder (Dolomite), and polytetrafluoroethylene
(PTFE) tubes (GL Science Inc., Japan with internal diameter = 0.5 mm) were inserted into
both of the inlets and the outlet of the microreactor. The microreactor device was cleaned
using 6 mol dm 3 KOH followed by rinsing with deionized water prior to use.

2.3. Study of Fluid Dynamics of Li(I) Extraction in a T-Type Microreactor System

The 1Ac derivative was prepared in a similar manner to the procedures described
previously [17]. The organic phase was prepared by dissolving the 1Ac extraction reagent
in chloroform at a concentration of 5.0 mmol dm~3. Meanwhile, the aqueous phase was
prepared by dissolving 0.1 mmol dm 2 lithium chloride in 0.1 mol dm~3 ammonia and
0.1 mol dm~—3 HEPES buffer solution at a pH of 9. The density and viscosity of each liquid
phase were measured using 10.0 mL pycnometer (TOP®, Tokyo, Japan) and Redwood
viscometer (NO W-1410 Kusano Science Corporation, Tokyo, Japan), respectively, at 293 K.

The microreactor system with two high-precision syringe pumps (Model 100, BAS,
Tokyo, Japan) to inject the aqueous and organic phases separately from a gastight syringe
(GASTIGHT 1001, Hamilton Company, Reno, NV, USA) through a PTFE tube (250.0, 1.6,
and 0.5 mm of length, outer, and inner diameters, respectively) into the microchannels.
The O/ A ratio and Reynolds number were controlled by adjusting the flow rates of the
aqueous and organic phases. The optical microscope (Eclipse TS 100, Nikon Corporation,
Tokyo, Japan) and a high-speed camera (FASTCAM Mini AX 100, Photoron Limited, Tokyo,
Japan with shutter speed 5000 s~!) were used to visualize the organic droplets inside the
microchannel. The flow pattern, the time required to form organic droplet, the droplet size,
and the vortex velocity were determined on the basis of the photograph images using the
Adobe Photoshop software package (Adobe Systems Incorporated, San Jose, CA, USA).

3. Results and Discussion
3.1. Fluid Flow Pattern in a T-Type Microreactor System

In this work, we performed a fluid dynamics study of Li(I) extraction in a T-type
microreactor system. The aqueous phase is injected as a continuous phase, while the
organic phase is injected as a dispersed phase in the T-type microreactor system resulted
in the generation of organic phase droplets in the main microchannel [9]. The T-type
microreactor system selected in the present work squeezed strongly the dispersed phase at
the Tjunction thus extra shear stress enhances the recirculation velocity inside the droplets.
Moreover, the shear stress between droplet and the microchannel wall also increases
the internal mixing velocity lead diffusion rate and mass transfer enhancement of Li(I)
extraction when using 1Ac [27]. It has been reported that 1Ac calix[4]arene derivatives
exhibit excellent selectivity for Li(I) ions compared to other alkali and alkaline earth metal
ions [17]. Therefore, 1Ac calix[4]arene derivatives in chloroform used as the organic phase
and Tempax glass selected as the materials for microchannel fabrication on the basis of its
high stability against chloroform [7].

By varying the flow rates of aqueous and organic phases, different fluid phenomena
were observed, as shown in Figure 2a. Figure 3 shows the microscopic images of five
types of fluid flow pattern, i.e., dripping flow, slug flow, transition region, jetting flow, and
parallel flow in the main microchannel. Dripping flow is defined as the organic droplets
being in a spherical form while slug flow is defined as the organic droplets being in a
capsule-like form [27]. The transition region was defined as an unstable slug flow in
which the size of the droplets is not uniform [28]. Meanwhile, jetting flow is defined as a
combination of slug flow and parallel flow. This means that fluid flow is parallel until a
certain point in the main microchannel and then the droplets are generated [29]. On the
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other hand, parallel flow is designated when both aqueous and organic phases flow in the
same direction [30].

200 4 ¢ 0o 0o ocOODOOOOAAXXXXXXX
O oo o o000 0OD0ODO0ODO0O0A X XX X XX
— 4 oo o oco0O0O0OOOAAAAXX XXX
g oo oo oODOOOD0OOAAAXXXXX
£160 1 c oo ¢ o0OO0DOO0OO00OAAAXXXXXX
3 ©ooO0D0000O0O0DO0AAAXXXXXX
= 400000000000 AAAXXXXXX
B’ cooO0000O0O0O0OO0AAAXXXXXX
£1204 ¢000000000000A X XXX XX
fat coO0000000000AAXXXXXX
2 41 oc0000000000AAAXXXXXX
o 0000000000000 AAXX XX
~ g0 4 000000000 O0O0OO0AAXXXXX
% OO0O0OO0O0000O0O0O0O000 A A X XXX
8 1S 0000000000000 A A XX XXX
= OO0000000000AAAAXXXXX
T4 { 000000000000 AAAXXXXX
< OO0O0DO0O0O0OO0O0O0OO0O0AAAAXNXXXX
1A O000000 0000000 AXXXXX
OO0O0O OO0 0O0O0O0O0OO0OAAAXXXX
0 T T T T T T T T T T
0 40 80 120 160 200
Organic flow rate (uL/min)
(@)
CEIMEKCTTO OO0 OO OOAAAXKX MO T IO goo O

0 2 4 6 8101214161820 0 06 12 18 24 3 3.6

O/A O/A
(b) (c)

Figure 2. Fluid flow pattern in a T-type microreactor system. (a) Flow rate profile when varying the aqueous and organic
flow rates. (b) Effect of O/ A ratio (0-20) on the fluid flow pattern. (c) Effect of O/ A ratio (0—4.0) on the fluid flow pattern.
: dripping flow, O0: slug flow, O: transition region, /\: jetting flow, x: parallel flow.

Interestingly, the fluid flow pattern in the T-type microreactor system is dependent
on the organic/aqueous flow rate (O/A) ratio, as shown in Figure 2b. The O/A ratios
were calculated by dividing the flow rate of the organic phase by the flow rate of the
aqueous phase. When the O/ A ratio was less than 0.3, a dripping flow was observed in the
microreactor system. The reason for the generation of dripping flow is that the volumetric
flow rate of the organic phase is much lower than the volumetric flow rate of the aqueous
phase; thus, the organic droplets are observed in a spherical form. Meanwhile, a slug flow
pattern was formed when 0.3 < O/A < 3.0. At higher O/A, a stable slug flow pattern is no
longer observed. Jetting and parallel flow patterns occurred when the 13 < O/A <16 and
O/A > 16. Further studies were conducted at 0.3 < O/A < 3.0 to maintain the stability of
the slug flow.
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Figure 3. Microscopic images of the fluid flow pattern in a T-type microreactor system.

3.2. Organic Droplet Formation in a T-Type Microreactor System

Figure 4 shows the stepwise mechanism of organic droplet generation at O/A = 1.
At first, the organic phase, similar to the dispersed phase, enters the T-junction of the
microreactor as a result of the power of the microsyringe pump. Since the microreactor
device was fabricated using Tempax glass material, which is hydrophilic in nature, the
aqueous phase flows in the space between the organic phase and microchannel wall. When
the organic phase was elongated and blocked the microchannel for the aqueous phase
entry as the continuous phase, a drop in pressure was generated and squeezed the organic
phase to form an organic droplet near the Tjunction location [31,32].

3.3. Effect of O/A Ratio on the Fluid Dynamics of Organic Droplets

The effect of O/A ratio on the formation of organic droplets is shown in Figure 5.
It can be seen that the organic droplet is generated quickly, on the order of milliseconds
(ms). The time required to generate an organic droplet is denoted as t4. The tq value
for O/ A ratios of 0.3, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0, 2.5, and 3.0 was 117.9, 104.8, 92.62, 91.06,
86.60, 90.3, 102.8, 113.6, and 129.2, respectively. The tq value decreased when increasing
the O/ A ratio from 0.3 to 1.0 while the t4 value decreased at O/ A ratios higher than 1.0.
When 0.3 < O/A < 1.0, the tq value increased due to a faster flow rate of the organic phase.
Meanwhile, the tq value increased when 1.0 < O/A < 3.0 due to a slower aqueous flow rate;
thus, the “power” to squeeze the organic phase was weaker. An O/ A ratio of 1.0 gave the
fastest ty value due to the equal force of both the organic and aqueous phases.

Figure 6 shows the effect of the O/ A ratio on the average length, surface area, volume,
and specific surface area of organic droplets in a T-type microreactor system. On the basis
of Figure 3, it can be seen that increasing O/ A ratio from 0.3 to 3.0 gradually changed the
fluid flow pattern from dripping flow to slug flow. This means that droplet size increased
with a higher O/ A ratio. Quantitatively, droplet length was measured on the basis of the
photographic images with the help of the Adobe Photoshop software package. The average
droplet length is calculated on the basis of twenty photographs of organic droplets. The
surface area, volume, and specific surface area of the organic droplets are calculated by
assuming an organic droplet in the ideal form of a tube with a half sphere at each end of
the tube. The mathematical equations for calculating the surface area (S), volume (V), and
specific surface area (a) of the organic droplets are shown in Equations (1)-(3), while d
is the diameter of the tube (equal to the width of the microchannel, 200 pm) and L is the
droplet length [33].



Separations 2021, 8,70

7 of 13

Organic phase

Organic
Aqueous Y droplet

phase

Figure 4. The organic droplet formation in a T-type microreactor system. O/A =1. Re = 11.58.
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Figure 5. Effect of O/A ratio on the profile of time required to make organic droplet in a T-type
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Figure 6. Effect of O/ A ratio on the average (a) length, (b) surface area, (c) volume, and (d) specific
surface area of organic droplets in a T-type microreactor system. Re = 11.58.

On the basis of Figure 6, it can be seen that the average length of the organic droplet
increased with increasing O/ A ratio. The size of the organic droplet increased from 472.8
to 1742 pm when the O/ A ratio was increased from 0.3 to 3.0, respectively. This is because
the flow rate of the organic phase is higher when the flow rate of the aqueous phase is
lower, thus weakening the squeezing power to cut the organic phase. Since the droplet
length was longer, the average surface area and volume of the organic droplets were indeed
also larger. Increasing the O/A ratio from 0.3 to 3.0 yielded a droplet surface area in
the range of 0.30 to 1.10 mm? and a droplet volume in the range of 12.76 to 52.68 nL. In
contrast, increasing the O/ A ratio from 0.3 to 3.0 decreased the specific surface area of the
organic droplets. It is important to note that the calculated average specific surface area
of organic droplets was in the range of 20,795-23,283 m~1 which is ~500 times greater
than the specific surface area obtained with the commercial batch-wise system (50 m~1).
Furthermore, the diffusion distance of the organic droplets (200 pm) was 100 times shorter
than that using the batch-wise extraction system (20,000 um). The large specific surface
area and short diffusion distance when using the T-type microreactor system were the
reasons for the significant extraction rate enhancement of lithium extraction (see Table 1).

3.4. Effect of Reynolds Number on the Fluid Dynamics of Organic Droplets

The density (p) of the aqueous and organic phases was 1012 and 1656 kg m 3, respec-
tively. Meanwhile, the viscosity (1) of the aqueous and organic phases was 1.086 x 1073
and 5.219 x 10~* kg m~! s7!, respectively. Therefore, the Reynolds number was calculated
using Equation (4), whereas v is the flow rate of either the organic or the aqueous phase
when the O/ A ratio is equal to 1.0 [30].

pdo

Re = =278.00 @)
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Figure 7 shows the effect of Reynolds number on the profile of the time required to
make an organic droplet in a T-type microreactor system when the O/ A ratio is maintained
at 1.0. As reflected in Equation (4), a higher flow rate of either organic or aqueous phase
results in a higher Reynolds number. The Reynolds numbers observed in this work are
within a range of 3.46-185.3. Outside of this range of Reynolds numbers, the fluid dynamics
were not in a stable slug flow pattern (see Figure 2a). It was found that the tq value
decreased when increasing the Reynolds number. The tq value decreased exponentially
from 376.6 to 1.32 ms when increasing the Reynolds number from 3.46 to 185.3. With a
higher Reynolds number, shorter t4 values were observed due to the faster flow rate of the
organic phase.

400
300
@
E 200
-
100 %@
0 |""O|"'O|""|"'O'_
0 50 100 150 200

Re

Figure 7. Effect of Reynolds number on the profile of the time required to make an organic droplet in
a T-type microreactor system. O/A =1.0.

Figure 8 shows the effect of Reynolds number on the average length, surface area,
volume, and specific surface area of organic droplets in a T-type microreactor system. On
the basis of Figure 8, it can be observed that increasing the Reynolds number decreased the
droplet size, thus consequently also decreasing the surface area and volume of the organic
droplets. The reason for this phenomenon is the faster flow rate of both phases; thus, the t4
value is decreased, and the droplet length is also decreased.

Increasing the Reynolds number resulted in a droplet length in the range of 433.8 to
1152 pm, a droplet surface area in the range of 0.27 to 0.72 mm?, and a droplet volume in the
range of 34.10 to 185.3 nL. On the other hand, increasing the Reynolds number increased
the specific surface area of the organic droplets to within a range of 21,229-23,631 m~!.
The maximum specific surface area achieved when controlling the Reynolds number
(23,631 m~!) was slightly higher than that achieved when controlling the O/A ratio
(23,283 m~!). Therefore, further investigations were carried out in order to observe the
effect of the Reynolds number on the average vortex velocity (Vr) inside an organic droplet.

It was reported in the previous study that tiny particles were observed during Li(I)
extraction using the 1Ac derivative in a microreactor system (see Figure 9a) [7]. The Vr
value was calculated by measuring the distance travelled by tiny particles during a certain
time on the basis of fifty photographs of organic droplets. Figure 9b shows the effect of the
Reynolds number on the Vr value inside organic droplets. It was found that the Vr value
was directly proportional to the Reynolds number (R? = 0.9948). It is important to note
that the length of organic droplets was in the micrometer (um) dimension, while the Vr
value was in the meter (m) dimension (10° times higher) in a second. Therefore, the rapid
vortex velocity inside organic droplets was another additional reason for the significant
enhancement in the extraction rate of Li(I) in the microreactor system. Finally, it was found
that short diffusion distance, large surface area, and rapid vortex velocity play pivotal roles
in Li(I) extraction in T-type microreactor systems, as shown in Figure 10.
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Figure 9. (a) Microscopic image of the organic droplets during Li(I) extraction using 1Ac derivative in a T-type microreactor

system. (b) Effect of Reynolds number on the average vortex velocity inside an organic droplet. O/A = 1.0.
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Figure 10. Comparison of the fluid dynamics of Li(I) extraction using 1Ac derivative in the batch-wise and T-type

microreactor systems.

4. Conclusions

We carried out a fluid dynamics study of lithium extraction using 1Ac derivative in
a T-type microreactor system. The O/A ratio and Reynolds number were controlled by
adjusting the flow rates of the aqueous and organic phases using high-precision syringe
pumps. The organic droplets inside the microchannel were visualized using an optical
microscope with the help of a high-speed camera, and then the images were analyzed
to evaluate the flow pattern, the time required to form an organic droplet, the droplet
size, and the vortex velocity. Organic phase droplets were generated in the microreactor
device, since the aqueous phase was employed as the continuous phase and the T-type
microreactor device was fabricated from hydrophilic Tempax glass material. When varying
the flow rate of the aqueous and organic phases, five fluid flow patterns were observed,
i.e., dripping flow, slug flow, transition region, jetting flow, and parallel flow. A stable
slug flow generation was observed at O/ A ratios in the range of 0.3-3.0. The shortest time
required to form an organic droplet was observed at O/ A ratio of 1.0. Increasing the O/A
ratio increased the average length, surface area, and volume of the organic droplets, but
decreased the specific surface area. In contrast, increasing the Reynolds number decreased
the average length, surface area, and volume of the organic droplets, but increased the
specific surface area. Compared to batch-wise extraction systems, the lithium extraction
rate was drastically enhanced when using the T-type microreactor system, due to shorter
diffusion distance, the larger specific surface area, and the faster vortex velocity inside
the organic droplets. These results reveal a new concept regarding the fluid dynamics of
lithium extraction using calix[4]arene derivatives in T-type microreactor systems.
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