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Abstract: This work introduced a novel microchannel extractor. The extraction
system was intended to extract lanthanum nitrate aqueous solution with 2-ethyl-
hexyl phosphoric acid-2-ethylhexyl ester (EHEHPA). Different feeding methods
and inner rotors were explored first. The results showed that parallel feeding
and inner rotors engraved with spiral stripes were more favorable for extract-
ion. Next, the effect of various factors on the extraction was explored, includ-
ing the aqueous phase pH, rotational inner rotor speed (R) and the fluid volu-
metric flow rate (Q). The results showed that these factors are closely related to
the extraction. Finally, the experiment was verified by CFD numerical simul-
ation, the simulation result was consistent with the experiment. In this device,
active mixing was introduced into the microchannel extraction, which signific-
antly improved the extraction efficiency. Under certain conditions, the extract-
ion efficiency of this device exceeded stirring extraction equilibrium. More-
over, the extraction in the device is faster than with conventional stirring ext-
raction. These advantages provide a possibility for highly efficient extraction of
rare earth elements.

Keywords: micro-extraction; La (IIT); mass transfer; simulation.

INTRODUCTION

Rare earth elements (REEs) are an important non-renewable resource and
play an irreplaceable role in high-tech materials. They are widely used in chem-
ical engineering, metallurgy, electronic equipment and other fields.!-2 The dem-
and for REEs is also increasing, so the research on extracting and separating
them is important. Lanthanides are widely used in many fields because of their
luminescence, electronics, and magnetism.3 As one of the most abundant REEs,
lanthanum and its compounds are widely used in batteries, catalysts, and so on.#

Solvent extraction has the advantages such as: simple equipment, high sel-
ectivity, and is renewable.>-0 It is widely used in chemical, metallurgy, and other
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fields.” The separation techniques based on solvent extraction have been widely
used to produce high-purity single rare earth solutions or compounds.8 However,
the conventional equipment like stirring contactors,” packed extraction col-
umns, 10 packed bed columns,!! mixing settlers,!2 etc. can no longer meet the
production requirements because of their large area, and a time consuming pro-
cess. Therefore, it is necessary to develop new equipment. Microchannel extract-
ion is a new direction to improve extraction. Compared with traditional extract-
ors, the specific surface area for a droplet in microchannel is significantly larger.
Microchannel extraction has the advantages of large total mass transfer coeffi-
cient, short reaction time, safety, efc.!3 So, it has been a topic of interest for
almost 20 years.!4 There have been many reports on micro-extractor, such as tub-
ular microchannel extractor with T-junction,!> Y-junction serpentine micro-ext-
ractor,!3 hollow fiber contactor!® and so on. However, two phases are no longer
mixed after entering those microreactors. It can be defined as passive mixing. As
there are few studies on active mixing micro-extractors, inspired by Nakase et
al.,17:18 our research lab has designed a rotating microchannel extractor.

EXPERIMENTAL
Materials

Kerosene and EHEHPA are purchased from Luoyang Zhongda Chemical Co., Ltd. They
are used as diluent and extractant, respectively. After pre-experimental tests, the volume ratio
of kerosene to EHEHPA is chosen as 95:5. Lanthanum nitrate (AR) is purchased from Tianjin
Oboke Chemical Co., Ltd. Ascorbic acid (AR) and Sudan III (AR) is purchased from Chengdu
Jinshan Chemical Reagent Co., Ltd. Hydrochloric acid (AR) is purchased from Sichuan
Xilong Science Co., Ltd. Arsenazo (III) is purchased from East China Normal University
Chemical Plant (Shanghai). Deionized water is produced by Aquapro water making machine
(ABZ1-1001-P) in laboratory. The concentration of lanthanum reserve solution is 510.52 mg L'L.

Experimental equipment and procedure

The schematic diagram of the experimental equipment is shown in Fig. 1.
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Fig. 1. Schematic drawing of the experimental equipment.
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MICROEXTRACTION OF LANTHANUM 5 07

The detailed structure of the extractor is shown in Fig. 2.

- Inner rotor

S
R, Outer wall

Fig. 2. The detailed structure of extractor.

Radius of inner rotor (R;) is 9.45 mm; radius of outer cylinder (R,) is 9.8 mm; making
the microchannel width (D) 0.35 mm. The height of fluid region (#) is 200 mm; diameter of
inlet/outlet (D) is 2.5 mm. The gap between the inner rotor and outer cylinder comprises the
microchannel, which is within the standard of microchannel equipment.!#!? The inner rotor is
connected to a motor for rotation. When the two phases enter the microchannel, they are
mixed by the rotation of the inner rotor. This form of active mixing is efficient for mass trans-
fer.20 The outer cylinder is made of hydrophilic acrylic, while the inner rotor is made of hyd-
rophobic polytetrafluoroethylene (PTFE). The design causes the aqueous phase to flow
towards the outer wall and the organic phase to flow towards the inner rotor, thereby avoiding
emulsification. The inner rotor is replaceable.

There are seven different inner rotors, including a smooth inner rotor (Fig. 3; #0), three
inner rotors engraved with cross stripes (Fig. 3; #1, #2 and #3), and three inner rotors eng-
raved with spiral stripes (Fig. 3; #4, #5 and #6).

/0 51100 #1,2.3 cross §tripes .36 spiral *‘ripes Fig. 3. Different kinds of inner rotors.

All engraved shapes are equilateral triangles, with a height of 0.25 mm, and equidistant.
The cross stripes are three horizontal stripes and three vertical stripes (#1), four horizontal

Available on line at www.shd.org.rs/JSCS/

(CC) 2022 SCS.
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stripes and six vertical stripes (#2), and nine horizontal stripes and twelve vertical stripes (#3).
The pitch on the inner rotors with spiral stripes are 1 mm. The difference between them is the
helix angle; their details are shown in Fig. 4.

N~ unfoldedspiral [ —]
= stripe innerrotor |~ —|

— Fig. 4. Schematic diagram of the unfolded
spiral stripe inner rotor #4 #5 #6 spiral stripe inner rotors.

First, different feeding methods and inner rotors were explored. On this basis, the effect
of the remaining three factors on extraction was researched. The experiment was run at
atmospheric pressure and room temperature. The volume ratio of the two phases (O/A) is 1:1.
Physical properties and analysis

The viscosity of organic phase (i, = 2.36x10- Pa‘s) and aqueous phase (u,q = 9.07x10*
Pa‘s) are measured with an Ubbelohde viscometer. The surface tension between aqueous
phase and organic phase is 22.47 mN m’!, which is measured with an automatic surface ten-
sion-meter (BZY-201, Shanghai Fangrui Instrument Co., Ltd.). The two-phase immiscible
fluid flow in the microchannel are observed by a high-speed CCD camera (FASTCAM Mini
Wx100, Japan Photron). The concentration of La (III) is measured with an ultraviolet spectro-
photometer (UV-3100PC, Shanghai Science and Technology Co., Ltd.).

RESULTS AND DISCUSSION

The equations given below are used to analyze the experimental results:
Eq. (1) is used to calculate the percentage extraction:

E =100 Caq,in ~ €aq,out (1)

Caq,in
The overall volumetric mass transfer coefficient (K1 @) reflects the mass
transfer performance of an extractor. As the component is transferred through the
phase interface from one phase to the other, the logarithmic-mean concentration
difference (LMCD) was employed to determine the overall volumetric mass

transfer coefficient:2!
%k

*
(Caq,in ~ Caq,in) ~ (Cag,out ~Cag,out) )

* k
In [(Caq,in ~Caq,in )/ (Caq,out ~ Cag,out )}

Using LMCD, the average value of the mass transfer flux can be calculated
as follows:

Armcp =

N =KL ALmcD 3)
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MICROEXTRACTION OF LANTHANUM 509

_ Oaq(€ag,out ~ Cag,in) )
Va
Incorporating Egs. (3) and (4), the overall volumetric mass transfer coef-
ficient (K @) for the extraction process is defined as follows:13.21-23

N

KL0( _ % . ln|: aq,out ~*~ag,ln :I (5)
Hn(Ry” —R") | ¢ *aq,out ~Cag,out
Eq. (6) is used to calculate the velocity at the inlet and outlet of the fluid:
4 +

TCD12
Before evaluating the performance of the device, a conventional stirring

extraction experiment was run. When the extraction reached equilibrium, it took
90 s, and £ =79.61 %.

Effect of feeding method

The extractor has three inlets and three outlets, as shown in Fig. 2. Different
feeding methods were tested using corresponding inlets and outlets, blocking the
others with water stop clips. Different feeding methods changed the fluid flow
state in the microchannel, affecting the mass transfer. Six different feeding
methods were designed, as shown in Fig. 5.

a
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aqto outlet
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Fig. 5. Different feeding methods. (aq: aqueous phase; o: organic phase).

For a, b and c, the idea was that the density of aqueous phase was greater
than organic phase. Feeding from above makes the aqueous phase flow down-
ward. Similarly, the organic phase flows upward to achieve a countercurrent
flow. For d, e and f, a parallel feeding method was used. All outlets were des-
igned to ensure that the fluid stays in the microchannel longer.

Methods d, e and f performed significantly better than methods a, b and c, as
shown in Fig. 6. The flow patterns of all methods are shown in Fig. 7.
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40 Fig. 6. Variation of E and Kpo with
. b . 4 e : feeding method. Conditions: inner rotor
Feeding method is #0, Qaq =3mL min‘l, R =400 rpm.
Fig. 7. Flow patterns of different feeding
methods. Conditions: inner rotor is #0, Q,q = 3
a b c d e £ mL min’!, R =400 rpm.

The dark part was the organic phase dyed with Sudan III, and the aqueous phase
was the transparent part without dyeing. In method a, because fluid is discharged
from above, the rising organic phase can only contact the initially deposited aqueous
phase, and the subsequent aqueous phase is not fully extracted before being dis-
charged. In method b, fluid is discharged from the middle, causing the upper part to
be filled with the aqueous phase and the lower part filled with the organic phase,
while the two phases were mixed briefly around the outlet. In method ¢, fluid was
discharged from the bottom, the residence time was short, the organic phase could
not flow upward as expected, and it was discharged before being fully extracted. For
these reasons, feeding methods a, b and ¢ did not perform well. In methods d, e, and
f, parallel flow causes the two phases to be fed together and discharged together so
that they mix well and disperse evenly. Moreover, the flow distance of the parallel
flow is longer, causing it to perform significantly better. Based on the results, feeding
method d was chosen for the next experiment.

Effect of inner rotor surface smoothness

There are seven inner rotors, as shown in Fig 3. The effect of inner rotor
surface smoothness on extraction was explored. The results are shown in Fig. 8.

The engraved inner rotors are conducive to extraction. This phenomenon can
be explained in three ways. First, because the engravings are equilateral triangles,
the engraved inner rotor has a larger wetted area than the smooth one. The inc-
reased wetted area is conducive to liquid-liquid contact mass transfer. Second,
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MICROEXTRACTION OF LANTHANUM 5 1 1

the rough engravings allow the fluid to be dispersed and mixed, thereby increas-
ing the surface renewal of the droplet. Third, the engravings increase the turbu-
lence of the fluid. These changes had a positive effect on the extraction. The
inner rotors engraved with spiral stripes perform better than those engraved with
cross stripes because they have a larger wetted area (mentioned before as the first
explanation).

80.0 - E
K
795 Ko 016
79.0
Jo14
L 785 -
= Z
N 78.04 0.12 S”
77.5
0.10
77.0 . L. A
Fig. 8. Variation of £ and Kjo with
76.5 .
0.08 inner rotor surface smoothness. Con-
760+ ! b : j ! p ditions: feeding method is d, O,q = 3
Inner rotors } mL min'l, R =400 rpm.

Effect of aqueous phase pH

EHEHPA is an acidic extractant and contains dissociable HT, its mechanism
for extracting metal cations is consistent with the cation exchange mechanism.
The mechanism is roughly expressed as follows:

N[aqn+ +HAjJo S (MHypAp)omm* + mHaq+ (7

The subscripts aq and o represent the aqueous and organic phases, respect-
tively. J represents the number of polymerizations of the extractant, and m is the
number of solvent molecules of EHEHPA in the extraction complex.

The apparent equilibrium constant K can be expressed as follows:

¢ —m)+€ +m
(MH, _A;) (=m*+ 7y
K = J:l J’o - aq (8)
+
M, n HAJO

q
The distribution coefficient of metal ions in solution can be expressed as
follows:

C —
(MHJ-mAJ )o(n e

D= ©)

n+

C
Maq

pH definition is as follows:
pH =-log cy+ (10)
Combining Egs. (8)—(10), Eq. (11) can be obtained:
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Log D = log (Kc(ya)jo) + mpH (11)

To explore the mechanism the experiment was run in the pH range from 1.5

to 2.5. The linear relationship between log D and pH is shown in Fig. 9a. The

slope of this line is 1.09681+0.09847, which is close to 1, indicating that the

number of solvent molecules of the extracted complex in the organic phase is

equal to 1 (m = 1).24 Therefore, when pH ranges from 1.5 to 2.5, the mechanism
of extracting La (III) with EHEHPA can be expressed as follows:

Lagg®™ + HAjo 5 (LaH)1A))o?" + Haq" (12)

The effect of pH, in a larger range, on extraction was explored next. The

results are shown in Fig. 9b. As the pH of aqueous phase increases from 1.5 to

5.1 (with 5.1 being the initial pH of aqueous phase), £ does as well. The change

in trend is the same as the mechanism above. As the pH increases, £ increases

slowly. When the pH is about 3.5, E begins to stabilize.

a b
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Plot j:] = logD —n— F|
Weight No Weighing Linear Fit of log D| °© T
Intercert 234662 % 020002 -
Slope 109681 = 009847 0 4 - -
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Fig. 9. Research on pH. a) Extraction distribution coefficient (log D) versus the pH;
b) variation of £ with the pH of aqueous phase. Conditions: feeding method is d,
inner rotor is #4, R = 400 rpm, Q,q =3 mL min!.

Effect of inner rotor speed

The experiment was done without rotating at first, and then the speed of the
inner rotor was set from 50 to 600 rpm to explore the effect of active mixing on
the extraction, Fig. 10.

Without rotation £ = 57.60 % and Ky a = 3.040x10-2 s-1. E reaches 75.93 %
and K1 a reaches 7.265x10-2 s°! at a speed of 50 rpm. Compared to the passive
mixing without rotation, the active mixing produced by rotating the inner rotor
greatly improves extraction. When the inner rotor is at rest, the fluid track is
200 mm long from bottom to top. The schematic diagram of force on the fluid
when the inner rotor rotates is shown in Fig. 11.
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Fy represents the upward force on the fluid, which mainly comes from the liquid
that subsequently enters the microchannel, F> represents the centrifugal force, G
represents gravity, and F is the total force on the fluid. As F is inclined upward, the
fluid spirals up in the microchannel, and its flow pattern is shown in Fig. 12.

Fig. 11. The schematic diagram of force on the fluid.

The length of this motion track is greater than 200 mm. A longer motion track
increases the contact area, and active mixing increases the turbulence of the fluid.

When the inner rotor is at rest, the two phases are not dispersed well and
aggregate into large blocks, as shown in Fig. 12.

Fig. 12. Flow patterns of different
inner rotor speed. Conditions: feed-
ing method is d, inner rotor is #4,

0 r min™ 50 r min™! 100 rmin? 200 rmin® 400 r min* Qaq =3 mL min'L.
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When the inner rotor rotates, the two phases gradually become increasingly
dispersed as the speed increases. Dispersion is conducive to mass transfer, causing
the extraction efficiency to increase. As the rotation speed reaches 200 rpm, the
dispersion gradually becomes stable, and the extraction efficiency is relatively
stable.

This is because centrifugal force determines the size of the droplet in the
microchannel. The higher rotation speed causes the smaller droplet size, and the
organic droplets are more easily dispersed in the aqueous phase. However, there is
a limit to this relationship; as the rotation speed increases and the droplet size
decreases to a certain level, it cannot be reduced. Therefore, even if the rotation
speed continues to increase, the mass transfer cannot increase significantly, and the
extraction efficiency remains stable.

Effect of fluid volumetric flow rate

Changing the fluid volumetric flow rate while keeping other conditions
unchanged was tested. Fig. 13 shows the effect of the fluid volumetric flow rate
on E. As Q,q increases from 0.5 to 5.0 mL min-1, E decreases.

81.0 4

s0s] =

80.6 \

80.4 4

80.2 4 \
80.0 4 ]
79.8 4

79.6 4

79.4 4 ]
\

79.2 4 n

E/%

79.0 - \.
78.8 : : i : — Fig. 13. Variation of £ with fluid volumetric
0 1 2 3 4 5 flow rate. Conditions: feeding method is d,
0,/ mL min” inner rotor is #4, R = 400 rpm.

Fig. 14 shows, as the flow rate increases, the fluid becomes more dispersed,
which helps mass transfer. This happens because increasing Q helps to renew the
phase interface. However, the extraction efficiency is reduced as the residence
time of the fluid decreases. The magnitude of the reduction in residence time
outweighs the increase in the mass transfer rate, causing the overall extraction
efficiency to be reduced.

It is worth noting that when Q,q is reduced to a certain level, such as 0.5 mL
min!, the extraction efficiency of the extractor exceeds the equilibrium value of
stirring extraction. This happens for two reasons. One, when Q is small, the resi-
dence time is extended. As they stay for a long time, the different densities of the
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two phases are separated. As a result, there are several intermittent fluid accu-
mulation bands during the slow rise of the fluid, as shown in Fig. 14 (0.5 mL).
Each time the fluid passes through an accumulation band, an extraction is com-
pleted. In other words, it creates a situation like multi-stage extraction. On the other
hand, the fluid forms a thin liquid film at a low flow rate, which is conducive to
mass transfer.

fluid accumulation bands,
a very thin liquid film

0.5mL the details of liquid film 1 mL 3mL 5 mL
(0.5mL)

Fig. 14. Flow patterns at different volumetric flow rate conditions: feeding method is d, inner
rotor is #4, R =400 rpm.

CFD simulation of flow pattern

After the experiment, CFD numerical simulation was carried out. The soft-
ware used was SolidWorks 2020 to build the model, IECM CFD 19.2 to draw the
mesh and ANSYS Fluent 19.2 to simulate the fluid flow. The mesh is unstruc-
tured, and the number is about 3.52 million.

All simulations use double-precision transient solver. The volume of fluid
method (VOF) is used to model the two-phase interface. The transient simulation
uses the explicit VOF method, and the time step of the volume fraction equation is
limited by the maximum Courant number.” The multi-reference Frame (MRF)
model is used to model the device, that is the microchannel divided into two areas,
one is the area a near the inner rotor, the other is the area b near the acrylic outer
cylinder. The fluid in the area a is mainly moved by the rotation of the inner rotor,
and the fluid in the area b moves with the fluid in the area a. In the simulation, the
time step is controlled at 105-3x10-5 s. Momentum is discretized by a second
order upwind method. During the calculation process, the Courant number is kept
below 5 by adjusting momentum to ensure the convergence of result.

The simulation result is shown in Fig. 15, and the result is basically con-
sistent with the fluid flow pattern captured by the high-speed camera.
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oil volume fraction

0.5

Fig. 15. Simulation result of fluid flow pattern in outer
cylinder side Conditions: feeding method is d, inner
rotor is #4, Oyq = 3 mL min’!, R= 400 rpm.

0.0

CONCLUSION

In this work, a novel rotating microchannel extractor was used to extract La
(III). The introduction of active mixing generated by the rotation of the inner
rotor caused the microchannel extraction device to perform excellently. First, the
feeding methods and the inner rotors were researched. Next, the effects of aque-
ous phase pH, inner rotor speed and fluid volumetric flow rate on extraction were
investigated. Finally, the experiment was verified by CFD numerical simulation.
The experimental results obtained are as follows:

1. Active mixing increases the fluid’s turbulence and the surface renewal
rate of the mixed-phase. Active mixing significantly improves the extraction in
the microchannel.

2. For this novel extractor, the best feeding method is d, a parallel feeding
method involving feeding in the bottom and discharging from the top. The best
inner rotor is spiral tube #4. The increase in inner rotor speed and the aqueous
phase pH is beneficial to extraction. Conversely, an increase in fluid volumetric
flow rate is not conducive to extraction.

3. When the pH of the aqueous phase ranges from 1.5 to 2.5, the reaction
mechanism for extracting La (IIT) with EHEHPA can be described as:

Lag>* + HAjo 5 (LaHj1Ap)o?" + Hag"

4. The extraction in this device is faster than the conventional stirring
extraction. When the residence time of the device is 25.38 s, £ = 79.01 %, which
has basically reached the extraction equilibrium, while stirring extraction takes
90 s.
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MICROEXTRACTION OF LANTHANUM 5 1 7

5. The numerical simulation results are consistent with the phenomena
observed in the experiment, which further supports the experiment.

6. When the fluid volumetric flow rate is low, the extraction efficiency of
the extractor exceeds the equilibrium value of stirring extraction. It provides a
possibility for highly efficient extraction of rare earth elements.
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M3BOJ

MUKPOEKCTPAKIIMJA JIAHTAHA IIOMORY POTUPAJYRET MUKPOKAHATHOT'
EKCTPAKTOPA

SANXING LI, GAOXIANG CHEN, CHUNXIN FAN u JIANHONG LUO
Department of Chemical Engineering, Sichuan University, Chengdu, Sichuan 610065, China

Y oBOM papmy omucaH je HOBM MHMKDOKaHAJHH eKCTPAKTOp. EKCTpakLMOHH cucTeM je
KopuirheH 3a eKCTpPaKkuWjy BOAEHOT pacTBOpaA JaHTAH-HUTPaTa KopHUIhewmeM 2-eTHIIXeKCHII-
-ecTpa 2-etunxekcun-gocdopHe kucenune (EHEHPA). V excieppuMeHTHMA Cy UCIIUTHBAHU
Pa3MuYUTH HAYMHHU YBOl)€ma HAINOjHUX CMEIIa, Ka0 M Pa3INYUTH THUIOBH YHYTDAIUBUX DO-
Topa. McnutuBama Ccy mnokasana fia ce HajObo/bu pesynTaTH NMOCTHKY NPUIMKOM IapaaeHor
yBOhewa HAlOjHUX CMelIa U KOpULThemeM YHYTPalllbUX POTOpA Ca CHHPATHUM KJbedOBHUMA.
Taxohe je ucnUTHBaH yTULAj MPOIECHUX NapameTrapa, kao wTo cy pH BpemHoCT pacTBopa,
Opoj odpraja yHyTpaumer potopa (R) u 3anmpeMUHCKH NMpoTok dyuna (Q) Ha edUKacHOCT
npoleca. Pesynraty cy nmokasaau ja CBU OBH (haKTOpPH 3HAa4YajHO yTUUYy Ha MPOLEC eKCTpaK-
uyje. ExciepuMeHTanHu pesynrtaTu cy BepudukoBanu CFD HyMepHukoM cHMynaudjom. Y
oBoM ypehajy ce BpUIM akTHBHO MEIIAme CTPyja y MUKPOKAaHaJIHOM €KCTPaKTopy, WITO 3Ha-
4yajHO mompuHOCcH nosehamy edukacHocty nponeca. Ilox ogpeheHum ycnoBrma ussohema,
eduxacHocT ekcrpakudje je Beha of paBHOTeKHe eKCTpaKuuje y KIacHYHOM ypebhajy ca
memanunoM. Takohe, ekcTpakuja y oBoM ypehajy ce onsuja Behom Op3nHOM y omHOCY Ha
kinacuyal ypehaj. OBe mpenHocty omoryhasajy kopuinheme MUKpOKaHaIHOT eKCTpaKkTopa 3a
u3BOheme BUCOKO-epUKAaCHE EKCTPAKLMje eleMEHaTa U3 TpyTle PETKUX 3eMasba.

(TIpumsseHo 23. aBrycTa, pepunupano 29. centemdpa, npuxsaheno 6. okrodpa 2021)
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