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a b s t r a c t
Scandium, as a typical dispersed element, plays an important role in modern technology. The liq-
uid–liquid microextraction of scandium from an aqueous solution is carried out with C16H35O3P 
(EHEHPA) as the extraction agent with kerosene as the diluent. The effects of pH of an aqueous 
solution, outer-inner rotor distance (D), the height of inner rotor (H), speed of the inner rotor (R), the 
flow velocity of the organic phase (QO), and the ratio of organic phase to the aqueous phase (O/A) 
on extraction efficiency, mass transfer coefficient and equilibrium mechanism of Sc3+ are analyzed 
investigated. The results of this study revealed that the removal rate of Sc3+ in the aqueous phase 
reaches more than 97%. To investigate the influence of NaOH concentration on the extraction process, 
NaOH solution is selected as a stripping agent for reverse extraction of the loaded organic phase.
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1. Introduction

Scandium is a rare earth element that is principally 
used in all walks of life, such as optical, aluminum-scan-
dium alloys and automotive industries due to its excellent 
alloying and electrical properties [1,2]. Lots of work has 
been done on the recovery and separation of scandium 
from secondary resources including various industrial 
residues, tailings and waste liquors by solvent extraction, 
ion exchange adsorption and precipitation, etc. [3–5]. In 
recent years, solvent extraction has been widely used in 
the separation of rare earth elements and impurities for its 
advantages of large capacity, simple operation and high 
selectivity [6]. However, the current extraction technology 
is inefficient for the extraction of scandium. Besides, solvent 
extraction still has some limitations of long operation time 
and poor mass transfer performance [7].

Microfluidic technology is a new technology based on 
the microreactor and microchannel. Many studies have 

validated that the combination of microfluidic technology 
and solvent extraction can greatly improve the transfer 
efficiency of liquid–liquid two phases[8,9]. Liquid–liq-
uid extraction in microchannels has attracted more and 
more attention because of its high overall volumetric 
mass transfer coefficient, narrow drop size distributions 
and short residence time [10–12]. The driving force of the 
mass and heat transfer process gets intensified due to the 
small diffusion distance and characteristic size within a 
range of hundreds of micrometers[13,14]. In addition, the 
microchannel can provide a large contact area for the liq-
uid–liquid two phases, which can significantly improve 
the reaction selectivity. The residence time of fluids in the 
microchannel can be controlled precisely by changing the 
operating parameters such as flow velocity and length of 
the microchannel, so that the liquid–liquid two-phase fluids 
can be fully mixed in a short time [15–18]. Microchannel 
reactors can be divided into active and passive mix-
ing types according to the mixing mode. Active mixing 
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requires external energy such as electric field, tempera-
ture field and so on, while passive mixing is accomplished 
entirely by diffusion or convection of the liquids within the 
microchannel such as Y-junction [19], T-junction [20] and 
other microchannels. Ma et al. [21] has studied the effect 
of smooth and engraved inner rotors on the extraction per-
formance in a rotating microchannel extractor (RME). The 
results has been shown that the extraction equilibrium is 
broken under certain conditions. Darekar et al. [22] has 
extracted uranium with tributyl phosphate (TBP) using 
a T-junction microchannel reactor and studied the effects 
of residence time, the ratio of organic to aqueous phases 
(O/A) and microchannel diameters on the extraction per-
formance. The results hae been revealed that the total mass 
transfer coefficient decreases with the increased residence 
time and increases with the decrease of O/A. Yin et al. 
[23] has found that the extraction efficiency of lanthanum 
reaches nearly 100% in the residence time of 0.37s using a 
Y-junction glass microchannel reactor. Chen et al. [24] has 
realized that the rapid separation of rare earth elements by 
using a droplet microreactor and the extraction efficiency 
increases significantly with the increase of residence time.

In this work, we used a homemade rotating microchan-
nel reactor that met the standards of microchannel devices 
[25]. The inner rotor was driven to rotate by the electric 
motor of the microchannel reactor, which provided exter-
nal force for active mixing of liquid–liquid two phases. In 
this work, C16H35O3P (EHEHPA) was used as the extractant 
to extract scandium from the scandium nitrate solution. 
In this work, a certain reference value for future research 
was supplied for the microchannel reactor with active type.

2. Experimental

2.1. Materials

The diluent was sulfonated kerosene bought from 
Chengdu Jinshudu Laboratory Equipment Co., Ltd., China 

(AR grade). C16H35O3P (EHEHPA) was used as the extractant 
produced by Luoyang Zhongda Chemical Co., Ltd., China 
(AR grade). Scandium nitrate hexahydrate was bought 
from Shanghai Aladdin Biochemical Technology Co., Ltd., 
China (AR grade). Deionized water was homemade in the 
laboratory.

2.2. Experimental procedure

The schematic diagram of the experimental setup is pre-
sented in Fig. 1. The equipment is composed of two syringe 
pumps (LSP01-2A, Baoding Langer Constant Current 
Pump Co., Ltd), a motor (51K60RA-CF, Suzhou Oubang 
Precision Motor Co., Ltd.), an outer cylinder, and an inner 
rotor. The inner rotor is made of Teflon which is designed 
to be hydrophobic while the outer cylinder is made of 
organic glass designed to be hydrophilic, to observe the 
flow patterns of liquids in the rotating microchannel reac-
tor. At the same time, different hydrophilicity can avoid the 
emulsification of the organic phase and aqueous phase.

Driven by the syringe pump, the organic and aqueous 
phases enter the microchannel reactor from the lower inlet. 
The stainless steel shaft drives the inner rotor to rotate under 
the action of the motor, then the liquid–liquid two-phase 
mass transfer process will happen in the microchannel 
reactor. The mixed phases are discharged from the upper 
outlet and then flow into the separating funnel through 
the pipe. There will be a noticeable phenomenon that the 
organic phase is on the upper and the aqueous phase is 
on the lower due to density in 10 min.

2.3. Experimental conditions

The organic phase was consisted of sulfonated kero-
sene as the solvent and EHEHPA as the extractant with a 
volume ratio of 49:1. The aqueous phase was composed 
of a scandium nitrate solution in which the concentration 
of scandium was 470 mg/L. Besides, the initial pH of the 

Fig. 1. Schematic diagram of experimental setup: (1) Aqueous syringe pump; (2) Organic syringe pump; (3) Motor; (4) Stainless 
steel shaft; (5) Speed digital display screen; (6) Speed regulator; (7) Inner rotor; (8) Outer cylinder; (9) Organic phase; (10) Aqueous 
phase; (A) Inlet of organic phase; (B) Inlet of aqueous phase; (C) Outlet of the mixed phases.
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aqueous phase was 3.50. The phase ratio of organic phase 
to the aqueous phase (O/A) was 2:5. In this experiment, the 
rotating microchannel reactor was operated at atmospheric 
pressure and room temperature.

The structure diagram of the rotating microchannel 
reactor is illustrated in Fig. 2. In this work, the outer cylin-
der with an inner diameter of 19.6 mm was attached under 
the motor. The size of the rotating microchannel reactor was 
controlled by replacing the inner rotor of different diam-
eters (18.9 and 19.1 mm) and heights (100 and 200 mm). 
The speed (R) of inner rotor was controlled at the range 
of 0 to 800 rpm, and the flow velocity of the organic phase 
(QO) ranged from 0.16 to 1.60 mL/min.

2.4. Physical properties and analysis

The residual concentration of scandium, from the aque-
ous phase of the separating funnel, was analyzed by the 
absorbance value at the wavelength of 649 nm using a vis-
ible light spectrophotometer (UV-1100, Shanghai Mapada 
Instruments Co., Ltd.). The linear equation of the stan-
dard curve (Y = 0.0534X–0.0001, the correlation coefficient 
is 0.9991) was obtained in the experiment to determine 
the concentration of scandium in the aqueous phase.

3. Results and discussions

Eqs. (1)–(8) given below are often used to analyze the 
experimental results [26].

The value of percentage stage efficiency η reflects the 
extraction performance and is defined as follows:
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According to Eqs. (3) and (4), the mean mass transfer flux 
(N– ) can be written as:

N KL= ∆LMC  (5)

At the same time, the total volume of microchannel can 
be defined as follows:

V H R R= −( )π 2
2

1
2  (6)

Assuming that the equilibrium concentration of scan-
dium in the organic phase at the inlet equals the outlet, then 
the result can be written as:

C CO i O o,
*

,
*=  (7)

Moreover, the concentration of scandium in the organic 
phase at the inlet is equal to zero, which can be written as:

CO i, = 0  (8)

From Eqs. (3)–(8) mentioned above, the following equa-
tion is used to characterize the overall volumetric mass 
transfer coefficient KLa in the extraction process [27,28], 
which is evaluated using the following expression:
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3.1. Effect of pH of aqueous phase

In this experiment, the method of conventional stir-
ring was used to explore the extraction mechanism. 100 mL 
aqueous phase solution with a certain pH and 40 mL 
organic phase solution was added to a 250 mL beaker, then 
the mixed fluids were mechanically stirred for 0.5 h with the 
speed of 300 rpm at 50°C to achieve extraction equilibrium. 

Fig. 2. Structure diagram of the rotating microchannel 
reactor: (R1) 9.45~9.55 mm; (R2) 9.8 mm; (R3) 1 mm; (R4) 
1 mm; (R5) 2 mm; (D) 0.25~0.35 mm; (H) 100~200 mm.
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The extraction mechanism of scandium with EHEHPA 
perhaps was consistent with the cation exchange [29], due 
to the dissociable H+ ions EHEHPA contained. The extraction 
equilibrium mechanism can be described as follows:
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The apparent equilibrium constant Kex can be described 
as follows:
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The distribution coefficient D(O/A) of scandium can be 
described as follows:
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The definition of pH is expressed as:

pH H� � �� ��
�lg  (13)

According to the Eqs. (11)–(13) mentioned above, 
lgD(O/A) can be expressed as:
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The results are shown in Fig. 3a, through the conven-
tional stirring experiment mentioned above. It was clear 
that the number of solvent molecules of EHEHPA in the 

extraction of the complex was equal to 0.5. The extraction 
mechanism of scandium with EHEHPA at the range of pH 
from 1.0 to 2.0 could be obtained as follows:

2 3
2 2 2 1 2

5
Sc HR Sc H HA O O A

+
� �
�

� � � � �
�

� �� � � � � �
n n nR  (15)

As can be seen from Fig. 3b, it is obvious that 
increased pH could promote the extraction efficiency of 
scandium at the range of pH from 0.5 to 3.5. However, 
the percentage extraction reached the lowest as the pH 
was equal to 0.5. It could be explained that there was an 
inhibitory effect on the extraction reaction with the high 
concentration of H+ ions.

3.2. Effect of outer-inner rotor distance (D)

Different extraction performances could be clearly 
obtained by controlling the size of the inner rotor of the 
rotating microchannel reactor. As shown in Fig. 4, E, η and 
KLa were significantly improved with the decreased out-
er-inner rotor distance. The boundary layer of the water–
oil two phases was damaged by sheer force and resulted 
in a smaller interface area when the outer-inner rotor dis-
tance increased. However, the sheer force generated by 
the inner rotor was not strong enough to ensure that the 
two phases fully contact if the distance was very large, 
then resulting in the reduction of extraction efficiency. As 
the distance decreased, the shear force would get stronger 
due to the smaller microchannel size which had a signif-
icant effect on the mass transfer coefficient. In addition, 
the decrease of the average diameter of the droplet in 
the smaller distance led to the larger interface area. The 
smaller the microchannel size was, the stronger the effect 
of internal circulation would be. The smaller size enhanced 
the convective mass transfer process and promoted the 
interface renewal rate which accelerated the interface dif-
fusion rate, thus increasing the extraction efficiency [30].

Fig. 3. Effect of initial pH of water phase on (a) lgD(O/A) and (b) percentage extraction. Conditions: O/A = 0.4; t = 0.5 h; T = 50°C; 
initial concentration of scandium = 470 mg/L.
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3.3. Effect of the height of inner rotor (H)

Generally, the residence time of the two-phase fluids 
in the microchannel reactor would be prolonged with the 
increase of the height of the inner rotor (H). Fig. 5a and b 
show the influence of residence time of two-phase fluids 
on the extraction performance. The results showed that the 
extraction efficiency was positively correlated with residence 
time. As shown in Fig. 5c, the smaller the height was, the 
larger the overall volumetric mass transfer coefficient KLa 
was. It could be explained that residence time played a major 
role in liquid–liquid two-phase extraction rather than the 
mass transfer process.

As the inner rotor remained stationary, the effect of 
the height of the inner rotor on the extraction performance 
was very similar. Since the flow pattern of the liquid–liquid 

two phases in the microchannel reactor was stable paral-
lel flow, the mass transfer performance was not very obvi-
ous. With the increase of speed, the effect of the height of 
the inner rotor on extraction performance became more and 
more palpable. It could be demonstrated that the height of 
the inner rotor, that was residence time, had an important 
influence on the extraction efficiency.

3.4. Effect of speed of the inner rotor (R)

The speed of the inner rotor also showed great influ-
ence on the mass transfer performance. When the rotational 
speed increased, the mixing process of two-phase fluids in 
the microchannel reactor became intensified. As shown in 
Fig. 5, the extraction efficiency and overall volumetric mass 
transfer coefficient gradually increased as the speed of the 

Fig. 4. Effect of outer-inner rotor distance on (a) percentage extraction, (b) percentage stage efficiency, and (c) overall volumet-
ric mass transfer coefficient. Conditions: H = 200 mm; QO = 1.2 mL/min; QA = 3.0 mL/min; T = 25°C; initial concentration of scan-
dium = 470 mg/L; pH = 3.50.
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inner rotor increased from 0 to 800 rpm. Due to the char-
acter of the hydrophilic outer cylinder and oleophilic inner 
rotor, the organic phase and aqueous phase were distrib-
uted on the inner rotor and the walls of the outer cylinder 
under the action of interfacial tension, respectively.

Flow patterns taken by a high-speed camera at differ-
ent speeds are shown in Fig. 6 (the dark part represents 
the organic phase and the light part represents the aque-
ous phase). There was no internal circulation between 
liquid–liquid two phases and the mass transfer perfor-
mance was ineffective as the rotational speed was equal 
to zero. The mass transfer process mainly depended on 
molecular diffusion [31] due to the stable parallel flow. At 
low rotational speed, the mass transfer process was pri-
marily controlled by molecular diffusion and the mixing 
degree of liquid–liquid two phases was not sufficient. The 

flow patterns of the two phases were more concentrated 
with the increase of the rotational speed. At the same 
time, the increased speed enlarged the contact area of two 
phases and accelerated the interface renewal rate, both 
of which finally strengthened the mass transfer process, 
thus enhancing the mass transfer efficiency.

3.5. Effect of the flow velocity of the organic phase (QO)

As shown in Fig. 7a and b, as the flow velocity of the 
organic phase (QO) increased from 0.16 to 1.60 mL/min, 
both E and η decreased while KLa increased gradually. The 
residence time of the mixed liquids became shorter while 
the mass transfer area of the two phases increased and the 
interface renewal rate got accelerated due to the increased 
flow velocity. Compared with the mass transfer area and 

Fig. 5. Effect of the height of inner rotor on (a) percentage extraction, (b) percentage stage efficiency, and (c) overall volumetric 
mass transfer coefficient. Conditions: R1 = 9.55 mm; QO = 1.2 mL/min; QA = 3.0 mL/min; T = 25°C; initial concentration of scan-
dium = 470 mg/L; pH = 3.50.
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renewal rate, residence time played a critical role in the mass 
transfer process.

As shown in Fig. 8, it is obvious that the larger flow 
velocity lead to the more dispersed organic phase which 
resulted in the lower extraction efficiency. When QO was 
0.16 mL/min, E and η reached the maximum, and the 
decreasing speed gradually slowed down with the increase 
of QO. It indicated that the effects of mass transfer area and 
renewal rate gradually came into play, while they were 
not sufficient to replace the residence time which was a 
more favorable factor for the mass transfer performance. 
Therefore, it was a more effective way to extract scandium 
from the aqueous phase by reducing the flow velocity of the 
organic phase (QO).

3.6. Effect of phase ratio (O/A)

The percentage extraction E and overall volumetric 
mass transfer coefficient KLa increased with the increase 

 
Fig. 6. Variation of flow patterns with the speed of the inner rotor (R). Conditions: R1 = 9.55 mm; H = 200mm; QO = 1.20 mL/min; 
QA = 3.0 mL/min; T = 25°C; initial concentration of scandium = 470 mg/L; pH = 3.50.

Fig. 7. Effect of the flow velocity of organic phase on (a) percentage extraction and (b) overall volumetric mass transfer coefficient. 
Conditions: R = 400 rpm; H = 200 mm; R1 = 9.55 mm; QO/QA = 0.4; T = 25°C; initial concentration of scandium = 470 mg/L; pH = 3.50.

 

Fig. 8. Effect of flow velocity of organic phase on the flow 
patterns. Conditions: R = 400 rpm; H = 200 mm; R1 = 9.55 mm; 
QO/QA = 0.4; T = 25°C; initial concentration of scan-
dium = 470 mg/L; pH = 3.50.
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of phase ratio (O/A) from 0.4 to 0.8 as shown in Fig. 9a 
and b, respectively. The flow velocity of the aqueous 
phase remained unchanged and the flow velocity of the 
organic phase increased gradually, the phase ratio could 
be changed in this way. In the liquid–liquid two-phase 
extraction process, the number of ligands provided by 
the organic phase as the extractant and the interface area 
also increased correspondingly when the flow velocity of 
the organic phase increased. However, the increase of the 
flow velocity would lead to the decrease of the residence 
time of liquid–liquid two-phase fluids in the microchan-
nel reactor. Residence time, interface area and the number 
of ligands had distinct effects on the extraction efficiency. 
It was obvious that interface area and ligands played a 
dominant role rather than residence time in this experi-
ment. From what has been discussed above, the percentage 
extraction of scandium from the aqueous phase could be 
effectively improved by increasing the phase ratio (O/A).

3.7. Reverse extraction

NaOH solution was used for reverse extraction 
experiment, stirring for 20 min, phase separation in a 
separation funnel. NaOH concentrations were 0.5, 1, 2, 3 
and 4, and the effects of different concentrations of NaOH 
on the extraction effect were investigated. The reverse 
extraction curve of Sc3+ with different NaOH concentra-
tions is shown in Fig. 10. With the increase of NaOH con-
centration, the reverse extraction rate of Sc3+ increased 
first and then decreases. It might be that a little white 
precipitation would appear between the two phases 
when the concentration of NaOH was too high, and that 
was unfavorable to the phase separation of scandium 
hydroxide precipitation generated by reverse extraction. 
Thus a small amount of precipitate was retained in the 
organic phase, resulting in the decrease of Sc3+ reverse 
extraction rate. When the concentration of NaOH reached 

2 mol/L, the Sc3+ stripping rate reached the maximum  
value.

4. Conclusions

In this work, a rotating microchannel reactor was 
designed to extract scandium from scandium nitrate aque-
ous solution with EHEHPA. The explorations of different 
operating conditions led to the following conclusions:

•	 Due to the introduction of centrifugal force and mate-
rials with different hydrophilic and hydrophobic prop-
erties, the microchannel reactor could address the 
issue of emulsification in extraction.

Fig. 9. Effect of phase ratio on (a) overall volumetric mass transfer coefficient and (b) percentage extraction. Conditions: 
R = 400 rpm; H = 200 mm; R1 = 9.55 mm; QA = 3 mL/min; T = 25°C; initial concentration of scandium = 470 mg/L; pH = 3.50.

Fig. 10. Effect of NaOH concentration on the reverse extraction. 
Conditions: QO/QA = 1:3; T = 25°C; initial concentration of scan-
dium = 430 mg/L; pH = 3.50.
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•	 The percentage extraction E increased with pH from 
0.5 to 2. There was a strong inhibitory effect on the 
extraction performance at the lower pH. The extraction 
mechanism of scandium with EHEHPA could be 
described as: 2

2 2 1 2

5
Sc HR Sc H R HA

3+
O 2 O A

+
( ) ( ) − ( )

+

( )+ ( ) ( ) +
n n n .

•	 The increased speed of the inner rotor (R) could inten-
sify the mixing degree of liquids, the increased height 
of inner rotor (H) and the decreased flow velocity of 
the organic phase (QO) could extend the residence time 
in the microchannel reactor, the decreased distance of 
outer-inner rotor (D) could enlarge the interface area, 
and the increased phase ratio (O/A) could increase the 
ligands provided by organic phase. All of the mentioned 
above could effectively improve the extraction perfor-
mance. The optimal process conditions were obtained: 
EHEHPA/kerosene as the extraction organic phase, the 
concentration of HEHPEHE was 2%, the pH of the aque-
ous solution was 2, the outer-inner rotor distance (D) 
was 0.25 mm, the height of inner rotor (H) was 200 mm, 
the speed of the inner rotor (R) was 800 rpm, and the 
flow velocity of the organic phase (QO) was 0.2 mL/min, 
the extraction ratio (O/A) was 4:5. Under these condi-
tions, the Sc3+ removal rate in the simulated aqueous 
phase exceeded 97%.
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Symbols

CO,o —  Concentration of scandium in the organic phase 
at the outlet, kg/m3

CO,i —  Concentration of scandium in the organic phase 
at the inlet, kg/m3

CA,o —  Concentration of scandium in the aqueous 
phase at the outlet, kg/m3

CA,i —  Concentration of scandium in the aqueous 
phase at the inlet, kg/m3

C*O,e —  Equilibrium concentration of scandium in the 
organic phase, kg/m3

C*O,i —  Equilibrium concentration of scandium in the 
organic phase at the inlet, kg/m3

C*O,o —  Equilibrium concentration of scandium in the 
organic phase at the outlet, kg/m3

QA — Flow velocity of aqueous phase, m3/s
QO — Flow velocity of organic phase, m3/s
KL — Mass transfer coefficient, m/s
Kd — Phase equilibrium constant
a — Specific interfacial area, m–1

KLa — Overall volumetric mass transfer coefficient, s–1

E — Percentage extraction, %
N–  — Mean mass transfer flux, kg/(m2·s)
V — Total volume of the microchannel, L
HR — Existence as a dimer EHEHPA in organic phase

n — Aggregation number of EHEHPA
m —  Number of solvent molecules of EHEHPA in 

extraction of complex
Kex — Apparent equilibrium constant
D(O/A) — Distribution coefficient
D — Outer-inner rotor distance, m
H — Height of inner rotor, m
R — Speed of inner rotor, rad/s
R1 — Radius of inner rotor, m
R2 — Radius of outer cylinder, m
R3 — Radius of aqueous phase inlet, m
R4 — Radius of organic phase inlet, m
R5 — Radius of mixed phases outlet, m
T — Temperature, °C

Greek letters

ΔLMC — Log mean concentration difference, kg/m3

η	 —	 Percentage	stage	efficiency,	%
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