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An Experimental Study of Copper Extraction
Characteristics in a T-Junction Microchannel

The extraction performance in a T-junction microchannel was investigated ex-
perimentally. CuS0,/H,S0,/AD-100/260" solvent oil was chosen as the working
system. The velocities of the aqueous and oil phases were varied from 0.0016 to
0.45 ms™', with Rey; varying between 9 and 200. The experimental results show
that the extraction process of copper in the microchannel is controlled by both
reaction intrinsic kinetics and mass transfer, depending on the characteristics of
the reaction and the fluid hydrodynamics. The maximum extraction efficiency is
about 0.96, and the apparent overall volumetric mass transfer coefficient (k,ppa)
is in the range of 0.02-0.2 s, In addition, the effects of the Cu®" concentration
and the pH in the aqueous phase, the volumetric fraction of AD-100 in the oil
phase, and the temperature on the extraction performance were investigated in

detail.
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1 Introduction

Liquid-liquid extraction, which is also known as solvent ex-
traction, is widely utilized in the process industries such as the
petroleum, food, hydrometallurgy and chemical industries,
and others. The extraction of copper is a representative process
in the hydrometallurgy industry. The introduction of the LIX
series extractants by General Mills Company was an exciting
innovation for the copper mining industry, creating a great in-
terest in the process of liquid-liquid extraction accompanying
chemical reactions [1]. The extraction has been carried out in
different contactors, such as the mixer-settler contactors,
column contactors, etc. The mixer-settler [2] is free of back-
mixing between different stages and can be operated under
nearly equilibrium conditions between the two phases. How-
ever, its recycling solvent and the energy consumption for me-
chanical stirring are very large. Besides, it requires large space
for allocation. Extraction columns, such as sieve plate, pulsed,
spray and rotating-disc columns, etc., have also been widely
employed [3,4]. Although these contactors benefit from a sim-
ple structure, their utilization is limited due to extreme back-
mixing, which greatly reduces the extraction efficiency. More-
over, some other contactors are also exploited for extraction
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processes. Doungdeethaveeratana and Sohn [5] studied the ex-
traction kinetics in a cylindrical vessel, and a high dispersion
performance of the two immiscible liquid-liquid phases could
be obtained by gas agitation so that better extraction efficiency
was generated. Merchuk et al. [6] experimentally investigated
copper extraction with LIX-64N by means of motionless mix-
ing, and an approximate 92 % of equilibrium was achieved in
the Koch static mixer. Nevertheless, some disadvantages still
exist in these contactors, such as rigorous operating condi-
tions, long extraction times, small overall volumetric mass
transfer coefficients, etc.

Microchemical engineering technology, as one of the most
important process intensification modes, has been in the focus
of industry and academia [7-12]. The extremely large surface-
to-volume ratio and the short transport path in microchannels
can result in the enhancement of heat and mass transfer per-
formance and hence provide many potential opportunities in
chemical process development and intensification. Many re-
searchers tried to apply the microchemical engineering tech-
nology to the field of solvent extraction, and some good results
have been obtained. Gothsch et al. [13] investigated the effects
of the microchannel geometry in the two processes of high-
pressure dispersion and emulsification. Zhao et al. [14] studied
the mass transfer characteristics of the immiscible liquid-liquid
two-phase flow in T-junction microchannels. It was found that
the overall volumetric mass transfer coefficients of the micro-
channels were two or three orders of magnitude higher than
those of conventional liquid-liquid contactors. Priest et al.
[15] carried out the solvent extraction of copper in a confined
glass microfluidic chip, and both high efficiency and extraction
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rates were obtained even though the solutions in-
volved were not ideal. Dessimoz et al. [16] exam-
ined the mass transfer performance of two immis-
cible fluids in rectangular glass microchannels with
Y- and T-junction inlets. Kashid et al. [17] summa-
rized the mass transfer characteristics of gas-liquid
and liquid-liquid systems in microstructured reac-
tors. Nevertheless, the previous experimental stud-
ies in microfluidic devices emphasized the physical
extraction process or the ultra-fast reactions be-
tween the two phases in the process, which were
totally limited by mass transfer. The extraction
processes accompanying chemical reactions in
microchannels are not very well understood up to
now, particularly for those heterogeneous systems
that are commonly controlled by mass transfer and
the chemical reaction.

In this work, the main objective was to quantita-
tively study the extraction process that transfers
Cu®* from an aqueous to an oil phase in a T-junction micro-
channel under different operating conditions. Deionized water
and AD-100 dissolved in 260" solvent oil were selected as the
working fluids; AD-100 is a kind of commercial extractant and
Cu”" is the only diffusing species. The effects of the Cu®* con-
centration and the pH in the aqueous phase, the volumetric
fraction of AD-100 in the oil phase, and the temperature on
the extraction process were investigated.

A

2 Experimental

AD-100 was provided by Luoyang Aoda Chemical Company.
The content of the active component, 2-hydroxy-5-nonylben-
zaldehyde oxime, was in the range of 70-75 wt %. 260" solvent
oil was obtained from Shanghai Chaoliang Company and used
without any further treatment. Copper solution was prepared
by dissolving copper sulfate in deionized water and diluted to
the desired concentrations; the concentrations of the copper
solutions were in the range of 1.0-10.0gL™. All other chemi-
cals were of analytical grade. The physical properties of the
working system are listed in Tab. 1.

A schematic diagram of the experimental apparatus is
shown in Fig. 1. The aqueous and oil phases are forced to flow
through the horizontal rectangular microchannel (Reactor-1),
at the same volumetric flow rate, by two high-precision piston
pumps (Beijing Satellite Manufacturing Factory). Two check
valves are used in order to maintain continuous flow without
pulsation. Two opposing streams enter coaxially from the two
inlets arms, begin to contact in the T-junction and flow along

Table1. The properties of the working system (at 298 K and
atmospheric pressure).?

Mass transfer system Density Viscosity
kg m™] [mPas]

3 g/L CuSOy, solution 997.6 1.02

30 vol % AD-100 in 260" solvent oil 853.2 3.27

a) Interfacial tension, 19.55 MmN m™.
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Figure 1. Schematic diagram of the experimental setup: (A) liquid tank, (B) pis-
ton pump, (C) check valve, (D) separatory funnel, and (E) microchannel.

the main channel, then leave through the outlet. The micro-
channel has 90 bends of 90° and is fabricated from polymethyl
methacrylate (PMMA) substrate by micromachining technolo-
gy. Tab. 2 shows the dimensions of the T-shaped microchannel.
Reactor-2 is a 103-mm-long polytetrafluoroethylene (PTFE)
tube with an inner diameter of 2 mm. The experimental proce-
dures were the same as for Reactor-1.

In the experimental runs, the extraction process was carried
out at atmospheric pressure and room temperature. However,
the extraction process was performed at a given temperature
when the effect of the temperature on the extraction perfor-
mance was studied; the temperature was controlled precisely
by a refrigerated/heating circulator (Julabo Technology Co.
Ltd). The separatory funnel was directly used to collect sam-
ples from the outlet streams when the flow of the two immisci-
ble phases reached stable conditions, and the two immiscible
phases could be separated immediately after sampling. The
concentrations of Cu®" in the aqueous phase at the inlet and
outlet of the T-shaped microchannel were measured via titra-
tion. The aqueous samples were titrated with disodium ethyl-
enediamine tetraacetate (Na,-EDTA) solution, and a DX264-
Cu®* Copper ISE and a DX1200 reference electrode (1M
KNOs3) (Mettler-Toledo) were used to indicate the endpoint.
Each experimental run was repeated at least two times, and
each data point represents the mean value of at least two mea-
surements of the outlet concentration of the aqueous phase;
the relative deviation did not exceed +5% in all the experi-
ments. The concentrations of Cu®" in the oil phase at the out-
let were calculated on the basis of mass conservation. Besides,
the equilibrium concentrations of copper were measured in
flasks. After thorough mixing and long-time standing, the con-
centrations of the aqueous phase were determined by atomic

Table 2. Dimensions of the T-shaped microchannel.

Inlet-1 and inlet-2 arms Mixing channel

Wum]  Hlpm] Lo[mm] W/([um] Hlpm] L;[mm]
600 600 15 600 600 900
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absorption spectroscopy (AA-6650; Shimadzu Corporation).
The concentrations of the oil phase were also calculated on the
basis of mass conservation.

The solubility of AD-100 in the aqueous phase was negligi-
ble; thus, the reaction was assumed to take place only at the in-
terface between the two immiscible liquid-liquid phases [18].
The reaction mechanism involved in this work is given in
Eq. (1) [19].

Cu*"(aq) + 2HR(org) 2 CuR,(org) + 2H" (aq) (1)

where HR represents the extractant AD-100.

3 Theoretical Considerations

)

The residence time ¢ was calculated as follows:

\%4

=
Qtotal

(2)

where V is the volume of the microchannel and Q. is the
volumetric flow rate of the two immiscible phases.

The extraction efficiency E and the distribution ratio D can
be expressed as follows [20, 21]:

Caqi — C
= _gq'rl‘ 5;1,0 (3)
aq,l — “aq
Ce.
= (4)
aq

where C,y; and C,q,, are the concentrations of the solute in the
inlet and outlet aqueous phases, respectively. C5; and Cg; are
the equilibrium concentrations of the solute in the aqueous
phase and in the oil phase after extraction, respectively.

One of our aims was to investigate the apparent overall mass
transfer performance in the T-junction microchannel for the
extraction process accompanying the chemical reaction. The
Reynolds number is also an important parameter, which is al-
ways used to describe the hydrodynamics in microchannels.
On the basis of our previous experimental results [9, 14], the
Reynolds numbers of the two immiscible phases can be calcu-
lated by the following equations:

_ De UMpM

RCM (5)
Hwm
48
be=sw+m (©)
aq T Qoil
Uy = % 7)

1)  List of symbols at the end of the paper.
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where D,, S, Qag> Qoiy Unts pus fiag> and Haq are the hydraulic
diameter of the microchannel, the cross-sectional area of the
microchannel, the volumetric flow rate of the aqueous phase,
the volumetric flow rate of the oil phase, the total superficial
flow rate of the two immiscible liquid-liquid phases, the mix-
ture density, the mixture viscosity, and the volume fraction of
the aqueous phase in the two phases, respectively.

Due to the unknown effective interfacial area between the
immiscible phases in the extraction, the apparent overall
volumetric mass transfer coefficients (k,,pa) can be calculated
from the experimental results. The ky,pa is defined by the fol-
lowing:

R =kyqA(Coq — C3) (11)
CC
R=V(kCy — kCq) = kfv(cgq - C—jjcgﬂ) (12)
o1
R =koiiA(Coy — Coit) (13)
1 1 Gy o1 ) G
R +o—t = Caqg — = Cai (14)
(kan keV  Coy konA Hocy
1 1 1 Gy 1
1oL (15)
kippa  kuga ki Cy konia
d(Cy) R Ca
- dt = V = 7kappa Caq - CTOilcoil (16)
Integration over ¢ from 0 to ¢ and over C,q from C,g; to Cyq
gives
Coq — C (O
Inf 121 ) = —kappa<1+ = %>t (17)
Caq,i - Caq Coil Quil

where A, a, R, kug, koil» ks and k, are the interfacial area of the
two immiscible phases, the interfacial mass transfer area be-
tween the two phases per unit volume of the microchannel,
the mass transfer rate of copper, mass transfer coefficient in
the aqueous phase, mass transfer coefficient in the oil phase,
the forward reaction rate constant, and the reverse reaction
rate constant, respectively. The superscript s refers to the inter-
face between the two phases.
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4 Results and Discussion

4.1 Identification of the Controlling Factor for the
Extraction Process in the Microchannel

Two different reactors (Reactor-1 and Reactor-2) with the same
volume were used to identify the controlling factor for the
extraction process in the microchannel. Fig.2a shows the re-
sults of kypa as a function of the residence time in Reactor-1.
It can be seen that k,ppa in the microchannel decreased with
increasing residence time. As is known, the total superficial
flow rate of the two immiscible liquid-liquid phases in the
microchannel is inversely proportional to the residence time.
k.qa and kyja increased with increasing Reyy (or flow rate) in
accordance with our previous research work [9, 14], and this is
mainly due to the increase in the interface interaction of the
two immiscible fluids. In addition, the interface of the two
immiscible fluids can be stretched, folded and distorted. Even

3,
0.16 i —O— Reactor-1
I —{— Reactor-2
= 0.12 |
o -
2 0.08 |
0.04 |
0 L L L L L L L L L L L L L
0 10 20 30 40
t/s
b) -
0.8 |
0.6 |
m i
04 |
[ —O— Reactor-1
0.2 ; —{1— Reactor-2
0 L L L L L L L L L L L L L L L L L
0 10 20 30 40
t/s

Figure 2. Effect of residence time on (a) kappa in the two reactors
and (b) the extraction efficiencies in the two reactors. 3.0g L™
CuSOy, solution; 30 vol % AD-100 in 260* solvent oil; pH=3.1.
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secondary flow occurs when the fluids flow through the
channel bends at medium or high total superficial flow rate,
and all these phenomena can result in an increase of the inter-
facial mass transfer area and a decrease of the mass transfer
distance. So the mass transfer process can be dramatically in-
tensified. The same trend was also found in Reactor-2, and
k.ppa was smaller compared to those in Reactor-1. On the one
hand, the superficial flow rates in Reactor-1 were larger for the
same volume flow in the two reactors, so this can lead to acute
mixing of the two immiscible fluids and a larger interfacial
mass transfer area. Generally, the interfacial mass transfer area
between the two immiscible phases in microchannels is in the
range of 10°~10* m’m™, which is extremely large [7,22]. On
the other hand, the decrease of the channel dimensions can
also result in a shorter mass transfer distance compared to
Reactor-2.

The extraction efficiency characteristics in Reactor-1 and Re-
actor-2 are shown in Fig. 2 b. The extraction efficiency E in Re-
actor-1 was higher than that in Reactor-2 at the same residence
time. This is attributed to the better mass transfer performance
in Reactor-1, as described above.

It is known that the extraction efficiency of the two immisci-
ble phases is not only dependent on k,,,a but also on the
residence time in the reactor. Generally, a long residence time
favors an increase in E. However, kappa decreases with increas-
ing residence time in the microchannel, and this can inhibit
the increase in extraction efficiency to a certain extent. There-
fore, E should firstly decrease, then increase and finally de-
crease with decreasing residence time if the extraction process
is controlled by mass transfer, such as in the water/succinic
acid/n-butanol system which can be considered an instanta-
neous reaction [9, 14]. However, Fig. 2b shows that the extrac-
tion efficiency increased monotonically with increasing resi-
dence time for the extraction process of copper in this
experiment. In fact, the extraction process of copper is the
physical process (mass transfer) combined with the chemical
reaction. This means that the extraction process in the micro-
channel is controlled by both reaction-intrinsic kinetics and
mass transfer, depending on the characteristics of the reaction
and the fluid hydrodynamics.

4.2 Effect of the Concentration of Cu®*

Fig. 3 a shows plots of the extraction efficiencies in the micro-
channel as a function of Rey; at different concentrations of
Cu®" in the aqueous phase. The higher the concentration of
Cu®", the smaller was the extraction efficiency at the same
Rep. This can be ascribed to the changes in the distribution ra-
tios of Cu®" in the two phases, as shown in Tab. 3. The value of
D decreased dramatically when the concentration of Cu* ran-
ged from 1.0 to 10.0gL™". This means that the Cu** of the
aqueous phase is more difficult to be distributed into the oil
phase. This is because the concentration of the free extractant
in the oil phase becomes lower when the concentration of
Cu”" in the aqueous phase is higher. Therefore, the actual driv-
ing force is relatively low and the reaction rate decreases. As a
result, the extraction efficiency becomes lower with increasing
concentration of Cu”" in the aqueous phase.

Chem. Eng. Technol. 2013, 36, No. 6, 985-992
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a) channel. It can be seen that the extraction efficiency increased
1 with increasing volumetric fraction of AD-100 at the same val-
—0—C=1.0 g/L ues of Reys. The higher the volumetric fraction of AD-100, the
08 I O C=3.0 gL large.r was thE.E driving force, which favors an increase in the ex-
H C=10.0 o/L traction efficiency. Sherwood et al. [23] and Bakker et al. [24]
3 - e found that the mass transfer performance could be intensified
06 | by the interfacial Marangoni instabilities, which are induced
o I by local changes of interfacial tension. As is known, a higher
I volumetric fraction of AD-100 can result in a larger concentra-
04 1 tion gradient and a variation in the interfacial tension. Gener-
ally, the value of D becomes larger when the concentration of
02 [ extractant increases. This means that the Cu®" of the aqueous
r phase is much easier to be distributed into the oil phase. In ad-
dition, the viscosity of the oil phase will increase with increas-
L ing concentration of the extractant, and this can reduce the
0 40 80 120 160 200 mass transfer performance and the extraction efficiency. In
Rey fact, the viscosity of the oil phase increased from 2.19 to
b) 6.45mPas, and its negative effect on mass transfer could be
0.3
| ——C=1.0 g/L
024 | —0—C=3.0 gL N
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Figure 3. Effect of the concentration of Cu“* on (a) the extraction
efficiency and (b) kappa. 30vol % AD-100 in 260" solvent oil; 0 40 80 120 160 200
pH=3.1. Rey
T 2 b)
Table 3. The distribution ratios of Cu**. 0.2
C=1.0gL" C=3.0gL" C=10.0gL™"
0.16 [
D 1999.0 399.0 24.6
Fig.3b shows the plots of the apparent overall volumetric "o 0.12 [
mean mass transfer coefficients as a function of Rey, at differ- EQ
ent concentrations of Cu**. As expected, the larger the concen- <008 | —0—15%
tration of Cu®*, the smaller was the apparent overall volu- 3 —30%
metric mean mass transfer coefficient. This can be explained as | .
follows: The increasing concentration of Cu*" leads to worse 0.04 >0%
mass transfer performance, so k,,,a decreases. |
0 i i i il i i i il i i i il i i i il
4.3 Effect of the Volumetric Fraction of AD-100 in the 0 40 80 120 160 200
Oil Phase Ren

Fig. 4 a shows the effect of the volumetric fraction of AD-100
in the oil phase on the extraction efficiency in the micro-
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Figure 4. Effect of the volumetric fraction of AD-100 in the oil
phase on (a)the extraction efficiency and (b) kappa. 3.0gL™
CuSOy, solution; pH=3.1.
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compensated for by the other factors described above, which
are beneficial for the enlargement of k,,,a, as shown in
Fig.4b.

4.4 Effect of the pH of the Aqueous Phase

Fig. 5 a shows the effects of the pH of the aqueous phase on the
extraction efficiency in the microchannel. The extraction effi-
ciencies decreased as the pH of the aqueous phase decreased.
From Eq. (1), it can be seen that an increase in H" concentra-
tion inhibits the reversible reaction equilibrium to tend to the
right direction. Besides, an increase in H" concentration in the
aqueous phase has a negative effect on the distribution of Cu**
in the two phases, as shown in Eq. (18).

logD = logk.x + nlog[HR]_; + 2pH (18)

oil

From Eq. (18), it can be seen that the logarithmic value of D
increases linearly with the value of pH of the aqueous phase
[25]. And from Tab. 4, it is also seen clearly that the distribu-

a) .
I —O—pH=0.1
08 | ——pH=0.5
[ —/—pH=1.0
f —O—pH=3.1
06 | P
m -
04 |
02 |
0 L L L L L L L L L L L L L L L L
0 40 80 120 160 200
Rey
b) 0.2
| —0—pH=0.1
| —{—pH=0.5
0.16  —A—pH=1.0
| —O—pH=3.1
_oa2 |
:Dq
£ 0.08 |
0.04 |
0 L L L L L L L L L L L L L L L
0 40 80 120 160 200
Rey

Figure 5. Effect of the pH of the aqueous phase on (a) the extrac-
tion efficiency and (b) kappa. 3.0g L™ CuSO, solution; 30vol %
AD-100 in 260% solvent oil.
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Table 4. The distribution ratios of Cu®".

pH=0.1 pH=0.5 pH=1.0 pH=3.1

D 6.1 26.3 106.1 399.0

tion ratio decreases with decreasing pH, i.e. fewer Cu®" ions
are distributed into the oil phase.

Fig.5b shows the plots of the apparent overall volumetric
mean mass transfer coefficients as a function of Rey; at
different pH values. As expected, the lower the pH, the smaller
was the apparent overall volumetric mean mass transfer
coefficient. The explanation is that the decreasing concentra-
tion of H' is favorable for the extraction of copper, and hence,
the mass transfer performance may be enhanced by the in-
crease in pH.

4.5 Effect of Temperature

To study the effect of temperature on the extraction process,
the temperature was controlled precisely by a refrigerated/
heating circulator; a section of the PTFE tubing was connected
to the outlet in order to collect the liquid samples with the se-
paratory funnel.

As shown in Fig.6a, an increase in temperature brought
about an increase in the copper extraction efficiency at the
same values of Rey, and the extraction efficiency reached 0.96
when the temperature was 311 K. The temperature rise led to
an improvement in the extraction process, which can be ex-
plained as follows: The liquid-liquid mass transfer coefficient
is highly dependent on the diffusivity in liquids. An increase in
temperature will result in higher diffusivity and thus yield a
higher mass transfer coefficient. Moreover, the increasing tem-
perature can cause an increase in the reaction rate. Fig.6b
shows the effect of the temperature on the apparent overall
volumetric mean mass transfer coefficients in the microchan-
nel. As the temperature increased, the diffusivities of the two
phases got larger. Therefore, k,ppa increased at unchanging
values of Rey, as did the extraction efficiency.

5 Conclusion

The extraction of copper accompanying a chemical reaction
was carried out in a T-junction microchannel contactor. The
maximum extraction efficiency was 0.96, and k,,,a was in the
range of 0.02-0.2s™". Some other operating parameters such as
the concentration of Cu®", the volumetric fraction of AD-100,
the pH of the aqueous phase, and the temperature had great
effects on the mass transfer performance. The extraction effi-
ciency and kppa decreased with increasing concentrations of
Cu®* and H" in the aqueous phase, and increased with increas-
ing volumetric fraction of AD-100 in the oil phase. When the
temperature changed from 288 to 311K, both the extraction
efficiency and k,,,a grew obviously. It was found that the reac-
tion has an effect on the extraction process while the mass
transfer performance is significantly enhanced in the micro-
channel.

Chem. Eng. Technol. 2013, 36, No. 6, 985-992
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Figure 6. Effect of the temperature on (a) the extraction efficien-
cy and (b) kappa. 3.0g L7 CuSOy solution; 30vol % AD-100 in
260" solvent oil; pH=3.1.
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Symbols used

A [m?] interfacial area

interfacial mass transfer area between

the two phases per unit volume of the

microchannel (A/V)

Caq (g L concentration of the solute in the
aqueous phase
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Coil (g L concentration of the solute in the oil
phase

Caqi [gL™] concentration of the solute in the inlet
aqueous phase

Cago [gL™] concentration of the solute in the outlet
aqueous phase

Coq (g L equilibrium concentration of the solute
in the aqueous phase

Ca [gL™] equilibrium concentration of the solute
in the oil phase

D -] distribution ratio

D, [m] hydraulic diameter of the microchannel

E -] extraction efficiency

H [m] microchannel height

kaq [ms™] mass transfer coefficient in the aqueous
phase

koil [ms™] mass transfer coefficient in the oil phase

ke [s7'] forward reaction rate constant

k. [s7] reverse reaction rate constant

kappa [s7] apparent overall volumetric mass
transfer coefficient

Loy [m] microchannel length

volumetric flow rate of the two
immiscible phases

3 -1
Qtotal [m S ]

Qaq m’s™ aqueous phase volume flow rate

Qoil [m’s™] oil phase volume flow rate

Rey -] Reynolds number of the two immiscible
liquids

R lgs™] mass transfer rate of copper

S [m?] cross-sectional area of the microchannel

t [s] residence time in the microchannel

Unm [ms™] total superficial velocity of the two
immiscible liquid-liquid phases

\% [m’] volume of the microchannel

w [m] microchannel width

Greek symbols

) [Pas] viscosity

p [kgm™]  mass density

Subscripts [superscripts

aq aqueous phase
e equilibrium state
inlet
M mixture of the two immiscible liquid-liquid phases
0 outlet
oil oil phase
s interface between the two phases
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