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Abstract The annular centrifugal extractor (ACE)
integrates mixing and separation. It has been widely used
in many industrial fields because of its low residence time,
compact structure, and high mass transfer efficiency. Most
of the literature has focused on flow instabilities, flow
visualization, and computational fluid dynamics simul-
ations. More recently, research on hydrodynamic behavior
and structural optimization has received widespread atten-
tion. With the development of ACE technology, appli-
cations have been broadened into several new areas.
Hence, this paper reviews research progress regarding
ACE in terms of hydrodynamic characteristics and the
structural improvements. The latest applications covering
hydrometallurgy, nuclear fuel reprocessing, bio-extraction,
catalytic reaction, and wastewater treatment are presented.
We also evaluate future work in droplet breakup and
coalescence mechanisms, structural improvements specific
to different process requirements, scaling-up methods, and
stability and reliability after scaling-up.

Keywords annular centrifugal extractor, hydrodynamic
characteristics, structure optimization, the latest appli-
cation

1 Introduction

Solvent extraction is suitable for large-scale production
owing to its high separation efficiency and easy opera-
tion. Common solvent extraction equipment includes mixer-
settler, extraction column, and centrifugal extractor. Com-
pared with the extraction column and mixer-settler, the
annular centrifugal extractor (ACE) has a compact
structure, high mass transfer efficiency, low residence
time, low hold-up, and rapid separation speed. Therefore,
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it is widely used in various industries, including the
chemical industry [1,2], biomedicine [3-6], hydrometal-
lurgy [7,8], and nuclear fuel reprocessing [9,10].

The ACE realizes mass transfer and two-phase
liquid-liquid separation by employing a centrifugal force
field. The early developed centrifugal extractor had a
complex structure, high processing requirements, expen-
sive manufacturing cost, and inconvenient maintenance
[11]. Hence, its application was limited. In the 1970s, the
Argonne National Laboratory developed the first ACE
with simple manufacturing and operation [12]. A typical
ACE structure is shown in Fig. 1 and is characterized by a
hanging rotor. The two-phase liquid enters the annular
region from the two inlets, respectively. Intense mixing
and mass transfer occur under the action of shear force as
generated by a high-speed rotating cylinder. The mixture
enters the interior of the rotor through a channel under the
bottom of the rotor. The mixture is then gradually
separated while flowing from the bottom to the top of the
rotor.

Most of the studies related to ACE have focused on
flow instabilities, flow visualization, and computational
fluid dynamics (CFD) simulations. Recent studies on
hydrodynamic behavior and structural optimization have
started to receive attention. Hydrodynamic studies such as
dispersed phase hold-up and droplet size distribution are
vital for evaluating mass transfer coefficients and separa-
tion efficiency. Many structural improvements have also
been performed for specific process requirements and
improved mass transfer performance. The development of
ACE technology has broadened the applications into
several new areas. Existing reviews focused on ACE
technology include Taylor-vortex flow in the annulus
[13], CFD simulations of flow pattern [14], advances in
the development of structures and equipment [15], and
hydraulic operation [16]. Given the current state of
affairs, a review of the hydrodynamic behavior, structure
optimization, and recent application of ACE are of great
importance. Here, we summarize recent research progress
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Fig.1 Schematic diagram of the ACE.

about hydrodynamic characteristics. We introduce some
structural modifications to improve the mixing and sepa-
ration performance in specific industrial applications. In
addition, recent applications of ACE within hydrometal-
lurgy, nuclear fuel reprocessing, bioextraction, catalytic
reactions, and wastewater treatment are presented.

2 Hydrodynamic characteristics of ACE

The hydrodynamic characteristics of ACE are the basis
for ACE design, optimization, and scale-up; they are im-
portant for evaluating mass transfer. The hydrodynamic
characteristics of ACE have been extensively investigated
including dispersed phase hold-up, two-phase flow
pattern, droplet size distribution, and residence time dis-
tribution (RTD) (Fig.2). These behaviors depend on
parameters such as rotational speed, flow ratio, total
throughput, extractant concentration, pH value, fluid
density, and fluid viscosity. This section reviews the
research progress of hydrodynamic characteristics and
their prediction models in recent years.

2.1 Flow patterns

2.1.1 Flow patterns in the annular region

Two-phase flow in the annular region has always been of
particular interest to researchers owing to the vast
application of ACE and its complexity. Accurate deter-
minations and identification of the two-phase flow pattern
and its transition inside an ACE is essential theoretical
guidance for understanding the hydrodynamic character-
istics and further design optimization. The macroscopic
characteristics of two-phase Taylor—Couette flows have

been extensively studied since the 1980s. The main
research areas include flow pattern identification, flow
pattern mapping, flow pattern transformation, and predic-
tion. These flow patterns are mainly affected by operating
parameters, geometric parameters, and physical properties
of the system including rotational speed, annular size,
interfacial tension, and density difference. Joseph et al.
[17] were the first to investigate the flow regime of two-
phase immiscible liquid inside the annulus—they obser-
ved emulsion flow, roller flow, band flow, and phase
inversion. The band flow is the limit state of roller flow
where the interface breaks and contacts two cylinders.

Campero and Vigil [18] observed three distinct flow
patterns: banded flow, spatially homogeneous flow, and
oscillatory flow between the first two types of flow
patterns. They established empirical formulas describing
the transition boundaries between these different flow
patterns using Reynolds number (Re) and Weber number
(We). Photographic evidence suggests that the banded
flow is caused by migration of organic droplets into the
cortex core. The transition boundary of the banded flow
can be described by a critical equation (Eq. (1)) based on
the characteristic time scale [19]:

Te _ 18pcp, . (1

Tp (Pc _pp)pcdgue
Here, 7, is the characteristic time for droplets to migrate
from the vortex boundary to the vortex core due to
centrifugal force; 7, is the characteristic time for droplets
to migrate from the vortex core to the vortex boundary
due to turbulent dispersion; u, is the continuous phase
viscosity; u, is the turbulent viscosity; p, is the continu-
ous phase density; Pp is the dispersed phase density; u, is
the circumferential angular velocity of droplets with the
vortex core as the rotation axis; and d is the average
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Fig. 2 Hydrodynamic studies parameters and factors affecting the hydrodynamics of ACE.

droplet diameter.

The liquid-liquid two-phase flow exhibits different
flow patterns in the horizontal annular region such as
stratified flow, banded flow, and homogeneous flow. In
the vertical annulus, the vertical system shows another
flow pattern due to the gravitational field. This is called
segregated dispersion flow and occurs at relatively low
rotational speeds versus banded flow and homogeneous
flow [20]. Figure 3 shows four distinct flow patterns
inside a closed vertical Taylor reactor including stratified
flow at relatively low rotational speeds. As the rotational
speed increases, the interface between oil and water
phases moves upward. At a certain rotational speed, the
interface starts to oscillate and eventually breaks up with
oil droplets dispersed in the water phase flowing in the
bottom, whereas water droplets dispersed in the oil phase
flowing in the top, thus eventually forming a segregated
dispersion. For larger droplets, the centrifugal force
generated by the tangential rotation of the fluid around
the inner cylinder caused band dispersion as the rotational
speed was further increased. A homogeneous dispersion
was observed in the case of smaller droplets and two-
phase density differences. The two-phase flow pattern
also shifted from a horizontally banded flow to a helical
flow when the upward flow of the organic phase breaks
the confinements of the Taylor vortex inside the annulus
[21,22]. These two-phase flow patterns in the annulus
from the literature are summarized in Table 1.

2.1.2  Flow patterns in the separation region

The ACE separation zone consists of the rotor and the
upper weir. Since the upper part and the outlet are in
direct contact with air, the flow pattern in the rotor is a
gas—liquid-liquid three-phase flow. Figure 1 shows that
the mixture enters the rotor through the rotor inlet and is
thrown to the wall under the centrifugal action of the

spinning rotor. The less-dense air is concentrated in the
center of the rotor to form an air column. The flow
pattern and phase interface within the rotor significantly
affect the separation performance of the liquid—liquid
phases. Since the rotor is located inside the mixing
chamber, it is difficult to observe the flow pattern inside
the rotor by conventional experimental methods. Thus,
researchers have mostly used numerical simulations or
experimental measurements of simplified ACE models to
investigate the flow inside the rotor [26-28]. As shown in
Fig. 4, the flow pattern inside the rotor has a gas—liquid
interface with a parabolic surface at lower speeds and an
approximately conical surface at higher speeds [29]. This
is because the centrifugal force is much higher than the
gravitational force when the speed is high. The simulation
results of Li et al. [30] showed that the organic-water
phase interface was a parabola parallel to the gas—liquid
interface in the closed inlet mode and a cylinder in the
open inlet mode. The separated two phases of liquid pass
through their respective weirs and flow as droplets or
streams at different flow rates and operating conditions,
respectively [31].

2.2 Dispersed phase hold-up

The interfacial area of mass transfer in the extraction
process depends on the dispersed phase hold-up ¢ and the
mean droplet diameter d; ,. Therefore, study of the dis-
perse phase hold-up is vital for evaluating the mass trans-
fer performance. As depicted in Eq. (2), the dispersed
phase hold-up is defined as the ratio of the dispersed
phase volume ¥ to the total liquid phase volume (V, +
V) for liquid-liquid mixing systems.

— Vd
¢= ViV 2

As ¢ increases, mass transfer interfacial area increases,
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Fig.3 Flow pattern and flow map in a closed vertical Taylor—Couette device. Reprinted with permission from Ref. [20], copyright
2010, American Chemical Society.
Table 1 Liquid-liquid two-phase flow pattern in the annulus ¥
Sr. no. Rotation Orientation Flow pattern Method Ref.
Inner  Outer
1 N Horizontal (1) Emulsion flow, (2) roller flow, and Oil phase dyeing + photography [17]
(3) banded flow
2 v Horizontal (1) Banded flow, (2) spatially homogeneous flow, and Oil phase dyeing + photography [18]
(3) oscillatory flow between (1) and (2)
3 N N Horizontal (1) Two-layer flow and LIF? + video [23]
(2) “barber pole” pattern
4 v Horizontal (1) Banded flow and (2) homogeneous flow Oil phase dyeing + video [19]
5 v Vertical (1) Stratified flow, (2) segregated dispersion, Fluent + PLIF® + high speed photography  [20]
(3) banded dispersion, and (4) homogeneous dispersion
6 N Vertical (1) Spiral flow, (2) ring flow, and Fluent + ultrasonic velocity profiling [24]
(3) ring flow with emulsion.
7 v Vertical (1) Disordered droplet flow, Oil phase dyeing + video [25]
(2) banded droplet flow, and (3) flooding

8 v Vertical (1) Pseudo-homogenous flow, (2) weakly banded flow, Oil phase dyeing + video [21]

(3) horizontally banded flow, and (4) helical flow

a) LIF: Laser induced fluorescence; b) Planar laser induced fluorescence.

thus leading to an increase in the number of droplets. The
rapid coalescence and redistribution of droplets lead to an
increase in the mass transfer coefficient. Therefore,
relatively high dispersed phase hold-up is beneficial for
mass transfer. However, there is a limit to the dispersed
phase hold-up under continuous operating conditions, and
phase conversion occurs beyond this limit. Factors
affecting the ¢ include flow ratio, input power (rotational
speed), two-phase properties, and geometry. The ¢

decreases with increasing flow ratio (continuous phase/
dispersed phase) and increases with increasing power per
unit volume and continuous phase viscosity [32,33]. The
negligible effect of the density difference between the
two phases on ¢ can be attributed to the minimal slip
velocity and the effect of turbulent vortices.

Several related correlations for ¢ have been proposed as
shown in Table 2. Davis and Weber [34] proposed a
correlation for ¢ between rotating cylinders that is a
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Fig.4 Water—vapor interface in the rotor zone at different rotational speeds. (a) PIV; (b) CFD. Reprinted with permission from Ref.
[29], copyright 2019, East China University of Science and Technology.

Table 2 Related correlation of dispersed phase hold-up

Correlation Geometry/mm System/system physical property Ref.
w3 A Speri\ P VE? 152<D<35 2.5% TBP¥ in ultrasene/0.0042 mol-L™! [34]
¢= CZ(T) AT 1<Ar<3s uranyl nitrate in 5 mol-L™' HNO,
wetvVlf 1\ 1 ap\ 277 D=50 ShellSol T/water [35]
= e —_ Ar=2
$=G|C +C2( drn We Fr pc r=23
P01 093( 37, ) 003, \-0.04 30 <D <250 50 < Ap < 600 kg-m™> [33]
¢:0.583(7) ( % ) oL (“—D) 2<Ar<25 22<g<58 mN-m!
Vv Oc+0p Heg Hc 1<y, <6.5mPas™!
0.7 <1y <27 mPa-s™!
a) Tri-n-butyl phosphate.
function of operating parameters such as rotational speed 0.65 Rotor
and superficial velocity of the dispersed phase as well as S 060 Annulus
geometric parameters and the physical properties of the & LMoo D]
continuous phase. Grafschafter and Siebenhofer [35] E 0551
proposed a correlation for ¢ within a Taylor—Couette disc 9 0.50
. . . <
contactor. It is a function of the operating parameters, a S 045
dimensionless number, and physical properties. However, 3
. . . . . = -
the above correlations were obtained in the liquid-filled 2 0.40
annular region, and the dispersed phase hold-up in ACE 8035+ i}
is different. Kadam et al. [33] proposed a correlation for ¢ 0.30 . . ,
6 7 8 9 10

in ACE that considered the effects of the operating
parameters and the physical properties of the liquid.

The ¢ distribution inside the ACE was obtained using
numerical simulations (Fig. 5). The results showed the
difference in dispersed phase hold-up distribution
between the annulus and rotor. However, the simulation
results did not consider the effect of vapor space, and thus
the value of the dispersed phase hold-up from the
simulation in the rotor is higher than that obtained in the
actual operating situation [36]. Currently, ¢ is mostly an
overall mean value obtained by the direct sampling

Fig. 5 Dispersed phase hold-up in the annular region and in the
rotor region. Reprinted with permission from Ref. [36], copyright
2021, Elsevier.

method. The ¢ distribution at different locations is still
mainly obtained by numerical simulations. Therefore,
flow field testing techniques (e.g., planar laser induced
fluorescence) should be considered in the future to obtain
a ¢ distribution at different regions.
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2.3 Droplet size distribution

In an ACE, the shearing force caused by the rotating inner
cylinder in the narrow annular region causes the two-
phase liquid to mix: one phase is dispersed into the other
phase in the form of droplets. The study of droplet size
and distribution has vital significance for improving the
mass transfer performance of the extractor. A smaller
droplet size leads to a larger liquid-liquid interface area
and a higher mass transfer efficiency. In addition, the
subsequent phase separation process will also be affected
by droplet size. Excessively small droplets will lead to
emulsification, thus making separation of the two phases
difficult and resulting in phase entrainment. Therefore,
the operating and geometric parameters should be adjus-
ted to keep the droplet size in the optimal range to ensure
excellent mass transfer and separation performance of the
ACE. Currently, most of the studies aim to find the
critical factors affecting droplet breakup to predict the
droplet size distribution in the extractor. These studies
can be divided into two categories: (1) direct measure-
ments of droplet size distributions without addressing the
exact mechanism leading to droplet breakup; (2) single
droplet experiments to determine the breakup and coale-
scence mechanism for the population balance equation.

2.3.1 Droplet size distribution characteristics

The droplet size and distribution strongly influence the
mass transfer performance and dispersion of the two-
phase fluid; thus, quickly and accurately measuring the
diameter and size distribution of the droplets has also
received extensive attention. Current methods for mea-
suring the droplet size distribution in the ACEs include
contact and non-contact measurements. Non-contact mea-
surement methods include a high-speed camera and phase
Doppler particle analyzer (PDPA). Contact measurement
includes focused beam reflectance measurement (FBRM),
microscopic measurement, and laser-based drop size
analyzer measurement. If the non-contact method can
provide good visual observation, then the error of the

Table 3 Measurement method of droplet size in the annulus @
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contact type (tool interference) is higher than that of the
“non-contact type”. Table 3 summarizes the droplet size
measurement methods and measurement results in the
ACEs and Taylor—Couette devices.

The droplet swarms in the extraction equipment is a
system with a wide distribution of droplet diameters. The
mean diameter of the droplets in the ACEs can be
presented by the Sauter mean diameter d; , based on the
volume-to-area ratio for n droplets:

S
i=1
dyy =5, 3)

S
i=1

where d; is the drop diameter. The main factors affecting
the droplet size distribution are the dispersed phase hold-
up, two-phase flow ratio, power consumption per unit
volume, interfacial tension and continuous phase visco-
sity, and surface properties of the rotor [33,40,41,43—-45].
Through numerous experimental studies, scientists have
obtained the correlations between the mean droplet dia-
meter and system properties (such as dynamic viscosity
and interfacial tension), geometry (such as the width of
the annular gap), and operating conditions (such as the
rotational speed of the inner cylinder, input power, and
hold-up); some of the main correlations are shown in
Table 4. Generally speaking, different correlations have a
specific range of applications and need to be carefully
selected according to different working conditions and
systems.

The droplet size number distribution within the ACE
conforms to a log-normal distribution, and the cumulative
size distribution conforms to a Rosin—Rammler distribu-
tion [37,40]. Figure 6 shows the experimental apparatus
for droplet size measurement and the droplet size
distribution in ACE. Figures 6(c) and 6(d) show the size
distribution and mean particle size of the ring gap
droplets at different rotor speeds: the distribution width
becomes significantly narrower, and the mean droplet
size decreases rapidly as the rotor speed increases. The
droplet size distributions ranged from 40 pm to 1 mm. At

Method System/system physical property Mean droplet size range/pum Ref.
Image analysis PDMS¥/water 100-400 [37]
Kerosene/water 1200-2600 [20]
Hexane/water 900-2700 [38]
40% TBP in dodecane/37.5% AI(NO,)

in 1 mol-L-| HNO, ¥ 58-107 [39]

PDPA 0.013<5<0.033N-m™!,
85.1 <Ap <219.37 kgrm™ 28206 [40]

0.00072 < 14 < 0.032 Pa
FBRM 1,2-dichloroethane/water 50-600 [41]
Laser-based drop size analyzer 30% TBP in dodecane/0.1 mol-L™! HNO;, 30-80 [42]
Calculation from dispersed phase 50 <Ap <600 kg'mff, 8_55 (33]

hold-up and effective interfacial area 22<0<58mN-m~

a) polydimethylsiloxane.
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3000 r-min~!, the Sauter mean droplet diameter is close to
200 pm. The droplet size distribution is wider near the
free surface in the mixing zone and narrower in the
bottom, i.e., the vane region (Fig. 6(b)) [37].

2.3.2 Breakup and coalescence of droplets

Droplet breakup occurs mainly in the annular region
because of the shear stress and turbulence generated by
the spinning inner cylinder. Droplet coalescence mainly
occurs inside the rotor due to the centrifugal force
induced by the high-speed rotation of the rotor. The
breakup and coalescence of droplets in a liquid-liquid

Front. Chem. Sci. Eng. 2022, 16(6): 854-873

dispersion system can significantly affect the mass
transfer rate and separation efficiency of ACE.

The droplet coalescence model and breakup model are
two key models that describe droplet coalescence and
breakup. The most famous breakup model is from Cou-
laloglou—Tavlarides [48]. They considered the influence
of pressure fluctuations on droplet breakup in an isotropic
flow field and established a droplet breakup model:

& o(1+9)

For droplet dispersion in a turbulent Taylor vortices,
Eskin et al. [49] modified the Coulaloglou—Tavlarides

gd)=c : “4)

-exp [—cz

Table 4 Principal correlation of Sauter mean droplet diameter in the annular region

Sr. no. Correlation Geometry/mm System/system physical property Ref.
1 d 05 p\05 27<D<32, 790 < p, < 1380 kg'm >, [46]
5= 150(We)’°‘65(Re)’°‘2(@) (5) 1.58 < Ar<3.38 9<o<34mN-m,
He 0.45 <y, <70 mPa-s !
2 P\033 0.1 30 <D <250, 50 < Ap <600 kg'm3, [33]
b2 :2'2“072(?) (Pc)’o'”v“'ﬁ(@) (1+8.5¢) 2<Ar<25 22<0<58mN-m ),
He 1<p,<6.5 mPa-s”,l
0.7 <py<27mPa's”
3 e \0* -0.39 D =39, 85.1 <Ap<219.37 kg'm3, [40]
dd=0-145(;°) (0)"43(5) (1+¢)*3 55<Ar<10.5 0.013<0<0.033 N'm™,
d 0.72 <ty < 32 mPa-s™!
4 Do ! N D =225, 82 < Ap <238 kg'm™, [47]
P52 _g0swe? 1+9.9(&c) M (D)t Ar=75 0.0159 << 0.0237 N-m |,
I pa) ¥ 0.00049 < 11, <0.07 kgrm ™5
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Fig. 6 (a) Schematic illustration for droplet size measurement; (b) droplet size distribution at different locations of ACE; (c) droplet
size distribution at different rotational speeds; (d) Sauter mean droplet at different rotational speeds. Reprinted with permission from

Ref. [37], copyright 2013, John Wiley and Sons.
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model based on the three-dimensional Maxwell distri-
bution and We of the droplet; this led to the modified
breakup model shown in Eq. (5). They then evaluated the
modified breakup model using the droplet size distribu-
tion measured in the laboratory Taylor—Couette appara-
tus, but the end effect in the experimental apparatus led to
disagreement between the experiment and simulation.

(ed)'"”

GV =Gd) =K erfc(®)+ —d)”z exp(—D)|.

T2
)

The droplet coalescence model was first proposed by
Coulaloglou and Tavlarides [48] to describe the coale-
scence process between droplets in a stirred liquid.
Studies have shown that whether droplets can finally
coalesce into large droplets needs to satisfy two condi-
tions: the first is whether two droplets can collide and
contact, which depends on the number density of
droplets; the second is the probability of coalescence
under the premise of being able to collide, which is
mainly influenced by the contact time, interface strength,
and other factors. In the oil-water dispersion system,
many droplets may collide and coalesce with each other.
Therefore, the collision frequency /(d,,d,) and the coale-
scence efficiency A(d,,d,) are usually used to describe and
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calculate the coalescence frequency of droplet groups as
shown in Eq. (6).

['(d\,d,) = h(d,,d,)- A(d,,d,). (6)
Here, d; and d, are the diameters of two droplets
colliding with each other. The high dispersed phase hold-
up leads to a high coalescence efficiency. The coalescen-
ce efficiency at the larger droplet size is less than that at
the smaller droplet size. In addition, the very high
turbulent energy dissipation in the annular region leads to
a generally low coalescence efficiency [40]. A device for
observing the droplet coalescence and separation process
under centrifugal force field was developed (Fig. 7). This
process enables mixing and separation of liquid-liquid
two phases. In Figs. 7(c) and 7(d), the dotted-dashed lines
represent measurements in the centrifugal field and the
dots with dotted lines represent measurements in the
gravitational field. Sedimentation is a nonlinear process
that can be attributed to a decrease in centrifugal force.
Sedimentation within the centrifugal force field starts
earlier and coalescence starts later compared to the gravi-
tational field. The sedimentation and coalescence curves
cross each other as the separation proceeds [50].
Studies of individual droplet behavior can reveal the
droplet breakup and coalescence mechanism, but only a
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Fig. 7 (a) Experimental setup for the observation of sedimentation and coalescence; (b) photographic region for evaluation of
mixing and separation process; (c) sedimentation and coalescence curve for cyclohexanone-water system (V,,:V,, = 1:2);
(d) sedimentation and coalescence curve for n-butanol-water system (V,:V,, = 1:1). Reprinted with permission from Ref. [50],
copyright 2017, Elsevier.
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few scholars have investigated the droplet behavior in
the annular region. Rapid nuclear magnetic resonance
imaging was used to investigate the effect of different
surfactants on droplet deformation in the Taylor vortices.
The results showed that the addition of Tween 80 increa-
sed droplet deformation in response to shear, while the
addition of peptide biosurfactants reduced droplet defor-
mation. This can be attributed to the interfacial film
formed by the biosurfactant [51]. Figure 8 shows the
apparatus used to observe the droplet behavior and
droplet behavior in annulus. The trajectories of droplets at

Front. Chem. Sci. Eng. 2022, 16(6): 854-873

different Re were traced via a high-speed camera, and the
droplet trajectories were generally classified as circular,
annular, or three-dimensional annular. The droplet defor-
mations at different locations in the flow field were
captured (Fig. 8(b)). The authors observed the ethanol
droplet was dispersed into multiple micron-sized droplets
during the sudden start-up of the device and subsequently
coalesced after the flow field was stabilized. To further
reveal the coalescence process within the annular gap, the
droplet size variation with time was investigated using
PDPA and divided into four stages according to time [52].
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Fig. 8 (a) Experimental setup for droplet behavior studies in the annulus; (b) breakup and coalescence of the organic droplet in the
annulus. Reprinted with permission from Ref. [52], copyright 2014, Elsevier.
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Studies of the breakup and coalescence behavior of
dispersed phase droplets using the population balance
model (PBM) has also received recent attention. Wardle
[53] used CFD-PBM for the first time to perform
liquid-liquid mixing simulations within the mixing region
of ACE. The simulation results showed that the liquid
level in the case of straight vanes is twice as high as in the
case of curved vanes, and the droplet size is also signi-
ficantly smaller in the case of four straight vanes than in
the curved vane case. A new method for multiphase flow
simulation called GEneralized Multifluid Modelling
Approach (GEMMA) has been used to simulate the
extraction process within ACE [36]. GEMMA coupled
with PBM can obtain the droplet size distribution of the
organic phase, and the simulation results agree well with
experimental results.

2.4 Residence time distribution

The residence time refers to the time that a liquid
experiences from when it enters the system to when it
leaves the system. The micromixing and macromixing of
the fluid are important factors affecting the performance
of the mixer. The RTD is a macroscopic representation of
micromixing and is closely related to the flow pattern
within the ACE. Therefore, it is of great value to study
the RTD of the ACE. In practical industrial applications,
dead zones, bypasses, and recirculation in ACE leads to
flow patterns that deviate from the ideal flow situation,
thus making the liquid residence time in ACE uneven and
forming the fluid RTD.

The functions describing liquid RTD include RTD
density function E(f) and RTD function F(#). The RTD
curve reflects the overall flow pattern of the liquid phase
in the ACE. The ACE can be divided into three different
regions in space: the annular region where the two phases
are intensively mixed, the rotating cylinder region where
the two phases are settled by centrifugal separation, and
the heavy phase weir and light phase weir region where
the two phases are separated. The overall RTD of ACE is
determined by the flow pattern in each of these regions
[41]. The RTD measurement in ACE usually adopts the
tracer method, and the tracer is input into a stable flow
system leading to a change in the tracer content in the
outflow at the outlet; this can be used to determine the
residence time of the material. Generally, the E(¢) is
obtained by the pulse method, and F(¥) is obtained by the
step method. Compared with the step method, the pulse
method uses less tracer dosage. The directly obtained E(¥)
curve is easier to distinguish the mixing characteristics
than the F(f) curve [54]. The tracer should be miscible
with the main fluid and have similar physical properties
to the main fluid. Meanwhile, the tracer should not
chemically react with the main fluid substance nor be
absorbed by the container wall; it should not affect the
hydrodynamic characteristics. £(¢) can then be calculated
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via the following:

E(t) = c

== 7
3 C(1)At @

where C(f) is the variation of the outlet detection tracer
concentration with time. The main models to describe the
degree of fluid back-mixing in ACE are the dispersion
model and the tanks in series (TIS) model. The dispersion
model is based on the plug flow model with the addition
of axial diffusion D. The dispersion model is used to
describe a non-ideal flow model with a low degree of
back-mixing. The residence time in ACE can be evalu-
ated by the dimensionless parameter Peclet number (Pe =
UL/D) [55]. A smaller Pe is more similar to the ideal
continuous stirred tank reactor. A larger Pe is more simi-
lar to the ideal plug flow reactor. The dispersion model
equation is as follows:

1 —(-0?
E(0) = ————=e™, 8
© 2\m 6°/Pe ®
ot = i i )
¢ Pe Pe’

2
where o is the dimensionless variance (o = —21), 7 is the
T

mean residence time, and o2 is the variance of RTD.

The TIS model is a flow model that uses N ideal
complete mixing flow series in combination to simulate
non-ideal flow. The RTD equation and variance using the
TIS model are as follows [56]:

N

E(g): mg e, (10)
A 11
=5 (1n

where 0 is the ratio of time to mean residence time. The
presence of severe trailing in the RTD curve indicates the
presence of a dead zone in the ACE. The upper part of the
rotor near the interface may be a dead zone, and hold-up
in the collector may also short-circuit near the outlet, thus
making most of the collector become of the dead zone.
The standard TIS model does not fit well due to the
trailing. A better fit can be achieved using a TIS model
with a dead zone [32,41].

The factors affecting RTD in ACE include total through-
put, rotational speed, flow ratio, and ACE geometry. The
residence time usually decreases as the total throughput
increases. Increased rotational speed leads to increased
back mixing. The suction force of the rotor increases as
the rotational speed increases, thus resulting in a decrease
in residence time. The aspect ratio /" has an intense
influence on the flow pattern in the annular region. At
very high aspect ratios, the size of the vortices is usually
equal to the width of the annular gap between the cylin-
ders. When the I" is small (increasing the width of the
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annular gap or decreasing the height of the annular gap),
the end effect will change the size of the vortices and
reduce the total number of vortices in the flow field.
Therefore, the variation of the /" can affect the RTD.

Figure 9 illustrates the effect of geometry on residence
time in ACE. Figure 9(a) shows that the mean residence
time in ACE increases as the /" increases [57]. This result
is also similar to the simulation results of the annular
Taylor—Couette extractor by Vedantam et al. [58]. The
addition of radial and helical baffles in the annulus can
significantly reduce the degree of back mixing in ACE
(Fig. 9(b)) [55,57]. The axial mixing observed at the
larger baffle pitch is higher than that observed in the
smaller pitch. This phenomenon can be attributed to the
higher number of vortices formed in the case of a smaller
baftle pitch.

3 Structural optimization of ACE

The hydrodynamic characteristics of ACE depend on
such factors as the aspect ratio of the annulus, diameter of
the rotor, the height of the bottom vane, two-phase flow
rate, rotor speed, and diameter of the weir [59-61]
Researchers have made several improvements to the ACE
structure for the process requirements in different indus-
trial applications including modular design, magnetic
drive, naturally adjustable overflow structure, self-
cleaning rotor, low mixing, and reflux structure. These
optimizations have improved the safety, disassembly, and
reliability of the equipment during multistage operation
and simplified the cleaning of solid particles in the rotor
[15]. Modification of the ACE structure mainly used
experimental and numerical simulations to improve the
hydrodynamic behavior within the ACE to improve the
extraction performance (Table 5).

3.1 Structural optimization in the mixing region

The mixing zone of the ACE includes the annular region
and the mixing vane region at the bottom. Mass transfer
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and hydrodynamic performance of the ACE can be impro-
ved by optimizing the mixing zone structure. The addition
of the recirculation pipe on the fixed outer cylinder
increases the liquid residence time in the annular region
[62]. The addition of the inclined overflow pipes to the
fixed outer cylinder increases the liquid flood capacity of
ACE and reduces the risk of mixed liquid overflow to the
light phase collector [63].

Studies on the effect of different numbers and shapes of
bottom vanes on flow characteristics of ACE showed that
four straight vanes had higher hold-up and liquid levels
versus eight straight vanes and eight curved vanes. The
mean diameter of the droplets was significantly smaller
with four straight vanes than with eight curved vanes
[39,64]. Therefore, the design of four straight blades has
better mixing performance under low flow rate condi-
tions. Eight straight blades or curved blades should be
used to prevent liquid overflow to the light phase
collector under high flow rate conditions.

The annular geometry significantly affects the flow
characteristics within the ACE including shear rate,
residence time, and flow pattern. Although the standard
inner wall of the outer cylinder is designed with a smooth
surface, improvements in the design of ribbed plates have
also been investigated. The addition of horizontal radial
or helical baffles in the annular region makes the RTD of
ACE narrower and more similar to the ideal plug flow.
Meanwhile, the ribbed design enables to stabilize the
vortex and reduces axial mixing [55,57,65,66]. Thus, the
ribbed design is beneficial for extraction processes requir-
ing long residence times or low axial flow rates.

In addition, the influence of each structural parameter
on the extraction efficiency is not independent but rather
is the result of interaction [67]. Therefore, the correlation
between each structural parameter should be considered
during structural optimization of ACE.

3.2 Structural optimization in the separation region

The separation region of ACE includes the rotor, the
upper weir region, and the collector. The separation
during two-phase liquid can be improved by optimizing

(b) 0.06

Absence of radial baffles in annulus

0.05 F — Presence of radial baffles in annulus

0 1 2 3 4 5 6
Dimensionless time, #/7

Fig. 9 (a) RTD curve under different aspect ratios; (b) effect of ribbed design on RTD. Reprinted with permission from Ref. [57],

copyright 2008, American Chemical Society.
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Table 5 Structure optimization of ACE in recent years
Schematic illustration Main conclusion Ref.

(1) Four straight vanes have a larger hold-up and higher liquid level than [39,64]
eight straight vanes and eight curved vanes;
(2) The mean diameter for four straight vanes is significantly decreased
versus eight curved vanes

(1) The ribbed design makes the RTD of the ACE narrower and more [55,57,66]
similar to an ideal plug flow;
(2) The ribs stabilize the vortex and reduce axial mixing

" A The recirculation tube design increases the residence time in the mixing [62]
zone
(1) The inclined overflow pipe structure has a higher flooding capacity [63]

\ | compared to the horizontal overflow pipe structure;
(2) The operating flux of the inclined overflow pipe design is much
higher than the horizontal overflow pipe design under rotor damage

conditions
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the structure of the separation region. The radius of the
heavy phase weir adjusting the liquid—liquid interface is
the most critical parameter in the design of the centrifugal
extractor. Severe phase entrainments can occur under
unsuitable heavy phase weir radius conditions. The rotor
inlet diameter affects the gas—liquid interface within the
rotor, thus resulting in differences in separation effici-
ency. At the optimal rotor inlet diameter, the absolute
value of the tangential velocity at each section was the
highest among the tested diameter; the liquid more easily
flowed towards the cylinder wall with a better separating
effect. When the radial velocity relative to the rotary
cylinder was positive, it was often the maximum relative
velocity, thus indicating that the liquid passing the
cylinder entrance can be thrown to the sidewall resulting
in better separation [68].

The shape of the separating vanes in the rotor has a
tremendous effect on the pressure drop, hold-up in the
rotor, and the radius of the gas—liquid interface. Mean-
while, the curved vanes require less energy consumption
than straight vanes [26,69]. In the heavy phase weir, the
water droplets are thrown out by centrifugal force with a
smaller tangential velocity than the rotor velocity.
Droplets hit the upper part of the weir cover after being
ejected. The droplets then gather under the weir cover and
accumulate into a film on the back of the exit channel.
The formation of this liquid film is generated by the
improper design of the weir cover, which is a manifes-
tation of poor liquid outflow and may eventually develop
into a water seal phenomenon [28]. According to this
situation, Gandhir and Wardle [31] designed different
forms of the exit of the heavy phase weir and finally
described a stable structure that is less likely to form a
liquid seal improved design. Thus, the design
modification revealing the internal flow phenomenon to
discover the deficiencies of the equipment is a feasible
way to optimize the equipment. The study above
optimized different key components and parameters of
the centrifugal extractor and is a good reference for the
design of the centrifugal extractor.

Na,CO;+NaOH

Li* solution <
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4 Recent advances in the application of
ACE

4.1 Hydrometallurgy

In the hydrometallurgical industry, ACE can separate
target products by allowing one element with a fast mass
transfer rate to be extracted while elements with a slow
mass transfer rate are largely left unextracted due to the
short residence time. ACE can extract heavy metals such
as copper, chromium, and vanadium [8,70]. Recently, a
new process was proposed for recovering light metal
lithium from salt lake brines as depicted in Fig. 10. The
results showed that the extraction rate of lithium under
optimized conditions could reach 90.05% after five-stage
ACE extraction; the lithium stripping extraction rate was
close to 100% [71].

ACE offers rapid separation, good adaptability to phase
ratio change, high enrichment, and low hold-up. ACE can
also separate substances with significant differences in
mass transfer rate but that are challenging to separate via
the equilibrium extraction process. That is, ACE achieves
non-equilibrium extraction separation. Therefore, ACE is
particularly suitable for the extraction and separation of
rare earth metals. The centrifugal extraction technique
can significantly reduce the production area, working
volume, number of equipment, and cost owing to lower
extractant losses compared to box-type extraction equip-
ment [72]. The concentration of rare earth can be increa-
sed from 1 g-L™! to more than 100 g-L™! by centrifugal
extraction [73]. For non-equilibrium centrifugal extrac-
tion of rare earth concentrates from wet-process phospho-
ric acid, the separation factor can be increased from 0.07
to 17.6 under optimal conditions compared to equilibrium
extraction [74]. A method for separating rare earth com-
ponents from phosphogypsum using ACE was success-
fully applied in pilot plant tests and resulted in a 30%—
40% reduction in manufacturing costs due to reduced
solvent losses alone versus a mixer-settler [72]. Advance-
ments in ACE manufacturing technology, remote control

Back-extraction

HCL+NaCl

TTBP+SK+Fe’*

Lo
Raffinate

Extraction

Fig. 10 Schematic diagram of lithium extraction by continuous ACE technique. Reprinted with permission from Ref. [71],

copyright 2018, Elsevier.
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technology, and centrifugal extraction technology in the
field of rare earth separation will be further evaluated.

4.2 Reprocessing of nuclear fuel

The nuclear fuel reprocessing process generates a large
amount of highly radioactive waste liquids. ACE offers a
short residence time, thus facilitating nuclear criticality
safety and mitigating irradiation degradation of the extrac-
tant; thus, it is widely used in the nuclear industry. ACE
has been applied in various nuclear solvent extraction
processes in the United States, Japan, France, and China
[15]. Most applications of ACE in the nuclear industry
have remained in laboratory-scale testing [9,10,75,76].
Duan et al. [77] from Tsinghua University applied an
industrial-scale ACE with magnetically coupled rotors to
the TPRO process and showed high mass transfer and
hydrodynamic performance. Takeuchi et al. [78] from the
Japan Atomic Energy Agency applied an industrial-scale
ACE cascade system to uranium extraction and stripping.
The results showed that the extraction stage efficiency
could reach nearly 100%, and the stripping stage effi-
ciency was 97%—-98%.

These applications have achieved satisfactory results
and valuable operating experiences and contribute signifi-
cantly to the further development and application of ACE
in the nuclear industry. However, the ACE also has a com-
plex structure, difficult remote maintenance and replace-
ment, and the accumulation of solid particles in the
rotor—these features affect their application in industrial
production. Therefore, researchers have developed ACEs
with remote maintenance, remote replacement, and clean-
in-place rotor designs [59,79,80]. These improved ACEs
should be gradually applied to industrial-scale nuclear
fuel reprocessing in the future.

4.3 Bioextraction

The process of adding a selected solvent to a mixture
containing a target bioproduct and separating the desired
components according to the solubility of the different
components of the mixture in the solvent is called
bioextraction. ACE has been widely used in the field of
bioextraction because of its short residence time, which
allows the target bioproduct to be extracted while other
components are not extracted. A multistage model was
proposed to investigate the effect of operating parameters
on mass transfer efficiency for the selective extraction of
epigallocatechin from tea polyphenols by applying 20
cascade ACEs [81]. The results showed that the purity
and yield of epigallocatechin could reach 100% and 94%
under optimal conditions, which is consistent with the
results predicted by the model. In addition, centrifugal
extraction techniques have been applied to recover lignin
from sesame oil and to extract biophenol from extra
virgin olive oil with satisfactory results [82,83]. Recently,
ultrasound-assisted centrifugal extraction (UACE) tech-
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nology was developed and used to extract natural pro-
ducts from plants [84-86]. This device (Fig. 11) includes
a mixing zone and a separation zone and offers high
extraction efficiency, high separation purity, and good
facilitation of product processing.

4.4 Catalytic reaction

Batch production is a new technology for fine chemical
manufacturing—the reactors show versatility for different
processes. However, batch reactors have huge drawbacks:
several batch runs must be performed for high volume
production, which often leads to unstable quality and
performance of the product across batches. The advan-
tages of applying continuous ACE are multifold [87]:
(1) the high mass transfer rate in the annular region is
favorable for catalytic reactions; (2) the separation of the
two phases is achieved in the rotor after mixing, thus
eliminating the need for a subsequent liquid-liquid sep-
aration step. The main problem with applying ACE to
catalytic reactions is that the short residence time leads to
uncontrolled reactions that can be easily solved via ACE
cascade approach.

Biodiesel can be continuously produced from sunflower
oil using ACE. Here, the production rate was increased by
19 kg'm3-min~' compared to the typical batch process
under optimal conditions [87,88]. For the synthesis of
fatty acid ethyl esters (FAEEs) from jatropha oil by
applying sodium acetate as the catalyst in a continuous
ACE, batch production rates of 112 kg-m>-min~' can be
reached under optimized conditions with a reproducible
FAEE yield of 98 mol% [89]. Meanwhile, the synthesis
and refinement of fatty acid methyl esters could be
achieved using a two-stage cascade ACE [90]. A new
biodiesel wet wash process was proposed based on the
centrifugal extraction technique, and 17 kJ equipment
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Fig. 11 (a) Schematic diagram of the UACE structure. Reprinted
with permission from Ref. [84], copyright 2021, Elsevier. (b) Status

of operating of UACE. Reprinted with permission from Ref. [86],
copyright 2021, Elsevier.
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energy consumption and 96% biodiesel yield could be
achieved under optimized conditions, respectively [91].
These reactions are liquid-liquid reactions, and the
application of ACE in liquid-liquid-solid three-phase
reaction systems should be developed [92,93].

4.5 Wastewater treatment

Centrifugal extraction technology is gaining increasing
attention in the treatment of organic wastewater and
heavy metal ion wastewater due to its fast mass transfer
rate and high separation efficiency. Much research has
been performed in this field by Xu et al. from East China
University of Science and Technology [94]. A mass
transfer efficiency of 99.8% under optimal conditions was
seen for the treatment of organic chemical wastewater
including the separation of caprolactam from waste liquor
by ACE. A new method named “oil washing” (Fig. 12)
has been proposed for the treatment of electric desalting
wastewater (EDW) with high oil content, density, and
viscosity. The inferior heavy oil in EDW was mixed with
light oil to form a low density and low viscosity oil
before centrifugal separation. In EDW treatment using
ACE, the separation efficiency could be maintained
above 98.5% in the range of 50-90 °C, and the oil

(a) Desalted crude
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concentrations of 4000 to 60000 mg-L~! could be reduced
to less than 200 mg-L~" [95]. The application of ACE for
EDW treatment would reduce 10000 tons of dirty oil per
year in a 5 million ton per year atmospheric and vacuum
distillation unit and reduce the crude oil processing loss
rate and comprehensive cost. ACE technology using a
new green ternary extractant was developed for extraction
of phenol from coal tar processing wastewater [96,97].
Under optimal extraction conditions, the single-stage
extraction efficiency was 99.76%. The concentration of
the raffinate after secondary stage extraction was as low
as 0.12 mg-L7!, and the phenol concentration in the
wastewater met the discharge requirements [29].

For the treatment of heavy metal ion wastewater, a
novel microemulsion system was prepared and used for
the extraction of cobalt and manganese [98,99]. The
microemulsion extraction mechanism was ion exchange
(Fig. 13). Combining ACE technology with microemul-
sion extraction can jointly treat cobalt-manganese waste-
water: The extraction efficiency of Co(Il) and Mn(II)
reached 99.9% and 99.1% under optimal conditions, respec-
tively. The stripping efficiency of Co(I) and Mn(Il) from
the microemulsion phase using HCI solution was over
90% [100].

However, actual wastewater often contains multiple
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Fig. 12 Application of ACE in the treatment of EDW. Reprinted with permission from Ref. [95], copyright 2013, Elsevier.
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pollutant components such as suspended particles, oil,
organic pollutants, and heavy metals. It is challenging to
meet the standards of water quality regulations using only
a single treatment technology. Therefore, hybrid proce-
sses combining ACE technology with other wastewater
treatment technologies should be considered in the future.

5 Conclusions and future prospects

Relative to extraction columns and mixer-settlers, ACE
has the advantages of compact structure, short residence
time, high mass transfer rate, and high separation effi-
ciency. Researchers have extensively studied hydrodynamic
behavior to solve the many problems of ACE in industrial
applications and promote the development of centrifugal
extraction technology. Meanwhile, some structure modifi-
cation of the ACE was performed to improve the mixing
and separation performance in specific industrial applica-
tions. Recently, ACE has been applied in various fields
with satisfactory results, and its application has been
broadened to some new fields. The following issues need
to be considered in the future to drive the further
development of ACE technology.

The liquid-liquid two-phase flow inside the annulus
has been relatively well understood, but studies of the
multiphase flow field inside the rotor is still mainly
adopted by numerical simulations due to the difficulties
in making direct observations. Only Eggert et al. [101]
used computed tomography technology to measure the
liquid-liquid two-phase flow field inside the rotor. Thus,
the multiphase flow field inside the rotor should be
further investigated in the future by using advanced
measurement methods.

The droplet breakup mechanism in the annular region
and the coalescence mechanism inside the rotor is still not
deep enough to explain phenomena such as droplet
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breakup during sudden equipment start-up. Future work
should consider a combination of experimental and
numerical simulations to study the breakup and coale-
scence behavior of one droplet in ACE. Uncovering of
the breakup and coalescence mechanisms can provide
theoretical guidance for predicting the mass transfer and
separation performance of ACE.

The structure of the ACE has been optimized using
numerical simulations and hydrodynamic tests to improve
the hydrodynamic characteristics. Further structural modi-
fication should be carried out for the specific processes in
the future. In addition, most ACEs are currently manu-
factured using stainless steel that is susceptible to
corrosion even in extreme conditions. Therefore, func-
tional materials suitable for extreme conditions should be
considered for the processing and manufacturing of ACE.

ACE has been widely used in hydrometallurgy, nuclear
fuel reprocessing, bioextraction, catalytic reaction, and
wastewater treatment due to its excellent hydrodynamic
and mass transfer performance. However, most of these
applications remain in the laboratory scale stage, and the
search for reasonable scaling methods and studies of
stability and reliability after scaling-up is the focus of
future research in this field. The application of ACE
should be further promoted in new fields.

Enhancement of mass transfer performance by emplo-
ying external fields such as magnetic fields and ultrasonic
waves has also been demonstrated in extraction columns.
However, magnetic field-assisted ACE technology and
ultrasonic-coupled ACE technology have not yet received
sufficient attention. Therefore, future work should also
investigate the effect of magnetic field or ultrasound on
the mass transfer rate and separation efficiency of ACE
by adding magnetic nanoparticles or using an ultrasonic
generation device.
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